Chapter 7

Production of Glucaric/Gluconic Acid
from Biomass by Chemical Processes Using
Heterogeneous Catalysts

Ayumu Onda

Abstract Gluonic acid is a platform chemical that can be derived from biomass for
making plastics and food additives, while glucaric acid is expected to be a sustain-
able precursor for producing adipic acid. This chapter provides an overview of the
chemical processes for the production of gluconic acid and glucaric acid from
mono-saccharides and poly-saccharides with a focus on heterogeneous catalysts.
Because catalytic conversions of biomass are usually in aqueous solutions, the solid
catalysts must be water tolerant. The oxidation of glucose into gluconic acid has
been well-investigated using supported noble metals, such as Pt, Pd, and Au cata-
lysts and those bimetallic catalysts, such as PdAu and PtBi. For the heterogeneous
catalytic oxidation of glucose in aqueous solutions, three hypotheses can be used to
explain catalyst deactivation: (i) poisoning of the catalyst by oxygen or hydrogen,
(i1) poisoning of the catalyst by products, and (iii) metal sintering and metal leach-
ing. Bimetallic catalysts with appropriate compositions have higher activity than
those of monometallic catalysts to inhibit poisoning of oxygen, hydrogen, and
acidic products. Supported Au catalyst also shows high yields of gluconic acid in
aqueous solutions even without pH control. On the other hand, compared with oxi-
dation of glucose to gluconic acid, oxidation into glucaric acid is a challenging
reaction because an oxidation step from gluconic acid to glucaric acid is slow.
Among tested catalysts, supported Pt and PtCu catalysts show relatively high glu-
caric acid yields. Direct production of gluconic acid from polysaccharides using
bifunctional catalysts is also discussed. Bifunctional catalysts, such as sulfonated
activated-carbon supported platinum, have acidic active sites and redox actives sites
that can provide efficient conversion of gluconic acid and glucaric acid from
polysaccharides.
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7.1 Production of Gluconic Acid from Glucose
Over Heterogeneous Catalysts

Biomass is a promising sustainable chemical resource [1, 2]. Gluconic acid and
glucaric acid, as high value-added chemical compounds, are mainly obtained from
selective oxidation of glucose (Scheme 7.1). Gluconic acid is a carboxylic aldose
and an important industrial product in the food and pharmaceutical industries or as
water-soluble cleansing agent [3]. Many methods, including biochemical, heteroge-
neously catalytic, chemical and electrochemical procedures have been proposed to
effectively oxidize glucose into gluconic acid. At present, gluconic acid is mainly
produced by fermentation processes and enzymatic processes using glucose oxidase
and glucose dehydrogenase [3, 4]. However, biochemical methods have some dis-
advantages, such as slow reaction rate, low space time efficiency, and difficulty in
the separation of the enzyme from the product. To overcome these issues, inorganic
heterogeneous catalysts, such as supported noble metal catalysts for oxidizing
monosaccharides with oxygen or air have been proposed [5-12]. Here, some
reported chemical processes using heterogeneous catalysts are introduced. The oxi-
dation of glucose to gluconic acid has been investigated using supported Pt, Pd, and
Au catalysts [13—-16] or their bimetallic catalysts, such as PtPd, PdAu, PtPdBi,
PtAu, PtBi, and PdTe [17-24].

7.1.1 Pd and Pt Monometallic Catalysts

In aqueous solutions, oxidation of D-glucose to D-gluconic acid was carried out by
oxygen or air at atmospheric pressure of monometallic, such as Pd and Pt, catalysts
at 30-80 °C [5]. Abbadi et al. reported results using 5% Pt/C catalyst at 50 °C as
shown in Fig. 7.1 and Table 7.1 [9]. Glucose was converted under 0.2 atm of oxygen
partial pressure and the main product was gluconic acid with initial rates being
almost independent of pH control. However, in reaction without pH control, conver-
sion of glucose and yield of gluconic acid plateaued to be under 25% and 15%,
respectively. The pH in reaction media decreased to about 2.6 because of production
of gluconic acid. On the other hand, when the pH of reaction media was controlled
by adding KOH, conversion of glucose and yield of gluconic acid increased with
increasing of the pH. Below pH = 7, poisoning of the catalyst was markedly
observed. The catalytic performance of Pt/C catalyst in the oxidation of glucose into
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Scheme 7.1 Oxidation of glucose into gluconic acid and into glucaric acid
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Fig. 7.1 Effects of pH on 100
the oxidation of D-glucose
to D-gluconic acid. o No
pH control, o pH =5, &
pH=7, /A pH=9.
Reaction conditions:

0.05 mol-L! glucose
aqueous solution 80 mL,
5%Pt/C catalyst 40 mg,
reaction temperature

50 °C, total pressure

1.0 atm (P(O,) = 0.2 atm)
(Reprinted from Ref. [9],
Copyright © 1995, with
permission from Elsevier)
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Table 7.1 Product distributions in the oxidation of D-glucose over Pt/C catalyst

Yield (%) | Sel. (%) | 2-keto-D-
Conv. | gluconic | gluconic | gluconic | Guluronic | Glucaric | Arabinonic | Oxalic

pH (%) | acid acid acid acid acid acid acid

9 85 75 89 0.3 4.2 1.2 0.6 4.5

7 45 36 79 2 22 0.4 0.7 39

5 28 22 81 1 0.7 - 0.4 3.7

No 23 14 - 0.4 0.6 - 0.3 3.8
control

Reprinted from Ref. [9], Copyright © 1995, with permission from Elsevier
Reaction conditions: 0.05 mol L' glucose aqueous solution 80 mL, 5%Pt/C catalyst 40 mg, reac-
tion temperature 50 °C, total pressure 1.0 atm (P (O,) = 0.2 atm), reaction time =6 h

gluconic acid showed a strong dependence on the pH of the reaction media. Product
distribution was hardly affected by the pH control. The selectivity of the catalyst for
the oxidation of D-glucose toward D-gluconic acid was reasonably good and ranged
from 80% in acidic conditions to almost 90% in alkaline conditions. The by-
products, 2-keto-D-gluconic acid and oxalic acid were formed and those authors
speculated that the termination of the reaction without pH control was caused by
strong adsorption of the reaction products on catalysts. Besson et al. [25, 26] exam-
ined the effect of palladium particle size on the gluconic acid yield in the glucose
oxidation over Pd/C catalyst. The catalyst with Pd particles larger than 3 nm con-
verted almost 100% of glucose, whereas Pd/C catalyst with Pd particles smaller
than 2 nm gave about 60% of maximum conversion. This could indicate particle
size dependence on the catalytic stability for oxygen poisoning in the oxidation as
the smaller particles probably have stronger affinity for oxygen. For the heteroge-
neously catalytic oxidation of glucose in aqueous solution, three hypotheses to
explain the deactivation of catalysts are suggested.
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(i) Deactivation of the catalyst by poisoning due to oxygen or hydrogen adsorp-
tion. Noble metals have high stability for the oxidation, but even Pd and Pt are
chemisorbed by oxygen, which can cause deactivation. Chemisorption of
hydrogen is also often a cause of the deactivation of Pd and Pt catalysts. In the
case of Pd and Pt, the phenomenon is reversible in the sense that the catalyst
can be reactivated by hydrogen (or oxygen) and another reducing (or oxidiz-
ing) agent, such as glucose. When the reduced Pt/C catalyst is contacted with
the substrate before the introduction of O, gas, Pt/C catalyst show much higher
catalytic activity than for catalysts contacted with substrate after introduction
of O, gas. Therefore, catalytic activity seems to depend on O, adsorption on the
catalysts [27].

(ii) Deactivation of the catalyst by poisoning due to adsorption of products formed
such as gluconate species. The active sites are at the surface of the Pd and Pt
particles and the chemisorption of products formed can cause deactivation. In
the case of chemisorption of gluconate species, the phenomenon can be revers-
ible in the sense that the catalyst can be reactivated by alkaline treatment.
Therefore, in Fig. 7.1, higher pH results in higher glucose conversion.

(iii) Deactivation of catalyst due to metal sintering and metal leaching. In aqueous
solvent systems, metal leaching is a serious problem. Both Pt and Pd have rela-
tively high stability for sintering and leaching under aqueous conditions, even
when the solution is hot and acidic. However, it has been reported [28] that in
solutions of D-ribose and D-xylose, both platinum and aluminum from Pt/
Al,O;5 catalysts undergo leaching with Pt leaching being much larger than Al
for the reaction of D-ribose, since D-ribose is favorable for metal complexing.
Sintering of metal particles also causes a decrease in catalytic activity . The
support materials and preparation methods are important for inhibiting the
growth of metal particle sizes during reaction and pretreatment [26, 29].

7.1.2 Pd-M and Pt-M Bimetallic Catalysts

Alloy and bimetallic catalysts have been examined since the 1950s, and both alloys
and bimetallic catalysts have been investigated for scientific interest in terms that
the electronic and ensemble effects have on the catalytic activity and selectivity.

Many important catalytic processes that use bimetallic catalysts have been devel-
oped. The Pt-Re, Pt-Ir, and Pt—Sn catalysts are very important in petroleum reform-
ing [30, 31], however, at present, their improved catalytic activities or product
selectivity compared with monometallic catalysts is still not well understood.

For the heterogeneous catalytic oxidation of glucose in aqueous solution, the
catalytic activities and selectivities of supported monometallic palladium catalysts
in the oxidation processes increase by addition of metals such as Bi, T1, Co, Sn, and
Pb [21, 24, 26]. Karski et al. studied the influence of added heavy metals on palla-
dium supported catalysts regarding their selectivity for glucose oxidation [23]. The
highest selectivity for the reaction of liquid phase oxidation of glucose was achieved
with bismuth.
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Fig. 7.2 Glucose conversion as a function of time for a catalytic ratio [glucose]/[Pd] = 3150.
Reaction conditions: 0.05 mol L~ glucose aqueous solution 80 mL, 5%Pd/C (a) and Pd-Bi/C (b)
catalyst 40 mg, reaction temperature 50 °C, total pressure 1.0 atm (P (O,) = 0.2 atm) (Reprinted
from Ref. [26], Copyright © 1995, with permission from Elsevier)
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Scheme 7.2 The mechanism of glucose oxidation into gluconate on Pd-Bi catalyst (Reprinted
from Ref. [26], Copyright © 1995, with permission from Elsevier)

Fig. 7.2 shows the oxidation of glucose over Pd/C and Pd-Bi/C catalyst [26]. The
rate of glucose oxidation was about 20 times larger on Pd-Bi/C than on Pd/C. The
selectivity to D-gluconate was also improved to be 99.8% at a conversion of 99.6%.
In recycling of the catalyst, there was no bismuth leaching and the activity and
selectivity were almost constant. Besson et al. suggested the mechanism of glucose
oxidation over Pd-Bi/C catalyst and interpreted the results in terms of bismuth play-
ing the role of protecting palladium from over-oxidation because Bi has a stronger
affinity for oxygen than Pd, which was evident from calorimetric measurements
[33]. Furthermore, oxygen bonded to Bi easily reacts with hydrogen bonded to Pd,
which would maintain the catalytic activity of Pd’, as shown in Scheme 7.2.

7.1.3 Supported Au Catalysts

For the oxidation of glucose, supported gold catalysts are interesting because of
their high activity and stability under low pH conditions. Biella et al. reported that
the oxidation of D-glucose into D-gluconic acid occurred using 1%Au/C catalyst
[6]. As shown in Fig. 7.3, the catalytic activity of gold catalyst depends on pH for
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Fig. 7.3 Glucose
oxidation over 1%Au/C
(), 5%PUC (/\), 5%
Pd-5%Bi/C (l), and
1%Pt-4%Pd-5%Bi/C (¢p)
catalysts under
pH-controlled conditions
by NaOH. Reaction
conditions: glucose 4 wt%;
glucose/M = 1000; O,
flow = 20 ml/min;

T =50 °C: (a) the pH was
maintained at 9.5; (b) the
pH was maintained at 8;
(c) the pH was maintained
at 7 (Reprinted from Ref.
[6], Copyright © 2002,
with permission from
Elsevier)

Fig. 7.4 Glucose
oxidation at uncontrolled
pH conditions using
1%Au/C catalyst. Reaction
conditions: glucose 4 wt%;
glucose/M = 1000;

pO, =300 kPa; T =100 °C
(Reprinted from Ref. [6],
Copyright © 2002, with
permission from Elsevier)
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both Pt/C and Pd-Bi/C catalysts. The Au/C catalyst showed much higher activity
than Pt/C and Pd-Bi catalysts, and its selectivity was comparable with Pd-Bi/C
bimetallic catalysts. Moreover, Au/C catalyst gave 100% conversion of glucose
under uncontrolled pH conditions and supported gold catalyst are active at pH as
low as 2.5 as shown in Fig. 7.4 [6]. In recycling, gold is more stable towards
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Table 7.2 Catalytic activities Metals Conversion (%) | TOF (h~!)
of supported.monometallic Au 11 51
and bimetallic catalysts on
carbon in uncontrolled pH Pt 13 60
experiments Pd <2 <2
Rh <2 <2
Au-Pt (1:1) 64 295
Au-Pd (1:1) |20 92
Au-Rh (1:1) | <2 <2

Reprinted from Ref. [32], Copyright © 2006,
with permission from Elsevier

Reaction conditions: 1 wt% noble metal on
carbon; 7= 70 °C; P(O,) = 300 kPa; glucose/
Au = 3000; reaction time = 6.5 h

Table 7.3 Oxidation with monometallic and bimetallic catalysts in the controlled pH experiments

Metals Type of catalyst Conversion (%) TOF (h™")
Au Supported 43 17,200
Au-Pt (2:1) Supported 44 17,600
Au Unsupported 12 4600

Pt Unsupported <2 <500

Pd Unsupported 5 2000
Au-Pt (2:1) Unsupported 26 10,500
Au-Pd (1:1) Unsupported 28 11,600

Reprinted from Ref. [32], Copyright © 2006, with permission from Elsevier
Reaction conditions: pH 9.5. Glucose/Au = 20,000; 7' = 50 °C; reaction time = 2.5 h

deactivation than platinum and palladium catalysts. However, even for Au/C cata-
lysts, in the case of uncontrolled pH, ICP analysis shows that 10% of the metal is
lost after two runs and about the 70% of metal is lost after six runs.

Comotti et al. compared the results of monometallic catalysts Au, Pt, Pd and Rh,
and bimetallic catalysts in the aerobic oxidation of D-glucose into D-gluconic acid
[32, 34]. Experiments of the catalytic reactions were performed under 300 kPa of O,
partial pressure and at 50-90 °C using supported catalysts having average particle
sizes of metals as 3—5 nm. Table 7.2 summarizes the catalytic activities of supported
monometallic and bimetallic catalysts under uncontrolled pH experiments.
Comparing activities of mono-metal catalysts, Au and Pt catalysts show much
higher activity than Rh and Pd catalysts. On the other hand, the activity of bimetallic
Au particles combined with Pd and Pt show higher activity than monometallic Au,
Pd, and Pt catalysts. However, Au-Rh catalysts have lower activity than monometal-
lic Au catalyst. As shown in Table 7.3, in the presence of alkali at a controlled pH of
9.5, the catalytic activity of Au for oxidation of glucose to gluconate is higher than
activities of Pd and Pt, whereas Au-Pt and Au-Pd bimetallic catalystic activities
improved over that of monometallic gold.
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As mentioned above, Au has catalytic activity so that there are many reports for
the oxidation of glucose over supported gold catalysts [33]. However, one problem
for Au-containing catalysts is the sintering of Au particles, because many metals
become soluble in hot water under specific conditions. For example, unsupported
gold particles without a protecting agent were initially as active as Au/C catalysts at
30 °C in basic solution, but the as-is particles became sintered and their particle
sizes changed from 3.6 to 10 nm. To circumvent this problem, mesoporous materi-
als with about 5 nm channels are effective as supports. Gold particles supported
onto mesoporous materials remain unchanged [19, 32]. Metal-oxides (Al,O;, ZrO,,
TiO,, Ce0,) are also suitable supports for Au particles in which catalytic activity
increases as particle size decreases [8].

Another effective method to prepare stable Au particles is to encapsulate them
with polymers. Au particles protected by polymers show good product selectivity,
but they are often less active than an Au/TiO, catalyst prepared by a
deposition-precipitation method [34]. To increase their catalytic activity, a series of
not supported but PVP polymer-protected Au alloy nanoparticles have been synthe-
sized: Ag—Au, Au—Pd, Au-Pt, and Au—Pt—Ag [12]. Trimetallic Au—Pt—Ag (70:20:10)
particles with an average diameter of about 2 nm were several times more active
than monometallic and bimetallic particles having nearly the same size.

Hydrogen peroxide (H,0,) has higher activity than molecular oxygen or air for
the oxidation of glucose over Au/Al,O; catalyst [35]. Microwave-assisted oxidation
of sugars, such as glucose, galactose, mannose, maltose, and cellobiose is effective
with hydrogen peroxide over Au/Al,O; and Au/CeO, catalysts [36]. Although oxi-
dation with H,O, can lead over-oxidation, the conversion and selectivity of glucose
to gluconate exceeds 99% using 1 equivalent of H,O, per unit of glucose even in
aqueous solutions with high glucose concentrations (ca. 50 wt%) at 40 °C. Even at
room temperature around 25 °C, glucose oxidation with H,O, at pH 9 using a sus-
pended Au/SiO, catalyst showed an 85% selectivity to gluconate at 100% conver-
sion with ultrasound [37].

7.2 Production of Glucaric Acid Over Heterogeneous
Catalysts

Glucaric acid is one of the value-added chemicals that can be obtained from bio-
mass, and it is a promising raw material for the production of biodegradable poly-
mers [38]. It can be an important precursor of adipic acid, which is conventionally
produced from fossil resources (Scheme 7.3). However, production of glucaric acid
from glucose has many challenges.

Current synthesis methods of glucaric acid are far from satisfactory. For exam-
ple, chemical oxidation using strong oxidants such as nitric acid to oxidize glucose
are non-selective and expensive [39]. Moreover, processes that use nitric acid as
oxidant result in NO, emissions [39]. In other methods, production of glucaric acid
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Scheme 7.3 Possible route of adipic acid production from glucose via glucaric acid

is through electrochemical means or by stoichiometric oxidation using additives.
Significant amounts of additives and formation of toxic by-products and inorganic
salts are the major issues in terms of the sustainability and environmental compati-
bility of these methods. The use of environmentally-friendly oxidants such as air,
molecular O, or dilute H,O, and solid catalysts are advantageous. Recently, 2, 2, 6,
6-tetramethyl-1-piperidinyloxy (TEMPO) as catalyst for selective oxidation of pri-
mary alcohols of glucose to glucaric acid has been studied attracted for which the
yield of glucaric acid was over 85% for the oxidation of glucose [40]. However,
high cost and difficulty in recycling TEMPO are issues preventing this method from
reaching industrial scale. To overcome these issues, inorganic heterogeneous cata-
lysts, such as supported noble metal catalysts and bimetallic catalysts, are expected
to be effective for oxidizing monosaccharides into glucaric acid with oxygen or air
[41-44].

7.2.1 Productions of Glucaric Acid Using Solid Catalysts

In 1981, Dirkx et al. reported that glucaric acid could be formed from glucose with
carbon-supported platinum catalysts [27]. Experiments were performed using
5%Pt/C catalyst in aqueous solutions of gluconic acid and glucaric acid at 55 °C and
at a pH of 10 controlled by adding NaOH. In the oxidation, glucose rapidly disap-
peared within 30 min and the yield of gluconic acid was about 60% in 15 min. In
contrast, the formation rate of glucaric acid from gluconic acid was slower than that
of gluconic acid. The yield of glucaric acid was about 50% in 120 min, and it almost
remained unchanged up to 300 min reaction time. Their results indicated that the
oxidation of gluconic acid to glucaric acid is apparently a slow step and it is not easy
to obtain high yields of glucaric acid. In addition, they suggested that most of the
by-products formed were from gluconic acid in the production of glucaric acid from
glucose, and that L-guluronic acid was one of the by-products [27]. In consequence,
the oxidation step of the intermediate gluconic acid into glucaric acid is slow and
low selective is obtained in the glucaric acid production from glucose.

Lee et al. reported the oxidation of glucose into glucaric acid using supported
5 wt% platinum catalysts [45]. Under 6.2 bar O, partial pressure, glucose was
immediately converted into gluconic acid and then glucaric acid was slowly pro-
duced as shown in Fig. 7.5. The highest yield of glucaric acid was 74% under 14 bar
O, gas partial pressure. The Pt/C catalyst was stable after five cycles without leach-
ing of Pt.
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Fig.7.5 Glucose conversion and product selectivity for glucose oxidation in water on a Pt/C cata-
lyst as a function of reaction time ([] glucose conversion; A gluconic acid selectivity; @ glucaric
acid selectivity). Reaction conditions: 10 wt% glucose solution 20 mL, 80 °C, 6.2 bar O,, glucose/
Pt (mol/mol) = 54 (Reprinted from Ref. [45], Copyright © 2016, with permission from Royal
Society of Chemistry)

The product selectivity depended markedly on not only partial pressure of O,
gas, but also on the support materials and pH. Pressurized oxygen can enhance the
catalytic activity for the oxidation of intermediate gluconic acid, and support
materials and pH can increase selectivity into glucaric acid by improving desorption
of glucaric acid and inhibit formation of by-products. As shown in Table 7.4, glu-
caric acid yield under 14 bar O, gas partial pressure was clearly higher than yields
obtained under 6 bar and 3 bar O, partial pressure which indicates that high pressure
oxygen promotes oxidation of gluconic acid into glucaric acid. Pt/C catalyst in
acidic aqueous medium using H,SO, gave gluconic acid as a major product, while
in basic solutions using NaOH, it gave significant amounts of low carbon chain
carboxylic acids as by-products, such as dicarboxylic acids, tartronic acid and
oxalic acid. When pH was not controlled, glucaric acid yield was higher than other
acids in the solution controlled by NaOH and H,SO,. In addition, as shown in
Fig. 7.6, carbon was an effective support in the oxidation of glucose, and Pt/C cata-
lyst showed higher catalytic activity and glucaric acid yield than Pt/Al,O; and Pt/
Si0O, catalysts, which might be due to the adsorption ability for substrates.

Bimetallic catalysts, such as MnPt, CoPt, FePt, AuPt, and PtCu, are reported as
effective catalysts for oxidation of glucose into glucaric acid as shown in Table 7.4
[43-47]. Jin et al. reported highly catalytic performance of bimetallic PtCu sup-
ported on titania for oxidation of glucose into glucaric acid with 1 bar of oxygen gas
in alkali media [43]. Table 7.5 shows the conversion and glucaric acid selectivity for
oxidation of gluconate over Pt, Pd, Cu, Co, and bimetallic catalysts. The major
products formed from gluconate oxidation were glucaric acid, tartronic acid, and
oxalic acid, and monocarboxylic acids such as glyceric acid, lactic acid, glycolic
acid, and formic acid. The product selectivity was almost the same for all catalysts.
Pt and Pd catalysts showed markedly higher catalytic activity than Cu and Co cata-
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Table 7.4 Comparison of glucaric acid yields in the glucose oxidation using various monometallic
and bimetallic catalysts

Glucaric acid

T 0, Reaction (Initial pH) (Gluconic acid) Ref.

Catalysts (°C) |(bar) | Time (h) Base or Acid | Yield (%) Year
Pt/C 55 1 2 (10) NaOH 50 (-) [44]
1981

Pt/SiO, 80 5 5 no 34 (-) [47]
2010

MnPt,4/SiO, 80 5 5 no 38 (-) [47]
2010

CoPt,y/SiO, 80 5 5 no 34 (-) [47]
2010

FePt/SiO, 80 5 5 no 28 (—) [47]
2010

Pt/C 80 5 5 no 57 (=) [47]
2010

AuPt/TiO, 112 |27 5 no 70 (-) [46]
2011

PU/TiO, 60 1 6 NaOH 27 (-) [43]
2015

PtCu/TiO, 60 1 4 NaOH 32(-) [43]
2015

Cu/TiO, 60 1 6 NaOH 0.9 (-) [43]
2015

Pt/C 80 3 3 no 23 (54) [45]
2016

Pt/C 80 6 3 no 47 (27) [45]
2016

Pt/C 80 14 3 no 58 (21) [45]
2016

Pt/C 80 6 1 (0.6) H,SO, | 21 (58) [45]
2016

Pt/C 80 6 1 (7.2) No 41 (48) [45]
2016

Pt/C 80 6 1 (13) NaOH 9 (59) [45]
2016

pPt/C 70 14 10 no 65 (9) [45]
2016

Pt/C 80 14 10 no 74 (6) [45]
2016

pt/C 90 14 10 no 62 (2) [45]
2016
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Fig. 7.6 Gluconic and glucaric acid yields over three catalysts. Reaction conditions: 10 wt% glu-
cose solution 20 mL, 80 °C, 6.2 bar O,, glucose/Pt (mol/mol) = 54. TOFs were calculated at 20%
conversion (Reprinted from Ref. [45], Copyright © 2016, with permission from Royal Society of
Chemistry)

Table 7.5 Comparison of bimetallic catalysts for the oxidation of sodium gluconate

Selectivity (%)
Catalyst Conversion (%) Glucaric acid | Tartronic acid Oxalic acid | Others
Pt/CeO, 28 47 31 6.4 16
Pt/TiO, 71 38 28 5.8 12
Pd/CeO, 51 37 27 10.9 16
Pd/TiO, 41 44 28 8.3 12
Cu/CeO, 1.6 29 31 11 19
Cu/TiO, 2.8 31 30 9.9 21
Co/CeO, 5.5 22 39 16 15
PtCu/CeO, 72 32 24 6.6 16
PtCo/CeO, 51 37 27 11 18
PtPd/CeO, 41 37 28 10 15
PtCu/TiO,* 100 32 27 20 11

Reprinted from Ref. [43], Copyright © 2016, with permission from Elsevier

Reaction conditions: 3 g sodium gluconate, 1.0 g NaOH, 0.1 g solid catalyst, metal loading 2 wt%,
T: 60 °C. Others of selectivity: glyceric, glycolic, and formic acids. Reaction time: 6 h

“Reaction time: 4 h

lysts. For bimetallic catalysts, PtCu showed higher catalytic activity than PtPd and
PtCo catalysts. The catalyst support also affected the catalytic properties as well as
the glucose oxidation. TiO, showed better promotional effect for the oxidation into
glucaric acid than CeO,.

Colmenares et al. reported on the photo-oxidation of glucose to glucaric acid in
the presence of TiO, as catalyst [48]. Experiments were performed typically as fol-
lows: 150 mL of a mixed solution of H,O:acetonitrile = 10:90, 150 mg of TiO, cata-
lyst, and 0.42 mmol of glucose were added into a batch reactor at 30 °C for 10 min
UV irradiation time. The conversion and selectivity depended significantly on the
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Scheme 7.4 Formation of glucaric acid and galactaric acid from sugars via glucuronic acid and
galacturonic acid

nature of TiO, catalysts and the ratio of H,O to acetonitrile. In 100% H,O solvent,
conversions of glucose were relatively high, but the selectivities of glucaric acid and
gluconic acid were almost zero. In contrast, in a mixed-solvent system of
H,O:acetonitrile = 10:90, TiO, catalyst prepared by the sol-gel method gave 13%
selectivity of glucaric acid and 14% selectivity of gluconic acid at 32% conversion
of glucose. Although decarboxylation proceeded readily during photocatalytic oxi-
dation, significant amounts of gluconic acid and glucaric acid were observed by the
photocatalytic oxidation of glucose. The glucaric acid yield was low, but improve-
ments of the photocatalytic method can be expected, as well as those of the conven-
tional oxidation methods.

7.2.2 Oxidation of Uronic Acid Using Solid Catalysts

Uronic acids, such as glucuronic and galacturonic shown in Scheme 7.4, can be
obtained from hemicelluloses and pectin. Uronic acids have a carboxyl group at the
C, carbon site similar to glucose and galactose. So, it is expected to be easier to
prepare glucaric acid from uronic acid than from aldose sugars. Rautiainen et al.
reported that uronic acid could be used as raw material for the synthesis of aldaric
acids over Au/Al,O; catalysts [49]. Commercially available D-gluconic acid and
D-galacturonic acid were used as reactants. Typically, they added 50 mL of H,O,
25 mg of Au/Al,O; catalyst, 2.58 mmol of uronic acid (glucuronic acid and galact-
uronic acid), and 100 mL min~' of flowing O, into a batch reactor. The reaction
temperature and pH were 25-60 °C and 8-10, respectively. As shown in Table 7.6,
the pH had a significant effect on the initial reaction rate. At pH 10 at 60 °C, a TOF
value close to 8000 h~! was measured for glucuronic acid oxidation. The reaction
rate was comparable with those of the oxidation of glucose and galactose into glu-
conic acid and galactonic acid. When the pH was 8 or 9 at 60 °C, the TOF was about
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Table 7.6 Oxidation of uronic acids and monosaccharides into corresponding aldaric and aldonic
acids with Au/Al,O3*

T Specific activity (mmol per

Entry | Substrate pH | (°C) | g Au per min) TOF (h7") | Selectivity (%)
1° Glucuronic acid 10 |25 103 2270 >99

2 Glucuronic acid 10 1 60 297 7920 >99

3 Glucuronic acid 9 |60 238 5970 >99

4 Glucuronic acid 8 |60 130 3250 >99

5 Galacturonic acid | 10 | 60 286 6840 >99

6 Glucose 10 | 60 391 10,300 >99

7 Galactose 10 | 60 276 6900 >99

8 Glucuronic acid 10 1 60 191 n/a >99
Reprinted from Ref. [49], Copyright © 2006, used with permission from Royal Society of
Chemistry

aReaction conditions: 2.6 mmol substrate, 0.09 mol% Au, 50 ml water, 100 ml min_1 O,.
Conversion >99% unless otherwise stated. ®*Conversion 95%. Catalyst recycled by washing with
water and drying. TOF not calculated due to changed dispersion

3000 h~" or 6000 h~!, respectively. The TOF decreased with decreasing the pH. The
apparent activation energy for glucuronic acid oxidation was dependent on pH
which can be attributed to the higher energy barrier for desorption of acids at lower
pH.

7.3 Bifunctional Catalysts for Direct Production
of Gluconic Acid

Heterogeneous catalytic processes for oxidation of monosaccharides with oxygen
or air into sugar acids have been developed using Pd-Bi/C and Au/C catalysts as
described previously. However, polysaccharides represent the largest sources of
organic compounds in nature. Therefore, direct production of sugar acids from
polysaccharides is of great significance as necessary for sustainable society.
Development of bifunctional catalysts for the hydrolysis of polysaccharides into
monosaccharides and the oxidation of monosaccharides into sugar acids can be
anticipated. As known examples of bifunctional catalysts, noble metal supported
solid acid catalysts, such as Pt/zeolites and Pt/sulfated-zirconia, have been reported
to be effective for the dehydroisomerization of butane into isobutene and the isom-
erization of alkanes in gas-solid catalytic reactions [57—60]. On the other hand, for
polysaccharide conversions in hot water, these bifunctional catalysts are easily
destroyed or dissolved into water at low pH that is attributed to the production of
organic acids. The selective hydrolysis of cellulose with a sulfonated carbon cata-
lyst and a sulfonated activated-carbon (AC-SO;H) catalyst and polyoxometalate
catalysts have been reported [50-56, 61]. Carbon materials and POM complexes are
highly stable in hot and acidic water. In this section, some bifunctional catalysts,
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Scheme 7.5 Conversion of polysaccharides, such as starch, cellobiose, cellulose and sugars into
gluconic acid over bifunctional catalysts such as Pt/AC-SO;H

such as acidic carbon materials and polyoxometalate catalysts supported noble
metal catalysts are introduced as being effective for direct conversion of polysac-
charides into gluconic acid (Scheme 7.5) [62].

7.3.1 Bifunctional Sulfonated Activated-Carbon Supported
Platinum Catalyst

Gluconic acid can be produced from polysaccharides, such as starch and cellobiose,
at relatively mild reaction conditions at 120 °C under 1 bar of air by a one-pot pro-
cess using a bifunctional sulfonated activated-carbon supported platinum (Pt/
AC-SO;3H) catalyst. Pt/AC-SO;H was made by a two-step method that firstly pre-
pared Pt/AC by impregnation, and sulfonation of the Pt/AC that was carried out
under concentrated sulfuric acid. Then, the material was hydrothermally treated at
200 °C. The obtained Pt/AC-SO;H catalyst had strong acidic sulfo groups, platinum
fine particles, and high surface area of 226 m? g~! and it was highly water-tolerant
even under hot acidic water. The loading amounts of platinum was 4 wt%. As shown
in Fig. 7.7, XRD patterns indicated the metallic state of the bulk of platinum parti-
cles and the platinum particle sizes were 4.7 nm for Pt/AC-SO;H catalyst as esti-
mated by the diffraction peaks of XRD.
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Fig. 7.8 Reaction of starch at 120 °C for 24 h. Starch 45 mg, water 5.0 mL, “catalyst 50 mg.
Pmixed catalyst 100 mg (50 mg of Pt/AC with 50 mg of AC-SO;H)

7.3.2 Conversion of Starch

As shown in Fig. 7.8, activated carbon (AC) catalyst with carboxylic acid groups
gave very low amounts of glucose and 68 C-% of the remaining fractions were
adsorbed onto AC. In contrast, sulfonated activated-carbon (AC-SO;H) catalyst
gave glucose in 69 C-% yields and oligo-saccharides in 29 C-% yields. Glucose
yields increased with increasing reaction time over the AC-SO;H catalyst, and the
glucose yield reached values over 90% (Fig. 7.9a).

On the other hand, as shown in Fig. 7.8, the Pt/AC-SO;H catalyst gave gluconic
acid in 40 C-% yields. The active sites for the glucose oxidation into gluconic acid
are the platinum particles, because the catalysts without platinum gave no amounts
of gluconic acid. After reaction, the loading amounts of platinum was 4.0 wt%
determined by ICP and the average platinum particle size was estimated to be
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Fig. 7.9 The changes in product yields during the reaction of starch at 120 °C over the AC-SO;H
(a) and the Pt/AC-SO;H (b) catalysts. Starch 45 mg, water 5.0 mL, and catalyst 50 mg

4.5 nm by XRD, which were almost the same values as the fresh catalyst. This
means that the platinum particles on sulfonated activated-carbon were mostly nei-
ther leached nor sintered during the reaction. Fig. 7.9b shows changes in product
yields in starch hydrolysis over Pt/AC-SO;H catalyst. The yields of oligosaccha-
rides, glucose, and gluconic acid increased linearly with an increase in reaction time
up to 9 h. Then, gluconic acid was produced and became the main product at 24 h.
Molar ratios of gluconic acid to total S atoms and total Pt atoms in the catalyst were
about 8 and 9, respectively, which indicates that the sulfo groups and platinum par-
ticles catalytically accelerated the hydrolysis of starch into glucose and the oxida-
tion of glucose into gluconic acid. The pH values before and after the starch reaction
over the Pt/AC-SO;H catalyst were, nearly neutral (pH = 6) and acidic (pH about 3),
respectively. The decrease in pH value was mainly due to the production of gluconic
acid, because there was almost no sulfuric ions detected an ion chromatography.
The catalyst was separated by filtration, and then it was used repeatedly. Furthermore,
as shown in Fig. 7.9b, the yield of gluconic acid increased to about 60 C-% by
adding fresh air into the reactor. These results show that the Pt/AC-SO;H catalyst
remained mostly active under the reaction conditions. As a consequence, the cata-
lytic active sites, such as Pt nano particles and sulfo acidic groups, were stable and
effective for direct conversion of starch into gluconic acid in aqueous solutions at
120 °C.

7.3.3 Conversion of Various Polysaccharides

As shown in Fig. 7.10, conversion of pullulan, which is a polysaccharide of glucose
with a-glycoside bonds and is easily soluble in water at room temperature, was
accelerated by Pt/AC-SO;H catalyst, as well as starch. Product yields from
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cellobiose were almost same as those from maltose. These results show that Pt/
AC-SO;H catalyst has bifunctional catalytic properties for direct production of glu-
conic acid from hydrothermally soluble poly- and di-saccharides even when they
have a 3-1,4 glycoside bond.

7.3.4 Comparison of Pt/AC-SO;H Catalyst to Mixed Catalyst
of AC-SO;H with Pt/AC

To consider the catalytic properties of Pt/AC-SO;H, AC-SO;H catalyst and Pt/AC
catalyst were mixed and used as catalyst for starch conversion under air. As shown
in Fig. 7.8, hydrolysis products with the mixed catalyst were in significantly smaller
amounts than those with the Pt/AC-SO;H catalyst. The mixed catalyst gave glucose
in 43 C-% yield and gluconic acid in 11 C-% yield and large amounts of adsorption
of about 30 C-%, whereas, the Pt/AC-SO;H catalyst gave gluconic acid in 40 C-%
and relatively small amounts of adsorption of about 10 C-% under the same reaction
conditions. It can be suggested that the location of platinum nano-particles on acidic
support is effective for direct production of gluconic acid from polysaccharides and
to inhibit strong adsorption of polysaccharides onto neutral carbon supports as well
as to promote desorption of gluconate from the platinum particles.

As a consequence of Sect. 7.3.1, a new bifunctional Pt/AC-SO;H catalyst was
prepared by the impregnation and sulfonation method . The catalyst was highly
water-tolerant and showed catalytic properties for the hydrolysis of polysaccharides
and sequentially the air-oxidation into gluconic acid in a one pot process with hot
water. Au/AC-SO;H catalyst showed an increased yield of gluconic acid from starch
and cellobiose, and the results are being prepared as an original paper.



7 Production of Glucaric/Gluconic Acid from Biomass by Chemical Processes... 225

Table 7.7 Catalytic performances of Au catalysts loaded on various supports for cellobiose
conversion at 145 °C

Surface area/
Catalyst m?g~! Conversion (%) Selectivity (%) Ref.
Glucose | Gluconic acid
Au/Al0O5* 277 93 6.5 19 [18]
Au/MCM-41? 612 97 17 20 [18]
Au/H-ZSM-5* 285 77 39 41 [18]
Au/MgO* 106 100 0 10 [18]
Au/AC? 1200 38 82 14 [18]
Au/graphite? 4 48 40 31 [18]
Au/XC-72¢ 163 58 64 21 [18]
Au/CNT? 122 91 0 60 [18]
Au/CNT® - 84 0 86 [63]
Au/Cs;,H s PW,0,° | 35 97 0 99 [63]
Au/Cs,,HosPW,0,° | 56 96 1 95 [63]
Au/Cs; (PW ,0,0° 83 95 0 85 [63]
Au/H-ZSM-5° - 45 0 76 [63]
Au/ALOS® - 95 0 31 [63]
Au/CNT® - 91 - 72 [64]
Au/carbon xerogel_air® | 624 73 - 78 [64]
Au/carbon xerogel® 522 77 - 53 [64]
Au/TiOy¢ - 85 10 70 [65]
Au-Cu/TiO,? - 85 5 80 [65]

Reaction conditions: Au loading of catalysts =0.5 wt%  or 1.0 wt% > <9 T = 145 °C; cellobiose
concentration = 15 mmol L~ or 12 mmol L='"¢ or 28 mmol L' ¢, P(O,) = 5 bar ** ¢ or 10 bar ¢

7.3.5 Cellobiose Conversion into Gluconic Acid Over Various
Gold Catalysts

Gold nanoparticles have highly catalytic performance for the oxidation of glucose
into gluconic acid as mentioned in Sect. 7.1. Some researchers have reported on the
catalytic properties of supported gold catalysts for production of gluconic acid from
cellobiose at 145 °C under pressurized oxygen. Because cellobiose is easily hydro-
lyzed under hydrothermal conditions at 145 °C, various kinds of support materials
can be used. Specific surface area and concentration of gold nanoparticles and cata-
Iytic properties of support materials are important for selective production of glu-
conic acid from cellobiose.

Tan et al. reported on the selective oxidation of cellobiose to gluconic acid with
carbon supported Au nanoparticles in the presence of oxygen in water [18]. Table 7.7
shows a summary of the conversion of cellobiose over Au fine particles on carbon
materials and zeolites, at 145 °C under 5 bar of oxygen. The catalytic activity and
selectivity markedly depended on the type of the support. Au/CNT catalysts showed
the highest yields of gluconic acid. The CNT was a carbon nanotube treated with
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concentrated HNO;. Au catalysts using the other carbon supports, such as AC,
graphite, and XC-72, showed lower cellobiose conversions and gluconic acid selec-
tivities, although they gave high selectivity for the hydrolysis products of glucose
and gluconic acid. The CNT support might play a role not only to hydrolyze cello-
biose, but also to improve the oxidation catalytic activity of Au particles catalysts.

In contrast, Au/ALLO;, Au/MgO and Au/MCM-41, MCM-41 are mesoporous
materials of silica that had high catalytic activity, but gave high yields of by-
products, which would be formed due to catalytic properties of the supports. Au/H--
ZSM-5 catalyst showed relatively high catalytic activity and selectivity as well as
carbon supported Au catalysts, which would be due to the acidic property of
H-ZSM-5.

The same group reported on the catalytic behavior of new bifunctional catalysts
that were protonated polyoxometalate supported gold [63]. The reaction conditions
were almost the same as ref. [18] in water at 145 °C under 5 bar of O,, except for
loading amounts of gold. TEM observation clarified that the mean-sizes of the Au
nanoparticles were in the range 2.5-3 nm for all samples. Au/Cs;,H,sPW,0, cata-
lyst exhibited an excellent gluconic acid yield of 97%. A further increase in Cs
content to x = 2.2 and 3.0 decreased the selectivity from 99% of x = 1.2 to 95% of
x = 2.2 and 85% of x = 3.0 although conversions of cellobiose hardly depended on
the Cs content (x). Au/Cs;(PW,0, catalyst is not protonated and has no strong
acidity, but it gave high yields (81%) of hydrolysis products, which suggests that the
strong acidity of the support materials is not effective for hydrolysis of cellobiose.
The results are unexpected and may be due to the high reaction temperature
(145 °C). In addition, in Table 7.7 the supports with basic sites, such as MgO and
Al,O;, gave large amounts of by-products, which would indicate that protonating
treatment of the support enhances the selectivity of gluconic acid to inhibit produc-
tion of by-products. Compared with 1% Au/CNT catalyst reported in ref. [63] and
0.5% Au/CNT catalyst reported in ref. [18] (Table 7.7), 1% Au/CNT catalyst gave
significantly higher gluconic acid selectivity (86%) and yield (72%) than 0.5% Au/
CNT catalyst. These results show that by-product would be produced over the sup-
port, but not over the gold particles. As shown in Table 7.7, Au/Cs; H,PW,04
catalysts with the larger surface area had the higher selectivity of gluconic acid and
Au/CNT catalysts with the larger loading amounts of gold exhibited the higher
selectivity of gluconic acid, which might indicate that the concentration of gold
particles is important for gluconic acid selectivity from cellobiose. Eblagon et al.
[64] reported on the cellobiose conversion into gluconic acid using carbon sup-
ported Au catalyst under almost the same reaction conditions as those of Wang’s
group [63]. They showed that oxidized carbon supported Au catalysts with the
higher concentrations of functional groups, such as phenolic groups, had higher
selectivity of gluconic acid. It can be considered that the effect of the functional
group on the selectivity is due to not only adsorption ability mentioned by Eblagon
et al. [64], but also due to surface acidity that inhibits production of by-products as
suggested by the overview given in this chapter.

Amaniampong et al. reported the catalytic behavior of new bimetallic Au-Cu
catalysts [65]. As shown in Table 7.7, Au/TiO, catalysts allow high gluconic acid
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yields comparable with those of the Au/CNT catalyst and bimetallic AuCu/TiO,
catalyst increased the selectivity and yield of gluconic acid. Bimetallic AuCu par-
ticles might have higher catalytic properties than monometallic® Au particle in the
glucose oxidation. Although there needs to be attention given to the leaching of Cu
species, the results are interesting for future development of this reaction system.

7.4 Conclusions and Future Outlook

Gluonic acid and glucaric acid can be expected to become platform chemicals for
making useful products, such as plastics and food additives from biomass. Especially,
glucaric acid can be a promising sustainably-produced chemical as a route to pro-
duction of adipic acid. The highly selective oxidation of glucose using monometal-
lic and bimetallic catalysts, such as Au, PtPd, PdAu, and, PtBi supported on carbon,
has been studied by many researchers. Supported Au catalyst is one of the appropri-
ate catalysts for glucose oxidation into gluconic acid, because Au is highly water
tolerant and has suitable catalytic activity for the oxidation. For supports of Au cata-
lysts, carbon materials with acidic functional groups, such as phenol groups, are
generally appropriate for the oxidation of sugars. Titania is also an appropriate
material as support. However, the development of the production of glucaric acid
from glucose is still not sufficient. A practical process will require progress in new
oxidation catalysts that have high activity for the selective oxidation of both a pri-
mary alcohol group and an aldehyde group into carboxyl groups in the chemical
structures of sugars. On the other hand, the direct conversions of natural polysac-
charides are still challenging processes. Practical processes will require progress in
new bifunctional catalysts with oxidation active sites, acidic active sites, and they
must have water tolerant properties.
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