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Vapor-liquid equilibria are presented for the di-n-butyl 
phthalate-di-n-butyl azelate system a t  1 mm. pressure. This binary 
system i s  shown to be satisfactory for determining the number of 
theoretical plates in low pressure distillation columns having as 
many as thirty plates. Two types of low pressure columns were 
compared by  means of the new test mixture. 

NVESTIGATIOSS on the design and efficiency of fraction- 
ating columns for operat,ion in the neighborhood of 1 mm. I pressure have been seriously hampered by lack of a suitable 

test mixture for measuring the rectification efficiency of such 
columns. Hickman (4 )  suggest'ed di(2-ethylhesyl) phthalate- 
dibenzyl phthalate for this purpose, but the high relative 
volatility of this combination restricts its use to a column of two or 
three theoret,icalplates. Bishop (I), after examining several binary 
pairs, recommended either tri-m-cresyl phosphatetri-p-cresyl 
phosphate or di(2-ethylhexyl) phthalatedibutyl Cellosolve 
phthalate. The analytic$l methods for determining the compo- 
sition of these binary mixtures require relatively large samples 
and are subject to inaccuracies; in addition, there esists the pos- 
sibility of ester interchange between the components of both mis- 
tures. 
-4 test mixture suitable for measuring rectification eficiency of 

low pressure columns should meet the folloxving requirements: 
(a) The boiling points of the components must be close together 
arid should IIC in the range 100-200" C. a t  1 mm. pressure; ( b )  
mixtures should not deviate too markc,dly from idealit'y; (c) any 
niixture of the two components should be accurately analyzablc, 
preferably by a rapid and simple physical method which requires 
only a sinal1 samplc; ( d )  to avoid operational difficulties in the use 
of the mixture, the components should remain liquid at  tempera- 
tures ncll bclow their boiling point$; ( e )  the components must 
tic, thermally and chemically stable a t  the distillation temperature; 
and ( f )  the components should kw fairly rcadily available and easy 
to  purify. 

All of these requirements are met by mixtures of di-n-butyl 
phthalate and di-n-butyl azelate, C,HgOOC(CH~)7COOC,Hg. The 
two esters boil approximately 5" C. apart at 1 mm. pressure; 
the phthalate ester boilsat 150' C. and the azelate ester a t  155' C. 
AIixtures of the two esters do not form ideal solut,ions, as can be 
seen from the calculated values of CY in Table I. The departure 
from ideality is not so ext,reme as t o  preclude the use of the mix- 
ture for efficiency tests. There is no evidence of t,he formation of 
an azeotrope of the two components to limit the usefulness of the 
niisture. 

The azelat,e ester has a refractive index, n2t, of 1.4404 and the 
phthalate ester 1.4928, a difference of 0.0524 unit; this large 
difference (48% greater t,han the difference in refractive index of 
niet,hylcyclohesanc and n-heptane, the standard mixture used for 
evaluating columns a t  atmospheric pressure) permits accurate 
analysis of mixtures of the two esters. The esters are liquids a t  
all ordinary temperatures so that no difficulties due to solidi- 

Columns 

fication are encountered either in the rectification efficiency test 
or in the subsequent refractive index analysis. Chemically, the 
esters have no tendency to react with each other since they are 
both n-butyl esters; the materials are also nonreactive with the 
metals commonly used in column construction. The thermal 
stability of the esters is entirely satisfactory. Azelaic acid and 
di-n-butyl phthalate are commercially available and inespensive. 
The azelate ester is easily prepared from the acid, and both esters 
are readily purified by simple procedures. 

MATERIALS USED 

The di-n-butyl phthalate used in this work was ordinary com- 
mercial material purified by fractionation through a ten-plate 
column at 1 mm. pressure. The distillate had the following 
constants: acid number, 0.35; saponification number, 404 
(theory, 403.1); and n2i, 1.4928. 

The di-n-butyl azelate rvas prepared from azelaic acid obtained 
from the Emery Industries, Inc. The acid was first purified by 
crystallization from water using the following procedure: 40 
grams of acid nere dissolved in 1 liter of water a t  80' C., and the 
water solution was decanted from a small amount of heavy oil. 
Five grams of decolorizing carbon were added to the solution, and 
the mixture was allom-ed to digest for an hour with occasional 
stirring. After filtering, the clear solution was cooled, allomd to 
crystallize for 24 hours and centrifuged; the acid was then air- 
dried and recrystallized from water under the same conditions 
but nithout the use of decolorizing carbon. A yield of about 75% 
x a s  obtained from the first crystallization and nearly 100% on 
the second. 

To prepare the ester, the dry acid was mixed with three times 
the theoretical amount of commercial n-butanol, ant1 0.1 Yo by 

TABLE I. VAPOR-LIQCID EQCILIBRIUM DATA FOR THE DI-~-BUTYL 

MERCURY 
PHTHALATE-DI-n-BUTYL A h E L A T E  SYSTEM AT 1 .oo hlM. OF 

Mole 70 Di-n-butyl 
Phthalate  in: Relative 

Liquid Liquid Liquid (still Volatility 
(still charge) Vapor (still charge) residue) Vapor (Calcd.) 

Refractive Index, nap 

0 . 0 0  
4 . 9 0  

15 .22  
2 5 ,  2Oa 
25.24" 
2 5 , 2 2 a  
35.03  
44 .99  
5 5 . 0 3  
65.02 
7 4 . 9 6  
8 4 , 8 9  
8 9 . 9 3  
9 5 . 1 2  

100.0 

0.0 
7 . 1  

1 9 . 5  
3 1 . 0  
3 0 . 8  
3 0 . 8  
4 0 . 9  
5 0 . 8  
6 0 . 6  
6 9 . 7  
7 8 . 5  
8 7 . 0  
9 1 . 3  
9 5 . 7  

100 .0  

1 ,4404 
1.4424 
1,4471 
1 .4618 
1 .4518 
1.4518 
1,4566 
L.4616 
1 .4669 
1 ,4722 
1.4778 
1.4836 
1,4866 
1 ,4898 
1 .4928 

. . . .  
1,4424 
1.4471 
1 ,4518 
1.4518 
1.4518 
1,4666 
1.4616 
1,4669 
1,4722 
1 .4778 
1,4836 
1 .4865 
1,4898 

. . . .  

. . . .  
1,4434 
1 4491 
1 ,4546 
1.4545 
1 ,4545 
1.4595 
1,4646 
1.4698 
1 .4748 
1 .4798 
1.4846 
1 ,4874 
1.4901 . . . .  

1 : 483 
1 .350  
1 .333  
1 .320  
1 .320  
1 . 2 8 4  
1 . 2 6 1  
1 . 2 5 8  
1 .236  
1 .216  
1 ,189  
1 ,177  
1 .146  

a Triplicate runs on three different samples on three different days. 
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MOLE PERCENT Dl-N-BUTYL PHTHALATE IN LIQUID 

Figure 1 .  Vapor-Liquid Equilibrium Diagram for the Di-n- 
butyl Phthalate-Di-n-butyl Azelate System at 1 .OO M m .  of 

Mercury 

weight (based on the azelaic, acid) i i f  ~ - t i i l u ~ i i ~ ~ ~ ~ ~ l i l ! i l t ~  
added as a catalyst. T h r  mixture \v lowly disiillt.il r l i r i r i tg i i  
a ten-plate colunin with a sp(~4al liead wliicli permit t t~~l  I i~ii111\.:11 

of the lower layer of the lieterogciicous azeotrope of n-I~ut:iiii)l :iii~I 
water. Distillation \ya': continued until the kioiliiig poiiir I I ~  / ( -  

butanol-\vas reached. .I coiicentratcti soiuticiii t ~ i  i i i t l i i i r l i  ti! - 

droxide in dry n-butanol was theii adclecl t,o ricutralizc~ ihc~ : l ( ~ i ~ l  
catalyst as indicated t jy  phenolplithalcin. E s c e ~ s  t i - l iut  anrd \\.:r- 
distilled off to a liquid temperature of 150" C., and thclaht tritcac- 
of alcohol were rcriioved at 25 mm. u4ng a s h v  sparge c ~ t '  carhiti 
dioxide. -I small amount of decolorizing carbon  vas then atldci I 
t o  the ester arid the mixture stirred for an hour at, 150" C ' .  witii 
the rarbon dioxide. Thtl ester W:LS t1ic.n filtc,rid free of tlecoloriz- 
ing carbon and sodium salt. m e  yield of tlie crude w t p r  in2: = 
1.4406) was nearly quantitativc. Final purification \vas a('- 
complished by distillation a t  1 miii. pressure through a ten-plat 1. 

column. The dist,illate had the folloiving coltstants: acitl 
numher, 0.40; saponificat,ion n u m ~ ~ c r ,  377 it heory, 373.5 I : n2,i, 
1.4401. 

EQUILIBRIUM DETERMINATIONS 

The vapor-liquid equilibriuii: diagram \vab t i t s t  eartiiiiii.il ~ I I I ~  

mixtures of the two esters a t  1 miii. pressure. Tlir diagi:trii i i  
shom-n in Figure 1, and th r  eqmimcntal  dat,a for r t i c l  c ~ l r v t ~ r i  mi\- 
tures on which it, is based are given in Table I .  

The eyuilibriuni data irere derived frriiii iiie':t-- 

urements made with the apparatus stioivn iii Figure 2. Thi. i i  :i 
modification of Othmer'a ( 6 )  design. Condonsat ion and ir i t ( , -  

t,ionation were eliminated t)y holding the n-all3 of the appitr:it.u-- 
a t  a temperature 15" C. abow the boiling point of tlic. hiplitst. 
boiling component, Bumping \vas erit irely elhiinated tiy a iiia+ 

of single-turn 3/j2-inch stainless steel lidices in t,he \)oiling chain- 
her. The volume of helices used wa'i adjusted s o  tliiit tlic to l i  
surface was submerged to  a depzh of about 2 mm. w1ic.n a 30-nil. 
sample of tmt  mixture was put into the equipment. The volume 
of the holdup loop was about 1.7 ml., or about 3 . 4 5  of the cliarg(> 
volume. This arrangement permitted rapid attainment of 
equilibrium and prevented any meamrahle change in t,lie ( ~ i i i i -  

position of the liquid in the boiler. -1 wide vapor deliver?- tubt, 
was used to  avoid any significant pressure drop between the con- 
denser and still, a matter of utmost importance for distillations 
at low pressures ( 4 ) .  

APPARATUS. 

FILLING T I P  

AIR-COOLED 

uu 
Figure 2. Diagram of Equilibrium Still 
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ELECTRONIC 

u 
Figure 3. Low Pressure Manostat 

it:iiit temperature hath h c b l d  a1 25.0’ * 0.1” c‘. This rontrol 
th r  operating prcs-urc. ron*tant to :it lcwt * 0.01 iiini. 

ESPERIIIES~I~.~L PROCEDURE. Fifty milliliters of :i miiturc of 
hewn composition of the two esters were charged to th?  equilib- 
rium still, and the filler tube was sealed off. The still rlowly 
heated and evacuated v,itii an  auxiliary pumping system to degas 
the liquid. After degassing, still wae connected to the pres- 
Fur?-controlling apparatus. oon as distillate appeared in the 
condenser, the Ijoiler heater adjusted to give a distillation 
rate  of one drop per second. The distillation was continued for 
6 hours, after which the boiler heater was removed, il stream of 
compressed air was directed against the botto‘m of the still, and 
the wall and oven heaters were turned off. Khen thestill cooled. 
the liquid in the holdup loop and the boiler was removed and 
xialyzed t,o establish the vapor-liquid equilibrium. S o  qignifi- 
cant change in the composition of the boiler liquid occurred in 
m y  of the experiments. 
.I refractive indes-composition curve (Figure 4), plotted from 

the dat,a of Table I, was used to  analyze mixtures of tlie two erters. 
The samples of known composition were made up by careful 
weighing of each component, Refractive indices were measured 
011 a Valentine refractometer reading direct to  the fourth decimal 
place. The refractometer temperature was held at 20.00 =t 

0.02” C. The precision of these analyses  as about -0.20 
mole $. 

EVALUATION OF LOW PRESSURE COLUMNS 

Khen a mixture of the two esters is used to  evaluatr a IOK 
pressure column, the number of theoretical plates must be cal- 
culated by a graphical method such as that  of XcCabc and Thiele 
(6). The deviations from ideality were too large to permit the 
use of Fenske’s (2)  algebraic method. However, the mixture is 
applicable only to columns having thirty plates or less, and, since 
most low pressure columns have considerably fenrr  plates, the 
use of the graphical mc,thod is not cumbersome and is probably 
faster than the algebraic nirthod. 

In  order t,o use t h e  -Y-l- diagram for accuratr dctcrminations 
of plattx values. it i- cicsirable to  use an enlargcd diagram con- 

structed from tlie cvq)crimcntal va1uc.i in Tahlr I. Graph paper, 
10 X 10 inches, was used in the present work. Low concen- 
trations (about 15%) of thc more volatile phthalate ester in t,he 
niisture is a1.o helpful in extcntling thc n-orkahle range of the 
S - Y  diagram. 

Two columns were t w t d  at  total reflux with the new test mis- 
ture. The first of t,hesc consisted of a vacuurh-jacketed open tmutx 
13 miii. in diameter and 180 cm. (6 feet) long. Thc: \,oil-up 
rate was controlled automat i d l y  by a hack-pressure nianomcit,er. 
The head pressure R-as maintaincvl at 1 .00 mm. of mcrcurg 1)g a 
system similar to  that, usxl with t h i s  cquilihriuni apparatus. F o r  
a given back pressure the column was kr,pt at total wflux for 6 
t o  8 hours before xi thdrawd of samplw for anal. 
forc the tests xverr dixontinucd 1JUt while the. c o  
ciprrating, a pot sample ivas takin 1)y niran-i of a .small glass 
tiucket: this tvas at,tached t o  a nicLtal rod pab.;ing through a rub- 
kwr .topp?r, n.hich ]vas used to  clovl the. still pot. 

Thrs c+Ficiencj- of this column at .cxvcral back pressures’ is givcbn 
iii Tahlc 11: for comparison, t h c x  csfficzicncy of thc same column 
tl~.terminctl with niethylc!-c~lohrsane-hcpiane misture at, 720 mm. 
of mercury is also given. The, clfficicnc~y of this column at, 1.00 
nim. of mrrcury is only 4.5 plates at a back pressure of 42 mm. of 
propglcnc. glycol (1 mm. propylrric. glycol = 0.08 mm. mercury!, 
and the, c,fficiPncy ckcrrasea n-ith dccreasing throughput. At 
atmosphiaric p r c w x r  t hc c d u m n  tias more plates, and t hc dli- 
&ncy incrcwes with tlecwasiiig throughput. This can protiably 
tic, c~splatincd on the  basis of tlicx niuith higher hack pressurtss re- 
iluircd t o makc. the columii function at low pressures. T’apor 

1 The authors are aware tha t ,  i n  their teats oi column efficiencies, they 
ihed pot pre\nires X’aryinK from twice t r ,  nearly four  times the head pressure 
of 1 rnm., the  preasure a t  rrhich vapor-liquid equilibria were made, and tha t  
rhe vapor-liquid equilibria, i f  measured a t  the  higher pressures prevailing 
iii the pot,  might show significant differences f rom measurements made n t  
1 n i m  pre-rure. On  
tlie other hand, when studying the effert of changei in.colurnn design for 
i%iiich this test mixture was prinixrily intended, te i t s  can be made a t  essen- 
riiill>- the sitme back pres>ure uiiiing cuniparable boil-up rates),  to give re- 
1i:ible cniiiparative results.. 

There i- a >  yet i in  information on thi? supposition. 
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MOLE PER CENT DI-N-BUTYL PHTHALATE 

Figure 4. Refractive Index-Composition Diagram for Di-n-butyl 
Phthalate-Di-n-butyl Azelate Mixtures 
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TABLE 11. EFFICIEXCY TESTS ou .4x OPES-TUBE CoLmm 
13 11V. IS  DI.I\IETER AND 180 CV. (6 FEET) L O K G  

Theoretical n y  Head R a c k  Prescure. 
Pressure, l l m  Propylene 
M m  Hg Glycola  Pot Head Plates 

1 . 0 0 h  1 .? 1.4437 1.4610 2 9  
1 . 0 0 h  3 2  1,4437 1,4533 3 . 8  
1 00b 40 - 1,4437 1.4554 4 ,5 

i x  6 1 ,4148 1.4122 3 . 0  
720 ;  2 1.4148 1.4118 5 . 9  

a 1 mm. propylene glycol = 0.08 m m .  mercury. 
b Di-n-butyl phthalate-di-n-butyl azelate test misture. 
C MethylcSi~loheuane-n-heptane test mixture. 

TABLE 111. EFFI~IESCY TESTS AT 1.00 1111. OF ~IERCT'RY HEAD 
PRESSURE os AS - k , c x I s i - i r  SFIR.\L-PACRED C ~ L C I I X  40 1I)r. I N  

DIA~IETER ASD 120 CM. (4 FEET) LOSG 
n 5' Back Pres-ure, 

M m  Propylene 
GIycolU Pot  Head 

Theoretical 
Plates 

11 1 . 4 4 i 3  1 4830 1Z.B 
20 1.4473 1.4806 1 1 . 7  
40 1.4473 1 ,4787 1 0 . 7  
50 1,4473 1.4790 1 0 . 8  

5 1 mm.  propylene glycol = 0.08 mm. mercury. 

temperatures in the experiments a t  1.00 mni. of mercury ~ ( ' r r  
higher by a t  least 1.5' C. than was to he expected for the opcrating 
pressure and indicated that a core of hot vapor, superheat,ed so far 
as the head pressure was concerned, \vas passing up t'hrougli the 
tube without, contacting the refluxing liquid sufficiently to  c:tu~t:  
i t  to lose its superheat. 

The second column, specifically designed for Iov pressure (iix'ra- 
tion, consisted of a 40-nim. diameter Trubore t,ube fitted rvith 
a 120-cm. (4 feet) long spiral packing made by turning a squ:tre 
thread in a solid aluminum rod. The  spiral had a root diarnc,tctr 
of 12 mm., a pit,ch of two turns per 25 mm. (1 inch), and a thread 
thickness of 2 mm. Heat losses w r e  minimized by a heatcd 
jacket. Boil-up rate n-as maintained manually and indicated hy 
a back-pressure manometer. I n  other respects the spiral-packcd 
column was similar to the open-tube column. 

Rectification-efficiency tests twre made a t  several back prrs- 
sures (Table 111). This column has 11 to  12.5 plates in its useful 
operating range, and no difficulties due to  false head-temperature 
rradings Jwre encountered. The results of these tests were con- 
firmed tiy act,ual dist,illations, in which the column performed w r y  
,qati?factoi,ily in appliuat,ions n-here its limit,ed efficiency w:is 
sufficicnt to accomplish separation. 

In the cvcnt that  low-pressure columns are encountered n-hich 
are t,oo efficient, to he evaluated with the n-butyl Psters of phthalic 
and azolaic acid, a trst  mixture based on the corresponding ctt,hyl 
esters can probably tie developed which xvill he applicablr. .\r- 
cording to the litrrature (S), ethyl esters of azelaic and phthalic. 
acids h:Lm a difference in boiling points of 5' C. at atmos- 
p!irric pressure, and the phthalate ester is the higher boiling. 
If t hcw ralucs arc cwrrect, the differcnw in hoiling points ~ o u l t I  
probatily !ir somcivhat lem than 5' at, 1 mm. prcswre. An S-Y 
diagram of these esters would therefore permit. c~fEc~irxic.ic~s in 
exress of thirty plates to be determined. 
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W O  PHTHALATE-SEBACATE SYSTEMS AT 0.70 MM. 
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0 .\PP.\IGST interest in the determiiiatioii of liquid-vapor 
equilihrin in high vacuum has been evinced in the litera- N ture. The sole study1 which has come to  the authors' atten- 

tion is that  of Bishop (2, 11) who investigated the possible use of 
several high boiling compounds as components in hinnry test mix- 
tures for high vacuum stills. The data  vere  reported for three 
systems which were considered satisfactory; but extended use of 
these systems does not seem practical, since methods of analysis 
of the components were laborious and time-consuming. 

Several equilibrium stills for the determination of liquid- 
vapor equilihrin have been descrilied hy Sameshima (10). Othmer 

1 F. E.  T\-illiams (page 779) reported a new eqnilibriuni still which is 
applicable a t  1 mm. and which might be suitable for  high vacuuni studici .  

(8, 9), and others (3, ;). These stills, as described, would re- 
quire niodificntion for such determinations a t  pressures l ~ l o w  a 
few millimeters, since it, is well knon-n ( 8 ,  6 ,  6) that the high vac- 
uum distillation of high molecular weight oils requires a minimum 
pressure drop between the boiler and the condenser. The authors 
constructed an equilibrium still which extends the design of the 
tensimeter previously evolved in this laboratory (5) and used it 
to measure the vapor-liquid equilibria of high boiling binary mix- 
tures 3t pressures ranging from about 0.01 mm. to any higher pres- 
sure commensurate r i t h  the thermal stability of the systems. 

This equilibrium still was used in particular to measure the 
vapor-liquid equilibria a t  0.1 mm. of tJvo high boiling phtha la te  
srbacate system?, which npprnrd to have a potential use in 


