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MOLYBDENUM-CONTAINING ACIDIC
CATALYSTS TO CONVERT CELLULOSIC
BIOMASS TO GLYCOLIC ACID

polymer synthesis, skin-care products, industrial rust
removal and food processing, from cellulosic biomass mate
rials has not been achieved.
BRIEF SUMMARY OF THE INVENTION

This application claims priority to US. Provisional Patent
Application Ser. No. 61/622,170, ?led on Apr. 10, 2012,
which is incorporated by reference herein in its entirety.

The present invention is directed to systems, methods, and
compositions that concern conversion of cellulosic biomass

to glycolic acid utilizing molybdenum-containing acidic

TECHNICAL FIELD

catalysts.
Embodiments of the invention result in the production of

The present invention concerns at least the ?elds of chem

glycolic acid, which is an important compound widely used in

istry, biochemistry and the life sciences. In particular aspects
the ?eld concerns conversion of cellulosic biomass to gly

organic synthesis, biodegradable polymer synthesis, skin

colic acid using molybdenum-containing acidic catalysts.

care products, and food processing, for example. Glycolic
acid may be produced in methods of the invention from vari
ous cellulosic biomass feedstock including cellulose, wood

BACKGROUND OF THE INVENTION

pulp, cotton, starch, lignin, bagasse, grass and various mono
and disaccharides.
In speci?c embodiments of the invention, there is the cata

Cellulosic biomass is an abundant and sustainable natural
resource. Its e?icient utilization has long been the focus of

research and development efforts with the aim to compete
with and replace petroleum-based products. In addition to the
production of bio-fuels (e.g., ethanol) that has proven to be
successful,[l'4] the conversion of cellulosic biomass to high

20

In some embodiments, Mo-containing acidic catalysts

value-added chemicals is equally important.[5'9] In compari
son with the conventional fermentation processes, catalysis

lytic production of glycolic acid directly from cellulosic bio
mass.

25

would provide a greener and more cost-e?icient route for

(HPAs, IPAs and oxides) are utilized for biomass conversion.
In speci?c embodiments of the invention, the methods
employed herein are in contrast to those for using certain
HPAs for cellulose conversion in which the function of HPAs

producing chemicals of commercial interest from biomass.[4]

is only to catalyze the hydrolysis of cellulose, and the prod

There have been numerous studies on catalytic conversions of

ucts are glucose and fructose. In contrast, aspects of the

hydrogenation and oxidation respectively;[lo'13 ] 5-hy

present invention provide Mo-containing catalysts that are
multi-functional by being able to catalyze the hydrolysis of
cellulose, the fragmentation of the obtained hexoses and the
oxidation of the produced shorter carbohydrates, with the

droxymethylfurfural (5-HMF) and levulinic acid were pre

product being glycolic acid. Such “multi-functionality” dis

various carbohydrates to useful compounds or important
chemical intermediates. For example, sorbitol and gluconic
acid were produced from glucose or cellobiose by catalytic

30

pared by catalytic dehydration of different carbohy
drates; [1447] methyl lactate was derived with high yield from
sucrose, glucose and fructose using Sn-doped Lewis acidic

35

zeolite catalyst;[18] catalytic isomerization between fructose
and glucose has also been studied.[19’201 Despite the great
success achieved with small-molecule biomass derivatives

(e.g. mono- and disaccharides), the direct catalytic conver
sion of cellulose is still a challenge, mainly because cellulose
is highly stable and insoluble in most solvents. To overcome
this problem, ionic liquids are usually used as solvent for their

40

conversion of cellulose to glycolic acid with phosphomolyb
dic acid catalyst in water media.
45

tions.[5’24'26]

In some embodiments of the invention, there is a method of

converting cellulosic biomass materials to glycolic acid,

Heteropoly acids (HPAs) have been used for cellulosic
biomass conversion, where the function of HPA is to catalyze
the hydrolysis of cellulose and the products are limited to

glucose and fructose.[27'29] US Patent Application Publica

more cost-e?icient route for producing chemicals of commer

cial interest from biomass.
In certain embodiments of the invention, there is direct

special ability to dissolve cellulose,[2l'23] or alternatively
extreme conditions are applied to facilitate the reac

tinguishes the inventive use of Mo-containing acidic catalysts
from previously used catalysts for biomass conversion and
leads to the production of glycolic acid.
In embodiments of the invention, there is catalysis for
biomass conversion, and in comparison with conventional
fermentation processes, catalysis provides a greener and

comprising the steps of reacting one or more cellulosic bio

50

tion No. 20110257448 and US Patent Application Publica
tion No. 20110009614 disclose that HPA-supported noble

mass materials with molybdenum-containing acidic catalysts
under oxygen atmosphere in water medium to produce gly
colic acid. In speci?c embodiments, the reaction is carried out
at 120-2000 C. with an oxygen pressure of 0.5-4.0 MPa. In

certain embodiments, the cellulosic biomass material is

metal catalysts can be used to convert biomass-derived oxy

selected from the group consisting of cellulose, wood pulp,

genated hydrocarbons to sugar alcohols and hydrocarbons
through hydrogenation reactions. The inventors of the present
invention recently reported a novel composite catalyst,

cotton, starch, lignin, bagasse, grass, glucose, fructose, cel
55

In some embodiments of the invention, the molybdenum
containing acidic catalyst is selected from the group consist

cesium hydrogen phosphotungstate-supported Au (Au/
CsZHPW12O4O), for highly selective and complete conver
sion of a disaccharide (cellobiose) to gluconic acid, where the
phosphotungstate and Au nanoparticles provide solid acid
sites for hydrolysis and redox sites for selective oxidation

60

ing of heteropoly acids, heteropolyacid salts, isopoly acids,
isopoly acid salt, molybdic acid, molybdenum trioxide,
molybdenum dioxide, molybdenum monoxide, complex
metal oxides containing molybdenum, and a combination
thereof.

respectively[l 1]. However, using HPAs (without noble metal)
as catalysts to produce chemicals of commercial interest from
cellulosic biomass materials via successive hydrolysis and
selective oxidation has not been reported in literatures. In

lobiose, and sucrose.

In certain embodiments, the heteropoly acid or heteropoly

acid salt is represented by the chemical formula HWAxMoyOZ,
65

where A represents one element selected from the group

particular, the direct production of glycolic acid, an important

consisting of P, As, Si, Ge, Ce, Th, Mn, Ni, Te, I, Co, Ga, and

compound widely used in organic synthesis, biodegradable

Fe. In speci?c embodiments, the heteropoly acid or het

US 8,846,974 B2
3

4

eropolyacid salt are selected from the group consisting of

and “including”) and “contain” (and any form of contain,
such as “contains” and “containing”) are open-ended linking

H3PMole4O,
H3AsMole4O,
H4SiMol2O4O,
H4GeMole4O,
HSCeMole42,
HSThMoIZO42,
H7PMollO39,
H7AsMollO39,
HSGeMollO39,
H3MnMogO32, H6NiMogO32, H6TeMo6O24, H6IMo6OZ4,
H3[COMO6024H6]$ H3[GaMO6024H6]$ H3[FeMO6O24H6]J

verbs. As a result, a method or device that “comprises,” “has,”
“includes” or “contains” one or more steps or elements pos
sesses those one or more steps or elements, but is not limited

to possessing only those one or more elements. Likewise, a
step of a method or an element of a device that “comprises,”

H6P2MolsO62 and H6As2MolsO62, and a combination
thereof. In certain embodiments, the isopoly acid is repre
sented by the chemical formula HWMoyOZ. In some embodi
ments, the isopoly acid is selected from the group consisting

“has,” “includes” or “contains” one or more features pos
sesses those one or more features, but is not limited to pos

sessing only those one or more features. As used herein

Of H2MO6019> H6M7024$ H4M08026> H10M012O41>

“another” may mean at least a second or more. In speci?c

H2MoZO7, HSMolOO34, H2Mo3OlO, H4MoSOl7, H2MoZO7,

embodiments, aspects of the invention may “consist essen

H8M036OUZ, H2MoSOl6, and a combination thereof.
In particular embodiments of the invention, methods are
further de?ned as comprising the steps of hydrolysis of cel

tially of” or “consist of” one or more sequences of the inven

tion, for example. Some embodiments of the invention may
consist of or consist essentially of one or more elements,

lulose to glucose, isomerization of glucose to fructose, dehy
dration or fragmentation of hexoses, oxidation of shorter
carbohydrates produced, or a combination thereof.
The foregoing has outlined rather broadly the features and
technical advantages of the present invention in order that the
detailed description of the invention that follows may be
better understood. Additional features and advantages of the
invention will be described hereinafter which form the sub
ject of the claims of the invention. It should be appreciated by
those skilled in the art that the conception and speci?c

20

25

embodiment disclosed may be readily utilized as a basis for

indicate that a value includes the standard deviation of error

modifying or designing other structures for carrying out the
same purposes of the present invention. It should also be
realized by those skilled in the art that such equivalent con
structions do not depart from the spirit and scope of the
invention as set forth in the appended claims. The novel
features which are believed to be characteristic of the inven
tion, both as to its organization and method of operation,

together with further objects and advantages will be better
understood from the following description when considered
in connection with the accompanying ?gures. It is to be
expressly understood, however, that each of the ?gures is
provided for the purpose of illustration and description only

for the device or method being employed to determine the
value.
30

35

The term “cellulosic biomass” as used herein refers to the

?brous, woody, and generally inedible portions of plants and
in particular refers to cellulose-containing material that is
from living or recently living organisms. The skilled artisan
recognizes that cellulose is an organic compound with the
formula HO[C6H10O5]nH, and constituted by polysaccha
rides comprising linear chains of several hundred to over ten

thousand [3(1Q4) linked D-glucose units, interconnected by
hydrogen bond network.

and is not intended as a de?nition of the limits of the present
40

invention.

method steps, and/or methods of the invention. It is contem
plated that any method or composition described herein can
be implemented with respect to any other method or compo
sition described herein. Embodiments discussed in the con
text of methods and/or compositions of the invention may be
employed with respect to any other method or composition
described herein. Thus, an embodiment pertaining to one
method or composition may be applied to other methods and
compositions of the invention as well.
Throughout this application, the term “about” is used to

The term “cellulosic biomass material” as used herein
refers to matter that is comprised of cellulosic or any subcom
ponents of cellulose or starch or monosaccharides or disac

charides or polysaccharides.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven
tion, reference is now made to the following descriptions

II. General Embodiments of the Invention
45

taken in conjunction with the accompanying drawing, in
which:
FIG. 1 illustrates an exemplary reaction pathway for the
conversion of cellulose to glycolic acid, in certain embodi
ments of the invention.

convert cellulosic biomass to glycolic acid. In some embodi

ments, there is cellulosic biomass conversion to glycolic acid
50

FIG. 2 shows glycolic acid yields in sequential cellulose

(IPAs) and oxides as catalyst, for example.

in the invention include cellulose, starch, lignin, bagasse,

lated products (by HPLC) for the identi?cation of glycolic
55

DETAILED DESCRIPTION OF THE INVENTION

I. De?nitions
60

As used herein the speci?cation, “a” or “an” may mean one
or more. As used herein in the claim(s), when used in con

grass, glucose, fructose, cellobiose and sucrose. Exemplary
sources of cellulosic biomass include agricultural plant
wastes, plant wastes from industrial processes (sawdust,
paper pulp), or crops grown speci?cally for fuel production,
such as switchgrass and poplar trees, for example.

B. Molybdenum-Containing Catalysts
General embodiments of the present invention concern

Mo-containing catalysts, including those having the formula:

junction with the word “comprising”, the words “a” or “an”
may mean one or more than one. The terms “comprise” (and

any form of comprise, such as “comprises” and “compris
ing”), “have” (and any form of have, such as “has” and “hav
ing”), “include” (and any form of include, such as “includes”

using Mo-containing heteropoly acids (HPAs), isopoly acids
A. Cellulosic Biomass
Cellulosic biomass starting materials that may be utilized

conversion reactions over HPMo catalyst.
FIG. 3 shows an exemplary NMR spectra of certain iso

acid.

In general embodiments of the invention, there are pro

vided strategies for utilizing Mo-containing acidic catalyst to

65

HWAXMoyOZ.
In the above formula, A represents P, As, Si, Ge, Ce, Th,
Mn, Ni, Te, I, Co, Ga, or Fe. The elements H, A, Mo and O are
present in various proportions. For example, H is present in a

US 8,846,974 B2
5

6

range between 1 and 10, A is present in a range between 0 and
5; Mo is present in a range between 1 and 50; and, O is present

150-160° C., 150-155° C., 155-200° C., 155-195° C., 155
190° C., 155-185° C., 155-180° C., 155-175° C., 155-170°
C., 155-165° C., 155-160° C., 160-200° C., 160-195° C.,
160-190° C., 160-185° C., 160-180° C., 160-175° C., 160
170° C., 160-165° C., 165-200° C., 165-195° C., 165-190°
C., 165-185° C., 165-180° C., 165-175° C., 165-170° C.,
170-200° C., 170-195° C., 170-190° C., 170-185° C., 170
180° C., 170-175° C., 175-200° C., 175-195° C., 175-190°
C., 175-185° C., 175-180° C., 180-200° C., 180-195° C.,
180-190° C., 180-185° C., 185-200° C., 185-195° C., 185
190° C.,190-200°C.,190-195° C., 120° C., 125°C., 130° C.,
135° C., 140° C., 145° C., 150° C., 155° C., 160° C., 165° C.,
170° C., 175° C., 180° C., 185° C., 190° C., 195° C., or 200°

in a range between 1 and 200.

More speci?c embodiments of the present invention con
cern Mo-containing catalysts, including those that are het
eropoly acids and salts, such as H3PM012040,

H3AsMol2O4O,
HSCeMol2O42,
H7AsMol lO39,
H6NiMogO32,

H4SiMole4O,
H8ThM012042,
HSGeMol lO39,
H6TeMo6024,

H4GeMol2O4O,
H7PMollO39,
H3MnMogO32,
H6IMo6024,

Additional and/or alternate embodiments of the present
invention concern Mo-containing catalysts where A is not
present or where x is 0, including those having the formula:

C., for example.
The oxygen pressure for the reaction may be 0.5-4.0 MPa,

HWMoyOZ.
In the above formula, the elements H, Mo and O are present
in various proportions. For example, H is present in a range
between 1 and 10, Mo is present in a range between 1 and 50;
and, O is present in a range between 1 and 200.

20

Particular embodiments of the present invention concern

Mo-containing catalysts, including those that are isopoly
acids and salts, such as H2Mo6019, H6M7O24, H4MosO26,

H10M012041: H2MO2O7: H8M010034> H2M03010>
H4MoSOl7, H2MoZO7, H8Mo360112, H2MoSOl6.

25

Other exemplary catalysts suitable in the invention include

0.5-3.5 MPa, 0.5-3.0 MPa, 0.5-2.5 MPa, 0.5-2.0 MPa, 0.5-1.5
MPa, 0.5-1.0 MPa, 0.5-0.75 MPa, 0.75-4.0 MPa, 0.75-3.5
MPa, 0.75-3.0 MPa, 0.75-2.5 MPa, 0.75-2.0 MPa, 0.75-1.5
MPa, 0.75-1.0 MPa, 1.0-4.0 MPa, 1.0-3.5 MPa, 1.0-3.0 MPa,
1.0-2.5 MPa, 1.0-2.0 MPa, 1.0-1.5 MPa, 1.5-4.0 MPa, 1.5-3.5
MPa, 1.5-3.0 MPa, 1.5-2.5 MPa, 1.5-2.0 MPa, 2.0-4.0 MPa,
2.0-3.5 MPa, 2.0-3.0 MPa, 2.0-2.5 MPa, 2.5-4.0 MPa, 2.5-3.5
MPa, 2.5-3.0 MPa, 3.0-4.0 MPa, 3.0-3.5 MPa, 3.5-4.0 MPa,
0.5 MPa, 0.75 MPa, 1.0 MPa, 1.5 MPa, 2.0 MPa, 2.5 MPa, 3.0
MPa, 3.5 MPa, or 4.0 MPa, for example.

at least Molybdic acid, MoO3.HZO; Molybdenum trioxide,
M003; Molybdenum dioxide, M002; and Molybdenum
monoxide, MoO and mixtures of the above oxides.
C. Exemplary Reaction Conditions
Disclosed herein are methods concerning reactions in

EXAMPLES
30

The following examples are included to demonstrate some

embodiments of the invention. It should be appreciated by
those of skill in the art that the techniques disclosed in the

which cellulosic biomass or cellulosic biomass material is

converted to glycolic acid utiliZing multi-functional molyb

denum-containing acidic catalysts. The following exemplary

35

reaction conditions may be employed.
In speci?c embodiments, the molar ratio of cellulose (in
term of glucose unit):catalyst:water can vary in the following

and thus can be considered to constitute some modes for its

practice. However, those of skill in the art should, in light of
the present disclosure, appreciate that many changes can be

ranges: 1:(0.02-0.5):(500-2000).
In particular embodiments, the reaction is conducted in
water under oxygen atmosphere (0.5 MPa-2 MPa) using an
autoclave setup. The reaction temperature ranges from about

examples which follow represent techniques discovered by
the inventor to function well in the practice of the invention,

40

made in the speci?c embodiments which are disclosed and
still obtain a like or similar result without departing from the
spirit and scope of the invention.

120° C. to about 200° C. The reaction time ranges from 0.5 h
to 3 h.

In some embodiments of the invention, the reaction is

Example 1

45

carried out at 120-200° C. with an oxygen pressure of0.5-4.0

MPa. The reaction may be carried out at 120-195° C., 120

Molybdenum-Containing Acidic Catalysts for

190° C., 120-185° C., 120-180° C., 120-175° C., 120-170°
C., 120-165° C., 120-160° C., 120-155° C., 120-150° C.,
120-145° C., 120-140° C., 120-135° C., 120-130° C., 120
125° C., 125-200° C., 125-195° C., 125-190° C., 125-185°
C., 125-180° C., 125-175° C., 125-170° C., 125-165° C.,
125-160° C., 125-155° C., 125-150° C., 125-145° C., 125
140° C., 125-135° C., 125-130° C., 130-200° C., 130-195°
C., 130-190° C., 130-185° C., 130-180° C., 130-175° C.,
130-170° C., 130-165° C., 130-160° C., 130-155° C., 130
150° C., 130-145° C., 130-140° C., 130-135° C., 135-200°
C., 135-195° C., 135-190° C., 135-185° C., 135-180° C.,
135-175° C., 135-170° C., 135-165° C., 135-160° C., 135
155° C., 135-150° C., 135-145° C., 135-140° C., 140-200°
C., 140-195° C., 140-190° C., 140-185° C., 140-180° C.,
140-175° C., 140-170° C., 140-165° C., 140-160° C., 140
155° C., 140-150° C., 140-145° C., 145-200° C., 145-195°
C., 145-190° C., 145-185° C., 145-180° C., 145-175° C.,
145-170° C., 145-165° C., 145-160° C., 145-155° C., 145
150° C., 150-200° C., 150-195° C., 150-190° C., 150-185°
C., 150-180° C., 150-175° C., 150-170° C., 150-165° C.,

Conversion of Cellulosic Biomass to Glycolic Acid
50

In embodiments of the invention, the present invention
demonstrates the direct conversion of primitive biomass, cel
lulose, via successive hydrolysis and selective oxidation in a
noble metal-free system.

55

140~200° C.,
02 0.5~4.0 MPa,
0.5~3 h,

OH

water solvent

60

0
HO

O

HO
OH

65

(11 I 1,2, ...)
“cellulosic biomass material”

OH
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These values were calculated from the isolated product and
its purity was con?rmed with nuclear magnetic resonance

-continued
O

OH
HO/Wf

L
+

OH

acids (HPW and HSiW), however, show very different cata
lytic behaviors. They give only a small amount of glycolic

+

O

Glycolic acid
24%~50 % yield

(NMR) spectroscopy (FIG. 3). The two heteropoly tungstic

OH
O

Formic acid
10%~20 % yield

acid in yield of <6%, and major products of glucose, levulinic

Levulinic acid
5%~25 % yield

acid and 5-HMF (Table 1), which are formed through the

hydrolysis of cellulose, the subsequent isomerization and
dehydration processes. [14’15’27] These results indicate that the

Instead of using expensive ionic liquid to dissolve the

reaction pathway is mainly determined by the type of addenda

reactant, the inventors utilized water as reaction media and

atom in HPA catalysts and Mo favors selective oxidation
reaction. This is con?rmed by the fact that MoO3, which
forms molybdic acid in water, also gives remarkable cellulose
conversion of 75.7% and glycolic acid yield of 24.5% (Table

heteropoly acids (HPA) as catalysts. Unlike conventional
solid acid catalysts, HPAs are soluble in water and therefore
more el?cient for catalyzing the reactions of cellulose; on the
other hand, they can be recovered in solid form after reaction

1). Basic molybdate Na2MoO4, however, performs badly

by distilling out the products and solvent, which is a signi?

with low cellulose conversion of 21%. It is thus demonstrated

cant advantage over common volatile liquid acids. In speci?c

that molybdate species accounts for the high glycolic acid

aspects of the invention, besides the strong acidity that facili
tates the hydrolysis and fragmentation of cellulose, certain
HPAs have moderate oxygen activation ability to oxidize the

selectivity while strong acidity is also needed to initialize the
20

reaction by hydrolyzing cellulose.

produced carbohydrates. A signi?cant result is achieved by
Step 1: The Hydrolysis of Cellulose to Glucose

H3PM012O40 that enables the production of glycolic acid, an

important compound widely used in organic synthesis, bio
degradable polymer synthesis, skin-care products, industrial
rust removal and food processing,[30'3l] from commercial
(x-cellulose powder with a yield of 49.3%. The present inven

25

180° C.,

tion is the ?rst time to utilize HPAs as multi-functional cata

02

lysts for biomass conversion. Interestingly, H3PM01204O is

0.5 MPa,
1 h,

even capable of converting raw cellulosic materials in nature,
such as bagasse and grass, to glycolic acid in remarkable

OH
30

OH
0

HO

(HPW), H3PMole40 (HPMo), H4SinzO40 (HSiW), and
H4SIM012040 (HSiMo) were tested as catalysts for the con
version of (x-cellulose powder at 1800 C. in water under 0.6
MPa oxygen using an autoclave setup. The reaction is rather

water

solvent

yields of ~30%.
Four types of Keggin-type HPA including H3I’W12O4O

—>

O
OH

35

OH

n

Cellulose

complex with over twenty products generated in total. The

major products were identi?ed by high-performance liquid
chromatography (HPLC). As summarized in Table 1, all the

40

6H

tested HPA catalysts can convert over 90% cellulose under the

reaction conditions, among which HPMo and HSiMo show

speci?c selectivity towards glycolic acid, giving high yields
of 49.3% and 46.5%, respectively.
TABLE 1
Yields of the main products derived from cellulose over different catalysts "

Catalysts
Products

HPW

HPMo

HSiW

HSiMo

Moo3 1’

Na2MoO4 1’

Glycolic acid
Formic acid
Acetic acid
Glucose

6.2%
9.7%
0.5%
18.5%

49.3%
9.6%
4.0%
1.6%

5.3%
10.9%
7.8%
16.6%

46.5%
12.6%
4.7%
0.9%

24.5%
10.8%
4.6%
1.2%

Fructose
chuiiiiic acid
5-HMF

4.2%
17.7%
4.6%

5.2%
5.5%
0.1%

3.2%
25.4%
2.6%

4.8%
6.8%
0.5%

4.3%
6.9%
1.2%

1.8%
2.2%
1.6%
0.5%
0.9%
0.2%
1.0%

4.4%

7.9%

5.1%

6.3%

5.4%

1.1%

65.7%
88.3%

83.3%
90.5%

76.8%
89.6%

83.2%
96.2%

58.7%
75.7%

9.2%
21.0%

Others 6

Total yield 4
Cellulose Conversion

‘1 See below for the reaction conditions.

b Equivalent molar amount of Mo as for the Mo-containing HPA catalysts.

C Other identi?able products include propionic acid, glyceric acid, glycolaldehyde dimer, glycolaldehyde,

fromaldehyde.
d Total yields of all identi?ed products.

OH

Glucose

US 8,846,974 B2
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Step 2: The lsomerization of Glucose to Fructose

Step 4: The Oxidation of the Produced Shorter

Carbohydrates
OH

OH

180° c., 02 0.5 MPa,
0

HO

5

180° 0., 020.5 MPa,

1 h, water solvent

/

.

on

1 h, water solvent

0

on

on

O

Glucose

10

I

Glycoaldehyde

I

Glycolic acid
50% yield
180° C., OZ 0.5 MPa,

0

15

1 h, water solvent

(T

/

k OH

Formaldehyde

Formic acid
10% yield

20

In speci?c embodiments of the invention, the range of
Fructow

variable n is 1-10,000.

The overall reaction involves a series of successive or par
25

30

Step 3: The Dehydration or Fragmentation of
Hexoses

35

OH

1800 C" 020's Mpa’
1 11’ water S°lv°nt

oses are fragmented via retro-aldol reactions. Speci?cally,

glucose obtained from the hydrolysis of cellulose undergoes
successive retro-aldol reactions to form C2 (x-hydroxylalde
hyde (glycolaldehyde) that is then converted to glycolic acid

Dehydration

6H

allel steps: the hydrolysis of cellulose to glucose, the isomer
ization of glucose to fructose, the dehydration or fragmenta
tion of hexoses, and the oxidation of the produced shorter
carbohydrates. It was known that glucose and fructose
undergo fragmentation in supercritical water to form C2 to C4
carbohydrate products via a retro-aldol reaction, which was
also used to explain the formation of lactic acid derivatives
from sugars.[18’32’33] In certain aspects, the inventors consid
ered that the Mo-containing HPA-catalyzed reaction pro
ceeds along the pathway depicted in FIG. 1, where the hex

through oxidation; in parallel, the isomerization of glucose

OH

40

Hexoses

O

gives rise to fructose, which can also be converted by retro

aldol reactions through dihydroxyacetone and glyceralde
hyde, to glycolaldehyde and formaldehyde, and ?nally to
glycolic acid and formic acid by oxidation.

45

Step 1: The Hydrolysis of Cellulose to Glucose

5—(Hydroxymethyl)furfural
180° C., 02 0.5 MPa,
1 h, water solvent
F ra men t at,ion
g

:

5

on

180° C.,
02

50

on

0.5 MPa,
OH

1h

Glucose

’

O

OH

HOM
Glycoaldehyde

O
55

(HO

water

O

HO

solvent

O
OH

180° C., O; 0.5 MPa,
OH

1 h, water solvent

OH

Fragmentation

n

Cellulose
60

Fructo se

O

HOM +
Glycoaldehyde

/0
Formaldehyde 6 5

Glucose
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Step 2: The lsomerization of Glucose to Fructose

_Cominued
0

180° 0., 020.5 MPa,
OH

1 h, water solvent

;

OH

OH

180° 0., 020.5 MPa,
0

HO

5

l h, water solvent

Fragmentation

g
OH

.

OH
Fructose

E

O

=

on

on

Glucose

10

O

+

HO/V
Glycoaldehyde

/
Formaldehyde

Step 4: The Oxidation of the Produced Shorter

6H

OH

15

Carbohydrates

Fructose

.

.

180° C. O 0.5 MPa

Ste 3: The Deh dratron or Fragmentatron of
p
y

20

Hexoses

O

’ 2
’
l h, water solvent

OH

HO/V

O

Glycoaldehyde
OH
5

180° 0.. 02 0.5 MPa,
1 h, water solvent

25

50% yield
1800 C, 0205 MPa,
l h, water solvent

Dehydration

5
OH

Glycolic acid

/O

OH

I
OH

Hexoses

30

Formaldehyde

Formic acid
10% yield

0

0/
OH

on

5—(Hydroxymethyl)furfural
1800 C” 02 05 MPa,

OH
O

HO

\ /

1 11, mm solvent

The absence of sugar acids with higher carbon numbers
35 e.g. gluconic acid and erythronic acid in the products implies
that the retro-aldol is a faster reaction relative to the oxidation

of sugars to sugar acids.

Fragmentation

A series of control experiments have been conducted to
validate the proposed reaction pathway. Various monosaccha

on
OH
Glucow

40 ride alcohols, including mannitol, sorbitol, xylitol, erythytol,
MO
HO

Glycmrlld?hyd6

and glycerol, were ?rstly tested as reactants for this reaction.
None of them were converted under the reaction conditions

(Table 2), indicating that HPMo is incapable of catalyzing the
oxidation of hydroxyl groups in sugar derivatives.
TABLE 2
Catalytic conversion of various sugar alcohols, sugar acids and
glucuronic acid over HPMo catalyst "

Glycolic Oxalic acid
Reactants

Conversion acid Yield

Yield

Mannitol

<l%

N’/A

N/A

Sorbitol

<l%

N/A

N/A

US 8,846,974 B2
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TABLE 2-continued
Catalytic conversion of various sugar alcohols, sugar acids and
glucuronic acid over HPMo catalyst "

Glycolic Oxalic acid
Reactants

Conversion acid Yield

Xylitol

OH

OH

N/A

N/A

<1%

N/A

N/A

<1%

N/A

N/A

<1 A)

N/A

N/A

<1%

N/A

N/A

25.3%

3.5%

OH

Erythritol

OH

HO

Yield

<1%

/\/'\/OH
;

OH
Glycerol

OH

HO\/K/OH
Ethylene Glycol
Gluconic Acid

HO\/\OH
O

HO

HO

Glucuronic Acid

o

88.6%

OH
'1 The reactions were carried out in a Te?on-lined stainless autoclave (75 mL) at 1500 C. for l h under 2M Pa O; with
1000 rpm stirring. 20 mL ofHZO, 200 mg ofreactant and 0.3 mol HPMo catalysts were used for the reactions.

Hence, it is unlikely that the C1-C4 products observed in
the reaction of cellulose are formed from the direct oxidation

40

cellobiose (40.0%)>sucrose (35.9%)>fructose (24.6%), in
good agreement with the expectation (Table 3).

45

Step 1: The Hydrolysis of Cellulose to Glucose

decomposition of hexoses. As a monosaccharide acid, glu
conic acid showed little conversion either when used as the
reactant. It is very interesting to note that under the identical

reaction conditions, glucuronic acid, which has the same
molecular structure as gluconic acid except for the terminal
group (carbonyl vs. hydroxyl), can be nearly completely con

verted, giving glycolic acid and oxalic acid as the main prod
ucts (Table 2). These results support the proposed reaction
pathway in two aspects: (i) only the sugar derivatives with

180° 0.,
50

carbonyl groups that are eligible for a retro-aldol reaction can

0.5 MPa,
1 h,

OH

be converted; (ii) the fragmentation products of glucuronic
acid via retro-aldol are glycolaldehyde and glyoxylic acid
that can be subsequently oxidized to form glycolic acid and

OH
55

oxalic acid respectively, consistent with the experimental

HO
OH

observations.

OH

In some embodiments of the invention, using glucose as

reactant leads to higher selectivity of glycolic acid than using

water

solvent

Cellulose
60

fructose. Likewise, in some embodiments polysaccharides

containing more glucose segments produce more glycolic
acid. To verify this, the inventors conducted reactions using

HO

glucose, fructose, cellobiose (disaccharide of glucose) and
sucrose (disaccharide of fructose and glucose) as the reactant

respectively. The results show that the glycolic acid yields
from different reactants follow the order: glucose (42.4%)z

65

6H

OH

Glucose

asdf

US 8,846,974 B2
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-continued

Step 3: The Dehydration or Fragmentation of
Hexoses

180° C., O; 0.5 MPa,

180° C., 020.5 MPa,

1 h, water solvent
OH

1 h, water solvent

Dehydration

6H

OH
Hexoses

Sucrose

15

O

Ohm

OWOH
5—(Hydroxyrnethyl)furfural
H

OH

20

Glucose

180° C., 020.5 MPa,
25

1 h, water solvent

Fragmentation

180° C., OZ 0.5 MPa,
1 h, water solvent
—>

Glucose
30

Cellobiose

HO/V

35

Ohm

H

OH

O

Glycoaldehyde

40

Glucose

180° 0., 020.5 MPa,
1 h, water solvent

180° C., OZ 0.5 MPa,

Fragmentation

1 h, water solvent
Hay or Bagasse —>

6H

OH
Fructo se

50

Gluco se

HO/VO t
Glycoaldehyde

55

Step 2: The Isomerization of Glucose to Fructose

OH

OH

180° 0., 020.5 MPa,
O

1 h, water solvent

HO
H

OH

Glucose

6H

OH
Fructo se

/

O

Formaldehyde

US 8,846,974 B2
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Step 4: The Oxidation of the Produced Shorter

Molybdenum-based HPAs, however, show special ability to

Carbohydrates

facilitate the fragmentation of monosaccharides and moder
ate activity for the subsequent oxidation reactions, leading to

high selectivity towards glycolic acid.
The reusability of HPMo catalyst for cellulose conversion
was also investigated. After each reaction cycle, the products

1800 C., 020.5 MPa,

HO/V

O

1 h, water solvent

and catalyst in liquid phase were ?rstly separated from the

OH

unreacted cellulose by ?ltration. Water was then removed by
low-temperature rotary evaporation. Methanol was added to
10 react with the glycolic acid and other acids to form methyl

O

Glycoaldehyde

Glycolic acid
50% yl?ld

180° C., 02 0.5 MPa,
1 h, water solvent

0

esters which can be easily collected by vacuum distillation.
The residual solid material was hydrothermally treated with
oxygen to completely decompose the remaining trace amount
of sugars, e. g. glucose and fructose, so as to obtain clean
15 HPMo cataly st for the next reaction run. As indicated in FIG.

0
I

/

OH
Formald?hyd?

2, HPMo shows constant catalytic performance during nine

Formic acid

reaction runs with stable yield of glycolic acid of ~50%. The

10% yield

easy recovery and good reusability makes HPA catalysts bet
ter candidates for practical applications as compared to the
volatile and corrosive liquid acids.

TABLE 3
Yields of all the identi?ed products from the conversion
of different sacchariferous reactants over HPMo catalyst
Reactants

Products

Glucose

Fructose

Cellulose

Bagass

Hay

Glycolic acid
Formic acid
Acetic acid
Glucose
Fructose
Levulinic acid
5-HMF
Propionic acid
Glyceric acid
Glycolaldehyd
Glycolaldehyd
Formaldehyde

42.4%
14.6%
5.6%
4.3%
11.3%
7.4%
1.0%
2.4%
6.7%
0.2%
<0.1%
0.2%

24.6%
12.6%
6.3%
7.6%
4.6%
8.8%
2.0%
1.1%
23.3%
0.2%
<0.1%
0.3%

Cellobiose Sucrose
40.0%
14.1%
5.0%
5.2%
13.7%
7.6%
1.4%
0.0%
6.2%
0.3%
<0.1%
0.1%

35.9%
13.0%
3.9%
3.3%
7.9%
3.3%
0.5%
13.7%
14.5%
0.1%
<0.1%
0.3%

24.2%
5.6%
2.9%
1.0%
2.1%
1.5%
0.9%
4.0%
3.0%
0.0%
0.5%
1.5%

32.2%
10.1%
10.9%
1.2%
4.7%
5.8%
0.8%
1.4%
4.6%
0.4%
<0.1%
0.2%

27.9%
8.4%
6.7%
3.9%
4.7%
4.9%
0.6%
5.1%
5.1%
0.3%
<0.1
0.2%

Total yield
Reactant

91.8%
95.7%

86.6%
95.4%

93.7%
100%

96.1%
100%

47.2%
51.2%

72.4%
91.7%

67.8%
80.1%

‘1 Typical conditions described in experimental section were employed except for the reaction temperature. These
reactions were conducted at 1500 C.
b 0.025 mmol ofHPMo catalyst was used.

Accordingly, different reactants produced glyceric acid,

45

mentation of fructose (FIG. 1), with different yields in the

opposite order (Table 3). These results strongly support the
exemplary reaction pathway and also demonstrate that the
isomerization between glucose and fructose is slow under the

50

current reaction conditions. To provide further evidence for

this retro-aldol directing reaction pathway, in another parallel
experiment, the inventors intentionally decreased the reaction
rate by using only one twelfth of the original amount of
HPMo catalyst, in order to capture the proposed reaction
intermediates. Although some of the expected intermediates
such as erythrose, dihydroxyacetone and glyceraldehyde
were not detected, possibly because of their instability, form
aldehyde and glycoaldehyde were clearly identi?ed in the
products by HPLC, which are formed via retro-aldol reaction

55

sonic processing) are usually necessary to achieve effective
conversion.[35'38] In this sense, it is worth highlighting that
besides the commercial cellulose ?bers that are puri?ed
“chemicals”, HPMo can also catalyze the conversion of
“raw” cellulosic biomass. For example, the inventors used
bagasse and hay without any treatment except drying as the
starting materials for the reaction, and found that they can
both be converted to glycolic acid with high selectivity.
Assuming that they are comprised of 100% cellulose, the
glycolic acid yields are calculated to be 32.2% and 27.9% for

bagasse and hay, respectively (Table 3). These results dem
60

from fructose and glucose respectively (FIG. 1 and Table 3).

onstrate the general applicability of HPMo for directly con
verting various types of crude cellulosic biomass. Notably,
few studies have reported so e?icient catalytic production of
value-added chemicals from raw biomass feedstock.[29’39]
In summary, Mo-containing HPAs prove to be effective

Based on all the above results, the inventors concluded that

the conversion of cellulose by HPA catalysts is dependent on
the type of polyatom. Like other Bronsted acids in previous

Previous studies have pointed out that cellulose conversion

ef?ciency may be highly dependent on the form of the starting
material and special pre-treatments (e. g., ball milling or ultra

which is an oxidative byproduct from the retro-aldol frag

65

catalysts for the conversion of various cellulosic biomasses.

reports,[34] tungsten-based HPAs favor the dehydration of the

Their strong Bronsted acidity facilitates the hydrolysis of

sugars and thus mainly produce levulinic acid and 5-HMF.

cellulose while the moderate oxidative activity allows selec

US 8,846,974 B2
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20
(99% Aladdin), Glycerol (99.7% Fisher), Ethylene glycol
(99.8% Sigma-Aldrich), D-gluconic acid (99% SCRC),

tive oxidation of the aldehyde groups in the fragmentation
products. Among a large number of parallel competing reac
tions, successive retro-aldol reactions dominate the fragmen
tation of monosaccharides generated from cellulose hydroly

D-Glucuronic acid (98% ACROS), Oxalic acid (99.9%
Sigma-Aldrich), Glycolic acid (99% J&K CHEMICA), DL

sis, resulting in high selectivity towards glycolic acid. Given

glyceraldehyde (290% Sigma), D-(—)-Erythrose (75%

that the reactions are conducted in water with little restriction

Sigma), Formaldehyde (37 wt % in H20 Aldrich), Formic
acid (37 wt % in H20 Sigma-Aldrich), Acetic acid (99.9%

on the types of starting materials, the ?nding of this work

Fisher), Propionic acid (299.5% Fisher), Levulinic acid

provides a new cost-effective and eco-benign route for bio
mass conversion, where HPAs combining the merits of homo

(98%, Aldrich), Glyceric acid (SCRC), 5-(Hydroxymethyl)
furfural (299% SAFC), Glycolaldehyde dimer (Aldrich),
Methanol (99.8% Sigma-Aldrich), Methyl glycolate (Ald
rich), 1,3-Dihydroxyacetone dimer (97%Aldrich), Glyoxylic
acid (98% Aldrich), Glyoxal solution (40% in HZO, Sigma
Aldrich), Lactic acid (85% ACROS), Succinic acid (99.5%

geneous and heterogeneous catalysts play a crucial role.

Experimental Embodiments

XL).
Exemplary Preparation of Grass and Bagasse Feedstock

l40~200° O,
OZ 0.5~4.0 MPa,
0.5~3 h,

OH

water solvent

0
HO

20

O

HO

OH
OH

for Reactions
From hay, one dries collected grass at least at about 120°
C., and the grass may be reduced to small pieces. From
bagasse, one can obtain sugar cane, crush it, wash it with
water and dry it at least at about 120° C., and the sample may

be further processed to produce smaller pieces.

Y!

(n :1-10,000)

REFERENCES

“cellulosic biomass material”

25

OH

All patents and publications mentioned in the speci?cation
are indicative of the level of those skilled in the art to which

the invention pertains. All patents and publications are herein
incorporated by reference in their entirety to the same extent

O

Glycolic acid
24%~50 % yield

30

as if each individual publication was speci?cally and indi

vidually indicated to be incorporated by reference.
The catalytic reactions of cellulose were carried out in a

Te?on-lined stainless autoclave (75 mL) at 180° C. for 1 h
under 0.6 M Pa 02 with 1000 rpm stirring. Typically, the
reaction mixture comprises 20 mL of H20, 200 mg of (x-cel

PATENTS AND PATENT APPLICATIONS
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US Patent Application Publication No. 201 10257448
US Patent Application Publication No. 201 10009614

lulose powder (containing 1.23 mmol glucose units), and 0.3
mmol of HPA catalyst. In the reactions of other saccharifer

PUBLICATIONS

ous substrates, a ?xed amount (200 mg) of reactant was used.

After reaction, the remaining cellulose in the reaction system

40

calculating the cellulose conversion. The supernatant liquid
was analysed by HPLC (Agilent, 1260 in?nity Quaternary
System) equipped with RI and UV detectors, and a Waters
Shodex SUGAR SH-1011 column (8x300 mm) with 0.05 M

45

H2SO4 aqueous solution as a mobile phase at 40° C. Quanti
?cation of products was carried out by HPLC using an exter
nal standard method. Calibration was done by analysing a
series of standards covering the concentration range of inter

est. The peak for each component is integrated and the peak

50

yields. The HPLC-puri?ed glycolic acid was dissolved in 0.5
55

Bruker 500 MHZ SB liquid NMR spectrometer operating at
500 and 125 MHZ for 1H and 13C, respectively.
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acidic catalysts under oxygen atmosphere in water medium to

produce glycolic acid, Wherein the molybdenum-containing
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eropoly acids, heteropolyacid salts, and isopoly acids, and
Wherein When the catalyst is a heteropoly acid or heteropoly
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Wherein
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3. The method of claim 1, Wherein the cellulosic biomass
material is selected from the group consisting of cellulose,

wood pulp, cotton, starch, lignin, bagasse, grass, glucose,
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fructose, cellobiose, and sucrose.
4. The method of claim 1, Wherein the heteropoly acid or

heteropolyacid salt is selected from the group consisting of

H3PM012040,

H3AsMol2O4O,

H4SiMol2O4O,

H4GeMO 1 2040:

H8ceMOl 2042:

HsThM01 2042:
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H7PM011039,

H7ASM011039>

HsGeM011039,
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5. The method of claim 1, Wherein the isopoly acid is
selected from the group consisting of H2Mo6O 19, H6M7OZ4,
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it is represented by the chemical formula HWMoyOZ
Wherein

H4M08026>
HzMosOios
45

H10M012041: H2M02)7>
H4M05017> H2MO2O7:

H8M010034s
H8M0360112>

H2MoSOl6, and a combination thereof.
6. The method of claim 1, further de?ned as comprising the

steps of hydrolysis of cellulose to glucose, isomerization of
glucose to fructose, dehydration or fragmentation of hexoses,
50

changes, substitutions and alterations can be made herein
Without departing from the spirit and scope of the invention as

oxidation of shorter carbohydrates produced, or a combina
tion thereof.
7. A method of converting cellulosic biomass materials to

glycolic acid according to the following reaction scheme:

de?ned by the appended claims. Moreover, the scope of the
present application is not intended to be limited to the par

ticular embodiments of the process, machine, manufacture,
composition of matter, means, methods and steps described in

OH
55

the speci?cation. As one of ordinary skill in the art Will

readily appreciate from the disclosure of the present inven

HO

matter, means, methods, or steps, presently existing or later to
be developed that perform substantially the same function or
achieve substantially the same result as the corresponding
embodiments described herein may be utilized according to
the present invention. Accordingly, the appended claims are

60

intended to include Within their scope such processes,

65

machines, manufacture, compositions of matter, means,
methods, or steps.

OH
OH

tion, processes, machines, manufacture, compositions of

“cellulosic biomass material”

HOW

OH

O

Glycolic acid

US 8,846,974 B2
24

23
comprising the steps of:

8. The method of claim 7, Wherein the reaction is carried
out at 120-2000 C. With oxygen pressure of 0.5-4.0 MPa.

reacting one or more cellulosic biomass materials With a

9. The method of claim 7, Wherein the cellulosic biomass
material is selected from the group consisting of cellulose,

molybdenum-containing acidic catalyst under oxygen
atmosphere in water medium to produce glycolic acid

wood pulp, cotton, starch, lignin, bagasse, grass, glucose,

Wherein n ranges from 1 to 10,000, Wherein the molybde

fructose, cellobiose, and sucrose.
10. The method of claim 7, Wherein the heteropoly acid or
heteropolyacid salt is selected from the group consisting of

num-containing acidic catalyst is selected from the

group consisting of heteropoly acids, heteropolyacid
salts, and isopoly acids, and Wherein When the catalyst is

H3 PMOr 2040:

a heteropoly acid or heteropolyacid salt it is represented

by the chemical formula:

HWAXMoyOZ

consisting ofP, As, Si, Ge, Ce, Th, Mn, Ni, Te, 1, Co, Ga,

selected from the group consisting of H2Mo6019, H6M7OZ4,

and Fe;

H4M08026>
H2M03010>

W is l -10;
x is 0-5;

Z is 1-200, and Wherein When the catalyst is an isopoly acid

it is represented by the chemical formula HWMoyOZ
Wherein
W is l -10;

y is 1-50; and,
Z is 1-200.

H4SiM01 2040:

H6P2MolsO62 and H6As2MolsO62, and a combination
thereof.
11. The method of claim 7, Wherein the isopoly acid is

Wherein
A is one element independently selected from the group

y is 1-50; and,

HsASMO 1 2040:

H4GeMole4O,
HSCeMol2O42,
HSThMole42,
H7PM011039,
H7ASM011039>
HsGeM011039,
H3MnMogO32, H6NiMogO32, H6TeMo6024, H6lMo6024,
H3 [COMO6O24H6]: H3 [GaMO6O24H615 H3[FeMO6O24H6]$

20

H10M012041: H2M0207> H8M010034s
H4M05017> H2MO2O7’ H8M0360112>

H2MoSOl6, and a combination thereof.
12. The method of claim 7, further de?ned as comprising

the steps of hydrolysis of cellulose to glucose, isomerization
of glucose to fructose, dehydration or fragmentation of hex
oses, oxidation of shorter carbohydrates produced, or a com

bination thereof.
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