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Abstract

Methylation of phenol with methanol as an alkylating agent to produce 2,6-xylenol was investigated over copper manganese mixed oxide
spinels, CuyMn3_, O4 (x =0, 0.25, 0.5, 0.75, and 1) prepared through co-precipitation. The catalytic activity strongly depends on the compo-
sition, acid—base properties, and structural stability. Various parameters, including catalyst composition, reaction temperature, feed composition,
and durability of the catalyst during methylation, were investigated. Mainly o-cresol and 2,6-xylenol, along with small amounts of mesitol, were
found in the product. A high ortho-selectivity of 100%, with 2,6-xylenol selectivity of 74%, was observed over Cug 25Mny 7504 at 673 K. These
catalysts were investigated using various techniques, including BET surface area, XRD, DRS UV-vis, TPD of NH3 and CO,, TPR, and X-ray pho-
toemission spectroscopy (XPS). Powder XRD of the catalysts revealed the formation of copper—-manganese spinels with hausmannite (Mn3Oy4)
tetragonal structure, for x = 0-0.5, whereas an increase in copper content (x > 0.5) led to the formation of cubic Cuj sMnj 504 phase. DRS
UV-vis, and FTIR further supported the changes in structural phases observed by XRD. Temperature-programmed desorption of CO, and NH3
showed that the catalysts have strong basicity along with weak acidity when x = 0 and 0.25. XPS and XAES analysis revealed the presence of
only Cu2™ jons in fresh sample with x = 0.25, whereas for x = 1.0, both Cult and Cu?t were observed. The deactivation of the catalysts is
attributed to structural changes occurring during the reaction. Catalytic activity is correlated with structure, as well as with acid—base properties.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Catalytic alkylation of phenols has received increased at-
tention owing to the importance of alkyl phenols as starting
materials for various commercial applications, including man-
ufacture of dyes, antiseptics, drugs, insecticides, antioxidants,
specialty paints, and plastics. Among alkyl phenols, o-cresol
and 2,6-xylenol are the most sought after for the manufacture of
agrochemicals, specialty plastics, and polymers. Ortho-cresol
has applications in the synthesis of herbicides, whereas 2,6-
xylenol is used in the manufacture of polyphenylene oxide
(PPO) and special-grade paints [1,2]. Hence, there is a need
to develop catalysts that produce these ortho-methyl phenols
with high selectivity. Phenol alkylation reactions are usually
carried out in the liquid phase using such catalysts as AlCl3,
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BF3, TiCls, H2SO4, HF, and others. All of these catalysts are
beset with problems, including toxicity, corrosiveness, and dif-
ficulties with recycling and effluent disposal. Methylation of
phenol can be carried out with methanol as an alkylating agent,
either in the liquid phase using y-Al,O3 [3] or in the vapor
phase using supported vanadium—iron oxides [4]. However, the
latter process requires very high temperatures, whereas both
processes yield mixtures of methylated phenols.

Previous studies on methylation of phenol revealed the im-
portance of acid—base properties of a catalyst on its activity and
selectivity to the desired product [5,6]. Preparation of O- and C-
alkylated phenols usually depends on reaction conditions, the
nature of the catalyst, and surface acid—base properties [7-9].
A wide spectrum of catalysts have been reported for the vapor-
phase alkylation of phenol, including single metal oxides, such
as Mn30O4, CeOy, Fe203, and MgO (with or without promot-
ers) [10—13]; mixed metal oxides [14—18]; hydrotalcites [6,19];
zeolites [20-22]; Nafion-H and phosphoric acid [23]; sulfated
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zirconia; and SO3-HMS [24]. Tanabe et al. reported that cat-
alysts with high acidity are very active but not so selective
for ortho-alkylation [25], whereas, oxide catalysts that are ba-
sic in nature offer better selectivity for ortho-methyl phenols,
particularly 2,6-xylenol. However, there is still ambiguity in
correlation of acidity and/or basicity of the catalyst with C or
O selectivity. It is difficult to come to a conclusion, based on
literature reports, as to whether acidity or basicity (or both) is
responsible for the selective production of 2,6-xylenol. It is gen-
erally accepted that metal oxide catalysts offer better selectivity
for the formation of 2,6-xylenol than acidic zeolites. Attempts
have been made to tailor catalysts by modifying acidity/basicity
to achieve a desired product selectivity. Surface acid—base prop-
erties of mixed oxides containing MgO, Al,O3, and TiO; in
various proportions have been investigated for methylation of
phenol [7,9,15,16]. Most of the reports concur on the mecha-
nism of C-alkylation on oxide catalysts, which involves forma-
tion of a w-complex with phenol on the Lewis acid sites while
the adjacent basic sites adsorb the hydroxyl proton of the phe-
nol [26].

Ferrite spinels with incorporation of different metals have
been found to be active catalysts for C-alkylation of homo
and heterocyclic aromatic compounds [26-32]. The commer-
cial catalysts used presently for methylation of phenol are based
mainly on magnesium oxide and vanadium—iron mixed oxides
modified with promoters. However, they suffer from low intrin-
sic activity and rapid deactivation [33]. Spinels were found to
be highly suitable for preparation of ortho-substituted methyl
phenols [27]. Spinels have the composition AB>O4, where A-
and B-cations occupy tetrahedral and octahedral sites, respec-
tively. Physicochemical properties of spinels depend mainly
on the nature of cations, the charge, and the distribution in
tetrahedral/octahedral sites. Spinels demonstrate very interest-
ing structural, electrical, and magnetic properties. Such proper-
ties as enhanced red—ox behavior make manganese-based ox-
ides highly suitable for various catalytic reactions (i.e., hydro-
genation of CO, oxidation of CO, selective catalytic oxidation)
[34-37]. Mixed metal oxides are believed to exhibit better cat-
alytic activity over individual oxides; therefore, many industrial
processes use mixed oxides to prevent coke formation as well as
to achieve better on-stream stability. Copper—manganese oxide
spinels have been reported as catalysts for the decomposition of
certain volatile organic compounds [38—41]. Cation distribution
in a spinel influences its acid—base properties. Consequently,
the present study attempts to unravel the effects on substitution
of copper into manganese oxide (Mn3QOy4) spinel and its role in
the methylation of phenol.

Most reports on alkylation of phenol using reducible metal
oxides have correlated the catalytic activity with acid—base
properties and have neglected the red—ox properties and/or
structural changes, despite the fact that the catalysts can un-
dergo irreversible reduction under reaction conditions. Hydro-
gen or CO evolved during the reaction as a result of partial
oxidation or reformation with the help of H,O produced dur-
ing the reaction may lead to the reduction of metal oxide. An
attempt has been made in this study to exploit red—ox proper-
ties in an effort to overcome catalyst deactivation as a result of

reduction. To the best of our knowledge, acid—base properties
of these systems have not been systematically explored with
varying Cu and Mn concentrations. The present investigation
correlates structural, red—ox, and acid—base properties of cop-
per manganese oxide catalysts with their performance in the
phenol methylation reaction.

2. Experimental
2.1. Preparation of copper—-manganese oxides

A series of copper—manganese mixed oxides, Cu,Mn3z_, Oy
with x = 0.25, 0.5, 0.75, and 1.0, were prepared through co-
precipitation with KOH using dilute acetate solutions of Cu
and Mn. In a typical synthesis for the preparation of 7 g of
CuyMn3_, 04 with x = (.25, stoichiometric amounts of pre-
mixed solutions (0.1 M) of Mn and Cu acetates (20.40 and
1.52 g) were precipitated using a 0.25 M KOH solution. Both
alkali and salt solutions were added simultaneously, under vig-
orous stirring at 353 K. The final pH of the gel was adjusted
to 10.5 and aged at 353 K for 12 h. The precipitate thus ob-
tained was filtered and washed thoroughly with demineralized
water until the pH of the filtrate was ~7.5. The sample was
dried at 383 K for about 12 h and calcined at 773 K in air. The
chemical analysis of the oxide samples was carried out using
atomic absorption spectroscopy (AAS). The samples are desig-
nated herein as CM,, where x denotes the fraction of copper
taken for the preparation of Cu,Mn3z_,O4.

2.2. Characterization methods

The BET surface area (SggT) of the samples was measured
by nitrogen sorption at 77 K using a NOVA-1200 unit. The cata-
lyst samples were evacuated at 573 K for 3 h before N, adsorp-
tion. Powder X-ray diffraction (XRD) data were obtained on a
Rigaku X-ray diffractometer (model DMAX IIVC) equipped
with a Ni-filtered CuKa (A = 0.1541 nm, 40 kV A, 30 mA)
radiation and graphite crystal monochromator. The data was
collected in the 26 range of 20°-90° with a step size of 0.02°
and a scan rate of 0.5° min~!. XRD of spent catalyst was also
recorded after subjection to 4 h of phenol methylation at 673 K.
The mean crystallite size of the samples was calculated using
the Debye—Scherrer equation [42], using the FWHM value cor-
responding to high intense peak at 36° and 40.54° for fresh and
spent catalysts, respectively. Unit cell parameters were deter-
mined using PDP11 software.

Diffuse-reflectance UV-visible spectra were recorded on a
Shimadzu UV-2550 spectrophotometer in diffuse reflectance
mode in the 200-800 nm range, at room temperature. FTIR
spectra of the samples were recorded on a Shimadzu 8300 FTIR
at ambient conditions. The spectra were recorded using thin cir-
cular discs made by pressing a mixture of catalyst with KBr.

Temperature-programmed desorption (TPD) of CO; and
NH3 were carried out using a Micromeritics Autochem model
2910 instrument. Fresh calcined samples (~300 mg) were pre-
treated in helium at 773 K before adsorption of the probe mole-
cules (10% CO; or 10% NH3 in helium). During desorption,
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Fig. 1. Effect of catalyst composition on phenol conversion (a) and 2,6-xylenol selectivity (b) on copper—-manganese spinel catalysts at 673 K. Methanol to phenol

molar ratio 5, WHSV 1 h=!.

the sample was heated in helium flow (40 ml/min) at a ramp of
10 K/min. The amount of CO,/NH3 desorbed from the sam-
ple was estimated from the area under the peak after taking
the thermal conductivity detector response into consideration.
Temperature-programmed reduction (TPR) profiles were also
obtained using the same instrument. The samples were pre-
treated in high-purity (99.98%) argon (20 ml/min) at 773 K
for 3 h. After cooling to ambient, argon was replaced with a 5%
H, in argon mixture, and the catalyst was heated up to 873 K at
a heating rate of 5 K/min. The flow rate of Hy—Ar mixture used
for this purpose was 40 ml/min. The water produced during the
reduction step was condensed and collected in a cold trap im-
mersed in the slurry of isopropanol-liquid nitrogen mixture.
X-ray photoemission spectra (XPS) were acquired on a VG
Microtech Multilab ESCA 3000 spectrometer using a non-
monochromatized MgK«o X-ray source (hv = 1253.6 eV).
Disks of fresh sample were scraped in situ before the spectra
were recorded. Selected spectra were also recorded with AlK o
X-ray (hv = 1486.6 eV) source to eliminate the overlap be-
tween different Auger and core levels. Details on the instrument
and XPS measurements have been reported previously [27].

2.3. Catalytic activity studies

Catalysts were evaluated in a vertical downflow, fixed-
bed glass reactor placed in a two-zone split furnace (Geo-
mechanique, France). The reaction data were collected at at-
mospheric pressure in the temperature range 623-723 K, using
2 g of catalyst with a particle size of 10-20 mesh. The tem-
perature of the catalyst bed was continuously monitored by a
Cr—Al thermocouple. Before the reaction, catalysts were acti-
vated in flowing dry air at 773 K, followed by cooling to the
reaction temperature in nitrogen atmosphere. The reactant mix-

ture was fed to the reactor using a high-precision syringe pump
(ISCO Model 500D), at a flow rate corresponding to WHSV
= 1 h~!. The reactant mixture was evaporated and preheated to
the reaction temperature in the upper part of the reactor before it
entered the catalyst bed. The product mixture was cooled using
a chilled water condenser and collected in a separator. Analy-
sis of the product mixture was carried out at regular intervals
using a gas chromatograph (HP 6890N) equipped with BP-5
capillary column (50 m, 0.32 mm i.d., 1 p film thickness) and
a FID. All of the products were identified using pure authentic
(Aldrich) standards. Conversion of phenol was calculated based
on the fraction of phenol reacted, whereas the selectivity was
obtained based on the percentage of the given alkyl phenol in
the products.

3. Results
3.1. Catalytic activity

Fig. 1 shows the phenol conversion and 2,6-xylenol selectiv-
ity with time on stream (TOS) on copper—-manganese oxide cat-
alysts at 673 K. The screening of catalysts was carried out under
identical conditions using a methanol-to-phenol ratio of 5 at a
space velocity of 1 h~!. Phenol alkylation yielded mainly ortho-
methylated products of o-cresol and 2,6-xylenol, with a small
amount (<2%) of mesitol. Phenol conversion and o-cresol/2,6-
xylenol selectivity varied significantly with TOS depending on
the catalyst composition. The phenol conversion was compara-
ble (around 75%) on all of the catalysts up to 1 h TOS. Nonethe-
less, phenol conversion decreased more rapidly at TOS > 3 h on
high copper-containing catalysts (CMg 75 and CM| ), than on
the other compositions. The differences in activity were more
apparent after 2 h TOS, particularly for samples with x > 0.5.
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A clear trend was observed in the deactivation of catalysts,
which deactivated more rapidly with increasing copper content.
The catalyst with x = 0.25 showed good activity and the high-
est 2,6-xylenol selectivity. The catalysts with increasing copper
content either deactivated rapidly or showed lower selectivity
to 2,6-xylenol. Pure manganese oxide catalyst that we prepared
was more active at lower temperatures than the reported cata-
lyst prepared from carbonate precursors [10]. The 2,6-xylenol
selectivity fell continuously for catalysts with x > (.25, even
though the initial selectivities were higher. The CMy 25 sample
demonstrated good activity as well as 2,6-xylenol selectivity,
with hardly any deactivation, for the duration of the experiment.
Fig. 2 shows variation of phenol conversion and selectiv-
ity to various ortho-alkyl phenols as a function of temperature
(623-723 K) on CMg 5 catalyst, using feed with a phenol-
to-methanol molar ratio of 1:5. The conversion of phenol in-
creased with temperature, reaching a maximum at 673 K. It
remained nearly the same thereafter with further increases in re-
action temperature. Similarly, the yield of 2,6-xylenol reached
a maximum at 673 K. The concentration of o-cresol was very
high at lower temperatures and decreased with increasing re-
action temperature, with a concomitant increase in 2,6-xylenol
content. This clearly shows that the mono-methylation was pre-
dominant at lower temperatures, whereas 2,6-xylenol selectiv-
ity increased at higher temperatures as a result of consecutive
reactions at the expense of o-cresol. Mesitol concentration also
increased with temperature, and methanol conversion increased
from about 50 to 60% with increasing temperature. At the same
time, no aliphatic compounds were observed in the product.
Alkylation of phenol was carried out using various mo-
lar ratios of phenol to methanol over CMy»5 at 673 K. The
data on conversion of phenol and selectivity to various ortho-
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alkylphenols are given in Fig. 3. As could be expected, phenol
conversion increased linearly with increasing methanol concen-
tration in the feed, reaching close to maximum at a phenol-
to-methanol ratio of 1:5. Only a small increase in conversion
resulted from a further increase in methanol content in the
feed. Surprisingly, 2,6-xylenol selectivity also followed a simi-
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lar trend, whereas it remained constant for feed ratios above 5.
At lower methanol-to-phenol ratios, o-cresol was the major
product. As noted earlier, opposite trends were observed for o-
cresol and 2,6-xylenol selectivity [27]. In fact, concentration of
o-cresol in the product fell to ~24 mol% from the 90 mol%
observed for a methanol-to-phenol molar ratio of 2. Mesitol,
which is expected as a result of consecutive alkylation of di-
methyl phenols, increased monotonously with the molar ratio.
Because 2,6-xylenol selectivity was greatest at a molar ratio
of 5, further studies were carried out using this ratio.

Fig. 4 presents TOS trend of phenol methylation on the
CMj 25 catalyst. Constant phenol conversion around 80 mol%
was observed up to 4-5 h, with conversion decreasing continu-
ously with time thereafter. Although the total ortho-selectivity
remained the same, 2,6-xylenol selectivity decreased with a si-
multaneous increase in o-cresol content in the product. As a
result, mesitol concentration also decreased to negligible lev-
els. We address the reasons for this catalyst deactivation later in
the paper.

3.2. Catalyst characterization

The physicochemical properties of fresh and spent catalysts
(after TOS =4 h, T = 673 K, MeOH: PhOH = 5:1) are sum-
marized in Table 1. The metal contents obtained from bulk
chemical analysis (AAS) are in good agreement with the input
metal concentrations (given in parentheses) used for prepara-
tion. Although BET surface area of the catalysts does not follow
any particular trend, catalysts with high copper content in gen-
eral have a relatively high surface area. Surface area of the spent
catalysts (given in parentheses) decreased after phenol methyla-
tion reaction; however, surface areas of CM( and CM »5, which
were relatively low to begin with, did not change significantly
after the reaction. Crystallites sizes of the fresh and spent cata-

lysts (given in parentheses) are also summarized in Table 1. The
crystallite size, in the range 14-20 nm, increased after methy-
lation for all fresh samples except CMg2s. This increase was
greater for the samples with high copper content.

XRD patterns of fresh and spent catalysts are shown in
Fig. 5. The sample without copper (CMy) showed a hausman-
nite (Mn3Qy4) structure (JCPDS file No. 24-734) after calcina-
tion at 773 K. A small amount of MnsQOg (JCPDS file No. 39-
1218) was also found in all fresh calcined samples. The diffrac-
tion lines at 26 values of 21.6, 47.8, and 66.2 are assigned to
Mn;50Og. In addition to MnsOg, a small amount of Mn,O3 (peak
at 33.01°, JCPDS file No. 10-0069) was also found in sam-
ples with low copper content. The hausmannite structure did
not undergo any change after incorporation of small amounts of
copper (CMy 25), whereas at increasing copper content (CMg 75
and CM| o), it transformed to another spinel phase. The powder
XRD patterns obtained for these samples have been assigned
to Cu; sMnj 504 spinel (JCPDS file No. 35-1171). A gradual
transformation from hausmannite to Cu; 5Mn; 504 phase was
observed with increasing copper concentration, finally yielding
Cuj 5Mn; 504 for the highest copper content (x = 1.0) used
in this study. The absence of copper oxide in all samples may
point to the substitution of copper into the manganese oxide lat-
tice, leading to a solid solution of copper—-manganese oxide as
a major phase. A clear shift toward lower 26 values was ob-
served for the peak at ~36, which is shown as an inset. Cell
parameters, calculated using PDP11 software, show a gradual
transformation of tetragonal spinel to cubic (i.e., a decrease in
“c” value and an increase in “a” value) with increasing cop-
per content. The respective values are = 5.73 and ¢ = 9.41 A
for CMg, a =5.74 and ¢ =9.40 A for CMy.5, and a = 5.75
and ¢ = 9.38 A for CMps. In comparison, the cubic phases
of CMp75 and CM o samples have values of a = 8.26 and
8.28 A, respectively. XRD of spent catalysts analyzed after 4 h

Table 1
Catalyst composition, crystallites size, crystalline phase, and BET surface area values of copper—-manganese oxide Cu,Mn3_, Oy catalysts
Catalyst Metal concentration (wt%)? Crystallite Crystallite phases SBET
Mo Cu size (nm) (m?/g)
CMy 66.40 (72.05)° - 20.92 (20.83)¢ Mn304d, Mns5Og 21 (20)¢
CMy 25 55.85 (64.43) 6.00 (6.87)° 14.04 (15.23) Mn304, Mn50g, Mn; 03 17 (16)
CMy 5 57.03 (58.94) 12.26 (13.61) 18.59 (25.73) Mn30y4, Mn50g, Mn, O3 36 (25)
CMy .75 52.98 (52.57) 18.78 (20.24) 16.74 (22.24) Cuy 5sMnj 504, MnsOg 44 (28)
CM; o 23.75 (26.74) 23.00 (26.74) 15.97 (38.25) Cuj 5Mnj 504, Mn50g 33(22)
4 Chemical analysis values are obtained from AAS.
b Numbers in brackets are expected values.
¢ Values from used catalysts.
4" Hausmannite.
Table 2
Surface acidity and basicity of copper—-manganese oxides derived from TPD
Catalyst CO; desorption CO; desorbed Total CO, NH3 desorption NH3 desorbed Total NH3
temperature (K) (mmol) desorbed (mmol) temperature (K) (mmol) desorbed (mmol)
CMy 434,523 3.39,2.75 7.04 433, 502, 597 71.37,39.61 111
CM)y .25 434, 521 7.86, 8.99 18.96 427,497, 589 95.42, 35.56 131
CMy 5 428, 500 5.69, 11.03 17.44 423, 481, 552 68.72, 54.59 152
CMy 75 415, 456 3.35,9.2 234 418, 476, 555 68.72, 54.59 186
CM; o 406, 442 5.33,6.46 22.45 - - 198
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of phenol methylation at 673 K, are given in Fig. 5b. All of
the samples underwent reduction during the reaction, yielding
MnO (JCPDS file No. 7-0230) and metallic copper. Spent cat-
alyst samples with high copper content (x > 0.5) showed XRD
peaks at 26 values 43.30° and 50.62°, which are characteristic
of metallic copper (JCPDS file No. 4-0836).

Fig. 6 presents UV-visible absorption spectra obtained for
copper—-manganese oxide catalysts. The electronic spectra of
CMj and CMy »5 are mostly similar, showing absorption in the
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spinel type catalysts.
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200-600 nm region, in good agreement with the hausmannite
structure [43]. Assigning this spectrum to individual absorp-
tion of metal ions is cumbersome. Because Mn3Qy4 is a nor-
mal spinel, the Mn?* and Mn3" cations would be expected to
be in tetrahedral and octahedral sites, respectively. The charge
transfer continuous bands reported at around 240-305 nm are
assigned to 0>~ — Mn?* and 0?>~ — Mn>* transitions, re-
spectively [43], whereas the absorption band in the visible re-
gion attributed to single spin allowed d—d transition of Mn3*
in octahedral environment, which is expected at about 500 nm
[43]. A clear change occurred in the DRS spectra after Cu in-
corporation, particularly for samples with x > 0.5, with distinct
bands (~425 nm) in the visible region. These bands may be
attributed to distorted d—d transitions originating from Mn3+
[43—-47]. No bands in the region of 800 nm were observed that
could be attributed to d—d transitions of Cu®* in the octahedral
environment [48,49].

FTIR spectra of fresh catalysts are shown in Fig. 7. Three
bands were observed for samples with predominantly hausman-
nite structure (low-Cu samples) at 429, 516, and 628 cm~ L,
in good agreement with the previous reports [43,46,47,50-52].
The IR spectrum of CMj s is identical to that of CMg. The
effect of copper incorporation is especially evident for sam-
ples with x > 0.5. The first two bands at 429 and 516 cm™!
disappeared for samples with x > 0.5. Although the band at
628 cm~! was still present for CMy s, it disappeared for CMg 75
and CM| o. Hence, the IR results clearly show the transforma-
tion of hausmannite (x < 0.25) to Cuj5Mn; 504 phase with
increasing Cu content.

TPR profiles of freshly calcined samples are given in Fig. 8.
The sample CM) (i.e., Mn30O4) shows two reduction peaks with
temperature maxima (7pax) at 565 and 705 K. These peaks
may be assigned to the reduction of surface and bulk Mn3*, re-
spectively, to Mn?*. A clear decrease in reduction temperature
was observed after incorporation of copper. In addition, a broad
low-temperature reduction peak at about 440 K was observed
for all copper-containing catalysts. The intensity of this peak
was found to increase with increasing copper content. The Tiax
of the main reduction peak was higher than the 7r,x observed
for pure CuO (~500 K), but lower than that of bulk Mn3O4
(~700 K). The powder XRD pattern obtained after TPR exper-
iment revealed the formation of MnO and Cu. Further reduction
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Fig. 6. UV-vis spectra of calcined copper—manganese oxide catalysts, CuyMn3z_,O4 as a function of copper content.
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of Mn?7 is not thermodynamically feasible under the exper-
imental conditions. The reduction in peak width (FWHM) for
the high copper-containing samples (x > 0.5) demonstrates that
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Fig. 9. Temperature programmed desorption profiles of (a) CO, and (b) NH3
on copper—manganese oxide catalysts.

reduction of Cu>* promoted the reducibility of Mn3*. The peak
maxima (7Tmax ) of the samples shifted to lower temperatures ini-
tially up to a copper content of x = (.5, and thereafter increased
marginally to higher temperatures for samples with x > 0.5.
This temperature shift may be attributed to the change of the
phase, as observed by XRD.

Fig. 9 shows the results of TPD studies of CO, and NHj3 for
fresh catalysts. The TPD of probe molecules such as NH3 and
pyridine are widely used for acidity characterization, whereas
CO;, is ideal for probing basicity of oxides. TPD of CO; shows
that desorption occurred below 573 K, with peaks centered at
around 437 and 527 K for CMy and CMy 5 catalysts. This
shows that there are two kinds of sorption sites for CO, on the
surface of these catalysts, which may be attributed to weak and
moderately strong basic sites. For catalysts with higher copper
content (x > 0.5), a shift of the desorption peak toward lower
temperatures was observed, demonstrating that basic sites in
CMy and CMy 35 have relatively higher strength. TPD of NH3
on these catalysts is shown in Fig. 9b. These catalysts, particu-
larly CMg and CMj»s, exhibited three temperature maxima at
450, 484, and 594 K, demonstrating that they have acid sites of
different strengths. Total acidity, obtained from desorbed NH3,
increased with increasing copper content (Table 2).
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3.3. XPS analysis

Surface characterization of fresh and spent catalysts (CMy,
CMjy .25, and CM ) was carried out by XPS and X-ray-initiated
Auger electron spectroscopy (XAES).

3.3.1. Mn 2p core level and Mn-LVV Auger transition

Mn 2p photoemission spectra of fresh and spent catalysts
along with Mn-LVV Auger transitions are shown in Fig. 10.
A binding energy (BE) value of 642.1 £ 0.1 eV with AE of
11.4 £ 0.1 eV was observed for all of the catalysts, indicating
that the oxidation state of Mn was 34-. These BEs observed for
Mn 2p3/, are in good agreement with those reported previously
[53,54]. Hausmannite Mn3O4 has a spinel structure containing
both Mn?* and Mn** ions. Oku et al. reported that it is difficult
to distinguish between the oxidation states of Mn in Mn3Oy4 us-
ing XPS [55]. Allen et al. reported that BE values of 2p3,; peak
for the manganese cations in MnO, Mn3O4, MnyO3, and MnO»
at 640.9, 641.7, 641.8, and 642.4, respectively [56]. Mn 2p
peaks of spent catalysts were at 641.1, 641.4, and 641.4 eV for
CMjy, CMy 25 and CM| o, respectively. Mn-LVV Auger spec-
tra of fresh CMj o and spent CMy, CMy 5, and CM| o cata-
lysts are shown in Fig. 10c. Because the Mn-LVV spectra of
fresh catalysts are similar, only the CM| o spectrum is given in
Fig. 10c, to demonstrate the changes from fresh to spent cata-
lysts. A broad Auger transition can be seen between 576 and
592 eV for all of the samples. A shift in energy to lower (KE)
for spent catalysts compared with fresh catalyst (CM| o) can be
observed. The spectra from spent CMy and CMy 55 are identi-
cal. The shift in the KE of fresh and spent CM o indicates the
change in the oxidation state of Mn after phenol methylation.

3.3.2. Cu 2p core level

XPS spectra of Cu 2p3p core level for fresh and spent
CMy,s and CMj catalysts are shown in Fig. 11. A main
peak at 934.1 eV for the fresh catalysts with a satellite peak
at around 942 eV was observed for both CMg 5 and CM; g.

Their FWHM values were found to be 2.6 and 3.3 €V, re-
spectively. The BE of Cu 2p3; peak in CuO is reported to
be about 933.6 eV [53,54], with a shake up satellite at 940-
945 eV. The BE values of our samples are in good agreement
with those reported previously. In the case of CMy g, an addi-
tional peak at lower BE (i.e., 931.0 eV) was seen along with
the main peak at 934.1 eV. This peak indicates the presence
of Cu'*/Cu® species. The 2p3;» peak of Cu!™ in Cu,O is re-
ported to be at 932.2 + 0.3 eV [57]; for Mn-containing oxides,
this would be expected at around 931 eV [58]. These experi-
mental observations are in good agreement with the formation
of Cu!* and Mn** as a result of reduction—oxidation equilib-
rium Cu?* + Mn?* — Cu!* 4+ Mn**, which is expected on
copper substitution [58]. XPS of spent CM 25 catalysts gave a
single peak for Cu 2p at 932.5 eV with a FWHM of 1.2 eV with
no satellite peaks. Similarly, CM; o showed only one peak, at
932 eV, with a FWHM of 1.4 eV. However, in this study, the
main Cu 2p peak at 931.2 eV from CM; could be assigned
to Cu't, which exhibited no satellite peak. However, metallic
copper (Cu) also exhibited similar BE values as for Cu'*, and
hence making identification of oxidation states merely from the
XPS of Cu 2p rather difficult.

3.3.3. Cu-L3;My45M 5

Auger electron transition modifying Auger parameter o’
distinguishes the different oxidation states of Cu in the same
or related compounds [27,53]. The Cu-L3Mys5My5 Auger spec-
tra of fresh and spent catalysts are shown in Fig. 12. The CMy 25
catalyst exhibited the Cu-L3My45Mys line at a KE of 917.3 eV.
A further increase in copper content of the sample shifted the
peak to 917.7 eV. For pure CuO, this peak has been reported at
917.6 eV [27,53]. The values of o’ determined for fresh CMg 25
and CM ( catalysts are 1851.4 and 1851.6, very close to the
value observed for CuO (1851.5). The additional value of o' =
1848.7 eV obtained for CM| o from the low-BE Cu 2p3/, peak
supports the presence of Cu!™. In contrast to the fresh catalysts,
apeak at a KE 0of 916.6 eV was observed for CM »5 spent cata-
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Fig. 12. X-ray initiated Augur electron spectra (XAES) from Cu-M3My5Mys. (a) Fresh and (b) spent CuyMnj3_, Oy catalysts.

lyst, whereas a broad peak that can be resolved into two peaks at
916.7 and 918.8 eV was observed for CM| . The KE values in-
dicate the formation of Cul* for spent CMy 25 catalyst, whereas
both Cu'* and Cu® were present in CM o spent catalyst. For
spent catalysts, the o’ values were 1849.1 eV for CMy 5 and
1848.7 and 1850.8 eV for CM g, further supporting the pres-
ence of Cu'* in the former and both Cu'* and Cu? in the latter.
However, surface oxidation of Cu — Cu!" when the spent cat-
alysts were exposed to ambient atmosphere cannot be ruled out.

3.3.4. Valence band photoemission

XPS spectra of the valence band (VB) region obtained from
fresh and spent catalysts are shown in Figs. 13a and 13b, respec-
tively. The main VB observed below 9 eV had contributions
from 3d orbitals of Cu and Mn. At the hv = 1253.6 used in
these experiments, the photoionization cross-section (o) value
(Cu 3d = 0.021, Mn 3d = 0.0026, and O 2p =0.0005 Mb) [59]
was the dominant factor determining the spectral intensity. The
above data suggest that the contribution from O 2p was negli-
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Fig. 13. Valence band XPS spectra of fresh and spent copper manganese oxide catalysts.

gible. Similarly, Cu 3d should make significant contributions to
the VB. The VB assignments are straightforward based on the
intensity and BE of the bands. The high-intensity VB observed
on CM at 4 eV is due to Mn 3d bands. The intensity of VB in-
creased with increasing copper content along with a new peak at
2 eV and a satellite around 12 eV. This observation clearly sug-
gests that the new features were from Cu 3d bands. The band
at low BE (2 eV) can be attributed to a Cu-3d!0 band [27]. An
overlap of Mn 3d and Cu 3d was observed at around 4 eV from
fresh catalysts. The intensity variation observed with increasing
copper content is due mostly to the high o of the Cu 3d bands.
The comparatively low-intensity features observed between 6
and 8 eV can be attributed to O 2p bands.

Dramatic changes observed on spent catalysts from core lev-
els are reflected strongly in the VB spectra: (i) main VB shifting
toward lower BE with increasing copper content; (ii) the satel-
lite appearing at around 12 eV on fresh catalysts disappearing
on CM s and CM, and (iii) the disappearing Cu!*-3d'°
band on CM; ¢ due to reduction of Cul™ — Cu and hence
an associated shift in BE of the 3d bands. These observa-
tions clearly suggest increasing catalyst reduction from CM to
CM, g Although the Cu 3d and Mn 3d energy bands overlapped,
no interaction between Cu and MnO occurred, obviously due to
reduction.

4. Discussion

Catalytic studies of phenol methylation over various Cu,-
Mn3z_,O4 (x = 0-1) catalysts show that an optimum concen-
tration of copper was required to obtain high 2,6-xylenol se-
lectivity and that the catalyst CMg 25, showed superior activ-
ity and selectivity. At lower reaction temperatures (<650 K),
o-cresol selectivity was very high; however, o-cresol selectiv-
ity decreased with increasing temperature with a concomitant
increase in 2,6-xylenol selectivity, whereas the maximum yield

of 2,6-xylenol was obtained at 673 K. This clearly shows that
mono-alkylation was dominant at lower temperatures and di-
alkylation to 2,6-xylenol increased at higher temperatures, due
mainly to consecutive methylation of o-cresol. This shows that
the reaction temperature significantly influences the rate of con-
secutive methylation. The important observation is that the total
ortho-selectivity remained almost the same (>95%) within the
temperature range studied. However, a decrease in alkyl phenol
content was observed at higher temperatures, which may be at-
tributed to prevalence of dealkylation reactions. Among the mi-
nor products found was mesitol, the concentration of which also
increased with increasing temperature. This increase could be
due either to consecutive alkylation of product xylenol or to dis-
proportionation of xylenols. A similar trend was observed when
feeds containing various phenol-to-methanol ratios were used.
The reduction in the concentration of o-cresol with a concomi-
tant increase in 2,6-xyelenol concentration in the product for
the feeds with high methanol content further supports our ob-
servation that consecutive alkylations occur on these catalysts.

The activity and 2,6-xylenol selectivity over these catalysts
may be explained by invoking acid—base and structural prop-
erties. Metal oxides are known for their acid—base properties;
the respective strengths and acidity-to-basicity ratios depend on
its composition. The TPD of NH3 and CO, would be expected
to shed light on the acid-base properties of Cu,Mn3_, 04 ox-
ide catalysts that can be correlated with catalytic activity in
phenol methylation. Phenol methylation is known to be cat-
alyzed by proton acceptor (basic) sites present on Mn3O4 [10].
TPD of CO; on CMj 25 showed that the sample had relatively
high basicity compared with pure manganese oxide. Addition
of a small fraction of copper (x = 0.25) helped generate rela-
tively high basicity [28,29]. In addition, all of the samples had
acidity, as observed from TPD of NH3 (Fig. 9b). Selectivity to
2,6-xylenol increased with the addition of copper into the haus-
mannite Mn3Oy4 structure. At the same time, the total acidity,



288 A.S. Reddy et al. / Journal of Catalysis 243 (2006) 278-291

derived from TPD of NHs, increased with increasing copper
content. The high-copper content samples did not demonstrate
desorption of ammonia at higher temperatures, indicating the
absence of relatively strong acidity. Hence, we presume that
high basicity along with matching acidity were responsible for
high 2,6-xylenol selectivity.

Powder XRD showed that the CMg, CMp2s, and CMps
samples had a hausmannite structure, whereas the other two
samples were crystallized as Cu; sMnj 504 phases. This clearly
shows that structural changes occurred on subsequent addition
of copper to hausmannite spinel. Considering the initial stages
(TOS = 1 h) of the reaction, catalysts with Cuj; sMn; 504 phase
(CMp.75 and CM1 o) seemed to be good; however, they deacti-
vated rapidly after 1 h TOS (Fig. 1). The high concentration
of copper in the sample may have promoted its easy reduc-
tion, possibly leading to a loss of catalytic activity over these
catalysts. Higher copper content also may have shifted the red—
ox equilibrium Cu?* + Mn** = Cu'* + Mn** to the right,
possibly facilitating easy reduction of copper cations to copper
metal. The above interpretation is fully supported by our XPS
results.

Catalyst CMy 25 showed higher activity and selectivity con-
tinuing for up to 5 h TOS compared with the other catalysts. The
rapid deactivation of catalysts with high copper content may be
attributed to phase changes occurring during the course of the
reaction, leading to the formation of MnO and metallic copper;
however, deactivation (at least in the initial stages) as a result of
carbonaceous deposits cannot be ruled out. All of these results
demonstrate that on-stream stability is low for oxide phases that
are rich in copper, such as the Cu; sMn; 504 phase.

XRD of spent catalysts showed the presence of MnO, which
has lower-valent manganese than the average valence of Mn in
a typical hausmannite phase. Similarly, peaks belonging to Cu
metal could be clearly seen in all of the samples with higher
Cu content (x > 0.5), whereas hardly any metallic Cu could
be seen in the case of x = 0.25, although the presence of MnO
was detected. However, the hausmannite phase was not retained
for this sample, and this sample likely contained well-dispersed
metallic copper in addition to MnO. Very low Cu content on
the spent CMj 25 catalyst from XPS indeed indicates that the
amount of Cu on the surface was much lower than that on the
corresponding fresh catalyst. However, the high Mn content on
spent CMy 25 supports the distribution of Cu throughout the
catalyst due to reaction-induced structural changes. Compared
with other compositions, the CMy 5 catalyst may have retained
hausmannite structure for a little longer on stream, delaying its
deactivation. The control experiment of phenol methylation on
MnO under identical conditions showed no activity. Decom-
position of methanol on CMy 25 under methylation conditions
produced CO, CO;, and Hj. This finding, along with our ear-
lier observation that the sample was reduced to metallic copper
and MnO after TPR experiments, proves that reduction of cata-
lysts occurred at high reaction temperatures (673 K), leading to
the formation of MnO and Cu, which are not active for phenol
methylation. Adding water to the feed did not improve the cata-
lyst life, in contrast to the findings of Thomas et al. over Cu—Co
ferro spinels [27]. Hence, it may be concluded that present cat-

alysts are prone to irreversible deactivation under the reaction
conditions.

The change in the electronic spectra of the catalysts with
varying copper content can be explained based on the red—
ox reaction. With increasing copper concentration, Cu>*/Cu'*
would be expected to replace Mn?t in the hausmannite lat-
tice. Cul™ shows no d-d transitions, because it is a d'° system.
A shift in the absorption band in the UV region to lower wave-
lengths is attributed to the incorporation of Cu?*/Cu!™ in place
of Mn”*. This band in the UV region for catalysts with x > 0.5
can be assigned to either an 0>~ — Cu?* or an 0>~ — Mn>**
charge transfer. The reduced intensity of the visible region band
on incorporation of higher amounts of copper (x > 0.5) might
be due to a change in the oxidation state from Mn>* to Mn**,
Because no absorption was seen in the visible region at 800 nm,
the possibility of Cu?* in octahedral environment clearly can
be ruled out. At low concentration, copper may simply replace
Mn?* in the tetrahedral sites, because no absorption bands due
to Cu”* in octahedral sites were observed. FTIR spectra cor-
roborate the UV results; the structural vibrations observed for
CMj and CM »5 were in good agreement with the hausmannite
structure [43,46,47]. Further increases in copper content led to
the transformation of hausmannite to the Cu; 5Mn; 504 phase;
as a result, the IR bands at 623 and 516 cm™! disappeared from
these samples.

It is easier to assign various reduction peaks in a TPR pro-
file obtained for single-oxide systems; however, it is difficult
to interpret the TPR profiles of the present system, because
they contain various combinations of oxidation states of copper
and manganese. Hence, it is not possible to attribute individ-
ual peaks to defined red—ox species. As mentioned earlier, the
low-temperature TPR peak at 445 K is due to the reduction of
Mn** ions formed as a result of red—ox equilibrium between
Cu?* 4+ Mn?t and Cu'* + Mn** pairs. The increased inten-
sity of the low-temperature peak with copper content further
supports this interpretation. Previous reports suggest that cop-
per is reduced at higher temperatures in mixed oxides compared
with CuO [37,60]. Hence, the low-temperature peak, the inten-
sity of which increases with increasing copper content, might
be due to a shift in equilibrium leading to more Mn** species.
A low-temperature shift of the most intense peak as a result
of copper substitution in the manganese oxide spinel has been
reported [37,60]. Cu?t may reduce to metallic Cu either in a
single step or in two steps, that is, Cu>* — Cu'* — Cu. On
the other hand, reduction of Cu?* in pure CuO occurs at 523 K,
as reported by Tanaka et al. [61]. The observation of a single
reduction peak for this system may be attributed to the for-
mation of copper—-manganese oxide solid solution as a result
of Cu?t/1*—O-Mn3*/Mn** bonds. These results are in good
agreement with those reported for such spinels [61].

The splitting of Mn 2p and the Mn 3s is often used to de-
termine the manganese oxidation states [50]. Mn 2p shake up
satellites also may be expected, because all 3d configurations of
manganese are paramagnetic [62]. But the satellites are clearly
observed only for MnO. For Mn,03 and MnO,, Mn 2pi;
peaks are superimposed on the satellites [62]. The BE value of
642.0 eV for CMy sample may be attributed to Mn3O4 phase,
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which supports powder XRD results. The Mn 2p3/, BE of pure
Mn3Oy4 is expected to be between the BE values of Mn3+
and Mn?*; however, the impurity present in the catalysts (i.e.,
MnsQOg, with average oxidation state of 4-3.2) might shift these
BEs higher. Incorporation of copper (Cu™) into tetrahedral sites
of hausmannite is expected to shift the BE of Mn 2p higher due
to the formation of Mn*t (Cu®>* 4+ Mn3t = Cu!* 4+ Mn*t).
These observations are in good agreement with previous re-
ports [54]. The BE of spent catalyst at <641.4 eV is attributed
to the presence of Mn>T, although some amount of Mn>* can-
not be ruled out. The formation of MnO after phenol methyla-
tion was also confirmed with XRD. The ratio of Cu to Mn on
the surface was estimated as reported previously [27]. The inte-
grated intensities of the Cu 2p and Mn 2p peaks have been taken
into account to estimate the concentration. The surface copper
was enriched 1.3-fold on CMg 35, whereas the bulk and surface
compositions were nearly same on CM| g.

Although the BE of Cu 2p3/, from spent catalysts was close
to Cu!™, we presume that it was copper metal, based on the
powder XRD results. Cation distribution is generally deci-
phered based on XPS results. Thermodynamic calculations for
site preference energy of several bivalent and trivalent cations
in spinel structures [63] showed higher octahedral site pref-
erence energy for Mn3*t/Mn*t than for Cu?>*. On the other
hand, Mn>* and Cu'* both have a greater preference for tetra-
hedral sites. However, some reports suggest presence of biva-
lent copper, at least a part of it, in octahedral sites [63]. For
copper-containing spinels, most reports agree with the location
of monovalent copper in tetrahedral and bivalent copper in oc-
tahedral sites [64]. The literature reports that the BE values of
the copper Cu 2p3/, peak in spinels follow the order Cu™t(Oy,)
< Cut(Tq) < Cu?t(0y) < Cut(Ty) [65].

4.1. Relationship between catalytic activity and acid—base
property

Previous reports on the correlation of acid—base properties
to catalytic methylation of phenol to yield various methyl phe-
nols were not helpful in comparing or generalizing our catalytic
oxide system. Hence, we speculate on a possible correlation
based on our phenol methylation reaction results. The perfor-
mance of CMp 25 showed that it had higher activity and also
better selectivity toward 2,6-xylenol yield. In general, the Lewis
acidity can be attributed to the metal ions, whereas the basicity
can be attributed to the presence of oxide anions on the sur-
face of a metal oxide. Obviously, the catalyst’s compositional
variation influences the distribution of metal and oxide ions,
as well as their strengths. It is known that Mn3Oy4 is a basic
oxide, and that adding copper should further enhance the ba-
sicity of the system. But the surface acid-base property of the
oxide catalysts strongly depends on the nature and content of
surface cations. Many reports claim that acidity is the deter-
mining factor in phenol conversion activity, whereas basicity
accounts for 2,6-xylenol selectivity. The better activity and se-
lectivity on CMy 25 may be attributed to the presence of Cu?t,
which might account for the better 2,6-xylenol selectivity as
well as greater structural stability. According to Thomas et al.,

Cu?* is the active species, and its synergetic interaction with
other metal cations (Co) present in the system leads to better
2,6-xylenol selectivity [27].

4.2. Electronic and structural changes

The changes occurring in the electronic properties of the
catalysts during the reaction can be explained by our XRD,
TPR, and XPS findings. A reducing atmosphere was created
during the phenol methylation reaction, confirmed by the ob-
servation of Hy and CO, probably formed by steam reform-
ing/decomposition of methanol. These reducing gases (H, and
CO) were responsible for the catalyst reduction, resulting in the
formation of Cu and MnO. These reduced species were not ac-
tive for phenol methylation, and hence the catalysts deactivated
after a few hours. This reduction is confirmed by XRD of spent
catalysts, which exhibited Cu metal and MnO. XPS findings
also corroborate the above observations. The changes observed
on main peaks, satellites, and Auger features of Mn and Cu
provide clearly indicate that partial reduction of these species
occurred during the reaction. It is useful to highlight the fol-
lowing features from XPS:

1. Copper reduction was seen for x > 0.25, with the extent of
reduction increasing linearly with increasing “x” value.

2. Partial reduction of all metal ions and a consequent increase
in the energy overlap of 3d band in the spent catalysts oc-
curred.

3. A comparable activity was observed for x = 0-0.5, indi-
cating the equal importance of Cu?* and Mn3" for better
performance.

4. The complete phase change of the catalysts after reaction,

identified on XRD and XPS, hints at the structural collapse.

All of the above points indicate considerable redistribution
of the cations under reaction conditions.

The extent of red—ox interaction between Mn>* and Cu’*
increased with increasing x value. This is confirmed by the for-
mation of Cuj;sMn; 504 phase seen on XRD. The extent of
reduction in CM| o reached 45% (reducibility of Cu, calculated
as the amount of reduced Cu to Cu>*content). The activity and
selectivity were higher on CMj »s, because the extent of reduc-
tion was minimum (as confirmed by XRD and XPS). Although
the overlap of 3d bands from Cu and Mn in the fresh catalysts
would be expected to enhance activity and selectivity through
synergetic interaction [27], the increased reduction with higher
copper content led to poor activity and selectivity. But the bet-
ter overlap of 3d bands could not be used in phenol methylation
due to reductive atmosphere (structure collapse) and high ex-
tent of reduction. However, these processes are relatively low
in CMy 25, contributing to the higher activity for phenol methy-
lation and 2,6-xylenol selectivity.

4.3. Mechanism of C-methylation of phenol

Two pathways are proposed for the formation of 2,6-xylenol
by the methylation of phenol. One probable path is through the
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formation of anisole, which further reacts with methanol to give
2,6-xylenol via isomerization of methyl anisole. The alternate
route is through the C-alkylation of phenol to give o-cresol, fol-
lowed by its consecutive methylation to give 2,6-xylenol. In
either case, the first key step in the methylation of phenol is
the adsorption of phenol on the catalyst surface. Tanabe et al.
[9] supported the second mechanism, wherein C-alkyl phenols
are formed through the adsorption of phenolate ion, in a perpen-
dicular orientation, on an MgO catalyst system. This particular
orientation of the phenolate ion on the catalyst surface leads
to its methylation in the ortho position. Because we did not
observe anisole under any of our reaction conditions, we feel
that the latter mechanism proposed by Tanabe et al. may be the
most probable and applicable to our catalytic system. The en-
hanced 2,6-xylenol selectivity at the expense of o-cresol and
further methylation of 2,6-xylenol, leading to trimethyl phenol
(mesitol), demonstrates that the reaction is consecutive, giving
further credence to the above mechanism.

5. Conclusion

A series of copper manganite spinel catalysts (Cu,Mn3_,Oas,
x = 0-1) were prepared and used for phenol methylation. The
initial activity of these catalysts increased with increasing cop-
per content. Higher copper-containing catalysts were found to
be more prone for reduction under reaction conditions, lead-
ing to rapid deactivation. The catalyst with low copper content
(CMp25) was more active and selective for 2,6-xylenol. All
of the catalysts, irrespective of their composition, produced
only C-methylated phenols. XRD, UV-vis, and FTIR results
revealed that CMy and CMy»s had a hausmannite phase that
underwent minimal reduction in reaction conditions and that
CMy 25 was relatively stable for phenol methylation compared
with the other catalysts studied. In contrast, CMg 75 and CM ,
which exhibited Cuj 5sMn; 504 oxide phase, showed good ini-
tial activity but deactivated rapidly. The strong basicity and
weak acidity associated with these catalysts were responsible
for the selective formation of 2,6-xylenol. Among the catalysts
studied, CMy 25 was found to have optimum acid-base proper-
ties.
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