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bstract

Friedel-Crafts acylation of aromatic ethers is challenging, which frequently encounters rapid catalyst deactivation by the ether. Although H-Y
nd H-� are known to perform better, there is still deactivation due to both the ether and the acylated ether. In the current work, the synthesis
f 2,5-dimethoxyacetophenone, an intermediate used in the production of fine chemicals, was carried out via acylation of 1,4-dimethoxybenzene
ith acetic anhydride over various solid acid catalysts such as sulfated zirconia, UDCaT-1, UDCaT-5, 20% w/w H3P12W40/K10, 20% w/w
s2.5H0.5P12W40/K10, Amberlyst-15 and Indion-125. The cation exchange resins, Amberlyst-15 and Indion-125, were superior to other inorganic

olid acids. A systematic study was undertaken to understand the reaction mechanism and catalyst functioning with Indion-125. The catalyst
ets deactivated slowly over repeated use and this was studied independently. The adsorption of reactants and products was studied from pure
omponent solutions and mixtures. The experimental data so generated were used to develop a model, incorporating deactivation. The model fits
he experimental data very well. The current work gives an insight into choice of catalyst, kinetic modeling, studies in catalyst deactivation and
ethods to avoid deactivation.
2006 Elsevier B.V. All rights reserved.

eywords: Friedel-Crafts acylation; 1,4-Dimethoxybenzene; 2,5-Dimethoxyacetophenone; Acetic anhydride; Sulfated zirconia; Heteropoly acids; H3P12W40;
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. Introduction

Acid catalyzed Friedel-Crafts acylation constitutes a major
oute to synthesize aromatic ketones, which are valuable pre-
ursors in dyestuff, agrochemicals, fine chemicals and phar-
aceuticals industries. Traditionally homogeneous catalysts are

sed including Bronsted acids (sulphuric acid, polyphosphoric
cid, hydrofluoric acid) or Lewis acids (AlCl3, ZnCl2 and BF3
n nitrobenzene, carbon disulfide and dichloromethane) [1,2].
hese catalysts are often required in little over stoichiometric

mounts for acylations and selectivity to the desired ketone is
oor. Besides, the post treatment of the reaction mass leads to
eneration of huge quantities of deleterious waste. Additionally
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he corrosive nature of acids leads to increasing costs due to
remature ageing of the processing equipment and pipe lines.
he acylating agents used in most of the traditional processes
re the expensive and polluting acyl halides that require spe-
ial care in handling and work up. With the increasing emphasis
n green chemistry and technology, efforts have been made to
evelop environmentally friendly yet cost efficient processes for
he synthesis of aromatic ketones. A plethora of solid acids has
een tested to replace homogeneous acid catalysts by several
esearchers all over the world, and obviously zeolites are the
ost widely studied owing to their ease of preparation and/or

vailability, robustness and commercial success in refinery tech-
ologies. Solid acid catalysts are easy to recover and reuse,

roduce no salts, overcome corrosion problems thereby allow-
ng use of cheaper materials of construction; they permit the use
f cheaper and non polluting carboxylic acids and anhydrides
s acylating agents, and offer several different reactor config-
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Nomenclature

a activity of the catalyst
ap external surface area per unit liquid volume

(cm2/cm3)
A 1,4-dimethoxybenzene
B acetic anhydride
C acetic acid
Cs concentration of active sites on the catalyst

surface (mol/g)
Ct total concentration of active sites (mol/g)
CA concentration of A in the liquid phase (mol/cm3)
CAL concentration of species A in the liquid phase at

any time t (mol/cm3)
CBS concentration of acetic anhydride on the catalyst

surface
CCS concentration of acetic acid on the catalyst surface
CALi initial concentration of species A in the liquid

(mol/cm3)
CALf final concentration of species A in the liquid phase

at infinite time
CMS concentration of 2,5-dimethoxybenzene on the

catalyst surface
D 2,5-dimethoxyacetophenone
kad adsorption constant (cm3/(g cat/s))
kA adsorption constant per unit active site of catalyst
kA adsorption constant (kadCt)
kDE deactivation rate constant
kSL solid–liquid mass transfer coefficient (cm/s)
kSR reaction rate constant assuming only forward

reaction
kD1 desorption constant for D1
kD2 desorption constant for D2
k′

D1 desorption constant for D1
k′

D2 desorption constant for D2
KA adsorption equilibrium constant for A
K′

A adsorption equilibrium constant for A, cm3/gm
(=KACt)

KA1 adsorption equilibrium constant for D
KA2 adsorption equilibrium constant for C
KD1 desorption equilibrium constant for D (KD1 =

kD1/k′
D1)

KD2 desorption equilibrium constant for C = kD2/k′
D2

M 2,5-dimethoxyacetophenone
M initial mole ratio of acetic anhydride to

1,4-dimethoxybenzene (in Table 1) and Eq. (37)
onwards

SA surface concentration of adsorbed A (mol/g)

u
c

b
e

Table 1
Best fit values for Eq. (38) using nonlinear regression in Polymath 5.1

T (◦C) kSR×102 KA kDE KA1 KA2 R2

90 3.60 1400 0.01 1000 1000 0.9795
95 5.00 1250 0.0105 800 833.33 0.9939
100 14.0 985.6 0.02 684.931 657.89 0.9716
105 16.0 755 0.0203 546.44 537.63 0.9844
M = 1 9.50 1056 0.019 724.63 675.67 0.9866

M = 1 implies reaction at molar ratio of reactants equal to unity. Where
A: 1,4-dimethoxybenzene, B: acetic anhydride, C: acetic acid, D: 2,5-
dimethoxyacetophenone, kSR is reaction rate constant assuming only forward
reaction, KA is the adsorption equilibrium constant for B, kDE is the deactiva-
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w catalyst loading, g/cm3 of liquid

rations. Thus, solid acid catalysts can advantageously replace

onventional catalysts.

Acylations are very difficult to accomplish with substituted
enzenes using solid acids. In the case of acylation of aromatic
thers, indeed it is a formidable task, due to rapid deactivation

(
B
(
t

ion rate constant, KA1 is the adsorption equilibrium constant for D, KA2 is the
dsorption equilibrium constant for C.

f the catalysts, related to strong adsorption of reactants or prod-
cts and intra-particle diffusion limitation. Zeolite HY and H� in
hlorobenzene have been used for acylation of aromatic ethers at
igher temperatures but still deactivation of the catalyst occurs
apidly due to the saturation of the active sites by the products
cetic acid and/or the acylated product [3–7]. As an alternative to
eolites, several acylations of substituted benzenes were investi-
ated with a variety of catalysts in our laboratory, including sul-
ated zirconia, UDCaT-1, UDCaT-5, dodecatungostophosphoric
cid (DTP) supported on K10 clay (20% w/w DTP/K10), dode-
atungostophosphoric acid (DTP), partially substituted with
s (Cs2.5H0.5P12W40) and supported on K10 clay (20% w/w
s-DTP/K10) and ion exchange resins [8–20]. UDCaT-1 and
DCaT-5 are mesoporous solid superacids developed by us.

n the case of acylation of ethers, 20% DTP/hexagonal meso-
orous silica (HMS) and cation exchange resins were more
ctive but deactivation was still a problem [18]. There is a dearth
f systematic studies on acylation of aromatic ethers which
eactivate solid acids in liquid phase reactions. For instance,
ynthesis of 2,5-dimethoxyacetophenone is achieved by the acy-
ation of 1,4-dimethoxybenzene with AlCl3 as catalyst [21–23].
t is used as a precursor for the CNS stimulant 2,5-dimethoxy-
-ethylphenethylamine (also called 2C-E). No report has so
ar appeared on the synthesis of 2,5-dimethoxyacetophenone
sing solid acid catalysts. The current work gives an insight
nto the acylation of 1,4-dimethoxybenzene with acetic anhy-
ride as the acylating agent to get 2,5-dimethoxyacetophenone
s the sole product including choice of catalyst, kinetic mod-
ling and studies in catalyst deactivation and methods to avoid
eactivation.

. Experimental section

.1. Chemicals and catalysts

All chemicals were A.R. grade and procured from reputed
rms: 1,4-dimethoxybenzene (hydroquinone dimethyl ether)

Loba Chemie, Mumbai, India); acetic anhydride (Thomas
aker Chemicals Ltd., Mumbai); dodecatungstophoshporic acid

DTP), cesium chloride, zirconium oxychloride, ammonia solu-
ion (s.d. Fine Chemicals Pvt Ltd., Mumbai).
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Cation exchange resins, Indion-125 (Ion Exchange (India)
td., Mumbai), Amberlyst-15 (Rohm and Hass, France) were
vailable in the H+ form and were dried at 120 ◦C before use.

Sulfated zirconia was prepared as reported earlier [24–26].
wenty per cent w/w DTP/K-10 was prepared as given by us
27–29]. Twenty per cent w/w Cs2.5H0.5PW12O40/K-10 (abbre-
iated as Cs-DTP/K-10) was prepared as given in our earlier
ork [13,17]. UDCaT-1 and UDCaT-5 were prepared according

o the method of Yadav and Goel [30] and Yadav and Murkute
31], respectively. All these catalysts have been well character-
zed and reported.

.2. Reaction procedure

The reaction was carried out in a 100-ml capacity glass
eactor of 4.5 cm i.d. equipped with four equally spaced

affles and six-pitched bladed turbine impeller of 1.5 cm diam-
ter. The reaction temperature was maintained within ±0.5 ◦C
y means of a thermostatic oil bath in which the reaction assem-
ly was immersed. Standard experiments were carried out by
aking 0.021 mol 1,4-dimethoxybenzene and 0.108 mol acetic
nhydride at a temperature of 100 ◦C, and 0.05 g/cm3 catalyst
oading. All catalysts were dried at 120 ◦C for 5 h before use.
he reaction mixture was allowed to reach the desired temper-
ture and the initial sample was collected. Agitation was then
ommenced at a known speed. Samples were withdrawn peri-
dically and analyzed by gas chromatography (GC). Typically
cetic anhydride was taken in excess and the conversions were
ased on the limiting reactant, 1,4-dimethoxybenzene. The cat-
lyst was separated by filtration, and the products confirmed by
C–MS.

.3. Adsorption studies

Analysis of experimental data had suggested that it would
e necessary to study adsorption of different species from liq-
id phase in the same reactor at the reaction temperature of
00 ◦C. The adsorption of reactants and products on the best
atalyst, Indion-125 was studied. The adsorption studies were
erformed by taking the catalyst with a given substrate such
s 1,4-dimethoxybenzene, 2,5-dimethoxyacetophenone, acetic
nhydride and acetic acid in 1,4-dioxane as a solvent. A mix-
ure of 1,4-dimethoxybenzene and 2,5-dimethoxyacetophenone

n 1,4-dioxane along with catalyst was also used for the adsorp-
ion studies at 100 ◦C. The assembly was kept in a thermostatic
il bath at 100 ◦C and the contents were agitated at 1000 rpm.
lear samples were withdrawn periodically for analysis. The

c
i
r
o
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dsorbed quantity was found at each interval. The experiments
ere continued until there was no more adsorption of the sub-

trate.

.4. Analysis

Analysis of the reaction mixture was performed by GC (A
hemito, model 8510) by using FID and a stainless steel column

3.25 mm diameter and 2 m length) packed with 10% OV-17.
uantitative results were obtained by calibration using synthetic
ixtures.

. Results and discussions

.1. Reaction scheme

The analysis of reaction mixture showed that only the mono-
cylated product 2,5-dimethoxyacetophenone was formed.

.2. Effect of different catalysts

1,4-Dimethoxybenzene is a bulky molecule and also an ether,
hich makes it a difficult molecule to acylate [6,18]. Based on

he pore size distributions and acidity, various catalysts were
creened for their efficacy and some of the most active catalysts
or acylation reactions were selected. These included sulfated
irconia, 20% w/w DTP/K10, 20% w/w Cs-DTP/K10, UDCaT-
, UDCaT-5, Indion-125 and Amberlyst 15. Two temperatures
ere chosen, namely 100 ◦C without any solvent with excess
f acetic anhydride and 90 ◦C with dichloroethane as a solvent
Fig. 1). Among these catalysts, Indion-125 and Amberlyst 15
ere active. Twenty per cent w/w DTP/K-10, 20% w/w Cs-
TP/K10, sulfated zirconia, UDCaT-1 and UDCaT-5 were not

ctive at 100 ◦C. These catalysts are superacidic in nature but get
apidly deactivated because of strong adsorption of the product.
10 is an acid treated montmorillonite clay with a surface area
f 230 m2/g and several pores in mesopore range. Sulfated zirco-
ia has several pores in the mesopore range but has a wide pore
ize distribution [9,26]. UDCaT-1 has ordered mesoporosity and
s a superacid [30,32]. UDCaT-5 possesses ordered mesoporos-
ty [31,33] and is more superacidic than UDCaT-1. Heteropoly
cids are not as strong as sulfated zirconia. UDCaT-5 did not
how any measurable conversion at 100 ◦C when the tempera-
ure was raised to 130 ◦C using chlorobenzene as a solvent, the

onversion was found to be 4.8%. This suggested that there was
nhibition by reactants or products. However, cation exchange
esins were found to be active at much lower temperatures. It was
bserved that the ion exchange resins Indion 125 and Amberlyst
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Fig. 1. The efficiency of different catalysts towards the acylation of 1,4-
dimethoxybenzene. Reaction conditions: catalyst loading, 0.05 g/cm3 of cat-
alyst; speed of agitation, 1000 rpm; particle size, 500–600 �m; temperature,
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Fig. 2. Effect of speed of agitation on the conversion of 1,4-dimethoxybenzene.
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00 ◦C except for UDCaT-5, for which the temperature was 130 ◦C with
hlorobenzene as solvent; mole ratio of 1,4-dimethoxybenzene to acetic anhy-
ride, 1:5.

5 were most efficient, giving conversions of 30.5% and 32.4%,
espectively, after 1 h under the following reaction conditions:
ole ratio of 1,4-dimethoxybenzene to acetic anhydride as 1:5,

0 ml 1,2-dichloroethane as solvent with a catalyst loading of
.0452 g/cm3 at 90 ◦C. Cation exchange resins are not as strong
s other solid acids studied here and that helps in having weak
dsorption of reactants and products. Since there is not much of a
ifference in the final conversions of Indion 125 and Amberlyst
5, further experiments were conducted with Indion 125. Both of
hem have similar cation exchange capacities. However, Indion
25 was available locally and hence all further studies were con-
ucted with Indion 125.

.3. Proof of absence of external mass transfer resistance

The effect of the speed of agitation was studied from 500 to
500 rpm (Fig. 2). The conversions of 1,4-dimethoxybenzene
ere practically the same at 1000 and 1500 rpm suggesting that

here was no resistance to the transfer of reactants to the exte-
ior surface of the catalyst particle. All further experiments were
arried out at 1000 rpm. A theoretical analysis of the effects of
xternal mass transfer resistance is given to support this obser-
ation. Details of this theory for general slurry reactions are
iven elsewhere [24]. This is a typical solid–liquid slurry reac-
ion involving the transfer of 1,4-dimethoxybenzene, the limiting

eactant (A) and acetic anhydride (B) from the bulk liquid phase
o the catalyst wherein transfer of reactants to the outer sur-
ace of the catalyst particle takes place, which is followed by
ntra-particle diffusion, adsorption, surface reaction and des-

h

eaction conditions: catalyst loading Indion-125, 0.05 g/cm3; particle size,
00–600 �m; temperature, 100 ◦C; mole ratio of 1,4-dimethoxybenzene to acetic
nhydride, 1:5.

rption. The influence of external solid–liquid mass transfer
esistance must be ascertained before a true kinetic model could
e developed. The reaction of 1,4-dimethoxyenzene (A) with
cetic anhydride (B) produces 2,5-dimethoxyacetophenone (C)
nd acetic acid (D).

+ B → C + D (1)

t steady state, the rate of mass transfer per unit volume of the
iquid phase (mol/cm3 s) is given by:

A = kSL−A ap{[Ao] − [As]} (2)

rate of transfer of A from bulk liquid phase to external surface
f the catalyst particle)

A = kSL−B ap{[Bo] − [Bs]} (3)

rate of transfer of B from the bulk liquid phase to the external
urface of the catalyst particle)

A = robs (4)

observed rate of reaction within the catalyst particle).
Here the subscripts “o” and “s” denote the concentrations in

ulk liquid phase and external surface of catalyst, respectively.
epending on the relative magnitudes of external resistance to
ass transfer and reaction rates, different controlling mecha-

isms have been put forward [24]. When the external mass
ransfer resistance is negligible, then the following inequality

olds:

1

robs
� 1

kSL−Aap[A0]
(5)
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1

robs
� 1

kSL−Bap[B0]
(6)

The observed rate robs could be given by three types of models
herein the contribution of intra-particle diffusion resistance

ould be accounted for by incorporating the effectiveness factor
. These models are as follows:

a) The Power Law model if there is very weak adsorption of
reactant species.

b) Langmuir–Hinshelwood–Hougen–Watson model.
c) Eley–Rideal model.

According to Eqs. (5) and (6), it is necessary to calculate the
ates of mass transfer of 1,4-dimethoxybenzene (A) and acetic
nhydride (B) and to compare them with the overall rate of reac-
ion. For a typical spherical particle, the particle surface area per
nit liquid volume is given by

p = 6w

ρpdp
(7)

here w is the catalyst loading (g/cm3) of liquid phase, ρp
he density of particle (g/cm3) and dp is the particle diame-
er (cm). For this reaction, for the maximum catalyst loading
sed (0.1 g/cm3) with a particle size (dp) of 0.05 cm, in the
urrent studies, ap = 20 cm2/cm3 liquid phase. The liquid phase
iffusivity values of the reactant A denoted by DAB was cal-
ulated by using the Wilke–Chang equation [33] at 100 ◦C as
.95 × 10−5 cm2 s−1. The corresponding value for reactant B
as calculated as 1.89 × 10−5 cm2 s−1 at 100 ◦C. The other reac-

ant, acetic anhydride was used in excess such that it acted as
he solvent. The solid–liquid mass transfer coefficients for A
ere calculated from the limiting value of the Sherwood number

e.g. ShA = kSL–A dp/DAB) of 2. The actual Sherwood numbers
re typically higher by order of magnitude in well-agitated sys-
ems but for conservative estimations a value of 2 is taken. The
olid–liquid mass transfer coefficients kSL–A and kSL–B were
btained as 1.5808 × 10−3 cm/s and 7.56 × 10−4 cm/s, respec-
ively. The initial rate of reaction was calculated from the conver-
ion profiles. A typical initial rate of reaction was calculated as
.00 × 10−7 mol/cm3 s. Therefore, putting the appropriate val-
es in Eqs. (5) and (6), i.e.

1

robs
� 1

kSL−Aap[A0]
(8)

.e. 4.98 × 106 � 2.2592 × 104and

1

robs
� 1

kSL−Bap[B0]
(9)

.e. 4.98 × 106 � 1.6534 × 104

The above inequality demonstrates that there is an absence of

esistance due to the solid–liquid external mass transfer for both
he species A and B and the rate may be either surface reaction
ontrolled or intra-particle diffusion controlled. Therefore, the
ffects of catalyst loading at a fixed particle size and temperature
ere studied to evaluate the influence of intra-particle resistance.

3

r

ig. 3. Effect of catalyst loading on the conversion of 1,4-dimethoxybenzene.
eaction conditions: DMB, AA mole ratio 1:5; temperature, 100 ◦C; particle

ize, 500–600 �m; speed of agitation 1000 rpm.

.4. Effect of catalyst loading

In the absence of external mass transfer resistance, the rate
f reaction is directly proportional to catalyst loading based on
he entire liquid phase volume. The catalyst loading was varied
ver a range of 0.005–0.1 g/cm3 on the basis of total volume
f the reaction mixture. Fig. 3 shows the effect of catalyst load-
ng on the conversion of 1,4-dimethoxybenzene. The conversion
ncreases with increasing catalyst loading, which is obviously
ue to the proportional increase in the number of active sites.
ll further experiments were carried out at 0.05 g/cm3 of cata-

yst loading. As shown by Eqs. (1) and (2), at steady state, the
ate of external mass transfer (i.e. from the bulk liquid phase in
hich A and B are located with concentration [Ao] and [Bo],

espectively) to the exterior surface of the catalyst is propor-
ional to ap, the exterior surface area of the catalyst where the
oncentrations of A and B are [As] and [Bs], respectively. For
spherical spherical particle, ap is also proportional to w, the

atalyst loading per unit liquid volume as shown by Eq. (7). It
s possible to calculate the values of [As] and [Bs].

For instance

SL−A ap{[Ao] − [As]} = robs at steady state

= 2.00 × 10−7mol/cm3 s

Thus, putting the appropriate values, it is seen that
As] ≈ [Ao], similarly [Bs] ≈ [Bo]. Thus, any further addition
f catalyst is not going to be of any consequence for external
ass transfer.
.5. Proof of absence of intra-particle resistance

The effect of particle size of the catalyst on the reaction
ate was studied by taking three different particle size ranges
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Fig. 5. Effect of mole ratio of 1,4-dimethoxybenzene to acetic anhydride on con-
version of limiting reactant. Reaction conditions: catalyst loading, 0.05 g/cm3
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ig. 4. Effect of particle size on the conversion of 1,4-dimethoxybenzene. Reac-
ion conditions: mole ratio of 1,4-dimethoxybenzene to acetic anhydride, 1:5;
emperature, 100 ◦C; speed of agitation, 1000 rpm; catalyst loading, 0.05 g/cm3

f Indion 125.

o assess the influence of intra particle resistance (Fig. 4). For
n average particle size of 500 �m, there was no effect of
article size on the conversion of 1,4-dimethoxybenzene. The
verage particle diameter of the catalyst used in the reactions
as 0.05 cm and thus a theoretical calculation was done based
n the Wiesz–Prater criterion to assess the influence of intra-
article diffusion resistance [34]. According to the Wiesz–Prater
riterion, the dimensionless parameter Cwp which represents the
atio of the intrinsic reaction rate to intra-particle diffusion rate,
an be evaluated from the observed rate of reaction, the parti-
le radius (Rp), effective diffusivity of the limiting reactant (De)
nd concentration of the reactant at the external surface of the
article.

i) If Cwp = robs ρp R2
p/De[As] � 1, (10a)

hen the reaction is limited by severe internal diffusion resis-
ance.

ii) If Cwp � 1, (10b)

hen the reaction is intrinsically kinetically controlled.
The effective diffusivity of 1,4-dimethoxybenzene (De–A)

nside the pores of the catalyst was obtained from the
ulk diffusivity (DAB), porosity (ε) and tortuosity (τ) as
.952 × 10−6 cm2/s where De–A = DAB(ε/τ). In the present case,
he value of Cwp was calculated as 1.64 × 10−2 for the initial
bserved rate which is much less than 1 and therefore the reac-

ion is intrinsically kinetically controlled. A further proof of the
bsence of the intra-particle diffusion resistance was obtained
hrough the study of the effect of temperature and it will be
iscussed later.

i
a
(
y

f Indion-125; speed of agitation 1000 rpm; particle size, 500–600 �m; temper-
ture, 100 ◦C.

.6. Effect of mole ratio

The effect of mole ratio was studied at 1,4-dimethoxybenzene
o acetic anhydride ratio of 1.5:1 to 1:5 (Fig. 5) under otherwise
imilar conditions. The conversion was found to increase with
n increase in acetic anhydride concentration with respect to 1,4-
imethoxybenzene. The rate of reaction increases due to higher
oncentration of acetic anhydride on the surface of the catalyst.
ll the subsequent reactions were carried out with a mole ratio of
:5 without any solvent, where acetic anhydride used in excess
tself acts as a solvent.

.7. Effect of temperature

The effect of temperature was studied in the range of
0–110 ◦C (Fig. 6). The conversion was found to increase sub-
tantially with increasing temperature, which suggested that the
eaction was intrinsically kinetically controlled and the acti-
ation energy values should be determined to ascertain this
bservation.

.8. Effect of the use of solvent

Reactions were performed using 1,2-dichloroethane as a sol-
ent to study whether the use of solvent had any significant

mpact on the reaction rates. It was found that the use of solvent
llowed the reaction to proceed at lower temperatures of 90 ◦C
Fig. 7). This effect, coupled with the adsorption studies, should
ield an understanding of the reaction mechanism.
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Fig. 6. Effect of temperature on the conversion of 1,4-dimethoxybenzene. Reac-
t
1
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u
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Fig. 8. Effect of catalyst reuse on the conversion of 1,4-dimethoxybenzene.
R
t
1

ion conditions: catalyst loading, 0.05 g/cm3 of Indion-125; speed of agitation,
000 rpm, particle size, 500–600 �m; mole ratio of 1,4-dimethoxybenzene to
cetic anhydride, 1:5.

.9. Catalyst reusability studies

The reusability of the catalyst was studied by refluxing the
sed catalyst in methanol for 3 h in order to remove any adsorbed

aterial from within the pores. It was dried at 110 ◦C after

very use. The catalyst was reused twice at a mole ratio of 1,4-
imethoxybenzene to acetic anhydride of 1:5 (Fig. 8). There was

ig. 7. The effect of the use of solvent. Reaction conditions: (without solvent)
atalyst loading: 0.05 g/cm3 of Indion-125; speed of agitation, 1000 rpm; particle
ize, 500–600 (m; mole ratio of 1,4-dimethoxybenzene to acetic anhydride 1:5.
With solvent) mole ratio of 1,4 dimethoxybenzene to acetic anhydride, 1:5;
olvent, 10 ml EDC (total reaction volume 25 ml); catalyst loading 0.05 g/cc of
ndion 125; speed of agitation, 1000 rpm; particle size, 500–600 (m.

a
a

(

i
a
f
w
a
t
i
s
d

b

eaction conditions: catalyst loading, 0.05 g/cm3 of Indion-125; speed of agi-
ation, 1000 rpm; particle size 500–600 �m; temperature, 100 ◦C; mole ratio of
,4-dimethoxybenzene to acetic anhydride, 1:5.

substantial loss in the activity. It thus appeared that the loss in
ctivity could be due to one or many of the following reasons:

(i) Inhibition by either reactant molecules or product
molecules which are strongly adsorbed on the active site.
If adsorption constant of reactants are smaller than that of
the product, then at higher conversions, more of product is
likely to get adsorbed on the sites. This inhibition should
be reversible and can be reduced by using higher tempera-
tures.

(ii) Since the conversions are very high during the use of fresh
catalyst, the bulkier product molecules could get strongly
adsorbed at some critical pore junctions.

iii) There is a physical trapping of product molecules in critical
pore junctions rendering some pore networks inaccessible
to the reactants.

A physical depiction of these arguments is provided in Fig. 9.
To find out the cause of the deactivation, adsorptions stud-

es were undertaken. It was thought desirable to measure the
dsorption equilibrium constant and adsorption rate constants
rom batch slurry reactors [35]. In this method, an adsorbate
as added to a slurry containing adsorbate or catalyst particles

t time equal to zero. The concentration of the adsorbate was
hen observed as a function of time. From these transient data,
t was possible to calculate adsorption and transport parameters

uch as solid–liquid mass transfer coefficient (kSL), effective
iffusivity (De) in the liquid filled pores [35] (Figs. 10–16).

At high catalyst loading and lower concentration of adsor-
ate, the adsorption process is linear, and the rate of adsorption
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Fig. 9. Schematic of cata

s given by,

ad = kA

(
CA − SA

K′
A

)
(11)

here SA is the surface concentration of adsorbed A, mol/g;
A, concentration of A in the liquid phase, mol/cm3; kad,
dsorption constant, cm3/(g cat/s); KA, adsorption equilibrium
onstant, K′

A = KACt cm3/g, kA = kadCt, where Ct is the total
oncent.ration of active sites, mol/g.

The concentration profile of the adsorbent in the liquid phase
s given by the following equation:

CAL

CALf
= 1

(1 + wK′
A)

+ wK′
A

(1 + wK′
A)

exp

[
(1 + wK′

A)kSLapt

wK′
A

]

(12)

here CAL is the concentration of species A in the liquid phase
t any time t and CALf is the final concentration at infinite time.
The parameter K′
A can be obtained from batch experiments.

′
A = 1

w

[
CALi

CALf
− 1

]
(13)

b
3
n
s

eactivation mechanism.

here CALi is the initial concentration of A in the liquid,
mol/cm3; CALf, final concentration of A in the liquid at t = ∞,
nd w = catalyst loading, g/cm3 of liquid.

Thus, K′
A can be found.

The adsorption constant KA (cm3/mol) is obtained from the
ollowing equation:

A = K′
A

((CALi − CALf)/w)
(14)

The change in concentration of a compound under reac-
ion conditions was studied first in isolation. Subsequently, the
imultaneous adsorption of the reactants in absence of acetic
nhydride was studied.

From the experimental data, the adsorption constants
or dimethoxybenzene turn out to be 850.6 cm3/mol (indi-
idually) and 858.2 cm3/mol (for simultaneous adsorption
ith dimethoxyacetophenone). Thus, the values are found to

e in good agreement. The value for acetic anhydride is
19.9 cm3/mol. Adsorption constants for dimethoxtacetophe-
one were 885.6 cm3/mol (in isolation) and 1424.5 cm3/mol (on
imultaneous adsorption with dimethoxybenzene).
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Fig. 10. Adsorption of 1,4-dimethoxybenzene on Indion-125. Conditions:
3.0048 g (0.021 mol) 1,4-dimethoxybenzene; 11 ml 1,4-dioxan as solvent; cata-
l
1

w

f
p
f
b

F
C
a
s

Fig. 12. Adsorption of acetic anhydride on Indion-125. Conditions: 11.06 g
(
p

4

initial observed rate, it is evident that the rate is independent
yst loading, 0.05 g/cc (0.75 g in 15 cc); temperature, 100 ◦C; speed of agitation,
000 rpm.

According to the Eq. (12) a plot of ln[(CAL/CALf − 1/(1 +
K′

A)] versus time gives a slope of ((1 + wK′
A)kSLap)/wK′

A
rom which kSLap can be found out. The value for kSL by this
rocedure is (from Fig. 15) 2.89 × 10−3 cm/s. This compares

avorably with the value of kSL = 1.5808 × 10−3 cm/s obtained
y using Wilke Chang correlation [33].

ig. 11. Adsorption of product 2,5-dimethoxyacetophenone on Indion-125.
onditions: 4.556 g (0.025 mol) 2,5-dimethoxyacetophenone; 10 ml 1,4-dioxan
s solvent; catalyst loading, 0.05 g/cc (0.75 g in 15 cc); temperature 100 ◦C;
peed of agitation, 1000 rpm.

o
t

F
d
0
1

0.108 mol) acetic anhydride; catalyst loading, 0.05 g/cc (0.75 g in 15 cc); tem-
erature, 100 ◦C; speed of agitation, 1000 rpm.

. Reaction mechanism and kinetics

From the calculated values of mass transfer rates of A and B,
f the external mass transfer effects. A preliminary calcula-
ion of activation energy from the initial rate data showed that

ig. 13. The simultaneous adsorption of 1,4-dimethoxybenzene and 2,5-
imethoxyacetophenone in the absence of acetic anhydride. Conditions:
.021 mol 1,4-dimethoxybenzene; 0.0124 mol 2,5-dimethoxyacetophenone in
,4-dioxan at 100 ◦C; 0.05 g/cc of Indion-125.
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−da

dt
= kDE a (21)
ig. 14. The adsorption of 2,5-dimethoxyacetophenone on Indion 125. Condi-
ions: catalyst loading, 0.05 g/cc; temperature, 100 ◦C.

he reaction was not affected by intra-particle resistance. Thus,
he reaction could be controlled by one of the following steps,
amely: (a) adsorption, (b) surface reaction or (c) desorption.
herefore, for further development of model, a study of the
ctual reaction mechanism was undertaken.

Proposed model:
The above studies can now be used to develop a mechanistic

odel for the reaction.

CH3CO)2O
H+

−→+COCH3 + CH3COOH

Chemisorption of acetic anhydride

+ S
kA�
k′

A

BS + C (15)

he net rate of chemisorption is given by the following mass
alance:

rA = kACBCS − k′
ACBSCC (16)

hich approximates to zero at equilibrium.
From which,

BS = KA
CBCS

CC
(17)
here KA is adsorption equilibrium constant = kA/k′
A

Surface reaction:

+ BS
kSR−→MS (18)

F
d
g

ig. 15. The adsorption of 1,4-dimethoxybenzene on Indion 125. Conditions:
atalyst loading, 0.05 g/cc; temperature, 100 ◦C.

here kSR is the reaction rate constant, with the assumption that
he forward reaction is the rate determining step.

The rate of reaction of A is given by:

−dCA

dt
= kSRCACBSa (19)

he activity of the catalyst is given by:

= −rA

−rA(fresh)
= rate of A at any time t

rate of reaction A with fresh catalyst
(20)

ate of deactivation is assumed to be first order (d = 1),
ig. 16. The adsorption of 1,4-dimethoxybenzene on Indion 125. Con-
itions: catalyst loading, 0.05 g/cc; temperature, 100 ◦C; kSL from above
raph = 2.89 × 10−3 cm/s.
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ntegration of Eq. (21),

= ao exp(−kDEt) = exp(−kDEt) (22)

here, ao = 1 = initial activity
Rate of desorption of the product, 2,5-dimethoxyaceto-

henone,

S
kD1�
k′

D1

M + S (23)

he net rate of desorption of the product M,

rD1 = kD1CMS − k′
D1CMCS, (25)

hich approximates zero at equilibrium (quasi-equilibrium)
Therefore,

MS = KD1CMCS (26)

here KD1 is desorption equilibrium constant for the product,
D1 = kD1/k′

D1
Desorption of acetic acid (C):

S
kD2�
k′

D2

C + S (27)

he net rate of desorption of acetic acid by mass balance is given
y:

rD2 = kD2CCS − k′
D2CMCS (28)

hich approximates zero at equilibrium (quasi-equilibrium),
eading to:

CS = KD2CCCS (29)

here KD2 = kD2/k′
D2 = the desorption equilibrium constant

After substituting for CBS in the rate equation,

−dCA

dt
= kSR

CAKACBCS

CC
a (30)

−dCA

dt
= (kSRKA)

CACBCS

CC
exp(−kDEt) (31)

here the value of a has been substituted from Eq. (21)
The total site balance is as follows:

total = w = CBS + CMS + CCS (32)

here w is the catalyst loading.
From Eqs. (17), (26) and (29),

total = w = KA
CBCS

CC
+ KD1CMCS + KD2CCCS (33)

hus,

S =
(

w

(KACB)/(CC) + KD1CM + KD2CC

)
(34)

herefore,

−dC
A

dt
= kSRKACACB exp(−kDE)t

×
{

w

(KACB)/(CC) + KD1CM + KD2CC

}
(35)

v
m
t
t
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ow, in terms of fractional conversions of XA,

A = CA0(1 − XA) (36)

B = CB0(1 − XB) = CA0(M − XA) (37)

C = CM = CA0XA (38)

here CB0/CA0 = M, initial mole ratio of acetic anhydride to
,4-dimethoxybenzene

−dCA

dt
= CA0

dXA

dt
(39)

ubstituting the above equations in the rate equation, the rate
quation takes the form

dXA

dt
= kSRKAw(M − XA)(1 − XA) exp(−kDEt)

×
{

1

KA(M − XA) + [KD1 + KD2] CA0X
2
A

}
(40)

he Eq. (41) is also amenable to analytical solution, the result
eing

−KA ln(1 − XA) + CA0

(
1

KA1
+ 1

KA2

)

×
{

XA + M2

M − 1
ln(M − XA) − 1

M − 1
ln(1 − XA)

− M2

M − 1
ln M

}
= kSRKAw exp(−kDEt)

−kDE
(41)

q. (41) can be manipulated to get the following form:

ln

[
1 − kDE

KAkSRw

(
−KA ln(1 − XA) + CA0

(
1

KA1
+ 1

KA2

)

×
{

XA + M2

M − 1
ln(M − XA) − 1

M − 1
ln(1 − XA)

− M2

M − 1
ln M

})]
= −kDEt (42)

n the above equation the desorption constants have been
eplaced by adsorption constants (KA1 = 1/KD1; KA2 = 1/KD2)

Two approaches were adopted. Eq. (40) was subjected to non
inear regression, to obtain the values of various parameters, on
he basis of experimental rates and conversions. At the same
ime, Eq. (42), a modified form of the analytical solution was
sed to estimate values of kDE and kSR, using experimentally
etermined values of adsorption constants. This was done in the
ollowing manner. Fig. 17 shows the plot as per Eq. (42).

Knowing the experimental rates and conversions with respect
o time, all the rate constants and adsorption constants were
alculated by applying non linear regression to Eq. (40) using
olymath 5.1. The best-fit values obtained are tabulated in
able 1. These values were then used to generate simulated con-

ersion values. Eq. (42) was integrated numerically using Euler’s
ethod and a step size of integration of 0.5. Limits imposed on

he integration were time varying from 0 to 180 min, with ini-
ial conversion XA as zero. Simulated values of conversion so
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Fig. 17. Validation of the model using experimental data and Eq. (42). Reac-
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Table 2
Comparison of kDE and kSR values obtained by (1) nonlinear regression applied
to Eq. (38) and (2) nonlinear regression applied to the analytical solution, Eq.
(40)

kDE kSR

From Eq. (40) 0.02 0.14
From Eq. (42), using experimental

values of adsorption constants
0.022 0.16

F
I
m

1
5
dimethoxybenzene to acetic anhydride mole ratio of 1:5, there
was no mass transfer effect at 100 ◦C. These results show that
the reaction is intrinsically kinetically controlled. Besides, the
ion conditions: temperature, 100 ◦C; catalyst loading, 0.05 g/cc of Indion 125;
peed of agitation, 1000 rpm; particle size, 500 to 600 �m; mole ratio of acetic
nhydride to dimethoxybenzene, 1:5.

btained were compared with experimental values, as shown in
ig. 18.

Experimentally obtained values of adsorption constants were
sed in Eq. (42). From the experimental data, the adsorp-
ion constants for dimethoxybenzene (KA) was determined as
50.6 cm3/mol. Adsorption constants for dimethoxtacetophe-
one (KA1) and acetic acid were calculated as 885.6 cm3/mol
nd 963 cm3/mol, respectively.

Eq. (42) was subjected to nonlinear regression using poly-
ath 5.1, the parameters to be fitted being kDE and kSR. The

alue of kDE obtained by this procedure was 0.022. The value
or kSR obtained was 0.16 (Fig. 17).

The values of kDE and kSR obtained using the two procedures
re in good agreement (Table 2). Thus, these two approaches
cted as a check for internal consistency. Thus, the proposed

odel is validated. Plots were made for reactions carried out at

ifferent temperatures to calculate rate constants. The Arrhe-
ius plots are shown in (Figs. 19 and 20) to get the activa-
ion energy value for reaction and deactivation as 27.97 and

ig. 18. Comparison of the experimental and predicted fractional conversions.

F
I
m

ig. 19. Arrhenius Plot of ln kSR vs. 1/T. Reactions conditions: catalyst loading,
ndion-125 0.05 g/cm3; speed of agitation, 1000 rpm; particle size, 500–600 �m;
ole ratio of dimethoxybenzene to acetic anhydride, 1:5.

3.45 kcal/mol, respectively. For an average particle size of
00 �m, and at a speed of agitation beyond 1000 rpm, with 1,4-
ig. 20. Arrhenius Plot of ln kDE vs. 1/T. Reactions conditions: catalyst loading,
ndion-125 0.05 g/cm3; speed of agitation, 1000 rpm; particle size, 500–600 �m;
ole ratio of dimethoxybenzene to acetic anhydride, 1:5.
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eactivation of resins could be overcome by using higher tem-
erature. Since the cation exchange resins have an upper and
afer limit of 120 ◦C, these data were used to predict the con-
ersions at 120 ◦C. The catalyst was tested at this temperature
nd reused five times without much loss in activity from run to
un. The deactivation of ion exchange resins can be overcome
y choosing a higher temperature of 120 ◦C and a mole ratio of
:5, when the conversion of reaches 60% and recycle of the unre-
cted starting materials could be achieved. When chlorobenzene
s used as a solvent, the deactivation is totally overcome. How-
ver, it introduces, additional separation step.

. Conclusion

The acylation of 1,4-dimethoxybenzene was conducted by
sing acetic anhydride as the acylating agent over a num-
er of catalysts of different acidities and pore size distribu-
ions such as sulfated zirconia, UDCaT-1, UDCaT-5, 20% w/w
TP/K10, 20% w/w Cs-DTP/K10 and ion exchange resins.
mberlyst1-5 and Indion-125 were found to be the most active

atalysts. The effect of various parameters on the reaction rate
as studied with Indion-125. The optimum conditions were:
,4-dimethoxybenzene to acetic anhydride mole ratio of 1:5,
00 ◦C, catalyst loading of 0.05 g cm−3. A systematic study was
ndertaken to understand the reaction mechanism and catalyst
unctioning. The catalyst is deactivated over repeated use at
ower temperatures. The adsorption of reactants and products
as studied both individually and simultaneously. The exper-

mental data so generated were used to develop a model. The
odel fits the experimental data very well. The deactivation

ould be overcome by using a temperature of 120 ◦C at a mole
atio of 1:5 of 1,4-dimethoxybenzene to acetic acid.
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