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Abbreviation used in APPENDIX A, B, and C

A

E.P.

DB
DC
G

H® -

molar heat of vaporization (cal/g mole)
boiling point (°c)

specific heat of gas (cal/mole/°K)

specific heat of liquid (cal/gm/"K)

density of liquid benzene (gm/cm3)
density of liquid monochlorobenzene (gm/cm3)
constant

HQZQB enthaipy {Keal/mole)

constantc

rate constant for benzene-chlorine reaction (liter/mole/sec)

rate constant for monochlorobenzene - chlorine reaction (liter/molec/sec)

klsz -

constant

equilibriua constant
celting point (°c)
molecular weight
vapor prassure (mm Hg)
entropy (cal/mole/°K)
tewperature (°c)
temperature (°K)

benzene mole fraction in liquid phase

“benzene mole fraction in gascous phase



158

A compressibility factor at beiling point -

AG® . Gibbs free energy of formation (Kcal/mole)
AHc heat ofrcnmbustion'at 25°% (Kcal/mole)

AH° . theat of formation (Kcal/mole)

AHm heat of fusion (cal/g)

AHV heat of vaporization (callg)

n refractive index

v kinematic viécosjty {centistoke)
H absolute viscosity (micropoise or millipoise)

¢ surface tension (dyne/cm)
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APPENDIX A

Data For Benzene And Chlorinated Benzene Compounds



Table g9, Molecular Weight, Melting Point and BoilingrPoint
of Compounds of Interest

[11 and 16]

160

Compound M.W M.P. B.P.

(°c) (°c)
Benzene 78.11 ‘5.5 80.10
Monochlorobonzene 112.56 ~45.48 131.?0
1, 2 - Dichlorobenzene 147.01 -17.00 180.46
1, 3 - Dichlorobenzene 147.01 -24.76 173.08
1, 4 - Dichlorobenzene 147.01 53.10 174.21
1, 2, 3 - Trichlorobenzene 181.46 52.50 213.50
1, 2, 4 - Trichlorohenzene 181.46 16.95 213.48
1, 3, 5 - Trichlorchenzene 181.40 63.50 208.50
1, 2, 3, 4 - Trichlerobenzene 215.90 46.50 254.00
1, 2, 3, 5 - Tetrachlorobenzene 215.90 54,50 246.00
1, 2, 4, 5 - Tetrachlorobenzene 215.90 139.00 243,00
Pentachlorschbenzene 250435 85.50 276.00
Hexachlorobenzene 284.80 229.50 309.00
Chlorime pos 70.91 ~100.98 3205
Hydrogen chloride gas 36.47 -114.19 -35.03
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Table 13, Kinematic Viscosity (cen;istokes) [11]

Benzene Monochlorobenzene 1,2-Dichlorobenzene 1,2,4-Trichlorobenzena
t(“c) v t(°c) v t(°c) v t(°c) v
20 0.7427 20 0.7232 20 1.0656 20 1.4225
30 0.6592 40 0.5837 40 0.8288 40 1.0252

50 0.5156 60 0.4858 60 0.6636 60 0.7915

70 0.4148 80 0.4139 80 0.5729 80 0.6402
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, Table 15, Surface Tension [11]

Surface tension (dvone/fcm)

Compotund 20°¢ 30°c 40°%¢ _60°¢
Benzune 28.88 27.49 26.14
Monachlorobenzene 33.19 31.98 30.77
1, 2 - Dichlerokenzene 37.18 36.02 34.92
1, 3 - Dichlorcienzene 36.84 35.56 34.32
1, 4 - Dichlorobanzene 31.33

1, 2, 4 - Trichlorobenzene 39.10 37.98 36.86
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1ongv = -0.2185 A/T + K

Vapor pressure

167

vhere P, is the vapor pressure (mmiig) and T is the temperature (degreé Kelvin)

of benzene and chlorinated benzene compcunds [30]

Table 16. Vapor Pressure

temperature
range._(°c)

Comnéund fcallgm mole)_ﬁlggﬂiLﬂntl
Benzene } 10254.3 9.556
8146.5 7.833714
Monochlorcbenzene 10098.0 8.5
9067.3 7.717535
1, 2 - Dichlorobenzene 10943.0 8.185275
1, 3 - Dichlorobenzene .. 10446.8 8.017555
1, 4 - Dichlorobenzene 17260.5 12.48
1, 2, 3 - Trichlorobenzene 11349.5 7.916468
1, 2, 4 - Trichlorobenzena 11425.1 8.030523
1, 3, 5 - Trichlorohenzene 11211 7.977218
1,2,3,4-Tetrachlcrobenzene 12872.5 8.251056
1,2,3,5~Teirachlorobenzene 11982.1 7.925176
1,2,4,5-Tetrachlorobenzene 12828.8 8.282213
Pentachlorobenzene 1512%.2 8.907497
Hexachlorobenzene 15199.1 8.550497

-58 to -30
-36.7 ﬁo 290.3
-35.0 to -15
~13 to 349.8
20.0 to 179
12.1 ro 173
30 to 50°
40 to 218.5
38.4 to 213
63.8 to 208.4
68.5 to 254
58.2 to 246
146 to 245
98.6 to 276

114.4 to 309.4




Table 17, Vapor Pressure of

Chlorine and Hydrogen Chloride [11]
temperature G K J
compound range (°c) (constant) (constant) (constant)
HC1 ~127 to -60 7.06145 710.584 255
812 =60 to critical 7.91458 1146.89 315.916
temperature )
6.86773 821.107 240

For hydrogen chloride and chlorine, the Antoine equation is used

longP_v =6 -K (£t +J)

where Ev is the vapor pressure (mmlg) and t is the temperature (°c)
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Table 19, Chemical Thermodynamics Table (Ideal Gas State) [26]
cal/ (mole®K) Kcal/mole
H°-H® AR® AG°® log K
Compound TK c’p h 298 £ f p
Benzene 298 19.52  64.34 0.00 19.82 30.99 -22.714
300 19.65  64.47 0.04 19.79 31.06  -22.623
400 26.74  71.11 2.37 18.56 35.01 -19.126
500 32.80 77.75 5.36 17.54 39.24  -17.152
Monochlorbbenzene 298 23.43 74.92 0.00 12.39 23.70 -17.368
300  23.57 75.07 0.05 12.37 23.76 ~17.31
400 30.62 82.84 .97 11.46 27.71  -15.139
500  36.49  90.33 6.13  10.74 31.86  -13.925
1, 2 - Dichloro- 798  27.12 81.61 0.00  7.16 19.76  -14.485
benzene
300 27.26 81.78 0.06 7.3 19.84 ~14.452
400 34,12 90.60 3.14 6.53 24,17  =13.207
500 39.69 98.83 6.84 6.07 28.64  ~12.518
1, 3 - Dichloro- 298 27.2  82.09 0.00  6.32 18.78 -13.765
benzene ,
300 27.34  82.26 0.06", 6.31 18.85 -13.735
" 400 34.18  91.10 3.14 5.69 23.14 -12.642
500 39.74  99.34 6.85 5.24 27.56  -12.045
Hexachlorobenzene 298  41.90 105.45  0.00 -8.10  10.56 - 7,740
300 42.03 .105.71  0.08 -8.09 10.67- . =" 7,776
400  48.08 118.67  4.60 -7.54 16.85  -'9.207
52.52  129.90 9.64 -6.97. 22.89 -10.003

500
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From the "Bureau of Standard"” [ 5], the value of k (rate constant) in
liter/mole/sec, for the benzene-chlorine reaction to produce monochloro-
benzene is given by the following table

Table 20. Rate Constant for
Monochlorohenzene Production

t(°c) catalyst k
used (lLiter/mole/sec)

-6

24 - 1.48 X 10
)

34.2 - 3.9 X 10
-6

24 HC1 6.7 X 10

where the reaction is

(CH,COOH 99%, 1% H,0)

3 2

hY
C6H6 (.5 mole) + Cl2 (.05 mole) 7 CH,. €1+ HC1

solvent 6 5

and the rate of reaction - K CCGH6 CC12

From the kinetic study of F. Bourion [3 ], the effect of temperature

on the ration of the rate constant is given by table - 21

Table 21, Effect of Temperature on Rate Constant

t°c K
18 .107
25 .118

35 .123
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where K = k2/kl and 1is defined by the following reactions

. Fe
Cﬁ“6.+ Cl2 kl CGHS Cl + HCl

Fe cH, C1, + HC1
CGH501+812—1? 64 2
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APPENDIX B

Data For Binary System (benzene-monochlorohenzene)



Table 22. Density {gm/cubic centimeter) of

Benzene-Monochlorobenzene System [28].

i

100 - .8458 100 .8246
72.14 L9214 .8713 71.54 . 8954
80.12 9485 .8963 43.36 . 9466
59.93 .9986 L9441 12.17 | 1.0275
39.80 |[1.0435 .9907 0 1.0521
29.52 | 1.0663 | 1.0125

0 1.1272 | 1.0737
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Table 23, Refractive Index of

Benzene-Monochlorobenze

System [28].

F 20°C 25°C

benzene Ny benzene ny

mole 7 mole %

100 1.5006 100 1.4970
75.21 1.5059 82.07 1.5022
59.40 1.5089 63.18 1.5072
34.43 1.5149 43,27 1.5108
22.94 1.5178 22.24  1.5173

0 1.5242 0 1.5227
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APPENDIX C

Data For Subroutines



Table 26. Density of Liguid Benzene and Monochlorobenzene
at 298°K for Subroutine DMVSPB [28].

179

Monochlorobenzene

Monochlorobenzene Density Density
mole fraction (gm/cmB) mole fraction (gmfcm3)
0.0 ' 0.87288 0.39808 0.97115
0.04095 0.88351 0.44497 0.98187
0.06985 0.89103 0.56517 1.00925
0.13537 0.90263 0.68606 1.03578 .
0.14715 0.91013 0.80654 1.06148
0.16443 0.91481 0.87587 1.07593
0.25771 0.93763 0.94889 1.09083
0.34176 0.95781 1.0 1.10113
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Table 28. Density of Pure Liquid Benzene (DB) and
Monochlorobenzene (DC) for Subroutine
DBVST [27].
T(°K) DB(gm/cmB) DC(gm/cma) T(°K) DB(gm/cm3) Dc(gm/cm3
273 0.0006 1.12786 353 © 0.8145 1.0419
283 . 8895 1.1171 363 .8041 1.0305
293 .879 1.1062 373 L7927 1..0189
303 .8685 1.0954 383 . 7509 1.0079
313 .8576 1.0846 393 70692 . 9960
323 . 8466 1.0742 403 .7568 .9836
333 .8357 1.0636 413 . 7440 V7123
.8248 1.0526

i8t
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Table 29, Isobaric Vapor-Liquid Equilibrium for Benzene-Monochlorobenzene

System at One Atmosphere for Subroutine LIXY [10]

t(°c) X, Y

131.7 0.0 0.0
126.4 0.053 0.174
121.8 0.104 0.311
115.1 0.192 0.480
108.2 0.295 0.628
102.7 0.399 0.731
97.1 0.514 0.816
93.9 0.591 0.860
90.3 0. 684 0.904
89.5 0.703 0.912
86.7 0.786 0.942
. 86 0.804 0.952
83.5 0.884 0.971

80.1 1.0 1.0
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ABSTRACT

There seems to be a need for a more elaborate and complex experiment,
for the undergraduate chemical engineering laboratories, which coatains
more than the traditional one major operation. After reviewing several
chemical precesses, the chlorination of benzene was chesen because it
provides numerous investigations in kinetics, distillation, and process
control and dynamics.

In the proposed experiment, chlorine would react with benzene in a
jacketed reactor with internal cooling ceils. The operating conditions
of the approximately 200 cubic centimeter catalytic recacter would be:

1) temperature: 25-55°C

2} prossure: 1-5 atmosphere

3) critalyst:  fervic chloride

4} bLioizene conversion:  10-207%

A flash taok is planned for sepavation of the gaseous and liquid reactor
products. The liquid product, censisting of benzene and chlorinated
benzene compounds, would be distilled and the distillate (mostly benzene)
viould be r=cycled to the rveactor.

The steady state calculations and the operating conditions of each
strean wera obtained by using an iterative trial and error methoed, on
a “"°pp 11/10" mini-cewputer.

The design allows for manual or automatic control operation of the
reactor or distillation columa, individually or as a unit. A number of
possible laboratory experiments are described. Allowance for direct-
digital data acquisition and/er controel has been included.

The total cost of the preoposed experiment, excluding recording and

computer equipment, would be $22,000.



