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Catalytic Air Oxidation of Biomass-Derived Carbohydrates

to Formic Acid

Jiang Li, Dao-Jun Ding, Li Deng, Qing-Xiang Guo, and Yao Fu*"

An efficient catalytic system for biomass oxidation to form
formic acid was developed. The conversion of glucose to
formic acid can reach up to 52% yield within 3 h when cata-
lyzed by 5 mol% of H;PV,Mo0,,0,, at only 373 K using air as the

Introduction

With the diminishing reserves of fossil fuels, worldwide re-
searchers have focused their studies on renewable biomass
conversion. Cellulose, which has the highest content of bio-
mass raw material, can be transformed into a series of top
value-added chemicals and fuels, such as levulinic acid, sorbi-
tol,"” ethylene glycol,”” hydroxymethylfurfural,”® lactic acid,” di-
methylformamide,” and pentanoic acid esters.” Because of
the high oxygen content of biomass, the conversion of bio-
mass to fuel must go through the process of hydrogenation
and the addition of hydrogen from outside sources is unavoid-
able.” Such outside hydrogen is usually produced from non-
renewable materials, such as natural gas and petroleum.”’ To
make hydrogen generation and biomass conversion more en-
vironmentally benign, it is ideal if hydrogen can be obtained
from water or biomass.”” To date, efficient production of hydro-
gen from water has remained difficult; the most efficient
method of hydrogen production from biomass-derived glucose
is aqueous-phase reforming catalyzed by Pt/ALO,"” However,
the operation temperature is as high as about 500 K and pre-
cious metal catalysts are required. Thus, it is highly attractive
to achieve the conversion of biomass-derived carbohydrates
into compounds from which hydrogen is generated more
easily, such as sugar alcohols.""® Recently, the replacement of
hydrogen with formic acid (FA) in some important biomass hy-
drogenation processes has been developed™ ™™ (Scheme 1).
The reversible formation of hydrogen from FA occurred
through metal catalysis,"" especially when catalyzed by iron
complexes.™ The reaction temperatures were below 373K,
showing the potential of using FA as a hydrogen carrier for
biomass conversion.'® Although FA can be generated from
the acid hydrolysis of biomass as a byproduct,’” the amount
of such FA production cannot meet the hydrogen needs in the
hydrogenation process in biomass conversion. Therefore, if FA
can be obtained in high yield from biomass-derived carbohy-
drates, such as glucose or cellulose, under mild conditions, it
can be used as a hydrogen source for biomass conversion.

The conversion of cellulose into FA must undergo two pro-
cesses: 1) acid hydrolysis of cellulose to give glucose and 2) ox-
idation of glucose to give FA. The oxidation conditions for glu-
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oxidant. Furthermore, the heteropolyacid can be used as a bi-
functional catalyst in the conversion of cellulose to formic acid
(yield =359%) with air as the oxidant.
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Scheme 1. Several examples of the hydrogenation of sugar-derived building
blocks to give biofuels with a focus on FA as the hydrogen source.

cose have been investigated for many years, but oxygen or air
have rarely been used as oxidants at low temperatures. McGin-
nis et al."® reported that favorable conditions for carbohydrate
oxidation in water using O, as the oxidant were an oxygen at-
mosphere (1.5 MPa) and temperatures of 443-493 K. The high-
est yield of FA from glucose was 25 mol% with the presence
of Fe** as a co-oxidant at 463 K for 30 min in 1.5 MPa O,. Jin
et al."” reported that a 75% yield of FA during glucose oxida-
tion could be attained by using H,0, as the oxidant at 523 K in
60 s, but alkali bases (5 equiv) had to be added to prevent the
oxidative decomposition of FA. In these studies, the tempera-
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ture of oxidation was very high and alkali bases were added to
prevent decomposition. Phosphovanadomolybdates with
a Keggin structure, [PV,Mo,,_,0,]°™~ (particularly for x=2),
perform well in liquid-phase aerobic catalytic oxidation reac-
tions and [PV,Mo,,0,4]°~ can be re-oxidized by oxygen after
oxidation of the substrate.?” In addition, a Keggin-structure
heteropolyacid has been used as a homogeneous catalyst in
biomass conversion, particularly in cellulose conversion.
H,PW,,0,, combined with Ru/C can efficiently catalyze the
conversion of cellulose into sugar alcohol.?" The results for the
acid hydrolysis of cellulose catalyzed by a Keggin-structure het-
eropolyacid were better than those obtained for common min-
eral acids.?? In the study of glucose oxidation catalyzed by
HsPV,Mo0,,0,,, we found good vyields of FA when using air
as the oxidant. Efficient conversion of cellulose into FA also
occurred.

Results and Discussion
Catalyst screening

Initially, weakly oxidative heteropolyacids and the mineral acid
H,SO, were selected for glucose oxidation (Table 1, entries 1-
6). No FA was detected when H;PW,,0,, and H;PMo,,0,, were
used (Table 1, entries 1-4). When H,SO, was employed, no oxi-
dation occurred at 373 K (Table 1, entry 6); however, when the
temperature increased to 423 K, acid hydrolysis of glucose to
levulinic acid and FA occurred, but gave only 9% vyield of FA
(Table 1, entry 5). These results demonstrate that the yield of
FA has no relationship with the acidity of the catalyst.

Table 1. Results for glucose oxidation into FA with different catalysts.”

Entry Catalyst t T Conversion Yield®!
[h] [K] [%] [mol %]

1 H3PMo,,0,44 3 423 100 0

2 H3PMo,,044 2 373 0 0

3 H3PW,,0,0 3 423 50 5

4 H3PW,,0,, 2 373 0 0

5 H,SO, 3 423 80 9

6 H,SO, 2 373 0 0

7 HsPV,M0,,0.40 3 423 100 29

8 HsPV,M0,;,040 2 373 90 36

9 V,0; 3 423 100 30

10 V,05 2 373 33 12

n NaVvVO, 3 423 90 27

12 NaVvVO, 2 373 25 10

13 VOHPO, 3 423 99 5

14 VOHPO, 2 373 52 24

15 VOPO, 3 423 99 6

16 VOPO, 2 373 65 27

17 VOSO, 3 423 99 7

18 VOSO, 2 373 55 25

[a] Reaction procedure: glucose (2.5 g) was added to H,O (50 mL), then

mixed with catalyst, which contained 10 mol% vanadium. The concentra-

tion of H" was equivalent to H,PV,M0,,0,, when H,SO, was used. The

pressures of oxygen were 1 and 2 MPa when the reaction temperatures

were 423 and 373 K, respectively. [b] The yield of FA was calculated based

on 1 mol glucose producing 6 mol FA.
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Strikingly, the glucose oxidation process could be catalyzed
by HsPV,Mo,,0,, at a lower temperature (373 K) with a higher
selectivity of FA and a maximal yield of 36% (Table 1, entry 8).
When compared with the oxidation results for catalysis by
H;PMo,,0,, we found that more FA was generated when two
molybdenum atoms in the Keggin-structure heteropolyacid
were substituted by vanadium atoms. This result indicated that
the vanadium atom played an important role in glucose oxida-
tion. Other vanadium catalysts, such as V,0s;, NaVO;, and some
homogeneous vanadium oxides, gave rise to a much lower
conversion rate of glucose and yield of FA (Table 1, entries 9-
18). Complex products with a low selectivity of FA were detect-
ed when homogeneous vanadium oxides were used at 423 K.
Thus, we used H;PV,Mo,,0,, as the catalyst for the glucose oxi-
dation and explored the best reaction conditions.

Effect of reaction temperature

First, we investigated the effect of reaction temperature
(Figure 1) on the formation of FA by glucose oxidation. Experi-
ments were carried out at 353, 373, 398, and 423 K. Higher
conversion rates were observed at 398 and 423 K. At these
temperatures, complete conversion of glucose was detected in
less than 1 h and the maximum yield of FA was about 30%.
Under these conditions, the selectivity of FA was low.

When the temperature was 373 K, complete conversion of
glucose and a yield of 47 % of FA were obtained in 3 h. Howev-
er, the yield of FA decreased when the reaction time was ex-
tended, indicating that decomposition of FA occurred.

When the temperature was reduced to 353 K, a slower con-
version rate of glucose was observed and the highest yield of
HCOOH was 30% in 12 h. Thus, we selected 373 K as the opti-
mized reaction temperature.

Effect of substrate concentration

We prepared glucose solutions with different concentrations
(1, 2.5, and 5%) for the oxidation reaction and the results are
shown in Figure 2. When the substrate concentration in-
creased, the yield of FA and the conversion rate of glucose
clearly decreased. Reaction with a 1 wt% aqueous solution of
glucose gave a 55% vyield of FA with complete decomposition
of glucose in 3 h. However, only a 36% yield of FA was detect-
ed when the concentration of the solution was 5 wt%. In addi-
tion, FA yields decreased in all cases as the reaction time was
extended. These results showed that a low concentration was
beneficial to the oxidation reaction.

Effect of catalyst loading

We carried out the reaction with different catalyst loadings,
and the results are shown in Figure 3. It was found that the
catalyst concentration had a great impact on the conversion
rate of glucose, but little effect on the yield of FA. When
2.5 mol% catalyst was added, complete conversion of glucose
required a longer reaction time of about 12 h, whereas when
the catalyst concentration was increased to 10%, glucose was
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Figure 1. Results for the oxidation of a 2.5 wt% aqueous solution of glucose
oxidation catalyzed by 5 mol % HsPV,Mo,,0,, under an oxygen atmosphere

at different temperatures (m: 353 K, @: 373 K, A: 398 K, ¥: 423 K). The oxygen
pressure was 2 MPa.

converted completely within 3 h. However, the highest yields
of FA under the different conditions were about 50 %.

Effect of reaction atmosphere

Oxygen pressures of 0.5, 1, 2, and 4 MPa were examined, and
the results are shown in Figure 4. The conversion rate was sub-
stantially improved when higher oxygen pressure was em-
ployed, and the optimal pressure was 2 MPa. When the con-
version of glucose was 100%, the only product in the solution
was FA. To identify the product distribution during oxidation,
we detected the gaseous product in the reaction when the se-
lectivity of FA was 55%. The carbon selectivity of CO, was
nearly 40%; no CO was detected. When different amounts of
CO, (1, 2, 3, 4 MPa) were mixed with O, (2 MPa) as a complex
reaction atmosphere, no improvement in the FA yield was ob-
served, indicating that the addition of CO, before the reaction
did not improve the selectivity of FA. When using air as the ox-
idant at 5 MPa, a 52% yield of FA was achieved in 3 h, which
was higher than that of the oxidation in oxygen. The purity of
FA in the product solution was more than 99%. This phenom-
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Figure 2. Results for the oxidation of different concentrations (m: 1 wt%,
®: 2.5 wt%, A: 5 wt%) of glucose catalyzed by 5 mol % HsPV,Mo,,0,, at
373 K. The oxygen pressure was 2 MPa.

enon indicated that using air as the oxidant could efficiently
improve the selectivity for FA.

Possible mechanism for glucose oxidation by H;PV,Mo,,0,,

Some possible intermediates were studied to give indirect evi-
dence for the mechanism of glucose oxidation (Table 2). First,
for the considerable generation of CO, during the reaction, we
used 5wt% FA solution for the reaction substrate (Table 2,
entry 1) and less than 10 mol% of FA decomposed at 373 K in
6 h. Therefore, most of the CO, produced cannot be attributed
to the degradation of FA. Furthermore, when methanol and
formaldehyde were employed as the substrates (Table 2, en-
tries 2 and 3, respectively), no FA was detected after a long re-
action time, indicating that the reaction mechanism could not
be the a-cleavage of glucose to form methanol or formalde-
hyde, which would subsequently be oxidized to FA. The results
for 1,3- and 1,2-propylene glycol (Table 2, entries 8 and 9, re-
spectively) demonstrated that oxidation could not occur with-
out the pinacol structure. The conversion of ethylene glycol,
glycolaldehyde dimer, and glyoxal over the same reaction time
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Figure 3. Results for the oxidation of a 2.5 wt% aqueous solution of glucose
with different catalyst loadings (m: 2.5 mol %, @: 5 mol %, A: 10 mol %) of
HsPV,Mo0,,0,, at 373 K. The oxygen pressure was 2 MPa.

showed that the active center of the substrates should be the
aldehyde group. A long oxidation time for oxalic acid, glycolic
acid, and glyoxylic acid was used, but very low conversion
rates of the substrates were observed. Because only FA was de-
tected in the product solution, the reaction inter-
mediates could not be these carboxylic acids.

Y. Fuetal.
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Figure 4. Results for the oxidation of a 2.5 wt% aqueous solution of glucose
catalyzed by 5 mol% HsPV,Mo,,0,, at 373 K with different oxygen pressures
(m: 0.5 MPa, @: 1 MPa, A: 2 MPa, ¥: 4 MPa).

volved electron and oxygen transfer processes catalyzed by
the heteropolyacid (Scheme 2) and that the reaction intermedi-
ates might be aldehydes.

The X-ray photoelectron spectra of V and Mo
atoms in the catalyst revealed their valence during
the reaction. In the presence of oxygen, the valence

Table 2. The results for possible intermediates in the oxidation of glucose to FA cata-
lyzed by HsPV,Mo,,0., heteropolyacids.?

Entry Substrate t T Conversion Yield®
of the V and Mo atoms in the catalysts were the ([gmL™") [h K] [%] [mol %]
same as that of the fresh catalyst, but when oxygen 1 FA (0.05) 6 373 9 _
was absent, the peak position of the Mo catalysts re- 2 methanol (0.025) 6 373 0 0
mained basically unchanged, whereas the change in 3 formaldehyde (0.025) 6 373 13 0
the peak position of V indicated that the valence |4 ethylene glycol (0.01) 3 373 10 0

h d f five to f (Fi S1in the S - 5¢ 2,5-dihydroxy-1,4-dioxane (0.01) 3 373 90 56
changed from five to four (Figure S1 in the Suppor s glyoxal (0.01) 3 373 100 65
ing Information). Thus, the reaction center of catalyst 7 glyceraldehyde (0.01) 3 373 100 55
should be the V atom, as proposed in the litera- 8 1,3-propylene glycol (0.05) 2 398 0 0
ture.?”? Combining the reaction results for possible | ° 1.2-propylene glycol (0.05) & 398 50 7

intermediates and the pinacol oxidation mechanism
proposed by Neumann and Khenkin, we proposed
that a possible mechanism for glucose oxidation in-

www.chemsuschem.org

[a] Reaction conditions: 5 mol% of Hs;PV,M0,,0,, catalystwas added to the mixture.
The pressure of oxygen was 2 MPa. [b] The yield of FA was calculated based on 1 mol
of glucose producing 6 mol of FA. [c] The substrate was the glycolaldehyde dimer.
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Scheme 2. Possible pathway for glucose oxidation catalyzed by
HsPV,Mo0,4,0,, through an electron (ET) and oxygen transfer (OT) reaction
mechanism.

Degradation of cellulose by using H;PV,Mo,,0,, as a bifunc-
tional catalyst

Due to the acidic system of glucose oxidation, we tried to
combine acid hydrolysis and oxidation in a one-pot reaction
for cellulose conversion to FA. a-Cellulose without pretreat-
ment was used as the reactant, and the results are shown in
Table 3. When the heteropolyacid was used as a bifunctional
catalyst for acid hydrolysis and oxidation, only 3% yield of FA
was detected with complete conversion of cellulose (Table 3,
entry 1), and the yield of glucose was less than 1% with more
than 50% of the carbon in the reactant converted into CO,.
This result showed that H;PV,Mo,,0,, had a comparative ability
for the decomposition of cellulose, but a poor selectivity to
produce FA under these reaction conditions. When we added
inorganic acids to the reaction system, a substantial enhance-
ment in the yield of FA was observed, and the yield of FA was
about 30%. Moreover, the type of inorganic acid did not lead
to a clear variation in FA yield, and the maximum yield of FA
was 34% in 9 h when HCl was added (Table 3, entry 6); a 14%

Table 3. The results for the conversion of cellulose to FA under different
conditions.”!

Entry  Catalyst t T Conversion Yield® [mol %]
additive [h] K] [%] FA glucose

1 - 9 443 100 3

2 H,S0, 9 423 56 23

3 H,S0, 9 443 100 28 9

4 H,S0, 3 443 98 6 27

50 H,S0, 9 443 90 18 4

6 HC 9 443 100 34 14

7 HySiW,,0,0 9 443 100 27 7

8 H,PO, 9 443 100 29 -

o H,S0, 9 443 100 27 10

104 - 9 443 100 35 5

[a] Reaction procedure: cellulose (0.5 g) was added to an aqueous solu-
tion of acid (50 mL), then mixed with HsPV,M0,,04, (5 mol%). The con-
centration of H™ was 1072 molL~" when H,SO, and HCl was used; 2.5 and
1 wt% H,;PO, and H,SiW,,0,, were added to the mixture. The autoclave
was heated to the desired temperature in less than 30 min with stirring
at 500 rpm. The pressure of oxygen was 1 MPa. [b] The yield of FA is cal-
culated based on 1 mol glucose producing 6 mol FA. [c] The reaction was
carried out without HsPV,M0,,04. [d] The reaction atmosphere was
5 MPa air.
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yield of glucose was also detected. Then, we analyzed the re-
action solution reacted for 3 h and found a cellulose conver-
sion of 98%, a glucose yield of 27%, and an FA yield of only
6% (Table 3, entry 4). This phenomenon indicated that, during
the first 3 h of the reaction, the main reaction was the acid hy-
drolysis of cellulose. Afterwards, the product glucose was con-
verted into FA. When the reaction was carried out with only
mineral acid (Table 3, entry 5), the yield of FA was 18%. The
yield of FA was lower than the reaction result when
HsPV,Mo0,,0,, was present (Table 3, entry 3), which indicated
that the presence of H;PV,Mo,,0,, promoted the selectivity of
FA. When we used air as the oxidant, the yield of FA was 27 %
(Table 3, entry 9), indicating that air was also suitable for the
oxidation of cellulose. Surprisingly, when the reaction was car-
ried out without mineral acid under an air atmosphere, the
amount of glucose in the reaction mixture decreased from 10
to 5% and the yield of FA increased to 35% (Table 3, entry 10).
This result indicated that the heteropolyacid could be used as
a bifunctional catalyst in the conversion of cellulose to FA
when using air as the oxidant.

Conclusions

Efficient conversion of biomass-derived carbohydrates into FA
was achieved when catalyzed by H;PV,Mo0,,0,. The highest
yield of FA for glucose oxidation was 55% when oxidized by
oxygen® and 52% when oxidized by air. The X-ray photoelec-
tron spectra and reactions of possible intermediates indirectly
revealed the reaction mechanism to be electron and oxygen
transfer processes. H;PV,Mo0,,0,, can also be used as a bifunc-
tional catalyst for the conversion of cellulose into FA at 443 K
in 9 h with 35% yield when using air as the oxidant.

Experimental Section

All of the catalytic experiments were carried out in a 100 mL auto-
clave made of zirconium alloy. The mixture of substrates and cata-
lyst was heated to the desired temperature in less than 30 min
with stirring at 500 rpm. The concentrations of glucose and FA
were determined by using an HPLC system consisting of a Waters
1525 pump, a Waters 5C,5-PAQ column (4.6 X250 mm) or a p-sugar
column, and a Waters 2414 refractive index detector. H,SO,
(5 mmol) was used as the mobile phase at a flow rate of

1 mLmin~".
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Breathing life into new conversions: X-ray photoelectron spectra and reac-
An efficient conversion of biomass-de- tions of possible intermediates indirectly
rived carbohydrates into formic acid shed light on the reaction mechanism
(FA) can be achieved when catalyzed by involving electron and oxygen transfer
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for the conversion of cellulose into FA.
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