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SUMPARY_AND CONCLUSIONS

ihere are several gas-liquid resctions of industrial
importance for which no published information is available
which can provide a rational basis for the design of commer-
¢ial reactors. ile this 1s true of systems in whieh
absorpticon of a single gas in a liquid followed Uy a chemical
reaction is involved, it is even more true for gystems not
falling in this simple category. Some typical examples are:
two gases dissolving in a lquid and reacting between themsel-
ves; two gases dissolving in a iiquid and reacting with an
active component in the liquid phase; reaction between n gas
and two liquid phase componentsy and absorption of one or more

gases followed by a complex chemical reaction.

ine present investigation was undertaken with the
objective of studying three such special systems, two of thenm
invelving experimental studies for specifie reactions and the
third a theoretical analysis of a complex scheme, The work

may therefore be divided into three parts:

-

Ie Studies in the slmultaneous absorption of ethylene

and hydrogen ehloride in a medium of nitrobenszene Teontaining
dissolved aluminium chloride] to produce ethyl chloride:

this reaction between two gases in a diquid medium 13 of

great industrial value.

ile Studies on the absorption of phosphine in an agueous

solution of hydrochlorie acid and formaldehyde to produce

voe)



telrakis-behydrox; methyi phosphonium chloride [Tupc): TurC

18 used in the fire Proofing of textiles =rd is therefore of
coamereial significance, and the sysiem itself provides an
example of an interesting case in whieh » sirgle gas dissolves

and reacts with two liquid phase components,

[Il. Theoretical anslysis of » complex reaction of the type:

+ B - 1)
85 4 = | ra2)
A+ ¥ - Y (3]
in this scheme two gases A and dissolve in a liguid ¢

and react to give produet X. Slmultaneously dissolved =
reacts with to glve products E and ¥, one of which [©]
reacts with the second dissclved gas A to give product Y.
'he chlorohydrination of olefins im which chlorine and olefin
are dissclved in water to produce chlorobydrin [Y) with the
corresponding dichloride [X] as the byproduct provides a
striking exauple of industrisl importance conforming to this
scheme. The theoretical analysis of this gystem was taken wup

in two parts:

[al Two gases dlssolving in a liguid and reacting
between themselves: the first reaction of the complex scheme
Corresponds to this case, the theoretical ananlysis of which
was undertaken with the objective of improving upen the

éxisting methods of analysing such a reaction.

(b] 4nalysis of the complex scheme: using the analysis




of reaction (1] of the complex schome mentioned under {al,
a complete theoretical analysis was attempted of the complex
reactiony with the object of developing expressions for

enbancenent during sbsorption,

I. SIMULTANEQCUS ABSORPTION OF ETUYLENE 2 D _INDROGEN CHLORILE
A_SITROBCHZIRG MEDIUNM: JORMATION. OF EIRYL CHLORIIE

“he reaction between ethylene and nydrogen chloride
to ethyl chloride is earried out industrially either in a
medium of ethyl chloride itself [in which case the reaction
would be under a pressure of several atmospheres as ethyl

ehloride has a bolling point of 12°%), nitrobenzene, or

ethylene dichloride. In the present study investigations

were restricted to two liquid media, nitrobenzene and ethy lene
dichloride.

A8 a first step in the experimental study of this
reaction, the diffusivities and solubilities of ethylene and
hydrogen chloride in nitrobenszene and ethylene dichloride
were determined at different temperatures at atmospherie
pressure. The solublilities of ethyl chloride in nitrobensgene
and of hydrogen chloride in nitrobenzene [econtaining sluminium
ehloride ! were also determined. Three different empirical
eguations were used to correlate the datas The recommended

equation is of the fomms:
InX = a+bd in? )

vhere X represents either diffusivity or solubility, T 4is

the absolute temperature, and ay b are arbitrary constants,




he simultsnreous absorption snd resetion of ethylene

and hydrogen chloride in a medium of nitrobenzere containing

dissclved aluminium chloride ‘entalyst] was then studied.

The experimental results indicated that the absorption occurs

in the kinetie regime, The reaction was found to be first-

order with respect to both the reactants fethylene and hydrogen

chloride ! as well as the catalyst. The rate constants

calculated were 1416 x 107, 2,80 x 10°, 6,11 x 10° and

1.4% x 108 rcm3/g mole1£/suc at 30, %, 50 angd 6°C respectively,
and the activation energy 16600 cal/g mole, The finsl rate
equation obtained igs:

5 - m - -
i! = 1.2"6 b 4 1‘)1( [ " A i - e

o o

~ " . L .
where R, 4s the rate of reasction L8 mole/cm3 secl; A , B

the concentrations of othylene and hydrogen chloride in

nitrcbengene (g mole/cm37;'ﬁo the coneentration of the catalyst

(g mole/cm3‘; i the universal gas constant 'gal/g mole %13

and T the absolute temperature,

The absoryt;on 0i phosphine in an aqueocus solution of

formaldehyde and hydrochloric acid takes place according to

the following reseticn to give tet:akisnh-aydroxymethyl

phosphoniun chloride [THFC]:

W

L-;EB + HCl + & HCHO - "c.:s.zu.zi,‘ PC [6)




ihis reaction was found to be iinetically controlled in the
range of varigbles studlied, being first-order with respect to
phosphine andformaldehyde and approximately half-order

Wilh respect Lo hydrochloric acide The reaction rete constlants

. 4
) )

2 2
caloulated vere 2,34 x 10°, 5,08 x 107, 1.6k x 107 and

: 3 115 . :

4490 x 07 CMS/Q mole| *“/sec at b, 13, 27 and W%,
respectively, and the activation energy 14740 cal/g mole.
fhe final rate equation is:

14740 -y
gide . il al T o Ol
= Uo7 X 10 e ! ::o

vhere | is the reaction rate /g mcle{cm3 sec |

By Jo the concentrations of phosphine, HC1 and

respectively, in the bulk [y mole/em’).

N v . TrIT a oy ey VY
R .\.{AM"-.J.\_\.&{. A4 _1:_1"- L1

n approximete gsolution to the absorption and reaction
of two gases in a liquid:

The problem of simultaneous absorption of two gases
which reset between themselves has been analysed by previous
workers using both the penetration andfilm theories. In
obtaining an snalytical solution, a linear profile for the
gaseous species in the filnm has been assumed which is unrea-
distics In the present investigation an analytieal solution
is presented on the basis of = nonlinear profile whic!
Coniomms very closely to the numericel solution, The appro-

xlnations suggested are:

- Py X/P=x
e




ihe following expressions for the enhancement factors

nave been obtained:

L
m+? i net !

in these equations A, B represent the concentrations of the

two gaseous species (g mole/cm3‘; » 3 the coneentrations

i A and D at the gas-liquid interphase (g mole/cm31;

Pos § e enhancement factors; D,, D, the diffusion coeffi-

. e 3 . % .. & o g 2
clents (em“/secl; Z,, Z. the stolichiometric coefficients
’ =)

o and D5 regpectively; x the digtance from the

interphase eml; ! he film thiciness [em); and k the
5 4 N d -1

reaction rate constant L(cm3f5 mole) gsec .

i order to verify the appiicability of the approximate
solution, 1t vas compared with the numerical soluticn and
was found to be in good agreement, the maximum error being
less than 155 for values of VN < 3., In the high enahncement
Yegion corresponding to high values of V¥, in the absence of

& Numerical sclution for direct comparison, the validity of




the approximation was indirectly established oy appldying it

0 the case of a single gas reacting with the liquid 1 &

+h
. id

pseudc orcer regime. It was found tha

ct

the expression
thus cbtained was identical with that derived oy Danckwerts
gtarting {rom the basic mass belance equation, nterestingly,
in view of the identity between the two expre ssions, the
onclusion emerges that the approximstion is quantitatively

valid at high values of /i,

he approximation suggested can be used in practical
computations not only because of its validity at all values

of /M, but also because 1t may be regarded as providing e
th

logical extension of the pseudo m“” order cagse for a
single gas to the mm“h order for two gases dissolving

end reacting among themselves.
bl Absorption accompanied by a complex chemical resction:

The problem of simultaneocus sbegorption of two gases
accoupanied by a complex chemical reaction was considered,
the reaction scheme mentioned earlier being used, dJeversl
industrially important reaction systems follow this complex
remction schene, and hence a theoretical anealysis of such
@ scheme would be important for design purposes. As already
mentioned, one such system is the simultaneous absorption

of an olefin [propylene) and chlorime in water:

‘3.-;6 + C1, - ‘:356.;1‘._, "13]
Al sl [Xx]

=3




in this analysis, expressions for the enhancement
factors §, and Py Jor the two gaseocus species ! and
vere derived for various cases from the bagic mass balsnce
equations. In obtaining these sclutions the approximations
suggested in section (al were used for the concentration
profiles of A and ¥ in the film. It was slso assumed
that the renctions of A and B are complete in the film.
ixpressions for §, and §, were obtained in terms of the

reaction and diffusion parameters and the results presented

in the form of plots df £, or ¢. vs. VM [where M 48
A 3

a Cimensionless model parameter/. Jome aspects of the
simultanecus absorption of propylene and ehlorine have also

been discussed based on this nodel.
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1.1.1 istoriecal

Valentine 251 in the fifteenth century amnounced the
production of ethyl chloride by reacting hydrochloric aecid

and ethyl alecohol. Glauber (25 in 1648 prepared it by

digesting rectified spirit of wine with zine chloride. Ileynoso
[25] in 1656 produced a mixture of ethyl chloride and diethyl
ether by boiling a mixture of alecohol and hydrochloric acid

to 100°C in a sealed tube. But ethyl chloride acquired impor-

tance a8 a larzge tonnage chemical only in 1922 with the
beginning of the manufacture of tetraethyl lead in the United
States. Its use as a starting material for tetraethyl lead
made it an automative chemical and its subsequent expansion
has been linked with the growth of the sutomobile industry.
Large seale production of ethjl chloride wvas {irst undertaken

in the United Kingdom during World VWar II to meet the demands

of tetraethyl lead manufacture. There are three industrial
processes for the manufacture of ethyl chloride: catalytie
reaction of ethyl aleohol with hydrochloric acid, echlorination
of ethane and hydrochlorination of ethylene., It is also
produced by the reaction of diethyl sulfate with hydrogen

¢hloride.




1.1.2 leacgtion of ethyl slecohol with hydrochloric acid

For many years this was the only established technical

process for the manufacture of ethyl chloride, but due to the
high cost of ethyl alcohol this route has been replaced LY
the other two, and by 1955 about 90% of ethyl chloride was

being produced by the latter processes. In this process,

hydrochloric acid and alcohol are reacted in the pregence of
a metallic ehloride catalyst at 11u-1h9°3, and the ethyl
chloride and water are continucusly distilled of{ from the

concentrated solution of the catelyst. The reaction may be

represented by:

. 3 Ty e ~ " " "
\,2.!&{1:5. +« HC1L = Ja..’L ¢l + H.0 [11]
/ /

141.3 Chlorination of ethane

Chiorination may be carried out thermally, catalytically
or photochemically. Fhotochemical echlorination is not used

in industry. Thermal chlorination is carried out in a fluld
bed of finely divided solid particles at 250-500°C. Neasction
may also be carried out under pressure, e.g. 30 psi. Cataly-
tie chlorination is generally carried out in the presence of

metal chlorides (18,33] or erystalline carbon [graphite! 723'.
1.1.4 Hydrochlorination of ethylepe
This resction is carried out in the presence of ao

Friedel-Craft catalyst, either in the vapour phase or in the
diquid phase:

3oH, + HOL :235501 - 134 keal [1.2)



11

Lthyl echloride being a low boiling liquid, this reaction is
earried out under pressure, or at atmospheric pressure and

very lov temperatures. In recent years s combination of this
and the ethane chlorination process is being used, as the
hydrogen chloride from ethane chlorination can be subsequently
reacted with ethylene to produce ethyl chloride. This has been
found to be more economical than either of the processes

operated individually,

1.1.5 Ethyl chloride frow diethyl sulfate

Jeveral processes have been proposed for the manufacture

of ethyl chloride based cn the resction:

"5215“‘2 80, + 2 HC1l = 2 CuH,C1 + Hys0, M43
According to a Eritish patent [14] ethylene ia reacted with
sulfuric acid in the presence of ar antimony, tin or bismuth
catalyst, to give diethyl sulfate, which is subsequently
reacted with hydrochloric acid at 40-110°% to give ethyl
chloride; but none of the diethyl sulfate processes has

80 far become industrially established.

‘he prinecipal use of ethyl chloride 1s in the manufa-

cture of tetraethyl lead by reacting with lesd sodium alloy:

k Pb Na + & 22HgC PoColigly, + 3 Pb + & NaCl  [1.4]

Ethyl cellulose which is used mainly in the plastics

and lacquer industries is produced by reacting ethyl chloride




with soda cellulose.

Ethyl chloride 1s used to some extent as an ethylating
agent in the synthesis of dyestuffs and fine chemiecals.

[imited Quantities of ethyl chloride are also used
in the production of aerosols, as refrigerent, and for
indueing loeal and general anaesthesia.

For many years ethyl chloride has also been used as

the marking substance at an electric power plant on the

island of Ischia, in the Day of Kaples.

1¢3 GEEERAL PROCE

The processes for ethyl chloride through hydrochlori-

naticn of ethylene in liquid medin are briefly discussed below.

In 1934 Tulleners et al [45] produced ethyl echloride
by absorbing ethylene and hydrogen chloride gases in 2 solu-

tion of anhydrous sluminium chloride in ethyl echloride at

-?803 and atmospheric pressure and claimed a yield of 99.7%.

Chamberlain et al (8] produced ethyl ehloride by reascting
ethylene and hydrogen chloride in a solution of ethyl sulfurie
acid containing a bismuth catalyst at atmospheric pressure.
Rudkovskii et al [35' studied the reaction in a solution of
aluminium chloride in ethyl chloride at <78 to -12°C under
atmospheric pressure and obtained 94% conversion of ethylene

to ethyl chloride. lLater Flerce [32) suggested 1,1,2-trichloro-
ethane as a solvent and studied the reaction at -5 to bﬁoc

at atmospherie pressure using anhydrous aluminium chloride




as catalyst. Rudkovskii [36) also claimed an yleld of 9534

for ethyl chloride and carried out the reaction in ethyl

chloride medium at =35 to -12°C unde: atmospherie pressure

using anhyérous sluminium chloride eatalyst. In 1946, Bend

r

et al [Y) suggested the use of girconium tetrachloride or

gireonium oxyehloride as catalyst for this reaction and
obtained 35% conversion of ethylene at atmospheric pressure

and 13;01; these auvthors used nitrcbengzene as solvent. Fasce

et al (137 claimed an yield of 73.7% and carried out the

resction at 12,4°C in a solution of ethyl echloride containing

dissolved aluminium chloride as catalyst. later Axe et al 3]
suggested the use of a U5% soclution of orthophosphorie acid

TJ3LCL? saturated with JF3 as catalyst end earried out the

reaction in water at %6-5503 and 700 psi cbtaining 955 conver-

sion of ethylene to ethyl chloride. Fadgitt et al [30) used

gallium trihalides ’JaJlS, Gnlg, sa13, Jn3r3‘ as catalysts

for this remction and obtained yields of 857 at «-20°C and

atmospheric pressure. In 1950, Bond et al [6) claimed the

use of thorium oxychloride as catalyst for this reaction,

vhereas Hanford et al T16) suggest a peroxygen catalyst. An

yield of 100% alsc has been claimed [Huntress et al, 20! by

using anhydrous bismuth trichloride as catalyst in a mediunm

©of ethyl chloride nt -?GGJ and atwmospheric pressure., Ilateh

et al (17 have carried out the resction at 35-3a°c and

& psi by using erhydrous sluminium chloride catalyst in

ethyl chloride medium to give an yield of 90%. These authors

also suggest the use of high belling chlorinated solvents

instead of ethyl chloride. Kobler et al (26] and 0'Cormell [29]




bave claimed a process for ethyl chleride using anhydrous

alunirium chloride as catalyst in ethyl chloride medium.

Hurt (21 claimed a process for ethyl chloride using anhy-

drous ferrie chioride as catalyst in ethyl chloride medium

with 99.6% yield of ethyl chloride at 65°C and 185 paige.

Later Brown [7] obtained an yleld of 98.5% by carrving out

o’

the reaction in a sclution of ethyl chloride containing

dissclved aluminium chloride as catalyst at 1008 and atmos-~

pheric pressure,

‘1l these processes have been pregsented in

s tebular form in Table 1.1.

it ean be concluded from the summary of the processes

discugssed above that the Iriedel-Craft ecatalyst, anhydrous

aluniniua chloride, is the most suitable catalyst for the

reaction of ethylene and hydrogen chloride. thyl ehloricde
dtself is a good solvent, but in order to avoid high pressure

or low temperature operations, higher boiling solvents such as

nitrobenzene or chlorohydrocarbons '1,1,2-trichlorcethane’

may be uged.

G AED NECHANISH

In the literature to date, there is no information

availsble on the kinetics and mechanism of this reaction,

except that Terakawa [43' studied the radiation induced

addition of hydrogen chloride to ethylene and an apparent

activation energy of 6,94 keal/g mole of ethyl chloride has

been reported.
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1.,’ inand & 4 Vi addis & 4

From the avallable literature on the catalytic ethy-

lation of hydrogen chloride to ethyl chloride in a liquid

mediun as presented in the foregoing sections it can be seen

that

guch of the information is yatented and no data are

reported on the absorption and reaction of ethylene and

hydrogen chloride in a liquid medium, No atteapt has beer

made to determine the controlling mechanism jo this reaction

whieh could be used as the basis in the design of plants for
Oth} 1 chlioricde.
The present work was therefore undertaken with the

following objectives:

(al! to experimentally determdine the physicochemical
properties such as solubilities and diffusivities of the

gystems invelved in order to provide mccumnte data for the

kinetic analysis as under Tulj and

[b! to study the mechanism of simultaneous absorption
of ethylene and hydrogen chloride in a medium of nitrobenzene

and ethylene dichloride (containing dissolved aluminium

ehloride! to produce ethyl chloride and establish the kinetics
of this industrially important system.



AL ] I SYSTEM



Physicochemical properties such ns diffusivities and
solubilitlies are very necessary in any study of gas-liquid
reactions, and are also important in the theoretical under-
gtanding of the liquid state =2nd solutiecns. hus the diffu-
sion coefficients and sclubilities of ethylene and hydrogen
¢hloride in nitrobenzene and ethylene dichloride should be
known in order to carry out a detailed snalysis of the kine-
tics of the ethylation of hydrogen chloride to ethyl chloride
in the two liquid wedia nitrobengzene and ethylene diechloridel.

Many empiriecal correlations [1,42,467 have been proposed
for estimating the diffusion coefficients of gases in liquids,
but all these are of uncertain accuracy and the estimated
values cannot be relied upon fully. The experimental deter-
mination of the diffusion coefficients of sparingly soluble

£a80s into liquids is a problem of considerable technical

Gifficulty and so far there is no mefhod which 13 of general

8pplicability. Most of the theories too lack the generality

required for their application to a wide variety of systems.,

Uas-liquid mass transfer can only be by diffugion into
the liquid from the interface, sc that the phenomenon of
diffusion is central to the discussion of gas-liquid reactions.

lience it was decided to experimentally determine these data




for the system of simultaneous absorption of ethylene and

hydrogen chloride in liquid media to produce ethyl ehloride,

Jolublilities are also equally important in studying

gas-liquid remctions. Congiderable work has been reported

on the solubilities of gases in liquids whieh include theo-

ries, empirical correlations, data on different gystems, and

a variety cof apparatus, and these have been reviewed by Dattino

et al [41. The solubility studies were carried out in the

same reactor which was subsequently used for studying the

kinetics of ethylation of hydrogen chloride to ethyl chloride

in a liquid medium. With nitrobenzene as solvent, sclubilities

. of hydrogen chloride were slso determined at various concentrae

tions of aluminium chloride [which is used as catalyst in the

ethylation resctionls The solubility of ethyl chloride in

nitrobenzene was also determined.

242 |

€+241 Choige of method

The diffusion of sparingly soluble gases into liquids

can be studied in two ways: [a) by meamsuring the transfer

of the gas in the liquid phase, and [b) by measuring the

concentration gradients in the diffusing system. The impor-

tant features in any method are the mecurate measurement of

the transport of very small Quantities of the gas and preven-

tion of convection currents set up by the density changes

. fccompanying that movement., Several methods and apparatus




have been used, such as: diaphragm cells, ges absorption in
steady state laminar flow systems [ jets, spheres, ete.l,
gas absorption in unsteady state quiescent systems, dropping
mercury electrode, Ringbom appara tus, and interferometric
techniques. All these methods have been reviewed by Himmele
blau [19]. The most commonly used methods are: ur steady
state meihods, and those based on the diaphragm cell [steady

state methods'.

In the diaphrags cell method, the dissolved gas is

allowed to diffuse through the pores of a sintered dise into
a solution of lower concentration. The coneentration on both
sldes of the disc are maintained constant, and the rate of
transfer under steady conditions is found by measuring the
ehanges in the concentrations on each side of the dise,
good evaluation of this method is given by Cordon [15). This
method has been used most successiully for electrolytes where
very sma.il concentrations can be determined accurately by
chemical means, but is not sultsble for sparingly soluble
gases due to the difficulty in determining very small guantities
accurately which can also be lost during sampling.

In the unsteady state methods there is the ma jor
Problem of eliminating convection currents. Convection is
Usually prevented by putting the denser liquid underneath the
dighter one or by adding an electrolyte to one solution to
increase its dengit)y , on the assumption that the electrolyte

has little effect on the diffusion of the gas, The more




general way of eliminating convection is to enclose the
ldguid in a capillary, a3 in the Ringbom spparatus 341 whieh
provides a simple and convenient method of determining

diffusion coefficients of sparingly soluble gases into liquids.

This method has been selected in the present work for

determining the diffusion coefficients of ethylene and

hydrogen chloride in nitrobenzene and ethylene dichloride.
2ede2 LDpaiatus

A modified version of kingbom's apperatus [39) was
used [Figure 2.,1]., It consists of two capillaries fused
together and connected to two different reservoirs through
three-wvay capillary stopcocks. The fine eapillary was 4% cm
and the other 10 em in length. The area of cross section
of the fine capillary was 1.42 x 10~°° cm® and that of the
other 3.41 x 10"2 cnd. fhe reservolr flsasks were of 29 ml
eapacity each. The side arm of the left reservoir was conne-
cted to a lig manometer, the other end of which was closed.
The fine capillary was graduated in mm and was calibrated
before fusing. One more capillary cell with fine and coarse
eaplllsry cross sections of 1.25 x 10"2 and 6.87 x 10'2 cmz,

respectively, was fabricated.

ihls apparatus was tested by studying known systems,
Such as CO,~water, fyS-water, O ,-water, and Cl,~water before
using for the unknown systems.

242.3 Materials

[a! Nitrobergene: Fure vacuum distilleé nitrobenszene
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[analytical gradel was boiled for 10=15 minutes to degas it
completely and then stored in an eir-tight bottle. BSefore
using in the system it was cnce agaln degassed by applying

vacuum,

[b] Ethylene dichloride: Poubly distilled ethylene
dichloride was degassed by boiling as in the case of nitro-
benzene and was stored in an alr-tight bottle.

[e] Ethylene: &inee ethylene could not be obtained
as such 1t was prepared in the laboratory by the catalytie
dehydration of ethyl alcohol on basie alumina as catalyst

 in a fixed-bed reactor at a temperature of 350-390°C. Traces

of CO2 and water vapour from ethylene were removed by using

- sodium hydroxide and ealeiun chloride traps. LEthylene of

purity over 99.5% thus obtained was collected over water in

8 gas holder and then compressed in » eylinder. The gas was
teated for its purity first by absorption in bromine in an
Orsat apparatus and finally in a gas-chromatographic apparatus.
Sefore using in an actual eéxperiment, ethylene was again
pessed through a ecaleium ehloride trap to prevent traces of

moisture from entering the system,

[d] Hydrogen chloride: Hydrogen chloride gas was also
Prepared in the laboratory by dehydration of hydrochlorie acid
Using sulfuric seid. The two acids were introduced into a
generator packed with porcelein beads under a constant pressure
of b psi. The feed rate of sulfuric acid was maintained in
Sufficient excess to enable the desired rate of hydrogen chloride




gas to be obtained by adjusting the hydrochloric scid rate.
Hydrogen chloride thus generated was passed through sulfurie

acid and calcium chloride traps to remove moisture completely.

[e] Water: Doubly distilled in glass'! water was
degassed by boliling for 10«15 minutes in a eclosed system
under a slightly reduced pressure. This was introduced into

the reservoir flasks while hot.

(f] oxygen, chlorine, earbon dioxide, of purity more
than 99.0% were used. IHydrogen sulfide gas of purity 99.5%
was prepared by the well known Kipp's apparatus by reaction
of ferrous sulfide and hydroechloriec acid.

2+2,4 Lxperimental procedure

The procedure adopted was similar to that of Smith
et al (397, In between gas-saturated and gas-free solvent
columns, a pure gas phase was maintained., The gns free
solvent column was a dead-end coluun, whereas the gas-saturated
solvent column was left confluent with the reservoir. As the
gas diffused into the pure solvent, the gas saturated column
moved [replacing the gas diffused! towards the pure solvent
eolumn. This displacenent was measured as a function of time.
The system was fully closed to prevent any effect of atmospheric
fluctuations., During a run the thermostat maintained constant
temperature to s 0.,05%.

For analysis, the displacement of the free meniscus in

€l was plotted as a function of Vi y and by taking points

beyond the initiaml equilibrium, we vere able to determine the




slope by the method of least s uares, plot of d vs vVt
for a fev systems is presented in Figure 2.2, wvhile the
gxperimental data are given in Appendix 1. In the initial
part of the experiment, when the absorption rate is high, the
interiace conditions are uncertain and so the observations

had to be made for a longer period.

The values of diffusion coefficients wvere calculated

from the following cquation of Stefan "4Q1:

'3 1 i 8
I e SR
= b ~.2 (\/E )

- 4 (d5)(rk)

Values of «, the Bunsen absorption coefficient, required for
ealeulating the diffusion coefficient of known systems were
obtained from the International Critical Tnbles (2273 and
those of etilylene and hydrogen chloride in nitrobenzene and
ethylene dichloride were calculated from the solubility data,

@iscussed in the next section, as follows.

The Punsen absorption coefficient o is defined as
the volume of the gas, reduced to 0% and one ata, disscolved
by wnit volume of the solvent at the temperature of the experi-
ment under a partial pressure of the gas at one atm. If Vo

48 the volume of the gas dissolved, reduced to SIP, ¥ q the
Volume of the solvent, and p the partisl pressure of the

€88 in atm, then the Bunsen coefficient « 418 given by:

%7
v

'v.‘i’ r£'3}
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2.2.5 Iost of spparatus
Since experimental data on the diffusion coefficients

of ethylene and hydrogen chloride are not available, 1t was
pecessary to check the accuracy of the apparatus by studying
systems for whieh experimental valucs of diffusion coefficients
are known. Hence a few systems, viz. carbon cioxide-water,
oxyger-water, chlorine-water, and hydrogen sulfide-water,
were studied. As can be seen from Table 2.1, the values
obtained for these systems are in good agreement with those
reported by different workers, thus establishing the suitabi-
iity of the apparatus. GSystems such as sulfur dioxide-water
‘and ammonis-water were also tried, but the gases being highly
. Soluble, the displacement was too fast to be measured. Hence
the apparatus can only be used for systems in which gases are
sparingly soluble in the solvent.

24246 Sxperipental data

Experimental diffusivities of the systems, ethylene-
nitrobenzene, ethylene-ethylene dichloride, hydrogen chlioride-
nitrobenzene and hydrogen chloride-ethylene dichloride, were .
determined by the method discussed 1nih§rwious section at
various temperatures [30-70°C) and atmospheriec pressure and
the results are presented in Table 2.2. The values of diffu-
Sivities cbtained were compared with the values predicted
by the Wilke-Chang equation [%61:
1/2

D = .4 x 1070 ":—'LLEJZ—
wyve
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This is the most commonly used equation for predicting
diffusivities of systems for whieh experimental data are not
pvailable. It can be seen from Table 2.2 that the values
obtained for hydrogen chloride-nitrobenzene snd hydrogen
ghloride~etnylene dichloride systems are in good agreement
[to within 10 and 5%, respectively] with the values predicted
by Wilke-Chang equation, but for the ethy lene-nitrobenzene
and ethylene-ethylene dichloride systems the Wilke-Chang
equation gives errors of 30 end 265, respectively. lHence the
Wilke~Chang equation is not recommended for predicting the
diffusion coefficients for the latter systems.,

To ascertain the reproducibility of the results, one
particular run was repeated five times [for the hydrogen
shloride-nitrobenzene system at 30°C], and the values obtained
were: 2.3 x 1077, 2.0 x 1077, 2,32 x 1077, 2,27 x 1079,

19 x 10'5, the average deviation from the mesn value of

' 2,16 x 10™7 being 7.6%.

It may be mentioned here that the effect of the concen-
tration of the dissolved gas on the diffusivity is insignifi-
Cant in this case, since the concentration is low enough to
mintain the viscosit) of the sclution the same as that of
the pure solvent.

2247 Gorrelation of data

the theoretical ond semitheoretical eguations proposed
for diffusivities of dissolved gases in liquids, as reviewed

.~ by Himmelblau (191, do not clearly indicate the temperature




dependence of the diffusivity because either they involve
temperature dependent parameters or temperature dependent
variables such as viscosity. ince the experimental data

are so scattered, even for the CO ~water system, 1t is diffi-
cult to draw conclusions concerning the temperature dependence
of diffusion coefficients from empirical evidence. Hence to
establish a relationship between diffusivity and tempersature
for each of the systems studied, the following empirieal
equations should be effective over moderate temperature ranges

and vere used to fit the data:

InD = a+ —E— +CcInT [2,5]

»

PP R 12,61
4

in D = a+bbinT? 2.7)

The values of the constants and the error estimate in In D
for all the three eguations are presented in Table 2.3. &ince
the values of the error estimate in In 0 for all the three
@Quations are within the experimental error of 7.6%, it is
@vident that all the three equations fit the data well, and
SQuation 2,7 which is the sinmplest is recommended for predi-
eting the effect of temperature on the diffusion coefficients
of the systems studied.

The results have also been presented graphically as
dn D wvs 17 in Figure 2,3, It may be noted that, although
800€ straight lines can be drawn for all the systems based on

the Arrhenius form of temperature dependence, the existence
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of a weak but definite trend as shown by the dotted curves)

camnot be ignored. lHowever, from Figure 2e3, approxinate
values of the sctivation energy (in eal/g mole] for each
systeu can be calculated and the corresponding equations

are as follows:
Ethylene~-nitrobenzene:
D = 1073 x 102 14T
Ethylene-ethylene dichloride:
D = 14932 x 10" o~2936/T

Hydrogen chloride-nitrobengenae:

D = 14231 x 10° o~ 1230/T

. Hydrogen chloride-ethylene dichloride:

D = 74112 x 1070 ¢~2229/T r2411)

! 243 SOLUBILITIES
2,341 Avparatug

Several methods and apparatus for ¢etermining the

iﬂllnliuu of gases in liquids have been reviewed by Battino
ot al [%). In the present work the saturation wethod was

(W86d. The apparatus consisted of a stirred glass vessel

ded with a stainless steel stirrer and an outer jJacket

$OF eirculating water at constant temperature. This has been




discussed in detail in Chapter 3. /n outlet for sampling was

also provided to the vessel. Constant Lemperature with a

yariation of + 0.05°C

wes maintained by using a thermostat.

This kind of an apparatus was chogsen to obtain the solubility

data under the experimental conditions employed for the ethyla-

tion of hydrogen chloride to ethyl ehloride "in nitrcbengene

or ethylene dichloride as solvent].

24342 laterials

Ethylene, hydrogen chloride, nitrobenzene, eth;lene

dichloride, as described in Section 2.2.3, 99.9% pure ethyl
ehloride and analytical grade aluminium chloride from the
stock which was used for the ethylation resction! were used.

The purity of ethyl chloride was tested by vapour phase chro-
matographic analysis.

2e3¢3 Lrocedure

Solvent, 4WO0-500 mi, was introduced into the reactor,

and the circulation of water at the required temperature was

started through the outer Jacket. After about 1 hr "when

thermal equilibrium was reached], the gas was allowed to bubble
through the liquid under constant stirring. Samples vere
withdrawn at intervals of 10-15 min for aralysis, and this was

eontinued until saturation was reached as indicated by the

conatancy of at least 2-3 consecutive readings. Care was

taken to ensure that no moisture entered the reasctor, ms this
- @8N greatly alter the sclubility.

The same procedure was adopted for all the systeus




other then ethyl ehloride in nitrobenzene. 1l the runs
were carried out at a pressure of 0.93 atm "which is the
atmospheriec pressure at Foonal. The barometric pressure

was recorded for every run.

2.3.4 Chemical analysis

(n] Hydrogen echloride: A sample containing hydrogen
ehloride was introduced in a flask containing a known Quantity
of a0l solution, the blank reading of which was alread)
taken against standard HCl, GSome Na0OH was consumed by reacting
with hydrogen chloride from the sample, and the excess NaOH
was back-titrated against standard HCl. The difference
between the blenk and back readings gave the amount of hyrogen
ehloride in the sample. The solubility of HO1 was then calcu-
dated from the relationship:

(x, = x,1 0, [36,5)

where &S represents the solubility, gm/litre; X4y X, the

2
blank and the back readings, X the volume of the sample, and

b} | the normality of HC1 solution,

[b] lydrogen chloride in presence of aluminium ehloride:
Since aluminiun chloride reacts with HaOH, the "blank"
Teading was taken by titrating with standsrd HCl1 a sample cof
nitrobenzene containing eluminium chloride but no Ho1) whieh
bad been added to an aliquot of standardized NaOH, and then

the same procedure described sbove was folloved.

e] Ethylene: Ethylene was snalyzed by a method described




by Thomas et al [44] for the determination of clefins, In
this mothod a sample was introduced in a flask containing
earbon tetrachloride end 10 per cent sulfurie acid solution,
and was chilled thoroughly in ice. To this a known quantity
of bromate-bromide sclution was added, GSome of the bromine
diberatcd from this sclution was consumed in reacting with
ethylene in the sample. The excess bromine was converted to
iodine by adding 10-15 ml of 15 per cent potassium iodide
solution and was titrated agsinst standard sodium thiosulfate
solution (back readingl. 2 blank reading of the bromate-
bromide solution was also taken against sodium thiosulfate
solution. Then the difference between the blank and the
back readings gave the sodium thiosulfate equivalent to the
ethylene in the sample. The solubility was calculsated from
the following relationship:

The solubility of ethyl chloride in nitrobengene was
determined by a volumetrie method. 2 ml of rnitrohengene was
taken in a 20 ml buld provided with a capillar outlet, which

WAS then cooled to 0°C and ean excess Mabout § ml] of liquid
ethyl chloride was introduced in this buldb. This mixture wns
Stirred well and kept et 0% for 10-15 minutes. Ethyl chloride
being miscible with nitrobenzene in the liquid state was
Wniformly mixed. Then the mixture was shifted to a bath




maintained at a constant [desired)] tempersture, when the
quantity of ethyl chloride in excess of the solubility at
that temperature escaped out. /After some time the outflow
of ethyl chloride ceased, and at this stage 2 ml of nitro-
bengene was considered to be saturated with ethyl echloride

at that temperature. The sample was then heated further to

desorb out [at 100°C] the ethyl ehloride completely, snd

this was collected in an eudiometer., The amount of ethyl
echloride collected in theeudiometer corresponded to the
quantity required to saturate 2 ml nitrobenzene at the tempera-
ture of the experiment. The solubility was plotted against

1/7 and the line was extrapolated to obtain the solubility

at 100°C. 1his wvas added to the cbserved value of the solu-
bility at a particular temperature to give the corrected value
of the solubility at that temperature, The experiments wvere

carried out over the temperature range of 25-5006.
2346 =Xperimental dats

The solubilities of the systems, ethylene-nitrobenzene,
ethylene-ethylene dichloride, hydrogen chloride-nitrobenzene,
hydrogen chloride-ethylene dichloride and ethyl chloride-
nitrobengene were determined by the procedure outlined above
at different temperatures and at atmospherie pressure at Poona,
The results are presented in Table 2.4, For the system ethyl
ehloride-eth; lene dichloride the data reported by Stephen et al

41] were used in working out the correlations.

The solubility of hydrogen chloride in nitrobengene




lemperature sodubllity in

Systenm o}. om/ 14t
Ethylene-ni trobengzene 20640 19685
303 U 1 .dbdo
313.0 J09 (5
32340 20400
33340 07610
Ethylene-1,2 ethylene 200 «0 36690
dichloride 287 40 246590
300 o5 2.05%
Hydmgen Ohlorj.de- 3J¢f «0 18 Q9eb°
nitrobenzene 30? o0 17 «0200
323.0 151100
323.0 12,0400
3320 1042200
Hydrogen chloride-1 92 278 0 231500
ethy lene cu.chloride 29340 16.3600
298 40 14,2800
30 od 11.?d00
n 93000
Ethyl chloride- 298 45 620 0
nitrobenzene 303.0 4310
30640 29643
31345 227 «3

323.0 128 .6




41

at various sluminium chloride concentrations was also studied

and the effect of aluminium chloride concentration is shown

in Figure 2.4, It can be seen that the solubility is a very

mild function of aluminium chloride concentration Min nitro-

benzene | at lower temperatures, and the greatest increase

observed is of the order of 9.6% at 29°C in the coneentration

range studied, At higher temperatures the effect of aluminium

chloride on the solubility of hydrogen chloride is negligibly
small,

‘n attempt vas also made to determine the solubility
of ethylene in nitrobenzene in the presence of aluminium

chloride, dbut due to analytical problems and formation of

a complex between ethylene and the ehloride, no precise values

of the solubility could be obtained. From the data on hydrogen

ehloride solubility in nitrobengene containing aluminium

chloride, it may be concluded that aluminium chloride has

negligible effect on the solubility of ethyleme, This 4s also

supported by the theory that salts hav‘igrfect on the sclubility

only when they are ionised, and in the pregent situation

aluminium chloride is not in the ionie forn, nitrobenzene

being a nonpolar sclvent.

<e3+7 Sorrelation of data

The theoretical equations for estimating solubilities

do not clearly indicate the temperature dependence and it 4s

- very difficult to arrive at generalised conclusions based on

the empirical equations. Hence it was decided to fit an

empirical correlation for each system geparately. As reviewed
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435

by Battino et al [4], the types of equations rormelly used to
fit the solubility data to establish the temperature dependence
of solubllity are the simple Arrhenius €quation and an ecuation
of the form represented by Equation 2,14, In the present

case all the three forms used for correlation of the diffusivity

data [Seetion 2,21 vere tried. The equations are:

n s = a+—¥—+cln'1‘ [2.14]

in 8§ = a+—g—+-—q‘-2- [2.15]
T

in 8§ = a+binrvT [2.16]

The data were fitted to these equations by using a
Honeywell-400 digital computer, and the values of the constants
and error estimates in 1n 3 for all the systems are presented
in Table 2.3,

From the error estimates in 1n 8 presented in Table 2,3,
it can be seen that Equation 2,15 represents the data best,
except for the ethylene-nitrobenzene system, for which also
the difference in the error estimates is small, and is recommen-

ded for estimating the effect of temperature on solubility,

As discussed in the section on diffusivity, here also
the values of the error éstimate in 1n & for a1l the three
equations are within the experimental error of 2%, and the
simplest form, i.e. Equation 2,16, may be used for estimating
the effect of temperature on the solubility,

From the /rrhenius plots [ Figure 2,51, the approximate
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values of & Hy the temperature-independent heat of solution,
can be obteined [as in the case of sctivation energy of
diffusion| and the resulting Arrhenius eguations are as

fellows:

Lthylene-nitrobenzene:

8 = U299 x 107 o~1098/RT

Lthylene-ethylene dichloride:
5 = 1,931 x 10" o~ 767/RT r2,181
lydrogen chloride-nitrobenzené:

= 1.835 x 10" ¢ "125/RT 2,191

Hydrogen chloride-ethylene dichloride:

8 = k,823 x 10“ o~ *651/RT

Lthyl chloride-nitrobenzene:

8 = 4,060 x 1011 e"thU’kT r2.21)

2.4 CONCLUSIONS

The physicochemical properties, such as solubility and

the diffusivity, for the present systen were determined
experimentally. Aluminium chloride has a very mild effect
on the solubility and hence the solubilities in pure nitro-
bengzene may be used in calculating the concentrations of the
dissolved gases [hydrogen chloride and ethylenel. Aluminium
ehloride has practically no effect on the diffusivity also,



nee the concentrations of aluminium chloride uszed in the
present work are too lov to change the viscosity of nitro-
benzene., Finally it is concluded that these data can be used
in analysing the mechanism of absorpticn and reaction of
ethylene and hydrogen chloride in nitrobenzene medium

containing dissolved aluminium ehloride catalyst.
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3.1 JHIRODUCTION

The simultaneous sbsorption and resction of ethylene
and hydrogen chloride in a medium of nitrobenzene containing
dissclved aluminium chloride as catalyst] produces mainly
ethyl chloride [under certain conditions traces of » polymer
are formed|!. The addition of hydrogen chloride takes place

by the well known Friedel-Craft resction:

Anhydrous A1Cl 3
G, + ICl [anhyérous] > Jaﬂscl + 13.4 keal

-

Ethyl chiloride is mainly produced by this route and as discu-
8sed in Chapter 1, the most commonly used solvent is ethyl
chloride itself. But in order teo aveid high pressure equipment,
it was decided to use nitrobenzene as solvent in the kinetic
study; also being very high boiling, the effect of temperature
can be conveniently studied to establish the kinetics. Surpri-
singly there is no information available in the litersture

on the kinetics of this reaction, which could be used in the

rational design of reactors for ethyl chloride. The purpose

of the present lnveaiigation was to provide the kinetic data

for this important reamction and establish the regime of contrel,
Also, since very few reactions inveolving simultaneous absor-
ption of two gases have been studied, it was considered desira-

ble to attempt a complete analysis of this resction.




3e.2.1 [igactor agssembly

The selection of a suitable reactor is one of the
important considerations in any experimental programme
associated with gas-linuid reactions, Initially this resction
was carried out in a stirred cell similar to that described
by Danckwerts [11], in which it was observed thet the resetion
was diffusion controlled and 1t wvas not possible to determine
the kinetics of the reaction. In order to ascertain whether
the reaction occurs in the kinetic regime (very slov reamction]
an agitated contactor was used since the mass transfer coeffi-
cients are much larger in such a resector than in a stirred
cell. This was confimed from the preliminary rate data in
the agitated contactbr, which is recommended for studying the
gas-liquid reacticns falling in the kinetic regime. Thus a
standard all-glass agitated contactor provided with baffles
anc a Jacket for temperature contrel was used in the present
works A disgrammatic sketch of the reactor andthe complete
assembly are shown in Figure 3.1. /A stainless steel stirrer
was used with a six bladed propeller type impeller. The ratie
of the diameter of the blade to the dismeter of the tank was
about 0.52, which is an optimum one for getting high mass
transfer coefficient values (367, Temperature control was
attained by using a thermostatic beth, with a variation of

X 0.05°J. The other important parts of the assembly are the
capillary flowﬁet;rs to measure gas inlet flowrates and a
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water serubber to absord unreacted hydrogen chloride.

3Je«242 latorinls

the details of the materials used have already been

deseribed in Chapter 2.

3+243 Lxperimental vrocedure

litrobengene (400 ml! and a known quantity of aluminium

chloride were charged to the reactor., Then ethylene from o

eylinder and hydrogen chloride from the generator were allowed
to bubble in the catalyst solution under good agitation. The

speed of agitation employed in the present work was 1500 rpm,

and was messured by a tachometer. The flow rates of ethylene

and hydrogen chloride were measured by means of capillary flow-

meters. Constent temperature wvas maintained during 2 run

through the thermostat. The gaseous product mixture in the

outiet, containing unreacted ethylene, unreacted hy drogen

ehloride and ethyl ehloride, was passed through 2 water scrue

bber to remove hydrogen chioride which was then estimated by

simple titration. In view of the high solubility of ethyl

ehloride in nitrobenzene [9], a constant gas phase composition

eould be obtained only after the diquid phase was completely
Saturated with ethyl chloride, The rate of absorption of

bydrogen chloride was then caleulated {rom the inlet and

outlet flow rates, and from this the rate of absorption eof

ethylene, the rate of ethyl chloride formation and the gas
rhase composition were calculsted.

At the speed of agitation (100 rpm) employed in the




present work, the gas phase is expected to be completely

backmixed. lence the concentrations of ethylene and hydrogen

chloride in the liquid phase 'nitrobenzene' were calculated

from the partial pressures (obtained from the gas phase compo-

gition! and the solubilities. The solubility data for these
£ gystems have been discussed in the previous section. The

solubility of hydrogen chloride in nitrobenzene containing

aluninium cihloride has been shown te be a very mild funetion

of aluminium chlofide concentrations In spite of this marginal
difference, solubilities at corresponding values of aluminium

ghloride concentration were used in ecalculsting the concentra-

tions of hydrogen chloride in nitrobengene. The effect of
aluminium chloride on the sclubility of ethylene could not be
studied due to analytical problems 9], but from the date on
hydrogen chloride solubility in pitrobenzene containing alumi-
nium chloride, it may be concluded that aluminium chloride has
negligible effect on the solubility of ethylene, and hence the
values cbtained in pure nitrobenzene vere used in ealculating

the concentrations.

3e3¢1 Crganigation of experiments

initially this resction was studied by saturating the
liquid phase vith hydrogen chloride and then passing ethylene
through it, thus observing the rate of absorption of ethylene

as a function of time. GSamples were withdrawn for analysis

of hydrogen chloride in the liguid phase. This method was
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similar to that normally employed for the absorption of a
single gas in a reacting diquid, but was discarded since there
was signifieant stripping of the dissolved hydrogen chloride,
whieh disturbed the gas phase composition of ethylene, based on
which ethylene concentration was calculated.s. A few runs were
carried out using this method, correction due to hydrogen

- chloride stripping being made by estimating the concentrations
of the chloride in the liquid bulk as well a8 the gas phase.
Even so it was found that the values of the rate constants
obtained by this method were considerably different from
those estimated by the proeedure described in the experimental
section. The latter method [in which two gases are absorbed
simultaneously! is considerably more acecurate for the present

system and was hence.followad in the bulk of the experiments

carried out.

ihe type of the contactor to be finally used normally
varies with the regime of absorption, and hence it is important
to discern the probable regime of control from the preliminary
runs. In view of the very slow rates of absorption observed,
as a first step, kinetiec control was acsumed and the experiments
were organised to broadly fix the ranges of catalyst concentra-
tion and temperature at which the absorption would be unambigu-
ously in the kinetic regime., These experiments were carried
out in the agitated contactor described earlier and the APPro~-
ximate values of the enhancement factors £, and ﬂﬂ defined

below were caleulated:




*3,21

oy represent the specific rates of absorrtion of

vhere LA’

- @thylene and hydrogen chloride respectively [g uole/cm3 jee 13

EL the liquid film mass transfer coefficient [em/sec]); g

Ld e

r 4 -
the effective interfacial sres 'cm“fcm3‘; and A , B the

solubilities of ethylene and hydrogen chloride in nitrobenzene

[g mole/em’] respec tively.

The remction is said to be kinetically eontrolled when

the reaction rate is very much less than the transport rate.

The conditions to be satisfied for the kinetiec control are:

f3.3]

F3ab]

those conditions do not need a prior knowledge of either the

rate constant or the reaction orders, and thus provide a

powerful basis for evaluating ravw data and ensuring kinetie

contreol.

Yor estimating the enhsncement faetors and thus verify-

ing the applicability of conditions 3.3 and 3.4, a knovledge

of kbg is necessary. Using a value of kLﬁ >~ 0419 sec‘1,

normally obtained for agitated contactors (38], at the speed

of agitation of 1500 rpm, the experimentally determined rotes




ci absorption i, and Ry fwhich in this case are equall,
anpd the solubilities 5 and . reported in an earlier
chapter [2.3], the applicabillty of the conditions was
verified. It may be mentioned here that the value of k,p
used is ressonably accurate for this type of equipnent at
1500 rpa. The same value of k.8 has been assumed for ethy-
lene and hydrogen chloride in the present work, since the

difference in thelr diffusivity values is small 2.2,

As a supporting test for the complete elimination of
unss transfer effscts, the effect of stirrer speed was also
studied and it was found thet [Figure 3.2] beyond a speed of
1300 rpm there was no effect of stirrer speed on the rate of
absorption. lience a speed of agitation above 1300 rpm was

used in all the experiments.

In order to attempt a detailed kinetiec analysis of the
reaction, over 80 experiments were then carried out covering
the following ranges of variables:

Temperature: 3u-70°C

Catalyst concentration: 9 x 10'5 - 20 x 15“ & mole/cm3

Ethylene concentration: U x 10°6 - 3.5 x 107%; a0le/cm>

Hydrogen chloride

congentration: &4 x 10'5 - he2 x ﬂfL

g mole/em3

Concentration changes were achieved by varying the flow rates

of the two gases and their molar ratios.

3e3.2 [legimes of contrel

If the reaction is sufficiently slow, the whole liquid
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remains saturated with unreacted gas [at a concentration

corresponding to its partial pressure above the liquid! and

the reaction of the dissolved gas in the liquid is truly

homogeneous. Under these circumstances, the rate of uptake

of the gas is equal te its homogeneous rate of reaction in
the liquid. If the volume of the liquid is known, the rate
of resction can easily be cbtained for the kinetic regime,
which is the ratio of the rate of uptake of the gas to the
volume of the liquide This is a widely accepted procedure
for obtaining kinetic data for gas-liquid reactions, It is
very necessary to ensure that the reaction is in the kinetie
regime, otherwise the reaction rate is underestimated, This
has been discussed in detail by Denckwerts (117 and istarita
[al.

The mechanism of simultanecus absorption of two gases

vhich react among themselves in a very slow regime [kinetie
regime] is simple but different from that of single gas absor-
ption in a reacting liquid. Wwhen the solubilities of the two
gases aro‘not equal, a case may exist where the absorption of
one gas is controlled by the kinetics whereas that of the other
by its diffusion, thus making the mechanism complex., In order
to obtain the kineties of sueh reactions, therefore, it is
| necessary to ensure that absorption of both the gases is con-
trolled by the kinetics, i.e. conditions 3.3 and 3.b are
satisfied.

In such situations it is important to egtablish
eriteria when the liquid is saturated throughout with the




gases and the concentrations of the dissolved gases sre not

depleted by the reaction, and when the coneentrations are
depleted by the remction, so thst in addition to applying
conditions 3.3 and 3.4, the date can plsc be tested by using

the conditions for different regimes.

[a] Einetic regime: In this regime the reamction rate is very
=uch slow in comparison with the transport rate of the gas.

As discussed earlier the rate of absorption expressed per unit
volume is equal to the reaction rate in the kinetiec regime.
ZThen the rates of absorption of ethyleme and hydrogen chloride,
z-.‘,,‘ and R, respectively will be given by:

rn !hn p »

2 RA. = i = re= k A B Go 345)
vhere k 4is the rate constant B’ em3/g mole‘z/-ec], co the
catalyst concentration [a mle/cm?], r the reaction rate
[? nole/cm3 se@, and my, n, p the orders of resction with
respect to A , B° and C, respectively.
‘he rates of difiusion of ethylene and hydrogen chloride are
gdven by:

By = kA" (346}
Ry = kg B [347)

As mentioned earlier, in this case values of kK;a for ethylene
and hydrogen chloride have been sssumed to be equal, since the

difference in their diffusivity values is small [2.2),
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From Hquations 37 , 36 and 3.7 the following conditions,
in addition to conditions 3,3 and 3.4 can be written for

the kinetic regime:

=1 .n » .
1kA B Gy <« kpa,m# 348]
or
«B P .
kB C, << kpaymn=1 3.9]
and
D=1 .m p g
AkB A Cp << kKipyn g 30101
or
T - Y
= h P Co \.< k}.ﬁ’ n = 1 .3.11

where J1 represents the functional holdup of the liguid phase,
The rates of absorption of ethylene and hydrogen chloride
in this case will be represented by Equation 3.5 .

[b] Diffusion regime: When the recetion is very fast in
comparison with the diffusion rates, it resetiern is said

to be diffusion ecntrolled. In this regime the rates of
absorption of othylene and hydrogen chloride will be rerresented
by Equations 3.6 and 3.7 , and need not be equal. The

| conditions for the diffusion regime can be written as follows:

«=1 .n p
dkA B Gy > kpaymy1 F3.12]

4dkB C > kag,m=1 (3.13]




1ka Co ° gy D = 1 (3e15]

and
)9',- = ﬁg = 1 73.167

In this regime the nass transfer ecoefficient vith and without
chemical reaction is the same. An additional eendition can
also be given for this case to ensure that the reaction in
the film 18 negligible:

J P
D, x3* ¢
. e ¢ 4 (34171
k.[. ‘
and
m p
D.k A ¢
—{T-_&-<< 1 [3.18)
Je3+3 Einetics

The applicability of conditions 33 5 34, 39 ,
anéd 3.11 , which ensure kinetie control, was verified for

each run by ensuring that the P8eudo first-order rate constants

«&® p o0 P
& k A Co and 1 kB co are mueh lower than k;p and

the enhancement factors g, and ﬂ’ﬂ are much less than unity.
This ean be clearly seen from Table J«1. It can also be seen
that while the abscrption of hydrogen chloride is kinetically
eontrolled at all temperatures and catalyst concentrations
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studied, that of ethylene shows some diffusionsl resistance

at higher temperatures snd catalyst econcentrations.

in order to determine the order of reaction with respect
to each reactant eand the aetivation energy, the reaction rate
eonstant k in Equation 3.5 was substituted in terms of
teuperature and the activatio: energy, and using the resulting
“quation 3419 given below and all the data obtained except
at ?003 at all catalyst concentrations and at 6° at 1928 M
catalyst concentration , the values of My Ny p and the

activation energy F were computed;

nky=ink, - fF+slnd enlnd +pinc, [3.19]

The data at 70°C [at all catalyst concentrations] and &%

fat 0.20 ¥ catalyst concentration] were not used since condition
3¢9 was rot fully satisfied for the absorption of ethylene.
‘he data were processed in a Honeywell-k0o @igital computer

and the final equation obtained is: :

o ) D698 101 0,94
A 3] c

u‘," - 1.(!"6 x 1017 9( ﬂ e FBOaDl

wvhich may be written as

N o

R, = 1,246 x 10'7 o A B C, f3e21)

Knowing the orders of reaction with respect to each
reactant, the values of the reaction rate constant were eal-

Culated from the observed data by using Equation 3¢5 ..

An Arrhenius plot of the temperature dependerce of the
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gecond-order rate comstant k, [= k :O’ is shown in Figure 3.3.
It may be noticed that at lower temperatures and catalyst
concentrations the reaction ceceurs in the kinetic regime. On
the other hand, at higher temperatures ";do and 60°) the

points do not fall on the extrapolated ’rrhenius iine, thus
supporting the earlier comelusion that under these conditions
thé absorption of ethylene 1is accompanied by some diffusionsl
resistance, and thus the values of k2 calculated from
Squation 3.5 are lowver than the true values. The activation
energy, as caloulated from plot in Figure 3.3,1s 16546 cal/e
mole which agrees to within 1¥ with the value (16600 eal/g mole

given in Equation 3.21,

i‘he effeet of catalyst econcentration on the second-
order rate constant is shown in Figure 3.4 which 1s a log-log
plot of ky vs catalyst concentration. It may be seen that
the order ie unity, whieh confirms the correctness of the
order used in writing Equation 3,21, The linear dependence
©f the reaction rate constant on the catalyst concentration

provides another confirmation of the kinetic eontrel.

the results are also presented in the form of a plot

~ J P W8 P
of ¢, or g, vs ka/k B Co or ka/k A Co

(Figure 3¢5] which gives o clear idea of the regimes. It

respectively

Bay be mentioned that beyoud the values of g, or Py = 0el,
the reaction is accompanied by diffusional resistance and 4s
tends wowards the intermediate regime. For the reaction

0 be unambigucusly kinetically controlled the ratio k. 8/

-n p nm p
kB ¢, or kjo/k A C, should be more than 10,
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THE REACTION RATE IN THE KINETIC REGIME

CATALYST CONCENTRATION, C, X 105 g mole/cm3
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ihe reaction between ethylene and hydrogen chloride
to produce ethyl chloride [in a medium of nitrobenzene! is
a second-order reaction, being first-order with respect to

both the reactants [ethylene and hydrogen chloride] as well

a8 the catalyst. The activation energy is 16600 cal/g mole

and the second-order rate constant is a dnear function of

catalyst concentration.




arbitrary constant

8 @ffective interfacial area, cmz/cm3

solubllity of ethylene in nitrobanzene, 8 mole;cm3

arbvitrary constant

b
B solubility of hydrogen chloride in nitrobensere, g mole/cm3
c arbitrary constant

Co concentration of aluminium ehloride in nitrobenzene,
g mole/cm3
D diffusion coefficient, cm?fsee
L, diffusion coefficient of ethylene in nitrobenzene, emafseo
DB diffusion coefficient of hydrogen ehloride in nitro-

benzene, cna/ sec

E activation energy of the reaction, cal/g mole

k reaction rate constant, rcuajg nole‘?/aec

k, [k C,] second-order resction rate constant, en}/g mole sec

kK, frequency factor, Tcm3/g nole]afsec

kL diquid film mass transfer coefficient, cm/sec

i fractional hold up of the liquid phase

] order of reaction with respect to the concentration eof
ethylene

M molecular wvelght, gm

n order of reaction with respect to the concentration of
hydrogen chloride

iy normality of HC1 selution, g mole/cn3?103

Ny normality of sodium thiosulfate solution, g mole/em’) 107

P order of reaction with rYespect to the concentration of

the catalyst




partial pressure of the gas under study, om
area of cross-section of the absorbing interface, cmz
rate of a chemical reaction, g mole/cm3 sce

universal gas constant, cal/z mole %

specific rate of absorption of ethylene, g mole/cm3 see

Specific rate of absorption of hydrogen chloride
8 mole/cm3 sec

rate of physical absorption of ethylene, g molq/cm3 see

rate of physical absorption of hydrogen chloride,
g mole/ cm3 Sec

solubility} {jwyLkre
time, sec

absolute temperature, %

Vs volume of the gas dissolved at’ TP, o
Ve volume of the soivent, cu3
v volume of the gas displaced in time t, cm3
be association parameter
, Xy blank titration reading, em
X, back titration reading, em3
X volume of the sample, en’
Z stoichiometric coefficient
“n dungen' s absorption eccefficient at temperature 7T
| f o’ (§¥§) <7£5> a constant in Iquation 2.1
. molecular volume of the gos, em
u viscosity of the solvent, centipoise
P, enhancenent factor for ethylene defined by Equation 3.1
£, enhancement factor for hydrogen chloride defined by

Equation 5.2
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PART - II

ABSORPTION OF PHOSPHINE IN AN AQUEQUS SOLUTION OF
HYDROCHIORIC ACID AND FORMALDEEYDE : FORMATION OF
TFTRAKKIS~ fHYDEOXYMETHYL1 PHOSPHONTIUM CHIORIDE




INTRODUCTION




CHAPTER 1
LNTRODUCTION
1¢1 LITERATUKE SURVEY

Tetrakis [hydroxymethyl] phosphonium chloride [THFC)
is a rather unusual and little investigated organcphosphorus
compound, but has recently attracted interest as an interme-
diate for certain resinsg which impart flame resistance to
cotton fabrics. There is a lot of information available in
the literature on the compounds of THPC, but little on the
manufacturing process iteelf.

TiPC was first reported by Hoffman in 1921 [5)1, whe
prepared it by the reaction of phosphine with aqueous formal-
dehyde and hydrochloric acid solution. He earried out the
reaction at 80°C and found it to be so slow that it took two
days to obtain 50 gm of THPC, but he was not sure of the
structure of THFC which he established later 6], wWith a
view to improving this method Heeves et al [10] thought that

at 80°C the vapour pressure of the solution interfered with

the absorption of phosphine and thus carried out the reaction

at lower temperatures [10-30°C), where the explosions were

also avoided. These authors used an agitated contactor and
found that at lower temperatures the absorption of phosphine
was rapid. Gobain et al (4] have reported the formation of
THPC by reacting Zn31’2 vith formaldehyde in hydrochloriec
acid solution.

In the looker electrochemical process [1] THPC is




prepared by passing phosphine in an aqueous solution of
formaldehyde and hydrochloric acid under a slight positive
pressure of the inert gas. The temperature was maintained
above 10°C but below BSOJ to prevent eéxplosions, and good
agitation was also meintained to promote rapid absorption

©f phosphine. The reaction was carried out to about 90% cone
version, since it slows at the end and this was evaporated to
obtain a erystalline product of about 95% purity. 2 patent
by Flynn et al (3] in 1956 also deseribes the preparation of
THIFC by a method similar to those discussed above.

Heuter in 1959 [11) prepared THFC by treating phosphine
wvith aqueous formsldehyde and hydrochloric aeid solution in the
pregence of a heavy metal catalyst such as g, and reported
that the addition of the catalyst inereased the reaction velo-
¢ity considerably at moderate temperatures without the use
of rapid stirrers. le found that at 30-35°C the use of Hg
catalyst decreased the time required for the absorption of
phosphine by one half. Reuter also suggested the use of Agmo3
and FtCl, as the catalysts for this reaction. later in 1960
Hoitburd et al [12] also reported the synthesis of THPC by
reacting phosphine [obtained from aluminium phosphide and
vater], formaldehyde and hydrochloric seid and claimed 99,99
yield of THFC. HRaver et al [9] have alse suggested a method
for the preparation of THEC in steps. These authors first
obtained tetrakis [hydroxymethyl)] phosphonium hydroxide

[ (caaoz-i)h POH] by passing FHy. through three sueccessive

scrubbing towers containing 388 formaldehyde at 4W-80°C under




an overall pressure of 150-300 mm in the system. Tetrakis
[hydroxymethyl) phosphonium hydroxide was further treated
with hydrochlorie acid to give THFC,

LLICATIONS OF THPC

THPC is widely used in the fire proofing of textiles.
It reacts with amines, phenols, polybasic acids and anhydrides
producing many useful polymers which are used as flame retar-
dantse In fact THIC has recently attracted interest due teo
its use as an intermediate in the manufacture of ecertain
resins and polymers which are used as flame retardants and

thus has opened up a vast field of new flame resistant polymers,

THFC is also used in making some emulsions required for
photographie printing, Its use in hair treatment [for fixingl,
photographic sens:l.td.zo-r, heat stabilizers for polyesters and
polyethers has also been mentioned, THPC 1s also used in
light fastening on dyes and pigments on textiles.

No attempt has been made so far to investigate the
kinetics of this reaction and there is ne informstion reported
on the mechanism of the reaction, but it seems likely thet
the following steps would be involved:

HCHO + HC) — ClCHaoli

Fiiy + 4 CICHOH - (Ch 0m], PC1 + 3 HOL

PH3 + HC1 + & HCHO -~ [c::iao.u!,* PC1




resulting in the overall reaction [Equation 1,31, The first
step has been shown as an equilibrium reaction in view of the

diterature report that the chloromethanol formed is not

Bisolable (7] This intermediate then reacts with EHB to give

ZHFC. Thus the reaction appears to be a coubination of two

steps which suggest approximately firste-order kineties with
respect to HCHO and PHy o

The information svailable in the literature to date

oh the absorption of phosphine in an agquecus solution of

lehyde and hydrochlorie acid relates only to the manufa-
of THPC and the kineties and controlling mechanism have °
been investigated.

The present work was therefore undertaken with the
Bject of studying the mechanism of absorption of phosphine
IR THPC formation) and esteblishing the kineties of this
istrially important reaction.
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Abgorption and reaction of phosphine in an agueous

solution of formaldehyde and hydroehloric acid takes place

according to the following reaction to give tetrakis [hydroxy-
methyl] phosphonium chloride [Tupg):

m3 + HClL + Y HCHO - [ cnaou]h PC1 (2.1)]

The probable mechanism has been discussed in the previous
section. This resction is also signifiecant theoretically
in that it provides an example of gas-liquid reaction in which

the gas [rﬂj] reacts with two reactive components in the
diquid phase [hydrochloriec aecid and formaldehyde]. The present

work was undertaken with the objeet of studying the kinetics
of this rather interesting system whiech is also of considerable
industrial importance,

2.2 EXFCLIMENTAL
2+2.1 feagtor assembly
One of the important considerations in any experimental

Programme associated with gas-liquid resctions is the choice
of the experimental reactor. From preliminary rate data and

a knowledge of the mass transfer coefficient, as deseribed

in the next section, it was observed thst the reaction is
essentially kinetically controlled. Yor gas-liquid reactions




falling in this regime, agitated resctors are usually reco-

‘ - muended. Thus an all-glass agitated reactor as described
in Part I [Chapter 3] was used in the present vork. The

other mportént parts of the assembly are the capillary and il

the soap {ilm flowmeters to measure inlet and outlet gas ;
K flow rates respectively. diagrammatie sketeh of the il

: complete assembly is shown in Figure 2.1, A thermostatic 1“;

bath was used for temperature control,

24242 Materials

Formaldehyde [35% by wt] and hydroehloric meid [33% by wt)
were used directly as obtained. Distilled water was used ag

solvent.,

. As the gaseous reactant PH3 could not be obtained as

3 such, it was prepared in the laboratory by reacting yellow |
phosphorus (300 gm] with caleium hydroxide slurry [made from ”: "
200 gn Ca0] in a § litre flask. The reaction is:

Py + 2 CaloH], + W HO = 2 Car;zzf»0212 + 2H, f2,2]

Py + 2Calon], + 2 H0 = 2 CallPO,y + 2 Py [2.3] i

initially the system was flushed by nitrogen gas in view of i
the inflammability of 1&13 in contact with air., Then the rea- |

¢tion mixture was heated to 70-80°C on a water bath under good

agitation and the liberated PH3 collected and stored in » gas
holder, PH3 thus obtained was of 60% purity and the impurities ’
were mainly traces of f’z”h E'diphosph:lnel and hydrogen, the '-

latter being an inert for the present system,




SINIWIYIAXI NOILJIM S8V 3HL Y04 ATHN3SSY HO12oV3IN JHL 40 HOLINS V b2 94

NOILYINDOHID H31VM HO4 L3xowr
H3ILIWN-MO014 W4 dV0s

Y3 4YI1S 1331 SS3TINIVLS
(440€) sS3144ve

d4O0L1I2V3y

H31LIN-MO04 AHVT1Id4dYD

dVHL H3ILlwm

FATIVA 37033N _

IOVHOLS ANIHASOHd | ‘“

-J?“Fqlﬂwl"-mo‘l




2+2.3 Dxperimental procedure

Caleculated quantities of HCHO and HC1l were charged into
the reactor such that the desired strengths of the two rea-
ctants were obtained when the volume was made up to 400 ml
by distilled water. Water at constant temperature was eircu-
lated through the outer jacket of the reactor and the entire
system flushed by nitrogen to displace air in the presence of
which PH3 burns spontaneously. Then, after flushing with P
a run was carried out with the speed of agitation maintained

3'

at 1600 rpm. Inlet and outlet gas flow rates were recorded
after 3-4 minutes [the time required to saturate the liquid
phase by absorbing gas! by capillary and soap film flowmeters
respectively. The duration of the run was b5 minutes after
saturation, during which a sample of the outcoming gas was
withdrawn and analysed for its Eﬁ3 content, After each run,
the system was again flushed with nitrogen in order to avoid
the hazard due to the desorbed PH3. Thus obgervations were
made of the specific rates of absorption of PH3 lobtaineé from
inlet and outlet flow rates] at various concentrations of the
liquid phase reactants.

2.2.4 Chemical analysis

PH3 in the gas streams was determined volumetrically
in an Orsat apparatus by reacting it with Hg(:l2 solution.
P33 reacts instentaneously with Hgll, solution by the following
reaction:

m3 +3HgCl, - P[H301]3 + 3 HC1 [2.4]




and thus this method 1s quite accurate even for determining

traces of PH3.

2.3 PHYSICOCHEMICAL DATA FOP THE SYSTEM
243+ Solubility

The solubility of PH3 in water ws well as in aqQueous

golutions of NaCl end Ho50), has been well studied by Weston
[13]; his results are presented in Table 2.1, the temperature
dependence of the solubility being plotted in Figure 2.2, On
the basis of these data it can be concluded that the reduction
in the solubility of PH3 in aqueous HC1l solution would be
insignificant [less than 2 to 3%], so that the solubility of
PH3 in vater can be directly used to calculate the concentra-

tion of Pﬂ3 in the liquid phase.

The rates of absorption of PH3 in an agueous solution
of HCl and HCHO were found to be very low, of the order of
1=-7x ‘Io"a g mole/cn3 seej thus considerable preecision was
required in the caleulation of these rates. In the experimen=
tal runs reported in the present work the rates were calculated
by measuring the inlet and outlet flow rates of the gas phase,
the composition of which was: Pi gy 6% and Hy, 40%. As
mentioned earlier, no attempt was made to prepare pure PH3
since this mixture could be directly used in the kinetie study.
In view of the very low rates of absorption, the reduction
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in the volume was very small and the rates thus calculated
subject to error. It was therefore necessary to confirm the
rate by analysing the exit gas for PHB and thus determining

the amount of PH3 reacting. Only those runs in whieh the

rates determined by these two methods agreed to within 5%

were considered for analysis of the results. From these rates
and the duration of the run final conecentrations of the liguid
phase reactants were calculated and the average of the initial
and the final concentrations was used in the final calculations,
It may be mentioned here that the reaction being very slow and
the duration of the run only 45 minutes, the change in concen-
trations of the liquid phase reactants is small enough not to
affect the specific rate of abgsorption significantly.

In caleulating the concentration of PH3 in the liquid

phase, the partial pressure of PH3 at the reactor outlet was
used, since at the speed of agitation employed in the present
work the gas phase is expected to be completely backmixed.

Then from a knowledge of this partial pressure =2nd the solubi-
lity data discussed in the earlier section, the concentration
of EH3 in the liquid phase was calculated. The vapour pressure
of water and the atmospheric pressure in Poona (710 mm Hg)

were also taken into account during the caleculation of the
outlet partial pressure.

2.442 Orgapisation of experiments

The type of contactor to be used in the experimental
studies normally varies with the regime in whieb the runs
are sought to be carried out. Thus a preliminary experimental




programme was organised to establish the regime involved

in the concentration ranges that are practically feasible.

In view of the slow rates of absorption of PH3 observed, as
a first step, kinetie control was assumed and experiments
carried out to determine the maximum concentrations of the
liquid phase reactants [HCl and HCHO] at which the absorption
would be unambiguously in the kinetic regime. These experi-
ments wvere carried out in the agitated contactor deseribed
eariier and the approximate values of the enhancement factor
P defined below were calculated:

Pom—i 2,57
kl.rl A
where HA represents the specific rate of absorption of PH3,
g nole/cm3 secy k; the liquid film mass transfer coefficient,
em/sec; g the effective interfacial area, omzlon3; and A
the solubility of Pi, in the liquid phase, g mole/em3. The
condition for kinetie eontrol is:

P << 1 f2.6]

The application of this condition does not require a prior

knowledge of either the rate constant or the reaction order
and therefore provides a powerful basis for evaluating raw

data and ensuring kinetiec control.

In agitated contactors kLﬂ is usually in the range
Of Oul = 0415 [sec™ ] [8]s Thus, for every run with specific

value of A$. the rate of absorption RA can be found and the




appiicability of the condition verified. In all the prelimi-
nary runs earried out to broadly fix the concentration ranges
of the liquid phase reactants, a stirrer speed of 1600 rpm was
used. Having thus obtained the highest concentrations of

HCl and HCHO congistent with kinetic control, as a supporting
test, the effect of agitation was also studied at these concen-
trations, and the results are presented in Figure 2.3, It

¢an be seen that beyond 1300 rpmy agitation has no effect.

This ensures complete elimination of the mass transfer resis-

tance at 1600 rpm [the speed of agitation employed in the bulk
of the experimentsg].

Thus all experiments carried out at 1600 rpm in the
concentration ranges determined should conform to the kinetie
regime provided they also satisfy condition 2.6. Several
experiments were carried out by the procedure discussed above

in the temperature range 4 - 4% and the results are presen-
ted in Table 2.2,

1f preliminary runs are not made to make sure that the
pProcess is indeed in the kinetie regime and the absorption
data are taken such that there is some diffusional resistance
and condition 2,6 is not met satisfactorily, then the results
interpreted on this basis would underegtimate the reaction
rate constant. Hence organisation of experiments and prelimi-

nary analysis of the data are very important. This has been
discussed in detail by Astarita 2],

2443 Hegimes of control

In addition to applying condition 2.6 for correlating
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the data in the kinetie regime the data were slso tested

by using the equations and conditions for different regimes
as summarised below. From the preliminary analysis it has
been observed that the resction is éssentially slow, and the
reaction is sald to be in the slow resction regime when it
occurs entirely in the bulk of the liquid. Hence this discu-
ssion will be restricted to reaction in the bulk = and the
fast reaction regime [in whieh resetion occurs in the fila]
need not be considered. The reaction in the bulk may be con-
trolled either by the kinetics or by diffusion, and on this
basis it can be classified in two regimes, viz. kinetie regime
and diffusion regime.

(a] Kinetic regime: The reaction is said to be kinetically
controlled when the reaction rate is very slow in conﬁarison
with the diffusion rate. In this situation the specific rate
of absorption of the gas /in g noln/cn3 sec! is the same as
the reaction rate and the liquid phase is essentially satura-
ted with the absorbing gas [i.e. there is no depletion in the
concentration of the dissolved gas at any point in the ligquid
phasel!s The conceniration profiles for this regime are shown
in Figure 2.,4. 1In this regime the concentration of the gaseous
species in the liquid phase 1s given by its solubility [which
is the same as the interfacial coneentrationl. The gpeeifie

rate of absorption RA g molo/cm3 see] is given by:

A b e
By =r=ka B C, [2.7]
3 ; a+b+g=1 -1
where k 1is the rate constant [ (em’/g mole) see 13
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Bo’ co the bulk conecentrations of HC1 and HCHO respectively

(g mole/cmj 13 and a,b,e the reaction orders with respect

to 5;", 8, and Co respectively.

The rate of diffusion of A, K, is given by

H'A = kl}a A‘ ?'2.8]

Sinco in the kinetic regime the rate of reaction is very slow
in comparison with the rate of dirruaion; eriteria for kinetie
control can be given from Equations 247 and 2.8 in the form
of the following conditions:

f
R, <« K, f2.9]

+2=1 b e

kA By Gy << Kkypy a ¥ 1 [2.10]

b e

where J1 represents the fractional holdup of the liquid phase.

The values of § less than 0.1 are most adequate for
this regime,

Eb) Diffusion regime: In this regime the resction rate is
very fast compared to the diffusion rate snd as such the
reaction is controlled entirely by the diffusion, This is
the situation where the reaction 1q7fast enough to maintain
the bulk;coneantration almost zero but slow enough to occur
in the film, end thus the concentration of the gaseocus species




at
is not the same as that, the interface. The concentration

profiles are shown in Figure 2,4, In thisg regime the rate
of absorption of A is governed by its transport and is repre-

sented by Equation 2.8 and the condition is exactly the

reverse, ie

[2.12]

a=1 b e
kg <« 2kaA' By Coy 8 # 1 r2,13)

b e
libg << ;kﬁo Co,aa‘l [2414)
it is also necessary to ensure that there is no reaction

occurring in the film and as such the following condition
has to be satisfied:

[2415)

When the absorption is entirely diffusion controlled
the mass transfer coefficients with and without chemical rea-
ction are the some indiecating that there is ne enhancement in
the absorption due to reaction., oOn this basis the following
condition can also be postulated for the diffusion regime:

P = 1 [2.16]

le] Intermediate regime: When the concentration of the

Easeous species in the bulk is not the same as the interfacisl




concentration but also not zero, a situation exists when the
reaction and the diffusion rates are comparable ané both are

important. The concentration profiles for this regime are

shown in Figure 2,4, The specific rate of absorption will

be given by:

kba(fl* - A '2.1?1

o)

b e

a
Ak A, B, C, [2,18]

Eldminating the unknown Ay from Equations 2,17 and 2,18 i

we get the following relationship for the specific rate of

absorption of A: . I

Equationg 2.7 and 2.8 are the two assymptotes of Equation' 2.19
and the condition to be satisfied for the intermediate regime
is:

"AkB G, = kgya=1 [2.20]

When the values of § are in the range 0.2 - 0.9 1t is quite
likely that the absorption would be in the intermediate regime.

A diagrammatic presentation of all the three regimes isshown

.
in Figure 2,5 which is a log-log plot of § vs %Lc . Qv (|
ikB

o % |
From Figure 2.5 the transition from kinetiec to the diffusion

regime can be very clearly seen.
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Anelysis of all the runs carried out showed that,
while most ¢f the data points were in the kinetie regime,
those obtained at HC1l and HCHO coneentratiors higher than
the values broadly fixed during the organisation of experi-
ments vere found to satisfy condition 2.20 corresponding to
the intermediate regime. It may therefore be concluded that
in the ranges of variables studied, the diffusion regime is
ebsent, From the data points conforming to the intermediate
regime [and from a knowledge of the rate constant) k,a was
calculated from Equation 2,19 and found to be equal to
0136 aeo"1. whieh falls well within the range mentioned
earlier [0.1 = 04,15 sec™'].

That most of tr;e data points obtained were within the
kinetiec regime was verified by ensuring that conditions 2.6
and 2.11 are satisfied, i.e. # 1is much less than unity and
the pseudo {irst-order rate constant [l k 32-5 Co! 1is very
much lower than kbg. This can be clearly seen from Table 2.2,
Then, in order to obtain the reaction order with respect to
each of the three components involved, two procedures were
folloved.

In the first, a log-log plot of the rate of absorption
as a function of the partial pressure of PH3 wvas prepared
at constant values of the coneentrations of HCl and HCHO, The
straight line shown in Figure 2.6 indicates first-order depen-
dence on PH3 concentration. For cbtaining the order with
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R
respect to HC1l and HCHO, log~log plots were prepared of :.

A

V8 concentrations 3, and C° and the corresponding

graphs are shown in Figure 2,7. It may be noticed that the
reaction is first-order with respect to HCHC but approximately
half-order with respect to HCle. All the experiments referred
to in this analysis vere carried out at 2?°C.

In order to cbtain firmer estimates of the reaction
orders and accurate values of the Arrheniug parameters, the
data at all concentrations at a single temperature can be

analysed to fit the following equation:
InR, = nk+alni +bin B+ elnC, [2,21)

Uy repeating the analysis at other temperatures studied, the
values of the rate constant k can be determined as a function
of temperature. It is a reasonable assumption that the reaction
orders, a, b and ¢ do not change with temperature, since the
analysis is restricted to the kinetic regime. Using these
values of the reaction orders and Equation 2.7, the values of
the rate comstants were caleulated. The results are presented
in Table 2.2. An arrhenius plot of the temperature dependence
of the reaction rate eonstant. is shown in Figure 2.4, from
the slope of whiech the activation energy was cealeculated and
found to be 1474 cal/g mole., The complete raf.e equation 1is
then given by

G—l&flﬂ!ﬂ_) e« 045
AR ¢ f2.22)

RA = 8.57 X 1013 e o o

In the second method [which is statistically more
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meaningfull reaction orders and Arrhenius parame ters are
obtained directly by writing the rate comstant in terms of
these parameters and evaluating all of them simultaneously,.
ihus the entire set of data at different temperstures and

concentrations may be used to fit the equation:

In R, =1ink, - fg’f+a1na'+b1nno+e1nc° r2.23)

The data were processed in a Honeywell-h0O digital computer
and the final equation obtained is:

- 0s80 02 0,08
= 1.42 x 101 g 5 ) it il

H_J; fa2.2y)

It may be noted that the activation energy calculated
from the Arrhenius plot is slightly higher than the value
presented above, but clearly the magnitude of the activation
energy conforms to the kinetic regime. While Equation 2.2h4
is more accurate, for all practical purposes the simpler

Equation 2.22 can be used without significant loss of accuracy.

245 CONCIUSIONS

The absorption of PB3 in an aqueous solution of HC1
and HCHO occurs in the kinetic regime under the conditions
used in the present work and the values of the reaction rate
constants at all the temperatures studied in the range 4=40%C
have been determined.

The reaction has been found to be approxilntnly first=
order with respect to PH3 [exact order: 0.,80] and HCHO [exact

order:0+8], and approximately half-order with respect to HC1
[exact order: 0.42],




HOTATION

order of resction with respeet to concentration of PH3 "_7

effective interfacial area, cmafcm3 h:”""':

solubility of PH3 in vater, g mole/cm3

conecentration of FH3 in the liguid bulk, g mole/cm3

order of reaction with respect to the concentration of HC1
coneentration of HC1l in the diquid bﬁlk, g mole/em3

order of reaction with respect to the concentration of HCHO
coneentration of HCHO in the liquid bulk, g molq/cm3
diffusion coeffieient of PHB in water, emg/sec

activation energy of the reaction, cal/g mole

reaction rate constant, fcm}/g mols11'5/soc

Arrhenius frequency factor, Fcn3/g nolc“‘sjsoc

liquid film mass transfer coeffieient, om/sec

fractional hold up of the liquid phase

rate of a chemical reaction, g molq/oa3 sec

speeific rate of absorption of PH3, g molq/cp3 sec

rate of physical absorption, g mole/cn3 sce

universal gas constant, cal/g mole

absolute teuperature, Ok

enhancenent factor, defined by Equation 2.5
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1D _REACTIONS: A SURVEY

1«1 IHTRODUCTION

The problem of absorption of one or more gases accompa-

1 nied by a chemical reaction is of importance in industrial

. g |
, operations. . primary use is in removing some unwanted gases {1

selectively from a mixture. Theoretical and experimental

studies on the absorption of a single gas accompanied by a
simple irreversible chemical reaction have been attempted for
many systems and the topiec is well discussed by Danckwerts [6)
: and Astarita [2]. But many industrially important problems

involve the absorption of one or more gases accompanied by

complex chemical resctions, and there is surprisingly little I
information available in the literature on this subject. |
Hecently Hamachandrsn and Sharma (197 have reviewed the subject

of simultaneous absorption of two gases. ‘; |
|

In the present chapter all the information on the
absorption of one or more gases accompanied by complex chemical
reactions has been compiled together and discussed under the

= following four categories:

(1] reversible reactions; !:

f2] consecutive reactions;

'3] parallel resctions; and | _l

[4] combination of reversible, consecutive and parallel .
reactions. |

Models for the various types of complex resctions congidered

by previcus authors are summarised in Table 1.1,
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This class of complex reactions has been studied to a
far greater extent than any of the other categories listed
above, Essentially two types of révorsible gas-liguid res-
ctions have been studied:; [1] sbsorption of a single gas
accompanied by a reversible reamction [instantaneous or with
a finite rate]; and [2) simultaneous sbsorption of two or

more gases accompanied by reversible reactions,

Tede?

This problem was first considered by Peaceman [18] who
cbtained the film theory solutions for the enhsncement factor
Py which is defined as the ratioc of the mass transfer coeffi-
cient with chemical reaction to the physical mass transfer
coefficient. Feaceman [18] considered the following schemes:

(a] A— B [finite rate) [241]
(6] A —nmE [instantaneous) f2.2]
(e] A «+ C=E [finite rate] [243)

Danckwerts and Kennedy [7) have also considered scheme [2,1)
in obtaining a solution for § based on the penetration
theory. Doth the analyses were based on the assumption that
the diffusivities of 4 and E are equal., Olander [12)
has analysed scheme [2.,1] based on instantaneous reversible
reaction using both the film and penetration theories., Toor
and Chiang [28] have also made a similar analysis.




All the previous workers assumela system with an
- equilibrium reversible reaction, which is invalid unless
the molecular diffusion of the reactants and the products
are extremely slow compared with the resction rotes. This
has been pointed out by Huang and Kuo [11], who obtained
analytical solutions for a non-eguilibrium situation based
on the film, film-penetration and surface renewsl theories

considering the reaction A— E,

Secor and Beutler (26] have obtained film and penetra-
tion theory solutions for the scheme:

Zy A+ 20— Z E+ 2, F [2,4]

based on the assumption that the reaction is instantaneous.
These authors have also solved the problem numerically based
on the penetration model for the m, n] = [p, q] order
reversible reactions. Later Onda et al 13) obtained appro-
ximate analytical solutions for scheme [2.,4) with a finite
rate based on the film theory and using the approximations
suggested by Hikita and Asai [9]. These solutions have been
compared with numerical solutions and found to be in good
agreement, thus proving the validity of the approximations.
Onda et al [16] subseduently alsc obtained the penetration
and surface renewal theory solutions for this scheme [for
finite reaction], and preoposed a generalised solution whose
parameters have different definitions for the three theories.




Simultaneous absorption of two gases accompanied by =
reversible chemical reaction with the liquid phase reactent
was first considered by Ramachandran [20] assuming the res-
ctions of both gases to be instantaneous. Hamachandran
considered the scheme:

Alz] + ¢f1] — &=,[1] + E,[1]
E e [2.51

Blg] + ¢[1] — F,[1] + F,l1)

and obtained snalytical solutioné for the rates of absorption
of the two gases based on the penetration theory for the case
of equal diffusivities of all the species. HRamachandran has
also discussed the thoqrotical aspects of the simultaneous
absorption of hydrogen sulfide and ecarbon dioxide in amine

solutions based on the sbove model. For a particular limiting

case Astarita (37 has given a more general solution thag

Hamachandran for the same scheme.

Hamachandran [21] has also considered a situation
where absorption of two gases is followed by simultanecus

mass transfer and reversible chemical reaction, and has obtai-
ned approximate analytical solutions based on the film theory.

This treatment is an extension of absorption accompanied by

reversible reaction, which has been discussed by Onda et al M13].

The problem of absorption of twe gases where one of the

gases rencts instantaneously and irreversibly in the liguid

while the second gas undergoes a reversible reaction of finite




rate hes also been analysed by Ramachandran [21) assuming a

dnearised concentration profile of the liquid phase reactant.

later Chah and Kernney (27)] considered the simultaneous
absorption of sulfur dioxide and oxygen to give a gaseous
product sulfur trioxide and analysed the problem based on

the following scheme:

. Alg] + 2;:;1 E ;‘A_ Zc clfgl « 1’11 F

802 V205 80

[2.6]
""‘2 FeoZailgl — & &

\ 1 |
YO, 20, V20

These authors have obtained approximate film theory solutions

for the enhancement factors ﬁA and F}B of the gases A

and B for a general order reaction and compared the results
with the numerical solutions obtained based on the penetration

theory. This problem is also a combination of reversible
and consecutive steps.

Theoretical analysis of reversible reactions other
than those discussed here has not been worked out, and there
are many industrially important systems invelving reversible
steps on which theoretical studies have not been attempted,
flsoy none of the above models has been verified by any elabo-
rate experimental programme. Thus there appears to be a wide

scope to study such systems experimentally and gain a elearer

understanding of absorption accompanied by complex resctions.




besides the investigation of liolryd and Kenney (10) who
studied the oxidation of sulfur dioxide end Shah and Kenney
[27) who tried to correlate the data with the theoretical
model, there is practically no reported work along these

lines.

Absorption of one or more gases may be followed by
consecutive reactions of different types. Thus: "1) product
of the first reaction is a reactant for the second reaction;
[2' product of the first reaction is a resctant for the
second reaction which regenerates the reactant for the first

reaction; (3] one of the steps is instantaneous or reversible.
Brian et al (4 have analysed gas absorption accompa-
nied by a two-step reaction of the type:

Algl +C - B r2,7]

E+C =  products

and have obtained numerical solutions based on the film and
penetration theories. This sclution shows interesting trends
in the enhancement factor § wvs VM ecurve; it goes throuh
a maximum as the parameter /M dincreases and then approaches
its ultimate asymptote. Later lamachandran 22)1 obtained
film theory analytical solutions for this scheme for the
rate of absorption of A and considered the case when both
the steps are fast and the case when the first step is instan-

taneous.




Van de Vusse [29)] has discussed the problem of yield

and selectivity for different consecutive chemical reactions |

such as:

Algl +E - ¢

, [2.8]
Aflgl «+C - products
Further Onda et al [14] have analysed this problem considering !
a general stoichiometry and have obtained approximate film
theory solutions for the general order case. These authors
have compared the aspproximate solution with the numerical
solution thus proving the validity of the approximations.

Their solution, presented in the form of plots of # vs Vi,

shows an interesting trend where § goes through a maximum

and further increases as \/M increases to approach the

upper asymplote. This is a unique behaviour, not observed

in the case of a single gas absorption. Onda et al [16] have
also obtained penetration and surface renewal theory solutions

for this problem and have formulated a generalized solution
of this case for all theories.

A typical problem was analysed by Onda et al [14,16)

where they considered the scheme:

Z, Algl + 2. E - Z.C + products
T . © . [2.9)

ZBd[g]+;:'cG - ZI}E

and obtained approximate film, penetration and surface

renewal theory solutions snd also generalised 2 solution for

this case for all the three theories. The film theory solution




has been compared with the numerical solution and excellent

agreement found between the two. This solution shows a
tyrical trend of ﬂﬁ vs VE} where §
tely as VN

species C.

increases indefini-

is incressed due to the regeneration of the

famachandren et al (23] hawe also obtained approximate

film theory solutions for scheme [2+9] considering the second

step as »n instantaneous one and the first as a fast reaction,

Thege authors [24] have alse analysed on the basis of film

th
theory a problem whercd$roduct of the first reaction yields

a second gas whiech reacts further to give products.

o4 PARALLEL REACTIONS

Absorption of one or more gases may alsc be followed

by parallel steps and some cases which have been considered

80 far are discussed below.

1.".1 LD80OID DIl © - e le : =] pmipanied b 1@IM1ee
iRl _SEVeral nonvolds < gactan

Onda et al [15,16] have considered a problem where a

single gas reacts with two diquid phase resctants simultane-

ously. These authors préesented the problem in the form of the
following scheme:
Z, Alg) + 2, E ~ products
: o [2410]
Z, Mgl + 4y C -~ products

and have obtained approximate analytical solutions based on

the film, penetration and surface renewal theories and also




proposed a generalised solution for all theories as discussed
in the case of reversible and consecutive reactions. The

file theory solution has been compared with the numerical

solution, the excellent agreement obtained proving the validi-

ty of the approximations. In this analysis the authors have
assumed that both the reaction steps are followed by simulta-
neous diffusion and chemical resction; thus the analysis is
valid only for this particular regime. It should also be
mentioned that this anelysis is valid only for sparingly
soluble gases, since the absorption of highly soluble gases
is always accompanied by some resistance in the gas phase
which has been assumed to be insignificant in the analysis.
It is also possible to have a situation where the first step
is instantaneous and this case has not been analysed so far.

1 .1».2 o

Hoper et 2l [25] have obtained an analytical solution
based on the film theory for the case uhofo two gases are
absorbed in the liquid phase and react instantaneously with
the nonvolatile liquid phase reactant. Later Goettler et al
[8] also studied the problem and considered the transition
from fast to instantaneous reaction regime. Onda et al [15])

have snalysed this problem considering a general stoichiometry
when reactions of both the gases are followed by finite kineties.

The scheme considered by these authors is:
Z, Algl + %4, E -~ products

2y Blg] + Zy & - products

[2.11)




Approximate analytical solutions [15,16] based on the film,
penetration and surface renewal theories and a general solution
for all the three theories have been obtained., The film theory
results have been compared with the computer golution whiech
shows good agreement, thus proving the validity of the Fikita
and Asal's approximations for this case too. Their solution

is valid only when both the gases are sparingly soluble. If
one of the gases is highly soluble, the analysis will not be
strictly valid as the absorption will have significant resis-
tance in the gas phase. In this case also a situation may
exist where absorption of one of the geses is in the ingtanta-
neous regime and that of the other in the fast reaction regime,
This problem has not been analysed so far.

/ There are many industrially important systems which
involve the absorption of one or more gases accompanied by
reversible, consecutive and parallel steps simultaneously.
Due to the practical significance of this problem, a few

cases have been discussed here.

in this problem [present work! two gases A snd B
dissolve in a liquid ¢ and react to give product X.
simultaneously B reacts reversibly with C to give products
£ end T, one of which [E] reacts with the second dissolved
gas A to give produet Y. This seheme is repregented by
scheme 2.12.




Algl « Blg)l - X

Blgl « C

11
-

f2.12)
Alg) + B - X

A theoretical analysis of this problem has been atteupted

based on the film theory and has been discussed in detail in

Section 2.3. The chlorohydrination of olefins, where chlorine

and olefin dissolve in water to produce the echlorohydrin Y]

and the corresponding dichloride [X] provides a striking

example of industrial importance conforming to the above scheme.

Onda et al [17] have also considered the simultaneous

absorption of two gases followed by instantaneous consecutive

and parallel reactions simultaneously, which is represented

by the scheme:

Algl + 2B = C 4+ &E
!\.' [g] « B - E+F
]

Afgl « C -~ Fa+0

r2.131

G+ B - C + E

These authors have analysed the problem based on the pemetration

theory. Olmultaneous absorption of hydrogen sulfide and ff‘

carbon dioxlide in agueous sodium hydroxide solution is followed

by several steps as indicated in Equation 2,13. Using this

system the penetration model for the above scheme was verified
experimentally.

From the survey of complex reactions discussed above,

it may be concluded that only in a few cases theoretical models




; have been developed for complex systems of industrial
importance. lience it was the purpose of this investigation
to provide a theoretical analysis of a secheme which confoms
to an industrially impertant system: chlorohydrination of
olefins, This analysis will be useful in the design of
plants for chlorohydrins [used subseqQuently in the production
of the corresponding epoxides, such as éthylene oxide and
propylene oxidel, and in general for products of absorption
of two gases in a liquid accompanied by 2 complex reaction.
The approximate solution given for the latter problea 4is
more realistic than the solutions proposed by previous

workers. A precise statement of the problem is given in

Chapter 2 [Seection 2,11,




D — e ———— ittt — I
T - = T s Y i
STMUITANFEOIIS ARSCODRDTTAN AT U ls A d‘

IMULT ANE ; |T: ; AT , .4—_ E i ] ON OF 1T WO GASES ACCOMPA NIFD | | e
BY A COMPIEX CHEMICAL REACTION [

v | IR\ LG Y | 1| 4
|

) | | ‘VI:I“
| ,JJBH
[ !

IS (I it
| E! \|‘\.l|||;

il




In the present work the problem of simultaneous
absorption of two gases with a complex chemical resction
accompsnied by the combination of reversible, consecutive
and parallel steps simultaneously has been considered. This
problem is unique in that the two absorbing gases also react
between themselwes in the liquid phase. Several industrially
important reactions follow this complex scheme, and a theore-
tical analysis of such a scheme would therefore be very useful
for design purposes. A typical system is the simultaneous
absorption of propylene [or any elefin] and ehlorine in water.
This is an industrially important reaction in the manufacture
A of propylene oxide, where propylene chlorohydrin [an interme-
diate] is prepared by passing propylene and chlorine in water,
The complex reaction scheme considered is:
ky
Z, Ao 2ZyB = 2y X f2.1]
Ky
ZBB‘chf Zp B + % F r2.2}
3
klg "
AesZ. B - 2% [2.3]

"
ian

In this scheme two gases A and B dissolve in a liquid C
and react to give product X. OGimultaneously, dissolved B
reacts with C reversibly to give products E and T,
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one of which (2] reacts with the second dissolved gas A to

. : give product Y. / theoretical analysis of this problem has

‘ been attempted based on the film theory. In the film theory,
well discussed by Danckwerts ['6‘1 and Agtarita (21, 41t is
assumed that close to the fluid interface there exists a
stagnant film of thickness 5., Mass transfer by convection
within the film 1s assumed to be insignificant, and the process
of diffusion takes place solely by molecular diffusion; as

such there 1s no accumulation of mass at any point in the film,

The assumptions involved in the present analysis are:

(1] the film theory is valid for the systemj

[2] gas side resistance to the absorption is insignifi-
cant and the concentrations of the gaseous species
at the gas-liquid interface are constants

[3] the components in the liquid phase are nonvolatilej
'] heat effects are negligible;

(51 the reaction terms in the mass balance eguations
can be lineariged in terms of the interfaeial
concentrations; and

(€] concentration profiles of the gaseous species
can be expressed in terms of the enhancement
factors [enhancement factor § represents the
ratio of mass transfer coefficient with chemical

. reaction to the physical mass transfer coefficient].

The theoretical analysis of this sytem was taken up
in two parts:

[a'] LWO B

dl PR R ——

The first reasction of the complex scheme corresponds
to this case, the theoretical analysis of which has been

undertaken with the objective of improving upon the existing




methods of analysing such a reaction [Seection 2,21,

: (b] Anslysis of the complex scheme
Using the snalysis of reaction [2/] of the complex
. scheme mentiocned under [al, a complete theoretical analysis
has been attempted of the complex resction, with the objeect
I‘ of developing expressions for enhancement during absorption

[ Bection 203] 0

l 2.2 A § TO THE
ABSO N OF TWO
IOULID

2.2.1 Geperal considerations
The problem of simultaneous absorption of two gases
! ‘ which react between themselves has been analysed by previous

| workers using both the penetration and film theories. FHoper,

: Hateh and Pigford [25] used the penetration theory to obtain
numerical solutions and have considered a transition from
slow to fast resction regimes while Ramachandran and Sharma
f19] derived an approximate snalytical solution based on the

. film theory. 7The latter workers assumed a linear profile

‘ for the gaseous species in the film in obtaining the solution,
and as such deviations from the numerical solutions of Hoper,
Hateh and Pigford were quite large [of the order of 30-35%).
In the present work an analytical solution has been presented
on the basis of 2 nonlinear profile which conforms very

closely to the numerical solution. The concentration profiles

are shown in Figure 2.1
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2.,2.2 Formulation of the problem

Let us consider the case of two gaseous specles A/
ond B [which are premixed! dissolving into a liquid phase
and rescting between themselves in a fast reaction regime.
If one of the grses has a considerably higher solubility
than the other, then the situation is similar to [but not
identical with] that of a single gas dissolving and reacting
in a liqguid phase, We shall therefore restriet the treatment
to the case where the solubilities of the two gaseous species
involved are of comparable magnitude.

The differential material balance equations representing
the phenomenon of simultaneous diffusion and chemical reaction
in a liquid phase for each species may be written in the form:

2
Df——!'f-nu-%%q-m-ﬁr [244]

3% ot

molecular

transport = convection + accumulation + reaction

rate

but for the hydrodynamics assumed in the film theory, the
transport due to convection is insignificant and alsc the
accumulation is zero at any point in the film, so that
Equation 2.4 simplifies to:

D—‘—.'s-zr
dé

The material balance for each species based on the
£iln theory [1.e. Equation 2.5 can then be represented
by the following differential equations:
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where /. and B represent the concentrations of the species

A and B in the liquid phase [g mole/cn31; m, n the orders
of‘feactions with respect to A and B3 k the reaction rate
constant [(cm3/g mole)mﬁn-1 sec'1jk Zyy Zy the stoichiome-
tric coefficients; Dy Dy the diffusion coefficients for A
and B respectively l'em‘?/scc'l; and x the distance from
the interface [em].

The boundary conditions are:

x=0 A = B=_ [2.81
XxX=5 A =0 BeB {2-9)
where & 1is the film thickness (eml; A*, B the concentra-

tions of A and B at the gas-liquid interface [g mola/cm31;
and B_ is the concentration of 3 in the bulk (g mola/cn3]-

From Equations 2.6 and 2.7 we have

2 D 2
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a ;g ‘B dax is10)
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2

Equation 2,10 can be sclved with the boundary conditions 2.8
and 2,9 in terms of the enhancement factors ¢f and ﬁB
defined as:
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by = - —— (&B)  =- a-(u) [2412)
3 '}J*-—Bo] dX/y =0 B dxx:O
an 0

Integrating Equation 2.10 we have:

/G TR B | .
7, 4% - 7, ax + econstant f2.13)
D
At x = 0, constant = = & (ﬁ-%) + EA (%—ﬂ- : [2.14]
“B x =0 ‘A x=0

Integrating Equation 2,13 further and using the boundary
conditions 2.8 and 2.9, we get the following relationship
between the enhancement factors §, =nd Pt

IOA - ”B ;J; Tb‘ - QB] = 1= ';"E rh‘l - Q-B] (2.15)

Where qy = 0, 1.¢. when the concentration of B 18 zero
at x = &, Equation 2.1 reduces to:

T *

“_p_ - ’B 'Jg’ P =1= [2.16]
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Equation 2,15 is rigorous and does not involve any
approximation. However, in order to obtain numerical values
of §, and #y as functions of the various other parameters
of the eguations involved, a second equation is required
either for ﬁ,n. or ¢B. It is in the development of this
equation that suitable approximations will have to be made,
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and the accurscy of the final values will depend largely
on the extent of validity of these approximations.

Bouation 2.6 is a nonlinear differential equation and
thus cannot be solved as such; but it can be linearised to

obtain a solution for p‘,\l by making the following approxi-

mat;om:
e i r2.17)
e 2+ 3 ™ [2,18)
N A O L ki [2.19)
B = By+[8°=B)e At o e
or B = B ‘e ~ 6 fﬂﬁ-ﬂ, at B_=0 ra2.21]

/pproximations 2,17 and 2,18 have been suggested by Hikita
and Asai [9)] and have been widely used to linearise problemsj
they have been shown to be valid for many gas-liculd systems
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