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Chapter 1. General Introduction

Chapter 1

General Introduction

1-1 Background

Catalysts made great contribution to the development of chemical industry in the 20™ century.
Early in the century, synthesis of NH3 catalyzed by iron-based catalysts led to increased production
volume of food, resulting in an enormous increase in population. Coal chemistry was developed by
catalysts, such as the synthetic process of CH3OH using copper-based catalysts and gasoline using
cobalt-based catalysts from syngas (CO and H,) obtained by gasification of coal. In second half of
20™ century, the industrial chemical production based on petroleum refinery was developed by
Co-Mo sulfide, zeolites, and platinum group metals (especially Rh, Pd, and Pt), and has also
continuously expanded into the manufacture of a variety of fine chemicals. But the E factor, defined
as the mass ratio of waste to desired product, in fine chemical processes is 5-50
kg(waste)/kg(product). This value is much higher than that of <1-5 kg(waste)/kg(product) for bulk
chemical processes, because production of fine chemicals involves multi-step syntheses and the use
of stoichiometric amounts of unrecyclable catalysts that are converted into worthless waste after
completion of reactions [1]. One of the solutions to this problem is the widespread replacement of
harmful catalysts with reusable and easily separable alternatives.

Acid catalysts are the most conventionally used catalysts in chemical industry, including the
production of petrochemicals (petroleum refinery), pharmaceuticals, agrochemicals, and fragrances.
Acid catalyzed processes include catalytic cracking, alkylation, isomerization,
hydration/dehydration, esterification, hydrolysis, and a variety of condensation reactions [2]. They
produce more than 1 x 10** kg/year of important products [3]. Many chemical reactions in industrial
processes are known to be catalyzed by traditional Brensted acids (H,SO,; HF, HCI,
p-toluenesulfonic acid) or Lewis acids (AICI3, ZnCl,, BF3) in liquid-phase systems. These acid
catalysts are responsible for corrosion of the reactor or reaction apparatus, and shows low activity
and selectivity in some reactions. Recovery of the catalyst from the reaction mixture accompanies
energy-inefficient special processes represented by distillation, which results in a significant
increase in environmental load as well as production cost [4]. Homogeneous acids are removed
from the reaction mixture by neutralization treatment which converts useful catalysts into worthless
inorganic salts. Even though only catalytic amounts are generally, but not always, used in the oil
refining and petrochemical industries, the absolute quantities of waste generated are considerable
owing to the enormous production volumes involved. In the fine chemical industries the production
volumes are much smaller but these acids are also used in stoichiometric quantities [5]. In order to
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overcome the difficulties in separation and reusability, homogeneous Bregnsted and Lewis acid
catalysts have been replaced with recyclable solid counterparts, applied to diversified reactions
[1,5-8]. The use of solid acids provides additional benefits [8]: contamination of the product by
trace amounts of neutralized catalyst is generally avoided. Therefore, a wide variety of solid
catalysts, for example, zeolites [4,9,10], pure and mixed metal oxides [4,11,12], supported
heteropolyacids [4,13,14], ion-exchange resins [15,16], and supported Lewis acids [6], have been
developed on this purpose. These solid acids have been used predominantly in large-scale industrial
processes such as alkylation, isomerization, dehydration, condensation, etherification, and the
formation of alcohols from olefins [1].

A prominent example in solid acid-catalyzed reaction in chemical industry is the manufacture of
caprolactam, the raw material for Nylon-6. The conventional process involves the reaction of
cyclohexanone with hydroxylamine sulfate, producing cyclohexanone oxime which is subjected to
the Beckmann rearrangement in the presence of stoichiometric amounts of sulfuric acid. The overall
process generates ca. 4.5 kg of ammonium sulfate per 1.0 kg of caprolactam over the 2 steps [1].
Ichitani and coworkers at Sumitomo chemical company [17,18] developed a vapor phase Beckmann
rearrangement over a high-silica MFI zeolite. This process is combined with the technology
developed by Enichem [19], for the ammoximation of cyclohexanone with NH3/H,O, over the
titanium-containing zeolite catalyst (TS-1) described earlier, thus affording caprolactam in >98%
yield without the production of hazardous salt. This process is currently being commercialized in
Japan.

The efforts have been devoted to the development of a stable solid catalyst which has the acid
sites with the required acidity (type and strength) and reactivity to promote a given type of chemical
reaction. A difficulty in the use of solid acids is the severe poisoning of the acid sites by water, and
in fact most solid acids lose their catalytic activities in aqueous solution. For reactions in which
water participates as a reactants or product, such as hydrolysis, hydration, and esterification, only a
few solid acids are acceptable in terms of the activity, stability and insolubility in water [14].
Development of new water-tolerant solid acids would have a major impact in industrial applications.
It would especially be attractive in water-tolerant Lewis acids, because most Lewis acids are
hygroscopic and thus are immediately deactivated or decomposed in the presence of even a small
amount of water, which often limits their use in organic synthesis [14]. In addition, Brgnsted and
Lewis acid catalysts have been required for the conversion of biomass-derived carbohydrate, which
attracts attention as a sustainable source of carbon to supply compounds needed in the
transportation and chemical sectors. Application of solid acid catalysts to carbohydrate conversion
in water can realize sustainable development of a society in the future [20,21].

In this chapter, structure and acid catalysis for some important solid acids with Brgnsted and/or
Lewis acid sites have been summarized in the following section.
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1-2  Solid acid catalyst

1-2-1  Clays

Clays are produced in enormous quantities in nature and have found a wide variety of
applications including catalysts [1,4,11,12]. They were widely used as solid acid catalysts in oil
refining from the 1930s until the mid-1960s when they were replaced by the zeolites. Clay minerals
consist of layered (alumino)silicates in which the basic building blocks — SiO, tetrahedral and MOg
octahedral (M= AI¥*, Mg?*, Fe**, Fe®*, etc.) — polymerize to form two-dimensional sheets
[1,4,11,12]. One of the most commonly used clays is montmorillonite in which each layer is
composed of an octahedral sheet sandwiched between two tetrahedral silicate sheets (thickness: c.a.
1.0 nm) (Figure 1-1). The octahedral sheet typically comprises oxygens attached to AI** or some
lower valence cations such as Mg?*. The overall layer has a net negative charge which is
compensated by hydrated cations occupying the interlayer spaces. Immersion in water results in a
swelling of the clay by incorporation of excess amounts of water into interlayers and exposure of
the intercalated cations, making them accessible for exchangeable cations. The interlayer cations are
largely responsible for the Bransted and/or Lewis acidity. Acid strength of the clays depends largely
on the electronegativity of the cations; both the amount and strength of Bregnsted and Lewis acid
sites can be enhanced by cation exchange or treatment with mineral acid, e.g. H,SO,.

Figure 1-1. Structure of montmorillonite clay

An APP*-exchanged montmorillonite effectively promotes various acid-catalyzed reactions.
H,SO, treatment of natural montmorillonite affords the much more active and widely used acid
catalyst known as K-10 or KSF (Sud-Chemie or Fluka, respectively). For instance, K-10 has been
successfully used as a catalyst in the Friedel-Crafts alkylation [22]. Clays are also effective supports
for Lewis acids such as ZnCl, or FeCl;z [23]. Montmorillonite-supported ZnCl,, known as Clayzic,
has been extensively studied as a catalyst in e.g. the Friedel-Crafts alkylation [24, 25].

A serious shortcoming of clays is their limited thermal stability. Heating of exchanged clays
results in a loss of water, accompanied by collapse of the layered structure, thereby dramatically
decreasing the effective surface area. This problem was resolved by developing pillared clays
[26-28], in which the interlayers are expanded with pillaring agents. Inorganic polyoxocations such
as [Al1304(OH)24(H20)1,]"* are popular pillaring agents but a variety of organic and organometallic
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pillaring agents have also been used. Pillaring with Al provides an interlayer space of ca. 0.8 nm
after drying.

1-2-2  Zeolites

Zeolites are crystalline aluminosilicates with the following formula in the as-synthesized form:
XMy, 0-xAl,03ySiO,WwH,O where M is a inorganic cation (group 1 or 2) or an organic cation, and n
and w represent the cation valence and the number of water molecules contained in the voids,
respectively. Zeolites consist of tetrahedral building blocks that are linked through oxygen atoms
producing a three-dimensional network, and have channels and cavities of molecular dimensions in
the structure. The channel size is conventionally defined as ultralarge (>12-), large (12-), medium
(10-), or small (8-membered ring) pores. A summary of zeolites with different pore size is given in
Table 1-1. These molecular sieves have highly developed microporous structure, high surface area,
and large pore volume, which are capable of adsorbing great amounts of small molecules such as
hydrocarbons. This fact combined with the possibility to generate active site inside the channels and
cavities of zeolites produces a very unique type of catalysts, which can be considered as a catalytic
microreactor [10].

Table 1-1. Representative zeolites and its ring size for the main channel

Molecular sieve Framework structure type
Type (IUPAC CODE) Type species Window size
Small pore LTA A 8
CHA chabazite
Medium pore MFI ZSM-5, silicalite 10
FER ferrierite
TON theta-1
Large pore FAU Faujasite, X, Y 12
*BEA Beta
MOR mordenite
Ultralarge AET MCM-37 14

A large number of zeolites are reported, some of which are naturally obtained, but most of
which have been synthesized under hydrothermal condition [29]. The basic ingredients — SiOp,
Na,SiO3 or Si(OR)4, and Al,O3, NaAlO,, or AI(OR); — together with a structure directing agent
(template), usually an alkylamine or tetraalkylammonium salt, are added to aqueous alkaline
solution (pH 8-12). This process results in the formation of a monomeric and oligomeric silicate
species through a sol-gel reaction. Gradual heating of this mixture up to 200 °C results in
dissolution of the gel to form clusters of SiO4/AlO,4 units which constitute the basic building blocks
for the zeolite structure. In the presence of the template, these building blocks are polymerized each
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other to form the zeolites. At this point, the zeolite still contains the organic molecules in the
structure. This is subsequently removed by calcination, i.e. heating the material at 400-600 °C in air
[1].

Zeolite structure containing only SiO, tetrahedra would be electrically neutral and no acidity
would be developed on its surface. Bronsted acid sites are developed when Si** is isomorphically
substituted by a trivalent metal cation, for instance A1**, and a negative charge is created in the
lattice, which is compensated by a proton. The proton is attached to the oxygen atom connected to
neighbor silicon and aluminum atoms, resulting in the bridged hydroxyl group which is responsible
for the Bransted acid site (Figure 1-2). The Brensted acid strength is related to the Si/Al ratio [30].
The number of proton donor (hydroxyl groups) corresponds to the number of aluminum atoms
present in the structure. The acid strength increases with decreasing aluminum content [31] (but
note that complete replacement of aluminum affords a material with lower acidity [32]).
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Figure 1-2. The acid form of zeolites

Pertinent examples of zeolite-catalyzed reactions in organic synthesis include the Friedel-Crafts
alkylations, isomerizations, cracking, amination, hydration, and esterification [2]. The
Friedel-Crafts alkylation of aromatics has been widely used in both bulk and fine chemical
industries. For example, ethylbenzene (the raw material for styrene manufacture) is obtained by
alkylation of benzene with ethylene over acidic zeolite. In 1980, a breakthrough in the alkylation
technology was achieved with the application of the medium pore zeolite, H-ZSM-5, as a stable and
recyclable catalyst (Mobil-Badger process) [2]. A benefit of this process is suppression of
polyalkylation owing to the shape selective properties of micropores in H-ZSM-5. In another case,
Sumitomo chemical [4,33-37] commercialized a vapor phase Beckmann rearrangement of
cyclohexanone oxime to caprolactam with a high-silica MFI (ZSM-5 type) zeolite. The activity of
the catalyst was proportional to its external surface area. This, together with the fact that
caprolactam is not incorporated easily into the pores of the zeolite, suggests that the reaction takes
place on the external surface, possibly at the pore openings. Ichihashi et al. [34,35] proposed that
the reaction takes place in silanol nest resulting from dealumination, as was also suggested by
Holderich et.al. [38]

Acid-catalyzed processes in water using zeolites as solid acids were also reported. Asahi Kasei
commercialized the hydration process of cyclohexene using a high-silica H-ZSM5 zeolite [39],
combining a partial hydrogenation of benzene. This process involves a biphasic system, the organic
(cyclohexene) and the aqueous phase containing the zeolite. The product, cyclohexanol, is
exclusively distributed in the organic phase (cyclohexene phase), and can be recovered readily by
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distillation. It was found that various zeolites having Si/Al ratios > 10 were active for the hydration
reaction [40]. Zeolites with high Si/Al ratios are more hydrophobic than those with low Si/Al ratios,
which is essential for the activity of the zeolites in water. In addition, the difference of the
selectivity depending on the zeolites can be attributable to size and shape of micropores [40,41],
therefore suggesting that this reaction took place inside the pores of the zeolites.

1-2-3  Heteropolyacids

Heteropolyacids (HPAs) are protonic acids that incorporate polyoxometalate anions
(heteropolyanions) having metal-oxygen octahedral as the basic structural units into the complex
cluster [13,42-49]. The first characterized and the well-known HPA is the Keggin heteropolyanion
typically represented by the formula XM1,0.0® where X is the central atom (Si**, P°>*, etc.), x is its
oxidation state, and M is the metal ion (Mo®" or W®"). The M®" ions can be substituted by various
metal ions, e.g., V>, Co®*, Zn*", etc. The Keggin anion is composed of a central tetrahedron XO,
surrounded by 12 edge- and corner-sharing metal-oxygen octahedra MOg (Figure 1-3) [49]. The
octahedra are arranged in four M3O3 groups. Each group is formed by three octahedra sharing
edges and having a common oxygen atom which is also shared with the central tetrahedron XO,.
Among a wide variety of HPAs, the Keggin type HPA is the most stable and more easily available
material; these are the most important factors for practical applications.

Figure 1-3. The Keggin structure of the XMy04*® anion (o-isomer) ¥ terminal (OY,
edge-bridging (0?), and corner-bridging (O°) oxygen atoms.

Many HPAs exhibit superacidity. For example, H3PW1,04 has a higher acid strength
(Ho=-13.16) than CF3SO3H or H,SO,. They were prepared simply by mixing phosphate and
tungstate in the required amounts at the appropriate pH [44]. But, an inherent drawback of HPAs is
their solubility in polar solvents, such as water and alcohol, which severely limits their application
as recyclable solid acid catalysts in the liquid phase reactions. In order to overcome this problem,
HPAs have been immobilized on supportant materials such as silica [50], carbon [51,52], or acidic
ion-exchange resin [53]. For example, silica-occluded H3PW;,040 was used as an insoluble solid
acid catalyst in several liquid phase reactions such as ester hydrolysis, esterification, hydration, and
the Friedel-Crafts alkylations [4].

The salts of HPA with large cations such as Cs* possess high surface area and have also been
used as water-insoluble catalyst [14,54]. Partial substitution for proton by Cs* ions resulted in
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unique changes in the surface area and hence in the amount of acidic site on the surface. The
amount of acidic site on the surface showed a maximum for CsyH3.xPW1,049 cOmpounds with x =
2.5 [14]. Csz5HosPW31204 (abbreviated Cs,s) has mesopores as well as microporous that are
formed by interparticle voids among nanocrystallites [55]. Cs,5 showed significantly higher
activities than original HsPW 1,040 and other solid acid catalysts for various acid-catalyzed reactions
in water [56-60]. For instance, the catalytic activity of Cs,s for the hydrolysis of ethyl acetate in
excess water was compared with those of typical solid acids [56]. The activity of Cs, 5 (per weight)
was 3 and 35 times higher than those of H-ZSM-5 (Si/Al = 40) and H-ZSM-5 (Si/Al = 628),
respectively. It would seem that the hydrophobicity and strong acidity of Cs, 5 are responsible for its
high activity. Three types of test reactions were used in water [56-60]: (1) the hydration of
2,3-dimethyl-2-butene, (2) the hydrolysis of 2-methylphenyl acetate, and (3) the hydrolysis of
maltose. Cs,s exhibited significantly superior activity for the reactions against other solid acids,
because the acid sites of Cs,5 were shielded from water, due to the hydrophobic character of the
Cs, 5 surface. Another feature of Cs,5 is mesopores, in which bulk reactants such as maltose can
diffuse smoothly and access to acid sites. However, Cs, 5 has disadvanteges in the leaching out of
heteropolyanions, and less-presipitation in an aqueous phase after the reaction. When Cs,5 was
bonded to an amine functionalized SiO,, the composite was entirely insoluble and water-tolerant
solid acid, and exhibited stable and high catalytic performance in the hydrolysis of ethyl acetate and
the hydration of a-pinene [61].

1-2-4  Metal oxides and mixed metal oxides

Hydrated niobium pentoxide (Nb,OsenH,0), usually called as niobic acid, was found to have
Bransted acid sites with high acid strength (Ho= -5.6) when calcined at relatively low temperatures
(373 — 573 K), though the surface of niobic acid calcined above 773 K was almost neutral [2,62].
The acid sites on niobic acid are thought to be isolated OH groups as Brgnsted acid sites, which are
derived from distorted octahedral NbOg, NbO;, or NbOg species [63]. Niobic acid shows stable
catalytic activity for acid-catalyzed reactions in which water molecules participate or are liberated.
In fact, it showed excellent stability as an acid catalyst for hydrolysis [64,65], esterification [66],
and hydration reactions [67]. Sugi et al. have reported the Nb,Os-catalyzed hydrolysis of
phenyloxirane into 1,2-dihydroxybenzene in water under mild conditions [64,65]. When the
reaction was performed in water at reflux temperature, niobic acid exhibited the highest activity
among the solid acids. Aluminosilicate catalysts showed lower selectivity than niobic acid, due to
effectively enhancing isomerization (side reaction). The diol selectivity for niobic acid was higher
than that for other solid acids, e.g. aluminosilicates or Nafion. The activity of hydrolysis and the
ratio of hydrolysis to isomerization (H/I) depended on the calcination temperature of niobic acid in
a mixture of dioxane and water (90:10 v/v). Because the activity significantly decreased after
calcination above 723 K and the H/I ratio steadily decreased with the calcination temperature, it can
be suggested that the structural changes of the surface occurred after the calcination above 723 K.
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Hydrated tantalum oxide as well as hydrated niobium oxide displayed strong acid properties, and
catalyzed the aldol-condensation of acetone and the hydration of isobutene [68].

MoO3-ZrO, is one of the available mixed metal oxides as a solid acid catalyst. The catalysts
were prepared from the mixtures of H,MoO, and zirconia gel with various ratios.[69]. NH3
temperature programmed desorption (NH3-TPD) measurement revealed that the acid strength of
Mo0O3-ZrO, is lower than those of SiO,-Al,03, H-ZSM-5, mordenite, and Cs;sHgsPW12040 [69].
MoO3/ZrO; calcined at 1073 K was highly active in the hydrolysis of ethyl acetate in excess water
and esterification of acetic acid with ethanol [70]. The dependence of the calcination temperature on
the conversion of ethyl acetate or acetic acid is unique. When MoQ3-ZrO, was calcined at
temperatures below 773 K, the conversions of ethyl acetate and acetic acid were less than 7 and
15%, respectively. For calcination temperatures below 573 K, MoO3-ZrO, showed less activity for
hydrolysis than ZrO, itself. However, the activity of MoO3-ZrO, significantly improved as the
calcination temperatures was increased to 873-1073 K. The acid strength was independent of the
calcination temperature and the acid amount continuously decreased with the increase of calcination
temperature. On the other hand, the hydrophobicity of the surface was enhanced by the thermal
treatment at high temperatures. The high reactivity of MoOs-ZrO, is therefore predominantly
attributable to the enhanced hydrophobic nature of the surface brought about the thermal treatment.

Amorphous zirconium tungstate ZrW,.gOo5.35 has shown higher catalytic activity for ethylene
hydration than partially reduced tungsten oxide, such as W,0s [71]. Zirconium tungstate with a
composition of W/Zr = 2 provided the highest activity for the reaction. Because of the high activity
and insolubility in water, zirconium tungstate holds promise as an alternative for the problematic
phosphoric acid catalyst. Tin tungstate, 13 % W-added stannia, generates remarkable acidity on the
surface when calcined at 1273 K [72,73]. This material showed high catalytic activity in the
dehydration of methanol into dimethyl ether and the esterification of n-octanoic acid with methanol
to methyl n-octanoate. The 5 %- and 10 %- WO3/SnO, compounds calcined at 1273 K showed
activities much higher than mordenite and SiO,-AlO3 in the presence of water.

1-2-5  Metal sulfates and phosphates

Many studies have been reported concerning solid superacidity of sulfated metal oxides, where
sulfated zirconia (SO4>/Zr0O,) is a typical example of those superacids [74]. Commonly, the sulfated
metal oxides have been prepared by the following procedures: (i) preparation of amorphous metal
oxide gels as precursors; (ii) treatment of the gels with sulfate ion by exposure to a H,SO, solution
or by impregnation with (NH,4),SQOy; (iii) calcination of the sulfated materials at a high temperature
in air. Among the sulfated metal oxides, SO4%/ZrO, is well known as one of the strongest solid
superacids; its acid strength is lower than -16 on the Hammett function scale [75]. Sulfated zirconia
catalyst exhibited excellent catalytic activity for acylation, condensation and esterification reactions
[76]. A number of studies have investigated the nature of acid sites for sulfated zirconia in order to
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know how the surface acidity of zirconium oxide is greatly enhanced by sulfated ions [77,78]. An
representative model of acid sites on sulfated zirconia is shown in Figure 1-5, where two oxygens
are bonded to Zr in addition to coordination of a S=O group with Zr. The active site is not on the
metals, but on the S atoms. The addition of water causes the breaking of this coordination and
brings about strong Brgnsted acid sites [79].

(o] O
| 5+ é:'- H*
o0-5= o y ~o
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T |z %  “THOo I |z /
Zr RN . -Hy Zr TR T
ST NN

Figure 1-5. Sulfated zirconia structure models.

Zirconium phosphonates, Zr(O3sPR),, are layered compounds synthesized in amorphous forms
under aqueous conditions through the reaction of a soluble zirconium salt and phosphoric or
organophosphoric acid. Segawa et al.[14] synthesized several types of zirconium phosphonates,
Zr(OsPR),, either as a single component with one type of R, or as composite zirconium
phosphonates with two different R groups, where R could be -OH, -CHgs, -C¢Hs, -C12H2s, -Co2Has,
-CH,COOH, -C,H4COOH, or -CH,SOzH. In the hydrolysis of ethyl acetate in water and
esterification of acetic acid with ethanol, Zr(OsPCH,SO3H), exhibited high catalytic activity in
comparison to the other zirconium phoshonates, due to the strong acidity for SO3zH groups.
However, Zr(O3sPCH,SO3zH), is problematic in terms of dissolution in polar solvents. When a
second functional group (-O3PCi2H2s5) was introduced at phosphor moiety, the resulting zirconium
phosphonate, Zr[(OsPCH,SO3H)-(03PC12H25)14]2 at X < 0.7, was insoluble in water [80].

Niobium phosphates shows high catalytic performance for dehydration of fructose to
5-(hydroxymethyl)-2-furaldehyde (abbreviated HMF) in water. Two kinds of niobium phosphate
(P/N1 and P/N2) were reported; P/N1 was obtained by the stirring of niobic acid (CBMM) and
H3PO,, followed by calcination, and P/N2 was prepared from P/N1 and NaCl [81]. When P/N1 and
P/N2 were used as catalysts, a high selectivity toward HMF was observed with no detectable
amounts of by-product, such as levulinic and formic acid. These catalysts have both Brgnsted and
Lewis acid sites. Although structure of Brgnsted and Lewis acid sites for niobium phosphate is
similar to that of niobic acid, the Brensted acid strength of niobium phosphates is weaker than that
of original niobic acid. Lewis acid sites for niobium phosphate can be assigned to coordinatively
unsaturated Nb** sites.

1-2-6  lon-exchange resins

Two main classes of ion-exchange resins are sulfonated polystyrene (Amberlyst- and Dow- type
resin) and perfluorosulfonic acid-based catalyst (Nafion). Structure of these resins is shown in
Figure 1-6 [82,83]. Amberlyst-15 is a macroreticular sulfonated polystyrene-based
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ion-exchangeable resin with 20 % divinylbenzene, and consists of agglomeration of very small
microspheres interspersed with macropores. Nafion resin, a copolymer consisting of
tetrafluoroethylene and perfluoro-2-(fluorosulfonylethoxy)propyl vinyl ether, is SO3;H-bonded
perfluorinated resin. The terminal -CF,CF,SOzH groups show strong acid strength. The physical
properties of these cation-exchange resins are shown in Table 1-2 [82,83]. One of the main
differences between sulfonated polystyrene and perfluorinated resin with sulfonic acids is the acid
strength. It is generally accepted that sulfonic acids bonded to perfluorinated polymer are strong
acids with values of the Hammet acidity function (Ho) from -11 to -13, whereas that of
Amberlyst-15 is -2.2. Another important difference is the number of acid sites, which is ~5-fold
greater for the Amberlyst-15 than that of Nafion.

=(CH,CH2)n-
[(CF2CF2)nGFCFalx
OCFZ?FOCFZCF;gSOgH
CF;
HO3S
Sulfonated Polystyrene Perfluorinated resinsulfonic acid

Figure 1-6. Structure of polymer resins.

Table 1-2. Physical properties of cation-exchange resins.

Catalyst Surface area Pore volume Capacity Max operating Ho
(Mg (mLeg™) (mequiv of H*sg™)  temperature (°C)
Amberlyst-15 50 0.35 4.8 120 -2.2
Nafion-NR50 0.02 A 0.9 280 -12
Nafion-silica
200 0.7 0.15 280 >-12

nanocomposite

# Nonporous structure

Examples of Nafion-catalyzed reactions are dehydration of tert-butyl alcohol to isobutylene,
alkylation of phenol, bisphenol A synthesis, hydration of propene, decomposition of cumene
hydroperoxide, and hydrolysis of ester [84,85]. Due to the small surface area (0.02 m? g'*), most of
the SO3H groups are generally buried within the polymer beads. However, Nafion can incorporate
large amounts of hydrophilic reactants or solvents into the bulk, which provides smooth access of
reactants in solution to SO3zH groups and results in high catalytic performance. On the other hand,
the active sites of Nafion were largely inaccessible to hydrophobic reactant and solvent. As a result,
Nafion resin exhibited low catalytic activities for hydrophobic reactions.

Cation-exchange resins have been used as solid acids in the etherification of olefins with
alcohols, e.g. the coupling of isobutene with methanol to form methyl t-butyl ether (MTBE), one of
the octane boosters in the fuel for motor vehicles. Commercially, MTBE is produced in the liquid
phase over macroporous sulfonic acid resin such as Amberlyst-15 [86], which can function also as
an acid catalyst in non-swelling solvents. Other examples of acid-catalyzed reactions using
Amberlyst-15 are esterification, etherification and acetalizations [87,88]. However, a serious
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shortcoming of Amberlyst-15 is limited thermal stability up to 120 °C.

To increase the accessibility for acid sites in non-swelling reactant or solvent, a new class of
solid acid catalyst based upon a high surface area Nafion-silica nanocomposite has been developed
[89,90]. Nafion resin-silica nanocomposites with high surface areas can function as effective acid
catalysts in non-swelling solvents and reactants. Nafion-silica nanocomposites showed higher
catalytic activity than that of Amberlyst-15 for the esterification of cyclic olefins with saturated and
unsaturated carboxylic acids [83]. Esterification of dicyclopentadiene with acrylic acid was
catalyzed effectively using Nafion-silica (13% w/w) composite. For nitration of benzene,
Nafion-silica composite was found to be a better catalyst than Nafion resin [83]. Okuyama et al.
[91] reported the hydrolysis of ethyl acetate and esterification of acrylic acid with 1-butanol using a
new silica composite of the perfluorocarbonsulfonic acid resin, Aciplex (Asahi Chemical Co.). The
Aciplex-silica composite showed higher activity than typical solid acids, such as Cs;sHosPW12040,
H-ZSM-5, and SO4>/ZrO, for the reactions. Aciplex-silica composite was superior in activity to
Nafion-silica composite for the reactions. While the acid strength of the Aciplex-silica composite
was similar to that of Nafion-SiO,, the acid amount of the Aciplex-SiO; is about 2 times higher than
that of Nafion-SiO,. This difference would bring about the difference in activity [91,92].

1-2-7  Sulfonated mesoporous silicas

Sulfonated hybrid materials were prepared by modification of inorganic solid surface with
organic sulfonic acid group. Combining properties of organic and inorganic components in a single
composite material is well-considered approach to optimize the number, dispersion, accessibility,
and strength of the acid sites [93-95]. To prevent leaching weakly bound active sites, covalent
attachment of sulfonic acids to the inorganic matrix is the preferred technique (Figure 1-7) [4,96].
The MCMs group of mesoporous materials comprises lamellar MCM-50, cubic MCM-48 and the
hexagonal MCM-41 structures [97-103]. Preparation of sulfonated ordered mesoporous silicas leads
to materials with a high surface area, a narrow pore size distribution, excellent site accessibility,
high loading, and high acid strength [104-106].
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Figure 1-7. Sulfonated mesoporous silicas: (a) sulfonated polystyrene-silica hybrid prepared via the
sol-gel technique; alkylphenylsulfonic acid; (c) sulfonated polyphenylsilsesquioxane; (d)
perfluorosulfonic acid; (e) benzylsulfonic acids attached to a chlorinated silica; (f) sulfonated
polysiloxane.

There are generally two preparation procedures: one is post-synthetic immobilization of sulfonic
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acid groups via grafting and coating and another is one-pot sol-gel synthesis with structure-directing
agents. In the former, preformed MCM-41 can be functionalized by a sol-gel reaction of surface
silanols or siloxanes with silylating agents such as 3-mercaptopropyltrimethoxysilane. After
oxidation of the immobilized thiol groups with H,O,, a solid sulfonic acid is obtained
[104,105,107,108]. In the latter, hybrid ordered mesoporous silicas can be obtained, processing a sol
containing RSi(OR"); and TEOS or TMOS in the presence of a self-assembling surfactant. For
example, hybrid MCM type materials with covalently linked phenyl or alkyl groups were prepared
in a micellar cetyltrimethylammonium bromide solution [109]. In a similar approach, dodecylamine
was used as the structure-directing agent to obtain HMS type materials with immobilized organic
groups (HMS = hexagonal mesoporous silica) [110]. The synthesis of MCM- and HMS- type
materials with mercaptopropyl groups was achieved by use of 3-mercaptopropyltriethoxysilane
(MPTS) or its methoxy analogue [104-106,111]. Even typical non-ionic surfactants such as the
poly(ethylene oxide)-poly(propylene oxide) block copolymer, commercially available as Pluronic
123, have been used to prepare such hybrid materials [112]. In the sulfonic acid form, the prepared
materials typically have a high surface area (> 500 m? g), a considerably large pore volume (>
0.40 mL g™*) and a narrow pore size distribution.

Mesoporous sulfonic acids are of particular interest for reactions involving bulk reactants that
are too large to be incorporated into the smaller pores of conventional porous solid acids. Sulfonic
acid bearing MCM-41 prepared via post-synthetic silylation was used for esterification of lauric
acid with glycerol [113,114]. The resulting MCM-41 silicas containing both methyl and sulfonic
acid groups were active for the reaction [115]. Higher monoglycerol yields were obtained with
lauric acid rather than oleic acid. The activity of the materials was clearly superior to that of zeolite
Beta or Y in bisphenol-A synthesis, the D-sorbitol dehydration—esterification forming isosorbide
dilaurate and the hydroxylation of methylfuran with acetone [104,105,116].

1-2-8  Carbon-based solid acids

Our groups have reported that a partially carbonized organic compound with a high density of
sulfonic acid (SOzH) groups can function as an efficient solid acid catalyst [117-120]. The material
consists of flexible polycyclic carbon nanosheets with SOzH, COOH, and phenolic hydroxyl (OH)
in a three-dimensional network that can be readily prepared by partial carbonization of natural
organic compounds, such as sugar, starch, and cellulose, followed by sulfonation of the resulting
amorphous carbon (Figure 1-8) [118-120]. The carbon material can incorporate large amounts of
hydrophilic molecules, including water, into the carbon bulk, because of the high density of
hydrophilic functional groups bound to the flexible carbon sheets. This incorporation provides good
access for reactants in solution to the SO3H groups in the carbon material, which gives rise to high
catalytic performance, despite the small surface area (< 5 m? g*). The carbon-based solid acid
showed higher catalytic performance than that of conventional solid acids in esterification,
hydration, and hydrolysis [117,120]. The sugar-derived carbon material also exhibited remarkable
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activity in the esterification of higher fatty acids such as oleic and stearic acids with ethanol
[118,119]. However, because hydrophilic functional groups prevent incorporation of hydrophobic
molecules into the carbon bulk where most of the SOzH groups are presented, hydrophobic
reactions proceed only on outer surface with small surface areas, resulting in poor or no catalytic
activity. In order to develop active SO3H-bearing carbon catalysts with large surface area available
for hydrophobic acid-catalyzed reactions, SO3;H-bearing amorphous carbon/mesoporous silica
composites have been developed by carbonization of loading D-glucose into the pores of
mesoporous silica, followed by sulfonation with fuming H,SO,4 [121]. The composites exhibited
high catalytic performance for the dimerization of a-methylstyrene, hydrophobic reactant, although
bulk carbon-based solid acid showed no catalysis for the reaction. The selectivity of the composite
catalysts for unsaturated dimers exceeded for 98 %.

Figure 1-8. Preparation from sucrose and D-glucose of a solid catalyst.

Sulfonated mesoporous carbons, named as Starbon acids, were reported by Clark et al. [122].
Mesoporous expanded-starch was used as the precursor without the need for a templating agent,
utilizing the natural ability of the amylose and amylopectin polymer chains within starch to
assemble themselves into organized, largely mesoporous structures [123,124]. Starbon acids
exhibited high catalytic performance in the esterification of organic diacids, such as succinic acid,
fumaric acid, and itaconic acid, with ethanol in water.

Feng et al. reported the functionalization of ordered mesoporous carbon with sulfonic
acid-containing aryl groups under mild conditions [125]. Hexagonal tube-like CMK-5 was chosen
as the substrate because this material has uniform mesoporosity and large surface area, which is
suitable as a host material for the modification with sulfonic acid groups. CMK-5 was synthesized
using Al-SBA-15 as the hard template and furfuryl alcohol as the carbon precursor. Treatment of
CMK-5 with aryl radical species, produced by homogeneous reduction of
4-benzene-diazoniumsulfonate with hypophosphorous acid, resulted in the formation of
SO3H-bearing CMK-5. The resulting material showed high catalytic activity in the esterification of
acetic acid and formation of bisphenol-A [125].

1-2-9  Water-tolerant Lewis acids

Lewis acids have been used for a wide variety of catalytic reactions, such as C-C and C-X (X =
N, O, P) bond formation, oxidation and reduction, and rearrangement [126,127]. Traditionally,
Lewis acids such as AlCls, BF3, TiCls, SnCly, etc., have been employed in these reactions. More
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than stoichometric amounts of the Lewis acid are needed in many cases because the acid-base
adduct as intermediate formed between the catalyst and the product (the product is often more basic
than the substrates) needs to decompose, in way to add water to the reaction mixture. But, this way
also leads to hydrolysis of the conventional Lewis acids, prohibiting its reuse and generating
aqueous effluent containing copious amounts of inorganic salts [1]. Thus, the development of stable
in water and highly reusable Lewis acids has been desired.

Recently, Kobayashi et al. reported that some inorganic triflates represented by Sc(OTf)s,
Yb(OTf);, and La(OTf); can function as stable and highly active Lewis acid catalysts in the
presence of water [128-130]. In 1994, they found that Sc(OTf)3 could successfully work as Lewis
acid catalyst in both water and organic solvents. Lewis acid on Sc(OTf); realized to activate
carbonyl or nitrogen-containing compounds even in the presence of water. Yb(OTf)3 accelerated the
hydroxymethylation of silyl enol ether with aqueous formalin solution to give the corresponding
ketone [131-134]. They revealed that catalytic activity of Lewis acids is dependent on the
hydrolysis constant (K;) and water exchange rate constant (WERC) for substitution of inner-sphere
ligands of the metal cation [129]. Active catalysts were found to have pKpy values in the range 4-10:
cations having a pK; of less than 4 are easily hydrolyzed while those with a pK; greater than 10
display only weak Lewis acidity. From a viewpoint of green chemistry, it would be more attractive
to perform the Lewis acid-catalyzed reactions in pure water using inorganic triflates. This was
achieved by adding the surfactant (sodium dodecyl sulfate: SDS) to the aqueous solution [129]. A
further extension of this concept resulted in the development of lanthanide salts with dodecyl sulfate,
so-called Lewis acid-surfactant catalysts (LASC) which combine the Lewis acidity of the metal
cation with the surfactant properties of the anion [135]. These LASCs, e.g. Sc (DS)s, exhibited high
catalytic performance in water. LASCs were shown to catalyze a variety of reactions, such as
Michael additions and a three component a-aminophosphonate synthesis in pure water [129,135].

Use of polymer-supported catalysts offers several advantages, such as separation and isolation,
as well as reuse of the catalyst. Nafion-Sc, which was prepared by treatment of Nafion resin with
ScCl3*6H,0 in acetonitrile under reflux conditions, was active for the allylation reactions of
carbonyl compounds with tetraallyltin under aqueous conditions [136]. The Diels-Alder reaction
was accelerated by Nafion-Sc in H,O-CH3;OH-toluene at room temperature [137]. Nafion-Sc also
worked efficiently for the imino Diels-Alder reaction to afford the corresponding adducts in high
yields. Nafion-Sc was recovered simply by filtration and washing with a suitable solvent, with
minimal loss of activity. In the reaction of benzaldehyde with tetraallytin in H,O-MeOH-toluene
(1:7:4) at room temperature, the yields were 91% (15 h), 81% (48 h), and 93% (40 h) for the first,
second, and third runs, respectively[14] .

Another alternative to conventional Lewis acids is to incorporate heteroatoms into, for example,
zeolites or mesoporous silicas [6]. At the beginning with the discovery of titanium silicate-1(TS-1)
in the early 1980s, isolated Lewis acid sites in crystalline microporous materials could be formed
with the absence of Bransted acid sites [138]. TS-1 is active in many organic transformations, and is
able to maintain activity even in the presence of water [139]. TS-1, in combination with aqueous
solutions of hydrogen peroxide (H.0O,), has provided the industrial implementation of various
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reactions, including phenol hydroxylation, cyclohexanone ammoxidation, and propene oxide
synthesis, with great simplification of the processes and reduction of waste and hazards [140-142].
The tetrahedrally coordinated Ti** species can act as a Lewis acid site by using empty d° orbitals to
accept electron pairs from reactants. The successful catalytic performance obtained with
Ti-containing zeolites was applied to the way for the development of new zeolites and mesoporous
materials containing different metals in framework. Sn, Zr, Ta, and Nb have been successfully
incorporated into the framework of zeolite Beta and MCM-41, exhibiting peculiar catalytic
properties different from Ti-based zeolites in the presence of water [143-151]. Recently, Sn-Beta
and Ti-Beta was found to show highly catalytic activity for the isomerization of glucose into
fructose in aqueous media [152]. A detailed NMR study revealed that when Sn-Beta was used as
catalyst, glucose isomerization proceeded through an intramolecular hydride shift. This is similar
pathway to Meerwein-Ponndorf-Verley (MPV) reactions mediated by Lewis acids involving a
six-membered transition state between the metal center, the carbonyl group, and the hydroxyl group
in the sugar (Figure 1-9) [153].
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Figure 1-9. Proposed glucose isomerization reaction mechanism catalyzed by Sn—Beta.

1-3  Transformation of carbohydrate by solid acid catalysts

Carbohydrates are among the most abundant organic compounds on earth and represent the
major portion of the world’s renewable biomass, of which less than 5 % is used by mankind
annually [154]. The bulk of the renewable carbohydrate-biomass comprises polysaccharides.
Cellulose and hemicellulose in lignocellulose consists of two types of monosaccharides: hexoses
(six-carbon sugars) and pentoses (five-carbon sugars). Various strategies for efficient use of
carbohydrates as a chemical feedstock are being established in the interest of supplementing, and
ultimately replacing petroleum resources [2,155-157]. There are two ways to transform
carbohydrates into bioproducts: one is fermentation process, and the other is the chemical
transformation by using a catalyst. In conversion of carbohydrates, the thermal instability is a major
obstacle. Fermentation processes have proven to be more applicable than catalytic ones, in part
because of their ability to operate at low temperatures. On the other hand, catalysts often offer
improved process design options, resulting in higher productivity and reduced costs related to
product work-up. Indeed, catalytic processes have indicated to be scalable and able to supply
numerous low-cost products from petroleum.
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1-3-1  Hydrolysis of polysaccharides into monosaccharides

In order to use carbohydrates, polysaccharides are converted into monosaccharides by chemical
or enzymatic processes. Hydrolysis of polysaccharides can generally allow the energy-efficient
conversion [2], and is typically carried out using acid catalysts at temperature ranging from 370 to
570 K, depending on the structure and nature of the polysaccharides [158]. Acid hydrolysis
proceeds by C-O-C bond cleavage at the intermediate oxygen atom between two sugar molecules
[159]. Hydrolysis reaction often accompanies further degradation of sugars to small organic
products such as furfural and 5-hydroxymethylfurfural (HMF). Cellulose, the most abundant
polysaccharide with B-glycosidic linkage, is the most difficult material to be hydrolyzed because of
its high crystallinity. Hemicellulose is more open to attack at oxygen linkages to break down the
oligomers into single sugar molecules. Besides polysaccharides in lignocellulose, soluble starch (a
polyglucan with a-glycosidic linkage obtained from corn and rice) and inulin (a polyfructan
obtained from chicory) can be hydrolyzed to form glucose and fructose, respectively. Hydrolysis of
polysaccharide, especially cellulose, is catalyzed by concentrated or diluted sulfuric acid. Recently,
solid acid catalysts have been applied to the cellulose hydrolysis as a replacement of liquid sulfuric
acid. Layered transition-metal oxide [160], heteropolyacid [161], SOsH-appended silica/carbon
composites [162], and magnetic silica [163] are found to be active for the reaction. Although these
solid acids are potential candidates, further development of the catalysts is required to improve the
catalytic performance because the hydrolysis is carried out at the interface between the solid surface
and macromolecular cellulose, resulting in poor accessibility of the substrate with active sites.

1-3-2  Conversion of monosaccharides

Monosaccharides obtained by hydrolysis of polysaccharides can be transformed into important
basic nonpetroleum chemicals: furfural (2-furancarboxaldehyde) and 5-hydroxymethylfurfural
(HMF) arising from dehydration of pentoses and hexoses, respectively (Scheme 1-1) [156].
Monosaccharides including glucose, fructose, and Xxylose can also serve as feedstock for the
production of lactic acid through trioses. The proposed reaction networks for the production from
hexoses suggested that trioses, such as dihydroxyacetone, glyceraldehyde, and pyruvaldehyde, are
prevalent intermediate species (Schemel-2) [164].

Sucrose, Starch, Cellulose,
Hemicellulose, Inulin

~ ~

Pentoses Hexoses
(Xylose) (Glucose, Fructose,Mannose)
e j H,0 bt | 0
I\ H I H
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Furfural 5-Hydroxymethytfurfural (HMF)

Scheme 1-1. Products synthesized from monosaccharides
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Scheme 1-2. Proposed intermediates in the conversion of hexoses into lactic acid

1-3-2-1  Production of HMF

HMF is a versatile and multi-functional compound and a good starting point for the synthesis of
precursors of pharmaceuticals, thermoresistant polymers, and macrocyclic compounds, and
particularly for the synthesis of dialdehydes, ethers, amino alcohols, and other organic intermediates
[156,158,165]. These may lead to the possibility of numerous chemical products such as solvents,
surface-active agents, phytosanitary products, and resins [156,158,165]. HMF is formed from
hexoses through removing three water molecules in the acid-catalyzed dehydration reaction
(Scheme 1-3) [165]. In the aqueous system, HMF enters into a consecutive reaction sequence taking
up two molecules of water, and forms levulinic and formic acid as semifinal products. The
cross-polymerization reactions lead to the production of colored soluble polymers and insoluble
brown humins [166]. In order to prevent the side reactions and obtain a high yield of HMF, one can
design and employ a suitable catalyst tuned to the formation of HMF, while not promoting the
consecutive reactions or alternatively the continuous removal of HMF from the reaction mixture.
The catalysts used are generally classified as mineral acid, organic acid and solid acid catalysts.
Among these catalysts, solid acid catalysts have several advantages over liquid acid catalysts: (a)
they facilitate the separation of product from reaction mixture and can be easily recycled; (b) they
can work at relatively high temperatures, thus shortening the reaction time and favoring the
formation of HMF instead of its decomposition during a prolonged reaction period; (c) they are
capable of adjusting the surface acidity to improve the selectivity of HMF [167].

! Side reactions
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Scheme 1-3. The production of HMF and the corresponding side reactions

The most convenient method for the preparation of HMF is the acid-catalyzed dehydration of
fructose. Fructose can be obtained by acid-catalyzed hydrolysis of sucrose and inulin or by selective
isomerization of glucose to fructose. The representative results of fructose dehydration reported are
summarized in Table 1-3. Biphasic systems (a mixture of aqueous and organic solvent) are typically
used to boost HMF vyields by effectively lowering reactant, product, and water concentration, or by
separating the product from the reactant into different phases [168-170]. Anatase TiO; catalyzed the
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production of 5-HMF from fructose under microwave irradiation [171]. The catalytic activity of
niobium phosphate was superior to that of niobic acid in the aqueous phase, which was related to
the more effective surface acidity of niobium phosphate in polar media [172,173]. Vanadyl
phosphate exhibited higher catalytic performance than niobium phosphate [174]. When cubic
zirconium pyrophosphate (C-ZrP,0,) was employed in the dehydration, a 44.3% yield of HMF in a
99.8% selectivity was obtained at 100 °C within 0.5 h [175]. Meanwhile, y-titanium phosphate also
exhibited promising performance (a 35.3% vyield of HMF in 96.1% selectivity) under similar
conditions.

Table 1-3. The catalytic reaction results for the fructose dehydration with typical solid acid catalysts

HMF
Temp. Time Conv. selectivity

Catalyst Solvent (K) (min.) (%) (%) Ref.
Dowex 50wx8-100 Acetone/DMSO 423 10 96.4 85.2 [168]
Dowex 50wx8-100 Acetone/H,0 423 15 95.1 77.2 [169]
H-form mordenite H,O-MIBK 438 60 76.0 91.1 [170]
Anatase TiO, H,0 473 5 83.6 45.6 [171]
Niobium phosphate H,0 373 120 61.4 35.2 [172,173]
Vanadyl phosphate H,0 323 60 50.2 835 [174]
Cubic zirconium

H,O0 373 30 44.4 99.8 [175]

Phosphate

Glucose, the most abundant sugar in biomass, is used in industry as a source of HMF because its
cost is much lower than of fructose [176]. However, in pure water, glucose dehydration to HMF is
extremely nonselective, because the direct dehydration of glucose requires harsher conditions (i.e.,
higher temperatures, longer residence times, and higher acidity) in comparison with those required
to the dehydration of fructose, thus leading to higher byproduct formation [164]. An alternative
strategy to generate high HMF yields from glucose involves a two-step process whereby glucose is
first isomerized into fructose, followed by the dehydration of fructose into HMF (Scheme 1-4).
Combination of basic Mg/Al hydrotalcites and acidic resins has been used to dehydrate glucose into
HMF in dimethylformamide at 353 K [177,178]. Lewis acids can also be potentially used in
combination with Brgnsted acids to catalyze glucose to HMF cascade reactions. However,
water-compatible Lewis acids in water are expected to have low catalytic activity not only because
they progressively deactivate but also because water provides a coordinating polar environment that
masks possible complex formation with low-coordinate metal species. Recently, Sn—Beta zeolites
have been used in conjunction with homogeneous Brgnsted acids in biphasic systems to effectively
dehydrate saccharides into HMF [179]. In this system, Sn—Beta catalyzed a Lewis-acid-mediated
isomerization of glucose into fructose, whereas the mineral acid catalyzed the dehydration of
fructose into HMF.
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Scheme 1-4. Two-step process for the conversion of glucose into HMF.

1-3-2-2  Production of furfural

Furfural is one of the versatile and renewable chemicals with a wide industrial application
profile both as a solvent and as a building block for the synthesis of various chemicals, including
tetrahydrofuran, agrochemicals, pharmaceuticals, fragrances, and furan-based resins [180-182].
Furfural is formed from xylose through removing three water molecules in the acid-catalyzed
dehydration reaction (Scheme 1-5). The by-products formed in this reaction result mainly from
consecutive condensation reactions between furfural and intermediates of the xylose-to-furfural
conversion [180]. For dehydration of xylose as well as glucose and fructose, heterogeneous
catalytic processes offer several advantages over liquid acid catalysts. Attempts have been made to
develop such processes, and the use of zeolites (faujasites and mordenites) was reported for the
reaction at 443 K in a mixture of water and metylisobutyl ketone or toluene [183]. Mordenite was
more selective to furfural than faujasite, achieving selectivities between 90 and 95%; however,
conversion was low (about 30%). Valente et al. have studied the hydrolysis of xylose to furfural by
heteropolyacids [184], MCM-functionalized sulfonic acid [185], and microporous and mesoporous
niobium silicates [186] as catalysts at 413 K, using DMSO and water/toluene solvents. The
dehydration over microporous niobium silicates gives xylose conversions up to 90% and furfural
yields up to 50%. These yields are significantly higher than those achieved under the same reaction
conditions with HY or mordenite zeolites.
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Scheme 1-5. Simplified reaction scheme of the dehydration of xylose to furfural and some side
reactions.

1-3-2-3  Production of lactic acid and lactate-derivatives

Lactic acid is an important chemical used widely in the pharmaceutical, food, cosmetic and
chemical industries [187]. Recent growth in demand for lactic acid, its salts, and its esters has
stemmed from their use as platform chemicals for the production of biodegradable polymers and
renewable solvents [188,189]. Current methods of lactic acid production are based on the anaerobic
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microbial fermentation of glucose using bacteria. The main drawbacks associated with this process
are the use of stoichiometric amounts of calcium hydroxide to neutralize the product, the large
amounts of energy consumed, and waste generated during the separation of lactic acid from the
fermentation broth [190]. Much effort has been devoted to develop efficient chemical synthesis
routes to address the drawbacks for biological synthesis route.

For the chemical transformation of monosaccharides, dissolved metal salts have been used as
Lewis acid catalysts. Zn(ll), Cr(1ll), Co(ll), and Ni(ll) salts generated the best improvement in
lactic acid yields for transformation of glucose in water at subcritical conditions [191-193]. But,
reported lactic acid yields were usually low (<40%) and reaction mechanism was not studied. Thus,
the conversion of trioses into lactic acid and lactate derivatives has been a subject of intense
investigation in recent years. Trioses, such as dihydroxyacetone (DHA) and glycelaldehyde (GLA),
can be obtained via biological or chemical synthetic methods from glycerol, a common by-product
from the transesterification of triglycerides used in biodiesel production [194-198]. In view of the
interesting results obtained with hexoses, homogeneous Lewis acids have also been investigated for
the transformation of these trioses into lactate derivatives. Early reports have shown that transition
metal complexes can catalyze this reaction effectively by forming stable Lewis acid—Lewis base
complexes in water through chelate substrate binding of the monohydrated triose with Rh or Cr
species [199,200]. More recently, lactic acid yields exceeding 90% were achieved starting from
DHA using Lewis acid salts containing Al(111) and Cr(l11) cationic species[201,202].

The large-scale production of lactate derivatives necessitates the use of heterogeneous catalysts
to avoid energy-intensive separation procedures. For reactions of DHA in ethanol, ultrastable zeolite
Y materials (a low Si/Al ratio and a high content of extra-framework aluminum) exhibited the
highest yields (>95%) toward the desired lactate products [203,204]. It was concluded that both
Lewis and Brensted acidity is required for optimal yield: Brensted acid sites are needed to convert
trioses into pyruvaldehyde, and Lewis acid sites are needed for the intramolecular isomerization of
the aldehyde into the lactate. The incorporation of tin into the framework of porous silicates results
in highly active and selective catalysts for the production of lactate derivatives from trioses or
hexoses [205,206]. Sn—Beta catalysts with high Si/Sn ratios (typically ranging between 90 and 200)
quantitatively convert DHA dissolved in methanol into methyl lactate at 353 K in 24 h. Sn—Beta
appears to simultaneously activate the carbonyl and hydroxyl groups in the trioses, promoting an
intramolecular hydride shift similarly to that observed for MPV reactions catalyzed by Lewis acids
[193]. In the presence of water, lactic acid yields of 90% can be obtained, but recycling of the
catalyst was proved to be difficult because the lactic acid product carbonizes within the zeolite
pores (subsequent reuse requires prior calcination to remove this carbonaceous residue) [164,193].
Sn—Beta can also convert glucose, fructose, and sucrose into alkyl lactates in an alcohol solution in
yields ranging from 45 to 60% [206]. These results suggest that Sn—Beta is also active in breaking
the hexose into two trioses by way of retro-aldol condensation reactions prior to isomerizing these
fragments into the final lactate product.
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1-4  QOutline of this thesis

The use of solid acids enables the development of environmentally sustainable chemical
processes. A number of different types of solid acids have been developed as replacements for
homogeneous acids. In this thesis, the synthesis and catalytic activities of carbon solid acids as
replacement of H,SO, and water-tolerant solid Lewis acid catalysts was studied. Recently, we have
developed carbon solid acid as the novel solid acid; an amorphous carbon consisting of nanosized
carbon sheets with large amounts of SOsH groups. | investigated the catalytic performance of
cellulose-derived catalysts in the hydrolysis of cellulose. New type of carbon solid acid was
prepared from polyvinyl chloride to improve the catalytic activity in the hydrolysis of cellobiose. |
prepared SO3H-bearing mesoporous carbon by using mesoporous RF resin as a starting material,
and examined catalytic performance for hydrophobic reactions, such as o-methylstyrene
dimerization. | studied Ta,Os as a water-tolerant Lewis acid catalyst and applied Ta,Os to the
production of lactic acid from DHA in water.

Chapter 2

SO3H-bearing amorphous carbon was prepared by partial carbonization of cellulose followed by
sulfonation. The catalytic activity was examined by the acid-catalyzed hydrolysis of -1,4 glucan,
including cellobiose and crystalline cellulose.

Chapter 3

The catalytic performance of various acid catalysts was investigated through the hydrolysis of
cellulose into saccharides. The high catalytic performance related to structure of the SOzH-bearing
amorphous carbon was studied.

Chapter 4

Sulfonated amorphous carbon prepared from polyvinyl chloride (PVC) has been studied as a
solid acid catalyst. The difference in the structural property and the catalytic activity for the
hydrolysis of cellulose between the solid acids prepared from PVC and cellulose were clarified.

Chapter 5

A SOzH-bearing mesoporous carbon material was prepared by carbonization of
resorcinol-formaldehyde resin, followed by sulfonation. The catalytic performance of this carbon
solid acid was demonstrated through dimerization of a-methylstyrene (AMS), as the acid-catalyzed
reaction using hydrophobic reactants.

Appendix 1

Lewis acidity of Ta,Os in the presence of water was studied. Catalytic performance was
examined for lactic acid production from aqueous DHA solution. In addition, H3PO, treatment of
Ta,0s was attempted to improve the catalytic performance of the samples.
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Chapter 2

Synthesis and Acid Catalysis of
Cellulose-derived Carbon-based Solid
Acid

2-1  Abstract

SO3H-bearing amorphous carbon, prepared by partial carbonization of cellulose followed by
sulfonation in fuming H,SO,4, was applied as a solid catalyst for the acid-catalyzed hydrolysis of
B-1,4 glucan, including cellobiose and crystalline cellulose. Structural analyses revealed that the
resulting carbon material consists of graphene sheets with 1.5 mmol g™* of SOsH groups, 0.4 mmol
g™ of COOH, and 5.6 mmol g* of phenolic OH groups. The carbon catalyst showed high catalytic
activity for the hydrolysis of B-1,4 glycosidic bonds in both cellobiose and crystalline cellulose.
Pure crystalline cellulose was not hydrolyzed by conventional strong solid Bragnsted acid catalysts
such as niobic acid, Nafion® NR-50, and Amberlyst-15, whereas the carbon catalyst efficiently
hydrolyzes cellulose into water-soluble saccharides. The catalytic performance of the carbon
catalyst is due to the large adsorption capacity for hydrophilic reactants and the adsorption ability of
B-1,4 glucan, which is not adsorbed to other solid acids.

2-2 Introduction

Sulfuric acid is one of the most popular acid catalysts for practical chemical processes and is
widely used in the production of industrially important chemicals. Such homogeneous acids
generally require special processing in the form of neutralization, which involves energy-inefficient
catalyst separation from products and results in the formation of a large amount of sulfate wastes
[1-4]. The development of environmentally sustainable chemical processes has stimulated the use of
solid acid catalysts, because solid acids can be easily separated from the reaction matrix by simple
filtration or decantation for repeated use. Replacing conventional homogeneous acids with
heterogeneous counterparts, such as silica-alumina [5], zeolites [6-8], niobic acid [9,10], and strong
ion-exchangeable resins [11-13], is a most promising solution to this problem; however, the
catalytic activity and stability of these acids are much lower than those of homogeneous acids.
Therefore, there has been increasing demand for the development of stable and highly active solid
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acid catalysts [14-17].

Recently, we have developed novel solid acid materials referred to as carbon-based solid acids
that contain nano-sized graphene sheets (ca. 1.5 nm) with high densities of sulfonic acid groups in
the amorphous carbon, which function as efficient and reusable solid acid catalysts for industrially
important chemical reactions such as hydration, hydrolysis, and esterification: the catalytic activity
of the carbon-based solid acids in these reactions is comparable to that of sulfuric acid [18-22].
These catalysts can be prepared by incomplete carbonization of sulfopolycyclic aromatic
hydrocarbons [18] or sulfonation of incompletely carbonized natural organic materials containing
D-glucose units [19-22]. These D-glucose-derived carbon-based solid acids can incorporate large
amounts of hydrophilic molecules, including water, into the carbon bulk, due to the presence of
hydrophilic functional groups such as -SO3H, -COOH, and phenolic -OH groups on the flexible
carbon sheets [19-21]. In corporation of hydrophilic molecules provides good access by reactants to
the SOzH groups, which gives rise to high catalytic performance, despite the low surface area (ca. 2
m? g1) [18-22]. The conversion of cellulose into useful saccharides is an attractive route to the
environmentally benign production of chemicals, including ethanol [23,24]. Sulfuric acid can
function as an effective catalyst for the hydrolysis of cellulose into water-soluble saccharides.
However, this catalyst requires a special processing in the form of neutralization, involving costly
and inefficient catalyst separation. This results in large energy consumption [25-27]. Recently, we
found that amorphous carbon bearing -SO3H, -COOH, and phenolic -OH groups, prepared by
sulfonation of partially carbonized cellulose, can catalyze the hydrolysis of cellulose [22]. The
particulate catalyst can be readily separated from the aqueous solution containing saccharides,
allowing for the repeated reuse without minimum energy consumption. The reaction does not
proceed in the tested conventional strong solid Brensted acid catalysts such as niobic acid,
H-mordenite, Nafion NR-50 and Amberlyst-15. While the carbon catalyst can function as an active
catalyst for the hydrolysis of cellulose, the details of the structure and acid catalysis of the
cellulose-derived carbon catalyst have not yet been cleared. In this study, the structure and acid
catalysis of the carbon-based solid acid have been studied through structural analyses and the
hydrolysis of cellobiose and cellulose.

2-3  Experimental

Preparation of the carbon-based solid acid

The carbon-based solid acid was prepared by sulfonation of incompletely carbonized cellulose.
500 g of microcrystalline cellulose powder was heated for 1 h at 673 K under N, flow to obtain
amorphous carbon, which was then ground to a powder. The powder (5 g) was then boiled in 150
mL of fuming sulfuric acid (15 wt% SO3) at 353-393 K under N, flow. After heating for 10 h and
then cooling in an ice bath, 1000 mL of distilled water was added to the mixture to form a black
precipitate. The precipitate was washed repeatedly in hot distilled water at 373 K until sulfate ions
were not detected in the wash water.
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Characterization

Structural information for the prepared carbon material was obtained by powder X-ray
diffraction (XRD; Ultima IV, RIGAKU), Raman spectroscopy (NRS-3100, JASCO), and **C
cross-polarization (CP) magic angle spinning (MAS) nuclear magnetic resonance (NMR). **C
CP/MAS NMR spectra were measured at room temperature using a Bruker ASX-200 spectrometer
at a Lamor frequency of 50.3 MHz. A Bruker MAS probehead was used with a 7mmzirconia rotor.
The spinning rate of the sample was 4.0 kHz. The frequency of the spectra is expressed with respect
to pure tetramethylsilane. Glycine was used as a second reference material, with a carbonyl signal
set at 176.48 ppm. The Brunauer-Emmet-Teller (BET) surface areas and water vapor adsorption
isotherms for the samples were measured using a surface area analyzer (NOVA-4200e,
QUANTACHROME) and volumetric absorption equipment (AUTOSORB MP/VP,
QUANTACHROME), respectively. The amount of functional groups bonded to the carbon-based
solid acid was estimated by elemental analysis (vario MICRO cube, ELEMENTAR) and
cation-exchange analysis. According to X-ray photoelectron spectroscopic (XPS) analysis, all S
atoms in the carbon material, which possesses SO3H, COOH, and phenolic OH, is expected to be
confined to SO3H groups [19-22]. The densities of SO3H groups were thus estimated based on the
sulfur content determined from sample compositions obtained by elemental analysis. The total
SOsH + COOH and SO3;H + COOH + OH contents were estimated from the exchange of Na* in
aqueous NaCl and NaOH solutions, respectively, to afford the proportions of each functional group
[22].

Hydrolysis of cellobiose

Hydrolysis of cellobiose was carried out at 373 K in cellobiose solution (cellobiose, 0.1 g; water,
10 mol) over 0.2 g of carbon catalyst. Niobic acid (Nb,OsnH,O, CBMM), Nafion® NR50
(perfluorosulfonated ionomer, Aldrich), and Amberlyst-15 (polystyrene-based cation-exchangeable
resin with SO3H, Aldrich) catalysts (0.2 g) were used for comparison. The liquid phase during
reaction was analyzed by liquid chromatography (LC; LC-2000 plus, JASCO).

Hydrolysis of cellulose

The hydrolysis of pure microcrystalline cellulose (Avicel) was typically carried out in a Pyrex
reactor (catalyst, 0.300 g; cellulose, 0.025 g; distilled water, 0.700 g) at 373 K. The catalysts tested
for hydrolysis of cellulose were sulfuric acid (H,SO,4; 96%, KANTO Chemicals), niobic acid,
Nafion® NR50, Amberlyst-15, and the carbon catalyst. After the reaction, an aliquot of the
supernatant solution was decanted and analyzed. The yields of glucose and water-soluble B-1,4
glucan were determined by LC, and the enzymatic hydrolysis of water-soluble B-1,4 glucan using
cellulase, respectively. The amount of glucose produced in the collected supernatant solution was
estimated by LC. 0.2 g of crude cellulose obtained from Trichoderma viride (Wako Pure Chemical
industries) was then added to the collected supernatant solution, and the solution was warmed for 48
h at 313 K in order to hydrolyze the water-soluble -1,4 glucan in the solution into glucose. After

30



Chapter 2.  Synthesis and Acid Catalysis of Cellulose-derived Carbon-based Solid Acid

the enzymatic hydrolysis, glucose produced by hydrolysis of $-1,4 glucan was also analyzed by LC.
Cellulose conversion was obtained using the following equations [22].
Cellulose conversion (%) = 100(B + C)/A.
A: total amount (mol) of glucose monomer in cellulose
B: amount (mol) of glucose produced by acid-catalyzed hydrolysis
C: total amount (mol) of glucose monomer in water-soluble B-1,4 glucan produced by
acid-hydrolyzed hydrolysis.

2-4  Results and discussion

Characterization of carbon materials

Fig. 2-1 shows XRD patterns and Raman spectra for the carbonized cellulose before and after
sulfonation. The XRD patterns in Fig. 2-1(A) exhibit a weak and broad C(002) diffraction peak (26
= 10-30") attributed to amorphous carbon. This indicates that both the carbon precursor and carbon
catalyst are composed of aromatic carbon sheets oriented in a considerably random fashion [28].
The Raman spectra (Fig. 2-1(B)) display two broad signals assigned to the D-band (ca. 1400 cm™,
Aag D breathing mode) and G-band (ca. 1590 cm™, E»q G mode). The intensity ratio of the D- and
G-bands for these samples is nearly equal, indicating that there is no significant difference in the
average sizes of graphene among these materials. The average size of graphene was estimated to be
approximately 1.2 nm [28]. Fig. 2-2 shows *C CP/MAS NMR spectra for carbonized cellulose
before and after sulfonation. Signals at 130 and 155 ppm with spinning sidebands attributed to
polycyclic aromatic carbon atoms and phenolic OH groups are observed in these spectra, indicating
that the carbon frameworks of these materials consist mainly of sp®-derived carbon sheets with
phenolic OH groups. The broad signal for aliphatic hydrocarbon moieties (15 ppm) observed for
carbonized cellulose in Fig. 2-2(a) disappeared and a weak signal at 180 ppm, assigned to -COOH
groups, appears after sulfonation (Fig. 2-2(b)). This suggests that the aliphatic hydrocarbons were
decomposed and/or carbonized by the strong oxidative and dehydrating properties of fuming H,SO,
when heated. The formation of -COOH groups in the carbon catalyst can probably be attributed to
the partial oxidation of graphene sheets by H,SO,4. The peak due to aromatic carbon bonded to the
SO3H group (Ar-SO3zH, ca. 140 ppm) is not observed in the spectrum (Fig. 2-2(b)), because broad
peaks due to aromatic carbon atoms (130 ppm) and phenolic OH groups (155 ppm) completely
obscure the peak. The introduction of sulfonic acid groups was directly confirmed by XPS analysis.
The XPS spectra for carbon materials after sulfonation exhibit a single S2p peak attributable to
SO3H groups. Fig. 2-3 shows S2p XPS spectra for carbonized cellulose before and after sulfonation.
Although no signal is observed in the spectrum for carbonized cellulose (Fig. 2-3(a)), a single peak
at 168 eV assigned to the SO3H groups is clearly observed in the spectrum for sulfonated carbon,
indicating that sulfonation of amorphous carbon was successfully achieved in fuming H,SO, to
form sulfonic acid groups, and all sulfur in the carbon catalyst is contained in the SOsH groups.
From the elemental analysis and cation-exchange experiments, the amounts of SO3;H, COOH, and
phenolic OH groups bonded to the graphene were estimated to be 1.5, 0.4, and 5.4 mmol g,
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respectively [22]. The proposed carbon structure is schematically illustrated in Fig. 2-4. The
prepared material is amorphous carbon consisting of SO3H-, COOH-, and phenolic OH bearing
graphene sheets in a considerably random fashion. The carbon catalyst possesses a high density of
almost neutral phenolic OH groups in addition to Brgnsted acid sites (SOsH and COOH), which is
distinct from conventional solid acids that have single functional groups, such as sulfonated resins.

One of the important features of the carbon catalyst is that it can adsorb large amounts of
hydrophilic molecules. A carbon catalyst prepared from D-glucose was reported to have a high
density of effective Bronsted acid sites and exhibited high catalytic performance for acid-catalyzed
reactions, despite the low surface area (2 m? g%) [19-21]. Fig. 2-5 shows the H,O vapor
adsorption-desorption isotherm of the carbon catalyst at 298 K. Although the carbon catalyst
prepared from cellulose also has a low surface area (2-3 m? g), the amount of adsorbed H,0 at 1.5
kPa is much smaller than that at saturated water vapor pressure (ca. 3 kPa) exceeds 0.01 mol g,
Assuming that the adsorption cross sectional area of H,O is 0.125 nm?, the effective surface area of
the carbon catalyst is estimated to exceed over 560 m? g, which means that the carbon catalyst can
incorporate large amounts of water into the carbon bulk, due to the high density of hydrophilic
functional groups bound to the flexible nanographene sheets. This provides good access by
reactants in solution to the SO3zH groups in the carbon material, resulting in high catalytic
performance, despite the low surface area [22].

Hydrolysis of cellobiose by solid acid catalysts

Fig. 2-6 shows time courses for D-glucose formation from cellobiose over the carbon catalyst.
For comparison, the results for Nafion® resin (NR50), Amberlyst-15, and niobic acid are included.
Nafion® NR50 and Amberlyst-15 are polymer-based strong solid acids with high densities of SO3H,
and very high activity for a variety of reactions [11-13]. Niobic acid is a typical inorganic oxide
strong solid acid that is widely used in industrial acid-catalyzed reactions [9,10]. Although the
catalytic activity of niobic acid is moderate, the SOsHbearing solid acid catalysts exhibit high
catalytic activity for this reaction. The catalytic activity for the carbon catalyst is approximately
twice as high as those of Amberlyst-15 and Nafion NR-50. Therefore, the difference in the catalytic
properties of sulfonic acid-bearing catalysts for this reaction can be adequately explained as not
being due to acid amount or acid strength. Catalysis over the carbon catalyst with SOzH, COOH,
and phenolic OH was thus further investigated by examining the adsorption of cellobiose on each of
the solid acid catalysts used in this study [29]. 0.1 g of each solid acid was added to 2 cm?
(cellobiose, 3 mol) of aqueous cellobiose solution (1.5 mmol L™) and then stirred at room
temperature. Cellobiose was not hydrolyzed into glucose at room temperature under the
experimental conditions, and the amount of adsorbed cellobiose was estimated by LC of the
supernatant solution. The conventional solid acids, such as Nafion, and Amberlyst-15, did not
adsorb cellobiose in water even after stirring for 24 h, whereas the carbon catalyst adsorbed 24% of
the cellobiose in just 3 h. Cellobiose adsorption reached a plateau at 5 h, with adsorption of 26%
(0.8 mol) of the cellobiose dissolved in the solution, which suggests that the carbon material has a
stronger affinity for B-1,4 glucan than the other solid acids. It should be pointed out that the carbon
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catalyst cannot adsorb D-glucose at all, suggesting that the glycosidic bond in B-1,4 glucan
participates in adsorption on the carbon catalyst. The ability to adsorb B-1,4 glucan may be
attributed to the phenolic OH groups bonded to the graphene sheets. In the cellobiose adsorption
experiment for the COOH-containing (Amberlite IRC-50 (Aldrich)) and SOsH-containing
(Amberlyst-15) resins, cellobiose was not adsorbed to the resins, indicating that these functional
groups do not adsorb cellobiose. With regard to the stronger affinity for p-1,4 glucan, the large
surface area of the carbon catalyst in a water medium can enhance the incorporation of cellobiose,
providing good access by reactants to the SOzH groups in the carbon material and resulting in high
catalytic activity.

The results for the carbon catalyst reusability experiment are shown in Fig. 2-7. Judging from
statistics, the experimental error in glucose yield was estimated to be 3% yield [30]. As a result,
there is no significant difference in activity among the catalyst reuse experiments. In addition, no
decrease in activity and SO3zH density is observed even after 4 reuses for the hydrolysis of
cellobiose by the carbon material [29]. These results indicate that SO3H groups are tightly bonded
to the graphene sheets, and thus the carbon catalyst can function as a stable and highly active solid
acid for the hydrolysis of -1,4 glycosidic bond.

Hydrolysis of cellulose by solid acid catalysts

The performance of various acid catalysts and sulfuric acid for the hydrolysis of pure
microcrystalline cellulose powder was examined at 373 K; the time courses of cellulose conversion
are shown in Fig. 2-8. Cellulose could not be hydrolyzed into glucose or water-soluble $-1,4 glucan
using conventional solid acid catalysts such as niobic acid, Amberlyst-15, and Nafion® NR-50.
However, the carbon catalyst exhibited remarkable performance for the hydrolysis reaction, with
catalytic activity comparable to that of sulfuric acid. All cellulose was converted into water-soluble
saccharides over the carbon catalyst within 6 h, and the catalyst could be readily separated by
decantation from the solution containing dissolved saccharides after the reaction. Fig. 2-9 shows the
product distribution for the reaction, as determined by LC. While the conventional solid strong
Bronsted acids of niobic acid, Nafion® NR-50, and Amberlyst-15 did not produce any water-soluble
saccharides, the carbon catalyst hydrolyzed cellulose into water-soluble oligosaccharides and
D-glucose, as did sulfuric acid. The water-soluble oligosaccharides produced in this reaction were
analyzed by matrix-assisted laser desorption/ionization-time-of-flight-mass  spectrometry
(MALDI-TOF-MS) of the reaction solution after 3 h in the presence of the carbon catalyst. Large
signals appeared at m/z = 162 intervals, which is the mass number of the glucose monomer
(-(-O-CgH1004-)n-) in - glucan, indicating that the water-soluble hydrolysis product from cellulose
was B-1,4 glucan (results not shown). The B-1,4 glucan component was estimated to be
CsH1105-(-0-C6H1004-)2-10-0O-CsH1105 by MALDI-TOF-MS. The results indicate that the
hydrolysis of cellulose on the carbon material proceeds as well as that on sulfuric acid: H* attacks
hydrogen and B-1,4 glycosidic bonds in solid crystalline cellulose to form water-soluble B-1,4
glucan, followed by hydrolysis of the B-1,4 glycosidic bonds in B-1,4 glucan to form glucose.
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Therefore, efficient conversion of cellulose into glucose using a solid acid catalyst requires strong
interaction between the solid acid and B-1,4 glucan (solid cellulose and water-soluble 3-1,4 glucan),
because the Brgnsted acid sites of the solid acid cannot approach the cellulose surface without such
interaction. This is distinct from hydrolysis in the homogeneous sulfuric acid system. The
SO3H-bearing carbon material, which is capable of adsorbing B-1,4 glucan, can thus be expected to
have much higher activity for hydrolytic catalysis than the other solid acids examined in this study.

2-5  Conclusion

The sulfonation of carbon material prepared by low temperature carbonization of cellulose
resulted in a highly active, stable solid acid catalyst as a replacement for sulfuric acid. The carbon
catalyst, consisting of polycyclic aromatic carbon with SO-H, COOH, and phenolic OH, was
demonstrated to function as a highly active catalyst for the direct hydrolysis of -1,4 glucan in solid
cellulose, despite the low surface area of the catalyst. The high catalytic activity for the reaction can
be attributed to the ability to adsorb B-1,4 glucan and the large effective surface area of the catalyst
in water.
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Figure2-1. XRD patterns (A) and Raman spectra (B) for carbonized cellulose (a) before and (b)
after sulfonation.
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Figure 2-2. *C CP/MAS NMR spectra for carbonized cellulose (a) before and (b) after
sulfonation. * is denoted as spinning sidebands
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Figure 2-3.  S2p XPS spectra for carbonized cellulose (A) before and (B) after sulfonation.

so¥ SO.H (1.5 mmol g1
O COOH (0.4 mmol g)
HO OH (5.4 mmol g')

Surface area: 2 m?g!
s

o, O&

Figure 2-4. The proposed structure of sugar catalyst prepared from cellulose.
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Figure 2-5. H,0 adsorption-desorption isotherms (298 K) for carbonized cellulose (a) before and
(b) after sulfonation. O and @ denote adsorption and desorption points, respectively.
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Figure 2-6. Time courses of D-glucose formation from cellobiose over various solid acid catalysts
at 373 K: (A) carbon-based solid acid, (B) Nafion NR50, (C) Amberlyst-15, and (D) niobic acid.
Reactants : catalyst, 0.2 g; cellobiose, 0.1 g; and water, 10 ml.
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Figure 2-7. Catalytic activity of reused carbon-based solid acid for hydrolysis of cellobiose and
the remaining S contents of the catalyst after reactions.
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Figure 2-8. Time courses of cellulose conversion in hydrolysis (catalyst, 0.300 g; cellulosic
reactant, 0.025 g; water, 0.700 g; reaction temperature, 373 K) of pure crystalline cellulose using (a)
carbon material, (b) sulfuric acid, (c) niobic acid (Nb,Os°nH,0), (d) Nafion NR-50, and (e)
Amberlyst-15.
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Figure 2-9. Product distribution in the hydrolysis of pure crystalline cellulose over various solid
acids and sulfuric acid at 373 K. Reaction condition: catalyst; 0.300g, cellulose; 0.025 g, water; 0.7
g, reaction time; 3 h.
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Chapter 3

Hydrolysis of Cellulose by Amorphous
Carbon Bearing SOs;H, COOH, and OH
Groups

3-1  Abstract

The hydrolysis of cellulose into saccharides using a range of solid catalysts is investigated for
potential application in the environmentally benign saccharification of cellulose. Crystalline pure
cellulose is not hydrolyzed by conventional strong solid Brgnsted acid catalysts such as niobic acid,
H-mordenite, Nafion and Amberlyst-15, whereas amorphous carbon bearing SO3H, COOH, and OH
function as an efficient catalyst for the reaction. The apparent activation energy for the hydrolysis of
cellulose into glucose using the carbon catalyst is estimated to be 110 kJ mol™, smaller than that for
sulfuric acid under optimal conditions (170 kJ mol™). The carbon catalyst can be readily separated
from the saccharide solution after reaction for reuse in the reaction without loss of activity. The
catalytic performance of the carbon catalyst is attributed to the ability of the material to adsorb
B-1,4 glucan, which does not adsorb to other solid acids.

3-2 Introduction

A range of industrially important chemicals can be produced from sugars, including ethanol,
hydrocarbons, and the starting materials for polymers [1,2]. Among this fundamental group of
biological compounds, cellulose is an abundant source of sugars in the form of saccharide polymers
linked by B-1,4 glycosidic bonds. As cellulose is a key component of grasses and agricultural and
wood waste, the conversion of such vegetable matter into useful sugars (saccharides) is of interest
as a means of producing cellulosic ethanol fuel and a range of industrially important chemicals.1-8
Cellulose, a water-insoluble long-chain B-1,4 glucan, is converted to saccharides by hydrolysis of
the B-1,4 glycosidic bonds, and substantial effort has been devoted to the development of
appropriate hydrolysis schemes, including catalysis using mineral acids [3-5], enzyme-driven
reactions [6], the use of supercritical water [7], and solid catalysts for hydrogenolysis [8]. The
sulfuric acid catalyzed hydrolysis of cellulose has received considerable attention and has been
implemented on relatively large scales [3-5]. However, while sulfuric acid is inexpensive and acts
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as a highly active catalyst for this reaction, its use is wasteful and energy-inefficient, requiring
separation, recycling, and treatment of the waste sulfuric acid.

The move toward more environmentally sustainable approaches to chemical processes has
stimulated the use of recyclable solid acids as replacements for the unrecyclable liquid acid
catalysts such as sulfuric acid [9-12]. Any solid Brgnsted acid catalyst that is as effective as sulfuric
acid in hydrolyzing cellulose is potentially applicable for the efficient conversion of cellulose, and
particulate catalysts can be readily separated from the water-soluble saccharides following the
reaction, allowing for repeated reuse of the catalyst with low energy consumption. In this study, the
hydrolysis of cellulose using solid acid catalysts, including amorphous carbon with a high density
of sulfonic acid groups (SO3H), was examined for potential application in the environmentally
benign saccharification of cellulose. The amorphous carbon is a solid Brgnsted acid catalyst
consisting of flexible polycyclic carbon sheets with SOsH, COOH, and phenolic hydroxyl (OH)
groups in a three-dimensional network that can be readily prepared by partial carbonization of
natural organic compounds, such as sugar, cellulose and starch, followed by sulfonation of the
resulting amorphous carbon [13-15]. The carbon material can incorporate large amounts of
hydrophilic molecules, including water, into the carbon bulk, due to the high density of the
hydrophilic functional groups bound to the flexible carbon sheets. This incorporation provides good
access by reactants in solution to the SO3zH groups in the carbon material, which gives rise to high
catalytic performance for acid-catalyzed reactions in the presence of water such as esterification and
hydration, despite the small surface area (2 m* g™) [14]. However, the details of the carbon
structure, including graphene size and functional groups other than SO3H, and catalysis-related
structure remain to be clarified.

3-3  Experimental

Preparation of Carbon Material Bearing SO3H Groups.

The carbon material with SO3H groups was prepared from microcrystalline cellulose powder
(Avicel, MERCK; particle size, 20-100 um; crystallinity, 80%; degree of polymerization, 200-300).
The starting material (20 g) was heated for 5 h at 723 K under N, flow to produce a black solid,
which was then ground to a powder. The powder (7 g) was then boiled in 150 cm3 of fuming
sulfuric acid (15 wt% SOg3) at 353 K under N,. After heating for 10 h and then cooling to room
temperature, the suspension was filtered to yield a black precipitate, which was washed repeatedly
with hot distilled water (>353 K, 1000 cm®) until impurities such as sulfate ions were no longer
detected in the wash water. As only a small amount of the excess fuming sulfuric acid is consumed
in the reaction, the sulfuric acid recovered after filtration of the powder can be reused for repeated
sulfonation of the carbon material. The densities of the functional groups in the carbon material are
mainly dominated by the degree of carbonization in the carbon material before sulfonation [14], and
the degree of carbonization can be controlled with good reproducibility, resulting in the preparation
of the reproducible carbon material.
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Characterization

Structural information for the prepared carbon material was obtained by scanning electron
microscopy (SEM, S-5200, Hitachi), powder X-ray diffraction (XRD, RINT 2100 diffractometer,
RIGAKU), Raman spectroscopy (NRS-2100, JASCO), Fourier transform infrared spectroscopy
(FTIR, FT/IR-6100, JASCO), *C cross-polarization (CP) magic angle spinning (MAS) nuclear
magnetic resonance (NMR), *P MAS NMR, and gas adsorption analysis. The FTIR spectrum for
the carbon material was obtained by using a KBr pellet containing the prepared carbon powder. *C
CP/MAS NMR spectra were measured at room temperature using a Bruker ASX-200 spectrometer
at a Larmor frequency of 50.3 MHz. A Bruker MAS probehead was used with a 7 mm zirconia rotor.
The spinning rate of the sample was 4.0 kHz. The frequency of the spectra is expressed with respect
to neat tetramethylsilane. Experimentally, glycine was used as a second reference material, whose
carbonyl signal was set at 176.48 ppm. The acid strength of the carbon material was examined by
colorproducing reagents and P MAS NMR measurement, using trimethylphosphine oxide
(TMPQ) as a probe molecule [14]. The Brunauer-Emmett-Teller (BET) surface areas and water
vapor adsorption isotherms for the samples were measured by NOVA-4200e (QUANTACHROME)
and AUTOSORB MP/VP (QUANTACHROME), respectively.

The amount of the functional groups bonded to the carbon material was estimated by elemental
analysis (vario MICRO cube, ELEMENTAL) and cation-exchange analysis. According to X-ray
photoelectron spectroscopy (XPS) analysis, all sulfur in the carbon material, which possesses SOzH,
COOH, and phenolic OH, is expected to be confined to SOzH groups [14]. The densities of SOzH
groups were thus estimated based on the sulfur content determined from sample compositions
obtained by elemental analysis. The total SOsH + COOH and SO3H + COOH + OH contents were
estimated from the exchange of Na* in agqueous NaCl and NaOH solutions, respectively, to afford
the proportions of each functional group.

Hydrolysis of Cellulose

The hydrolysis of pure microcrystalline cellulose (Avicel; particle size, 20-100 pm; crystallinity,
80%; degree of polymerization, 200-300) and eucalyptus flakes (width, 0.5-1.5 mm; thickness,
0.1-0.5 mm; length, 0.5-5.0 mm) was carried out in a Pyrex reactor (catalyst, 0.300 g; cellulose
reactant, 0.025 g; distilled water, 0.700 g) at 373 K. The catalysts tested were sulfuric acid (H,SO4
(96%), KANTO chemical), niobic acid (Nb,Os-nH,O, CBMM), H-mordenite (reference catalyst,
The Catalysis Society of Japan), Nafion NR50 (perfluorosulfonated ionomer, Aldrich),
Amberlyst-15 (polystyrene-based cationexchangeable resin with SOsH, Aldrich), and the carbon
material prepared from cellulose. In sulfuric acid reactions, 0.320 g of 96% sulfuric acid (net 0.307
g) was used as the catalyst. The Pyrex test tube reactor containing the catalyst and reactant was
sealed using a Swagelok tube fitting (reactor volume, 3.5 cm®) prior to reaction and then placed in
boiling water or an oil bath. The mixture was stirred by a stir bar in the reactor during reaction.
After the reaction, an aliquot of the supernatant solution, readily obtained by decantation, was
analyzed by liquid and gel permeation chromatography (LC-2000 plus, JASCO) and matrix-assisted
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laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MASS, AXIMA-TOF2,
SHIMAZU). In the sulfuric acid reactions, the reacted solution was neutralized with aqueous CaCl,
solution, the CaSO, precipitate was removed by centrifugation, and the supernatant solution was
analyzed.

In hydrolysis products of cellulose, the amounts of glucose and short-chain $-1,4 glucan such as
cellobiose-cellotetraose can be readily estimated by liquid chromatography (LC). While
water-soluble -1,4 glucan longer than cellopentose-cellohexose can be detected by gel permeation
chromatography (GPC) and MALDITOF-MASS, it is difficult to estimate the amount of each
long-chainp-1,4 glucan solved in solution by using these methods. In this study, the yields of
glucose and water-soluble -1,4 glucan were obtained by LC and the enzymatic hydrolysis of
water-soluble B-1,4 glucan using cellulase. After hydrolysis, the solid sample (catalyst and residual
cellulosic reactants) was rinsed 5 times in 2 cm® of distilled water added directly to the reactor.
During each rinse, the suspension was stirred vigorously for 30 min and then centrifuged to collect
the solid and the supernatant solution. The amount of produced glucose in the collected supernatant
solution was estimated by LC. 0.2 g of crude cellulase obtained from Trichoderma Viride (Wako
Pure Chemical Industries) was then added to the collected supernatant solution, and the solution
was warmed in order to hydrolyze polysaccharides (water-soluble -1,4 glucan) in the solution into
monosaccharides (glucose) for 48 h at 313 K. After the enzymatic hydrolysis, glucose produced by
the hydrolysis of water-soluble B-1,4 glucan was also analyzed by LC. Cellulose conversion as well
as glucose and B-1,4 glucan yields were obtained by using the following equations.

Cellulose conversion (%)=100(B+C)/A
Glucose yield (%)=100B/A
Total B-1,4 glucan (%)=100C/A
A: total amount (mol) of glucose monomer in cellulose.
B: amount (mol) of glucose produced by acid-catalyzed hydrolysis.
C: total amount (mol) of glucose monomer in water-soluble B-1,4 glucan produced by
acid-catalyzed hydrolysis

3-4  Results and discussion

Structure of the Prepared Carbon Material

The particle size and surface area of the black powder obtained by sulfonation of partial
carbonized cellulose were estimated to be 10-40 um and 2 m?® g, respectively by SEM and BET
measurements. Figure 3-1 shows the XRD pattern and Raman spectrum for the prepared sample.
The XRD pattern exhibiting two broad but weak diffraction peaks at 20 angles of 10°-30° and
35°-50° is attributable to amorphous carbon composed of aromatic carbon sheets oriented in a
considerably random fashion [16]. In the Raman spectrum, the intensity ratio of the D band (1350
cm™, A4 D breathing mode) to the G band (1580 cm™, Eoq G mode) for the carbon material is 0.81,
indicating that the average graphene size in the amorphous carbon is ca. 1 nm [17]. The FT-IR and
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3C CP/IMAS NMR spectra for the carbon material are shown in Figure 3-2. The vibration bands at
1040 (SOs” stretching) and 1377 cm™ (O=S=0 stretching in SO3H) in the FT-IR spectrum indicate
that the resulting material possesses SOsH groups. The broadband at 2300-2700 cm™ can be
assigned to an overtone (Fermi resonance) of the bending mode of -OH- - -O= linked by a strong
hydrogen bond, as seen in strong liquid Brgnsted acids such as CF3SO3H [18], suggesting that some
SO3H groups are interacted with SOzH, COOH, or phenolic OH groups in close proximity. The
chemical shifts at 130, 155, and 180 ppm in the NMR spectrum are attributable to polycyclic
aromatic carbon atoms, phenolic OH, and COOH groups, respectively [16,19]. The peak due to
aromatic carbon with SOsH groups (Ar-SO3H, ca. 140 ppm) is not observed in the spectrum. The
resonance derived from Ar-SOzH is not distinguished in the spectra of SO3H-bearing amorphous
carbon samples, because broad peaks due to aromatic carbon atoms (130 ppm) and OH groups (155
ppm) obscure the peak. Elemental analysis and cation-exchange experiment revealed that the
sample composition is CHy 2200.540S0.04¢ and that the amounts of SOzH, COOH, and phenolic OH
groups bonded to the graphene are 1.9, 0.4, and 2.0 mmol g-1, respectively.

The schematic carbon structure proposed on the basis of these results is shown in Figure 3-3.
The prepared material is amorphous carbon consisting of SOzH-, COOH-, and phenolic OH-bearing
nanographene sheets in a considerably random fashion. If the carbon material is composed of
uniform functionalized graphene sheets, each graphene sheet is expected to bind SO3;H and phenolic
OH. The carbon material possesses a high density of almost neutral phenolic OH in addition to
Bransted acid sites (SOsH and COOH). This is distinct from conventional solid acids with single
functional groups.

Hydrolysis of Cellulose by Acid Catalysts

The performance of various acid catalysts was examined through the hydrolysis of pure
microcrystalline cellulose powder (Avicel) at 373 K. The same amount of catalyst was used in all
cases (0.3 g). The results, including acid density, maximum acidity (Hammet function; Hp), and
surface area of the tested catalysts, are summarized in Table 3-1. The catalysts tested were sulfuric
acid (H,SQy), niobic acid (Nb,Os-nH,0), H-mordenite (zeolite), Nafion NR50 (perfluorosulfonated
ionomer), Amberlyst-15 (polystyrene-based cation-exchangeable resin with SOsH), and the carbon
material prepared from cellulose. Niobic acid and H-mordenite are typical strong inorganic solid
Brgnsted acids that are widely used in industrial acid-catalyzed reactions, while Nafion and
Amberlyst-15 are strong polymer-based solid acids with high SO3H density and very high activity
for a range of reactions [9-12,20].

As shown in Table 3-1, neither cellulose could be hydrolyzed into glucose nor water-soluble
B-1,4 glucan using conventional solid acid catalysts such as niobic acid, H-mordenite, Nafion, or
Amberlyst-15, whereas the carbon material exhibited remarkable hydrolysis performance for the
reaction. After reaction for 3 h, the white cellulose powder could no longer be observed in
suspension, and of the 25 mg of cellulose powder (total glucose monomer; 154 pmol) added to the
reaction, 68% was hydrolyzed into glucose (6 umol, yield; 4%) and water-soluble B-1,4 glucan
(total glucose monomer; 98 pmol, yield; 64%). Figure 3-4 shows the MALDI-TOF-MASS
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spectrum for the reaction solution after 3 h in the presence of the carbon material. The large signals
appear at m/z ) 162 intervals that is the mass number of glucose monomer (-(-O-CgH1004-)n-) In
B-1,4 glucan, meaning that B-1,4 glucan as the hydrolysis products of cellulose is solved in water.
Thep-1,4 glucan component was estimated to be CgHi0s5-(-O-CgH1904-)2-10-O-CsH1105 by
MALDI-TOFMASS. Under the present reaction conditions, short $-1,4 glucans, such as cellobiose
and cellotriose, 5-hydroxymethylfurfural, and levulinic acid (byproduct formed by the
decomposition of glucose) [21], were not observed in the aqueous solution after reaction. 0.3 g of
H,SO, (corresponding to 30 wt% H,SO, solution) also has a high hydrolysis activity, and the yields
of glucose and water-soluble B-1,4 glucan at 3 h reach 10 and 38%, respectively (Table 3-1). Dilute
H,SO, solution (H2SO4, 0.030 g; distilled water, 0.700 g (corresponding to 4.1 wt% H,SO,4
solution); cellulose, 0.025 g; reaction temperature, 373 K), however, reduced the yields of glucose
and water-soluble B-1,4 glucan to 2 and 4%, respectively. Because a dilute sulfuric acid system
exhibits high catalytic performance for cellulose saccharification at temperatures above 423-453 K
[22], efficient hydrolysis does not proceed in dilute sulfuric acid at 373 K. Figure 3-5 correlates the
conversion of cellulose into water-soluble saccharides (glucose and water-soluble -1,4 glucan) and
reaction time over the carbon material with the data for H,SO, under the reaction conditions
indicated in Table 3-1. In the case of the carbon material, all cellulose was converted into
water-soluble saccharides within 6 h, and the carbon material could be readily separated from the
solution containing dissolved saccharides after the reaction by simple decantation. The recovery of
the carbon catalyst was 99.4-99.6%. The results for the reuse experiment of the sample are shown in
Figure 3-6 [23]. No decrease in activity was observed even after 25 reuses of the sample (total
reaction time, 150 h). A total of 0.625 g of cellulose was successfully hydrolyzed in this manner.
Elemental analyses of the carbon material and ion chromatography revealed that 6 umol of SO3H
groups (ca. 1%) were eluted as H,SO,4 (corresponding to 0.08 wt% sulfuric acid solution) from the
carbon material at the first reaction and leaching of SO3H groups was not detected in the subsequent
reactions. The carbon material exhibited a higher hydrolysis activity for the reaction under optimal
reaction conditions in a large reaction vessel. The hydrolysis of pure crystalline cellulose into
glucose in the presence of the carbon material was remarkably promoted with increases in the
amount of cellulose and decreases in the amount of distilled water. Figure 3-7 shows the hydrolysis
of cellulose into water-soluble B-1,4 glucan and glucose using the carbon material at 373 K (carbon
material, 1.00 g (SOsH, 1.9 mmol g-1); pure crystalline cellulose, 3.00 g; distilled water, 0.70 g).
Distilled water was successively added to the reaction vessel at the rate 3 mg h™ through a
microfeeder to compensate for water consumed by the hydrolysis of cellulose. The amounts of
glucose and water-soluble B-1,4 glucan produced by the hydrolysis of cellulose increase in
proportion to reaction time. The rate of glucose formation per weight reaches 110 umol h™ g* that
is much larger than that of the carbon material under the reaction conditions indicated in Table 3-1
(ca. 7 pmol h™ g™), and the turnover number of the effective acid sites (SOsH, 1.9 mmol g*) for
glucose formation is 1.6 at 27 h. In Figure 3-7, the glucose formation exceeds the formation of
water-soluble B-1,4 glucan, in contrast to the reaction in Table 3-1, meaning that produced
water-soluble -1,4 glucan is efficiently hydrolyzed into glucose under the reaction conditions. This
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is attributable to an increase in acidity of the SO3H groups on the carbon material with a decrease in
the amount of water. The rates of glucose and water-soluble -1,4 glucan formation in the presence
of sulfuric acid were 85 and 130% those of the carbon material, respectively, under the same
reaction conditions indicated in Figure 3-7. The apparent activation energy for the hydrolysis of
cellulose into glucose in the presence of the carbon material is estimated to be 110 kJ mol™ at
343-373 K (Figure 3-8). This is smaller than that of the reaction under optimal conditions using
sulfuric acid as a catalyst (170 kJ mol™) [22]. As expected from the Arrhenius plots in Figure 3-8,
the formation rates of glucose and water-soluble B-1,4 glucan on the carbon material increased
exponentially with increasing reaction temperature at 333-393 K. However, reaction temperatures
above 373 K resulted in the formation of byproduct such as levoglucosan (intramolecular
dehydration of glucose), maltose, cellobiose (intermolecular dehydration between glucose
molecules), levulinic, and formic acids (decomposition of glucose). These results indicate that the
efficient catalytic hydrolysis of cellulose appears to proceed at the interface between the carbon
material and the highly crystallized cellulose in the presence of water.

The carbon material was also tested as a catalyst for the conversion of dried Eucalyptus flakes
(country of origin; Australia) as a natural lignocellulosic substrate. The time course of conversion of
cellulose and hemicellulose into water-soluble saccharides (poly- and monosaccharides) using the
carbon catalyst and H,SOy is shown in Figure 3-5 [24]. The carbon material exhibited high catalytic
performance for the decomposition of the natural substrate, and all cellulosic materials were
converted into water-soluble saccharides within 3 h at 373 K. Under all reaction conditions, the
insoluble product was produced at yields of 25-33 wt% attributable to lignin [25]. As the
sedimentation rates of thin lignin and dense carbon particles differ substantially, separation of the
catalyst and lignin could be readily performed by decantation.

Catalysis and Structure of Carbon Material Bearing SOs;H, COOH, and OH

The enhanced hydrolytic catalysis of the carbon material cannot be adequately explained as
being due solely to factors such as surface area or acid strength, as other acid catalysts with a
similar or higher surface area and acidity do not hydrolyze cellulose (Table 3-1). The catalysis of
amorphous carbon with SO3H, COOH, and OH was thus further investigated by examining the
adsorption of cellobiose, a short $-1,4 glucan, on each of the solid acid catalysts considered in this
study. In the experiment, 0.1 g of each solid acid was added to 2 cm® (cellobiose, 3 pmol) of
aqueous cellobiose solution (1.5 mmol dm™) and then stirred at room temperature. Cellobiose was
not hydrolyzed into glucose at room temperature under the experimental conditions, and the amount
of adsorbed cellobiose was estimated by LC of the supernatant solution. The conventional solid
acids such as H-mordenite, Nafion, and Amberlyst- 15 did not adsorb cellobiose in water even after
stirring for 24 h, whereas the carbon material adsorbed 24% of the cellobiose in just 3 h. The
cellobiose adsorption reached a plateau at 5 h, reaching adsorption of 26% (0.8 umol) of the
cellobiose solved in the solution. This suggests that the carbon material has a stronger affinity for
B-1,4 glucan, including cellulose, than the other solid acids. It was confirmed by soaking cellulose
filter papers in solid acid-water suspensions that only SOs;H-bearing carbon particles attach to the
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cellulose in the tested solid acids (Figure 3-9). The hydrolysis of cellulose into glucose using
Bransted acids involves two stages: H* attack of hydrogen and B-1,4 glycosidic bonds in solid
crystalline cellulose to form water-soluble B-1,4 glucan, followed by hydrolysis of the p-1,4
glycosidic bonds in the B-1,4 glucan to form glucose. Efficient conversion of cellulose into glucose
using a solid acid catalyst therefore requires a strong interaction between the solid acid and B-1,4
glucan (solid cellulose and water-soluble B-1,4 glucan) because the Brgnsted acid sites of the solid
acid cannot approach the cellulose surface without such an interaction. This is distinct from the
hydrolysis in a homogeneous sulfuric acid system. The SOsH-bearing carbon material, which is
capable of adsorbing B-1,4 glucan, can thus be expected to have much higher activity for hydrolytic
catalysis than the other solid acids examined in this study. It should be noted that the carbon
material cannot adsorb glucose as a monomer of cellobiose at all. This suggests that the glycosidic
bond in B-1,4 glucan participates in the adsorption on the carbon material. The ability to adsorb
B-1,4 glucan may be attributable to phenolic OH groups bonded to the graphene sheets. In the
cellobiose adsorption experiment of Amberlite IRC-50 (Aldrich), a cation-exchangeable resin with
COOH, the resin did not adsorb cellobiose as well as Amberlyst-15 with SOzH groups: these
functional groups do not adsorb cellobiose. On the other hand, neutral OH groups can be linked by
strong hydrogen bonds to oxygen atoms in glycosidic bonds. Cellulose is a water-insoluble -1,4
glucan aggregate formed by the strong hydrogen bond between OH groups in glucose monomers
and oxygen atoms in glycosidic bonds among -1,4 glucan chains.

Although the carbon material has a small surface area (2 m* g*) and the effective Bransted acid
density in the carbon is only 1/10 that of sulfuric acid, the carbon is shown to be as effective as
sulfuric acid in hydrolyzing cellulose. Figure 3-10 shows the H,O vapor adsorption-desorption
isotherm of the carbon material at 298 K. The amount of adsorbed H,O at 1.5 kPa that is much
smaller than that at saturated water vapor pressure (ca. 3 kPa) exceeds 0.01 mol g™. Assuming that
the adsorption cross section area of H,O is 0.125 nm?, the effective surface area of the carbon
material is estimated to exceed 560 m? g at the water vapor pressure. This means that the carbon
material can incorporate large amounts of water into the carbon bulk, due to the high density of the
hydrophilic functional groups bound to the flexible nanographene sheets. This incorporation
provides good access by reactants in solution to the SO3H groups in the carbon material, which
gives rise to high catalytic performance, despite the small surface area [14]. As a result, the
effective surface area of the carbon material in the hydrolysis reaction requiring water is much
larger than the BET surface area measured after dehydration. In general, large molecules with large
excluded volumes such as cellobiose are not densely adsorbed on surfaces. However, if only the
carbon surface is covered with cellobiose molecules (adsorption cross section area; ca. 0.9 nm?)
[25] without vacancy in the above cellobiose adsorption experiment, the carbon material has to have
a surface area above 4 m? g™ at least, indicating that the carbon material can incorporate even large
molecules such cellobiose into the bulk in the presence of water.

One possible explanation for the high hydrolysis performance of the carbon material that has a
much smaller Brgnsted acid density than sulfuric acid is SOzH groups tolerable to hydration. In the
same catalyst weight, sulfuric acid always exhibits higher catalytic activity for esterification [14,15],
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an acid-catalyzed reaction in the presence of small amount of water, than the SO3;H-bearing
amorphous carbon: the turnover frequency (TOF) of the effective acid sites in the carbon material is
about 3 times that of sulfuric acid at most. On the other hand, the carbon material is as effective as
sulfuric acid in acid-catalyzed reactions in a large quantity of water such as the hydrolysis of
cyclohexyl acetate, and the TOF exceeds 10 times that of sulfuric acid [15]. Sulfuric acid is subject
to hydration by many H,O molecules, resulting in a decrease in catalytic activity for the
acid-catalyzed reactions in water such as hydrolysis because of a decrease in acidity by hydration.
These results therefore suggest that the carbon material has SOsH groups tolerable to hydration
compared with sulfuric acid. The FTIR spectrum for the carbon material shown in Figure 3-2 was
measured by using the carbon material exposed to the saturated water vapor at room temperature.
Although the carbon sample incorporates a large quantity of water in to the carbon bulk as expected
from the water adsorption-desorption isotherm in Figure 3-10, the broadband at 2300-2700 cm™
assignable to the strong hydrogen bond between SOsH groups is nevertheless observed. This is also
indicative of hydration-tolerant SO3H groups in the carbon material. The hydrophobic graphene
sheets may prevent complete hydration of the SO3H groups. The details of the SO3H groups are
currently under investigation.

3-5  Conclusion

Amorphous carbon bearing SO3H, OH, and COOH groups was demonstrated to function as a
highly active catalyst for the direct hydrolysis of solid cellulose, despite the small surface area and
small effective acid density. The high catalytic activity for the reaction can be attributed to the
ability to adsorb B-1,4 glucan, the large effective surface area in water, and SO3H groups tolerable
to hydration in the carbon material.
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Figure 3-1. XRD pattern (a) and Raman spectrum (b) for the sample prepared by sulfonation of
partial carbonized cellulose.
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Figure 3-2. FTIR spectrum (a) and *C MAS NMR spectrum (b) for the carbon material prepared

from cellulose.
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Figure 3-3. Proposed schematic structure of the prepared carbon material.

Table 3-1. Hydrolysis of Crystalline Cellulose by Various Acid Catalysts®

Maximaum surface yields of
functional density Acidity area hydrolysis
catalyst groups / mmol g* Ho /m?g*t products
H,SO, 20.4 -11 - glucose: 10%
B-1,4 glucan:38%
niobic acid acidic OH 0.4 -5.6 90 -
H-mordenite acidic OH 1.4 -5.6 480 -
Nafion SOzH 0.9 -11to -13 <1 -
Amberlyst-15 SOzH 4.8 -2.2 50 -
carbon material SOzH 1.9 -8to -11 2 glucose: 4%
(CHo.6200.54S0.05) COOH 0.4 - B-1,4 glucan:64%
Phenolic OH 2.0 -

% Catalyst, 0.3 g; cellulose, 25 mg; water, 0.7 g; reaction time, 3 h.

54



Chapter 3. Hydrolysis of Cellulose by Amorphous Carbon Bearing SOsH, COOH, and OH Groups

intensity

1500 ] <
n/z=162

+——>

v

v

I Y
v

ulno i 1600 2100 -

m/z
Figure 3-4. MALDI-TOF-MASS for the reaction solution. Carbon material, 0.300 g; cellulose,
0.025 g; water, 0.700 g; reaction temperature, 373 K; reaction time, 3 h; ion detection, positive;
matrix, 2,5-dihydroxybenzoic acid-acetonitrile solution. m/z = 162 represents the mass number of
glucose monomer (-(-O-CgH1004-)s-) in f-1,4 glucan.
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Figure 3-5. Time courses of cellulose conversion in hydrolysis (catalyst, 0.300 g; cellulosic
reactant, 0.025 g; water, 0.700 g; reaction temperature, 373 K) of pure crystalline cellulose (black)
and eucalyptus (blue) using carbon material (circles) and sulfuric acid (squares). Triangles represent
the results for the hydrolysis of pure crystalline cellulose using niobic acid (Nb,Os-nH;0),
H-mordenite, Nafion, and Amberlyst-15.
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Figure 3-6. Catalytic activity of reused carbon material for hydrolysis of crystalline cellulose at
373 K. Catalyst, 0.300 g; water, 0.700 g; cellulose, 0.025 g . The yields were measured at 3 h after
reaction. After reaction for 4-6 h, the conversion of cellulose into water-soluble saccharides reached
ca. 100%; the catalyst was repeatedly rinsed with distilled water and was reused for the subsequent
reaction.
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Figure 3-7. Time courses of the amounts of glucose (o) and water-soluble B-1,4 glucan (e)
produced by the hydrolysis of pure crystalline cellulose in the presence of the carbon material at
373 K. Carbon material, 1.0 g; cellulose, 3.0 g; water, 0.7 g.
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Figure 3-8. Arrhenius plots for the hydrolysis of cellulose into glucose in the presence of
SO3H-bearing carbon. Catalyst; 0.300 g, water; 0.700 g, cellulose; 0.250 g, reaction temperature;
343-373 K.

Figure 3-9. Filter papers (ADVANTEC 5A, cellulose > 99%) after soaking in solid acid-water
suspensions (solid acid; 0.3 g, water; 0.7 g) at room temperature. (a) carbon material (particle size,
10-40 pm), (b) ground Amberlyst-15 (particle size, 5-70 um). After half the filter paper was soaked
in a solid acid-water suspension for 5 min, the filter paper with solid acid particles was rinsed five
times in 100 cm?® of distilled water in an ultrasonic bath for 10 min. Neither ground Amberlyst-15
particles (gray color) were observed by an optical microscope nor scanning electron microscope.
H-mordenite and ground Nafion were not also adsorbed on the filter paper as well as Amberlyst-15.
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Figure 3-10. H,0 vapor adsorption-desorption isotherm of carbon material at 298 K.
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Chapter 4

SO;H-Bearing Amorphous Carbon
derived from Polyvinyl Chloride as a
Heterogeneous Acid Catalyst

4-1  Abstract

SO3H-bearing amorphous carbon prepared from polyvinyl chloride (PVC) has been studied as a
heterogeneous Brgnsted acid catalyst. Sulfonation of partially carbonized PVC results in amorphous
carbon consisting of small SOsH-bearing carbon sheets linked by sp-based aliphatic hydrocarbons.
This carbon material exhibits much higher catalytic performance for the hydrolysis of cellobiose
than conventional heterogeneous Brgnsted acid catalysts with SOsH groups, including
SO3H-bearing amorphous carbon derived from cellulose. This can be attributed to a high density of
SO3H groups and the fast diffusion of reactants and products enabled by a flexible carbon network.

4-2 Introduction

Acid catalytic processes play a key role in the petroleum industry and in the manufacture of a
wide variety of important chemicals, including pharmaceuticals, agrochemicals, and fragrances [1].
Most of these processes involve the use of homogeneous Brgnsted acids (H,SO,4, HF, HCI, and
p-toluenesulfonic acid) in liquid-phase reactions, and subsequent neutralization leads to the
generation of inorganic salts that ultimately end up in agueous waste streams. An obvious solution
to this problem is to replace traditional Brgnsted acids with recyclable and highly active solid acids
[1-3]. The use of solid acids facilitates the separation of catalyst from the reaction mixture and
recycling, which results in a simpler process that reduces environmental impact. For this purpose,
solid acid catalysts such as silica-alumina [4], zeolites [5], Cs-exchanged heteropolyacids [6],
niobic acid [7], and strong ion-exchangeable resins [8] have been developed as replacements of
homogeneous acids.

We have recently reported that SO3H-bearing amorphous carbon materials can function as
stable and highly active solid acid catalysts for various acid-catalyzed reactions with hydrophilic
reactants, such as esterification [9-11], transesterification [11], and hydrolysis reactions [10,12,13].
These catalysts can be readily prepared by partial carbonization of organic compounds (D-glucose,
starch, and cellulose), followed by sulfonation in fuming H,SO, [9-13]. The materials consist of
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small carbon sheets (ca. 1 nm) with high densities of SO3H, COOH, and phenolic OH groups. The
small carbon sheets are linked by sp? bonds, which provides a flexible carbon network, and high
densities of hydrophilic functional groups bonded to the carbon sheets allow the smooth
incorporation of large amounts of hydrophilic reactants and solvent into the carbon bulk, which
results in high catalytic performance of the carbon material, despite the small surface area (up to 2
m? g™) [9-13]. Increased capability of the carbon material for the incorporation of hydrophilic
molecules would therefore provide a higher activity alternative to homogeneous acid catalysts. The
carbonization of polyvinyl chloride (PVC) produces an amorphous carbon containing polycyclic
aromatic carbon sheets linked by aliphatic and olefinic hydrocarbon moieties [14]. A carbon
network based on aliphatic hydrocarbons is expected to be more flexible than the typical carbon
network based on sp? bonds. Thus, SOsH-bearing amorphous carbon prepared by sulfonation of
partially carbonized PVC may function as a more highly active heterogeneous Brgnsted acid
catalyst to enhance incorporation and the diffusion of reactants. In this study, SOzH-bearing
amorphous carbon prepared from PVC was studied as a heterogeneous Brgnsted acid catalyst.

4-3  Experimental

Preparation of polyvinyl chloride (PVC)-derived amorphous carbon (PVC-AC)

Polyvinyl chloride (15.0 g) was pyrolyzed at 623, 673, and 723 K for 5 h under N, atmosphere
to prepare the carbon precursors. 4.0 g of the obtained carbon precursor (powder) was heated at 353
K in 200 mL of 15 vol% fuming H,SO, for 10 h under N, atmosphere to introduce SO3H groups
into the carbon sheets. The resulting black material was washed repeatedly with hot distilled water
until the pH of the filtrate became neutral. Samples prepared at different carbonization temperatures
(623, 673, and 723 K) are denoted as PVC-AC-623, PVC-AC-673 and PVC-AC-723, respectively.

Characterization of the materials

Structural information of the prepared carbon materials was obtained using Raman
spectroscopy  (NRS-3100, Jasco), X-ray diffraction (XRD; Ultima IV, Rigaku), =C
cross-polarization (CP) magic angle spinning (MAS) nuclear magnetic resonance (NMR)
spectroscopy (ASX-200, Bruker), and Fourier transform-infrared (FT-IR; FTIR-6100, Jasco)
spectroscopy. C CP/MAS NMR spectra were measured at room temperature with a Larmor
frequency of 50.3 MHz using a Bruker MAS probehead with a 7 mm zirconia rotor. The spin rate
used to obtain the spectra for PVC-ACs and cellulose-derived amorphous carbon bearing SOzH
groups (CAC) was 3.5 and 4.0 kHz, respectively. The frequency of the spectra is expressed with
respect to pure tetramethylsilane. Experimentally, glycine was used as a second reference material
with the carbonyl signal set at 176.48 ppm.

The amounts of SOsH groups bonded to the carbon materials were estimated by elemental
microanalysis (vario MICRO cube, Elemental) [12], and the acid strength of SOzH groups bonded
to the samples was examined using P MAS NMR spectroscopy. Trimethylphosphine oxide
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(TMPO) was adopted as a basic probe molecule in this study. Samples dehydrated by evacuation at
423 K for 4 h were added to a solution of TMPO in dichloromethane (CH,Cl,) at room temperature
under an Ar atmosphere. After 2 days, the CH,ClI; solvent was removed by vacuum evaporation and
the TMPO-adsorbed samples were then packed into a rotor under a N, atmosphere. *'P MAS NMR
spectra of the TMPO-adsorbed samples were measured at room temperature using a spectrometer
(ASX-400, Bruker) with a static magnetic field strength of 9.4 T. The Larmor frequency of *'P was
162.0 MHz. The pulse sequence was a single-pulse sequence with high-power proton decoupling. A
Bruker MAS probehead was used with a 4 mm zirconia rotor and a spin rate of 8 kHz. The 3P
chemical shift was referenced to 85% H3PO, at 0.0 ppm. (NH4),HPO, was used as a second
reference material with the signal set at 1.33 ppm.

Nitrogen adsorption-desorption isotherms were measured at 77 K using a surface area analyzer
(Nova 4200e, Quantachrome). Samples were pretreated at 423 K for 1 h under vacuum prior to
measurement. The Brunauer-Emmet-Teller (BET) surface area was estimated over a relative
pressure (P/Py) range of 0.05 to 0.30. Water vapor adsorption-desorption isotherms were measured
at 293 K using a volumetric adsorption equipment (Autosorb MP/VP, Quantachrome). Samples
were pretreated at 423 K for 4 h under vacuum prior to measurement.

Acid-catalyzed reaction

Acid catalysis of the prepared materials was tested by the hydrolysis of cellobiose. Cellobiose
(0.1 g) in water (10 mL) was reacted over the catalyst (0.2 g) at 373 K for 4 h. Samples of the
reaction mixtures were taken at intervals and analyzed using high performance liquid
chromatography (HPLC; LC-2000 plus, Jasco). For comparison, ion-exchange resins (Nafion resin
NR50 and Amberlyst-15) and CAC, a heterogeneous strong Brensted acid that can hydrolyze
cellulose into glucose better than H,SO,4 [12], were also tested under the same reaction conditions.

4-4  Results and discussion

Structure of prepared samples

Figure 4-1 shows the Raman spectrum for each sample after sulfonation. The spectra for all
samples have two distinct signals at 1580 and 1350 cm™ that are assignable to G (E2g G mode) and
D (Aig D breathing mode) bands, respectively. These signals indicate the presence of polycyclic
aromatic carbon sheets (graphene sheets) in the resulting materials [15]. The average size of
graphene sheets for all samples was estimated from the intensity ratio of the G and D bands to be
1.3 nm [15]. XRD patterns for the samples are shown in Figure 4-2. Two broad and diffuse peaks at
22 and 44° observed in all XRD patterns are attributed to the graphitic (002) and (101) planes,
respectively. These diffraction patterns reflect the amorphous carbon composed of graphene sheets
arranged in a considerably random fashion [16]. *C CP/MAS NMR spectra for the PVC-ACs and
CAC are presented in Fig. 4-3. An intense signal at 128 ppm, assignable to polycyclic aromatic
carbon, was observed in all spectra. A definite peak was observed at 139 ppm in the spectra for both
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PVC-AC-623 and 673. The resonance peak due to methylene groups appears in these samples at ca.
30 ppm; therefore, the peak at 139 ppm is due to polycyclic aromatic carbons bonded to methylene
groups; carbon sheets linked by sp*-derived hydrocarbons. However, these peaks due to methylene
groups are not evident in PVC-AC-723 (Figure 4-3(c)), which indicates that sp®-based linkages are
thermally decomposed at carbonization temperatures above 673 K. The *C CP/MAS NMR
spectrum for PVC-AC-723 suggests that most carbon sheets are linked by sp®-bonds. While the
resonance peaks of polycyclic aromatic carbon (128 ppm) and phenolic OH groups appear in the
spectrum for CAC (Figure 4-3(d)), there is no signal of methylene groups, and thus CAC is
composed of carbon sheets linked only by sp?-bonds, which is distinct from PVC-AC-623 and 673.
The signal for SO3H-bonded aromatic carbon atoms (ca. 140 ppm) [17] is not distinguished in
Figure 4-3, because peaks derived from aromatic carbon (130 ppm) or methylene groups (139 ppm)
obscure the peak [9]. The presence of SOsH groups in these samples was therefore directly
confirmed by FT-IR. Figure 4-4 shows FT-IR spectra of the PVC-AC and CAC samples. Vibration
bands at 1167 cm™ (O=S=0 symmetric stretching mode) and 1042 cm™ (SOj3’ stretching mode) are
evident in the FT-IR spectra and the amounts of SO3H groups for each sample are summarized in
Table 4-1. The PVC-AC samples have a larger amount of SOsH groups than CAC. This can be
attributed to the lack of phenolic OH groups in addition to aliphatic hydrocarbon moieties in the
carbon precursor derived from PVC. CAC is synthesized by the sulfonation of partially carbonized
cellulose, of which the carbon sheets possess a large amount of phenolic OH groups, because
cellulose is a polymer of glucose with many OH groups. For this reason, CAC has a large amount of
phenolic OH groups, as evident from the NMR spectrum of Figure 4-3(d); the density of phenolic
OH groups in CAC reaches 2.0 mmol g, which is larger than that of SOsH groups [12]. The OH
groups bonded to carbon sheets limit the introduction of SO3H groups in CAC; however, the carbon
precursor prepared from PVC has no phenolic OH groups, and therefore there are no phenolic OH
groups in PVC-AC, as shown in Figure 4-3. Aliphatic hydrocarbon moieties linking carbon sheets
in the carbon precursor prepared from PVC would also enhance the introduction of SO3H groups to
the carbon sheets as electron-donating groups.

The schematic structures of PVC-AC (PVC-AC-623 and 673) and CAC are illustrated in
Figure 4-5. Sulfonation of partially carbonized PVC results in amorphous carbon containing small
carbon sheets (ca. 1 nm) with a high density of SO3H groups, and the carbon sheets are linked by
aliphatic hydrocarbons. Some of the carbon sheets are likely to be linked by sp? bonds as well as
general carbon network. Although the structure of PVC-AC is similar to that of CAC prepared from
cellulose, the carbon sheets in the latter are linked only by sp? bonds. CAC has a lower density of
SO3H groups than PVC-AC, because CAC possesses a high density of phenolic OH groups.

Catalytic activity of PVC-AC

Table 4-1 summarizes the results for the hydrolysis of cellobiose into glucose in the presence of
the tested catalysts. Cellobiose is a water-soluble -1,4 glucan where two glucose molecules are
linked by B-1,4 glycosidic bonds, as with cellulose, a water-insoluble long pB-1,4 glucan. While
many cellulases effectively hydrolyze cellulose into shorter cellooligosaccharides, they are not so
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effective for the hydrolysis of cellobiose into glucose for biological reasons. The symmetry of
cellobiose due to the B-1,4 glycosidic bonds makes the hydrolysis of cellobiose more difficult than
that of maltose, an asymmetrical glucose dimer with a-1,4 glycosidic bonds. The catalysts tested
were Amberlyst-15 (polystyrene-based cation-exchangeable resin with SO3H), Nafion NR50
(perfluorosulfonated ionomer), CAC, and PVC-AC-623-723. Amberlyst-15 and Nafion NR-50 are
strong polymer-based solid acids with high densities of SO3H groups and very high activity for a
range of reactions [8]. Nafion NR-50 and Amberlyst-15 can efficiently hydrolyze cellobiose into
glucose, although CAC has higher catalytic activity for the same reaction due to a higher density of
SO3H groups with strong acid strength [12]. The turnover frequency (TOF) of SOsH groups bonded
to CAC is larger than that of Nafion NR-50 and Amberlyst-15. However, the PVC-AC catalysts
surpass CAC in both glucose yield and TOF, which increase with the carbonization temperature,
reaching a maximum at 673 K. Carbonization temperatures beyond 673 K slightly decrease the
catalytic performance, because the increase in sp®-based cross-linking among carbon sheets
decreases the SO3H density and limits the access of reactants to the SO3zH groups [10]. The results
obtained for reuse experiments of PVC-AC-673 are presented in Figure 4-6. After reaction for 4 h at
373 K, particulate PVC-AC-673 could be readily separated from the reaction solution by
decantation. The recovered catalyst was repeatedly evaluated for the hydrolysis of cellobiose at 373
K over 4 h. No decrease in activity was observed, even after several reuses of the catalyst, which
indicates the carbon material functions as a highly active and stable heterogeneous catalyst.

Reactivity of SO3H groups bonded to amorphous carbon

It should be noted that the TOFs for PVC-ACs given in Table 4-1 are larger than that for CAC,
and the high catalytic performance of the PVC-ACs is due to the high densities of SO3H groups
with larger TOF. The high reactivity of the acid sites can be generally explained by acid strength;
therefore, the acid strength of the SO3H-bearing amorphous carbon was evaluated by measuring the
adsorption of TMPO as basic probe molecules. Figure 4-7 shows *P MAS NMR spectra for
TMPO-adsorbed on PVC-AC-673 and CAC. The amount of TMPO adsorbed corresponds to 10%
of the amount of SOsH groups in each sample. *'P MAS NMR for solid acids with adsorbed TMPO
has often been used to evaluate acid strength [18], and it is well-established that the resonance peak
position of TMPO adsorbed on Brgnsted acid sites is downshifted and the degree of the peak shift is
directly dependent on the acid strength of the catalyst [19-21]. There is no significant difference in
the NMR spectra of PVC-AC-673 and CAC, and thus the acid strength of the SOzH groups in
PVC-AC-673 is similar to that of CAC, which indicates that the high reactivity of PVC-AC cannot
be explained by acid strength.

Another possible explanation for the high catalytic performance of PVC-AC is accessibility to
the SO3H groups by the reactants, which affects the diffusion of reactants and products into carbon
bulk. To evaluate the accessibility of reactants to the SOsH groups, the adsorption capability for
hydrophilic molecules was examined by H,O adsorption-desorption. SOsH-bearing amorphous
carbon can incorporate hydrophilic molecules into the bulk structure as with cation-exchangeable
resins, and large incorporation or adsorption capability of hydrophilic molecules causes high
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catalytic performance of SO3H-bearing amorphous carbon materials, despite a small BET surface
area [10]. Figure 4-8 shows H,0O adsorption-desorption isotherms for PVC-AC-673 and CAC at 293
K. Despite their small BET surface areas (<5 m? g), both PVC-AC-673 and CAC can adsorb large
amounts of H,O vapor. Assuming that the adsorption cross sectional area of H,O is 0.125 nm?, the
effective surface area of PVC-AC-673 and CAC at P/P,=0.3 are estimated to be 869 and 657 m? g,
respectively. This suggests that PVC-AC-673 has a larger adsorption capability for hydrophilic
molecules than CAC.

To further understand the reactivity of SOzH groups bonded to amorphous carbon, time courses
for the hydrolysis of cellobiose were investigated in detail. Figure 4-9 shows the time courses of
cellobiose conversion and glucose yield over PVC-AC-673 and CAC. The glucose produced was
not further decomposed into byproducts such as formic acid under the reaction conditions employed
[12,13]. For PVC-AC-673, cellobiose conversion exceeds the glucose yield during the early stage of
the reaction. However, the difference between cellobiose conversion and glucose yield decreases
with reaction time and was nonexistent after 7 h. In contrast, the difference between cellobiose
conversion and glucose yield over CAC did not narrow, even after 7 h. This indicates that the access
of cellobiose molecules in solution to SO3H groups in the carbon bulk, or the transfer of glucose
produced from the carbon bulk to solution is more facile with PVC-AC-673 than with CAC, which
results in the higher catalytic performance of PVC-AC-673. Such facile diffusion may be attributed
to aliphatic hydrocarbons linking carbon sheets in PVC-AC. In CAC prepared by the sulfonation of
carbonized cellulose, an increase in the carbonization temperature significantly decreases the
catalytic performance, because the increase in sp® cross-linking among carbon sheets limits access
of the reactants to SO3H in the carbon bulk [10]. PVC-AC has a different carbon network from that
of CAC; carbon sheets of PVC-AC are linked by sp®-based aliphatic hydrocarbons. It is therefore
expected that PVC-AC has a more flexible carbon network than CAC, which suggests that the
higher reactivity of SOsH groups in PVC-AC is due to fast diffusion of reactants.

4-5  Conclusion

SO3H-bearing amorphous carbon prepared by sulfonation of partially carbonized PVC is
composed of sulfonated carbon sheets linked by flexible aliphatic hydrocarbons, which is distinct
from conventional SO3H-bearing amorphous carbon where sulfonated carbon sheets are linked by
rigid sp® bonds. The flexible carbon network derived from carbonized PVC facilitates the diffusion
of reactants and enhances the reactivity of SO3H groups bonded to the carbon sheets, which results
in much higher catalytic performance than conventional SO3zH-bearing amorphous carbon.
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Table 4-1. Catalytic activity for the hydrolysis of cellobiose over PVC-ACs, CAC, Nafion NR50,
and Amberlyst-15.

(1]

SO _H groups Hydrolysis of cellobiose
3
Catalyst
1 2 21 -
/ mmol g Glucose Yield (%) TOF /h
Nafion NR-50 0.9 6.7 0.058
Amberlyst-15 4.8 7.0 0.011
CAC 1.8 17.7 0.078
PVC-AC-623 2.2 23.6 0.086
PVC-AC-673 2.3 30.1 0.105
PVC-AC-723 2.4 26.8 0.089

[1] Amount of SOsH groups estimated by elemental analysis. [2] Turnover frequency at 4 h.
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Figure 4-1. Raman spectra for (a) PVC-AC-623, (b) PVC-AC-673, and (c) PVC-AC-723.
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Figure 4-2. XRD patterns for (a) PVC-AC-623, (b) PVC-AC-673, and (c) PVC-AC-723.
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Figure 4-3. '*C CP/MAS NMR spectra for (a) PVC-AC-623, (b) PVC-AC-673, (c) PVC-AC-723

and (d) CAC. * denotes spinning sideband.
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Figure 4-4. FT-IR spectra for the (a) PVC-AC-623, (b) PVC-AC-673, (c) PVC-AC-723, and (d)

CAC.
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Figure 4-5.  Schematic structure of (a) PVC-ACs and (b) CAC.
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Figure 4-6. Catalyst reuse experiment for the hydrolysis of cellobiose over PVC-AC-673.

Glucose yield / %

69



Chapter 4.  SOsH-Bearing Amorphous Carbon derived from Polyvinyl Chloride as a
Heterogeneous Acid Catalyst

(b)
(@)
150 100 50 0

Chemical shift / ppm

Figure 4-7. 3P MAS NMR spectra for (a) PVC-AC-673 and (b) CAC after TMPO adsorption.
The TMPO corresponding to 10 % of the amount of SO3H group in each sample was adsorbed.
* denotes spinning sideband.
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Figure 4-8. H,0 vapor adsorption-desorption isotherms for (a) PVC-AC-673 and (b) CAC.
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Figure 4-9. Time courses of cellobiose conversion (open circle) and glucose yield (filled square)
for hydrolysis of cellobiose on (a) PVC-AC-673 and (b) CAC.
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Chapter 5

SO3;H-bearing Mesoporous Carbon as a
Highly Selective Catalysis

5-1  Abstract

A SO3H-bearing mesoporous carbon material was investigated as a new type of heterogeneous
catalyst. Carbonization of resorcinol-formaldehyde resin at 773 K, followed by sulfonation results
in amorphous carbon consisting of graphene with high densities of SOsH (0.9 mmol g™) and
phenolic OH (2.0 mmol g*) groups. The mesoporous carbon that has a large surface area (433 m?
g') due to uniform mesopores (ca. 10 nm) exhibits remarkable catalytic performance for the
selective dimerization of a-methylstyrene (AMS); the selectivity for unsaturated AMS dimers
exceeds 99%. This catalysis is attributed to not only the large surface area based on large
mesoporosity, but also to preventing intramolecular Friedel-Crafts alkylation.

5-2 Introduction

Homogeneous acids such as H,SO, and HF have been widely used as acid catalysts for a large
variety of industrial chemical processes. However, the use of these catalysts is hazardous and
requires special energy-inefficient processes for the separation, recycling, and treatment of waste
acid [1-3]. This has motivated the development of recyclable, easily separable, and highly active
heterogeneous catalysts for the development of environmentally sustainable chemical processes.
Over the years, a number of different types of solid acids have been developed as replacements for
homogeneous liquid acids, ranging from sulfated zirconia [4], insoluble heteropolyacids [5],
zeolites [6], and ion-exchangeable resins [7-11].

Recently, we have developed a new type of solid acid; an amorphous carbon consisting of
nanosized carbon sheets with large amounts of SO3H groups [12-21]. This material can be readily
prepared by the partial carbonization of organic compounds (D-glucose, starch, and cellulose),
followed by sulfonation in fuming H,SO, solution [13-21]. SOsH-bering amorphous carbons
exhibited remarkable catalytic performance for various acid-catalyzed reactions with hydrophilic
reactants, such as esterification [13-15,20,22], transesterification [21], hydration [14], and
hydrolysis reactions [16-18]; the catalytic activity is much higher than that of conventional
insoluble solid acid catalysts. The carbon material can incorporate large amounts of hydrophilic

72



Chapter 5. SO3H-bearing Mesoporous Carbon as a Highly Selective Catalysis

reactants into the flexible carbon bulk, due to the high density of hydrophilic functional groups
bonded to carbon sheets. Ready incorporation of reactants can enhance their accessibility to
Bransted acid sites in the carbon material, which results in high catalytic performance, despite the
low surface area (ca. 2 m*g™) [13-18,21]. On the other hand, hydrophilic functional groups inside
the carbon particles prevent the incorporation of hydrophobic reactants into the carbon bulk.
Therefore, hydrophobic reactions do not proceed with SOzH groups in the carbon bulk, which
comprise most of the SO3H groups in the carbon material, but proceed only on a small amount of
surficial SO3zH groups on the low surface area. As a result, the carbon material exhibits poor or no
catalytic activity for hydrophobic reactions.

Recently we reported SO3H-bearing amorphous carbon deposited in the mosopores in SBA-15
[19]. The SO3H-bearing amorphous carbon/mesoporous silica composite prepared by sulfonation of
amorphous carbon deposited in SBA-15 has a large surface area (the surface area of deposited
carbon material, > 900 m? g™) and shows high catalytic performance for hydrophobic reactions.
However, such composite requires much effort to be synthesized and is unsuitable for large-scale
catalyst production. In this study, the introduction of SOsH groups into mesoporous carbon
materials synthesized by carbonization of porous resins was adopted in order to develop an active
carbon catalyst available for acid-catalyzed hydrophobic reactions. Hydrophobic reactants would
readily access SO3H groups on carbon mesopore walls in such materials, resulting in high catalytic
performance. Resorcinol-formaldehyde (RF) resin is suitable as a starting material. The resin, which
is composed of methylene (-CH,-) and methylene ether (-CH,-O-CH,-), is a bridged phenolic
compound can be simply synthesized from resorcinol and formaldehyde in the presence of an acid
or base catalyst [23,24] and then converted into mesoporous carbon by carbonization, resulting in
large surface area (400-1000 m? g™), large pore volume (<2 cm® g%), and uniform mesopore size
(<10 nm) [24-27].

5-3  Experimental

Preparation of SO3H-bearing mesoporous carbons

Resorcinol, formaldehyde (an agueous solution of 36-37 wt% formaldehyde and 10-15 wt%
methanol), and sodium carbonate (Na,COs3) were used for the preparation of RF aerogel [23-27].
The molar ratios of resorcinol to formaldehyde and resorcinol to sodium carbonate were 5 and 200,
respectively. In a typical synthesis, 11.0 g of resorcinol, 16.5 mL of formaldehyde, and 0.053 g of
Na,CO3; were added to 44.0 mL of distilled water. The solution was aged at room temperature for 3
days, followed by treatment at 353 K for 8 h for gradual conversion to an aerogel. The resulting
aerogel was warmed in 150 mL of tert-butanol at 323 K for 8 h and was filtered three times to
remove H,O and methanol in the resin. The aerogel was dried at 333 K for 2 days under reduced
pressure and was pyrolyzed at 523 K for 2 h under N, atmosphere to obtain the precursor. The
resulting precursor was further heated at 573, 673, 773, or 973 K for 2 h under a N, atmosphere.
Black powder obtained (4.0 g) was warmed in 200 mL of 15 vol% fuming H,SO, at 353 K for 10 h
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under N, atmosphere. The resulting material was washed repeatedly with hot distilled water until
the pH of the filtrate became neutral. The samples prepared at different carbonization temperatures
(573, 673, 773, and 973 K) are denoted as RF-573, RF-673, RF-773, and RF-973, respectively.

Characterization of the materials

Structural information of the prepared carbon materials was obtained using thermogravimetric
(TG) analysis (TG8120, Rigaku), Raman spectroscopy (NRS-3100, Jasco), X-ray diffraction (XRD,
Ultima IV , Rigaku), *C cross-polarization (CP) magic angle spinning (MAS) nuclear magnetic
resonance (NMR), Fourier transform-infrared (FT-IR, FTIR-6100, Jasco) spectroscopy, N
adsorption analysis, and scanning electron microscopy (SEM). **C CP/MAS NMR spectra were
measured at room temperature using a Bruker ASX-200 spectrometer at a Larmor frequency of 50.3
MHz. A Bruker MAS probehead was used with a 7-mm zirconia rotor. The spin rate used to obtain
the spectra was 4.0 kHz. The frequency of the spectra is expressed with respect to pure
tetramethylsilane. Experimentally, glycine was used as a second reference material, with a carbonyl
signal set at 176.48 ppm. Nitrogen adsorption-desorption isotherms were measured at 77 K using a
surface area analyzer (Nova 4200e, Quantachrome). Prior to the measurement, the samples were
pretreated at 423 K for 1 h under vacuum. The Brunauer-Emmet-Teller (BET) surface area was
estimated over a relative pressure (P/Po) range of 0.05 to 0.30. The pore size distribution was
obtained from analysis of the adsorption branch of the isotherms using the Barrett-Joyner-Halenda
(BJH) method. SEM images were obtained using an ultra-high-resolution SEM system (S-5200,
Hitachi) without metal deposition.

The amounts of functional groups bonded to the prepared materials were estimated by elemental
microanalysis (vario MICRO cube, Elemental) and cation-exchange analysis [16]. The densities of
the SO3H groups were estimated based on the sulfur content determined from sample compositions
obtained by elemental analysis. The total contents of SOsH + COOH groups and SOsH + COOH +
phenolic OH groups were estimated from the exchange of Na' in aqueous NaCl and NaOH
solutions, respectively. The amount of phenolic OH groups was afforded from the difference
between the two results [16].

The acid strength of the prepared catalysts was examined by **P MAS NMR spectroscopy.
Trimethylphosphine oxide (TMPO)-adsorbed samples were prepared in CH,Cl,. Samples were
pretreated by evacuation at 423 K for 1 h and soaked overnight in a CH,Cl, solution containing an
adequate amount of TMPO at room temperature under an Ar atmosphere. After evaporation to
remove the CH,CI; solvent, the TMPO-adsorbed samples were then packed into a rotor under a N,
atmosphere. *'P MAS NMR spectra of the TMPO-adsorbed materials were measured using a Bruker
ASX-400 spectrometer at a Larmor frequency of 162.0 MHz. A Bruker MAS probehead was used
with a 4-mm zirconia rotor. The spin rate used to obtain the spectra was 8.0 kHz. The frequency of
the spectra was expressed with respect to 85% H3PO,4. Experimentally, (NH4),HPO,4 was used as a
second reference material, with the carbonyl signal set at 1.33 ppm.
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Acid-catalyzed reaction

Acid catalysis of the prepared materials was tested by the dimerization of AMS. For comparison,
ion-exchange resins (Nafion resin NR50, Nafion-silica composite SAC-13, and Amberlyst-15) and
cellulose-derived bulky amorphous carbon bearing SOsH and phenolic OH groups (CAC) were also
tested under the same reaction conditions. Prior to reaction, all catalysts were dehydrated by heating
at 373-423 K for 1 h. AMS (25 mmol) in cumene (31.32 mL) was reacted over the catalyst (0.2 g) at
308 K for 16 h. Samples from the reaction mixtures were withdrawn at intervals and analyzed using
gas chromatography (GC-16A, Shimadzu) with a capillary column.

The effect of phenolic OH groups on the selectivity toward unsaturated dimers was examined
over a H,SO, catalyst by the addition of p-cresol to the reaction mixture. AMS (25 mmol) in
cumene (31.32 mL) was reacted with concentrated H,SO, (0.1 g) at 298 K for 2 h in the presence or
absence of p-cresol (2.4 mL).

5-4  Results and discussion

Structure of SO3H-bearing mesoporous carbons

The pyrolysis behavior of RF resin was firstly studied with TG analysis at a heating rate of 10 K
min* under N, flowing condition. The TG profile of RF resin in Figure 5-1 shows weight loss of
approximately 11 wt% at 340-450 K, which can be attributed to desorption of physisorbed water
and decomposition of small organic molecules such as aliphatic hydrocarbons [27]. Further heating
decreases the sample weight down to 55%, reaching a plateau. The carbonization of the resin,
therefore, starts at around 600 K under N, flowing condition.

Figures 5-2 and 5-3 show Raman spectrum and XRD pattern for each sample after sulfonation.
The Raman spectra for all prepared samples have two distinct signals at 1580 and 1350 cm™ that are
assignable to G band (E2q G mode) and D band (A4 D breathing mode), respectively. These signals
indicate the presence of polycyclic aromatic carbon sheets (graphene sheets) in the resulting
materials [28,29]. The average size of graphene sheets for the materials can be estimated with the
intensity ratio of G and D bands to be 1.3 nm [28]: there is no significant difference in average
graphene size among samples. Because graphitization of carbon framework would need severe
carbonization temperature at > 1473 K [30,31], the formation of cross-linking network among
graphene sheets is expected to proceed during carbonization in preference to increase in carbon
sheet size under the carbonization condition. Two broad and weak peaks at 22 and 44° observed in
all XRD patterns are attributed to graphitic (002) and (101) planes, respectively. These diffraction
patterns reflect amorphous carbon composed of graphene sheets in a considerably random fashion
[32].

Figure 5-4 displays *C CP/MAS NMR spectra for the samples. The spectra for RF-573 and
RF-673 in Figs. 5-4(b) and (c) are similar to that of the original RF resin (Fig. 5-4(a)). An intense
and broad signal at 100-140 ppm composed of three resonances, a symmetric signal at 153 ppm and
broad signals at 15 and 30 ppm are assignable to fundamental aromatic carbons of the cross-linked
resorcinol ring (2-4), phenolic carbon (1) and different types of methylene bridges (5 and 6), as
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shown in the inset of Fig. 5-4 [33]. This means that the original skeleton of the resin reflects the
sample structure in the case of mild carbonization. The resonance signals due to aromatic carbons of
the cross-linked resorcinol ring, phenolic carbon and methylene bridges decrease with increasing
carbonization temperature (Fig. 5-4(d)), and only the broad signal due to aromatic rings is observed
at 973 K. The RF-573 and RF-673 samples are therefore regarded as a mixture of polycyclic
aromatic carbon (or amorphous carbon) and RF resin, rather than pure carbon material. The RF-773
and RF-973 samples are amorphous carbon, and the former has larger amounts of phenolic OH
groups than the latter. The signal due to Ar-SO3H is not distinguished in these spectra, because it is
obscured by the broad peak for polycyclic aromatic carbon (129 ppm) [14]. The presence of SOszH
groups in these samples was directly confirmed by FT-IR spectroscopy (Fig. 5-5). The vibration
bands at 1167 (O=S=0 symmetric stretching mode in SO3H) and 1042 cm™ (SO* stretching mode)
are clearly observed in the FT-IR spectra (Figs. 5-5(a)-(d)). The band due to OH bending (ca. 1600
cm™) that appears for RF-773 (Fig. 5-5(c)) is not observed in the spectrum for RF-973, which is
consistent with the *C CP/MAS NMR results. These results indicate that RF-773 consists of carbon
sheets with both SO3H and phenolic OH groups. While RF-973 is also expected to possess SO3H
and OH groups, the density of OH groups is smaller than that of RF-773.

Figure 5-6 shows N, adsorption-desorption isotherms (A) and BJH pore size distribution curves
(B) for the samples. The isotherms for RF-773 and RF-973 (Figs. 5-6A(c) and (d)) are typical
type-1V patterns with a H1 type hysteresis loop, which is characteristics for mesoporous materials
[34]. The sharp and large N, uptake over a narrow P/P, range (P/Po = 0.4-0.8) of the adsorption
isotherms for these samples reflects uniform mesopores (8.5 and 5.0 nm) with a narrow size range
in the corresponding pore size distribution curves (Figs. 5-6B(c) and (d)). The BET surface areas of
RF-773 and RF-973 are ca. 430 and 360 m?® g”, respectively. On the other hand, RF-573 and
RF-673 show no clear hysteresis loop and are therefore regarded as nonporous amorphous carbon
with BET surface areas of ca. 1 m*g™ and 59 m? g™, respectively. Mesoporosity of RF-573 and
RF-673 was confirmed to be drastically collapsed during sulfonation. Table 5-1 shows BET surface
areas and mesopore volumes for the carbon precursors before and after sulfonation. All carbon
precursors have larger BET surface areas and mesopore volumes than the original RF-resin (301 m?
g™t and 0.28 mL g™). The BET surface area and pore volume of RF-573 and RF-673 are smaller
than those of the corresponding carbon precursors. RF-573 and RF-673 contain certain amounts of
RF resin in the framework; therefore, further shrinkage and/or carbonization would proceed during
severe sulfonation treatment in fuming H,SO,4, which would result in degradation of the original
mesoporosity. In contrast, the RF-773 and RF-973 samples have large BET surface areas and
mesopore volumes even after sulfonation. Because RF-773 and RF-973 consist mainly on
amorphous carbon with graphene sheets, the mesoporosity of these samples remains unchanged
even after severe sulfonation.

The morphology of the samples was observed by SEM. The SEM image for RF-573 in Fig.
5-7(A) shows a smooth and flat surface on a large particle (ca. 20-40 um), which indicates the
formation of bulk carbon. RF-673, RF-773, and RF-973 have rather rough surfaces. Mesopores are
not observed in RF-673 (Fig. 5-7(B)) but only in the RF-773 and RF-973 samples (Figs. 5-7(C) and
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7(D)), which is consistent with the results of the N, adsorption-desorption isotherms and pore size
distribution curves.

Catalytic performance of the SO3H-bearing mesoporous carbon

The acid catalytic activity of the prepared carbon materials has been demonstrated through the
dimerization of AMS. Acid-catalyzed AMS dimerization produces a mixture of valuable unsaturated
dimers (2,4-diphenyl-4-methyl-1-pentene (I11) and 2,4-diphenyl-4-methyl-2-pentene (IV)) and an
undesirable saturated dimer (1,1,3-trimethyl-3-phenylindan (V)), as shown in Fig. 5-8 [35-38]. The
unsaturated dimers synthesized by this reaction are industrially important chemicals that are used as
chain-transfer ~ agents or molecular weight regulators in the syntheses of
acrylonitrile-butadiene-styrene (ABS) resin and styrene-butadiene-rubber (SBR) [35,36]. In the
catalytic reaction, protonated AMS (I) is reacted with an AMS monomer to form a dimeric
carbocation intermediate (I1). The intermediate is transformed into two dimeric pentene derivates
(11 and 1V) by equilibrium E1 reactions, and irreversibly into the cyclic indan derivate (V) by
intramolecular Friedel-Crafts alkylation (Sny1 reaction).

The catalytic activities for AMS dimerization together with the structural parameters of the
samples are summarized in Table 5-2. In the presence of sulfuric acid, most of the AMS is
converted into the undesirable saturated cyclic indan, because the intramolecular Friedel-Crafts
alkylation occurs parallel to the equilibrium E1 reactions of the carbocation intermediate (Fig. 5-8
(11). CAC (cellulose-derived carbon-based solid acid) prepared by sulfonation of partially
carbonized cellulose [16] and the commercially-available Nafion NR-50 [8,11], Nafion SAC-13
(Nafion-deposited SiO2) [9-11], and Amberlyst-15[7,8,11] ion-exchangers were used for
comparison. These conventional polymer-based strong solid acids with high densities of SO3zH
groups can act as highly active solid acids for a variety of reactions [7-11]. While Nafion NR-50
does not function as an efficient catalyst for AMS dimerization, due to its small surface area, Nafion
SAC-13 and Amberlyst-15 with relatively large surface areas result in better AMS conversion. The
selectivities for the objective unsaturated dimers of these two conventional solid acids are 59% and
8%, which indicates that these resin catalysts form the saturated cyclic indan in parallel with the
unsaturated dimers, as is the case for sulfuric acid. In contrast to CAC, RF-573 and RF-673, RF-773
exhibits remarkable catalytic performance; AMS conversion and unsaturated dimers selectivity
exceed 86% and 99%, respectively. The results for the catalyst reuse experiment of RF-773 are
shown in Figure 5-9. While the catalytic activity decreases with reuse experiment, most of SO3H
groups retains intact after 4th runs. Decrease in catalytic activity is probably due to adsorbed
reactant and/or product on SO3H groups that prevents access of reactant to SO3zH groups [39]. On
the other hand, RF-973 does not catalyze the reaction at all although this sample has sufficient
amount of SO3H groups and large surface area due to mesopores. These results suggest the high
AMS conversion is simply attributed to neither large surface area nor the amount of SO3zH groups.
The difference in catalytic performance for these two samples would depend on the acid strength
and/or the accessibility of introduced SO3H groups.

The acid strength of the solid acid catalysts was evaluated using 3P MAS NMR spectroscopy
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for samples treated with trimethylphosphine oxide (TMPQO) as a basic probe molecule [40]. The
advantage of using phosphorus molecules over other basic probes, such as pyridine and acetonitrile,
is associated with the higher sensitivity and wider chemical shift range of *'P resonance in the NMR
spectrum [41]. It is well-established that the peak position of TMPO adsorbed on a Brgnsted acid
site is downshifted and the degree of peak shift is directly dependent on the acid strength of the
catalyst [42-44]. Figure 5-10 shows *'P MAS NMR spectra of CAC, RF-773, and RF-973. The
chemical shift for TMPO-adsorbed CAC appears at 83 ppm (Fig. 5-10(a)) that is attributed to
TMPO adsorbed on SOsH groups. The spectrum for RF-773 (Fig. 5-10(b)) exhibits three distinct
signals at 78, 63, and 41 ppm that are assignable to the SOsH-adsorbed TMPO, phenolic
OH-adsorbed TMPO, and self-aggregated TMPO on the solid surface, respectively [14,16]. In the
case of RF-973, only one signal appears at 41 ppm (Fig. 5-10(c)), indicating that the introduced
TMPO in the CH,CI, cannot interact with SO3H or the phenolic OH groups in RF-973, despite the
large surface area (361 m>g™): there are no SOsH groups available for the hydrophobic reaction on
the carbon mesopore walls in RF-973. Therefore, RF-973 does not catalyze the reaction at all in
AMS dimerization. From the *P MAS NMR spectra in Fig. 5-10, 0.2 mmol g™ of SO3H group in
RF-773 is estimated to react with TMPO. However, SO3zH group of RF-973 cannot adsorb TMPO at
all. This suggests that the high AMS conversion depends on the amount of accessible SOzH groups,
rather than large surface area.

To investigate the difference in catalytic performance among RF-773, Amberlyst-15, and Nafion
SAC-13, the dependence of AMS conversion and yields of two unsaturated dimers and saturated
cyclic indan on reaction time was examined (Figure 5-11). Most of AMS was converted over
Amberlyst-15 and Nafion SAC-13 with a short reaction time under the reaction condition (Figs.
5-11(A) and (B)). The unsaturated dimers and saturated cyclic indan were formed over
Amberlyst-15 in the initial stage of the reaction. However, the evolved unsaturated dimers were
gradually converted into indan, and the yield of unsaturated dimers is reduced to 8% after 15 h (Fig.
5-11(A)). This indicates that the intramolecular Friedel-Crafts alkylation proceeded continuously
over Amberlyst-15. Nafion SAC-13 also formed both two unsaturated dimers and saturated cyclic
indan at initial 3 h (Fig. 5-11(B)). While Nafion SAC-13 produced the unsaturated dimers larger
than saturated cyclic indan, final yield toward unsaturated dimer was moderate (59%). This
suggests that Nafion SAC-13 promotes E1 reaction in parallel with Sy1 reaction. In contrast to these
conventional solid acid catalysts, most of AMS was directly converted into the unsaturated dimers
over RF-773, and the final yield of two unsaturated dimers reached 86% (Fig. 5-11(C)). Apparently,
the selective production of the unsaturated dimers in AMS dimerization by RF-773 can be attributed
to the blocking of intramolecular Friedel-Crafts alkylation. As a result, AMS dimerization on
RF-773 depends largely not only on both a large surface area based on large mesoporosity and
ready access of reactants to SOsH groups on the carbon walls in mesopores, but also on E1
reaction in preference to Sy1.

Many elimination reactions have been conducted in protic media and the olefin yield usually
increases along the series H,O < ethanol < isopropyl alcohol < tert-butanol, in order of decreasing
nucleophilicity [45]. The solvent stabilizes the carbocation intermediates by solvolysis and
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decreases the reactivity for the Sy1 reaction. In the present catalytic system, a high density of
phenolic OH groups attached to carbon sheets may contribute to the stabilization of carbocation
intermediates. The effect of phenolic OH groups on the selectivity toward unsaturated dimers was
examined over a H,SO, catalyst by the addition of p-cresol to the reaction mixture. Figure 5-12
shows time courses for AMS conversion and yield of products over H,SO, in the presence and
absence of p-cresol at 298 K. AMS was simultaneously converted into saturated cyclic indan over
H,SO, in the absence of p-cresol, as was the case for Amberlyst-15, and the final selectivity toward
the unsaturated dimers was moderate (11%), as shown in Fig. 5-12(A). On the other hand, the
selectivity for unsaturated dimers was largely improved in the presence of p-cresol; the selectivity
reached ca. 72% in the early stage of the reaction (Fig. 5-12(B)), clearly indicating that the phenolic
OH groups in p-cresol prevents intramolecular Friedel-Crafts alkylation by solvolysis. Thus, the
high selectivity of RF-773 can be attributed to phenolic OH groups that restrict intramolecular
Friedel-Crafts alkylation (Sn1 reaction) and promote the E1 reaction.

SO3H-bearing amorphous carbon/mesoporous silica composite that had been reported also
shows high catalytic performance for the reaction: the AMS conversion and desirable dimers
selectivity are comparable to those of RF-773 [19]. The composite catalysts has larger surface areas
(600-1000 m? g*) and mesopore volumes (0.4-1.2 mL g™) than SO;H-bearing mesoporous carbon
prepared from RF resin, indicating that the reaction does not depend only on surface area and pore
volume. SO3H-bearing amorphous carbon/mesoporous silica composite also possesses phenolic OH
and silanol (Si-OH) groups [19]. The amounts of accessible SOzH groups on amorphous carbon is
crucial factor for promoting the AMS dimerization efficiently as mentioned above. High catalytic
performance on RF-773 and carbon/mesoporous silica composite is therefore attributed to OH
groups that restrict the conversion of unsaturated dimers by Sy1 reaction, in addition to large
surface area, pore volume and the amounts of accessible SO3zH groups.

5-5  Conclusion

SO3H-bearing mesoporous carbon prepared by sulfonation of RF resin carbonized at 773 K
selectively converts AMS into unsaturated dimers (ca. 99%). The high catalytic performance of the
mesoporous carbon is attributed to the large surface area and mesoporosity, which provides high
accessibility of hydrophobic reactants in solution to SO3H, and a high density of phenolic OH
groups bonded to the carbon that prevent side reactions (intramolecular Friedel-Crafts alkylation)
by stabilization of the dimeric carbocation intermediate.
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Figure 5-1. TG profile of the original RF resin. Heating rate: 10 K min™, N, flowing rate: 200 mL
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Figure 5-2. Raman spectra of the (a) RF-573, (b) RF-673, (c) RF-773, and (d) RF-973
SO3H-bearing mesoporous carbon catalysts.
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Figure 5-3. XRD patterns of the (a) RF-573, (b) RF-673, (c) RF-773, and (d) RF-973

SO3H-bearing mesoporous carbon catalysts.
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Figure 5-4. 3C CP/MAS NMR spectra of (a) RF resin, and the (b)RF-573, (c) RF-673, (d)
RF-773, and (e) RF-973 SO3H-bearing mesoporous carbon catalysts. * denotes spinning sidebands.
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Figure 5-5. FT-IR spectra of the (a) RF-573, (b) RF-673, (c) RF-773, and (d) RF-973
SO3H-bearing mesoporous carbon catalysts. The samples were dehydrated by heating at 423 K for 1
h under vacuum to remove physisorbed water.
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Figure 5-6. (A) N, adsorption-desorption isotherms and (B) BJH pore size distribution curves for
the (a) RF-573, (b) RF-673, (c) RF-773, and (d) RF-973 SO3;H-bearing mesoporous carbon
catalysts.
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Table 5-1. BET surface areas and pore volumes for RF resin and mesoporous carbons before and
after sulfonation

BET surface area/ m>g®  Mesopore volume / mL-g™*

RF resin 301 0.28
RF-573 (precursor) 307 0.38
RF-573 <1 -

RF-673 (precursor) 356 0.44
RF-673 59 0.06
RF-773 (precursor) 426 0.41
RF-773 433 0.46
RF-973 (precursor) 567 0.40
RF-973 361 0.26
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Figure 5-7. SEM images of the (A) RF-573, (B) RF-673, (C) RF-773, and (D) RF-973
SO3H-bearing mesoporous carbon catalysts.
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Figure 5-8. Reaction mechanism for AMS dimerization
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Table 5-2. Physicochemical properties and catalytic activities for AMS dimerization by
SO3H-bearing mesoporous carbon, bulk carbon-based solid acid, Nafion NR-50, Nafion SAC-13,
and Amberlyst-15 catalysts

Sger SO,H M Phenolic OH group ™ AMS dimerization

2 -1 1 1
fm°g / mmol-g / mmol-g Conv.B/%  Select.™ /%

RF-573 <1 15 4.7 0 0
RF-673 59 1.7 3.0 4.4 >99
RF-773 433 0.9 (0.2)1 2.0 86 >99
RF-973 361 0.3 (0)® 0.8 0 0
CcACP! <1 15 5.4 0 0
Nafion NR50 <1 0.9 - 47 93
Nafion SAC-13 344 0.1 - >99 59
Amberlyst-15 50 4.9 - >99 8

[1] Amount of SO3H groups estimated by elemental analysis; [2] amount of phenolic OH groups
estimated from the combination of elemental analysis and cation-exchange analysis; [3] AMS
conversion for 16 h; [4] selectivity toward unsaturated dimers for 16 h; [5] cellulose-derived
carbon-based solid acid; [6] accessible SOsH groups calculated from 3P MAS NMR spectra of
samples after TMPO adsorption.
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Figure 5-9. Catalytic activity of reused RF-773 for AMS dimerization and the remaining contents
of SO3H groups in the catalyst after reactions.
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Figure 5-10. *'P MAS NMR spectra of (a)CAC, (b) RF-773, and (c) RF-973 after TMPO
adsorption. The SO3H/TMPO ratio of these samples is 2. * denotes spinning sidebands.
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Figure 5-11. Time courses for AMS conversion (A) and yields of unsaturated dimers
(2,4-diphenyl-4-methyl-1-pentene and 2,4-diphenyl-4-methyl-2-pentene: (e)) and saturated cyclic
indan (1,1,3-trimethyl-3-phenylindan: (m)) over (A) Amberlyst-15, (B) Nafion SAC-13, and (C)
RF-773.
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Figure 5-12. Time courses for AMS conversion (A) and yields of unsaturated dimers
(2,4-diphenyl-4-methyl-1-pentene and 2,4-diphenyl-4-methyl-2-pentene: (@) and saturated cyclic
indan (1,1,3-trimethyl-3-phenylindan: (M) over H,SO, in the (A) absence and (B) presence of
p-cresol (2.4 mL).

AMS (25 mmol) in cumene (31.32 mL) was reacted over concentrated H,SO, (0.1 g) at 298 K for 2
h in the presence or absence of p-cresol (2.4 mL).
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Chapter 6

Summary

Chapter 2

SO3H-bearing amorphous carbon, prepared by partial carbonization of cellulose followed by
sulfonation in fuming H,SO,4, was applied as a solid catalyst for the acid-catalyzed hydrolysis of
B-1,4 glucan, including cellobiose and crystalline cellulose. Structural analyses revealed that the
resulting carbon material consists of graphene sheets with 1.5 mmol g™ of SOsH groups, 0.4 mmol
g™ of COOH, and 5.6 mmol g* of phenolic OH groups. The carbon catalyst showed high catalytic
activity for the hydrolysis of B-1,4 glycosidic bonds in both cellobiose and crystalline cellulose.
Pure crystalline cellulose was not hydrolyzed by conventional strong solid Brgnsted acid catalysts
such as niobic acid, Nafion NR-50, and Amberlyst-15, whereas the carbon catalyst efficiently
hydrolyzes cellulose into water-soluble saccharides. The catalytic performance of the carbon
catalyst is due to the large adsorption capacity for hydrophilic reactants and the adsorption ability of
B-1,4 glucan, which is not adsorbed to other solid acids.

Chapter 3

The hydrolysis of cellulose into saccharides using a range of solid catalysts is investigated for
potential application in the environmentally benign saccharification of cellulose. Crystalline pure
cellulose is not hydrolyzed by conventional strong solid Brensted acid catalysts such as niobic acid,
H-mordenite, Nafion and Amberlyst-15, whereas amorphous carbon bearing SOsH, COOH, and OH
function as an efficient catalyst for the reaction. The apparent activation energy for the hydrolysis of
cellulose into glucose using the carbon catalyst is estimated to be 110 kJ mol™, smaller than that for
sulfuric acid under optimal conditions (170 kJ mol™). The carbon catalyst can be readily separated
from the saccharide solution after reaction for reuse in the reaction without loss of activity. The
catalytic performance of the carbon catalyst is attributed to the ability of the material to adsorb
-1,4 glucan, which does not adsorb to other solid acids.

Chapter 4

SOsH-bearing amorphous carbon prepared from polyvinyl chloride (PVC) has been
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studied as a heterogeneous Brensted acid catalyst. Sulfonation of partially carbonized
PVC results in amorphous carbon consisting of small SOsH-bearing carbon sheets
linked by sp3-based aliphatic hydrocarbons. This carbon material exhibits much higher
catalytic performance for the hydrolysis of cellobiose than conventional heterogeneous
Bronsted acid catalysts with SOsH groups, including SOsH-bearing amorphous carbon
derived from cellulose. This can be attributed to a high density of SOsH groups and the
fast diffusion of reactants and products enabled by a flexible carbon network.

Chapter 5

A SO3H-bearing mesoporous carbon material was investigated as a new type of heterogeneous
catalyst. Carbonization of resorcinol-formaldehyde resin at 773 K, followed by sulfonation results
in amorphous carbon consisting of graphene with high densities of SOsH (0.9 mmol-g™) and
phenolic OH (2.0 mmol-g™) groups. The mesoporous carbon that has a large surface area (433
m?-g™%) due to uniform mesopores (ca. 10 nm) exhibits remarkable catalytic performance for the
selective dimerization of o-methylstyrene (AMS); the selectivity for unsaturated AMS dimers
exceeds 99%. This catalysis is attributed to not only the large surface area based on large
mesoporosity, but also to preventing the intramolecular Friedel-Crafts alkylation.
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Appendix 1

Lactic Acid Synthesis over Hydrous Ta,0Os
as a Heterogeneous Lewis Acid Catalyst

1-1  Abstract

Amorphous Ta,Os has been studied as heterogeneous Lewis acid catalyst for the transformation
of 1,3-dihydroxyacetone (DHA) into lactic acid in water. Ta,Os has both Brensted and Lewis acid
sites on the surface and converts DHA into lactic acid in water. Lewis acid sites on Ta,Os workable
in water effectively promote the dehydration of DHA into pyruvaldehyde (PVA) and subsequent
hydride shift of PVA into lactic acid. The introduction of phosphate species on the Ta,Os resulted in
a great improvement of lactic acid yield, due to the decrease in the production of undetectable
materials through complex side reactions.

1-2 Introduction

Lactic acid has been expected as an important intermediate in pharmaceutical, food, cosmetic
and chemical industries, and used as a platform chemical for the production of biodegradable
polymers and renewable solvents [1-3]. An anaerobic microbial fermentation of glucose and
cornstarch using bacteria has been utilized for large-scale production of lactic acid in the industrial
process. However, this process requires the use of calcium hydroxide to neutralize the product,
resulting in waste generated during the separation of lactic acid from the fermentation broth [4].
Recently, chemical synthesis routes have attracted much attention as a replacement of the biological
synthesis route. Zn(ll), Cr(I1I), Co(ll), and Ni(Il) salts have been used as Lewis acid catalysts for
the chemical transformation of glucose into lactic acid in water at subcritical conditions [5-7]. But,
lactic acid yields were usually lower than that of biological route. The conversion of trioses into
lactic acid and lactate derivatives has been a subject of intense investigation in recent years. Trioses,
such as DHA and glycelaldehyde (GLA), can be obtained by aerobic oxidation of glycerol using
various oxidation catalysts [8-12]. Scheme 1-1 illustrates the proposed reaction pathway of LA
synthesis from DHA over an acid catalyst [13-15]. DHA is isomerized into GLA in equilibrium
reaction. PVA is a reaction intermediate through the dehydration of DHA or GLA. It should be
noted that PVA exists in three forms in water; hydrate form; aldehyde, mono-hydrate, and dehydrate
form with a typical distribution of trace, 56%, and 44%, respectively [16]. Mono-hydrated PVA is
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converted though a hydride shift reaction into lactic acid. Homogeneous Lewis acids, such as Cr or
Rh complexes, have been investigated for the transformation of trioses into lactic acid in water
[17,18]. However, the use of homogeneous Lewis acids has generally some problems in separation
of the catalyst from reaction mixture and reusability. This has stimulated the use of stable and
highly active solid acids with water-tolerant Lewis acid sites for the development of
environmentally benign chemical production of lactic acid in water. Representative example of such
solid Lewis acid is Sn—containing Beta zeolite that can convert DHA into methyl lactate with high
yield in methanol [7,19]. This process can realize easy separation of the product from reaction
mixture, due to insoluble Lewis acid catalysts, and would be suitable for large scale production of
lactic acid derivatives with minimizing environmental load.

Recently, we reported that niobic acid, Nb,Os-nH,O, can function as a heterogeneous catalyst
with water-tolerant Lewis acid sites for the conversion of glucose into 5-(hydroxymethyl)furfural
(HMF) [20]. The Lewis acid sites workable in water are due to NbO, tetrahedra that still have
effective positive charges as Lewis acid sites even after the formation of NbO,4-H,O adducts. In
addition, H3PO, treatment of Nb,OsenH,0O resulted in drastic improvement of HMF selectivity, due
to a large decrease in the production of undetectable by-products. Transition metal oxide including
groups 5 metals would be expected to function as a similar water-tolerant Lewis acid catalyst to
Nb,Os*nH,0. We have focused on Ta,Os as a potential heterogeneous Lewis acid catalyst and have
applied the oxide to lactic acid production in water. Hydrated Ta,Os have been reported as a strong
solid acid catalyst similar to Nb,Os*nH,0. Acid property of Ta,Os relies mainly on strong Brensted
acid sites and Lewis acid sites are considered as TaO, tetrahedra [21]. Du et al. reported that Ta,Os
efficiently promotes saccharide dehydration into HMF in a water/2-butanol biphasic system [22],
indicating that Ta,Os is also useful catalyst for the acid-catalyzed conversion of biomass-derived
sugars into chemicals in water. In this study, Lewis acidity of Ta,Os was studied with FT-IR
measurement using basic probe molecules in the presence of water. Catalytic performance was
examined for lactic acid production from aqueous DHA solution. In addition, HsPO, treatment was
attempted for of Ta,Os to improve the catalytic performance of the samples.

1-3  Experimental

Catalyst preparation

Ta,Os was prepared from tantalum ethoxide through a simple sol-gel reaction. In a typical
synthesis, a mixture of 5 g tantalum (V) pentaethoxide and 100 mL water was stirred for 15 h at
room temperature. The evolved white precipitate was collected by filtration and washed with excess
amounts of distilled water. The white powder was stirred in 250 mL of 0.1 M aqueous HCI solution
to promote the hydrolysis of residual unreacted ethoxide. After stirring the solution for 3 h at room
temperature, the resulting sample was further washed repeatedly with distilled water until the pH of
the filtrate reached neutral. After drying the material at 353 K overnight, Ta,Os was obtained.
Phosphoric acid-modified Ta,Os was prepared by immobilizing H3PO,4 on the resulting Ta,Os. 1.5 g
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of Ta,Os was added to aqueous H3PO, solution (0.1 M, 100 mL) for 48 h at room temperature. The
collected sample was washed repeatedly with distilled water until phosphate ions were no longer
detected. The resulting material was dried overnight at 353 K and then used as the catalyst. The
resulting material is denoted as PA-Ta,Os.

Characterization

Structural information of the prepared samples was obtained by powder X-ray diffraction
(XRD; ULTIMA 1V, Rigaku), Fourier transform-infrared spectroscopy (FT-IR; FT/IR-6100, Jasco),
and N, adsorption analysis (NOVA-4200e, Quantachrome). Nitrogen adsorption-desorption
isotherms were measured at 77 K. Prior to measurement, the samples were pretreated at 423 K for 1
h under vacuum. The Brunauer-Emmett-Teller (BET) surface areas were estimated over a relative
pressure (P/Po) range of 0.05-0.30.

The acid properties of the prepared samples were examined using FT-IR, equipped with a
mercury cadmium telluride detector. The samples were pressed into self-supporting disks (20 mm
diameter, 20-30 mg) and placed in an IR cell attached to a closed circulation system. The sample
was dehydrated at 423 K for 1 h under vacuum and was exposed to pyridine vapor at 423 K. The
intensities of the bands at 1540 and 1445 cm™ (pyridinium ion formed on Brgnsted acid sites,
molecular absorption coefficient: 7.24 umol-cm™ and pyridine coordinatively bonded to Lewis acid
sites, molecular absorption coefficient: 3.49 pumol-cm™, respectively) were plotted against the
amounts of pyridine adsorbed on the Brgnsted and Lewis acid sites of the samples. The band
intensity increased with increasing amount of chemisorbed pyridine, reaching a plateau with the
appearance of a band due to physisorbed pyridine (1440 cm™). After evacuation of the samples at
room temperature, the maximum intensity of the band at 1540 and 1445 cm™ corresponds to the
total amount of Brgnsted and Lewis acid sites with adsorbed pyridine.

Acid-Catalyzed Reaction

The catalytic performance was demonstrated through the conversion of DHA and
pyruvaldehyde (PVA) into lactic acid (383 K). Some homogeneous and heterogeneous acid
catalysts (Sc(OTf);, Yb(OTf);, Nafion NR50, H,SO4 H3PO4 NbyOs, HzPOy-treated Nb,Os
(represented as PA-Nb,Os)) were used as reference materials for comparison. The reactions were
carried out in a 2 mL of 0.1 M aqueous solution. 0.1 g of each catalyst was used in the reactions
without any pretreatments. The solutions were analyzed using a high-performance liquid
chromatography (LC-2000 plus, Jasco) equipped with an Aminex HPX-87H column (BioRad
Laboratories).

1-4  Results and discussion

Structural characteristics and acid property for Ta,Os and PA-Ta;0s
Structural characteristics and acid property were examined with XRD, N, adsorption analysis,
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and FT-IR measurement using basic probe molecules. XRD patterns for Ta,Os and PA-Ta,Os are
shown in Figure 1-1. There is no clear diffraction in Figures 1-1(a) and 1(b), which reflects
amorphous structure. BET surface area of the Ta,Os and PA-Ta,Os was estimated from N,
adsorption isotherm to be 186 and 139 m?.g™, respectively. The samples therefore consist of
amorphous Ta,Os oxide with large surface area. HsPO, treatment slightly decreases surface area,
due to the polycondensation of OH groups, but PA-Ta,Os still have large surface area suitable for
catalytic reaction. Figure 1-2 shows FT-IR spectra for the Ta,Os and PA-Ta,0s. The signals for OH
stretching (3735 cm™) mode of isolated surficial Ta-OH groups, hydrogen-bonded OH stretching
(3600-2800 cm™) mode of Ta-OH groups and physisorbed H,0, and OH bending (1600 cm™) mode
of physisobed H,O is observed for both spectra. A broad and intense signal at 1100 cm™ in Figure
1-2(b) is attributed to P-O stretching mode in phosphoric acid groups. In addition, sharp signal also
appears at 3669 cm™ after HsPO, treatment. This would be assignable to OH stretching mode of
phosphate species. These results indicate that a certain amount of phosphate groups is immobilized
on Ta,0s surface during HzPO, treatment.

FT-IR spectroscopy of basic probe molecules adsorbed on solid acid catalysts is useful method
for understanding the active sites of the catalysts [23-28]. Pyridine has been widely used as a probe
molecule for the characterization of both Brgnsted and Lewis acid sites. Pyridine adsorption
measurement can identify Lewis and Bregnsted acid sites on the surface. Figure 1-3 displays FT-IR
spectra of pyridine-adsorbed samples after evacuation at 298 K. The spectra for Ta,Os and
PA-Ta,0s have two distinct signals at 1447 and 1542 cm™, which is assignable to coordinated
pyridine species on Lewis acid sites and pyridinium ions formed on Brgnsted acid sites, respectively.
The intensities of the two bands increase with the amount of introduced pyridine and finally reach
plateaus. The amounts of Brgnsted and Lewis acid sites on Ta;Os and PA-Ta,Os were estimated
from these band intensities and molecular adsorption coefficient to be ca. 0.01 and 0.10 mmol g™,
and 0.01 and 0.05 mmol g, respectively. Figure 1-4 shows the results for introduction of pyridine
to Ta,Os in the presence of saturated H,O vapor. Two large and diffuse bands due to physisorbed
water are observed at 2500-3700 and 1500-1700 cm™ in these spectra. Even in the case of such
water-saturated Ta,Os, the band due to pyridine adsorbed on Lewis acid sites (1444 cm™) appears.
The total amounts of Lewis acid sites on Ta;Os in the presence of saturated water vapor
(water-tolerant Lewis acid density) were 0.09 mmol g™. This implies that most of unsaturated TaO4
tetrahedra still act as Lewis acid sites, even in the presence of water, because water does not
deactivate these Lewis acid sites. The amount of water-tolerant Lewis acid sites was also estimated
to be 0.05 mmol g™ with the FT-IR measurement.

Catalytic performance in lactic acid synthesis
The catalytic performance of Ta,Os and PA-Ta,Os, together with reference materials, in the
transformation of DHA into lactic acid in water was summarized in Table 1-1. Sc(OTf); and
Yb(OTf); as homogeneous Lewis acid catalysts, efficiently converts DHA into lactic acid and
undetectable by-product. Lewis acid catalysts workable in water are effective in producing lactic
acid from DHA in aqueous solution: However, relatively high yield for unknown species indicates
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that Lewis acid sites promote complex side reactions to form undetectable by-product, in addition to
the dehydration of DHA and hydride shift of PVA. Homogeneous (H3PO, and H,SO,) and
heterogeneous (Nafion NR50) Brensted acid catalysts exhibit higher PVA vyield than lactic acid
yield in the reaction. Brensted acids effectively proceed on the dehydration of DHA into PVA, but
are not so active for subsequent hydride shift reaction. Nb,Os and Ta,Os can produce lactic acid in
high yield: Lactic acid yields are comparable to that of Sc(OTf);, a homogeneous Lewis acid. In
addition, H3PO, treatment of Nb,Os and Ta,Os leads to a great improvement in catalytic
performance for the reaction. PA-Ta,Os shows higher catalytic performance among the tested
catalysts: DHA conversion and lactic acid yield reaches >99% and 88%, respectively. High lactic
acid yield for these materials is mainly derived from water-tolerant Lewis acid sites that promote
hydride shift of PVA, because Brgnsted acid are not effective in the hydride shift reaction.
Phosphoric acid modification causes a significant improvement in lactic acid yield by decreasing
side reactions. Phosphoric acid itself cannot work as an effective catalyst for the reaction: HzPO,
shows much smaller lactic acid yield than other tested catalyst. To clarify the difference of these
two catalysts, time courses of DHA conversion and product yields for Ta,Os and PA-Ta,0Os (Figure
1-5) was examined. Ta,Os converts DHA into lactic acid and undetectable materials within a short
reaction time (Figure 1-5 (A)). In the case of PA-Ta,Os, DHA is converted into PVA at the initial
stage of the reaction and the evolved PVA decreases with the increase in lactic acid (Figure 1-5 (B)).
We also examined catalytic performance in hydride shift of PVA over Ta,Os and PA-Ta,0Os, as
shown in Figure 1-6. Ta,Os effectively converts PVA into lactic acid (ca. 86% in yield) within 30
minute but simultaneously produces a small amount of undetectable material (ca. 10% in yield).
PA-Ta,0s5 converts most of PVA into lactic acid without the production of by-product. These results
suggest that Ta,Os promotes the dehydration of DHA and hydride shift of evolved PVA in parallel
with side reactions at each step. The introduction of phosphate species effectively suppresses these
side reactions which form undetectable materials. It should be noted that phosphate species are
immobilized on Ta-OH groups on the surface. This means that H3PO, treatment effectively decrease
in weakly acidic Ta-OH groups that are regarded as active sites for side reactions.

1-5 Conclusion

Ta,Os functioned as water-tolerant Lewis acid catalysts and converted DHA into lactic acid in
water. Acid catalysis of Ta,Os is derived from Lewis acid sites that promote the dehydration of
DHA and the hydride shift of PVA. The selectivity of lactic acid for Ta,Os was improved by H3PO,4
modification on surface, resulting from suppresion of side reactions. This is attributed to the
decrease in weakly acidic Ta-OH groups that would act as active sites for side reactions.
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Scheme 1-1. Schematic illustration of reaction pathway in acid-catalyzed transformation of

1,3-dihydroxyacetone into lactic acid.
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Figure 1-1. XRD patterns for (a) Ta,Os and (b) PA-Ta,0s

101



Appendix 1. Lactic Acid Synthesis over Hydrous Ta,Os as Heterogeneous Lewis Acid Catalyst

4000 3000 2000 1000
Wavenumber / cm"

Figure 1-2. FT-IR spectra for (a) Ta,Os, and (b) PA-Ta,Os, The samples were dehydrated at 298 K
for 0.5 h under vacuum to remove weakly physisorbed water.
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Figure 1-3. Differential FT-IR spectra for pyridine-adsorbed (a) Ta,Os and (b) PA-Ta,0Os. at room
temperature. Prior to measurement, the samples were dehydrated at 473 K for 1 h under vacuum to
remove physisorbed water. After pyridine adsorption, the samples were again evacuated at room

temperature to remove weakly physisorbed pyridine.
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Figure 1-4.  FT-IR spectra of hydrated Ta,O,. (a) hydrated Ta,O, in saturated H,O vapor, (b) the

hydrated Ta,Os after introduction of saturated pyridine vapor under saturated H,O vapor, and (c)
Ta,Os sample obtained by evacuation at room temperature for 140 min after (b). The marked grey

area in Ais enlarged in B.
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Table 1-1.  Catalytic performance of Ta,O, PA-Ta,O, and reference materials in the
transformation of DHA into lactic acid.

LAS 2 BASb  Conversion ® Yield (%) ©
(mmol g*)  (mmol g*?) (%) Lactic acid PVA Unknown ¢

0.15
Nb,O, 003 ¢ 0.17 >99 51.3 0 48.7
Ta,0. (é)blgo) . 0.01 >99 55.2 0 44.8

0.11
PA-Nb,O; 0.02)° 0.04 >99 77.7 10.0 123
PA-Ta,0, (Oog’é’) . 0.01 >99 87.9 33 8.8
Sc(0TH, 2.0 - >99 65.5 0 345
Yb(OTH), 1.6 _ >99 30.3 0 52.0
Nafion NR50 - 0.9 82.0 2.6 51.9 27.6
H,S0, - 20.4 >99 32.6 58.8 8.6
H.PO, - 30.6 >99 25 81.9 15.6

a Lewis acid amounts, ® Brgnsted acid amounts, ¢ Reagents and conditions: 0.1 M DHA aq., 2 mL;
catalyst, 0.1 g; temperature, 383 K; reaction time, 3h, 9 undetectable by-product, ¢ water-adsorbed
sample.
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Figure 1-5. Time courses of DHA conversion and product yields for (A) Ta,O, and (B) PA-Ta,O..
V¥ : DHA conversion, m: lactic acid yield, o: PVA yield, x: undetectable by-product yield.
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Figure 1-6. Time courses of PVA conversion and product yields for (A) Ta,Os and (B) PA-Ta,0s.
V¥ : PVA conversion, m: lactic acid yield, x: undetectable by-product yield.
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