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Abstract— A distillative freezing method was applied to get high-pure benzene ur cyclohexane from benzene<y-
clohexane mixture, which forms a minimum azeotrope. Over 50% of the initial concentration of benzene in the mix-
ture, very high-pure benzene could be separated by this distillative freezing technique. However, when the object pro-
duct is cyclohexane, the concentration of cyclohexane in the mixture should be over 90%. The temperature and pres-
sure condition for the initial crystal formation are reversely related on the initial concentration of the impure material
in feed. The time needed for the crystal formation and dry-out was found to be longer as the concentration of impurity
in feed increased. Just before the freezing occurs, temperature profiles revealed that the temperature of the liquid sur-
face as well as of the vapor just above the liquid surface were lower than that of the liquid itself on the sample holding
tray.
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Table 1. Physical properties

Identification Benzene Cyclohexane
Molecular weight. g/mole 78.11 £4.16
Boiling point, °C 80.10 80.74
Melting point, °C 5.53 6.55
Critical temperature, °C 288.94 280.30
Critical pressure, atm 48.30 40.20
Critical volume, cm*¥/ mole 256.98 308.30
Density, kg/m? 879 778
Heat of fusion, kcal/kg 30.4 74
Liquid heat capacity. cal/mole-K 32.4 36.4
Gas heat capacity, cal/mole-K 19.5 25.4
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Table 2. Range of experimental conditions

F . Conditions following
reezing

R . Feed initial crystallization
un component . T
/1 . fraction Temperature Pressure
I mpurity i
- (K) (torr)
14
I Benzene/ 0.919 270.7 1.0
. . . X Cyclohexane
Fig. 1. Schematic diagram showing the equip- 2 Ditto 0.818 2616 574
ment layout. o 3 Ditto 0.818 262.7 LG
‘l‘ Select SW’IFCh‘ 2. Digital voltmeter 4 Ditto 0.818 2636 6
3. Load cell indicator - . - et B
, O 5 Ditto 0.727 2503 3.07
4. Vacuum gauge indicator 6 Di 0568 9151 ;)
5. Liquid feeding funnel b Dito B e =
6. Leak valve 7. Feed through 7 Ditto 0.568 216.1 Az
8. View port 8 Ditto 0.568 219.0 351
9. Sample holding tray 9 Ditto 0.535 2118 A7
10. Load cell 11. Regulating valve 10 Cyclohexane/ 0.950 268.7 .65
12. Trap 13. Oil diffusion pumyp Benzene
14. Vaccum pump 11 IDitto 0.9141 262.5 1.33
12 Ditto 0,914 261.0 4,29
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Fig. 2. Detail drawing of the sample holding tray N Age]l 4D We] Lt 2707 Kol Al 2448K
and thermocouple array.
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Fig. 3. Data curves of temperature, pressure, and
mass vs. time.
(1) Run #2-Feed: Benzene 81.76%, Cyclohex-
ane 18.24%, (2) Run #6-Feed: Benzene 56.84%.
Cyclohexane 43.16%, (3) Run #11-Feed: Cyclo-
hexane 91.44%, Benzene 8.56%
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Fig. 4. Temperature profiles with time.
(1) Run #3-Feed: Benzene 81.76%, Cyclohex-
ane 18.24%, (2) Run #12-Feed: Cyclohexane
91.44%, Benzene 8.56%
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Table 3. Changes of purity according to dry-out
time at benzene-cyclohexane system

o137

Table 4. Changes of purity according to dry-out
time at cyciohexane-benzene system

Dry-out time Pressure  Temperature Purity
(min) (torr) (K) (%)

0 4.20 266.7 86.60)

2 4.13 264.4 97.65

10 3.80 258.6 99.61

18 2.71 256.7 99.94

Feed: Benzene 81.76%, Cyclohexane 18.24%

Dry-out time Pressure  Temperature Purity
(min) (torr) (K) (%)

0 3.56 250.6 59.20

2.5 3.40 247.8 62.92

7 3.34 247.4 74.84

12 3.32 247.0 81.55

17 3.11 247.0 97.63

21 2.70 246.8 99.97

Feed: Benzene 56.84%, Cyclohexane 43.16%
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Dry-out time Pressure Temperature Purity
(min) (torr) (K) (%)

0 4.49 264 .4 91.61

3 3.87 258.5 92.314

6 3.949 258.0 92.81

10 3.604 256.7 93.27

15 3.00 255.9 95,52

22 3.48 256.0 U870

27 3.29 255.8 99,05

Feed: Cyclohexane 91.44%, Benzene 8.56%

Table 5. Changes of purity according to feed con-
centration and degree of liquid super-

cooling
Freezing Percent of Degree of
Run  component/ freezing component supercooling
Impurity Initially Finally (K)
1 Benzene/ 91.90 99.95 4.6
Cyclohexane
2 Ditto 81.76  99.94 2.7
3 Ditto 81.76  99.93 3.5
4 Ditto 81.76  99.94 2.6
5 Ditto 72.75 9993 4.8
6 Ditto 56.84 9997 1.3
7 Ditto 56.84 99.85 -0.2
8  Ditto 56.84 9991 0.4
9 Ditto 53.50 99.68 -2.6
10 Cyclohexane/  95.13 99.95
Benzene
11 Ditto 91.44 99.87
12 Ditto 91.44 9976
13 Ditto 89.25 97.54
14  Ditto 85.02 95.92

woll = 98.76%, ‘18] 1 278 o] Axlsled L wE 99.95
%9 x5 vepledrt G4 WA Z 284 e}
b3 7bA 2 dry-outA]zte] 7 oted4E dry-outytd o
TrE e AS dEsidc
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g2 27| 244 B 3% £ ¢ H3¥45 259
AAel AL A=Y AR A gxele] zql 3}
Y7t S Table 5o vpebdisich o4 e Fxgo]
WAl A5, wale] 27 F57) 91.90%2 %€ 53.50
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NOMENCLATURE

Cv . vapor heat capacity at constant volume
K . arbitrary constant
P . pressure of the vapor
Ps  : surface pressure of the sample layer
Qc/M : heat removed at the condenser per unit mass
q : heat conducted through the vapor
R : universal gas constant
T : temperature of the vapor
Tc  : condensation temperature

Azza e SpE 32 623

Tm : melting temperature

Ts . surface temperature of the sample layer
tc : condenser temperature

ts : still temperature

(-W)p : work input required in distillation process

(-W)p.r: work input required in DFP
: vertical distance dimension

Greek Letters

B . efficiency of heat pump
A : latent heat of melting
P . density of the vapor

v . velocity of the vapor moving away
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