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Abstract: The production of methyl lactate as a degradable polymer monomer from biomass was an
important topic for a sustainable society. In this manuscript, glycerol was oxidated to methyl lactate
catalyzed by the combination of Au-CuO and Sn-Beta. The influence of Sn content, Sn source, and
the preparation conditions for Sn- was studied. The Au content in Au/CuO was also investigated
by varying the Au content in Au/CuO. The catalysts were characterized by XRD, FTIR spectroscopy
of pyridine adsorption, and TEM to study the role of Sn and the influence of different parameters for
catalyst preparation. After the optimization of reaction parameters, the yield of methyl lactate from
glycerol reached 59% at 363 K after reacting in 1.6 MPa of O, for 6 h.

Keywords: glycerol; oxidation; methyl lactate; Sn-Beta; Au/CuO

1. Introduction

The demand for energy and materials is increasing with the rapid development of
society. While promoting the development of humans, the utilization of fossil fuels has re-
sulted in a series of problems, such as environmental, carbon emission, non-biodegradable
polymers, and so on. In this regard, the utilization of renewable biomass resources for
environmentally friendly products is attracting more and more attention [1-4]. For example,
Diol [5-8], dibasic acid [9-12] and diamine [13-15] as polymer monomer and cyclopen-
tanone derivatives [16-20] as high value-added fine chemicals could be obtained from
biomass; 2,5-dimethylfuran [21-23], which originated from carbohydrates, was a promising
fuel candidate. Millions of tons of biodiesel were produced from the transesterification of
fatty acids with methanol every year [24,25]. The sustainable and environmental-friendly
characters made biodiesel a promising alternative to fossil-based diesel.

Abundant glycerol (GLY) was produced as by-products during the production of
biodiesel. The utilization of GLY was an interesting topic of scientific and economic
significance. A lot of research had focused on the topic and propanediol [26-28], lactic
acid [29-44], 1,3-dihydroxyacetone (DHA) [45-54], and glycerol acid [55] were the typical
products obtained from GLY. Lactic acid and its ester were considered as one of the main
building blocks as lactic acid (ester) could be converted to various valuable chemicals.
Polylactic acid is a biodegradable polymer with good mechanical properties and chemical
and thermal stability. What is more, considering the whole cycle, no additional carbon was
discharged when polylactic acid was used. So, the conversion of GLY to lactic acid was of
great significance for both the utilization of biodiesel by-products and the production of
biodegradable polymers. There were a number of examples for the transformation of GLY
to lactic acid. For example, Sharninghausen et al. reported a family of iridium complexes
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as homogeneous catalysts for the conversion of glycerol to lactic acid without solvent [43].
Recently, we found that glycerol could be converted to methyl lactate (MLA) with the
multifunctional Au/Sn-USY catalyst [44].

Based on the literature and our study, two functions were needed for the catalyst to
transform GLY into lactic acid. One is the oxidation function that could oxidate the glycerol
to DHA while the other is the acid site that could convert the DHA to lactic acid. The noble
metal catalyst, as well as non-noble metal catalyst, had been proven to be effective for the
oxidation of GLY to DHA [45-54]. Typically, the Au, Pt, Pd and Cu were well used for this
transformation. Dong et al. explored the support effect for supported Au catalysts in the
oxidation of GLY to DHA; a 73.5% yield of DHA was obtained on Au/CuO catalysts [56].
The isomerization of DHA to lactic acid was usually catalyzed by Lewis acid. Though the
homogeneous Lewis acid showed good activity and selectivity to lactic acid, the solid acid
was preferred due to its separability and reusability [57-60]. The Sn containing molecular
sieve usually showed a good effect for the isomerization of DHA to lactic acid [61,62].
Feliczak-Guzik et al. reported that a high yield of alkyl lactates and lactic acid could be
achieved by using Sn containing hierarchical zeolites [62].

As the methanol was usually in excess for the production of biodiesel, the by-product
GLY was always in coexistence with methanol after the production of biodiesel. It is more
meaningful to prepare MLA by the reaction of methanol and GLY. In this manuscript,
GLY was directly converted to MLA by the combination of Au-CuO and Sn-Beta. The Au-
CuO and Sn-Beta showed a good synergistic effect and could realize the reaction without
the addition of a base. The effect of catalyst properties on the reaction was studied and
discussed with the aid of catalyst characterization. Under the optimal conditions, a 59%
yield of MLA was achieved.

2. Results and Discussion
2.1. Characterization
2.1.1. XRD Patterns

The XRD patterns of Sn-f3 prepared by different Sn sources were shown in Figure 1. All
the samples showed the typical BEA structure for 3 zeolite. The introduction of Sn did not
have much influence on the structure of 3 zeolite. However, the crystallinity was affected
by the Sn content as well as the Sn source. As the Sn content increased, the crystallinity of
Sn- decreased for Sn-3-Cl, Sn--OXS, and Sn-3-DBTM revealed by the decrease in the
characteristic diffraction peaks. It was reported that the increase in the content of Sn in the
gel would slow down the crystallization rate of zeolite. This should be the reason for the
decrease in crystallinity. This decreased trend had been strengthened when more water
was given in the gel (H,O/SiO, = 7.5, Figure S2). There had a sharp decrease when the
Sn content was over 1% for Sn-3 prepared using more water (H,O/SiO, = 7.5, Figure 52)
compared to the Sn-f3 prepared using less water (H,O/SiO, = 5, Figure 1a). Compared to Sn-
-Cl and Sn-p-OXS, the Sn-3-DBTM had lower characteristic diffraction peaks, especially
at high Sn content. This could be caused by the insolubilization of C1,H9O4Sn in water.

The XRD patterns of Au/CuO-5n-3 with different Au contents were shown in Figure 2.
The characteristic diffraction peaks for (3 zeolite were maintained after the combination of
Au/CuO and Sn-f3. The preparation process did not damage the structure of Sn-f3 zeolite.
The characteristic diffraction peaks of Au and CuO could be observed by partially enlarging
the XRD patterns. The characteristic diffraction peaks located at 20 = 35.5°, 38.7° and 48.1°
was ascribed to the diffraction peaks of CuO (11-1), (11-1) and (20-2) crystal planes. The
characteristic diffraction peak located at 20 = 44.4° belonged to the diffraction peak of the
Au (200) crystal plane. The Au and CuO were just not affected by the preparation process.
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Figure 1. The XRD patterns of Sn-f3-Cl (a), Sn-3-OXS (b), and Sn-f3-DBTM (c).
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Figure 2. The XRD patterns of Au/CuO-5n-f3 with different Au contents.
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2.1.2. FTIR Spectroscopy of Pyridine Adsorption

FTIR spectroscopy of pyridine adsorption was used to study the acidity of the Sn-Beta
(Figure 3). For all the samples, the absence of the band at 1545 cm~! indicated that no
Bronsted acid sites formed in these synthesized Sn-Beta. The bands at 1452 and 1490 cm ™!
were attributed to the pyridine bound with the Lewis acid sites. Moreover, the band at 1445
cm ™! can be ascribed to the physical adsorption of pyridine. Considering the disruption of
the band at 1445 cm !, the changing trend of the band at 1490 cm ™! is more convenient than
that at 1452 cm ™! for determining the formation of L acid sites in this work. It could be seen
that the intensity of the band at 1490 cm ™! increased while the selectivity to MLA decreased
followed the order of Sn-3-Cl, Sn-f3-OXS, and Sn-3-DBTM prepared from different sources
of Sn (Figure 3a). As for Sn-B-Cl, when the Sn content is 0.5%, the band at 1490 cm~! is
very weak indicating the small amount of L acid sites. With the increase of Sn content from
0.5% to 3%, the increase of band intensity at 1490 cm~! implies the increase of L acid sites
amount. The introduction of Sn in Sn-f leads to the increase of L acid sites.

Sn-Beta-DBTM

Absorbance (a.u.)

w
7
o
"]

g
o
x
o

Abscrbance {a.u.)

T T T T T T T T
1580 1560 1540 1520 1500 1480 1460 1440 1420 1400
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(b)

Figure 3. The FTIR spectroscopy of pyridine adsorption of Sn-f3 prepared from different Sn sources
(a) and Sn-B-Cl with different Sn content (b).
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2.1.3. TEM Images

To study the reason for the difference in activity for different Au content, the TEM
images were taken for Au/CuO with different CuO contents in Au/CuO. The TEM images,
as well as the particle size distribution, were exhibited in Figure 4. The particle size of Au
nanoparticles was large and unevenly distributed, and the average particle size was 10.85
nm for 1Au/2CuO. When the content of Au decreased, the average particle size of Au
nanoparticles was 5.45 nm. The particle size of Au nanoparticles was obviously smaller
and the distribution was more uniform compared to 1Au/2CuQ. The particle size of Au
nanoparticles continued to decrease with the decrease in Au content. It was clear that
the lower the Au content, the smaller the particle size of Au and the more uniform the
distribution of Au nanoparticles.

Figure 4. TEM images of Au/CuO with different CuO contents in Au/CuO.
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2.2. Effect of Sn-p on the Glycerol Oxidation
2.2.1. Sn Source and Sn Content

We first studied the effect of Sn-$ by simple mixing of Au/CuO and Sn-f. The
effect of the Sn was studied by using different Sn sources with various Sn content. The
products distribution was shown in Tables S1-S3. As the over-oxidation products, methyl
glycerate (GLR) and methyl pyruvate (MP) were the by-products. When Al-f3 without Sn
was used accompanied with Au/CuO, 97% of GLY was converted after reacting for 4 h
at 363 K (Figure 5). This showed that Au/CuO was of high activity for the oxidation of
GLY. However, only 3% selectivity to MLA was obtained after the reaction (Figure 5 and
Table S1, Entries 1). The combination of Au/CuO and Al-f3 was not effective for obtaining
MLA from GLY. When Sn was added to the 3 molecular sieve, the conversion of GLY was
maintained at around 95%. This illustrated that the addition of Sn did not influence the
activity of Au/CuQO. However, the selectivity to MLA was enhanced a lot compared to the
Al-p without Sn. When 0.5% of Sn was added, the selectivity to MLA increased to 38% on
5n-f3-Cl which was prepared using SnCly as the Sn source (Figure 5). As the content of Sn
increased from 0.5% to 2.0% in Sn-f3-Cl, the selectivity to MLA increased from 38% to 60%.
When the content of Sn continued to increase to 3.0%, the selectivity to MLA decreased a
little to 44%. It was clear that appropriate Sn content was a necessity for high selectivity
to MLA. With the increase of Sn content from 0.5% to 3%, the increase of band intensity
at 1490 cm~! implies the increase of L acid site amount revealed by the results of FTIR
spectroscopy of pyridine adsorption (Figure 3). The L acid sites were the active center for
isomerization of DHA to MLA. The excess L acid center might promote the side reaction
thus was not conducive to high selectivity to MLA. This was also proved by preparing
the Sn-p with different Sn sources. Both Sn--OXS and Sn-3-DBTM had higher L acid
amounts than Sn-p3-Cl (Figure 3a); however, they had lower selectivity to MLA (Figure 5).
We further studied the conversion of GLY to MLA using Sn-f3 with different Sn sources.
It could be seen in Figure 5 that the conversion of GLY was maintained when the Sn-3
was prepared using different Sn sources. However, when SnC,0O, and C1,H¢O45n were
selected as the Sn sources to prepare Sn-f3-OXS and Sn-3-DBTM, the selectivity to MLA had
similar trends as Sn-3 which was prepared using SnCly as Sn source. When the Sn content
was lower than 2.0%, the selectivity to MLA increased with the increase of Sn content.
Then the selectivity to MLA decreased when the content of Sn continued to increase to
3.0%. However, the Sn source did have an influence on the selectivity to MLA. When
C12Hp9O45n was used, the selectivity to MLA was lower at various Sn contents compared
to Sn-f3-Cl and Sn-B-OXS which was prepared using SnCly and SnC,04 as an Sn source.
This difference should be caused by the difference in the solubility for SnCly, SnC,0, and
C12H9045n. The C15H,(0O45n is insoluble in water which caused an uneven distribution
of Sn on Sn-3-DBTM.

A3 EsnsCl
6 ] sn-p-OxS|H Sn--DBTM

9
> 80+
ot |
o
k]
o 60
Ke]
14
2 40+
c
o
o

20

0
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Figure 5. Cont.
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Figure 5. The effect of Sn on the GLY oxidation.

2.2.2. Preparation of Sn-f3 with Different Content of H,O in the Gel

The H,O had a great influence on the preparation of Sn-f3. Herein, we adjusted the
water content in the gel while the proportion of other components remained unchanged
to study the influence of water. The water content in the gel was settled at H,O/SiO, =5
and 7.5. The results were shown in Figure 6. The conversion of GLY was not affected vary
the Sn- was prepared with HyO/SiO; = 5 and 7.5. The Sn-3 did not affect the activity of
Au/CuO. Both of the prepared Sn-f with HyO/SiO, =5 and 7.5 showed high selectivity
to MLA at appropriate Sn content. There was a difference in the relationship between Sn
content and selectivity to MLA. The highest 60% selectivity to MLA occurred at 2% content
of Sn for H,O/SiO, = 5 while 63% was achieved at 1% content of Sn for H,O/SiO, =7.5.
This difference should be explained by the XRD results (Figure 1a and Figure S2). The
sharp decrease when the Sn content was over 1% for Sn-3 prepared using more water
(H,O/SiO, = 7.5, Figure S2) showed that the degree of crystallization was reduced when
the Sn content was over 1%. However, the decrease in the degree of crystallization for the
Sn-f prepared using less water (H,O/SiO, = 5, Figure 1a) occurred when the Sn content
was over 2%. This decrease in the degree of crystallization led to a decrease in the selectivity
to MLA. The H,O in the gel for preparation of Sn-f3 had a great influence on the selectivity
to MLA by affecting the degree of crystallization. The Sn-3 with 1% content of Sn prepared
at HyO/SiO, = 7.5 was used for the subsequent study. The preparation scale of Sn-f5 was
expanded to 50 times to study the enlargement effect. It was found that the Sn-3 with
enlarged scale showed a catalytic effect similar to that of the catalyst before being enlarged
(Table S4).
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Figure 6. The GLY oxidation using Sn-f3 prepared with different content of H,O.

2.3. Effect of Au/CuO on the GLY Oxidation

Au/CuO-5n-f3 was prepared as described in the experimental section. The Au content
had a great influence on the oxidation of GLY. We studied the effect of Au content on the
oxidation of GLY by preparing the Au/CuO-5n-3 with different Au content. The results
were shown in Table 1. When the 1Au/2CuO-Sn-f and 1Au/3CuO-Sn-f (the number in
front of Au and CuO represented the mass ratio of Au to CuO) were used as catalysts, there
was a very low conversion of GLY (Table 1, Entries 1 and 2). This showed that the Au had
a very low activity for the oxidation of GLY. Additionally, the selectivity to MLA was 3%
and 6% for 1Au/2CuO-5n-f3 and 1Au/3CuO-5Sn-f respectively. This showed that both
the oxidation activity of Au and the selectivity of Sn-f3 were affected by the Au content.
Higher content of Au leads to lower conversion of GLY and lower selectivity to MLA. When
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the content of CuO increased to continue to decrease the content of Au, the conversion
and selectivity had a sharp increase for 1Au/4CuO-5n-f3 and 1Au/5CuO-Sn-3. When the
content of CuO increased to decrease the Au content further, the conversion of GLY was
67% with a 39% yield of MLA for 1Au/9CuO-Sn-f3. A significant decline in both conversion
and selectivity was observed on 1Au/12CuO-5Sn-f3. The TEM results could be used to
interpret the effect of different Au content. When the content of Au was high, the large
particle size of Au led to the decrease in activity for oxidation of GLY for 1Au/2CuO and
1Au/3CuO. On the contrary, the 1Au/9CuO and 1Au/12CuO with a small particle size of
Au still had low oxidation activity due to the lower absolute content of Au. Therefore, an
appropriate Au load was required for the high yield of MLA.

Table 1. Effect of different CuO content on GLY oxide.

Entry Catalyst Conversion (%) Yield O%)
MLA GLR
1 1Au/ Z(éuO—Sn- 6 3 1
5 1Au/ 3?31110—811— 25 6 2
3 1Au/ 4(B?uO—Sn— 89 56 16
4 1Au/ 6({3:uO—Sn— 8 54 17
5 1Au/ 9?31110—511— 67 39 12
6 1Au/ 12[3CuO—Sn— 3 16 5

Reaction condition: glycerol (1 mmol), methanol (5 mL), catalyst (0.2000 g), O, (1.6 MPa), 363 K, 4 h.

2.4. Effect of Reaction Condition
2.4.1. Temperature

1Au/4CuO-5n-f3 were used to study the effect of reaction temperature. The exper-
imental results of the effect of temperature were shown in Table 2. When the reaction
temperature was 343 K, the oxidation activity of the catalyst was very poor, the conver-
sion of GLY was 53%, and the yield of MLA was 27%. The conversion of GLY gradually
increased with the increase of temperature for the preparation of MLA from GLY. When
the reaction temperature increased to 393 K, the conversion of GLY reached 98%. When
the reaction temperature continued to increase to 413 K, the conversion of GLY remained
basically unchanged. However, with the increase of reaction temperature, the yield of MLA
changed significantly. When the temperature rises to 363 K, the yield of MLA increases
significantly from 27% to 56%. As the reaction temperature continues to rise, the yield of
MLA decreased slightly from 56% to 54%. As the reaction temperature continued to rise
to 413 K, the yield of MLA decreased significantly to 32%. This should be caused by the
decomposition of MLA. Considering the conversion of GLY and the yield of MLA, 363 K
was determined for the following experiments.

Table 2. Effect of reaction temperature on catalytic activity.

Yield (%)
Entry Temperature (K)  Conversion (%)
MLA GLR
1 343 53 27 7
2 363 89 56 16
3 393 98 54 11
4 413 97 32 6

Reaction condition: glycerol (1 mmol), methanol (5 mL), catalyst (0.2000g), O, (1.6 MPa), 4 h.
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2.4.2. Reaction Time

The relationship between GLY oxidation and reaction was shown in Figure 7. After
reacting for 2 h, the conversion of GLY was 67%, and the yield of MLA was 34%. This
indicated that the oxidation activity catalyst was higher in a short time. When the reaction
time was extended to 4 h, the conversion of GLY increased from 68% to 89% while the yield
of MLA increased from 34% to 56%. When the reaction time continued to increase to 6 h,
the conversion of GLY was almost unchanged, and the yield of MLA increased slightly
from 56% to 59%. This value was good compared to the studies on glycerol oxidation for
the production of lactic acid or MLA by Au catalysts (Table 3). When the reaction time
was up to 8 h, the conversion of GLY and the yield of MLA remained unchanged. This
indicated that the reaction had almost reached equilibrium after 4 h. However, with the
extension of reaction time, the yield of by-product GLR increased first and then decreased.
The yield of GLR reached the maximum after 4 h of reaction. With the extension of reaction
time, GLR should be transformed into other by-products.

00 | Others [0 GLY [ MLA |

Yield (%)

Time (h)

Figure 7. Effect of reaction time on catalytic activity.

Table 3. A summary of studies on glycerol oxidation to produce lactic acid or MLA by Au catalysts.

Conv.

Entry Catalyst Product T (K) %) Sel. (%) Yield (%) Ref.
1 1Au/4CuO-Sn-f MLA 363 88 67 59 This work
2 Au/USY-600 MLA 433 95 77 73 [63]
3 AuCu/CeO, lactic acid 493 78 91 71 [64]
4 AuPt/TiO, lactic acid 373 100 68 68 [65]
5 Au/CuO + Sn-MCM-41-XS MLA 413 95 66 63 [66]
6 Au/CuO and Sn-Beta MLA 363 86 70 60 [67]
7 Au/Sn(20)-Mt MLA 483 78 69 54 [68]
8 Au/LPrO lactic acid 363 68 68 46 [69]
9 Au-Pt lactic acid 358 90 44 40 [70]
10 AuPt (15% Ptsurf) lactic acid r.t. 30 73 22 [40]
11 Au-Pt-ZSM-11 lactic acid 343 35 46 16 [71]
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3. Materials and Methods
3.1. Materials

The CH30H and GLY were obtained from Tianjin FengChuan chemical reagent Tech-
nology Co., Ltd., Tianjin, China. 1,3-Dihydroxyacetone and methyl pyruvate were bought
from Alfa Aesar, Haverhill, MA, USA Methyl lactate was obtained from TCI Shanghai De-
velopment Co., Ltd., Shanghai, China. NaOH and urea were obtained from Tianjin Kermel
Chemical Reagent Co., Ltd., Tianjin, China. Chloroauric acid was obtained from Tianjin
Fuchen Chemical Reagent Factory, Tianjin, China. Al-f3 was bought from Tianjin Nankai
University Catalyst Factory, Tianjin, China. SnCly was obtained from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China. Tetraethyl silicate, stannous oxalate and dibutyltin
maleate were bought from Shanghai Aladdin Biochemical Technology Co., Ltd. Shanghai,
China. HF was obtained from Tianjin Fuyu Fine Chemical Co., Ltd., Tianjin, China.

3.2. Catalyst Synthesis
3.2.1. Preparation of Sn-f3

The Sn- molecular sieve was preparation by hydrothermal synthesis, the Sn-f3 with
different Sn content, Sn source and water content were prepared, By changing the Sn
content, Sn source and water content in the gel. Take the preparation of Sn-f with 2%
content of Sn using SnCly as the Sn source as an example. The molar composition of the gel
was n(5i0,):n(TEAOH):n (SnO,):n (HF):n (H,O) = 1.0:0.54:0.01:0.54:7.5. TEOS was added
to tetraethyl ammonium hydroxide (TEAOH) at a uniform speed under stirring and then
kept stirring for 90 min. To the mixture of tetraethyl silicate and tetraethyl ammonium
hydroxide, SnCly aqueous solution was added under stirring. After being heated and
stirred at a constant temperature until the water evaporates to the required quality, a certain
amount of hydrofluoric acid (HF) was added to the mixture. Then, Si-3 was dispersed
in water by ultra-sounded for 1 h to form a Si-f crystal seed. The gel was transferred
into the quartz crucible and ground until viscous after the addition of the Si-f3 crystal
seed. At last, the mixture was put in a crystallization kettle and kept at 413 K for 3 days.
After the reaction, the solid was washed to neutral and dried at 373 k overnight. Sn-f3
was obtained by calcined at 823 K. The catalysts were named as Sn-3-Cl, Sn-3-OXS and
5Sn-3-DBTM which mean the Sn-3 was prepared using SnCly, SnCp0O4 and C12Hp9O45n as
source respectively.

3.2.2. Preparation of Au/CuO

The Au/CuO was prepared by deposition precipitation method with nano CuO
as support. Take the synthesis of 1Au/9CuO catalyst as an example; 0.8988 g copper
acetate was dissolved in 180 g high-purity water, 0.78 mL of acetic acid was added and
the solution was stirred for 20 min at 373 K. After the addition of 45.6 mL NaOH solution
(0.3365 mol L™1), the mixture was refluxed under stirring for 1 h. The mixture was cooled
to room temperature, centrifuged and washed with acetone and water (20 mL + 4 mL)
three times to afford the CuO. The CuO dispersed in 80 g of HyO to be used. Then 8.4
mL of chloroauric acid solution (24.5 mmol L~!) was added into a urea solution (9.76 g
of urea in 120 g of HyO) under dark. The nano CuO dispersed in high-purity water was
added to the above solution and stirred at 80 °C in an oil bath in the dark for 6 h. After the
reaction, the mixture was aged at room temperature for 12 h then centrifuged and washed
with acetone and water (20 mL + 4 mL) three times. The sample was dried naturally,
and calcined at 473 K for 5 h to obtain 1Au/9CuO. By changing the amount of copper
oxide added to the support and the loading amount of Au, the prepared catalysts were
expressed as 1Au/2Cu0O, 1Au/4Cu0O, 1Au/6CuO, 1Au/9Cu0O, 1Au/12Cu0, 0.5Au/4Cu0,
1.5Au/4CuO and 2Au/4CuO respectively. The number in front of Au and CuO represents
the mass ratio of Au to CuO.
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3.2.3. Preparation of Au/CuO-5n-f3

The calcined Au/CuO and Sn-3 dispersed in acetone respectively for 3 h. Then dis-
persed Au/CuO was added to the dispersed Sn-f3. After the acetone volatilizes completely,
the sample was calcined in a muffle furnace at 473 K for 5 h. According to the Au/CuO,
the prepared catalysts were labeled as 1Au/2CuO-5n-31Au/4CuO-5n-3, 1Au/6CuO-5n-f3,
1Au/9CuO-5Sn-3, 1Au/12Cu0O-5Sn-B, 0.5Au/4CuO-Sn-f3, 1.5Au/4CuO-Sn- 3, 2Au/4CuO-
Sn-f3 Respectively.

3.3. Characterization

The XRD patterns were collected on a PANalytical X'Pert PRO (Almelo, Netherlands)
with a Cu Ka source. Tube voltage was 45 V and tube current 40 mA. The transmission
electron microscopy (TEM) images were taken by a Talos F200S microscope (Waltham,
MA, USA). The acceleration voltage was 200 kV. FTIR spectra of the Sn-Beta samples
with pyridine adsorption were collected on a Bruker Tensor II spectrometer (Karlsruhe,
Germany). Before analysis, the sample was pretreated at 723 K for 3 h in the evacuated
analysis pool. After that, the spectrum as the background reference was recorded at room
temperature. Then, pyridine was charged into the analysis pool to adsorb onto the sample.
After about 15 min, the pool was heated to 423 K and then evacuated to desorb the pyridine.
Finally, the FTIR spectrum was collected after evacuation for 30 min.

3.4. Oxidation of GLY

The reaction was conducted in stainless steel high-pressure reactor with a temperature
controller to control the temperature and heating rate. The mixing speed was set at 1000
r/min by a magnetic stirrer. In a typical procedure, GLY (1 mmol), CH3OH (5 mL) and
magneton were put into the reactor. After replacing the air with oxygen six times, the
reactor was filled with 1.6 MPa of O,. The specified temperature was reached, the reaction
was started by turning on the agitator. After the reaction, the reactor was cooled to room
temperature. The reaction solution was centrifuged and the reactor and catalyst were
washed with a small amount of methanol many times. The products were analyzed by
adding internal standards (naphthalene).

4. Conclusions

In conclusion, the conversion of glycerol to methyl lactate was realized by the com-
bined action of Au/CuO and Sn-. The addition of Sn, which leads to the introduction
of L-acid sites in the zeolite, played a key role in the high selectivity to methyl lactate.
SnCly was proved to be the promising Sn source candidate for this conversion. The size
of Au particles increased with the increase of the content of Au. The method of mixing
Au/CuO and Sn-f for the preparation of Au/CuO-5n-f3 did not damage the structure of
Sn-3. After optimization of reaction conditions, a 59% yield of methyl lactate from glycerol
was achieved.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal12010104 /51, Figure S1: TEM image of 1Au/4CuO-Sn-f3, Figure S2: The XRD patterns
of Sn-B-Cl prepared the content of H,O at HyO/SiO, = 7.5, Table S1: Effects of SnCly as Tin Source
on the Catalytic Performance, Table S2: Effect of SnC,O4 as Sn source and Sn content on catalytic
performance, Table S3: Effect of C1pH9O4Sn as tin source and Sn content on catalytic performance,
Table S4: Effect of amplified synthesis of Sn-3 on the catalytic performance.
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