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(1950). 
3-U. M. Spicer and J. Kruger, . Am. Chem. Soc., 72, 1855-56 

VAPORF-LIQUID EQUILIBRIA STUDIES OF BROMINE AND 

SUITABLE BROMINE SOLVENTS 

CHAPTER I 

INTRODUCTION 

s a continuation of an investigation l l started previously, to 

discover binary azeotropes consisting of one colored and one colorless 

component, it vas decided to study further possibilities in systems 

of bromine and colorless bromine solvents. Azeotropes of this, general 

type are valuable in the study of the methods employed to separate 

azeotropic mixtures, since such separation can be observed merely by 

inspection. 

The choice of inert bromine solvents was difficult due to the 

high reactivity of bromine itself. The number of these solvents was 

further limited by the boiling point range of these liquids for which 

azeotrope formation with bromine was deemed even feasible. Spicer and 

Kruger-L investigated the system broMine-carbon tetrachloride and proved 

the existence of an azeotrope in this `system. , Hence, it was decided to 

study first, systems composed of other completely. halogenated saturated 

hydrocarbons and bromine. To go higher in this series, hovever, it vas 

necessary to use fluorine containing compounds in order that the boiling 

points should not be excessively high. Vapor-liquid equilibria studies 



were run on three systems of this type; viz., bromine -- 1,1„2-trifluoro- 

11 2,2 -trichloroethane, bromine 1;12 1„2-tetrachloro2 2-difluoroethane, 

and 1,1 21,3,3-pentafluoro-2,2,3-trichioropropane. 

Also, due to the stabilizing effect given to aromatic hydrocarbons 

by the trifluoromethyl group, it Was deemed possible that in the absence 

of a catalyst a compound such as benzotrifluoride (trifluoromethyl 

benzene) might serve as an inert solvent for bromine. Such was foUnd to 

be the case for the systembraiine-benzotrifluoride; and , therefore a 
. 

Similar investigation: was Conducted far this system ®  

The final gystem studied consisted of bromine and carbon disulfide, 

a cammonly;:used solvent for bromine. 

The detailed report on the procedures employed for the vapor-

liquid equilibria studies for these five systems and the results obtained 

will be given in the ensuing chapters® 





THEORETICAL DISCUSSION 

. Ideal SolUtionb 

An ideal solution is generally defined as one which obeys Raoult's 

law for all concentratiOnsandat alI , teMperatures'and pressures, 

Raoult'S law states that at any temperature.the partial pressure, pi, of 

any constituent in a liquid.sOIUtion=is equal to the product of the ,nOle 

fractiOn„ Ni,' . of that COmpOnent in the_solutiOn and the vapor presSure 

of the component in its pure state, pi ) at the same temperature; I. e.„ 

Pi = Ni Pi° - 

For the statement of the law thermodynamically, it is customary to 

replace partial pressures by fugacities„ f, in order to remove the 

requirement that the vapors behave as ideal gases, thus, 

Actually, Haoult's law is Strictly:adheredtp - only by a highly 

limited'nuMber ofliquid,mixtures (e. g. solutions Of isotopes• or of 

optical isomers). In many instances, however, adherence to it is so 

cibsely approached (e, g. beniene and toluene, hexane and heptane) that 

for all practical purposes, such solutions are considered ideal. This 

close approximation to ideality generally is found in mixtures of 

liquids similar in chemical composition whose intermolecular forces 
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T,N RT ' = 

and molar volumes do not greatly differ.l. 

For ideal solutions the following relationships can be therm-

dynamically proved: 2  

where Hi = molar heat content of component in pure state 

partial molar heat content of component in solution 

Vi = molar volume of component in pure state 

= partial molar volume of component in solution 

From (a) it is thus seen that no heat change can result from mixing the 

constituents of an ideal solution. Similarly relationship (b) states 

that there can be no accompanying volume change. The expression in (c) 

asserts in effect that only , thope liquids having identical values of the 
4 P, 

 thermodynamic quantity(si v  can form completely ideal solutions. 

1W. ', Rod tsh An IntrodUctory 'COUrse in Physical Chemistry, 
Se cond` edition,' .00, Yoram man 0 BIE'/;64,10,ompaiy7T9-5817,71-547 

J. H. Hildebrand, Solubility of Non-Electrolytes, Second 
'edition; (New York:`' Reinho7d7PirbTighrig7orporaEion, 1936) 3 pp. 56-64. 



can be either positive or negative; i. , 

(1) Positive deviation: II> Ni,fi 

(2) Negative deviation: fi.c. Ni fi 

2, Non-ideal Solutions, 

When solutions do not exhibit behavior in compliance to Raoult es 

-law, they are termed non-ideal. The deviation from Raoult law behavior 

Positive deviationsare,:by far„'more-common than negative ones. 

Conaidering the usual experimentallrObserved behavior of non 

ideal solutions with variation of temperature and pressure and using the 

relations (a) and (b) given in the preceding Section, it can be shown 

that the mixing of the components of a non-ideal solution is ordinarily 

accompanied by changes in the heat content and volume. Furthermore, it 

is generally true that for systems exhibiting positive deviation from 

ideal behavior, mixing of the constituents results in an absorption of 

heat and an increase in volume, while just the opposite is observed in 

the case of negative deviation. The extent of these thermal and volume 

changes is an indication of the degree of non-ideality of the solution. 

A better and in a sense more quantitative indication of the extent 

of deviation from ideal behavior which would be expected of various 

systems cane be obtained fran relation (c) given in the preceding section. 

( 
d: 

 -1 
Since only liquids having identical values of the quantity 1 14

V 
 can c be 

exPeoted to form completely ideal solutions, it would be reasonable to 

assume that the amount by which the value of this quantity for two 

liquids differs would be at least a semi-quantitative indication of the 

degree of non-ideality. From one of the thermodynamic equations of state, 



or at constant temperatUre„ 

The thermodynamic quantity 17; , known as the "internal pressure, is 

a good measure of the balance existing between interMolecular attractive 

and repulsive forces. 3  For most liquids, the order of magnitude of the 

internal pressure is about 103  atmospheres; thus under ordinary conditions, 

the external pressure, P I  is totally neglible in the above relatiaaship. 

Therefore, to an excellent approximation,• 

Thus, at low pressures the internal pressure differences existing between 

liquids is seen to be a good measure of the non-ideality of solutions. 

Several methods are available for determining or at least 

estimating, internal pressure of liquids. One relationship derivable 

fram the van der Waals equation is, 

where a = van-der Waal constant 

V = molar volume 

4s. Glasstone; Thermodynamics for Chemists, New York: D. Van 
Nostrand Company, 1947,7 5,71"53'. 



Hildebrand5 gives another method of approximating internal pressures, 

which was particularly useful in this investigation due to the lack of 

information on the physical properties of most of the liquids studied. 

Employing his method, internal '  pressures for non-polar or nearly non-

polar liquids can be approximated by the relationship, 

871 (19141.) ® 

-where 0 Ev = energy of vaporization 

V molar volume 

An empirical expression given :by Hildebrand for estimating the energy 

of veporization at 25°  C in calorie:31s given,as follows: 

AE„. 	.5280, + 24.5 tb 

where tb = atMospheric•boiling point in 

The factors whiCh cause deviation from ideal behavior are those 

factors which tend to effect a change in the environmental forces 

existing around the molecules of the liquids. In a broad classification, 

these changes are two-fold -- those originating from an alteration in 

the so-called van der Naals force fields (including polarity effects) 

existing around the molecules and those arising from solvation between 

unlike molecules or a decrease in the association betWeen like molecules. 

Ewell, Harrison and . Bergh have stated that the non-ideality of solutions 

5Hildebrand, op. cdt., pp. 98-106.• 

6R. H. Ewell, J.I. Harrison, and L. Berg, Ind. Eng. Chem., 36, 



8 

is a function of the effects of hydrogen bonding and difference in 

internal pressures the former being byfar the more important. Accord-

ing to this source, hydrogen bonding is possible between donor atoms 

fluorine, oxygen)  or nitrogen ®® and "active" hydrogen acceptor atoms, 

the "active" designating hydrogen atoms attached to nitrogen, oxygen, or 

fluorine atoms or to carbon atoms to which is also attached at least one 

nitro, cyano, or halogen group° 

3. Partial Miscibility 

If the positive deviation from ideality for a mixture of two 

liquids is sufficiently great, the liquids will not be miscible in all 

proportions. In such cases two liquid layers will be formed mhenever a 

specific concentration of one component in the other is exceeded. Since 

the extent of non-ideality is generally a function of the temperature, 

the degree of irmniscibilityivill change with changes in temperature° 

Usually such systems approach total miscibility as the temperature is 

increased, although in a few cases due to other factors the reverse is 

true.:1 Frequently, it is found that aboie a 'certain temperature, 

designated the upper consolute temperature, the two liquids become 

miscible in all proportions. However, in. many instances, before this 

temperature is reached, the cathined vapor pressureof the two liquids 

becomes sufficiently high to cause boiling, and thUs at that pressure 

there is no temperature at which the liquids, are completely miscible, 

7S. Glasstone, The Elements of Physical Chemistry, (New York: 
D. Van NostrandCompan571947); P. 3150. 



8Eme11 Harrison, and Berg, loc. cit. 

9E. C. Britton, H. S. Nutting, and L. EL. Horsley, Anal. Chem., 
19 601-2 (1947). 

Azeotropes 

Often there occurs in the plot of total , vupor pressure vs. 

composition a maximum, in the case of positive deviation, or a minimum, 

in the case of negative deviation. In this event, there results for the 

mixture of this composition a boiling point lower, if the deviation is 

positive, or higher if negative, than that of any mixture of different 

composition. Moreover, this type of mixture will distill mithout change 

in composition; i. e., the equilibrium liquid and vapor phases have 

identical analyses. Such a. mixture is termed a constant boiling mixture 

or an azeotrope. 

According to Emil, Harrison, and Berg 8  the formation of azeotropes 

depends upon the non-ideality of the solutions and the difference in 

boiling points existing betmeen the components. The possibility that a 

system will exhibit azeotropic phenomenon is lessened as boiling point 

difference increases and as deviation from ideality decreases. One other 

determining factor is external pressure. Changes in applied pressure , 

 due to different rates of change of the boiling points of the tmo cam-

ponents with pres611re.usu4lIr'caupe a, shift in,the azeotropic concentra-, 

tion as well as a change in the azeotropic, boiling point. Examples 

can be cited of systems in which azeotropic behavior is exhibited at 

some pressures, but not at others. 9  

If, in the case of partially miscible liquids, two liquid layers 

exist at the azeotropic boiling point over a range of concentrations, 



10 

the azeotrope formed is termed a tft-PhaSe azeotrOpe. As long as two 

liquid phases are present, the liquid mixture. will exhibit the azeotropic 

boiling point and Will be:in equilibrium at that temperature with a vapor 

of the azeotropic composition. 

Application of Concepts to Systems Studied 

In Table VIII are recorded the data required for consideration of 

the systems studied for this investigation, in the light of the concepts 

discussed above. The estimates of internal pressures, all calculated 

by use of the, Hildebrand method (discussed in Section 2 of this chapter) 

in order that the comparison remain on the same basis, are'llsted. 

Also, the molar volumes and the boiling points observed at 760 nun are 

given. 

Since no hydrOgen bonding is possible among the components of any 

of the'systems, the internal pressure differences and the differences in 

molar volumes are the important indications of the deviations from 

ideality to be expected. Fran an examination of Table VIII the system 

bromine-carbon disulfide would be expected to approximate most closely 

an ideal mixture, while the system bromine 	1,l,12 3,3-pentafluoro-2,2 1 3- 

trichloropropane would be expected to exhibit the largest deviation 

from ideal behavior. The other three systems studied lie between these 

extremes. 

In predicting the formation of minimum, boiling azeotropes 

(Maximum boiling azeotropes result almost exclusively from the effects 

of hydrogen-bond formation,~ impossible in the systems studied.) the 

Vetem. bromine -- l,1,2-trifluoro-l„2„2-trichl.oroethane appears to be 

the most favorable for the exhibition of this phenomenon, due to its 



C. In all the comparatively small difference in boiling points, 11.3 

relatively' large.difference in internal'prebsure, 3170.atm and its 

systems, however, with the exception of bromine-carbon disulfide, due to 

large internal pressure and Molar volume differences, azeotrope formation 

appears to be a definite possibility, in spite of the large boiling point, 

differences existing in two of the,systems. 

6. Possibility.  of Reactions between Components 

In order for any vapor-liquid equilibria studies on liquid 

mixtures to have validity, it is essential that no reaction take place 

between the constituents of the system. Thus, due to the unusually high 

reactivity of bromine it is necessary to examine the information avail 

able,,for the likelihood of the occurrence of a reaction betmeen the 

components of each system. 

In the case of the three systems involving bromine and the 

saturated fluorochlorocarbons, reaction betmeen constituents seems 

highly improbable. Simons10  has cited the very great stabilizing effects 

of the -CF3  group and the general inertness imparted to organic compounds 

by fluorine substituents; also Grosse and`Cadyll have cited the high 

stability of saturated fluorocarbons toward bromine. Brice, Pearlson, 

and Simons12  report .. that bromine reacts with saturated fluorocarbons 

in the vapor phase at temperatures ranging from about 9000 C for C 2F3  

10J. H. Simons Ind. En€. Chen., 39, 240 (1947). 

11A. ,:V. Grosse and. C. H, Cady, Ind. Eng .° Chem., 	348i.(1947). 

12T. J. Brice, W. ,  H. Pearlson, and J. H. SiMons, J. Am. Chem 
Soc. '71, 2499-501 (1949)., 



to about 800 C for C 5F 32 . At temperatures. as high as 820 °  Cs, 'bromine 

gives little "indication of reacting with C3F80 Reaction with C 3F7C1' 

takes place at 852,°  -.70°  C. McBee and - co-workers13 have reported that 

even the substitution: reaction of bromine for hydrogen in certain fluoro- 

hYdrocarbons proceeds at a very slow rate below , 400 °  C. 

With the system bromine-benzotrifluoride, a substitution reaction;- 

bromine for hydrogen, must, of course, be considered. At moderately low 

temperatures and in the absence of a catalyst, however, there would 

appear to be a good possibility that no reaction would occur, due to the 

inhibiting effect of the trifluoromethyl group on the activity of the 

hydrogens. Simons and Rambler114 report the bromination of benzotri-

fluoride to m-bromoberitotrifluoride at 56° C in the presence of an Fe 

catalytt, although they state that the reaction was started only after 

the addition of a considerable amount of Catalyst. Also, Koh1 15  has 

reported vapor phase broniination to mono® and dibromo derivatives by 

passing bromine and benzotrifluoride through reactors at 700 ° .® 900 °  C. 

Carbon disulfide is commonly enibloyed as a solvent for bromine; 

so no reaction would be expected at ordinary'temperatures between these 

two liquids. A SUrvey.of the'literatbre revealed : Vdry'little, concerning 

study of thiS'SysteM. Gerst116  stated'in 1870, hoWeVer, reporting the 

work of Bolas and GroveS„ that no reaction takes place between bromine 

and carbon disulfide when the two are heated to 180 °  C. 

13E; T. McBee' et al; Ind: Eng. 'Chem., 39, 420 (19147) • 

14j. H. Simons and E. 0; Rambler, J. Am. Chem. Soc., 65, 391 (19143) 
15C. F. Kohl, Jr., U. S. 2 1,494, 817, Jan. 17 , 1950 ,  abstracted in 

C. A., 44, 14029b (1950). 

16R. Gerstl, Ber., 3, 508 (1870). 
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CHAPTER III`:  

EXPERDANTAL-' 

A. Apparatus 

1, Equilibrium Still 

The equilibrium. still used to obtai&the vapor-liquid equilibrium 

data was constructed campletely of glass according to the specification 

of a similar still whose construction and operation is described by 

Jones, Schoenborn, and Colburn. 1  It is composed of a residue chamber, a 

condensate chamber, and a flash boiler. 

Ceitain modifications were made -on the still, which are essentially 

those described by Kruger. 2  The residue chamber was covered, except for 

a small window with a layer of asbestos paste to minimize the effects of 

drafts. A small coil condenser was connected onto the rest and from this 

was connected a dry ice trap. A further modification was made to Kruger's 

still in that the system did not open to the atmosphere, but by means of 

a tvo-way stopcock could be connected either to an aspirator or to a 

constant pressure Contra. 

The constant pressure control was used 

 

solely for the purpose of 

maintaining the pressure at 760 mm, at.mhich all runs were made. It 

consisted of a large (approximately 25. liters). leakProof metal tank, 

equipped with a 1/6 HP compressor connected by rubber tubing to a glass 

10. A. JOnes E..11„SchcenbOrn, and A. T..COlburn, Ind. Eng. Chem., 
35, 666-68 (1543)i 

Kruger„"An Azeotrope in the System BrominerCarbon Tetra 
chloride," (Master's thesis, Georgia Institute of Technology, Atlanta, 
Georgia, 3.949), p. 13. 



tube, which was in turn connected by means of the two-way stopcock 

mentioned above to the still. A mercury manometer was placed in the 

system for reading gage pressure. The rubber tubing making the glass,  

to metal connection was sealed with vacuum wax to both the glass and 

metal. Dow-Corning silicone stopcock grease, used on the two-way stop-

cock, was found`' sufficient 'to prevent leakage at that point of the 

system, the pressure applied  teing only of 'the magnitude of 20 nun. 

Considerable difficulty was encountered in finding, a stopcock 

lubricant which mould prevent leakage of the liquid mixtures introduced 

into the still. It was finally necessary to resort to the use of no-

lub stopcocks, although it was still desirable to use a very thin layer 

of Dow Corning silicone stopcock grease to prevent completely the escape 

of bromine vapors into the roam. The difficulties encountered led to 

the complete removal of the stopcock between the condensate chamber and 

the flash boiler described in the Jonesr-Schoenborn-Colburn still. The 

purpose of this stopcock was to prevent:a suction effect into the flash 

boiler on the withdrawal of samples. No such detrimental effect arose, 

however, from its removal, due to the fact that samples taken were 

volumetrically quite small. 

One final modificatiOn involted'thaadditiOn of 4heating coil to 

the condensate chamber This was;.. used 'only in the study: of the systm: 

bromine 	1,1,10,3,pentafluoro2,2,37trichloropropane, and its function 

will be described in the report on the prOcedure employed for that 

system. 

The, heating of the re34idue chaMber,, the small portion of the still 

connecting the residue chaniber to the condenser (necessarilyltaintained 



Several checks on boiling points of pure liquids gave satisfactory 

correlation so no recalibration was deemed necessary. 

at a highertemperature than theresidue chamber to prevent refluxing 

or fractionation), the flash,boiler and the condensate chamber were all 

controlled independently -  by General Radio Co. variacs No..5 connected 

to a Sole constant voltage transformer. 

A copper-conStantanthermoCouple„ inserted into a thermOcouple 

well in the reeidlie chamber, :Was used to Measure equilibrium temperatures. 

The cold junction:was a bath of finely crushed melting ice. The thetmo-

couple was ,conneCted to a Leeda,and Northrup NC. 7651 potentiometer 

reading to 0.001 millivolt. The temperature readings were thus accurate 

to apprOximately 0.10 °  C. The thermocouple was calibrated by Kruger. 3  

Fractionating Column-(Fot purifiCation of solvents) 

The fractionating column used to purify the 1 1 1,2r-trifluoro-1,2,2- 

trichloroethane and the carbon disulfide is a five foot glass helix 

packed column. It was used at a reflux ratios of 20-1. 

Fractionating Column (For distilling azeotropes) 

The smaller fractionating column used for distilling the azeotropes 

of the systems studied is a total condensation, partial take-off column, 

packed with 3/16 in. glass helices (packed section: length LO centimeters, 

diameter 2 centimeters). The column is equipped with standard taper 

ground glass joints for distilling flask, thermometer, and take-off. 

Dom-Corning silicone stopcock grease was used for the thermometer joint 

3ibid. p. 14. 
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4E, G.' LoCke l  W. R. Erode 
56, 1727 {1934). 

and A. L. Herne, J. Am. Chet. Soc., 

and for the take-off stopcock, although it was found necessary to use a 

heavier lubricant for the distilling flask joint. A vacuum stopcock 

grease was used for this. The colunal when operating was connected to a 

dry-ice trap *which in turn vas connected to the constant pressure control 

apparatus described previously. All runs were made at 760 mm pressure. 

Ice water was circulated through the condenser. The thermometer used 

was calibrated in degrees, range -10 °  ® 110 °  C. Good corre,lation was 

observed between the thiliaMe -ter end thermOcOuplemsasurements. 

Merck analyzed C. P. bromine was used for all systems. No further 

purification was performed. 

2. Solvents 

a. 101,2-trifluoro-1 1 2,2-trichloroethane 

This solvent, "Freon 113", was obtained from Kinetics 

Chemicals Inc. Purification was performed by distillation through the 

column described previously. A. middle cut was taken, boiling point range 

46.6°  ® 46.p° C at 739.6 mm pressure. The boiling point observed at 

760 min agreed with that recorded in the literature (boiling point at 

760 mm 47.7° c4). 

b. 11 1,15 2-tetrachloro2,2-difluoroethanes 

This cOmpound, "Genetran 131" was obtained from the General' 

Chemical Division of the Allied Chemical and Dye Corporation as a solid 



(melting' point 40 06°  CS). No further purification was performed due to 

the fact that a limited quantity was available. The contributors 

described the chemical as quite pure. At 760 mm, pressure the boiling 

point obseryed mas in good agreement with that recorded in the literature 

(boiling point at 7 '60 'mm 91®5 °  CS). 

c 1,1,11 3,3-entafluorO-2 y ?, ri chlo roproPane 

This solvent was obtained from 'Halogen Chemiaals Inc., purity 

listed as 95-98%. The chemical was procured in insufficient quantity to 

permit further purification. The impurities were thus tolerated since 

it was felt that they were probably of similar type chemical constitution. 

The observed boiling point at 760 mm was 72.5 °  C; that recorded in the 

literature is 72 °  C (no pressure listed)0 6  

d. Benzotrifluoride 

This solvent was obtained from the Hooker Electrochemical 

CompanY, who listed purity as 98% (ASTM). Due to its availability in 

small quantity no further purification *las perfornied. Observed boiling 

point at 760 nun was 103.9 °  C; that recorded in the 'literature is 103.5 °  C. 7  

e. Carbon disulfide 

Commercial carbon disulfide *as' purified , by the method of 

5Loc. cit. 

6A., L. Hennes, A. IL Whaley, and J. K. Stevenson 
63, 3479 (1941). 

7F. Smarts, Bull. Acad. :roy. Belgique 
[33  

J. Am. Chem. Soc., - 

abstract,ed in Chem. Centr., 692, 26-21 k1898)-; 
35, 375-420 (1898), 
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Cheneviera 8  it was allowed to stand overnight with 0.5 cc of bromine 

per liter. The bromine was then removed by shaking with aqueous potassium 

hydroxide solution, until no color remained in the carbon disulfidelaYero 

This was followed by drying overnight over calcium chloride. Finally, 

the dried carbon disulfide was fractionated in the column previously 

described, a center cut boiling point range 45.2 ® 45.4° C at 740 mm 

being retained. 

The purified carbon disulfide was placed in a tightly stoppered 

(ground glass) bottle and stored mith the exclusion of light until the 

investigation of this system was undertaken. A period of about six 

months intervened. At this time the following tests were run to ascertain 

that the chemical had not became contaminated during this period: 

(1) Refractive Index: Observed at 18°  C 	1.6295 
Recorded (18 °  C) -- 1.629509  

(2) Boiling Point: Observed at 760 mm 	46.3 °  C 
Recorded (760 mm). ®- 46.25 °  

Methods of testing for C. P. grade carbon, disulfide: 
All tests for impurities negativell 

. Procedure and ReSUits' 

1.. SYstem: Bromine -- 1 111 2-trifluoro-1,2„2-trichloroethane 

a. Operation of Equilibrium Still 

8A. Iffedssberger and E. Proskauer, Organic Solvents, (London: 
Oxford University Press, 1935), p. 170. 

9International  Critical Tables, (New York: McGraw-Hill Book 
Company, 1930), VII, 34. 

101bid., (1928) III, 231. 

11B. L. Murray, Standards  and Tests for Reagent and C. P. 
Chemicals Second Edition, (New York: 14 Van NOstrand nipany„ 1927), 

(3 ) 

PTD:a197-4. 
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Solutions ranging in composition fram q% to 100 bromine were 

introduced into the still by suction from -the aspirator. A total of 

approximately 25 ml of solution was required for the residue and 

condensate chambers, which were filled separately fram a 25 ml Erlenmeyer 

flask fitted with a standard taper female ground glass joint. A long 

tube extended from each side of the still. 'When` the Erlenmeyer flask 

was in position these tubes reached almost to the bottam of the flask; 

so that very nearly all of the contents could be introduced into the 

apparatus. The usual procedura for all, the systems studied was to start 

with the pure solvent and make a series of runs, gradually increasing 

the bromine content. 

After the apparatus had been filled, the external pressure o 

760 mm was applied. It was necessary to read barometric pressure j. 

immediately preceding the start of each run and to set the gage pressure 

in the tank accordingly. Both barometric and gage  pressures were checked 

several times during each run, and the gage pressure of the tank changed 

if necessary. Very little difficulty was encountered here, however, 

since due to the large size of the tank, the air reservoir absorbed 

almost completely fluctuations in pressure caused by temperature changes. 

The runs were generally of only one- to twoHhoUr duration. ` ..  

Once the still has been charged and the pressure of one atmosphere 

applied, it was necessary to regulate the heat supplied to the flash 

boiler, the residue chamber, and the portiaa of the still between the 

residue chamber and-the condenser (Ice water was circulated. through both 

condensers.). This regulation Was extremely sensitive.' If too little 

heat was supplied to the residue chamber operation would cease while 
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if too much was supplied,' liquid would begin to collect in the flash 

boiler. Only enough heat was supplied to the flash boiler to vaporize 

the entering liquid, since superheating was undesirable. Regulation 

was made so that a few drops of liquid , but no more, could be seen at 

all times in the flash boiler. The regulation of heat supplied to the 

small portion of the still between the residue chamber,and the condenser 

was not too sensitive, since it was required only that the temperature 

be higher than that in the residue chamber. 

Equilibrium could generally be quite 'easily discerned, first by 

continued proper operation and second by the constancy of temperature 

for a reasonable period of time (15 to 20 minutes). Once ,  it was certain 

that equilibration was complete the equilibrium temperature was read 

from the thermocouple measurement and samples were withdrawn and 

analyzed. 

The sampling procedure 'consisted' simply of withdrawing the small 

volume of the liquid in each chamber which might have remained ,stagnant 

during the min, and then withdrawing a few drops (generally of weight 

0.5 to 2.0 grams depending upon bromine content) into previously weighed 

weighing bottles containing concentrated potassium iodide solutions. 

The bottles were immediately reffeighed to determine the weight of sample 

withdrawn, and analyzed by titration of the liberated iodine with apprami-

mately 0.2 N standardized sodium thiosulfate solution to a starch 

indicator end point. -Three samples were analYzed for both the liquid and 

the condensed vapor phases. Agreement was generally quite good. The 

average analysis of the samples was taken as the concentration of each 

phase. The sodium thiosulfate solutions were stabilized by the addition 
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of 0.1 gram sodium carbonate per liter of solution. These solutions were 

standardized by titration against 0.2000 N potassium dichromate solution, 

prepared by direct weighing. Practically no change occurred in the 

standard of the sodium thiosulfate solutions in the time required for 

their consumption, as verified bychecks. Starch solution was freshly 

prepared about every second day. 

After each, run the contents of the still were completely - with-

drawn. Vlore of one of the colgoonents was then added,' and the solution 

mixed thoroughly. The still could then be recharged; and another run 

. made. Overnight theStill . tas,a1Mays dried out .by passing through it air 

from a sulfuric acid -- soda-lime drying train. Due to the high vola-

tility of the components, the adhering liquids could be easily removed 

by the' dry air. 

The vapor-liquid equilibrium data obtained for this system from 

the equilibrium still are given in Table I. 

b. Results from Fractionating Column 

With the data obtained from the equilibrium still it was 

possible to extrapolate to the approximate azeotropic composition. - A 

mixture of very nearly this composition was volumetrically prepared and 

fractionated in the small fractionating column previously described, the 

process being carried out under a pressure of 760 Mm'. The fractionating 

power of the column was admittedly low; but since the composition of the 

charge was almost that of the azeotrope, very little fractionation was 

required. The still was allomed to operate for a short time under total 

reflux until the temperature was stabilized„, and then samples - merewith- 
- 

drawn from the take-off and analyzed. The first liquid which collected 
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in the take-off tube_ was mthdr4wn'and discarded hombVer to insure 
z . 

that the analyses were made On:the . freshly condensed vapor. The azeo ® 

tropic temperature was recorded.. 

The azeotrope was found to boil at 4.1.0 	Analysis showed .  

145.5 mol % bromine, 

teSt for PosSiility of Reaction, -  

Although there seemed to be. only a very-small' possibiIity 

that . a reaction had occurred between the components of the system, 

test was performed to determine , whether any evidence of the formation 

of a new product c0n1d'be found by refractive index measurethents., The 

index of refraction'of the Solvent was measured at 35.0 C. 'A 'small 

amount of bromine was added to make a dolUtion of approximately lO% by 

 

weight. The bromine was then distilled off at the azeotropic composition 

in the mailer fractionating column® lhen no more bromine remained in 

the column, which could easily be discerned, both by the disappearance 

of color and the exhibition byAhe liquid coming off, of the boiling 

point of the solvent, the distillation was stopped  and the refractive 

index of the liquid remaining in the still pot determined. The second 

measurement checked with the first as far as the accuracy of ;, the 

refractameter measurements would illaw (five significant` figures) Data 

for this determination are recorded in Table VI. 

Volume Change of Mixing 

s a final determination for the system, a measurement was 

made on the volume change occurring on mixing the two liquids. The extent 

to which the actual volume of a mixture of two liquids differs from the 
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ideal volume.gives a very good indication. of the non-ideality of ,the 

solution.• This measurement involved-merely the direct deterkination of 

the volume resulting upon the mixing' of approximately eqUal measured 

volumes of the two components. Cate was 	to avoid any mechanical 

loss on mixing. As was to be expected, a large cooling effect was noted 

upon mixing; zo time was allowed for; the mixture to equilibrate at room 

temperature before the final volume measurement was takem' The per cent 

increase in volume 	for this , system ,was foUnd to be 6.2%. The 

data for this determination are recorded in Table VII. The Per cent 

increase is reported to two figures, although due to the'approximate . 

 nature of the measurement, the second figure is considered'net neces.!-' 

sarily significant° 

System: Bromine - 1,1 1 1,2-tetrachloro-2 1 2-difluoroethane 

The investigation of this system was conducted in precisely the 

same manner as that for the preceding system, except for the following 

modifications, which were necessary due to the fact that the olverit is 

a law melting solid rather than a liquid at room temperature: 

(1)later at room temperature, rather than ice water, was 

circulated through the condensers of the equilibriurwstill for runs made 

on charges of low bromine content, to prevent solidification of the 

vapor phase in the condenserD 

(2)It was not possible to measure the boiling point (760 mm) of 

the pure solvent in the equilibrium still. This measurement was made by 

boiling the solvent in a small distilling flask, whose outlet was 

connected to the constant pressure control. The: tempetatute was read 

directly using an Anschatz thermometer, rang 40 7 100° C. 



(3) In titrating the samples, one further difficulty arose. Upon 

withdrawing the'sample into aqueous potassium iodide solution, the solvent 

immediately solidified some of the liberated iodine: adhering to this 

solid mass. It was necessary, therefore, toward the end of each titration 

to heat the sample above L106 ° CI  the melting point of the solvent in 

order that all the iodine vould'pass into solution as 1 3  and allow the 

completion of the titratiOn.- 

The system forms an azeotrOpe:.Of  composition 99.8 mol % bromine 

and boiling at 7.8 °  C:at 760 min. No evidence of reaction between the 

components was observed. Complete data from the investigation are 

recorded in: Tables II, VI, and. VII. 

System::: Bi-onine 	1„1„1,30pentafluoro-2,2,3-trichloropropane 

Tue to the fact that'bromineand thissOlVent are not completely 

miscible, dertainmodificationslm_the procedure for investigation 

became necessary® 

a. Operation of 

The-procedure for the operation'of the equilibrium stiil,mas 

precisely the same as that for the:stUdy of System No. 1, for all runs 

made on charges of low bromine content. .After 'a certain concentration 

of broMine:was reached, it'lla6obseiied that*iiuchlarger head was 

necessary in the cOndensate chaMberforcotinuous operation.'. Further-

more, the condensed vapor phase analysis gave an unreasonably high 

bromine concentration. The difficulty was found to be caused by the 

separation of the condensed vapor phase into two liquid layers. 

It became "necessary then to modify the method of analysis for 



the condensed vapor phase on runs of high bromine content, although the 

original method was still applicable in the single phase region. This 

new method of analysis required first the determination of the equilib-

rium concentration of the two liquid layers at an easily reproduced 

temperature. This was done at 0 0  C as will be explained belay. Once 

this information was available, the analysis could be made in the 

following manner ®  After equilibration was complete and samples taken 

from the residue chamber, the entire condensed vapor phase was withdrawn 

into a previously weighed bottle, having a ground glass stopper® The 

tightly stoppered bottle was immediately reweighed to determine the,  

weight of both liquid layer and then its contents transferred to a 

separatory funnel immersed in a bath of finely crushed melting ice. The 

solution was allowed to stand at 0 °  C fpr aboutforty, minutes, during 

which time it was felt that equilibration would occur; then the phases 

were separated and each weighed. In order to .  separate the layers it 

was necessary to remove the separatory funnel from its bath and shine 

a strong light through the solution to see the liquid-liquid interface® 

All this could be accomplished in about thirty seconds, however; so it 

was felt that no appreciable error was introduced by the warming of the 

solution in that short period. 

Having determined the weight of each liquid layer and knowing its 

composition, it was then an easy matter to calculate the overall composi-

tion of the , vapor phase. The accuracy of the method is certainly less 

than that of the first method:of analysis. Mechanical loeSes in handling 

were unaVoidabIe. A .goed eStimate'Oferror could be made by comparing 

the weight of thoompletelyirdth4rairapor phabe and the sum of the 
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two liquid layers , determined after equilibration at 0 °  C„. the loss, being. 

of the order of one gram in thirty or roughly 3%. Calculation of the; 

composition was made on the basis of the layers weighed separately, since 

it was felt that the mechanical loss .  Would be distributed between both 

layers and thus this method of computation would tend to lessen the 

error. 

Complete vapor-liquid eqrilibrtum data are given in Table III. 

b. Results from Fractionating Column 

Two runs were made on the fractionating column, approaching 

the tmo-phase azeotropic composition from both the high bromine and low 

bromine sides, The approximate azeotropic composition was determined 

by extrapolation of data obtained from the equilibrium still and solutions 

of nearly this composition were volumetrically prepared in each case. 

The runs were made just as previously described-, although two liquid 

phases were present in the distilling flask at all times. Results from 

both runs were in good agreement, and the average value was taken as 

the azeotropic composition. The two-phase azeotrope boiled at 49.1 °  C, 

azeotropic composition was 69.5 mol % bromine. 

Idquid Phase Analyses 

The equilibrium compositions of the two liquid layers present 

belowthe : azeOtropid boiling point were deterMined.in order that the 

complete phase diagram between 00  C and 	 boiling 	of the solvent 

could be constructed. quantity (about 25 M1): of the zolution-in the 

two liquid phase region was placed in a water bath and allowed. to equili-

brate at'various temperatures between 0.00 C and the azeotropic boiling 
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point. The  solution 'was allowed to stand with frequent agitation in the 

bath for about one hour (temperature regulation 0.1 0  C). At the end 

of this period samples were pipetted fran each layer into previously 

weighed weighing bottles containing concentrated , potassium iodide solution 

and analyses were made in the usual manner. A strong light was shined 

through the solution in order that the liquid-liquid interface could be 

easily distinguished. Great care was taken in withdrawing samples in 

order that each sample should contain liquid from one layer only. The 

data obtained from these determinations are recorded in Table IV, 

Although these analyems were carried out at normal atmospheric 

pressure, which averaged perhaps 20 mm less than one atmosphere, it was 

felt that the effect of this, pressure difference on the results obtained 

was totally negligible. 

d. Test for Possibility of Reaction 

This test was performed in exactly the same manner as that 

for System No. 1. The data are given in table VI, 

Voltme Change c).-iitaidng 

The procedure was the sameas that - for'System No. 1, except 

•that due3tothe.limited solubility it was' impossible to prepare a single 

phased equi-volume mixture. The per cent volume increase for a six to 

one (solvent to brdmine) volumetric solution was approximately 2%. 

Complete data are given in Table VII. 

System: Bromine - Benz o -trifluoride 

All procedures used for this investigation were precisely the 

same as those used for study of System No, 1. An azeotrope was found to 
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exist - boiling point at 760'mm 58.1 ° 	compoSition 96,.7 mol % bromine. 

No evidence of reaction between the components vas observed. Complete 

data on this system are giyen in Tables V, VI, and VII. 

. System: Bromine - Carbon Disulfide 

The study on this system vas started using the same procedures 

followed in the study of System No. 1. Several runs were made in the 

equilibrium still on charges of law bromine content, preliminary data 

indicating that no azeotrope existed in the system. 'When runs were 

attempted with charges of higher bromine content, a definite reaction 

was observed to take place in the still. A high boiling residue collected 

in the lover end of the flash boiler alie a solid material in very small , 

quantity could be seen in the samples after titration. FurtherMore, no 

satisfactory end point could iobtained.in filtrating the': samples. 

Study on this system was thus,,diScOntinued. No attempt was made to 

identify the products of reaction* 
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CHAPTER IV 

DISCUSSION OF RESULTS 

System: Bromine ,  1,1„27triflUoro,2-trihIoroethane 

Plots of the vapor-liquid equilibrium:data are givsn in Figures 

1 and 2. Figure 1 is a plot of equilibrium temperature vs. mol fraction 

bromine, the lower curve being liquid phase concentration and the upper 

curve vapor phase concentration. The azeotrope is seen to boil at 

141,0 °  C at 760 Mil pressure, a boiling point depression of 6.6° C. This 

large depression is consistent with the large internal pressure difference 

(3170 atms) between the components and with the high per cent volume 

increase observed on mixing equal volumes of the two liquids (6.2%). 

Figure 2 is a plot of mol fraction bromine in the vapor vs. mol fraction 

bromine in the liquid, the curve crossing the 45° line at 0.455 mol 

fraction bromine, the azeotropic composition. 

The likelihood of reaction between the components, as discussed in 

Chapter II, seemed'very mall. The test performed in determining the 

refractive index of the solvent before and after refluxing with bromine 

rather conclusively verified this assumption. 

2. System: Bromine ®® 1„1„1„2-tetrachloro-2„2-difluoroethane 

Figures .3 and 4 are plots of the vapor-liquid equilibrium data 

for this system, corresponding respectively to Figures .1 and 2 for 

System No. 1. The minimum boiling point that of the azeotrope at 760 mm, 

is seen to be 57.8 °  C a depression of 1.1 °  C. This boiling point 

depresSion'is large'conbidering the: great difference in boiling points. 

of the constituents, again showing consistency - with internal pressure 
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difference (2960 atms) and per cent volume increase on mixing (4.7%). 

The curve in Figure . L is seen to cut , the 45° line at the azeotropic 

composition, 0.908 mol fraction bromine. 

The possibility of a reaction between the components of the 

system was fairly conclusively ruled out by the test performed® This 

was expected to be the case. 

3. System: Bromine -- 1 1 1,1,3,3-pentafluoro-2 2 2,3-trichloropropane 

In Figures 5 and 6 are plotted the vapor-liquid and liquid-

liquid equilibrium data obtained from the investigation of this system. 

Figure 5 is the complete phase diagram of the system. above 0 0  d, showing 

the boiling point of the two .-phase azeotrope to be 149.1 0  C and its 

composition 0.695 mol fraction bromine. The large boiling point depres-

sion exhibited and the fact that the two liquids are only partially 

miscible is indicative of the large deviation from ideality of the 

solution. This is consistent with the large internal pressure difference 

betmeen the two liquids (3340 atms), the greatest of any of the systems 

investigated. In regard to, the volume change of mixing, it is not fair 

to make a comparison between the proportionally small per cent increase 

observed for this system (2%) with that obseryed in the other systems 

studied, since due to the limited miscibility of the components it was 

possible to prepare a mixture of only relatiyely law bromine content 

and still retain , a single liquid phase. . 

Flgure 6 is a plot of mol fraction bromine in the vapor vs. mol 

fraction bromine in the liquid, analogous for thig tne of system to 

Figure 2 for System No. 1.' The curve' is seen to cut the 145° line at 

--the azeotropiacomposition. 



As discussed in Chapter 	the possibility of reaction between 

the components of the system seems highly unlikely. The results of the 

test for evidence of reaction carried out were not absolutely conclusive, 

since a change was noted in the fifth significant figure of the measured 

refractive indices. This slight deviation is not attributed, however, 

to a reaction between the components of the system, in view of their 

very nature® The change may perhaps be ascribed to the presence of a 

small amount of low boiling impurity  in the solvent. In any event the 

change of the refractive index measurement in the last figure is not 

felt to be of significance. 

Systena Bromine ,- Benzotrifluoride 

Figures 7 and 8 are plots of the vapor-liquid equilibrium data 

for,this system, corresponding respectively to Figures 1 and 2 for 

System No. 1. From these two plots the azeotrope is seen to have a 

composition of 0.967 mol fraction bromine and a boiling point at 760 mm 

of 58.1 °  C. The boiling point depression, 0.8°  C, is considerable in 

view of the great difference in boiling points of the constituents; 

however this, as in the case of the other sytems„ is consistent with 

the large difference in internal pressures of the two liquids (2740 atms) 

In addition to this, the per cent volume increase bbserved in mixing 

(4.4%) indicates the high deviation from. ideality of the solution® 

The chance of a reaction's occurring between the components of 

this system seemed greater than in the other systems investigated, due 

to the presence of hydrogen atoms on the benzene ring of the benzo-

trifluoride.' However, as mentioned in Chapter .II , the presence of the 

trifluoromethyl group on'the ring considerably lessened the possibility 
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of a reaction in the absence of a catalyst; The test performed ,in 

determining the refractive indices of the solvent before and after 

contact with bromine appears to verify this conclusion. 

System: Bromine - Carbon Disulfide 

No definite conclusions can be drawn:from'the,investigation'made 
_ 

upon this system due to the reaction that Ocourred during.its courset; 

The preliminary data obtained, showed no indication of the systemis 

exhibiting azeotropic phenomena. Despite the fact that the boiling 

points of the liquids are not far apart, in view of the relatively 

small internal pressure difference between the components (1030 atms) 

this is not surprising. It must be reiterated however, that no 

definite conclusions could be drawn from this study concerning the 

vapor-liquid equilibria for the system® ' 

The reaction observed was surprising considering that no mention 

of the occurrence of such a reaction was found in the literature. It 

is, of course, within the realm of possibility that the reaction was 

caused by the presence of some impurity in the solvent , although this 

seems unlikely in view of the , fact that standard tests made for the 

presence of any impurities in appreciable quantities were all negative. 

It is not possible with the information at hand to make any statement 

concerning the nature of the reaction, since no investigation of this 

matter was purcUed. 

In general, the experimentally obtained' results from 'all the 

Systems studied, with the exception of Systet No.,5 are in accord with 

what might have been Predicted from a consideration'of- the properties 

of'these systems. J1 comparison. of the pha6e'diagrards of the various 

32 



33 

systems shows that the boiling point depressions of the azeotropes 

formed were in at least semi-quantitative agreement with the extent of 

deviation from ideal behavior, as estimated from internal pressure 

differences and per cent volume increases observed on mixing. The 

results thus appear to be consistent with the accepted theories con-

cerning azeotropic phenomena. 



Composition 0.695 ma fraction bromine 

d. System: Bromine -- Benzotrifluoride 

AzeotroPe formed: Boil ingpoint (760 mm), 58.1°  C 

Composition, 0.967 mol fraction bromine 

CHAPTER V 

SUMMARY 

1. 'Constant pressure vapor-liquid equilibria studies were carried out 

for five systems involving bromine and bromine solvents. 

2. Results of these investigations were as follows: 

a. System: Bromine -- 1 1 1,2-trieluor0-1 3 2,2-trichloroethane 

Azeotrope formed: Boiling point (760 mm), !4,].:0° ° 

Composition, 0,1455 mol fraction bromine 

b. System: Bromine — 1,1,1 2-tetrachloro-2 2-difluoroethame 

Azeotrope formed: Boiling point (760 'um), 57.8 °  C 

Composition, 0.908 mol fractiombramine 

c. System: Bromine -- 1,1 1 3 3,3-pentafluoro-2,20-trichloropropane 

Two-phase azeotrope formed: Boiling Point (760 mm), 49.1 °  C 

d. System Bromine -- Carbon disulfide 

Investigation discontinued due to occurrence of reaction 

34, Liquid-liquid equilibrium measurements were made for the system 

bromine 	1„1,10,3-pentafluoro-2 2 1 3-trichloropropane, the constituents 

being only partially miscible, 

4. Measurements were made to determine the per cent volume change 



occurring on mixing the two liquids of each system. Positive deviation 

from Raoult's law was indicated in all cases in which azeotrope formation 

was exhibited. 

5. Tests involving refractive index determinations conducted upon all 

the systems except that of bromine and carbon disulfide, ascertained 

that no reaction had taken place between the constituents* 
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TABLE I. apor-Liquid,Bquilibria:Data for System Bromine -- 
1,1,2-trifluoro-122,2-trichloroethane 
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Temperature 
!Q 

Mot, Fraction Bromine 	Nol Fraction Bromine 
in Vapor 
	

in Liquid 

47.6 0.00o 0.000 

45.7 0.105 00049 

4402 0.197 0.103 

43.4 0.248 0.132 

42.5 0.307 0.200 

41.0 00455 0.455 

41. 2  0.523 0.669 

42 .0  00551 0.839 

4304 00590 0.889 

4601 00630 , 0.919 

51.6 0 0791 0.973 

5809 1.000 1.000 



91.6 

89.0 

77.6 

710 

64.8 

61.5 

57.9 

57®8 

57.9 

58'.4 

58.9 

39 

 

TABLE II: VaPOr74quid Equilibria 1)_atfafbr System Bromine,- 
14,342 -tetrachloro42;2diflUorOethane 

 

Temperature 
00  

Mol. Fraction Bromine 	Mol Fraction Bromine 
in Vapor 	 in Liquid 

o6000 

6.349 

0461 : 

o.800 

0.726 

0.778 

6:889 

0.908 

0.981 

Lobo 

0 .027 

'0.138 

(Yo 238, • 

0,389 

0.508 

0.872 

0:908 

0.935 

0.991 • 

1.000 



Temperature 
00 

Mol Fraction Bromine 	Mol Fraction Bromine 
in Vapor 	 in Liquid 

TABLE III: VAPor—Liquid Equilibria Data for -.System Bromine ®® 
1$ 19 1 $ 3,3-pentafluoro-2, 2, 3—trichloropropane 

72.5 

.66.6 

62.7 

51.0 

	

49.1 	 Q.695 

	

53.0 	 0.71a  

	

55.7 	 0.80a 

	

56.5 	 0.81a 

56.8 

57.6 

58.9 1.000 

aAnalyses performed gravimetrically see page 25). 

0.961 

00978 

00981 

0.985 

0.995 

1.000 

0.000 

0.217' 

0.342 

043' 

-0.44 



0 0 .0 

20 0 3 

35.3 

40.1 

45.4 

4800 

0.270 

0.354 

0.434 

0.40' 

0.504 

0.529 

0.971 

-.00?54 

0. 942 

0.935 

0.926 

TABLE IV: Liquici-Liquid Equilibria Data for System Bromine — 
9 1 9 15 3 9,3,pentafluoro-2 2 3-tricl;iloropropane 

Temperature 
00   in Upper  Layer    in Lower  Layer 

Idol Fraction 'Bromine M4:›1 Fraation Bromine 



TemperatUre 
ac  

Mot Fraction ,Bromine. 	Mol Fraction Bromine 
in Vapor 
	

in Liquid 

103.9 

96.5 

9°e 2 

 80.1 

71.1 

61.0 

58.4 

58.1 

58.5 

58.9 

0.000 

0.249 

0.38• 

0.578 

0 1,736, 

0.865 
0.942 

0,967 

0.978 

1-.000 

TABLE V: Vapor-Liquid Equilibria Data for System Bromine 
Benzotrifluoride 

0.000 

.0.040 

0.080 

0.175 

0.298 

0®630 

. 0.934 

0.967 

0.988 

1-eobo. 



45.0 

35 -.0 

35.0 

TABLE VI: Data on Tests for Evidence of Reaction 

Solvent 

CF2C1CFCl2 

CC13 CC1E2 - ,  

CF3CC12CFQ1 

C6H5CF3  

Temperature of 	Refractive'Index 	Refractivt Index 
Measurements 	before Contact 	after Contact 

°C with Bromine 	with Bromine  

35.0 	 1.3512 	 1.3512 

	

1.4032 	 1.4032 

	

1.3453 	 1.3458 

	

1.4073 	 1.4073 



TABLE VII: Data on Volume Changes Observed on Mixing 

Temper 
ature 
°C 

Solvent 
Vole. ` of 
Bromine 
mis 

- 761, of 
'Solvent 

mls 

Ideal Vol. 
of Mixture 

mis 

Actual Vol 
of Mixture 

mis 

% Vol. 
Increase 

30 CF2C1CFC12a . 1,52 1.70 3.22 3.42 6.2 

44.5 CC13CCIF2a 3,20 3.87 7.07 7.40 4.7 

28 , CF3CC120F2C1 0.50 3.00 3050 3.57 2.0 

23 C ellsCF3  a 2 ®00 ` " 2.10 4:10 4.28 4.4 

aConsiderable cooling noted on mixing with bromine. 



TABLE VIII: Data on. Physical Properties of Syetems Investigated 

Component 	Obs. Duff. ..in Density ,:(t C) 
at 760 mm B. P,'s of 

Br2 and 
Solvent 

Molar 
Volume 
at t °C 

Internal Diff. in 
Pressure Estimated 
Estimate Internal 

Pressure 
of Br2  and 
Solvent 

45 

Br2 58.9 

U2C1CFQ12  47.6 11.3 

CC13CC1F2  91.6 32..7 

eT3cc12eF2c1• 72.5 13.6,  

CsH5CF3 . 103®9 45.o 

CS 46.3 12.6 

gms/m1 

3.1023 ( 25) a 

 1.56354 (25) b 

 1.598 (41)c 

 1.6681 (20)d 

 1.19632 (14)e 

 1.2554 (25)f  

mis atms atms 

51.52 5390 

119.9 2220 3170 

127.6 2430 2960 

142.3 2050 331.0 

122.1 2650 2740  

60.64 4360 1030 

aInternational Critical  Tables, New York: McGraw-Hill Book. Company, 1928), 
III, 20. 

Locke, W. R. Brode and A. L. Henn, J. Am. 	Soc. 
(1934). 

cpetermined experimentally. 

dA. L..Henne A. M. Maley., and J. 	SteVenSon„J'.. Am. CheM. Soc., 
3479 (1941). 

eCheMJ-Centr;,', 692, 26-27 (1898) 3 , citing 	Swarts, Bull.• Acad. roy. 
BelgiqUe  [3], 35, 375-L20 (1898). 

fInternational Critical  Tablet, op. 'Cit., p. ' 2 • 

56, 1727 



46 

60 

0 0 55 

LA 

1_50 

LU 
a_ 2  45 
LA 
I- 

40 

35 I 	 I  

0.0 	0.2 	0.4 	0.6 	0.8 	1.0 
MOL FRACTION BROMINE 

FIGURE I 

TEMPERATURE—COMPOSITION DIAGRAM 
FOR SYSTEM Br2 —CF2 CICFCl2 AT 760mm 
PRESSURE: • ,VAPOR, °, LIQUID )  

G 

 

,VAPOR  AND LIQUID 



17 

fij 1.0 

z 0.8 
w z 

0 0.6 
oc 

z 
0 0.4 

c.) 

0.2 

0 
0.0 

0.0 	0.2 	0.4 	0.6 	0.8 	1.0 
MOL FRACTION BROMINE IN LIQUID 

FIGURE 2 

VAPOR—LIQUID EQUILIBRIUM DIAGRAM 
FOR SYSTEM Br2—CF2 CICFCl2  AT 760mm 
PRESSURE 



18 

100 

90 
0 

cr  80 

LL 

L  - 0_70 

60 

50 
0.0 	0.2 	0.4 	0.6 	0.8 	1.0 

MOL FRACTION BROMINE 
FIGURE 3 

TEMPERATURE—COMPOSITION DIAGRAM 
FOR SYSTEM Br 2 —CCI3 CCIF2  AT 760mm 
PRESSURE: 4,  VAPOR 0 , LIQUID )  

e ,VAPOR AND LIQUID 



0.6 

co 

co  0.4 

/
/ 

w  02 

0 
2  0.0 

0.0 0.2 	0.4 
MOL FRACTION 

0.6 	0.8 	I 
BROMINE IN LIQOID 

49 

FIGURE 4 
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PRESSURE 
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APPENDIX II 

SAMPIE. CALCULATIONS 



Calculatibn  

Reactions involved: 31-  + Br2  = 2 Br7 

I3°' 2 S2037 

5)4. 

APPENDIX II 

SAMPLE CALCULATIONS 

1. The calculation involved in the analytical procedure for determining 

bromine concentration in single phases is illustrated below: 

Data 

Weight of weighing bottle ,and KS solution -- 	71.3030 gms 

Weight of Neighing bottle and KI solution sample -- 7109766 gms 

Weight of sample -- 	 0.6736 gms 

Milliliters of 0.2068 N"Na2S202  standard' 'solution -- 16.37 mis 

Thus: Equivalent weight of bromine = Equivalent weight of iodine 

Equivalent weight of iodine = Gram-atomic weight of iodine 

Equivalent weight of branine = Gram-atomic weight of bromine 

Equivalent weights of bromine = Normality of Na2S203  solution 

Milliliters of Na2S203  

1000 

0.2068 x' 16.37 	0.003385  
1000 

Mols of bromine = 1/2 x Equivalent weights of bromine 

= 1/2 x 0.0,03385._= 0.001693 

Weight of bromine = Equivalent weights of bromine x Equivalent weight _ 

of bromine 

0.0(13385 x 79.92 	0.2705 gms 
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Weight of CC13CC1F2  = Weight of sample - Weight of bromine 

0.6736 - 0.2705 = 0.4031 pas 

Weight of CC13 CC1F2  
Molecular weight of CC1 3CC1F2  

0 4031 
0.001977 

203.86 

Total mols = Nols of bromine 4. Moles of CC13CC1F2  

0.001693 4. 0.001977 = 0.003670 

Mole of bromine  

Total mols 

0.001693 = 0.61 
0.003670 

Mols of CC13CC1F2  

Mol fraction bromine 

TheCalculation s InvOlved in"the'dnalYtical:probedure for determining 

overall bromine cOnOentra.tion in condensed vapor phases containing two 

liquid'layers is illubtrated below 

Data 

.Ecrqilibritin- bit:Mine concentration at 0.W` .0 in% .b e two-phase liquid 

mixture of bromine and. CF3CC12CF2C1: 

Upper layer: Weight fraction bromine = 0.200 

Lower layer: Weight fraction bromine = 0.960 

Weight upper layer=- 9.862 gms 

Weight lower layer —22458 gms 

Total weight sample -- 32.620 gms 

Calculation 

Weight bromine in upper layer = Weight upper layer x Weight fraction 

bromine 

9.862 x 0.200 = 1.972 gms 



23.820 

159.84 
0.1490 

Mols CF3CC12CF2C1 . Total weight CF
3CC12CF2C1 

Molecular weight CF3 CC12CF2C1 

840cY  
0.0371 

237.41 

56 

Weight branine in lower layer = Weight lower layer x Weight fraction 

bromine 

22.758 x 0460' = 21.848 gms 

Total weight bromine = Weight bromine in upper layer + Weight bromine 

in lower layer 

1.972 + 21.848 = 23.820 gms 

Total weight CF3CC12CF2C1 	Total weight sample - Total weight bromine 

- 23.820 = 8 . 800 gms  

Mols bromine 	
Molecular weight bromine 

Total weight bromine 

Total cools. = Mols bromine .+ Mols CF3GC12CF2C1 

= 0.1490 + 0.0371 = 0.1861 

Idol fraction bromine 
	Mole bromine 

Total moll 

0.1490 . 
0.1861 

3. The calculation invOlved in determining the per cent volume increase 

occurring on mixing liquids is ilivatrated belowt, 

800 

Data 

Volume bromine" added 

Volume benzotrifluoride added -- 2.10 mls 

2,00 pals. 
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Actual volume of mixture -- 4.28 mis 

CalculatiOn 

Ideal volume of mixture 	Volume bromine added + Volume benzo- 

trifluoride added 

=' '2.00 +. 4.10 pas 

Volume increase'= Actil,R1 volume of mixture -Ideal volume Of mixture 

4.2S - 4.10 = 0 0 18 m1 

VoluMe increase 
Ideal volume of mixture 

0.18 x  1005 	4.4% 
4.10 

4. The calculation involved in estimating the internal pressures of 

the liquids studied is illustrated below: 

Data 

Liquid --.CF2C1CFC12  

Boiling point at 760 mm -- J7.6 ° 

 Density at 25°  C'-- 1.564 gms/M1 

Calculation (See page 7.) 

Energy of vaporization = 	 (21;5 x, atmospheric. boiling 

Molar volume. at 25f. 
Molecular-weight  
Density at 25 °  C 

6450 cal 

187.4Q 
= 	= 119.9 mis 

1.564 

Per cent volume increase x 100% 



Internal pressure 
V 

6450 

Ev  

119.9 
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