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Abstract

Ž .Kinetics of catalytic transformation of 2- and 4-t-butylphenol 2TBP and 4TBP in the liquid phase on a heterogeneous
KSF catalyst has been studied in detail under conventional and microwave conditions. The process includes dealkylation,
isomerization and transalkylation reactions. Its kinetics has been described using the method of initial reaction rates. It was
found that microwaves affect both the reaction rate and the selectivity. The results were explained in terms of Amicrowave-
induced polarisationB assuming an interaction of microwaves with a highly polarised reagent molecule in adsorbed state on
the acidic active site. Temperature and solvent effects were also examined. The reaction mechanism of t-butylphenol
transformation is discussed on the basis of electrophilic aromatic substitution via bimolecular reactions. q 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

In recent years it has been found that hetero-
geneous reactions taking place on the surface of
solid catalyst are more likely to show mi-
crowave activation of catalytic reactions than
homogeneous reaction in solution where possi-

w xbilities of activation are rather limited 1–5 .
Most of the reported heterogeneous reactions
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Ž .have been carried out under solvent-free dry
conditions where significant differences in con-

Ž .ventional and microwave heating MW have
w xbeen recorded 6 . We have found that higher

reaction rates observed under microwave condi-
tions were in most cases probably caused by
localised superheating, i.e. by creating hot zones

w xfrequently called Ahot spotsB 7 . When solid
catalytic material was efficiently stirred, tem-
perature gradients were eliminated and differ-
ences in reaction rates between microwave and

Ž .conventional heating CH were also eliminated.
These results indicated that specific activation
of chemical reaction by microwaves has not
occurred.

The aim of this study was to examine hetero-
geneous catalytic reactions in the liquid phase
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where formation of temperature gradients in a
stirred suspension of fine powdered catalyst is
rather limited. Catalysts and reactants have been
examined from the point of view of their activ-
ity, reactivity and selectivity. The results ob-
tained under conventional and microwave con-
ditions were compared. Transformation of t-
butylphenols has been chosen as a model reac-
tion because it gives a mixture of different
products. The second reason was that the course
of this transformation under microwave condi-
tions has not yet been described, although it has
been reported that transformation of t-
butylphenols proceeds readily in the presence of

w xsome natural clays and zeolites under CH 8,9 .
We have decided to study these reactions in
more detail because clays and zeolites possess a
convenient loss factor when exposed to mi-
crowave field. Montmorillonite KSF has been
chosen as a representative solid acidic catalyst.

2. Experimental

The t-butylphenols were provided by Sigma-
Aldrich and had the following characteristics:

Ž .2-t-butylphenol 2TBP 99.6%, bp 2248C; 4-t-
Ž .butylphenol 4TBP 99.3%, mp 98–1018C, bp

Ž .236–2388C; Phenol P 99.0%, bp 1828C, mp
40–428C; hexane and heptane were supplied by
Lachema Brno. They were used as obtained.

Ž .Montmorillonite KSF catalyst Sigma-Aldrich ,
surface area 251 m2 gy1, micropores 66.8 m2

gy1, mezopores 151.2 m2 gy1, particle size
Ž .10–15 mm, porosity Hg porosimeter mlrg at

nm range: 0.29 at 15,000–1750, 0.53 at 1750–
80, 0.13 at 80–14, 0.07 at 14–7.5, acidity deter-

Žmined by TPD Temperature Programmed Des-
.orbtion of NH corresponded to 0.29 mmol3

gy1 with one temperature maximum at 1098C.
This result represents a weak acidic catalyst of
one kind of acidic sites. KSF catalyst was acti-
vated by heating to 4008C for 2 h in an electri-
cal oven and before each experiment twice for

Ž10 min in a microwave oven at 200–2508C 750
.W .

GC analyses of reaction mixtures were car-
ried out on Hewlett Packard 5890 instrument
fitted with a capillary column HP-5, 25 m=0.2
mm=0.11 mm with 5% crosslinked phenyl-
methylsilicone as a stationary phase.

Microwave experiments were carried out in a
MILESTONE Lavis 1000 Basic Labstation
Ž .Italy of maximum 1000 W power output and

Žequipped with IR and fibre optic NORTECH,
.Canada thermometers for temperature control

Ž .and with magnetic stirrer IKAMAG, Germany .
The identity of the products was confirmed

by their NMR and GC-MS spectra and by com-
parison with authentic specimens. NMR spectra

Ž .Fig. 1. Transformation of 2-tertbutylphenol 2TBP -B- catalyzed
Ž . Ž .by montmorillonite KSF catalyst under conventional CH a and

Ž . Ž . Ž .microwave MW b conditions; -'- total conversion, x ; -v-
selectivity to phenol; -I- selectivity to 4TBP; -^- selectivity to
2,4DTBP at 196–1998C.
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were recorded on VARIAN UNITY 200 NMR
Spectrometer with CDCl as solvent. 1H NMR3

spectrum of 4TBP was referenced on a line of
Ž .hexamethyldisilane ds0.04 ppm which was

added to the solvent in 1% vrv. 13C NMR
spectrum was referenced on a central line of

Ž .solvent triplet ds76.99 ppm . The GC-MS
analyses were performed on a capillary gas
chromatograph VARIAN, model 3500, equipped
with an ion-trap detector Finnigan MAT, model
ITD 800 using He as the carrier gas. The maxi-
mum temperature of the 30 m column was
2508C. The mass spectrum of di-t-butylphenols
Ž .DTBP was in accordance with the published

Ž .standard spectra NIST library of the four exist-
Ž .ing isomers 2.4, 2.5, 2.6 and 3.5 , m.w. 206.

Fig. 2. Same as in Fig. 1 at 1058C.

Fig. 3. Same as in Fig. 1 at 758C.

Ž . Ž .MS: 191 100; M-15 , 57 77; butyl group ,
Ž . Ž . Ž .192 43; M-14 , 41 37; propenyl , 206 26; M ,
Ž . Ž . Ž .107 13 , 135 10 , 163 9.9 .

Fig. 4. Same as in Fig. 1a at 228C.
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Fig. 5. Same as in Fig. 1 for heptane at 1058C.

The following are examples of typical con-
ventional and microwave experiments.

2.1. CH

The reactions were carried out in a 50 ml
two-neck glass round-bottom flask fitted with
thermometer, water-cooled condenser and mag-
netic stirrer. The condenser was connected to a
double bubbling flask for monitoring of gas
evolution. A mixture of 3 g KSF catalyst and 15

Ž .ml 2TBP or 4TBP and either no solvent or 15
Ž .ml solvent or 15 or 1 or 0.3 ml water was

magnetically stirred and heated on an oil bath to
the desired temperature. The reaction tempera-
tures were maintained using a constant-tempera-

ture oil bath. Samples of reaction mixtures were
taken in regular intervals and analysed by GC.
The results are presented in Figs. 1–8 and Table
1. Occasionally, the hot reaction mixture was
freed off the catalyst by filtration, and after
cooling the solid product was separated by fil-
tration and washed with hexane. NMR spectra
Ž .vide supra and melting point proved that the

Žproduct corresponds to 4TBP mp 1018C, au-
.thentic sample mp 98–1018C .

2.2. MW

The reactions were carried out in a 50-ml
round-bottom glass flask fitted with optic fibre
thermometer, outside water-cooled condenser

Fig. 6. Same as in Fig. 1 for hexane at 758C.
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and magnetic stirrer. The condenser was con-
nected to a double bubbling flask for monitoring
of gas evolution. Mixture of 4 g KSF catalyst,

Ž .20 ml 2TBP or 4TBP and either no solvent or
Ž .20 ml solvent or 20 or 4 or 0.4 ml of water

was magnetically stirred and irradiated by mi-
crowave in the range of power output 400–1000
W. The amplitude of pulses of microwave irra-
diation were fixed to 1 s; it means that continu-
ous irradiation was performed only at 1000 W.
At the lower power than 1000 W, the oven was
working by switch on–off regime of 1-s pulses
Že.g. 400 W means 1000 W irradiation in 0.4 s

.switched on and 0.6 s switched off . The reac-
tion temperature was measured and maintained
using fibre optic and IR thermometers via PC

Fig. 7. Same as in Fig. 1 for water 2% at 1058C.

Ž .Fig. 8. Transformation of 4-tertbutylphenol 4TBP, -I- catalyzed
Ž . Ž .by montmorillonite KSF catalyst under conventional CH a and

Ž . Ž . Ž .microwave MW b conditions; -'- total conversion, x ; -v-
selectivity to phenol; -B- selectivity to 2TBP; -^- selectivity to
2,4DTBP at 1108C.

temperature control. The results are presented in
Figs. 1–8 and Table 1.2

The comparison of the relative reaction rates
under conventional and microwave conditions
has been done using the method of initial reac-

Ž 0.tion rates r because the reaction kinetics of

2 In the case of 4TBP, the solid substrate was at first melted by
heating on an oil bath to 1108C and then KSF catalyst was added.
The temperature 228C under microwave conditions was kept by
efficient cooling by bath of liquid nitrogen.
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Table 1
Ž 0 .Initial reaction rates of transformation of t-butylphenols catalyzed by montmorillonite KSF catalyst under conventional r andCH

Ž 0 .microwave r conditionsMW

0 3 y1 0 3 y1 0 0Ž . Ž . Ž .Substrate Solvent Temperature 8C r =10 s r =10 s r rrCH MW MW CH

a b b2TBP – 196–199 20.00 21.00 1.05
b b– 105 7.11 10.30 1.45

– 75 1.21 3.17 2.62
– 22 0.07 1.51 21.6

aHeptane 105 3.20 3.80 1.19
aHexane 75 1.90 3.00 1.58
a,cMethanol 65 0.00 0.00 –
a,cTetrahydrofurane 75 0.00 0.00 –

dWater 105 0.16 0.99 6.19
4TBP – 110 0.38 5.37 14.13

aReflux.
b Too fast to be measured precisely.
c The reflux temperature under microwave was ;78C higher because of superheating effect.
d Induction period.

the process are too complex due to a great
number of the secondary reactions involved.

3. Results and discussion

The transformation of 2TBP is known to
w xprovide phenol, isomeric 4TBP and DTBP 6,7 ,

in accordance with the following equation:

Microwave and conventional experiments
have been carried out under strictly identical
conditions. The results are summarised in Figs.
1–8 and Table 1. It was found that transforma-
tion of 2TBP includes isomerization, transalky-
lation and dealkylation reactions. Their propor-
tions depended on the catalyst, reaction condi-
tions and heating mode.

3.1. CH

3.1.1. Temperature effect
w xAccording to the literature 8 , reactions with

2TBP catalysed by clays were usually carried

Ž .out under reflux 225–2308C . Under these con-
ditions debutylation and isomerization were re-
ported as the main reactions to proceed. In the

Ž .presence of a zeolite catalyst type Y isomer-
ization of 2TBP proceeded rapidly even at much

Ž . w xlower temperature 1008C 9 .
In our study we have used montmorillonite

KSF as the catalyst. This clay is known to be an
acidic heterogeneous catalyst efficiently used

w xfor Friedel–Crafts reactions 10 , including phe-
w xnol alkylation 11 . We have observed that in

the presence of KSF catalyst, 2TBP underwent
the following transformations.

3.1.1.1. Dealkylation. The reaction forming
phenol and 2-methylpropene took place only at

Ž .reflux temperature 196–1998C Fig. 1 and is
Ž .described in Scheme 1, Eq. 1 . The lower

Ž .reflux temperature than bp of 2TBP 2248C
was caused by the formation of the lower boil-

Ž .ing phenol 1828C even in the early stage of

Scheme 1.
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the reaction before reaction mixture starts to
boil.

3.1.1.2. Transalkylation and isomerization. The
reactions affording phenol, 4TBP and DTBP
proceeded at lower temperatures 1058C, 758C
Ž .Figs. 2 and 3 . It was found that the same
transformation proceeds at significant reaction

Ž . Žrate even at room temperature 228C Fig. 4,
.Table 1 , the isomerization being slower than

Žthe transalkylation at lower temperatures 228C,
. Ž .758C Figs. 3 and 4 . The isomerization of

2TBP using KSF catalyst has been found to
occur via transalkylation since the product of
isomerization, 4TBP, was detected to occur only

Žin the presence of transalkylation products Figs.
.3 and 4 and never in the absence of transalkyla-

Ž .tion vide infra . This observation is consistent
with a transalkylation mechanism producing a
kinetically controlled product distribution
Ž Ž ..Scheme 2, Eqs. 2–4 . Similar results were

w xobtained by Bolton et al. 9 using zeolite cata-
lyst where transalkylation was also assumed as
an integral part of the isomerization reaction. It
means that the amount of 4-isomer steadily
increased with time while di-t-butyl product is

w xpermanently consumed. Bolton et al. 9 claimed
that 3-isomer was the main final product. How-
ever, in our catalytic reaction 3TBP was formed

Ž .only in trace amounts less than 1 mol% and
occurred only after most of the 2-isomer was

Ž Ž ..converted to the 4-form Scheme 2, Eq. 3 .
Thus the isomerization of 4TBP to 3TBP did
not occur. As to the dialkyl fraction, there is a
strong preponderance of one isomer which is
assumed to be 2,4-di-t-butylphenol. This com-
pound is a principal intermediate owing to the
strong influence of hydroxyl group to 2- and
4-positions. t-Butyl group induces a consider-
able hindrance to the substitution of the two
adjacent positions. It is surprising that no di-
alkyl isomer has been reported in the previous
investigation of the isomerization and dealkyla-
tion of 2TBP on bentonite and kaoline clays by

w xSaleh and Mahmoud 8 . Moreover, the authors
supposed that 4TBP is produced by butylation

Scheme 2.

of phenol with 2-methylpropene. This is im-
probable according to our results and mecha-

Ž .nism proposed vide infra . We have also ob-
served the formation of tributylphenols, how-

Ž .ever, to a negligible extent less than 1 mol% .
From Figs. 2–4, which show the course of

the reaction at different temperatures, it is evi-
dent that in the absence of dealkylation reaction,
the reaction mixture composition reaches equi-
librium, e.g. the final content of 4TBP is close
to the value in the range 70–80 mol% and 1–2
mol% for 2TBP. Isomerization of 2TBP to 4TBP
is very fast at high temperatures, sometimes
almost instantaneous. When 4TBP was used as
the starting compound, the final composition
reached the same value, i.e. 76–82 mol% 4TBP

Ž .and 20 mol% 2TBP Fig. 8 , indicating equilib-
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rium concentration. Disproportionation of 2TBP
to phenol and 2,4-di-t-butylphenol should pro-
vide the equal product ratio. The differences in
concentration between phenol and di-t-
butylphenol from theoretical 1:1 molar ratio
might be explained by dealkylation of 2TBP
and 4TBP or by transalkylation of phenol and
4TBP by trialkylphenols.

3.1.2. SolÕent effect
We have also examined solvent effects on the

transformation reaction of 2TBP using both po-
Ž .lar methanol, tetrahydrofuran and nonpolar

Ž .hexane, heptane solvents. The reason was to
examine the influence of dilution of the reaction
mixture by inert solvents of different loss factor
on the reaction rate and to compare the effect of
microwaves on the reaction rate and selectivity
in absorbing and non-absorbing media. The re-
sults of the experiments carried out in refluxing

Ž .hexane or heptane 758C and 1058C showed a
decrease in reaction rates by dilution 7.1™3.20
=10y3 sy1 at 1058C and a slight increase

y3 y1 Ž .1.21™1.90=10 s at 758C Table 1 .
In the presence of polar solvents like methanol

and tetrahydrofuran, the reaction did not pro-
ceed. This was attributed to the stronger adsorp-
tion of polar solvents compared to phenols. It
was proved that 2TBP does not react without
adsorption. Water has also been found to have a

Žstrong inhibitory effect on the reaction rate Fig.
.7, Table 1 , but did not totally inhibit the cat-

alytic activity of KSF catalyst at low concentra-
Ž .tions 10 p.w. related to the catalyst .

3.1.3. Reaction mechanism
The results confirmed that the transformation

of t-butylphenols includes at least three types of
reaction: dealkylation, isomerization and
transalkylation. The reaction path can be repre-
sented by Schemes 1 and 2. The dealkylation
reaction was observed only at reflux tempera-

Ž .ture 196–1998C in the absence of solvent and
is represented by Scheme 1.

The isomerization has been found to proceed
via a transalkylation process which satisfactorily

Scheme 3.

explains the experimental results. The mecha-
nism of transalkylation step involves a bimolec-
ular intermediate formed by coupling of two
monoalkylphenols that subsequently yields phe-
nol and dialkylphenol. Since adjacent t-butyl
groups are not readily formed, the 2,4-isomer
was deduced from the transalkylation mecha-
nism as the main product. Experimental results
on the isomerization of t-butylphenols show
that the mechanism proposed for positional iso-
merization via transalkylation satisfactorally ac-
counts for the occurrence of transalkylation
products. We believe that the experimental re-
sults obtained in this study are in close agree-
ment with the reaction paths represented in
Scheme 2.

An intramolecular rearrangement by 1,2-shift
Ž .mechanism has been discounted Scheme 3 .

3.2. MW

When transformation of 2TBP has been car-
ried out under microwave conditions, significant
differences in reaction rates and in reaction
course have been recorded. The results are sum-
marised in Table 1.

3.2.1. Rate enhancement
As can be seen from Table 1, the rate en-

Žhancement of 2TBP transformation expressed
.by the relative ratio of initial reaction rates in

the presence of microwave irradiation was in
the range of 1.05–21.6 in the absence of sol-
vents at temperatures 22–1998C. The reaction
rates under both microwave and conventional
conditions at reflux temperature were too high
to be measured precisely. When the reaction
mixture was heated at lower temperature or
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diluted with an inert solvent transparent to mi-
Ž .crowaves hexane or heptane , the differences

between the reaction rates under conventional
and microwave conditions were more signifi-
cant. The rate enhancement had the highest
value at the lowest temperature up to 21.6 times
at room temperature. When the effect of water
on the reaction rate had been examined, 6.19
times rate enhancement was achieved by mi-
crowave irradiation in spite of the strong inhibi-

Ž .tion effect of water Table 1 . The observed
Ž .induction period Fig. 4 indicates that mi-

crowaves efficiently remove the water adsorbed
on the surface of the catalyst and then the
reaction is accelerated. This observation is very
important for the reactions where water is ob-
tained as the reaction product and indicates that
it should be quickly removed from the catalyst
Ž .or from the reaction mixture . 4TBP was less
reactive than 2TBP; however, the rate enhance-

Ž .ment was also higher 14.13 for MW.

3.2.2. Course of the reaction and its selectiÕity
The following differences as to the selectivity

and reaction course have been observed under
microwave conditions.

Ž .1 In spite of slight difference in the reaction
rates at reflux temperature, there was a great
difference in the evolution of 2-methylpropene.
While under CH 2-methylpropene was not re-
leased, it was vigorously evolved under mi-
crowave conditions. The question of whether
2-methylpropene is the result of prevention of
its polymerisation or of changes in mechanism
is under investigation.

Ž .2 From Figs. 1–8 it can be seen that the
product distribution in the course of reaction
always differs more or less when microwaves
are used for accelerating the reaction. However,
quantitative description of differences in the
selectivity is difficult because transalkylation
process is very complex and includes a great
number of secondary reactions. It is clear that
microwaves do have a certain selectivity effect
on the transformation of alkylphenols.

3.2.3. MicrowaÕe effect
Finally, the question arises: how to explain

differences in reaction rates and selectivity when
reactions are carried out under microwave irra-
diation?

An increase in reaction rates by microwave
irradiation as compared to CH has very often
been attributed to the local superheating of the
catalyst, to the formation of hot spots and to the

w xselectiÕe heating of actiÕe sites 2–5,12 . How-
ever, until now no direct evidence has been
provided to prove the existence of one or more
these effects. It was assumed that a catalyst
could have a steady state temperature, some-
what higher than the surrounding liquid medium
w x12 . If the existence of microwaves effect is
thought about on molecular level, one can con-
clude that there exists a very small or no differ-
ence between the selective heating of active
sites, hot spots or localised superheating effects,
taking into consideration the adsorption state of
the reactant molecule. Instead of speculating on
what kind of microwave effect is responsible for
the rate enhancement and selectivity changes,
our attention was focused to the interaction of
microwave energy with species adsorbed on the
surface of catalyst, particularly on the polarised
molecule in the transition state. We believe that
adsorbed 2TBP molecules are more affected by
microwave irradiation than solely by CH. This
interaction may result in great changes in both
reaction rates and selectivity. We explain this
effect by a Amicrowave-induced polarisationB.
It is evident that such a microwave effect can
operate when the transition state involves a
significantly polarised or charged intermediate
species. According to the reaction mechanism, it
seems most likely that the transformation of
alkylphenols involves this type of effect.

4. Conclusions

Despite the fact that transformation of
alkylphenols is a complex process, it was estab-
lished that microwaves had a strong effect on
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both the reaction rate and the selectivity. We
believe that the effect of microwaves involves
the interaction of microwave energy with highly
polarised reagent molecules during their adsorp-
tion on active sites in transition state. We ex-
plain this effect by a Amicrowave-induced polar-
isationB. However, more data are needed to
support these conclusions. For that reason, the
research which includes adsorption study, dif-
ferent catalysts with different kinds of active
sites and polar and nonpolar alkylaromatic
reagents has already started in our laboratory.
The results will be published in a subsequent
paper.
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