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Gas-phase oxidation of alcohols over silver: The extension of catalytic
cycles of oxidation of alcohols in liquid-phase
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Abstract

Oxidation of alcohols (including C2–C6 alkyl alcohols, cyclohexanol, benzyl alcohol, 1-octanol and allyl alcohol) to corresponding aldehydes
or ketones has been performed over silver catalyst; the silver catalyst is highly active and selective to the reaction. The mechanism of oxidations
of alcohols is inclined to oxidative dehydrogenation at low temperature region (<550 K). The facets of silver are ideal versatile facets to activate
molecular oxygen and generate oxidative, strong basic oxygen species (Oδ−), and weak acidic sites (Agδ+) which can stabilize the organic
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intermediates, quickly. The facets of silver containing oxygen integrate several active catalytic sites existing in liquid-phase catalytic otion
of alcohols and make catalytic reaction more effective.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Silver; Alcohols; Oxy-dehydrogenation; Multi-functional oxygen species

1. Introduction

Oxidation of primary and secondary alcohols to the cor-
responding aldehydes or ketones plays a fundamental role
in organic synthesis owing to the versatility of the carbonyl
group as a building block[1,2]. Traditionally, the oxidation of
alcohols is mainly performed by using stoichiometric quanti-
ties of oxidants containing chromium[3], whereas those oxi-
dants are fairly expensive and the systems using chromium-
containing oxidants also generate large volumes of waste
water containing heavy-metal. Furthermore, from economic
and environmental aspect there is a growing demand for atom
efficient catalytic methods that use clean oxidants such as
H2O2 and even O2. In practice, the oxidation of alcohols
with air can be performed in the liquid phase or in the gas
phase, depending mainly on the thermal stability and volatil-
ity of reactants and products. While many recent papers deal
with studies on the oxidation of alcohols in solutions[4–11],
little attention has been paid to the gas phase reaction and
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attempts at industrial application failed owing to selectivi
problems[12].

Although there are some disadvantages of gas-phase d
drogenation, especially the high reaction temperature,
convenient separation of catalysts from catalytic react
and almost additives-free processes encourage the studi
gas-phase dehydrogenation of alcohols. The gas-phase d
drogenations of alcohols are focused on the platinum gro
elements[13,14], IB and IIB group elements[15–20] and
base-dehydrogenation catalysts[21–24]. However, the dehy-
dration of primary and secondary alcohols to alkenes or eth
can be a side reaction with the participation of active aci
sites in gas-phase dehydrogenation systems at high temp
ture. Moreover, oxidative degradation of the carbon chain
lower aldehydes or carboxylic acids, and/or total oxidation
carbon dioxide are also the main side reactions in oxida
dehydrogenation systems[16].

Silver is applied industrially in the manufacturing o
formaldehyde and ethylene oxide[25]. In the past 27 years
some catalytic processes over silver-based catalysts h
been understood at molecular level due to the developm
of characterization technologies, and the studies of de
1381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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drogenation of alcohols over silver were mainly focused on
methanol[26–42]. The oxidation of methanol to formalde-
hyde over silver was considered to be the first successful
example of the impact of surface science studies upon het-
erogeneous catalysis[26]. However, there are few records of
other alcohols[19,43–45].

Herein, we report silver-catalyzed oxidations of ethanol
to acetaldehyde, 2-propanol to acetone, 2-butanol to 2-
butanone, and cyclohexanol to cyclohexanone, which are per-
formed in industrial scale mainly over ZnO, Cu, and Zn–Cu
systems[16]. In order to investigate the interactions of�-
carbon–carbon double bond and�-aromatic ring with silver,
the catalytic reactions of allyl alcohol to acrolein and benzyl
alcohol to benzaldehyde were performed over silver. With the
aim to estimate the size effect on the catalytic processes over
silver, catalytic reaction of 1-octanol was also conducted.
In order to investigate the mechanism of the oxidation of
alcohols, oxidative dehydrogenation or pure dehydrogena-
tion, the oxidations of ethanol were also carried out on the
O�-saturated and O�- saturated samples, respectively.

2. Experimental

Silver catalyst was prepared through the reduction of silver
nitrate by sodium borohydride. 2.63 g sodium borohydride
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reactions, for example, CH3OH(g) + O(a) = CH2O(g) + H2O(g)
�H =−159 kJ/mol, thus, maybe there exist temperature gra-
dients in these reaction systems. In order to check the above
problem, another thermocouple (coated with glass layer,
Φ ∼ 1.5 mm) should be placed in the catalyst bed. Because
the silver catalyst is very active to the oxidation of benzyl
alcohol to benzaldehyde, we had checked the reactor tem-
perature gradient of the oxidation of benzyl alcohol. When
the conversion of benzyl alcohol was less than 30%, there
was no difference between the two thermocouples. With the
conversion rising, the inner temperature got higher than the
outer one; and the difference was about 12 K at the maximum
conversion.

A gas chromatograph equipped with TCD detector was
used, GDX-502 (the second chemical reagent factory of
Tianjin, a commercial microporous microspherical copoly-
mer of divinylbenzene–acrylonitrile, BET 170 m2/g, similar
to ChromosorbTM 104) packed column for the analysis of
carbon dioxide, and PEG-20M coated packed column for
the analysis of organic compounds. In the cases of C1–C5
alcohols, on-line sampling method was used, and the tem-
perature of furnace raised linearly at 1 K/min. In the cases of
≥C6 alcohol, each reaction temperature was kept steady for
about 10 min, and then the products were collected in a liq-
uid nitrogen trap. External standard method was used for the
analysis of products, and the conversions and the selectivity
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analysis grade, Beijing chemical factory) was dissolved
0 g distilled water, and 7.86 g silver nitrate (analysis gr
eijing chemical factory) was dissolved into 100 g distil
ater. Sodium borohydride solution was added dropwise
igorously stirred silver nitrate solution at room tempe
ure. The product was filtered and ultrasonic-assisting wa
horoughly with hot water for five times, then dried at 373 K
ir overnight. A dim silvery white powder was obtained. T
ilver powder for test was 60–80 mesh. Commercial co
owder (the second smelting factory of Shanghai,≥99.5%)

s 60–80 mesh.
O�-saturated and O�-saturated silver catalysts were p

ared in situ by the methods of van Veen et al.[30], and the
xperimental detail also can be found in our previous w
46]. In general, the condition of high temperature (923
nd pure oxygen favors the generation of O�-saturated silve
atalyst, the low temperature (473 K) treatment of oxyg
ree silver in pure oxygen can generate O�-saturated one.

Catalytic experiments were conducted under atmosp
ressure in a vertical fixed-bed quartz tubular reactor
n internal diameter of 5.5 mm, and the sample bed
mm high in general. Samples (60–80 mesh) were he
lace with quartz-wool plugs. All samples were pre-tre

n a flow of air (10 ml/min) at 573 K for 180 min and cool
o 353 K, if there is no specific statement. A thermoc
le (type K) was attached to the outer wall of the qu

ube directly adjacent to the sample and used as the
or of the temperature controller (Eurotherm model 808
ontrol a tubular furnace (ID 20 mm).Note: The oxidations
f alcohols to aldehydes or ketones are highly exothe
ere calculated. In our analytic system, the direct dete
f CO was not available, but the formation of CO could
stimated by the supply of O2 and the yields of aldehyde
etone, and CO2. In our experiments, the organic product
egradation of the carbon chain and dehydrations of alc
uch as ethers and alkenes, were trace, and the yield of2,
hich was a main by-product, could meet with the yield
ldehyde or ketone and the supply of O2, thus, the formatio
f CO can be neglected.

Air was used as the oxidant at a flow rate of 20
STP)/min. Alcohol was fed at 0.0214 mol/h by HPLC pu
Shimadzu LC-5A). The ratiomol of alcohol to O2 was 2.0.

. Results and discussion

Fig. 1 shows the temperature dependence of the co
ions of alcohols and selectivities to aldehydes or ket
ver metal silver catalyst in a small fixed-bed reacto
lcohol/O2 ratio of 2.0. With temperature rising, the conv
ions of alcohols rise. Among these alcohols, benzyl alc
s the most active one with almost 100% selectivity. The
ersion of benzyl alcohol is about 40% at 453 K, whic
elow the boiling point of benzyl alcohol. Although the bo

ng point of benzyl alcohol is 478 K under 1 atm., the va
ressure of benzyl alcohol is 48.88 kPa at 453 K[47]. In our
eaction condition, when benzyl alcohol was gasified c
letely, thePbenzyl alcoholwas 28.9 kPa. It was certain th
enzyl alcohol was totally in gas-phase. Conversions of
lcohol and cyclohexanol are less than 10% even at 55
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Fig. 1. Temperature dependence of the conversions of alcohols and selectivities to aldehydes or ketones over metal silver catalyst. Alcohol: 0.0214mol/h; air:
20 ml/min, the ratiomol of alcohol/O2 = 2.0.

In the case of benzyl alcohol, there is no H atom con-
necting with�-carbon and the conjugated� orbital structure
composing of aromatic ring and carbonyl group is very sta-
ble. Thus, the oxidation of benzyl alcohol is very easy and
the selectivity to benzaldehyde is very high. In fact, the oxi-
dation of benzyl alcohol to benzaldehyde is a very popular
model reaction for the study of catalytic oxidation of alco-
hols. Conversion of cyclohexanol is the most difficult. It can
be explained that the hydrogen connected to alpha-carbon is
difficult to be dehydrogenated because of the steric hindrance
by cyclohexyl group. 1-octanol is also difficult to be oxidized
because the long alkyl chain blocks other 1-octanol molecule
to be adsorbed near the adsorbed 1-octanoxy group and the
effective reaction area of catalyst is reduced.

Selectivity of oxidations of allyl alcohol, 2-propanol,
cyclohexanol and 1-octanol to corresponding aldehydes or
ketones is less than 98%. In the case of alcohol with large alkyl
group, such as cyclohexanol and 1-octanol, the large alkyl
group of adsorbed alcohol molecule blocks other alcohol
molecule to be adsorbed near it, thus, the ratio of alcohol/O
near the surface is reduced, and the selectivity to aldehyde
decreases. In the case of cyclohexanol, when cyclohexanol is
transformed into cyclohexanone, the tensile force of C6-ring
rises with the change of hybrid manner of�-carbon, which
makes the stability of C6-ring decreasing. The local superflu-
ous Oδ− species near the adsorbed cyclohexanone can also
a C
b a-
t nol,
1 per-
f

conversions reach the maximum values, and the selectivities
begin to decrease with temperature rising.

In the above experiments, CO2 is the main by-products,
while the others, such as ethers, alkenes, carboxyl acids, are
trace. It should also be noted that direct dehydrogenation of
alcohols can occur at high temperature. Therefore, the con-
versions of alcohols are not stoichiometric with the amount of
oxygen added, especially in the cases of long chain alcohols.

Copper and silver belong to the Copper Group in the
periodic table. Copper is usually used in the processes of
dehydrogenation of alcohols[16]. The catalytic behaviors of
oxygen species on them are very similar because they are in
the same group, yet there still exist some differences caused
by the detailed electronic structures of each metal element. In
order to obtain more mechanism information, catalytic reac-
tions of methanol and ethanol were performed over metal
copper and silver. InFig. 3, it is clearly shown that catalytic
performance of silver is better than that of copper. These
results are similar to Madix’s work[48]. In the case of ethanol,
even 100% selectivity at 90% conversion can be obtained over
silver catalyst at 550 K, at which the conversion is less than
30% over copper catalyst. The highest conversion of ethanol
is about 80% with 99% selectivity at 630 K, and∼0.5% selec-
tivity to formaldehyde (carbon chain degradation) and∼0.5%
selectivity to ethylene (dehydration) are obtained.

The mechanism of gas-phase oxy-dehydrogenation of
a
u ur-
f rbed
s d as
a ha-
ttack the positive carbonyl carbon atom and make theC
ond of C6-ring broken, thus, the selectivity to total oxid

ion rises.The catalytic oxidations of 1-propanol, 1-buta
-pentanol, 2-pentanol, 1-hexanol over silver were also

ormed. The results are shown inFig. 2. Around 600 K, the
lcohols over silver is well known[16,26,27,44,48]. Under
ltra high vacuum (UHV) condition, oxygen-free silver s

ace is inert to alcohols, while the oxygen pre-adso
ilver surface is very active to cause alcohol adsorbe
lkoxy[27]. In real condition, there are some different mec
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Fig. 2. Temperature dependence of the conversions of alcohols and selectivities to aldehydes or ketones over metal silver catalyst. Alcohol: 0.0214mol/h; air:
20 ml/min, the ratiomol of alcohol/O2 = 2.0.

nisms (oxidative dehydrogenation or pure dehydrogenation,
parallel or consecutive reaction scheme) claimed for dehy-
drogenation of alcohols, especially in the case of methanol.
In order to investigate the mechanism occurred in our exper-

iments, we carried out the dehydrogenation of ethanol over
O�-saturated and O�-saturated silver respectively. The rea-
son for the choice of ethanol as a probe molecule is that the
selectivity to acetaldehyde is almost 100% below 600 K. In

d copp
Fig. 3. Comparing the catalytic performance between silver an
 er. Alcohol: 0.0214 mol/h; air: 20 ml/min, the ratiomol of alcohol/O2 = 2.0.
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Fig. 4. Comparing the catalytic performance between O�-saturated or O�-saturated silver. Catalyst bed:�5.5 mm× 10 mm, 1.2 mol%O2-Ar: 4.0 + 0.1 ml
(STP)/min, the ratiomol of EtOH/O2 ∼6.5, the oven temperature rising linearly at the rate of 2 K/min.

other cases, the formation of CO2 makes the analysis incon-
venient.

In general, two kinds of oxygen species exist on sliver
surface, O� species, which are only stable at low tempera-
ture and are considered to cause the non-selective oxidation
of methanol; O� species, which are stable even at high tem-
perature and are considered to cause the selective oxidation
of methanol. InFig. 4, the differences between O� species
and O� species are shown by the oxidation of ethanol to
acetaldehyde. It is clearly shown that O�-saturated silver is
more active than the O�-saturated one when temperature is
lower than 550 K. According to the supply of oxygen, the
gas-phase oxygen was used up stoichiometricly in the case
of O�-saturated silver when temperature was lower than
550 K. With temperature rising, the conversions of ethanol
over the two different silver catalysts raise gradually. When
the temperature is higher than 620 K, the catalytic perfor-
mances of them get alike. When the conversion of ethanol
is more than∼35%, the amount of oxygen for the reaction
(C2H5OH + 0.5O2 = CH3CHO + H2O) is not stoichiometric.
It is possible that the oxygen, which is dissolved in bulk phase
of silver catalysts during the processes of catalysts treatment,
participates the reaction. In order to check the hypothesis, we
had compared the water peak of the gas-chromatogram of the
three points (A, B and C) inFig. 4. It was found that the areas
of water peak were almost equal. Thus, the pure dehydro-
g

ated
s per-
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f ectly

take part in the dehydrogenation of ethanol at lower tem-
perature region (<550 K). As shown inFigs. 1 and 2, most
alcohols can get their maximum conversions when tempera-
ture is lower than 550 K. Thus, the oxidative dehydrogenation
process should be the predominant process under our exper-
imental conditions.

Recently, Voronova et al.[49] have investigated the effect
of surface acidity of silver catalysts on the conversion of
ethylene glycol into glyoxal, and they found that the sur-
face acidity of silver catalysts can affect the activity of
the catalysts. They proposed that the Lewis acid-base pair
Agδ+ · · · Ag − Oδ− occurring on the oxidized surface of sil-
ver can react with alcohol molecule to generate an adsorbed
long-lived alkoxy intermediate and OHads. In their work,
they focused on the roles of acid sites of catalysts in alco-
hol oxidation. It is well known that O� species has more
negative charge than that of O� species, thus, O� species is
a stronger Lewis base than O� species. The results of oxida-
tion of ethanol on different oxygen species saturated silver
catalysts clearly show that the O�-saturated silver is greatly
more active than O�-saturated silver below 550 K. It seems
that the base sites also can affect the oxidation of alcohols.
Scheme 1illustrates the oxidative dehydrogenation process
occurring on silver surface, and the oxidations of alcohol
to corresponding organic acids and COx are omitted. It is
well known that molecular oxygen can be adsorbed on sil-
v
A r of
O -
t
1
t bed
o eing
enation of ethanol can occurs at high temperature.
It is noticeable that the different oxygen species satur

ilvers have different catalytic performance at lower tem
ture region (<550 K). The O�-saturated silver has high
eactivity than the O�-saturated one. The catalytic perf
ances depend on the kind of oxygen species greatly, t

ore, it is reasonable to deduce that oxygen species dir
er surface and obtains electron from silver to form O2
−.

ccording to the molecular orbital theory, the bond orde
2 is 2.0. When O2 gets one electron to form O2−, an elec

ron is filled intoπ∗
2p orbital and the bond order of O2− is

.5. Thus, O2 is activated by silver and the O2 is cleaved into
wo active atomic oxygens. Alcohol is chemically adsor
n the surface as alkoxy group while alpha-hydrogen is b
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Scheme 1. Catalytic cycle of gas-phase oxidative dehydrogenation of alcohols over metal silver. The hollow arrows represent the directions of negative charge
stream. The number of charge symbols (such as⊕) only qualitatively represents the charge.

extracted by the pre-adsorbed oxygen species, then, the beta-
H elimination of alkoxy occurs. During the processes, the
surface oxygen species act as Lewis bases to induce the
positive charged hydrogen atoms (the hydrogen of hydroxyl
group is the most positive one in a usual alcohol molecular)
to approach themselves, then extract hydrogen atoms from
the alcohol and the consequent intermediates, and the sur-
face metal atoms with positive charge act as Lewis acids to
stabilize the adsorbed negative charged intermediates[50].
Finally, the adsorbed products are desorbed from the sur-
face of catalyst. During the processes, the adsorbed oxygen
species play an important role. At the beginning of the cat-
alytic cycle, they carry a partial negative charge and seem
like basic species due to electron transfer from silver. The
strongest electrostatic interaction occurs between the basic
species and the hydroxyl hydrogen (the most positive one in
a usual alcohol molecule) of alcohol, thus, the reactive sites
are locked and the selectivity rises greatly. Because there
electronic structure are electron-lacking, they prefer to act as
oxidative reagent to extract hydrogen atoms from alcohols
with H X (X = O or C) bond broken.

In the most transition-metal-containing systems of alco-
hol oxidation in liquid-phase, the metal complexes containing
basic ligands areindispensable in the catalytic cycles. In
general, the basic ligands are hydroxyl group[4,5], 2,2,6,6-
tetramethylpiperidinyl-1-oxy group[9], alkoxy[6], peroxide
g ere-
f may
b en-
e veral
r n

the oxygen-containing silver surface integrate the cycles of
hydrogen extraction and the cycles of oxygen source incorpo-
ration, which are necessary to the regeneration of the cycles
of hydrogen extraction. The active oxygen species over sil-
ver candirectly generate from molecular oxygen without any
other catalytic cycles and act as both basic sites to induce the
dehydrogenation and hydrogen extractor to accept hydrogen
from alcohols.

From above discussion, we know that the basic species is
an important factor in both liquid-phase system and gas-phase
system. Then the basic strength of the active sites should be
a key factor. Sanderson’s work[51] shows that the oxygen of
Ag2O has the most negative effective charge,−0.46e, among
the transition metal oxides, and that of Cu2O is −0.44. The
XPS study of Schoen shows that the O1s binding energies of
Cu2O, CuO[52], Ag2O, AgO [53] are 530.2, 529.8, 529.2,
528.6, respectively. XPS O1s core-level binding energies can
provide information about the charge on chemisorbed oxygen
species and oxide ions. To a simple approximation, the higher
the charge on oxygen is, the lower the O1s binding energy is
(note: final state relaxation effects can have a strong influence
on O1s binding energies, and are not considered here)[29].
Hence the oxygen species of silver oxides are the strongest
basic species among them. Because the adsorptions of oxygen
on silver and copper are very similar, it is reasonable to deduce
that the oxygen species over silver have more negative charge.

ote
a dro-
g er-
e pair
A er.
roup [6], which are potential hydrogen extractors. Th
ore, it seems that the basic group of the active center
e an important factor in catalytic reaction. And the reg
ration of active sites should often be coupled by se
edox cycles. As shown inScheme 2, the active sites i
It is also well known that acidic sites often prom
lcohol dehydration and basic sites favor alcohol dehy
enation[15,54,55]. Because the electronegativity diff
nces between silver and oxygen, the Lewis acid-base
gδ+ · · · Ag − Oδ− occurs on the oxidized surface of silv
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Scheme 2. Comparison of catalytic cycles between liquid-phase system and gas-phase system.

According to Misono’s classification of acid[56], the hard-
ness of Cu+ and Ag+ are 3.45, 3.99, respectively. Cu+ is a
boundary acid and Ag+ is a soft acid. It is well known that
alkoxy is a hard base. Thus, the interaction between Ag+ and
alkoxy is weaker than that between Cu+ and alkoxy, and the
side reactions of alcohols caused by acidic sites should be
reduced. Pestryakov’s[57] and Madix’s work[48] show that
the active order for ethanol oxidation is Ag > Cu, and the
order of selectivity to acetaldehyde is Ag > Cu.

Although the bulk Ag2O decomposes at 503 K, the XPS
study[58] shows that oxygen atoms are chemically adsorbed
on silver even at 763 K. Wachs’ work[59] also indicated
that the “TOF (turnover frequency) of redox of methanol”
[59] over Ag2O is almost the highest among the metal oxides
except PtO, and is about 60 times than the one over cop-
per oxide. These indicate that the concentration of surface
oxygen over silver is relatively low, and the catalytic cycle
over silver is faster than that over copper. Hence, the catalytic
performance of silver is very well.

4. Conclusion

Based on the above discussions, the facets of silver should
be regarded as ideal multi-functional facets to regenerate
oxidative, strong basic oxygen species and weak acidic sites
q gen
a uent
d over
s y to
c alyst
p er sil-

ver are pivotal factors and play versatile roles: (a) acting as
active basic sites to lock the reactive sites; (b) acting as active
oxidative sites to extract hydrogen atoms from alcohol. Com-
paring with the liquid-phase oxidation systems, the advan-
tages of the presenting system are basic-additives-free and
heavy-metal-solution-free. The differences of catalytic per-
formances between copper and silver can also be explained
that the stronger basic oxygen species and weaker acidic sites
over silver make the catalyst more active and selective. There-
fore, silver is excellent and green foroxy-dehydrogenation of
alcohols.
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