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Abstract Gold nanoparticles are deposited on potassium
titanate nanowires and used as heterogeneous catalysts in
the aerobic oxidation of benzyl alcohol in methanol to
methyl benzoate at ambient conditions. The presence of a
catalytic amount of base promotes the reaction and the
formation of free benzoic acid during the reaction poisons
the catalyst. The activity however, of the catalyst can be
restored again by addition of base.
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1 Introduction

In organic chemistry, the selective oxidation of alcohols is
one of the most important reactions and it is applied on an
industrial scale in the production of numerous base
chemicals down to laboratory scale in the production of
various specialty and fine chemicals [1-5]. Recently, there
has been a considerable focus on aerobic oxidations, using
air or pure oxygen as the oxidant rather than e.g., the
classical metal oxides. The main reason for this new
approach can be attributed to the low cost of oxygen and
the fact that oxygen is a “green” oxidant leading to water
as the only by-product. For many years, metallic gold was
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considered to be too inactive to be useful in heterogeneous
catalysis. However, this changed with the discovery that
gold nanoparticles can indeed be very active in oxidation
reactions as reported first by Haruta et al. for low
temperature aerobic oxidation of carbon monoxide [6].
Following the discovery by Haruta et al., a variety of
aerobic oxidation reactions have been reported [7, 8]. For
instance, gold nanoparticles were used in the oxidation of
alcohols to aldehydes [9], carboxylic acids [10-14] or
esters [15, 16], in the oxidation of aldehydes to esters [17]
or acids [18] in epoxidations of olefins [19, 20], and in the
oxidation of amines to amides [21]. Although Haruta et al.
[6] were able to achieve low temperature aerobic oxidation
of carbon monoxide, most aerobic oxidations using gold
catalysts require temperatures and oxygen pressures well
above ambient conditions. Often this results in a limited
life-time of the gold catalyst. To stabilize the gold nano-
particles, a number of different supports have been tested
as support materials. The majority of these supports are
metal oxide nanoparticles that are stable at high tempera-
tures and chemically inert. The most commonly used metal
oxide support for gold catalysts is TiO,. Recently, a new
family of materials with some similarity to TiO, was
reported. They include nanotubes and nanowires of alkali
metal titanates prepared simply by hydrothermal treatments
of TiO, in the presence of an alkali metal base [22-25].
These materials are very easy to produce, inexpensive,
stable and most importantly, they typically have higher
surface areas than those of the starting TiO, nanoparticles.
All these properties appear to make them very promising
support materials in heterogeneous catalysis. Here, we
report the use of high-surface area potassium titanates,
K,TigO,3, nanowires as a support material for gold nano-
particles prepared by a simple precipitation. Furthermore,
we show that the obtained gold catalyst is able to
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selectively oxidize benzyl alcohol in methanol into the
corresponding methyl esters, via the aldehyde, at room
temperature and atmospheric pressure. Finally, we dem-
onstrate that the presence of a catalytic amount of base
promotes the reaction and the formation of free benzoic
acid during the reaction poisons the catalyst. However, the
activity of the catalyst can be restored again by addition of
base. In selective oxidations of alcohols over gold cata-
lysts, the effect of having acids or bases present is critical.
For instance, in the oxidation of aqueous ethanol to pro-
duce acetic acid, no addition of base is needed but for other
oxidations in water normally a stoichiometric amount of
base is required [12-14]. If instead methanol is used as a
solvent, only a catalytic amount of base is needed. Thus,
the role of base and acid in these reactions has remained
elusive, and here we will try to understand this phenome-
non in more detail.

Previously, it was shown by Du et al. that a hydrother-
mal treatment of TiO, with KOH leads to the formation of
nanowires of potassium titanates, K,TigO13 [26]. These
nanowires have a different structure than the more known
titanate nanotubes, obtained by using NaOH instead of
KOH [22-25]. Very recently, protonic titanate nanotubes
made by ion-exchanges of sodium titanate nanotubes were
used as a support material for gold nanoparticles and tested
as a catalyst in the aerobic oxidation of CO [27, 28].

2 Experimental
2.1 Synthesis of Gold Catalysts

Potassium titanates, K,TigO;3 nanowires were prepared by
hydrothermal treatment of TiO, with KOH and used to
support gold nanoparticles. In a typical synthesis of the
potassium titanate nanowire support, commercial TiO,
anatase nanoparticles (1.92 g) were suspended in aqueous

Fig. 1 a An overview TEM
image of pure K,TigO3
nanowires, the inset shows a
high-resolution image of a
nanowire with a diameter of
about 5 nm. b A ca. 4 nm gold
nanoparticle supported on a
KzTi6013 nanowire
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KOH (160 mL) of different concentrations, followed by
hydrothermal treatment at 150 °C in a stainless Teflon-
lined autoclave [26, 29]. The resulting powders were
washed with large amounts of distilled water until neutral
pH was achieved in the washing water. During the
hydrothermal treatment with KOH, the TiO, nanoparticles
are slowly transformed into K,TigO;3 nanowires.

Gold nanoparticles were deposited on the nanowires by
deposition-precipitation using HAuCl, - 3H,O as the gold
precursor to yield a total catalyst loading of 1 wt% of gold
[30]. The precipitated gold oxides were reduced using H,
in N, at 300 °C for 2 h with at heating ramp of 5 °C/min.
This results in gold nanoparticles with an averages size of
4-6 nm.

2.2 Catalytic Experiments

The catalytic reactions were carried out in a glass flask fitted
with a condenser connected to an O, cylinder. A mixture of
benzyl alcohol and methanol (1/30 molar ratio) was charged
to a 25-mL round-bottomed flask equipped with a condenser
together with the catalyst (0.1 mol% Au). In experiments
with KOH as the added base, the KOH was first dissolved in
the methanol. Samples were analyzed by GC and GC-MS;
the amounts of substrates and products were quantified using
anisol as an internal standard.

3 Results and Discussion

Figure la shows representative high-resolution transmis-
sion electron microscope (TEM) images of the prepared
K,TigO,3 nanowires. The images were obtained by means
of a JEM 2000FX microscope operated at an accelerating
voltage of 300 kV. The nanowires have a diameter of about
5-10 nm and an average length of around 500 nm.
Figure 1b shows a gold nanoparticle with a size of ca. 4 nm
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Table 1 BET surface areas of Entry Main BET surface KOH Time Temperature
samples after hydrothermal product area (m?/g) M) (h) ©0)
treatment with KOH

1 TiO, 139 - 0 150

2 TiO, 88 0 72 150

3 TiO, 150 3 72 150

4 K,TicO13 268 6 72 150

5 K,TigO 309 9 72 150

6 K,TicO13 317 12 72 150
supported on a potassium titanate nanowire. The images HO o} o
with gold supported on nanowires were obtained using a ™~
Philips CM300 FEG microscope at 300 kV.

Table 1 shows the BET (Brunauer—-Emmett—Teller)
O, Avu/catalyst

surface areas of the samples after hydrothermal treatment + CH;0H —=

with different concentrations of KOH. It is seen that during
the treatment of the TiO, nanoparticles (entry 1) with
KOH to form K,TigO;3 nanowires, the surface area of the
obtained material gradually increased. For example, for the
high concentrations of KOH (entry 5 and 6) the transfor-
mation into K,TigO,3 results in significantly higher surface
areas, almost twice as large as that of the starting TiO,
nanoparticles. For the lower concentrations of KOH, the
transformation of TiO, into K,TigO;3 is not complete as
evidenced by X-ray powder diffraction. In comparison, a
similar hydrothermal treatment with pure water and no
base (entry 2) leads to a significant decrease of the surface
area to 88 m?/g.

The rate-determining step in aerobic oxidations of
alcohols to the corresponding carboxylic acids and its
derivatives is assumed to be the oxidation of the alcohol to
the aldehyde [31, 32]. This is accordance with the obser-
vation that the formation of the carboxylic acid derivative
from the aldehydes proceeds very fast, in fact with a rea-
sonable rate even below —70 °C [17]. Therefore, to
achieve full conversion in the oxidation of alcohols, ele-
vated reaction temperature is usually needed [12-14, 21,
31-35]. However, recently Miyamura et al. showed by
using an exotic gold catalyst (polymer-incarcerated gold
nanoparticles) it is indeed possible to achieve aerobic
oxidation of mainly secondary alcohols to ketones at
ambient conditions by using a stoichiometric excess of
base [36]. In this work, we show that it is possible to use
gold nanoparticles supported on the K;TigO;3 nanowires
for the selective oxidation of benzyl alcohol in methanol to
the methyl ester at room temperature and atmospheric
pressure with much less base (Scheme 1).

In Fig. 2, the yield of methyl benzoate is shown as a
function of reaction time using 1 wt% Au supported on either
K5TigO,5 or TiO, [37]. It is clearly seen in the figure that it is
possible to oxidize benzyl alcohol at room temperature and
~ 1 bar O, over the gold catalysts. When K, TigO;3 was used

-H,0, RT

Scheme 1 Reactions scheme for the aerobic oxidation of benzyl
alcohol to methyl benzoate at room temperature (RT)

100

90 +

80
P
® 70
9 .
g 60 O 0% KOH-AWKTIO,,
I = 10% KOH - AuK,Ti,0,
2 501 O 0% KOH -AuTio,
EE‘: 0 ® 10% KOH -AulTiO,
c
<]
o 30
= ]
S 20

30
Time (h)

Fig. 2 Catalytic results shown as the yield of the methyl benzoate
versus reaction time using 1 wt% Au supported on K,TigO;3 and
TiO; in the presence of 0 and 10 mol% of KOH relative to the amount
of benzyl alcohol

as a support, a yield of 13% was obtained after 48 h without
any added base. After several days, a yield of around 18%
was reached. Furthermore, it is seen that the addition of a
catalytic amount of base to the reaction mixture increase the
reaction rate and the extent of reaction dramatically, result-
ing in >99% conversion after 24 h and a yield of methyl
benzoate of about 93%. The main by-products in the reac-
tions are benzoic acid, benzaldehyde and benzyl benzoate.
The intermediate benzaldehyde is present in small amounts
during the entire reaction, but the concentration decreases as
the amount of benzyl alcohol decreases. The amount of
benzyl benzoate increases during the first 2 h of the reaction
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but when the concentration of benzyl alcohol decreases so
does the yield of benzyl benzoate. Figure 2 also shows how
the reaction is catalyzed by gold supported on the unmodified
TiO, nanoparticles. However, the yield of methyl benzoate is
consistently lower in comparison with those obtained using
gold supported on K, TigO; 3. In the case of no added base and
Au/TiO,, the reaction proceeded very slowly. A simple
explanation is that the K,TigO;3 nanowires are slightly more
basic than the unmodified TiO,. Therefore, we decided to
add a catalytic amount of solid base, MgO (15 mol%), to the
reactions mixture using the traditional Au/TiO, catalyst, and
this resulted in full conversion of benzyl alcohol with a yield
of methyl benzoate of 86% after 8 days. This shows that also
solid bases are able to promote the reaction and this is clearly
important for practical purposes since it facilitates isolation
of the product (and the added base) compared with using a
soluble base.

Generally, reactions performed without any base added
seems to reach a certain level of conversion without
approaching full conversion, cf. Fig. 2. If at this point, base is
added to reaction mixture, the reaction accelerates dramati-
cally and essentially proceeds to full conversion (>99) with
yields comparable to those obtained when the reaction was
started in the presence of a catalytic amount of base, Fig. 3.

Figure 3 illustrates the effect of adding a catalytic
amount of base after 115 h to the reaction performed
without any KOH using Auw/K,TigO,3 as catalyst. We
suspected that the reaction stopped due to the formation of
benzoic acid because benzoic acid either directly deacti-
vated the catalyst and/or lowered pH in the solution. To
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Fig. 3 a 0 mol% of KOH, after 115 h addition of 15 mol% of KOH.
b 0 mol% KOH, after 2 h addition of 1 mol% benzoic acid resulting
in deactivation of the catalyst. After 45 h the catalyst is reactivated by
addition of 15 mol% KOH. ¢ A deactivated catalyst is used without
KOH. After 24 h, 15 mol% is added to reactivated the catalyst. All
reaction ends up in full conversion (>99) of benzyl alcohol and
similar yields (90-95%) of methyl benzoate as starting the reactions
with base
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determine the influence from the formation of benzoic acid
on the reaction mixtures, benzoic acid (1 mol% relative to
benzyl alcohol) was added after 2 h to a reaction mixture
using the Au/K,TigO;; catalyst and without any base
added. As seen in Fig. 3, the reaction rate drops dramati-
cally upon addition of benzoic acid. After 45 h, the
reaction was restarted by adding base, and full conversion
of benzyl alcohol was observed almost immediately with a
yield of methyl benzoate that was comparable to that
achieved in the reaction performed without addition of
benzoic acid. To further clarify how the presence of ben-
zoic acid influences the catalyst performance, a catalyst,
Au/K,TigO,3, that was used for 4 days without any base
added was filtered off, was washed carefully with large
amounts of methanol and dried. This catalyst was then
added into a new reaction mixture. Figure 3 shows how it
exhibited essentially no activity. After 24 h, base was
added to the reaction mixture and the catalytic activity was
completely restored and a full conversion of benzyl alcohol
was observed. This suggests that during the reaction, the
catalyst is slowly deactivated by benzoic acid and it
requires base to remove it from the catalyst surface.

4 Conclusions

To summarize, potassium titanates K,TigO3 was synthe-
sized with high surface area and used as a support for the
gold nanoparticles. The resulting gold catalysts were used
to catalyze the aerobic oxidation of benzyl alcohol in
methanol to the methyl benzoate via the aldehyde at room
temperature and atmospheric pressure. The titanate nano-
wires are slightly basic and therefore shows improved
performance. The significance of adding solid or soluble
base, and free benzoic acid were studied. It is suggested
that the presence of free carboxylic acid poisons the Au
catalysts. In water, the acid can be removed by adding
stoichiometric amounts of base. In methanol, less base is
required since the dominant product is the methyl ester
rather than the acid, and for ethanol oxidation, the reaction
is conducted at a sufficiently high temperature that acetic
acid is not blocking all available sites.
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