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The catalytic properties of manganese oxide octahedral molec-
ular sieve materials (OMS-2) with different metal cation dopants
(M: Cu?t, Zn?+ Ni?t, Co?t, AR+, or Mg?t) were investigated for
the reaction of 2-propanol decomposition. Compared with other M—
OMS-2 catalysts, Cu-OMS-2 catalyst has much higher conversion
of 2-propanol and the highest selectivity to acetone at 300°C. As
for the selectivity to propene, it is generally below 6% for M—OMS-
2 materials. The reaction results are discussed in consideration of
characterization results of M—OMS-2 catalysts, especially studies
on their acidity and basicity, and suggest that dehydrogenation of
2-propanol is not simply catalyzed by basic or acidic and basic pair
sites, but probably by active sites with redox and basic properties.
In situ FTIR studies suggest that Cu—-OMS-2 has more active sites
for 2-propanol than AI-OMS-2 and K-OMS-2. The phase transi-
tions from cryptomelane to hausmannite and finally to manganosite
were observed with XRD studies of Cu-OMS-2 catalysts during re-
action. All Cu-OMS-2 materials that either have the cryptomelane,
amorphous MnOy, hausmannite, or manganosite structure show
activity in the decomposition of 2-propanol to acetone. The Cu—
OMS-2 materials with the hausmannite structure show the highest
activity.  © 2001 Academic Press

I. INTRODUCTION

Decomposition of 2-propanol has been frequently used
as a test reaction for acid—base properties of oxide catalysts
(1-15). Decomposition of 2-propanol occurs by two paral-
lel reactions: (1) dehydration to propene predominantly on
acid sites and (2) dehydrogenation to acetone on basic or
concerted acid-base pair sites or on active sites with redox
and basic properties. However, the role of acidic and basic
sites in the formation of propene and acetone is not well
established (1, 16). Recent reports (17, 18) show that de-
hydrogenation and dehydration of 2-propanol are not only
determined by surface acidic or basic properties but also
strongly affected by the reaction conditions employed, such
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as reaction temperature, 2-propanol partial pressure, the
oxidizing nature of the carrier gas, and so forth.

The reaction of 2-propanol decomposition was chosen to
test the catalytic property of manganese nodules by Matsuo
etal. (19, 20). Their reaction products were acetone, carbon
dioxide, and water, but no propene was detected. Surface
oxygen species on the manganese nodule surface were be-
lieved to act as basic sites to catalyze the dehydrogenation
of 2-propanol. Some of the surface oxygen species were
highly reactive so that the total oxidation of 2-propanol oc-
curred. The acidity on the manganese nodule surface was
postulated to be too weak to catalyze the dehydration of
2-propanol.

A new class of molecular sieve materials referred to as
manganese oxide octahedral molecular sieves (OMS), in-
cluding synthetic todorokite (OMS-1) and cryptomelane
(OMS-2), has been developed (21-27). The synthesis, char-
acterization, and potential applications of OMS materials
have been reported in the literature (21-27). Most of the
literature focuses on the description of the materials them-
selves while fewer attempts have been made in the area of
catalytic applications of OMS materials.

OMS materials have been found effective in the total oxi-
dation of carbon monoxide (28, 29), decomposition of H,O;
(30), oxidative dehydrogenation of ethanol (31), and liquid-
phase dehydrogenation of cyclohexane to cyclohexene (32).
In oxidative dehydrogenation of 1-butene at 450°C, phase
changes from the original phase of OMS materials to a mix-
ture of Mn3O4/MnO or pure MnO were found, indicating
that OMS materials are not stable under reducing condi-
tions at high temperatures (33).

In this research, the decomposition of 2-propanol on
different metal- (M-) cation-doped manganese oxide oc-
tahedral molecular sieve materials (which are referred to
as M-OMS-2 materials (34)) is studied to investigate the
influence of metal dopants on the catalytic properties of
OMS-2-type materials. The catalytic results are discussed
and related to the characterization results of M-OMS-
2 materials (34), such as structural, chemical composi-
tion, surface, and textural properties. Phase transitions and
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adsorbed species on Cu-OMS-2 materials during the de-
composition of 2-propanol were monitored with X-ray
powder diffraction (XRD) and Fourier transform infrared
spectroscopy (FTIR), respectively. The results are corre-
lated with the unique catalytic behavior of Cu—-OMS-2 ma-
terials in the reaction.

Il. EXPERIMENTAL

2.1. Synthesis of M—OMS-2 Materials

M-OMS-2 materials were prepared by using reflux meth-
ods after the oxidation of Mn?* by KMnO,4. Metal (M)
cations (Cu®*, Zn?*, Ni?*, Co?*, AI**, or Mg?*) were doped
into the OMS-2 structure by adding aqueous solutions of
dopant before reflux. The details of these preparations are
given in the literature (22-26). OMS-2 materials were pre-
pared by oxidation of Mn?* by permanganate with reflux-
ing. Typically, 13.3 g of KMnOy dissolved in 225 mL of wa-
ter was added to a solution of 19.8 g of MnSO,- H,0 in
67.5 mL of water and 6.8 mL of concentrated nitric acid.
Refluxing took place for up to 24 h. The product was fil-
tered, washed seven times with distilled deionized water,
and dried at 120°C overnight.

Doping of the OMS-2 samples was done by adding
transition-metal nitrate salts to the KMnO, and Mn?*
mixed solutions prior to mixing. Various amounts, such as
1.5, 13.0, and 26.0 mL, of 1.0 M Cu(NQO3), - 6H,0 solutions
were added to prepare different dopant levels of copper
in OMS-2. Resultant materials were filtered, washed, and
dried as with nondoped materials.

2.2. Characterization of M—OMS-2 Materials

X-ray diffraction (XRD) patterns of samples before and
after reaction were collected by using a Scintag 2000 XDS
diffractometer with CuKa X-ray radiation at a beam volt-
age of 45 kV and beam current of 40 mA. A 0.02 step in
26/count was used to collect these XRD patterns.

Inductively coupled plasma-atomic emission spectro-
scopy (ICP-AES) was employed for elemental composi-
tion analyses for potassium, manganese, and other metal
cations of M—OMS-2 materials. A Perkin—-Elmer 7-40 in-
strument equipped with an autosampler was used to carry
out the analyses at the Environmental Research Institute,
Storrs, CT.

2.3. Decomposition of 2-Propanol
over M—OMS-2 Materials

The reaction of 2-propanol decomposition was carried
outina [—ll—in. (i.d.) tubular glass flow reactor with a loading
of 22 mg of prepared M-OMS-2 materials, which have a
particle size of 28-48 mesh (300-590 xm). The M—OMS-2
materials were pretreated at 1 atm and 300°C for 1 h in He
with a flow rate of 30 mL/min. To carry out the decomposi-
tion, 2-propanol vapor was fed into the reactor by passing
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He through a 2-propanol bubbler at 22°C at a flow rate of
6 mL/min. The reaction conditions were 1 atm and 300°C.
The products were analyzed with an on-line HP 5880A se-
ries gas chromatograph (GC) with a Carbowax column.

2.4. In Situ FTIR Studies of the Adsorption of 2-Propanol
over M—OMS-2 Materials

The in situ FTIR spectra were obtained on a Nicolet
Magna-IR Spectrometer 750 equipped with an in situ high-
temperature cell for heating, adsorption, and reaction.
Standard procedures of single-beam diffuse reflectance
methods with an MCT-B detector and a KBr beam split-
ter were applied to collect IR spectra of samples. For all IR
spectra, 200 scans were taken with a resolution of 4 cm2.

The in situ FTIR studies were conducted by collecting
IR spectra of Cu-OMS-2-1, AI-OMS-2, or OMS-2 at dif-
ferent stages with the following procedures. Fine powders
of the examined sample were placed in the in situ cell and
pretreated at 120°C under a He stream (20 mL/min) for
3 h. The He stream was then switched to pass through a
2-propanol bubbler at 22°C to introduce 2-propanol va-
por into the in situ cell for 0.5 h. The He plus 2-propanol
stream was then switched back to He to purge unadsorbed
or weakly adsorbed 2-propanol in the in situ cell for 3 h.
The in situ cell was heated to 200 and 270°C consecutively
and kept at each temperature for 0.5 h under He.

I1l. RESULTS

3.1. Characterization of M—-OMS-2 Materials

XRD patterns for fresh OMS-2 and reference pat-
terns for synthetic cryptomelane (KMngOy6) from JCPDS
29,1020 are shown in Fig. 1. All other synthesized M—-OMS-
2 samples have XRD patterns similar to those of OMS-2.
Thisindicates that all synthesized M—OMS-2 materials have
a cryptomelane-type structure. The results of ICP-AES el-
emental analyses for cations in all synthesized M-OMS-2
materials are summarized in Tables 1 and 2.

3.2. Decomposition of 2-Propanol
over M—-OMS-2 Materials

3.2.1. Effects of different M dopants.  Effects of different
M dopants on the conversion of 2-propanol at 300°C are

TABLE 1
ICP-AES Elemental Analysis Results of Cu-OMS-2 Materials

Cu-OMS- Cu-OMS- Cu-OMS-  Cu-OMS-
Materials 2-1 2-11 2-111 2-1V

Cu (mol/100 g?) 0.056 0.050 0.041 0.018

K (mol/100 g?) 0.086 0.093 0.099 0.115

Mn (mol/100 g?) 1.133 1.106 1.120 1.148

2With respect to 100 g of material.
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FIG. 1.

shown in Fig. 2a. Cu-OMS-2 has much higher activity in
the reaction of 2-propanol decomposition than other M—
OMS-2 materials.

Figure 2b shows the effects of different M dopants on se-
lectivities of 2-propanol decomposition at 300°C. The major
product of the reaction in 2-propanol over M-OMS-2 ma-
terials is acetone, which has selectivities generally greater
than 89%. One of the other minor products is propene. The
selectivities to propene for the reaction of 2-propanol over
M-OMS-2 materials are below 6%, as shown in Fig. 2b.
AI-OMS-2 material has the highest selectivity to propene
(6%). CO, was also detected during the reaction of 2-
propanol over M—-OMS-2 materials with selectivities less
than 10%. The reaction of 2-propanol on M—OMS-2, there-
fore, leads to the decomposition of 2-propanol to acetone,
propene, and CO,. If only acetone and propene are con-
sidered, the relative selectivities to acetone are greater
than 94%, as indicated by the Acet/(Acet+ Prop) ratio in
Fig. 2b.

3.2.2. Effects of Cu dopant content. Effects of Cu
dopant content in Cu-OMS-2 materials in the decompo-
sition of 2-propanol at 300°C were also studied. The results
are shown in Fig. 3. The conversion of 2-propanol increases
with increasing Cu content of Cu—-OMS-2 materials.

Figure 3b shows effects of Cu-dopant content in
Cu-OMS-2 materials on the selectivities of 2-propanol
decomposition at 300°C. The major product of the reac-

TABLE 2
ICP-AES Elemental Analysis Results of M-OMS-2 Materials

M OMS-2 Mg Ni Al zn Co

M (mol/100 g?) 0 0005 0017 0022 0023 0.085
K (mol/100 g?) 0115 0105 0100 0099 0098 0.098
Mn(mol/100g®  1.300 0945 0910 0949 0917 0.874

aWith respect to 100 g of material.

XRD pattern of fresh OMS-2 (top) and reference pattern for synthetic cryptomelane (KMngO;) from JCPDS 29,1020 (bottom).

tion of 2-propanol over Cu-OMS-2 materials is also ace-
tone with selectivities greater than 96%. The selectivities
to propene in the reaction of 2-propanol over Cu-OMS-2
materials are below 2%, as shown in Fig. 3b. If only acetone
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FIG. 2. Effects of different M dopants on (a) the conversion of 2-
propanol and (b) the selectivities of 2-propanol decomposition at 300°C.
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FIG. 3. Effects of Cu dopant content in Cu—-OMS-2 materials on (a)

the conversion of 2-propanol and (b) the selectivities of 2-propanol de-
composition at 300°C.

and propene are considered, the selectivities to acetone are
greater than 98%, as indicated by the Acet/(Acet+ Prop)
ratio in Fig. 3b. When the Cu content in Cu-OMS-2 materi-
als is higher than 0.041 mol/100 g of materials, no propene
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is detected in the products. CO; was also detected during
the reaction of 2-propanol over Cu—~OMS-2 materials with
selectivities less than 3%.

3.2.3. XRD pattern of M-OMS-2 materials after the re-
action of 2-propanol decomposition. Figure 4 shows the
XRD pattern for OMS-2 after the reaction of 2-propanol
decomposition and the reference pattern for synthetic
manganosite (manganese oxide: MnQO) from JCPDS 7,230.
All other M—OMS-2 materials have XRD patterns sim-
ilar to that of OMS-2 after the reaction. This indicates
that all synthesized M—-OMS-2 materials have changed to a
manganosite-type structure after reaction.

3.3. XRD Study of the Phase Transition of
Cu-OMS-2 Materials during the Reaction
of 2-Propanol Decomposition

Two long time reaction runs on the decomposition of
2-propanol were carried out over Cu-OMS-2-1 at two dif-
ferent temperatures, 200 and 300°C. The conversion of 2-
propanol versus reaction time is shown in Fig. 5a. Figure 5b
shows the selectivity to acetone versus reaction time for
those two runs, during which CO; was detected as another
product but no propene was found.

To monitor the crystal-phase change of Cu-OMS-2-1 dur-
ing the reaction, five more runs were performed for differ-
ent times on stream (TOS) at 300°C and four runs at 200°C.
The results of those repeated runs are consistent with the
results of the long time runs. Each reaction run was stopped
by switching the feed gas into the reactor from the reactant
gas of 2-propanol vapor in helium to pure helium gas. Mean-
while, the reactor was cooled down to room temperature
in air. After the reaction was stopped, Cu-OMS-2-1 mate-
rial was recovered and its XRD pattern was collected. All
the XRD patterns are summarized in Figs. 6 and 7 for Cu—
OMS-2-1 during the decomposition of 2-propanol at 300
and 200°C, respectively.
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FIG. 4. The XRD pattern of OMS-2 after reaction and the reference pattern for synthetic manganosite.
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FIG. 5. Effects of different reaction temperatures on (a) the conver-

sion of 2-propanol and (b) the selectivity to acetone over Cu-OMS-2-1.

3.3.1. Correlation of reaction results and phase changes at
300°C. The conversion of 2-propanol over Cu—-OMS-2-1
at 300°C is very high (100%) for the first 15 min of reac-
tion, as shown in Fig. 5 a. The conversion of 2-propanol and
selectivity to CO; increase very quickly to almost 100% in
9 min, then the selectivity to CO, decreases rapidly to 10%o,
and the selectivity to acetone increases dramatically to 90%
at 15 min. However, the conversion of 2-propanol is still al-
most 100%. XRD patterns ¢ and d in Figure 6 suggest that,
after a very short time of reaction, such as 9 min, the cryp-
tomelane structure in the Cu—-OMS-2-1 has transformed to
hausmannite. The reaction and phase change results show
that the cryptomelane structure in Cu—OMS-2-1 has been
reduced to hausmannite in a very short time and 2-propanol
itself has been oxidized to CO,. Meanwhile, Cu-OMS-2-1
with the hausmannite structure shows high activity for the
formation of acetone in the decomposition of 2-propanol.

After 15 min of reaction, the selectivity to CO, increases
slowly to 19% in 1 h. The conversion of 2-propanol de-
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FIG. 6. XRD patterns of Cu-OMS-2-1 before and during the decom-
position of 2-propanol at 300°C.

creases from almost 100 to 89%b in 30 min and then increases
t0 92% in 1 h. The XRD patterns e and f in Fig. 6 indicate
that some hausmannite in Cu-OMS-2-1 has been further re-
duced to manganosite (MnQ) after 30 min of reaction and
almost all of Cu-OMS-2-1 changes to manganosite by 1 h.
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FIG.7. XRD patterns of Cu-OMS-2-1 before and during the decom-
position of 2-propanol at 200°C.



CATALYTIC DECOMPOSITION OF 2-PROPANOL

After the selectivity to acetone reaches 81% at about
1 h, there is a slow decrease with increasing reaction time
at 300°C, as shown in Fig. 5b. The conversion of 2-propanol
also decreases in a similar way, as shown in Fig. 5a. These
data suggest that the freshly formed manganosite also has
high activity for producing acetone from the decomposition
of 2-propanol, but the catalyst gradually deactivates later.
The selectivity to CO, increases slowly when the conver-
sion of 2-propanol and the selectivity to acetone decrease
gradually after 1 h of reaction. This may be because there
is still some amorphous MnOy (2 <y <1) in Cu-OMS-2-1
after 1 h of reaction, although the XRD pattern (f in Fig. 6)
shows that the sample has a manganosite structure with only
a small amount of hausmannite. Amorphous MnOy and a
small amount of hausmannite in Cu—-OMS-2-1 can further
oxidize 2-propanol to CO; at arelatively slower rate than «-
MnO, in Cu-OMS-2-1 after pretreatment at 120°C for 3 h.

The XRD pattern g in Fig. 6 indicates that the crystalline
part of the converted Cu-OMS-2-1 has the manganosite
structure after 14 h of reaction. Even then, the material still
has some activity for 2-propanol decomposition to acetone,
as shown in Fig. 5.

BET surface areas of these materials are all near 250 m?/g
regardless of thermal treatment, dopants, or use in these
reactions. There seems to be no correlation of activity and
surface area in the catalytic decomposition of 2-propanol.
We use the term activity as defined by sites per unit mass
of catalyst.

3.3.2. The correlation between reaction results and phase
changes at 200°C. At 200°C, the overall reaction behavior
for 2-propanol decomposition over Cu—~OMS-2-1 and the
phase transitions of Cu—-OMS-2-1 are similar to those at
300°C, although the transition rates are much slower than
those at 300°C, as shown in Figs. 5-7. At the beginning of the
reaction, the conversion of 2-propanol over Cu—-OMS-2-1
at 200°C is also high (80%), but lower than 100% at 300°C,
as shown in Fig. 5a. However, the selectivity to acetone is
80% at 9 min at 200°C, compared to 0% at 300°C. XRD
pattern c in Fig. 7 suggests that Cu—-OMS-2-1 still has the
cryptomelane structure, but the amount of cryptomelane
phase decreases after 9 min of reaction. This decrease is
probably due to the reduction of some of the cryptomelane
phase to amorphous MnOy (2 <y < 1) by 2-propanol, which
is oxidized to CO, at the same time.

After 9 min of reaction, the conversion of 2-propanol de-
creases from 89 to 39% in 1 h. The selectivity to acetone
gradually decreases from 80 to 72% in 1 h and meanwhile
the selectivity to CO; increases slowly from 20 to 28%. The
XRD patterndinFig. 7 indicates that most of the Cu-OMS-
2-1 has been changed to an amorphous structure after 1 h
of reaction. This is probably due to reduction of more cryp-
tomelane phase to amorphous MnOy by 2-propanol. All
of the first hour of reaction results show that Cu—-OMS-2-1
with the cryptomelane structure has high activity for the for-
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mation of acetone in the decomposition of 2-propanol. The
activity decreases when the cryptomelane phase is reduced
and converted to amorphous MnO,.

From 1 to 4 h of reaction, the conversion of 2-propanol
gradually increases from 40 to 95% and the selectivity to
acetone from 72 to 89%. The XRD pattern e in Fig. 7 indi-
cates that after 4 h of reaction there is more hausmannite in
Cu-OMS-2-1. This is probably due to the reduction of some
amorphous MnOy to hausmannite by 2-propanol. When the
amount of hausmannite in Cu-OMS-2-1 increases from the
first to fourth hour of reaction, the activity and selectivity to
acetone in the decomposition of 2-propanol also increase.
The activity is even higher than that of Cu—-OMS-2-1 with
the cryptomelane structure during the first 9 min of reac-
tion at 200°C, showing that the activity and selectivity to
acetone of hausmannite for 2-propanol decomposition are
probably higher than those for cryptomelane.

After the conversion of 2-propanol and the selectivity to
acetone reach their maxima at 4 h, they decrease slowly
with increasing reaction time. From 4 to 14 h, the con-
version and selectivity at 200°C are higher than those at
300°C. The XRD pattern fin Fig. 7 indicates that after 14 h
of reaction most of the crystalline phase of Cu—OMS-2-1
has changed to the manganosite structure, which is prob-
ably gradually produced by the reduction of hausmannite
or amorphous MnOy by 2-propanol. In a comparison of the
XRD pattern f in Fig. 7 and the XRD pattern g in Fig. 6,
the crystallites of manganosite in Cu—OMS-2-1 after 14 h of
reaction at 200°C are less crystalline than those at 300°C.
The above results suggest that Cu—-OMS-2-1 with more crys-
talline manganosite has lower activity for producing ace-
tone in the decomposition of 2-propanol, even at higher
temperature.

3.4. In Situ FTIR Studies of the Adsorption of
2-Propanol over M-OMS-2 Materials

Insitu FTIR study results of the adsorption of 2-propanol
on Cu-OMS-2-1 are shown in Fig. 8. The bands at about
755-770 and 660-670 cm™! are characteristic of cryptome-
lane and involve the vibrations of the MnOg octahedral
framework (35). Spectrum b for Cu—-OMS-2-1 during the
introduction of 2-propanol at 120°C exhibits CH stretching
bands (2980 and 2905 cm~1) near 3000 cm~tand a CH bend-
ing band (1383 cm™') of the 2-propyl group of adsorbed
2-propanol, as shown in Fig. 8. A band at 1128 cm~* can
be assigned to v(C-0O) of surface isopropoxide (11, 36),
suggesting the presence of an adsorbed isopropoxide inter-
mediate species on Cu—OMS-2-1, which may or may not be
a real kinetically relevant intermediate. The bands at 1571
and 1443 cm~! are probably due to acetate species. Surface
acetate species display bands around 1550 and 1440 cm™1,
which have been assigned to asymmetric [v,5(COO)] and
symmetric [vs(COO)] stretching vibrations of acetate ions,
respectively (11, 36).



298

CHEN ET AL.

PCOoSm oD —=0 02

4000 3800 36’00 3400 3260 SObO 28;)0 ZSbO

2460 222)0 20b0 18‘00 16b0 1460 1 260 10b0 800
Wavenumbers {cm-1)

FIG. 8.

IR spectra of Cu-OMS-2-1 at different temperatures and in different atmospheres: (a) 120°C, He, before the introduction of 2-propanol; (b)

120°C, during the introduction of 2-propanol; (c) 120°C, He, after the introduction of 2-propanol; (d) 200°C, He, after the introduction of 2-propanol;

(e) 270°C, He, after the introduction of 2-propanol.

After the unadsorbed or weakly adsorbed 2-propanol on
the surface of Cu—-OMS-2-1 was purged by He at 120°C, all
bands related to adsorbed 2-propanol disappeared except
the bands around 1570 and 1440 cm~?, which are related to
acetate species, as shown in spectrum c of Fig. 8. As the tem-
perature increased from 120 to 200°C, and further to 270°C,
the intensities of the bands around 1570 and 1440 cm™!
decreased as well. This indicates that the amount of ac-

etate species adsorbed on the surface of Cu-OMS-2-1 was
reduced at higher temperatures.

The IR spectra recorded after adsorption of 2-propanol
on Al-OMS-2-1 and OMS-2 are similar to each other, but
quite different from those recorded for Cu-OMS-2-1. The
IR spectra for AI-OMS-2 are shown in Fig. 9. Compared
to spectrum b for Cu-OMS-2-1 in Fig. 8, spectrum b for
AI-OMS-2 during the introduction of 2-propanol at 120°C
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FIG. 9.

IR spectra of AI-OMS-2 at different temperatures and in different atmospheres. (a) 120°C, He, before the introduction of 2-propanol; (b)

120°C, during the introduction of 2-propanol; (c) 120°C, He, after the introduction of 2-propanol.
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exhibits CH stretching bands (2980 and 2889 cm™!) of
adsorbed 2-propanol with weaker intensities. The inten-
sity of the CH bending band (1383 cm™) is even much
weaker. No distinctive band at 1128 cm~* has been observed
for the v(C-O) of surface isopropoxide. No stretching vi-
brational bands of acetate ions have been found around
1550 and 1440 cm~*. After unadsorbed or weakly adsorbed
2-propanol species on the surface of AI-OMS-2 have
been purged out by He at 120°C, no bands related to
adsorbed 2-propanol were observed in spectrum c of
Fig. 8.

In summary, more adsorbed 2-propanol species have
been observed on Cu-OMS-2-1 after the adsorption of
2-propanol than on AI-OMS-2 and OMS-2. This suggests
that Cu-OMS-2-1 has more surface active sites for the ad-
sorption of 2-propanol than AI-OMS-2 and OMS-2.

IV. DISCUSSION

4.1. 2-Propanol Decomposition over M—OMS-2 Materials

DeGuzman etal. (24) showed that Mn atoms in M—OMS-
2-type materials prepared by reflux methods have an aver-
age oxidation state of about 3.8 and are mostly in the Mn**
state, with minor amounts in the Mn®* state. Therefore,
manganese ions in OMS-2-type materials should have re-
dox properties, especially high oxidation activity similar to
MnO,_x materials (x = 0-0.3), which are generally active
catalysts for oxidation reactions (15). The redox proper-
ties of manganese ions in M—-OMS-2-type materials could
contribute to the high selectivity to acetone in the decom-
position of 2-propanol as shown in Fig. 2b. Even after a
short time of reaction, MnO,_ has been changed to MnO,
as shown in Fig. 4, due to MnO having redox properties.
This is probably the reason why these materials can retain
their activity and selectivity to acetone in the decomposi-
tion of 2-propanol, even after MnO,_x has been changed
to MnO.

Among the different M-cation-doped M-OMS-2 mate-
rials, Cu-OMS-2 materials have much higher activity to-
ward the decomposition of 2-propanol to acetone than
other M—OMS-2 materials, as shown in Fig. 2. O’Young
et al. also reported that Cu-OMS-1 has much higher ac-
tivity toward the dehydrogenation of 2-propanol to ace-
tone than other M—OMS-1 materials (37). If the reaction
of dehydrogenation of 2-propanol to acetone is an indi-
cator of basicity, as often suggested in the literature (4,
6-10, 12-14, 38), Cu—-OMS-2 materials should have more
and stronger surface basic sites than other M—-OMS-2 ma-
terials. This is not the case because all M—OMS-2 materi-
als have similar basicity, as suggested by TPD studies for
adsorbed CO; (34). Even mass spectrometry (MS) moni-
tored reaction results (39) suggest that commercial MgO
does not show much higher activity toward the dehydro-
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genation of 2-propanol than M—OMS-2 materials, although
MgO has much more and stronger basic sites on its sur-
face, as indicated by the results of TPD studies for ad-
sorbed CO, (34). In addition, although there are more
very weak basic sites and moderate basic sites, but less
strong basic sites on commercial y-Al,O3 than those on
M-OMS-2 materials (34), no activity toward the dehydro-
genation on y-Al,O3 was detected in the MS monitored
reaction.

Copper oxides, such as CuO and Cu;0, are effective for
redox-type reactions, such as oxidation and dehydrogena-
tion (15), and they are the active components of commer-
cial 2-propanol dehydrogenation catalysts (40). This redox
property of copper oxides could be helpful inimproving the
activity toward acetone in the decomposition of 2-propanol
over Cu-OMS-2 materials, because Cu in Cu-OMS-2 ma-
terials can exist as copper oxides (CuQ, Cu,0). In addition,
the high activity may also be due to more defects introduced
by the distortion of CuOg octahedra in the framework of
the cryptomelane structure in Cu-OMS-2 materials. An-
other possible reason is that 2-propanol may have easier
access to Cu?* than to other doped metal cations because
more Cu?* ions are probably in the tunnels of M—-OMS-
2 materials, as suggested by ICP-AES analysis results (34).
Insitu FTIR studies also suggest that Cu—-OMS-2-1 has more
active sites for 2-propanol on its surface than on the surface
of AI-OMS-2 and OMS-2.

The oxidation ability of Cu?* is the highest among the
metal cation dopants employed in this research because it
has the highest standard reduction potential (E°) for all
metal cations shown in Table 3. This may also be related to
the unique high activity of Cu-OMS-2 materials toward
dehydrogenation of 2-propanol. Instead of the aqueous
reduction potentials employed here, the reduction poten-
tials of the cations in the solid state should be used. The
research results of Owen and Kung (41) suggest that the or-
der of reduction potentials of cations, such as Mg?*, Zn?*,
Cr¥*, Ni%*, and Cu?*, in the oxide agrees with that in aque-
ous solution.

MS monitored reaction results (39) suggest that y-Al,O3
shows much higher activity toward the dehydration of

TABLE 3

The Standard Reduction Potentials
for Different Metal Cations (42)

Reaction EC VvV
Cu**+e<«Cut 0.153
Ni?* 4 2e <> Ni —0.257
Co**+2e<«Co —0.28
Zn*t +2e » Zn —0.7618
Mg?* +2e < Mg —1.185
APt +3e < Al —1.662
Kt+2e <K —2.931
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2-propanol than M-OMS-2 materials. TPD studies of ad-
sorbed NHj; indicate that y-Al,O3 has much more and
stronger acidic sites on its surface than M—OMS-2 materi-
als (34). This is consistent with the general conclusion that
acidic sites on catalyst surfaces catalyze the dehydration of
2-propanol. The reason for the low activities of y-Al,Ozand
MgO toward the dehydrogenation of 2-propanol is proba-
bly because they have very poor redox properties, which
are considered to be necessary for the formation of ace-
tone during the decomposition of 2-propanol (2, 43-45).
However, a reviewer has suggested that the properties of
alumina are irrelevant since Lewis acid sites will be occu-
pied by hydroxyl groups during alcohol decomposition and
are not accessible as catalytic sites.

In summary, the reaction results in this research are con-
sistent with the general idea that dehydration of 2-propanol
occurs on acidic centers and dehydrogenation on acid-base
pair sites or redox centers. Therefore, 2-propanol dehydro-
genation to acetone is not a good test reaction for studying
basicity. The redox properties of those materials may play a
more important role in the dehydrogenation of 2-propanol.

CO, was detected during the reaction of 2-propanol over
M-OMS-2 materials as shown in Figs. 2 and 3. The oxy-
gen in CO; can only come from M-OMS-2 materials and
2-propanol because there is no other source of oxygen in
the reaction system. The selectivities to CO; are generally
very high at the beginning of the reaction. This is proba-
bly because of the initial total oxidation of 2-propanol by
the very active dioxygen species adsorbed on the surface
of M-OMS-2 materials, which is evidenced by the weak
and broad desorption peak of O, in TPD studies of OMS-2
(34).

With increasing reaction time, CO; is produced continu-
ously, although the selectivity is lowered due to less avail-
able active oxygen in the OMS-2 materials. Although oxy-
gen in OMS-2 materials is limited, CO; is produced con-
tinuously during the 3 h of reaction because the flow rate
of 2-propanol in the inlet gas to the reactor is very small
(~0.2 mL of vapor/min at 22°C) and the conversion of 2-
propanol is generally low (less than 10%0), except for those
of Cu-OMS-2 materials on which the selectivity to CO; is
also generally lower than those on other M—OMS-2 mate-
rials, as shown in Figs. 2 and 3. After M—OMS-2 materials
lose some of their oxygen atoms, MnO,_, changes to MnO,
as shown in Fig. 4.

4.2. The Correlation between Reaction Results
and Phase Transitions of Cu—-OMS-2-1 during
2-Propanol Decomposition

XRD studies of phase transitions of Cu-OMS-2-1 during
the reaction of 2-propanol decomposition at both 200 and
300°C show that the bulk structure of the material grad-
ually changes from cryptomelane (KMngO3¢) to hausman-
nite (Mn30O,) and finally to manganosite (MnQO). The phase
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transition is very fast and is finished in about 1 h during
the reaction at 300°C. Lowering the reaction temperature
to 200°C brings about the phase transition much slower
with the possible formation of amorphous MnOy from cryp-
tomelane. MnOy then changes to hausmannite in about
4 h and finally to manganosite. All the Cu—-OMS-2 mate-
rials that either have the cryptomelane, amorphous MnOy,
hausmannite, or manganosite structure show activity in the
decomposition of 2-propanol to acetone. The Cu-OMS-2
material containing the hausmannite structure shows the
highest activity, although it is not stable under reaction con-
ditions, as shown by reaction results at both 200 and 300°C.
Copper oxides also show some activity but considerably less
than the Cu-OMS-2 systems.

Similar phase transitions for Cu-OMS-2 during the ox-
idative dehydrogenation of 1-butene were observed by
Krishnan and Suib (33). The final phase of their catalyst is
a mixture of hausmannite and manganosite after 2 h of re-
action with a feed of 1% 1-butene/0.7% O,/argon at 450°C.
A phase transition was proposed as follows,

OMS-1/OMS-2 — MnzO4 — MnO,

corresponding to the redox scheme of general oxidation
catalysis proposed by Mars and van Krevelen (46) and re-
viewed by Kung and Kung (47),

A=B - C,

where A, B, and C are different phases of an oxidation cata-
lyst. The reversible transformation between A and B is crit-
ical for a partial oxidation process, but the transformation
of B to C is undesirable and generally causes deactivation
of the catalyst. This requires that the free energy change be-
tween A and B (AGa_g) is small compared to that between
B and C (AGg_c). Unfortunately, in our system AGa-g
seems to be quite high so as to cause a fast transforma-
tion from OMS-1/OMS-2 to Mn3O, and in some instances
a transition all the way to MnO, as suggested by Krishnan
and Suib (33).

Compared to studies reported by Krishnan and Suib (33),
a more severe reducing environment is observed in this re-
search because no O, was added to the feed for the reaction
of 2-propanol decomposition. This may explain the quicker
bulk-phase transformation of Cu-OMS-2 from cryptome-
lane to manganosite at 300°C, which is much lower than the
450°C used in studies reported by Krishnan and Suib (33).

4.3. In Situ FTIR Studies of the Adsorption of 2-Propanol
over M—OMS-2 Materials

After the adsorption of 2-propanol, the spectra of Cu-
OMS-2-1 exhibit bands (1128 cm~1) related to isopropox-
ide species, suggesting possible dissociative adsorption of
2-propanol. Bands (1570 and 1440 cm™?) related to surface
acetate species on Cu-OMS-2-1 are also observed, even
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at 120°C. This is probably because oxygen species on Cu-
OMS-2-1 are very active and can oxidize isopropoxide fur-
ther to acetate species.

Compared to Cu—-OMS-2-1, no distinctive bands relat-
ing to either isopropoxide or acetate species have been
observed on Al-OMS-2 and OMS-2 after the adsorption
of 2-propanol, suggesting that Cu—-OMS-2-1 has more ac-
tive sites for 2-propanol on its surface than AI-OMS-2 and
OMS-2. This is consistent with the conclusion that Cu-
OMS-2 materials have much higher activity toward dehy-
drogenation of 2-propanol than other M—OMS-2 materials,
according to the reaction results reported here. The active
sitesare probably due to defects introduced by the distorted
CuOg octahedra in the framework, high Cu cation content
in the tunnels of the cryptomelane structure of Cu-OMS-2
(as suggested by ICP-AES analysis (34), and/or active cop-
per oxides on the surface of Cu-OMS-2 materials. The exact
details of active sites still need to be determined. However,
detailed studies of copper (and other) doped OMS-2 ma-
terials prepared by this synthetic route have shown that
a combination of TEM (21), electrochemistry (21, 23, 24),
and analytical elemental analyses (21, 23, 24) can be used to
show that introduction of ions into the framework occurs
when small amounts of dopant are added prior to reflux.
Doping ions into tunnel sites occurs by ion exchange after
the OMS-2 crystallizes during reflux.

V. CONCLUSIONS

There are no significant differences among conversions
of 2-propanol for different M—OMS-2 materials, except for
Cu-OMS-2 materials, which have much higher activity to-
ward the decomposition of 2-propanol than other M—OMS-
2 materials. Acetone is the major product with selectivities
of 89 to 100% in reactions over M-OMS-2 materials. One of
the other products is propene, which has selectivities gener-
ally below 6%. CO; was also detected during the reaction
of 2-propanol over M—OMS-2 materials. Effects of differ-
ent Cu contents in Cu—-OMS-2 materials on the decompo-
sition of 2-propanol were also studied. The conversion of
2-propanol grows with increasing Cu content in Cu—OMS-2
materials.

In a correlation of the reaction results for M—OMS-2 ma-
terials with acidity and basicity revealed by TPD studies
for adsorbed NH3/CO; (34), our results are consistent with
the general idea that dehydration of 2-propanol happens on
acidic sites and that dehydrogenation occurs on acid-base
pair sites and redox centers. The redox properties of man-
ganese ions in M—OMS-2-type materials appear to play a
more significant role than acid-base properties in the high
selectivity to acetone in the decomposition of 2-propanol
over these M—OMS-2 catalysts.

XRD studies show that all synthesized M-OMS-2 mate-
rials have changed to the manganosite- (MnO-) type struc-

301

ture after reaction. Especially for Cu-OMS-2 materials, de-
tailed XRD studies of phase transitions during reaction in-
dicate that the bulk structure of the materials changes from
cryptomelane (KMngOgg) to amorphous MnOy (1 <y <2),
to hausmannite (Mn3O,), and finally to manganosite.

All Cu-OMS-2 materials that have either the cryp-
tomelane, the amorphous MnOy, the hausmannite, or the
manganosite structure show activity in the decomposition
of 2-propanol to acetone. The Cu—-OMS-2 materials con-
taining the hausmannite structure show the highest activity.
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