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Abstract

Au/TiO; catalysts prepared by the deposition—precipitation method showed excellent activity and selectivity in the oxidative cyclization of
1,4-butanediol to y-butyrolactone, with high yields (>99%) under mild conditions (413 K, 1.25 MPa air). Catalysts with 3-8% gold loading and
calcined at 573-673 K were all highly active for the formation of y-butyrolactone, as demonstrated by XRD, TEM, XPS, ICP and UV-vis DRS
results. It is concluded that highly dispersed small (2-10 nm) gold particles are formed with the surface enrichment of gold. The ratio of cationic
gold to metallic gold depends on the treatment temperature. These findings, combined with those of the activity tests, lead to the conclusion that
the surface metallic nanosized gold particles are active sites. The catalyst can be reused with no drop in activity or selectivity.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The lactones and their derivatives are widely distributed in
nature [1]. The lactone ring exists in the molecules of many
bioactive substances [2] and metabolic intermediates [3]. Lac-
tones also can be used for synthesizing a variety of polymers
[4-6]. Although oxidation of alcohols has been widely used
for the synthesis of various chemicals, the oxidation of diols
to lactones usually requires fierce reaction conditions and spe-
cific oxidants. The reaction can occur under mild conditions
only in the presence of organic cooxidants, such as toluene,
PhBr [7], o, B-unsaturated ketone [8,9], allyl methyl carbonate,
N-methylmorpholine N-oxide, or acetone. To date, there are
few reports on the catalytic oxidation of diols to lactones using
molecular oxygen or air as the green oxidant, and high conver-
sion and selectivity can be achieved only using a well-designed
catalyst. Among the diol oxidations to lactones, the oxidation
of 1,4-butanediol to y-butyrolactone can be considered a typ-
ical probe reaction, because y-butyrolactone is widely used in
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agriculture, the petroleum industry, pharmaceutics, and resins
and fibers as an important solvent, extraction agent, and inter-
mediate for preparing various medicines, fibers, and pesticides.
The aerobic oxidation of 1,4-butanediol is an effective green
approach to the synthesis of y-butyrolactone, owing to the ab-
sence of waste or pollutant.

Although heterogeneous catalysts are widely used in man-
ufacturing y-butyrolactone from 1,4-butanediol via dehydro-
genation processes, few studies of heterogeneous catalyst-based
oxidative process have been reported, and those that exist are
focused mainly on copper-based catalysts, such as Cu—Zn—Zr—
Al-O [10], Cu/Cr with metal oxide as additives [11,12], and
Cu/Si0,—CaO [13]. These copper catalysts usually require high
reaction temperatures, which inevitably induces side reactions.
The chromium is essential to achieving satisfactory conver-
sion, which adds to the environmental problems. Moreover, the
nonoxidative process is not eco-friendly and consumes a signif-
icant amount of energy.

Nanosized gold has been widely studied recently, and it is
considered an excellent catalyst in both gas- and liquid-phase
oxidation [14-16], the water—gas shift reaction [17], hydro-
genation, NO, reduction [18] and other processes. Most studies
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are focused on gas-phase oxidation, such as CO oxidation, hy-
drocarbon combustion, and other selective oxidations. There
has been recent interest in liquid-phase selective oxidation of
o, B-diols or glycerol, including benzyl alcohol [19], polyols
[20,21], and sugars [22]. Although ester can be obtained from
the oxidation of primary alcohols [23], the direct oxidation of
a,w-diols (e.g., 1,4- or 1,5-diols) to form lactones on gold-
based catalysts has not been reported to date.

It remains unclear how the particle size, the oxidation state
of gold, the metal-support interaction, and the preparation con-
ditions affect the activity of gold-based catalysts [24,25], al-
though the mechanisms and the active sites of gold catalysts
have been well documented [26,27]. Gold supported on dif-
ferent crystal phases shows difference in stability and activity
[28]. The addition of metal oxide to the supported gold cata-
lysts also may improve its catalytic performance [29-31]. The
differences in preparation parameters may significantly affect
gold particle size, surface properties, gold—support interaction,
and electronic state, leading to the different catalytic behaviors.

In the present work, Au/TiO; catalysts with different gold
loadings were prepared by the deposition—precipitation method
and treated at various temperatures. The catalysts exhibited
99% conversion and 99% selectivity to y -butyrolactone during
liquid-phase 1,4-butanediol oxidation by air. The correlation
between catalyst structural properties and catalytic performance
is briefly discussed based on detailed characterizations.

2. Experimental
2.1. Catalyst preparation

Au/TiO; catalysts were synthesized by homogeneous de-
position—precipitation. HAuCly-3H,O was dissolved in 50 mL
of deionized water. Urea was used as precipitation agent, with
a gold/urea molar ratio of 1/200. Then 1.0 g TiO; (commer-
cial Degussa P25) was added. The mixture was stirred for
2 h at 353 K, during which the pH value gradually increased
from 3 to 8. The as-received precipitate was collected by filtra-
tion, washed three times with deionized water, and dried in air
overnight at 373 K, followed by calcining in air for 4 h at the
desired temperatures. For recycling test, the used catalyst was
washed with ethanol three times to remove the contaminants,
then calcined at 573 K in a muffle oven for 4 h.

2.2. Catalyst characterization

The XRD patterns were recorded on a Bruker D8 advance
spectrometer with CuK « radiation (A = 0.154 nm), operated
at 40 mA and 40 kV. The XPS spectra were recorded under
vacuum (<107® Pa) and at a pass energy of 93.90 eV on a
Perkin-Elmer PHI 5000C ESCA system equipped with a dual
X-ray source using an AlK« (1486.6 eV) anode and a hemi-
spheric energy analyzer. All binding energies were calibrated
using contaminant carbon (C 1s = 284.6 eV) as a reference.
TEM micrographs were obtained on a JOEL JEM 2010 trans-
mission electron microscope. The UV-vis DRS spectra were
collected using a Shimadzu UV-2450 spectrophotometer from

200 to 800 nm using BaSOy4 as background. The gold load-
ings were determined by the inductively coupled plasma (ICP,
thermo E.IRIS).

2.3. Activity test

The activity tests were carried out at 393 (or 413) K in an au-
toclave equipped with a magnetic stirrer. In a typical run of re-
actions, 1.4 g of 1,4-butanediol was dissolved in 20 mL of trib-
utyl phosphate (TBP), followed by the addition of a specified
amount of Au/TiO, catalyst according to a gold:1,4-butanediol
molar ratio of 1:200. Then 1.25 MPa air was filled, and the re-
action was initiated by vigorous stirring. The reaction mixture
was sampled at regular time intervals for product analysis by
both GC and GC-MS to determine the conversion and selectiv-
1ties.

3. Results
3.1. X-ray diffraction analyses

Figs. 1 and 2 show the XRD patterns of Au/TiO, catalysts
with different loadings calcined at various temperatures. The
XRD patterns display diffraction peaks indicative of both ru-
tile and anatase phases in Degussa P25, implying the support
was stable during the precipitation of gold and calcination even
at 773 K. The diffraction peak at 26 = 77.4° characteristic of
Au(311) was chosen to investigate the crystalline properties of
gold, because the peak at 26 = 64.4° indicative of Au(220)
was overlapped by the peak corresponding to rutile(310) at
26 = 64.0°. No signals representing the gold species were ob-
served for Au/TiO, catalysts after calcination at below 573 K,
which can be attributed to the high dispersion of gold particles
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Fig. 1. XRD patterns of Au/TiO; catalysts calcined at 773, 673, 573, and 473 K,
and dried at 368 K.
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Fig. 2. XRD patterns of Au/TiO, catalysts with 1, 3, 5, 8, and 10% loadings.

on the TiO; support. Further increases in calcination tempera-
ture result in the agglomeration of gold particles, corresponding
to the gradual appearance of the diffraction peak at 260 = 77.4°.

At very low gold loading (<3%), no significant signals in-
dicative of Au species were observed owing to the high disper-
sion. The gold peaks became sharper and more obvious with
the rise in gold loading, and even the peak corresponding to
Au(220) at 26 = 64.4° can be well resolved when the gold load-
ing reaches 10%. The increased intensity of the Au(311) peak
may be caused by increases in the amount of gold or the growth
of gold particles. However, combined with the TEM morpholo-
gies (as discussed below), the increase in gold loading from 3
to 8% has little or no significant influence on the gold parti-
cle size, but further increases in gold loading lead to an abrupt
increase in gold particle size.

3.2. TEM results

The TEM images in Fig. 3 show the TiO, particle size range
in 15-30 nm and the gold particle size in the range of 1-10 nm
for all of the as-prepared Au/TiO, catalysts. The HRTEM im-
age displays spherical gold particles. Raft-like gold particles
were also observed but are not shown here. As reported pre-
viously [32-34], each gold particle exposes its (111) plane to
contact with the TiO; surface. More than 100 such particles
were counted in TEM images to calculate the average sizes of
these catalysts, as given in Tables 1 and 2. The differences in
synthesis conditions and loadings affect the particle size distrib-
ution. The smallest gold particles were observed in the Au/TiO»
catalyst with 3% gold loading and calcined at 573 K, as fur-
ther confirmed by the gold distribution histogram in Fig. 4. The
higher calcination temperature led to enhanced particle size,
obviously due to the congregation of gold particles. The sam-
ple calcined at 473 K exhibited a larger particle size (5.6 nm

Table 1
The physico-chemical properties and catalytic activity of 3% Au/TiO; catalysts
calcined at different temperatures

Calcined day Augyt Au(0) Au(Ill) Yield Reaction  Specific
tempera- (nm)®  (%)°  (%)°  (%)° (%)d  rate (mol/ rate (mmol/
ture (K) (molh))®  (m2hy)f

RT - 20 49 51 0 0 -

368 - 10 68 32 2 0.5 -

473 5.6 6.4 82 18 54 17.9 1.6

573 4.5 7.1 100 0 74 21.7 1.6

673 5.4 59 100 0 66 20.7 1.8

773 - 5.2 100 0 47 18.3 -

4 Gold particle size was calculated by counting more than 100 particles from
the TEM images.

b The surface gold loading, Aug, % was calculated by the surface Au to Ti
atomic ratio obtained from the XPS spectra.

¢ The metallic and cationic gold content was obtained from the peak area of
Au(0) and Au(III) species from the XPS data.

d The yield is obtained at 393 K after 8 h reaction.

€ The amount of 1,4-butanediol reacted per mol gold per hour.

£ mmol of reacted 1,4-butanediol per m? active gold per hour.

Table 2
The physico-chemical properties and catalytic activity of Au/TiO, catalysts
with different loadings

Gold Au Augyrt  dau Yield  Reaction Specific
loading  content  (%)? mm)®  (%)° rate (mol/  rate (mmol/
(%) (Wi%) (molh)?  (m*h))°

1 0.9 2.7 - 47 21.3 -

3 2.6 5.9 5.4 59 21.4 1.8

5 4.2 12 - 60 20.4 -

8 6.4 21 5.0 65 243 2.0
10 8 22 6.2 44 18.6 1.9

4 The surface gold loading, Aug, % was calculated by the surface Au to Ti
atomic ratio obtained from the XPS spectra.

b Gold particle size was calculated by counting more than 100 particles from
the TEM images.

€ The yield is obtained at 393 K after 9 h reaction.

d' The amount of 1,4-butanediol reacted per mol gold per hour.

¢ mmol of reacted 1,4-butanediol per m? active gold per hour.

in average), possibly due to the incomplete reduction, as sup-
ported by the subsequent XPS and UV-vis DRS characteriza-
tions.

Note that many particles smaller than 4.0 nm were observed
in the Au/TiO; catalyst with 8% gold loading, although the av-
erage particle size was larger than that in the Au/TiO; catalyst
with 3% gold loading. This indicates a nonuniform distribu-
tion of the gold particles, because the gold particles more easily
congregated or formed multiple conjunctions with the support
at high gold loadings.

3.3. XPS

The XPS spectra of the Au/TiO; catalysts calcined at dif-
ferent temperatures are shown in Fig. 5, and the surface gold
contents calculated based on XPS spectra are listed in Tables 1
and 2. These findings demonstrate the presence of the non-
oxidized gold species corresponding to a binding energy of
83.7 eV at the Au 4f7; level and the surface enrichment of gold
species. A slightly negative shift in comparison with bulk gold
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Fig. 3. TEM image of Au/TiO, catalysts. (a) 3% Au/TiO; calcined at 673 K; (b) 3% Au/TiO, calcined at 573 K; (c) 3% Au/TiO; calcined at 473 K; (d) 8% Au/TiO;
calcined at 673 K; (e) 10% Au/TiO, calcined at 673 K; (f) HRTEM image of 3% Au/TiO; calcined at 573 K.

(normally at 84.0 eV) suggests the formation of a strong metal—
support interaction.

The XPS spectra of the catalysts dried at room temperature
and 368 K showed two peaks at 85.1 and 83.7 eV, which can
be assigned to the Au(IIl) and Au(0) species, respectively, indi-
cating the presence of positively charged gold. It is commonly
believed that the cationic gold species cannot be completely re-
duced below 573 K [35,36]. The XPS spectra demonstrate the
existence of Au* in the catalysts calcined at temperatures be-
low 573 K, which can be further confirmed by observing color
changes of the samples. The catalyst dried at room tempera-
ture had a light-yellow color indicative of the Au(IIl) species,
turning lighter after calcination at 368 K due to the reduction

of Au(IIl). Table 1 shows that the Au/TiO, catalysts dried at
room temperature and calcined at 368 K contained 51 and 32%
Au(III) species, respectively. Calcination at temperatures above
473 K induced a dark-purple color characteristic of nanosized
metallic gold. The surface gold enrichment is most likely due
to the nonreduction of cationic gold species. During the syn-
thesis process, gold is deposited on the surface of the support
in the form of Au(OH);. The subsequent washing procedure
had no influence on the Au(OH)3 species, but simply removed
urea and chloride cations. These Au(OH)3 species were mainly
adsorbed on the outer surface of the support due to the weak
interaction with the support, leading to the surface-enriched
gold species. Calcination at high temperature resulted in the
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Fig. 5. XPS spectra of 3% Au/TiO; catalysts treated at (a) room temperature;
(b) 368 K and (c) 473 K.

reduction of oxidized gold to metallic gold and also induced
a strong metal-support interaction. As a result, gold species
tended to enter the internal surface of the support, leading to
a decreased surface enrichment of gold species. Moreover, the
strong metal—support interaction may have influenced the elec-
tronic properties of the surface gold, possibly accounting for the
negative shift in binding energy of the surface gold compared
with the bulk gold.

It is not surprising to find that the surface gold content in-
creased steadily with the increment of gold loading up to 8%.
The surface gold content is known to be always greater than the
bulk gold content in the supported Au catalyst and to reach a
maximum value at a certain gold loading because of the surface
saturation. Based on XPS and ICP analysis, the Au/Ti atomic
ratio, the surface Au/TiO; ratio (wt%), and the gold loading
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Fig. 6. UV-vis DRS spectra of 3% Au/TiO, calcined at 473, 573, 673, and
773 K, and dried at 368 K.

were determined; these values are given in Table 2. Clearly,
the surface gold content at 10% gold loading is only slightly
greater than that at 8% gold loading, suggesting the Au/TiO,
catalyst reached surface saturation at 8% gold loading. In such a
surface-saturated Au/TiO; catalyst, gold particles were closely
packed and could congregate easily, leading to increased parti-
cle size, as confirmed by XRD patterns and TEM images.

3.4. UV-vis DRS

Fig. 6 shows UV-vis DRS spectra of the catalysts treated at
different temperatures. The absorption around 570 nm is due to
the metallic nanosized gold particle plasma resonance, which
usually appears when the wavelength of the light exceeds the
particle size [33]. The absorbance from 200 to 350 nm resulted
from the P25 support. The appearance of the plasmon band at
around 570 nm suggests that the metallic gold was already par-
tially formed after being treated at 368 K. A stronger peak was
observed in the sample calcined at 473 K. The intensities of the
other catalysts were almost the same, and it can be assumed
that gold was not completely reduced at calcination tempera-
tures below 473 K, well consistent with the XPS results.

3.5. 1,4-Butanediol oxidation activity

It was surprising to find that all the catalysts with gold load-
ing of 3—8% calcined at 573—673 K exhibited excellent catalytic
performance during reaction at 413 K. Both conversion and
selectivity were >99%, and the TOF value of the Au/TiO;
catalyst with 3% gold loading calcined at 573 K was 64 h™!,
demonstrating good potential for industrial applications based
on the following considerations: (1) the extremely high yield of
y -butyrolactone significantly decreases the cost of the raw ma-
terial; (2) the byproduct of very low content can be easily sep-
arated by distillation owing to its high boiling point, which can
ensure the high purity of the target product y-butyrolactone;
(3) the heterogeneous catalyst can be conveniently separated
from the reaction system by simple filtration, which can ensure



74 J. Huang et al. / Journal of Catalysis 252 (2007) 69-76

—m— conversion
= 10011 _— selectivity
é /\
>
= 80 \\
2 A/A/. \‘
E~1 w L]
(5]
QL 60|
[}
(7]
]
c 40f
o
g
e 20
c
]
(&] ol 4—
1 A 1 " 1 A 1 A 1 i 1
300 400 500 600 700 800

Calcination temperature (K)

Fig. 7. Dependence of calcination temperature of 3% Au/TiO, catalyst and
1,4-butanediol conversion and y -butyrolactone selectivity at 393 K for 9 h.

—m— conversion
[ | —e— selectivi

80 |-

o—-"""’/
60 |

20 -

100

Conversion & selectivity (%)

0 1 N 1 1 N 1 1

0 2 4 6 8 10
Loading (%)

Fig. 8. Dependence of gold loadings of Au/TiO; catalysts calcined at 673 K
and 1,4-butanediol conversion and y-butyrolactone selectivity. Reaction was
carried out at 393 K for 8 h.

the recycling use and also diminish the environmental pollution
from heavy metallic ions; (4) the reaction temperature is much
lower than the direct dehydrogenation process over copper-
based catalysts (513 K), and no extra energy is needed, because
the reaction itself is strongly exothermic.

The catalytic performance was also examined during reac-
tion at 393 K to demonstrate the slight affect of calcination
temperature and gold loading. The results are summarized in
Tables 1 and 2 and also shown in Figs. 7 and 8. The Au/TiO»
catalyst with 8% gold loading calcined at 573 K showed the
greatest activity. The catalyst dried at room temperature was
inactive at all temperatures. The activity increased with in-
creasing calcination temperature owing to the reduction of gold
ions. However, a very high calcination temperature (773 K) di-
minished activity, possibly due to the severe agglomeration of
gold particles. Because the selectivity versus calcination tem-
perature plot shows a typical volcano shape with the highest
value obtained at 573 K (Fig. 7), 573 K is determined to be
the optimum calcination temperature for achieving the highest
y -butyrolactone yield.

Using the Au/TiO; catalyst calcined at 673 K, the reaction
conversion fluctuated around 71-76% when the gold loading
was varied from 3 to 8%, and then decreased abruptly to 58%
at 10% gold loading. The selectivity also increased slightly with
the increment of gold loading from 3 to 8%, and then decreased
when the gold loading exceeded 10%.

The nature of active sites in gold catalysts remains con-
troversial. Some researchers claim that the existence of gold
cations contributes to the high activity [37,38], whereas oth-
ers insist that anionic gold (Au®™) is formed due to the elec-
tron transfer from the oxide support to gold [39,40]. Moreover,
Overbury et al. [41] even suggested that the low-coordinated
sites, edge and corner sites, interfacial perimeter, and hemi-
spherical gold clusters were the active species [24]. Moreover,
it also has been reported that the particle size and crystal phase
of the support were the crucial parameters at gold particle size
of ca. 4-6 nm [42]. Based on the activity test on the Au/TiO,
catalysts dried at room temperature and calcined at 368 K, we
conclude that the oxidized gold was inactive for 1,4-butanediol
oxidation. Activity increased with increasing calcination tem-
perature due to the enhanced degree of reduction. The Au/TiO,
catalyst calcined at 673 K exhibited lower activity due to the
significant gathering of gold particles. The Au/TiO, catalyst
calcined at 673 K exhibited lower activity at a gold loading of
10%, which also could be attributed to the agglomeration of
gold particles, taking into account that the degree of reduction
of the catalyst already reached a maximum value at a calcina-
tion temperature of 673 K.

In addition, the surface gold content also plays an impor-
tant role in determining the activity. As discussed above, the
AUu/TiO; catalyst is surface-enriched with gold species, which
may be beneficial for heat transference [43] and the formation
of multiple contact with the support. Such multiple contact can
increase the gold—metal oxide contact boundaries and also gen-
erate some gold—support junctions that are favorable for the re-
actions, leading to enhanced activity [42]. Because the Au/TiO;
had already reached surface saturation at 8% gold loading, any
further increase in the gold loading could only induce particle
agglomeration, leading to the reduced activity.

4. Discussion

For different reactions, the gold catalysts displayed both
structural sensitivity and structural insensitivity. To investigate
whether or not the reaction is structurally sensitive, the influ-
ence of the surface gold content should be excluded, because a
smaller particle size results in a larger gold surface area, corre-
sponding to greater activity. This means that the greater activity
obtained at smaller gold particle size is due solely to the in-
creased surface gold content. Therefore, we calculated the reac-
tion rate per unit gold surface area with the aim of investigating
the relation between the activity and the particle size. Consid-
ering the approximation in the calculation of the gold surface
area, including assuming the gold particle as sphere, and the
use of average diameter, the reaction rate per unit gold surface
area of all the catalysts with different particle sizes can be con-
sidered in the same order. From the findings given in Tables 1
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Table 3

Reusability of 3% Au/TiO; calcined at 573 K*?

Run Conversion Selectivity Yield
(%) (%) (%)

Fresh 99 100 99

1 97 96 93

2 99 100 99

4 Reaction conditions: 0.5 g 3% Au/P25, 0.7 g 1,4-butanediol, 20 mL TBP,
1.25 MPa air, 413 K, 8 h.

and 2, we can readily conclude that the oxidative cyclization of
1,4-butanediol to y-butyrolactone is not a structurally sensitive
reaction.

No significant byproducts were detected by GC, even though
the selectivity was <100% during the reaction at 393 K. We
believe that as the selectivity increased with increasing reac-
tion time, at least one intermediates with a high boiling point,
such as tetrahydrofuran-2-ol, was formed during the reaction
(see Scheme 1) [44,45]. First, 1,4-butanediol was oxidized to
4-hydroxybutanal, along with the formation of inner molecu-
lar hemiacetal, tetrahydrofuran-2-ol. Then the tetrahydro-2H-
pyran-2-ol was dehydrogenated to the target product y-bu-
tyrolactone. Possible side reactions were further oxidation to
4-hydroxybutanoic acid and succinic acid. However, the forma-
tion of acids or other byproducts could not be detected during
reactions at 413 or 393 K, obviously owing to the higher selec-
tivity of the as-prepared Au/TiO; catalyst.

Even though the highest yield was achieved on the Au/TiO»
catalyst with 8% gold loading, the Au/TiO; catalyst with 3%
gold loading was chosen as a candidate for potential industrial
applications, based on cost considerations. The durability of the
Au/TiO; catalyst with 3% gold loading was examined through
recycling tests. As shown in Table 3, the present Au/TiO; cat-
alyst did not deactivate during the reaction course. In addition,
no leaching of gold was detected in the reaction mixture and no
change of the particle size of gold was seen, demonstrating the
catalyst’s good potential in industrial applications.

5. Conclusion

A series of Au/TiO; catalysts with well-dispersed nanosized
gold particles on the support surface were synthesized using
a homogeneous deposition—precipitation method that showed
good activity and selectivity during liquid-phase aerobic ox-

idation of 1,4-butanediol to y-butyrolactone under mild con-
ditions. Both calcination temperature and gold content had a
significant affect on catalytic performance. The greatest 1,4-
butanediol conversion and y -butyrolactone yield were obtained
on the catalyst with 8% gold loading and calcined at 573—
673 K, due to the small gold particle size and absolute degree
of reduction, taking into account that the metallic gold was the
active site. The effect of the gold loading on the catalytic be-
havior also could be attributed to the surface enrichment of
gold species, and Au/TiO; catalyst reached surface saturation
at 8% gold loading, favoring the dispersion of gold particles
and also facilitating heat transfer. Loadings of 3—-8% are all ac-
ceptable values, not so high as to lead to the congregation of
gold or too low so as to form the gold—support junctions that
are beneficial to the title reaction. The Au/TiO, catalyst was
quite stable and could be used repetitively without significant
deactivation.
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