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Abstract Cyclohexane oxidation was operated in a con-

tinuously stirred tank reactor at system pressures of 0.6–

1.0 MPa under an air-like O2/N2 atmosphere (rather than

pure O2). Catalytic performance was investigated over Au

nanoparticles (size: 3–8 nm) hosted by SBA-15 as well as

Au particles ([60 nm) deposited on MCM-41, and high

turnover frequencies of desired products were detected

over the former. Based on intrinsic activities of represen-

tative catalysts, we derived a size-sensitivity feature of

cyclohexane oxidation over Au particles.

Keywords Mesoporous material � Gold � Nanostructure �
Oxidation � Cyclohexane

1 Introduction

The oxidation of cyclohexane (CHX) is carried out in

caprolactam manufacture for large-scale production of

cyclohexanol (CHOL) and cyclohexanone (CHONE). In

the absence of a catalyst, CHX autoxidation is known to

proceed via a radical chain mechanism with cyclohexyl–

hydroperoxide (CHHP) being the key product [1]. In the

past decades, scientists have been working on the

catalysis of CHX oxidation [2]; catalysts such as VPO

[3], chemically modified inorganic matrixes [4], Ti-

containing molecular sieves [5–8], Fe, Mn, Co-AlPO4

and Fe-ZSM-5 [9], (Cr)MCM-41 [10] and metallopor-

phyrins [11–13] have been investigated. Since the

pioneer work of Haruta [14, 15], gold nanoparticles

(NPs) have been studied as catalysts for a number of

reactions [16–21]. In particular, Au particles dispersed

on ZSM-5 [22], mesoporous materials [23–25], and

Al2O3 [26] were explored for liquid-phase CHX oxida-

tion. In the study reported herein, we used Au NPs

hosted by SBA-15 as catalysts for CHX oxidation. We

selected SBA-15 as the host material because it has

well-ordered large hexagonal porosities with high ther-

mal stability and surface area [27]. The following

aspects have been emphasized: (1) The reactions were

operated under mild conditions in an O2/N2 mixture (one

similar to air, rather than pure O2, system pres-

sure = 0.6–1.0 MPa); (2) a continuously stirred tank

reactor (CSTR) of large capacity (1 L) was adopted for

the first time to increase CHX inventory and to maintain

system pressure (within 0.001 MPa variation); (3) two

preparation methods for the synthesis of SBA-15 hosted

Au NPs, viz. one-pot and 3-aminopropyl-trimethoxysi-

lane (APTS)-modified synthesis, were compared for their

influence on the characteristics and catalytic perfor-

mances of the derived Au NPs; (4) high turnover

frequencies (TOFs) were obtained and a size-sensitivity

feature of CHX oxidation demonstrated.
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2 Experimental

2.1 Catalyst Preparation

There were three types of Au-containing catalysts, namely,

Au/SBA-15, Au/APTS-SBA-15, and Au/MCM-41. One-

pot synthesis of 1%Au/SBA-15 catalyst was performed

according to the following procedures: (1) 0.42 mmol g

of P123 [EO20PO70EO20, poly(ethylene glycol)-block-

poly(propylene glycol)-block-poly(ethylene glycol), aver-

age molecular weight 5,800, Aldrich; the template used for

preparing mesoporous silica] was dissolved in 1.01 mol

distilled water under stirring at room temperature (RT); (2)

2 M HCl solution (70.6 mL) was added and the mixture

was stirred at 40 �C for 4 h; (3) HAuCl4 solution of 3.1 mL

(2.43 9 10-2 mol/L) was added; (4) after 1 h, 2.47 9

10-2 mol tetraethylorthosilicate (TEOS) was added under

vigorous stirring; (5) after ageing at 40 �C for 24 h, the

mixture was transferred into a Teflon lined autoclave and

kept at 95 �C for 48 h; (6) the solid product was collected

by filtration, washed with repeated cycles of distilled water

and ethanol, and dried in air at RT; and (7) the solid pre-

cursor was calcined in air at 550 �C for 4.5 h and then

reduced in a flow of 5% H2/Ar (40 mL/min) at 200 �C for

4 h. By changing the amount of HAuCl4 solution, the

0.5%Au/SBA-15 and 1.5%Au/SBA-15 samples were pre-

pared in a similar manner.

The 1%Au/APTS-SBA-15 catalyst was prepared as

follows: (1) Synthesis of SBA-15 [TEOS:P123:HCl:

H2O = 1:0.017:5.71:192 (n/n)]:P123 was dissolved in

water and HCl solution was added, and the mixture was

stirred at 40 �C for 4 h. Then TEOS was added and the

mixture was aged for 24 h. The as-obtained mixture was

hydrothermally treated at 95 �C for 48 h in an autoclave.

The solid product was collected, washed repeatedly in

cycles of distilled water and ethanol, and dried in air at RT,

followed by calcination in air at 550 �C for 6 h. (2)

Modification of as-prepared SBA-15 with APTS: 1 g SBA-

15 was added to an APTS solution (1.70 9 10-3 mol

APTS ? 0.28 mol toluene), and the mixture was heated at

80 �C with a water-condenser for 6 h. The solid was col-

lected, washed with ethanol, and dried in air at RT to

obtain the APTS-modified SBA-15. (3) Preparation of Au/

APTS-SBA-15: APTS-SBA-15 was added to a HAuCl4
solution of 1 mmol/L at RT and the mixture was heated at

80 �C with a water-condenser for 5 h. The solid product

was filtered out, fully washed with distilled water (until

Cl- free) and then washed with ethanol. The calcination

and reduction procedures were similar to those adopted for

preparation of 1%Au/SBA-15.

The 1%Au/MCM-41 was prepared by the following

steps: (1) MCM-41 precursor was synthesized according to

the procedures reported previously [28, 29]; and (2) the

derived precursor was added to a HAuCl4 solution of

1 mmol/L and the mixture was heated at 80 �C with a

water-condenser for 24 h; (3) the solid product was filtered

out, washed repeatedly in cycles of water and ethanol, and

dried at RT; (4) the collected material (2 g) was further

refluxed in a HCl/EtOH solution at 78 �C for 24 h (to

remove the template); and (5) the sample was directly

reduced in a flow of 5% H2/Ar (40 mL/min) at 200 �C for

4 h (without prior calcination as in the previous cases).

2.2 Catalyst Evaluation

The CSTR system adopted in the present study consists of

(1) reactor with a Ti alloy vessel which was proved to be

inactive for CHX oxidation; (2) two series of condensers;

(3) small scale PC-DCS system comprising the computer,

the signal-circuit regulator and the programmable con-

trollers for the computer-control of pressure, temperature,

and stirring speed; and (4) apparatus for GC analysis.

The reaction temperature and system pressure was

essentially in the range of 140–150 �C and 0.6–1.0 MPa.

The stirring speed was 500 or 650 rpm. For an inventory of

1.85 mol CHX, 0.5 g catalyst was used. The flow rate of O2

and N2 was 80 and 320 mL/min, respectively. During initial

heating, only N2 was fed into the reactor (to minimize CHX

autoxidation). At a designated temperature, O2 was intro-

duced and the reaction started. After a reaction of designated

period, the reactor was opened and liquid sample was col-

lected (there was no collection of sample during the

reaction) by centrifugation and analyzed by FID of Agilent

6890N GC with CP SIL 8 CB (30 m 9 0.32 mm 9 1.2 lm)

capillary column. A PTV (programmed temperature

vaporization) injector was used to measure unstable inter-

mediates/products such as CHHP. The temperature program

of oven was 40 �C (1 min) (at 5�C/min) to 280 �C (1 min),

while that of PTV injector 70 �C (0.05 min) (at 10 �C/s) to

255 �C (5 min). The off-gases were analyzed on-line by

TCD with packed column of Hayesep D (100/120 mesh,

6.1 m) and oven temperature program of 30 �C (5 min) (at

5 �C/min) to 150 �C.

2.3 Catalyst Characterization

Specific surface area, pore volume, and pore size distri-

bution of samples were obtained based on N2 adsorption–

desorption isotherms measured at -196 �C over an ASAP-

2020 instrument. X-ray diffraction was performed on an

X’Pert Pro diffractometer with Cu Ka radiation in the 2h
range of 3–80�. The TEM images were taken on a JEOL-

JEM-1010 transmission electron microscope. XPS mea-

surement was performed on a VG ESCALAB MK II

spectrometer using Mg Ka radiation.
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3 Results and Discussion

3.1 Catalytic Performance

Figure 1 shows the CHX conversions over the catalysts

under selected conditions. Over 1%Au/SBA-15 at 0.6 MPa

and 150 �C (Entry C, 500 rpm), CHX conversion was

14.4% after a reaction period of 3 h, whereas at 1.0 MPa

and 140 �C (Entry D, 500 rpm), CHX conversion was

*16% after 4 h. One can see that with rise of pressure,

there was an increase in CHX conversion (Entries B and

C). Also, at 1.0 MPa and 150 �C with reaction period

extended from 3 to 6 h, there was a rise of CHX conversion

from *15 to *20% (Entries A and B). Figure 1 also

indicated that with a change of stirring speed from 500 to

650 rpm, there was a decrease in CHX conversion (Entries

D and E). Similar observation was also made for an

autoxidation system (without catalyst) operated in the same

CSTR. For the configuration of the CSTR applied, the gas

outlets are close to the head of stirrer. At higher stirring

speed, there might be small gap between the liquid/cata-

lyst-containing liquid and the gas outlets, resulting in

poorer contact at the gas–liquid or the gas–liquid–solid

interfaces. Over 1%Au/APTS-SBA-15 at 1.0 MPa and

150 �C, CHX conversion was 15.5% after 3 h. Over

1%Au/MCM-41 under comparable conditions (3 h,

1.5 MPa, and 145 �C), CHX conversion was less than 1%.

Over Au/SBA-15 and Au/APTS-SBA-15, a change of Au

loading from 0.5 to 1.5% or a variation of reaction tem-

perature between 140 �C (4 h) and 150 �C (3 h) showed

slight effect on CHX conversion (Fig. 2).

High CHX conversions (28–32%, with a period of 6 h-

reaction) have been reported by Zhu et al. [25] over Au/IL-

SBA-15 (ion liquid-modified), and Au/SH-SBA-15 (thiol-

modified) catalysts. Note that the catalysts of Zhu et al.

were not subject to calcination and reduction prior to

reaction, and the impact of functional groups on CHX

oxidation is uncertain. In order to estimate the extent of

autoxidation in Au-catalyzed reactions, we conducted CHX

oxidation reactions in the absence of a catalyst (Fig. 3).

One can see that autoxidation is negligible at 145 �C but

becomes significant at 170 �C (a temperature adopted in

industry). We also observed that CHX oxidation over SBA-

15 and MCM-41 was negligible in the 140–150 �C range.

Accordingly, we operated the Au-catalyzed reactions at a

temperature no higher than 150 �C. The CHX conversions

as well as the selectivities to the desired products

(CHOL ? CHONE ? CHHP) with time on stream were

presented in Fig. 4. One can observe that the conversion

and selectivity are dependent each other. With increasing
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conversion beyond 20%, selectivity decreases steadily

below 76%. Nowadays the criterion of reaction selectivity

becomes more important, and the low selectivity of CHX

oxidation (\76%) is certainly undesirable. Therefore, in

the present study the CHX conversion is essentially con-

trolled in the range of 10–20%, with an effort to enhance

the selectivity.

As illustrated in Table 1, product distribution over

1%Au/SBA-15 can be obviously affected by reaction

variables. In general, with lowering of reaction temperature

from 150 to 140 �C, there is enhanced selectivity

(85.3 mol%) to desired products (i.e. CHOL ? CHO-

NE ? CHHP), and in particular an enlarged CHONE/

CHOL (denoted as K/A hereinafter) ratio (1.5). In the cases

of CHX autoxidation and metalloporphyrin-catalyzed

reactions, K/A ratio is always smaller than 1.0. We con-

sider that the preferential formation of CHONE against

CHOL is an attractive feature for CHX oxidation over Au

NPs. From Table 1, one can see that with reaction extended

from 3 to 6 h, there is an overall decline of selectivity to

(CHOL ? CHONE ? CHHP) (from 84.5 to 75.8 mol%);

the variation in CHONE, CHHP, and C5/C6 acids selec-

tivity is slight but decrease in CHOL selectivity is obvious.

The results suggest that with time on stream it is CHOL

rather than CHONE and C5/C6 acids that is converted to

by-products.

It is worth pointing out that with decline in system

pressure from 1.0 to 0.6 MPa, selectivity to CHOL and C6

acids increases while that to CHONE decreases (conse-

quently a decline of K/A ratio from 1.2 to 0.8). The results

suggest that with decreasing system pressure, there was a

notable shift in reaction pathway. Stirring speed also has an

effect on product distribution. A rise of stirring speed from

500 to 650 rpm causes a considerable decline in CHONE

selectivity (selectivity to C5 and C6 acids is also somewhat

reduced) but increase in CHOL and CHHP selectivity. It is

also obvious that with higher stirring speed there is a

decrease in degree of oxidation, in agreement with the

interpretation of conversion data shown in Fig. 1. Note that

similar product distributions (Table 1, Entry B vs. Entry F,

with CHHP being only slightly lower) were observed over

1%Au/SBA-15 and 1%Au/APTS-SBA-15. On the other

hand, distribution of liquid-phase products over 1%Au/

MCM-41 is drastically different (Table 1, Entry G): only

small amount of CHONE (12.8%) was obtained and there

was no formation of CHOL and CHHP. We observed that

over Au/SBA-15 catalysts with variation of Au from 0.5 to

1.0% and then to 1.5%, K/A ratio (150 �C, 3 h) first

increased (from 0.8 to 1.2) and then decreased (to 0.9),

meanwhile overall (CHONE ? CHOL ? CHHP) selec-

tivity changed from 75.6 to 84.2% and then to 79.8%. We

hence considered that the optimal loading of Au for the

target reaction is 1.0%.

The O2 and CO concentrations in off-gas were measured

for better understanding of the reaction. It was observed
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Fig. 4 CHX conversions and selectivities to the desired products

(CHOL ? CHONE ? CHHP) with time. Reaction temperature:

150 �C; pressure: 1.0 MPa; stirring speed: 500 rpm

Table 1 Distribution of liquid-phase products and K/A ratios

Selectivity Entrya (mol%)

A B C D E F G I J K

CHONE 45.1 45.0 33.2 50.2 41.6 46.8 12.8 42.5 31.6 36.3

CHOL 29.4 37.7 41.3 33.4 41.1 36.8 0 37.7 41.6 41.9

CHHP 1.3 1.5 1.9 1.3 4.5 0.2 0 1.4 2.4 1.6

C5 acids 3.8 3.8 3.9 2.4 1.4 3.6 0 3.2 3.7 3.3

C6 acids 3.3 2.7 8.2 2.5 1.5 2.0 11.0 4.4 7.7 5.7

Others 17.1 10.0 11.5 9.8 9.9 10.6 76.2 10.8 13.0 11.2

K/A 1.5 1.2 0.8 1.5 1.0 1.3 – 1.1 0.8 0.9

a For Entries A–E, 1%Au/SBA-15 was used; for Entries F and G, 1%Au/APTS-SBA-15 and 1%Au/MCM-41 was used, respectively; for Entries

I and J, 0.5%Au/SBA-15 was used, and for Entry K, 1.5%Au/SBA-15 was adopted. O2/N2 = 1:4 (v/v), total flow rate = 400 mL min-1.

Reaction conditions are the same as those indicated in Figs. 2 and 3
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that at reaction temperatures of 150 and 140 �C over

1.0%Au/SBA-15, O2 concentration was 7.4 and 16.6%

after 2 h, and CO concentration was 4.2 and 1.5% after 3 h,

respectively. In other words, CHX oxidation occurred more

readily at 150 �C. On the other hand, at higher stirring

speed of 650 rpm, relatively higher O2 concentration

(18.9% at 140 �C after 2 h) and lower CO concentration

(0% at 140 �C after 2 h) were detected, in accord with the

lower degree of oxidation at higher stirring speed shown in

Fig. 1. Furthermore, the reaction over 1%Au/APTS-SBA-

15 showed higher CO concentration in off-gas than that

over 1%Au/SBA-15, especially at the early stage of reac-

tion (1.4 vs. 0% after 1 h), suggesting that 1%Au/APTS-

SBA-15 is more reactive than 1%Au/SBA-15 for deep

oxidation.

3.2 Catalyst Characterization

3.2.1 N2 Adsorption–desorption

In order to understand the reaction behaviors, the 0.5 and

1.0%Au/SBA-15 and 0.5 and 1.0%Au/APTS-SBA-15 cat-

alysts were subject to N2 adsorption–desorption

measurements, and the results are shown in Fig. 5 and also

summarized in Table 2. All the samples show typical D-

type adsorption–desorption isotherms, indicating the pres-

ence of mesopore structures. The 0.5%Au/APTS-SBA-15

and 1.0%Au/APTS-SBA-15 catalysts are comparatively

lower in surface area and pore volume but slightly bigger in

pore diameter, suggesting that (1) with APTS-surface

modification of SBA-15, it is likely to have more Au NPs

positioned inside the channels, resulting in enhanced

blocking of channels (especially the narrow ones); and (2)

the Au NPs in APTS-modified SBA-15 are probably rela-

tively bigger than those in Au/SBA-15 (without APTS-

modification). Zhu et al. [25] reported more significant

drop in BET surface area and pore volume over the Au/

APS-SBA-15 and Au/HS-SBA-15 samples, likely to be a

result of higher Au loadings.

3.2.2 TEM

The TEM images of representative samples confirm the

above deductions (Fig. 6). First of all, it is clear that the

hexagonally mesoporous structure of SBA-15 is main-

tained. The particle diameters of 1%Au/SBA-15 (Fig. 6b)
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and 1%Au/APTS-SBA-15 (Fig. 6d) are essentially in the

range of 3–8 nm. In the case of 1%Au/SBA-15, there is

higher percentage of Au particles in the range of 5–6 nm

(55%) while lower percentages in the range of 4–5 nm

(20%) and 6–7 nm (10%). In the case of 1%Au/APTS-

SBA-15, there is comparatively lower proportion of Au

particles in the range of 5–6 nm (36%) and higher fractions

in the range of 4–5 nm (30%) and 6–7 nm (30%). In the

latter case, most of the Au NPs (mean particle

size = 5.6 nm) are highly dispersed in a uniform manner

inside the channels of SBA-15, plausibly a result of surface

modification of SBA-15 with APTS. Zhu et al. [25] found

that the surface property of SBA-15 can have a strong effect

on the size of Au particles. Among the Au/APS-SBA-15,

Au/HS-SBA-15, and Au/IL-SBA-15 catalysts, Au/APS-

SBA-15 was the smallest in Au particle size. The size dis-

tribution and mean size of Au particles, however, were not

specified therein. The Au 4f5/2 (87.9 eV) and Au 4f7/2

Table 2 Surface area, average pore width, and pore volume of the

supported Au catalysts

Sample Surface

area (m2/g)

Average pore

width (nm)

Pore volume

(cm3/g)

0.5%Au/SBA-15 712 5.8 1.05

1.0%Au/SBA-15 716 5.5 1.04

0.5%Au/APTS-SBA-15 378 6.2 0.68

1.0%Au/APTS-SBA-15 410 6.1 0.69
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Fig. 6 TEM images as well

as particle size distributions

of a, b 1%Au/SBA-15,

c, d 1%Au/APTS-SBA-15;

e TEM image of

1%Au/MCM-41,

and f icosahedral morphology

of Au NPs
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(84.2 eV) signals detected in XPS measurements over

1%Au/APTS-SBA-15 and 1%Au/SBA-15 (not shown)

were very weak, suggesting that the Au species were mainly

settled on the internal surface of SBA-15. It is believed that

the walls of mesopores restrain the growth of Au particles

inside the channels. From Table 1, one can see that Au NPs

in the size range of 3–8 nm show nearly identical product

distribution. Compared to 1%Au/SBA-15 and 1%Au/

APTS-SBA-15, 1%Au/MCM-41 shows poorer dispersion

of Au particles. The Au particle size of the present Au/

MCM-41 catalyst is rather big ([60 nm) and located on the

external surface of the support. Due to low Au loading and

large Au particle size, the observed Au particles are quite

limited (Fig. 6e). Therefore, the diagram of the Au particle

size distribution for Au/MCM-41 is difficult to present.

However, it is revealed from the TEM observation that the

Au particle size of Au/MCM-41 is approximately in the

range of 60–100 nm (Fig. 6e). The bulky Au particles are

non-selective to the generation of CHOL and CHHP

(Table 1). Lü et al. [23] reported the CHX oxidation over

Au nanoparticles in mesoporous materials, mainly MCM-

41. It was found that Au/MCM-41 as well as Au/SBA-15

was active for the reaction, and the former showed better

performance than the latter [23]. In the present study, a

CSTR of large capacity was adopted for the first time to

investigate the CHX oxidation over Au-based catalysts

using air-like oxidant (a mixture of 20% O2–80% N2). Note

that different approaches have been applied for catalyst

preparation in the two studies, therefore, the catalyst nature,

especially the Au particle size distribution in Au/MCM-41,

is largely different. The Au particle size of the Au/MCM-41

catalyst [23] was found to be considerably smaller than that

of Au/MCM-41 in the present study. Nevertheless, the

reaction data of both studies suggested that good catalytic

performance is closely related to the presence of small-sized

Au nanoparticles; and this study further indicates a clear

relationship between the particle size distribution and the

reaction performance. As revealed in Fig. 6a,c, the Au NPs

of 1%Au/SBA-15 and 1%Au/APTS-SBA-15 are essentially

spherical in shape. It is proposed that the NPs can be of

icosahedral morphology (Fig. 6f) with hexagonally close-

packed surface [30]. Based on such an understanding, we

estimated the concentration of surface Au atoms by adopt-

ing the measured mean particle sizes [21] (an average Au

particle size of 70 nm was taken for 1%Au/MCM-41) for

the determination of TOFs of products.

3.2.3 XRD

Figure 7 illustrates the small-angle XRD pattern of 1%Au/

SBA-15 and wide-angle XRD patterns of 1%Au/APTS-

SBA-15 and 1%Au/MCM-41. The small-angle pattern

shows the (110) and (200) diffraction peaks of SBA-15

(Fig. 7a), indicating the retention of well-ordered hexago-

nal mesopore structure. The wide-angle patterns reveal the

presence of metallic Au species (Fig. 7b). The crystallinity

of the MCM-41 is good in view of the small angle XRD

pattern of MCM-41 (not shown). One can see that the Au0

peaks of 1%Au/MCM-41 are sharper and more intense than

those of 1%Au/APTS-SBA-15, indicating that the size of

Au particles of the former is bigger than that of the latter. By

using the Scherrer equation, we estimated a particle size of

6.0 nm [based on the (111) peak] of Au NPs on 1%Au/

APTS-SBA-15, in good agreement with the mean particle

size (5.6 nm) of Au NPs derived from the TEM result.

3.2.4 Intrinsic Activity

The calculated TOFs of (CHONE ? CHOL ? CHHP)

production over 1%Au/SBA-15, 1%Au/APTS-SBA-15,
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Fig. 7 a Small-angle XRD pattern of 1%Au/SBA-15, b wide-angle

XRD patterns of 1%Au/APTS-SBA-15 and 1%Au/MCM-41
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and 1%Au/MCM-41 are depicted in Fig. 8. One can see

that much higher TOFs are obtained over 1%Au/SBA-15

and 1%Au/APTS-SBA-15 in which Au NPs of 3–8 nm size

are well dispersed on the internal surface of SBA-15. Note

that TOFs of 11,000–12,000 h-1 are accomplished under

mild reaction conditions viz. in an O2/N2 atmosphere

similar to air (rather than pure O2) and at system pressures

of 0.6–1.0 MPa, and such a performance has not been

achieved before. On the other hand, remarkably low TOF

was detected over 1%Au/MCM-41 in which there was

bulky Au particles on the external surface of MCM-41. In

view of the significant difference in intrinsic activities, one

can deduce that the CHX oxidation catalyzed by Au par-

ticles is rather size-sensitive as depicted in Scheme 1. It is

thought that there are surface Au assemblies active and

selective for the target reaction. The density of the

assemblies, however, is particle-size dependent. The Au

particles in the range of 3–8 nm are fit for generating the

active assemblies, accounting for the higher activities of

1%Au/SBA-15 and 1%Au/APTS-SBA-15 in comparison to

that of 1%Au/MCM-41.

4 Concluding Remarks

In the present study, we have demonstrated that the oxi-

dation of cyclohexane can be efficiently catalyzed under

mild conditions by the Au NPs (size: 3–8 nm) located

uniformly on the internal walls of SBA-15. Remarkably

high TOFs were achieved over 1%Au/SBA-15 and 1%Au/

APTS-SBA-15 when the reaction was conducted in a

continuously stirred tank reactor in an air-like atmosphere

at system pressures of 0.6–1.0 MPa. Based on the results of

TOFs, a size-sensitivity feature is suggested for CHX

oxidation. From the engineering point of view, the use of

the continuously stirred tank reactor results in accurate

maintenance of system pressure as well as improvement in

mixing issue, leading to quick diffusion of reactant and

efficient contact of reactant, oxidant, and catalyst. Due to

the possible confinement of CHX and position of Au NPs

inside the SBA-15 channels, there is enhanced reaction of

CHX oxidation.
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