Electronic Supplementary Material (ESI) for RSC Advances.
This journal is © The Royal Society of Chemistry 2020

Supporting Information

One-pot synthesis of formic acid via hydrolysis-oxidation of potato starch in
the presence of cesium salts of heteropoly acid catalysts

Nikolay V. Gromov*, Tatiana B. Medvedeva, Yulia A. Rodikova, Dmitrii E. Babushkin,
Valentina N. Panchenko, Maria N. Timofeeva, Elena G. Zhizhina,
Oxana P. Taran, Valentin N. Parmon

Boreskov Institute of Catalysis SB RAS, Lavrentiev av., 5, Novosibirsk, 630090, Russia

Corresponding authors

Nikolay V. Gromov, PhD, associate professor

Tel.: +7-383-32-69-591

Fax: +7-383-33-08-056

E-mail: gromov(@catalysis.ru

Address: Boreskov Institute of Catalysis SB RAS, Lavrentiev av., 5, 630090, Novosibirsk,

Russian Federation


mailto:oxanap@catalysis.ru

Content

One-pot hydrolysis-oxidation of different types of plant materials to formic
acid (Literature data)

Synthesis of heteropoly acids

Characterization of Cs-salts of heteropoly acids

References

Page

13
13
14



1. One-pot hydrolysis-oxidation of different types of plant materials to formic acid (Literature data)

Table S1. The main catalytic systems for one-pot hydrolysis-oxidation of monosaccharides into formic acid

Catalyst Experimental conditions Results
Run Conversion, Yield of FA Ref.
Amount Substrate
(%) (*%)
Substrate — Glucose
1 HsPV,Mo0,004 0.735-38.8 mmol | 333-363 K, 30 bar O,, 3-22 h 16.7-50 mmol 98: 8-50 [1]
2 HgPVsMo0;04 0.5 mmol 363 K, 20 bar O,, 6-48 h, 1.8 ¢g - 18-85 [2]
1000 rpm
VHZO =100 l’l’lL, Myjcohol = 100 g.
Alcohol: 1-Hexanol or 1-
Heptanol
3 HsPV,;Mo0,004 1 mmol 353 K, 60 bar O,, 8 h, 1000 rpm, 62.5-500 - 16-38 [3]
Vino = 200 mL mmol L!
4 HgPVsMo0,04 - 353 K, 60 bar O,, 8 h, 1000 rpm | 125 mmol L! - > 85 [3]
5 HsPV,;Mo0;0040, 10 mol % 373 K, 20 bar O,, 2 h, 1000 rpm 25¢g - 36 [4]
VH20 =50 mL
6 NaVO; - H,SO, 22 mg-0.7wt% | 433 K, 30 bar O,, 1 min 100 mg 100 68 [5]
VH20 =6 mL
7 H4sPVMo;,04 0.1 mmol 453 K, 20 bar O,, 3 h, 600 rpm 02¢g 100 55 [6]

VH20 =20 mL




Table S1. (Continue)

Catalyst Experimental conditions Results
Run Conversion, Yield of FA Ref.
Amount Substrate
(%) %)
Substrate — Xylose
8 HsPV,Mo0;0040 0.03 mmol 353 K, 30 bar O,, 26 h 120 mg 98 54 [1]
9 NaVO; — H,SO,4 22 mg- 0.7 wt% | 433 K, 30 bar O,, 1 min 100 mg 100 66 [5]
VHzo =6 mL
10 | HYPVMo0,104 0.1 mmol 453 K, 20 bar O,, 3 h, 600 rpm 02¢g 100 33 [6]
VHZO =20 mL
11 [MIMPS]3HPMo,,;VQy | 0.05 mmol 453 K, 10 bar O,, 1 h 2 mmol 100 55 [11]
VHZO =5mL
Substrate — Sorbitol
12 | HsPV,Mo0;¢O4 0.03 mmol 353 K, 30 bar O,,26 h 120 mg 98 56 [1]
13 | HsPV,Mo04004 1 mmol 353 K, 60 bar O,, 8 h, 1000 rpm 125-500 - 15-31 [3]
Vino =200 mL mmol L
14 | H4PVMo,,04 0.1 mmol 453 K, 20 bar O,, 3 h, 600 rpm 02g 100 44 [6]

VHzo =20 mL




Table S2. The main catalytic systems for one-pot hydrolysis-oxidation of disaccharides into formic acid

Catalyst Experimental conditions Results
Run Conversion, Yield of FA Ref.
Amount Substrate
(%) (%)
Substrate — Cellobiose
1 HsPV,Mo0,004 0.03 mmol 353 K, 30 bar O,, 26 h 120 mg 98 47 [1]
2 HsPV>;Mo0;0040 1 mmol 353 K, 60 bar O,, 8 h, 1000 rpm | 125 mmol L-! - (FA+CO,) = [3]
VH20 =200 mL 10%
3 HgPVsMo0,04 1 mmol 353 K, 30 bar O, 8 h, 1000 rpm | 125 mmol L-! - (FA+CO,) = [3]
VH20 =200 mL 19%
Substrate — Sucrose
4 HsPV,Mo0,004 0.03 mmol 353 K, 30 bar O,, 26 h 120 mg 98 48 [1]
5 HgPVsMo704 0.5 mmol 363 K, 20 bar O,, 6-48 h, 1000 344 ¢ - 45-76 [2]
rpm
VHZO =100 mL: Majcohol = 100 g.
Alcohol: 1-Hexanol, 1-Heptanol
6 HsPV,Mo0;004 1 mmol 353 K, 60 bar O,, 8 h, 1000 rpm 25 mmol L-! - (FA+CO,) = [3]
VHZO =200 mL 78%
7 HgPVsMo704 1 mmol 353 K, 60 bar O,, 8 h, 1000 rpm 25 mmol L! - (FA+CO,) = [3]
VH20 =200 mL 100 %
8 NaVO; — H,SOq 22 mg-0.7wt% | 433 K, 30 bar O,, 5 min 100 mg 100 65 [5]

VH20 =6 mL




Table S3. The main catalytic systems for one-pot hydrolysis-oxidation of polysaccharides into formic acid

Catalyst Experimental conditions Results
Run Conversion, Yield of FA Ref.
Amount Substrate
(%) (%)
Substrate — Starch
1 VOSO, 0.1 mmol 413 K, 20 bar O,, 1.5h 1 mmol - 46 [12]
VH20 =20 mL
Substrate — Cellulose
2 HsPV,Mo0,004 0.03 mmol 353 K, 30 bar O,,26 h 120 mg n.d 1 [1]
3 HgPVsMo0,04 2 mmol 363 K, 50 bar O,, 5-72 h, 1000 100 mmol - 3-31 [3]
- p-toluenesulfonic | 20 mmol rpm
acid VH20 =200 mL
4 HsPV>Mo0;¢04 5 mol % 443 K, 50 bar O,, 9 h, 1000 rpm 05¢g - 35 [4]
VH20 =50 mL
5 NaVO; — H,SOq, 22mg-0.7wt% | 433 K, 30 bar O,, 120 min 100 mg 100 65 [5]
VH20 =6 mL
6 C00.6H3.8PM010V2040 0.01M 433 K, 20 bar 02, 5 h, 1500 Ipm 0.6 g - 66 [7]
VH20 =60 mL
7 HsPV,Mo0;¢04 0.75 mmol 363 K, 30 bar O,, 24 h, 1000 27¢g - (FA + CO,) [8]
rpm - 15%
VH20 =100 mL
8 HsPV,Mo0;004 0.75 mmol 363 K, 30 bar O,, 66 h, 1000 2.7¢g - (FA +CO,) [8]
- p-toluenesulfonic | 1.9 g rpm —68%
acid VH20 =100 mL
9 H4sPVMo;,04 0.1 mmol 453 K, 20 bar Oy, 3 h, 600 rpm 02¢g - 61 [6]
VH20 =20 mL
10 H4sPVMo;,04 0.1 mmol 453 K, 6 bar O,, 3 h, 600 rpm 02g 100 68 [6]

VH20 =20 mL




Table S3. (Continue)

Catalyst Experimental conditions Results
Run Conversion, Yield of FA Ref.
Amount Substrate
(%) (%)
Substrate — Cellulose

11 C00‘6H3_8PM010V2040 0.01M 423 K, 20 bar 02, 7 h, 1500 rpm 0.6 g - 29 [9]
VH20 =60 mL

12 | NaVO;-H,S0, 2% -0.35% 433 K, 30 bar O,, 5 min 0.05¢ 98 95 [10]
VH20 =6 mL

13 [MIMPS]sHPMo;;VQy | 0.05 mmol 453 K, 10 bar O,, 1 h 0.335¢g 93 51 [11]
VH20 =5mL

14 | VOSO, 0.2 mmol 453 K, 20 bar O,,2 h 1 mmol - 39 [12]
VHZO =20 mL

Substrate — Xylan (hemicellulose)

15 HsPV,Mo010040 0.03 mmol 353 K, 30 bar O,,26 h 120 mg n.d. 33 [1]

16 | NaVO;—H,SO, 22 mg- 0.7 wt% | 433 K, 30 bar O,, 30 min 100 mg 100 64 [5]
VHZO =6mL

17 | HsPV,Mo00040 0.75 mmol 363 K, 30 bar O,, 24 h, 1000 27 ¢ - (FA + CO,) [8]
rpm —88%
VHZO =100 mL

18 | HsPV,Mo0;¢O40 0.75 mmol 363 K, 30 bar O,, 66 h, 1000 2.7 ¢g - (FA +CO,) [8]

- p-toluenesulfonic acid | 1.9 g rpm —100%

VHZO =100 mL

19 C00.6H3_8PM010V2040 0.01IM 393 K, 20 bar 02, 2 h, 1500 rpm 0.6 g - 42 [9]

VHZO =60 mL




Table S3. (Continue)

Catalyst Experimental conditions Results
Run Conversion, Yield of FA Ref.
Amount Substrate
(%) (%)
Substrate — Xylan (hemicellulose)

20 | NaVOs-H,S0, 2% - 0.35% 433 K, 30 bar O,, 5 min 0.05¢ - 86 [10]
VHZO =6 mL

21 | K5V3W;509 1 mmol 363 K, 30 bar O,, 24 h, 1000 100 mmol - 24 [13]
rpm
VHZO =100 mL

Substrate — Arabinogalactan (hemicellulose)
22 C00.6H3.8PM010V2040 001 M 393 K, 20 bar 02, 1 h, 1500 rpm 0.6 g - 40 [9]

VH20 =60 mL




Table S4. The main catalytic systems for one-pot hydrolysis-oxidation of lignin into formic acid

Catalyst Experimental conditions Results
Run Conversion, Yield of FA Ref.
Amount Lignin
(%) (%)
1 H5PV2M01()O40 0.03 mmol 353 K, 30 bar 02, 26 h 120 mg n.d. 14 [1]
2 HsPV,Mo0,¢04 0.75 mmol 363 K, 30 bar O,, 66 h, 1000 27¢g - (FA + CO,) [8]
rpm —100%
VH20 =100 mL
3 HsPV,;Mo0,004 0.75 mmol 363 K, 30 bar O,, 66 h, 1000 27¢g - (FA + CO,) [8]
- p-toluenesulfonic | 1.9 g rpm —100%
acid VH20 =100 mL
4 NaVO0s;-H,SOy4 2% -0.35% 433 K, 30 bar O,, 5 min 0.05¢ 88 17 [10]
VH20 =6 mL
5 K5V3W309 Immol 363 K, 30 bar O,, 24 h, 1000 100 mmol - 7 [13]
rpm
VH20 =100 mL




Table S5. The main catalytic systems for one-pot hydrolysis-oxidation of biomass into formic acid

Catalyst Experimental conditions Results
Run Biomass Conversion, | Yield of FA Ref.
Amount
Amount (%) (%)
1 HsPV>;Mo0;0049 0.03 mmol | 353 K, 30 bar O,, 26 h poplar 120 mg n.d. 1 [1]
sawdust
2 HsPV,;Mo0004 0.75 mmol | 363 K, 30 bar O,, 24 h, 100 rpm | poplar 27¢g - (FA + CO») [8]
VHZO =100 mL —77%
3 HsPV,>Mo0;¢04 0.75 mmol | 363 K, 30 bar O,, 66 h, 1000 poplar 2.7 ¢g - (FA +CO,) [8]
- p-toluenesulfonic 19¢g rpm —80%
acid Vo = 100 mL
4 H4sPVMo;,04 0.1 mmol | 453 K, 6 bar O, 3 h, 600 rpm bagasse 02¢g 100 61 [6]
Vino =20 mL AA -20%
5 H4sPVMo;,04 0.1 mmol | 453 K, 20 bar O,, 3 h, 600 rpm hay 02¢g 100 55 [6]
Vino =20 mL AA — 14%
6 HgPVsMo0,04 0.5 mmol | 363 K, 20 bar O,, 6-48 h, 1000 beech wood 1.63 ¢ - 10-61 [2]
rpm
VH2O =100 mL, Majcohol = 100 g.
Alcohol: 1-Hexanol, 1-Heptanol
7 HgPVsMo,04 2 mmol 363 K, 50 bar O,, 1-24 h, 1000 beech wood | 100 mmol - 2-29 [3]
- p-toluenesulfonic | 20 mmol | rpm
acid VH20 =200 mL
8 HsPV,;Mo0,004 0.75 mmol | 363 K, 30 bar O,, 24 h, 1000 beech 27¢g - (FA + CO,) [8]
rpm -52%
VHZO =100 mL
9 HsPV,Mo0;¢04 0.75 mmol | 363 K, 30 bar O,, 66 h, 1000 beech 2.7 ¢g (FA +CO,) [8]
- p-toluenesulfonic 19¢g rpm - 87%
acid VHZO =100 mL

10




Table S5. (Continue)

Catalyst Experimental conditions Results
Run Biomass Conversion, | Yield of FA Ref.
Amount
Amount (%) (%)
10 | KsV3W30y, Immol 388 K, 50 bar O,, 72 h, 1100 beech 4 mmol - 13 [13]
rpm
VH20 =10 mL
11 Cop¢Hz sPMo;oV104 0.01M 423 K, 20 bar Oy, 7 h, 1500 rpm | aspen wood 0.6¢g - 53 [9]
VH20 =60 mL
12 | HsPVsMo;0y 2mmol | 363 K, 50 bar O,, 5-24 h, 1000 spruce wood | 100 mmol - 17-35 [3]
- p-toluenesulfonic | 20 mmol | rpm
acid VH20 =200 mL
13 | HsPV,Mo00O4 0.75 mmol | 363 K, 30 bar O,, 24 h, 1000 pine 2.7 ¢g - (FA +COy) [8]
rpm - 48%
VHZO =100 mL
14 | HsPV,Mo0;¢O4 0.75 mmol | 363 K, 30 bar O,, 24 h, 1000 pine 27¢g - (FA +COy) [8]
- p-toluenesulfonic 19¢g rpm —72%
acid VH20 =100 mL
15 | HsPV,;Mo00O4 0.75 mmol | 363 K, 30 bar O, 24 h, 100 rpm | waste paper 27¢g - (FA+COy) [8]
Vo = 100 mL —26%
16 | HsPV,Mo,¢04 0.75 mmol | 363 K, 30 bar O,, 24 h, 1000 waste paper 27¢g - (FA + CO,) [8]
- p-toluenesulfonic 19¢g rpm - 68%
acid VH20 =100 mL
17 | HsPV,Mo019040 0.75 mmol | 363 K, 30 bar O,, 24 h, 1000 cyanobacteria 27¢ - (FA + CO») [8]
rpm -33%
VH20 =100 mL
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Table S5. (Continue)

Catalyst Experimental conditions Results
Run Biomass Conversion, | Yield of FA Ref.
Amount
Amount (%) (%)
18 | HsPV,;Mo0;0040 0.75 mmol | 363 K, 30 bar O,, 24 h, 1000 cyanobacteria 27¢ - (FA + CO») [8]
- p-toluenesulfonic acid 19¢g rpm —T71%
VH20 =100 mL
19 | Cope¢Hz sPMo;gV1040 0.01M 423 K, 20 bar O,, 7 h, 1500 rpm | miscanthus 0.6¢g - 45 [9]
VH20 =60 mL
20 | CogeHs sPMo01gV2040 0.01M 423 K, 20 bar O,, 7 h, 1500 rpm | waste paper 0.6¢g - 24 [9]
VH20 =60 mL
21 | NaVO;-H,SO4 2% -0.35% | 433 K, 30 bar O,, 5 min wheat straw 0.05¢g 100 75 [10]
VHZO =6 mL

12




2. Synthesis of heteropoly acids
2.1. Synthesis of H;PW;;VOy

Stage A: Commercially available H;PW ;049 (15 g) were dissolved in 100 mL of H,O at
room temperature. When the acids were completely dissolved, pH of the solutions were adjusted
to 4.8 for [PW;,039]7 by adding drop by drop concentrated NaOH solution.

Stage B: Synthesis of decavanadic acid HgV¢O,s. Diluted aqueous solution of 0.0175 M
HgV 90,5 was prepared from V,05 by the "peroxide" method.

Stage C: The HgV9O,s solution prepared at stage B was added to the solution of

[PW,039]7 prepared at Stage A. The solutions were mixed under stirring at room temperature.
2.1. Synthesis of H5SiW]1VO40

Stage A: synthesis of [SiW;039]%" anions. Commercially available H;SiW 1,040 (15 g)
were dissolved in 100 mL of H,O at room temperature. When the acids were completely
dissolved, pH of the solutions were adjusted to 5.5-6.0 for [SiW,03¢]® by adding drop by drop
concentrated NaOH solution.

Stage B: Synthesis of decavanadic acid H¢V¢O,s. Diluted aqueous solution of 0.0175 M
HgV 1008 was prepared from V,05 by the "peroxide" method (see our previous paper [14].

Stage C: The HgV19O,s solution prepared at stage B was added to the solution of

[SiW,039]% prepared at Stage A. The solutions were mixed under stirring at room temperature.

3. Characterization of Cs-salts of heteropoly acids

80+

Figure S1. Adsorption-desorption isotherms of N, onto cesium salts of heteropoly acids
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Figure S2. Correlation between pH and amount of cesium salts of heteropoly acids in water
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Figure S3. IR spectrum of adsorbed pyridine onto Cs; sHysPMo;;VOyg and CsysHsSiW11 VO,

14



HCOOH

CH,(OH),

AcOH AcOH
INVGATE

t 164Hz
M m INEPT+

180 160 140 120 100 80 60 40 20

Figure S4 3C NMR spectra of the sample Cs-PMoV: inverse gated (top) and INEPT+ (no
decoupling, bottom).
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Figure S5 3C NMR spectra of the sample Cs-PWV: 3C{!H} (top) and DEPT45 (bottom).
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Figure S6 3C NMR spectrum of the sample Cs-SiWV (inverse gated).
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Scheme S1. Mechanism of formic acid formation from glucose '3
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