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CHAFIER I
INTRODUCT ION

Phencl is used in large quantities in the mamuifacture of
phenol formaldehyde resins (bakelite) and as a dye intermediate.
Another important use is in the manufacture of Nylonj phenol
is catalytically hydrogenated to cyclohexamol, a valuable
solvent, which is then oxidized to adipic acid, a raw aaterial
for Nylon 66, Other uses of phenol are 1 in the mamufacture
of non=icnie detergents; in the production of additives for
lube oils and rubber; as a solvent in petroleum refining; and
in the manufacture of phenol derivatives such as salicylie
acid, pentachlorophencl, pierie acid, phenyl phosphates and
fungicides (e.g. chloranil),

It 1s expected that phenol prﬁmn%;l)l will be on the
increase. The reasson for this upsurge is that increasing
quantities of phencl are likely to be utilised in the
msmufacture of caprolactum (intermediate for Nylon 6), adipie
acid, bilsphenol A and alkyl phenols. At the end of 1958, United
States phenol plants had a combined capacity of 0.33 million
tonsy and projects amnounced since then were expected to raise
the lfg?auctim potential by about 40 per cent by the end of
1962 . During the same period, the estimated rise in Canadian
phenol plant capacity was 150 per cent. A recent estimste
forecasts a rise in U.3. demand to 0,435 million tons in 1965,

The factors that would cause major changes in the econoaics of the



fast=growing producticn of phencl have been summed up as follows.
(1) Improvements in the technology of phencol manufacture,
(2} Changes ir the phencl end-use pattemn,

(3) Competition by other intermediates for phenol
narkets,

(4) Broadening of the raw materials base lor phencl
amulaature.

(3) A shift in the supply=demand ratio for phencl,

Jummary of existing processes

At present thare are four commercial processes for the
production of phenol. A [ifth procesas is ready for comaercial
exploitation, and two other proeesses of industrial potential
have also been reported, A brief summary of these processes is
given biluw)o

Su.lrmat ion process

"his process involves the following sequence of steps

(a) Sulfonatien of benzene @

O v —— O



(b) Processing of benzene sulfonic acid i

e B0 H e SN »
2@ 3 + Nay50, ———> 2@ 3 + 50, + H0

{(e) Camstic fusion :

$SO4Ne ONa
) +2naon —  [(O) + NapSOy + Hy0

(d) Springing of phenol :

ONa . OH *
O t B —— + Na

Sulfurous acid Is made Irom S.Dq for use In the springing or sodium
phenate. The yleld of phencl 1s of the order of 90 per cent,

This met-od is being used by several flras : Monsanto Chemical
Coapany, and Reichhold Chemical Corpo-ation.

The Dow process
This process consists of two steps 1

(a) Chlorination :

FeCly ch
+ iy > O + HCI



The halogenation reaction 1s carried out in the liquld phase
using ferric chloride as catalyst, Conversion per pass of
benzene i1s 30-50 per cent, and the yleld based on benzene

rarges Iroa B80-95 per cent.
(bl HWydrolysis:

P
(o] | ~ D Ha
@ + 2 HogOH ————» @ + NaCl + "ED

The reaction is carried out at 40C0 psig and 37C=-400°C. &
10=15 per cent agquecus solution of caustie 1s used in 1C per

cent excess over theory. Diphenyl oxide is formed as a
by-product, and phenol yield based on benzene is B5=83 per cent.

Cumene Houte t

This process consists of three steps :

(a) Synthesis of cumene 3

Hy

C
-~
CH
e
O - an— OFe

Sulfuric seid or aluainium chloride i3 used as catalyst in the
liquid phase alkylation.

(b) mite-oxidation of cumene 1

’:H3 CH3

—~ |
CH - ‘ C—0—0H
H"‘C,H. _ 1
3 CHy



The reaction is carried cut in an aquecus emilsion containing

an emileifying agent and sodium carbonate to maintain the

optimum pH range of 8,5-10. The optimum temperature is 110-130%C,
Total conversion per pass is about 280 per cent, The by=-products
foraed in the reaction are acetophenone, dimethylphenyl carbinol,
phencl and asthylstyrene, The produet 1s purified.

(e) Decomposition :

s

C=0-0H OH ﬁ

Dilute sulfuric acid is used as catalyst in this reaction. The
reaction temperature is between 45 and 85°C., Acetone and phenol
are then recovered in a series of extraction and fracticnation

steps.

The overall phencl yield in the cumene process 1a B85-80
per cent based on cumene, The acetone yleld is approximately
the same. This process is reported to be employed by Hereciles
Powder Co, and Oronite Chemical Co. in the Thited States, and
by B.A:, Shawinigan Ltd. in Canada.

Raschig process
There are two steps in this process 1@

(a) Oxyehlorination :

2@ + ZHCI  + HZ_- 2‘@“ + EHEG



The reaction is carriod out in the vapour phuse over a solid
catalyst at 250-270°C, Conversions of the order of 10 per cent
are obtained,

(b) Steam hydrolysis :

e Cl ~ > OH
D + H,0 —= !f{. 11 + HCI
\‘:}J

This reaction is alse carried out in the vapour phase over a
solid catalyst at ﬁf‘--—'.'ﬁDBGC. Conversion per pass 1s B8-13 per cent.

The yleld of phenol is B5=-90 p-rsnmt based on benzene,
The process is regenerative with reapeet to hydroechlorie acid.
Also the exothormie heat of the first reaction can be utilized
for the second rezction which is endothermic. This process is
enployed by Hooker Chemical Co. and by Union Carbide Corpn.

Cther processes with industril tanti

(1) Toluene 1s used as the starting =zaterial, and two steps

are involved.

(a' Oxidation of teoluene i

.
Ir.,--.,"ll CH3 r":--—q\‘lﬁanH
| w + anrF — \‘:}

The oxidation of toluene to benzolc acid 1s carried out in liquid



phase in Lhe presence of oil=soluble cobalt or manganese salts.

The overall benzoic acid yield is reported to be Bo=00 per cent.

(b) Oxidation of bengoic acid and hydrolysis :

f
COOH e [ el <~ COOH -~ OH
Y Oz [/‘\\ =0Ty M8, (7Y (r
2 .. , 1 . + |
~ ug;ﬁ; ) Ny u:;gs

The oxidation is carried cut in liquid phase at 230°C. in the
presence of a soluble cuprie salt which aay be promoted by
scme magnesium salts, Hydrolysis to phenol is effeeted by
steam. "he yield of phenol on bengzoie acid is reperted to be
80=83 per cent, 7Toluene based phencl synthesis is being tried
by Pow Chemical Ceo,

{2} Benzene is air-oxidized in the presence of radiation froa
radioactive sources (e.g. cobalt 60), This appreoach for the

preparation of phenol has been announced by Japanese und

Russian scurces.

(3) Another source has attempted to oxidize benzene by air

in the presence of an electric discharge. The route followed
is :

Benzene —» Cyclohexane — Cyclohexanol —* FPhenol

This 1s a case of indirect oxidation of benzene, in the sense
that only benzene and air are used as raw materials although
intermediate reaction stages are involved., Although a plant



constructed for Schenectady Varnish Co. 1s making an atteaspt to
manufacture phenol by air oxidation of benzene, this route has
not 5o far bean commercially exploited,

(4) In this proeess eyclohexylbenzene is oxidized by
molecular oxygen to yield the hydroperoxide which is then
decomposed to phencl and c¢yclohexanone by phosphoric-sulfurie
acid mixtures. Cyclohexanone is an intermediate in the
production of adipiec acid and caprolactas, The maximum yield
is reported to be 7% per cent phenol and 75 per cent
cyclochexanone, This route is yet to be tried on a commercial
scale,

Seope of present ﬂ:!

Each of these processes has its own advantages, and
from a basic chemical engineering point of view, offers
considerable scope for detailed study and improvement. In the
present work, studies on the hydrolysis of chlorobenzene (second
step of the Raschig process) are reported as part of an overall
progranme of investigations on the Raschig process., "Uaing
tricalcium phosphate as catalyst, the kinetics of this
endothermie reaction has been studied. As the catalyst gets
deactivated in 57 hours (depending upon the conditions of use),
an attempt has also been made to study the deaetivation kinetiecs,
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CHAPTER 11
L ITERATURE SURVEY

In this chapter some salient features of the Raachig
process are outlined, and reported results on the catalytie
vapour phase hydrolysis of chlorobenzene (which comprises the
seccnd step of the process) are summarised.

The Raschig process consists of two stages, in the first
of which monochlorobenzene 1s produced catalytically according
te the equation,

c :
IIHG + HCl + /2 OE —» Cﬁﬁﬁcl * Hgﬂ,

and in the second stage, the monochlorobenzene is catalytically

hydrelysed with steam to yield phenol and regenerate the =iCl

scecording to the reaction,

CQHSCI + Hzﬂ » Ceﬂsﬂl! + HCl

The first resction is exothermie whereas the second is
endothermie, Conversion per pass in the second step 18 of the
order of 8-15 per cent, With so low a conversion per pass, it
is evidently desirable to effect phenocl recovery without
condensing the entire chlorcbenzene and water vapnﬂ“}. This
consideration of thermal economy 18 of significant influence
on the commercial Gompetitiveness of the process. Operating at

certain conditions, practically no by-produets are formed; the
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process converts virtaally all of the benzene fed to phencl
without produeing chlorobenzenes as by-products,

The prineipal -dvlnt?g; of the process is its amenability
to simplification in design , and as a result plant investment
coats have been substantially reduced, Main improvements 3
the serles of parallel tubes containing the catalyst has been
replaced by a single catalyst contalner; distillstion equipment
have been combined so that one system can handle product from
both steges (in the earlier designs separate systems were used
to fracticnate the erade and hydrolysis products); the
catalyst regeneration system has been simplified through
process modifications. Its principal defect, however, is the
problenm of corrosion and deactivation of the eatalyst,

Details of the Raschig process have appeared in two

(3,4) (5,6,7,8,9,10)
BICS reperts y» and a few other sources .

Va 86 lydrolysis of chlorcbengzene

Catalysts that have been tried for the vapour phase
hydrolysis of chlorcbenzene to phenol can be broadly classified
under four different groups : metals, metal oxides, salts and
acids, These have bean tried either independently or by
impregnating on supports like silica gel and asbestos, Silieca
gel itself is known to act as a catalyst, but its activity can
be enhanced by promoters like cupric chloride.



Metals such as granular copper and copper—oobalt
rlixturl{ 11,)‘ alkaline earth metals on wvhich cobalt, copper,
silver, gold or metals of the platimim group have been
dipﬂlit!d{ E}; oxides such as zinc oxide, titsniu=z dioxide,
neutral and acid mangsnese pyrophosphates cn which copper,
nickel; cobalt, silver; gold or metals of the platimum group
are deposited; snd nickel oxide, molybdmun tricxide, sirecnius
oxide, silica, tungstem trioxide; magnesium oxide,; aluminium
trloﬁdQ(m' “) have been used in several investigations.

Amcng these catalysts, silica gel has received the
maximum attention, Results have been reported on the preparation
of different types of silica gels and it is claimed th?fib?htw'-
gel is superior teo -.-z other varieties of silica gels .

It i1s also ltntod(uil +18) that the catalytic activity of
silica gel in the hydrolysis of chlorobenzene is enhanced by
copper, and that the method of preparation of the silica
gel-cupric chloride catalyst greatly influences its aotivity,
Ancther important factor in the activity of this catalyst is
the method of addition of the copper mmt(m’m].

The use of activators like chlorides of silwer, aluminium,
tin, zine, magnesium, calefum snd sodium has been shown to
promote Eg.g;i,:dytic action of the silieca gel=eupric chloride
catalyst +« These activators are also claimed to enhance
the durability of the catalyst, It was found that with
silver chloride as promoter the catalyst (silica gel-cuprie

chloride) gave a conversion of 84 per cent after 40 hours of use,



whereas without silver chloride the yield of phencl was 73 per
cent after 15 hours of use.

The use of inorganic salts in the preparation of silica
gel catalysts has been found to gemerally decrezse the yield of
phencl; the only exception being copper chloride. Salts such
as ammonium molybdate, mercurie chloridey lithium echloride,
manganese chloride, barium chloride, n?lz%un ehleoride and
magnesium chloride have all been tried « Either there was
a diainution of aetivity, or, as in the case of lithium chloride,
the siliea gel ceased to function as a eatalyst. Iron
compounds in general have been found to poison the silica gel
catalystj thms washing the silieca gel with nitrie acid should
increase its catalytic efficienay.

The influence of compression on the propertics of silica
gel catalysts has been ntuditdtza‘- Coapression of supported
catalysts generally improves their mechanical strength,
activity, useful life and bulk density. The reaction showed
the highest yield of phenol wvhen macroporous silica gel was
compressed to 5000 atmospheres, e.g. at ﬁDDuﬂ., the yield vas
9.2 per cent vhen uncompressed cstalyst was used, 13.4 per cent
when compressed to 5000, 9,5 per cent vhen compressed to 10,000,
and 9,2 per cent wvhen compressed tc 20,000 atmospheres.

jmong the other catalysts which have been extensively
studied are triecaleium phosphate or any other salt having
magnesium, aluminium, caleium, copper or selenium in the positive
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rldie;l{m phosphorous, chlorine or silica in the negative
radical « Amcng this class of catalysts, tricalecium
phosphate has received by far the greatest attention.

wWith tricalcium phosphate as catalyst it was ot:nﬁ-d{zb)
that the selectivity of the reaction decreased beyond 575°C,,
the propertion of side products being higher at higher
temperatures, The phosphate catslyst was found to be theraslly
more stable than silica gel and less sensitive to deasctivation
by minaral impuritics. According to the BICS up-nrt{a), 10C0
ec, of tricaleium phosphate gives 100 ga. per hour of phenol in

a yYield of 90 per cent,

Methods of pr-pum;(;:-izg;lnml phosphate have been
reported in several sources « The general procedure is
briefly as follows : 3Solutions of phosphoric acid, ammonium
chloride and caleium chloride in appropriate concentrations are
prepared. The ammonia solution is mixed with dilute phosphorie
&cid solution, and to this mixture caleium chloride sclution is
added, The precipitate of tricalecium phosphate is filtered,
washed free of impurities, and dried.

Shrivastava et .1(26) employed tricaleium phosphate and
trimagnosium phosphate as catalysts Iin their studies and
reported that magnedum phosphate is superior to caleium
phosphate, These investigators used the phosphate catalysts
both direetly and supported on a silica base, Supported

catalysts were obaserved to give higher conversions. At Moot.‘-.



silica based tricalecium phosphate gave a conversion of 7.1 per
cent, while under the same conditions the unsuppeorted catalyst

glve less than 1 per cent,

In addition to the catalysts described above, several
other catalysts (including salts and acids) have also been used
froa ?3*?; to time, Ameng those .r-(;ék;;-‘%fum and colloidaul
clays  j aluminium hydrosilicates ~ ; materisls with
strong base exchange pmpcrtielca&); porous silica prepared
froa ghrysccolla} minerals containing aluainium hydrosilicates
such as Paller's earth in the presence of copperng; metiyl
phosphates activated with copper ultlml) } acids such as
stannig, titanic and aluminic acids » } salts such as tin
varadate, cadmium phosphate and copper phosphate supported on
silica ;-1{11}; and caleium carbonate and calecium phosphate
deposited with I:Dppll‘; niekel, cobalt, silver, gold or metals
of the platinum group 12}.

(32,33)
In an interesting inveatigatlon, Russel and Janes

passed vapours of chlorobenzene and water over a catglytiec
metal puch as copper capable of lorming a volatile salt under
the conditions of use. The volatile salt together with the
reaction produets was then passed over silica gel. They also
found that passage of the vapours over copper shavings helps
to maintain the catalytic activity of silica gel impregnated
with metals,

Free =-OH groups prosent in silica gel are responsible for
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its catalytic action. The labile hydrogen atom in the =-CH
group of silica gel reacts with chlerobenzene at the C-Cl bond
as shown in stage A of chart (1). The ester group formed
intermediately on the surface of the silica gel is subsequently
hydrelyzed non-catalytically according to stage BE. Fhenol is
formed in stuge B and the -0H groups of silica gel are

regenerated and are free to catalyze the reaction repeatedly.

This mechanism 1s also applicable to caleium phosphate
erystal hydrate. Tha straeture of trie;lﬂ;l}.m phosphate is
shown in chart (2). It has been proved that solid erystal
hydrates (metallic salts) are compounds with more or less
pronounced acidie properties which differ only qualitatively
from solid scids and acid salts. At 400-500°C, the lability
of hydrogen in erystal hydrates is quite high. This
interpretation justifies the assumption that the eatalytie
activity of tricalecium phosphate is likewise associated with
its -0H groups which eontain a labile hydrogen atom,

(26)
Shrivastava et al state that the role of the

catalyst is purely mechanical. It provides the conditions
necassary for the most favourable orientation of the reacting
molecules, The Pﬂ‘ radical 1s the effective part of the
eatalyat, the cationie part merely helping to render the catalyst
insoluble in water, The PO 4 radical acts as an orienting

agent because of the semi-ionic bond between phosphorous and

one of the oxygen atoms, The reactants on entering the
electrical field provided by the P 0~ dipole will arrange
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themselves in such a manner that the positive and negative
poles are towards the negative and positive poles respectively
of the nearest PO, radicals as shown below,

4
p* 2
- +
g cotl
+ -
q oH
- *
) F

The hydrolysis will definitely take place even when the
chlorobenzene and water molecules are arranged at random without
a catalyst, but this will only occour at high temperatures and
pressures, It is a reasonable conclusion that, if the cationie
portion of the molecule is made smaller, the catalyst will be

more effeetive;, so that a larger part of the molesular volume
is cecupied by the Fﬂ‘ radical.
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CHAPTER IIL

AMIC CONSIDERATI

The reaction under

is widely used in industrial practice, but no data are reported
on the equilibrium conversions obtainable at different
temperatures, The thermodynamie properties of phencl,
hydrechlorie acid and water are reported, and some cdata on
chlorobenzene are alse available, In this chapter all the
available thermodynamic properties are tabulated, and where
necessary they have been estimated for inclusion in the tables,
Equations have been developed based on these values for
caleulating the heat of reaction, free mnergy of reaction,
equilibrium econstanty and equilibrium conversion as functions

of temperaturas,

T : ¢ properties of
U° - Ho [+] o o
The thermodynamic functions, .T___© , Hy=H 48
T

o (1,2)
and cp' of chlorobenzene have been reported l' « Using these

values, the heat and free energy of formation can be caleulated
as functions of temperature. For this purpose, ’i’sﬂ’: at one
temperature is required, and this may be calculated from the heat
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of combustion data,.

Heat of formation. m{; at 208,16%K, was caloulated
from the heat of combustion value at that temperature.

AR (1) at 298,16°K, = =743,3 kcal./g.mol, (3)

AHQ(1) at 298,16°%, = =2,53653 keal./g.sol.

&'—f;’.(n can be ealeulated from the relation,

The value of ﬂ,!% at 293.15“'(. was estizated from Watson's egquation,

0.38
&H"l 1l - '.!:::'l

e ——E | - |

AH‘E l = '1'1'2

where AW, and &3'2 are the heats of vaporization at reduced
1
teaperatures 'l'r1 and Trg, corresponding to 404,9%¢, (normal
boiling point) and 29%,16°K., respectively.
.!f'_\."{‘,l = 3,735 kqnlofli
"R, = 10,1 keal,/g.0l.
2

and aﬂ?::}- 12,64 kecal./g.mol,



Heats of formation in the range 298,16 %X. to 1000°%,

were estimated from the relation,

2

a o & © -]
&HfT =Q&Hp + (Hp - H, gom—ElHT —He e (3)

where .&H‘? is the zerc point heat of formation, &Hﬁ is the

o Iy
o o
heat of formatiom zt 7 X., and q‘;’_ - H is the heat content
L+

function. Heat content functions for chlorobenzene and for its
constituent elements, carbon, hydrogen ?nd‘ahlarinl, are

1,
available at temperatures up to 1000%x, ' « Oy substituting

&H? for ehlorobenzene at 293.16“1:. and (!{;' - Ezl for
T

chlorobenzene and the elements at the same temperature in

Equation (3), the zero point heat of reaction .f:«.n"". was caleulated,
L]

This value (16.236 keal./g.,mol,) was then used to caloulats the
heat of formation of chlorobenzene over the temperature range
2’98.1&“'1000“!(. These values are summarised in Table 3.1.

Free energy o: formation. The following basic equation

was used g

A6 = au: -1 As;' . (4)

-

o
«’l.‘l,r of formation was calculated from the entropy values of

(1,4)
c¢hlorcbanzene listed in Tauble 3.1 and of the elements ’ «+ Then

using the values of AK] from Table 3.1, au: vas caloulated from



Bquation (4).

QG: was also calculated from Eguations (5) and (&)

given below 1

-’_"aH: = IH + ( Aa)T + V/2( Ah}tz + 1/3( an)’ra
* s e (5)
(] 2
&I}T = IH = (Aa)TInT-=- V2 Ab)T =

( A)T® » 1, .. (6)

The use of Equation (6) requires a 'mowledge of the constants,
aybyec and dy for chlorobenzene and 1ts mutm(-;:??lnmu. The
olemental values were taken from the literature y and those
for chlorcbenzene were calculated from the reported C: va:lnuu}
by the method of least squares. The values of the compounds and
elements involved are summarized in Table 3.2. The constants I

H
and Is were estimated from Equaticna (5) and (6) using the values

o (-] o
of &Hrmd .&Gr at 208° 1,

The mean values of M: caleulated by the two methods are

listed in Table 3.1y the average deviation being C.634 per cent.

(8,9)

These are listed in Table 3.3.



These are listed in Table 3.4,

: (11)
T) td f wates

These are listed in Table 3.5,

Heat of resction

The heat of reaction as a function of temperature was

] ©
caleulated over the temperature range 298 =1000 K. from the
values of .L\.n?r for the products and reactants. These are

listed In Table 3.6.

Equilibrius copstant

The equilibrium constant of any reaction may be calculated

from the equation,

ag?
T

T
For the reaction under consideration,

ﬂ.u: = ﬂ-ﬂ: o+ A »
(c‘ﬂum} f(HC1)

.e (7)

e Ag®

r X
( CEHSCJ.}
[ =]

&u
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Values of &ﬂ: for ehlorobenzene, phenol, Nydrochloric acid and
water have all been tabulated before, Frem these, AQ) was
caleulated at different temperatures and the resulting values

are summarized in Table 3.6.

The equilibrium eonstants (X) caleulated from Equation
(7) using the values of Aq: at several temperatures are also
summarized in the same table. A plot of log K vs. T appears
in Fig. (3.1).

Egg__jlibrig conversion

The equilibrium econversion of the reaction may be
determined from the eguation,

m‘!
=
N o ow

T e (Bl
ny ) © Ky

=
m o

=
[ n]

K, = —— (9)

The tern !'v is a measure of the deviation from ideality of the
reaction; and becomes significant at high pressure and low
temperature.



At ordinary pressures, Ktr may be assumed to be unity
over the entire temperature range, Assuming 77 and Ev each
As being equal to unity, and writing x as the moles of phenol
formed at equilibrium per mole of ehlorcbenzene, the following

@quation can be written.

2
x

¥ = % (lﬂj
(1=x) (1~x)

The values of x coloulated frem Equation {10} at different valuss
6f ¥ corresponding to the teaperatures listed in Table 3.6 are
also given in the same table.
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CHAPTER IV
EXPERDGENIAL

The reactor assembly consisted of ; (1) separate feeding
arrangements for chlorcbenzene and waterj (b) separate vaporizers
for chlorobenzene and waterj (e) super-heater and reactorj and
(d) air and water condensers, A diagrammatic sketch of the
experimental set-up is shown in Fig. (4.1) and a photograph of
the assembly appears in Fig. (4.2).

Reactants feed

The constant flow device used for water Di;.(ﬁ.:ﬂ_}'
vas similar to that employed by Rihani snd Doraiswvamy « It
consisted of a storage vessel, the lower portion of which was
connected to a chamber (2) in such a manner that ligquid from
the vessel would rall at a point somewhere in the middle of (2)
through a tube cut at an angle as shown in the figure, The
eylindrical chamber was in turn comnected to a tube ending at
the bottom into a drop counting adapter. A glass rod with a
Nichrome wire fused to its lower end was fixed in the
eylindrical tube, This was necessary since the [lows involved
were very small and could not be accommodated in the available
capillary. Rates of flow were varied by adjusting its length
through the capillary.

The vessel was filled with water. Water flowed into
the eylindrieal zone up to a certain level and this level was
maintained in the qylindrical tube. As drops of liquid fell into



the adapter from the cylinder, the level of the liquid in the
cylindrical chamber also decreased, But when the level came
down to (b) a bubble of air escaped into the storage vessel,
and a corresponding amount of ligquid entered the chamber to
level (a), thus maintaining practically a constant level in the
feed system, the limits of error being the variation of liguid
head in the range (a)=(b).

Water from the constant flow device entered a burette.
The burette was filled almost to the top in order to provide
a sufficient head of liquid. By adjustment of flow of the
liquid into the burette from the constant feeding device and
the flow out of the burette by a stop-cock, it was possible

to ensure constant {low of water Into the reactor,

Chlorcbenzene was fed into the chlorobenzene vaporizer
from a D.C.L, ™" pump., 7The capacity of the pump could be
varied from O to 1710 ml,/hr. by manipulating the stroke
adjustment micrometer thimble. The thimble was graduated in
ten main divisions, covering the entire range from zero to
maximum output. A constant check on the constancy of the rate
was maintained by passing the liquid through a drop counting

connection.

Two separate vaporizers of similar design were provided
for chlorobenzene and water., Each vaporizer consisted of a
chamber heated by Nichrome wire wound round the surface; a gauge
glass indicated the level of the liquid in the chamber. By
maintaining a constant level of liquid by appropriate ad justment



of the heat input, any desired feed rate within the limits of
the design could be achieved. Suitable condensers were provided
between the vaporizers and the corresponding adapters to prevent
the vapors from entering the adapters and interfering with the

flow rates.
Reactor

The reactor system consisted of a super-heater and a
reactor. The pyrex glass super~heater ended in a conical bottom
(with a stop-cock) and was provided at the top with a Bog Pyrex
joint., Chlorobenzene vapors and steam were admitted separately
into the super~heater through tubes provided with Blﬂ Joints
and fused to the main body of the super-heater.,

The reactor was made of quartz glass (capable of
withstanding high temperatures) of 1 in. diameter and 12 in,
length, as shown iIn Fig. (4.4). The bottom part of the reactor
ended In a 329 quartz joint which exactly f{itted into the 329
pyrex joint of the super~heater., The top part of the reactor
ended Iin a B29 quartz joint which was provided with an adapter
made of quartz. A constriction (for catalyst support) was
made 4 in, above the reactor bottom. A quartz thermowell tube

with a 319 quartz joint fitted into one of the two B_. quartz

19
Joints of the adapter, and the tip of the thermowell tube just

rested over the catalyst support,.

The reactor was connected to an air condenser. One end

of the condengser was connected to the second 519 Joint of the
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quartz adapter through a 319 pyrex joint, and the other end to
a receiver through a water condenser. The whole assembly was

leak=proof.

The reactor was placed in an electrically heated furnace.
The furnace and other parts of the assembly were heated by
electrical resistance wire., There were in all five heating
eircults : two for the vaporizers, cne for the super~heater,
one for the main reactor, and one for heating the path between
the vaporizer and super-heater., Temperatures were controlled
by regulating the heat input through variable autotransformers.
A voltage stabilizer was introduced in the eleectrical circuit

to ensure a constant wvoltage.

Bxperimental procedure

The reactor was filled with the catalyst (=22 + 30 B.S.
mesh) to the required height. Heating of all the units was
commenced, and when the required temperatures were reached
chlorobenzene and water were introduced into the vaporizers
at predetermined rates, The reaction being endothermiecy there
was a slight fall in the temperature of the reactor, and it was
brought to the desired level by adjustment of the veltage.

One of the prineipal diffieulties encountered was that,
unless the reactants were uniformly distributed in the catalyst
bed, there was noticeable chanelling leading also to the
further complication of catalyst carryover. Care was taken to

avoid this situation in all the runss The products of reaction



collected In the receiver consisted essentially of water, phenol,
chlorobenzene and hydrochloriec acid. At the temperatures

employed, the extent of side reactions was negligible.
Product analysis

Hydrochlorie acid in the produets was determined by
titration against standard alkall and phenol by brominstion,
The stock seolutions required for the estimation were scdium
thiosulfate (0.1 N), KBr*KBrOa (0.1 1), and potassium
hydroxide (0.5 N). Hydrochloric acid was determined by titrating
against standard potassium hydroxide using methyl orange as

indicator. Phenol was determined as follows :
Estimation of phenol by bromination (2) :

After the estimation of hydrochloriec acid present in
the catalyzate, the chlorobenzene left unconverted was separated
and the solution was made up to a known volume, usually 1 litre,
25 ml. of this solution were pipetted out in a conieal flask,
50 ml, of the brominating solution, 50 ml, of distilled water
and 5 ml. of concentrated hydrochloric acid were added to it,
The flask was stoppered immediately, shaken for 1 minute, and
allowed to stand for 30 minutes with cccasional swirling of
the contents. KBrO3 reacted with XKBr in the presence of
hydrochlorie aeid liberating bromine which brominated the phenol

present to tribromophenol :

KBrOa + B ¥Br + 8HCL - 6KCL +‘3H20 + 33!2



OH

OH
+ 38r2 e e + 3 HBr
8r Br

Br

The flask was cooled and excess bromine was displaced by iodine
by the addition of 10 ml. of 20% potassium icdide, znd the
liberated lodine was titrated agalnst standard thiosulfate,

Br <+ 2KI > 2KBr + T
o 2
2Na28203 +* I2 > Na28406 + 2Nal

A blank analysis was carried out without using the sclution
containing phenol., The difference in the amounts of thiosulfate
consumed between the blank and sample titrations gave the
quantity of thiosulfate required by the phenol present. The
amount of phenol present in the total volume was caleculated,
keeping in view the fact that 6000 ml. of IN thiosulfate = 94
gme of phenols In the absence of side reactions the molar

quantities of HCl and phenol should be identical.,



Sample estimation @

(1)

()

Estimation of hydrochloric acid :

Alkali required to neutralize HC1
present in the catalyzate

Strength of alkali solution

Amount of hydrcoehloric acid
present in the catalyzate

Chlorobenzene fed in 1 hour
Conversion

Fatimation of phenol by
KBr*KBrO3 method :

Quantity of sample pipetted
Quantity of brominating sclution

Strength of sodium thiosulfate
solution

Standard thilosulfate required for
éxcess iodine

Blank reading
65.24 ml. of 0,09993 N sodium
thiosulfate

since 1000 ml, of 1 N Nagsﬁoa

asount of phenol in 500 ml.

Conversion

H]

it

i

108,7 ml.

0.2498 N
0.02716 mol,

0.2000 mol,

13.58 per cent

20 ml,.
75 ml.
0.,09993 N

14,71 ml,

79.95 ml,
20 mls of phenol
solution (out of
500 ml,.)

%g gm. of phenol,

0.02716 mol.
13.58 per cent
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CHAPIER ¥V
RESULTS AND DISCU3SICNS

Organization of experiments

The experimental work in this study was organized with
the prineipal objective of determining the effect of process
variables on the vapor phase hydrolysls of chlorcbenzcrne to
phenol using unsupported tricalcium phosphate as catalyst, The
preparation of the catalyst and its resctivation were also
congldered in some detail, The results and discussion are
presented under the following broad sections : (1) catalyst
preparations (2) catalyst activation and life; (3) mass transfer
studies; (4) rate data : (effeect of the variables, reactants
ratioy, space veloelty and temperature); (35) analysis of data

and mechanism; and (6) conclusions.

Catalyst preparation

Preliminary experiments established the fact that
catalysts such as bauxgte and charcoal impregnated with cupric
chloride and thorium nitrate exhibit low and short=lived activity,
The industrially used catalyst, tricalcium phosphate, was then

chogen for detailed studies.,

The following solutions were first prepared : (1) 280 ml,
phosphoric acid (59.5 Be) was diluted to 70 litres with water;
(2) 1,05 litres aqueous ammonia of specific gravity 0.91 was
diluted to 5 litres with water; and (3) 1.3 kg. hydrated calecium
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chloride (CaClQ.SH?O) was dissolved in 25 litres water,

The ammonia solution was mixed with the diluted
phosphoric acid solution, and to the mixturec the calcium chloride
solution was added slowly over a period of one hour with
continuous and energetic stirring. 7he preciplitate of
tricaleium rhosphate was sucked off, freed f{rom impurities by

repeated washings, and drled at 80°c.

Catalyst activation and life

Tricalcium phosphate prepared according to the procedurs

described above exhibits no catalytic activity as such. It

has to be activated by passing air at an elevated temperature
for a few hours., From reported data and a few preliminary
experiments, a temperature of 550°C, was found to be the most
suitable for activation, Using this temperature, the elfect

of activation time was systematically studied, In all the
experiments, air was dried and purified by passing through

sulfuric acid, potassium hydroxide, and anhydrous calcium
chloride,

Freshly prepared samples of tricalcium phosphate, each
weighing 6 gm., were heated in the reactor at 550°C. in a stream
of air for 2, 4, 5y 6 and 8 hours respectively. The conversion
in each case was determined, and a time vs, conversion curve
was plotted, It can be seen f{rom the Table (5.1) snd Fig.

(5.1) that beyond a period of 5 hours, the conversion is not

affected by incresse in time. In all the runs reported in this
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work, the catalyst was activated for 5 hours at 550°C.

Before undertaking kinetic iInvestigations on the catalyst,
a life test was carried out to ensure that all the kinetie
data were taken when the effect of fouling was absent. It was
observed that the catalyst was coated with z deposit of
carbon after a few hours of use, lecading to a progressive fall
in conversion., The carbon deposit on the deactivated catalyst
could be burnt off by heating it in a stream of air at 550°C,
for a period of 5 hours, the optimum regeneration time
determined earlier. The amenability of the catalyst to repeated

regenerations was then ascertalned by the following procedure.

For each conversion cycley, the degree of conversion
of ehlorobenzene to phenol was estimated at different process
times. The regeneration cycle was then carried out at 55000.-
by passing air for 3 hours. At the end of this cycle,
econditions were brought back to those of the conversion cycle,
and the conversion cyele completed by carrying out the reaction
till the catalyst was again deactivated, The results plotted
in Fig. (5.2) clearly show that, for esch conversion cycle,
during the first 3 hours there is a steady rise in conversion,
then for a period of about 4 hours uniform conversions are

obtained, after which there 1s a steady fall in conversion.

From these results it appears that the catalyst can be
regenerated several times, In Industrial practice, a
cont inuous fluidized bed or moving bed reactor can be
advantageously used for a catalyst of this type which gets



deactivated within a few hours, A4lternatively, two reactors
can be used suech that one i1s In the preduction cycle while

the other is in the reactivation cycle.

In any kinetiec study of this catalyst, therefore, the
experiments should be so organized that rate data are
obtained under conditions of constant catalyst activity. Thus,
for obtaining the conversion at a given set of conditions, it
will be necessary to prepare a conversion vs. process time
carve under these conditionsjy then the actual econversion will
be given by the flat portion of the eurve shown in Fig. (5.2).
Cbtaining kinetiec data for a reaction of this kind, in which
the catalyst tends to be deactivated so rapidly, 1s therefore
a time consuming operation invelving the determination of a
complete process time va. conversion plot for a single

experimental rate point,

Mass transfer studiles

In catalysts which are very active, mass transfer may be
the limiting step, But for catalysts of low aectivity, the
mass transfer effect may not be significant since the chemical
reaction, being comparatively slowy may frequently be the
rate determining step.

For the present catalyst, the conversion obtained even
at a very high value of W/F (112.5) 1s less than 20 per cent
suggesting that mass transfer may not be a significant step.
However, several experiments were carried out to evaluate the

mass transfer effcet by increasing the velocity of the feed for
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the same residence time (i,e. the same value of W/F). The mass
transfer effect can be minimized by operating at high feed
ratesy since at these high velocities the equivalent 1luid
film surrounding the catalyst particle will be destroyed and
the partial pressures of the reactants and products in the
£luid btulk may be eonsidered to be equal to the partial
pressures on the catalyst surface, This is a necessary
requirement In any kinetic study since catalytiec rale equations
are based on concentrations on the catalyst surface, while
the experimentally determined conecentrations are those in the
fluid bulke, Even if the data are obtained under conditions
where this identity does not exist, the concentrations on the
catalyst surface can be estimated Irom the bulk eoncentration
values from known corrolatians(l’g).

BExperimentally the effeet of velocity can be determined
by increassing the feed rate of chlorcbenzene {(with a
ecorresponding increase in the water rate to keep the same
ratio) and also correspondingly increasing the weight of the
catalyst so that the residence time (denoted dimensiocnally by
W/F) 1s maintained constant. It is assumed that the flow is
tubulary and that the flow patterns are not affected by
inereased veloeities, However, as it is experimentally
dirficult to adjust the values of W and F accurately so that
W/F remains constant at different veloeities, conversion data
were determined for different weights of catalyst (6, 10 and
12 gm.) by changing the feed rate several times for a glven
catalyst weight., Thus three sets of W/F vs, x plots were
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obtained for the three weights of catalyst used as shown in
Table (502) and Figo (5.3).

A eross plot of Fig. (5.3) giving conversion as a
funetion of feed (ehlorobenzene) veloeity for W/F = 50 is shown
in Fig. (5.4)., It 1s evident that for each value of W/F,
conversion tends to be independent of veloeity beyond a certain

value; this value for W/F = 50 is 13 feet per second.

It is necessary to ensure that the veiocity is beyond
the eriticsl value for any given W/F in all the kineties
experiments. It is intcresting to note that glthough the
conversions obtained by this catalyst are quite low, there is

a distinet mass transfler effect at low velocitles,
Rate data

The three prineipal variables to be investigated in
obtaining rate data for a system involving two reactants are 3
space veloeity with respect to the key component (chlorobenzene),
represented by W/Fj ratio of the two reactants (chlorobenzene

and water)j and temperature.

In order to obtain g suitable rate equation, it is
always advisable to correlate the data at different ratios and
space velocities at the most sultable temperature, and then to
introduce the effect of temperature. In the present study a
series of preliminary runs showed that 55000. is the most
suitable temperature, and therefore the bulk of the experimental

¥



data for determining the reaction mechanism were obtalned at
this temperature. The following ranges of the variables were
gtudied :

Ratic of cehlorobenzene (CB) : 1:1 to 1:8

to water

W/Fy gm. catalyst/gm. mole s 28 to 112
CB/hr.

Temperature, °C. 3 475 to 575

A total of about 30 experiments were carried out to
study the effeet of these variables, This actually invelved
30x1C or 300 conversion determinations sincey as stated
earlier, sach rate point could only be determined after
preparing a process time vs, conversion curve for any given set
of conditions, and this normally involved ten experimental
determinations. Typical time-conversion curves for runs R4,
R13, R6 and T6, T10, T12, T14 are shown in Figs. (5.95) and
(5.6) respectively. The {lat portions of these curves

represent the actual conversions for the corresponding runsg.

Curves showing conversion as a function of W/F for four
different ratios of chlorobenzene to water, 111, 113, 1:6,
138y are shown in Flgs. (5.7), (5.8), (5.9) and (5.10)
respectively, and the experimental results are tabulated in
Table (5.3)¢ Thelr use in the determination of reaction
mechanism is discussed in the next section,

The effeet of temperature was studied at a [{ixed

chlorobenzene 3 water ratic of 1:6, Plots of W/'F vs. conversion
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at three other temperstures 475°, 515° and 576 C, are shown in
Figs. (5,11), (5.12) and (5.13) respectively; the experimental
results are tabulated in Table (5.4).

Analysis of data

Initial rate studles., For any vapour phase reaction

catalysed by a solid surface, the effect of pressure on the
initial resction rate suggests a clue to the probable mechanism,
The nature of this curve is different for different mechanisms,

For the present reaction,
cl OH
+ HZO P —— [::i] + Hcl

which can be written in more general form

A+ B R+

L 47]

where A stands for chlorobenzene, B for water, R for phenol and
3 for hydrochlorie acid, the effect of the ratio of the
reactants can be used in place of pressure as an initial guide
to the probable mechanism,

(3)
It has been pointed out by Hougen that for most

industrial catalysts, surface reaction offers the controlling
resistance, Thus 1t seems no longer necessary, particularly

wvhen an industrial catalyst 1s usedy as iIn the present casey to



consider mechanisms other than surface reaction. It is only

when this mechanism fails that adsorption and desorption
mechanisms should be consldered, In such an event the
ecatalyst in question should probably be either improved or

replaced.

For the present reaction the following mechanisms were

considered,

(1) Dual site surface reaction with adsorption of all

the components of the reaction system (4, By R and 3).

k (PAPB - zl%)

2

L

(2) Dugl site surface reaction between adsorbed

chlorobenzene and water in the gas phase

PR P
k (PAPB - %_s_)

2
(1 + KﬁPA s thﬂ + EgPS)

The initial rate equaticns for these two cases may be

(5.1)

(5.2)



derived as follows. When T = T, A

P = P Ce

If we

denote the mole fraction of 4 by y,y then the mole fraction of

By yg ® (1=y A)‘ The equation for mechanism (1) then reduceds

to

4
kK Ny (l=ya)

EI_ + KaTy, 4 kp T‘t(l-yk)]a

This equation can be written as

YA( 1"?&)

At

where

L[ gy ]’

LR

LR

(5.3)

(5.4)



bt = \/—%':—- (X, - ®p)

The form of Equation (5.4) shows that a plot of r, against 7,
should show a maximam. In the present reaction ¥, was changed
from Os11 to 0.6, For every value of Ya (1.0, ratio of A to B),
several runs were made, and the conversion determined as a
function of W/F as shown in Table 5.3; then the iInitial rate ry
was determined by plotting the reaction rate r as a function of
conversion, r being determined by graphical differentiation of
the curves of Figs. (5.7)y (5.8)y (5.9) and (5,10). The curves
of r vs. W/F, shown in Figs, (5.14), (5.15), (5.,16) and (5.17),
were extrapolated to x = 0 In each case to give the

corresponding value of T These values are summarized below.

Ratio of CB to water Y T,
1:8 ¢,111 0.00203
116 C.143 0.00326
1:3 C.250 000370

T, is plotted as a function of y, in Fig. (5.18). It
can be seen that the nature of the curve corresponds to the

mechanism where surface reaction is rate controlling. Ry
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simplifying the rate equation for the second case of surfsace
reaction considered, it can be shown that a similar curve will

result,

Determination of rate equation. Let m = moles of B

used per mole of A. Then,

P = P = -—-&-—.—. Pay s (5c5)

= w——— D e (b-b)

Equation (5.1) can be written as



Since P, = 39 this equation reduces to

where

dte=

Ky s

Ka X3
et et R AT

a + bP, + ePB + (d#e)PR

(Kg+Kg)
vk

(6.8)

(5.9)



Substituting the values of PA, Pp and P; in terms of Py and m,y
and separating the variables

R = (6+e~-b=c)P, +(a+ D ps+ B0 i 5,10
2+ Lop+ B c) (5,10)

If the reaction takes place according to the second

mechanism, the constant ¢ will vanish and Equation (5.10) reduces
to

@+ e =P +(a+ Lob)= R . (5,11)

A plot of the funetion R against PR should give a stralight line

whose slope is (d + e = b) and intercept is
a+ b, Different values of m will give straight lines of
me 1

different intercepts but of the same slope.

Fige (5419) shows a plot of Py vs. R for the four ratios
considered in this study. It can be seen that stralight lines
are obtained for each of these ratios up to R=8
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and that the slope of these four lines are the sanme.

The intercept term can be rewritten as

am + (a +7td) = I(1 + m) . (5.,12)

where I represents the intercepts for the different ratios read
from Fige (5.19). According to Equation (5.12), when m is
plotted against I(1 + m), a straight line should be obtained
whose slope gives a and Intercept (a +7b). This plot 1is
shown in Fig. (5.20). From the valuer of the slope (average)
and intercepts,

a = 5.8

b = l1.28
Substituting these values in the slope (a + ¢ = b) of the
straight lines shown of Fig. (5.19) the value of (4 + e) is
obtained as

/:f’ d + e) = 96,28

From the defining equations of ay by d and e the following
values of the eonstant of Equation (5.2) may be obtained.
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= G.O3

o P

X = pvk = 0,22

(KR+KS} = (d+e) vk = 16,1

(Kh + Ké) can be put together and a constant KRS defined such
that KRS = KR + Kjo The separate determination of KR and KS
is not possible, since the partial pressures of R and S were
not Independently varied in this investigation. “he final

aéuation can therefore be written as

PgpPg )

0.03(p p, =
r = aB_ X . (5.13)

2
(1 + 0.22P, + 16,1P;)

This equation suggests that surface reaction between adsorbed
chlorobenzene and water in the gas phase is rate controlling, and
since the values of the constants are positive this mechsnism can

be considered to be plausible. Mechanism (1) was not found to be



satisfactory since negative values were obtained for the constants,

The correctness of the equation was determined by
caleulating the reaction rate from the estimated values of the
constants and comparing these rates with the corresponding
values determined by graphical differentiation of the
experimentsal x - W/F curves. Calculated and experimental values
are shown in Table (5.5). The average errors for the different

ratios were as follows 3

Ratic Error, #

1:8 8.33

1:6 22,12

133 6.82

i:1 Mechanism does not
hold,

The average error for all the three ratlos, 118, 116 and 1:3,
up te a conversion of 12% is 12,5%. The error for the ratio
1:1 was more than 508 indicating that this mechanism probably
does not hold at such a high mole fraction of A in the feed.

The rate equation developed holds good only at 550°C. Wo
attempt was made in this study to determine the constants at
different temperatures, since the experimental work at these

temperatures was restricted to one ratio only.
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Coneclusion

Although more work 18 necessary to arrive at a definite
conclusion regarding the mechanism of the reaction, it can be
tentatively postulated that the cont:olling mechanlism in the
hydrolysis of chlorchenzene on tricalcium phosphate is the
gurface reaction between adsorbed chlorobenzene and water in the
gas phase., In this investigation the adsorption equilibrium
eonstants for phencl and water have been put together as a
single constant. More experiments are necessary to estimate
these constants separately., The experimental work has shown that
the mechanism suggested by the behaviour of the initial rate as
a function of initial mole fraetion is in faet the most
plausible mechanism, The variation of the rate constant and the
adsorption constants with temperature has not been studied. Also,
the kinetics of deactivation has not been fully investigated.
Further work in this subjeet should therefore include (1) a
temperature correlation for the rate and adsorption constants,
and (2) a study of the behaviour of these constants as a function

of process time,
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TABLE OF SYMBOLS

Chlorobenzene, water.
Phenol, hydrochloric acid.
Heat capacity, cal./ox./g.mole.

Constants in egquation 3.5 and equation 5.9.

Free energy of formation, keal./g.mole.

Free energy of reaction, keal./g.mole.

Free energy function, eal./°K./g.mole.
Heat of combustion, keal./g.mole.

Heat of formation, kcal./g.mole.

Heat of reaction, keal./g.mole.
Enthalpy funection, kcal./g.mole.

Heat of vaporisation, kcal./g.mole.
Equilibrium constant.

Adsorption equilibrium constants,

Fugacity coefficient term.

Liqu’.d, gas.



69

I pt Intercept of ecuation 5.12,
m - Moles of B used per mole of A.
n » Number of moles,
PA, Pps - Partial pressures of 4, By, R, S.
Pay Py |
R - Gas constant, cal./°K./g.mole.
R - Rate factor,
r - Reaction rate, g.moles/g.cat./hr.
: . Initial rate, ge.moles/g.cat./hr.
s® - Entropy, cal./CK./mole.
T - Temperature, °x,
x - Moles of phenol formed per mole of chlorobenzene.
W/ F * gm./g.mole/nr,

- Total pressure, atm.

- Fugacity coefficient,

y - Mole fraction of A.

y . Mole fraction of B.
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FIG.5:20. VARIATION OF INTERCEPT FUNCTION WITH m .
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