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Abstract

Manganese oxides having a tunnel structure (OMS-2) have been utilized as selective catalysts for alcohol oxidation. In this
study manganese oxide catalysts were synthesized in different media and modified by exchanging the tunnel cation by H
using acid treatment or exchanging with NHfollowed by thermolysis. Various alcohol oxidations were performed using
these catalysts to ascertain the influence of synthesis method on their activity. A correlation is made between lattice oxygen
instability and activity of the catalysts, which indicates involvement of the lattice oxygen in the mechanism. The exchange
of the tunnel cation with the smaller'Hons leads to weakening of the Mn—O bond, as verified by temperature programmed
desorption (TPD) results. Only the chemisorbed oxygen on the surfadeaf@ the lattice oxygen in the layers close to the
surface is involved in the oxygen transfer during the reaction.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction this methodology act as a major drawback for their
use[1]. This necessitates the need for milder, catalytic
Metal oxides have been employed as catalysts for a oxidation processes utilizing dioxygen o€ as the
variety of organic transformations. Industrially, tran- oxidant[2].
sition metal oxides are most widely used for reac- Son et al.[3] have recently demonstrated a selec-
tions ranging from cracking in the petroleum sector tive, catalytic alcohol oxidation using a mesoporous,
to alkylation in the petrochemicals area. Some oxides tunnel-structured manganese oxide, using dioxygen as
like TiO, are important photocatalysts and find ap- the oxidant. Further work on this systegdi pointed
plications in pollution control measures while others towards a Mars-van Krevelen mechanism where the
like ZrO, are used as catalyst supports. The oxides of involvement of the lattice oxygen was implicated as
manganese and chromium have been conventionallya factor for its selectivity. Many investigatois, 6]
used as stoichiometric oxidizing agents for carrying have studied the mechanism of participation of lattice
out alcohol oxidations. However, the large amounts oxygen in such systems involving metal oxide cata-
of heavy metal waste, especially Cr(VI), generated by lysts. These studies were directed towards finding the
nature of adsorbed oxygen species and their reactiv-
* Corresponding author. Fax:1-860-486-2981. ity, and also that of lattice oxygen. This report aims
E-mail address: suib@uconnvm.uconn.edu (S.L. Suib). to extend the application of these tunnel-structured
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manganese oxides to the difficult to oxidize alkyl
alcohols using suitable modifications of the catalyst.
A structure—activity correlation is also drawn, which
sheds light on the nature of the lattice oxygen partic-
ipating in the oxidation mechanism.

2. Experimental

2.1. Reagents

All reagents used in the current study were of ana-
lytical grade unless otherwise noted.

2.2. Catalyst synthesis
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3 h. After filtering and a similar washing and drying
procedure, the black powder obtained was denoted
as OMS-2-1b. This treatment does not lead to a total
exchange of K by HT. Another strategy employed
towards this end was exchanging™Kwith NH4™
followed by thermolysis to reduce the NH to HT.
OMS-2-1a was added to a 25 ml of 20% (w/v) solu-
tion of ammonium nitrate and stirred at room temper-
ature for 3h. The slurry was allowed to settle and the
clear liquid phase was separated by decantation. A
fresh 25 ml of the same 20% solution of ammonium
nitrate was added and again stirred for 3h at room
temperature. The solution was filtered, washed and
dried before calcining at 40@ in air for 8 h. This
treatment was enough to reduce all the f\Ho HT

as determined by analyzing the exhaust gases. This
resulting catalyst was labeled OMS-2-1c.

The catalysts used_ in the present gtudy belqng Another method of synthesizing OMS-2 in neu-
to a class of synthetic manganese oxide materials tral medium has been previously reporti®]. A

with a tunneled structure, called octahedral molecu-
lar sieves (OMS)7,8]. The synthetic OMS catalyst
has a one-dimensional tunnel structure formed by
2 x 2 edge shared Mn§octahedral chains, and is
called OMS-2 Fig. 1). The tunnels have dimensions
of 46A x 4.6A, while the overall composition is
KMngOj6-nH20.

K-OMS-2 was prepared by a precipitation method
[9]. A 0.4 M solution of potassium permanganate was
added drop-wise with vigorous stirring to a mixture of
a 1.75M solution of manganese sulfate monohydrate
and 6.8 ml of concentrated nitric acid. The resulting
black precipitate was stirred and refluxed at 373 K for
24 h. The precipitate was filtered and washed with dis-
tilled, deionized water until neutral pH and then dried
overnight at 393 K. The final powder obtained was
named OMS-2-1a.

Thus prepared K-OMS-2 was ion-exchanged with
H* to give H-K-OMS-2. OMS-2-1a was added to a
1M solution of nitric acid and stirred at 333K for

Fig. 1. Structure of OMS-2 catalysts.

sol was prepared by dissolving 0.01mol of potas-
sium nitrate and 0.0046 mol of manganese(ll) nitrate
in 50ml of distilled, deionized water. A solution of
glucose, which acts as a cross-linking agent, was added
to this solution such that the molar ratio of salt to
cross-linking agent was 1:2. The resulting clear solu-
tion was stirred for 10-30 min, followed by heating
to evaporate all the water. A gel was formed at this
point, which was heated in air at 180 for 2h to
give a dark black powder. This product was calcined
from 300 to 800°C in a stepwise ramp, with a 2 h hold
time at each interval. The final product was character-
ized to be OMS-2 and is labeled as OMS-2-2a. This
catalyst was modified by treatment with 1M HNO
and ion-exchanged with Nft followed by calcina-
tion similarly as described for OMS-2-1a. These treat-
ments yielded materials OMS-2-2b and OMS-2-2c,
respectively.

OMS-2 has also been synthesized in basic medium
[11]. According to this synthesis procedure, 0.038 mol
of manganese(ll) chloride tetrahydrate were dissolved
in 50 ml of distilled, deionized water. A 6.25M solu-
tion of sodium hydroxide was added drop-wise to this
solution to precipitate out a birnessite precursor. After
6 h of stirring, the resulting birnessite was filtered,
washed and ion-exchanged with a potassium chlo-
ride solution to form K-birnessite. The K-birnessite
was filtered, washed, and dried before calcining at
200-800°C in 200°C intervals, with a hold time of
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2 h at each interval. This calcination treatment yielded to Mn?t, and titrated to a M#i™ complex with sodium
cryptomelane, which is denoted as OMS-2-3a. This pyrophosphate versus potassium permanganate. This
catalyst was also modified by treatment with 1M gave the total Mn content, based on which the AOS is
HNO3 and ion-exchanged with N followed by determined by reducing the solid to Knby ferrous
thermolysis to yield materials labeled OMS-2-3b and ammonium sulfate and back-titrating the exces$Fe
OMS-2-3c, respectively. Thus we have synthesized with permanganate standard.
cryptomelane in acidic, neutral, and basic medium
and the effect of synthesis method on activity can be 2.7. Temperature programmed desorption
evaluated.
Temperature programmed desorption with mass

2.3. Surface area measurements spectrometric (TPD-MS) analysis of exhaust gases

was used to ascertain the thermal stability of the cat-

The surface area of each material was measured@lYSts. About 30-40mg of the catalyst was packed

by the Brunauer—Emmett—Teller (BET) method on a into a quartz tube and loaded into a tubular furnace
Micromeritics ASAP 2010 instrument. The measure- controlled by an Omega temperature controller. The

ments were made using nitrogen as the adsorbent and?@Mple was purged with UHP He (Matheson) for
with a multi-point method. 6-8h at room temperature followed by heating the

sample to 700C at 15°C/min. The He carrier gas at
the exhaust was fed to a MKS-UTI PPT quadrupole
residual gas analyzer and evolution of water, oxygen

. - and carbon dioxide was monitored.
The structure of all materials was verified by X-ray

diffraction experiments. Data were collected using a
Scintag 2000 PDS instrument with CuxKradiation
with a beam voltage of 45kV and a beam current of
40 mA. The structure was matched to standards and
was found to be conserved even after theéxchange
treatments.

2.4. X-ray powder diffraction studies

2.8. Catalyst activity measurement

The catalyst activity was quantified by performing
a series of alcohol oxidations. Typically, a semi-batch,
slurry reactor was used in which 15 ml of toluene (J.T.
Baker), 1 mmol of the substrate alcohol and 0.5 mmol
of methyl benzoate (Aldrich), as the internal standard,
were charged. Then, 0.5equiv of the catalyst were
added and a reflux condenser was attached. Air, as

The morphology of the catalysts was studied by an oxygen source, was bubbled at a high flow rate
scanning electron micrographs taken on an AMRAY 4t 200 mI/min through the reaction mixture which
1810 scanning electron microscope. The chemical \ya5 vigorously stirred. These steps ensured that mass
compositions were determined by an energy disper- ransfer effects were overcome and the reaction was
sive X-ray (EDAX) analysis on a Philips PV 9800 performed in the kinetic regime. The reactor was
EDAX spectrometer using a SuperQuant program. piaced in a constant temperature paraffin oil bath. The
This analysis provides a measure of the amount of reaction was carried out under toluene reflux (383 K)
tunnel K™ cations exchanged by Hin the modified  for 4-20h. The alcohol substrates used were benzyl

2.5. Chemical composition measurements

catalysts. alcohol, 2-butanol, and cyclohexanol.
Gas chromatography—mass spectrometry (GC-MS)
2.6. Average oxidation state methods were used for the identification and quan-

tification of product mixtures. The GC-MS analyses
The average oxidation state (AOS) of the man- were done on a HP 5890 Series Il gas chromatograph
ganese in the Mit, Mn3t, and Mt containing  coupled with a HP 5971 mass selective detector. The
OMS-2 catalyst was measured by potentiometric titra- column used was a HP-1 (cross-linked methy! silox-
tions[12]. The catalyst was dissolved in concentrated ane) with dimensions of 12m x 0.2 mm x 0.33um
hydrochloric acid so as to convert all the manganese film thickness.
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3. Results

3.1. Surface area measurements

The surface areas of the synthesized OMS-2 ma- oms-2-2a

terials are shown irifable 1 The areas varied by
<5% after ion-exchange treatments. These OMS-2

materials are low surface area oxides. The synthesis

in acidic medium results in the largest surface area
(~65m? g~1) material, while the materials synthe-
sized in basic or neutral medium with a high tempera-
ture (HT) calcination step have much smaller surface
areas £15nm?g1), as expected.

3.2. Chemical composition

The scanning electron micrographs show a fibrous,
needle-like morphology of OMS-2, which remains un-
changed after tunnel cation substitution. A represen-
tative SEM micrograph showing these details can be
seenirFig. 2 From the EDAX analysis measurements
and based on the amounts of Kations remaining
after each catalyst modification treatment, the per-
centage of K exchanged by H can be determined.
These SEM—EDAX results are seeniable 2 For
the materials prepared in acidic and neutral medium,

28.8 kY

18um
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Table 1
Surface areas of synthesized catalysts

Catalyst Surface area frg—1)
OMS-2-1a 62
14
OMS-2-3a 13
Table 2

Extent of H" exchange in synthesized catalysts

Catalyst % K= exchanged by H
OMS-2-1a 0
OMS-2-1b 21
OMS-2-1c 51
OMS-2-2a 0
OMS-2-2b 17
OMS-2-2¢ 38
OMS-2-3a 0
OMS-2-3b 53
OMS-2-3c 55

treatment with HNQ@ results in a~20% exchange
and exchange with Nkt followed by thermolysis
improves upon this percentage. However, for the ma-
terials prepared in basic medium, the acid as well as

13 mm

Fig. 2. SEM micrograph of OMS-2-1a.
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Table 3 Table 4
AOS of Mn in OMS-2 prepared by different methods Effect of Kt exchanged by H on AOS of Mn in OMS-2
Catalyst AOS Catalyst AOS % K exchanged
by H*
OMS-2-1a 3.81
OMS-2-2a 3.56 OMS-2-1a 3.81 0
OMS-2-1d 3.63 35
OMS-2-1c 3.55 51

NH4™ exchange protocol are equivalent and both re-

sult in a~50% exchange of K by H*. In all cases,  3.4. Temperature programmed desorption
the maximum extent of exchange was not greater than

55%. The effect of H* exchange on the structural stabil-
ity of the catalyst is studied by TPDxig. 3 shows
3.3. Average oxidation state the evolution of oxygen from OMS-2-1a/lb and 1c

as a function of temperature. This oxygen peak is the
The AOS gives an estimate of the electron en- lattice oxygen liberated due to heating in a He atmo-
vironment around Mn centers. The AOSs of the sphere. The temperature at which the oxygen peak
as-synthesized OMS-2 materials varied from 3.56 to appears is the temperature at which the Mn-O bond
3.81, as shown infable 3 A material, OMS-2-1d, is broken and is the thermal stability limit for that
was obtained by exchanging OMS-2-1a with a higher material. Yin et al[13-15]have classified the oxygen
strength of HNQ@. This was done in order to get a peaks as low temperature (LT), medium tempera-
number of data points to understand the effect 8f H ture (MT), and HT peaks, based on their evolution
exchange on AOSTable 4illustrates the trend of de-  temperature. The OMS-2-1b, which has 20% K
creasing AOS with increasing extent of kexchanged  exchanged by H shows very little change from the
by HT. pure K-OMS-2. Since th&-axis has arbitrary units,

1e-6
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1e-8
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Fig. 3. TPD of OMS-2-1a/1b/1c in He.
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Fig. 4. TPD of OMS-2-2a/2b/2c in He.

the position of the O-evolution peaks and relative in- OMS-2-3b and 3c and their TPD profiles are also sim-
tensities, need to be analyzed. As the percentage ofilar. The LT peak is relatively sharp and occurs almost
K+ exchanged increases to 50% in OMS-2-1c, a sig- 150°C before the pure K-OMS-2 material. The MT
nificant change is seen in the intensities of LT and MT peaks are weakly resolved and the HT peak is barely
peaks. visible before 700C.

The same results for the OMS-2-2a/2b and 2c series
of materials are seen fig. 4. Since this is a material 3,5, Catalyst activity results
synthesized at HTs (80@), we see only the LT peak
for OMS-2-2a before 700C. The HT synthesis makes The effect of different synthetic methods and dif-
the surface more “compact”, energetically; resulting ferent extents of tunnel cation substitution on the
in most of the LT and MT species being already lost, catalytic activity of these OMS-2 materials was stud-
or they are shifted to much higher temperatures, which ied by the conversion of alcohols to aldehydes or
are not reached in this experiment. For OMS-2-2b, the ketones. The results of these batch reactor studies
LT and MT peak are visible but weakly resolved, while are tabulated irTable 5 Benzyl alcohol being the
the HT peak just starts to appear under 700As the most activated alcohol shows maximum conversion
H* percentage increases in OMS-2-2c, the MT peaks with each of the catalysts, while the secondary alkyl
increase in intensity and are well differentiated. The alcohols—2-butanol and cyclohexanol, show limited
peak positions are not affected drastically by the per- conversion. The reactions were carried out for 20 h,
centage of substitution of Kby H*, but they do vary except for the oxidation of benzyl alcohol with the
from the pure K-OMS-2 materiaFig. 5 shows the OMS-2-1 series of materials, which was carried out
TPD data for the OMS-2-3a/3b and 3c materials. This for 4h. The materials showed 100% selectivity for
material is obtained by calcination at 80D; hence benzaldehyde, 2-butanone, and cyclohexanone, re-
we see a tiny LT peak for the unsubstituted K-OMS-2 spectively, and no over-oxidation to the carboxylic
and the beginning of the MT peak. The percentage of acid was observed. The OMS-2 materials prepared
K* exchanged by H is approximately the same for in acidic medium under water reflux have the highest
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Fig. 5. TPD of OMS-2-3a/3b/3c in He.

surface areas and the highest activity for all three sub-

strates. The other two catalysts synthesized at’800

show much less surface area and activity, with the
material synthesized in neutral medium being more
active than the material synthesized in basic medium.

Table 5
Reactivity of synthesized cataly8ts

Catalyst Surface  Conversion %
area
2 1 2-Butanol  Cyclohexanol Benzyl
(m“g™)
alcohol
OMS-2-1a 62 37 28 9d
OMS-2-1b 62 41 41 g5
OMS-2-1c 62 41 60 g5
OMS-2-2a 14 14 10 16
OMS-2-2b 14 16 14 42
OMS-2-2¢ 14 30 26 50
OMS-2-3a 18 7 5 14
OMS-2-3b 13 12 15 35
OMS-2-3¢c 13 15 19 38

2Reactions in a slurry, batch reactor under toluene reflux for
20h.

b Selectivity was 100% to 2-butanone, cyclohexanone and ben-
zaldehyde.

¢Change in surface areas of ion-exchanged materials (i.e. 1b,
1c, 2b, 2c, 3b, 3c) was:5%.

dReaction carried out for 4h.

4, Discussion

Tsuji and Abe[16] and Gehain et a[17] have re-
ported methods of progressive exchange tfdétions
in cryptomelane (OMS-2) by H to form cryptome-
lane type manganic acid (CMA). Although these meth-
ods lead to complete exchange of Koy HT, they
involve exchange with concentrated nitric acid for pe-
riods of up to 3 weeks, or reduction by hydrazine hy-
drate. The methods reported in this paper are much
milder and quicker and are practical for up to 50% tun-
nel cation substitution with the tunnel structure being
conserved. The thermal stability of OMS-2 materials
modified by ion-exchange was ascertained by doing
TPD. In each of the materials synthesized, irrespective
of the pH of the synthesis medium, the TPD results
show a larger oxygen evolution peak after exchange of
the tunnel cation by the smaller'tiBased on quan-
titative studies of these oxygen evolution peaks, Yin
etal. have assigned the tiny LT peaks to a small amount
of chemisorbed oxygen on the catalyst surface. The
MT peak corresponds to structural oxygen from the
lattice layers close to the surface. The loss of oxy-
gen from these layers results in lattice vacancies, but
the number of vacancies is small enough that the tun-
nel structure is conserved. The large HT oxygen peak
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again corresponds to structural oxygen, but becausecreasing ion-exchange, the activity of the catalyst also
of its magnitude, the loss of this oxygen leads to a increases. The major difference is in the LT and MT
breakdown of the structure, accompanied with a step- peaks in the TPD results. Therefore, lattice oxygen
wise reduction of the manganese oxide toJ@g and in the layers near the surface plays an important role
finally to MnO. As illustrated by the TPD results, a in this oxidation. Another effect of the tetragonal to
major effect of the tunnel cation substitution is on the monoclinic transition is the increase in the number of
LT and MT oxygen peaks. The HT peaks are not seen Mn3* sites, due to oxygen loss as a result of strained
for the materials synthesized at HTs. Since the amount Mn—O bonds. This is also favored because of the larger
of chemisorbed oxygen is much smaller compared to ionic radius of M3+ compared to Mfit, which fits

the oxygen evolved in the MT peak, the lattice oxygen better in a monoclinic environment. As the number of
near the surface undergoes a major change. lwamotoMn3* sites increases due to tunnel cation-exchange,

et al.[18] have studied oxides of Fe, Co, Ni, Cu, Al,

the AOS of Mn in the material would decrease, as is

Si, Ti and others by TPD techniques and shown the borne out by the AOS results ifable 3
presence of three desorbed oxygen peaks as a typical

result, with similar peak assignments.

All the synthesized and modified materials were
tested for activity by using them as catalysts to per-
form alcohol oxidations Table 5. The substrates

5. Conclusions

Cryptomelane type manganese oxides (OMS-2)

chosen were a benzylic alcohol, a secondary linear have been synthesized in different media and modified

alcohol (2-butanol) and a secondary cyclic alcohol
(cyclohexanol). The rate-determining stgfj is the

formation of a carbocation, which is stabilized by
resonance delocalization in the case of benzylic al-
cohols; hence benzyl alcohols show the maximum
conversion with all materials. Secondly, as the cata-
lysts are modified by exchanging the tunnet Mith

by exchanging tunnel cations with™H This exchange

is carried out by acid treatment or exchange with

NH4T, followed by thermolysis. These materials were

used as catalysts for performing alcohol oxidations.
The material with the highest surface area, which was
synthesized in acidic medium at LT, shows the max-
imum activity. The activity is maximum for benzylic

HT, there is a direct correlation between percentage alcohols, while selectivity of 100% is maintained for

of K+ exchanged and its activity. This, combined
with the TPD results, corroborate the involvement of
lattice oxygen in the reaction mechanism.

Post et al.[19,20] have performed X-ray diffrac-
tion studies on cryptomelane and its alkali cation-

all the alcohol substrates tested. The thermal stability
of these catalysts was probed by TPD, and was found
to decrease with increasing percentage of tunnel
cation-exchange. The reaction over OMS-2 catalysts
occurs by a Mars-van Krevelen mechanism, involving

exchanged forms. According to these, cryptomelane exchange of the lattice oxygen. Since the TPD results
has a tetragonal geometry, but is known to distort to a show a major effect on the lattice oxygen in layers

monoclinic geometry when the ratio of the lattice Mn

close to the surface, which is directly correlated to

ionic radius over the tunnel cationic radius exceeds a the increased activity towards alcohol oxidation, it is

value of 0.48. Based on the calculated lattice param-

eters, this transition is due to torsion of the tunnels
resulting in elongation of thea' parameter. Since the
ionic radius of H is much smaller than that of K
this condition is satisfied, and the cryptomelane lat-
tice is strained, which in turn strains the Mn—O bonds.
As a result of this strain, lattice oxygen is evolved
much more readily in the ion-exchanged material than
the pure K-OMS-2, which is shown in the TPD re-
sults. From a previous repd#], this system acts via a
Mars-van Krevelen mechanism, which involves lattice
oxygen. As lattice oxygen instability increases with in-

proven that only lattice oxygen close to the surface
participates in the reaction. Loss of this oxygen cre-
ates nucleophilic vacancies in the lattice while main-
taining the tunnel structure, which are replenished
by gas phase oxygen. This explains the catalytic and
selective nature of OMS-2 towards alcohol oxidation.
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