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In biological production of EtOH from lignocellulose such as napiergrass (Pennisetum purpureum Schu-
mach; 1a) and silver grass (Miscanthus sinensis Anderss, 1b), the effect of the photocatalytic pretreatment
with TiO, (PC-pretreatment) to enzymatic saccharification by Acremozyme cellulase (SA-reaction) and
fermentation by Saccharomyces cerevisiae (FE-reaction) was examined. The PC-pretreatment was remark-
ably effective for the shortening of the reaction time in the SA and FE reactions compared with the other
pretreatments such as no pretreatment (NO-treatment) and pretreatment with NaOH (AL-pretreatment).
However, the PC-pretreatment did not affect to the final product distribution. The PC — SA — FE process
converted holocellulose (44 g) of 1a to 7.5 g of EtOH. Also, the PC — SA — FE process of holocellulose (41 g)
of 1b produced EtOH in 5.5 g.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Production of ethanol from biomass has been receiving a
great amount of interest from the stand points of utilization of
renewable resources [1]. Commercially available bio-ethanol has
been prepared from the starch of maize, sugarcane and sugar
sorghum [2]. However, these materials are in competition with
food sources for human consumption. Among many kinds of
bio-ethanol sources, we are interested in herbaceous lignocel-
luloses such as napiergrass (Pennisetum purpureum Schumach;
1a) [3] and silver grass (M. sinensis Anderss, 1b). Enzymatic sac-
charification and fermentation are mostly used for bio-ethanol
production form cellulose materials [4-6]. Lignocellulosic biomass
was composed of cellulose and hemicellulose components and
lignin components (Lg) which strongly connected each other [7].
For the efficient biological saccharification of lignocellulosic mate-
rials, the pretreatments by dilute sulfuric acid [8,9], alkali [10],
and pressured hot water [11] have been applied. Recent require-
ment for the pretreatments trends to environmentally conscious
process as well as efficiency of saccarification [12]. Photocat-
alytic reaction is expected to be met the recent requirements,
since it has been utilized as environmentally conscious process
in variety of filed [13]. However, the photocatalytic pretreat-
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ment (PC-pretreatment) of cellulose materials has been scarcely
reported except for the application to degradation of Lg and related
compounds isolated from lignocellulose [14,15]. Here, we have
investigated the effect of PC-pretreatment of 1 using the TiO,
under UV-irradiation on the biological production of ethanol from
1. The effects of PC-pretreatments were compared with the alkali-
treatment (AL-treatment) and no-treatment (NO-treatment) from
the stand points of yield and reaction time (Scheme 1).

2. Materials and methods
2.1. Lignocellulose material

Dwarf type of napiergrass (P. purpureum Schumach; dwarf vari-
ety of late-heading type, 1a) [3] was cultivated in the Sumiyoshi
Ranch, Faculty of Agriculture, University of Miyazaki. Naturally
grown silver grass (M. sinensis Anderss, 1b) was collected from the
campus. Leaf and stem parts of these soft-celluloses were cut by
a cutter and powdered by a Wonder Blender WB-1. Amorphous
cellulose powder (1¢) was purchased from Nakarai tesque Inc as a
reference sample.

2.2. Analysis
The amounts of holocellulose (2; sum of cellulose and hemicel-

lulose) and Lg components occurring in the 1 were determined as
follows: Dried 1 was powdered by a cutter until 75 wt% of particles
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Scheme 1. Transformation from lignocellulose (1) to EtOH through the pretreat-
ments followed by saccharification and fermatation.

were below 150 wm-size. The powdered 1 (30g) was treated in a
1% aqueous solution of NaOH (400 ml) at 95°C for 1 h. The 2 was
isolated as a pale yellow precipitate from the treated solution by
centrifugation. The supernatant solution was neutralized to pH 5.0
by a dilute HCl solution. The resulting dark brown precipitates (Lg)
were collected by centrifugation at 10,000 rpm for 10 min.

The amount of the reducing sugars (3) isolated by enzymatic
treatment was analyzed by the modified Somogyi-Nelson method
[16], assuming the composition of 3 as CgH12,0g. The amounts of
pentose (3b) were analyzed by a modified orcinol method using
5-methylresorcinol (orcinol), FeCl3-5H,0, and conc. HCI [17]. The
amounts of hexose (3a) were obtained by the subtraction of weight
of 3b from weight of 3. EtOH formed by ethanol-fermentation
was analyzed on a Shimadzu CTO-10A high performance liquid
chromatograph equipped with a Shodex SP 0810 column and a
Shimadzu RID-10A refractive index detector using water as eluent.

2.3. TiO,-photocatalytic pretreatment (PC-pretreatment)

TiO, (particle size: 7 nm, surface area: 300m?2 g~1, ST-01, Ishi-
hara Sangyo Kasei Ltd.) with photocatalytic activity was used. The
powdered 1 (1g) was mixed with TiO, (0.1 or 0.2g) for 15min
by a Retsch PM100 ball mill. The mixed samples were spread out
in thin layer on a glass plate and covered by another glass plate.
The 1 and TiO, mixed samples were irradiated in solid state from
above the plates by a black-light blue fluorescent lamp (A =360 nm,
1.0 W, Panasonic FL8BL-B). The mixed samples were subjected to
saccharification without separation of TiO, from the samples.

2.4. Alkali-treatment (AL-treatment)

The powdered 1 (30g) was added to a 1% aqueous solution of
NaOH (400 ml). The mixture was heated under stirring at 95°C
for 1h. The reaction mixture was subjected to centrifugation at
10,000 rpm for 10 min. The 2 was isolated as a pale yellow pre-
cipitate from the treated solution by centrifugation.

2.5. Saccharification with cellulase

At first, cellulose was selected from four kinds of cellulases:
Acremozyme (Kyowa kasei), Meycellase (Kyowa kasei), a cellulase
from Trichoderma viride (Wako chemicals) and a cellulase from
Aspergillus niger (Fluka). The saccharification of the powdered 1a
(200 mg) by cellulose (20 mg) was performed in an acetate buffer
solution (20 ml, pH 5.0) undervigorous shaking at 45 °C for 48 h.
The solution was subjected to centrifugation at 12,000 rpm to give
the supernatant solutions which was subjected to analysis of 3.
As a result, Acremozyme was most effective among the cellulases
tested. Therefore, Acremozyme was used for the saccharification of
1 throughout this study.

2.6. Ethanol fermentation

S. cerevisiae NBRC 2044 was cultured under nitrogen atmo-
sphere at 30°C for 24h in a basal medium (pH 5.5) consisting
of glucose (20gdm=3), bactotryptone (1.0gdm=3, Difco), yeast
extract(1gdm=3),NaHPO, (1 gdm~3),and MaSO,4 (3 gdm3). After
the incubation for 24 h, the cell suspension solution of S. cerevisiae
was obtained. The suspension solution (0.16 ml) of S. cerevisiae was
added to a portion (8 ml) of solution 3 which was taken from the
solution (60 ml) obtained from the saccharification of 1. The fer-
mentation was performed at 30°C up to 48 h with stirring with
magnetic stirrer. The evolved CO, was collected over water by
messcylinder and the volume was measured.

3. Results
3.1. Component analysis of 1

The dried 1a was composed of 44.0 wt% of 2 and 19.7 wt% of
Lg. 41.0wt% of 2 and 21.7 wt% of Lg were obtained from the dried
1b. 36.4 wt% and 37.3 wt¥% of water-soluble unknown components
such as silica and amino acids amounts remained in the aqueous
solution for 1a and for 1b, respectively.

3.2. Enzymatic saccharification

The AL-treatment is a popular method to separate Lg from lig-
nocellulose and has been used as the pretreatment to promote the
enzymatic saccharification (SA-reaction) [10]. The Lg-removed the
2 (4.40g and 4.10g) obtained from the AL-treatment of 1 (10g)
were subjected to SA-reaction by Acremozyme (1.0¢g) in an acetate
buffer solution (60 ml) at 45°C. Table 1 shows the yields of the
reducing sugars (3) based on 2 at the given saccharification time
(Tsa). The yields of 3 reached the maximum yield (60.8%) after the
SA-treatment for 48 h of the Lg-removed 2 from 1a (run 1). Direct
saccharification of the powdered 1 (10 g) by Acremozyme (1.0g)ina
buffer (60 ml) at 45 °C for 48 h gave 3 in 61.4% yield (NO treatment,
run 2). It was confirmed that the co-existence of Lg did not affect
the yields of SA-reaction, since the yields of 3 was almost same as in
the cases of the AL- and NO-pretreatments. In the case of 1b, 3 was
formed in 55.5% and 39.0% yields by the SA-reaction for 48 h of the
AL-pretreated (run 6) and the NO-treated 1b (run 7), respectively.
Therefore, the AL-treatment was effective for the case of 1b.

Time-conversion plots of SA-reaction of the AL- and NO-
pretreated 1a and 1b are shown in Fig. 1. The SA-reaction of the
AL- and the NO-pretreated 1 proceeded slowly to require a longer
Tsa (>48 h).

3.3. Effects of photocatalytic pretreatment on saccharification

TiO,-photocatalytic pre-treatments (PC-pretreatment) was
performed by the irradiation of the mixture of the powdered 1
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Table 1
Effects of the pretreatments for saccharification and fermentation of 1.
Run no. 12 Pretreatment  Saccharification (SA)° Fermantation (FE)*
Yields of 3/%4 TR/ Conve  Yields (%) Tre/H
Tsa/h=0 1 3 6 9 12 24 3max (3a:3b)e EtOH"  CO,!
1 la ALK 1.6 166 225 307 370 393 600 608 (0.79:0.21) 17 63.0 98.7 1102 46
2 1la NO' 73 277 304 345 377 503 559 614 (0.75:0.25) 24 86.3 88.5 989 23
3 la  PC(3)™ 54 564 577 618 605 645 641 63.0 (0.67:0.33) 0.5 822 85.8 1089 18
4 1la  PC(2)™ 6.4 514 536 573 655 682 668 66.8 3
5 1a  PC(1)™ 6.4 368 486 540 554 605 627 627 6
6 1b ALK 1.4 24.1 293 349 378 439 583 555 (0.80:0.20) 15 81.7 82.1 1035 53
7 1b  NO! 3.9 126 176 234 239 268 33.6 390 (0.78:022) 24 81.5 84.2 976 23
8 1b  PC(3)" 54 33.6 405 41.0 420 415 400 41.0 (0.78:022) 1 814 82.1 92.0 14
9 1b  PC(2)" 55 263 268 337 395 400 400 400 6
10 1ib  PC(1)" 4.4 195 298 298 380 405 395 405 8

2 Napiergrass (1a) contained 44.0 wt% of 2 and 19.7 wt% of Lg. Silver grass (1b) contained 41.0 wt% of 2 and 21.7 wt% of Lg.
b The pretreated 1 (10 g) was subjected to the saccharification by Acremozyme (1.0 g) in an acetate buffer solution (60 ml, pH 5.0) at 45 °C for a given saccharification (Tsa).
¢ The SA-treated solutions (8 ml) were fermented by S. cerevisiae.
4 Yield of 3=100 x (weight of 3)/(weight of 2) x (162/180).
¢ Yields of 3 after the saccharification for 48 h. The values in parenthesis are the ratio of the 3a and 3b components.
f The TSSX is the reaction time required until the saccharification yield reached to 80% of the maximum yield.
& Conversion of 3a=100 (W;Jal - Wga)/Wga where Wga and W3, denote the weights of 3a before and after SA reaction, respectively.
" Yields of EtOH were based on the 3a consumed. Yields (%) = 100 x (weight of EtOH)/(Wga — Ws,) x (90/46).
f Yields of CO, were based on the 3a consumed. Yields (%) = 100 x (weight of CO, )/(Wz?a — Ws,) x (90/44).
J The T is a fermentation time required until the CO,-evolution reached the maximum yield.
k" Alkaline-treatment was performed by heating 1 (30g) in a 1% aqueous solution of NaOH (400 ml) at 95 °C for 1 h to give 2 in 44.0% and 41.0% for 1a and 1b, respectively.
! NO pre-treatment.
m The photocatalytic pretreatment (PC pretreatment) was performed for 1 (10g) with TiO; (1.0 g) under UV-irradiation. The values in parenthesis are the irradiation time
(Tp).
" The PC-treatment was performed for 1 (10 g) with TiO, (2.0 g) under UV-irradiation.

(10g) and TiO, (2.0g or 1.0g) at 360nm for 1, 2, and 3h of diately after the reaction started. The effects of PC-pretreatment
irradiation time (Tpc). Only PC-pretreatment formed 3 in poor on the SA-reaction were evaluated by the saccharification time
yields (<6.4%). In same conditions as the case of NO-treated 1, the (TSS}\)) required until the SA-reaction reached 80% of the maximum
SA-reaction of the PC-pretreated 1 (10 g) was performed with Acre- yield. The Tgf\) was getting shorter with an increasing Tpc. In the
mozyme (1.0g) in a .buffer solution (60 ml) (Table 1, runs 3-5 a_nd case of Tpc for 3 h, the T$)s were determined to be 0.5h and 1.0h
8-10). The SA-reaction of the PC-pretreated 1a and 1b for 3 h give for 1a and 1b, respectively. The ng value in the case of the PC-

3in 63.0% and 41.0% of yields at the maximum, respectively (runs 3 pretreatment was extremely shorter than the 15-17 h in the case

and 8). However, the SA-reaction of the mixture of 1and TiO, with- ¢ ¢ha Al _pretreatment and 24 h in the case of NO-treatment. Thus,

out irradiation were inefficient. These values were very similar to it was found that the PC-pretreatment remarkably accelerated the
the cases of the NO-pretreatment. saccharification

Fig. 2 shows time conversion plots in the SA-reaction of the
PC-pretreated 1. The 2 increased near the maximum yield imme-

3.4. Effects of PC pretreatment on fermantation

Saccharides solutions (60 ml) were obtained from each PC — SA,
AL— SA, and NO — SA processes of 1 (10g). A portion (8 ml) of
60 - é the saccharide solutions (33.7-92.3gl1-! of 3) underwent to the

EtOH-fermentation at 30 °C using a S. cerevisiae (yeast) suspension
50 o (0.16 ml) (FE reaction). The reaction procedure was monitored by
A CO,-evolution. Fig. 3 shows the time conversions of CO,-evolutions
40 b A in the fermentation of 3 produced by the PC — SA, AL— SA, and
] NO — SA processes of 1 (10g). The evolution amounts of CO,
. @) showed stoichiometrically good agreement with the yield of EtOH,
30 @ e A as shown in Table 1. The 3b was not consumed by the FE-treatment
AA O O atall, showing that no formation of EtOH from 3b took place. There-

20 fore, the yield of EtOH was determined based on 3a.
A O At the maximum evolution of CO,, the yield of EtOH was 85.8%
@) based on the consumed 3a which was obtained from the PC— SA
§ process of 1a. This EtOH yield was similar to the yields (98.7% and

0 . . . . . .

Yield of 3/%

88.5%) in the FE-reactions of 3a obtained from the AL— SA and
the NO — SA processes. It was confirmed that the coexistence of
0 4 8 12 16 20 24 TiO, did not disturb the FE-reaction at all. In the case of 1b, yields

Saccharification time (Tga/h) of EtOH were determined to be 99.0, 84.2, and 82.1% in the FE-
reaction of 3a obtained from the AL — SA, NO — SA, and PC— SA

Fig. 1. Time-conversion plots of saccharification of the NO-treated (®) and the AL- processes, AreSPECtively- Thus, the pretreatment affected scarcely
pretreated 1a (a) as well as the NO-treated (O) and the AL-pretreated 1b (A). the EtOH yields.
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Fig. 2. Saccharification of the PC-pretreated 1a (A) and 1b (B) under irradiation for irradiation time (Tpc): Tpc=1h (A), 2h (¢), and 3h (O).

The effects of the pretreatments on the FE-reaction were evalu-
ated by the fermentation time (Tgg) to reach maximum yields of the
CO;-evolution. The Tgg of 3a obtained by the PC — SA process were
18 h and 13 h for 1a and 1b, respectively. These Tgz s were much
shorter compared with those in the cases of AL — SA(46 h and 53 h)
and NO — SA (23 h) processes of 1a and 1b, respectively. Especially,
it was suggested that the AL treatment slowed down the FE reac-
tion, because the AL treatment removed the protein and mineral
which was expected to serve as the nutrients for the fermenta-
tion of S. cerevisiae. Thus, it was found that the PC-pretreatment
was effective in shortening the Tgz whereas the AL-pretreatment
retarded the FE-reaction.
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4. Discussion
4.1. Total mass balances

Table 2 summarizes the weights of products produced from the
pretreatments (PC, AL, and NO) — SA — FE of 100 g of lignocellulose
(1). In the case of 1a, the pretreatments (PC, AL, or NO) — SA pro-
cess gave 20.8-23.3 g of 3a which was subjected to FE-reaction to
produce 7.4-8.8 g of EtOH along with the formation of 7.9-9.4 g of
CO,. In the case of 1b, 3a in 21.8 g was produced from the AL — SA
process of 1b (100g) which was larger than the 15.7 and 16.1g
of the PC— SA and NO — SA processes. 8.8 g of EtOH was formed
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350 A
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Fig. 3. The CO,-evolutions in the fermentation of 3 produced by the PC — SA (®), AL— SA (a), and NO — SA () processes of 10g of 1a (A) and 1b (B).
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Table 2
Distribution of products formed by pretreatment (AC, NO, or PC) — SA — FE reac-
tions of lignocellulose (1).

Pretreatments? Products/g? T/h¢
2 3a 3b EtOH CO,
AL 19.2 8.6 6.4 74 7.9 63
1a¢ NO 17.0 3.1 71 8.8 9.4 47
PC 16.3 3.7 10.1 7.5 9.1 18.5
AL 18.2 4.0 5.1 8.8 8.2 68
1be NO 25.0 2.9 3.9 5.5 6.1 47
PC 242 3.0 4.1 5.5 59 15

2 AL: pretreatment with aq. NaOH solution; NO: no pretreatment; PC: pretreat-
ment by TiO, for 3 h-irradiation.

b Product amounts after the pretreatment — SA — FE reactions of 100 g of 1.

© Sum of TSY and Te.

d Napiergrass (1a) contained 44.0 wt% of 2 and 19.7 wt% of Lg.

¢ Silver grass (1b) contained 41.0 wt% of 2 and 21.7 wt% of Lg.

Scheme 2. TiO;-photoaccelerated fission of the linkage between 2 and Lg.

by the AL— SA — FE process whereas 5.5g of EtOH was formed
through the PC and NO — SA — FE processes. The AL pretreatment
was effective in the case of 1b. Total reaction times (T), sum of Tgf\’
and Tgg, were 18.5 and 15 h for the case of PC — SA — FE process,
while T were 63-68 h and 47 h for the cases of AL— SA— FE and
NO — SA — FE processes, respectively.

4.2. Effect of PC-pretreatment

The PC-pretreatment had no effects for amorphous cellulose
powder (1c) which contained no Lg component, since its Té‘g was
the same as that of the NO-pretreatments of 1c. It has been reported
thata hydroxyl radical generated by TiO, underirradiation retarded
the Lg and related compounds [14]. In the present case, there-
fore, it is suggested that the TiO, oxidize the phenolic moiety of
the Lg under irradiation to accelerate the fission of the linkage
between 2 and Lg (Scheme 2). Moreover, the ratio of 3b to 3ain 3
obtained from the PC — SA process was larger than those from the
AL — SA and NO — SA treatments (run 3 in Table 1). Hemicellulose
part which consisted with the polymer of 3b in plants was located
near Lg component rather than cellulose part. It is suggested that
bond fission between hemicellulose and Lg parts was accelerated
by PC-pretreatment.

As a conclusion, the PC pretreatment did not affect to the
final product distribution, showing that TiO, did not disturb the

biological reactions by the cellulase and yeast. Moreover, the PC-
pretreatment extremely shortened the reaction time (Tsa and Tgg)
of the biological reactions. Thus, the PC-pretreatment are an envi-
ronmentally conscious process without acid and alkali. This is a
first finding on the PC-pretreatment which includes an important
knowledge for EtOH-production process of soft-cellulose.
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