Electronic Supplementary Material (ESI) for Green Chemistry.
This journal is © The Royal Society of Chemistry 2021

Supporting information

Practical DMSO-promoted selective hydrolysis—oxidation
of lignocellulosic biomass to formic acid attributed to

hydrogen bonds

Yan-Jun Guo,'Shi-Jun Li,* Yuan-Li Sun,' Lei Wang,’ Wen-Min Zhang, Ping Zhang,"* Yu Lan®*
and Yang Li'x

'Center for Organic Chemistry of Frontier Institute of Science and Technology and State Key Laboratory
of Multi-phase Flow in Power Engineering, Xi’ an Jiaotong University, Xi’ an 710054, China,

“College of Chemistry, Zhengzhou University, Zhengzhou 450052, China

*Institute of Pulp and Paper Technology, Hubei University of Technology, Wuhan 430068, China
‘College of Chemistry and Chemical Engineering, Xianyang Normal University, Xianyang 712000, China
*Correspondence: liyang79@mail.xjtu.edu.cn

*+Correspondence: lanyu@zzu.edu.cn


mailto:liyang79@mail.xjtu.edu.cn

Table of Contents

General INforMatioN... ... e e e e e s e snnnene 3
Table S1. Components of the Wheat Straw ... 5
Fig. S1. The standard curve for the calculation of the contents of CH. (A) and CO-(B)....6
Fig. S2. The pictures of the hydrolysis—oxidation procedure.........c.cconrrvcnrrsesnssenssssenens 7
Table S2. Recycling EXPEIriMENt ..o e s se s s ss s sesassmsssssssesssnses 7
Fig. S3. The picture after the reaction with wheat straw..........ccocevecirrnnnnccn s 7
Fig. S4. EDX (A) and XPS (B) of dark green flocculation (VO2).......cccooveenrricnmrrncnensscnesessenees 8
Fig. S5. The picture after the reaction with glucoSe. ..o 8
Table S3. Investigation of possible intermediates ... 9
Fig. S6. 'H NMR analysis of the reaction mixture after the hydrolysis—oxidation of glyoxal

.......................................................................................................................................... 10
Fig. S7. "H NMR analysis of mixture after oxidation step of glycolaldehyde.................... 11
Fig. S8. HPLC analysis of mixture after the hydrolysis—oxidation step of glucose and

L0 [ 0 1SR 14
Table S4. The Gibbs free energy for the SPecies. ... s 15
Fig. S9. The possible hydrogen bond for the water and substrates..........c.ccueeersicnererienens 15
Table S5. The coordination for the SPECIES.........ccercvrrnerireriesr e 15
Selected 'H NMR and Gas Chromatography (GC) spectra (Table 2).........ccocceomeerereererersnees 20



General Information

Materials

The wheat straw and the lignin were obtained from Institute of Pulp and Paper Technology, Hubei
University of Technology, China. The wheat straw was milled into powder (200 mesh) before use. The
analysis results are shown in Tables S1. The lignin [milled wood lignin (MWL), C%=58.73%] was obtained
from wheat straw by Bjorkman method." Microcrystalline cellulose (96%, 25 pm) was purchased from
Aladdin Reagent Inc. (Shanghai, China). Xylan and xylose were purchased from Adamas Reagent Co.,
Ltd. (Shanghai, China). Glucose and sodium metavanadate (NaVOs, AR) were purchased from Energy
Chemical. All reagents were of analytical grade and were used without further purification.

Hydrolysis—oxidation of various substrates

The NaVOs:—H:SOssolution was prepared by NaVOs (4 mol%, 271 mg), 0.7 wt% H.SO. aqueous solution
(100 mL) and stirred at room temperature until all the NaVOs was dissolved. Various substrates
(containing 6 mmol of C-atoms), NaVOs—H.SO.solution (10 mL) and DMSO or sulfolane (1 v¥%, 100 uL)
were added to a quartz inner charged with a stirring bar. Meanwhile the sleeves of the autoclave (Fig.
S2, A) were preheated for 10-15 minute. The quartz lining was put into the autoclave (50 mL, 2.4 cm

inner diameter). Then the autoclave was charged with oxygen (3 MPa). The mixture was stirred at a rate

of 1,000 rpm and heated to 160 °C (inner temperature, 0.5 °C) at a heating rate of 10-15 °C min=" in

about 10-15 min. Then the reaction mixture was stirred at 160 °C (inner temperature, +0.5 °C) for the
indicated time (3 hours for wheat straw, polysaccharides and lignin, 20 min for saccharides, 10 min for
intermediates). The autoclave was cooled by water to room temperature and the pressure was released
carefully after finish the reaction. Produced gas was collected in the gas collection bag, CHs was added
as an internal standard for the detection of GC yield of CO.. 1,4-Dioxane was added as an internal
standard to the liquid phase for detection of ‘H NMR yield of HCO:H.

Recycling experiments of formic acid production from biomass

Step 1: wheat straw (containing 0.94 g or 9.4 g of C-atoms in polysaccharides) and NaVOs(81.3 mg for
0.94 g, 813 mg for 9.4 g) were added to an erlenmeyer flask inner (150 mL) for 0.94 g, an quartz inner
(1 L) for 9.4 g) charged with a stirring bar. Then added 0.7% H.SO. aqueous solution (30.0 mL/0.94 g)
and DMSO (1 v¥). Stir vigorously until completely dissolved. The quartz inner was put in an autoclave
(Fig. S2, B for 0.94 g, and Fig. S2, C for 9.4 g), and fill with oxygen (3 MPa). Then the reaction mixture
was stirred at 160 °C (inner temperature, + 0.5 °C) for 3 hours. After the reaction, the autoclave was
cooled to room temperature under running water. Next, the gas in the autoclave was released and the
quartz inner was taken out, and 1, 4-dioxane (192.5 uL/0.94 g) as internal standard for the detection of
"H NMR yield of HCO:H.

Step 2: The liquid of reaction mixture after reaction in step 1 was treated by evaporation in vacuo to

afford the remained [V]-cat. and H.SO..

Step 3: Deionized water (30 mL/22 mmol) and DMSO (1 v%) was added to the collected mixture of the
[V] and H.SOsand transferred to the inner. It is then stirred and heated (90 °C) for a period of time (10
min for 0.94 g; 30 min for 9.4 g reaction).



Step 4: Next, wheat straw (containing 0.94 g or 9.4 g) was added to the inner charged with a stirring
bar and repeat step 1.

Influence of different components of wheat straw on recycling experiments

The NaVOs:—H.SOssolution was prepared by NaVOs (4 mol%, 271 mg), 0.7 wth H.SO. aqueous solution
(100 mL) and stirred at room temperature until all the NaVOs was dissolved.

Step 1: Various substrate (containing 6 mmol of C-atoms), NaVOs:—H.SO.solution (10 mL) and DMSO
(1 v%, 100 uL) were added to a quartz inner charged with a stirring bar. Meanwhile the sleeves of the
autoclave (Fig. S2, A) were preheated for 10-15 minute. The quartz inner was put in the autoclave, and
fill with oxygen (3 MPa). Then the reaction mixture was stirred at 160 °C (inner temperature, + 0.5 °C)
for 3 hours (glucose for 20 min). After the reaction, the autoclave was cooled to room temperature
under running water. Next, the gas in the autoclave was released and the quartz inner was taken out,
and 1, 4-dioxane (18 mmol, 64 uL) as internal standard for the detection of "H NMR vyield of HCO,H.

Step 2: The liquid of reaction mixture after reaction in step 1 was treated by evaporation in vacuo and
left V—cat and H.SO..

Step 3: Deionized water (10 mL) and DMSO (1 v%) was added to the collected mixture of the [V] and
H.SO.and transferred to the inner. It is then stirred for 10 min (heating at 90 °C for 10 min for E).

Step 4: Next, glucose (containing 6 mmol of C-atoms, 180 mg) was added to the inner charged with a
stirring bar and repeat step 1.

Detection of oxidation of glycolaldehyde to glyoxal

Glycolaldehyde-dimer (containing 6 mmol of C-atoms, 182 mg), NaVO:—H.SOasolution (10 mL), DMSO
(1 v%, 100 pL) and 1,2-diaminobenzene (1 mmol, 108 mg) were added to a quartz inner charged with
a stirring bar. Meanwhile the sleeves of the autoclave (Fig. S2, A) were preheated for 10-15 minute. The
quartz inner was put in the autoclave, and fill with oxygen (3 MPa). Then the reaction mixture was stirred
at 160 °C (inner temperature, £ 0.5 °C) for 10 min. After the reaction, the autoclave was cooled to room
temperature by water. Next, the gas in the autoclave was released and the quartz inner was taken out,

and detected quinoxaline by "H NMR.

Time-resolved glucose conversion detected by HPLC

Glucose (containing 6 mmol of C-atoms, 180 mg), NaVOs—H.SOssolution (10 mL) and DMSO (1 v, 100
uL) were added to a quartz inner charged with a stirring bar. Meanwhile the sleeves of the autoclave
(Fig. S2, A) were preheated for 10-15 minute. The quartz inner was put in the autoclave, and fill with
oxygen (3 MPa). Then the reaction mixture was stirred at 160 °C (inner temperature, + 0.5 °C) for 0, 5,
10, 15, 20 min, respectively. After the reaction, the autoclave was cooled to room temperature by water.
Next, the gas in the autoclave was released and the quartz inner was taken out, and filtered with the
syringe—driven filter (0.22 um), and detected by HPLC.

IR detection in Fig. 6

Various substrates (glycolaldehyde-dimer, glucose, glyoxal containing 6 mmol of C-atoms) were
dissolved in water (1 mL) and DMSO (0.1 mL) for infrared test. The mixed sample was prepared by

mixing the required solution with the same volume, and then for infrared test. Especially, glyoxal (aqg.)



and DMSO (aqg.) needed to be mixed for more than 2 h before test. All the experiments were performed

for two times with the constant data.
Analysis of products

The elemental analysis for C% were performed on Elementar Vario MICRO cube apparatus. The
components (water extracts, cellulose, hemicellulose and lignin) of wheat straw were analyzed
according to NREL/TP-510-42618 method.” Analytical gas chromatography (GC) spectra were carried
out on a SHIMDZU GC-2014ATF/SPL (TDX-01 60/80 mesh, 2.0 mm x 3.2 mm x 2.1 mm-FID, TCD
permanent gases, N. carrier gas). The liquid samples were analyzed by HPLC (Agilent 1260) and NMR
(Bruker Avance-400) in the solvents indicated. The HPLC were determined by a Sugar-H (7.8 x 300
mm, 5 um) column and a RID detector (40 °C) using pH=2 HSOx solution as eluent. The ‘H NMR yields
of HCO:H after hydrolysis—oxidation were determined by using 1,4-dioxane as an internal standard.
Chemical shifts are reported in units (ppm) by assigning TMS resonance in the ‘H NMR spectrum as
0.00 ppm., D:O resonance in the 'H NMR spectrum as 4.79 ppm, (CD:).SO resonance in the ‘H NMR
spectrum as 2.50 ppm., >V NMR spectrums were determined relative to VOCIs as external standard.
Coupling constants are reported in Hz with multiplicities denoted as s (singlet), d (doublet), t (triplet), q
(quartet) and m (multiplet). Attenuated Total Refraction-Fourier transform infrared (ATR-FTIR) spectra

were obtained at room temperature using a Bruker ALPHA II. The spectra were recorded in the range

of 4000-600 cm~". Element analysis for C% were performed on Elementar Vario MICRO cube apparatus.

The hydrolysis—oxidization reactions were conducted in a Wattcas autoclave.

Computational details

All the calculations in this study were performed using the Gaussian 16 program package.’ The All the
geometries were optimized at the M06-2X'/6-31G(d, p) level, and the solvent effect was utilized the
polarizable continuum model using integral equation formalism model (IEFPCM) in hexane solvent.’All
the optimized stationary points had been identified as minima (zero imaginary frequencies) and
transition states (one imaginary frequency), via the vibrational analysis. The solution-translational
entropy correction has been calculated with THERMO program.®

Table S1. Components of the wheat straw’

H.O |Glucose |[Xylose |Galactose |Arabinose [Mannose |Cellulose |Hemicellulose |[Lignin |Others |Element

: /% /% /% /% /% /% /% /% /% /% /% (C)

6.36 |40.00 21.50 [0.04 0.16 0.62 40.00 22.32 2324 |8.08 |43.84

Wheat straw

“Wheat straw was prepared into 200 mesh. The components were analyzed according to NREL/TP-
510-42618 method.” Cellulose contents were calculated based on the carbon content of glucose.
Hemicellulose contents were calculated based on the carbon content of xylose, galactose, arabinose
and mannose.

Calculation of the contribution of each component to the product (HCO:H and CO-)

Contribution = yield of product X mol fraction of the component in wheat straw

Myheat straw (g)

wt 12.01 g/mol Wtcomponent%XCeomponent%

component%XCeomponent%x

C mol fraction of the component =

Myheat straw (g)

0y
Cwheat strawo>X—501 g/mol Cwheat straw”



12.01 g/mol x6

0 = = 0,
Cce\lulose%l 162.14 g/mol 4444/0
40.00% X44.44%
Cmo\fract\onofcel\u\ose% = 430.TA]0 :4055%
12.01 g/mol X5 .
Cytanlh = 1201 g/mol X5 _ 45 45 (xylan was chosen as a model substrate of hemicellulose)

132.12 g/mol

22.32%X45.45%
43.84%

= 23.13%

C mol fraction of xy\an% =

Ciignin% = 58.73% (detected by element analysis)

23.24%X%58.73%
43.84%

= 31.13%

C mol fraction of hgmn% =

Calculation the contents of CO.. Produced gas was collected in the gas collection bag, CH. was
added as an internal standard for the detection of GC yield of CO..

. a ncu4xCco2 VcHa Cco2
Yieldeoth " = ————"— = — X ————
CcH4X%6 mmol C Vin CcH4%6 mmol C

Vews = 20 ML, Vi = 24.041 L (20 °C)

n ._$)2
Standard deviation (S) = Z‘=1(+5)
4. 5% 25. 0%
4.0% [F TE-11x + 0.0006 o
3. 5% 2 = ().9981 90. 0% y = 6]23 11x + 0.0002
e - 0% R* = 0.9998
3. 0%
= 2.5% 315, 0%
=l = 10, ox
o 1.5% o 10-0%
T 1.0% 0
5. 0%
£ 0. 5% & ’
0. 0% 0. 0%
0. 0E+00 2. 0E+08 4.0E+08 6. 0E+08 0.0F+00  1.5F409 3. OE+09
Area (CH,) Area (CO,)
A. B.

Fig. S1. The standard curve for the calculation of the contents of CHs (A) and CO:(B). CHa (20 pL,
40 pL, 60 L, 80 uL) were injected into GC, respectively. These amounts of CHs were corresponding to
the ratio of CHa (1%, 2%, 3% and 4%, respectively, the standard injection volume was 2 mL). The standard—
curve was made by Ratio (CHs)/Area (CH.). The standard—curve for CO: calculation was made by the
same method. CO: (10 pL, 20 pL, 60 yL, 100 pL, 150 pL, 200 pL, 250 pL, 300 pL, 400 uL) were injected
into GC, respectively. These amounts of CO: were corresponding to the ratio of CH4 (0.5%, 1%, 3%, 5%,
7.5%, 10%, 12.5%, 15% and 20%, respectively, the standard injection volume was 2 mL). The standard-
curve was made by Ratio (CO2)/Area (COz).



A. B. C.
Fig. S2. The pictures of the hydrolysis—oxidation procedure. A. autoclave for 50 mL; B. autoclave for
500 mL; C. autoclave for 1 L.

Table S2. Recycling Experiment

Conditions HCO:H yield %’ (Times)
Entry’

substrates’ DMSO Preheating 1 2 3 4 5
1 Wheat straw 1 gram-scale — — 55 34 35 29 29
2 Wheat straw 1 gram-scale v — 52 39 — — —
3 Wheat straw 1 gram-scale v 10 min 52 54 — — —
4 Wheat straw 10 gram-scale Vv 30 min 53 53 54 53 55
5 Wheat straw 1 gram-scale vV 10 min 53 0’ — — —

Reaction conditions: substrate (including 0.94 g or 9.4 g), 0.7 wt% H.SO. aqueous solution (30 mL/0.94 g),
DMSO (1 v¥), NaVOs (81.3 mg for 0.94 g, 813 mg for 9.4 g), O. (3.0 MPa), 160 °C, 3 h. *Yields of HCO:H
were determined by ‘H NMR with 1,4-dioxane as an internal standard. “The components were analyzed
according to NREL/TP-510-42618 method.” The wheat straw was prepared into 200 mesh, carbon content
was determined by elemental analysis as 43.84%. “To exclude the increased HCO,H from oxidation of DMSO,

no substrate was added in the second recycle.

Fig. S3. The picture after the reaction with wheat straw. Without DMSO (left), with DMSO (right).
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Fig. S4. EDX (A) and XPS (B) of dark green flocculation (VO.). (A) SEM-EDX mapping results of
elemental distribution for V, C, O and S elements of the dark green flocculation (VO.). (B) V 2p (a) and
O 1s (b) of XPS spectra of the dark green flocculation (VO.).

Fig. S5. The picture after the reaction with glucose. With sulfolane (left) and with DMSO (right).



Table S3. Investigation of possible intermediates

NaVO3 (4 mol%), O, (3 MPa)
Substrate > HCO,H + COy + weeer
0.7 wt% H,SO,4 ag. solution

DMSO, 1v %, 160 °C, 10 mins

Entry’ Substrate Conv.%’ HCOHY%” CON° Others%"
(0]
1 Ao, 5 / 3 —
OH
g
2 Hj\H 16 — <1 —
3 HO~on 3 3 <1 —
OH
4 Ho__oH 7 3 2 CH,O: 2
oH CH.O: 4
5 oH 15 5 2 AN
f Q g
6 L / 5 <1 /
(o]
7 chAOH - - — -
HO o]
8 < >99 6 91 CH:0: 16
[e] OH
o CH.O: 8
9 D 89 7 47 AA: 16
HO OH
MGO: 10
o CH.O: 7
10 o 97 28 12 AA 50
(o)
11 o M, 74 17 34 CH.O: 34
0]
12 oM, >99 54 46 CH:0: 9
]
13° oM, >99 25 72 —

°Reaction conditions: substrate (including 6 mmol C-atoms), 0.7 wt% H.SO. aqueous solution (10 mL), DMSO (100
pl, 1 v %), NaVOs (27.1 mg, 4 mol%), O (3.0 MPa), 160 °C, 10 min. Reported as an average of two experiments with
an error bar less than 4%. AA = acetic acid, MGO = methylglyoxal. "Conversion (Conv.) yields of HCO.H, AA, and
CH.0O were determined by 'H NMR spectroscopy with 1,4-dioxane as an internal standard. ‘Yields of CO, were
determined using GC with CH. as an internal standard. Part of CH,O was produced by oxidation of DMSO, which
was proved by the experiments with °C-DMSO (See Fig. S6). *Higher conversion of CHsOH than the total yield of
substrate products should be attributed to volatilization. ‘37 wit¥% CH,O aqueous solution was used. *Without DMSO.
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Fig. S6. 'H NMR analysis of the reaction mixture after the hydrolysis—oxidation of glyoxal. To prove
the part of CH.O (CH:O is existed as CH2(OH). in aqueous solution) was produced by the oxidation of
DMSO, *C-DMSO was used. Base on the integration of the indicated peaks, CH.O from substrate and

from DMSO was determined as 2:1 in this reaction. The CH-O is different with different substrates.
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Fig. S7. 'H NMR analysis of mixture after oxidation step of glycolaldehyde. A) ‘H NMR analysis of
mixture after oxidation of glycolaldehyde with or without DMSO. B)'H NMR analysis of quinoxaline
after oxidation of glycolaldehyde with DMSO and 1,2-diaminobenzene. C) ‘H NMR analysis of
commercial glycolaldehyde-dimer solutions in the reaction concentration (major formed 1,1,2-

ethanetriol and glycolaldehyde).
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Fig. S8. HPLC analysis of mixture after the hydrolysis—oxidation step glucose and fructose. a)-¢)
glucose-without DMSO-0 min, 5 min, 10 min, 15 min to 20 min, respectively; f)-j) glucose-with DMSO-
0 min, 5 min, 10 min, 15 min to 20 min, respectively; k) fructose-without DMSO-0 min.
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Table S4. The Gibbs free energy for the species.

Species G(a.u.) Species G(a.u.)
H-0 -76.36863 DMSO -553.02534
1 -228.90604 2 -305.28523
3 -858.31467 4 -858.31526
5 -858.31746 6 -227.71364
7 -380.48523 8 -933.51973
9 -763.11006 10 -1316.1435
11 -1316.1472 12 -381.66581
13 -456.86126 14 -839.48983
o H1.97
H SHOH,
H,0 H,0 o 3
HO 2 HO 2 3
WO 2 \)\OH o HO H 1.98
0.0 -6.6 0
2 -7.5
1 12
H 1.96
on H,O o’ """"OH,
2 H,0 2 $1.96
Os g 2HOHO A G PO o L A
OH OH
0.0 -21.5 -26.2
6 7 13
OH OH H,O0 OH OH
OH — ~ O«
HO™ HO™ H 495
OH OH OH OH OH O\H““OHZ
0.0 7.0 1.98
9 14

Fig. S9. The possible hydrogen bond for the water and substrates.
The AG shows the combination for the water and substrate 1, 6 and 9 would be weaker than that of

DMSO, which would affect the further transformation.

Table S5. The coordination for the species.

H20 DMSO
-049458  0.43260 -0.02420 S -0.06464 -0.00382 -0.03825
0.47107 0.48302 -0.02420 @) 145252 -0.05029 -0.01534
-0.76940  1.35970 -0.02420 C -0.52965 1.74170 0.02803

H -161104 1.83487 -0.09492

H

H

C

H

-0.23486 212101 1.00770

0.00007  2.28386 -0.75921
-0.56466 -0.28967 -1.75171
-0.29352 -1.31608 -2.00369

1.06927 133171 -0.08403
-0.71236  0.39007 0.07979
-0.92031 261735 -0.01059

O
H
H
1
C -013919 1.32815 -0.00264
O
H
C
5
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C
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C
o)
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Selected 'H NMR and Gas Chromatography (GC) spectra for the experiments in Table 2. The data
are shown from one experiment, there are small differences with the average data.
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Fig. $10. '"H NMR (a) and GC (b) spectra of 1,3-dioxyacetone with DMSO sample (Table 2, entry
1).
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Fig. S11. "H NMR (a) and GC (b) spectra of glyceraldehyde with DMSO sample (Table 2, entry 2).
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Fig. $12. '"H NMR (a) and GC (b) spectra of glycolaldehyde with DMSO sample (Table 2, entry 3).
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Fig. $13. '"H NMR (a) and GC (b) spectra of glycolaldehyde without DMSO sample (Table 2, entry
4).
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Fig. S14. 'H NMR (a) and GC (b) spectra of glyoxal with DMSO sample (Table 2, entry 5).
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Fig. S15. 'H NMR (a) and GC (b) spectra of glyoxal without DMSO sample (Table 2, entry 6).
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Fig. $16. '"H NMR (a) and GC (b) spectra of glucose with DMSO sample (Table 2, entry 7).
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Fig. S17. "H NMR (a) and GC (b) spectra of glucose without DMSO sample (Table 2, entry 8).
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Fig. $18. "H NMR (a) and GC (b) spectra of fructose with DMSO sample (Table 2, entry 9).
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Fig. S19. 'H NMR (a) and GC (b) spectra of fructose without DMSO sample (Table 2, entry 10).
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