
nonidealities were computed by using Chueh's modification of 
the Redlih-Kwong equation of state (2), and Table V I  lists the 
parameters used in the equation. The binary interaction pa- 
rameter, k I2 ,  was set to zero for all mixtures. Table VI1 gives 
the average error between the experimental vapor-phase 
compositions and the thermodynamically consistent composi- 
tions. Based on these results, the data look reasonably con- 
sistent. 

Figures 3 and 4 show the excess Gibbs energy calculated 
from the consistency test as a function of liquid composition for 
the systems studied. The liquid-phase nonidealities are com- 
parable for the isopropyl fluoride + alkane systems with GE 
decreasing slightly with increasing temperature. However, the 
isopropyl fluoridelpropylene system is much more ideal and GE 
slghtly increases with increasing temperature. The difference 

in the liqutd-phase behavior between the propane and propylene 
systems Is in the afflnlty of the fluwine atom for the a electrons 
in the double bond of propylene. 
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Low-Temperature Solubility of Caprolactam in Water 

Allen J. Barduhn" and Margaret Handley 
Department of Chemical Engineering and Materials Science, Syracuse University, Syracuse, New York 132 10 

The low-temperature (0 to -20 "C) sokrblllty and a phase 
diagram for caprdactam (CAP) (=nylon 6 monomer) 
have been determlned In pure water. Results show a 
stable eutectlc wlth ice at -13.7 OC and 52.4 mass % 
CAP In the aqueous solution. A b  they show a 
metastable eutectic at -19.3 OC wlth 60.3% CAP In the 
solution. The SdM phase for the metastable eutectic Is 
anhydrous CAP, called phase a, WW that for the stable 
eutectic b of unknown composltlon, called phase b. 
There Is also an incongruent meltlng point (a + b + 
soiutlon) at -7 OC and 67.5 mass % CAP. The 
low-temperature data presented here line up well wlth the 
hlgher-temperature data of Puffr ( I ) ,  although no data 
exlst In the range 11-20 OC. 

I ntroductlon 

Caprolactam (CAP) is a monomer which, when polymerized, 
yields nylon 6, and as such it is an important lndustr&l chemical. 
The 1980 production of CAP was 9.05 X 10' Ib (4.1 X lo5 
metric ton) in the USA. Caprolactam is made from cyclo- 
hexane and NH3 or NO,, but one can also start with benzene 
or toluene. Waste products are usually aqueous solutions 
containing 20 ppm to 2% CAP by mass, with several other 
organic and inorganic substances present in small amounts. 
The main inorganic salt present in these waste streams is am- 
monium sulfate. 

I t  would be useful to have a process to clean up these waste 
streams and also to recover the CAP. Such a process would 
be eutectic freezing (2 ,  3) ,  but to design such a process re- 
quires low-temperature solubility data and a phase diagram for 
CAP in water. We have determined these data and report on 
them here. For process design one really needs the low-tem 
perature solubilities of the complex collection of materials in a 
specific waste stream, but the data on CAP alone in water 
make a necessary starting point with which to do twther work. 

S e i  (4) ees data on the Wnary  system (NH4)&+ + water 
and on the ternary CAP + (NH4)2S04 + H20, but the latter are 
very few and limited to only two temperatures, 30 and 50 O C .  

0 0 2 i - 9 ~ ~ a 1 a 2 1 ~ 7 2 7 - 0 ~ 0 6 $ 0 1 . 2 ~ 1 0  

Table I. Refractive Indices for CAP Solutions in 
Water at about 25 "C 

0 1.3327 45.84 1.4095 568 
9.86 1.3484 628 85.47 1.4752 603 

20.67 1.3652 643 

Experlmentai Methods 

The melting point of pure t-caprolactam is at least 89 O C ,  

so it can be dried at 60 OC. Samples manufactured by Akkich 
Chemical Co. were dried for 24 h and assumed to be anhyd- 
rous. Aldrich's stated purity is 99+%. 

Dried samples were weighed, partially dissolved in distilled 
water with warming, and placed in a cell of about 1500-cm3 
volume, and the cell was put in a refrigerated bath, the tem- 
perature of which couid be set between +10 and -30 OC, and 
regulated to f0.2 OC. The cell was rocked by a mechanical 
rocker in the bath, and samples taken at successive intervals 
indicated that equilibrium was easily reached in 24 h since the 
liquid composition remained fixed. 

Analysis for CAP was made by refractive index measure- 
ments with frequent recalibration of the curves of refractive 
index vs. mass % CAP in solution, particularly in the compo- 
sition range to be used immediately. Checks on different sam- 
ples showed the repeatabillty to be *0.2% CAP. 

The refractometer was an Abb6 type made by Bausch and 
Lomb. The temperature for this determination was usually 
about 26 OC, and the refractive Indices are temperature sen- 
sitive. To determine whether this method was suitable, we first 
made a curve of mass % CAP vs. n, at about 25 OC with the 
results as shown in Table I. 

The precision was not great, but the results above plus many 
others showed that this method was adequate to analyze CAP 
in water to *0.19% CAP (with 90% confidence) and to 
*0.26% CAP (with 95% confidence). 

Each time a sample of solution from the equilibrium cell was 
to be analyzed, a short new calibration curve spanning the 
expected composition range was made with three to f i e  
standard soluHons at the same temperature in the refractometer 
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TaMe 11. Low-Temperature Phase Data for the System 
Caprolactam t Watef 
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-10 
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to be used with the unknown sample. 
All thermometers used were calibrated against US NBS 

standard t t ” m e t e r s  with cerwied calibration curves, except 
the thermometer in the refractometer. 

Experimental Reruitr 

The results are given in Table I1 and piotted in Figure 1. 
The only solid phases whose compositions we feel certain 
about are the ice and the anhydrous CAP. There are 21 points 
on the ice part of the curve, 16 on the anhydrous CAP line, 13 
on the bghase line, and 6 points on the c-phase line for a total 
of 56 points presented. 

We could find no suitable method of determining the com- 
podtion of sol# phases b and c. Solid phase a is the anhydrous 
CAP. We determined this by noting that addltlon of weil-dried 
samples of CAP to distilled water gave a consistent set of data 
on Figure 1, and adding drled CAP to an equilibrium mixture on 
the a-phase line did not affect the equ#ibriwn. The data of FUfk 
( I )  on the melting pdnt of CAP vs. percent water, which extend 
from 19.65 to 68.62 O C ,  make a very smooth and credible 
extension to our line, or our data make a smooth extension to 
his line. 

Solid phase c was inadvertently formed once only, and we 
could never form it again, in spite of diligent efforts to do so. 

Solid phase b also appeared occasionally, but we found that 
it could be formed when needed, by cooling a solution con- 
taining 52-67 mass % CAP to a temperature below -19 OC 
in a test tube or in the cell. 

One experiment was performed to demonstrate conclusively 
the enhanced stability of phase b over that of phase a in its 
temperature and concentration range. A solution containing 
about 66 mass % CAP was charged to the cell and rocked at 
-12.46 OC. Analysis of the mother liquor gave 64.5% CAP, 
which placed itdeflnitelyon theequlhlum curve fo rd id  phase 
a (anhydrous CAP). To this equilibrium mixture was added 
some siuny made in a test tube as described above and con- 
taining phase-b solid. The temperature was maintained at 
-12.5 O C  and then allowed to equilibrate. The resulting slurry 
was almost ail sdid; therefore, to form more liquid for analysis, 
we raised the temperature to -9.2 OC and equilibrated again. 
Analysis of the mother liquor gave 6 1.6 % CAP, which puts it 
squarely on the b leg of the phase diagram. This proves that 
the b phase is more stable than the a phase at these tem- 
peratures. 

WMle we were unable to find the composrtion of d i d  phases 
b and c, we dld inspect them (and phase a) under a micro- 
scope. AH three appeared superficially to have dltferent crystal 
structures. 

our sample no. C, wt % t ,  OC 
Solid Phase = Iceb 

H 7.8 -1.21 
G 15.4 - 2.43 
A 16.0 -2.55 
F 20.5 -3.43 
E 25.8 -4.53 
D 32.7 -6.15 
C 37.0 -7.50 
B 42.0 -9.12 
N 43.1 -9.45 
M 46.2 - 10.66 
0 49.2 -12.11 
ii 51.3 -13.13 
P 523 -13.67 
Q 53.8 -14.55 
I 54.4 -14.87 
R 55.3 -15.42 
t 56.7 - 16.64 
S 58.7 -18.06 u 59.2 -18.49 
kk 60.0 -19.10 
11 61.5 - 20.23 

Solid Phase = Anhydrous Caprolactam (Phase a)b 
ww 77.2 +10.3 
xx 74.6 +5.7 
h 71.2 -0.64 
j 71.1 -0.72 
i 71.0 -0.72 
k 70.4 -2.53 
ss 69.2 -3.95 
1 69.3 -4.70 
rr 68.5 -5.06 
m 68.1 -6.07 
n 66.7 -8.75 
uu 65.4 - 10.06 
0 64.9 -11.48 
tt 62.9 -14.48 
P 63.1 -14.66 
9 61.3 - 17.68 

- - - -  - - - - -  ---------------------- 

-------------------------------- 

Solid Phase = Unknown Solid (Phase b, Stable) 
94 67.7 -6.14 
ff 64.7 -8.15 
hh 64.7 -8.21 
00 62.1 -9.19 
gg 61.6 -9.56 
Y 58.1 -10.83 
PP 58.1 -10.89 
nn 57.3 - 11.04 
X 55.9 -11.71 
W 55.2 -12.33 
mm 53.7 -13.02 
V 53.3 -13.19 
U 52.6 -13.44 

Solid Phase = Unknown Solid (Phase c, Probably Metastable) 
ee 64.7 +0.72 
dd 61.8 -0.30 
cc 58.1 -1.81 
bb 54.6 -3.21 
aa 51.8 -4.43 
2 49.6 -5.47 

a Caprolactam = C,H,,NO, mol wt = 113.16; experimental data 
points (see Figure 1). b The data above the dashed line represent 
the stable region, and the data below the dashed line represent the 
metastable region. 

From the data we have estimated the several invariant points 
in the system caprolactam + water at 1 atm to be as shown 
in Table 111. 

The invariant points with phase c have not been estimated, 
but this could be done approximately by extending the c curve 
to both the ice line and the anhydrous CAP line (phase a). Unti 
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Table 111. Invariant Points in the System 
Caprolactam + H,O at 1 atm 

wt % 
CAP r, O C  

stable eutectic (ice + phase b + 52.4 -13.7 
solution) 

solution) 

phase b + solution) 

metastable eutectic (ice + phase a + 60.3 -19.3 

incongruent melting point (phase a + 67.5 - 7  

we know the composition and nature of solid phase c, and are 
able to form it at will, thls extension does not seem useful. We 
presume c to be a metastable phase since it proved to be so 
elusive and impossible to form again. 

The presence of two eutectics, one stable and one meta- 
stable, would glve no problems in a continuous eutectic freezing 
process in a sthed vessel as long as some phase b were 
Introduced to the crystallizer during start-up. I t  should then 
produce Ice and phase b continuously with no trouble by op- 
erating at a temperature somewhat below -13.7 OC (e.g., -16 
OC) to give a driving force of 2.3 OC for crystallization. In a 

batch process, however, thls mlght not be true and either eu- 
tectic might first form, in which case the temperature might 
have to be either -16 or -22 OC to get reasonable rates de- 
pending on whlch eutectic first formed on cooling the feed. In 
thls (batch) case, one might have to introduce some crystals 
of phase b at the beginning of each batch. A temperature of 
-16 OC would, of course, be more economical for operation 
than would -22 OC. 
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Binary Systems of Tetrachloroethylene with Benzene, Toluene, 
p -Xylene, Carbon Tetrachloride, and Cyclohexane. 1 . Ultrasonic 
Veloeitks and Adiabatic CompresslMNtles at 293.1 5 and 303.1 5 K, 
Dielectric Constants at 298.15 and 308.1 5 K, and Refractive 
Indexes at 298.15 K 

Jagan Nath’ and B. Naraln 
Chemistry Department, Gorakhpw University, Gorakhpur 27300 7, India 

Meawrcnnenk of uliraronlc vekcltkr and dabatlc 
compr.rrlMUtks at 293.15 and 303.15 K, dlelecirk 
conrtants at 298.15 and 308.15 K, and refractbe Indexes 
at 298.15 K have been made for Mnary #Quid mixtures of 
teiracMoroahylene (C,CI,) wHh benzene, toluene, 
p - m ,  carbon tetracMorlde, and cyclohexane. The 
values of the quantity k:, whlch refers to ihe devlatlons 
of the adlabatk compre&WlHes of the mixtures from the 
Ideal mde fractlon mlxtwe law value8, have been 
cakhted and have been Wed by the method of least 
squares to ihe equatbn k t  = x1x# + B ( x ,  - x, )  + 
C ( x  , - x 2)2] where x refers to the mde traction of 
C2CI,, x ,  refers to the mole tractJon of arainatlc 
hydrocarbon, CCI,, or cC,H12, and A ,  B ,  and C are 
constants whkh are characterlstk of a system. For the 
systems C,CI,-arormrtks at 293.15 and 303.15 K, the 
values of k: at x 1  = 0.5 have the sequence benzene > 
toluene > p-xylene. The values of the quantliy At, whkh 
refers to tho devlatlonr of the dklecirlc condanh of the 
“8 from the Meal vohnne fracikm mixiure law 
values, have ab0 been calculated. The value8 of At at 
298.15 K are found to be sUghtty negative or zero for all 
of the systems, and, at 308.15 K, the values are less 
negative or dghtly podthre. The vaknr of the -le 
“ a m t s  of cyclohexane, carbon tetracMorMe, and 
p-xylene, as determined from ihe dkkctrlc condant and 
retradve Index data for thelr diMe rdutlonr In C2CI,, 
have been found to be 0.04, 0.26, and 0.12 D, 
rerpectlvely. 

Introducilon 

The binary systems of tetrachloroethylene (C2CI4) with aro- 
matic hydrocarbons, carbon tetrachloride (CCI,), and cyclo- 
hexane are of considerable Interest from the viewpoint of the 
existence of spedfic Interaction between the components in the 
liquid state. The specffic interadon of C2Cl, with aromatics and 
CCI, can be visualized to be due to the presence of four CI 
atoms and an deflnic a-electron system in C2Ci,, on account 
of which it can act both as a 6- and r-type sacrificiel electron 
acceptor toward aromatics and as a a-type electron donor 
toward CCI,. The system of cyclohexane with C2C14, In which 
case only the dispersion forces are believed to be present 
between the components, Is of Interest as it will act as a ref- 
erence system. Extensive studies concerning the propertles of 
these systems have not been made. The measurements of 
excess voiumes ( ~ € 1  for binary mlxtues of C2Cl4 with benzene, 
toluene, p-xylene, CCl,, and cyclohexane at 293.15 and 303.15 
K have, however, been reported ( 7 ,  2). But these do not 
provide useful lnformatlon concerning the existence of specific 
interaction between the components of the various systems. 
Hence, in the present program, the measurements of ultrasonic 
velocltiea in, and adlabatlc compressiWltie9, dielectric constants, 
and refractive indexes of, blnary IiquM mixtures of C2CI, with 
benzene, toluene, p-xylene, CCI,, and cyclohexane have been 
undertaken, and the results obtained have been interpreted In 
thls paper. 

Experhnenial Section 

Mster/s/s. Benzene and toluene which were of AR or GR 
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