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Figure 2. Enthalpy VS. composition diagram for n-butane- 
n-heptane system 

w a s  u s e d  to c a l c u l a t e  t h e  e n t h a l p i e s  of t h e  s a t u r a t e d  and 
superheated vapors  of n-butane-n-heptane mixtures. T h e  
n e c e s s a r y  v a l u e s  of H o  were obta ined  from (1). 

With t h e s e  ca lcu la ted  d a t a  and t h e  a v a i l a b l e  information 
on pure  n-butane, t h e  term ( d H c / d y ) ~ , ~  could  b e  eva lua ted  
graphical ly .  T h e  s l o p e  d a t a  were smoothed by plot t ing 
0. - x) ( d H ~ / d y ) ~ , ~  vs. y for e a c h  pressure .  Again, four 
parabol ic  shaped  curves  were obtained.  T h e  enthalpy,  H,, 
of t h e  sa tura ted  l iquid mixtures  c a n  now b e  ca lcu la ted  by 
Equat ion 3. and 
x = 1 a r e  known, t h e  H b  vs. x curve  can  b e  completed by 
repeat ing the  s e r i e s  of c a l c u l a t i o n s  for a number of differ- 
en t  composi t ions  in t h e  vapor phase .  

RESULTS AND CONCLUSIONS 
Using  t h e  d a t a  for t h e  pure components  a v a i l a b l e  in  the  

l i t e ra ture  (5,  7 ) ,  t h e  Benedict-Webb-Rubin equat ion of s t a t e  

A s  t h e  enthalpy v a l u e s  a t  po in ts  x = 0 

(2) and t h e  method of ca lcu la t ion  descr ibed  above,  en-  
thalpy vs. composi t ion diagrams a t  100, 200, 300, and 400 
pounds per  square  inch  absolute ,  were  constructed for the  
sys tem n-butane-n-heptane. T h e  f inal  r e s u l t s  a r e  presented  
i n  T a b l e  I and in  graphical  form i n  F i g u r e  2. T h e  tabula ted  
v a l u e s  are be l ieved  t o  b e  accura te  within t 3% and a r e  re- 
ported to  four or f ive s ign i f icant  f igures  for cons is tency .  
Although t h e s e  da ta  cannot  b e  u s e d  direct ly  to obta in  par- 
t i a l  en tha lpy  da ta ,  they c a n  b e  u s e d  to  check  e n t h a l p i e s  of 
mixtures  obta ined  through the  u s e  of par t ia l  en tha lp ies  or 
any other  method. 
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NOMENCLATURE 

T h e  au thors  wish  to  acknowledge t h e  he lp  of Donald F. 

H = enthalpy, B.t.u./lb. mole. H = 0 for a pure component in 

H D  =enthalpy of a component in  the ideal  gas  s ta te  and unit 
the ideal  gas  s ta te  at unit fugacity and OOR. 

fugacity, B.t.u. Ab. mole 
AHc =differential heat of condensation, B.tu./lb. mole 

P = pressure, pounds per square inch absolute 
R = g a s  law constant, 1.987 B.t.u./lb. mole-OR. 
T = absolute temperature, OR. 
V = molal volume, CU. ft./lb. mole 
d = density, lb. mole/cu. ft. 
x = mole fraction i n  liquid phase 
y = mole fraction in  vapor phase 

A ,  Bo, C,, a, b, c, and y = empirical constants of Benedict- 
Webb-Rubin equation of s ta te  

Subscripts 
G = vapor phase 
b =bubble point 
d = dew point 
i = a component 
j = total number of components 
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Phase Equilibria in Hydrocarbon Systems 
Volumetric Behavior of Cyclohexane 

H. H. REAMER AND B. H. SAGE 
Colifornio Institute of Technology, Pasadena, Calif. 

L i t t l e  experimental  information i s  ava i lab le  concerning used  as t h e  b a s i s  for es tab l i sh ing  t h e  purity of t h e  cyclo-  
t h e  inf luence  of p r e s s u r e  and temperature  upon t h e  molal h e x a n e  used  i n  t h i s  invest igat ion.  G e i s t  and Cannon (4), 
volume of cyclohexane.  R o s s i n i  ( 1 2 )  reviewed t h e  avai l -  a s  wel l  as P a r k s  and coworkers  (8), determined a number 
a b l e  information concerning t h e  phys ica l  p roper t ies  of of t h e  proper t ies  of cyc lohexane  a t  a tmospheric  pressure.  
cyc lohexane  a t  a tmospheric  pressure  and t h e s e  d a t a  a r e  T h e  cr i t i ca l  temperature  and p r e s s u r e  were reported by 
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T a b l e  I .  E x p e r i m e n t a l  V o l u m e t r i c  Measurements  for C y c l o h e x a n e a  i n  L i q u i d  P h o s e  

I 

W d 2 . 8  

Pressure Specific, Lb./Sq. Inch Volume, 

100 F. 160' F. 220' F. 280' F. 

4111.7 0.020365 9421.2 0.020402 9872.2 0.020951 9708.4 0.021570 
2094.8 0.020677 8897.6 9.020456 9133.8 0.021062 9498.1 0.021611 

955.8 0.020881 7828.2 0.020587 8071.3 0.021234 9060.4 0.021684 
459.0 0.020962 6063.1 0.020843 7153.8 0.021363 8143.8 0.021857 

53.2 0.021081 4033.2 0.021157 6135.6 0.021546 7091.6 0.022071 
2226.3 0.021518 5036.3 0.021754 6095.2 0.022271 
1036.7 0.021757 4067.6 0.021952 5048.6 0.022531 
446.1 0.021868 3073.0 0.022178 4025.6 0.022798 
107.9 0.021970 2023.4 0.022503 3043.1 0.023116 

996.8 0.022787 1974.9 0.023479 
479.4 0.022969 921.5 0.023931 

89.9 0.023104 511.3 0.024139 
93.2 0.024424 

- 

y - 0 U B B L E  POINT 

I I 

Absolute Cu. Ft. /Lb, 

340' F. 400' F. 

9935.8 0.022148 
9507.4 0.022210 
9019.4 0.022312 
8094.1 0.022516 
7149.0 0.022737 
6121.2 0.022997 
5103.6 0.023283 
4085.0 0.023675 
3044.3 0.024097 
1966.3 0.024654 
877.2 0.025321 
513.6 0.025623 
200.1 0.025931 

9824.8 0.022815 
9463.0 0.022923 
9072.2 0.023036 
8062.6 0.023312 
7006.5 0.023608 
6054.0 0.023865 
5042.8 0.024199 
3990.0 0.024662 
2958.4 0.025194 
2048.0 0.025863 
1066.6 0.026827 
561.3 0.027468 
303.2 0.027935 

460 F. 

9804.6 0.023487 
9478.4 0.023564 
8997.0 0.023695 
8083.3 0.023961 
7092.8 0.024304 
6101.8 0.024666 
5093.8 0.025131 
5011.1 0.025752 
2981.3 0.026495 
1997.1 0.027540 
1175.7 0.028740 

776.6 0.029694 
474.7 0.030922 

asample weight for 100 ' F. = 0.23370 lb.; a l l  other temperatures, 0.22291 lb. 

Meissner  and  Redding  ( 7 )  b a s e d  in par t  upon experimental 
information for s u b s t a n c e s  of s imilar  chemica l  nature. 
Vapor p r e s s u r e s  were reported by Ross in i  and coworkers  
(12, 16), Nagornov and Rotinjanz (IO), Scatchard  (14), 
Aston ( I ) ,  Kay and Albert (6) ,  and Young (17). Data  a r e  
unavai lab le  concerning t h e  effect  of p r e s s u r e  on t h e  volume 
of t h i s  compound. 

T h e  molal volume of cyclohexane w a s  measured a t  tem- 
pera tures  between 100' and 460'F. and for p r e s s u r e s  up 
to 10,000 pounds per  square  inch.  T h e  vapor pressure  w a s  
a l s o  measured for t h e  en t i re  temperature interval .  

METHODSAND APPARATUS 
T h e  methods and equipment employed were t h e  same as  

used  in  ear l ier  s t u d i e s  of n-nonane (3), n-heptane (11), and 
n-hexane (15). In principle  the  method involved t h e  intro- 
duct ion of a known weight of cyc lohexane  into a s t a i n l e s s  
s t e e l  chamber, t h e  e f fec t ive  volume of which could b e  
changed by the  introduct ion or withdrawal of mercury. T h e  
s t a i n l e s s  s t e e l  chamber w a s  loca ted  i n  an ag i ta ted  l iquid 
bath in  order  to maintain constant  temperature. A de ta i led  
descr ipt ion of t h e  methods of measurement and equipment 
employed i s  ava i lab le  (13). 

T h e  volume of t h e  sys tem occupied by cyc lohexane  w a s  
es tab l i shed  with a probable  error of 0.25% a t  p r e s s u r e s  
below 5000 pounds per  square  inch and 0.4% a t  t h e  higher 
pressures ,  Weighing bomb techniques  (13) permitted t h e  
quant i ty  of cyc lohexane  employed to b e  determined within 
0.03%. P r e s s u r e s  were measured with a b a l a n c e  involving 
a piston-cylinder combination which w a s  cal ibrated aga ins t  
t h e  vapor pressure  of carbon dioxide a t  t h e  i c e  point (2). 
P r e s s u r e s  were known within 0.1% or 0.2 pound per  square  
inch,  whichever  w a s  t h e  larger  uncertainty. Temperature  
of t h e  s t a i n l e s s  s t e e l  v e s s e l  confining t h e  sample  w a s  
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F i g u r e  1. M o l a l  vo lume of c y c l o h e x a n e  in l iqu id  phose  

determined by a platinum r e s i s t a n c e  thermometer of t h e  
s t ra in-free type (9 ) .  T h i s  thermometer w a s  compared with 
a reference instrument  cal ibrated a t  t h e  Nat ional  Bureau of 
Standards.  Temperature  of t h e  sample  w a s  related to t h e  
internat ional  platinum s c a l e  with a probable  error of 
0.02' F. 

MATERIALS 
T h e  research grade cyclohexane w a s  purchased from t h e  

P h i l l i p s  Petroleum Co. and was  reported to contain 0.0005 
mole fraction impurity. It w a s  deaera ted  by prolonged re- 
fluxing at reduced pressure  and s tored in  s t a i n l e s s  s t e e l  
conta iners  unt i l  used.  T h e  spec i f ic  weight of t h e  sample 
of deaera ted  cyc lohexane  a t  77' F. w a s  48.302 pounds per  
cubic  foot a s  compared to 48.311 pounds per  c u b i c  foot for 
air-saturated material a t  t h e  s a m e  temperature reported by 
Ross in i  (12). T h e  index of refraction at 77' F. re la t ive  to  
the D l i n e s  of sodium for t h e  deaera ted  sample  w a s  1.4238 
a s  compared to 1.42354 reported for t h e  s a m e  condi t ions for 
an air-saturated sample  (12). T h e  freezing point in a i r  a t  
a tmospheric  p r e s s u r e  w a s  43.45' F. a s  compared to a criti- 
cal ly  chosen  va lue  of 43.80' F. (12). A change  in  molal 
volume from 1.902 to 3.890 cubic  foot per pound mole re- 
su l ted  in 0.20 pound per square  inch d e c r e a s e  i n  t h e  two- 
p h a s e  pressure  a t  100' F. At 280' F., an i n c r e a s e  in  
molal volume from 2.189 to 5.309 c u b i c  foot per  pound mole 

Table II. Molal Volumes o f  Cyclohexone in Liquid Phose 

Presaure, Lb./Sq. Inch, Absolute 

100' F. 160' F. 220' F. 280' F. 340' F.  400' F. 460' F. 
(3.2)a (10.9)8 (28.4)e (62.0)' (120)a (210)B (341)e 

B.P.  1.775 1.851 1.945 2.055 2.190 2.360 2.648 

400 1.764 1.840 1.934 2.038 2.165 2.335 2.627 
200 1.76Eb 1.845 1.940 2.048 2.182 ... ... 
600 
800 

1,000 
1,250 
1,500 
1,750 
2,000 
2,250 
2,500 
2,750 
3,000 
3,500 
4,000 
4,500 
5,000 
6,000 
7.000 

1.761 
1.758 
1.755 
1.751 
1.747 
1.744 
1.740 
1.737 
1.734 
1.730 
1.727 
1.720 
1.715 
1.710 
1.705 
1.70 
1.69 

1.837 
1.833 
1.830 
1.827 
1.825 
1.820 
1.815 

1.806 
1.803 
1.798 
1.790 
1.780 
1.774 
1.767 
1.755 
1.744 

J.810 

1.928 
1.923 
1.917 
1.911 
1.906 
1 .goo 
1.895 
1.887 
1.881 
1.875 
1.870 
1.859 
1.848 
1.840 
1.832 
1.815 
1.800 

2.028 
2.019 
2.010 
2.001 
1.993 
1.984 
1.976 
1.969 
1.960 
1.953 
1.946 
1.933 
1.920 
1.908 
1.896 
1.876 
1.857 

2.150 
2.136 
2.124 
2.110 
2.096 
2.084 
2.074 
2.061 
2.050 
2.040 
2.030 
2.012 
1,995 
1.979 
1.964 
1.937 
1.915 

2.307 
2.284 
2.265 
2.242 
2.220 
2.200 
2.181 
2.163 
2.145 
2.132 
2.119 
2.095 
2.074 
2.055 
2.037 
2.005 
1.978 

~ . . ~  
2.553 
2.493 
2.450 
2.410 
2.373 
2.344 
2.318 
2.295 
2.270 
2.250 
2.230 
2.196 
2.167 
2.141 
2,119 
2.080 
2.046 

8;OOO 1.68 1.733 1.788 1.841 1.898 1.957 2.019 
9,000 1.67 1.721 1.774 1.827 1.881 1.937 1.995 

10,000 1.66 1.710 1.760 1.811 1.863 1.917 1.975 

a V a i u e s  in parentheses represent vapor pressure, in pounds per square 

bVolume expressed in cubic feet per pound mole. Mol. wt. taken as 
inch, 

84.156. 
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Table 111. Experimental Values of Vapor Pressure 

Pressure, Volume, Pressure, Volume, 
-Temp., Lb./Sq.Inch Cu.Ft./ Temp., Lb../Sq.lnch Cu.Ft./ 

OF 9 Abs. Lb. O F .  Abs. Lb. 
100 3.41a 0.021092 340 120.Sa 0.026035 

3.58 0.046219 121.14 0 .O 50 62 5 
3.64 0.032783 122.60 0.033377 
3.68 0.033016 
3.78 0.022605 

160 1 0 . 8 P  0.021995 400 209.6a 0.028043 
11.19 0.0572 10 210.78 0.064024 
11.49 0.024757 212.61 0.040837 

216.48 0.02882 1 
220 28.22a 0.023100 460 3 4 1 . e  0.031501 

28.49 0.0408 14 343.78 0.053921 
28.87 0.026515 345.82 0.041491 

349.34b 0.033339 

280 62.14a 0.024431 
62.76 0.063088 
63.2 5 0.04021 1 
64.97 0.026016 

a Chosen value of vapor pressure taken at 0.90 for each temperature. 
Pressure determined after remelnhg at 460’ F. for 6 hours. 

resu l ted  i n  a d e c r e a s e  in  two-phase p r e s s u r e  of 0.23 pound 
per  s q u a r e  inch.  Prolonged refluxing of t h e  sample  a t  re- 
duced p r e s s u r e  d i d  not  d e c r e a s e  t h i s  var ia t ion.  Mass spec-  
trographic a n a l y s i s  and c h a n g e  in vapor  p r e s s u r e  with in- 
c r e a s e  in  molal volume i n d i c a t e  tha t  t h e  sample  in  the  
present  measurerpents  probably contained less than 0.002 
mole fract ion of mater ia l  o ther  than cyclohexane.  T h e  
freezing point  d a t a  ind ica ted  l e s s  than 0.001 mole fract ion 
impuri t ies .  T h e  impuri t ies  a r e  probably hydrocarbons of 
c lose ly  related s t ructure .  T h e  var ia t ion in  two-phase pres- 
sure  with volume w a s  greater  than  expec ted  f r o m  t h e  purity 
e s t a b l i s h e d  by spec t rographic  a n a l y s i s .  T h e  markedly lower 
freezing point a t  a tmospheric  pressure  a l s o  i n d i c a t e s  tha t  t h e  
purity i s  not  a s  high a s  tha t  reported by spec t rographic  
a n a l y s i s .  

EXPERIMENTAL RESULTS 
Experimental  volumetr ic  measurements  of cyc lohexane  

a r e  recorded i n  T a b l e  I for t h e  condensed  l iquid regions.  
T h e  experimental  r e s u l t s  ( F i g u r e  l), show t h e  dis t r ibut ion 
of t h e  d a t a  obtained.  T h e  s tandard  devia t ion  of t h e  ex-  
perimental p o i n t s  from t h e  smooth c u r v e s  w a s  0.0014 c u b i c  
foot per  pound mole. Smoothed v a l u e s  of t h e  molal volume 
of cyc lohexane  i n  t h e  l iquid p h a s e  a r e  i n  T a b l e  11. Ex- 
per imental ly  measured  vapor p r e s s u r e s  i n  T a b l e  111 a r e  a 
function of t h e  s p e c i f i c  volume. T h e  unusual ly  l a r g e  
change  in  vapor pressure  with volume exper ienced  in  t h i s  
study d e c r e a s e s  conf idence  in  t h e s e  vapor  p r e s s u r e  meas- 
urements. T h e  p r e s s u r e  of approximately 0.90 w a s  u s e d  to  
represent  t h e  present  vapor p r e s s u r e  measurements  ( T a b l e  
HI). 
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F i g u r e  3. D e v i a t i o n  o f  present  v o l u m e t r i c  measurements  of b u b b l e  
p a i n t  from other i n v e s t i g a t o r s  

P r e s s u r e s  i n  t h e  he te rogeneous  region were measured  
af ter  t h e  s a m p l e  h a d  been  maintained a t  460’ F. for sev-  
eral hours  and  were  markedly higher  for t h e  same molal 
volume than t h e  d a t a  of T a b l e  111. T h e s e  d a t a  i n d i c a t e  that 
increas ing  s igni f icant  thermal rearrangement  o c c u r s  a t  tem- 
pera tures  a b o v e  280’ F. F o r  t h i s  reason t h e  vapor  pres- 
s u r e  d a t a  ( T a b l e  11) for t h e  higher  temperatures  a r e  not  as 
re l iab le  as t h o s e  for temperatures  below 340’ F. and may 
involve  e r rors  as  l a r g e  a s  3 pounds  per  square  inch.  F igure  
2 compares  t h e  res idua l  b a s i s  of t h e  p r e s e n t  vapor  p r e s s u r e  
measurements  with t h e  cr i t ical ly  c h o s e n  v a l u e s  of R o s s i n i  
(12) and o ther  experimental  d a t a  (1, 5 ,  6, 10, 14, 17). T h e  
residual  vapor  p r e s s u r e  (F igure  2) w a s  e s t a b l i s h e d  from t h e  
following equat ions:  

29 18.29 

T 
log  P, = 5.70715 - ___ 

where is t h e  reference pressure ,  P t h e  residual  pressure ,  
and P” t h e  vapor  pressure ,  all e x p r e s s e d  in  pounds  per  
square  inch ,  and  T i s  t h e  absolu te  temperature  i n  degrees  
Rankine.  R e a s o n a b l e  agreement be tween t h e  severa l  s e t s  
of d a t a  w a s  found throughout t h e  temperature  range  inves t i -  
gated.  T h e  purity of t h e  sample  u s e d  by Young (17) seem- 
ingly w a s  open  to  s o m e  quest ion.  Apparent ly  for t h i s  
reason  t h e  Internat ional  Cr i t ica l  T a b l e s  (5) fol lowed t h e  
measurements  of Nagornov (10) at t h e  higher  temperatures .  
Except  for  t h e  d a t a  of Young (17) a n d  information reported 
by Kay (6) t h e  present  measurements  fol low t h e  accepted  
vapor p r e s s u r e  d a t a  within t h e  experimental  uncertainty of 
the o b s e r v a t i o n s  with t h e  present  sample. B e c a u s e  var ia-  
tions i n  vapor p r e s s u r e  with volume a r e  near  bubble  point 
and dew point, t h e  p r e s s u r e  measured  at  0.9 w a s  u s e d  to 
e s t a b l i s h  t h e  vapor  p r e s s u r e  d a t a  i n  Table 111. V a l u e s  i n  
T a b l e  I1 were  b a s e d  upon t h e  full c u r v e  of F i g u r e  2, which 
cor responds  c l o s e l y  to  t h e  e n t i r e  temperature  range re- 
ported b y  Ross in i .  T h e  s tandard devia t ion  of t h e  v a l u e s  
from t h e  present  experimental  d a t a  from t h e  full curve  of 
F igure  2 w a s  0.13 pound per  s q u a r e  inch.  

F i g u r e  3 s h o w s  t h e  agreement of t h e  present  volumetric 
d a t a  a t  bubble  point  from t h e  v a l u e s  reported by R o s s i n i  
(12) and G e i s t  (4). T h e  indica ted  d i f fe rences  between t h e  
three  s e t s  of d a t a  a r e  within t h e  probable  e r rors  of meas- 
urement involved.  
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Vapor-Liquid Equilibria of Nap  hthalene-n 

n-Dodecane-Butyl Carbitol, and Naphtha 

Do d eca n e, 

ene-Butyl 

Carbitol Systems at Subatmospheric Pressure 

HENRY F. HOUSER’ AND MATTHEW VAN WINKLE 
University of Texas, Austin, Tex. 

T h i s  invest igat ion is another  in a s e r i e s  undertaken t o  
determine vapor-liquid equilibrium charac te r i s t ics  of t h e  
heavy hydrocarbon s y s t e m s  under vacuum. Vapor-liquid 
equilibrium d a t a  were determined for t h e  naphthalene-n- 
dodecane,  n-dodecane-butyl carbi tol ,  and  naphthalene-n- 
butyl  carbi tol  s y s t e m s  a t  a pressure  of 100 mm. of mercury 
absolu te ,  us ing  a modified Colburn s t i l l .  

MAT E R I AL S 
T h e  naphthalene u s e d  w a s  C.P. grade  mater ia l ,  of t h e  

s a m e  qual i ty  a s  t h a t  used  by Ward (14)  and Martin (9) .  

‘Present address, Chemstrand Corp., Pensacola, Fla. 

Experimental  v a l u e s  of physical  propert ies  of t h e  naphtha-  
l e n e  a r e  compared with l i terature  v a l u e s  in  T a b l e  I. T h e  
vapor pressure  da ta  for t h e  naphthalene reported in T a b l e  I 
were determined as a funct ion of temperature by boiling t h e  
mater ia l  under fixed subatmospheric  pressures  in t h e  
Colburn s t i l l .  

T h e  n-dodecane w a s  obtained in  a re la t ively pure s t a t e  
and w a s  further purified by fract ionat ion a t  100 mm. of 
mercury pressure  in  a 1- inch,  vacuum-jacketed,  g l a s s  
column packed with 1/4- inch g l a s s  h e l i c e s  for 5 feet  of its 
length.  Only t h e  cons tan t  boiling hear t  cu t  w a s  used.  
Refract ive index,  vapor pressure ,  and dens i ty  d a t a  for t h e  
purified dodecane  agreed  c l o s e l y  with l i t e ra ture  v a l u e s  

Table 1. Properties of Naphthalene, n-Dodecone, and Butyl Corbitol 

Naphthalene 

Exptl. Lit. 

Refractive index n2‘1.5826 1.5822 (5) 
Density . . .  . . .  

At Vap. Press . ,  
Mm. Hg 

50 
.80 
100 
150 
200 

n-Dodecane Butyl Carbitol 

Exptl. Lit. Exptl. Lit. 

ng1.4203 1.4195 (2) ng1.4290 1.4290 (7) 
0.9536 (6) dioO. 750 0..75 1 (7) di80.952 

Temperature, OC. 

124.60 124.90 (12)  
137.90 137.81 
144.35 144.3 1 
156.25 156.81 
166.40 166.27 

127.50 127.54 ( 1 2 )  
139.75 139.90 
146.20 146.14 
157.50 158.10 
167.40 167.14 

142.4 141.4 (13)  
154.2 153.3 
160.7 159.8 
173.2 172.3 
181.9 181.2 

~~ 
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