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ABSTRACT

The thesis presents the work done on reaction kinetics study and
separation process for the este;ification of ethyl alcohol vith acetic
acid in presence of sulphuric acid catalyst. Literature review was made on
esterification, esterification by drganic acids and catalytic esterification.
An experimental seflup has been developed to study the kinetics of
reactions and the product separation. The order of reaction have been
determined graphically for constant catalyst series and for constant mole
ratio series. The reaction rate constant has been found from the following
. Tete equatioﬁ:

X M+X

A =P8, /)

k = -1n(1 -
XAe M+1

The effect of. catalyst.concentration and mole ratio of reactants on
ésterification,hauevbeenwstudied;atjcbnstantrtemperature-of_630C + 1%¢.
Experiments1ware;also~cafried_out—at~tW0 other‘temperaturesroF-ABDC-ahd
75°C. An increase in 'k --value from 0:0034 to D.DZ?l:was found with the
increase of temperature from ABOC to 75°C. Thé'rééults are corr: lated into
a single empirical equationlfor rate constant (k), catalyst concentration (C)
and reac£ants mole ratio (B/A) at a constant temperature, as

k = 0.0066 - 0.00592 C + 0.00683(B/A).C

Solvent extraction and fractional distillation has been used for
ester separation from the unreacted reactants. Sodium Carbenate solution is
used as fhe solvent. By this method it is possible to produce commercial

grade ethyl acetate.
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CHAPTER 1

INTRODUCTION AND DBJECTIVES

The importance of making esters is gaining prominence. The vide range *
of application of esters in chemicai process indus£ries hés increased the impor-
tance of its study.:In receﬁt years, th? cohsuﬁption of esters has increased
enormously but little had'been'pubiished on it (both in terms of theory and
practice of production). The principles are mattérs of general knowledge and do
not change; the details of their épplication vary from time to time and from

plant to plant and are usually. kept secret_as-long as they are..of private_. .

R e L

advantage.

Esters are organic compounds aﬁd are widely uéed as solvent, as raw
material in plasticizer, monomer,rhedicinefénd perfume'iﬁdustries;'SDmefnitrate
esters, such as -nitroglycerins, nitrocellulose7are used as explosives. Ethyl
acetate is one of the most_usefulresters._lt is being used in large quahtities
in manufacturing of -paint, nitrocellulosérlacquers,-airplane dopgs, artificial
flauour;¢perfume;-acétate~fay0n,-smbkelé§§iﬁﬁﬁdérfuaftificialileatheffﬁﬁﬁ'f*f“”'
photographic film. In our'CUUhtry"large amount is consumed in rayon fiber and
paint.industry.__J,ﬁr . o

The most usefﬁl method for the preparation of ester is the reaétion of
a carboxylic acid and an alcoholrcétalyzed vith a few percent of mineral acid,
with elimination of water formed. Although commonly used esters are produced
quite efficiently, always there are scopes for research i;=pr0cess development.

-The production of esters may be carried out by batch or continuous

processing. However, the knowledge of the kinetics of reaction of ethyl alcohol



and acetic acid catalyzed by sulphuric acid coupled with vapor-liguid equili-
brium data is a must for every esterification unit design. Because it should
allov the calculation and re-design of the reactor and the distillation unit for
combined stébs of esterification reaction.and separation of formed esters.

.In the present investigation £he esterification of ethyl alcohol and
acetic acid will be studied in presence of sulphuric acid catalyst in a batch
reactor. Thé study will aléo include trials on the separation of the ester. The
main objective of the present étudy may be listed as:

1. Design and construction of a Batch Reactor for esterification of
ethyl alcohol and acetic acid with sulphuric acid as a catalyst.‘

2. Kinetics of theérégctiéﬁ”bﬁich include the mechanism of the reaction
and deterﬁinatiqn of the order of reaction at constant temperature-
for the following cases.

a) for constant mole ratio of ethanol and acetic acid (B/A).

b) for constant weight percent of sulphuric acid catalyst (C).

3. Determination 0% the rate constant at coﬁstant temperature
a) for coﬁstantfafﬁ.:
b} for constant C.

4, A methoa based on solueﬁt extraction and fractional distillation would
be used to separate ethyl acetate from the unreacted reactants. fFor
this puriiose sodium carbonate solutién is a well known solvent for
selective absorption of ethyl alcohol from mixture of ethyl alcohol-

n

ethyl acetate.
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CHAPTER 11

LITERATURE REVIEW

2.1 [ STERIF1CATION:

Esters in general are formed wheré an alcohol is mixed with an acid,
but the change, which is a gradual one, is never coﬁplete, because the reaction
is reversible - (1).

When the interaction has proceeded for -a certain fime, the quantity
of ester which is decomposed by the water preseﬁt is equal to that formed in
the same time by the interaéfion of the acid and the alcohol,

In oinerwords, a condition of equilibrium is established and .the

equations can be represented by

CH3.UH + CH3.FOUH = CH3.COOCH3 + HZD

CHB.CUDCH3 + HZU CH3.0H+-CH3}CUUH

1t

This is usually expressed by

CH.OH + CH,.COOH ——= CH,.COOCH

3 3 <— CHs + H,0

3

The eqdat&en—ﬁrem~&eﬁtéto%rightfis#ealled:esﬁeriﬁidation;ianGTthETu-tr—
. TEVETSE reaction, hydrolysis.

The proportion of alcahol, which'ié converted‘into'ester, depends
on the nature of the alcohol and of the gpid and on their relative guantitives
and the temperature. ' ) : . i )

Now, if the water producéd-during esterification could be removed,
or otherwise prevented from decomposing the ester, the Hesired change, from
left to right, should take place more completely. This considefation led to
the use of- 'dehydrating agents' in the proportion of esters, substances such "~
as zinc chléride, hydrejen chloride or sulphuriﬁ acid beipg added to the mixtq:e

of alcahol and acid to 'bind' the water and prevent it ffom decomposing the



ester. In practice, the results of doing this are very satisfactory and the

two methods usually employed in preparing esters of organic acids are:

{(a) By passing dry hydrogen chloride into a b0111ng mixture of the acid and
alcohol contained in a flask provided with a reflux condenser. (b} By warming

a mixture of the acid and alcohol with concentrated sulphuric acid. In both
these processes, when the object is to convert as‘lérge a proportion as possible
of the acid into its este;, the alcohol is used in very considerable excess.

2.2 ESTERIFICATION BY ORGANIC ACIDS

This is esterification in its narrow sense and is what is usually

meant when the term esterification is used. It Has'been-extensively studied -

by both organlc and phys* :al chenists. It has been one of the most Qseful
reactlons in preparatlue organlc chemlstry, one of the best examples of the
mass action law and has 1nuolved one of,the most baffling problems in homoge-
neous catalysis{3).

The mechagism;by,whichuihis,neplacementwocéurs have_been_well_estab- _
lished. -If—the direct—esterification Df;ah“acia;Fsuch;és:acetic,:by_an alcohol,

such as ethanol, is considered, the posibility of breaking:is -

3 \\\\\ + CH CH DHY————CH CD 0C. H. + H,O
25 2

The carbonyl-oxygen bond or the alkyl—oxygen'bhnd is evident.
Evidence for the breaking of the carbonyl-oxygen bond was found in the study

of the following reaction,

+ CH3CH25H ——f——a CH3CD.SC2HS + HZU



in which vater was formed. If the alkyl-sulfur bond had broken, hydrogen sulfide
would have been formed. That the carbonyi-oxygen bond is the one broken was
confiﬁed by the finding that esterification of benzoic acid containing the
normal oxygen isotope distribution by methanol enriched with DlB produced

methyl benzoate containing the héavy oxygen isotope, while the water formed

had only the normal isotobe distribution. '

A generalized exp?ahation'fof the selectivity of the bond breaking
process is found in the electronic structure of the reactants and products.
Since oxygen is more electronegative than carbon, the carbonyl carbon is more
positive than the carbonylroxygen. This may be represented as:

| LB |

e
OH

Any compound (B) ‘centering a free pair of elec:rons, whether due to

ionization or-mot;canattack this positive:renters=o 77"

:},'_ .
Thus 0 o fr - ///D
R c¢/; E¥—— & ?:Ej R——“-C/// + OH®
\\E?\\_ B OH \\\\B
OH '
1 11 111

The fransition state can lose the negativé chérge by loss either of
a hydroxyl ion or of the species which originally attacked the positive centre.
An equilibrium will be established between starting materials and the final

products since the hydroxyl ion produced can attack III to form the.same transi-

'tion'state as thatfﬁrom I and 11;



with the preseﬁce of salts, . 7R AT e

Berthelot and Pean de st. Gilles (3) made-the first exact measurements
on the ethanol-acetic acid-ethyl acetate equilibrium and determined the equi-
libriumvﬁoint. Tﬁeir results showed that the reaction was reversible and that
the extent of reaction depended> on the relative amounts of each compdhnd

present. The equilibrium constant for the reaction is

Eisteﬂ XEJateﬂ - K
E\cid__]XE\lcohog

Unless activities are used in this expression, the value of K changes

<+ .. 'Menschutkin! (4) madéﬂa_comparatiue-study of.the'relatiQe-rafes of -
esterification :and the eguilibrium consfants of a large number of acids and
alcohols. He found striking differences among primary, secondary and tertiary
alcohols, both as to the rates and aS-iOfthé limits of esterification.

| Table (2.1). gives some of his.fesuits for acetic acid heated to 155°C
~wih equivaientfamounts#nf:varinUSfaicohﬁlsr"f:::

It will be observed that, of all the alcohols studied; methyl shows

that greatest initial rate-of -esterification and the ‘highest limit. The primary
alecohols, ethyl, propyl, and butyl,‘haue'approgimatelyrfhe same initial ratgs

and limits but are inferior to methyl alcbhol in both of these respects. Allyl

~alcohol is much slower than propyl, the saturated alcohol with the same number

of carbon atoms. The pfesence of the phenyl group in benzyl alcohol has a retar-

e

ding influence.

PO 07 VU SR SN T VN



Table 2.1 Relative rates of esterification and the equilibrium constants.

Percent conversion

Alcohol K
1 hr. Limit

1. Methyl 55.59 69.59 5.26
2. Fthyl 46,95 66.57 3.96
3. Propyl 46.92 66.85 4.07
4. Butyl 46.85 67.30 4.24
5. A11§1 35.72 59.41 2.18
6. Benzyl 38.64 60.75 2.39
7. Dimethyl carbinol 26.53 60.52 2.35
8. Methyl -ethyl carbinol éé;gj 60.52 7?:35
9. Diethyl carbinol - 16.93 58.66 2.01
10. Methyl hexyl carbinol ©21.19 62.03 2.67
11. Diallyl,carbinol 10.31 50,12 1.01
12. Methanol 15.29 - 61.49 - 2.55
13. - Trimethyl-carbinaleii: = 1.43 6.59 4 10.0049 ¢ U
14. Dimethylnpropy;rcérbinol 2.15 0.83
15. Phenol 1.45 8.64 0.0089
16. Thynol ‘Uf55 9.46 0.0192

The secondary alcohols (7 to 12, Table 2.1) are marked by lower than

the primary in both initidl’velocity and limit but vary considerably among

themselves. The tertiary alcohols (13 and 14) show little esterification

in 1 hr. and hardly any more in 100. In the case of tertiary alcohols, the



limit is seldom if ever reliable, since these alcohols are dehydrated easily

to the unsaturated hydrocarbons. Also the esters can decompose to form an |
unsaturated hydrocarbon and the acid. It is not unusual, with esters to tertiary
alcohols, to find less ester present'after a long heating period than after a
short one. Phenol and thynol which may be regarded as tertiary alcohols but

from which water can not be split off, show low initial rates but comparatively
high limits. |

As was pointed out by Griffin{2)the three classes of alcohols are not
alvays sharply separated as in_the above examples, i.e., some tertiary alcochols
may be esterified as rapidly and to the.same extent as certain secondaries and
primary alcohols have been found that do not esterify so readily or so completely
as some secondary ones. 1t may be stated generally_that the more branched the
carbon chain of the alcohol and the. nearer the branches are to the hydroxyl
group, the slower wil} be its esterification and the lower_the limit, These
effects are dge to steric hinarance to the approach of the alcohol to the acid‘
molecule. .

The kinefics of the -acid-catalyzed-reaction between organic acids and
alcohols (4) has best been explained on the basis of Golds Schmidt's equations
vhich was developed by Golds Schmidt aﬁd numeTous co—wor#e£s over the period
1885-1929 and has been further studied by-Schmidt{lZ):"Equations vere developed-based

on the assumption that the hydrogen atom from the catalyst first react with the

+

? and the latter then reacts with

alcoholic hydroxyl to form a complex ROH

organic acids.

R'COOH + ROK, — R'COOR + H507



The rate of formation of ester is proportional to the product of the

concentrations of the organic acid and the activated alcohol complex.

d(R'COOR)

— ¥
It = kl(R COGH) (RQH)

Since vater is formed in the reaction, it will slow up the rate of
esterification by reducing the number of available hydrogen ions according

to the equilibrium between the alcohol and water complexes.

ROH,, + H,0 &=——H,0" + ROH
The equilibrium constant for the reaction is -

p + +
K = \HBU ) (ROH)/(RDHZ)(HZD)f

It the concentration of alcohol may be considered constant, a factor

'r' may be defined as - _
-+ -+
r = (ROH)/K = (RUHZ) (HZD)/(H3O )

Assuming that all the hydrogen ions will be found either as alcohol

or wvater complexes, the above equation for 'r' may be expressed as:
r = (ROH) (H,0)/(Total H') - (ROH,)

If the original concentration of the organic acid is taken as 'a' and
X is the concentration of ester formed at time t, and no water is present at

the start, the reaction rate is reduced to:

dX ;-k(a-X)r(catalyéf)
dt — . X+T
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Integrating the above equation and setting
X = 0 when t = 0, solution of k yields to :

k = (r + a) 1n {(a/a - X; - X/(catalyst) rt

The reaction between an organic acid and an alcohol to produce an

ester and water according to the equation:

R'COOH + ROH ————=R'CGOR + HZD

2.3 CATALYTIC ESTERIFICATION

The speed of esterification .is suscéptible to temperature. The speed T
doubles for a 10°C rise in temperature. Hence, heat is used to accelerate
esterification reactions (2). o e . e

Esterification at atmospheric pressure requires the use of a catalyst.
The only exception-to the above c;se being;thaf of a high-boiling alcohol
such as .glycorol with a high boiling acid such as stearic. The process of
esterification is enhanced by the presence of strong acid such as sulphuric
or hydrochloric acid.

The catalyst has no effect on the_equilibrium.point of the reaction.

It only enhances the rate of esterification. |

| Esterification proceeds by attack -of an alcohol molecule on the slightly
positive. carbonyl carbon of an acid; The larger this positive charge, the more
rapid the reaction will be. While fhe nature of the R group attached to the
carbonyl group will influence this charge;'ather methods ar catalysts, can be
used to increasé the positive charge so that a given ‘acid will esterify more

" rapidly.
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Esterification catalysts are compcunds which are acidic in nature.

Acidic compounds include thos: where the central atom has an incomplete
external electron shell, so that besi¢ s the hydrogen ion, compounds such as
boron trifluoride, alumi?ium chloride or zinc chloride can be considered to -

be acids.

H N T H F
- ) —&
H H '
H : N + HC);;:::::§ H N H
) | _

When an acid (HAj.isaqdedfto an éste:ification mixture, the oxygen
present-will-act-—as base and-coordinate-with—+the—acid., -
~ The ‘mechanism can—bewritten-in-two ways-depending~on1@hich oxygen

of the carbonyl -group acts-as the base.

J0/—>H" - 0-—H |
. ’ Ie/
R——C == |R— € £20H
AN - o
OH | R' — D-H «— A
e - _
R' - 0-H
0
. I
T=——* R -— C — OR' + H,O0 + HA

2
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o - 71 -
R———c’\"/HJ' R— C-—0-—H | —= R—C—OR' + H0 + HA
@ . D+——H*—Ae
a* . /
O w '
, i .

In certain cases whére the acid is sufficiently strong, esterification
is self catalysed.

Quite after the speed of the reaction is accelerated by working under
increased pressure and hence high temperature can be used,

The figures in Taﬁle 2.2 may be considered-to represent the relative
efficiencies of mineral acids as catalysts in the reverse reaction of esteri-

fication.

Table 2.2 Relative Rates of Hydrblysis of methyl acetate with various acids
-as catalysts.

T heia Gteor — oo Rewor -

. Hydrolysis % ‘hydrolysis %
Hydrochloric —_ - 100 ' ri“'lalonic 2.87
Hydrobromic 89.3 - Suceinic 0.496

Nitric | 91.5 ‘ Tartaric o ' 2.30

Sulphuric , 54.7 . Formic : _ 1.31 .
Ethyl sulphufic i ; 98.7 Acetic l' 0.345
Ethanosulphuric, 97.9 Chloroacetic K 4.3

Benzene sulphuric 99.0 . Dichloroacetic 23.0
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,The‘commonly_used catalysts include hydrochloric and sulphuric acids.
The former is very much used in the laboratory because of its efficiency,
the later finds its use in the plant because of its cheapness and lower
corrosive effect on metals. Perchloric and phosphoric acids have been recommended
as catalysts. Phosphoric acid is less efficient but also less destructive. The
sulfuric -acids, particularly those containing considerable-number of carbon
atom are desirable catalysts on'éccount of their high efficiency, solubulity
in the higher alcohols and acids; and less destructive actions. The most
commonly used is p tolune sulfgric acid.

Acid salts, such as potassium bisulphate and salts -of strong acids

with weak bases have been tried as cafalysts. The presence of zinc chloride
accelerate tﬁe catalytic effect of acids. Zinc and tin chlorides are active
catalysts. Various patents claim the use of aluminium, cobalt, lead, magne-
sium, tin and zinc soaps as esterification catalysts. Catalysts comprising metals
such -as tin, manganese, lead, silver and copper in the finely divided state
are considered to be suitable, zinc being specially favoured. Oxides of alu-

minium, lead and .magnesium .also.are said to be-esterification catalysts.-
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CHAPTER 111

EXPERIMINTAL

3.1 EXPERIMENTAL SET UP

3.1.1 BATCH REACTOR

For the experiment to be conducted, a batch reactor is set up. The
reactor is a one litre conical flask with liquid sampling provision. For
bette: yield of the reaction a total condenser is fitted. The condenser is
permanently fixed to the system. It is a shell tube system in which circulating .
cooling water flows through the tube side and vapours through the shell side.
The reaction temperature is controlled by placing the flask on a hot plate
with magnetic stirrer where the powver is.adjusted by a variable transformer.
The temperature is noted with a thermometer placed in the flask. For proper
mixing of the reactants, a magnétic stirrer is used. The reactor with its
auxiliary units is fixed with a stand By a clamp. Figure 3.1 shows a schematic

arrangement of the-reactor-set-up.

3.1.2 SEPARATION UNIT

| _]he sepﬁpatibgiupitsis:a-disti}latigg;ynjt;mi;hiqne;pénﬁialmcondensern__;_
and one:totalfcondehserweonncctedtin;seriesngoling;ﬂaterfis:péssed_thrOugh*ﬂ“rr“
thelcondensers..Water,flow rafe-should bé-adjusted iﬁ such a way that partial
condensation of vapour occurs. This liguid comes in-coentact wvith the vapour
and thus the mass transfer is increased. The resthf'£he vapour is cdndensed
in the second condenser and thE'diStillétE is collected in a collecting bottle.
In the separation unit heat is suppiied by a hot plate heater where pover
input may be varied. " A thérmometer is used to record fﬁe liquid temperature.
Figure 3.2 showé a schematic arrangement of the system. |

For solvent extraction a separating funnel is used. After extraction -

the two layers are separated fhrough the bottom stopper of the funnel.
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3.2 EXPCRIMENTAL PROCEDURE

3.2.1 KINETICS

In each batqh the volume of reactants used is approximately 500 cc.
Measured volumes 1n thé order of sﬁlphuric acid, acetic acid and ethyl alcohol
are taken in the reactor flask. The flask is placed on the hot plate heater
and the switches of the heater and the stirrer arc prt on., Time froh this
instant is recorded. Within 25 to 30 minutes the temperature of the reaction
mixture comes to a steady state value of 63°C + 1°c. The samples of amount 5
to 10 cc. are taken out fromrthe reactor with the help of the -sampler at an
interval of 30 minutes. 5 cc.-of this sample is diiuted with -distilled . .water -
to make 50 cc. solution and titrated immediately against standard soaium'hydro--
xide solution using phenolphthalein as indicator to determine the free acid.
Due to the limitation of the heater, experiments are carried out at only
three differént temperatures (4800, 63°C and 75°C). One of the runs (Ruﬁ L)
is repeated .and reproducibility data of the experiment is bresented-in the-

appendix D.

3.2.2  SEPARATION

The product from thelestérificatiqn reaction cantains.ethyl acetate,
ethyl alcohol, water and acetic acid. Thé purpose of this pfocess is tb separate
ethyl acetate product. A known quantity of théfproduct mixture is taken
in the conical flask of the separation unit. Sample between 78°C to 830C is
colleéted. Pensity of thg sahple is«measufed. It is assumed that the sample

contains only ethyl alcohol and ethyl acetate as their boiling points are

—close to eaéh other.
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A 10% solution of sodium carbonate (commercial grade) in water is
prepared and this solution is used as solvent for ethyl acetate extraction.
The above distillate is treated with the sodium carbonate solution in various
proportions ranging from 1l:1 to 1:4. The distillate and sodium carbonate
solution are taken in a sebarating funnel and shaken well for 3 to 4 miﬁutes
and then allowed to settle down. Ethyl alcoheol is absorbed in the sodium
carbonate solution and two distinct layer is formed. The top layer contains
mostly ethyl acetate with some ethyl alcohol and water. The bottom layer
contains sodium carbonaté, vater and ethyl alcohol. The top layer is separated
-out and distilled in the séparation unit. Distillate between 78°C to 92°C
is collected. The weight of the disfiilate is taken and the refractive inéex
is measured. The product thus obtained is ethyl acetate with ethyl alcohol

and water impurities.
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CHAPTER 1V
RESULTS AND D1SCUSSION
4.1.1 REACTION RATE EQUATION

The actual equation which governs the rale of esterification may

be determined by trial :nd error. Assuming a non-reversible seconc’ order reaction,

A+ B—> products
dx

'at = k(A—X) (B—X)

Which integrates into,

Kt = L 1p BLA)

A-B " ARB-X) 6.1

5\

Assuming a reversible reaction, .

dx/dt = kl(A-x) (B-x) - kzx(W+x)

vhich can be reduced to the form,

dx/dt = k(a+bx+cx2)

This integrates into,

1 2ex+b- V=g 1 b- ¥—a ,
<t == dn SO T T By (4.2)

‘Assuming a second order non reue;51ble_react10n, 2A —> Products

dx _ 2
-'d'-'-E = k(A——X)

which integrates into,

A(A-x) kt ' . (4.3)
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‘Now assuming a first order reversible reaction

k

1
A ———— R vhere kc = K = equilibrium constant
kz . -

Initial concentration ratio M = CRO/C the rate equation is -

Ao’

dC dC

R _ L
ot~ " dt k1_(CAo - CAOXA) - kZ(CAoM + CADXA)

which on separation and integration yields -

X C, - C
n(1- 22 = -0 PP = At (4.4)
Ae A Ae - he

The proper - form of the rate equation may be determined graphically
by plotting various functions against time and noting vhich gives a straight line

relation: For equation 4.1, log igg:i) vs. t; for equation 4.2, log (2cx + b -

Jfﬁ)/(2cx + b +-Jiﬁ) vs. t; for equation 4.3, _ET%:;T__ vs. t.

The data obtained from the expefiments-are'plotteq. Equation 4.3
gives a well defined curve énd hénce'dqes'not épply..The'last five points on the
curve for equation 4.2 appegp_tg fall on a straight 1line, but the initial points
(0 to 4 hour) fall far off'éﬁg#straight-liné relation. Figure 4.1 and 4.2 glves
the reéctiqn rate equatioﬁ“feéts for equations (4.2)and -(4.3) respectively.

. Fﬁr constant molé-ratio'runs L and M are'plotééd using equation 4.4,
vhich gives a well defiﬁed straight line upt0_6 hours (about 90% conversion).
 At the 6 hour point énd above, equation 4.4 no longer holds; the meehanism
chaﬁges apparently to one apbroaching equétion 4.3 since the reverse reaction,
saponificatibn; is beginning fo have an effect. This is indicated by the straight

line'portion of the equafion 4.3 above 6 hours. However, in the continuous column
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esterification studies reported elsevhere (5), it was desired to reduce the time
of contact to about 30 minutes; hence equation 4.4, vhich gives a straight

line relation for the early stages of reaction, applies in the continuous
esterifications. Long times of contact and attainment of esterification

mass law equilibrium on a given plate are not needed, for a high overall extent
of conuersion.The”agreemeqt is good upto 90% conversion. Table 4.1 summarizes
the complete calculations for the experimental data testing equation 4.4.

Figure 4.3 shous the reaction rate eguation tests for equation 4.4.

For constant catalyst concentration with varying mole ratio,
equations~a;15-a;2-and 4.3-do not apply, since they-give-a well defined.curve. .
Runs P and Q of this sgries are plotted using equation 4.4, which gives a
wvell defined straight line.-fhe:agreement is good tho.B % conversion. -Table. 4.2
gives the:experimentalAdata-testihg-equatiOH 4.4, Figure 4.4 gives the .reac-.

tion rate equation tests for equation 4.4.

Table 4.1 Experimental-data testing equation 4.4 for constant mole ratio series

LTI RUN L —TTTRUN F —
Time XA?;”: S XA -7 Time = X XA
HR m/1 1- HR ' A 15
o Ae ‘ m/1 Ae
0 0 1.000 - 0 - 0. 1.000
1 . 0.411 0.539 1 0.568 0.383
2 0.571 0.359 . 9 0.763 0.171
3 D.725 0.186 | 3 0.B67 0.059
4 0.796 0.107 6 0.504 0.018
5 0.837 0.061 5 '0.910  0.011
6 0.873 0.021 6 . 0.919 0.003

7 0.887  0.005 . 7 0.921 0

8 0.891 D 8 : 0.921 0
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Table 4.2 Experinenteal data testing equation 4.4 for constant catalyst

concentration series.

RUN P Xy, = 0.733 (RUN Q X,,= 0.761
. X — X
Time X A Time X A
HR A 1- 5 HR A 1-%x
m/1 . Ae m/1 Ae
0 0 1 0 0 1
1 0.330 0.550 1 0.376 0.519
2 0.503 0.314 vi 0.573 0.266
3 - 0.622 ~ <77 - 0.152 S3 0.652 ©0.165
4 , 0.676 0.078 4 0.716 .. 0.083
5 0.701  0.043 5 0.740 0.053
6 0.715 .. - 0.026 . . 6 . 0,755 .. 0.033
7 . D.725 0.011 -~ 7 ~0.769 0.015
4.1.2 ...  REACTION RATE-CONSTANT:  :ow.%.

The dimensions-of=the rate constant:k-for +the-n-th-order-reactions

are (time)f} (concentration)%??,.which for a first order reaction becomes

simply—(time)_l and for second order reaction becomes (time)_l(concentratiun)"l.
The value of k-was determined from the rate equations at a selected value for
time (180 minutes) for all runs. For const:nt mole ratio, k vas calculated

using equation. 4.4 ang for constant catalyst concentration, k was calculated

using equation 4.4. Table ﬂ;3_summafizes calculations. for reaction rate constant k

[y
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Table 4.3 Calculation of Rate Constant k.

CONSTANT MOLE RATIO:

XA M+)(A
M = 7.59, where k = -1n(1- 5—) ( =)
Ae (M+1)t
RN Ao Time W% Temp. L a MeXpe - K
m/1 min,  Catalyst o XAe M+1)t
K 2Z.000 180 0.00387 63 0.2322 0.005390 0.00787
L 2.000 . 180 0.0830 63 0.18622 0.005485 0.00922
M 2.000 180 0.1900 63 0.05854 - - 0.005504 0.015621
N 2.000 80 0.3000 .-63 o.baloa -~ .0.005508 . 0.01759
CONSTANT CATALYST CONCENTRATION: - A
- XA M+XA
Catalyst—concentration-=-0.0845% by wt-','_uhere‘:k:ff'-‘—'“l'n(l-;-:-‘x. ) (—=2—)
_ o " TAe - (MHD)EE-—
‘ X M+X )
. RUN. A0 BD Time‘ Mole Zemp. -1~ XA } @ ?it — k
m/1 YAl min, - -Ratio ~—"C- Ae_“. + ':
0 8.7014 8,700 180 1 63 0.'21;1 . 0.00466 " D.00663
P 4.000 10.19 180 3.32 63 0.20617 0.005212 - 0.00823
Q0 2.4604 i4.76 180 6.00 63 0.165 - - 0.00538 - 0.00969

1.0742  16.11° 180 15.00 63 ~  0.067 - ‘. 0.00549 0.0148
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4.1.3 EFFECT OF CATALYST CONCENTRATION:

Various inuestigatﬁrs have found that the rate of esterification
vith ecid catalysts is proportional to the acid concentration (10,11) or to
the hydrogen ioﬂrconcentration (12). Figure 4.5 shows a linear relation between
the rate constant for the runs at 63°C wltﬁ approximately 7.6 moles of
ethanol per mole of acetic acid-and between-0.00387 and 0.3% sulphuric acid.

as catalyst. 

4.1.4 EFFECT OF PROPORTION:

"According to Watson_(lls, thé'raté3of;estérification is propor- -
tional to-the concentration of élcohol and acid as Qell as catalyst..A.plot .
of the rate constants for runs 0, P, Q, and R against™ the molal-ratio of
ethanol to acetic acid indicated a distinct’ linear telation.” Figure 4.6 shows

a linear relation- for.all of the Tuns in the proportion series. -

4.1.5 . .EFFECT OF TEMPERATURE: . -

Experiments verercrarried-out at threefdifferehtiteﬁperatures_wia--:__
vhere the mole ratio of sthanol to.acetic acid and the catalyst concentration
‘was constant.- Power vas-supplied-to the mégnetic~stir¢?-with a-Variac transforme.
The temperature-dependent te?m, the reaction rate conétant, has
been found in practically all cases td‘be vell represented by Arrehéniusf
law (13): |

-E/RT ’

k = k e -y Wwhere k0 = Arrehenius constant

O

or, " log k = (- %J-%;+,}pg;ko ]
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A plot of log k vs 1/7 should give a straight line with a slope
of - E/R and an intercept of log k_. Figure 4.7 is a plot of the loéarithm of k
against the reciprocal of the qbsolute temperature for data of tabhle 4.4,
vhere variables other than temperature were constant. The activation énergy £

has been estimated from the slope and its value 1s 7200.91 cal/gm mole.

Teble 4.4 Estimation of k with variation of temperature, where

X M4+-X

A Ae
k = - 1n (1- ) ( )
XAe (M+1)t
Temp — . - WG X
1/7 Time Mole Ratio ' k
°C oABSY  Minute - M catalyst m/1
48 - -0.00312 - 180 e D.0B4S - ... .6 0.3551 .. 0.0034
63 -0.00298 .- .180 ...0.0845 .- -.6 . . D.,6521 .. . 0.00969
75 ..0.00287 - 180 .. 0.0845 : 6 0.796 . 0,0271

4.1.6 RATE CONSTANT.EQUATION: ..

The.rate of eaterification reaction between .ethyl alcohol and
acetic acid catalysed with sulphuric acid depends upoﬁ temperature, catalyst
concentration C and proportion of reactants (B/A). At constant temperafure,

the reaction rate depends upon catalyst concentration and proportion of

reactants: i

&

k.= F(C, B/A)
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In figure 4.5, the plot of k vs. C for run of constant mole ratio and
in figure 4.6 the plot of k vs. B/A for runs of constant catalyst, both gave
a linear relationship, indicating the proportionality of the rate constant
with catalyst concentration and proportion of réactants at constant reaction
temperature.

From the relations indipated in Figures 4.5 and 4.6, the following
empirical equation was deduced to define the constant in terms of catal?sf
concentration and proportion of reactants, for applicatien in the continuous

esterificaticn runs.

k =a+bC +r¢ E-C
. T A
For constant catalyst series, a plof of k vs. B/A gives-a straight
liﬁe with an intercept of a + bC and a slop of cC. For constant molé ratio
series, a plot of k vs. C gives a straight line with an intercgpt of a and a
slope of c.%—+-b. Thus the constants-can be evaluated from the straight 1ine --

relations. The relation obtained for the best -straight line for these data-is:

k = 0.0066 - 0.00592 C + 0.00683 %-C (4.5)

To check the validity of Equation 4.5, the values of k were recal-
culated from the -molar ratio of ethanol to écetic acid and the catalyst
concentration, as summarized in Table 4.4. ‘All of the calculated values for k

are in good agreement with the experimental values.
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Table 4.5 Comparison of estimated and calculated values of k, at 63°C
by the equation

k = 0.0066 - 0.00592 C + 0.00683 = C;- Liters

(Moles)(Min)

wveight per cent Mole ratio Reaction rate constant k using time £=180 minut

RUN of Catalyst (C) (B/A) Calculated k Estimated k Difference
K 0.00387 7.59 0.00787 0.00678 +0.00109
L 0.0830 7.59  0.00922 0.01041 -0.00119
M 0.1900  7.59  0.015622 0.01532 +0.,000302
N 0.300 7.59  0.01759 0.02038 - -0.00279
0 0.0845 1- 0.00663 . . 0.00668 -0.00005
P 0.0845 3.32 0.00823 . 0.008016 +0.000214
e 0.0845 6.00 0.00969 . 0.00956 +0.00013
R G.0845 - 15.00 0.0148 0.01476 - - +0.00004
©4.1.7 EQUILIBRILM CONSTANTS:

The eqﬁilibrium“constant_is defined as the ratio.of _the concentrations ..
of products divided by the concentrations of reactants:

_ [ested [water]

K= [ethanol] [acetic acid]

To determine the equilibrium cohstan; for the esterification the free
acidity was determined. After correction for the catalyst, the amount of
unreacted acetic acid remaining could be célcUlated, vhich fixed the other com-
positions. Sample cglculations appear in appendix ‘B. The average values for the

equilibrium constants are summarized in the following tables.
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The concentration of catalyst has markedly no effect on the equi-

librium constant with 7.6 moles of ethanol per mole of acetic acid at 63°C.

RUN - Catalyst K

We. % .
K 0.0464% 0.0730
L 0.0830% - . 0.1047
M 0.1900% 0.1117

N 0.3000% 0.1130

The equilibrium constant is markedly affected by ‘the proportions
of reactants employed, however:

Molal Ratio

RUN ' Ethanol/Acetic Acid S K
0 1  0.4610

p | 3.32 . p.2110

Q 6.00 0.1017

R 15.00 _ - 0.0448

A decrease in the equilibrium constant for the reaction of acetic

acid and ethancl was reported by Poznanski (7,8j vho cites a variation in K

from 1.0 to 6.8, depending upon the proportions of reactants used. Leys and
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Othmer (9) found the average value for the equilibrium constent for the
esterification of butenol and acetic acid about 2.35, which was considerably
lover than the value of 4.24 reported by Menschutkin (7) for the uncatalyzed

reaction at 155°C.

4.2 SEPARATION RESULTS AND DISCUSSION

The separation procegs may be divided into three stages. In the first
stage, the end product obtained from the esterificétion réacfion is distilled
for a fraction.and the ethyl .alcohol and ethyl acetate is separated out -from
acetic acid and water. In the second stage, ethyl acetate 1s separated from
the ethyl:alcohbl by solvent extraction with sodium carbonate -solution-and -

followed by -final separation by distillation. - -~

4.2.1 SEPARATION .OF. ETHYL ALCOHOL-:AND.ETHYL ACETATE.FROM ‘ACETIC ACID AND WATER-

A run withJD.UBQSﬁpericent:b§~wt.{gf-sulphuricﬁacidrqatalystjagg;lgtmf"
3.32 mole_ratiuwsfﬁethaholﬁtUtacetic:acidsyas?chosen:iéftBETBLHohréléfﬁreaction;f{
the amount of acetic acid cOnuerted_wasAfound'out;ﬁy_titration-against:standard .
sodium hydroxide.solution. The-amount of other products:were;calculatea out. .
from the stoichiométric relation. The éomponents vere: acetic acid 67.80 g,
ethyl alcohol 360.61 g and ethyl acetate 273.00 q.

The above mixture was distilled. Distillate fractions befween 78°¢C
to 83°C, 83°C to 88°C and 88°C to 94°C were collected. Table (4.6) gives the

amount of free acetic acid present in each sample.
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. Table 4.6 Amount of free acetic acid present in the samples.

Initial weight of the mixture : 409.Z2 g

Distillate Vol Wt Conc. of acid Aﬁount of free

(ml) (g) (m/1) acetic acid (g)
Sample 1
78°C to 83°C 471 398.35 0.0282 0.7976
Sample 2
83°C to 88°C 137 113.00 °  0.069 0.5677
Sample 3
88°C to 94°C 121 . 98.42 . 0.1728. 1.256
Total acid - = : 2.6213 ¢

Bottom product 129 121.51 8.0532 £2.38
Bottom product =~ Amount of water plus others = 59.13 g

others = 10.54 g

From the- above table, the -total @mount of acelic acid in. the_top and _

thtom'pfdduét-was-Fbund to be 65g. Coniparing to.67.8g of acid originally
present, ‘the -variation-is:2.8g. This-may be-considered-to-be within-the experi-
mental error range. _

The boiling points of the components are: ethyl acetate 77.10C, ethyl
alcohol 78.40C, acetic acid 118.1°C and water.lDDOC. It can be assumed that ie
first sample (collected between 78°C to 83°C) contains only ethyl alcohol
and ethyl acetate and it is free from water and acetic acid. The density of ihe
above sample was 0.8458 a/cc and the percentage of ethyl alcohol was 49% and

that~of'ethyl'acetate"was451%:“ -



4,2.2 SEPARATION OF ETHYL ACETATE FROM ETHYL ALCODHOL BY SOLVENT EXTRACTION

The method of separation of ethyl acetate from ethyl alcohol is

described in chapter 3.2. The results obtained are presented in table (4.7).
Since the distillate is collected between 78°C - 920C, it can be assumed that

it is free from water and acetic acid.

Table 4.7 Results for the separation of ethyl acetate from ethyl alcochol.

TRIAL 1  PROPORTION 1: l

Components - Vol Wt Bottom® Extract Phase Disg tlll te Den- .

Percentage
(cc) (g) Layer 78°c-92°C sity £thyl Ethyl
Wt (g) (g) g/cc Acetate Alcohe
Ethyl Alcohol ~=: 80  62.84 .

Ethyl Acetate 100 B86.62 178.31 160f62_wJBQmw

Sodium Carbonate 180 233

- Solution in water. ...-.-:

-..0.8772

- 79%

21%

TRIAL—2:22PROPORTION:1:2— - -

Ethyl ‘Alcéohol-7 780 762.25 "I %
Fthyl Acetate -._..100 B7.24 -429.91

Sodium Carbonate 360 38B.84
Solution in-water

107.18 122 -

85% -

-15%

TRIAL 3 - PRG?URTIDN'1:3L1

Ethyl alcchol -+ 80 63.34
Ethyl acetate .- 100 B6.76 640.56

Sodium csrbonate 540 570.82
Solution in water

B89%

11%

TRIAL 4  PROPORTION 1:4

Ethyl alcohol 80 62.18
Ethyl acetate - 100 89.09 838.91

Sodium carbonate 720 762.11
Solution in water

88%

12%
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For solvent extraction the phase and equilibrium diagram of the system |
was not available and hence solvent quantity could not be estimated. A 10%
sodium carbonate solution was used and the effect of solvent to feed ratio on
product composition and recovery was studied. The results show that an 1:1
solvent-feed ratio gives the bptimum quantity and composition. The composition
of ethyl acetate in the final product is found to be 79%. The overall recovery
of the whole separation process is calculated to be about 62%.

Some trial runs were made to recover the absorbed ethyl alcochol from
the raffinate carbonate solution by batch distillation. It was found that the

regenerated..solution contains about 70% ethyl alcohol.
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CHAFTER V

CONCLUSIONS  AND  RECOMMENDATIONS

CONCLUSIONS

The following conclusions &an be made:

The reaction involved in the catalytic esterification of ethanol

and acetic acid at eléuated temperature (63°C + lOC, or higher) is

of the first order reversible kinetically upto 80% conversion.

The rate constant is a linear function of catalyst concentration (C)

and mole ratic of reactants ethanol -and acetic acid (B/A) at constant
temperéture and can be represented by the following linear equation:

k = 0.0066-0.00592 C + 0.00683 %-C.

At temperatures in the range of 48°C to 75°C., the logarithm of the

rate constant is proportional to the réciprocal of absolute temperature.
A distinct linear.relation is also found between.the rate constant . . -
and catalyst concentration and molal ratio of ethanol to acetic acid.
The concentration .of catalyst has markedly no.effect on the equilibrium
constant, but the equilibrium constant is markedly affected by fhe

proportions of reactants employed.

_Solvent extraction and,fractional.distillation method can be used . -

for ester separation from‘the unreacted réactants. Sodium carbonate
sdlution can be used as solvent. A solvent-feed ratio of 1:1 gives
the optimum qUaﬁtity'and comﬁositiqn, the pﬁrify of ethyl acetate

found is 75%,7The overall recovery of the whole separation process

is calculated to be about 62%.
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5.2 RECOMMENDATIONS

The following recommendations may be made for any further work in

this subject.

1. Reaction should be carried out at higher temperature range.

2. Experiments should be performed to obtain phase and -equilibrium data
on ethyl acetate - ethyl alcohol sodium carbonate solution. Other
sepafating procedure such as aezotropic distillation, adsorption etc.
may be tried for better product recovery. |

3. To study -the effeﬁtmdf:mole ratio-of the reactants on the reaction
rate uniquely experiments.should be carried out keeping the
catalyst concentration-conétant wvith reépect to the rate controlling

reactant.
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NOMENCLATURE

Acetic acid originally present (moles, or moles per liter).
Ethanol Driginaily present (same units as A).

Catalyst concentration, weight. percent of sulphuric acid.

AB
(A + B + W/K)
1 - 1/K

Activation energy of the reaction ;. Cal/gm mole.
equilibrium point

reaction rate constants, litres molesf} minute-l
reverse reaction rate constant

equilibrium constant = kl/k2
Mole-rétio,*~%;,*diméhsibnless e

4ac f_bgﬁﬁﬁﬁaié;bgéii,ééc';;;;;

Ideal gas law constant‘, Cal/gm mole °K

Time, minutes 7

Temperature °K.

Water originally'present (same. units as A).

Amount of acetic acid converted, (same units as A).
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APPENDIX A

Deduction of equation 4.2

For the reversible reaction -

dX _
ol kl(A—X) (B-X) - k2 X {W+X)
-k, (AB-AX-BX+XZ). = k, WX - k X
| 2 2
) 2
= klAB + (-Akl—Bkl—kZW) X + (kl—kz)x
_ k-z k,
= k. AB + {-A -B - == W) X + (1 - —=)X
1 k k
1 1
Let, a = AB
b = -(A+B+W/K)
b = =(A+B+W/K)
K = kl/kZ
k .
2 1
c-l-—=1-+=
k) T K
dX 2 . o
I k(a+bX+c X°), This integrates into
X

OS d_XZ—__: Jkdt
cX " +bX+a
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1 dx
or, -é'
(X + %EJZ . Qac;b
4
b 4ac - b2- i
Putting X + % = z amd ——4——7—— =m
4c .

vhen b%:>‘4ac, this reduces to the form

b
s
or, l ,z-nm = kt _
Zem Tz +m
b
%

Let g = 4ac - bz, wvhere b?;> fac .

2eX + b+ [T b=
nC +J_q _l J—q'
2cX + b.+.J:a _-:J:ai b ¢:af -

1

1
J-q
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APPENDIX B

Calculation for-equilibrium constants

CONSTANT MOLE RATIO : "

tthanol

v = 7.59

Mole ratio =

- Unreacted Acetic

gcid -acid ted Water Eéter‘ {est J(watér]
RUNS CA CB A Eonveg ®d produced Produced K = —AE52€T
© © R Ao -A - T {ethanol}{acetic
m/1 /1l . m/l LA m/l . om/l : acid}
K 2.000 15.180- 0.511 1.489 1.48%9 1.489 0.0730
L 2.000 - 1%.180 - .0.217 - .. 1.783 . .1.783 J1.783 - . 0.1047
M 2.000 15.180 0.158 © 1,842 1.842 1.842 . 0.1117
N 2.000 15.180 0.148 1.852 1.852 1.852 0.1130
”CUNSTANT?ﬁﬂ?AEYﬁffﬁUNCENTRATiUNT?ffo:TT“;
Catalyst-concentration:=:0:0845% by weight. -
- Unreac- Acetic - wWater -.-Laster [ester)[water)
RUNS  Mole CAO CBO - ted .~ acid Produced - Produced K = [ethanolT[acet
Ratio . acid . . convert-d o . an zcjd
' m/l1 m/l . m/1  om/1l . m/1 m/-1 ' . BeC
-0 1 8.701 8.700 2.794 - 5.907 5.907 . 5.907 0.461
P }.32 4.000 10,19 1.068 2.932- 2.932 %.932 0.2110
Q  6.00 2.460 14.760 0.539 . 1,921 1,921  1.921 0.1017
R 15.00 " 1.074 16.110 U.l9ﬂi o 0.880 . 0.880 - 0.880 0.0448
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APPENDIX C

EXPERIMENTAL DATA

Ti Free Acidity Catalyst ~ Actual Acetic Acad
1me C, +c Correction C Acetic Acid e Converted
HR A C - A
£,=C, -C —A £
A TA+c C C A
- ' Ao XA:l_-C_
m/1 m/1 . m/ 1 : Ao
RUN K H,S0, = 0.0464% by vt. 63°C B/A = 7.6 A_ = 2.00 m/1
0 2.000 - 2.000 1 0
1 1.4319 . 0.0039 1.428 0.714 0.286
2 1.1008 0.0039 - 1.097 0.549 " 0.451
3 0.860 0.0039 . 0.856 0.428 0.572
4 0.6512 0.0039 ©0.647 0.324 . .0.676
5 0.5819 0.0039 0.578° 0.289 0.711
6 0.5478 0.0039 ©0.544 0.272 0.728
7 0.5346 ° =  0.0039 ~ °  0.531 -~ °  0.265 0.735
B 0.5148 . 0.0039 © 0.511 0.255 -0.745
RUN L H,S0, = 0.0830% by wt. - 63% B/A = 7.6 A_ = 2.000 n/l
0 2.000 - 2.000 1.000 0
1 1.1808 0.0035 1.177 0.589 0.411
2 0.861 0:.0035 0.858 0.429 . 0.571
3 0.5561 0.0035 - 0.5492 0.2746 0.7254
4 0.415 0.0035 ©0.4081 - 0.2041 -0.7959
s 0.332 . 0.0035 0.325 0.1626 - 0.8374
6 - 0.2609 - . 0.0035 0.250 ©  0.1270. 0.873
7 0.2326 0.0035 - 0.2255 ° 0.1128 0.8872

8. -0.2241 © . - 0.0035 o272 7 - 0.1086 . 0.8914




a6

. L Actual Acetic Acid
Time Free Acidity Catalyst Acetic Acid C Converted
HR C, +c¢ Concentra- - A
A : c.=C.+c - C —
tion C ATTA c C C
c Ao X =1 - A
n/1 m/1 n/1 A Cao
RUN M HZSDa = 0.19% by wt. 63°C B/A = 7.6 AD:Z.OOO m/1
0 2.000 - 2:000 1.000 0
1 0.880 0.015% 0.8641 0.432 0.568
2 0.490 0.0159 0.4741 N ‘0.237 0.763
3 0.2822 0.0159 0.2663 . 0.1332 0.8669
4 0.2081 0.0159 0.1922 - 0.0961 0.9039
5 0.1951 * ~ 0.0159 ) 0.1792 - 0.08956 - 0.9104
6 0.1789 .. 0,0159 0.1630 . 0.08B15 0.9185
7 0.1743 0.0159 . 0.1584 0.0792 0.9208
8  0.1743 0.0159 0.1584 0.07592 0.9208
Catalyst- - - Actual - Acetic Acid
Time Free Acidity Correction € Acetic Acid CA Converted
HR C,.+c ¢ C,=C.,+c - C _— C
A A A c C A
. Ao XA =1 - T
m/1 m/1 m/1 Ao
RUN N H2504 = 0.3% by wt. . 63°C B/A = 7.6 AD = 2.000 m/1
0 2.000 - 2.000 1.000 0
1 0.7134 0.02508 : 0.688 0.344 . 0.656
2 0.4141 0.02508 0.389 0,195 0.805
3 0.2484 -0.02508 . 0.223 0.112 0.888
4 0.2064 0.02508 " 0,181 0.0%1 . 0.909
5 0.19608 | 0.02508 . | 0.171 - 0.086 0.914
6 - 0.18708 0.02508 .0.162 0.081 0.919
7 - 0.17544 0.02508 - 0.150 0.075 0.925

8  0.17286 0.02508 - 0.148 0.074 . 0.926.
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Actual Acetic Acid
Time Free Acidity Catalyst ‘ Acetic Acid CA Converted
HR CA + C Concentration CC CA=CA+C - Cc T— CA
Ao XA =1 T
m/1 m/1 m/1 Ao
RUN O H,S0, = 0.0845% by wt. 63°C B/A =1 A= 8.7014 m/1
0 8.7014 - . B.7014 1.000 0
1 6.4232 0.00795 6.415 0.737 0.263
2 . 5.1929 0.00795 5.185 0.59 0.404
3 4.2281 0.00795 4.220 . 0.485 0.515
4 3.6190 0.00795 3.6111 ©0.415 0.585
5 3.28925 0.00795 . 3.28129 . . 0.3771 0.6229
6 3.0561 0.00795 - 3.0481 0.3503 0.6497
7 29490 0.00795 - 2.9411 0.338 0.662
8 2.80197 0.00795 2.7940 . 0.3211 . .0.6789
RUN P HS0, = 0.0845% by wti 63°C T B/A = 3.32 A_=74.000 n/1 -
0 4.000 - 4.000 1.000 0
1 2.6853 0.00734 2.678 0.670. 0.330
2 '1.9960 0.00734 - - 1.989 0.497 0.503
3 1.6797 0.00736 1.6724 0.4181 0.5819
4 1.30614 - 0.00734 1.298 o 0.3242 0.6758
5 1.20142 0.00734 - i.léaos . 0.2985 0.70148
6 1,1457 0.00734 . 1.1384 0.2846 0.7154
7 1.1077 0.00736  1.1004 0.2751 0.7249

8 1.07534 0.00734 1.0680 " 0.2670 0.733
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Actual Acetic Acid
Time Free Acidity Catalyst Acetic Acid CA Converted
HR CA%C Concentration CC 'CA:CA+C—CC E;_ ‘o1 . Eﬂ_
m/1 m/1 m/1 ° AT EAO
RUN Q H,50, = 0.0845% by ut. 63°C B/A = 6.00 A = 2.4604 m/1
0 2.4604 - . 2.4604 1.000 0
1 1.542¢4 0.00714 1.5353 0.624 0.376
2 1.05774 0.00714" 1.0506 0.427 0.573
3 0.86311 0.00714 0.8559 0.3479 0.6521
4 0.7062 0.00714 0.6991 0.284 0.716
5 0.6468 - 0.00714 I 0.6397 0.260 0.740
6 0.6099 0.00714 0.6028 0.245 0.755
7 0.57303 0.00714 0.56589 0.2299 9,770
8 0.5457 0.00714 0.5390 0.2191 0.7809
RUN R H,50, = D.0845% by wt.. -  63°C B/A = 15 A= 1.0742 /]
0 1.0742 - 1.0742 1.000 0
1 0.5397 0.00693 0.533 0.496 0
2 0.3337 0.00693 0.327 0.304 0.696
3 0.261 - 0.00693 ... 0.256 0.236 0.764
4 0.230 0.00693 . 0.223 0.208 0.792
5 0.212 0.00693 0.205 0.191 0. 809
6 0.20673 0.00693  0.1998 0.186 . 0.8l4
7 0.204 0.00693 0.197 0.183 0.817

g 0.201 0.00693 0.194 ' 0.181 7 0.819
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AFPENDIX D

Reproducibility data for run L

Candition: T = 63°C catalyst concentration = 0.0830% by wt.

Mole ratio = 7.6, Initial conc. of acid CAG = 2.00 m/1

Time HR G 1 yd 3 4 5 6 7 8

Acid concentration 2.00 1.201 0.863 0.551 0.398 0.337 0.255 0.223 0.206

-CA m/1
CA/CAD ' 1.00 0.601° 0.432 0.276 0.199 0.166°0.128 D.112 0.103"
1.0
v oosb ————— ORIGINAL DATA -
' N ~REPRODUCIBLE:.DATA® == .
0.6+
Ca
CAO 04
0:2 -
0 L I 1 ] | ! |
0 1 2 3 4 5 6 7 8

TIME, IN HOURS: -

FI'GURE.-D.‘I REPRODUCIBILITY FOR RUN L
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APPENDIX E

Sample calculations for run L

Conditions: T = 63°C, catalyst concentration C = 0.0830% by wt.

Mole ratio--]é = 7.6, Initial conc. of acid C =

A Ao

2.00 m/l [ XAe = 008910

Acetic acid A = 1 mole = 57.2 c.cC.

Ethyl alcohol B = 7.6 mole = 443.2 c.c
‘Equilibrium constant K
C C Unreacted Acetic ‘ Water Ester i~ T T

Ao Bo  4cid . . acid converted prod+ prod- K=. %ii;:§é£ﬁzg§§ic

CA CAo'" CA ' uced uced acidl

m/1 n/l1  m/1 : m/1 :

2.000 15.180 0.217 1.783 1.78% 1.783 0.1047

Estimation of k

where, k = 0.0066 - 0.00592 C + 0.00683 % C
= 0.01041
Calculation of k ’
' . X M+ X
where, k = -1n (1- *“*) (=57 ) (1/t)

Ae



Data for curve plotting

0.00922

Time

Q

® ~3 OO v FEowW o

X

0.411
0.571

0.725

0.796
0.837
0.873
0.887
0.891

51

~1n (0.186) [: 7

.6 + 0,891 1
7.6 + 1 t] [i@i:]

- = =

Ae
1.000 0
0.539 0.259
0.%59 0.4000
0.186 0.569
0.107 0.661
0.061 0.720
0.021 0.775
0.005 0.797
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