HLORINATION . of hydrocar-

hons is a unit process * in chem-
ical engineering which is of consider-
able importance. Monochlorobenzene
is produced commercially on a large
scale as the essentjal ‘intermediate in
the_production of phenol, aniline,
pDT, and a host of other organic
mlcrmedlates - Dichlorobenzene
manufactured on a large scale, the
para-isomer being used as a larvicide
“and the ortho-compound as a solvent
ind heat-exchange medium. Chlor-
H,,.ailon of to)uene is a prmlar\ unit
process in the preparation of benzyl
alcohol, benzaldehyde and benzoic
acid. Chlorination of ethyl benzene
is 2 primary unit process in the prep-
aration of dichlorostyrene whose
polymers and copolymers are of con-
siderable interest. Chlorination of
plienol on the one hand and the chlor-
wation of acetic acid on the other, are
primary unit processes in the prep-
aration of the important weed-con-
trol compound, dichlorophenoxyace-
tic acid (2-4-D).
aliphatic hydrocarbons is carried out
industrially on a large scale to pro-
duce a variety of chlorinated solvents
and intermediates.

lo the technology of chlorination as a
unit process and is concerned with
the distribution of successive chlor-

” ——

* Defined by R. Norris Shreve.
t Since writing this manuscript the au-

falion of this subject has been made by
Ur. John W. Churchill (Mathieson Alkali

preparation.

i Batch chlorination of benzerie has also
F en mathematically treated by M.
g ourion, Annales de Chemie (9), 14, 215-

in less usable form. His, experimental re-
sults agree well with those prcsented in
lhls paper. < - . .
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Chlorination of .

The present paper is a contribution:

thor has learned that an exhaustive investi- -

Works, Inc.), and that a paper is in.

'Rl (1920), but the results are presented,

. BATCH Vs._ CONTINUOUS PROCESS PROCEDURES

.oA

ROBERT B. MacMULLIN

ination products which result in the
substitutive chlorination of hydrocar-

bons. A later paper will deal with
addition reactions and the compli-

cated problem of parallel chemical

reactions which compete for chlorine

during the chlorination process.t The
- mathematical treatment which fol-
lows has been deduced in general -

terms so that it is of general applica-
tion within the limitations of the

_assumptions which are clearly stated

in this paper.. By way of illustration
the method has been applied to the
chlorination of Fenzene up to and in-
cluding trichlorchenzene.
Distribution of . the

is usually
in definite proportions,

upon economic considerations.

plant desxgn by demanding from the
research - department’

successive chlorination products as a

_ function of the amounts of chlorine

introduced. This will usually be fur-
nished by the rescarch chemist on the
basis of experimental chlorination of
the hydrocarbon in question as a
batchwise process. The data may .be

- of questionable accuracy, and the

cheniical engineer may wisth to extend
the experimental curves into a region
beyond the range of the data. The

- whole design” of the plant including

reaction vessels, fractionating col-
umns and auxiliary equipnent, will
depend upon just such’ conmderatlons

. The chemical engmcer mazy get the

“bee in his bonnct” to des'gn a con-

- tinuous chlorination plant, and unless

" CHEMICAL ENGINEERING PROGRESS

various substi-
tution procducts is of consicerable im-
portance to the chemical enzineer. He
interested in producing .
certain of these products to the ex-
clusion of others, or to produce them
depending ™
He .
“‘usually approaches the problem of

~ experimental .
~data showing the distribution of the

L zene.,

. hterature.:l: :

DISTRIBUTION REACTION PRODUCTS IN-.
<, . BENZENE CHLORINATION o

‘R. B. MacMullin Associates, Niagara Falls, New York

he is aware of the penalties involved,'

proven capacity and performance
may be in practice very different
from what he designs on the basis of
batch-chlorination data.

The purpose here is to show how
the whole family of curves, which

represent compositions of the various -
of the
amount of chlorine introduced, de-

components as functions

pends solely upon the relative reac-

‘tian rates of the compounds being
chlorinated. These relative reaction -
rates may be obtained by a single

experiment preferably carried out at -
the point which represents the max- ~

imum concentration of any particular

component, one experiment to a max-
the degree of

imum. Moreover,
chlorination at which the maximum

will occur can be predicted within
"The theoretical
composition curves can then be de- -
duced and extrapolated with confi- - i
“dence into regions where experimen- .
technique would be difficult.
There-will be a separate family of -
“curves for batch chlormatxon, another .
for single-stage continuous chlorina- *
tion, and another for two-stage con-,

very close limits.

tal

tinuous chlorination. Each family of
curves is determined by the relative
reaction rates which, as pointed out,

can be determined by a surprxsmglx ;

limited number of experiments.

In the treatment of the subject, the .
plan will be first to set up.the funda-
mental equations; second, to state the
final equations in usable form; and
third, to illustrate their use by apply-
ing them to the chlorination of ben-

So far as known, these equations
have not appeared e]sewhere in the

Uy
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Mathematical derivations of -
" the final formulas have been omitted.

Page' 183 -

Wmamiin 2 VW Lol T e WA A T




PERCENT

P, e N . ik
| . - .
" TasLe 1.—Barcu CHLORINATION OF BENZENE v Assumptions
R . - - T 1. Conditions are such that chlor.
: Ca_lc‘flate_d (_:°mp°s'_t‘°"’_. _ o TEiT oo 707 ine enters the benzene ring by substi. |
r=28 . , Ce=30 - i »'\ * tution of hydrogen only. =
- o - I *~ - 2. Reactions are irreversible,
o , 4  ..B . C b -, ‘ Me‘h°d - 3. Relative rates of reaction are
L0000 . 1000 . o % T e ‘ 0 - EquatlonZO -, proportional to the relative mola
T 0414 T 600 86" 014 0 . - - concentrations of the components
.+ 0760. 300 640 .- 060 0o ’eaC““gl
1057 . 100 743 57 . .0 - 4, Relative rates of reaction are
C 1172 oso 728 225 PO referred to a specific set of reacting
1340 .c 010 . 631 . 350 ... . 17 - conditions, such as temperature,
“da R o . 7-- . ,': . es e . cata] St
Eh : 3§§ _ 'Z% . 8;; Eq“am“ 21 :_ ;g 5. D:stnbutlon of components is
* 024 ag 228 ‘o= 07 independent of the speed with which
: '005 S 222 : ‘773 o= "98 . chlorine is mtroduced
e oo — % 6. Concern is with the distribution
_ Observed Compositions . N of mono-, di-, tri- and higher subst-
y. S ' L tution products without regard to the
. ' o ‘ . SP gr. 30/20 proportion of isomers in any such 3
o '316 L 627 . 057 1.050 - product
207 697 . - .09 - "~ .1.089 " . 7. The course of the reactlon is
Ass 725 a2 1105 : -
063 735 . 203 1.146 A->B->C>D .. .
. - .564 . 437 1013 . 1211 where ) el -
v 320 .646 .034 B 1250 - A=b .
- 140 ..820 044 1273 _ penzene g
e 130 825 o6 1275 B = monochlorobenzene .-
- 025 . 853 125 - - C = dichlorobenzene
‘.\ : : D = trichlorobenzene
70 , .//// ' : - o GONT\NQ,_————" R
3 ' L STRSE ' .
60 / .,/ - :
" | .
a T ,
. O e . A
z E -_ P . .- L. - K . : ;.' ,
50 r MAXIMUM CONCENTRATION- OF .
: FIRST © REACTION -_ PRODUGT
[f4o - MOLE -‘PEROENT_VS Fre
' \ ;\- . Lo T -
. . Figa 1
: L . o )
30
B 12 , \
20 ‘ : _ _
. 0 4 8 . 12°. .. 16 20 . 24 28 xo 2e
L . D L K,
r= — ) DSW 297236
Ka
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*8
( <l treatment. is limited to the chlor- .- order. :

... A = mole fraction benzene
" -B = mole fraction monochloro-__

C : mole .fraction. dxchloroben

D mole fraction tnchloroben-‘

. continuqus - chlorxnatlon "after’

which the reaction system is dxvxded

- ¢entration has been .omitted” for the sake -

The accompanymg mathemat- We w1ll now consxder these wses in '5'_ " Differentiating - Equation .~ (12)
W U U with respect to and settmg R

' & . . .
2‘;;;%’;)eg£e;: , but mot beyond tri- Batch Chlormatlon ; "_-".\ dB '='

9. In continuous single or multi- : . The linear homogeneous equatlon e Lol ode -
stage_reaction systems, the liquid ' - 2 "dB < B=rAd’ we ‘obtain the maxintum vaiue of B,..‘f'."-

composition  within each stage is i

7 R
3ssumed to be uniform and constant ( ) ' 35 f°110WS, v

‘B = ,._.1/(r—1) ' (13)

B dA fA
ntegrates readlly to ’ ;

. Fundamental Equations

benzene . - Notmg that, for benzene, D is neg—
',hglble as long as A is apprecxable.

" zene

= 2 — p=1/r-1 ( 1+ —2-)
.

Let k;/kz =g and kz/ka =g

“From Equatlons (3) and (4) We
obtain "

zelne £ ehl i . B+ ZC =z g
= total atoms of chlorine per =
., mole. of benzene conslt)xt- ZA +B . '-2_: _ 7 (14) .« .- %
; uent . ) L N '7(10).' Equations’ (13-) and (14) are
Lo A +B + c+ D = (1) s _Combmlng W’th Equatxon (9)' - évaluated in Table 4 and are plotted ..
B+2C+ 3D=x ' =2\ L oy 1 icin- Figures 1 and 2. Inspection re- .
dd "’.( r—1 )A “( y — 1_)-4 "-'.' ..veals that for all values of r between "
_E;- "—'_-— k1A * AR S 4 and 32, the maximum occurs within = &
'dB e RS (11) _ the narrow range of » = 1.05 to 1.07.: . :f
eb .- __' g AN Ly 2.._ B — 1/r +."1 A single experimental analysxs for: - &..
di -"k.l“.l-'- : sz 4 _',._ 1 [( 5 x) ~.© . B at this critical value for x is suffi--.7 1
dc L " D ooy e D L clent to determine £ by mearnis of - }f ,
CTar koB — ksC DA 2-B—x )] Sl (‘12),, Equation (13) or the plot, Figure 1."" - §:,
T : T2 ) LM%Y From this value of £, 4, B; and C% %
- dt ) N - .."_-':r =_K_'. i .
5 R ¥o B 1 K. 20 25

r7 i rA‘ PN

From Equatlons (5) and (6) we
obtain

"dC._ sB—-C -

There are five unknowns—A4, B,
C, D, and #, and four Equations (1),
(2), (7), and (8), from which it is
“desired to express A4, B C, and D as
functions of #." -

Equations (7) and (8) apply, in
differential form, to batch ¢hlorina-
tions, in ‘which the components vary
with respect to time, and to 2. -In
a

steady state is reached, .
- dB _:B dC _ C -

rZ AaddD D

It is clear therefore that batch
chlorination will result in a different
distribution of products than con-
tinuous chlorination, when compared
at corresponding wvalues of 'z, Like-
wise, continuous chlorination will be, .
effected by the number of stages into"

*In Equatxons (3) (6), . chlorme con-

,Eqnatxon 'y

of simplicity. - It cancéls out-in:
{ (8 woiee i

&
SRR RS
. PR T
- ———-
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[ ™

H

5

T e

I A

/ be readxly calculated for all: <

.:lucs of £ up to about 1.5, or the - '
place where D becomes apprec:able.’l

S 5 TR .. .. . . R . .
T ~ -
- . R . . -
- ] S N . Ve . . ot A
DA S . . Lo E : - LY
N ‘ . B . . B e
i y . . - B : HE]
- . ., :
AT .
[

PR N
~
———-

.
EECS TN

Calculaled Coniposmons ‘
‘e :::r--_:a0

" tegration constant.

" where C i 1s a maximum,. ° .

. 5l e RS

T

I

7 —-ﬁi‘lﬂ- . Equatxon (13) or Figure 1. - |
Y s—2. - "% The maximum concentration of dx-
#=3+K 7=1 S+ (= 3)'”_ ("_’ 2)"’2] % ““chlorobenzene was judged to be

In the above equation, K is the in-.
We note that
when - =0, D=0, and v =14,
from which X can be readily caleu-"

lated. If experimental data are avail- .
“able in the range of # = 1.5 t0 2.5, it -

is preferable to.determine K by sub-'
stitating known values of 'Ir and ..
In Equation (19) s is the relative re-

adtion velocity of mono and di,’and' ; maintained. Anhydrous ferric chlor- - .= [ v+ 0357, -eu/ss
may be estimated. by noting - that Jide was used .l)g a catalyst. The AT 3-+K[—}7.._._1—']_

Cm

s=-F

, $ can also be estimated with only

slight error from the maximum value
itself (see Figure 1).

Havmg thus determined K and s,
the value of x at arbltrary values of

*In the foregoing analys:s, Equatlons
(), (9), and (13) are strictly valid for all -’
values of 7. On the other hand, the simpli-
ying assumptions made in denvmg Equa-
tion (19) are valid only for values of r
and ¢ greater than about 4., When hlgher -
fraction, products appear in apipremab e per-
tentages in the early stages o chlormahon, -
tand 5 obviously have lower values, and a :
:re nﬂforous mathematlml trutment

ical

e

.. -diphenyl.”

(19)

.= 1,070,

D 1s'rend11y calculafed and at these ""—;Usmg the above values of v and s

-Equatxon (9) becomea '

~values .of #, the values of B and C

S(16)»

. Expemnental Benzene was chlor-' -
inated in a 2 1. flask provided with
- “excellent agitation, and a reflux con-:
" denser. A temperature of 55° C. was .

- amount of chlerine introduced was -
* judged by specific gravity. A series
of runs was made, each tc a definite -
* specific gravity. The product from -
each run was settled, then fraction-

ated in a 10-plate laboratory column.

" Product was divided into cuts so

~that in each cul not more than two
components were present.

specific gravity from previously de-

"termined densn\f—composmon plots -

. for the system in question. In this

‘ obtairied. High boilers were dnven
-over by the use of a ‘“chaser,”

U AHEMICAY EMANUEEDINMA DBAADEe e

follow from ]Lquatxons (15) and

:;"and Equatlon (19) becomes \ .

_ Composi-
“‘tion of each:cut was estimated by

ie. ’l
Results . {are Judged ace.

;‘curate to 0. 5% RS o -mulas

TABLE 3—-—TWO-STAGE CoN'rmuous CHLORINATION OF BENZENE -
Calculated Composmons, '

Second Stage

from which r—80 by

.. Cm = .885 at # = 2040, from which -

“s=30(x1) by Equation (13) ‘or’ - B

Figure 1.
Theoretical Chlannat\on_ Curves‘

B——-(A% A);,_-,..-

[1+4 27y — 2821 —%

were calculated for values of ¥ rang-

ing from O to 2.5, and they are tabu-

lated in Table 1 and plotted in Figure
3. It is noted that the observed ex-
perimerital points in all cases lie on

the theoretical curves, within limits

. of experimental error.
way an accurate material balance was -

The curves’

Sl =8 oo 5=230
_ . Sl 'z .4 B - C . .D ; Method
. From (15), . . . 70500 . .535- . .430 - 035 ... Equation 38 B, =
e ot Ce 2 J750 337 .. 577 - 086 - < -~ Equation 38 B; =
' ~dC ", dx X 1870627 « ¢ 186 - - Equation 38 B, =
ap t2 Db . 7004 563 © 343 ... - Equation 38 B, =
: o lggg; 8::(9) 3?;{5; . '.531 Ao lI:_'iguatgon 22 gn =
L3 1 K - ; uation =
: S“bsm"t’“g “these "alues ST MR S+ B 7 Equation 42 G =
Aprevmus Equation (8): . i 2280 0 LIl 039 61 Equation 42 G, = ‘206
T dC L -:B _I_'C . 2.500 R ) .007; . .486 LR R Equatlon 2G=.
D, - C. - '# Originally calculated for # = 1.5 assummg no D, then adjusted.
R t Originally calculated for.2 == 1.75 assummg no A then adjusted
“we obtain’ R A E Co
IR N dD 2D 1. ' el _ Data are recorded in Table -1 and
Rl ' L FTel ™ . I3 e " plotted as large circles in Figure 3,
ST dx- @ -s)x+ (S"Z)DJ" (Z" ) o 7 From these data the maximum con-
,‘ B | ‘centration  of’ monochlorobenzene
The above equatxon can be mtegrated by lettmg z -;-3— . was Judged to be B, = 0745 at x~

are not exact beyond £ = 2.5 because -

_of the appearance of tetrachloroben--

(@) 4

VVhen x =20, D observed = .065,
.whence v = 0935_ From this, we
. evaluate K = —5.642.

From the above, 4, B, C, and D

DSW 297239

zene,” which has’ not been taken into-
account in the denvatxon of the for-- - R

Noting that when D becomes “ap-. - c ; D . Method R \ i s ‘
prcaable, 4 becomes msxgmﬁcant 0136 ' Equation 25-30 mcl."-._:- RETHEE
T g er ool mRaea
T B4+2C+3D =4« s p 2654 " Equation 25-30 incl. -
N ek ko %ﬂ:&:ﬁ: ZR R
. . uation 25-30 incl. !
251'3’5 iié’ _3' S A R
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TasLe 4.—LocatioN oF MAXIMUM
FOR COMPONENT B

Smgle Stage

P equatxons are

Contmuous Chlormatlon

Smgle Stage: The fund_amental

B -;."\' A+B+ C+ D=1
AR B+2C+3D-—.r (2)
_?=I_)9__ - (22)
. -
.- €C _ sB—C '
\\‘—B"_ C (23)

" The . above set of sxmﬁltaneous

"~ equations are most easily solvedin
" “terms of wm, the allowable ratio of _
"." - monochlorobenzene to dichloroben- "~
;7. zene in the reactor product. That is,

| Letm = -CB— (24). '
o ’= m(m+ 1) (sm — 1)
S
S >= rm(sm—1) 5
B — e (26)
, C= r(sm*l) (27)
- =0 . .(28)_: |
fx'= r[(.rm—l)(m+2)+3]
0
- 29)"
where _( )-' '

= m(m+1)(sm—l)
+rm(.rm— 1) +r(sm~1) +r
(30)

Putting in m at values ranging

1o from 20 to .05 compositions are ob-
i+j I tained as listed in Table 2, and plotted-
¢+ in Figure 1. :
- It is readily seen that continuous -
'chloertxon results in a greater pro-
_ portion” of higher chlorinated prod-
., ucts than batch chlorination, at all
values of #. Continuous chlorination

a

" the

is therefore less favorable than batch
_chlorination at any given value of x,

but can be made as favorable by
chlorinating to some lower value of %

; BafCh." - . Continuous - and recycling the underchlorinated -
o ' B . material after isolation of the desired
2-‘ . ,lf B ‘,- Bm - Xm - LT o mat’ﬂal .
.05 .,.25 - 750 © a72 656 The maximum in the monochloro--
107 368 - 896 . 250 - .750 - ben:ene curve occurs at
© 2 500 1000 .343 829 . , . -
* 4 630 1055 444 889 By =t et (31)
9 760 . 1070 . 563 937 A G DL -
16 832 - 1065 640 - . 960 at :
r 28 . 875 1.055 695 - 972, —_ :
. | 695, L r(l42r%) 1
[ 1.947 A v T3y by

(32)

_The above maxima are evaluated in
Table 4 and plotted in the lower

cirve of Figure 1.
No experimental data are offered

in confirmationr of these. curves..

However, in commercial operation of

continuous licuid-phase chlorination
making monochlorobenzene, -
the usual operating point is such that -
contains
.about 40 Wt. % monochlorobenzene,.
-(41) with (34) and solving for D;:

plants

chlorinator  product

.5 Wt. % dichlorobenzene, balance
benzene. Such an operating point lies.

close to the predicted curve.
(x=.387, 4= 645 B = 325
= .031)

Two—Sta-gc: The simplifying as-
sumption is now made that an equal
amount of chlorine is introduced in
each stage of the reaction system,
while the liquid flows continuously

_through the first and second stage in

series, It is further assumed that

_mixing is thorough, and the composi-

tion uniform and steady in each ves-

- sel. Denoting the stage by subscripts, _ -
Equations (22) and (23) become
- for the second’ stage, -

By—By _ 7A3—Bs 7.0
Ca—Cy . Bz *\(33)
. Cz—cl _ SBg—Cz.
Dz —'D1 - Cz ) . (34)
X2 = 223 (35)

This set of equations is not so
easily solved as those for single-stage
chlorination. The biquadratic_equa-
tions that result are moreover incon-

venient to use.. We therefore divide

the solution into two cases: -
Case l—where D is neghgxble
. Case 2—where 4 is negligible

Case 1—D~ neghgxble, for x up
to about 1.5 - )

Az+Bz+Cz'—1
.Bz+2C3=1’2

(2 - f)Bzz + (ng +2r ""4C1
- 2C,r - 4B]_)Bg + [rxg’

S = (2r+2Cr)x+4C] =0

(%)

. which can be written _
p- 322+Q Bz+R 0 (38) ;

. whence

-0 + \/ Q2 —4PR
(39)

By =

In solving this equation for a de. |

finite value of &3, one has only to read
off the values of B; and C; at x; =
14x,, from the single-stage contin-

uous curves which . are plotted in -

Combining Equations (40) and

'(3—2)D22+ [(3—5)x2
= (s+2)D, + (2s—3 C;)]D,
+ [—42+ (2+Cy +D1:+D1).r
- (1+C1+ZDls+D1)] =0
(42

“which can be written

P DA+ QD+ R =0
o (42')
whence
__Q’ + QI2 — 4P’RI
2P
(43)

As before, read off C; and Dy at 5
= lLsxy from the. single-stage con-
tinuous curves already plotted in
Figure 1.

In the overlappmg regxon between

Case 1 and Case 2, where x = 1.5
. to 1.75, the above equations are not

strictly correct, but may be adjusted
t¢ take account of the small amount
of D or A present respectively”
Calculated values of 4, B, C, and
D are tabulated in Table 3, and are
plotted in Figure 3.
It i is seen that two-stage chlorina-

" tion gives a distribution of products

intermediate  between single-stage
chlorination and batch chlorination.
The method can be extended if de-

_ sired, to calculate the distribution for
*- a greater number of stages than twe.

(36)'
@7)

The greater the number of stages, tlic
closer the approach to batch distribu-

UO" _ T DSW 297240
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i
Combining Equations (36) ang ¥
(37) with (33) and solving-for B,: |

Figure 1.
Case 2—A4 neghgxble, for Z over -
"1.75
" Byt Cot D2=1. (40) -
By+2C,+ 3Dy = 2, (41)



