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SUMMARY AND CONCLUSIONS

The preparation of 30N acid from Z2-naphe-
thol is a typical example of Kolbe-3chmitt
carbonation. The so-called dry method normally
employed in industry suffers from practical
difficulties associated with heat transfer and
agitation problems. deveral workers have
suggested modifications to overcome some of these
inherent difficulties, and among these may be
mentioned i (1) the use of a liquid (solvent . or
dispersent) both during dehydration and carbonation;
(2) the elimination of the dehydration step by
using anhydrous xgcoa directly with Zenaphthol for
carrying out the carbonation (Marasse method)

(3) preparation of 2-hydroxy l-naphthoic acid and
its subsequent conversion to BON acid; and (4) the

use of NaHi during dehydration and carbonation.

In view of its apparent advantages, the
liquid dispersent method was taken up for detailed
analysis in the present investigation. For this



no

purpose, kerosene oil was chosen as the liquid
dispersent for the following reasons : (1) it is
a cheap and readily available solvent; (2) the
use of kerosene 0il has been reported in an
industrial plant; and (3) it has a low dielectric

constant (2,0 « 2.,2),

main

The, reactions involved in the preparation of

BON acid may be summarized as follows 1

(1) Preparation of the Naesalt of
Z-naphtholate and its total
dehydration by distillation

along with kerosene 3

OH ONa

(2) Carbonation with Cu, at 30-100
psig. and 230°9-270°%C.

ONa ONa OH
COONa

Dehydration

Since total dehydration is essential prior
to carbonation, this was first studied in great
detail (Chapter - 3). A significant improvement
has been introduced in this step by incorporating



trace quantities of an additive (CaCIQ) which
ensures complete dehydration in a short time. The
final results of the experiments carried out show
that with 2% CaCly (on 2-naphthol charged) and a
dehydration time of about 6 hours, guantitative
removal of water is possible without causing any
deleterious effect on the carovonation reaction.
Under these finalised conditions, finely divided
grains of sodium 2-naphtholate form (a highly
desirable condition), but the shape and size distri-
bution of the particles were found to differ with
slight changes in the dehydration conditions.

Hence, during the entire study of carbonation, the
conditions of dehydration established were strictly
followed so that any variation in the physical state
of the dehydrated naphtholate would be kept at the

minimum,
Carbonation

There are several variables which exercise
direct or indirect influence on the carbonation
reaction, Based on a knowledge of the reported
literature,y preliminary investigations were carried
out to establish the significant variables of
carbonation and also their effective ranges

(Chapter - 3). Several studies on the mechanism



of the Kolbe~S3chmitt reaction have been reported,
but no theories have been advanced which might
proiido an engineering basis for the carbonation of
2-naphthol by the Kolbe-3chmitt (or modified)

procedure,

The problem on hand was therefore investi-
gated by two different approaches : (1) by evolving
a mathematical equation for the prinecipal reaction
based on a conceptual model in order to understand
the influence of the various physical factors
controlling the reaction (Chapter « 4), and (2) by
studying statistically (empirically) the effect of
various changes in operating conditions to obtain

the required optimum yield of BON acid (Chapter - 5).

Proposed reaction model

Two models were considered for Kolbe-Schmitt
carbonation in the presence of kerosene oil as
dispersent, one based on mass transfer control and
the other on surface chemical reaction control.
These models were then analysed in the light of the
kinetic data collected (Appendix - A).

Mass transfer model :

Assuming that the Na-naphtholate is in a finely
divided state and is well-suspended in the kerosene

o~



medium, and that the chemical reaction between the
naphtholate and COg is very fast (instantaneous),
the rate of reaction will obviously depend on the
diffusional rate of €Oy through an equivalent film
of kerosene 0il and a progressively increasing layer
of the product crust, Based on this postulate and
also making other justifiable assumptions, a mathe-
matical model for the total disappearance of Nae

naphtholate has been developed which is reproduced

below
30 [ &
— .x"’kn '105"!-105 (1'1)5
Ay -
or
2 . (30), M
b 4 3 X 3
where
AM - 2CR
k. Cq
M Z,ox

If this model is to be acceptabley, plots of g‘ VSe

ﬁiﬁfl should give straight lines and the values of
A: and kH obtained from the intercepts and slopes
of these lines should at least show order-of-

magnitude agreement with those estimated from their



defining equations through an independent series

of mass transfer experiments,
Chemical reaction model ¢

If it is assumed that the controlling step
is the rate of chemical reaction at the reactant
surface rather than the rate of mass transfer to it,
then the reaction would be chemically controlled.
For this the rate equation for a spherical particle
given by Levenspiel (68) was considered :

K& = 1-(1-:)*

Evidently a plot of reaction time © vs.(l - (1 - x)*)
should give a straight line passing through the

origin.
Test of models 3

Kinetic data at three levels of temperature
and pressure and at different time intervals (from
15 to 180 min.) were collected., . Based on these
values plots or'g vs. i§5l and O vs, (1 « (1 = x)*)
were prepared, which are shown in Figs. (4.3) to
(4.14). These plots clearly indicate that the
reagtion is controlled by mass transfer, Ay and kx
were then estimated from the linearised model by

the method of least squares.



The constant Ay appearing in the model
equation can be independently estimated from its
defining equation provided the density of sodium
naphtholate, particle size of the naphtholate,
saturation concentration of COp in kerosene oil
and the mass transfer coefficient (k) are known.
Thus a programme of work was organised from whiech
these could be determined. The radius KR was
determined through the use of a high power micros-
cope and the density was estimated by a procedure
described in Appendix - B.l. The saturation
solubility C, and solubility C at different
interval of time were determined (Appendix - B.2)
by making use of a solubility apparatus constructed
for this purpose (Chapter - 2). These data were
subsequently used in estimating the mass transfer
coefficient ki (#E:) which was converted to the
specific mass transfer coefficient ki (ﬁg;:)
through the relationship

kh.ﬁ-

In this equation g represents the interfacial surface
area per unit volume and this was determined by

the method of Danckwerts and Sharma (63) by employing
an r.ps.me. which was so small that the liquid surface
could be assumed to be undisturbed. The location



of the stirrer was also altered to approach this
condition. The determination of k; and kj 1s
described in Appendix - B.3.

The values of A, obtained by this method
show more than an order-of-magnitude agreement
with those calculated from the kinetic experiments.
The average deviation of 70.0% obtained should be
regarded as very satisfactory, considering the fact
that the two methods of determining A, are entirely

unrelated.

The values of kM could not be calculated
from an independent series of experiments since the
magnitude of the empirical constant x is highly
speculative, From the values of kyy, Y was found
to be of the order of 0,01y indicating that there is
probably a high degree of compaction of the reaction
products because of the bulkier nature of these

products as compared to the reactant.,

Statistical optimization

The kinetic data taken at three levels of
temperaturey pressure and time, were arranged in the
33 factorial design format and then analysed for the
significance of the process variables (Chapter « 5).

This analysis showed strongly that the maximum value



of the response (yield) present in this experi-
mental set is close to the region of the optimum,.
Theny in order to obtain the optimum response, a
3-dimensional second degree equation was construc-
ted and analysed by the method of Box and Wilson
(66).

On transformation of the 3-dimensional
second degree equation to the canonical form and
determination of its coefficients, it was found that
the response (yield) obtained at the center of the
contour is at the optimum,. Thus the estimated
optimum conditions, and the corresponding optimum
response (yleld) and conversion, may be summarized

as follows @

Estimated optimum temperature .. 250°C.
LKstimated optimum pressure os 69.8 psig.
Estimated optimum time es Le9® hr.
Yield of BON acid, % ee 79,656
Conversion to BON acidy % es 34.8



CHAPTER -« 1

LITERATURE SURVEY AND PROBLEM QUILINE

1.1 INTRODUCTION

Kolbe~Schmitt carbonation is a standard
procedure for the preparation of aromatic hydroxy
acidsy in which the substitution generally occurs
ortho to the phenoliec hydroxy group. The inter=-
mediates thus prepared are used in the dyestuff and
pharmaceutical industries. The preparation of
g-oxy 3-naphthoic acid, commercially known as 30N acid,
is a typical example of Kolbe-Schmitt carbonation.

It is a valuable intermediate, particularly for the
dyestuff and pigment industries. The aryl amides
of BON aeid (Naphthol A3 series) have vastly extended
the scope of azoic colours (68). The dyes produced
on cotton fibre by those'naphtholl are comparable to
anthraquinonoid vat dyes for their deep brilliant
shades and all-round fastness properties. Metal
complex dyes of BON acid are useful for the dyeing

10
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of polymers, paper, synthetic fibres and tanned
leather (50). BON acid also finds limited use
in the pharmaceutical, bactericidal and plastiec
industries (67, 868).

The preparation of BON acid usually consists
of the following stages : preparation of anhydrous
sodium 2-naphtholate from Z2-naphthol and agueous
caustic soda by vacuum dehydration, carbonation of
the anhydrous salt with 002 under pressure at 2300-
27000., recovery of 2Z-naphtholy and purification of
the final product. The reaction scheme may be

represented as follows @

OH ONa
+ NaOH ——> + HZO P — T D)
ONa ONa OH
COONa
ONa OH
i —(BYBI + o
COONa

COOH

Several workers have suggested modifications
to overcome some of the inherent difficulties associa-
ted with this so-called dry process, One of these
modificationsy which employs a liquid dispersent,

appears to offer certain advantages, in particular



a possible reduction in power consumption,

In the following paragraphs a summary is
presented of the reported literature on the prepa-
ration of BON acid, inecluding the chemistry of the
process and its technical aspects. Based on
this review the scope of the present investigation

is outlined in Section 1l.4.
1.2 CHEMISTRY

The action of 002 on dry sodium 2-naphtholate
gives two isomeric acids (37, 38, 44). The salt
of the valuable 2~hydroxy 3-naphthoic acid (BON acid)
forms at temperatures above 200°C.. preferably in the
range 236;27000., while the salt of 2-hydroxy
l-naphthoic acid forms between 120° and 130°C. and

starts decomposing above 130°C.
COONa

OH
ONa /,///’/)’II::I"II:II, )
ll::lll::l[/ + co, _(//////f
\ OH
R
COONa

It has been proved experimentally that the two

S— L

isomers can form by direect substitution (45). Both

undergo further reaction with unreacted sodium

12
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2-naphtholate readily to give the corresponding

disodium salts.
COONa

OONa
OH ONa ONa OH
OO CORCOET
ONa
GoWloogoOROORY
COONu COONa

The overall reactions for the two isomers may then

be represented as :
COONa

ONa ONa OH
2 P @ + R
ONa ONa OH

COONo

Thus the maximum theoretical conversion possible in

both the cases is 50%.

The other probable reactions are the decompo-
sition of the monosodium salts of 2 : 1 and 2 ¢ 3
acids to the corresponding disodium salts, free
2-naphthol and COg. In the case of the 2 ¢ 3 acld
this reaction occurs only above 276°C.(44, 45).,

o @ ONa OH
2|IIIIII:I[ —-————*'|I|IIIIII[: 4—"::III:IF’ + €Oy (1.10)
coone COONa
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It may therefore be seen that, since the carbonation
temperature is less than 275°C., the disodium salt
is formed only according to reaction (1.7).

Tijmastra (32), Schwenk (34), Reimer Tiemann
(392) and other workers (42, 46) have postulated
mechanisms for the carbonation of sodium 2-naphtholate
by CO, (Kolbe-Schmitt reactions in general). 3ut
the theory put forward by Karpukhin and Khusid (35, 46)
seems to be the most acceptable one. They pointed
out that the products obtained by carbonation at
different temperatures exist in tautomeric forms., Thus

the reaction has to be considered as a Mesomeric system :

L 1)
e 0" - 0
— 0 —Cx
r!|— )
I Na(’
0
LT
L H _

Depending on the temperature, the arrangement of 002
may give an alkali salt, 2, l-hydroxynaphthoic acid,
or 2, 3-hydroxynaphthoic acid. This mechanism
indicates that the reaction is solvent dependent, i.e.

proton accepting solvents will favour carbonation



while proton donating solvents will inhibit it.
Seidel, Wolf and Krause (44) have graded the proton
accepting solvents according to their relative

effectiveness

dioxane > pyridine > diphenylamine > tolumol > butanol,
phenol

1.3 TECHNOLOGY

1e3.1 Kolbe-Schmitt process (dry)

Kolbe and Schmitt (2) prepared 2-hydroxy
l-naphthoic acid (m.p. 164°C.) by treating dry
sodium Z-naphtholate with COp at 120°-145°C. at
atmospheric pressure, The sodium salt of hydroxye
naphthoic acid formed was dissolved in water and acidi-
fied to give hydroxynapnthoic acid, but the acid was

unstable and decomposed easily to Zenaphthol and 002.

Later Schmitt (1, 3) obtained 2-hydroxy
3-naphthoic acid, a stable yellow compound (n.p.216°c.).
by carrying out the carbonation of dry sodium
2-naphtholate at 200°-250°C. under pressure. This
method of manufacturing BON aeid has since remained
standard in the chemical industry. The manufacturing
process as given in BIOS (31) is briefly described

below.

15



Caustic soda as 50% liquor and Zenaphthol
(in the molar ratio 1 ¢ 1) are charged into a cast
steel vessel heated by a coil using steam at 460 psi
and provided with a Frcqgking type stirrer through
an adjustable gear box. The sodium 2enaphtholate
formed is completely dehydrated under vacuum, first
at 190°C, under 40 mm. Hg vacuum and finally at
2200-2302.undor 16 mm, Hg vacuum,. The dehydration

takes about 24 hours.

The dry sodium 2-naphtholate is then carbonated
in three stepsy starting at a temperature of 2200-230°C.
and finishing at 260°C. with a final pressure of 4.5
atm. After each step (lasting for 6-6 hours) the
free 2-naphthol formed is distilled at about 220°~230 C.
under 15 mm., Hg vacuum, The total free 2Z~-naphthol
distilled in three distillations is nearly 42% of the
chargey, and the total time for carbonation and distilla-
tion is 28 to 30 hours.

After the third distillation, water i1s introduced
into the evacuated vessel and the reaction mass
brought to about 14600. The solution is then dumped
in a neutralisation tank. Free 2-naphthol (nearly
9% of the charge) is precipitated at a pH of 6.8 and
BON acid at a pH of 2. The following conversion and

16



17

yield are reported @

35.6% on 2-naphthol charged (conversion)
72.6% on 2-naphthol consumed (yield)
(See Chapter - 4, Chart-l, for definitions of con-

version and yield.)

The total removal of water from the naphtholate
is essential before carbonation. In this connection
Hodges and Nadler (25) investigated the dehydration
of hydrated sodium 2-napntholate, and determined the
minimum pressures (at different temperatures) required
for attaining complete dehydration, which are as
follows s 20, 166, 172, 175, 180, 186, 189, 195 and
200 mm, Hg at 250°, 300°, 307°, 310°, 318°, 320°, 328°,
330° and 33500. respectively. They also claimed a
conversion of 31.8% and a yield of 79.,5% of BON acid
by using a ball mill type reactor.

In the Kolbe-3chmitt method for the preparation
of S0N acidy the possibility of small quantities of
the 2 : 1 acid forming can be eliminated by an
appropriate choice of reaction pressure at a given
temperature, For this purpose the data of Calcott,
Hiteh and Mahr (10) are useful. These investigators
determined the dissociation pressures of the 2 s 1
acid at different temperatures in the range of interest



for the production of BON acid. The data are as

follows 3
ronpernturo.°c. Dissociation pressure, psi.
226 | 375
236 450
260 800

This shows that, for the temperatures indicated, at
pressures higher than those mentioned, the 2 : 1 acid
is stabley and at pressures lower than those mentioned,
the 2 : 1 acid does not exist. Thus, at a tempera=-
ture of 28500., the pressure should not be allowed

to reach 375 psi in order to avoid the existence of the
2 ¢ 1 acid. This is necessary since any 2 3 1 acid
present tends to form naphthoxanthone which constitutes

the principal tar? impurity in BON acid.

The use of nickel-clad mild steel has been
recommended (31) as material of construction for the
carbonation reactor instead of iron which tends to

promote side reactions.

Alkali metals (9, 43, 46) influence the orienta-
tion in the Kolbe-Schmitt reaction because of their
differences in cghelation strengths. Lithium and

sodium salicylatesy for example, do not rearrange to

18
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p~hydroxy benzoate, and are more strongly chelated
than potassiumy rubidium and cesium salicylates,
which readily rearrange on heating.

Other methods described in the patent literature
(6y 94 11y 13, 14, 19, 24) on the dry process do not
deviate significantly from the process briefly descri-

bed above.

l.3.2 Marasse method

Marasse (4, 29, 40, 43) in 1893 proposed a
simple modification to the Kolbe-Schmitt reaction in
order to overcome the difficult and time consuming
preparation of the hygroscopic raphthalate- The
procedure involves heating 2-naphthol with an excess
of anhydrous xecoa at 23000. under a high 602 pressure
(1200-2000 psi) to give the K-salt of 2-oxynaphthoic
acid. Acidification releases the free acid in
good yield,y but there is also a likelihood of the
formation of the isomer, 2-hydroxy Secarboxynaphtha=-

lene.

This modification has been applied to approxi-
mately one hundred phenols (46) and has given good
result in many cases. The excess of potassium
carbonate acts as an extender and prevents the fusion

of the mixture, Industrially this procedure is



expensive since only potassium, rubidium and cesium

carbonates have been found to be suitable.

The failure of sodium, magnesium and calcium
carbonates and of sodium bicarbonate may arise from
their insolubility and consequent non-reactivity
towards phenols, the formation of the metal aryl
oxide being a necessary prelude to carbonation.
pPotassium, rubidium and cesium carbonates, on the
other hand, readily react with phenols and carbona=-
tion then proceeds easily.

1.3.3 Use of liquids

(a) Solvents 3

The possible use of free Z-naphthol as a
solvent for this reaction arose out of the fact that
reaction (1.7) leading to the formation of the
disodium salt of 2 : 3 aeid from its monosodium salt
is actually an equilibrium reaction (44), and that
the addition of 2~naphthol would shift the equili-
brium towards the left. This would mean that a
conversion greater than the theoretical 50% could be
achieved; also there would be the added advantage
of the solubility of the naphtholate in 2-naphthol

leading to a more fluid reaction mass.



Hence many earlier workers (6, 8, 14, 30, 35)
tried to exploit 2-naphthol as a solvent in this
reaction, but without much success, because of the
formation of large amounts of tar during the reac-
tion, However, a recent British patent (29) has
claimed 83% yield of BON acid in a continuous method

using a considerable excess of Z2-naphthol as solvent.

Organie liquids, whieh have a solvent action
on Z-naphthol and alkali 2enaphtholate but do not
dissolve the alkali salt of 2-nnphtholicarboxylic
acids and which are stable and chemically inert, may
be used as solvents (16, 17, 18, 20, 2z, 27, 47).
Dioxane, pyridine, their homologues and acid-soluble
‘tar fractions fulfil these conditions and have been
triedy <for practical reasons dioxane has received

greater consideration than other solvents.

In the solvent method, 2-naphthol is allowed
to react with an equimolar or excess amount of NaOH
in the solvent. Sodium 2-naphtholate is then
dehydrated by azeotropic distillation using fresh
dry solvent (for adjustment of volume). If an
excess of NaOH i1s used, the mixture is refluxed for
some time, the aqueous layer is separated, and the

solvent layer dried over a dehydrating agent, e.g.



caustic soda, calcium oxide, barium oxide or

calcium carbide. This procedure leads to efficient
dehydration, but is time consuming. To shorten

the time of azeotropic distillation (49), another
gsolvent (e.g. benzene) which forms a minimum boiling
mixture is used. After dehydration, carbonation

proceeds smoothly under normal conditions.

The liquid method has a number of advantages.
It ensures efficient drying of sodium 2-naphtholate,
and no difficulties are encountered through local
overheating or inadequate stirring. It reduces
the formation of by-products such as xanthone or tar.
As a result hydroxynaphthoic acids can be obtained in
higher purity and yields. It enables carbonation
to be carried out at the optimum temperature of 26000.
(from the beginning of the reaction) which is not
possible in the dry process. The prineipal dis-
advantage of this method is the use of excessively
large equipment and the additional investment for
handling of solvents and their recovery.

(b) Dispersents

Some organic liquids (e.g. paraffin,
toluene, xylene, and tetralin) have been suggested
(7, 15, 22, 24, 36) as dispersents (chemically



indifferent liquids) for carrying out this reaction.
These do not dissolve the alkall metal naphtholate
and do not react with the starting materials and
intermediates or final products. Based on experi-
mental data, Isemer (45) has concluded that the
carbonation proceeds most readily in liquids (which
are not necessarily solvents) having low dlelectric
constants (e.g. toluene, xylenes dioxane, diisobutyl
ketone). Thus, according to him, both protiec and
aprotic solvents (having low dielectric constants)

are suitable.

The use of kerosene 0il as a dispersent in an
industrial plant is known. Such diluents facilitate
the preparation of anhydrous naphtholate. However
they tend to have an undesirable effect on the carbona-
tion reaction because COy; dissolves but sparingly in
the dispersent (hydrocarbon)j; and the contact of 002
nwith suspended and coated naphtholate particles might
not be efficient. It is therefore necessary to use
as little of the diluent as possible and also to get
the naphtholate in a finely divided state for the
carbonation to proceed smoothly and with the required

reaction rate.
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1l.3.4 Other methods

(a) Conversion of alkali salt of 2,l-hydroxy-
naphthoic acid to BON acid :

Dry sodium Z2-naphtholate is subjected to
the action of CO, at a temperature of 40°-60°C. (or
in some cases at 120°-1302) with or without a liquid
medium under atmospheric pressure (12, 21, 23, 24, 26,
30). The product obtained i1s the disodium salt of
2yl-hydroxynaphthoic acid, in accordance with reaction
(1.8). This is then processed in the usual manner.
The conversion of 2ylehydroxynaphthoic acid is
practically quantitative, i.e. 50% on the 2-naphthol
charged. This can be increased to 100% of the
naphthol charged if an equivalent amount of metallic

gsodium is used.

COONa

ONa ONa

This reaction is best carried out in an indifferent
liquid, or preferably in a liquid which is a solvent
for both naphthol and naphtholate.

The disodium salt of 2,l-hydroxynaphthoic acid,
substantially free from naphthol and other materials



containing free hydroxyl groups, is heated to 220°-
360°C. in a chemically indifferent solvent under Ny

or COyp pressure till the tautomerisation is complete.
The conversion to BON aecid is substantially quantita-
tive. Krepelka and Karing (36) have reported the
optimal temperature range as 236°-240°C. and also

added that under pressures of 15-50 atm. the conversion

is a linear function of pressure.

In another process (30) the disodium salt of
2y1-hydroxynaphthoie acid is heated to 2350-24500.
under a CO2 pressure of 4.6 atm. with intermittent
addition of 2«naphthol. After the tautomerisation
the free Z-naphthol is distilled out in vacuo and the
product is separated in 656-70% yield.

These processes involve the additional cost
of preparing 2,l-hydroxynaphthoic acid, and if a
liquid medium is used the cost of solvent handling
and recovery is also added wup. Further there is no
improvement in the conversion and yield as compared

with the direct methods.
(b) Use of sodium hydride :

A patent (28) has described the preparation
of dry sodium 2-naphtholate by using NaOHd or Nad in a
nitrogen atmosphere. The dry salt is then treated
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with CO, at a pressure of 6 atm. at 230°-260°C.,

wreferably with the addition of more NaH. Higher

yields are claimed by a further reaction of the

carboxylation product with 002 and additional Nai.

l.4 PROBLEM OUTLINE

The review presented in the foregoing paragraphs

has brought out the following points :

(1)

(2)

(3)

Dehydration is an extremely important
stepy and total dehydration is a "must"
for achieving good and reproducible
results,

Neither the dry method nor the methods
employing liquids (dispersent or solvent)
have been systematically investigated

in terms of the effect of the process
variables on yield and conversion,

When the reaction is carried out in

the dry phase, it evidently forms a gas-
solid systemy, and when it is carried out
in the presence of a liquid dispersent,
a gas-liquid-solid system is involved.
No model has so far been proposed for
either of these systems (as applied to

this reaction).

In view of the apparent advantages of the liquid



dispersent method, the present investigation was

undertaken with the following objectives 3

(1) To study the effect of process
variables on the dehydration of
sodium Ze-naphtholate in the
presence of a dispersent.

(2) After finalising the dehydration
conditions, to investigate syste-
matically the effect of carbonation
variables (temperature, pressure,
time, 2~naphthol to kerosene oil
ratio) on the conversion and yleld
of the reaction,

(3) To propose a plausible model for
the carbonation reaction in the
presence of a dispersent,

(4) Using the relevant process data
from this study, to optimize the
reaction conditions by a three level

factorial design.

In this investigation kerosene oil was chosen
as the dispersent for the following reasons :
(a) it is a cheap and readily available solvent;
(b) the use of kerosene 0il has been reported
in an industrial plant; and
(¢) 4t has a low dielectric constant,(2.0-2.2).
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CHAPIER - 2

EXPERIMENTAL

The experimental assemblies for this investi-
gation vere set up with two objectives : to study
the effect of process variables on the Kolbe-Schmitt
reaction leading to the formation of BON acid in the
presence of kerosene oil as a dispersent, and to
determine the solubility and mass transfer coefficient
of 602 in kerosene o0il to provide the data for verify-
ing the proposed model. The main features of the
experimental technique are briefly described under
the heads : (1) equipment, (2) prineipal raw materials,
(3) operation, and (4) analysis, follovii& by a
description of the solubility apparatus.

2.1 EQUIPMENT (FOR REACTION)

Experiments on the study of process varilables
were carried out in two reactor assemblies : Reactor
Ay in which the earlier part of the investigation was

carried out, was the smaller of the two and was not
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provided with a sampling device. The latter part
of the investigation was carried out in reactor B,
which was not only larger but was also provided with

an arrangement for sampling.
2+.1s1 Reactor A

A disgrammatic sketech of the reactor and
accessories 1s shown in Fig.(2.1) and a photograph
of the unit appears in Fig.(2.2). This consisted
essentially of a stainless steel reactor, 8 cm.
diameter x 19 em., heighty with a volumetric capacity
of 850 ml. The reactor was provided with an anchor
type stirrer which could be driven at 160 rpm. by a
¢ h.p. motor through a suitable pulley arrangement.
The stirrer stuffing box was provided with a jJacket
(for the portion inside the reactor) for water cooling.
In the flanged 1id of the reactor were openings for
charging, vapour outlet (used during distillation of
the solvent) and COgy inlet. A thermowell of
appropriate length was also provided. The reactor
was heated by electrical resistance wire wound over
its outer surface, and the heat input was controlled
through a variac and an ammeter, The entire
reaction assembly was tested for a pressure of 300

psig at 380°C. and was found to be leak-proof,

239



FIG. 2.2.

1

PHOTOGRAPH OF REACTOR ‘A’ ASSEMBLY
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1 MAIN BODY, 800 X 190
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The assembly also had provision for adequate
drying of COg and for condensing the mixture of

kerosene 0il and water during dehydration.
2.1.2 Reactor B

This assembly is shown diagrammatically in
Figs. (2.3) and (2.4). The reactor (stainless
steel), 20 cm, diameter x 20 em, heighty had a
volumetric capacity of about 6 litres and was
flanged at the top as in reactor A, In addition
to the features already described under reactor A,
this reactor was provided with a bottom discharge
fitted with a ¢ inch stainless steel gate valve, A
stainless steel pressure tube, approximately 20 nl.
in capacity and closed at one end, was fitted to the
gate valve at its open end. Whenever it was
desired to collect a sample, it was only necessary
to fill the tube by opening the valve, close the
valve again, and then remove the tube from the
reactor assembly. An arrangement was provided in
this assembly for recording the temperature continu-
ously through a Cambridge circular recorder. A
photograph of the assembly appears in Fig.(2.5).

2.2 PRINCIPAL RAW MATERIALS

In the course of this investigation the following



FIG. 2.56. PHOTOGRAPH OF REACTOR ‘B' ASSEMBLY
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chemicals of specifications stated against them

were used @

(1) Zenaphthol

(11) Sodium hydroxide
(111) Carbon dioxide

(iv) Kerosene oil

2.3 OPERATION

2¢3.1 Reactors A and B

Technical grade;
brown grainsj purity
96-

Commercial gradej
flakes; purity 93-94%.

Commercial gradej dry
CO2 from cylinder,

Burmah-S5hell superior
grade kerosene oi%; °
boiling range 160%-2657C,.}
60% distilled below
200°c,

The operation of the reactor assembly was

carried out essentially according to a pre~determined

procedure,

Several factors were varied in the

process, such as kerosene oil to 2-naphthol ratio,

temperature, pressure and time.

A brief description

is given below of the essential features of the

operation under the heads @

charging, dehydration,

the
carbonation and working up otkrnlcgbn mass. The

exact procedure, which would include details of

process variables, will vary from run to run.

2.3.2 Charging

Kerosene o0il and 2-naphthol were charged in
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the reactor in a pre-determined ratio. Stirring
was then started and the stoichiometric quantity of
NaOH was added as 50% liquor. Heating was commen-
ced and the temperature brought to about 60°C. in ma
4+ hour. An accurately weighed quantity of an

additive was then added to the reaction mass.

2.3.,3 Dehydration

An air condenser and a water condenser (along
with a separating funnel as receiver) were connected
in series with the distillation arm of the reactor.
The feed hole of the reactor was connected to a
graduated reservoir of fresh kerosene oil. Heat
input was then increased and the temperature raised

to 90°C. in another # hour. At this temperature

a mixture of kerosene oil and water started to distill

overs. In order to ensure a constant ratio of
kerosene 0il to 2~naphthol in the reactor, kerosene
0il was introduced into the reactor through a
graduated reservoir at the same rate at whiech it
distilled over from the reactor. In order also to
ensure that moisture was not introduced along with
the kerosene oil, carefully dried kerosene oil was
used. (In the 10&0: part of the investigation it
was found unnecessary to dry the kerosene oil before

use since the water content of the oil was found to
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be negligible as determined by Karl Fischer reagent.)

By this distillation almost all the water
(water added with caustic soda plus water formed
during the reaction) could be removed in the first two
to thro§ hours. The last traces of moisture came
out in the form of droplets in the distilling
kerosene oil, The quantitative removal of water
was ascertained in each run by measuring the water
removed, Dehydration was considered to be complete
only when the water removed was equal to the water
added and that formed during the reaction. In
order to make sure that the last traces of moisture
were completely removed, distillation and addition of
kerosene 0il were continued, till there were three
complete change-overs of kerosene oil from the
reactor, This meant the addition of 6 litres of
kerosene o0il to the reactor during distillation.

The next step in the dehydration cycle was the
adjustment of 2enaphthol to kerosene oil ratio in the
reactor to a pre-determined value, either by adding or
removing kerosene oil. At the end of this adjuste
ment, the temperature in the reactor reached a stable
value of 840°-260q0. in the majority of runs. The
total time of dehydration was then defined as the
time required to reach this stage.



2.3.4 Carbonation

The condensers and the feeding line were
disconnected and these openings in the reactor were
closed. The needle valve fixed to the reactor was
then connected to the coz ¢ylinder through a trap
filled with silica gel.

COp was introduced inside the reactor at a
slow, regulated rate at the desired temperature. The
prossuri and temperature were then varied according
to a pre-determined plan. It was found that at the
beginning of carbonation the control of the carbonae
tion temperature was difficult. Also an appreciable
congumption of COa was hotieod in the first-l-2 hours,
after which there was praetically no consumption till
the end of the reaction. The reaction was stopped
after tho desired time interval, and the products

of reaction were worked up,.

2¢3.6 Workigs uE

After carbonation the heating was cut off and
Co8 was released slowly. The reactor mass vas
allowed to cool down under stirring to 90°C.  Water
was added to §th capacity of the reactor along with
the required amount of caustic soda. The mass vas

heated to about 12600. for ensuring complete dissolution.

552
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It was cooled and discharged through the bottom

valve and further diluted by water to 8.6 to 10,2

Twe This solutiony which varied from dark brown

to dark red in colour, was stirred for about 10
minutes and allowed to separate into two layers.

The upper oily layer containing kerosene oil plus
dissolved tar was removed. Activated charcoal

(1% on 2enaphthol charged) was added to the aqueous
layer and heated to 70°-80°C. by steam for 15 minutes,
after which steam was stopped but stirring was
continued for one hourj this was then allowed to
settle for ¢ hour. This procedure helped to separate
the tar efficiently,

The tar was removed by filtration. The
filtrate consisted of two layers, the aqueous layer
containing BON acid and 2-naphthol and the small
residual organic layer containing kerosene oil plus
dissolved tar. The residual organic layer was
removed and the aqueous layer was worked up for the
isolation of 2-naphthol and BON acid in the following

manners.

The aqueous layer was heated to 65°-60°c. and
the pH brought down to 6.8 by 50% sulfuric acid when
Z-napnthol precipitated out, The complete precipi-



tation of Ze~naphthol was ensured by the following
test : a sample filtered through a dry filter
should remain clear with further dilution with water.
The precipitated 2~naphthol was then filtered and
the filtrate worked up for BON acid. The content
of 2-naphthol in the crude wet cake was estimated by
completely redissolving to a known volume. In a
few test cases, the wet cake was distilled under
high vacuum in a specially constructed distillation
unit to determine the total recovery of 2-naphthol

(pure).

The filtrate vas heated to 70°-80 C. and the
pH brought down to 2 with 50% sulfurie acid when BON
acid precipitated out. The slurry was.then cooled
to 50°C., filtered, and washed free of seid,  The
BON aeid thus obtained was dried in a vacuum dryer

at 800.7OOCQ
2.4 ANALYSIS

2.4.1 Estimation of 2-naphthel and BON acid

‘Prllary aromatic amine salts are quantitatively
diazotised by nitrous acid at low temperature (0°-8°C.).
The resulting diazonium salts are very soluble in
water, and couple rapidly and quantitatively with



naphthols in alkaline solution. This forms the
basis for the estimation of naphthols. The
iodometric method (59, 60, 61) was also tried for
the estimation of naphthols but did not give satis-
factory results; all the naphthols estimations

were therefore carried out by diazo titration.

Preparation of standard diazo_solution

Sodium nitrite solution (0.5 N) was prepared,
and its exact strength was determined by sulfanilic
acid and also by oxidation with potassium permanga=-
nate (59, 60, 64). This standardised sodium
nitrite solution was used in determining the content
of p-chloroaniline in a prepared solution (0.25 N in
excess HCl). Standardised p-chloroaniline solution
(60 ml.) was then taken in an amber coloured volumetric
flask (260 ml. capacity) and was diazotised at 0°-5°C.
with sodium nitrite solution; a small amount of
potassium bromide was used for stabilizing the diazo
solution, This standard diazo solution was used
in the estimation of naphthols as given below.

Estimation by standard diazo solution
2-NAPHTHOL 1

l.44 gm, of 2e~naphthol was dissolved in 10 ml.
of 2 N NaOH and 400 ml. watery, and then made upto 600 ml.
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60 ml. of this solution was transferred to
a beaker containing 20 ml, of 2 N Hu2003 (buffer)
plus some ice pieces and cold water (total volume
about 200 ml.). Standard diazo solution from a
jacketted burette (cooled by ice cold water circula-
tion) was added to the naphthol solution in stages
of 0+65 ml., each with efficient stirring. After
each addition a drop of the mixture was spotted on
a clean filter paper. The clear outer ring was
tested by spotting with diazo solution and with a
fast coupler (H acid or J acid) solution. In the
beginning the clear outer ring gave a coloured rim
with diazo solution which became faint and then
vanished with further addition of diazo solution from
the burette indicating exhaustion of 2e-naphthol in
the titrating mixture. At this stage the clear
outer ring was tested by spotting with H acid solution
indicating the presence of excess diazo solution in
the titration mixture. The end point was taken
as the mean of the last spot with diazo and the first
spot with the H acid solution.

Calculation 3

X xNx 72 x 100

2-Naphthol,% =
50 x W



wvhere
X = volume in ml, of diazo solution
added}
N = normality of diazo solutionj and
W = weight in gm. of 2-naphthol (500 ml.).
BON ACID 3

The estimation of BON acid was carried out by
a similar procedure, The starting solution was
prepared by dissolving 1.88 gm, of BON acid in 10 ml.
of 2 N NaOH and 400 ml. water and then making up to
600 ml.

Determination of 2-naphthol in BON acid (31)

18.8 gm, of BON acid was creamed with 50 ml.
water and dissolved in the cold with 110 ml. NaOH
(0.1 N) solution, This solution was treated with
5 gm. pure ammonium sulfate, The separated free
2-naphthol was then extracted with ether three times
taking 25 ml, ether for each extraction. The total
ether extract was filtered through a small dry
filter paper and evaporated. The residue was
dissolved in the minimum amount of NaOH (0.1 N)
solution and transferred to a 500 ml. iodine flask
using 200 ml. water. The solution was made acidic
to Congo red by adding dilute HCl. To this 10 gm.



n.ucoa was added and shaken till effervescence
stopped. Starch solution was added and titrated
against iodine solution (0.1 N) till blue colour
was obtained, 10 ml. excess of standard iodine
solution (0.1 N) was then added and the flask was
stoppered well and allowed to stand for 10 minutes
with occasional shaking. Excess of iodine was
back titrated with 0.1 N solution of arsenious acid.

Calculation :
2-Naphthol contenty#% = (a « b) x 0,0383

where

a = volume in ml, of 0.1 N iodine
solution nddod; and

P = volume in ml, of 0.1 N arsenious
acid (back titrated reading).

The ether extract residue was also analysed by
the diazo titration method as mentioned above.

2.4.2 Sodium hydroxide (59, 62)

Approximately 45-50% caustic soda solution was
used during charging. For convenience a carefully

analysed stock of caustic soda solution was preserved

during the investigation. It was regularly analysed

by titrating samples against standard potassium
hydrogen phthalate solution.
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2.4.3 Determination of water in kerosene oil (63)

In the course of this investigation it was
necessary to determine the amount of water in
kerosene oil, This was done by the following
me thod., |

About 26 ml. of the reagent methanol was
transferred to the titration flask and was titrated
to the end point with the Fischer reagent. To
this 25 ml. of kerosene oil (from the distillate
sample) was added quickly, The solution was
stirred vigorously and was titrated with the Fischer

reagent.

2.5 CARBON DIOXIDE SOLUBILITY APPARATUS (33)

2¢5.1 Desecription

A diagrammatic sketch of the apparatus 1s
shown in Fig. (2.6). The apparatus consisted
essentially of two glass burettes (1, 2) both of
vhieh had a capacity of 75 ml, with O,1 ml, gradua-
tions. Burette (1), or kerosene oil burette, was
connected through its bottom end to a tee, one
opening of which was connected to a levelling bulb
(Ly) filled with kerosene oil saturated with COp at
room temperature, and the other opening to a high
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pressure needle valve (V;). The levelling bulb
line was provided with a stopcock (8;) so that the
0il level inside the oil burette (1) could be
adjusted to any mark. From valve (V) a 4+ inch
diameter pressure copper tubing (T) was connected

to the discharge valve of the reactor B, This
pressure line was also provided with a branch line
with another pressure valve (VB) so that it could be

purged when desired.

Burette (2), or carbon dioxide burette, was
also provided with a stopeock (82) and a levelling
buld (Lg) filled with kerosene oil saturated with
Coz at room temperature, The two burettes were
connected at the top to a glass tee that led to a two-
way stopeock (Sa). One opening of the stopcock
(83) connected the burette system to the atmosphere
while the other opening connected it to a mercury

manometer (M).
2.6.,2 Operation

4 litres of kerosene oil of 2200-26606. cut
was charged into reactor B, It was heated to the
desired temperature and maintained steady at that
temperature (& 2%.) during an entire measurement,

The bottom discharge valve was then connected through
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1/8" thick copper tubing to two identical solubility

units described above through a tee connection.

The solubility units were next prepared for
measurement. The saturated kerosene oil level in
burette (1) was adjusted to the zero mark by means of
the levelling bulb (Lj). Stopeock (Sé) wvas positioned
to connect the burette system to the atmosphere., The
saturated kerosene oil bulb (L;) was then raised to
a position such thaf the oil would flow into the gas
burette (2) to a reading of 45 to 60 ml. Stopeock
(83) was then turned to connect the burette system
to the mercury manometer (M). The saturated kerosene
0il levelling bulb (Lg) was readjusted, if necessary,
80 that the manometer would be at the atmospheric
pressure. The same procedure was used for the
second identical solubility apparatus. Atmospheric
pressure and room temperature were then recorded.

With these manipulations both the solubility units

were ready to receive the sample.

CO; gas was introduced into reactor B3 to the
desired pressure in about 30 seconds, and maintained
at that pressure during an entire measurement. The
procedure given below is for any one of the solubility
units, the valves of the second unit being kept closed
during this period. The connecting line was flushed



through valve (V,) with 20-30 ml. of oil from
reactor B before introducing the solution sample in
the apparatus. Valve (72) was then closed, and
valve (V;) was momentarily opened to allow a small
sample of solution to flow from the reactor to the
0il burette (1). The sample size varied between
16 and 20 ml. As soon as the required volume of
solution was admitted, valve (Vl) was closed, Co,
began flashing immediately from the oily and the
pressure increased inside the burette system. In
order to eliminate leaks, the saturated kerosene oil
bulb (Lg) was lowered at a rate such that essentially
atmospheric pressure was maintained in the burette

system as indicated by the mercury manometer (M).

When no more CO, bubbles were seen in the oil
phasey the saturated kerosene oil levelling bulb (L2)
was adjusted to a final position that indicated
exactly atmospheric pressure in the apparatus. About
2 minutes were necessary for the G0, to flash completely.
The levels of oil in both the burettes were recorded
simultaneously. About 3«4 minutes were necessary

to perform this entire operation in one unit.

The procedure deseribed above is adequate if
the saturation solubility of 002 in kerosene oil is
to be determined. For this purpose it is only

necessary to ensure that the kerosene oil in the
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reactor is saturated with CO2 before being admitted
into COg solubility apparatus.

However, as described in Chapter - 4, it is
necessary to obtain the solubility as a function of
time np%o the saturation point. The second
solubility apparatus provided was used for this
purpose by operating it alternately with the first
at regular intervals. While the operations descri-
bed above were being performed to obtain the solubility
at any given time in one of the units, during the
time necessary for the flashing to be complete the
kerosene 01l sample was admitted into the second
unit. By repeated preliminary trials it was found
that an interval of 2 minutes was satisfactory for

this purpose,
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CHAPTER « 3

PRELIMINARY STUDY OF PROCESS VARIABLES

Experimental investigations were carried out
to determine the effective ranges of the different
process variables that influence the conversion and
yield in Kolbe-Schmitt carbonation. The results
obtained are discussed in this chapter under the
broad heads, dehydration and carbonation.

Details of the experimental procedure and
working up of the reaction products have already
been described in Chapter - 2, and unless specifically
stated it may be assumed that this procedure has been

adopted in obtaining the data presented and discussed

belows.

3.1 DEHYDRATION

In the experiments designed to study dehydra-
tion, a close range of distilled kerosene oil (low
dielectric constant) was used as entrainer in nitrogen

atmosphere so as to keep awvay oxygen coming into



contact with the naphtholate.

2

The conditions of

carovonation were fixed on the basis of the data

reported in the literature, thus ensuring that any

variation in conversion would be due to changes in

dehydration econditions only.

3.,1.1 Importance of total dehydration

A few preliminary runs were carried out in

reactor A maintaining the reaction conditions general-

1y as deseribed in the literature.

used were as follows

Charge @
Chemical

2«~Naphthol
Caustic soda
Water

Kerosene oil

Dehydration @

Amount

144 gm.
42,5 gnm.
92 ml.

4860 ml.

The conditions

Specification

97%
94%
Distilled water

180°-210°C. close
rangej (distilled)

4,0 litres of kerosene 0il were continuously

added during distillation in order to maintain a

ratio of 1 ¢+ 3 (2-naphthol to kerosene) over the

entire dehydration period,

A slow stream of Na gas

was maintained inside the reactor during this period.



(S))
W~

Dehydration time 24 hr.
Total water recoverable Water added (192 ml.)
plus reaction

wvater (18 ml,) =
110 ml.

Carbonation 3

2-naphthol to kerosene ratio 1l 1.3

Temperature 230°-250°C.
Pressure 0el80 psig.
Tiﬂ. 24 hr,

€0, was introduced at 230°C., the pressure
and temperature were raised gradually to 150 psig
and 2560°C, respectively in the course of five hours,
and maintained there for 19 hours. Several runs
were carried out under these conditions, and they
are recorded in Table-3.1. In all these runs the
conversion to BON acid was found to be poor, varying
generally from § to 10%, against the theoretical
conversion of 50%. The total water recovered was
never 100% and, as can be seen from the table, varied
from 90,0 to 96,58, even though the final temperature
attained during dehydration was 2oo°c.

The complete exclusion of water before carbonae
tion is essential sinee it inhibits carbonation and
leads to side reactions resulting in the loss of
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2enaphtholate. Water forms strong chelation

with sodium 2-naphtholate, thus preventing the
addition of coz to give 30N aecid. In the presence
of CO2 the hydrolysis of this complex gives free

2-naphthol and sodium carbonate.

ONa OH

The free 2~naphthol does not form sodium naphtholate
again, since in its fused form it 1s inert to alkali.

In another side reaction one mole of water is
formed for every mole of xanthone (1,2,7,8-dibenzo-
xanthone), which is the main constituent of by-product

tar.

COONa Co
OH o
(OO OONOOEETRE

In other words, for every mole of xanthone formed,

four moles of sodium 2-naphtholate are lost.

Hence it is essential to ensure the total
absence of moisture during the reaction and also to
avoid the side reactions which result in the formation
of water.
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3.1.2 Effect of temperature on dehydration

In all the runs discussed earlier, the
recovery of water was poor. It is likely that
under the distillation conditions used the water
present in combination (chemical and physieal)
with the naphtholate may not have been removed.

It was therefore thought that the combined water

could be removed by heating the naphtholate to a

high temperature (270°-320°C.) in the final stages

of dehydration. Temperatures above 307°C. might

be more effective as sodium 2-naphtholate melts at
that temperature, thus facilitating the removal of
bound water, It 1s known that there is no delete-
rious effect on sodium Zenaphtholate of temperatures
as high as 320°C, even if it is held at these temper-
atures over a prolonged period uander inert atnosphoro..

The experiments carried out for investigating
the effeet of temperature were divided into four
groups : (1) experiments at 200°C.; (2) at 240°C.;
(3) at 28000.; and (4) at 320°C, The experimental
technique involved in group (1) where the temperature
d1d not exceed 220°C, (which is within the bolling
range of kerosene) was in accordance with the
procedure described earlier, For groups (2), (3)
and (4), where the final dehydration temperatures



were 2400, 280° and 32000. respectively, this
procedure could not be followed since it would not
be possible to obtain the temperatures involved by
the open distillation method adopted at the lower
temperature. The following procedure was used.
Distillation was carried out by the usual method
up to 200°C, at which stage the reactor was closed
and heating continued. The water (along with
kerosene) from the reactor was then discharged
intermittently by opening the valves. It was
observed that after five such discharges there were

no visible droplets of water in the kerosene discharge.

The results of these experiments are summarized
in Tables-3.2 and 3.3, The runs recorded in Table =~
3.2 were carried to completion, while those recorded
in Table-3.,3 were stopped after dehydration in order
to observe the physical state of the naphtholate,

It will be observed that in the first two groups the
recovery of water was of the order of 95%. This
recovery figure is in consonance with the values
recorded in Table-3.1 for the scouting experiments
whieh were also carried out under similar conditions.
Observations about the physical state of the sodium
2~naphtholate showed that it was in the form of finely
divided grains well suspended in kerosene oil.
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Contrary to expectations, the conversions to
BON acid obtained in groups (3) and (4) were lower
than at the lower dehydration temperatures. It
will be observed from Tables-3.2 and 3.3 that in
both these cases the recovery of water was over 98%,
which is higher than that at lower temperatures.
The physical form of sodium naphtholate provides a
possible clue to the low conversions in spite of
superior water recovery. At both these temperatures
(280°- and 320°C.). the sodium naphtholate was observed
to be in the form of lumps which were probably not
accessible to carbonation to the same extent as
finely divided grains. Kerosene o0il does not have
solvent action on the sodium salt of 2~naphthol which
remains in the oil as suspension. Thus a proper
physical shape and size (finely divided grains) of
sodium 2-naphtholate is essential, On the other
hand, at the lower temperatures studied (200° and 240°C.),
although the physical state was satisfactory, the
temperature was not high enough to ensure total
dehydration.

The obvious conclusion follows that, although
increasing the temperature of dehydration might
enhance the recovery of watery a necessary pre-condition

for efficient carbonation, the conversion to BON acid
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is still poor in view of the unfavourable physical
state of the sodium naphtholate. The effect of
2-naphthol/kerosene oil ratio on the physical state
of the naphtholate is discussed in Scction.a.z.a.

3.1.3 Use of additives

In an alternative method for the complete
removal of moisture, a search was made for suitable
additives which could be used along with the normal
charge. The properties desirable in such an
additive would be : (1) capacity to extract water
which 1s in combination with the naphtholate particle
without destroying its physical shape and size and
(11) absence of any deleterious effect on carbona=

tion and on the quality of the carbonation products.

Chemicals normally used as dehydrants (together
with a few others) were sereened for this purpose : CaCly,
NaOH, KOH, c-coa, u.zsq‘, Zn012, silica gel, bauxite
and Kieselguhr, Dehydration runs were carried out
using these materials (independently) to the extent of
1 to 5% (on 2-naphthol charged), and the results
were examined in the light of the properties mentioned
above, The data on dehydration are summarized in

Table=3.4.

The results show that CaClyy 2nCly, bauxite,
NaOH, and KOH give a water recovery of 99 to 100%
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when used along with the normal charge (to the
extent of 1 to 2% on 2-naphthol) without affecting
the fine grain structure of the naphtholate. In

other cases the recovery of water is not satisfactory.

Using these additives (CaClg, ZnClg, bauxite,
NaOH, KOH) both dehydration and carbonation were
then carried out in order to observe the effect of
these additives on the conversion of Z2-naphthol to
BON acid, keeping dehydration and carbonation times
as 12 and 14 hours respectively and maintaining the
other conditions as described in Section 3.l.l. The
results obtained are summarized in Table -3.5. It
will be observed that in the case of CtClg. the
recovery of water as well as conversion to BON acid
are superior to those obtained with the other chemicals.
In the case of bauxite and Zn612 the 2enaphthol

recovered was greenish in colour.

3.1.4 Further studies on dehydration

From Table«3.5 it may be observed that the use
of about 2% c.cl2 (on 2-naphthol charged) is adequate
to ensure quantitative removal of water. In all the
runs discussed so far, distilled kerosene oil (180°
210°C.) was used keeping the dehydration time fixed
at 12 hours. It is known that CaCl, loses water
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of hydration completely above 200°c.; 8o kerosene
oil of a higher range was considered to be better.
A few experiments were carried out using commercial
kerosene oil (superior grade, 160°-865°C.). The
removel of water was observed to be quite fast as

compared with the previous closer range of the oil.

A series of runs, using commercial grade
kerosene oil (1600-28506.), was then organized in
which the amount of water removed was determined as
a function of time. This'wns done in the following
waye During distillation the separable water
removed with kerosene was measured, and the water
contsat of kerosene was also determined by the Karl
Fischer reagent (Chapter - 2, Section 2.4.3).

Separable water ceased to come out after three hours.
Fig. (3.1) shows the water content of kerosene oil

as a functiond time. The water content evidently
levels off after about 6 hours at a value of 8 mg. of
water for 100 ml, of kerosene oil, which corresponds
to the normal solubility of water in the oil, The
higher proportion of water in kerosene at lower
dehydration 'Il;:;;;I!!I is due to the physically
bound moisture in the oil as evidenced by its turbidity.
Although the separable water is removed within 3 hours,
it is evidently necessary to continue the dehydration
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to about 6 hours in order to ensure the removal
of moisture held (physically or chemically) by the
naphtholate.

Another series of runs was carried out in
whieh different proportions of CaCl2 were used along
with the normal charge to determine the deleterious
effecty if any, of Ca012 on carbonation. The data,
recorded in Table -3.8, show that there is no
observable effect with the use of inereasing amounts
of GaCla up to 4%.

In conclusion, the results of the experiments
carried out on the dehydration of sodium Ze-naphtholate
show that, with 2% 01012 (on 2~naphthol charged), and
a dehydration time of about 6 hours, quantitative
removal of water is possible without causing any
deleterious effect on the carbonation reaction.

Under the finalised conditions of dehydration, finely
divided grains of sodium Ze-naphtholate form, but the
shape and size distribution of the particles were
found to differ with slight changes in the dehydration
conditions (Chapter - 4), Hencey during the entire
study of carbonation, the conditions of dehydration
mentioned were strictly followed so that any variation
in the physical state of the dehydrated naphtholate
would be kept at the minimum,
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3.2 CARSBONATION

There are several variables which exercise
direct and indirect influence on the carbonation
reaction. Of these the following four variables,
2-naphthol to kerosene 0il ratio, temperature,
pressure and time, are evidently the most signifi-
cant. These were studied in some detail to
determine the conditions for obtaining high conver-
sions and yields.

In the present kerosene 0il dispersent
systemy, it was found possible to carry out the
carbonation at any fixed temperature and pressure
without introducing any (significant) variations
in temperature and pressure during the entire
period. Kerosene 0il acts as a diluent and hine
ders the attack of COg on sodium naphtholate.

S0 the minimum practicable ratios of 2-naphthol
to kerosene oil, having no apparent bad effect

on the physical state of naphtholate, were chosen
for the study.

It is known from the literature that the 2 : 1
acid predominates at carbonation temperatures below
200°C.. above which it decomposes. It becomes



stabilised at pressures higher than its dissocia-
tion pressure at any temperature. This acid shows
a strong tendency for side reactions leading to the
fornatiop of tar. At the outset, therefore, it
was decided to use temperatures above 220°C. and
pressures much lower than the dissociation pressures
of the 2 ¢+ 1 acid corresponding to the different

temperature employed.

3.2.1 Variables and their ranges

The variables studied, together with the

ranges covered, are listed below.

Temperature 230°-270°C.
Pressure 20 -« 150 psig.
Carbonation time 4 - 16 hr.
2;2:§h:2:}°to kerosene 1 1_0.6 to 1l : 1.6

3.2.2 Effect of naphthol to kerosene oil ratio

In the present dispersent system, kerosene
oil imparts a physical hindrance to the rate of the
reaction, The major role of kerosene oil (or any
dispersent) 1s that it dissolves the coa. and the
reaction between sodium naphtholate and coz then
proceeds by the transfer of CO2 across a film of the
dispersent surrounding the solid particles of the



naphtholate. Details of the mass transfer mechanism
associated with the reaction will be discussed in a

separate chapter.

For the selection of suitable ratios for study,
the physical state of the dehydrated naphtholate was
actually observed at various ratios by opening the
114 of the reactor after the adjustment of the ratio.
Below a ratio of 1 1 0,6 finely divided grains were
found transforming into compact lumps, probably due
to high agglomeration. The ratio range 1 : 0.6 to
1 ¢ 1.5 wvas chosen for the study to see if any
gsystematic trends could be observed. Experiments
were carried out in reactor A under the following
conditions :

Charge 3
Chemical Amount
2=-naphthol 149 gm.
Caustic soda (45%) 89 gm.
solution
Kerosene oil 450 ml.
Calecium chloride 3 gm.

Dehydration :

Additional kerosene 4 1.
oil (used during
distillation)



Average time 6 hr.
Final temperature 2oo°-aos°c.
Total water recovery 100%

Carbonation 3

Carried out at different 2-naphthol to kerosene
oil ratios (1 s 0.6, 1 ¢ 1, 1 s 1,5) and pressures
(20, 50, 100, 150 psig.) keeping temperature (250°c.)
and time (14 hr.) fixed.

The data obtained are summarized in Table-3.7.
Plots of conversion and yield vs. pressure at the
three ratios are shown in Figures (3.2) and (3.3)
respectively. It will be observed that there is a
general tendency for the conversion to decrease with
increase in the ratio of 2-naphthol to kerosene oil.
In other words, the lesser the quantity of the
dispersent used, the higher is the conversion. On
the other hand, the yield shows a tendency to rise
with increase in the ratio, even though the conversion
exhibits a decreasing tendency. This is because of
the decreased formation of tar with inecreasing ratio.
The data clearly suggest a ratio of 1 : 1 as the
most suitable in the range studied.

342.3 Effect of temperature, pressure, and carbonation
time

This series was carried out in reactor 5 as it
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was provided with a bottom discharge (Chapter - 2).
While it was possible to operate this arrangement
with difficulty, it was considered desirable to
discharge the entire mass after a specified
carbonation time rather than analyse the reaction
products by sampling through the bottom discharge.

A few test runs showed that the analysis of a sample
at a particular carbonation time was some what
different from that of the entire reaction mass when
it was discharged at that carbonation time. The
results discussed below are based on runs for which

analyses were carried out by discharging the entire

mass. The experimental conditions employed were :
Charge

Chemical Amount

2=-naphthol 760 gm.

Caustic soda 444.5 gn.

solution (45%)

Kerosene oil 2000 ml.

Caleium chloride 15 gm,.

Dehydration 3

Additional kerosene é 1.
oil (used during

dehydration)
Average time 8 hr,.

0
Final temperature 230°-260 C.

Total water recovery 100%.
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Carbonation

Carried out under different conditions of
temperature (230°, 260°, 270°C.), pressure (20, 50,
100 psig.)y and carbonation time (4, 8, 12, 16 hr.),
keeping the ratio of 2-naphthol to kerosene oil fixed
at 1 : 1,

The results of this investigation, summarized
in Table-3,8, show in general that higher temperatures
and pressures are detrimental to the reaction. A
further conclusion is that higher carbonation times
are also detrimental to the reaction, There is a
steep talllin yield as the carbonation time increases,
and it lﬁpoarl that a cgrbonatio;:;} about 4 hours
gives favourable results. In Fig. (3.4) conversion
has been plotted as a function of pressure at 2300,
2500, and 27000. at a carbonation time of 4 hours.
Similarly in Fig. (3.5) yleld has been plotted as a
funetion of pressure at 230°, 260° and 270%, at a
carbonation time of 4 hours. These two plots suggest
a temperature of 2so°c. and a pressure of 70 psig
as being the most favourable, This investigation
has shown that the prineipal carbonation reaction

comes to a stop at or before a reaction time of 4 hours.
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CHAPTER-4

A PLAUSIBLE HETEROGENEOUS MODEL
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CHAPTER « 4

A PLAUSIBLE HETEROGENEOUS MODEL

The dry process for Kolbe-Schmitt carbonation
involves a gas-solid system in which the COg reacts
with dry sodium 2~naphtholate to give BON acid and
side products. The faet that in this process the
2~naphtholy which is one of the products formed, has
to be intermittently removed by distillation suggests
that the removal of this product facilitates the
reaction of CO2 with unreacted sodium naphtholate.
From this it may be concluded that the resistance
eliminated is that due to the diffusion of COy through
the outer layer of the product formed. Although BON
acid and tar still remain in the crust, the removal
of zZenaphthol perhaps creates voids in the erust which
enhance the diffusion rate.

In the iiquid methody on the other hand, one is
concerned with a three phase system, gas-liquid-solid.
This system can be reduced to a two phase liquidesolid



system if the gas side resistance is made insigni-
ficant, In the present case, since the partial
pressure of CO8 in the gas phase is almost unity

(it is not exactly egqual to unity in view of the
vapour pressure of kerosene), the gas side resistance

can be neglected without serious error.

In this chapter two models are considered for
Kolbe-Schmitt carbonation in the presence of kerosene
0il as dispersent, one based on mass transfer and the
other on chemical reaction. These models are then
analysed in the light of the kinetic data collected.
The mass transfer model, which was finally selected
as the plausible one, has then been verified by
estimating the model constants by an independent

series of mass transfer experiments.

4,1 THEORETICAL MODELS

4,1.1 The main reactions

Sefore undertaking the development of models,
the reactions to be considered should be clearly
defined. If the dehydration step is carried out
efficiently, ensuring the removal of the entire
theoretical water formed, it can safely be assumed

that at the commencement of carbonation no free
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2enaphthol is present and that the only reactant
(other than COp) is the sodium salt of 2-naphthol.
Several reactions are possible in the Kolbe-Schmitt
carbonation of sodium Ze-naphtholate, giving BON acid
with an equivalent amount of f{ree naphthol, and
involving the subsequent conversion of BON aecid,
naphthol and naphtholate toa variety of compounds which

together may be termed as tar.

The proportion of products formed will depend
on the rates of the different reactions involved,
The prineipal overall reaction can, however, be easily
recognized : the disappearance of sodium Z2-naphtholate
by reaction with COge Whatever the nature of the
side products formedy it is possible to visualize the
diffusion of COy through a mixture of products as one
of the steps in the reaction,

The following reaction mechanisms are consie-
dered based on models generally used for gas-solid
reactions (51, 52, 68). A comprehensive theoretical
development of models for fluild-solid reactions has
been presented by Levenspiel (68), and by Narsimhan

(61) for the decomposition of caleium carbonate.

4,1.2 Mass transfer model

A diagrammatic sketch of the proposed reaction



model is presented in Fig. (4.1). It shows a
sphere of naphtholate of radius Ry on whose surface
the reaction is initiated by the diffusion of COg
across an equivalent kerosene film of thickness Zp,
As the reaction progresses, the reaction plane
retreats inside the sphere, leaving an outer crust
of products surrounding an unreacted sphere of the
naphtholate, Thus, if at any time 9, the reaction
plane 1s situated at a distance r from the centre,
the thickness of the product shell is given by (R - r).
The shell can be visualized as a mixture of products
and kerosene oil, The rate of diffusion of COy
through this shell will depend on its effective
diffusivity.

The following assumptions will be made ¢

(1) The naphtholate particles are in a
state of suspension in the reaction mass.

(2) The particle is spherical in shape and
remains unchanged in size during
reaction,

(3) The reaction takes place by the
diffusion of Co2 across an equivalent
kerosene film on the particle surface.

(4) The concentration difference of CO,
while diffusing through the gas phase
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is negligible and the concentration
of COy; at the gas~liquid interface
is Cy = P/H.

(5) The chemical reaction is extremely
fast and offers negligible resistance
to the overall reaction.

(6) The reaction is controlled by the
diffusion of COg through the product
erust,the composition of whieh is

uniform.

In view of the fact that 2-naphthol, which is
one of the reaction products, is soluble in kerosene
oll at the reaction temperature, and part of the tar
is also soluble at this temperature, the product crust
consists of the sodium salt of BON acid and undissolved
tar. Since the total volume of the product is
reduced due to the dissolution of Z«naphthol and part
of the tary it is likely that the void fraction
(i.e. fraction occupied by the liquid) of the solid
crust would be more than that of the unreacted core.
Thus the product layer covering the reactant core can
be regarded as a dispersion of BON acid and tar in a
medium of kerosene oil., The diffusion coefficient
of COg through this crust would then be the diffusion
coefficient through kerosene o0il multiplied by a
factor which would depend on the voidage and a
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tortuosity factor. Ihis will be further discussed
during the development of the equation.

Based on these conceptsy an appropriate
equation can be derived for the rate of disappearance
of sodium naphtholate, At any time 9y the rate of
diffusion of co8 across an equivalent film of kerosene
outside the product shell may be written as

nA = kL (co - C) . . (4.1)
wvhere

k[l = '&z .e (‘02)
and n, = diffusional flux

The number of moles diffusing per unit time is then
given by

N‘ = kL 4 7\.32 (Co - C) .o (4.3)

where

R = radius of the original naphtholate
particle

The rate of diffusion of 002 across the product
layer is given by

n, = ki (Cegp) o (4.4)
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where kL represents the mass transfer coefficient
through the product shell which is assumed to be

a dense dispersion of the product in kerosene,
dense enough to be held together as an outer shell.

Assuming the reaction to be very fast, i.e. C;, = 0

D
n, = ﬁ-:‘-l' «C ee (4.5)
where
D
' e
kL = Rer .e (4.6)

Dg in Equation (4.6) represents the effective diffu-
sion coefficient of CO2 in the product shell. The
nunber of moles diffusing per unit time is given by

4 " r A D
lA . zR - rs «C oo (4.7)

where 4 I R r represents the geometric mean of the two

surfaces, 4 7\32 and 4 Kra.

The effective diffusivity Dg appearing in the

equations may be written as

D. = XD ee (4.8)

& in Equation (4.8) is an overall constant with which
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the diffusion coefficient (D) should be multiplied
to give the effective diffusion coefficient, In
view of the presence of solids in the shell, the
available area for mass transfer is reduced.
Assuming the area void fraction to be the same as
the volume void fraction, this can be expressed in
terms of the volume void fractiony¢ . Further the
passage of the diffusing gas will not be linear due
to the presence of the solids. Considering these
factorsy & is defined as

€
T oo (4.9)

(0 &%

where T is a tortuosity factor (>1). The tortuosity
factor in the case of solid catalysts is usually
between 1 and 5, but in this case would probably be
higher. The void fraction would be lower than in a

catalysty, thus leading to a considerably low value of &

Combining Equations (4.7) and (4.8)

NA = C .o (4010)
(R -r)

From a consideration of mass balance it is clear that
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the moles of COp diffusing across the kerosene film
should be equal to the moles diffusing across the
product layer. Thus from Equations (4.3) and
(4.10), Equation (4.11) may be derived by appropriate

rearrangement

RCy (R=r)
C = e (4011)
O(ZLI' +R(R - r)

Substituting Equation (4.11) in (4.3) and simplifying,

2
ky 4 TR™ CuuxZp r
ll‘- L ° ee (4012)
OZyr +R (R =)

or
k, 4 1A Gy r'
RA = e (4.13)
r' + ky (1 -1r')
where
r' = % (fraction unreacted), .. (4.14)
and
k“ = "'R""—' oo (‘015)

AR

For every mole of COg, 2 moles of naphtholate
react. Keeping this in mind, the rate of diffusion



of co2 can be equated to the instantaneous rate of

disappearance of the naphtholate.

N, = -294“:2'&5 .o (4.16)

where the right hand side represents the rate of the
chemical reaction,. Using the parameter r' as
defined earlier, Equation (4,16) may be written as
2 _dr’

el oo (4.17)

2
N = -8 MR '
A P r )

From &quations (4.13) and (4.,17), we may write,

2 RP

- - ‘oo (4.18)
a0 = kbco.r. [r' + ky(l r'i]dr

The reduced co-ordinate r' represents the
fraction of sodium naphtholate unreacted. If x is
the overall conversion of the naphtholate then (l-x)
represents the fraction unreacted. For spherical
geometry it has been shown by Levenspiel (63) that
r' is related to (lex) by the equation

o= (1l - x)ﬁ ee (4,19)

Equation (4,18) can now be integrated if the boundary
conditions are fixed. Since at any time © Equation
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(4.19) holds, and at initial conditions r' is unity,
the following boundary conditions can be written :

0 = 0, r' = 1
© = 9, ' = (l-x)*

Integration within these limits gives

$ 3
‘a; = X + kM [105 - X = 1.6 (1"1) ] .e (4.&0)

* where

N
-
w

AM = .o (‘o 2l)

g

L

Equation (4.20) contains two constants k,
and A, defined respectively by Lquations (4.15) and
(4.21). These constants are independent of chemical
reaction, and can be estimated exclusively from the
particle diameter and certain physical properties of
the systen, For simple reactions involving solid
particles of predictable geometry and crust composition,
these can be accurately evaluated and kquation (4.20)
then used to estimate the overall conversion at any
time, In the present system, however, these constants
cannot be estimated from their defining equations very
accurately. Henece they have to be determined from

kinetic data by statistical methods. However, if



this model is to be acceptable, there should at
least be an order-of-magnitude agreement between
the kinetically determined values of the constants
and those determined from the defining equations.

4.1.3 Chemical reaction model

If it 1s assumed that the controlling step is
the rate of the chemical reaction at the reactant
surface rather than the rate of mass transfer to it,
then the reaction would be chemically controlled,
and a suitable rate equation can be written. It
should be pointed out, however, that suech models
appear to be more reasonable for reactions where the
products are in the gaseous state at the reaction
temperature, A typical example of this is the
chlorination of Fegly in Ilmenite which has been
studied by Bijawat, Kunte and Doraiswamy (48). In
this system the reaction product is Focla which is a
vapour at the temperature involved (700°-960°C.).
Thus the chemical reaction between 012 and Fey04
(and CO which was also used as a reactant in the
study) would appear to be the controlling step, as

was indeed found to be the case.

Although the chemical reaction model does not,
on a preliminary consideration of the reaction

97



system, seem plausible, nevertheless it cannot be
rejected without suitable verification. Levenspiel
(68) has given the rate equation for a spherical
particle for the case where chemical reaction is

controlling. This equation can be written as
KO = 1 « (1 - 8)* oo (4.22)

Evidently a plot of reaction time © vs. (1-(l~x)*

)
should give a straight line passing through the

origin,

Both the models presented above are examined
in the light of the kinetic data obtained in the
following section.

4.2 TEST OF MODELS FROM KINSTIC DATA

4.2.,1 KEffect of ug}tntion

Before making kinetic measurements for exami-
ning the models it is necessary to eliminate the
effect of external agitation >n the reaction.
According to the film theory, the eddy transport in
a fluid bulk can be expressed as the product of
molecular diffusion and concentration gradient in an
equivalent film, With increased agitationy the

eddy diffusivity increases, reaching a near-constant
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value at a certain agitation. This will
correspond to a certain equivalent film thickness.
In order to apply Equation (4.20), whiech has been
derived on the basis of the film theory, the film
thickness contained in the constant kM should
obviously be independent of agitation. The first
step in the study was therefore to examine the

effect of stirrer r.p.m. on the reaction.

The response chosen in this case was the
conversion x" of Z2-naphthol to BON acid (see Chart - 1
which is explained in the next section) and the
results at three stirrer speeds are shown in Fig.(4.2).
Beyond 150 r.p.m. the effect of agitation does not
appear to be significant. In all the kinetic runs
an r.p.m, of 160 was maintained to eliminate the
effect of external agitation.

4,2.,2 Kinetic data

In the preliminary studies reported in
Chapter - 3, it was observed that the most satisfac-
tory results could be obtained by maintaining the
ratio of Z2-naphthol to kerosene oil at 1 : 1
throughout the carbonation. During the kinetice
runs this ratio was held constant at 1 ¢ 14 and an

experimental programme was organised to obtain data
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at three levels of temperature and pressure.
Based largely on the results of the preliminary
studies reported earlier, the following levels

were chosen

Temperature .. 2305 250; 270°C.

Pressure ee 303 703 100 psig.
120; 80 min.

Z-Mphthol tO oo 1l 1
kerosene oil
ratio
The results obtained are summarized in Tables =

(Asdl) to (AL9).

The composition of tar being uncertain, the
total molar conversion of sodium naphtholate to
different products cannot be calculated directly.

It is possible that all the fhroe principal constitu-
ents of the reaction system, Na-naphtholate, Z-naphthol
and BON acid, participate in tar formation.

However, on the basis of the fact that tar formation

is greatly decreased by intermittent distillation of
2enaphthol in the dry process, as a first approxima-
tion it may be assumed that BON acid does not undergo
decomposition and that tar formation is restricted

to reactions involving 2-naphthol (and its Na-salt).

The overall conversion of 2-naphthol can then be



calculated as shown in Chart « 1 which also includes

other definitions of conversion.

The best dehydration conditions (Chapter - 3)
were used during all the kinetic runs. Under these
conditions it was possible to remove the theoretical
quantity of water formed due to reaction (1.1), thus
ensuring (a) total conversion of naphthol to its
sodium salt and (b) total dehydration of Na-naphtho-
late, which is a necessary pre-condition for a high
yield of 30N acid and which therefore justifies to
‘a large extent another assumption in the proposed
model calling for uniform product composition. The
proportion of the total quantity of tar in the
product may be taken as an approximate index of crust
uniformity. In all the runs carried out in the
present kinetic programme, tar formation was found to
be quite low during the carbonation, and for any
given set of operating condition the amount of tar
formed was reasonably uniform for reaction times up to

3 hours.

4,2.,3 Mass transfer model

The mathematical equation for the rate of
disappearance of sodium naphtholate based on the

conceptual mass transfer model given by Equation (4.20)
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can be put in the following linear form.*

£} A +(x) (Ay)
— = MkM( * )# H .e (4.23)
x 3 X 3

vhere 4(x) = [1.5 - X = 1leb (1 = x)}:l oo (4.24)

From the plot of -g VSe ¢S¥ the values of Ay and ky
can be determined, provided the model is valid and
a straight line is consequently obtained. The
constants can be calculated from the slope and
intercept of this line

8109.’ 5D = 'A'gu ' (‘026)

Intercepty, I = .Aa.H oo (4.26)

The values of % and Eﬁf)' were calculated from
the kinetic data (Tables « A.1 to A,9) as shown in
Tables = A.10 to A.l2. Plots of Q VS. ﬂ%’- at
three temperatures and pressures considered are shown
in Figures (4.3) to (4.1). It is evident from all
these plots that reasonably good straight lines can
be drawn at all the nine conditions considered up to
a carbonation time of about 60 minutes. It can

also be seen from the kinetic data tables that the

* The suggestion of Massoth (54, 65) in this connection

is acknowledged.
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rate of disappearance of Na-naphtholate slows down
to a considerable extent after a carbonation period
of one hour,. This may be due to the formation
of products bulkier than the reactant, which would
evidently lead to a greater compression of the crust
and a correspondingly lower value of(X. The other
possible reason would be an inecrease in tar forma-
tion leading to a different value of X than in the
early stages of carbonation; but a serutiny of
Tables = A.,1 to A.9 shows that there is no signifi-
cant change in tar formation even at a ecarbonation
time of 3 hours and therefore this possibility is
unlikely.

Figures (4.3) to (4.11) clearly establish the
validity of the mass transfer model for this reaction.
In order to determine the best possible values of
Ay and kM with the available data, the straight
lines in Figures (4,3) to (4.11) were drawn by the
method of least squares, and the constants determined
from the slopes and intercepts of these lines as
mentioned earlier, The estimated values of the
constants for the different combinations of the
temperature and pressure studied are listed in
Table - 4.1,
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It may be noted that Ay decreases with
increase in pressure at each of the three tempera-
tures studied. An inspection of the defining
equation for Ay shows that this would be the
expected trend, since an inerease in pressure at
a given temperature would lead to a higher value of
C, and thus a lower value of Ay. k) should also
evidently increase with pressure since Ox would tend
to have a lower value at higher pressures. This
is also borne out by the estimated values of ky
at each of the three temperatures recorded in Table -
4.1.

4.,2.,4 Chemical reaction model

A reference to Equation (4.22) shows that a
plot of carbonation time © as a funection of
[i - (1 - x)i] should give a straight line passing
through the origin, The estimated values of
[1 - (1 - x)*] are shown in Tables = A.10 to A.1l2,
and the corresponding plots at different temperatures
and pressures appear in Figures (4.12) to (4.14).
Clearly the chemical reaction model is not

acceptable as vas anticipated in Section 4.1.3.
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4,3 ESTIMATION OF MODEL CONSTANTS FROM MASS
TRANSFER STUDIES

Having established that the mass transfer
model is evidently acceptable for this reaction,
it would be desirable to estimate the constants
of these models from an independent series of
experiments and compare them with the values deter-

mined from kinetic measurements.

The constants ky and Ay of the model are
defined respectively by Equations (4.15) and (4.21)

which are reproduced below 3

k, = 2§a e (4.165)
- 208 e (4.21)
“u kCo

The constant Ay can be determined from an independent
series of mass transfer experiments, sinece K and Ccan
be experimentally found, and the mass transfer
coefficient k., as well as the concentration C, can
also be determined. However the estimation of

the constant ku is not possible since the value of &
would be speculative. The film thickness Z; can

be determined from a knowledge of the mass transfer

and diffusion coefficients (61, 67). In the following
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treatment an attempt is made to estimate Ays
also the magnitude of the empirical constant x
is estimated from a knowledge of kM.

4.3.1 Determination of the density and average

radius of the naphtholate particles

Na-naphtholate 1s extremely sensitive to
atmospheric oxidation and as such the determination
of its properties has to be carefully carried out.

A series of dehydration runs was made and the
naphtholate particles discharged and stored under
kerosene oil in the absence of air, The density
of Na-naphtholate particles was then determined under
kerosene 0il as described in Appendix - 3.1 which

also includes a sample calculation.

The determination of the radius of the
particle also posed considerable difficulties since
no two dehydration batches gave identical particle
sizes; also there was a considerable spread of
sizes, In each bateh dehydration was carried out
under the very carefully controlled conditions esta=-
blished earlier in Chapter - 3, In these runs
the reaction was stopped at the end of dehydration,
and the product discharged under kerosene as in the

case of density determination. For each such bateh
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the average value of the particle radius was
determined by observation through a mieroscope.
This was repeated for several batches carried out
under identical condition of dehydration, and the

overall average radius was then estimated.

It may be pointed out that the particle
shape also varied from batech to bateh, being
cylindrical to near spherical. The average radius
for each bateh was therefore determined by measuring
the sizes of a partiele population of about 50 and
determining the equivalent radius of each particle
from a knowledge of its shape and dimensions. ke
Jased on several observations the average value

of the radius of the naphtholate particle was
estimated to be 0,158 em,

4.3.2 Determination of C, and the mass transfer

coefficient kh

C, represents the satumtion solubility of
COg in kerosene oil. A solubility apparatus for
determining this has been described in Chapter - 2.
As will be pointed out later, the solubility as a
function of time up to the saturation solubility is
necessary in estimating the mass transfer coefficient.

Hence the experimental programme with the solubility



123

apparatus was organized in such a way as to enable
the determination of the CO, content of kerosene oil
as a function of time, The experimental procedure
has been described in detail in Chapter - 2.
Solubility as a function of time was obtained for
the following conditions :

Temperature, P Pressure, psig.
230 .e 70
230 . 100
- 280 . 70
260 .e 100
270 .o 70
270 . 100

The results obtained, together with a sample calcula=-

tion, are given in Appendix B.Z2.

The determination of the mass transfer co-
efficient k;, 1is not straightforward, It can be
seen that this coefficient has units of length/time
(ems/min. in this case). The mass transfer
coefficient that is usually determined in an experi-
mental programme is the volume coefficient and has the
units 1/time (in this case 1/min.). In order,
therefore, to obtain the specific mass transfer

coefficient kL’ the following relationship should

be used

k = EL- s (4.27)
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in which g represents the interfacial area per unit

volume,

The data presented in Appendix - 3.2 enable
the calculation of the volume coefficient kﬁ, as
shown in the sample calculation in Appendix - 5,3,
This involves a knowledge of the variation of the
solubility with time, which is determined from the
equation,

ac

— = k" (C - C) .o (4028)
o L "o

The values of kg calculated for the different condi-
tions are listed in Table = 5.2 of Appendix - B.3,
which also contains plots of concentration vi. time
for these conditions to enavle the determination of

%g at different concentrations.

The interfacial area g can be caleculated by
the method of Danckwerts and Sharma (53) and Kothari
and Sharma (56). These investigators employed a
vessel in which the specific mass transfer coefficient
was measured under conditions where the surface area
of the liquid ceould be directly estimated by assuming
it to be equal to the ecross sectional area of the

containing vessel, provided the conditions were 80
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adjusted that the liquid surface remained undise
turbed. 8 would then be simply

cross sectional area of the vessel
a = e (4029)

volume of the liquid

This method was successfully adopted in the present
casey after ensuring that the stirring conditions
were such that there was a minimum disturbance of
the liguid surface. Since a paddle type stirrer
was used, this condition was not probably completely
achieved. Nevertheless, as a first approximation,
it has been assumed that the surface remained
undisturbed. Based on thisy the following value
of the interfacial area has been used in estimating

k; from Equation (4.27):
a = 0.07848 cm.a/cmoa

The values of the specific mass transfer coefficient
k; calculated from this value of g are also listed in
Table = B.2 of Appendix - 3,3,

Using the values of the particle density,
radius, mass transfer coefficient and the saturation
solubility, the values of Ay were calculated from
Equation (4.21). These are included in Table « 4.1



which also contains the constants determined

from kinetic measurements. It will be seen that
there is a remarkably good agreement between the
constants at all conditions, thus vindicating

the proposed mass transfer model for Kolbe-Schmitt

carbonation.

As stated earlier the estimation of ky
depends on a knowledge of the film thickness and
the empirical constant < , The film thickness

can be obtained from the equation,

ZL = _EE (m-) . (4.2)

Using these values of Zyy 2nd a value of 0.1 for «
(whieh is the normal value used for a solid catalyst),
it was found that the wvalues of kM were usually
about 1/10th the values determined from kinetic
analysis. This is probably because of the fact
that & in the present case would be considerably
lower in view of the high compaction that would be
expected with reaction products being bulkier than
the reactant. Because of the highly speculative
nature of this constant, it is not possible at this
stage to compare the values of kH determined from

mass transfer experiments with those obtained from
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kinetic measurements, but the values of &« calcula-
ted from Equations (4.2) and (4.15) using the
experimental values of kH are found to be of the
order of 0,01, This accounts for the discrepancy
between the values of ky caleul:-ted from Lquation
(4.15) using o = 0,1 and those calculated from
kinetic studies. It may be pointed however that
x can be considerably lower than G.1 for certain

industrial catalysts (69),

The excellent agreement between the values
of the constant AH calculated from kinetic measure-
ments and from mass transfer experiments should be
viewed in the light of the faect that in the mass
transfer experiments the agitation was not as
vigorous as in the kinetic experiments, The r.p.m.
in the mass transfer runs was lower, since in these
runs it was desired to keep the liquid surface as
undi;turbcd as possible, A reference to Fig.(4.z2)
shows that r.p.m. has very little effect beyond a
value of 40, although this effect apparently dis-
appears altogether only after about 150 r.p.m. Since
in all the experiments, ineluding those organised
for mass transfer studies, the r.p.m. was above 40,
the error introduced in maintaining different r.p.m.'s
in the kinetic and mass transfer experiments can be

assumed to be negligible.



CHAPTER-5

STATISTICAL OPTIMIZATION
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CHAPTER « 6§

STATISTICAL OPTIMIZATION

Problems like the present one can be
investigated by two methods of approach : (i) by
studying the fundamental relationships affecting
the particular process, and (ii) by studying
empirically the effect of various changes in
operating conditions without necessarily being

concerned with the exact mechanism involved.

Thusy for the problem on hand, the mecha-
nism of the principal reaction was first studied
80 as to formulate a rational engineering basis
for the interpretation of the results. Several
runs had to be carried out, initially for a
preliminary understanding of the process, and
subsequently for confirming a conceptional reaction
model., The data and the resultant conclusions
have already been presented in Chapters - 3 and 4.
The final adjustment of the full-scale process to

its optimum conditions, howevery requires a
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statistical (empirical) approach, and in this
connection the following facts may be noted. The
ranges of temperature and pressure for the reaction
were first established in Chapter - 3 both from

a knowledge of the reported literature and the
preliminary runs carried out. A reaction model
was then proposed in Chapter - 4 (within the ranges
of these temperatures and pressures) by carrying
out the carbonation under conditions far removed
from the probable optimum by operating at low
reaction times., However enough data was collected
(under conditions where high yields were obtained)
to enable a statistical optimization of the

process, which i1s described in the present chapter.

The maximum conversion and yield of BON acid
obtained during the kinetic study were 35% and 80%
respectively. The highest ylelds reported in the
literature are 3 79% using a ball mill type
reactor (25), and 83% in a continuous process using
an excessive amount of Z2-naphthol as solvent (29).
This shows that some of the conditions employed
during the studies reported in Chapters- 2 and 3
are probably quite close to the optimum. Thus,
before planning an independent series of experiments
with the object of locating the optimum conditions,
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it vas decided first to analyse the data already
collected for finding out the significance of each
independent variable, i.e. temperature, pressure

and time, The response function in the present
case can conveniently be taken as the yield of BON
acidy since it is pased on the recovery of 2-naphthol

(on which the economy of the process depends).

6.1 THREE LEVEL FACTORIAL DESIGN

S.1.1 Main effects and interactions

The kinetic data at three levels of tempera-
ture (230°, 260° a;d 27000.). pressure (30, 70 and
100 psig.) and time (1, 2 and 3 hr.) are reproduced
in the three level factorial design format in
Table « 8.1, They are further resolved into two-
way Tables - 5,24, 6,28 and 5.2C for the 3 pairs
of factors by summing over the levels of the third
factor, The coded notations used in the tables
are as follows : factors are represented by capital
letters, C for temperature, P for pressure and T
for time; and the three levels by the corresponding
small letters with suffixed numerals, i.e. Coy €19
¢, for the three levels of temperature (230°, 280°
and 270°C.). Poy Py» Py for the three levels of
pressure (30, 70, and 100 psig.), and ty By tg
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for the three levels of time (1, 2y 3 hr.).

The data runs represented in Table = 5.1
were carried out in random order so as to avoid
any possible bias caused by the influence of
systematic disturbances such as time trends.
Care was taken to use the same quality of raw
materials, so that there would not be any batch-
to-batch variation in the raw materials.

The three selected levels in the case of
temperature and time are at equal intervals, while
in the case of pressure they are not exactly at
equal intervals. Considering this inequality
of intervals as not being very significant, as a
first approximation the three levels of pressure
mayy for the purpose of analysisy be treated as

thougn they are at equal intervals.

The main effects and interactions of the
three factors were resolved into their linear and
quadratic effects. The details of the calculations
are not given as they are readily availaole (41).
The final results obtained are tabulated with their

variance ratios in Table - 5.3.



TABLE « 5,3

COMPLETE ANALYSIS OF VARIANCE OF TASBLE - 8,1

Source of variation Sum of Degrees  Hean Variance
squares of square ratio
freedom

Main effects

¢ (Linear 0.6689 1 0,276
(Quadratic 41.3437 1 17.049 +

p (Linear 23,8050 | 9,816 *
(Quadratic 44,2817 1 18,261 +

¢ (Linear 5.8939 1 2,431
(Quadratic 106.0020 1 43,299 +

Two factor interactions

Lplp 21,9510 4 9,062 *
Qrlp 0.2226 1 0.0917
LpQp 1.3806 1 0.689
QpQp 12,0734 1 4,978
LyLg 46,5310  § 19,188 +
Qplg 9,7865 1 4,036
LeQg 0.1961 1 0.080
Qg 11.3102  § 4.664
Lplg 0.4034 1 0.166
Qplg 1.9600 1 0.808
LpQc 16,2000 1 6.680 *
e, 117.8133 1 48,583 +
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TASBLE 5.3 (contd.)

Source of variation Sum of Degrees Mean Variance
squares of square ratio
freedom

Three factor interactions 3

TxPxC 19.4 8 2.425

Total 480.0 26

* Significant, < 5% + Highly significant, < 1%



5,12 Interpretation

3ince each treatment was tested only once,
there is no direct estimate of the experimental
error variance by which the significance of the
effects may be judged. It is commonly found in
non-replicated experiments that the higher term
interaction mean squares are used to give an
estimate of the error variance. Thusy in this
case, a three factor interactions mean square may
be used to give an estimate of error variance.
For 1 and 8 degrees of freedom, the 5% and 1%
values of F obtained from the standard table (&6)
are 5,32 and 11.3 respectively. This shows that
the most highly significant effect of interaction
is that of the quadratic P x quadratic C, The
reason for this marked effect can be examined from

the data of Table - 5.2C. A sharp peak 1is

observed at level Py and C . The yield shows

very sensitive changes in the levels of P and C
factors on either side of the pl and ¢y levels,
indicating thereby that pl and ¢ are the best
conditions for the factors P and C. All the
qugdratic terms of the main effects of Ty P and C
factors are highly significant. When the
quadratic effects and the interactions become highly
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significant, the response value can be assumed

as near to the optimum value. The technique of
local exploration is then used so that the optimum
can be specified more precisely, and the conditions
most suitable for practical use determined. The
three factor interaction mean square, which is
taken to give an estimate of the error variance,
corresponds to a standard error of M2.426 = 1.5867.
The 95% confidence limits to be attached to the
observations of Table 5.1 are therefore % 2.31 x
1.867 = » 3.696, where 2.31 is the 6% value of "t"

for 8 degrees of freedom.

6.2 POLYNOMIAL REPRESENTATION OF THE RESPONSE

SURAFACE

Having reached a near stationary region, it
remains to be ascertained whether a true maximum,
a ridgey or possibly a saddle point, has been
reached. If the true maximum has not been reached,
then what further experiments are needed ? For an
elucidation of this, a polynomial of a degree
higher than the first may be fitted to the response
surface in the region and analysed by the method of
Box and Wilson (66) which involves the following

calculations in the present case @



(1) Determination of the 3 co-ordinates
of the new center, X)gy Xpgy Xggy and the value
Yg of the response at this point.

(11) Transformation of the equation to the

canonical form,
2 2 2
Y-Y = By X +Bgg X+ Byg X3

(111) Determination of the equations for the
nev axes (X's) in terms of the old co-ordinates

(x's),

A polynomial second degree equation for the

three factors, X1y Xg and Xgy may bDe represented as

Yy = Dbg + b1x) + bgxg + bgxg +
g 2 e
bll xl + bz.‘ xz + baa 13"' ee (5,1)

D) XXp* Dgg XoXgth) g X)Xg

where xl, x2 and Xg in the present case represent
temperature, pressure and timej; y is the observed
yield or responsej the coefficients bl’ b2, b3 are
the linear effectss D19 bgg and bgg are the
quadratic effects; and b12' b23 and bla are the

interaction effects,

With the help of the data presented in

140

Table - 6.1y the 3-dimensional second degree equation
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for tne response surface was fitted by evaluating
tie coefficients in the equation by programming
the data in a oomputor: The following egquation

for the response surface results @

Y = 599,86 + 0,32784 X+ 5.0836 x, +
36.214 x, - 0,001869 xj = 0.,00965 xo
~2,2666 x5 = 0,0008813L x;x; =
0.1264 xgxg + 0.084099 x3xg

ee (5.2)

63 ANALYSIS OF THE FITTED EQUATION

6.3.1 Determination of the center of the system

The center, S, of the contour of Eguation
(6.2) was found by airrirontiating the right hand
side with respect to each of the variables, X190 X,
and Xqy in turn and equating the results to zero.
The following three equations are obtained :

0.,003738 X; + 0,0008813 x5 - 0,054099 Xg

= 0.32764

0.0006813 x; + 0.0191 x; + 0.1264 xg oo (6.3)
= §,0636

=0,064099 x, + 0.1264 X, + 4.5L1% xg
= 36.214

* CDC=3600 computer of the Tata Institute of Funda=
mental Kesearch was used.
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Equations (5.3) may be solved for x;y X, and Xg

by the straight forward method of elimination, or
by a more convenient and rapid method (41). The
solution is presented in Table - 5. From this the

co-ordinates of the center, S, are found to be :

X5 = 260,048 (temperature, °C.)
Xgg = 69,792 (pressure, psig.)
xss = 1,915 (time, hr.)

By substituting these values in Equation (6.2), the

yield Yg predicted at the center, 3, 1s obtalned as
Y, = 79.6 (yield, %).

5.3.2 Determination of the coefficients of the

canonical form

The canonical form of Lquation (6.2) is given
by

!-Ys-dllXJz.-thng-fBaaxg oo (6.4)

where Bll’ 822 and 833 are the transformed coeffi-
cients while X;, X, and X5 are the transformed
variables. The coefficlents, By, Bgy and Bggy
were calculated by solving the following characteris-
tic determinant (of Equation (5.2) ).



«0,001869«8 « 0,0003406 + 0,027049
£(B) = «0,0003406 « 0,00966-3 - 0,0627 =0 .o (6.6)
+0,027049 - 0,0827 - 2026566-3

There will be three values of B which when subtrac-
ted from the diagonal terms in the manner shown above
will cause the determinant to vanish. On solving
the determinant (5.5), the following cubic equation
in B 1s obtained :

83 + 2,267019 B% + 0.,0211219 B + 0,0000245156 .. (5.8)
=0

The last term of the cubic eguation is so small
that it may not be significantly different from

zero. Thus,
B (8% + 2,267 B + 0,0211) = 0 ee (6.7)

The roots of B obtained are as follows 3

Bu = -l 2576'
322 = -00 0688'
B33 = 0

The canonical form of the fitted second degree
Equation (5.2) is therefore

2
Y =« 79,6 = -2.2576 x1 - 0,0088 x: ' (508)
2

-Oxa
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Since the signs of both the remaining canonical
coefficients are the same, the contours of the
fitted surface are ellipses, Since they are
negative the point (yield) Y3 1s a maximum of the
fitted surface. Hence the levels of the co-ordi-
nates x;g4 Xp3 and Xgg Of the point Yg are at

maximum,

In this case it has turned out that the
optimum could be estimated without recourse to
further analysis, Quite often this may not be
the case and it would be necessary to organise
further exploration, The essential feature
of this exploration is the establishment of the
relationship between the two axes. This is

shown in the next section,

54343 Determination of the axes of the fitted

second dggroc surface

The equations of the new transformed axes,
say X, will take up the following general form in

terms of old axes
xl = .ll (ll - ‘15) + -12 (12 - 123) ee (5.9)

* mg (x3 = xg3)
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The coefficients, My My and my 4y Of Equation
(6.9) can then be determined from the characteris-
tic determinant (5.5) by substituting the value of
Bll = «2,2676 for B in it. On solving the ’
determinant, the three equations in m 1y W and

m 5 obtained are :

2.,2565693 m; - 0.,00034 m o + 0.,02706 mg3 =0
-0.0003‘ llll + 2.,24836 .12 - 0,06270 Ills = 0 oo (5.10)
0.027086 nll - 0,06270 m, + 0.0020 Mg = 0

These equations form a consistent set, and values

of m's may be obtained by substituting an arbitrary
value for any one of them, say Mg = 13 then on
solving the first two equations, mgy n12 and m
are found to be proportional to =-0.,01134, 0.02739
and 1.0, Dividing these values by the square root
of their sum of 8quares, the required values may be
obtained,

m, = -0,01134,
m o = 0.02789,
nla = 1.0

The values of the coefficients of the
equations for X2 and xa can be found by substituting
the values of Bgo and 833 respectively for B in the
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determinant of (5.5) and proceeding as in the
case of x,_. The following equations for the

transformed axes are thus obtained.,

X, = 0,0113 (xl - X33) + 0,0289 (x5 = xg53)

+ (x3 - "33)

X = -0.0974 (x - X ‘) - 009953 (x - X, «)

e %S 2 287 | (6.11)
+ 0.,0124 (‘3 - Xg3)

Xa = 00 9095 (xl - ‘ls) - 0.4111 (12 - ‘23 )

+ 000577 (xa - 1(33)

Taking advantage of the orthogonal property,
reciprocal transformation of the equations to the
old axes in terms of the new axes can be made.

(xl - ‘13) = «0,0113 xl - 0,0974 x2 + 0.9095 Xg

(xg = Xxgg) = 0,0289 X; = 0,9963 X = 0.4111 Xg

(xa d xas) = Xl + 0,0124 x2 + 0,087 13 e (8.12)

5.4 CONFIRMATION OF THE OPTIMUM CONDITIONS

Four repeat runs were carried out at the
estimated optimum conditions of temperature,
pressure and time, and the following data were
obtained 3



148

Estimated optimum temperature : 260°C.
Gstimated optimum pressure H 69,8 psig.

Estimated optimum time : 1.9 hr.
Conversion to Yield of
BON acid, # BON acid, %
34.2 78.0
36.0 79.8
34,56 80.8
35.6 80.0

The average yield works out to 79.65%, with a
standard deviation of 0,682.
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APPENDIX-A

RESULTS OF KINETIC RUNS
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APPENDIX-B

DATA FOR ESTIMATING THE CONSTANTS OF

THE MASS TRANSFER MODEL
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APPENDIX « B.,1l

DENSITY OF SODIUM NAPHTHOLATE

A sample of sodium naphtholate (containing
kerosene 0il) was taken in a stoppered bottle under
inert dry atmosphere from the reactor at the end
of the dehydration step (see Chapter - 2). More
dry kerosene oil (240°-260°C. range) was added to
the bottle, which was allowed to cool down to room
temperature (28°C.).  The sample (Na-naphtholate +
kerosene oil) was then transferred into a specific
gravity bottle (50 ml,) under dry inert atmosphere
and weighed accurately.

The sample from the specific gravity bottle
wvas transferred into a beaker, the bottle was washed
with water, and wash water added to the beaker
containing the sample. Complete dissolution of
godium naphtholate was then ensured. After
separating the oll, the naphtholate content was
estimated by diazo titration (Chapter - 2).



Sample calculation

Weight of specific gravity
bottle (50 ml,) '

Weight of speecific gravity
bottle + sample

Weight of the sample

Volume oceupied by the
sample

Sodium 2-naphtholate content
(as determined by diazo
titration)

Density of kerosene oil

Weight of kerosene oil in
the sample

Volume occupied by kerosene
oil

Volume occupied by Na 2=naphe
tholate in the sample

Density of Na 2-naphtholate

.

162

23.364 gnm.
87.711 ghle

43.847 glle
60 ml.

6.82704 gn,

0.7847 gm./lll.

43.“7 ® 60827
= 37,02 gme

g?,-,.gf?- 47.18 ml.

50-47,18 = 2,82 ml,

§-3§2 = 2,421 gm./ml,

= 0-0146 gm-mole/ml.
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APPENDIX « B.2

SOLUBILITY OF COp IN KEROSENE OIL

(240° - 265°%C, RANGE)

The detailed procedure is given in Chapter - 2
and the solubility apparatus is shown in Fig. (2.6).

The content of CO, in kerosene oil at intervals
of 2«3 minutes was determined by drawing samples
from the reactor and analysing, till the saturation
solubility of 002 in kerosene 0il at the particular
temperature and pressure was reached,. This is

illustrated below.

Sample calculation

Reactor pressure .o 70 psige.
Reactor temperature .. 260°C.

Time intervai, © ee 15 min.
Barometric pressure .. 71.5 cm, Hg
Room temperature .e £7°C.
Initial volume of . 2 ml,
kerosene in oil

burette

Final volume of .e 14,26 .1.
kerosene in burette

Initial volume of .. 36.0 ml.
kerosene in COg
burette



Final volume of .o 10,6 ml.
kerosene in Co2
burette

Volume of kero- .o 12,25 ml.
sene 0il sample

Volume of 002 .o 13.256 nml.
released
Volume of 002 . 1.08 ml.

released per ml.
of kerosene oil.

S = . m . __ﬂ_..l.OB
6.0 300 22400

= 0,001817 gm./ml.
or =  0,00004129 gm.mole/ml. COp at 15 min.

The solubilities of CO; from time & = 2 min.
to © = till saturation were determined at three
temperatures (2300, 260° and 270°C.) and at two
pressures (70 and 100 psig.), and the data are

gsummarized in Table-B.1.

164
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APPENDIX « 3,3

MASS TRANSFER COEFFICIENT

The mass transfer coefficlent of COg in
kerosene 0il at any time © can be computed from

%g =k, (C* = C) oe (4.28)

or kE = *8

———

(C*=C)
Plots of C Vg © at three temperatures (2300. 260°
and 270°0,) and at two pressures (70 and 100 psig.)
are shown in Figs. (B.l) to (B.8). For a given set
of operating conditions, %g was then calculated
by graphical differentiation of the corresponding
curve of C vs, O at different values of Cy and an
average value of k'l'. obtained over the entire

concentration range.

Sample calculation

From Fig. (B.1l), at 230%c. 70 psig. and
© = 10 min,,

= 0,000003096



C* « C = 0,0000147

okl s §a800008006 | g 505 b

Similar calculations were performed for different
values of @ (i.e. concentration) thus giving an
average value of k; equals 0,2043 at 230°c. and 70
psig.

The specific mass transfer coefficient kL of
Equation (4.1) has the following relationship with
the volume coefficient k; determined experimentally.

K
k, = _E

min,
where as 0ss sectional area of the vessel

volume of the liquid

In the present case

<14 x 100 em, 2
a = 2—-—2535—- s «07848 ‘;fa

... kL = g.%l% = 2,6839 %?i.

The values of kj, and ki, obtained at different

(2]

temperatures and pressures are summarized in
Table - BeZs

168
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B-6.

g 4 6 8 10
O, MIN.

12

SOLUBILITY OF COp IN KEROSENE OIL AS A FUNCTION OF TIME

AT 2206 . ;300 BSIG.

18
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6, MIN

12
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_ B.-4. SOLUBILITY OF COp IN KEROSENE OIL AS A FUNCTION OF TIME

AT 250°C.,100 PSIG
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IN KEROSENE OIL AS A FUNCTION OF TIME

Al 230°C.. 100 PSIG.
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2300 .10 PSIG.

0.5
0-4
o)

. 0-3

0-2+

0-1f

| | | | | | | |
0 2 4 6 8 10 12 14 16 18
8, MIN.

IG. B-1. SOLUBILITY OF COp_ IN KEROSENE OIL AS A FUNCTION OF TIME
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NOMENCLATURE

constant defined by Equation (4.21)
2
surface area per unit volume, %ﬁfg

coefficients of the polynomial
second degree Equation (5.1)

%r¢n§rorned coefficients, Equation
5.4

concentration of Clg, 55:%%&!

concentration of COy, in kerosene
corresponding to its partial pressure,
Py

saturation of CO, in kerosene at
particular tonpo?aturo and pressure,

gg.mfle

concentration of Co2 at reaction

surface, IE%%ELQ

factors (independent variables) under
investigation. These are also
denoted as X;y X5y Xg in the polynomial
second degree equation of the response
surface

quantitative levels of the factors
Cy Py T
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De = effective diffusion coefficient,
cm, @
min.
D = diffusion coefficient, i!ﬁ?
H = Henry's law constant
K = chemical rate constant, iiﬁ.
KL kL = mass transfer coefficient, Si&
Ky = volume mass transfer coefficient, FTm.,
kH = constant defined by Equation (4.18)
Ny = moles of COg diffusing per unit time,
min,
n, = moles of COy ditruaincoior unit time
per unit surface, 8M.MOLe
min, cm. 2
myys Mgy =  coefficients of Equation (5.9)
m13
P = partial pressure of COgy atm.
= 4initial radius of naphtholate sphere,cm.
r = radius of unreacted naphtholate at
any time ©, cm.
r' = reduced radial co-ordinate, %
S = center of the contour
b 4 = fraction naphtholate reacting
x! = moles of 2-naphthol converted to BON
acid per mole charged
x" = moles of BON acid formed per mole

2=naphthol charged



X1y Xgy X3 =
Xl, XZ, XS =
X189 Xgg0 F
Xas

y =
Y =
YS =
ZL =

Greek letters

1 =

4
)
T =
€

178

factors (independent variables) used
in the polynomial equation of the
response surface. These are also
denoted by Cy Py T in the three
level factorial analysis

transformed axes, Lkquation (5.4)

co~ordinates of the center, S

response or the numerical result of
an experiment; the dependent variable

response calculated from an equation
assumed to fit the experimental
conditions

response calculated from the experi-
mental conditions at the 'center' of
the contour

thickness of equivalent kerosene
fill’ Cile

constant of Equation (4.8)

density of naphtholate particle, ggfmﬂg
timey min,

tortuosity factor

volume void fraction
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