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Abstract

The alkylation of hydroquinone yields industrially important compounds, amongst witbutylhydroquinone is a
very important precursor for its use in pharmaceuticals and in developing photographic plates. Twenty per cent (w/w)
dodecatungstophosphoric acid supported on K10 montmorillonite clay (DTP/K10) was found to be a very efficient and
novel catalyst in comparison with several others for alkylation of hydroquinone with different alkylating agents such as
methyltert-butyl-ether (MTBE) andert-butanol at 150C in an autoclave. A summary of characterisation of DTP/K10 is
provided and related to the activity. Various reaction parameters were also investigated and a kinetic model was built. The rate
of alkylation with MTBE was much faster than that wittrt-butanol. The reaction follows a typical second order kinetics at
a fixed catalyst loading with weak adsorption of both the species. The energy of activation was found to be 19.34 kcal/mol.
© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction alkylation of hydroquinone with isobutylene. Most of
the information is patented.
The alkylation of hydroquinone yields industri- 2-tert-Butylhydroquinone can be synthesised in

ally important compounds. Acid catalysis can be high yield by treating hydrogquinone with isobutylene
employed with appropriate reaction conditions to in the presence of 65% aqueougR®, at 105C
get either C- or O-alkylated products which are [2,3]. Phase transfer catalysts are also employed to
useful in a variety industries. Amon@-alkylation, obtain a high yield of Zert-butylhydroquinone un-
tert-butylhydroquinones are widely used as antioxi- der mild conditions [4]. On the contrary, silica gel
dants and stabilisers for oils, fats, plastics and rubbersis found to be an attractive catalyst for alkylation
[1]. 2-tert-Butylhydroquinone is a very important of hydroquinone, phenol and anisole [5]. Young and
precursor for its use in pharmaceuticals and in devel- Campbell [6] have reported the alkylation of cate-
oping photographic plates. Generally it is prepared by chol and other phenols with branched alkenes in the
presence of Amberlyst-15 as a catalyst. The olefins
used were 2-methyl-1-undecene, 2-butyl-1-butene,
"+ Corresponding author. Tels91-22-410-2121: etc. and that the products formed in the temperature
fax: +91-22-414-5614. range 85-14%C were 4-alkyl and 3-alkyl catechol,
E-mail addressigdy@udct.emet.in (G.D. Yadav) the former being the major product. Fujita et al. [7]
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claimed a process for alkylation of phenols and naph- K10 montmorillonite clay, different HPAs supported
thols with ion exchanged layered catalysts such as on K10, ZnC} supported on K10 (clayzic), sulphated
aluminium ion exchanged tetra silicic mica, which zirconia, etc. were evaluated to achieve maximum se-

was superior to Y-type zeolite. Kroupa et al. [1] have
carried out the alkylation of benzenediols with excess
of methyl{ert-butyl-ether (MTBE) at low tempera-
tures between 25 and 35 in the presence of Y60y
as catalyst. They found 3,5-tet-butyl benzenedi-
ols (72%) as a major product. tért-Butyl catechol
was obtained in high yields, by reacting catechol and
isobutylene in the presence of activated clay having
cation exchange capacity of 0.25 meq/g &ty —5.6
[8]. Merger and Nestler [9] claimed 96% selectivity
towards 2tert-butyl p-cresol whem-cresol was alky-
lated with MTBE in the presence of Lewasorb AC-10
resin at 90C.

The alkylation of hydroquinone was thus consid-

ered as an important problem necessitating use of dif-

lectivity towards 2tert-butylhydroquinone. A kinetic
model is also presented.

2. Experimental

2.1. Chemicals and catalysts

MTBE was obtained from Texas Petrochemicals,
USA. K10 clay was obtained from Fluka, Germany.
Filtrol-24 was obtained from Engelhard. Hydro-
guinone and other chemicals were obtained from M/s
s.d. Fine Chemicals, Mumbai, India and used without
further purification.

ferent solid acid catalysts and feedstock. Due to the 2.2. Sulphated zirconia

problems associated with unavailability, transporta-
tion and handling of isobutylene, particularly for us-
age in low-tonnage fine chemical and speciality man-

ufacture, it is advantageous to generate pure isobuty-

lene in situ. Two attractive sources of isobutylene are
tert-butanol and MTBEtert-Butanol is available as a
by-product in the ARCO process for propylene oxide.
The cracking of MTBE for the generation of isobuty-

Sulphated zirconia was prepared by a well estab-
lished procedure in this laboratory [18,19].

2.3. Preparation of dodecatungstophosphoric acid
supported on K10

K10 montmorillonite was dried in an oven at TZD

lene has been discussed [10-13]. MTBE is a good for 2h prior to its use as support. After drying, 49
source for the generation of pure isobutylene and the of K10 was weighed accurately. To prepare a cat-

by-product, methanol, is also a very important raw
material in chemical industry. On the contrary, the de-
hydration oftert-butanol in situ leads to water as a

co-product in the alkylation reaction and thus different
yields of the alkylated product are expected vis-a-vis
MTBE as the alkylating agent [14,15]. Synthesis of
MTBE from tert-butanol and methanol has been stud-
ied in this laboratory by using a variety of solid acids

[15]. Heteropoly acids (HPAS) supported on clays have
shown superior activity as catalyst in comparison to
others in the alkylation and etherification reactions
[15-17].

alyst with 20% loading of dodecatungstophosphoric
acid (DTP), 1g of DTP was dissolved in 4ml of
dry methanol. This volume of solvent used was ap-
proximately equal to the pore volume of the cata-
lyst. This solution was added dropwise to predried
K10 (4 g) with constant stirring with glass rod. Ini-
tially on addition up to DTP solution, the clay was
in the powdery form, but on further addition of DTP
solution it formed the paste. The paste on further
stirring for 10 min resulted in a free flowing pow-
der. It was then dried in an oven at TZDfor 2h
and subsequently calcined at 285for 3 h. Similarly

It is thus clear that there is tremendous scope for other heteropoly acids such as dodecatungstosilicic

devising a new catalytic process for the synthesis of acid and dodecaphosphomolybdic acid were also im-
tert-butylhydroquinone. In the present study, alkyla- pregnated on K10 montmorillonite. Supported catalyst
tion of hydroquinone was carried out with MTBE with different loading of DTP (5, 10 and 40%) was
andtert-butanol in the presence of solid acidic cata- also prepared by this method. 20% Zp&lipported on
lysts. Since homogeneous catalysts are the source offiltrol-24 clay was also prepared by incipient wetness
pollution, various solid acidic catalysts such as HPA, technique.



G.D. Yadav, N.S. Doshi/Catalysis Today 60 (2000) 263-273 265

3. Reaction studies to give 2tert-butylhydroquinone (2-TBHQ) and

2,5-ditert-butylhydroquinone (2,5-DTBHQ). Further

dimer and trimer of isobutylene can also be formed as

side products. Although under the reaction conditions,
All experiments were carried out in a 100 ml stain- there was negligible formation of these products. The

less steel autoclave manufactured by Parr Instruments,reéaction network is shown in Scheme 1.

USA. A four-bladed-pitched turbine impeller was used

for agitation. The temperature was maintainedt #tC

of the desired value. Predetermined quantities of reac- 5. Results and discussions

tants and the catalyst were charged into the autoclave

and the temperature was raised to the desired value.5.1. Efficacies of various catalysts

Once the temperature was attained, the initial sample

3.1. Apparatus and procedure

was withdrawn which was the zero time sample. Fur-
ther samples were drawn at periodic intervals.

A typical standard experiment consisted of 0.1 mol
of hydroquinone, 0.3 mol of MTBE and 20% (w/w)

In this work the performance of six solid acid cata-
lysts was evaluated for the alkylation of hydroquinone
with MTBE, in the absence of mass transfer resis-
tance (Table 1). A good cracking catalyst and a poor

catalyst, based on the weight of hydroquinone and alkyla_\tion catalyst would result in loss of the gener-
1,4-dioxan was used as solvent to make up the volume ated isobutylene. A reverse phenomenon would result

50 ml. The temperature was maintained atI5@nd
the speed of agitation was 1000 rpm.

3.2. Analysis

Analysis of the reaction mixture was done on a high
pressure liquid chromatogram (Tosho) with the con-
ditions mentioned below:

Column: Novopak-C-18.

e Mobile phase: methanol:water (60:40).
o Detector wavelength: 293 nm.

e Flow rate of mobile phase: 1 ml/min.

The samples were analysed for hydroquinone,
2-tert-butylhydroquinone and 2,5-dert-butylhydro-
quinone. Identification of products was done by
matching the retention time of reaction products to
the authentic compounds. t@t-Butylhydroquinone
and 2,5-ditert-butylhydroquinone were also sepa-

rated by using preparative thin layer chromatography.

Silica gel 60 k54, precoated on aluminium sheet was

in poor yield of the required alkylated product. It was
therefore necessary that the best catalyst should give
a reasonable activity for the cracking of MTBE or de-
hydration oftert-butanol as well as the alkylation of
hydroquinone with isobutylene generated in situ. Fur-
ther, it is also essential that the rate of alkylation is
faster than that of oligomerisation of the isobutylene
generated in situ to get maximum selectivity of the
alkylated product.

Heteropoly acids such as DTP and dodecatungstosili-
cic acid (DTS) supported on K10 montmorillonite
gave good conversion of hydroquinone (46 and
42%, respectively). However, the maximum selec-
tivity towards 2tert-butylhydroquinone (72%) was
obtained in the case of 20% DTP/K10 as catalyst.
Clayzic (20% ZnGl/K-10) and 20% DTP supported
on clayzic gave 26 and 24% conversion of hydro-
quinone. K10 clay, clayzic and sulphated zirconia
(S-ZrQ&) gave lower conversions but 100% yield of
2-tert-butylhydroquinone.

used as stationary phase and solvent system such The use of MTBE as a butylating agent is advanta-
as benzene:ether (90:10) was used to separate th&Jeous. MTBE cracking starts beyond'Zan a signifi-

compounds.

4. Reaction scheme

In the presence of an acid catalyst, MTBE
cracks into isobutylene and methanol. Isobutylene
thus produced reacts in situ with hydroquinone

cant way and n@-alkylated product is formed. What-
ever isobutylene is generated in situ is consumed lead-
ing to C-alkylated product and no free isobutylene in
the gas phase is noticed nor any oligomerisation takes
place at low temperatures. The co-product methanol
is recyclable. In earlier studies, we had noticed that
no O-alkylated product is formed beyond 8D when
p-cresol was alkylated with isobutylene in the pres-
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Source of isobutylene (in-situ generated)

CH3 ot
|
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CH3 CH3
MTBE isobutylene
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b) CH3—('3—OH — HO0 + CH2=$—CH3
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OH OH
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2-tert-butyl hydroquinone 2,5-di-tert-butyl hydroquinone
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CH; CH;j
oty
CH3-C|)-CH=(|J-CH3
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diisobutylenes

diisobutylenes + isobutylenes ——3 triisobutylenes

Scheme 1. Reaction scheme for alkylation of hydroquinone with MTBE.

ence of sulphated zirconia and UDCaT-1 as catalysts The effect of alkylating agent on the rate of alkylation
[14,19], since the rate dE-alkylation was very much  was done with 20% DTP/K10 as catalyst by employing
faster than that of oligomerisation. In the present case, tert-butanol as alkylating agent under otherwise sim-
all standard experiments were done atXG@nd the ilar conditions. The conversion of hydroquinone was
analysis showed n®-alkylated product was formed. found to be 23% with 100% selectivity of 2-TBHQ.
No ethers of hydroquinone with methanol were formed The conversion is much lower by a factor of 2 than that
and there was no self-condensation of hydroquinone in case of MTBEtert-Butanol cracks into isobutylene
as indicated by spectroscopic analysis and isolation of and water in the presence of the catalyst. Water thus
products. In the case of MTBE as alkylating agent the produced in situ, may have a detrimental effect on
conversion of hydroquinone with 1:3 mole ratio was catalyst activity resulting in low conversion of hydro-
limited to less than 50% in order that the isobutylene quinone. In another study, we had found that there is
formation was not excessive to produce the oligomers. a decrease in the activity of DTP/K10 whenever water
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Table 1

Efficacies of various catalysts in alkylation of hydroquinone
with MTBE (hydroquinone:MTBE 1:3 mole, catalyst load-
ing 0.014g/c, temperature 15, speed 1000rpm, solvent
1,4-dioxan, reaction time 4 h, autogeneous pressure 150 psi; DTP:

dodecatungstophosphoric acid; DTS: tungstosilicic acid; TBHQ:
tert-butylhydroquinone; DTBHQ: dtert-butylhydroquinone)
Catalyst Conversion (%) Selectivity (%)

2-TBHQ 2,5-DTBHQ
DTP (20%)/K10 46 72 28
TSA (20%)/K10 42 42 58
K10 montmorillonite 29 100 -
ZnClp (20%)/K10 25 100 -
S-Zr& 26 100 -
DTP/ZnCb/K10 24 89 11

generated in situ exceeded a critical value [13]. Be-
sides, the rate of dehydration t&rt-butanol could be
rate limiting in comparison with that of alkylation and
thus only the mono-alkylated product was formed.

5.2. Effect of DTP loading on K10

In order to investigate the change in selectivity of
alkylated products, different amounts of DTP were
loaded on K10 montmorillonite according to incipi-
ent wetness technique. With an increase in DTP load-
ing from 5 to 40% (w/w) of K10, the conversion of
hydroquinone also increased (Fig. 1). At high DTP
loading (40%), selectivity of 2ert-butylhydroquinone
and 2,5-ditert-butylhydroquinone were found to be
45 and 55%, respectively. There was some formation
of oligomers of isobutylene. However, further exper-
iments were done with 20% DTP/K10 were the se-
lectivity to the mono-alkylated product was very high
and there was no oligomers formed (Table 2).

Since 20% DTP/K10 was the best catalyst, the ef-

fects of various parameters on conversion and yields

were studied with it. It has already been fully charac-
terised by us [16,17] and a brief summary is provided
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Fig. 1. Effect of catalyst loading on alkylation of hydroquinone
with MTBE. Hydroquinone: MTBE 1:3 mole, temperature 160
catalyst 20% DTP/K-10, speed 1000 rpm, solvent 1,4 diox®): (
0.007 g/crd; (M) 0.014 g/crd; (A) 0.021 g/cm.

dimensions from where the access to smaller pores is
denied, thereby leading to the decrease in accessible
surface area. The average patrticle size of both K10 and
DTP/K10, as determined by image analysis, was in the
range of 60Qum. The XRD studies of DTP/K10 had
indicated that in the impregnation process, the clay has
lost some of its crystallinity compared to K10. The
cation exchange capacity (CEC) of the catalyst was
determined by the method to observe that DTP/K10
possesses higher CEC than K10. This may be due to
some additional surface protons, which come by way
of heteropoly acid impregnation, which may play a
role on account of easy availability for the exchange
reaction. We have earlier reported [16] that on the ba-
sis of the actual quantity of DTP loaded on the support

Table 2

Effect of DTP loading on K10 in alkylation of hydroquinone
with  MTBE (hydroquinone:MTBE 1:3 mole, catalyst load-
ing 0.014g/cr, temperature 15@, speed 1000rpm, solvent

here. The surface areas of the catalysts measured byl 4-dioxan, reaction time 4 h, autogeneous pressure 150 psi)

nitrogen BET method for K10 montmorillonite and
DTP/K10 were found to be 230 and 107y, re-

spectively. Since both the catalysts were pretreated in

similar way prior to analysis the reduction in surface
area of DTP/K10 may be due to the blockage of the

smaller pores by the active species. It appears that

the active species are held in a few junctions of such

DTP on K10 (%) Conversion (%)  Selectivity (%)

2-TBHQ  2,5-DTBHQ
DTP (5%)/K10 33 40 60
DTP (10%)/K10 37 66 34
DTP (20%)/K10 46 72 28
DTP (40%)/K10 66 45 55
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in comparison with the same unloaded catalyst or the
support K10 alone, the turnover frequency is greater
in the case of the supported catalyst. Thus, there is a
synergism between DTP and K10 leading to higher
activity. In the case of DTP/K10 there are lot of dis-
persed particles on the surface of the support K10 as
revealed by SEM photomicrographs. FTIR studies of
K10 showed that there was Si—O and Si—-O-Al link-
ages and the OH groups are bonded to the Al atoms,
whereas in DTP/K10 indicated the presence gbH
(Bronsted acidity) and the linkage of phosphorous.

5.3. Effect of speed of agitation

The influence of external mass transfer on the reac-
tion rate was studied by keeping the speed of agitation
at 600, 800 and 1000rpm. It was observed that the
conversion of hydroquinone was practically same in
all the cases without any change in selectivity. It was
demonstrated that this reaction was not influenced by

external mass transfer effects. Hence, to be on safer

side further reactions were carried out at 1000 rpm. A
theoretical analysis of the assessment of external mas
transfer resistance is given to support this observation.
Details of this theory for general slurry reactions are

given elsewhere [19].

This is a typical solid—liquid slurry reaction involv-
ing the transfer of hydroquinone the limiting reac-
tant (A) and MTBE (B) from the bulk liquid phase
to the catalyst wherein external mass transfer of reac-
tants to the surface of the catalyst particle, followed by
intra-particle diffusion, adsorption, surface reactions
and desorption take place. The influence of external
solid—liquid mass transfer resistance must be ascer-
tained before a true kinetic model could be developed.

solid catalyst

A+zB — " products (2)

At steady state, the rate of mass transfer per unit vol-
ume of the liquid phase (gmol cms 1) is given by

Ra = ksi—aap{[Ao] — [As]} )

(rate of transfer of A from bulk liquid to external sur-
face of the catalyst particle)

Rg = ks.—sap{[Bo] — [Bs]} 3)

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

G.D. Yadav, N.S. Doshi/Catalysis Today 60 (2000) 263-273

R
Rp = =B
Z
=rons(Observed rate of reaction within

the catalyst particle (4)

Here the subscripts “0” and “s” denote the concen-
trations in bulk liquid phase and external surface of
catalyst, respectively.

Depending on the relative magnitudes of external
resistance to mass transfer and reaction rates, different
controlling mechanisms have been put forward [18].
When the external mass transfer resistance is small,
then the following inequality holds:

1 > 1 1
Tobs  ksi—aap[Ag] zks —Bap[Bo]

The observed rateyps could be given by three types
of models wherein the contribution of intra-particle
diffusional resistance could be accounted for by incor-
porating the effectiveness factpr These models are
1. the power law model if there is a very weak ad-
sorption of reactant species,

. Langmuir—Hinselwood—-Hougen—Watson model,
3. Eley—Rideal model.

It is therefore necessary to study the effects of speed
of agitation, catalyst loading and particle size to as-
certain the absence of external and intra-particle resis-
tance so that a true intrinsic kinetic equation could be
used. It is seen that the conversion remains practically
the same in the range 600-1000 rpm, which indicates
the absence of external solid—liquid mass transfer re-
sistance. Theoretical analysis was also done to ensure
that the external mass transfer resistance was indeed
absent as delineated below.

According to Eq. (5), it is necessary to calculate the
rates of external mass transfer of both hydroquinone
(A) and MTBE (B) and compare them with the rate
of reaction.

For a typical spherical particle, the particle surface
area per unit liquid volume is given by

6w

~ ppdp

®)

ap (6)
wherew is the catalyst loading (g/cthof liquid phase,
pp the density of particle (g/cBy anddp is the particle
diameter (cm).

For the maximum catalyst loading used (0.021 g/
cm?) for a particle sizedp) of 0.06 cm, in the current
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Table 3
Effect of catalyst loading on alkylation of hydroquinone with MTBE atedt-butanol (hydroquinone:MTBE (otert-butanol) 1:3 mole,
catalyst DTP (20%)/K10, temperature T&) speed 1000 rpm, solvent 1,4-dioxan, reaction time 4 h, autogeneous pressure 150 psi)

Catalyst loading (g/cR) MTBE

tert-Butanol

Conversion (%) Selectivity (%)

Conversion (%) Selectivity (%)

2-TBHQ 2,5-DTBHQ 2-TBHQ 2,5-DTBHQ
0.007 28 96 4 10 100 -
0.014 46 72 28 23 100 -
0.021 63 68 32 29 90 10

studies, ap=2.45 cnt/cm?® liquid phase. The liquid
phase diffusivity values of the reactants A and B, de-
noted byDag andDga, Were calculated by using the
Wilke—Chang equation [20] at 150 as 9.0%10~°
and 1.425%10~“cm?/s, respectively. The solid—liquid
mass transfer coefficients for both A and B were
calculated from the limiting value of the Sherwood
number (e.9.Sh=ks —adp/Dag) of 2. The actual
Sherwood numbers are typically higher by order of
magnitude in well-agitated systems but for conser-
vative estimations a value of 2 is taken [18,19]. The
values of the solid—liquid mass transfer coefficients
ksi—a and kg _g were obtained as x310-3 and
4.75x10-3 cm/s, respectively. The initial rate of re-
action was calculated from the conversion profiles. A
typical calculation shows a typical initial rate of reac-
tion as 1.6& 10~/ gmolcnt3s~1. Therefore, putting
the appropriate values in Eq. (5),

1 1

and 1
ksL—aap [Aq]

(7)

Tobs zksL—ap [Bo]

i.e., 6.03<10%5.44x10* and 1.43<10%

The above inequality demonstrates that there is an

absence of resistance due to the solid—liquid exter-
nal mass transfer for both the species A and B and
the rate may be either surface reaction controlled or
intra-particle diffusion controlled. Therefore, the ef-

fects of catalyst loading at a fixed particle size and

temperature were studied to ascertain the influence of

intra-particle resistance.

5.4. Effect of catalyst loading

Alkylation of hydroquinone with MTBE was inves-
tigated by varying catalyst loading from 0.007 to
0.021g/cd (Table 3). It was found that with an
increase in catalyst loading, the formation of alky-
lated product also increased (Fig. 2). At lowest cat-
alyst loading, the conversion of hydroquinone was
only 28% which increased to 63% when the load-
ing was 0.021 g/cth The corresponding values ob-
tained, in the presence ¢ért-butanol as alkylating
agent, are given in Table 3. Since the conversions
with tert-butanol are low withtert-butanol, only the
mono-alkylated product is formed. It appears that the
rate of dehydration ofert-butanol is slower than the
rate of cracking of MTBE.

As shown by Egs. (1) and (2), at steady state, the
rate of external mass transfer (i.e., from the bulk liquid

80

60

ersion

% Conv

0

0 30 60 90 120 150 180 210 240

Time, min

Fig. 2. Effect of DTP loading on alkylation of hydroquinone
with MTBE. Hydroquinone: MTBE 1:3 mole, temperature 160

In the absence of external mass transfer resIStance’catalyst loading 0.014 gm/c’mspeed 1000 rpm, solvent 1,4 dioxan:

the rate of reaction is directly proportional to cata- () DTP(40%)/K10; W) DTP(20%)/K10; &) DTP(10%)/K10;
lyst loading based on the entire liquid phase volume. (x)DTP(5%)/K10.
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phase in which A and B are located with concentra-
tions [Ag] and [Bg], respectively) to the exterior sur-
face of the catalyst is proportional &p, the exterior

G.D. Yadav, N.S. Doshi/Catalysis Today 60 (2000) 263-273

selectivity was obtained. This also supported the the-
oretical calculations. A further proof of the absence
of the intra-particle diffusion resistance was obtained

surface area of the catalyst where the concentrationsthrough the study of the effect of temperature and it
of A and B are [A] and [Bs], respectively. For a spher-  will be discussed later.

ical particle,ap is also proportional tav, the catalyst
loading per unit liquid volume as shown by Eq. (6).
It is possible to calculate the values ofdAand [Bs].
For instance,

5.5. Effect of mole ratio

The mole ratio of hydroquinone and MTBE was
changed from 1:1 to 1:6 mole under otherwise
similar sets of conditions. The conversion of hy-
=1.67x 10" gmolcm 3s™ droquinone was only 37% when hydroquinone to

(8) MTBE mole ratio was 1:1 (Fig. 3). With an in-
] ) o crease in mole ratio (1:6), the conversion of hydro-
Thus putting the appropriate values, it is seen that qyinone increased to 52% and selectivity towards
[As]~[Ao], similarly [Bs]~[Bo]. Thus, any furtherad- 5 5_gitert-butylhydroquinone also increased to 34%
dition of catalyst is not going to be of any consequence (Table 4). Withtert-butanol as the alkylating agent,
for external mass transfer. hydroquinone tdert-butanol mole ratio was changed
from 1:1 to 1:6 under otherwise similar sets of con-
54.1. PI‘OOf Of absence Of intra-partide resistance ditions_ The Conversion of hydroquinone was On|y

The average particle diameter of the catalyst used 139, when the mole ratio was 1:1. Selectivity of
in the reactions was 0.06 cm and thus a theoretical cal- 2_tert-butylhydroquinone was 100% even when the
culation was done based on the Wiesz—Prater criterion mgle ratio was increased to 1:3 from 1:1. However,
to assess the influence of intra-particle diffusional re- tgrmation of 2,5-ditert-butylhydroquinone was ob-
sistance [21]. served when hydroquinone tert-butanol mole ratio

According to the Wiesz—Prater criterion, the dimen- \yas further increased to 1:6 mole because more

sionless parametdZ,;, which represents the ratio of  ayailability of the alkylating agent to commence the
the intrinsic reaction rate to intra-particle diffusion  gjalkylation product.

rate, can be evaluated from the observed rate of re-

action, the particle radiusRj), effective diffusivity of

the limiting reactantDe) and concentration of the re-

actant at the external surface of the particle:

1. if Cup = (—robsppRp?)/DelAs] > 1 then the re-
action is limited by severe internal diffusional re-
sistance,

2. if Cypk1 then the reaction is intrinsically kineti-
cally controlled.

The effective diffusivity of hydroquinonée-») in-
side the pores of the catalyst was obtained from the
bulk diffusivity (Dag), porosity €) and tortuosity t)
as 1.0810 %cné/s, whereDe-a=(Dage)/z. In the
present case, the value Gf,p was calculated as 0.039
for the initial observed rate and therefore the reac-
tion is intrinsically kinetically controlled. However,
in a separate experiment, the particles of DTP/K10 _ ) ) ) )

. . Fig. 3. Effect of mole ratio on alkylation of hydroquinone with
were crushed a”‘?' sieved and used for the reac,tlon'MTBE. Catalyst loading 0.014 g/cintemperature 15, catalyst

At the same loading of catalyst, for average particle 209, DTP/K-10, speed 1000rpm, solvent 1,4 dioxaf®) (1:1

size of 125.um, practically the same conversion and mole; @) 1:3 mole; @&) 1:6 mole.

ksi—aap{[Ao] — [As]} =rops at steady state
1
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Effect of mole ratio on alkylation of hydroquinone with MTBE atett-butanol (catalyst DTP (20%)/K10, catalyst loading 0.014 glcm
temperature 15@C, speed 1000 rpm, solvent 1,4-dioxan, reaction time 4 h, autogeneous pressure 150 psi)

Hydroquinone MTBE

tert-Butanol

Conversion (%) Selectivity (%)

Conversion (%) Selectivity (%)

2-TBHQ 2,5-DTBHQ 2-TBHQ 2,5-DTBHQ
1:1 mole 37 96 4 13 100 —
1:3 mole 46 72 28 23 100 -
1:6 mole 52 66 34 31 95 5

80

60

40

% Conversion

20

*

0 30 60 90 120 180

Time, min

150 210 240

Fig. 4. Effect of temperature on alkylation of hydroquinone with
MTBE. Hydroquinone: MTBE 1:3 mole, speed 1000 rpm, catalyst
20% DTP/K-10, catalyst loading 0.014 g/énsolvent 1,4 dioxan:
() 130°C; (H) 150°C; (A) 170°C.

5.6. Effect of temperature

The effect of temperature on the rate of alkylation
of hydroquinone was studied in the range 130=%70

in the conversion of hydroquinone. It was found that
at 130C, the conversion of hydroquinone was only
19% and selectivities of Bert-butylhydroquinone
and 2,5-ditert-butylhydroquinone were 92 and
8%, respectively. Whereas at FrQ the con-
version of hydroquinone increased to 74% and
the selectivities of 2ert-butylhydroquinone and
2,5-ditert-butylhydroquinone were 62 and 38%, re-
spectively (Table 5).

In the case otert-butanol as the alkylating agent,
it was found that the conversion of hydroquinone
was strongly dependent on the reaction tempera-
ture. At 130C, the conversion of hydroquinone
was only 10% and there was no formation of
2,5-ditert-butylhydroquinone. At 150C, the con-
version of hydroquinone was 23% which increased
to 35% at 170C at which the selectivity to the
mono-alkylated product had suffered marginally
(Table 5).

5.7. Effect of reusability of 20% DTP/K10

The reusability of 20% DTP/K10 was tested by em-
ploying it three times. After each run the catalyst was

(Fig. 4). Increasing temperature resulted in an increase washed thoroughly with hexane and dried in an oven

Table 5

Effect of temperature on alkylation of hydroquinone with MTBE ded-butanol (hydroquinone:MTBE (aert-butanol) 1:3 mole, catalyst
DTP (20%)/K10, catalyst loading 0.014 g/rspeed 1000 rpm, solvent 1,4-dioxan, reaction time 4 h, autogeneous pressure 150 psi)

Temperature°C) MTBE tert-Butanol
Conversion (%) Selectivity (%) Conversion (%) Selectivity (%)
2-TBHQ 2,5-DTBHQ 2-TBHQ 2,5-DTBHQ
130 19 92 8 10 100 -
150 46 72 28 23 100 -
170 74 62 38 35 92 8
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Table 6 ; ;
Effect of reusability of 20% DTP/K10 on alkylation of hydro- found to take place to give the Correspondlng ether

quinone with MTBE andtert-butanol (hydroquinone:MTBE (or Or_ for that matter nd)-alkylgteq product Was formed
tert-butanol) 1:3 mole, catalyst loading 0.014 gfcntemperature with methanol generated in situ. So this would sug-
150°C, speed 1000 rpm, solvent 1,4-dioxan, reaction time 4h, au- gest that there is adsorption of MTBE on the cat-

togeneous pressure 150 psi) alytic site which can react with hydroquinone either
Run No. Conversion (%) Selectivity (%) from the adjacent site or MTBE first gets cracked to

2-TBHQ 2,5-DTBHQ isobutylene which is then readsorbed on the catalytic
1 26 - 28 site to react with hydroquinone. The Eley—Rideal
2 46 74 26 mechanism was considered adequate and the rate of
3 41 75 25 alkylation is given by

KgKr[A][B] w
—ra = ©)

at 120C for 2 h. As shown in Table 6, in the presence {1+ Kg[B]}

of fresh catalyst, the conversion of hydroquinone was whereKg, kr, andw are the adsorption equilibrium
46% and the selectivity of grt-butylhydroquinone  constant for MTBE, intrinsic rate constant for the
and 2,5-ditert-butylhydroquinone were 72 and 28%, reaction in the absence of any external or internal
respectively. During the third run, the conversion of resistance and is the catalyst loading.

hydroquinone decreased to 43% without any signifi- It was found that the weak adsorption of MTBE
cant change in the selectivities of the alkylated prod- on the catalytic sites was valid wherein the sur-
ucts. The catalyst was filtered and then dried and face reaction between adsorbed MTBE with hy-
weighed after each run to find that there was up to 5% droquinone from the liquid phase controlled the
loss of catalyst during filtration due to attrition and no gverall rate of reaction. It could also mean that

makeup catalyst was added. Thus the catalyst activity poth species are weakly adsorbed as per the

was not deactivated and was reusable. Langmuir—Hinshelwood—Hougen-Watson ~ model.
When an HPA such as DTP is supported on K10, However, the key step is the adsorption of MTBE

the high activity of the catalyst is obtained which is which is essential for in situ generation of isobuty-

due to the presence of the HPA on the support. We |ene. Since there was no dehydration of hydroquinone

had reported earlier if the HPA is physically adsorbed to form a symmetric ether as was confirmed from

on the surface then catalyst cannot be reused becauséhe mass balance and spectroscopic analysis, the

of loss of active sites during usage of catalyst. It was Eley—Rideal model seems most adequate. Further,

found that the DTP/K10 showed consistent activity to since Kg«1, Eq. (9) reduces to that for a typical

a minimum of three runs even in the presence of highly second order kinetic equation

polar solvent such as methanol and 1,4 dioxane. This

is because DTP was chemically bonded to the support. —, = ﬁ = ko[A][B] w (10)

There was no leaching of DTP from the support. We dr

have confirmed the stability of this catalyst in other Upon substitution in terms of mole ratiMr of

systems [13,15,16]. MTBE to hydroquinone and fractional conversion of
Thus it is concluded that DTP was chemically ad- hydroquinoneXy, Eq. (10) can be integrated to the

sorbed on the catalyst surface and no leaching wasfollowing:

observed. There was no leaching of DTP from the

support and there is no poisoning of the active sites. In {M} = [Ao](Mr—Dwhkot=kot (11)
[MR(1 - X)]
5.8. Mechanism and reaction kinetics where MR is the mole ratio of initial concentration

of MTBE to that of hydroquinoneXy the fractional
Several mechanisms have been considered for theconversion of hydroquinone, P the initial concen-
alkylation of p-cresol with MTBE by us [14] and the tration of hydroquinone.
following was found to be adequate to describe the  Thus plots of In(Mr—X{)/MRr(1—Xy)) vs time
results. Since no dehydration of hydroquinone was were made for different temperatures as shown
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In [(M-X,,)/M(1-X)]
o o
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Fig. 5. Plot of IN[M—Xu)/M(1—Xy)] vs time: (#) 130°C; (M)
150°C; (A) 170°C.
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Fig. 6. Arrhenius plot.

in Fig. 5. The equation fits the data quite well.
From the slope of this plot, the value of the re-
action rate constanky at 150C was found to be
0.016 cn¥gmoltgcattsl. Similar plots were
made for different temperatures as shown; values
were calculated at other temperatures and the Arrhe-
nius plots of Irky vs 71 (Fig. 6) were made to get
the apparent energy of activation as 19.34 kcal/mol,
thereby also suggesting the reaction was intrinsically
kinetically controlled.

6. Conclusions

The alkylation of hydroquinone was studied with
MTBE andtert-butanol as alkylating agents with a va-
riety of catalysts amongst which 20% (w/w) DTP on
K10 (DTP/K-10) was found to be the best catalyst.

273

The rate of alkylation of hydroquinone with MTBE
was much faster than that witlrt-butanol. The reac-
tion mechanism involves weak adsorption of MTBE
on the catalyst followed by surface reaction with hy-
droquinone leading to a typical second order kinetics
at a fixed catalyst loading.
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