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Abstract

Calcined hydrotalcites (CHTSs) are studied for thg-butylation of phenol usingso-butanol in the temperatures ranging
from 350 to 500C. The major products of this reaction on calcined magnesium—aluminium hydrotalcites (CMA-HTS) are
O-tert-butyl phenol fert-butyl phenyl ether, OTBP) and t&rt-butyl phenol ¢-tert-butyl phenol, 2TBP) withO-butenyl
phenol (butenyl phenyl ether, OBP) and 2-butenyl pheoddutenyl phenol, 2BP) as useful by-products. With a view to
understand the reaction mechanism and the reaction festtfiputylation of phenol is studied by changing both Mg[M(l1)]
and AIM(I1)] ions with Zn?t and CP™, respectively. Thus, Mg—Al (MA), Mg—-Cr (MC) and Zn—Al (ZA) hydrotalcites (with
M2Z+:M3* ratio = 2) are prepared and characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
atomic absorption spectroscopy (AAS), differential thermal analysis/thermo gravimetric analysis (DTA/TG), BET-surface
area (BET-SA) and acidity—basicity measurements (temperature-programmed desorption (TPR)asfd\NED). Mixed
oxides obtained from CHTs are found to be more active over their individual oxides ftertiautylation of phenol. The
butylation activities of the three different CHTs are in the order CMA-HTCZA-HT > CMC-HT. A different product
distribution is obtained over calcined Mg—Cr and Zn-Al hydrotalcites fotdttebutylation of phenol showing the influence
of acid—base properties on the activity of the catalysts. A probable mechanism based on the experimental observations has
been proposed in order to explain the formation of butenyl phenols.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction eral formula of these compounds can be represented
as:

Hydrotalcite (HT) or hydrotalcite-like compounds
(HTIc) are layered double hydroxides belonging to
the class of anionic clays. The structure of these com- The structure can accommodate wide variations in
pounds are very similar to that of brucite, Mg(QH)  different M(Il) ions, M(Ill) ions and mixture of M(IIl)
where some of Mg represented as [M(Il)] are iso- and M(Il) ions, M(I1):M(lIl) atomic ratios (repre-
morphously replaced by Af represented as [M(Ill)]  sented byx = M(lll)/M(ll) + M(lll) ranging from
and the net positive charge is compensated by the0.1 to 0.33), different types of inter-layered anions

MID1-xM(II1) (OH)2] - AT, - mH20

x/n

inter-layered exchangeable anion”(A. The gen- with charge from—1 to —3, crystal morphology and
size [1]. A possibility of incorporation of M and

"+ Corresponding author. Fax:91-40-716-3757. M4t ions has also been reported in the synthesis of
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these materials by calcination above 4B80results in (AAS), differential thermal analysis/thermo gravimet-
the formation of a high surface area basic mixed oxi- ric analysis (DTA/TG) and temperature-programmed
des which are reported to be potential candidates in desorption (TPD) of NH and CGQ. The acid—base
catalyzing various reactions involved in the synthe- properties of these catalysts are correlated with the
sis of a variety of fine chemicalg—7]. In an earlier product distribution and a probable mechanism for
publication, we found that calcined magnesium— the formation of butenyl phenols is proposed based
aluminium hydrotalcites (CMA-HTs) are active for on these studies.
the tert-butylation of phenol withiso-butanol[8].
Thetert-butylation of phenol is an industrially im-
portant reaction to produdert-butyl phenols, which
are important starting materials in the synthesis of 5 1 Preparation of catalysts
antioxidants, agrochemicals, pharmaceutical interme-

diates, thermo-resistant polymers, protecting agents A the HT catalysts used in this study are prepared
for plastics and fragrance compounds. The other ysing Reichle’s methofb] with M(I):M(lIl) atomic
products, likeO-butyl and butenyl phenols also find  ratio of 2 by co-precipitation at room temperature (at
application in the synthesis of flavoring, fragrance g5+ 5°C in case of MC-HT) from the aqueous solu-
compounds and pharmaceutical intermediates, chro-tions of their corresponding nitrates with a mixture of
mans[9]. The by-product, 2-ethyl hexanal obtained aqueous solutions of NaOH and #&0; at a pH=~
over the CMC- and CZA-HTs is also reported to 11 The precipitate is then subjected to hydrothermal
be useful in the synthesis of 2-ethyl hexenol which treatment at 65 5°C for 18 h and the resultant gel
is used as an intermediate in the synthesis of plas- gptained after thorough washing (until Na content is
ticizers and cetane improvers, lubricant additives, <0.1wt.%) and filtration is dried in an oven at 190
surfactants, etc{9]. In liquid phase, this reaction is  gyernight. The dried samples are calcined in air for
generally carried out over acid catalysts, like ACl  18h at 500C and termed as calcined Mg—Al (CMA),
ion-exchange resins and super acid catalysts, like c3lcined Mg—Cr (CMC) and calcined Zn-Al (CZA)
Nafion-H, sulfated zirconil0-13] usingiso-butene  HTs. To compare the activities of these catalysts with
or iso-/tert-butanols and in vapor phase on zeolite thgijr corresponding pure oxides, MgO, ,Og and
catalysts withiso-/tert-butanols[14-16] The conven-  zn0 are also prepared by precipitation using aqueous
tional acidic catalysts employed are environmentally NaOH in the case of MgO and aqueousNhithe case
hazardous and although cation-exchange resins dogf Cr,05 and ZnO from their corresponding agueous
not pollute the environment, they involve a tedious pitrate salt solutions followed by calcination in air
work-up and are unstable at higher temperatures. (N, for Cr,03) at 500, 500 and 45(C, respectively,
These catalysts produce a mixture of, p- and for 5h. y-Al,O3 used is a commercial (Harshaw)
m-butylated products or predominantlyara prod- catalyst. The catalysts are pelletized, crushed and
ucts. Although catalysts likg-Al,03 are moreortho sieved to 18/20 BSS mesh before use.

selective [9], they undergo significant deactivation  Tg study the effect of preparation conditions on the
with time-on-stream. In our recent studg], over t-butylation of phenol, another MA-HT was prepared
solid base catalysts, CMA-HTs, we found them to py hydrothermal treatment at 655°C for 1h and

be more active fotert-butylation of phenol than that  cacining the oven dried gel at 50Q for 8 h in air to
over MgO andy-Al203 and the formation of unusual  get CMA-1.

products, like butenyl phenols is also observed over

these catalysts. The present investigation is aimed2.2. Characterization and activity study

at the study of the effect of substitution of Ky

by Zrét and APt by CPt in the MA-HT structure The XRD patterns are obtained from a Siemens
on the butylation activity of the catalysts. The cata- D-5000 powder X-ray diffractometer using nickel
lysts are characterized by X-ray diffraction (XRD), filtered Cu Ku radiation ¢ = 1.5405A). The XPS
BET-surface area (BET-SA), X-ray photoelectron spectra of the hydrotalcites are recorded on a Kratos
spectroscopy (XPS), atomic absorption spectroscopy axis 165 spectrometer equipped with a Mg Bource.

2. Experimental
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The binding energy (B.E.) correction is performed
by using the C with 1s peak at 284.6eV as a ref-
erence. The B.E.s were determined and the relative
intensities of the surface composition of different el-
ements are measured by correcting them with their
corresponding atomic sensitivity factors using Vision
2 software in Unix system. The bulk composition of
the M(Il) and M(lll) ions are determined by AAS
(Perkin-Elmer A Analyst 300). The DTA/TG profiles
are recorded on a Metler Toledo 851E (Switzerland)
instrument at a heating rate of 10 min~! both in

air and N. BET-SAs of the catalysts are measured
on an all glass high vacuum system tfdorr) by

N> adsorption at liquid nitrogen temperature. Acidity
and basicity measurements are carried out by TPD
of NH3z and CQ, respectively, using a micro-reactor
assembly. Typically about 200 mg of the catalyst is se-
cured between quartz wool plugs in the micro-reactor,
pre-treated in nitrogen at 45C€ for 3h and then
cooled to 80 C prior to the adsorption of Nilor CO,

at this temperature. After the adsorption of NHr
CO, (40 mImin~1) for 60 min, the catalyst is flushed
with nitrogen (40 mImint) for 60 min at 100C to
remove the physisorbed gas from the surface of the
catalyst. The desorption pattern has been recorded
at a heating ramp of 1 min—! from 80 to 500°C
using a recorder connected to a GC equipped with a
TCD detector.

The vapour phaséert-butylation of phenol using
iso-butanol is carried out in a vertical fixed bed glass
reactor using~1g of catalyst at the reaction temper-
atures ranging from 350 to 50C. A feed mixture
of phenoliso-butanol (1:7) is fed to the catalyst at a
rate of 4 mlhr! using a microprocessor controlled sy-
ringe pump (B. Braun, Germany3]. The products
are cooled, collected and analyzed by a GC equippe
with a flame ionization detector using a 10% SE-30
column (25m x 3mm, SS). The products are con-
firmed by GC-MS (Varian 7070).

d

3. Results and discussion

3.1. XRD, BET-SA, acidity and basicity
measurements

Fig. 1(A—C)show the XRD patterns of MA-, ZA-
and MC-HTs both uncalcined and calcined varieties.
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Fig. 1. The X-ray powder diffractograms of: (A) MA-HT (I) and
CMA-HT (ll); (B) ZA-HT (1) and CZA-HT (Il); (C) MC-HT (1)
and CMC-HT (Il); ¢) indicates MgCrQ phase.

All the uncalcined samples show hydrotalcite struc-
ture. The lattice parameters calculated for the MA-HT
area = 3.050A andc = 22953 A for the sample
treated hydrothermally for 1 h and for the sample that
is treated for 18 h, the values are= 3.048 A andc =
22.980 A. These values changed with the substitution
of Mg?t by Zr?t in HT structure toa = 3.070A
andc = 22596 A and on the substitution of At

by CPt to a = 3.096 A andc = 23697 A. Upon
calcinations the MA-HT catalysts show only poorly
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Table 1
Characteristics of calcined hydrotalcites, alumina and magnesia
Catalyst ~BET-SA  NHjz uptake (mmolm?) x 10° CO; uptake (mmolm?2) x 10° CO,/NH3
2 ~—1

(mg™) I i Total | I i Total
CMA-1 120 0.42 1.00 0.50 1.92 6.25 9.30 20.83 36.42 19.00
CMA 229 0.04 1.14 1.35 2.53 1.66 4.98 12.75 19.39 7.65
Al>03 220 0.09 0.64 0.86 1.59 0.59 2.64 5.77 9.00 5.66
MgO 110 0.09 0.27 1.09 1.46 2.00 13.82 27.54 43.36 29.80
CMC 135 - 0.07 0.37 0.44 0.89 0.59 341 4.89 11.01
CZA 230 0.70 2.83 2.17 5.70 - 3.39 11.74 15.13 2.66

I, From TPD in the temperature ranges of 200-300 Il, from TPD in the temperature ranges of 300-4Q9 IIl, from TPD in the

temperature ranges of 400-50D.

crystalline MgO phased( = 2.11, 1.49, 1.22A;
ASTM no. 4-0829). The CMC-HT, shows in addi-
tion to MgO, MgCrQ phase § = 5.0, 3.77, 6.0,
10.8A; ASTM no. 1-0243) also. Only ZnO phase
(d = 2.48,2.82,2.60 A; ASTM no. 5-664) is observed
in CZA-HT catalyst.Table 1shows the BET-SA and
NH3 and CQ uptakes of various catalysts. NHip-

sulting in the lowering of the average surface strength
of basicity [17]. These differences in site densities
may be the reason for the low temperature activity
seen on CHT catalysts and high temperature activity
that is (above 450C) seen on MgO cataly$18].

The total basicity per unit surface area of the cata-
lysts showed the following order: Mg CMA-1 >

take of the catalysts shows the presence of acidity CMA > CZA > Al;O3 > CMC, and the acidity

of different strengths and is found to be very high

in ZA-HT indicating that the substitution by 2h

in the following order: CZA> CMA > CMA-1 >
Al,0O3 ~ MgO > CMC. The CMA-HTs showed

enhances the acidity of the catalyst. On MC-HT, both higher acidity as compared to MgO. This may be

the NH; and CQ uptakes are found to be very low in

the probable reason for the CMA-HT to have shown

comparison to other HTs indicating that substitution higher activity towards butylation of phenol than by

of A3t by CP* resulted in a drastic reduction of the

MgO as the reaction is reportgd] to take place by

acid—base properties of the catalyst. This behavior the participation of acid—base pairs. The CZA cata-

may be attributed to the formation of MgCsG@pinel

lyst although showed the highest acidity among all the

in this catalyst which also may be the reason for the catalysts studied, this acidity seems to correspond to

lower activity of the catalyst towards butylation of
phenol. According to Di Cosimo et gL 7] while pure

high strength sites which probably do not contribute
to this particular reaction. This is further confirmed

MgO possesses strong basic sites consisting predom-by the formation of other products of condensation

inantly of &>, calcined hydrotalcites contain surface
sites of low (OH groups), medium (Mg-O pairs),
and strong (&) basicities. Our experimental results
on TPD of CQ conform to this viewpoint. The ba-
sic sites in the temperature range of 200-30(are

and dehyrogenation observed in good measure over
this catalyst. The basicity:acidity ratio is the highest
on MgO followed by CMA-1, which appears to be the
most basic among all the hydrotalcites studied here,
even more basic than CMA. The acidity of CMA is

designated as of low strength, the sites in the range higher than that of CMA-1 probably due to the contri-

of 300—400C as of medium strength and those in
the range of 400-500C as high strength ones. It is

bution of more surface enriched 31 towards acidity
as a result of longer hours of hydrothermal treatment

observed that while the density of high temperature given to CMA during the preparation step.

basic sites (>400C) is greater in MgO catalyst, the
CMA-HTs showed relatively more density of low

strength basic sites in comparison to the basic sites
of other strengths. This behavior may be attributed to

the formation of weakly basic —OH groups on CHT
with the incorporation of At in the brucite layer re-

3.2. XPSand AASresults

Table 2shows the surface and bulk compositions
of hydrotalcites determined by XPS and AAS tech-
niques, respectivelftig. 2shows X-ray photoelectron
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Table 2
Surface and bulk compositions of hydrotalcites determined by XPS Mg-Cr HT
and AAS
Catalyst Surface composition Bulk composition
(XPS) M(I):M(11) (AAS) M(II):M(11)
atomic ratio atomic ratio
MA-HT 1.15 1.98
MA-HT-1 1.3 1.98
MC-HT 2.13 2.25
ZA-HT 1.97 1.93

spectra of different hydrotalcites. The binding ener-
gies of M(Il) and M(IIl) ions Fig. 2) suggest their
existence in hydroxide form. The Mg 2p B.E. value
is found to be around 50.0eV in all the Mg contain-
ing HTs and the Al 2p B.E. is observed to be 74.0 eV
in MA- and ZA-HT samples. The Cr 2p B.E. value
is 578.0eV in MC-HT sample. The B.E. value of 1s
of O (532.0eV) also indicates it to be present in hy-
droxide form. No significant change in the B.E. of 1s ';
of O is observed corresponding to the substitution of
Zn?t or C3* in the original HT structure, i.e. w.rt. 1
ZA- and MC-HTs. )
The bulk atomic ratios of M(Il):M(lll) determined %'
g

Zn-Al HT

Mg-Al HT

by AAS are close to ‘2’. But a surface enrichment of
Al is observed in case of MA-HT with lower Mg:Al
atomic ratio (1.15) as evident from XPS analysis. Di
Cosimo et al]17] showed that increasing Al content
in CHT samples, segregation of 3l to the surface
takes place as observed from the increase ynAd)
ratios. The surface M(Il):M(lll) atomic ratios in the
other hydrotalcites, viz. MC- and ZA-HTs determined
by XPS are close to their bulk compositions as ob-
tained from AAS. The main peak of 1s of C observed Mg-Al HT1
at a B.E. value of 285.0eV and another one around
289.0eV in all the samples clearly suggest the pres-
ence of carbonate anion in the structure of HT.
Sachez et al[19] observed a small difference

of about 0.5eV between MgFe- and MA-HTs in
the O 1s B.E. These compounds are reported to
have shown a difference of 0.9eV shift to lower

energy and an increase in their basicity upon de-
carbonation. Upon rehydration these materials have 1000 80 0 0 0 0
also shown higher basicity than that of MgO. From Binding energy (eV)

calorimetric measurements, the heat of adsorption

of COZ (llo kJ mo‘I‘l) is found to be the same Fig. 2. The XPS spectra of MA-HT, MA-HT-1, MC-HT and
for CHTs and MgO|[19]. Figueras et al[20,21] ZAHT.

have reported high activities for the aldolisation and
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Fig. 3. The DTA/TG patterns of: (a) MA-HT (air) and'{aA-HT
(N2); (b) MC-HT (air) and () MC-HT (N2); (c) ZA-HT (air)
and (¢) ZA-HT (N2).

Michael reactions over the rehydrated or modified
MA-HTSs.

3.3. DTAITG

Fig. 3illustrates the DTA/TG curves of the three
different HTs synthesized with M(II):M(lIl) atomic
ratio = 2, recorded in air and N Two major en-
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dothermic peaks are observed in all the HTs recorded
both in air and N corresponding to the two stages
of weight decrease. Except for MC-HT, all the sam-
ples exhibited similar DTA patterns in both the atmo-
spheres (N and air). However, a slight shift in the
tmax towards lower temperatures is observed in all the
samples recorded indNwhich is more pronounced in
MC-HT. The first endotherm corresponds to the loss
of inter-layer water and, the second one is attributed
to the loss of hydroxyl groups from the brucite-like
layer as well as of the anion (G®") in MA-HT [22].

A very broad, small endothermic peak around 360
(before the second main transition) is also observed in
MA-HT sample. This may be assigned to the loss of
part of the OH in the brucite-like layef23].

Two low temperature peaks at 205 and 260
and a high temperature peak at 820are observed
in ZA-HT samples. The peaks at 205 and 260
are attributed to the loss of interlayer water and
de-hydroxylation due to the loss of OHin the
brucite-like layer and loss of inter-layered anion
(CO3%7), respectively[24,25] The high temperature
peak at 820C may be attributed to the heat absorbed
during the formation of spinel (ZnAD4) phase at
this temperature. The XRD analysis of ZA-HT cal-
cined at 900C in air for 5 h confirmed the formation
of ZnAl204 (ASTM no. 5-669).

In MC-HT samples, first weight loss due to re-
moval of molecular water is seen to extend from room
temperature up to 20@. We observed only a single
and a very broad endotherm in the DTA profiles un-
like Kooli et al. [26] who reported to have observed
two peaks at 118 and 24C probably due to the dif-
ferences in the preparation conditions adopted. Kooli
et al.[26] have hydrothermally treated the precipitated
sample at 120C for 48 h, whereas, we have prepared
the MC-HT by hydrothermal treatment at 655°C
for 18 h. A second weight loss is observed from the
broad endothermic peak withrgaax = 360°C in the
sample recorded in Nand at 400C for the sample
recorded in air. This weight loss may be ascribed to
removal of hydroxyl groups from the layers and £0
from carbonate species in the interlayer space. An ad-
ditional endotherm around 58C is also observed in
the sample recorded in air, which may be attributed to
the redox process of the chromium id2§]. Confir-
mation of this is evidenced from the absence of this
transition in the profile recorded in nitrogen.
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3.4. tert-Butylation of phenol over CMA-, CMC- and Fig. 4 shows the effect of temperature on the
CZA-HTs t-butylation activity and the product selectivities over
the three different CHTSs, viz. CMA, CMC and CZA.
The tert-butylation of phenol has been carried out It is observed that the substitution of Ffgand AR+
on two different CMA-HTs prepared by varying the by Zr®™ and CP#* influences the conversion of phe-
preparation conditions. It is found that the catalyst, nol as well as the selectivity to various products.
CMA prepared by hydrothermal treatment for 18 hand Although, CZA showed good activity corresponding
calcined in air for 18 h showed higher butylation ac- to the high basicity and enhanced acidity of the cat-
tivity as compared to that of the CMA-1, which is hy- alyst, CMC showed a lower activity probably due to
drothermally treated for 1 h and calcined for 8 hin air. a drastic decrease in the acidity and basicity of the
The difference in the activity probably corresponds to catalyst by C¥ substitution. There is an increase
the difference in their acidities and basicities as seen in the activity with temperature in all the catalysts,
from Table 1 Thus, the other two HT catalysts, viz. except that there is a slight decrease in the activity

CMC- and CZA-HTs, are prepared identical to that of above 450C in CMC and CZA catalysts, which may
CMA-HT. be the result of increased dehydration of alcohol, and

80
60
70 1=350" 1=400°C
55 b
60 I 50
as |
50 40 F
35
40 O
30 | e,
30 F 25 ,:
0.4
20 159
20 F ’o‘c
z s b /0‘.
5 /0:1
g 10 ; 10 | ﬁ:::
3 % ST
@ ‘ 7 AR
= ° 0
o CMA-HT CMC-HT CZA-HT CMA-IIT CMC-HT CZA-HT
2 vty
2
= 6o b 60 | .
8 1=450°C 1=500°C
ss | ss b
J
S o b 50
45 - 45
40 40 §
35 REIN of §
-
L 3 L
30 % 30 o’<§
o N
SN 7 SEZ:N\
%! &
20 F ::- 20 b :::§
4|
o 0%
15 | 54 15 | ."\
S 2N
o b o o.\
3 KA
s | RN s | o:<§
8% RN
0 0
CMA-NT CMC-HT CZA-HT CMA-IIT CMC-HT CZA-HT
Catalyst

Conversion of Ph-OH XX Sclectivity to OBP Selectivity to OTBP = Sclectivity to 2BP 1] Selectivity to 2TBP

Fig. 4. Effect of temperature on thebutylation of phenol over the calcined hydrotalcites: OBPFputenyl phenol; OTBPO-tert-butyl
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consequent coking over these catalysts. From theseTable 3

results, a reaction temperature of £8Dappears to be t-Butylation activity of different catalysts at 45C and at a feed
o - : (Ph-OHi-BUOH = 1:7) rate of 4 mlhl

optimum for thet-butylation of phenol. The reaction

has been found to attain steady state~ihh. When Catalyst Conversion of Selectivities (%)

the reaction is continued for a further period of 5h, Ph-OH (%) Gpp OTBP 2BP 2TBP Others
the conversion and selectivity levels were found to be MgO 178 280 540 180 —
nearly steady on all the catalysts. ALOs 7.0 _ 205 - 705 -

The absence of formation of OTBP and 2TBP over cr,o, -
CMC catalyst may be attributed to the absence of good zno

amount of strong basic and acidic sites required for CMA-1  34.7 168 714 - 118 -
the formation of these producfg7,28] In CZA, al- CMA j‘;g ii'g 22(5) 17255 1'5 4&0
though the basicity is observed to be high, this basicity ~yc 279 180 - 570 — 250

seems to be involved more in other reactions, viz. de- PYS—E Ty TSP ———
hydrogenation and condensation. The other products oropy! :Srgrzust};"_"“t 6, 2-ethyl hexan oand 2-methy!
that are obtained in good amounts and identified to be b2_Ethyl hexanak 25%.
the dehydrogenation and condensation products, viz.
phenyl butyrate, 2-ethyl hexanal and 2-methyl propyl
ester from GC-MS analysis over this catalyst suggest Table 4shows the selectivities of various products at
that the strong basic sites available on this catalyst are aniso-conversion of phenol at30% on the three dif-
somewhat different from those available on MgO or ferent hydrotalcites studied in the temperature ranges
mixed oxides of CMA and CMC. The formation of of 400-450°C. Formation of OBP is seen on all the
2TBP over CMA at higher temperatures may be at- catalysts and 2BP did not form over CMA at the stud-
tributed to the availability of strong basic sites of MgO ied reaction temperature (40GQ). The formation of
at higher temperatured8]. The formation of OBP ~ 2TBP is seen to be absent on all the catalysts at this
and 2BP over all the three catalysts also confirms the level of conversion of phenol.
formation of these compounds by the combined ac- In general, alkylation of phenol is a reaction sen-
tion of acid—base pairs present on these catalysts assitive to the acid—base properties of the catalysts em-
evidenced from the Ngland CQ uptakes. ployed. It has been reported that whidealkylation of
Table 3shows the comparative activities of different phenolis favored by the strong acid sites of the catalyst
catalysts towardsert-butylation of phenol studied at  [27,28], C-alkylation is promoted by weak acidic or
the optimum reaction temperature of 48D It is evi- strong basic sitel29-31] According to another report
dent from this table that the mixed oxides obtained by O-alkylation of phenol is favored by weak acidic sites
the calcination of the HTs are more active than their [32]. Itis also reported that methylation of phenol over
corresponding individual oxides for thdutylation of CHTs takes place by the combined action of acid—base

phenol. In fact, the conversion of phenol overOs sites of the catalystf7]. In our earlier[8] and the
and ZnO is nil. present study, alkylation of phenol usiigp-butanol
Table 4

Product distribution at iso-conversion of phenol over the calcined hydrotalcites using a feed (PBu@Ht) molar ratio of 1:7 in the
temperature range of 400-4%50

Catalyst Conversion of Ph-OH (%) Selectivities (%)

OBP OTBP 2BP 2TBP Others
CMA att = 400°C and FR=2mlh?! 31 35.3 64.7 - - -
CMC att = 450°C and FR=2mlh™! 29 16.3 - 55.8 - 279
CZA att = 400°C aand FR=4mlh™! 30 7.3 26.4 10.3 - 55%

FR: feed rate.
a2-Ethyl hexanal.
b Phenyl butyrate, 2-ethyl hexanal and 2-methyl propyl ester.
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Fig. 5. A plausible mechanism for the formation of butenyl phenols.

is found to yield other products, namely butenyl phe-
nols in good amounts besidéstert-butyl phenol and
2-tert-butyl phenol over CHTSs. Acid—base properties
of CHTs appear to be important for thet-butylation

of phenol and the obtained product distribution may
be explained in terms of mode of adsorption of phe-
nol over the different acid—base sites available. Mar-
czewski et al.[32] reported that methanol which is
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more basic than phenol, is adsorbed on protonic cen- phenol on CMA-HTs at 450C, did not produce any
ters of acid catalysts as GB*Hy, resulting in the 2-butenyl phenol ruling out the possibility of forma-
formation of anisole by the reaction between adsorbed tion of butenyl phenols through this route. So, it is
methanol and either phenol in the gas phase or phenolproposed thaitso-butanol adsorbs as an alkoxide over
adsorbed on weak acidic sites. Tanabe and Nishizaki MgO or CHT and dehydrogenate forming an interme-
[30] proposed two different modes of adsorption on diate similar to that ofso-butyraldehyde (in adsorbed
acidic and basic sites. On MgO which is very weakly form). This intermediate reacts with phenol, either in
acidic, the phenol is shown to adsorb in the form of gas phase or in horizontal mode of adsorption (over
phenolate ion in a vertical mode of adsorption with the acidic sites of the catalysts) formir@-butenyl
the benzene ring held perpendicular to the catalyst phenol. The formation of 2BP is possible in the same
surface and on Si&-Al,0O3 catalyst with high acid way wherein the intermediate in this case reacts with
strength, the acid sites are shown to interact with the the phenol, in vertical mode of adsorption over the
m-electrons of the benzene ring showing a horizontal basic sites of the catalyst.

mode of adsorption with the benzene ring parallel to
the catalyst surface. This is reported to be the reason
for the high selectivity towardsrtho product over
MgO catalysts and the formation of various other
isomers over Si@-Al,O3 catalyst. Thus, the mode
of adsorption which is governed by the acid-base
strengths of the catalysts in turn seem to influence or
control the selectivities of the products. The possible
formation of various products may, thus be explained
in terms of the two modes of adsorption of phenol over
the acid—base sites. The formation of normal prod-
ucts, OTBP and 2TBP may occur due to the action of
both acidic and basic sites of HT. A plausible mecha-
nism (Fig. 5 has been proposed for the formation of
OBP and 2BP, based on the present observations an
earlier studies on theert-butylation of phenol.

Solid base catalysts, such as MgO are highly se-
lective for the hydrogen transfer from alcohols to
carbonyl compounds through a mechanism similar
to that of the Meerwin—Ponndorf—\Verley reaction
[33,34] It has also been reported that if alkoxide in-
termediates are formed on the surface, they dehydrate
into olefins on acidic site435,36] and dehydro-
genate on basic sit¢37,38] Figueras et a[39] have
shown that in the dehyrogenation of methanol and
t-butanol over alumina and silica—alumina catalysts,
alumina which has a basic character, is more active
than silica—alumina. They found the inhibition of de- Acknowledgements
hydration activity upon poisoning the basic sites by
pyridine, Na or tetracyano ethylene and suggested One of the authors, A.H. Padmasri thanks CSIR
that the reaction requires both acidic and basic sites. (New Delhi) for the award of the Research Associate
Therefore, one would expect from the dehydrogena- Fellowship. We thank Dr. B. Sridhar (IICT) for the
tion of tert-butyl phenols, (the normal products of XPS analysis. We also thank the referees for their con-
tert-butylation) to yield the butenyl phenols. It may structive criticisms and suggestions in improving the
be mentioned here that the reaction ofef-butyl quality of the manuscript.

4. Conclusions

Mixed oxides obtained from CHTs are found to
be more active than their individual oxides for the
tert-butylation of phenol. The butylation activities of
the three different HTs are in the order: CMA
CZA > CMC. The substitution of A&t by Cr* has
resulted in the drastic reduction of acid—base proper-
ties of CMC accounting for the lower activity in the
tert-butylation of phenol. The substitution of Mg by
Zn?t resulted in the enhanced acidity of the hydrotal-
cite formed and has also shown a good basicity and
Gactivity. But, this basicity and acidity of the catalyst
seemed to contribute to the side reactions giving rise
to dehydrogenation and condensation products low-
ering the selectivities towards butylation products. A
probable mechanism has been proposed for the for-
mation of butenyl phenols based on the correlation
obtained between the acid—base properties of the cat-
alysts and product distribution. This study has also
shown that it is possible to design a suitable catalyst
at chosen reaction conditions to get a desired product
of tert-butyl or -butenyl phenol and/or condensation
products.
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