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In this work, gold nanoparticles deposited on manganese sesquioxide (Mn,03) showed high activity in
the oxidative lactonization of 1,4-butanediol to y-butyrolactone with air as the oxidant. On the con-
trary, nano-sized gold supported on manganese dioxide (MnO, ) and manganese oxide (MnO) presented
much lower activities. XRD, TEM and XPS characterizations revealed that the superior catalytic perfor-

mance of Au/Mn,03 could be ascribed to the highest dispersion of gold particles and unique intrinsic
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properties of Mn,03, which possesses the appropriate point of zero charge for deposition-precipitation
method, the most quantity of oxygen vacancies and the appropriate gold-support interaction. Au/Mn; 03
exhibited selectivity of 100%, which could facilitate the purification of target product from the reaction
mixture. Furthermore, the as-prepared Au/Mn,0s3 catalyst could be recovered by simple filtration, and
used repetitively or preserved for a long period without apparent loss of activity.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The selective synthesis of lactones has attracted much inter-
est to both academic and industrial chemists. Among the lactones,
v-butyrolactone is widely used as a significant solvent, extraction
agent and intermediate in agriculture, petroleum industry, phar-
maceutics and fibers [1-4]. Moreover, the aerobic oxidation of
1,4-butanediol to y-butyrolactone is considered as one of the most
promising pathway for industrially acceptable process, owing to
the absence of waste or pollutant.

Traditionally, the lactonization of 1,4-butanediol was carried
out in metal reagents [5,6]. Then several homogeneous [7,8] or het-
erogeneous catalysts [9,10] were used in the presence of organic
co-oxidants such as ketones and alkenes, but these chemicals are
expensive and/or toxic. Zhao and Hartwig reported that ruthe-
nium complexes catalyzed this reaction with high activity and
high turnover numbers even without solvents or hydrogen accep-
tors [11]. In recent years, supported gold catalysts, including gold
deposited on hydrotalcite [12], gold particles supported on +y-
AlOOH and y-Al,03 [13], and gold supported on anion-exchange
resin Dowex Marathon MSA [14], have attracted tremendous atten-
tion to the synthesis of lactones from diols with admirable catalytic
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activities. Conventionally, support plays a crucial role in the per-
formance of active gold catalysts apart from gold particle size
[15,16], and reducible support is supposed to provide oxygen
adsorption and activation sites, which can facilitate the oxidation
process [16,17], thus it is believed that gold supported on reducible
oxides are more active and stable than on inert oxides [17,18]. As
expected, the outstanding catalytic performance for the oxidation
of 1,4-butanediol to y-butyrolactone has been obtained from finely
dispersed Au on reducible oxides, such as TiO, [19], Fe,05 [20,21],
and Fe-Al-0 composite [22].

Manganese oxides (MnOy), as reducible oxides, have long been
used as highly active, durable and low cost catalysts for aero-
bic oxidation of organic compounds [23-26]. For example, MnO,
exhibited remarkably high catalytic activity and selectivity for
the ammoxidation of alcohols [27]. When cooperated with gold
nanoparticles, the catalytic activities were enhanced markedly for
the oxidation of CO [28-31] or alcohols [27,32,33]. However, to the
best of our knowledge, there has been no reports on the lactoniza-
tion of 1,4-butanediol catalyzed by gold supported on manganese
oxides. Herein, for the first time, we report the synthesis and
catalytic application of Au nanoparticle catalysts supported on
different manganese oxides in the oxidation of 1,4-butanediol to
v-butyrolactone with air as the sole oxidant. Additionally, the gold-
supported catalysts are generally thought to be unstable and easy
to deactivate, especially after a long period preservation or reused
for many cycles because of the high activity of the nano-sized gold
particles [34,35]. In this work, we also investigated the stability of
the as-prepared Au/Mn;03 catalyst.
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2. Experimental
2.1. Catalyst preparation

Three kinds of different manganese oxides (MnO,, Mn;03
and MnO) were prepared according to the following prepa-
ration procedures as described elsewhere [25,26]. MnO, was
prepared via hydrothermal method. Equal amount of MnSO4-H,0
and (NHg4),S,0g (both 50ml, ca. 0.04 M) was mixed in a 250 ml
round bottomed flask. The as-obtained mixture was hydrother-
mally processed at 393K for 12 h, followed by filtration, washed
with deionized water for 4 times and dried at 373 K for 12 h. Mn, 03
was obtained by calcination of MnCO3; powder at 773K for 4h in
static air and then cooled to room temperature. MnO was obtained
by decomposition of MnCO3 sample under pure N, atmosphere at
673K for 4 h, and then cooled to room temperature in flowing N,
stream.

Gold nanoparticles deposited on the as-synthesized manganese
oxides with a nominal Au loading of 5wt.% were carried out by
deposition—precipitation (DP) method using urea as precipitation
agent [36-38]. In a typical procedure, 15ml of HAuCl4 aqueous
solution (2.43 x 10-3 M) was mixed with 60 ml of deionized water
with continuous stirring, followed by the addition of 2.5 g of urea
and 1.4 g of MnOy. The mixture was heated to 363 K gradually and
maintained for 4 h. After this step, the pH values of solutions were
about 8.0, 8.0 and 8.5 for Au/MnO, Au/MnO, and Au/Mn, O3, respec-
tively. The solid mass was filtered, washed with deionized water for
4 times, and dried in air overnight at 373 K. Finally, the Au/MnO,
and Au/Mn,03 samples were calcined at 573K for 4 h in air, while
the Au/MnO sample was calcined at 573K for 4 h in flowing N, to
avoid the oxidation of MnO by air.

2.2. Catalyst characterization

The specific surface area of samples was determined by nitro-
gen adsorption at 77K (Micromeritics Tristar ASAP 3000) using
the Brunauer-Emmett-Teller (BET) method. The gold loadings
were determined by the inductively coupled plasma method (ICP,
thermo E. IRIS). The XRD patterns were recorded on a Bruker D8
Advance diffractometer with Cu Ka radiation (A =0.154 nm), oper-
ated at 40 mA and 40 kV. The TEM micrographs were obtained on
a JOEL JEM 2010 transmission electron microscope. The average
size of the Au particles and relative distributions were estimated
by counting more than 300 Au particles. The turnover frequency
(TOF) was calculated by the amount of surface gold atoms and the
mole diol reacted in the initial 2 h on per mole surface gold. The
gold particles were assumed as sphere shape with a single gold
atom diameter of 0.1442 nm. According to the gold atom diam-
eter and the average gold particle size from TEM, the amount of
surface gold atoms could be estimated, and the TOF value could be
obtained [19-21]. The turnover number (TON) can also be obtained
by the mole diol reacted per mole gold during the reaction. The
XPS spectra were acquired under ultra high vacuum (<10-6 Pa) at
a pass energy of 93.90 eV on a Perkin-Elmer PHI 5000C ESCA sys-
tem equipped with a dual X-ray source using an Mg Ko (1253.6 eV)
anode and a hemispheric energy analyzer. All binding energies
were calibrated by using contaminant carbon (C 1s=284.6eV) as
a reference.

2.3. Activity test

Catalyst tests were performed using a stainless steel autoclave
equipped with a magnetic stirrer at 393 K. 1.4 g of 1,4-butanediol
was dissolved in 20 ml of tributyl phosphate (TBP), followed by
the addition of 0.3g of Au/MnOy catalyst. Then the autoclave
was sealed and filled with 1.25MPa air. The rate of magnetic

stirring was set at 800 rpm simultaneously. The reaction mixture
was sampled at regular time intervals and analyzed by gas chro-
matography (GC9560 (HuaAi Co. Ltd.) with a FID detector and HP5
capillary column) to determine the conversion and selectivity. Gas
chromatography-mass spectrometry (GC 8000 TOF-MS voyager)
was utilized to detect the product distribution.

Recycling experiments over Au/Mn, O3 catalyst were conducted
under identical reaction conditions as the above. The used catalyst
was collected by filtration, and recovered by being washed with
ethanol 3 times and drying overnight at 373 K in air.

3. Results and discussion
3.1. Catalyst characterization

3.1.1. BET and ICP-AES

In Table 1, the data show that MnO, has the highest BET sur-
face area (52 m?/g), while Mn;03 is 35 m2/g and MnO is the lowest
(10 m?/g). Because Mn,03 and MnO were prepared from the same
precursor, the difference in BET values is attributed to the effect of
different treating atmosphere. Support effect is always significant
in gold catalysts, so we tried to synthesize manganese oxides with
similar morphology for comparing the effect of the support crystal
phase reasonably. After the deposition of gold, the BET surface area
decreases moderately, and the values turn to 8.0, 39 and 31 m?/g for
Au/MnO, Au/MnO, and Au/Mn,03 with no sharp changes for the
used one. In addition, the real gold loadings of the three catalysts
are all near the nominal amount (5%) as determined by ICP-AES
method with the error range of +0.5%.

3.1.2. XRD patterns

Fig. 1 shows XRD patterns of Au/MnOy. It can be found that all
of the supports are in pure crystal phases, and the addition of gold
causes no structural changes for the support. In fresh (Fig. 1(a)) and
used Au/Mn,05 (Fig. 1(b)), the XRD patterns exhibit well-defined
diffraction characteristics of Mn, 03 (JCPDS 41-1442), and there is
no distinct gold reflection owing to the high dispersion of Au parti-
cles. For Au/MnO (Fig. 1(c)), the reflections are mainly attributed to
MnO (JCPDS 06-0592) with a small amount of Mn3O4 (marked with
*). However, the presence of small amount of Mn3 04 has little effect
on the properties of MnO according to the results in Ref. [25], and
the following activity tests can also confirm this deducing. Although
the broad and weak diffraction lines in Fig. 1(d) demonstrate the
bad crystallization, Au/MnO, can still be indexed to MnO, (JCPDS
012-0713). Moreover, the sharp diffraction peaks of Au, indicat-
ing the presence of large gold particles, are discerned on Au/MnO
and Au/MnO, samples. Thus, according to the Scherrer equation,
the average size of gold particles calculated from XRD patterns are
23.8 and 8.5 nm for Au/MnO and Au/MnO,.

Table 1

The physico-chemical properties of Au/MnOy catalysts.
Sample Seer (m2/g)  Au (wt%)  da®(nm) D¢ (nm)
MnO 10 - - -
MnO, 52 - - -
Ml’l203 35 - - -
Au/MnO 8 5.5 3.1/26.2¢ 238
Au/MnO, 39 5.3 3.0/11.5¢ 8.5
Au/Mn;, 04 31 5.0 2.6 -
Used Au/Mn;03¢ 33 5.3 2.7 -

2 Determined by ICP-AES analysis with the error range of +0.5%.
b Determined by TEM.

¢ Calculated by Scherrer equation from the XRD results.

d The average size of the small and the large gold particles.

¢ After being used for 4 times.
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Fig. 1. XRD patterns of (a) Au/Mn, 03, (b) Au/Mn,03 used for 4 times, (c) Au/MnO
and (d) Au/MnO,.

3.1.3. TEM results

Fig. 2 shows the Au particle-size distributions of the three kinds
of catalysts. In Au/Mn, O3 (Fig. 2(e) and (f)), the images demonstrate
that gold particles are in a narrow distribution and well dispersed
with the average particle size of 2.6 nm. Clearly, the morphology
of Au particles keeps intact after being used for 4 times (Fig. 2(g)
and (h)). In contrast, the Au size distribution is relatively broad in
Au/MnO (Fig. 2(a) and (b)) and Au/MnO, (Fig. 2(c) and (d)), sug-
gesting a large heterogeneity of gold particles. Meanwhile, the two
catalysts both display bimodal particle size distribution compris-
ing two populations. For Au/MnO,, the average gold sizes are 3.0
and 11.5 nm, while they are 3.1 and 26.2 nm in Au/MnO. The diver-
sity of Au particle-size distribution may be related to the various
phase structures and intrinsic properties of different supports (as
discussed below). In the present work, the preparation method for
the gold-based catalysts was the same (DP) and the results (the
gold particle size and distribution) were the best under identical
conditions.

The previous work has revealed that the applicability of urea
DP method strongly depends on the nature of substrates, and it
is beneficial to the deposition of gold onto oxide supports with
point of zero charge (PZC) close to 6.0 [30,37]. According to the Zeta
potential measurements, the PZC values for MnO, MnO, and Mn, O3
were estimated to be 7.3, 4.0 and 6.7, which are in agreement
with the findings in literatures [39,40]. Therefore, this result well
explains the presence of small and high dispersed gold nanoparti-
cles obtained on the surface of Mn,0s.

3.1.4. XPS

Surface gold content and electronic state of the catalysts were
characterized by XPS and the results are given in Table 2 and
Figs. 3 and 4. In Au/MnO, (Fig. 3(a)), the Au 4f peak is quite sym-
metric and narrow, representing that there is only one kind of Au
species (elemental state, 83.8 eV), or the amount of ionic gold is too
small to be distinguished from the background. Broad peaks of Au
4f were observed in Au/MnO (Fig. 3(b)) and Au/Mn,03 (Fig. 3(c)),
indicating the possible presence of both metallic and ionic gold
species [41,42]. Thus, the original peaks (broken line) of Au/MnO
(Fig. 3(b)) and Au/Mn, 03 (Fig. 3(c)) were deconvolutioned into dif-
ferent peaks (solid line), and the binding energies of Au 4f;, peaks
are 82.5eV and 83.8 eV after the correction of charge effect. It is
strange to find that the charge effect of binding energy in Au/MnO
(5.4eV, C 1s=290.0eV) and Au/Mn;03 (5.4eV, C 1s=290.0eV) is
much bigger than that in Au/MnO, (0.6eV, C 1s=285.2eV).

After the deconvolution of the Au 4f peaks, the binding energy
difference in the two chemical states is 1.3eV in Au/MnO and
Au/Mn,0; and an important component of Au is Au®~, which
means the formation of lots of anionic Au species with more than
one charge (§>1) if the charge effect was corrected by 5.4eV.
This finding is quite different from those reported in Au/MnOy
previously [30,31,45]. We think that the strange chemical shift
of Au 4f may be an overcorrection of Au peaks by contaminant
carbon in Au/MnO and Au/Mn,0s3. Similar result has been also
observed in the same XPS system on Ag/SiO, catalyst [43]. The
two series of catalysts both have metals on the metal oxide sup-
port while the metals show different particle size or chemical
states. Because the conductivity of metals is much better than the
metal oxide supports, the charge effect many be different on the
metals and the support. Moreover, there are always metallic and
cationic Au species in the literatures [19-21,30-33] whose prepa-
ration methods or catalysts are similar to the present work. Thus,
it is reasonable to believe that there are metallic and positively
charged gold in our Au/MnO and Au/Mn;03 catalysts. Detailed
binding energies after the re-correction are listed in Table 2 in
the parentheses. Under the same condition, due to the semicon-
ductor character of MnO,, the charge effect is very small and can
be neglected. As a result, no anionic gold species was found on
Au/MnO,.

Combined with the above discussion, the support phase influ-
ences the electronic nature of gold particles and the proper content
of Au®* suggests an appropriate gold-support interaction [20],
and the amount of Au®* are 20% and 67% on the surface of
Au/Mn,03 and Au/MnO (after the reaction, the amount of Au®*
increased from 20% to 57% in the used Au/Mn,03 (Fig. 3(d))),
indicating the proper metal-support interaction in Au/Mn,0Os5.
Meanwhile, the previous investigations have found that Mn,03
can promote the catalytic activity of gold catalyst better than
other manganese oxides due to the intimate metal-support inter-
action, thus we believe the cationic gold is beneficial to the high
activity, which is in well agreement with those reported earlier
[28,44,45].

Mn 2p XPS spectra for various catalysts are shown in Fig. 4(a).
The Au/MnO; catalyst exhibits an asymmetric Mn 2p3, peak
located at 642.2 eV, which is in agreement with those reported in
literature for MnO,, i.e., 642.0 + 0.2 eV [46]. It is found that the bind-
ing energies of Mn 2ps3); shift to lower values in following order:
Au/MnO5 > Au/Mn,03 > Au/MnO, and they are all close to the val-
ues of pure supports. Nevertheless, the variation of XPS binding
energies of Mn 2p alone is too small to precisely evaluate the Mn
valence of MnOy [47]. Therefore, the corresponding Mn 3s spec-
tra were measured simultaneously (Mn 3s AE) to estimate the Mn
chemical states. Yet the Au 4f doublet overlaps with the Mn 3s mul-
tiplet splitting peaks, so we constrained the relative position and
intensity of Mn 3s components by assuming for the gold-containing
samples the same Mn 3s/Mn 2p intensity ratio as for the bare sup-
ports [48] and the curve fitting results are listed in Table 2. It is
shown that the values of Mn 3s AE before and after Au dispersion
are nearly invariable, suggesting the Mn chemical states are lit-
tle effected by the deposition of gold particles. Comparing with the
literatures, the values of the Mn 3s AE does not decrease monotoni-
cally with the increase of nominal valence of MnOy, this is attributed
to the difference of preparation methods and test conditions. It is
interesting to find that the Mn 3s AE values of MnO and Mn,03
both are lower than that in Ref. [47], but they present the same
decreasing trend as that in the reference. Because of the very dif-
ferent synthesis process, the Mn 3s AE value in MnO, is higher
than that in Ref. [47]. However, the Mn 3s AE value of MnO, is in
agreement with the results observed by Longo et al. [48], whose
preparation method and crystal phase of MnO, are similar to the
present work.
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Fig. 2. TEM images and particle size distributions of Au/MnO (a, b), Au/MnO; (c, d), Au/Mn,0s (e, f), and Au/Mn, 03 used for 4 times (g, h).

The O 1s spectra of various Au/MnOy are also presented in
Fig. 4(b). The main peak at about 529.0 eV is attributed to the lattice
oxygen bonded to Mn atoms [49]. Simultaneously, distinct shoul-
ders, which can be assigned to the mixture of hydroxyl groups and
adsorbed water on the surface of catalysts [50], are visible on the
higher binding energy side of the main peaks. It is found that the

Au/MnO catalyst has the highest surface molar ratio of gold to Mn
(Au/Mn, 0.50), which may be a result of the lowest BET of MnO sup-
port. The Au/Mn ratio is 0.48 in Au/Mn,03, which is much higher
than that in Au/MnO, (0.27). The relatively lower Au/Mn value in
Au/MnO, sample is due to the highly acidic nature of MnO, [30],
and Mn, O3 can facilitate the dispersion of gold on the surface of
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Table 2
XPS results of Au/MnOj catalysts.
Sample BE of Au 4f 7/2 (eV)© Au species (%) BE of Mn 2p 3/2 (eV) Mn 3s AE Au/Mn O7/Mn? 0. /MnP
MnO - - 641.8 55 - 2.08 1.01
82.5(83.8) Au (33)
Au/MnO 83.8 (85.1) AU (67) 641.7 53 0.50 1.99 0.98
MnO; - - 642.3 5.4 - 2.52 1.33
Au/MnO, 83.8 Au (100) 642.2 5.4 0.27 2.56 1.35
Mn, 03 - - 642.1 4.6 - 243 0.95
82.5(83.8) Au (80)
Au/Mn, 03 83.8 (85.1) Aut* (20) 641.9 4.6 0.48 2.37 0.93
82.5(83.8) Au (43)
Used Au/Mn, 03 83.8(85.1) Au?* (57) 641.9 4.6 0.48 2.67 0.99

@ Or, total surface oxygen.
b Oy, surface lattice oxygen.
¢ Data in the parentheses, charge effect was corrected by 4.1 eV.

support [30]. After being used for 4 times, no variation of Au/Mn
ratio is found in Au/Mn;03, suggesting this catalyst has superior
stability.

Furthermore, the molar ratios of the total amount of surface
oxygen (Ot) to Mn were calculated and these values are much
higher than the stoichiometric ones, indicating the presence of a
high concentration of oxygen-containing adsorbates on the sur-
face of catalysts [30,50]. The peak deconvolution of the O 1s lines
gives more information about the relative amount of different
surface oxygen species. As shown in Table 2, the molar ratios of
surface lattice oxygen (O, 529.0eV) to Mn are 0.93, 0.98 and 1.35

in Au/Mn;03, Au/MnO, and Au/MnO,, respectively. They are all
less than the stoichiometric values (1.5, 1.0 and 2.0 in Au/Mn, 05,
Au/MnO, and Au/MnO,), inferring the emerging of surface oxy-
gen vacancies which are filled with water or hydroxyl groups.
It is clear that the Au/Mn,03 catalyst owns the maximum oxy-
gen vacancies because of the minimum Op/Mn ratio (0.93) that
is less than the stoichiometric value (1.5). The surface oxygen
vacancies are considered as a key role in promoting the catalytic
activity by enhancing the electron transfer between the support
and gold particles and can be regenerated under reaction condi-
tions [48,51-54]. After four times reaction over Au/Mn,03, the

(a)

(b)

Mn 3s

78 80 82 84 86 88 90 92

Binding Energy (eV)

76 78 80 82 84 8 88 90 92

Binding Energy (eV)

]
9474 76 78 80 82 84 86 88 90 92 94

Binding Energy (eV)

Fig. 3. Mn 3s and Au 4f XPS spectra of (a) Au/MnO,, (b) Au/MnO, (c) Au/Mn;0s3, and (d) Au/Mn, 05 used for 4 times.
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Fig. 4. (a) Mn 2p XPS spectra of Au/MnO,, Au/Mn,03, Au/Mn;05 used for 4 times and Au/MnO. (b) O 1s XPS spectra of Au/MnO,, Au/MnO, Au/Mn,03; and Au/Mn,03 used

for 4 times.

Ot1/Mn and O /Mn ratios increased slightly, revealing the oxygen
vacancies relatively decreased, and it also implies that the oxy-
gen vacancies participated in the oxidation reaction process and
the produced oxygen-containing group would occupy the oxygen
vacancies during the reaction. Thus, the oxygen vacancies are sup-
posed to facilitate the reaction. In addition, the Or/Mn and O /Mn
ratios could be recovered after the activation of the used catalyst
with air at 573 K.

3.2. Catalytic oxidative lactonization of 1,4-butanediol

The catalytic results of Au/MnOy in the oxidative lactonazation
of 1,4-butanediol to y-butyrolactone are given in Table 3 and
Fig. 5. For comparison, activities of bare carriers are also included.
Obviously, the pure supports hardly catalyzed the reaction, but the
catalytic activities were distinctly improved after the deposition
of gold. All the three catalysts exhibit excellent selectivity of 100%,
which can greatly facilitate the process of product separation after
the reaction, and the Au/Mn,03 catalyst displays a prominent
activity with 4-h-conversion of 91%. After 8 h reaction, the con-
versions are 98%, 75% and 50% for Au/Mn;03, Au/MnO,, Au/MnO.
Besides, we tested a catalyst with gold deposited on pure Mn30yq4,
whose catalytic activity was similar to that of Au/MnO,. Thus, we
suppose that the small amount of Mn304 would not lower the
activity of Au/MnO at least. However, there is a little surprising
for Au/MnO; and Au/MnO. Considering the relatively large gold

Table 3
Catalytic activity of Au/MnOy catalysts in the oxidative lactonization of 1,4-
butanediol.?

particles estimated from XRD patterns and TEM images, both of
them expressed admirable activities.

For evaluating the catalytic ability, we estimated the TON val-
ues for all the gold-supported catalysts. The TON value of Au/Mn, O3
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Sample Conversion (%) Yield (%) TOF® (h1) TON¢
MnO 1 1 - -
MnO, 2 2 - -
Ml’l203 5 5 - -
Au/MnO 50 50 473 142
Au/MnO, 75 75 728 193
Au/Mn, 03 98 98 1352 261
Au/Mn;034 95 95 1341 253
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Au/MnO
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T »
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=
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2 Reaction conditions: 0.3 g catalyst, 1.4 g 1,4-butanediol, 20 ml TBP, 1.25 MPa air,
393K, 8h.

b TOF value was calculated as mol 1,4-butanediol reacted in the initial 2 h on per
mol surface gold calculated from the gold dispersion by TEM.

¢ TON value was calculated as the amount of 1,4-butanediol reacted per mole
gold.

d The catalyst was preserved for one year.
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N

4 6
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-]

Fig. 5. Time course of the oxidative lactonization of 1,4-butanediol catalyzed by
parent MnOy (a) and Au/MnOy (b). Reaction conditions: 0.3 g catalyst, 1.4g 1,4-
butanediol, 20 ml TBP, 1.25 MPa air, 393 K.
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Fig. 6. Recyclability of the oxidative lactonization of 1,4-butanediol catalyzed by
Au/Mn, 03 catalyst. Reaction conditions: 0.3 g catalyst, 1.4g 1,4-butanediol, 20 ml
TBP, 1.25 MPa air, 393 K.

is 261, which is much inferior to the ruthenium complexes (TON:
3170-17000)[11] and Au/hydrotalcite (TON: 1400) [12].Itis known
that the ruthenium complexes are homogeneous which can make a
good contact with the reactant and there is strong anion-exchange
ability in hydrotalcite, which can both greatly facilitate the reac-
tion. However, compared with other reducible oxide supported
gold catalysts: Au/TiO, (TON: 101) [19], and Au/FeOx (TON: 300)
[20], the TON value of Au/Mn,03 is comparable to those reported
earlier. Additionally, the TOF values were also calculated, and they
are 1352, 728 and 473 h~! for Au/Mn,03, Au/MnO, and Au/MnO,
respectively. To our knowledge, the first two values are much
greater than that in Au/TiO, (64h~1) [19] and Au/FeOy (624h~1)
[20]. Especially, the Au/Mn;03 showed at least 2 times higher activ-
ity than Au/FeOy, which can be considered as a promising candidate
in the lactonization of 1,4-butanediol.

Recycling experiments were also conducted over Au/Mn;O0s.
The sample was used for 4 successive reactions without apparent
loss of catalytic activity as shown in Fig. 6. Moreover, we have tested
a Au/Mn; 03 catalyst that was preserved in glass desiccators with-
out any special protection for more than one year. To our great
surprise, this catalyst also showed analogous great catalytic activ-
ity (95%), which alters the traditional impression that gold catalyst
is always hard to be stored and to keep its initial catalytic perform-
ances for a long period of time [55,56]. Additionally, we operated
the leaching test by ICP-AES analysis, there was no leaching of Au
or Mn being detected in the reaction mixture, indicating the special
stability of Au/Mn;03.

Furthermore, the Au/Mn,03 catalyst was also used in the
lactonizations of a series of «,w-diols to afford corresponding
lactones, including 1,2-benzenedimethanol, 1,5-pentanediol and
1,6-hexanediol, and the corresponding catalytic activities are listed
in Table 4. It is found that their selectivities are all above 90%, but

Table 4

Catalytic activity of Au/Mn;Oj3 catalyst in the oxidative lactonization of o, w-diols.?
Diol Conversion (%) Selectivity (%) Yield (%)
1,4-Butanediol 98 100 98
1,5-Pentanediol 48 90 43
1,6-Hexanediol 10 90 9
1,2-Benzenedimethanol 50 96 48

2 Reaction conditions: 16 mmol «,w-diols, Au/diol=1/200, 20 ml TBP, 1.25 MPa
air, 393K, 8 h.

the conversions are 50%, 48% and 10%, respectively. These values are
much lower than that in 1,4-butanediol, due to the shorter carbon
chain and smaller steric hindrance of cyclization in 1,4-butanediol
molecule. Meanwhile, y-butyrolactone is a very stable lactone with
five-membered ring, which is beneficial to the reaction.

4. Conclusions

We have demonstrated that Au/MnOy catalysts prepared by
urea DP method were very active for the aerobic lactonization of
1,4-butanediol to vy-butyrolactone with air as the oxidant. These
catalysts showed selectivity of 100% that could simplify the sep-
aration of the products after the reaction. The highest conversion
of 98% was achieved by using Au/Mn,03 after 8 h reaction. Com-
pared with other Au/MnOy catalysts, we believed that the superior
activity of Au/Mn;03 could be attributed to the presence of highly
dispersed gold particles and the intrinsic properties of Mn,O3,
including the appropriate point of zero charge for DP method, the
most quantity oxygen vacancies and the formation of the appropri-
ate metal-support interaction. Moreover, the Au/Mn,05 catalyst
could be recycled by simple treatment and kept for a long time
withoutlosing any catalytic activity. However, studies on the intrin-
sic nature of Au/MnOy by using Mn, O3 with different gold particle
size and different manganese oxides with the same sized gold par-
ticles are being under way.
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