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A sa t i s fac tory  des ign  method for ex t rac t ive  and  azeot ropic  
dis t i l la t ion columns should i n d u d e  enthalpy ba lances  on  
e a c h  p la te  to allow ca lcu la t ion  of t h e  quantity of both 
liquid and vapor leav ing  and entering t h e  plate. Colburn 
(3) brought out c lear ly  i n  the  case of n-butane-isobutene 
separation us ing  furfural a s  the extracting agent,  t h e  im- 
portance of taking into account t h e  hea t  e f f ec t s  produced 
on mixing the  components and  showed that  approximately 
30% error occur s  in  t h e  ne t  hea t  evolved. Neglect of t h i s  
la rge  quantity in  des ign  obviously r e s u l t s  i n  cons iderable  
uncertainty i n  operation of t h e  tower. However, a sea rch  
in to  t h e  l i terature  r evea l s  that  there  are  few da ta  on  hea t  of 
mixing and that t h i s  sub jec t  h a s  not been inves t iga ted  t o  a 
degree  comparable t o  that  of vapor-liquid equilibria. In 
many cases the  reported da ta  form a small fraction of what 
is ac tua l ly  required for des ign  purposes. 

E x c e s s  thermodynamic properties,  which a r e  express 
re la t ive  t o  idea l  behavior of a sys tem,  can  b e  eas i ly  6 

accura te ly  determined from vapor-liquid equilibrium measu 
ments. T h e s e  properties reveal t h e  extent of departure 0. - 
sys tem from idea l  behavior and, more important, t h e  degree  
of a s soc ia t ion  or d i ssoc ia t ion  of a component i n  a particular 
mixture. 

T h e  present  investigation w a s  conducted t o  determine 
experimentally t h e  hea t  of mixing of t h e  binary s y s t e m s  of 
methanol, ethyl alcohol,  1-propanol, and 2-propanol with 
ethyl a c e t a t e  i n  a new type of calorimeter which w a s  in- 
i t i a l l y  t e s t ed  with methanol-benzene mixtures and found to  
g ive  good results.  Also, i t  w a s  proposed to  ca l cu la t e  t he  
e x c e s s  thermodynamic properties of t h e  four binary systems 
of a l coho l s  with e thyl  a c e t a t e  from the  smoothed vapor- 
l iquid equilibrium data. 

MATERIALS 

Benzene  of t he  following properties w a s  used  without 
further purification: 

Boiling p int, OC. 

Refractive/Ind. = n" 
D 

Density" 9 ', grams per CC. 
80.1 
0.87374 
1.49806 

i n e  memoas 01 puriricauon ana  m e  pnys ica i  p roper t ies  
of methanol, e thy l  a lcohol ,  1-propanol, 2-propan01, and  
e thyl  ace t a t e  h a v e  been descr ibed  (6). 

APPARATUS 

A good review o f  var ious  calorimeters w a s  given by 
Weissberger (11). In 1952 Scatchard,  Ticknor,  Goates ,  and 
McCartney (8) descr ibed  a very s imple  calorimeter which 
c o n s i s t s  e s sen t i a l ly  of a circular tube provided with two  
wells: one fo r  the thermistor, and the other for the heater. 
T h e  two liquids,  for which the  hea t  of mixing is t o  b e  de- 
termined, a r e  separa ted  by a quantity of mercury in  the  
tube. T h e  whole assembly  is then p laced  in  a l a rge  Dewar 
f l a sk  and rotated through an  angle  of 270' e i ther  manually 
or mechanically. Mercury f in  the  calorimeter s e r v e s  a s  an  
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ef fec t ive  st irring medium. T h i s  type  of calorimeter h a s  the  
d isadvantage  of a constant exchange  of hea t  between t h e  
calorimeter and the ambient air in  t h e  la rge  Dewar f lask  
for which i t  is necessa ry  t o  apply a correction. T h i s  cor- 
rection varied as much as 8 t o  20% of the  total  hea t  of 
mixing i n  t h e  experiments of Scatchard and others.  In 1953, 
T s a o  and Smith (10) descr ibed  another calorimeter, some 
fea tures  of which were modified and used  in  th i s  work. 

A semisec t iona l  view of the  calorimeter in  ful l  size and 
a l i ne  diagram of the various connections a r e  shown in 
F igu res  1 and 2. A is a spec ia l  Dewar f lask  made of 
boros i l ica te  g l a s s  and  w a s  ground a t  t h e  top to  f i t  a graund- 
g l a s s  s topper ,  B .  T h e  capac i ty  of t he  calorimeter is about 
140  ml. I t  w a s  heavily si lvered both ins ide  and ou t s ide  
and is almost f lat ,  ins tead  o f  hemispherical ,  a t  t h e  inner 
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Figure 2 ,  L i n e  diagram of various connections to  calorimeter 

of different dens i t i e s  a r e  mixed. T h e  ground-glass stopper,  
but  for t h e  taper  a t  t h e  ground portion, is almost  cylindrical .  
I t  is open at  t he  top, t h u s  leaving an  empty s p a c e  which is 
f i l led with a s b e s t o s  powder to minimize heat  transfer t o  the  
surroundings from the  top of the  calorimeter. T h i s  stopper 
ho lds  a Beckman thermometer, C, h a s  a ground-glass joint, D 
for t h e  buret, H, and two l eads ,  E ,  for t h e  heater.  T h e  
Beckman thermometer w a s  at tached to t h e  calorimeter 
through a tight-fitting rubber s l e e v e  which w a s  changed for 
each  run. T h e  heater ,  F, is 5 f ee t  of 30-gage Nichrome 
wire wound in to  a coil and surrounded by a glass tube. 
Proper  c a r e  w a s  taken to  see that t h e  electr ical  copper 
l e a d s  were at tached t o  the  heater  at  the points  where they 
were completely immersed in  t h e  l iquid,  t hus  avoiding two 
l e a d s  from the s a m e  end, one  for t he  current and the  other 
for t he  measurement of the potential  drop. To prevent 
s l iding of t h e  Nichrome wire  in s ide  the  glass tube, con- 
s t r ic t ions were introduced a t  t hose  p l a c e s  where t h e  copper 
l e a d s  were soldered t o  the heater  wire. T h e  g l a s s  coil 
w a s  f i l led with General  E lec t r i c  s i l i cone  oil of l ight vis-  
cos i ty  t o  allow rapid hea t  transfer from t h e  heater t o  t h e  
l iquid without appreciable  time lag. G is a g l a s s  st irrer 
with th ree  paddles  of the  same size, spaced  a t  approxi- 
mately 0.5-inch intervals ,  and another a t  t h e  entrance of 
t h e  s t i r rer  sha f t  i n to  t h e  calorimeter. T h e  bottom paddle  
w a s  ad jus t ed  t o  about 0.25 inch from t h e  bottom of t h e  
Dewar f lask,  To prevent vapor loss through the st irrer 
sha f t ,  t he  s tandard t y p e  of mercury seal w a s  provided. T h e  
stirrer w a s  rotated by a sma l l  motor, and the speed  w a s  
controlled by means of a powerstat. 

H is a jacketed 50.0-ml. borosi l icate  glass buret certi- 
f ied by t h e  National Bureau of Standards. Water from a 
constant  temperature water bath maintained a t  25 f 0.01 'C. 
w a s  circulated by a midget rotary pump. 

T h e  calorimeter was  mounted on a rectangular frame- 
work of 5/-inch s t e e l  rods and the Dewar f l a s k  rested i n  a 
b ras s  cup contoured to  the shape  of the bottom of t h e  
Dewar. T h e  calorimeter w a s  clamped a t  the top to  t h e  
framework to prevent any vibrations during stirring. 

T h e  current to  the heating coil w a s  suppl ied by two 
6-volt bat ter ies]  J ,  arranged i n  se r i e s ,  including a rheostat  
i n  t h e  circuit .  T h e  potential  drop ac ross  t h e  heat ing coil 
w a s  measured with a standard potentiometric c i rcui t  using 
a Leeds & Northrup Type  K-1 potentiometer. T h e  current 
pas s ing  through the heater  w a s  measured by noting the  
potential  drop ac ross  a standard manganin resis tor  of 0.01 
ohm. T h e s e  two vol tage drops were measured with the  
same  potentiometer by making connect ions through a double- 
throw switch.  T h i s  allowed readings to be taken quickly. 

T h e  working current t o  the  potentiometer w a s  suppl ied 
through a rheostat  i n  the circuit  by two >volt  dry battery 
cells. 

T h e  time w a s  measured by an electr ic  s topwatch,  M ,  
which w a s  synchronized with the  heater circuit .  

N, a dummy resis tor ,  was  used to discharge t h e  bat ter ies  
for an hour or so before a run, so  that they would come t o  a 
constant  voltage. 
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TECHNIQUE O F  MEASUREMENT 

T h e  calorimeter w a s  checked by measuring t h e  h e a t s  of 
mixing of methanol-benzene mixtures. Data  on th i s  sys tem 
were reported by Wolf, Pahlke ,  and Wehage (14) a t  2OoC.; 
Williams, Rosenberg,  and Rothenberg (12) a t  20°C .  ; 
Scatchard,  Ticknor, Goates ,  and McCartney (8) a t  2 0 ° C . ;  
and T s a o  and Smith (10) a t  25'C. 

About 70.0 ml. of one of the  components were introduced 
from a cal ibrated buret into the s p e c i a l  Dewar f lask  and 
the  s e c o n d  component w a s  placed in  the  jacke ted  buret. 
T h e  whole assembly w a s  placed in  a cons tan t  temperature 
bath and water from th is  bath w a s  circulated through t h e  
jacke t  of the buret. T h e  l iquid in the  buret w a s  allowed t o  
a t ta in  the temperature of t h e  bath for 1 to 1.5 hours. During 
t h i s  period, the conten ts  of the buret were frequently st irred 
by means of a long copper rod, the end of which w a s  bent 
into a loop of such  diameter as to p a s s  freely into the  
buret. At the end of th i s  period, the temperature w a s  
recorded by a thermometer accura te  within 0 . l o C .  T h e  
conten ts  of the Dewar f lask were next brought to  th i s  
temperature by t h e  supply of current to  t h e  heater. When 
both the  components  were a t  t h e  same temperature, a known 
amount of the component in the  buret w a s  admitted in to  the  
Dewar f lask  and the drop or rise in  temperature w a s  care- 
fully noted by means of t h e  Beckman thermometer, which 
could b e  read with a magnifying l e n s  to  0.005°C. It  was ,  
however, not necessary  to know the  final temperature 
using the  technique employed in th i s  invest igat ion.  Next 
t h e  heater  c i rcu i t  w a s  turned on and the s t o p  watch w a s  
s ta r ted  a t  t h e  same time. T h e  r a t e  of hea t ing  w a s  so s e t  in 
t h e  bezinning tha t  there  w a s  0.10 C. r i s e  for every minute. 
The power input to  the hea ter  was  calculated after noting 
the  current  p a s s i n g  through t h e  heater  by measuring the 
vol tage drop across t h e  s tandard res i s tor ,  the  vol tage drop 
a c r o s s  the hea ter  i t se l f ,  and the total  time required to  bring 
the  conten ts  to the in i t ia l  temperature. During the  course  
of a run, about four t o  f ive  readings were taken  after e a c h  
s u c c e s s i v e  addition of t h e  component from the buret. T h e  
speed  of the  s t i r re r  w a s  observed t o  be  fairly cons tan t  a t  
250 t o  300 r.p.m., a s p e e d  a t  which thorough mixing w a s  
produced without a n  appreciable  e f fec t  on temperature. 
T h e  heat ing current w a s  fairly cons tan t  as evidenced by 
the cons tancy  in  the  vol tage drop a c r o s s  the  s tandard 
resistor.  T h e  var ia t ion in the r e s i s t a n c e s  of the heater  
wire w a s  negl igible  over a temperature range of 2' t o  3OC. 

The maximum error resulting from vaporization and conden- 
sation effects and in the measurement of experimental heat of 
mixing data was estimated a s  follows: 

Vaporization-Condensation Effects 

Assumptions 
Vapor space volume in calorimeter = 60 ml. 

1. Activity coefficients from 4OoC. data can be used at 

2. Equilibrium between vapor and liquid 

1. Calculate moles of component 1 in  air space above liquid 

2. Calculate moles of component 2 in vapor space above 

3. Calculate heat effect caused by vaporization of the 

4. Calculate heat effect caused by condensation of the 

5. Compute the net heat effect and the per cent error. For 

2 5 " ~ .  for computation of vcporization los s  

Calculation 

at start 

liquid after component 2 was added and equilibrium reached 

quantity of component 2 

displaced quantity of component 1 

methanol-ethyl acetate it was found to be 0.8% (Run 111) 
Evaluation of Measurement Errors 

Voltage measurement 0.2% 
Resistance measurement 0.2% 

Energy input, stirer 0.20% 
Mass measurement 0.50% 
Heat transfer to surroundings Negligible 
Total YO measurement 1.35% 

Time measurement Negligible 
Temperature measurement liquid from buret 0.25% 

Total of vaporization and measurement errors 
about 2.35% maximum 

CALCULATIONS 

Heat  of Mixing. T h e  hea t  of mixing w a s  ca lcu la ted  using 
the  following equation: 

where 

AH: = integral  hea t  of mixing, calories per mole 
V = potent ia l  drop a c r o s s  heater ,  vo l t s  

V, = potent ia l  drop a c r o s s  s tandard resistor, vol t s  

R, = r e s i s t a n c e  of s tandard resistor,  ohms 
n = to ta l  number of moles of mixture 
t = time, s e c o n d s  

Excess Thermodynamic Properties. T h e  following method 
w a s  adopted after a number of other unsuccessfu l  a t tempts  
to  ca lcu la te  the  e x c e s s  thermodynamic propert ies  from 
vapor-liquid equilibrium data. T h e  experimental and calcu-  
la ted  va lues  for hea t  of mixing agree with e a c h  other  within 
l imits  of experimental accuracy of the  hea t  of mixing 
measurements. 

A preliminary smoothing of t h e  act ivi ty  coeff ic ient  va lues  
w a s  made using one of the  solut ions of Gibbs-Duhem 
equat ion.  T h e  var ia t ion of the act ivi ty  coeff ic ient  with 
composition was s u c h  that the van L a a r  equat ions  could 
be emp1oye.d to represent the experimental da ta ,  desp i te  
the  fact  that  van L a a r  made restrictive assumptions i n  
deriving the  equat ions.  4s  pointed out by Wohl (13) and 
Carlson and Colburn (2), t h e  cons tan ts  a s  rearranged by 
t h e  la t te r  workers a r e  regarded a s  mere empirical c o n s t a n t s  
without a t tach ing  any phys ica l  s ign i f icance  t o  them. V a l u e s  
of A and B reported earlier (6) were used  t o  ca lcu la te  the  
act ivi ty  coef f ic ien ts  a t  even va lues  of composition. T h i s  
w a s  repeated for e a c h  isothermal run. 

Since e x c e s s  free energy c a n  be expressed by Equat ions  
2 a n d 5 ,  

hG; = 2.303 R T  ( X ,  log y ,  + X, log y,) (2) 

AG; = AHE X - TAS; 

AH;  = AH: 

(3) 

(4) 

when the  same reference state is chosen for both cases. 
T h e  reference state chosen is that of the pure component 
a t  the  same temperature. 

I t  w a s  a s sumed  in t h e s e  ca lcu la t ions  that a l inear  vari- 
a t ion of e x c e s s  free energy with temperature is val id  over 
t h e  range 25" to  6OoC. In other  words, i t  w a s  assumed 
tha t  the  e x c e s s  entropy of mixing is independent of tempera- 
ture. 

Correlation of Heat of Mixing Data. Scatchard and others  
(8)  proposed a n  empirical equation based  on a n  analogy of 
e x c e s s  free energy i n  which t h e  heat  of mixing w a s  ex- 
pressed  a s  a power s e r i e s  in (xi - %) as follows: 

AH," = X,X, [ A ,  + A ,  (x, - XJ + A,  (x, - x,)' + - * .I (8) 

where xi, x1 are the mole fract ions of components 1 and 2, 
respec t ive ly ,  and A's a r e  cons tan ts  which are funct ions of 
temperature and the sys tem properties. 
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Table I .  Experimental Heat o f  Mixing at 25OC. 

Benzene, 
Xla 

0.9664 
0.9098 
0.8360 
0.7528 
0.5760 
0.4678 
0.3446 
0.2 145 
0.1015 
0.0334 

aMole fraction of methanol. 

Methanol, 
AH: (kj/Mole) 

0.0574 
0.1530 
0.2641 
0.3768 
0.5811 
0.6734 
0.7345 
0.7 139 
0.5899 
0.3446 

Table I I .  Experimental Data an Heat of Mixing a t  25OC. 

Methanol-Ethyl Acetate 

Xte AH: (kj/mole) 

0.9796 0.0659 
0.9438 0.1599 
0.8990 0.2869 
0.8371 0.4443 
0.7805 0.5771 
0.7401 0.6604 
0.6530 0.8894 
0.5698 0.9771 
0.4941 1.0424 
0.4075 1.0539 
0.3211 0.9952 
0.2246 0.8538 
0.1680 0.7420 
0.1025 0.5005 
0.0678 0.3702 

1-Propanol-Ethyl Acetate 

X; A< (kj/mole) 

0.9592 0.2698 
0.9062 0.5447 
0.8387 0.8351 
0.7576 1.1191 
0.6714 1.3562 
0.59 14 1.5714 
0.5857 1.58 17 
0.5732 1.5143 
0.5070 1.64 14 

0.4241 1.6420 
0.4026 1.5753 
0.3265 1.5045 
0.2898 1.4139 
0.2364 1.2691 
0.1825 1.1098 
0.16 15 0.9698 
0.0842 0.6269 
0.0730 0.4997 

aMole fraction of alcohol. 

0.5059 1.6090 

Ethyl Alcohol-Ethyl Acetate 

Xla AH; (kj/mole) 

0.9637 0.2246 
0.9091 0.4880 
0.8487 0.7473 
0.7846 0.9660 
0.7282 1.1149 
0.6690 1.2506 
0.5965 1.3590 
0.5355 1.4048 
0.4792 1.4252 
0.4045 1.4176 
0.3245 1.3297 
0.2429 1.1784 
0.1774 0.9563 
C.0763 0.4965 

2-Propanol-Ethyl Acetate 

XI a A S  (kj/mole) 

0.9484 0.3611 
0.8803 0.7529 
0.8030 1.0823 
0.7097 1. 3884 
0.6117 1.6227 
0.5580 1.6727 
0.4820 1.7062 
0.4239 1.7048 
0.3682 1.6680 
0.2920 1.5347 
0.2297 1.3437 
0.1432 0.9760 
0.0667 0.5046 

T h i s  expansion into power s e r i e s  i s  val id  for e x c e s s  
thermodynamic propert ies  s u c h  as free energy, heat  of 
mixing, e x c e s s  entropy of mixing, and e x c e s s  volume of 
mixing. I t  cannot  b e  appl ied,  however, to  the free energy 
change i n  mixing or entropy of mixing, as t h e s e  later 
functions a r e  not f ini te  as the concentration of one  of the  
components approaches zero. 

Tsao and Smith (10) and Klinkenberg (5) indicated that  
t h e  cons t an t s  i n  the  hea t  of mixing equat ions do not have  
s imple phys ica l  s ignif icance and cannot b e  considered 
more than empirical  constants .  T h e  number of cons t an t s  t o  
b e  used  depends upon the  dissymmetry of t h e  system and 
also on the  accuracy of the experimental  data. Thacke r  
and Rowlinson (9) found tha t  in  most of t h e  polar sys t ems  
they s tudied,  a two-constant equation represented t h e  da t a  
fairly well .  I n  extreme cases of dissymmetry and where 
t h e  da t a  were sufficiently accurate ,  Tsao and Smith e m -  
ployed a s ix-constant  equation to  descr ibe the  heat  of 
mixing da ta  of the methanol-toluene system. 
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Figure 3. Heat of mixing for the system methanol-benzene 
$Wolf and others (14 )  
0 Scatchard and others (8) 
dWilliams and others (12) 
@Tsao  and Smith (10) 
0 Present work 

T h e  cons t an t s  (A's)  i n  the equations were evaluated 
using t h e  method of l e a s t  squares .  

RESULTS AND DISCUSSION 

Methanol-Benzene System. T h e  experimental  hea t  of 
mixing da ta  a t  25OC. a re  given in  T a b l e  I and a re  compared 
g a p h i c a l l y  with those  ol' previous workers (8, 10, 12, 14) 
in  F i p e  3. There  is o,ood agreement between the  r e su l t s  
of t h e  present  work and those  of T s a o  and Smith (10). T h e  
da ta  of the  other workers,  except  t hose  of Williams and 
others  (121, were taken at different temperatures and thus 
a valid comparison i s  not possible .  Desp i t e  t h e  f ac t  that  
T s a o  and Smith employed a t i tration technique to  maintain 
constant  temperature,  thus minimizing the  exchange of heat  
between the calorimeter and the  surroundings,  there i s  good 
agreement.  T h i s  indicates  acceptable  accuracy for t he  
method used in  t h i s  investigation. A s  in  their  c a s e ,  the 
maximum error i n  a l l  t h e  measurements was  est imated to be 
of the  order of 2 t o  3%. An attempt w a s  made to f i t  t he  
da t a  into t h e  form of Equation 8, but inclusion of even 
five cons t an t s  did not show good agreement. 

T h e  experinental  hea t  
of mixin: da t a  a re  l i s t ed  in  T a b l e  I1 and the e x c e s s  thermo- 
dynamic properties calculated from vapor-liquid equilibrium 
da ta  reported i n  (6) by means of Equat ions 2 through 6 and 
a r e  shown in T a b l e  111. Figures  4 t o  7 (left) include sol id  
curves  (for t h e  sys t ems  d e s i y a t e d )  calculated by means of 
Equation 8 and the  experimental  points  determined by the  
hea t  of mixing experiments.  F igu res  4 to 7 (right) include 
a s  sol id  cu rves  the  e x c e s s  thermodynamic properties 
calculated by means of Equat ions 2 through 6 and a l s o  the  
experimental  hea t  of mixing data. 

T h e  cons t an t s  used in Equat ion S for t h e  various sys t ems  
a re  given in  T a b l e  IV. 

Methanol-Ethyl Acetate System. Data  on t h i s  system 
were not reported in  t h e  l i terature.  T h e  agreement between 
the  experimental  data  and the valuCs calculated by means 
of vapor-liquid equilibria is not good, but t h e  deviation is 

. l i t t l e  more than t h e  l imits of experimental  accuracy of the  
measurements.  

Alcohol-Ethyl Acetate Systems. 
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T a b l e  111. Excess Thermodynamic Properties at  25OC. 

Mole Fraction Alcohol 

Methanol- 
ethyl acetate 

Ethyl alcohol- 
ethyl acetate 

1-Prop anol- 
ethyl acetate 

2-Propanol- 
ethyl acetate 

Methanol- 
ethyl acetate 

Ethyl alcohol- 
ethyl acetate 

1-Propanol- 
ethyl acetate 

2-Propanol- 
ethyl acetate 

Methanol- 
ethyl acetate 

Ethyl alcohol- 
ethyl acetate 

1-Propanol- 
ethyl acetate 

2-Propanol- 
ethyl acetate 

__ 
0.05 

37.01 

33.89 

... 
28.39 

25.04 

44.11 

. . .  
57.83 

62.05 

78.00 

... 
86.22 

____ 
0.10 

69.13 

63.68 

53.44 

53.95 

38.66 

78.70 

103.80 

110.6 

107.79 

142.38 

157.24 

164.65 

0.20 0.30 0.40 0.50 0.60 

Excess  Free Energy, Cal./Mole 

121.31 159.82 181.8 188.50 180.08 

112.70 147.25 167.5 1 173.7 1 165.99 

94.44 123.21 139.38 144.95 138.32 

97.07 124.76 141.92 147.17 140.65 

TASE, Cal./Mole 

61.71 72.74 73.18 65.50 52.61 

,133.85 167.98 182.88 181.24 165.0 

178.35 225.81 248.82 249.50 230.28 

205.24 245.26 272.76 276.64 258.3 

Excess  Enthalpy of Mixing, Cal. /Mole 

184.02 232.56 254.98 254.0 232.69 

246.55 315.23 350.39 354.95 330.99 

272.79 349.02 388.8 394.45 368.60 

302.31 370.02 414.68 423.81 398.95 

0.70 

156.84 

144.47 

120.30 

122.50 

37.41 

136.36 

193.35 

219.4 

194.25 

280.95 

313.65 

341.9 

0.80 

118.93 

109.54 

90.10 

92.89 

21.75 

95.66 

115.96 

162.2 1 

140.68 

205.20 

206.60 

255.10 

0.90 

66.56 

62.05 

50.94 

52.0 

8.03 

64.84 

75.9 

88.46 

74.59 

126.89 

126.84 

140.46 

0.95 

34.866 

32.33 

... 
27.38 

... 
26.38 

... 
45.97 

34.58 

58.7 1 

... 
73.35 

IO 

0.8 

0.6 
W 
-I 
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X , (  METHANOL 1 

Figure 4. Heat  of mixing and excess thermodynamic properties for methanal-athyl  acetate system a t  25°C. 
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Figure 5. Heat  of mixing and excess thermodynamic properties for ethyl alcohol-ethyl acetate system a t  25'C. 

I I I I I I I I  
(I! w o EXPYL HEAT OF M I X I N O  

3 0.2 0.4 0.6 0.8 
X, ( I -PROPANOL 1 

Figure 6. Heat  of mixing and excess thermodynamic properties for 1-propanol-ethyl acetate system at  25O C. 

T h e  calculated e x c e s s  entropy of mixing shows  posi t ive 
va lues  over t he  range of methanol concentrations.  

Ethyl 4lcohol-Ethyl Acetate System. Heat  of mixing 
da ta  a t  25OC. for t h i s  system were reported in  the  Inter- 
national Cri t ical  T a b l e s  (4). T h e  calculated values  derived 
from vapor-liquid equilibria deviated f r o m  t h o s e  reported to  
an  extent  not accounted for through the l imits  of accuracy 
of h e a t s  of mixing measurements. Therefore,  the heat  of 
mixing da ta  were  determined for th i s  system. T h e  agree- 
ment between t h e  I.C.T. va lues  and the present  work is 
poor. S ince  the  va lues  obtained from vapor-liquid equilibria 
ag ree  c lose ly  with the  experimental  da t a  of t h i s  work, it i s  
believed that t h e  resul ts  of t h i s  work a re  more accurate.  

T h e  e x c e s s  entropy of mixing i s  posi t ive throughout t he  
ent i re  concentration range. T h i s  probably ind ica t e s  that 
t h e  alcohol complexes a r e  a lways broken rather than formed. 
T h i s  may be attr ibuted to  the increased chain length of the  
electron-repell ing alkyl group. T h i s  is in accordance with 
the  findings of Beech and Glas s tone  (I). 

I -Propanol-Ethyl Acetate System. Heat  of mixing data  
a t  25OC. were reported in the  International Cri t ical  Tab le s ,  
but were redetermined in th i s  investigation for t h e  same 
reasons.  T h e  agreement between the two s e t s  of data  i s  
poor in  the  region of 40 t o  60% of alcohol and the deviat ions 
a r e  beyond t h o s e  fal l ing within the  l imits of experimental  
error. 

70 INDUSTRIAL A N D  E N G I N E E R I N G  C H E M I S T R Y  V O L .  3, NO. 1 



0 0 2  0 4  06 0 8  I .o 0 2  0.4 
X ,  ( 2 -  PROPANOL 1 

Figure 7. Heat  of mixing and excess thermodynamic properties for 2-propanol-ethyl 

Tab le  IV. Binary Constants in Heat  of Mixing 
Equation, Temperature 25’ C. 

A0 A1 A2 
(1) Methanol-ethyl acetate (2) 4.1781 -1.4369 0.2366 
(1) Ethyl alcohol-ethyl acetate (2) 5.6859 -0.5920 1.2607 
(1) 1-Propanol-ethyl acetate (2) 6.5834 -0.7907 0.4311 
(1) 2-Propanol-ethyl acetate (2) 6.8546 -0.5787 1.2003 

T h e  s a m e  conc lus ions  a s  those drawn i n  the c a s e  of the 
ethyl  a lcohol-ethyl  ace t a t e  system, can b e  drawn from 
e x c e s s  entropy of mixing da ta  on t h i s  system. 

2-Propanol-Ethyl Acetate  System. Data  on hea t  of 
mixing a t  25OC. for t h i s  system a r e  not reported in t h e  
l i terature  and  were determined in  t h i s  invest igat ion.  T h e  
agreement between t h e  experimental  d a t a  and those  calcu- 
l a t ed  from vapor-liquid equilibria i s  close throughout t he  
en t i r e  range of composition. Beech  and Glas s tone  ( I ) ,  
f rom the  observat ion of sol id  hydrate formation of tert- 
butanol,  concluded that branching of the  chain favors  t h e  
complex formation, but t he  calculated e x c e s s  entropy of 
mixing da ta  show no such  tendencies  in  t h i s  system. On 
the  other hand, decomposition of complexes is shown t o  a 
greater extent  than i s  shown in t h e  1-propanol-ethyl a c e t a t e  
mixtures.  B e c a u s e  thermal e f f ec t s  on mixing a r e  so great,  
indicat ing depolymerizations of complexes,  t he  inf luence 
of branching i s  barely perceptible.  

A c r i t i ca l  comparison of the  e x c e s s  thermodynamic 
properties for alcohol-ethyl a c e t a t e  binary s y s t e m s  shows  
tha t  e x c e s s  free energy va lues  dec rease  while  t he  e x c e s s  
entropy of mixing and heat  of mixing inc rease  with inc rease  
i n  chain length of the alkyl group. I t  i s  reasonable  t o  
suppose  that further i nc rease  in  cha in  length of the  alcohol 
component will eventual ly  l ead  t o  a pseudo-ideal system- 
i .e . ,  one  in which AGE = 0-due to  t h e  cancel la t ion of 
entropy and enthalpy of mixing terms in  Equat ion 5 .  T h e y  
a r e  not ,  however,  ideal  sys t ems  in  t h e  s t r i c t  s e n s e  a s  
defined by Rushbrooke (7).  
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T h i s  work w a s  done while  one of t h e  authors  (P.S.M.) 
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acetate system a t  25’ C. 

y e a r s  1953-55 and t h i s  opportunity is taken to  acknowledge 
t h e  a s s i s t a n c e  rendered by Jefferson Chemical Co. T h e  
authors  wi sh  t o  e x p r e s s  their  appreciation t o  Surinder P. 
Vohra for h i s  a s s i s t a n c e  i n  t h e  preparation of t h e  graphs. 

N O M E N C L A T U R E  

A ,  €3 =van  Laar constants 

IG; = excess free energy, calories per gram mole 

I H ;  = excess  enthalphy of mixing, calories per gram mole 

AHM X = heat of mixing, calories per gram mole 

AS: = excess  entropy of mixing, entropy units per gram mole 

Ao, A l  = constants in heat of mixing equation 

R = gas  constant 

T = absolute temperature 

V = potential drop across heater, volts 
t =t ime seconds 

Vs = potential drop across standard resistor 

X ’ s  = mole fraction in liquid 
y = activity coefficient 
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