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Abstract

4-(Methylthio)acetophenone is an important drug intermediate used for the synthesis of Vioxx (Rofecoxib), an NSAID, which has selective
COX-2inhibition. Itis typically produced on industrial scale by Friedel-Crafts acylation using homogeneous corrosive and polluting acid cata-
lysts such as aluminium chloride in more than stoichiometric amounts with acetyl chloride as the acylating agent. This process creates pollutiol
problems related to the disposal of catalyst and treatment of acidic effluent and needs to be replaced by a green process. In the current work
simple process was developed based on the use of heterogeneous catalysts. The activities of 2%y AR 40/K-10 clay, Amberlyst-
15, Indion-190 and Indion-130 were studied in the acylation of thioanisole with acetic anhydride to prepare 4-(methylthio)acetophenone.
Amberlyst-15, a cation exchange resin, was found to be the best catalyst. The effects of various parameters were studied using this cataly:
Dynamic adsorption studies were performed independently to get adsorption equilibrium constants for the reactants and products. A theoretic
model was developed to account for kinetics and mechanism and the various constants were evaluated from the experimental data. Simulatio
were performed to validate the model against experimental data and there was a excellent agreement between theory and experiment.
© 2005 Elsevier B.V. All rights reserved.
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chemistry

1. Introduction stoichiometric amounts with acetyl chloride as the acylating
agent. This process is beset with pollution problems related
Aromatic thioketones are employed as intermediates to the disposal of catalyst and treatment of acidic effluent
for the production of pharmaceuticals, agrochemicals, and needs to be replaced by a green process.
UV cure photo-initiators, polymers and dyestufl§. For The preparation of thioketones is a typical Friedel-Crafts
instance, 4-mercaptoacetophenone is a precursor for theacylation reaction. Generally the synthesis of aromatic
manufacture of 4-mercaptostyrene acetate and its polymersketones is achieved by the use of Lewis acids (Al€eCE,
[2,3] and 4-(methylthio)-2-methylpropiophenone is an BF3, ZnCh, TiCly, ZrCly) or Brgnsted acids (polyphosphoric
intermediate for UV cure photoinitiatgd]. Amongst these  acid, SOy and HF) as homogeneous catalyss Several
thioketones, 4-(methylthio)acetophenone is a very important commercial Friedel-Crafts acylations use AJ@k a catalyst
drug intermediate used for the synthesis of Vioxx (Rofe- and these processes require 2 equiv. of Algér mol of
coxib), an NSAID, which has selective COX-2 inhibition. product. AICk is not a recyclable catalyst and is associated
4-(Methylthio) acetophenone is typically synthesized by with tremendous disposal and environmental problems. HF
the acylation of thioanisole with aluminium chloride in is used many times as a recyclable solvent-cum catalyst
but it is beleaguered with corrosion and hazard. The use of
mpondmg author. Tel: +01 22 2414 5616/24102121 zeolites in Friedel-Crafts a!ky_lati_on in refinery processes is
fax: 491 22 2414 5614, ' well known but they have limitations for organic synthesis
E-mail addressesgdyadav@yahoo.com, gdyadav@udct.org in other industried6]. Acylation of substituted aromatics
(G.D. Yadav). with solid acids are quite challenging and sulfur containing
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and ion exchange resif48-55] have been evaluated in

Nomenclature our laboratory for developing green acylation, alkylation,
condensation, cyclization, esterification, etherification,
A thioanisole isomerisation, oligomerisation, and nitration. Deactivation
B acetic anhydride of ion exchange resins has also been studied and modeled
Cr initial concentration ofth species for industrial acylatiorf10] and alkylation§56-57]
Cis Surface concentration dth species (mol/g- The current work is concerned with the process devel-
cat) opment and kinetic aspects of synthesis of 4-(methylthio)
Ci,  initial concentration ofth species (mol/cr) acetophenone from thioanisole and acetic anhydride.
Cr, final concentration ofth species (mol/cr) Although sulfur containing molecules are known to de-
| Ith species activate acid catalysts, ion exchange resins are more
ksr forward reaction rate constant for surface reac-  robust to deactivation and the studies were focused mainly
tion between A and B (chs/mol s g-cat) on use of cation exchange resins in the synthesis of 4-
ksg reverse reaction rate constant for surface reac-  (methylthio)acetophenone. The use of partially substituted
tion between M and P (cfimol s g-cat) heteropolyacids in supported form was also considered.

Kas, Kgs, Kms, Kps adsorption equilibrium constants
for species A, B, M, and P ]
Ksr  surface reaction rate constant for reaction pf ~ 2- Experimental

dsorbed A with adsorbed B . .
adsorbed 4 with adsorbe 2.1. Chemicals and catalysis

M 4-methylthioacetophenone
MR initial molar ratio of concentration of B to that . .
of A The following chemicals and catalysts were procured
: : from firms of repute and used without further purifica-
P acetic acid tion: Thioanisole (Spectrochem, Indi tic anhydrid
—ra, —rg rate of reaction of A, B (mol/cfhs) ion: |oa.n|soe (Spectrochem, India), acetic anhydride
s vacant site (AR grade; sd Fine Chem.. Pvt. Ltd., Mumpal, India),
w catalystloading per unitvolume of liquid phasg K-10 clay (Aldrich, USA), cation exchange resins such as

(g/cn?) Indion-190, Indion-130 (lon Exchange (India) Ltd, Mumbai),
Amberlyst-15 (Rohm and Haas, USA). Heteropolyacids were

X fractional i fA : . .

A ractional conversion o obtained from M/s. s.d. Fine Chemicals Pvt Ltd. 20% w/w
Subscript Cs 5Ho.5PW12040/K10 (abbreviated as Cs-DTP/K-10) was
0 initial condition synthesized as per the procedure developed in this laboratory

[38—42] The catalyst properties are summarizedaile 1

2.2. Reaction procedure
substrates aredifficult to acylate using solid acids. Besides,

aromatic ethers are known to deactivate the catalyst. FOr The reaction was carried out in a Parr autoclave of
instance, with aromatic ethers such as anisole and veratrolej0o mL capacity with an internal diameter of 0.05m. The

zeolites are deactivated rapidly,8]. Heteropoly acids  temperature was maintained-at1°C of the desired value
supported on hexagonal mesoporous silica (HMS) are quitewith the help of an in-built proportional-integral-derivative
robust catalysts for acylatiofd] whereas ion exchange (pID) controller. A standard four bladed pitched turbine
resins were found to deactivate in acylation of diphenyl impeller was employed for agitation. In a typical experiment,
oxide [10]. There is no report on acylation of thioanisole .025mol thioanisole, 0.075mol acetic anhydride, 30 mL
using heterogeneous catalysts including kinetic modeling ethylene dichloride and 4.0 g of the particular catalyst were
and thus the current work was undertaken. charged to the autoclave. The total liquid phase volume of
Our laboratory has been pursuing the development the reaction mixture was 40.03mL. The reaction mass was
of new ecofriendly acid catalysts for several industrially allowed to reach the desired temperature which w7
relevant reactions including process kinetics and reactorthe control experiments. Agitation was then commenced at

design. It was found that cation exchange resins possess, known speed. Clear samples were withdrawn periodically
several advantages, as Brensted acids, over other solid acidfor analysis.

and their performance was evaluated in low temperature

liquid phase reactions. Catalysis by cation exchange resins2.3. Adsorption experiments

has been reviewed periodicalljl1-13] The activities

and selectivities of different solid acids such as clays and  Analysis of experimental data had suggested that it would

modified clays[14—-17] zeolites[15,18], sulfated zirconia  be necessary to study adsorption of different species from
[19-29] heteropoly acids (HPA)/K10 clay30-38] Cs- liquid phase. The adsorption of reactants and products on
modified HPA (Cs sHg sP12Wa40)/K10 clay [39-42] and the best catalyst was studied. The adsorption studies were
metal halide$18,33—34] UDCaT series of catalysf43-47] performed by taking the catalyst with a given substrate
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Table 1

Characteristics of catalysts used in this work

#  Catalyst Source Surface Pore Average pore Nature of acidity H exchange
area (n?/g) volume diameter (nm) capacity

(cm®/g) (mequiv./g)

1 Sulfated zirconia This work 100 0.115 .82 Lewis + Brgnsted ND

2  K-10clay Fluka 230 0.36 8 Lewis +Brgnsted  0.35

3 20% w/w Cs sHo 5PW12040/K-10 This work 207 0.29 B Brgnsted + Lewis ND

4 Indion-130 lon Exchange India Ltd 48 0.35 20 Brgnsted 4.8

5 Indion-190 lon Exchange India Ltd 50 0.37 28 Brgnsted 4.7

6  Amberlyst-15 Rohm & Haas 53 0.30 30 Brgnsted 4.7

such as thioanisole, 4-(methylthio)acetophenone, acetic anK-2501: 62964) by using mobile phase acetonitrile: water
hydride and acetic acid in ethylene dichloride. A mixture (60:40) and flow rate 0.7 mL/min &tyax 220 nm. The quan-

of thioanisole and 4-(methylthio)acetophenone in ethylene tification data was done by standard calibration method.
dichloride along with catalyst was also used for the adsorption

studies at 70C. The assembly used for the adsorption exper- 2.5, |dentification and isolation of product

iments consisted of a flat-bottomed cylindrical glass vessel of

100 mL capacity equipped with four baffles, a pitched-turbine  The G.C. analysis showed that a major product of 4-
stirrer and a condenser. The assembly was kept in a thermo{methylthio) acetophenone (98.4%) and the minor product
static oil bath at the desired temperature and mechanicallyof 2-(methylthio) acetophenone (1.6%) were produced for
agitated with an electric motoFable 2lists the conditions ~ conversion levels up to 50%. At the end of the reaction, the
used for the adsorption studies. The mass was allowed tocatalyst was filtered off and the filtrate was subjected to vac-
reach 70C and agitation was then commenced at 600 rpm. uum distillation. The solvent ethylene dichloride, acetic acid,
Clear samples were withdrawn periodically for analysis. The unreacted thianisole were all removed and the residue re-
adsorbed quantity was found at each interval. The experi- maining in the bottoms was purified by crystallization using
ments were continued until there was no more adsorption of ethanol. Pale yellow crystals of 4-(methylthio)acetophenone

the substrate. were dried. Confirmation of the desired product was done by
I.R., 'H NMR, GC-MS and melting point: 80C (Reported
2.4. Method of analysis mp 80-81°C).

2.4.1. Reaction mixture ) . .
Analysis of the reaction mixture was performed by gas 3. Results and discussion

chromatography (GC) (Chemito model 8510) by using FID _ h
using 2mx 1/8in. i.d., SS column packed with 10% OV- 3.1. Reaction scheme
17 on Chromosorb WHP. The quantification data was done  S-CH;

Lo X o - S-CH
through calibration using synthetic mixtures. e ’
CH;C0),0 >
FECo0 + CH;COOH
2.4.2. Adsorption studies
The amount of free adsorbate in the liquid phase was found
by G.C. in the case of thioanisole, 4-(methylthio)anisole and Thicanisole
acetic anhydride using the method given above. o
Acetic acid analysis was performed by HPLC (A Knauer, 4-(Methylthio)-acetophenone
model K-501: 63614) with the UV detector (A Knauer, model
Table 2
Adsorption of components on Amberlyst-15
No. Thioanisole (mL)  4-Methyl thioanisole (mL)  Acetic acid (mL)  Acetic anhyd. Time (h)  Catal. loading (g)  Total volume (mL)
Individual component adsorption
1. 1.5(0.0125mol) - - - 4 .35 31.5
2. - 2.0 (0.0125mol) - - 4 3 32.0
3. - - 1.5 (0.026 mal) - 2 35 31.5
4, - - - 7.08 (0.075mol) 2 a 37.08

Adsorption from mixture
5.  2.0(0.0125 mol) - - 4 3.15 B

Solvent: ethylene chloride: 30 mL, temperature® 0
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3.2. Catalyst screening 50
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There are no reports on the acylation of thioanisole with
solid acids as catalysts. Sulfur containing organic molecules
are known catalyst poisons due to strong adsorption and
thioethers are obviously difficult substituents for acylation.
Besides acylation of aromatic ethers has proved to be
challenging and zeolites get deactivated in liquid phase
reactions[6—10]. Thioanisole and the acylated thioanisole
are bulky molecules. Thus, the nature of acidity of cata-
lyst, its pore size and surface area, solvent, mole ratio of
reagents, and temperature will affect the rate of reaction and
selectivity in acylation of thioanisole. Catalysts with pore Fig. 1. Efficacy of various catalysts. Thioanisole: 0.025 mol, acetic anhy-
sizes in mesoporous range with minimum loss in activity dride: 0.075mol, ethylene dichloride: 30 mL, temperature: @0catalyst
over a Iong period will be attractive. We have worked loading: 0.1 g/crd, speed qf agitation: 600_rpm, particle siz_e} 500-p60
with sulfated zirconia, acid treated clays, heteropolyacids E:‘s)_DATTD?Erll)(’)St;Z(;)) Indion-190; @) Indion-130 (No activity for K10,
(HPA) supported on clay, pillared clays and ion exchange ' '
resins. In our laboratory, we have developed a nano-sized
Cs-DTP/K10 catalyst, with very interesting properties for
acylation reactiong38-42] and had found ion exchange
resins robust in acylations of aromatic ethers in comparison
with sulfated zirconid10]. Therefore catalysts with different
acidities and pore size distribution were selecfeabie J).

A 0.1 g/cn? loading of catalyst, based on the organic vol-
ume of the reaction mixture was employed at a mole ratio of
f[hloanlsole o acetlt_: anhydride of 1.3 at"XDand 600 em, as the catalyst, where only one parameter was varied at atime
in the control experiment. A speed of 600 rpm was sufficient keebi Il oth t tant

e ; ping all other parameters constant.
to ensure the elimination of external mass transfer resistance,
which is discussed later.

At the operating conditions, sulfated zirconia and K10 3.3. Effect of speed of agitation
clay did not show any noticeable activity. These catalysts
have wide pore size distributions with some pores in  The effect of speed of agitation was studied in the range of
mesoregion and also contain both Lewis and Brgnsted 600-1000 rpm at a catalyst loading 0.1 gfcat 70°C. The
sites. Thus, both nature of acidity and its accessibility mole ratio of thioanisole to acetic anhydride was kept 1:3.
to reacting molecules were unfavourable for the current There was no change in conversion beyond 600 rpm. There
studies. It appeared that supported heteropoly acids withwas insignificant attrition even at 1000 rpm. A theoretical cal-
more Brgnsted acidity than Lewis acidity could work. Both culation was also done to assess the effect of mass transfer and
20% w/w DTP/K-10 and 20% Cs-DTP/K-10 having variable  jtwas found that the rates of external mass transfer to particle
Lewis and Bregnsted acids also did not show any activity. surface were orders of magnitude higher at 600 rpm in com-
There was no reaction with Cs-DTP/K-10 at"@and even  parison with the observed rate of reaction. Thus, 600 rpm was

when the temperature was raised to 180 a conversion  chosen as the appropriate speed for all further experiments
of only 2.9% was obtained. It suggested that Cs-DTP/K-10 (Fig. 2).

was strongly poisoned by one of the products/reactants and
a separate study was required on adsorption.
The clays and supported clays have low proton exchange3-4. Effect of catalyst loading

capacity and thus were not active. Sulfated zirconia, having

both Lewis and Bransted acids, also gets totally poisoned In the absence of external mass transfer resistance, the

and has a wide pore size distribution with major pores in rate of reaction is directly proportional to catalyst loading

mesoregion. Thus, catalysts with pores in mesoporous regionPased on the entire liquid phase volume. The catalyst loading

and having only Bransted acidity were considered. Only the Was varied over a range 0.05-0.25 goom the basis of the

cation exchange resin catalysts, which contain Brensted sitestotal volume of the reaction mixture under otherwise simi-

were effective. The Cata|ystactivitywas inthe f0||owing order lar conditions. The conversion of thioanisole increased with

under otherwise similar Conditiongig_ 1) ianeaSing CataIySt |Oading which was ObViOUSIy due to the
_ i proportional increase in the number of active sites. Further

Amberlyst-15 (max)> Indion-190> Indion-130 reactions were carried out with 0.1 g/@matalyst loading

> 20%w/w Cs— DTP/K — 10 and S— ZrO, (nil) used in the standard experimehtd. 3).

% Conversion
N w
o o
! !
-

-
o
L

>
L

0 30 60 90 120 150
Time, min

In spite of their very close ion exchange capacities,
Amberlyst-15 shows maximum conversidrid. 1) since it
has bigger pores and more surface area. The selectivity to the
desired product at the end of the experiment was over 98% in
all cases. The second isomer in a small quantity was noticed
only after 90 min with Amberlyst-15.

Further experiments were conducted with Amberlyst-15
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0 30 60 90 120 150 Fig. 4. Effect of particle size on conversion of thioanisole. Thioanisole:
Time, min 0.025 mol, acetic anhydride: 0.075 mol, ethylene dichloride: 30 mL, tem-

perature: 70C, catalyst loading: 0.1 g/chn speed of agitation: 600 rpm.
Fig. 2. Effect of speed of agitation. Thioanisole: 0.025 mol, acetic anhy- (O) <50pm; () 100-25Q.m; (x) 500-60Qum; (A) 600—70Qum; (W)
dride: 0.075mol, ethylene dichloride: 30 mL, temperature’G0catalyst 700-80Qum; (4) 1000-120Gum.
loading: 0.1 g/crd, particle size: 500-60@m. (¢) 600 rpm; (J) 800 rpm;
(A) 1000 rpm. . . e .
intraparticle diffusion resistance below 500—0@ range
which was used in all further experiments. The Weisz—Prater
criterion was used earlier to show absence of intra-particle
diffusion resistance.

3.5. Effect of particle size

There is a variation in particle sizes of commercial resins.
The resins are supplied water wet in the form of spherical 3.6, Eff ¢ mol i
beads having a particle diameter between 0.30 and 1.2 mm.>~" Effect of mole ratio

The particles were also ground and then sieved to cover a The eff ¢ mol i0 of thioanisol . hvdrid
much wide range. Particle sizes were measured by image e effect of mole ratio of thioanisole to acetic anhydride

analysis using a Tracor Northern image analyzer. Thus, six Was studiedat1:1,1:2,1:3, 1:4 and 1:5 with a catalyst loading

particle sizes were chosen in ranges of 8501200, 700—850,0'1 g/cn? at 70°C. Itwas observed that at 1:1 mol ratio, there

600700, 500-600, 100-250 and 6@. The effect of was hardly any conversion (2.9%) and as the concentration
L L . . . . 4
particle size on conversion was studied with a catalyst of acetic anhydride was increased from 7,020~ mol/cr?

. 3 i . .
loading 0.1 g/crd for a mole ratio of thioanisole to acetic (1) 10 1.87x 107 mol/cr® (1:3 mol ratio), by keeping the
anhydride of 1:3 at 70C. For particles in the ranges of S&Me moles of thioanisole, the conversion increased substan-
500-600, 100-25@m and less than 58m, there was no tially to 47%. There was no further increase in conversion
variation in conversions. For size range 850-126Q there ~ When mole ratio was increased from 1:3 to IFg( 5). This

was a reduction in conversiofif. 4). Thus, there was no suggests that thioanisole or the product is strongly adsorbed
e ' and there is a competitive adsorption of acetic anhydride with

70
50
A
60+ . 45 4 =
c 40 - .
S 50 . " c ‘
e n A .0 35 4
] ? 2
> 404 . R o 30 v
H] " x >
o € 25 - N X
931 & ot x S : x
S i S 20 -
N
204 , " €15 1 x
* A
X 10 ‘A: X
104", « 5 pla
Ay X
0 , , , , , . 0 pxxX_X X : x
0 20 40 60 80 100 120 140 0 30 60 90 120 150
Time, min Time, min

Fig. 3. Effect of catalyst loading on conversion of thioanisole. Thioanisole: Fig. 5. Effect of mole ratio of thioanisole to acetic anhydride. Ethylene
0.025mol, acetic anhydride: 0.075mol, ethylene dichloride: 30 mL, tem- dichloride: 30 mL, yemperature: 7€, catalyst loading: 0.1 g/chnspeed
perature: 70C, speed of agitation: 600 rpm, particle size: 500—660 (x) of agitation: 600 rpm, particle size: 500-606. (@) 1:3; (@)1:4; (a) 1:5;
0.05g/cn3; (A) 0.1 g/cn?; (M) 0.20 g/cn3; (¢) 0.25 g/crd. (x) 1:2; () 1:1.



G.D. Yadav, R.D. Bhagat / Journal of Molecular Catalysis A: Chemical 235 (2005) 98—-107 103

80 50
g 704 0
.E 60 .. . . : g .
g504. " x . @
Sa{ . . $ 30 .
O 39 N . ) X g . -
x 2 Lx O 20 - .
T x X . .
10 e 104, . .
0 T T T T . ) *
0 30 60 90 120 150 042 w
Time 0 30 60 9 120 150
Fig. 6. Effect of temperature. Thioanisole: 0.025mol, acetic anhydride: Time, min
0.075mol, ethylene dichloride: 30 mL, catalyst loading: 0.1 §/capeed
of agitation: 600 rpm, particle size: 500-6001. (¢) 120°C; (M) 100°C; Fig. 7. Effect of catalyst reusability. Thioanisole: 0.025 mol, acetic anhy-
(A) 90°C; (x) 80°C; (*) 70°C. dride: 0.075mol, ethylene dichloride: 30 mL, temperature’GQOcatalyst

loading: 0.1 g/crd, speed of agitation: 600 rpm, particle size: 500—G60
(#) fresh; @) first use; @) second use.
thioanisole and or the product. Adsorption of acetic anhydride

is essential to generate carbocations for the reaction to pro-
ceed. Adsorption of thioanisole is reduced and many sites are
occupied by acetic anhydride. Therefore, further kinetic pa-

rameters studied with the mole ratio of thioanisole to acetic
anhydride of 1:3.

reusablllty of the catalyst was studied by using the same cat-
alyst, which was filtered twice and refluxed with methanol
in order to remove any adsorbed material from the cata-
lyst surface and pores. It was dried at 2@)after every
use. The first reuse was without any make-up catalyst and
thus, there was a decrease in final conversion. There was
3.7. Effect of temperature loss of catalyst due to attribution during filtration. In the sec-
ond reuse, the catalyst loss was made-up. The conversion
The effect of temperature on conversion was studied in had dropped. In subsequent run catalyst quantity was made
the range of 70-120C under otherwise similar conditions up to find that the drop in conversion was marg"Elg 8
(Flg 6) It was observed that the conversion increased with shows the pore structure of Virgin Cata|y§tq_ Sa), and used
temperature. This would suggest a kinetically controlled catalyst. After first use, the product is deposited inside the
mechanism. The initial rates of acylation were calculated pore space at a few crucial junctiorﬁg. 8)) If no Washing
at different temperatures and the Arhenius plots have madejs done then the activity of the catalyst is lost considerably
to determine the energy of activation. It was found to be sjnce the molecules of reactants are not able to diffuse and
11.8 kcal/mol, which is an indication of the overall rate being some networks are inaccessible. However, the product can be

controlled by intrinsic kinetics. washed off the sites by using a solvent. Thus, some product
is leached out and the pore space becomes free, as shown
3.8. Effect of catalyst reusability in Fig. 8. But still the available pore space is less than that

of the virgin catalyst and some catalyst activity is lost due
The reusability test determines the structural fidelity as to this permanent deposition of product molecules on cat-
also suitability of the catalyst on large scakdd. 7). The alytic sites. Thus, the pore structure is modified on first use,

i 8 ¢

Q‘h‘

roduct
(a) Original (b) Deposition of product ) Partial restoration of
porestructure in the pores reducing pore space. Some channels
activity after first use. are lost permanently. Others

are regenerated on washing.
This is reusable catalyst.

Fig. 8. Catalyst pore structure: virgin catalyst and used catalyst.
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Fig. 9. Effect of addition of acetic acid at the start of reaction. Ethylene
dichloride: 30 mL, temperature: 7€, catalyst loading: 0.1 g/chspeed of
agitation: 600 rpm, particle size: 500-6061. (¢) 0.0 mol; @) 0.0173 mol;

(a) 0.0347 mol.

which is the accessible for regeneration without any loss.
Fig. 8 is thus then actual structure retained in subsequent
4 runs.

3.9. Effect of acetic acid

Effect of acetic acid on the conversion of thioanisole
was studied at two different concentrations of 1.6410~*
and 0.520< 10~*mol/cn? of acetic acid with 0.1 g/cfof
catalyst. The mole ratio of thioanisole to acetic anhydride
was maintained 1:3 at 7€ (Fig. 9). It was observed that

ar Catalysis A: Chemical 235 (2005) 98-107

leading to the formation of acetic anhydride in s[fa8].
Thus, it appeared that there was a contribution of the reverse
reaction.

3.10. Adsorption studies

The above kinetic experiments suggested that there was a
need to study the adsorption of various species on Amberlyst-
15 at the reaction conditions. Thus, experiments were con-
ducted at different initial concentrations of thioanisole (reac-
tant) and 4-methylthioacetophenone (product) independently
without taking any acetic anhydride. A mixture of thioanisole
and 4-methylthioacetophenone was also chosen to find out
the adsorption of these compoundalfle 2. Figs. 10 and 11
show the individual adsorptions and adsorption from the mix-
ture. The calculation of the adsorption constant was done as
per the procedure given by Ramachandran and Chaudhari
[59]:

1 _ K
w[(clin/clﬁn) - 1] ' B (Clin - lein)/w

wherel is the species A, B, M, ;. the initial concentration
of I, andCy, the final concentration.
The adsorption constaHiy for thioanisole was 2.9422
10° cm®/mol and 2.3515¢ 10°P cm?/mol for separate and
mixture whereas that for 4-(methylthio)acetophenadfg)(
was 2.9863« 10° smP/mol and 3.2645< 10° mol/cn?® indi-
cating that both these species are strongly adsorbed and that
the adsorption constants are nearly the same in the mixture.
Fig. 11shows the plot for adsorption of acetic anhydride

Kj = 1)

K,

the conversion had decreased drastically as the initial aceticand acetic acid. The adsorption constants for acetic anhydride

acid concentration in the reaction mixture was increased.
The formation of carbocation from acetic anhydride results

(Kg) and acetic acidip) on the contrary were 0.202410°
and 0.8413« 10° cm®/mol, respectively. This would mean

into acetic acid as co-product and thus the reverse reactionthat both the reactant and product being sulfur compounds act

predominates and the effective concentration of the carbo-

as inhibitor and therefore the use of excess acetic anhydride

cation decreases. Acetic acid does not poison the catalystonly avoids this inhibition up to a certain concentration. It

sites and is an acylating species with strong acids wherein
the carbocation is formed due to dehydration of acetic acid
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Fig. 10. Adsorption study of thioanisole and 4-methylthioacetophenone
K’'=6.242 cni/g; (A) separate;®) mixtureK’ =7.139 cni/g.

also helps in washing of product molecules from the pore
space. This is one of the reasons as to why the conversions
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Fig. 11. Adsorption study of acetic acid and acetic anhydrill®.Acetic
anhydrideK,” = 4.695 cri/g; (#) acetic acidK,’ = 9.498 cni/g.

were limited to 47% even at 1:3-1:5 mole ratio of thioanisole
to acetic anhydride.

3.11. Mechanism and kinetics
Scheme 1. Catalytic cycle for acylation of thioanisole according to the

The above studies can now be used to develop a mechal-HHW mechanism.
nistic model for the reaction. In the first instance, the power
law model was tried and found to be inadequate. Hence, A Langmuir Hinselwood Hougen-Watson (LHHW) type
the dynamic experiments were performed to study the ef- of model leads to the following:
fect of adsorption of reactants and products independently. Ksr
The mechaniF;m follows with the forr%ation of carbpocationsy AS+BS=MS+PS ©®)
which attacking on o/p position of thioanisole to give the
maximum of 4-methylthioacetophenorBtheme hives the
typical catalytic cycle. —ra = —rg = ksrCasCss — ksg CmsCps (7)
According to this model, there is a competitive ad- )
sorption of thioanisole (A), acetic anhydride (B), 4- whereksr andkgr are the forward and reverse reaction rate

methylthioacetophenone (M) and acetic acid (P) on the constants.

The rate of reaction of A or B (mol/cfrs) is given by

Brgnsted sites (S): The total site balance is

A—i-SgAS ) Ct = Cs+ Cas + Cs+ Cus + Cps

B+SI§ BS 3) = Cs+ KaCa + KgCs + KmCm + KpCp (8)
Kwm

M+4+S=MS 4 C
= (4) Cs T ©)

Kp - 1+ KaCa + KgCg + KmCwm + KpCp
P+S=PS ()

Putting all these terms in the rate equation, and writing
in terms ofX,, fractional conversion of A, and the mol ratio
MR = Cg,/Ca, and replacindCt by w (catalyst loading in
g/cn?), without loss of generality.

Therefore, the overall rate of reaction of thioanisole is
given by

Ksr
= Ca, = (12)
dt 2
[14+ KaCao(1— Xa) + KBCao(MR — XA) + KMCao XA + KpCaoXa]

Cho XA
ksrw [ Cag(l — XA)Cag(MR — Xp) — | 22

Thus, the following equation is derived:

X (=) [(1 — XA)(MR — Xa) - (,’5—)]

™ (12)

2
[(c—io) + Ka(l— XpA)+ K(Mr — Xp) + KmXa) + KPXA]
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0.16 10, Amberlyst-15, Indion-190 and Indion-130 were studied
® 0141 for the acylation of thioanisole with acetic anhydride to pre-
"’g 012 1 pare 4-(methylthio)acetophenone. Amberlyst-15 was found
3 to be the best catalyst. The effects of various parameters were
E 014 studied using this catalyst and also dynamic adsorption stud-
& 0.08- ies were performed to get adsorption equilibrium constants
§ 0.06 K for the reactants and products. A LHHW type of model was
& ; 353 K built to account for the rate. The various constants were eval-
o 0041 A373K uated from the experimental data. The simulated and ex-
g 002 0393K perimental values of rates and conversions are in excellent
_UE) 0 . agreement.
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Experimental Rate x 10°, mol/cm?®.s
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Fig. 12. Parity plot of experimental and simulated rates.
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