
mixtures  containing 4, 8, 12, and 16 weight  % of nitrogen 
dioxide and  1, 2, 3, 4, and 5 weight  % of water  ( T a b l e s  IV 
and V). T h e  corresponding d a t a  for ni t r ic  a c i d  (5) h a v e  
been  included for comparison. 

T h e  interpolat ion a n d  subsequent  smoothing h a v e  re- 
s u l t e d  i n  a smal l  d e c r e a s e  i n  t h e  accuracy  of t h e  tabulated 
d a t a  over  tha t  of t h e  experimental. Never the less ,  t h e  un- 
cer ta inty in  t h e  v a l u e s  of t h e  pressure  given in  t h e  t a b l e s  
is be l ieved  to  b e  less than  5 pounds per  square  inch  or 1%, 
whichever  is t h e  larger  value,  a t  temperatures  up t o  125OC., 
and V c / V  ra t ios  up to  0.6. T h e  uncertainty may be  some- 
what la rger  a t  t h e  higher  temperatures  and larger  V G / V  
ra t ios ,  par t icular ly  so, for t h e  ni t r ic  acid-nitrogen dioxide 
mixtures. 

F igure  5 shows graphical ly  t h e  re la t ions  between t h e  
equilibrium pressure  and  t h e  amount of nitrogen dioxide 
ini t ia l ly  present  for different va lues  of V G / V  a t  85" and 
15OoC. T h e  d e c r e a s e  in  t h e  equilibrium p r e s s u r e  with the  
amount of nitrogen dioxide added is grea tes t  for smal l  
V G / V  ra t ios ,  At l a r g e  V G / V  ra t ios ,  t h e  relat ionship be- 
tween  t h e  equilibrium pressure  and  t h e  amount of nitrogen 
d ioxide  is e s s e n t i a l l y  l inear .  T h e  s l o p e  of t h e s e  curves  a t  
large V G / V  ra t ios  c h a n g e s  from negat ive  to  pos i t ive  with 
increas ing  temperature. Between 105 " and 125 OC. (not 
shown on  t h e  graph) t h e  equilibrium p r e s s u r e  is pract ical ly  
independent  of t h e  amount of nitrogen dioxide added. T h e  
i n c r e a s e  in equilibrium pressure  with t h e  amount of nitrogen 
dioxide added a t  l a r g e  V G / V  ra t ios  a n d  a t  t h e  higher  tem- 
pera tures  is indica t ive  of a n  i n c r e a s e  i n  t h e  par t ia l  pres- 
s u r e  of nitrogen d ioxide  re la t ive  to tha t  of oxygen i n  t h e  
g a s  phase .  

T h e  re la t ions  be tween t h e  equilibrium pressure  and t h e  

V G / V  ra t io  for t h e  ni t r ic  acid-water mixtures  s tud ied  
a re  shown in  F igure  6. T h e  d e c r e a s e  in t h e  equilibrium 
pressure  with t h e  amount of water  added,  on a weight 
bas i s ,  i s  considerably more pronounced than that  obtained 
by t h e  addi t ion of nitrogen dioxide. However, t h i s  differ- 
e n c e  is much reduced if the  comparison i s  made on  a mole 
bas i s .  T h e  e f f e c t s  of VG/V  and temperature a r e  about  t h e  
s a m e  a s  for t h e  ni t r ic  acid-nitrogen dioxide mixtures, ex- 
c e p t  t h a t  t h e  s l o p e s  of t h e  curves  a r e  a l l  nega t ive  for t h e  
range of concentrat ion invest igated.  

F igure  7 s h o w s  a comparison of t h e  re la t ions  between 
equilibrium pressure  and temperature for pure ni t r ic  ac id ,  
for a n  85 to  15% nitr ic  acid-nitrogen dioxide mixture and 
for a 95 t o  5% nit r ic  acid-water mixture a t  V G / V  ra t ios  of 
0.1, 0.4, and 0.8. T h e  curves  demonstrate, i n  a s t r iking 
manner, t h e  very great  dependence  of t h e  equilibrium pres- 
s u r e  on t h e  VG/V  ratio and t h e  relat ively greater  effective- 
n e s s  of water ,  a s  compared with nitrogen dioxide, i n  t h e  re- 
duct ion of t h e  equilibrium pressure.  
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Vapor-Liq uid Equilibria in Tetrahydrofuran - 

Methanol -Methyl Borate System 

EMILY M. CAUSE AND FRED M. ERNSBERGER' 
Department of Chemistry and Chemical Engineering, Southwest Research Institute, San Antonio 6, Tex. 

w i thin the p a s t  few years ,  tetrahydrofuran (tetramethyl- 
e n e  oxide) h a s  become increasingly important as a commer- 
cial solvent ,  ye t  t h e  chemical  l i t e ra ture  p r e s e n t s  l i t t l e  
information o n  t h e  d is t i l l a t ion  behavior of s y s t e m s  contain- 
ing tetrahydrofuran. Therefore, t h e  present  work w a s  
undertaken. 

A preliminary inves t iga t ion  of t h e  ternary sys tem,  tetra- 
hydrofuran-methanol-methyl borate, gave  no indicat ion of 
t h e  formation of a ternary azeotrope. Ins tead ,  i t  w a s  found 
that  upon fract ionat ion of t h i s  sys tem,  two binary azeo- 
t ropes  which d is t i l l  independent ly  are obtained. In t h e  
p r e s e n c e  of an e x c e s s  of methanol, t h e  well-known met-ha- 
nol-methyl bora te  azeot rope  (3) d i s t i l l s  a t  54.6" C. unti l  
t h e  methyl bora te  is exhausted.  T h e  temperature  then  r i s e s  
to  59.1 C. and a methanol-tetrahydrofuran azeot rope  
d is t i l l s .  

A s  t h e  behavior  of t h e  methanol-methyl borate  sys tem 
h a s  previously been reported, only t h e  two binary sys tems,  
methanol-tetrahydrofuran a n d  methyl borate-tetrahydrofuran, 
a r e  cons idered  in  t h i s  ar t ic le .  

'Present address ,  Mellon Insti tute,  Pit tsburgh, Pa. 

EXPERIMENTAL 
Materials. T h e  tetrahydrofuran used  w a s  suppl ied by 

Du P o n t  and w a s  d is t i l l ed  from sodium metal. Absolu te  
methanol, suppl ied by J .  T. Baker ,  w a s  used  without further 
purification. Methyl borate, obtained from Metal Hydrides, 
Inc., w a s  d is t i l l ed  immediately before  using.  

Apparatus. T h e  improved Othmer s t i l l  (5 )  w a s  used  with- 
out modification t o  obtain equilibrium composi t ions.  All 
d i s t i l l a t ions  were carr ied out  a t  a tmospheric  pressure ,  740 t o  
750 mm. T h e  thermometers u s e d  i n  t h i s  work were cali- 
brated by observat ion of t h e  ice point and by comparison 
with a thermocouple a t  severa l  temperatures  i n  t h e  range of 
0' to 60" C. 

Analysis. T h e  s a m p l e s  were ana lyzed  by measuring t h e  
index of refract ion with a Spencer  Abbe refractometer and 
f i t t ing t h e s e  poin ts  to  a previously determined curve  of 
composi t ion vs. index  of refraction. F o r  t h i s  work t h e  
refractometer w a s  kept  i n  a controlled-temperature room. 

VAPOR-LIQUID EQUILIBRIUM DATA 
T h e  vapor-liquid equilibrium da ta  for t h e  two binary 

s y s t e m s  a r e  shown i n  t h e  T a b l e s  I and 11 and F i g u r e s  1 and 
2. T h e  graphs  a r e  t h e  conventional X - Y p l o t s  on which 
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Table I. Methyl Borate-Tetrahydrofuron System 

Equilb 
Temp., C. 

66.1 
65.7 
65.2 
65.0 
65.0 
65.0 
65.0 
65.0 
65.0 

Mole Fraction 
Tetrahydrofuran 

In liquid In vapor 
X Y 

0.255 0.297 
0.385 0.426 
0.500 0.533 
0.603 0.624 
0.690 0.700 
0.769 0.773 
0.814 0.829 
0.890 0.890 
0.929 0.931 

Activity Coefficients 

Methyl 
Borate Tetrahydrofuran 

0.9971 1.1029 
1.0004 1.0624 
1.0194 1.0414 
1.0409 1.0177 
1.0636 0.9976 
1.0800 0.9885 
1.0105 1.0015 
1.0991 0.9834 
1.0681 0.9855 

Table II. Methanol-Tetrahydrofuran System 

Mole Fraction 
Methanol Activity Coefficients I 

Equil. In liquid In vapor Methanol Tetrahydrofuran 
Temp., C. X Y 

60.6 
59.4 
59.1 
59.4 
60.0 
60.9 
61.7 
62.6 

0.173 0.280 
0.345 0.409 
0.512 0.500 
0.654 0.595 
0.767 0.691 
0.849 0.760 
0.897 0.829 
0.943 0.896 

1.8678 
1.4365 
1.2039 
1.1072 
1.0689 
1.0194 
1.0207 
1.0112 

0.9991 
1.0792 
1.2444 
1.4061 
1.5591 
1.8036 
1.8364 
1.9556 

t h e  poin ts  determined experimental ly  a r e  shown a s  small  
c i rc les .  T h e  so l id  curve i n  e a c h  case is t h e  plot  of a n  
empirical equat ion  f i t ted t o  t h e  experimental  po in ts  by t h e  
method of Prahl  (6). T h e  ac t iv i ty  coef f ic ien ts  given in  
T a b l e s  I a n d  11 were  ca lcu la ted  from t h e  e x p r e s s i o n  

y = YPT /xP 
where y i s  t h e  ac t iv i ty  coeff ic ient ,  P, i s  t h e  total  p res -  
sure ,  and  P is t h e  vapor p r e s s u r e  of t h e  component under  
t h e  condi t ions  represented  by t h e  x and y va lues .  

Vapor p r e s s u r e  d a t a  for methanol and methyl bora te  a r e  
a v a i l a b l e  from t h e  l i t e ra ture  (3, 7)- Vapor p r e s s u r e  d a t a  
for tetrahydrofuran, ob ta ined  from Ernsberger  (2), deter- 
mined by t h e  Smith-Menzies i s o t e n i s c o p e  method, f i t  t h e  
equat ion  

L o g  Pm,. = 7.9250 - 1707.3/T 

9 -  

8 -  
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P 4 -  
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2 -  

- 
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Figure 1 .  Vapor-liquid equilibrium in the system 
tetrahydrafuran-methyl borate 

I I I 1 I I I I , 2 3 4 5 6 7 8 9 1 0  
X MOLE FRACTION METHANOL I N  L I Q U I D  

Figure 2. Vapor-liquid equilibrium in the system 
methanol-tehahydrofuron 

F i g u r e  1 and T a b l e  I conta in  t h e  equilibrium d a t a  for t h e  
tetrahydrofuran-methyl bora te  system. No azeot rope  forma- 
t ion  occurred i n  t h i s  system. T h e  c o n s t a n t s  of t h e  P r a h l  
equat ion a r e  

A = -496.5 
B = 3.4118 
c = -0.009 

T h e  vapor-liquid equilibrium da ta  for t h e  sys tem metha- 
nol-tetrahydrofuran a r e  shown i n  F i g u r e  2 and T a b l e  11. 
Azeotrope formation is indicated.  T h e  Prahl  c o n s t a n t s  
charac te r iz ing  t h i s  sys tem a r e  

A = 2.476 
B = 0.386 
C = 0.452 

After t h e  equilibrium d a t a  were obta ined  from t h e  Othmer 
s t i l l ,  a mixture  w a s  made up as  close t o  t h e  azeot ropic  
composi t ion i n d i c a t e d  by F i g u r e  2 as poss ib le .  T h i s  mix- 
tu re  w a s  fract ional ly  d is t i l l ed  through a packed  column and  
s a m p l e s  drawn off a t  in te rva ls  for ana lys i s .  From t h e s e  
ana lyses ,  i t  w a s  determined t h a t  t h e  methanol-tetrahydro- 
furan azeot rope  o c c u r s  a t  50.4 mole  % of 31.1 weight  % 
methanol, and  d i s t i l l s  a t  59.1 C. (740 mm.). 
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