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Abstract

A systematic study of catalytic tertiary butylation of phenol was carried out with isobutene as a function of temperature, feed c
tion, time on stream, space velocity, and catalyst composition on Cu1−xCoxFe2O4 (x = 0 to 1) system. Tertiary butylation of phenol giv
three products, namely, 2-tert-butyl phenol, 4-tert-butyl phenol, and 2,4-di-tert-butyl phenol. The phenol conversion and selectivity of th
products depend on the reaction parameters. A good correlation was found between the activity, in terms of phenol conversion a
product selectivities for this reaction, and the acid–base properties of the catalysts. High activity is achieved withx = 0.5 composition, illus-
trating the importance of a 1:1 combination of Cu and Co and the necessity for optimum concentrations of acid–base centers for th
A reaction mechanism involving the interaction of phenoxide from phenol and thetert-butyl cation from isobutene on Cu1−xCoxFe2O4 is
proposed. X-ray photoelectron spectroscopy and X-ray induced Auger electron spectroscopic analysis of fresh and spent catalyst
partial reduction of metal ions due to reaction. Valence band studies clearly revealed an increase in the overlap of metal ion 3d bands from
fresh to spent catalysts as reflected from a large decrease in the energy gap between them. The better catalytic results observedx = 0.5
are attributed to an optimum distribution of Cu species with heteroatom neighbors, maximum overlap between the Cu and Co 3d bands, and
intermediate acid–base character.
 2003 Elsevier Inc. All rights reserved.

Keywords: Tertiary butylation; Phenol; Cu1−xCoxFe2O4; Ferrospinel; X-ray photoelectron spectroscopy; Acidity; Basicity; Acid–base pair; Valence ba
overlap; Metal ion distribution
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1. Introduction

Tertiary butylation of phenol has been studied ext
sively owing to industrial interest in the production of
variety of materials [1]. For example, 2-tertiary butylph
nol (2-tBP) is a starting material for the synthesis of
tioxidants and agrochemicals. Triphosphate and benzo
zole derivatives of 2,4-ditertiary butylphenol (2,4-dtBP) a
employed as costabilizers for polyvinyl chloride and U
absorbers in polyolefins, respectively. Various catalysts
ported for tertiary butylation of phenol include Cr2O3, ion-
exchange resins, ZrO2, sulfated zirconia, aluminum hydro
talcites, molecular sieves, and zeolites including morden
SAPO-11, HY, Hβ , AlMCM-41, and FeMCM-41 [2–14]
Unlike other phenol alkylation, tertiary butylation of ph
nol gives numerous products including 3-tert-butylphenol

* Corresponding author.
E-mail address: gopi@cata.ncl.res.in (C.S. Gopinath).
0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2003.12.001
depending on the catalysts and on the reaction condit
Most of the above-mentioned catalysts are focused on
production of 4-tertiary butylphenol (4-tBP), 2,4-dtBP, a
2,6-dtBP. 2-tBP is produced as the main product of phe
butylation with isobutene in the presence of an acidic i
exchange resin catalyst [1]. Though cation exchange r
catalysts have an advantage due to environmental frie
ness, they have disadvantages due to tedious workup
activity, and less stability at high temperatures.

Ferrites of spinel-type structure are found to be hig
active toward many aromatic alkylation reactions such
phenol alkylation, aniline methylation, and pyridine meth
lation [15–19]. The catalytic effectiveness of these syste
is due to the ability of the metallic ions to migrate betwe
the sublattices without altering the structure, which ma
the catalyst efficient for many organic transformation re
tions. The Cu1−xCoxFe2O4 system was found to be high
active for phenol alkylation with different alkylating agen
and has been characterized in detail [19–23]. The prime
traction of this catalyst system is its highortho products

http://www.elsevier.com/locate/jcat
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selectivity with high phenol conversion. Cu–Co combinat
in terms of synergism and 3d energy band overlap were su
gested to be responsible for this efficient process [21]
part of continuing studies on alkylation in our laboratory,
carried out tertiary butylation of phenol with isobutene (IB
Effects of various parameters such as reaction tempera
time on stream (TOS), space velocity, mole ratio of pheno
IB, and catalyst composition were studied. Effects of th
parameters on phenol conversion and selectivity to var
products were also studied. A good correlation was fo
between activity, in terms of phenol conversion and selec
ity of various products for this reaction, and the acid–b
properties of the catalysts. Special attention was paid to
associated changes in terms of surface composition an
overall electronic structure of catalysts due to reaction.

2. Experimental

Cu1−xCoxFe2O4 (x = 0, 0.25, 0.50, 0.75, and 1) sampl
were prepared by coprecipitation technique and chara
ized by various physicochemical techniques as reporte
earlier articles [20–23]. Briefly, stoichiometric amounts
premixed metal nitrate solutions were added to NaOH s
tion with continuous stirring. The final pH of the resulti
solution was adjusted to between 9.5 and 10. The precip
was washed with demineralized water until Na+ and NO3

−
ions disappeared. The precipitates were filtered, drie
80◦C, and calcined at 500◦C. The chemical compositions o
calcined (fresh) catalysts were determined by X-ray fluo
cence (XRF) spectroscopy. X-ray diffraction (XRD) patte
of the powder catalysts were recorded with Cu-Kα radiation
(λ = 1.5405 Å) with a Ni filter to obtain unit cell parame
ter (a) and crystallite size. The BET surface area and p
volume of the catalysts were determined by a N2 adsorption–
desorption method at 77 K using a Quantachrome NO
1200 adsorption unit. For X-ray photoelectron spectrosc
(XPS) measurements, a VG Microtech Multilab ESCA 30
spectrometer with a non-monochromatized Mg-Kα X-ray
source (hν = 1253.6 eV) was employed with in situ scrape
fresh catalyst pellets and powder samples of spent cata
Energy resolution of the spectrometer was set at 0.8 eV
Mg-Kα radiation at a pass energy of 20 eV. Binding e
ergy calibration was performed with the Au 4f7/2 core level
at 83.9 eV. Spent catalysts analyzed by XRD and XPS
ter butylation at 200◦C for 10 h, had a 1:3 composition o
PhOH:IB, unless otherwise stated.

The reactions were conducted in a vapor-phase set
atmospheric pressure in a vertical, downflow, fixed-bed g
reactor 17–18 mm in internal diameter. This glass re
tor was placed inside a split-type furnace (Geomechani
France), which can maintain different temperatures in
upper and lower halves [22]. Three grams of fresh c
lyst with a particle size around 20 mesh (different part
sizes did not have any significant effect on the kinetic
sults reported here) was charged each time in the cent
,

e

-

.

t

,

f

the reactor in such a way that the catalyst was sandwi
between the layers of inert porcelain beads. The upper
tion of the reactor was also filled with inert beads and ser
as a vaporizer-cum-preheater; it was maintained at 20◦C
or the reaction temperature, whichever was higher, to en
that phenol was fully vaporized before it reached the c
lyst bed. The feed mixture containing phenol and IB ga
the appropriate ratio was passed simultaneously. IB flow
measured with a mass flow controller. Phenol was heat
55◦C and pumped through a syringe pump (ISCO, Mo
500D). The feed line from the pump to the reactor was a
heated at 55◦C. The products were collected in a conden
cooled with ice-cold water and the analysis was perform
with GC, GC-MS, and GC-IR methods. The accuracy of
catalytic activity values reported in this article was de
mined by repeated measurements and is reproducible w
±5%.

3. Results

3.1. Characterization of Cu1−xCoxFe2O4

Catalysts were characterized with respect to chem
composition structural and textural properties have alre
been reported [20–23]. In Fig. 1 shows the XRD patte
of calcined (a) and spent (b) catalysts. Fresh Cu-rich c
lyst (x = 0) exhibits a diffraction pattern attributed to c
bic spinel phase and a considerable amount of CuO
Fe2O3. Substitution of Cu with Co increases the overall cr
tallinity of the spinel phase and all the peaks are inde
(ASTM Card Nos. 1-1121 and 3-0864). The XRD pattern
spent catalysts displays Cu0 at x = 0 along with CuO and
Fe2O3; however, only a trace amount of Cu0 is detected a
0.25� x � 0.75 and there is no major change on CoFe2O4
after reaction. Table 1 lists the unit cell values (a) for all
catalysts, which decrease with increasingx. Deviation at
x = 0 composition is due mainly to the significant amoun
impurities present. Surface area and pore volume (Tab
have relatively high values atx = 0.5; however, other com
positions, exceptx = 0.0, are associated with comparab
values, hinting that there might be no major influence of
tural properties on catalytic properties. Relative acidity
basicity values were measured from the pyridine and C2
adsorbed on the catalyst surfaces at 100◦C and room tem
perature, respectively [23]. A systematic increase (decre
in relative acidity (basicity) is observed with increasingx

value.

3.2. Catalytic activity studies

3.2.1. Effect of isobutene:phenol mole ratio
Tertiary butylation of phenol was carried out at 200◦C

with various IB:phenol mole ratios (IB:PhOH) between
and 7 on Cu0.5Co0.5Fe2O4 to determine the optimum fee
ratio (Fig. 2a). The main products of tertiary butylation
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Fig. 1. X-ray diffractograms of (a) fresh and (b) spent Cu1−xCoxFe2O4
catalysts. X-ray diffractogram of spent catalysts were obtained after
tiary butylation of phenol at 200◦C for 10 h with a 1:3 composition o
phenol:isobutene. Note that a significant amount of metallic Cu is see
x = 0.0 spent catalyst.

Table 1
Textural and acid–base characteristics of Cu1−xCoxFe2O4

Composition, a SBET Pore volume Relative acidity
x (Å) (m2/g) (cc/g) (10−2) (basicity)a

0.0 8.3898 28.8 5.1 300 (580)
0.25 8.4051 34.0 6.7 381 (510)
0.50 8.4012 43.8 10.9 479 (420)
0.75 8.3982 36.6 6.4 623 (275)
1.0 8.3997 36.8 5.9 782 (210)

a Obtained from FT-IR studies of pyridine and CO2 adsorbed cata
lysts [23].

phenol are 2-tBP, 4-tBP, and 2,4-dtBP. A trace amoun
2,6-dtBP is also formed. It can be seen that phenol con
sion increases as the IB:PhOH increases to 3 and there
marginally increases to 5 and then decreases. However,
paratively high yields of 2-tBP and 2,4-dtBP were obser
at a feed ratio of 3:1. Further, too much of either of the
actants in the feed deactivates the catalyst rapidly, henc
optimum feed ratio of 3:1 was maintained for further stu
ies. It is to be noted that the amount of unreacted IB incre
with increasing feed ratio. Concurrently, there is an incre
r
-

Fig. 2. (a) Isobutene:phenol feed composition dependence of phenol co
sion and selectivity of all tertiary butylation products on Cu0.5Co0.5Fe2O4,
at 200◦C and TOS of 3 h. (b) Catalyst composition dependence of p
nol conversion and selectivity of tertiary butylation products at 200◦C and
IB:PhOH of 3 are shown for Cu1−x CoxFe2O4. Note an increase in the se
lectivity of 4-tert-butylated phenol with increase in Co content and incre
in isobutene in the feed.

Table 2
Influence of catalyst composition on phenol conversion and product d
bution over Cu1−xCoxFe2O4 (x = 0, 0.25, 0.50, 0.75 and 1)a

Product distribution (mol%) Catalyst composition,x

0 0.25 0.50 0.75 1

2-tert-butyl phenol 6.49 8.25 12.76 3.97 1.50
4-tert-butyl phenol 4.38 5.83 8.19 4.46 4.37
2,4-Di-tert-butyl phenol 2.08 1.41 7.49 1.59 0.34
2,6-Di-tert-butyl phenol 0.17 0.13 0.48 0.12 0
Others (includingo-cresol 0.29 0.30 0.70 0.20 0.16

and 2,6-xylenol)
Phenol conversion 13.40 15.92 29.62 10.34 6.37
2-tert-butyl phenol selectivity 48.43 51.82 43.08 38.39 23.55
4-tert-butyl phenol selectivity 32.69 36.62 27.65 43.13 68.60
2,4-Di-tert-butyl phenol selectivity 15.52 8.86 25.29 15.38 5.34
Total ortho selectivity 49.70 52.64 44.70 39.45 23.55

a Phenol butylation is carried out at a phenol:isobutene mole ratio o
at 200◦C and a WHSV of 1 h−1.

in the amount of aliphatics formed (results not shown) du
oligomerization as well as cracking of IB. 4-tBP selectiv
increases as IB:PhOH increases up to 5 and thereafter
ginally decreases. Though the selectivity of 4-tBP increa
with a large amount of IB in the feed, there is a percept
drop in the selectivity of both 2-tBP and 2,4-dtBP.

3.2.2. Effect of catalyst composition
Fig. 2b illustrates the catalyst composition dependenc

phenol conversion and selectivity of tertiary butylated p
nols on Cu1−xCoxFe2O4 at 200◦C with IB:PhOH mole ratio
of 3:1 and WHSV of 1 h−1. Conversion and product se
lectivity of phenol tertiary butylation on Cu1−xCoxFe2O4
under optimum conditions are also summarized in Tabl
The important observations are: (1) Phenol conversion
creases fromx = 0 to 0.5 and then decreases with furth
increase inx. (2) 2-tBP selectivity decreases as Cu co
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Fig. 3. Tertiary butylation of phenol is shown on Cu0.5Co0.5Fe2O4, with
IB:PhOH = 3, as a function of (a) reaction temperature, (b) time on stre
and (c) weight hourly space velocity.

tent decreases. (3) 4-tBP selectivity increases atx > 0.5,
however, with a concurrent decrease in phenol conver
(4) x = 0.5 is associated with maximum phenol convers
and high selectivity towards 2,4-dtBP formation. A sudd
increase in 2,4-dtBP and a parallel decrease in 2-tBP s
tivity at x = 0.5 hints that tertiary butylation is sequential

3.2.3. Effect of reaction temperature
Fig. 3a shows the effect of reaction temperature on

conversion of phenol and selectivity of various products
x = 0.5 at a space velocity of 1 h−1 and TOS of 3 h. Phe
nol conversion increases from 175 to 200◦C and afterward
falls at high temperatures. Maximum phenol conversio
observed at 200◦C. Phenol conversion increases from 3
30 mol% as the temperature changes from 175 to 200◦C.
The one-to-one change observed between phenol conve
and 2,4-dtBP selectivity indicates the first-order depende
of phenol conversion on 2,4-dtBP yield. An increase in te
perature does not change 2-tBP selectivity significantly
tBP selectivity also remains the same from 175 to 350◦C,
except at 200◦C. A significant increase in 2,4-dtBP select
ity at the cost of 4-tBP and 2-tBP selectivity indicates ag
that at high phenol conversion, the reaction pattern shifts
nificantly to ditertiary butylation; this point is worth inves
gating further. It is found that as the temperature increa
the amount of unreacted IB decreases and the amoun
aliphatics increase.

3.2.4. Effect of time on stream
The effect of TOS is expected to shed light on deact

tion of any catalyst and its influence on product selectiv
Sincex = 0.50 was found to be a better catalyst for the p
nol tertiary butylation reaction, the TOS dependence of
catalyst at 200◦C was investigated and is shown in Fig. 3
It was found that the conversion of phenol is high up
5 h and then decreases significantly. The selectivity of 2-
remains constant at 45 mol% irrespective of TOS. The se
.

-

n

,
f

tivity of 4-tBP and 2,4-dtBP also remains the same, aro
25–30 mol%, up to 8 h; however, the selectivity changes
ter 8 h. It is to be noted here also that phenol conversion
2,4-dtBP selectivity vary hand-in-hand, as in the tempera
dependence studies.

3.2.5. Effect of weight hourly space velocity (WHSV)
The effect of WHSV on catalytic performance was st

ied in the range 0.5–2 h−1 using thex = 0.5 catalyst at
200◦C (Fig. 3c). It can be seen from the data that both h
WHSV and low WHSV are not helpful for high catalyt
performance. Phenol conversion is maximum at an optim
WHSV of 1 h−1. High phenol conversion with a good yie
of 2-tBP is achieved at a WHSV of 1–1.5 h−1. It was also
found that 2,4-dtBP selectivity decreases with increa
WHSV. Addition of 2-tBP and 2,4-dtBP selectivity gives
constant value of 67 mol% independent of WHSV valu
strongly indicating that tertiary butylation is sequential a
tertiary butylation at theortho position takes place first fo
lowed by a second tertiary butylation at thepara position.
This also suggests that there is no isomerization betwee
tBP and 4-tBP. 4-tBP selectivity does not show signific
WHSV dependence.

3.3. XPS analysis

XPS has been used to examine the changes in oxid
state and surface composition of catalysts. Spent cataly
x = 0.5 composition obtained after reaction for 10 h with
1:3 ratio of IB:PhOH at 300◦C (hereafter,x = 0.5@300◦C)
was also subjected to XPS analysis.

3.3.1. Cu 2p core level and Cu–L3M45M45

Photoemission spectra from the Cu 2p3/2 core level for
both fresh and spent Cu1−xCoxFe2O4 catalysts are show
in Figs. 4a and b, respectively. It is clear that all fresh c
alysts exhibit the Cu 2p3/2 main peak at a binding energ
(BE) of 934.2 ± 0.2 eV with good satellite intensity (IS)
around 942 eV, confirming the existence of Cu2+. The in-
tensity of satellite to mainline (IS/IM) is between 0.5 an
0.6 in all cases (Fig. 4d), which is very close to that of C
(0.55) [24]. The above facts indicate the charge density
Cu is the same at all catalyst compositions.

Two different features are observed for all spent catal
with low IS. The first feature at 934.2± 0.2 eV correspond
to Cu2+ as in the calcined catalysts, and the second fea
at 932.6 ± 0.2 eV corresponds to Cu+ and/or Cu0 species.
Cu2+ has a satellite feature due to its open-shell 3d9 config-
uration, while Cu0/Cu+ does not show a satellite due to
closed-shell configuration (3d10). The intensity of main line
also decreases from fresh to spent catalysts. A careful
volution (not shown) reveals that the intensity of the low-
component increases with increase inx. x = 0.5@300◦C
displays a high-intensity feature at 932.6 eV and a shou
at 934 eV with a very weak satellite. This indicates that
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Fig. 4. Cu 2p3/2 photoemission spectra of (a) fresh and (b) sp
Cu1−x CoxFe2O4 catalysts. Broadening on the lower-binding-energy s
demonstrates a partial reduction of Cu2+ on spent catalysts. Cu 2p3/2
XPS of spent catalyst at a reaction temperature of 300◦C is also displayed
in (b) to show the extent of the larger reduction due to higher tempera
(c) Cu L3M45M45 Auger electron spectra from spent catalysts. (d) Sa
lite-to-main line intensity ratio (IS/IM) for fresh and spent catalysts an
the ratio of Cu+ to Cu2+ on spent catalyst. The reducibility of Cu increas
with Co content.

high reaction temperature (300◦C) leads to a large reductio
in Cu2+.

Lower-valence Cu species can be distinguished by ex
ining the Cu–L3M45M45 Auger peaks shown in Fig. 4c. A
the compositions exhibit a peak at a kinetic energy (K
around 917.8 eV, characteristic of Cu2+ species. Addition-
ally, a second component is also observed at about 916.
and it is very intense onx = 0.5@300◦C, which is charac-
teristic of Cu+ species. It should be noted here that the K
of the Cu–L3M45M45 Auger peak values for Cu, CuO, an
Cu2O are 918.4, 917.6, and 916.5 eV, respectively [25,
Present KE values of 916.2 and 917.8 eV suggest co
butions of Cu+ and Cu2+ species, respectively, on spe
catalysts and no Cu0.

Fig. 4d shows theIS/IM ratios of fresh and spent catalys
and the reducibility of Cu. An important observation to
noted here is that theIS/IM ratio of spent catalysts decreas
linearly from x = 0.0 to 0.5 and then increases margina
at x = 0.75; however, fresh catalysts display a value cl
to 0.55 and no significant change withx. It is also to be
noted that theIS/IM ratio changes considerably from fre
to spent forx = 0 and 0.5 compositions; however, it rema
Fig. 5. Co 2p3/2 core-level photoemission spectra of (a) fresh and (b) sp
Cu1−xCoxFe2O4 catalysts. (c) XAES from Co L3M45M45 of fresh and
spent Cu1−xCoxFe2O4 catalysts forx = 0.5 and 1. Co 2p3/2 XPS of spent
catalyst at a reaction temperature of 300◦C is also displayed in (b) and (c
to show the effect of higher temperature in increasing surface Co con
tration. The changes observed in intensity atx = 0.5 from fresh to spen
catalysts are indicated by two arrows.

Table 3
XPS parameters from Co 2p core level in Cu1−xCoxFe2O4 catalysts

Composition,x BE of Co 2p3/2 mainline 2p3/2–2p1/2
(mainline–satellite energy gap, eV) energy gap (e

0.5F a 780.5 (4.7) 15.5
0.75F 780.2 (3.4 and 6.1) 15.6
1.0F 780.9 (4.6 and 6.1) 15.5
0.5S 780.5 (6.2) 15.9
0.5S (300◦C) 780.2 (5.7) 16.0
0.75S 780.4 (6.4) 15.8
1.0S 780.5 (6.7) 15.9
CoOb 780.1±0.3 15.5
Co2O3

b 779.6 –
Co3O4

b 780.5 15.0

a Superscripts F and S indicate fresh and spent catalysts.
b Refs. [27–29].

the same forx = 0.25 and 0.75 compositions. Reducibili
of Cu, calculated as the ratio of Cu+ to Cu2+, increases lin-
early with increasing Co content. This is totally contrary t
decrease in Cu reducibility for phenol methylation [21], a
ethylation and isopropylation [22] reactions.

3.3.2. Co 2p core level and Co–L3M45M45

Co 2p3/2 photoemission spectra for fresh (a) and spen
catalysts are shown in Fig. 5 and the results are give
Table 3. The important features are: (1) the intensity
shakeup satellites decreases with increasingx; (2) the en-
ergy gap between the 2p3/2 peak and its satellite increas
with increasingx on fresh and spent catalysts; and (3)
increase in the energy gap between Co 2p spin orbit dou-
blets is observed from fresh to spent. Spent catalys
x = 0.5@300◦C displays significantly high intensity fea
tures, indicating a higher Co concentration on the surf
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Table 4
Surface atomic ratio of fresh and spent Cu1−xCoxFe2O4 catalysts after
tert-butylation reaction at 200◦C for 10 h

x Fresh Spent

Cu/Fe Co/Fe (Cu+ Co)/Fe Cu/Fe Co/Fe (Cu+ Co)/Fe

0.00 1.17 – 1.17 0.68 – 0.68
0.25 1.04 0.20 1.24 0.74 0.16 0.90
0.50 0.79 0.32 1.11 0.68 0.40 1.07

(0.44)a (0.47)a (0.91)a

0.75 0.50 0.50 1.00 0.44 0.45 0.89
1.00 – 0.75 0.75 – 0.66 0.66

a Results obtained from the sample subjected to phenoltert-butylation
reaction at 300◦C for 10 h.

This is further corroborated by surface composition v
ues (see above) (Table 4). High temperature leads to
segregation of Co2+ on the surface. Comparison of the B
values of catalysts with those of standard Co compou
(Table 3) clearly indicates the catalyst surfaces are in
eral composed of both Co2+ and Co3+. A highIS for x = 0.5
suggests contributions by Co2+ and high-spin Co3+, since
low-spin Co3+ shows poorIs [27–29].

Co–L3M45M45 Auger spectra of fresh and spent cataly
of x = 0.5 and 1 are shown in Fig. 5c exhibit broad featu
between 760 and 780 eV. Two features at around 767
772 eV are virtually the same for fresh and spent catal
at x = 1. However, atx = 0.5, a shift in energy is observe
for the lower-KE component on spent catalyst surfaces c
pared with fresh, and the shift is substantial for the cata
exposed to 300◦C. Further, the high intensity indicates
large segregation of Co on the surface at 300◦C. x = 0.75
also shows characteristics similar to thosex = 0.5.

3.3.3. Fe 2p core level and Fe–L3M45M45

Fig. 6 shows the Fe 2p3/2 core level photoemission from
(a) fresh and (b) spent Cu1−xCoxFe2O4 catalysts. There
are two main differences between fresh and spent cata
(1) The main peak at 711 eV with a clear satellite at 718.5
due to Fe3+ is observed on fresh catalysts;IS is relatively
weak on spent catalysts and shifts to 719.5 eV. (2) S
catalysts also indicate a shoulder around 709.6 eV, chara
istic of Fe2+ species in tetrahedral coordination [30,31]; a
the overall broadening observed for the satellites of all s
catalysts (exceptx = 1) supports contributions by both Fe3+
and Fe2+ [31]. Fig. 6c displays the Fe–L3M45M45 spectra
for x = 0.5 and 1.0 catalysts. Fresh catalysts are very sim
and no difference is observed. There is a clear line broa
ing on the spent catalysts and a new low-KE feature app
as a shoulder on spent catalysts; however, it is not cons
able atx = 1. A shoulder seen at 697.5 eV (broken line)
all spent catalysts is characteristic of Fe2+ species [21], and
the lower intensity of this feature atx = 1 indicates the ex
tent of Fe reduction might be low.x = 0.5@300◦C shows
comparatively large intensity of Fe2+, suggesting that hig
temperature induces large reduction. Fe 2p and Fe–LMM
result indicate the partial reduction of Fe3+ to Fe2+ due to
the phenol tertiary butylation reaction.
.

-

-

-

Fig. 6. Fe 2p core-level XPS of (a) fresh and (b) spent Cu1−xCoxFe2O4
catalysts. A clear shift is observed in satellite energy from fresh to s
catalysts (thick dotted arrows), and a weak shoulder seen below 710
spent catalysts (broken line) for intermediate compositions(0 < x < 1) in-
dicate partial reduction of iron. (c) XAES from Fe–L3M45M45 of fresh and
spent Cu1−x CoxFe2O4 catalysts forx = 0.5 and 1 compositions. Broad
ening due to an additional feature is denoted by a solid arrow and
catalyst feature is denoted by the thick dotted arrow.

Fig. 7. Valence band XPS of (a) fresh and (b) spent Cu1−xCoxFe2O4 cat-
alysts. The significant broadening of the valence band observed on
catalysts is due to partial reduction of metal ions and consequent l
overlap of 3d energy bands of metal ions.

3.3.4. Valence band photoemission
Changes observed on spent catalysts from core leve

reflected strongly in the valence band (VB) spectra
shown in Fig. 7 with details. The main VBs observed h
contributions predominantly from metal 3d bands below
10 eV and the assignments of various bands are from
photoionization cross-section values [32] athν = 1253.6 eV
and as explained earlier [21,22].

A few important observations are worth highlighti
from the data: (1) The Cu 3d bands observed at 4.2 eV o
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fresh catalysts (solid line) are found to be broadened on
lower-BE side toward the Co 3d region (broken line) on
spent catalysts, indicating a reasonable overlap of en
bands of Cu and Co 3d . This is marked by a considerab
dip in intensity between Cu and Co 3d bands on fresh cat
alysts and no such dip on spent catalysts. Additionally
x = 0.50@300◦C, the 3d bands overlap is stronger in su
a way that the Cu 3d band is shifted to 3 eV and the ener
gap is just 1 eV between the Cu and Co 3d bands (dotted
arrow, small). (2) The Cu 3d8 satellite appears on all th
compositions containing Cu for fresh and spent cataly
however, the satellite is more broadened with less in
sity for intermediate compositions. (3) The shift in Fed
bands to lower BE is discernible on spent catalysts, ex
at x = 1. The shift in the trailing edge of VBs to lower B
to 7–8 eV, compared with 9 eV on fresh catalyst, testifie
the above. (4) There is a weak but finite photoemission
tensity atEF on spent catalyst (exceptx = 1), revealing the
conducting nature of the catalyst. (5) Co 3d bands remain
close to the same BE around 2.3 eV on fresh and spent
lysts. The preceding points illustrate an appreciable incre
in the overlap of 3d energy bands on spent catalysts co
pared with fresh catalysts due to a partial reduction of m
ions.

3.3.5. Surface composition
Table 4 summarizes surface composition for both fr

and spent catalysts from XPS data. These data are extre
helpful in understanding the distribution and heterogen
of metal ions on the surface, as it directly influences the
alytic activity. The important points to be noted from Table
are: (1) Generally, Cu/Fe and Co/Fe ratios change linearl
with x on fresh as well as spent catalysts. (2) Cu+ Co/Fe
values indicates the spent catalysts are generally enri
with Fe compared with the respective fresh catalysts, ex
at x = 0.5, indicating the heterogeneity of the metal io
is maintained at a very high level on the surface. (3) C
rich compositions show a large decline in Cu/Fe on spen
catalysts, whereas the Co/Fe ratio changes marginally from
fresh to spent for allx values. (4)x = 0.5@300◦C andx =
0.75 show almost the same atomic ratio; this is further c
roborated by the similar catalytic activity in Figs. 2b and
This last point hints at the synergetic behavior between r
tion temperature and catalyst composition. Coke deposit
of 10–20%, depending on the reaction conditions and c
lyst composition, were observed from the C 1s core level
and thermogravimetric analysis (data not shown) [22].

Fig. 8 shows the interdependence of surface comp
tion ((Cu+ Co)/Fe) on the left panel and PhOH conversi
with product yield on the right panel. It is clear from Fig.
that the heterogeneity dictates the catalytic activity to a la
extent and the same is exemplified for thex = 0.5 composi-
tion which demonstrates a high phenol conversion and b
product yield. This also hints at the importance of a 1:1
tio of Cu to Co for the reaction. Albeit good heterogene
for x = 0.75, the not so good activity is likely due to lo
-

y

Fig. 8. Comparison of atomic ratio of Cu+ Co/Fe for all compositions
of fresh and spent catalysts (left panel) and phenol conversion and pr
yields on Cu1−xCoxFe2O4 catalysts at 200◦C, TOS= 3 h (right panel).
Note the correlation between high heterogeneity and high catalytic ac
for x = 0.5.

Cu and high Co content (Table 4). This is supported by
poor activity of Co-richx = 1; however,x = 1 is selective to
4-tBP. Despite the Fe-rich surface forx = 0 andx = 1, the
different reactivities are due to the Cu and Co species
spectively. Even through there are a few differences,x = 0
andx = 0.25 have comparable activity, indicating the im
portance of Cu to this reaction.

4. Discussion

4.1. Catalytic performance

From the activity data, it is evident that Cu-rich samp
are active for tertiary butylation and Co-dominant compo
tions show poor activity, emphasizing the important role
Cu in this reaction. However, the equal bulk contents of
and Co atx = 0.5 show maximum activity and follow sim
ilar trends as in other phenol alkylations [21,22]. Excep
x = 0.5, phenol conversion is between 5 and 16 mol% for
other compositions, suggested that tertiary butylation ac
ity is due mainly to the Cu+ Co combination, of which Cu is
highly active. An important aspect of the butylation react
is related to product selectivity too. At an optimum temp
ature of 200◦C, IB attaches to the phenolic ring to givetert-
butyl phenols. Unlike lower alkylations, tertiary butylatio
of phenol gives three major products, namely, 2-tBP, 4-t
and 2,4-dtBP, and the selectivity of each product depend
the various reaction parameters. The totalortho selectivity
observed with any composition is� 50%, whereas pheno
methylation and ethylation are noted for highortho selec-
tivity of > 90% [21,22]. Two reasons are the bigger s
and higher stability of t-butyl species compared with ot
lower alkyl species, and hence it is worth analysis by in
spectroscopy methods. Further, the linear change obse
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between phenol conversion and 2,4-dtBP selectivity un
most conditions hints that 2,4-dtBP production is contro
by first-order dependent phenol conversion and seque
butylation of 2-tBP. High 4-tBP selectivity onx = 0.5 at
high IB:PhOH ratio (Fig. 2a) indicates the surface could
dominated by Co, as inx = 0.5@300◦C.

From WHSV studies it is clear that the selectivities
2-tBP and 2,4-dtBP show reverse trends with a chan
contact time. Due to long contact time sequential alkyla
is increasingly feasible at low WHSV and entirely suppo
the high selectivity of 2,4-dtBP at low WHSV. The foregoi
facts indicate the reaction is kinetically controlled and pr
uct distribution can be optimized. Further, they also dem
strate an increase in the selectivity of 2,4-dtBP at the exp
of 2-tBP. An increase in 2-tBP selectivity with increasi
WHSV indicates that 2-tBP is preferred over other produ
at short contact time, probably due to phenol orientation
the catalyst surface, which is easilyortho-butylated. Possi
ble dealkylation reactions at higher temperatures may
account for a decrease in the selectivity of 2,4-dtBP. Lo
t-butylation activity at higher temperatures is due to the s
reactions of IB with to butylenes and aliphatics.

4.2. Reaction mechanism

A detailed investigation of the acid–base properties
the Cu1−xCoxFe2O4 catalyst system was carried out se
rately [23]. Important points from FT-IR studies help in ga
ing an understanding of tertiary butylation activity: (1) T
Cu1−xCoxFe2O4 surface is dominated by Lewis acid cha
acter. (2) A relatively weak acidic character atx = 0 in-
creases with Co content to highly acidic character atx = 1.0
with an increase in number and strength of acidic sites
ble 1). (3) The basic character of the catalyst decreases
increasingx. (4) The acid–base character on the cata
surface is due predominantly to octahedral cations, and
Lewis acidity changes significantly depending on the e
ily reducible (Cu2+) or nonreducible (Co2+) ions in the
neighborhood. Generally, robust Co2+ in the neighborhood
increases the acidity. A simple comparison of phenol c
version and acid–base character demonstrates that n
strong acidic nor strong basic character helps the ter
butylation reaction. It is also evident that the intermed
acid–base character observed for thex = 0.5 composition
(Tables 1 and 2) with high catalytic activity indicates
optimum level of acid–base sites are required for better
alytic performance in terms of phenol conversion and o
all product yield. Strong acidity promotes oligomerizat
and cracking of IB; thus the conversion of phenol is
pected to be lower, which is the case with Co-rich comp
tions (Fig. 2b). In addition, butyl phenols may also unde
dealkylation in the presence of strong acid sites, acco
ing for the low conversion of phenol atx � 0.75. However,
the highly acidic property atx = 1 improves 4-tBP selectiv
ity. It is in agreement that strong acid sites favor 4-tBP
weak to moderate acid sites favor 2-tBP as in zeolites
l

r

and mesoporous materials [7,9]. However the requirem
for strong acidic sites for 2,4-dtBP on the above-mentio
material is contrary to the present results, suggesting th
tert-butylation mechanism is different on ferrites. It is to
noted that the catalyst having intermediate acid–base c
acter (x = 0.5) has maximum yields of 2,4-dtBP and 2-tB

Alkylation of phenols, just like other aromatic com
pounds, follows the Friedel–Kraft mechanism. From e
trophilic substitution it is clear that thetert-butyl cation at-
tacks the phenol ring preferentially in positionsortho and/or
para to the –OH group. The ratio of isomers formed i
tially is kinetically controlled and is determined by pheno
OH groups and incomingtert-butyl cations in the presen
case. Though the mono-tert-butylated phenols are more a
tive than phenol, subsequent tertiary butylation occurs
when there is less steric hindrance.

Phenol is adsorbed as phenolate by dissociative ad
tion on an acid–base site. Simultaneously, protonation o
occurs due to H+ from the above process. The protona
IB rearranges to give an appreciably stabletert-butyl cation,
which in turn attacks phenoxide either from the adsorbe
gaseous state. The relatively high selectivity of 2-tBP t
4-tBP indicates that the carbocation attacks preferent
from the adsorbed state. However, high Co content reve
the above trend and favorspara-tert-butylation probably
from gas phase. FT-IR investigation of phenol methyla
with methanol on Cu1−xCoxFe2O4 shows exclusiveortho-
alkylation, due to the close proximity of theortho positions
of phenoxide to the catalyst surface, compared with the
positions [33]. Once formed, 2-tBP acts as a precursor to
formation of 2,4-dtBP. Nonetheless, steric hindrance of
tert-butyl group prevents the further attack by IB at theortho
position of already formed 2-tBP, illustrating negligible fo
mation of 2,6-dtBP. In addition, once the 2-tBP forms,
phenyl ring cannot be coplanar to the catalyst surface
to the bulky size of the t-butyl group, indicating thepara
position of the phenyl ring is far removed from the surfa
and supported by negligible secondortho tertiary butylation.
However, thetert-butyl cation can attack, from the gaseo
state, phenol or 2-tBP, resulting in the formation of 4-t
and 2,4-dtBP, respectively. This is in contrast to the re
tion between phenol and any alcohol where the forma
of para alkylated product is< 1% [22]. Tertiary butylation
of phenol has been carried out withtert-butyl alcohol and
the conversion was found to be� 5% under any condition
and hardly any 4-tBP was detected [22]. This clearly in
cates that both IB andtert-butyl alcohol in the adsorbed sta
might not produce any p-alkylated product over the pre
catalyst system. The above results and discussion hint
both Hinshelwood and Eley–Rideal mechanisms are po
ble for tertiary butylation on Cu1−xCoxFe2O4.

4.3. Electronic structure aspects

That (phenol+ IB) creates a reducing atmosphere is c
firmed by the observation of H2, CO, and cracked produc
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of IB in gaseous products. The XRD pattern of spent c
lysts obtained at 200◦C shows Cu0 onx = 0; however, only
a trace amount is detected on other catalyst composit
An optimum temperature of 200◦C is not capable of acce
erating the reduction process is very much reflected in
XRD and XPS results. Fe carbides, Fe0, and Cu0 detected
in the methylation and ethylation spent catalysts [21,
are not detected in the XRD pattern of tertiary butylat
spent catalysts. Nevertheless, the unreacted phases of
andα-Fe2O3 present on the fresh catalyst atx = 0, which
remain after the reaction to some extent, could be the
son for sizable amounts of Cu0 and Fe2O3. This contrasts
with the observation of magnetite on spent catalysts (x = 0)
after methylation and ethylation [21,22] between 300 a
400◦C.

The changes observed on main peaks, satellites,
Auger features of Fe, Co, and Cu are a clear-cut indica
that partial reduction of these species occurs during the
action. It is useful to highlight the following observatio
from XPS: (1) Copper reduction is seen forx � 0.75 and the
extent of reduction increases linearly withX as well as reac
tion temperature. (2) There is partial reduction of all me
ions and a consequent increase in the overlap of 3d energy
bands in the spent catalysts, especially at intermediate c
positions. (3) The (Cu+ Co)/Fe ratio atx = 0.5 remains
around 1.1 before and after reaction. Thus, a high ph
conversion and a Cu+ Co/Fe ratio close to 1 atx = 0.5
ensure the optimum distribution of active species to h
a highly heterogeneous surface. The high activity obse
at x = 0.5 highlights the importance of a 1:1 bulk ratio
Cu:Co. The above also suggests that the surface atomic
remains almost the same throughout the reaction perio
x = 0.5, but the low activity at a TOS of 10 h is due main
to coke deposition. Apparently the coke deposition me
decreases the percentage of metal ion on the surface, b
the metal ion ratio significantly and hence the above ob
vation. This also suggests that coke formation does not a
other results significantly forx = 0.5. Simple calcination in
air restores the original activity. A change from low activ
observed atx = 1 to better activity atx � 0.75 indicates the
importance of Cu2+ for better performance.

The extent of Cu reducibility increases with increas
x on spent catalysts. This is in excellent agreement w
the results obtained from temperature programmed re
tion (TPR) of Cu1−xCoxFe2O4 in H2 atmosphere [20]. Two
important reduction processes involved are Cu2+ → Cu+
and Cu+ → Cu0, at increasing temperature between 180
280◦C. Cu2+ → Cu+ occurs around 200◦C and the amoun
of H2 consumed increases withx. Additionally, a gradual de
crease in the reduction temperature is observed for Cu+ →
Cu0 asx increases. Since the tertiary butylation of pheno
carried out at 200◦C, which is at the Cu2+ → Cu+ reduction
temperature, the decrease in Cu+ → Cu0 reduction tem-
perature also favors the above. The preceding TPR re
entirely support increasing Cu reducibility with increasingx

at 200◦C as observed in XPS.
.

O

-

t

XPS studies on spent catalysts of Cu1−xCoxFe2O4 re-
vealed that Cu and Co 3d energy bands overlap to a cons
erable extent and play an important role in catalytic per
mance. The relatively strong overlap of 3d energy bands o
metal ions in methylation and ethylation reactions compa
with tertiary butylation is due mainly to the high tempe
ture (350–375◦C) employed in the former cases compa
with 200◦C in the latter.

5. Conclusions

This article reports the results from the catalytic study
tertiary butylation of phenol with isobutene o
Cu1−xCoxFe2O4 as a function of various reaction param
ters and catalyst compositions. Fresh and spent cata
were subjected to detailed analysis by XRD, XPS,
XAES. Phenol tertiary butylation gives three major produ
namely, 2-tBP, 4-tBP, and 2,4-dtBP, and the phenol con
sion and selectivity of these products depend on the rea
conditions. It is found thatx � 0.5 compositions are compa
atively more active, indicating the importance of Cu for t
reaction.x = 0.5 shows better activity, emphasizing the im
portance of the 1:1 bulk combination of Cu+ Co for overall
performance.

It is found that the acid–base properties of the sys
have considerable influence on product selectivity. A la
number of strong acid sites onx = 1 does help in the forma
tion of 4-tBP. On the other hand, the selectivities of 2-t
and 2,4-dtBP are lowest on catalysts with strong acid
however, catalysts having intermediate acid–base prop
have maximum products yield. The high activity achiev
with x = 0.5 demonstrates that an optimum concentratio
acid–base centers is needed for phenol adsorption and
sequent polarization of both phenol and the alkylating ag
In phenol alkylation with isobutene, the tertiary butyl carb
cation can attack, from the adsorbed as well as the gas
state, the phenol, resulting in the formation ofpara tertiary
butylated products such as 4-tBP and 2,4-dtBP. Steric
drance of thetert-butyl group prevents the further attack
IB at theortho position of already formed 2-tBP, illustratin
negligible formation of 2,6-dtBP.

XPS analysis of both fresh and spent Cu1−xCoxFe2O4
catalysts indicates that the oxidation states of the metal
and their distribution on the surface have considerable in
ence on activity and selectivity toward phenol tertiary bu
lation. XRD and XPS studies reveal that redistribution
well as partial reduction of metal ions occurs to various l
els due to reaction. The high activity atx = 0.5 demonstrate
that uniform distribution of reactive Cu species with hete
geneous neighbors of Co and Fe is essential. Valence
studies show a change from marginal overlap betweend

bands of metal ions on fresh catalysts to a significant ove
on spent catalysts. It is clear that thex = 0.5 catalyst brings
out synergetic behavior due to 3d energy band overlap an
an intermediate acid–base character and enhances ca
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activity. It is likely that a combination of all the factors—
optimum acid–base character, relatively high surface a
uniform distribution of active species with heterogene
neighbors, and 3d bands overlap—contributes to overall r
activity and further quantitative experiments are neces
to single out the factor that contributes the most to activi
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