Chapter 2
Hydrolysis of Cellulose to Glucose
Using Carbon Catalysts

2.1 Introduction

Cellulose is a potential and attractive alternative to petrol to reduce emission of
greenhouse gases as this plant-derived biomass resource is an abundant, non-food,
and renewable carbon source [1-6]. Glucose, a monomer of cellulose, is a key
intermediate of various useful chemicals such as polymers, medicines, surfactants,
gasoline, and diesel fuels (Sect. 1.2.3) [7-9]. Accordingly, the reaction of cellulose
to glucose (Fig. 2.1) will be a mainstream in the next-generation biorefinery, which
will substitute current processes using food biomass. However, realizing this vision
has been hampered by the recalcitrance of cellulose and various practical difficulties
as described in Chap. 1.

The hydrolysis of cellulose has been performed with various solid catalysts, as
heterogeneous catalysts are advantageous over homogeneous ones in terms of easy
separation from products [6, 10-12]. In the previous works, it was found that
unmodified mesoporous carbon CMK-3 catalyzed the hydrolysis of cellulose
[13, 14]. Fukuoka et al. has proposed that the active sites of CMK-3 would be
weakly acidic groups [14]. Due to the absence of strong acid sites, CMK-3 stands in
stark contrast to sulfonated carbons [15, 16] that have been widely studied in the
hydrolysis of cellulose. Sulfonated catalysts possibly suffer from the leaching of
SO3H groups in hot compressed water [17], whereas weakly acidic carbons such as
CMK-3 are expected to be highly hydrothermally stable. Furthermore, salts
included in raw biomass easily deactivate strong acids by ion exchange; in contrast,
weak acids potentially preserve their catalytic activities even in the presence of salts
[18, 19]. These great advantages of weakly acidic carbons potentially break through
the barrier of practical hydrolysis of cellulosic biomass. However, the highest
glucose yield obtained by CMK-3 was only 16 %, and the synthesis of CMK-3 [20]
was complicated in the practical perspective. Hence, in this chapter, the author has
aimed the high-yielding synthesis of glucose from cellulose and real cellulosic
biomass using more common carbon materials.
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Fig. 2.1 Hydrolysis of cellulose to glucose via oligosaccharides

2.2 Experimental

2.2.1 Reagents

Microcrystalline cellulose

Bagasse kraft pulp

K26

K20

MSP20

BASO

SX Ultra

Vulcan XC72
Black Pearls 2000
Pluronic P123

Tetraethyl orthosilicate
Ethanol
Sulfuric acid

Sucrose
Hydrofluoric acid

Calcium gluconate
Amberlyst 70
JRC-Z5-90H

JRC-Z-HM90

Column chromatography grade, 102331, Merck
Harvested in Okinawa Prefecture in Japan, compo-
sition determined by the established method (see
Sect. 2.2.4) [21]: cellulose (59 wt%), hemicellulose
[27 wt% (xylan 25 wt%, arabinan (2 wt%)], and
lignin (9 wt%), Showa Denko

Alkali-activated carbon (not for sale), Showa Denko
Alkali-activated carbon (not for sale), Showa Denko
Alkali-activated carbon, Kansai Coke & Chemicals
Steam-activated carbon, Ajinomoto Fine Techno
Steam-activated carbon, Norit, denoted as SX
Carbon black, Cabot, denoted as XC72

Carbon black, Cabot, denoted as BP2000

Triblock  copolymer, HO(CH,CH,0),o(CH,CH
(CH3)0),7((CH,CH,0),0H, Sigma-Aldrich

>99.0 %, Sigma-Aldrich, denoted as TEOS

Special grade, Wako Pure Chemical Industries
96-98 %, super special grade, Wako Pure Chemical
Industries

Special grade, Wako Pure Chemical Industries
46-48 %, special grade, Wako Pure Chemical
Industries

Special grade, Wako Pure Chemical Industries
Sulfonic acid cation exchange resin, Organo
Proton-type MFI zeolite, Si/Al ratio = 45, Catalysis
Society of Japan, denoted as H-MFI

Proton-type MOR zeolite, Si/Al ratio = 45, Catalysis
Society of Japan, denoted as H-MOR
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Q-6

Silica-alumina
JRC-TIO-4(2)
Hydrochloric acid

Acetic acid

Sodium acetate
Sodium chloride
Benzoic acid
Cellohexaose
Cellopentaose
Cellotetraose
Cellotriose
D(+)-Cellobiose
D(+)-Glucose
D(+)-Mannose
D(-)-Fructose
1,6-Anhydro-f3-
D-glucopyranose
5-Hydroxymethylfurfural
Xylobiose
D(+)-Xylose
D(-)-Arabinose
Sodium sulfide
Distilled water
Distilled water
Acetonitrile
Milli-Q water

Lithium chloride
N,N-Dimethylacetamide

Methanol

Deuterium oxide
Deuterated methanol
Calcium carbonate

Sodium hydrogen carbonate
Sodium carbonate solution

Sodium hydroxide solution

45

Amorphous silica, Fuji Silysia Chemical, denoted as
Si0,

Grade 135, Sigma-Aldrich, denoted as Si0,-Al,03
Titania, Catalysis Society of Japan, denoted as TiO,
35-37 %, special grade, Wako Pure Chemical
Industries

>99.7 %, special grade, Wako Pure Chemical
Industries

Special grade, Wako Pure Chemical Industries
Special grade, Wako Pure Chemical Industries
Special grade, Wako Pure Chemical Industries

>95 %, Seikagaku Biobusiness

>95 %, Seikagaku Biobusiness

>97 %, Seikagaku Biobusiness

>97 %, Seikagaku Biobusiness

Special grade, Kanto Chemical

Special grade, Kanto Chemical

Special grade, Wako Pure Chemical Industries
Special grade, Kanto Chemical

99 %, Wako Pure Chemical Industries, denoted as
levoglucosan

99 %, Sigma-Aldrich, denoted as 5S-HMF
Biochemical grade, Wako Pure Chemical Industries
Special grade, Wako Pure Chemical Industries
Special grade, Wako Pure Chemical Industries
Special grade, Wako Pure Chemical Industries
Wako Pure Chemical Industries

For HPLC, Wako Pure Chemical Industries

For HPLC, Wako Pure Chemical Industries
Prepared by an ultrapure water production system
(Sartorius, arium 611UF)

Special grade, Wako Pure Chemical Industries
Special grade, Wako Pure Chemical Industries,
denoted as DMAc

Special grade, Wako Pure Chemical Industries

For NMR, Acros Organics

For NMR, Acros Organics

Special grade, Wako Pure Chemical Industries
Special grade, Wako Pure Chemical Industries

For volumetric analysis, 0.05 M, Wako Pure
Chemical Industries

For volumetric analysis, 0.05 M, Wako Pure
Chemical Industries
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Hydrochloric acid solution  For volumetric analysis, 0.05 M, Wako Pure
Chemical Industries

Methyl orange Special grade, Wako Pure Chemical Industries
Nitrogen gas Alpha gas 2, Air Liquide Kogyo Gas
Oxygen gas Alpha gas 2, Air Liquide Kogyo Gas
Argon gas Alpha gas 2, Air Liquide Kogyo Gas

2.2.2 Synthesis of Mesoporous Carbon CMK-3

Mesoporous carbon CMK-3 was synthesized by following the literature [20].
Pluronic P123 (12 g) was completely dissolved in an HCI aqueous solution (1.6 M,
450 g) at 308 K, and subsequently TEOS (26 g) was added dropwise into the
solution over ca. 3 min under vigorous stirring using a magnetic stir bar. The
agitation was further continued for 15 min at 308 K. The sample was aged at 308 K
for 24 h and then at 373 K for 24 h in an oven without stirring. During stirring and
aging, the lid of vessel was kept closed. The resulting solid and liquid were sep-
arated by suction filtration using a Buchner funnel with filter paper (4A, hard type)
and a filtering flask with ethanol as an antiform. The solid was washed with distilled
water (1.5 L) and was dried at 373 K through the night in an oven. The resulting
powder was calcined in an electric furnace (Yamato, FO610) at 833 K for 8 h, for
which the ramping rate of temperature was 10 K min~'. After the calcination, 6.7 g
of white powder (mesoporous silica SBA-15) was obtained.

Synthesized SBA-15 (2.0 g) was dispersed in a sucrose aqueous solution [su-
crose (2.5 g), H,SO4 (0.29 g), and distilled water (10 mL)], and the suspension was
stirred at room temperature for 1 h to impregnate sucrose into the pores of SBA-15.
After the filtration, the powder was dried at 373 K for 6 h and then at 433 K for 6 h.
The powder was crashed on a mortar and was again dispersed in a sucrose solution
[sucrose (1.6 g), H,SO,4 (0.19 g), and distilled water (10 mL)]. After filtration and
drying under the same conditions described above, the powder was heated to
1173 K by 2.4 K min~", and then the temperature was kept for 6 h in a horizontal
quartz tube [inner diameter 30 mm, temperature was controlled by an electric
furnace (AZ ONE, TME-300 N)] under N, flow (10 mL min") to carbonize
impregnated sucrose. The carbon/SBA-15 composite was dispersed in an HF
aqueous solution (10 wt%, 100 g), and the suspension was stirred at room tem-
perature for 4 h to dissolve the SBA-15 template. The suspension was separated by
filtration using a Buchner funnel with filter paper (4A, hard type) and a filtering
flask containing a calcium gluconate solution to quench HF. The resulting powder
was washed with distilled water repeatedly and dried in an oven at 373 K overnight.
Then, 1.2 g of black powder (mesoporous carbon CMK-3) was obtained.
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2.2.3 Quantitative Analysis of OFGs on Carbon Materials

Carboxylic acids, lactones, and phenolic groups on carbon materials were quanti-
fied by the Boehm titration [22]. 0.5 g of carbon was dispersed in a base aqueous
solution (50 mM, 20 mL, containing NaHCOj3, Na,COj3, or NaOH). The suspension
was stirred at 600 rpm at 298 K for 24 h under Ar, and the liquid and solid were
separated by filter paper (5A, quantitative) to remove carbon. Twice of a stoi-
chiometric amount of HCI aqueous solution (50 mM) against base used was added
to 5 mL of the filtrate. After sonication under 500 hPa of reduced pressure for 5 min
to remove CO, dissolving in the solution, back titration was conducted using a
50 mM of NaOH aqueous solution with methyl orange as an indicator. Note that
phenolphthalein is not suitable as an indicator since equilibrium of carbonate ion
influences color change of phenolphthalein at high pH.

2.2.4 Analysis of Components in Bagasse Kraft Pulp

The weight ratio of cellulose, hemicellulose (xylan and arabinan), and lignin in
bagasse kraft pulp was determined by following the established technique, so-called
National Renewable Energy Laboratory (NREL) method [21]. 300 mg of bagasse
kraft pulp was dispersed in 3 mL of H,SO,4 aqueous solution (72 wt%), and the
suspension was stirred at 303 K for 1 h. After adding 84 mL of distilled water to
dilute H,SO,, the mixture was reacted at 394 K for 1 h in a hastelloy C22
high-pressure reactor (OM Lab-Tech, MMIJ-100, 100 mL, Fig. 2.2). The solid and
liquid phases were separated by filtration, and then CaCO5; was added to the liquid
phase to quench H,SO, to be pH 7. The pH should be kept <7 to prevent sugars
from their decomposition. The resulting solution was analyzed by high-
performance liquid chromatography (HPLC, the conditions are shown in
Sect. 2.2.6) to determine the amounts of glucose, xylose, and arabinose, corre-
sponding to cellulose, xylan, and arabinan, respectively. The solid was washed with
distilled water and dried in an oven at 378 K overnight and then was calcined in an
electric furnace (Denken-Highdental, KDF-S90) at 848 K for 24 h under air. The
amount of lignin was determined from weight decrease by the calcination.

2.2.5 Ball-Milling and Mix-Milling Pretreatment
of Cellulose

Microcrystalline cellulose (10 g) was ball-milled in the presence of ZrO, balls
(1.0 cm, 1 kg) in a ceramic pot (0.9 L) at 60 rpm for 96 h or in the presence of
Al,O3 balls (91.5 cm, 2 kg) in a ceramic pot (3.6 L) at 60 rpm for 48 h. Mix-milling
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Fig. 2.2 Diagram of hastelloy C22 high-pressure reactor

of cellulose and solid catalyst was carried out in the same type of pot with the Al,O5
balls. Microcrystalline cellulose (10 g) and solid catalyst (1.54 g) (S/C ratio based
on weight = 6.5) were added into the pot and were milled together at 60 rpm for
48 h. The amount of catalyst was reduced to 1.46 g for the mix-milling of cellobiose
(S/C = 6.8).

Ball-milled samples were analyzed by XRD (Rigaku, MiniFlex, Cu Ka radia-
tion), '°C cross polarization/magic angle spinning NMR ('*C CP/MAS NMR,
Bruker, MSL-300, 75 MHz, MAS frequency 8 kHz), laser diffraction (Nikkiso,
Microtrac MT3300EXII, for estimation of secondary particle size), optical micro-
scope (KEYENCE, VHX-5000), and scanning electron microscope (SEM, JEOL,
JSM-6360LA). The viscometry was conducted at 303 K using an Ubbelohde vis-
cometer (No. 0C) in 9 wt% LiCI/DMACc solvent [23]. The dissolution of cellulose in
9 wt% LiCI/DMAc was conducted by following the reported procedure [24].
200 mg of cellulose sample was dispersed in 100 mL of Milli-Q water, and the
suspension was stirred at room temperature overnight. The liquid phase was
removed by centrifugation and decantation. The remaining solid was dispersed in
100 mL of methanol, and the suspension was stirred for 30 min at room temper-
ature. After removing solvent by centrifugation and decantation, the solid was
immersed in 50 mL of DMAc for 30 min at room temperature, and this procedure
was repeated three times. Then, the resulting solid was dissolved in 9 wt%
LiClI/DMAc. The prepared cellulose solution was used for the viscometry.



2.2 Experimental 49

2.2.6 Catalytic Hydrolysis of Cellulosic Molecules

The hydrolysis of cellulose was conducted in the hastelloy C22 high-pressure
reactor (Fig. 2.2). Ball-milled cellulose (324 mg), catalyst (50 mg), and distilled
water (40 mL) were charged into the reactor. For the hydrolysis of mix-milled
samples, 374 mg of the sample [containing cellulose (324 mg) and catalyst (50 mg)]
and distilled water (40 mL) were used. The reactor was heated to 503 K in 18 min
and then cooled to 323 K by blowing air for 22 min (named rapid heating-cooling
condition, Fig. 2.3). The suspension was separated by centrifugation and decanta-
tion. The products in the aqueous phase were analyzed by HPLC [Shimadzu,
LC10-ATVP, equipped with refractive index (RI) and ultraviolet (UV, 210 nm)
detectors as well as a fraction collector] with a SUGAR SH1011 column (Shodex,
@8 x 300 mm, mobile phase: water at 0.5 mL min~ !, 323 K), a Rezex
RPM-Monosaccharide Pb++ column (Phenomenex, 7.8 X 300 mm, mobile phase:
water at 0.6 mL min_l, 343 K), and a TSKgel Amide-80 HR column [Tosoh,
4.6 x 250 mm, mobile phase: acetonitrile/water (6/4, vol/vol) at 0.8 mL min_l,
303 K]. An absolute calibration method was employed for calculation of product
yields (Eq. 2.1). The conversion of cellulose was determined based on the weight
difference of the solid part before and after reaction (Eq. 2.2).

CF A Vv
HPLC X AgpPLC X % g % 100 (2.1)

(Yield/%) =

Meenlose

162.13

where CFypy ¢ (unit: M count_l) is calibration factor, Aypy ¢ (count) is peak area in
HPLC chart, V (L) is volume of reaction solution, M ejju0se (g) is mass of cellulose
charged, and n is carbon number in a product.

Mresidue - Mcalalysl

(Conversion/%) = x 100 (2.2)
Mcellulose
Fig. 2.3 Temperature profile 550
of rapid heating-cooling
condition 500 | 503 K

450
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where M, egique (unit: g) is mass of dried residue and M yiys: (g) is mass of catalyst
charged.

The amount of organic carbons in reaction solution was quantified by mea-
surement of total organic carbon (TOC, Shimadzu TOC-Vgy) to determine con-
version (Eq. 2.3) when catalyst was partially dissolved in water after the reaction
(see Sect. 2.3.2).

CFroc X Atoc

Mcellulose X %

(Conversion/%) = x 100 (2.3)

where CFroc (unit: gram-carbon count_l) is calibration factor and Atoc (count) is
peak area in TOC measurement.

The products were identified by HPLC, liquid chromatography/mass spec-
troscopy [LC/MS, Thermo Fischer Scientific, LCQ Fleet, atmospheric pressure
chemical ionization (APCI), the conditions were the same as those of HPLC], and
"H NMR spectroscopy (JEOL, INM-ECX400, 400 MHz).

The hydrolysis of mix-milled samples at a lower temperature (<423 K) was
carried out in a pressure-resistant glass tube (Ace Glass, 15 mL). 94 mg of
mix-milled sample [containing cellulose (81 mg) and catalyst (13 mg)] and distilled
water (10 mL) were charged into the tube. The tube was immersed in an oil bath at a
certain temperature for a designated length of time. The product analysis was
performed using the same procedure described above.

The hydrolysis of cellobiose was conducted in the hastelloy C22 high-pressure
reactor. Cellobiose (342 mg), catalyst (50 mg), and distilled water (40 mL) were
charged into the reactor. The temperature was raised to 463 K in 11 min, and then
the reactor was rapidly cooled to 323 K by blowing air. The product yield and
conversion were determined by HPLC (vide supra).

2.2.7 Reuse Test of Mix-Milled Cellulose

Microcrystalline cellulose (10 g) and K26 (1.54 g) were ball-milled together in the
presence of the Al,Oj3 balls (#1.5 cm, 2 kg) in the ceramic pot (3.6 L) at 60 rpm for
48 h. The recovered sample and 0.012 wt% HCI aqueous solution (40 mL) were
charged into the hastelloy C22 high-pressure reactor (Fig. 2.2). The temperature
was first raised to 473 K and was maintained for 2 min. Then, the reactor was
cooled down to 423 K by blowing air and the mixture was further reacted for
60 min at the temperature. After cooling down to room temperature, the solid and
liquid phases were separated by centrifugation and decantation. The solid phase
was washed with distilled water repeatedly to extract physisorbed products, for
which total volume of water used was ca. 160 mL. The resulting solid was dried
under vacuum overnight at 353 K. The liquid phase and washing solvent were
mixed and then analyzed by HPLC (vide supra). In the next run, the dried solid was
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mix-milled with fresh cellulose, the amount of which was the same as that of
converted cellulose in the previous run. The experimental schemes are drawn in
Sect. 2.3.2.

2.3 Results and Discussion

2.3.1 Screening of Carbon Catalysts for Hydrolysis
of Cellulose

First, catalytic activity of various carbon materials has been investigated for the
hydrolysis of individually ball-milled cellulose in water under the rapid heating—
cooling condition at 503 K (Fig. 2.3), and Table 2.1 summarizes the reaction results.
Among the carbon materials tested, alkali-activated carbon K26 was the most active
catalyst and converted 60 % of cellulose (entry 2). The main product was glucose
with 36 % yield, which was clearly higher than that in a control experiment without
catalysts (4.6 %, entry 1). The other identified products were water-soluble
oligosaccharides (2.5 %, DP = mainly 2-6), fructose (2.7 %), mannose (2.6 %),
levoglucosan (2.1 %), and 5S-HMF (3.4 %). Unidentified water-soluble compounds
(16 %) were also formed, the yield of which was calculated from carbon balance. In
repeated reactions, K26 maintained its catalytic performance at least four times.

Table 2.1 Hydrolysis of individually ball-milled cellulose by carbon catalysts

Entry |Catalyst |Conv./% | Yield based on carbon/%

Glucan By-product

Glc® |Olg® |Frc® |Man® |Lev® |HMF' | Others®
1 None 28 46 |15 0.5 0.6 0.2 1.8 5.3
2 K26 60 36 25 |27 2.6 2.1 34 11
3 K20 59 35 1.7 |19 1.3 2.7 2.9 14
4 MSP20 |50 26 63 |17 1.6 1.6 2.1 11
5 BAS0 57 17 20 1.0 1.0 0.9 35 14
6 CMK-3 |52 12 25 0.9 0.8 0.7 2.5 10
7 SX 38 8.1 |20 0.6 0.9 0.4 1.4 6.6
8 BP2000 |37 64 |12 0.5 0.5 0.3 1.8 16
9 XC72 35 58 |19 0.6 0.9 0.2 1.9 6.6

Conditions individually ball-milled cellulose (0.9 L pot) 324 mg; catalyst (not milled) 50 mg;
distilled water 40 mL; 503 K; rapid heating-cooling condition (Fig. 2.3)

4Glucose

"Water-soluble oligosaccharides (DP = mainly 2-6)

“Fructose

9Mannose

“Levoglucosan

f5-HMF

&(Conversion) — (Total yield of identified products)
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Alkali-activated carbon K20 showed similar catalytic activity to K26, and gave 59 %
conversion of cellulose and 35 % yield of glucose (entry 3). Another alkali-activated
carbon MSP20, steam-activated carbon BAS50, and mesoporous carbon CMK-3 were
less active than K26 and K20 (entries 4—6). The other carbons, steam-activated
carbon SX, carbon black BP2000, and carbon black XC72 were almost inactive
(entries 7-9). These results show that catalytic activity of carbon materials strongly
depends on their chemical and/or physical properties, derived from precursors and
synthetic methods. Consequently, K26, which can be synthesized in a bulk scale in
industry, showed a significantly higher catalytic activity than CMK-3, and thus K26
was mainly used for further study.

Next, the amounts of carboxylic acids, lactones, and phenolic groups as OFGs
on carbons were quantified by the Boehm titration [22] (Table 2.2). The highly
active catalysts such as K26 and K20 contain a large amount of OFGs (entries 10

Table 2.2 Amount of OFGs on carbon materials

Entry | Carbon | OFGs/pumol g ! Conv.%% | Glc**/%
Carboxylic acids | Lactones | Phenolic groups | Total

10 K26 270 310 310 880 |60 36

11 K20 420 270 320 1010 |59 35

12 MSP20 | 65 110 280 450 |50 26

13 CMK-3 | 140 97 180 410 |52 12

14 SX 80 49 34 160 |38 8.1

15 BP2000 | 61 12 88 160 |37 6.4

16 XC72 26 49 0 75 |35 5.8

Determined by the Boehm titration [22]

“Reaction conditions: individually ball-milled cellulose (0.9 L pot) 324 mg; catalyst (not milled)
50 mg; distilled water 40 mL; 503 K; rapid heating-cooling condition (Fig. 2.3). The detailed results
are summarized in Table 2.1

Glucose yield

Fig. 2.4 Effect of OFGs 40
amount on catalytic activity of
carbons
30
&
© + K26
2
:; 20 b + K20
2 MSP20
! * CMK-3
© 10} *SX
+BP2000
+XC72
0 i L i i i L i L i i
0 200 400 600 800 1000

OFGs amount /pmol g
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and 11), and less active catalysts do lower amounts (entries 12—16). The total
amount of OFGs on carbons positively correlates with catalytic activity for glucose
production from cellulose (Fig. 2.4), indicating that weakly acidic OFGs may be
active sites. However, this trend would also include the influence of physical
properties of each carbon material, and the detailed functions of OFGs are discussed
in Chap. 3. It is notable that K26 does not contain sulfonic groups since the sulfur
content is less than 0.01 %. This amount of sulfur corresponds to only <10 % in
the whole reaction mixture and does not catalyze the reaction at all. In fact, the
hydrolysis in the presence of even 10™* % H,SO, provided 4.3 % yield of glucose
(Table 2.3, entry 17) as low as the yield of blank experiment (4.6 %, entry 1). The
author further conducted control experiments to evaluate acidity of active sites. K26
was treated in AcOH/AcONa (pH 4.0), NaCl (pH 7.0), NaHCO;3 (pH 8.3), and
NaOH (pH 12.6) to neutralize corresponding acidic sites on K26 and the treated
carbons were subjected to the hydrolysis of individually ball-milled cellulose
(Fig. 2.5). The acetate buffer treatment did not influence the catalytic activity of
K26, indicating that no strong acid worked as a predominant active site. Similarly,
K26 has resisted an actual salt NaCl; K26 possibly maintains its catalytic activity
even in the presence of salts. The NaHCOj;-treated K26 still produced glucose in
13 % yield, but exposure to NaOH completely deactivated K26 due to neutralization

Table 2.3 Control experiments on hydrolysis of individually ball-milled cellulose

Entry | Solvent Conv./ | Yield based on carbon/%
% Glucan By-product
Glc* | Olg® |Frc® [Man® |Lev® |HMF' | Others®
1 Distilled water 28 46 |15 0.5 |0.6 02 |18 5.3
17 10 uM H,SO} 29 43 |17 0.8 0.8 02 |19 39
18 50 uM AcOH' 26 38 |17 0.8 0.8 02 |20 1.9
19 Filtrate of used K26’ 22 3.1 13 05 |0.6 0.1 1.4 2.9
20 Filtrate of used K26 and |39 nd! [nd' [nd' |{nd' |[nd' |[nd' n.d!
cellulose®

Conditions individually ball-milled cellulose (0.9 L pot) 324 mg; solvent ca. 40 mL; 503 K; rapid
heating-cooling condition (Fig. 2.3)

“Glucose

®Water-soluble oligosaccharides (DP = mainly 2-6)

“Fructose

YMannose

“Levoglucosan

'5-HMF

(Conversion) — (Total yield of identified products)

f‘pH =47

'pH = 4.6

IThe filtrate of K26 aqueous mixture subjected to the rapid heating—cooling condition (Fig. 2.3) was
used as a solvent instead of distilled water

*The filtrate of the mixture of the cellulose hydrolysis by K26 (Table 2.1, entry 2) was used as a
solvent instead of distilled water

'The values were unable to be determined because products formed from cellulose in the primary
reaction (Table 2.1, entry 2) were contained, and they remained as themselves and/or underwent the
degradation during this reaction
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of all acid sites. Hence, the hydrolytic activity of K26 may be ascribed to weakly
acidic groups such as carboxylic acids and phenolic groups. These results also
suggest that weak acids are advantageous over strong acids owing to the resistance
to salts derived from raw biomass since strong acids easily undergo ion exchange to
be deactivated even in an acetate buffer [18, 19].

The author investigated whether the most active catalyst K26 worked as a solid
catalyst in the hydrolysis of cellulose. The dispersion of K26 into distilled water
caused the drop of pH to 4.9 due to weakly acidic OFGs. The same phenomenon is
also observed when dispersing solid acids such as zeolites in water [25-27]. After
filtration with a polytetrafluoroethylene (PTFE) membrane to remove K26, the pH
value returned to almost neutral (5.8). This result confirmed that the pH decrease
was not caused by leaching of soluble acidic species from K26. The acidic solutions
with the same pH value as that of the K26 suspension, i.e., 10 uM H,SO, (pH 4.7)
and 50 pM AcOH (pH 4.6), were not active for the hydrolysis of cellulose at all
(Table 2.3, entries 17 and 18). As it is known that the hydrolysis by H;O" is
negligible at pH higher than 4 [28], the promotion of the hydrolysis by K26 is not
ascribed to the buffering effect releasing H;O" in the suspended state. In addition to
these evidences, the filtrates of the K26 suspension and K26-cellulose one, which
were subjected to the reaction conditions at 503 K (Fig. 2.3), were less active
(entries 19 and 20) than solid K26 itself (entry 2). Although the filtrate in entry 20
possibly contained soluble acidic by-products formed in the primary reaction of
cellulose, the catalytic effects of the acidic species were limited in the hydrolysis of
cellulose; they enhanced only 11 % of cellulose conversion from the blank reaction
(entry 1). Hence, K26 should hydrolyze cellulose as a solid catalyst. The author also
confirmed whether cellulose underwent hydrolysis as a solid substrate. The DP of
ball-milled cellulose was 640, determined by viscometry (see Sect. 2.3.3), the value
of which was high enough to be insoluble in water. The ball-milled cellulose did
not contain a considerable amount of soluble oligomers (only 0.3 %), verified by
the extraction with 40 mL of boiling water. Meanwhile, it has been reported that
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cellulose slightly dissolves in water at ambient temperature (ca. 2 X 10> wt%) [29]
and complete dissolution of cellulose in water requires high temperatures as well as
extremely high pressures (e.g., 603 K, 345 MPa) [30]. These reports motivated the
author to estimate the influence of cellulose solubility on the hydrolysis at 503 K. If
the slightly soluble portion of cellulose was responsible for the reaction, the
hydrolysis rate should depend on the saturated solubility of cellulose, giving a
constant concentration of dissolved cellulose. In contrast to the hypothesis, the
conversion rate increased linearly with increasing amount of solid cellulose
(Table 2.4 and Fig. 2.6). Although the possibility of soluble active species or partial
dissolution of the substrate is not completely excluded, these results show that solid
cellulose undergoes the hydrolysis catalyzed mainly by solid K26. Hence, both
carbon and cellulose behave as solids in the hydrolysis, namely solid—solid reaction.

Table 2.4 Effect of cellulose amount on hydrolysis by K26

Entry | Amount of Conv./% | Conv. | Yield based on carbon/%
ball-milled rate’/g Glucan By-product
cellulosefg L™ ﬁ: GIc® | Olg® | Fre! |Man® |Lev' | HMF® | Others"
21 8.1 72 8.7 40 14 |21 |18 28 |54 19
22 16 66 16 40 1.5 |17 |13 25 163 13
23 24 66 24 39 1.7 1.4 1.2 2.6 7.0 13
24 40 58 35 38 2.1 1.3 1.2 2.2 6.7 7.2

Conditions K26 50 mg; distilled water 40 mL; 508 K; rapid heating-cooling condition (Fig. 2.3).
Cellulose was ball milled without catalyst in a 0.9 L pot

“Conversion rate of cellulose based on the total reaction time (40 min, see Fig. 2.3)

Glucose

“Water-soluble oligosaccharides (DP = mainly 2-6)

YFructose

°Mannose

rLevoglucosan

£5-HMF

h(Conversion) — (Total yield of identified products)

Fig. 2.6 Effect of cellulose 40
amount on conversion rate
=
5 ot
L=
e [
S o0t
=
2
&
g
g 10
o
(3]
D L i L 1
0 10 20 30 40

Cellulose concentration /g L



56 2 Hydrolysis of Cellulose to Glucose Using Carbon Catalysts

In solid—solid reactions, a collision between a solid substrate and a solid catalyst is
limited, hampering reaction proceeding. In other words, solid catalysts would
unsatisfactorily show their catalytic performance during reactions because of loose
contact with a substrate.

2.3.2 High-Yielding Production of Glucose from Cellulose

In the previous section, K26 has provided glucose in 36 % yield from individually
ball-milled cellulose (Table 2.1, entry 2), but the yield needs to be improved for
practical use. The hydrolysis of cellulose by carbon catalyst takes place at their
interface, namely solid—solid reaction; loose contact between a solid substrate and a
solid catalyst is an obstacle. The author therefore employed a new pretreatment
method named mix-milling, ball-milling cellulose and catalyst together, to make
tight contact (Fig. 2.7).

The various solid materials including carbons and typical solid acids were tested
for the hydrolysis of cellulose at 453 K for 20 min after the mix-milling pretreat-
ment. In control experiments employing individually ball-milled cellulose as a
substrate, the hydrolysis in the presence/absence of solid catalysts provided poor
reaction results (7.9-15 % yields of glucans, Table 2.5, entries 25-34). The results of
the hydrolysis of mix-milled cellulose are also shown in Table 2.5 (entries 35-43).
K26 produced water-soluble glucans in 90 % yield [glucose (20 %) and oligosac-
charides (70 %)] with 97 % selectivity (entry 35). The other products were fructose
(0.6 %), mannose (0.7 %), levoglucosan (0.7 %), 5-HMF (1.0 %), and unidentified
compounds (<1 %). The solid residue containing K26 was easily separated from the
product cocktail by filtration after the reaction (Fig. 2.8). The mix-milling pre-
treatment also enhanced the yields of glucans when employing the other carbon
materials, BAS0 (34 %, entry 36) and SX (22 %, entry 37), compared to the
individual milling (entries 27 and 28). However, these carbons were less active than
K26 due to lower amounts of weakly acidic groups as described in Sect. 2.3.1.
A sulfonic acid cation exchange resin Amberlyst 70 afforded remarkably high
glucose yield (82 %, entry 38). After mix-milling of cellulose with Amberlyst
70, >99 wt% of the sample dissolved as various kinds of oligosaccharides [31]

Fig. 2.7 Schematic of

mix-milling pretreatment @ 0

Cellulose G S
o [x)
Mix-milling ) @
oo ©®

oo
Catalyst Tight contact
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Table 2.5 Effect of pretreatment on hydrolysis of cellulose by various solid catalysts

Entry | Catalyst Pretreatment | Conv./ | Yield based on carbon/%
% Glucan By-product
Glc* | Olg® |Frc® | Man® |Lev® | HMF' | Others®

25 None Individual® 12 13 |66 |02 [02 [<0.1 | 02 3.4
26 K26 Individual' 18 29 [10 |05 |04 0.1 |<0.1 3.7
27 BA50 Individual® 20 24 (86 (02 |03 <01 |<0.1 8.0
28 SX Individual® 16 23 |80 (03 |03 |[<0.1 |<0.1 4.8
29 Amberlyst 70 | Individual® 18 63 (82 |02 |08 02 | 03 24
30 H-MFI Individual® 16 32 (91 |03 |02 0.1 | 0.1 33
31 H-MOR Individual® 17 38 (96 (03 |03 0.1 | 02 3.0
32 Si0,-ALO; | Individual® 70 (09 |54 (02 [02 |[<0.1 | 02 0.1
33 Sio, Individual® 12 21 (83 (03 |04 |<01 | 02 1.1
34 TiO, Individual® 14 23 (97 |04 |04 0.1 | 03 0.2
35 K26 Mix™ 93 20 (70 |06 |07 07 | 10 |<I”
36 BAS50 Mix™ 35 67 (27 (07 |07 02 | 02 0.2
37 SX Mix™ 24 42 |18 |08 |05 0.1 | 03 0.1
38 Amberlyst 70 | Mix™ >99 82 |19 |05 |14 26 | 2.8 8.8
39 H-MFI Mix™ 19 40 |11 |04 |03 0.1 | 02 32
40 H-MOR Mix™ 21 49 |11 |04 |03 02 | 05 4.0
41 Si0,-ALO; | Mix™ 68 (09 |48 |02 [02 |[<0.1 | 02 0.5
42 Si0, Mix™ 16 34 [11 |03 |03 0.1 | 03 0.1
43 TiO, Mix™ 13 1.6 |71 |05 [03 |[<0.1 | 04 2.6
44 K26, HCI' Mix™ 98 88 (27 |15 |15 30 | 1.7 |<1®
45 K26, H,SO}, | Mix™ 95 69 [86 (07 |13 22 | 1.8 11
46 HCT Individual’ 39 27 (39 |18 |18 1.0 | 16 1.8
47 K26, HCI' Individual' 40 30 (43 [13 |13 11| 07 0.7
48" | K26 Mix™ 97 72 (28 |14 |15 14 | 49 13

Conditions cellulose 324 mg; catalyst 50 mg; distilled water 40 mL; 453 K; 20 min. For hydrolysis of
mix-milled cellulose, 374 mg of sample (containing cellulose 324 mg and catalyst 50 mg) was used
“Glucose

"Water-soluble oligosaccharides (DP = mainly 2-6)

“Fructose

“Mannose

°Levoglucosan

S-HMF

€(Conversion) — (Total yield of identified products)

"Conditions: mix-milled cellulose 94 mg (containing cellulose 81 mg and K26 13 mg); distilled water
10 mL; 418 K; 24 h

‘Hydrolysis was conducted in a 0.012 wt% HCI solution (pH 2.5)

ijdrolysis was conducted in a 0.018 wt% H,SOy solution (pH 2.5)

¥Cellulose was ball-milled without catalyst in a 3.6 L pot. Catalyst was not ball-milled

'Cellulose and K26 were separately ball-milled

"MCellulose and catalyst were ball-milled together, namely mix-milling

"The total yield of others was not correctly determined because of high conversion
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(a) (b)

Fig. 2.8 Pictures of a product cocktail and b solid residue after hydrolysis of mix-milled cellulose
containing K26. The solid and liquid phases were separated with a PTFE membrane (0.1 pm mesh)

in 40 mL of distilled water at room temperature, indicating that mechanocatalytic
hydrolysis of cellulose [31-33] happened during the milling process in the presence
of strong acidic species derived from the resin. The water-soluble oligosaccharides
are hydrolyzed more easily than robust cellulose, resulting in the high-yielding
production of glucose. However, the reaction solution was completely homogeneous
(Fig. 2.9), and Amberlyst 70 was unable to be recovered by centrifugation at

Fig. 2.9 Reaction mixture after hydrolysis of mix-milled cellulose containing Amberlyst 70. No
solids were obtained after the reaction. The solution was irradiated with a green laser from right
side of the bottle, but the Tyndall effect was hardly observed, showing that the solution was
homogeneous and did not contain colloids
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4600g (4.5 x 10* m s?) or filtration using a PTFE membrane (0.1 pm mesh), which
was in sharp contrast to the behavior of K26 is shown in Fig. 2.8. The other
materials (H-MFI, H-MOR, Si0O,-Al,03, SiO,, and TiO,) were almost inactive even
though employing the mix-milling pretreatment (entries 39-43). Moreover, these
materials except TiO, partially dissolved in water during the reaction (Fig. 2.10).

K26 was the most active catalyst in the hydrolysis of mix-milled cellulose
among the solid materials tested except for Amberlyst 70. There are two possi-
bilities for this: crystalline structure of cellulose contained in each mix-milled
sample (see Sect. 1.2.2) as well as activity of each catalyst. To evaluate the
influence of crystallinity of cellulose on the hydrolysis, all the mix-milled samples
were characterized by XRD. The XRD patterns of all mix-milled samples
(Fig. 2.11) were the same as that of amorphous cellulose (shown as individually
milled cellulose in figure), and no peak derived from crystalline cellulose was
observed. The mix-milling pretreatment similarly degraded crystalline cellulose to
amorphous one regardless of the presence of various solids. Hence, the difference in
reaction results is not ascribed to the nature of cellulose but to activity of each
catalyst.

The mix-milled cellulose containing K26 gave glucose and water-soluble
oligosaccharides in 20 and 70 % yields, respectively, as already shown above
(Table 2.5, entry 35). In order to further improve glucose yield by accelerating
depolymerization of oligosaccharides to glucose, a 0.012 % HCI aqueous solution
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Fig. 2.10 HPLC charts for hydrolysis of mix-milled cellulose containing a H-MFIL, b H-MOR,
¢ Si0,-Al,03, and d SiO,. Column: Rezex RPM-Monosaccharide Pb++. Detector: RI. Reaction
conditions: mix-milled cellulose 374 mg (containing cellulose 324 mg and catalyst 50 mg);
distilled water 40 mL; 453 K; 20 min


http://dx.doi.org/10.1007/978-981-10-0332-5_1

60 2 Hydrolysis of Cellulose to Glucose Using Carbon Catalysts

TiO,
si0,
Si0,-Al,04

H-MOR

Intensity /a.u.

H-MFI
Amberlyst 70

SX

BA

K26

Individually milled cellulose
Microcrystalline cellulose

5 15 25 35 45
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Fig. 2.11 XRD patterns of mix-milled samples containing cellulose and solid catalysts. The peaks
marked with black diamonds, red circles, and blue triangles are from TiO,, H-MOR, and H-MFI,
respectively

(pH 2.5) was utilized as a solvent instead of water. This trace amount of HCI neither
corrodes common stainless steel reactors nor has a negative economic impact
because of very low concentration and low price [0.07-0.1 USD kg~ ' as concen-
trated HCI in 2014 according to International Chemical Information Service (ICIS)]
[34, 35]. Figure 2.12 shows the time course of the hydrolysis of mix-milled cel-
lulose containing K26 conducted in the trace HCI aqueous solution at 453 K. In the
initial stage of the reaction (<2 min), water-soluble oligosaccharides were pre-
dominantly formed. Subsequently, the yield of glucose increased up to 88 % at
20 min and the selectivity of glucose based on cellulose conversion (98 %) was
90 % (Table 2.5, entry 44). This is the best result achieved in this work and one of
the highest yields of glucose ever reported in any methods. After 20 min, the yield
of glucose decreased because of the decomposition. Although an H,SO, aqueous
solution (0.018 wt%, pH 2.5) was advantageous over HCI due to its lower price
(0.05 USD kg ' in 2009 according to Nexant [36]) and less corrosive property,
H,SO, provided by 19 % lower yield of glucose than HCI at the same pH (entry
45). This result was possibly caused by the negative effect of SOF  species on the
hydrolysis reaction (Table 2.6); SOF  species may prevent the activation of gly-
cosidic bonds by forming a chelate. Therefore, the 0.012 wt% of HCIl aqueous
solution was employed as a reaction solvent in the following study. Note that such
high-yielding production of glucose was unable to be achieved without the
mix-milling pretreatment. Two types of control experiments were conducted as
follows: the hydrolysis of individually ball-milled cellulose in the trace HCI (entry
46) and that of individually ball-milled cellulose by individually ball-milled K26 in
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Fig. 2.12 Time course of hydrolysis of mix-milled cellulose containing K26 in 0.012 wt% HCl
solution at 453 K. Conditions: mix-milled cellulose 374 mg (cellulose 324 mg and K26 50 mg);
0.012 wt% HCI solution 40 mL. Legends: black diamonds cellulose; red circles glucose; blue
triangles oligosaccharides; and green squares by-products. In figure, the data sets at O min are for
the hydrolysis under rapid heating—cooling condition (see Fig. 2.3). Dashed lines are simply
smooth lines for connecting experimental data

Table 2.6 Inhibitory effect of salts on hydrolysis of cellulose

Entry | Salt Conv./% | Yield based on carbon/%
Glucan By-product
Gle® |Olg® |Fre® [Man® |Lev® |HMF' |Others®
1 None 28 46 |15 05 |0.6 0.2 1.8 4.8
49 3.2 mM NaCl 15 1.7 56 (04 |07 0.1 1.0 1.2
50 1.6 mM Na,SO, | 6.7 0.3 23 |01 |0.1 04 0.2 3.4

Conditions individually ball-milled cellulose 324 mg (0.9 L pot); salt solution 40 mL; 503 K; rapid
heating—cooling condition (Fig. 2.3)

“Glucose

"Water-soluble oligosaccharides (DP = mainly 2-6)

“Fructose

YMannose

°Levoglucosan
5-HMF
&(Conversion) — (Total yield of identified products)

the HCI aqueous solution (entry 47). These control reactions yielded glucose in 20
and 30 %, which were significantly lower than the highest yield (88 %, entry 44).
Similarly, the values of cellulose conversion were only 39 and 40 % in these control
reactions. Neither the trace HCI nor individually ball-milled K26 accelerated the
hydrolysis of cellulose in good performance due to low H* concentration and loose
contact with the substrate. The mix-milling pretreatment is clearly essential for
high-yielding production of glucose from cellulose.
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The durability of K26 in this system was evaluated as the following procedure
(see Sect. 2.2.7 as well as the schemes in Figs. 2.13 and 2.14): microcrystalline
cellulose and K26 were milled together (i.e., mix-milling pretreatment); the
hydrolysis of mix-milled cellulose in the 0.012 wt% HCI aqueous solution was
operated at high loadings of the solid (cellulose 200 g L™" and K26 31 g L™'); the
solid residue containing used K26 and unreacted cellulose was recovered, washed
with distilled water repeatedly, and dried under vacuum; the resulting solid was
ball-milled with fresh microcrystalline cellulose, the amount of which was equiv-
alent to that of consumed cellulose in the previous run to maintain an S/C ratio; and
the next run was conducted. This cycle was repeated several times. Figure 2.13
represents the results of reuse experiments at high cellulose conversion (88-91 %),
and glucose was obtained in 71, 72, 70, and 67 % yields. Although these values
were lower than the best glucose yield in this work (88 % at 8.1 g L™', Table 2.5,
entry 44) probably due to the significantly high loadings of the solid, the high
concentration of glucose clears the practical demand (10 wt%) to avoid
energy-consuming condensation process of reaction product. Another type of reuse
experiments at lower cellulose conversion was also performed (Fig. 2.14), in which
yields of products and cellulose conversion gradually increased. This trend is
reasonable since the residual solid cellulose has partially undergone hydrolysis to

Mix-milling Mix-milled Hydrolysis
+ —_— 5 _anyss Z
Cellulose + K26 cellulose 273 K 2min Residue
423 K, 60 min Washed
with water

Cellulose .

(Same amount as Dried

that of converted cellulose) under vacuum
Dried residue

100

80

Yield /%

2nd 3rd 4th

Run

1st

Fig. 2.13 Reuse experiments of mix-milled K26 for hydrolysis of cellulose (200 g L™ in 0.012
wt% HCI solution with high conversion. Legends: red bar glucose; blue bar oligosaccharides; and
gray bar by-products
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Mix-millin ix-mi Hydrolysis
Cellulose + K26 9 Mix-milled Hydrolysi R
cellulose 453 K, <1 min
Washed
with water
Cellulose )
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that of converted cellulose) under vacuum
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Fig. 2.14 Reuse experiments of mix-milled K26 for hydrolysis of cellulose (200 g L™") in 0.012
wt% HCI solution with low conversion. Legends: red bar glucose; blue bar oligosaccharides; and
gray bar by-products

decrease DP in the previous run, which make this remaining part more reactive in
the subsequent runs. These results in both high and low conversions show that the
degradation rate of cellulose does not decrease during the repeated reactions.
Hence, K26 is fairly stable during the mix-milling pretreatment as well as the
hydrolysis in the presence of trace HCI and high concentrations of products.
Toward practical applications, the author demonstrated the saccharification of
bagasse kraft pulp as a real biomass substrate by the inexpensive and commercially
available steam-activated carbon BA50, which showed catalytic activity in cellulose
conversion (Table 2.5, entry 36). The pulp contained cellulose (59 wt%), hemi-
cellulose [xylan (25 wt%) and arabinan (2 wt%)], and lignin (9 wt%). At first,
one-pot hydrolysis ofboth cellulose and hemicellulose in the bagasse kraft pulp was
performed in the 0.012 wt% HCI solution for 2 min at various temperatures
(Fig. 2.15) after mix-milling pretreatment. The yields of xylose andarabinose based
on the amount of hemicellulose in the pulp were 89 and 5.2 % at 473 K, respec-
tively. In this case, glucose yield based on the amount of cellulose in the pulp was
only 32 %. The glucose yield increased up to 72 % with increasing the reaction
temperature to 493 K, whereas the xylose yield decreased to 45 % due to the
degradation. One-pot high-yielding production of both hexoses and pentoses is



64 2 Hydrolysis of Cellulose to Glucose Using Carbon Catalysts

100

80

60

Yield /%

40

20

Cs CS 05 Cs CS
473K 483 K 493 K

Reaction temperature

Fig. 2.15 One-pot hydrolysis of both cellulose/hemicellulose in bagasse kraft pulp at various
temperatures for 2 min. Conditions: mix-milled bagasse craft pulp 374 mg (pulp 324 mg and BAS0
50 mg); 0.012 wt% HCI solution 40 mL. Legends: blue bar xylose; pink bar arabinose; red bar
glucose; and green bar fructose and mannose

difficult. Xylan is known as a more reactive substrate than cellulose due to the lack
of an OH group at C6, which would make cellulose more chemically stable by
forming hydrogen bonds (Fig. 2.16) [37]. In fact,xylobiose (the smallest model of
xylan) was five times more reactive for the hydrolysis than cellobiose (that of
cellulose) at 443 K for 10 min (Fig. 2.17). Taking account of the different reactivity
of hemicellulose andcellulose, a cascade reaction was applied; the hydrolysis at 453
K for 1 min and subsequently at 483 K for 2 min (see the scheme in Fig. 2.18 ). In
the first step, the hydrolysis of hemicellulose was preferred tothat of cellulose due to
higher reactivity of hemicellulose, and the major products were pentoses, namely
xylose (69 %) and arabinose (6.7 %). The yield of hexoses was only 1.9 % in this

(@) (b)

n

Fig. 2.16 Structures of a xylan and b cellulose. The hydrogen bond at OH group coordinating to
C6 would make cellulose less reactive
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Fig. 2.17 Hydrolysis of 30
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of xylan) and cellobiose (that
of cellulose) by K26 at 443 K
for 10 min. Legends: blue bar
xylose and red bar glucose
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Fig. 2.18 Two-step Mix-milled bagasse kraft pulp containing BA50
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step. In contrast, glucose(74 %) and other hexoses [fructose (2.5 %) and mannose
(1.5 %)] from cellulose were mainly produced in the second step. The yields of
xylose and arabinose in this step were only 15 % and 1.4 %, respectively.This
separate production of sugars will be advantageous for their further use. The total
yields of sugars in this cascade reaction were 76 % for glucose, 4.0 % for other
hexoses, 84 % for xylose, and 8.1 % for arabinose.
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2.3.3 Role of Mix-Milling Pretreatment in Cellulose
Hydrolysis

In order to clarify the role of the mix-milling pretreatment, individually ball-milled
cellulose and mix-milled cellulose containing K26 were analyzed by microscopes
(optical microscope and SEM, Fig. 2.19). The particles of individually ball-milled
cellulose were clear or white and their diameter was ca. 10 pm (Fig. 2.19a).
Individually ball-milled K26 had black small particles (<1 pm) (Fig. 2.19b). The
particle size of mix-milled cellulose containing K26 was similar to that of indi-
vidually ball-milled cellulose, whereas the surface color was black (Fig. 2.19¢). The
particle size distributions of both individually ball-milled and mix-milled celluloses
estimated by laser diffraction were also almost the same (37-40 pum, Fig. 2.20).
These results suggest that small K26 particles are attached to the surface of large
cellulose particles. In fact, the SEM image of the mix-milled cellulose sample
(Fig. 2.19d) showed that there were small particles on a large particle. Hence,
cellulose and K26 in the mix-milled sample would have a tight contact.

The author further analyzed the mix-milled cellulose containing K26 by *C
CP/MAS NMR spectroscopy and viscometry to investigate chemical properties of
cellulose. As well as XRD measurement (Fig. 2.11), '>*C CP/MAS NMR spec-
troscopy indicated that both individually ball-milled and mix-milled cellulose sam-
ples were in amorphous form (Fig. 2.21). The Crl values determined from the

s

Fig. 2.19 Microscopic images of cellulose samples. Optical microscopic images of a individually
ball-milled cellulose, b individually ball-milled K26, and ¢ mix-milled cellulose containing K26
and d SEM image of the mix-milled cellulose sample
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Fig. 2.20 Particle size distributions of mix-milled cellulose containing K26 (closed circles) and
simple mixture of individually ball-milled cellulose and individually ball-milled K26 (open
circles), which were observed by laser diffraction

Fig. 2.21
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C4 signals based on Eq. 1.2 were less than 5 % for both samples. The DP of
mix-milled cellulose was determined to be 690 by viscometry with a 9 wt%
LiCI/DMACc solvent at 303 K and the Mark-Houwink-Sakurada equation (Eq. 2.4)
[23].

(] = KMy, (2.4)
in which [#] (dL g_l) and My, (g mol_l) are intrinsic viscosity and weight average

molecular weight, respectively. The values of K and a for cellulose in the 9 wt%
LiCI/DMAc solvent at 303 K have been reported as 1.278 x 107> dL g~ " and 1.19
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in a reference [23]. The value of [] is determined from Eq. 2.5 and experimental
data (Fig. 2.22).

I3

[7] = lim*— (2.5)

c—0 ¢

where ¢ (unit: g dL_l) is concentration of cellulose, ¢ (s) is flow time of solution in a
viscometer, and 7, (s) is flow time of solvent (in this study, 9 wt% LiCl/DMAc).

The DP of mix-milled cellulose (690) was half as high as that of microcrystalline
cellulose (1240), and the value was similar to that of individually milled cellulose
(640). Therefore, K26 did not hydrolyze cellulose into soluble fractions during the
milling process, which stood in stark contrast to H,SO,4 [31, 33] and Amberlyst 70
(vide supra). The difference in the catalytic performance between individually
ball-milled cellulose (Table 2.5, entry 26) and mix-milled cellulose (entry 35) is not
ascribed to the nature of cellulose, but to the contact between the catalyst and
cellulose, i.e., loose/tight contact.

To confirm the role of mix-milling pretreatment to make a tight contact between
solids, the author investigated two types of model reactions: (i) cellobiose
(water-soluble substrate) and K26 (insoluble catalyst) and (ii) cellulose (insoluble
substrate) and benzoic acid (soluble catalyst). Even though the mix-milling pre-
treatment makes a tight contact between these compounds, the soluble substrate or
catalyst dissolves in water to give liquid-solid reactions; in brief, the promotional
effect of mix-milling should not be observed in these model reactions. Note that
benzoic acid was suitable for this study employing solid-solid mixing since benzoic
acid itself is solid and is a model of weakly acidic species on carbon catalysts (see
Sect. 3.3.2). A typical soluble catalyst H,SO, is unable to use in this model
reaction, as H,SO, itself is liquid and depolymerizes cellulose during the

(tit, - 1)/c /dL g
-~ &

o
3]
—

0 0.1 0.2 0.3 04
c /g dL?

Fig. 2.22 Plots of (#/ty_1)/c against c. In figure, the intercept is corresponding to [#]. Legends:
open diamonds with solid line microcrystalline cellulose; closed circles with solid line mix-milled
cellulose; and open squares with dashed line individually ball-milled cellulose
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mix-milling pretreatment [31, 33]. For the combination (i), regardless of the
presence/absence of mix-milling pretreatment, the hydrolysis of cellobiose by K26
proceeded at almost the same rate (Table 2.7, entries 51 and 52). Likewise, the
combination (ii) showed no positive effect of mix-milling pretreatment on the
hydrolysis of cellulose by benzoic acid (entries 53 and 54). In sharp contrast to
these model reactions, the mix-milling pretreatment drastically accelerated the
hydrolysis of solid cellulose by solid K26 and afforded ca. seven times higher
glucan yield than individual ball-milling did (entries 35 and 55). These results
suggested that the mix-milling pretreatment enhances only solid-solid reactions by
forming a tight contact, but does not liquid-solid ones.

A kinetic study of the hydrolysis of cellulose was also performed to quantita-
tively elucidate the role of mix-milling pretreatment, in which the author chose
418 K as a reaction temperature to accurately determine kinetic parameters, as the
reaction proceeds too rapidly to estimate the parameters at higher reaction tem-
peratures such as 453 K (see Table 2.5, entry 35). Figure 2.23 shows the time
course of the hydrolysis of mix-milled cellulose containing K26 in distilled water at
418 K. The amount of unreacted cellulose (black diamonds) gradually decreased
with increasing reaction time. In the initial stage of the reaction, oligosaccharides
(blue squares) were predominantly produced and their total yield was maximized at
6 h (44 %). After 6 h, glucose (red circles) was the major product instead of
oligosaccharides. The yield of glucose increased with decrease of the yield of
oligosaccharides and reached 72 % at 24 h with 97 % conversion of cellulose
(Table 2.5, entry 48). This time course clearly indicates that oligosaccharides are
intermediates in the reaction route from cellulose to glucose. The decomposition of

Table 2.7 Effect of solubility of substrate and catalyst on hydrolysis after mix-milling
pretreatment

Entry | Pretreatment Substrate Catalyst Conv./% Yield based

on carbon/%

Glc® | olg’
51° Milling only K26 Cellobiose | K26 12f 9.0 -
52¢ Mix-milling Cellobiose | K26 14 11 -
534 Milling only cellulose | Cellulose Benzoic acid 17 34 9.8
544 Mix-milling Cellulose Benzoic acid 13 2.7 8.7
55° Individual milling Cellulose K26 18 2.9 10
35¢ Mix-milling Cellulose K26 93 20 70
“Glucose

"Water-soluble oligosaccharides (DP = mainly 2-6)

“Conditions: cellobiose 342 mg; K26 50 mg; distilled water 40 mL; 463 K; rapid heating-cooling
condition (Fig. 2.3)

dConditions: cellulose 324 mg; benzoic acid 50 mg; distilled water 40 mL; 453 K; 20 min
“Conditions: cellulose 324 mg; K26 50 mg; distilled water 40 mL; 453 K; 20 min

fConversion of cellobiose was calculated from the total amount of recovered and adsorbed
cellobiose. For the estimation of adsorbed amount of cellobiose on K26, the adsorption
equilibrium constant and adsorption capacity were used (see Sect. 3.3.3)
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Fig. 2.23 Time course of hydrolysis of mix-milled cellulose containing K26 at 418 K. The dots
show the experimental data and the lines are the results of kinetic simulations based on Egs.
2.11-2.14. Legends: black diamonds cellulose; red circles glucose; blue triangles oligosaccha-
rides; and green squares by-products

glucose happened to generate by-products (green triangles) after accumulation of
glucose in the reaction. For these results, the hydrolysis of cellulose mainly consists
of three steps as shown in Eq. 2.6 [38]: hydrolysis of cellulose to water-soluble
oligosaccharides; that of oligosaccharides to glucose; and decomposition of
glucose.

Cellulose — Oligosaccharides — Glucose — By-products (2.6)

where ky, k>, and k5 (unit: hfl) are pseudo first-order rate constants for hydrolysis of
cellulose, that of oligosaccharides, and decomposition of glucose, respectively.

The reaction rates for respective steps are represented as Eqs. 2.7-2.10, for
which first-order dependence on substrates has been postulated as reported else-
where [39-41].

d[Cellul
diCellulose] _ _; Cellulose] (2.7)
dr
d[Oli harid
[ 1goszctc arides] _ ky[Cellulose] — k,[Oligosaccharides] (2.8)
d[Gl
% = kp[Oligosaccharides] — k3[Glucose] (2.9)
d|[By - product:
d[By - products] ' Glucose] (2.10)

dr
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where [Cellulose], [Oligosaccharides], [Glucose], and [By-products] (unit: M) are
concentrations of respective compounds and ¢ (h) is reaction time. The integration
of these formulae gives Eqs. 2.11-2.14.

Cellulose] = [Cellulose],e ™ 2.11
0
k
[Oligosaccharides] = [Cellulose],, p 1 . (ehr —e k) (2.12)
2 — ki
kik 1 1
[Glucose] = [Cellulose],, A 1—2761 {k3 — (M —e™h) + [o— (e7h — e_kzt)}
(2.13)

[By - products] = [Cellulose], — [Cellulose] — [Oligosaccharides] — [Glucose]
(2.14)

where [Cellulose], (unit: M) is initial concentration of cellulose and k; # ky # k5.

Based on Egs. 2.11-2.14, the author simulated the time course of the hydrolysis
of mix-milled cellulose containing K26. Each simulated curve (line) in Fig. 2.23
fitted well with experimental data (dots), showing the reliability of this curve fitting.
The rate constants estimated from the simulation were k; =0.17 h™!, k, =0.16 h™!,
and k3 = 0.017 h™'. Surprisingly, the hydrolysis of cellulose to oligosaccharides
proceeds as fast as that of oligosaccharides to glucose (k;/k, = 1.1) in this reaction
system, as the rate-determining step for glucose production is generally the
depolymerization of cellulose to oligosaccharides due to insolubility and low
reactivity of cellulose (i.e., ki/k; < 1) [38]. The decomposition of glucose was
approximately 10 times slower than the two hydrolysis reactions (k;/ks = 10, ko/
k3 = 9.4), resulting in high yields of glucose.

For quantitative comparison with the mix-milling pretreatment, the same ana-
Iytic approach based on Egs. 2.11-2.14 was performed for the hydrolysis of indi-
vidually ball-milled cellulose by K26 at 418 K, in which a sampling method was
employed to rigorously quantify the reaction products due to low reaction rates.
Note that the reactivity of individually ball-milled cellulose itself should be similar
to that of mix-milled cellulose (vide supra). In the hydrolysis of individually
ball-milled cellulose, similar to that of mix-milled cellulose, the predominant for-
mation of oligosaccharides was observed in the initial stage, followed by hydrolysis
to glucose and successive degradation of glucose. The rate constants were deter-
mined to be k; =0.013h™", k, =0.16 h ™!, and k3 = 0.017 h™" by the simulation. The
value of k; was 13-fold diminished by changing the pretreatment method from
mix-milling to individual ball-milling, while the values of k, and k5 were the same
regardless of the pretreatment methods. Accordingly, the ratio of k,/k; in this case
was only 0.018, exhibiting that the rate-determining step for glucose formation was
the hydrolysis of solid cellulose to soluble oligosaccharides. Therefore, the author
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Fig. 2.24 Time course of hydrolysis of individually ball-milled cellulose by H,SO,4 (50 mM) at
418 K. The dots show the experimental data and the lines are the results of kinetic simulations
based on Eqgs. 2.11-2.14. Legends: black diamonds cellulose; red circles glucose; blue triangles
oligosaccharides; and green squares by-products

has quantitatively revealed that the mix-milling pretreatment selectively and dras-
tically accelerated the solid-solid reaction.

A typical soluble acid catalyst H,SO, was also tested in the hydrolysis of
individually ball-milled cellulose in order to compare solid—solid and solid—liquid
reactions (Fig. 2.24). In this test, 50 mM (0.49 wt%) of H,SO, has been employed,
as this concentration is a usual value in diluted H,SO, processes [9, 10, 42]. The
kinetic simulation provided the rate constants, i.e., k; = 0.5 hfl, k, =17 hfl, and
ks = 0.12 h™'. As previously reported [38], the hydrolysis of solid cellulose to
soluble oligosaccharides was significantly slower than that of oligosaccharides
(ki/ky = 0.029). Consequently, the high ratio of ki/k, provided by mix-milling
cellulose with K26 is specific to this new pretreatment method to form a tight
solid—solid contact.

2.4 Conclusions

Simple carbon materials catalyze hydrolysis of cellulose, and their catalytic activ-
ities correlate with the amounts of weakly acidic OFGs. Such weak acid catalysts
can survive even in the presence of buffer and salt potentially derived from real
biomass. However, at issue is a loose contact between the solid substrate and solid
catalyst, limiting the yield of glucose at most 36 % even when using the most active
catalyst, the alkali-activated carbon K26. This obstacle has been overcome by the
new pretreatment method, namely mix-milling cellulose and K26 to make a tight
solid—solid contact. The hydrolysis of mix-milled cellulose provides 72 % yield of
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glucose in distilled water and 88 % yield with 90 % selectivity in the trace HCI
solution, which is one of the highest glucose yields ever reported. The mix-milling
pretreatment is also effective for the depolymerization of cellulose/hemicellulose in
bagasse kraft pulp, resulting in 80 and 92 % yields of hexoses and pentoses,
respectively. Characterization of mix-milled cellulose, a series of model reactions,
and kinetic studies clearly show that the hydrolysis of water-insoluble cellulose to
soluble oligosaccharides over the carbon catalyst is selectively and drastically
accelerated owing to the tight contact between solid cellulose and solid K26 created
by the mix-milling pretreatment.

Based on this study, Fukuoka et al. have designed an attractive recycling system
for saccharification of raw biomass [43]. In their work, a carbon catalyst named E-
Carbon has been prepared by carbonizing and oxidizing Eucalyptus under air and
has been used for mix-milling pretreatment with Eucalyptus, followed by hydrol-
ysis; that is, Eucalyptus is a substrate as well as a carbon source in this process. The
solid residue after the reaction contain both E-Carbon and remaining substrate and
can be utilized as a carbon catalyst again after carbonization and oxidation, making
this process practicable to build up sustainable societies.

Also, it has been reported that the mix-milling pretreatment is effective for
hydrolytic hydrogenation of cellulose to sorbitol by carbon-supported metal catalysts
since the first step is the same hydrolysis of insoluble cellulose to soluble oligosac-
charides [44, 45]. Mix-milling is a promising method to overcome a fundamental
problem of solid—solid reactions, namely loose contact between solids, by making tight
contact. This pretreatment method is expected to be applicable to other solid—solid
reactions, e.g., oxidation of diesel soot particulates over solid catalysts [46].
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