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Abstract A facile method was proposed for one-step

preparation of Au/MgO. In this method, the Au/MgO kept

both basic sites of MgO crystal and low size of gold

nanoparticles. Compared with those of Au/MgO prepared

by conventional methods, Au/MgO by this method had the

highest activity.

Keywords Molecular oxygen � Alcohol oxidation � Gold

catalysts � Solid base � MgO

1 Introduction

The selective oxidation of alcohols with molecular oxygen

over catalysts offers a sustainable, environmentally benign

alternative to traditional processes that use expensive

inorganic oxidants [1]. Recently, considerable attention has

been devoted to the application of nano gold catalysts in

the selective aerobic oxidation of alcohols [2]. A key

advantage in using gold, as compared to Pt and Pd, is the

improved resistance of Au to over oxidation under liquid-

phase oxidation conditions with O2 as the oxidant [3].

However, in alcohol oxidation with gold catalysts, a severe

limitation arises because of the necessary addition of a

homogeneous base to improve the oxidation kinetics and

reduce deactivation [3]. The addition of homogeneous base

presents negative environmental and economic impacts

since the high pH of the medium in corrosive and the salts

of product need to be neutralized to release free acid [4]. In

recent years, there has been increasing emphasis on the

design and use of environmentally-friendly heterogeneous

base to reduce environmental and economic impacts aris-

ing from chemical processes, such as CeO2 [5], TiO2 [6],

MgO [7], NiO [8], Al2O3 [9], Fe2O3 [6], and hydrotalcites

[10].

MgO was a typical support of solid base for alcohol

oxidation [7]. The methods of depositing Au on MgO

support were various [11]. The typical methods include

deposition–precipitation [12], sol-immobilisation [13],

impregnation [7], and deposition–reduction [14]. Choudh-

ary et al. [12] prepared Au/MgO by homogeneous depo-

sition–precipitation and reported its catalytic activity for

oxidation of benzyl alcohol in 2009. Brett et al. [13]

reported glycerol oxidation on Au–Pt/MgO catalysts pre-

pared using a sol-immobilisation method in 2011. In the

same year, Boronat et al. [7] measured the kinetics of

benzyl alcohol oxidation on a series of Au/MgO catalysts

prepared by impregnation. Costa et al. [15] prepared Au/

MgO by deposition–precipitation and investigated the

activity of Au/MgO for the liquid-phase oxidation of a

wide range of alcohols in 2012. In these typical methods of

preparing gold supported catalysts, aqueous system was

used. It was noted that MgO was used as the starting

support, while the resulting catalyst is Au/Mg(OH)2, which

is attributed to the hydrolysis of MgO in aqueous solution

during the gold particle deposition process [16]. Therefore,

most catalysts of Au/MgO investigated by the references

above were actually Au/Mg(OH)2 although the starting

support was MgO. However, in our recent work, we found

that MgO support was better than its corresponding
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Mg(OH)2 support for Au catalyst in oxidation of benzyl

alcohol [17]. This was because MgO was higher than

Mg(OH)2 in terms of strength and number of basic sites.

Thermal decomposition was a normal method of trans-

forming Mg(OH)2 back to MgO [18, 19]. During the pro-

cess of calcination, although the number and strength of

basic sites of MgO was restored, the size of gold was also

raised up because of the sintering of gold particles in the

high temperature [17, 19]. The number of basic sites was

proportional to the activity of gold, while the size of gold

was reversely proportional to it [4, 20, 21]. If one method

was designed to make the number of basic sites of MgO

unchanged and the size of gold particles low during the

process of preparing the Au/MgO catalyst, the obtained

Au/MgO should show high activity [17]. Recently, Li et al.

[22] investigated the effect of (111) facet of MgO on

activity of Au particles for oxidation of benzyl alcohol. In

order to avoid the hydrolysis of MgO in aqueous solution

and keep the structure of MgO unchanged, the process of

depositing Au particles was run in organic solvents.

Although this method effectively kept the structure of

MgO, the size of gold particles was high. This resulted in

lower activity of Au/MgO for oxidation of benzyl alcohol.

Enlightened by this, we designed a new method of pre-

paring Au/MgO. In this new method, the Au/MgO kept

both basic sites of MgO and low size of gold nanoparticles.

The benzyl alcohol oxidation is an important model reac-

tion to test for oxidative activity and selectivity over sup-

ported metals [4, 23]. The activity of Au/MgO was tested

for oxidation of benzyl alcohol (Scheme 1).

2 Experimental

2.1 Catalyst Preparation

2.1.1 Preparation of Supports

MgO support was prepared by calcining commercially

available Mg(OH)2 at 500 �C for 3 h in static air. The

obtained MgO was denoted MgO-1.

In order to study the effect of MgO structure, MgO with

different structure were prepared by thermal decomposition

of different precursors including freshly prepared

Mg(OH)2, commercially available basic magnesium

carbonate ((MgCO3)3Mg(OH)23H2O), and commercially

available MgO samples. These precursors were calcined as

commercially available Mg(OH)2. The obtained MgO

materials were designated as MgO-2, MgO-3, and MgO-4,

respectively. The freshly prepared Mg(OH)2 precursor was

obtained by precipitating Mg(NO3)2 solution (150 mL;

0.4 mol L-1) with NaOH solution (120 mL; 1.0 mol L-1).

The resulting mixture was aged at room temperature for

18 h, filtered, washed five times with distilled water, dried

(100 �C; 12 h) and then calcined.

2.1.2 Preparation of Au/MgO

The Au/MgO catalysts were prepared by a new in situ

deposition-reduction approach. In order to avoid the

rehydration of MgO, the amount of water was controlled

throughout the whole process. The typical procedure was

given below. The obtained MgO (0.574 g) was added to

50 mL of methanol solution of HAuCl4 (Theoretical Au

loading was 1 wt %). After stirring for 1 min, 1 mL of

NaOH solution (1 mol L-1) was added and the resulting

mixture was stirred at room temperature for 2 h. Then, the

suspension was filtered and washed thoroughly with

absolute ethanol. The solid was dried at 90 �C overnight.

The effect of preparation conditions, including adding

sequence of HAuCl4 and NaOH solution, concentration and

volume of NaOH solution, water amount, organic solvents/

reducing agents, and aging time of precipitate, were studied

in detail.

2.2 Catalyst Characterization

X-ray powder diffraction patterns (XRD) were recorded

using a D/Max-3C X-ray powder diffractometer (Rigaku

Co., Japan), using a Cu–K source (40 kV, 30 mA) fitted

with an Inel CPS 120 hemispherical detector with a scan-

ning rate of 6� min-1 from 5� to 80� (2h).

Elemental analysis was determined by an FEI Quanta

200 scanning electron microscope equipped with energy

dispersive X-ray spectroscopy (EDS) capability.

The nitrogen adsorption and desorption isotherms were

measured at -196 �C using a Micromeritics ASAP 2020

system. Specific surface areas of the samples were deter-

mined by nitrogen adsorption data in the relative pressure

range from 0.06 to 0.30 using the BET (Brunauer–

Emmett–Teller) equation. Total pore volumes were esti-

mated from the amount of nitrogen adsorbed at a relative

pressure of 0.995. Pore volume and pore size distribution

curves were obtained from the analysis of the desorption

branches of the nitrogen isotherms using the BJH (Barrett–

Joyner–Halenda) method.

The gold loading of the catalysts was determined by

flame atomic absorption spectrometry. A TAS986 atomic

OH

+ O2 CHO
Catalyst

Scheme 1 Aerobic oxidation of benzyl alcohol
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absorption spectrophotometer was used, the wavelength

range detected was 190–900 nm. A hollow cathode lamp of

gold and platinum (Ningqiang Source, Hengshui, China)

was used as radiation source at 5.0 mA. The analytical line

at 242.8 nm (Au) and 265.9 nm (Pt) was used in the

measurements with 0.4 nm as the spectral bandwidth.

The scanning transmission electron microscopy (STEM)

micrographs were obtained by using a FEI Tecnal G2 F20

instrument. Particle size distributions were obtained by the

measurement of at least 100 particles, and the average

diameter was calculated by dM =
P

dini/
P

ni, where ni is

the number of particles of diameter di.

X-ray photoelectron spectra (XPS) were obtained in an

AXIS ULTRA spectrometer (Kratos Analytical Ltd.) using

AlKa (hn = 1486.6 eV) X-ray radiation at an energy of

150 w. Spectra were collected at room temperature and at a

pressure in the analyzer chamber of 5 9 10-9 torr. Kinetic

energies of the photoelectron were measured with a

hemispherical energy analyzer working at constant pass

energy of 50 eV. The binding energy scale was calibrated

by setting the C1s transition at 284.8 eV.

2.3 Catalytic Experiments

The aerobic oxidation of benzyl alcohols was carried out

using a 50 mL three-necked round-bottle flask with a

water-cooled condenser. Typically, the reactor was charged

with 0.1 g of catalyst, 1 mmol of benzyl alcohol and

10 mL of toluene at 110 �C for 3 h under an oxygen flow

(20 mL min-1). After cooling to room temperature, the

resulting mixture was constant by toluene in 25 mL

volumetric flask. The reaction products were quantitatively

analyzed by a Shimadzu GC-2014 (RXI 5 ms,

30 m 9 0.25 mm, df = 0.5 lm) gas chromatograph with a

flame ionization Detector. N-dodecane (1 mmol) was used

as an internal standard for analysis.

3 Results and Discussion

3.1 Characterization of Supports and Catalysts

3.1.1 BET Surface Area and Pore Size

Table 1 shows the nitrogen physisorption data of MgO

supports from different precursors. The highest surface

area was MgO-1 (174 m2 g-1), next was MgO-2

(75 m2 g-1). MgO-3 and MgO-4 showed the lowest sur-

face area, which were in the range of 29–39 m2 g-1. The

pore size distribution of MgO-1 was far narrower than that

of the other three MgO supports (Fig. 1). The isotherms of

the four samples had the characteristic Type IV shape. The

Type IV isotherm and pore size distribution suggested that

the four samples were mesoporous materials.

3.1.2 XRD Analysis

Figure 2 displays the XRD patterns of Mg(OH)2, MgO, and

Au/MgO. The X-ray diffractograms of Mg(OH)2 (Fig. 2a)

showed the typical X-ray diffractograms of Mg(OH)2 [18].

The thermal pre-treatment of Mg(OH)2 results in changed

XRD patterns, caused by the structural changes associated

with the loss of H2O from the starting material. The XRD

patterns of MgO are presented in Fig. 2b. It can be seen

that the major phases present in MgO were MgO. The

X-ray diffractograms of Au/MgO (Fig. 2c) were similar to

that of MgO, showing the typical X-ray diffractograms of

MgO. This demonstrated that MgO kept its structure and

did not rehydratate to form Mg(OH)2 in the process of

doping. No diffractograms of gold were observed for the

Au/MgO catalyst, due to its low loading amount.

Although the process of doping gold particles on the

surface of MgO was run in non aqueous system, water was

not avoidable. MgO or NaOH could react with HAuCl4 to

form water and the corresponding salt. In order to study

effect of water on the structure of MgO, different amount

of water was added to the system of preparing Au/MgO.

The XRD patterns of Au/MgO with different amount of

water were shown in Fig. 3. Au/MgO prepared with no

water and 4 % water (Volume ratio of water to methanol)

showed the characteristic peaks of MgO. Au/MgO pre-

pared with water above 4 % showed, beside MgO, dif-

fraction peaks of Mg(OH)2. This indicated that MgO partly

rehydred to form Mg(OH)2 when water amount was above

4 %.

3.1.3 Elemental Analyses

NaOH could promote the performance of Au catalyst in the

alcohol oxidation [4]. In this work, NaOH was used in the

process of preparing Au/MgO. In order to avoid the effect

of residue NaOH, NaOH have to be completely removed

from the surface of Au/MgO. The EDS method was used to

analyze the elemental composition on the surface of Au/

MgO (Fig. 4). Au/MgO catalyst mainly consisted of

magnesium (58.16 %) and oxygen (39.10 %). None Na

was found, indicating that NaOH was completely removed

from Au/MgO. Accordingly, the effect of residue NaOH

could be avoided in the alcohol oxidation.

3.1.4 STEM Analyses

Aging time may affect the size of gold [14]. The size of

gold affected its activity [20]. Figure 5 shows the repre-

sentative STEM micrographs of the gold catalysts prepared
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under different aging time. The mean size of gold on Au/

MgO-1 was 3.5 nm for aging time of 0.5 h, and 5.3 nm for

2 h. Under aging time of 8 h, part of gold nanoparticles

coagulated (Fig. 5c2). This indicated that the size of gold

nanoparticles increased with aging time.

3.1.5 XPS Analyses

XPS spectra of Au 4f region for Au/MgO-1 are given in

Fig. 6a. All spectra of Au 4f region could be fitted satis-

factorily with peak maxima at 87.3 and 83.7 eV binding

energies, which are characteristic of metallic Au. No Aud?

was detected, suggested that Au was completely reduced.

The state of O ions could be used to investigate if MgO

was rehydrated to form Mg(OH)2. In order to understand

the state of O ions, the XPS spectra of O 1s for catalysts

were determined (Fig. 6b). On the surface of Au/MgO, the

main state of O ions was ‘‘O2-’’. No ‘‘OH-’’ was detected,

suggesting that the MgO support of Au/MgO did not

rehydrated to form Mg(OH)2. The results were in agree-

ment with those by XRD analysis.

3.2 Effect of Preparation Conditions on Catalytic

Activity of Au/MgO

3.2.1 Effect of NaOH Concentration and Volume

Figure 7 shows the effect of concentration and volume of

NaOH solution on the activity of gold catalysts. When Au/

MgO-1 was prepared without the addition of NaOH, the

conversion of benzyl alcohol was 45 %. When NaOH was

added, the activity of Au/MgO-1 was dramatically

increased and the conversion of benzyl alcohol was above

88 % (Fig. 7a). In order to further study the effect of

concentration and volume of NaOH solution, the catalyst

amount and reaction time was reduced from 0.1 g and 3 h

to 0.05 g and 1 h, respectively. It was found that the

activity of Au/MgO-1 varied with the concentration and

volume of NaOH solution (Fig. 7b). Its activity was pro-

portional to the volume of NaOH solution when the con-

centration of NaOH was less than 1 mol L-1. When the

concentration of NaOH was increased to 2.5 mol L-1, its

activity increased with volume of NaOH up to 0.4 mL. The

activity of Au/MgO-1 decreased a little above 0.4 mL of

NaOH solution.

3.2.2 Effect of the Organic Solvents/Reducing Agents

The organic solvents in the system of preparing Au/MgO,

beside as solvents, had another functionality of reducing

agent. The effect of organic solvents/reducing agents was

investigated and shown in Table 2. Using methanol as

solvents/reducing agents (Entry 1), the obtained Au/MgO

showed the highest activity (Conversion of benzyl alcohol,

99 %). When methanol was replaced by ethanol or 2-pro-

panol, the activity of Au/MgO decreased. The conversion

of benzyl alcohol was 89 % (Entry 2) and 80 % (Entry 3)

for ethanol and 2-propanol, respectively. The conversion of

benzyl alcohol by acetone (Entry 4) was similar to that of

2-propanol. The lowest conversion of benzyl alcohol

(47 %) was from tetrahydrofuran (Entry 5). The organic

solvents/reducing agents had different electric potential

which affected the rate of oxidation–reduction reaction

between Au(III) and reducing solvents. The difference in

the activity may result from the difference in the reduction

potential of organic solvents/reducing agents.

3.2.3 Effect of Water Amount

The effect of water amount in the process of preparing Au/

MgO was studied and shown in Table 3. In the absence of

water, the mole of benzyl alcohol converted per time per

mole of gold was 608 for Au/MgO (Entry 1). When water

amount was increased to 4 %, mole of benzyl alcohol

converted per time per mole of gold was increased to the

maximum of 752 (Entry 2). Above 4 %, mole of benzyl

alcohol converted per time per mole of gold decreased with

water amount. When water amount was increased to 50 %,

the mole of benzyl alcohol converted per time per mole of

gold was decreased to 197. The results indicated that water

amount affected the catalytic activity of Au/MgO. The

effect may be ascribed to the structure of Au/MgO. XRD

analysis of structure of Au/MgO versus water amount

showed that water amount affect the structure of Au/MgO

(Fig. 3). When water amount was below 4 %, the support

of Au/MgO kept the crystalline structure of MgO.

Table 1 Nitrogen

physisorption data of catalyst

supports

Supports Precursors of supports Surface area

(cm2 g-1)

Pore volume

(cm3 g-1)

Pore diameter

(Å)

MgO-1 Commercially available

Mg(OH)2

174 0.46 105

MgO-2 Freshly prepared Mg(OH)2 75 0.59 237

MgO-3 (MgCO3)3Mg(OH)23H2O 39 0.24 214

MgO-4 Commercially available MgO 29 0.21 287

1922 Z. Wang et al.
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However, when water amount was above 4 %, part of MgO

support rehydrated to form Mg(OH)2. The transformation

decreased the number of basic sites on the surface of Au/

MgO. The decrease in the number of basic sites accord-

ingly reduced the conversion of benzyl alcohol [17].

3.2.4 Effect of Supports

Supports may disperse and fix the gold nanoparticles [24].

Besides, the structure of supports also affects the catalytic

activity of gold nanaparticles [4]. The effect of supports

were investigated and shown in Table 4. MgO supports of
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MgO-1 to MgO-4 were prepared from different precursors.

They showed different activity. Au/MgO-1 showed the

maximum activity. The activity decreased from MgO-1

down to MgO-4. Mole of benzyl alcohol converted per

time per mole of gold of Au/MgO-1 was 752, which was

five times higher than that of Au/MgO-4 (148). The effect

of MgO precursors was in accordance with the surface area

of MgO. The surface area of MgO decreased from MgO-1

down to MgO-4.

3.2.5 Effect of Aging Time of Precipitate

The variation of conversions of benzyl alcohol versus aging

time of precipitates was shown in Fig. 8. Aging time of

freshly precipitated Au nanoparticles exhibited an influence

on the catalytic properties of the resulting Au/MgO cata-

lysts. The activity of Au/MgO catalysts increased from

0.5 h of aging time (Conversion of benzyl alcohol, 50 %) to

2 h of aging time (Conversion of benzyl alcohol, 63 %).

Above 2 h of aging, an increase in aging time resulted in a

slightly decrease in the conversion of benzyl alcohol. The

conversion of benzyl alcohol went down to 42 % at 16 h of

aging time. The trends in the evolution of benzyl conversion

as a function of aging time of precipitate were in agreement

with that of gold size versus aging time. The gold size

affected its activity [20]. The prolonged aging time resulted

in the increase of the size of gold particles, which accord-

ingly decreased the activity of gold catalysts.

3.2.6 Effect of Adding Sequence of HAuCl4 and NaOH

Solution

In the process of preparing Au/MgO, beside the solvent/

reducing agents, HAuCl4 and NaOH were used. The adding

sequence of HAuCl4 and NaOH was investigated and

shown in Table 5. When HAuCl4 was added before NaOH,

the conversion of benzyl alcohol decreased with the

interval between addition of HAuCl4 and NaOH solution

(Table 5, path 1). When the interval was 1 min, the con-

version of benzyl alcohol was 69 % at reaction time of

0.5 h. When the interval was increased to 20 min, the

conversion of benzyl alcohol decreased to 42 %. In con-

trast, when NaOH was added before HAuCl4, the interval

between addition of HAuCl4 and NaOH solution did not

affect the conversion of benzyl alcohol (Table 5, path 2).

At reaction time 0.5 h, the conversion of benzyl alcohol

was around 69 % for the different interval. The difference

between the two paths was ascribed to the effect of basic

reagents. In the section above, effect of NaOH in the

process of preparing Au/MgO has been demonstrated.

Supports of MgO are solid base. In the path 1 of HAuCl4
added before NaOH, solid base of MgO took part in the

formation of Au particles before NaOH. The longer the

interval between addition of HAuCl4 and NaOH solution,

the more the extent to which MgO affected. However, for

the path 2 of NaOH added before HAuCl4, there was no

HAuCl4 in the system before the addition of HAuCl4. No

Au particles were formed in the absence of HAuCl4. So the

interval between addition of HAuCl4 and NaOH solution

could not affect the formation of Au particles. Path two

was more easily manipulated for the repetition of Au/MgO

catalysts than path one, since the activity of Au/MgO

catalysts was not affected by the interval between addition

of HAuCl4 and NaOH solution. The results about adding

sequence of HAuCl4 and NaOH solution further demon-

strated that base played an important role in preparing Au/

MgO. In the process of preparing Au/MgO, the equation of

chemical reaction was shown below:

HAuCl4 þ 4NaOH ¼ Au(OH)3 # þ4NaClþ H2O ð1Þ

4AuðOHÞ3 þ 3CH3OHþ 3NaOH

¼ 3HCOONaþ 4Auþ 12H2O ð2Þ

The Eqs. (1) and (2) indicated that NaOH took part in

both the formation of precipitate of Au(OH)3 and the

reduction of Au(III) by methanol. Accordingly, the forming

rate and number of crystal nucleus of Au was affected by

NaOH, which affected the size of gold particles. More

importantly, the size of gold particle is also changed by

NaOH due to the dependency of the adsorptivity of the

support on pH [14, 24].

3.3 Catalytic Activity of Au/MgO for Alcohol

Oxidation

Au/MgO by deposition–reduction method of reference

showed very low activity [22], the conversion of benzyl
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Fig. 4 Elemental composition of Au/MgO
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alcohol was 3.05 % (Table 6, entry 1). The reaction con-

dition and structure of MgO of this reference was different

from that of this work, so the activity of Au/MgO by

deposition–reduction method of reference could not be

directly compared with that by this work. The difference

between this deposition–reduction method and the method

proposed by this work was the use of NaOH in the process

of preparing Au/MgO. The reported deposition–reduction

method did not use NaOH, while NaOH was used in this

method. In the section above, the role of NaOH had been

demonstrated by analysis of mechanism and results of

experiments. When NaOH was not added in the process of
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Fig. 5 STEM images and the

mean size of Au on Au/MgO-1

prepared under different aging

time a 0.5 h, b 2 h, and c (c1

and c2 ) 8 h
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preparing Au/MgO, low conversion of benzyl alcohol was

obtained. This indicated that the activity Au/MgO by

deposition–reduction method of reference was far lower

than that of Au/MgO prepared by this work. So, compared

with the deposition–reduction method of reference, the

high activity of Au/MgO by this method was ascribed to

the use of NaOH in the process of preparing catalysts.

The methods of sol-immobilisation, deposition–precip-

itation, and impregnation are widely used for preparing

gold supported catalysts [11, 23]. The size of gold by these

three methods was in the range of 8.2–45.8 nm (Table 6,

Mg 2s

Au 4f 7/2

Au 4f 5/2

B.E.(eV)

a

94 92 90 88 86 84 82 536 534 532 530 528 526

b

531.7 O-

530.9 O2-

B.E.(eV)

Fig. 6 XPS spectra and fitting results of the a Au 4f and b O 1s spectral regions for Au/MgO-1 catalyst
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Fig. 7 Effect of NaOH concentration and volume on the activity of

Au/MgO-1. a 0.1 g Au/MgO catalysts and 3 h of reaction time,

b 0.05 g Au/MgO catalysts, and 1 h of reaction time

Table 2 Effect of the organic solvents/reducing agents on the

activity of Au/MgO-1

Entry Solvents Conversion of benzyl

alcohol (%)

Yield of

benzaldehyde

(%)

1 Methanol 99 92

2 Ethanol 89 78

3 2-Propanol 80 68

4 Acetone 78 67

5 Tetrahydrofuran 47 32

Table 3 Effect of water amount on the catalytic activity of Au/MgO-1

Entry Volume

ratio of

water to

methanol

Conversion

of benzyl

alcohol (%)

Yield of

benzaldehyde

(%)

Mole of benzyl

alcohol

converted per

time per mole of

golda

1 0 94 76 608

2 4 % 98 92 752

3 6 % 90 71 427

4 15 % 76 55 355

5 50 % 45 43 197

a Mole of benzyl alcohol converted per time per mole of gold =

(mole of benzyl alcohol converted after 0.5 h)/(reaction time

(0.5 h) 9 mole of total loading of gold; the amount of catalyst was

0.05 g

1926 Z. Wang et al.

123



entries 2–4), which was higher than that of gold by this

work (Entry 5). The mole of benzyl alcohol converted per

time per mole of gold of Au/MgO by these three methods

was less than 433, while mole of benzyl alcohol converted

per time per mole of gold of Au/MgO by this work was

752. This indicated that Au/MgO by this work had the

highest activity. These three conventional methods were

conducted in aqueous solution. In the aqueous solution,

MgO was rehydrated to form Mg(OH)2 [16, 19]. Au/

Mg(OH)2 was the product of first step in the process of

preparing Au/MgO by these three methods [16, 17]. The

transformation of Au/Mg(OH)2 to Au/MgO was done

through the calcination of second step. During the process

of calcination, although the number of basic sites was

increased, the size of gold was also raised up because of the

sintering of gold particles in the high temperature [17]. The

number of basic sites of Au/MgO by the three conventional

methods was similar to that of Au/MgO. The lower activity

of Au/MgO by the three conventional methods was ascri-

bed to its lower size of gold nanoparticles. This demon-

strated that Au/MgO by this method kept the crystal phase

of MgO, displayed low size of Au particles, and had high

catalytic activity. Besides, Au/MgO by this method was

prepared in one step. The procedure of this work was

simpler and more easily manipulated than that of the three

conventional methods.

3.4 Study of the Formation of Byproduct Toluene

in the Presence of Au/MgO-1

Benzyl alcohol can be transformed to benzaldehyde by

oxidative dehydrogenation and to toluene byproduct by

disproportionation, respectively. The formation of toluene

byproduct has been widely investigated [25–29]. It was

reported that the formation of toluene was affected by both

the supports and catalysts [27]. Two methods were used to

study the effect of MgO as a support on toluene formation.

One method used solvent free condition as the literatures

used [26]. The other method used a different solvent of

benzene. The results by both of the two methods showed

that toluene was not detected in the presence of Au/MgO

catalysts (Table 7). This indicated that MgO as a support

suppressed the toluene formation in the presence of gold

nanoparticles catalysts. These results were in consistence

with the results in the literature. Nowicka et al. [27] uti-

lized in situ spectroscopic method to study the toluene

formation in the presence of gold–palladium nanoparticles

catalysts. They found that acid–basic property of supports

affected toluene formation. The acidic supports, like TiO2,

promote the disproportionation of benzyl alcohol to tolu-

ene, while basic supports, like ZnO and MgO, switch off

disproportionation completely. In this work, MgO support

Table 4 Effect of supports on the activity of Au catalysts

Entry Supports Conversion

of benzyl

alcohol (%)

Yield of

benzaldehyde

(%)

Mole of benzyl

alcohol converted

per time per mole

of golda

1 MgO-1 98 92 752

2 MgO-2 91 76 675

3 MgO-3 66 41 236

4 MgO-4 41 21 148

a Mole of benzyl alcohol converted per time per mole of gold =

(mole of benzyl alcohol converted after 0.5 h)/(reaction time

(0.5 h) 9 mole of total loading of gold; the amount of catalyst was

0.05 g
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Fig. 8 Effect of aging time on the activity of Au/MgO-1 (Reaction

conditions: 1 mmol of benzyl alcohol, 0.05 g Au/MgO catalysts, 1 h

of reaction time, and 110 �C of reaction temperature)

Table 5 Effect of adding sequence of HAuCl4 and NaOH solution on

activity of Au/MgO-1

Entry Adding sequence

between HAuCl4
and NaOH

The interval between

addition of HAuCl4
and NaOH solution

Conversion of

benzyl alcohol

(%) under

different

reaction time

0.5 h 1 h 3 h

Path

1

HAuCl4 was

added before

NaOH

1 min 69 84 99

5 min 54 79 95

10 min 47 66 93

20 min 42 63 89

Path

2

NaOH was

added before

HAuCl4

1 min 70 80 98

5 min 68 79 97

10 min 71 82 97

20 min 67 83 99
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was used. It was also found that MgO suppressed the tol-

uene formation in the presence of gold catalysts.

3.5 Reusability of Au/MgO-1

The stability of catalysts was investigated. Table 8 displays

the results of recycling experiments of catalysts. The

conversions of benzyl alcohol by fresh catalysts were

98 %. The conversion decreased from 98 % in the first run

to 50 % in the second run. In the third run, the conversion

went down to 40 %. The reusability of Au/MgO by this

work was similar with that by sol-immobilisation method

[30]. The activity of Au/MgO by the last method also

decreased apparently after first run. The conversion of

benzyl alcohol by sol-immobilisation method was 95 % for

first run. In the second run, the conversion decreased to

31 %. The leaching of Mg2? was evaluated by atomic

absorption spectroscopy analysis of the reaction solution

after 3 h reaction. Small quantities of Mg2? were found in

the ending up reaction mixture. The concentration of Mg2?

in the reaction mixture was 86 ppm. This indicated that the

leaching of Mg2? in the oxidation of benzyl alcohol in

toluene solvents was similar with it in methanol solvents

[19].

4 Conclusions

A simple and quick method was proposed for the one-step

preparation of Au/MgO. The Au/MgO kept the crystal

phase of MgO and displayed low size of Au particles. The

activity of Au/MgO was far higher than that prepared by

conventional methods. The Mole of benzyl alcohol con-

verted per time per mole of gold of Au/MgO by this work

was 752, while Mole of benzyl alcohol converted per time

per mole of gold of Au/MgO by conventional methods was

less than 433. It was found that NaOH played a key role in

the control of gold size and high activity of gold catalysts.

In addition, MgO support suppressed the formation of

byproduct toluene in the presence of Au nanoparticles.

Acknowledgments This work was supported by the National Nat-

ural Science Foundation of China (Program No. 21343015), Natural

Table 6 Comparison of this method with conventional methods

Entry Preparation

methods

Size of Au

nanoparticles (nm)

Conversion of benzyl

alcohol (%)

Mole of benzyl alcohol converted per time per

mole of goldb
References

1 Deposition–

reductiona
2–20 3.05 – 22

2 Sol-

immobilisation

8.2 87 225 17

3 Deposition–

precipitation

17.6 81 371 17

4 Impregnation 45.8 88 433 17

5 This method 5.3 99 752 This work

a Reaction conditions: 5 ml benzyl alcohol, 5 mg Au/MgO catalysts, 6 h of reaction time, and 120 �C of reaction temperature
b Mole of benzyl alcohol converted per time per mole of gold = (mole of benzyl alcohol converted after 0.5 h)/(reaction time (0.5 h) 9 mole of

total loading of gold; the amount of catalyst was 0.05 g

Table 7 The determination of

the formation of byproduct

toluene in the presence of Au/

MgO

a Not detected

Entry Catalyst

amount

(g)

Solvents Reaction

temperature

(�C)

Reaction

time (h)

Amount of

benzyl

alcohol

(mmol)

Conversion

of benzyl

alcohol (%)

Yield

of

toluene

(%)

Yield of

benzyl

aldehyde

(%)

1 0.1 Benzene 80 3 1 30 –a 17

2 0.3 None 110 6 30 56 –a 38

3 0.15 None 80 6 10 28 –a 19

4 0.15 None 110 6 10 52 –a 37

Table 8 Recycling experiments of catalysts

Number of Au/

MgO uses

Conversion of benzyl

alcohol (%)

Benzaldehyde

yield (%)

1st 98 89

2nd 50 41

3rd 40 32

The spent catalyst was washed with toluene for four times, and then

applied to the further run without any other treatment
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