Journal of Sustainable Bioenergy Systems, 2015, 5, 1-9 .0:0 Scientific
Published Online March 2015 in SciRes. http://www.scirp.org/journal/jsbs ’Qt’. Eﬁiﬁgﬁ:g
http://dx.doi.org/10.4236/isbs.2015.51001 ¢

Fuelization of Italian Ryegrass and Napier
Grass through a Biological Treatment and
Photocatalytic Reforming

Masahide Yasuda?®, Misriyani2, Yuka Takenouchi?, Ryo Kurogil, Shunsaku Uehara?,
Tsutomu Shiragamil

1Department of Applied Chemistry, Faculty of Engineering, University of Miyazaki,

Miyazaki, Japan

2Department of Chemistry, Faculty of Science, University of Hasanuddin, Makassar, Indonesia
Email: “yasuda@cc.miyazaki-u.ac.jp

Received 23 January 2015; accepted 10 February 2015; published 15 February 2015

Copyright © 2015 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Abstract

Fuelization of Italian ryegrass and Napier grass was examined by the combination of biological
treatments and photocatalytic reforming (photo-Reform). The alkali-pretreated Italian ryegrass
and Napier grass were subjected to the enzymatic saccharification using cellulase and xylanase.
Xylose and glucose were produced in 56.6% and 71.1% from Italian ryegrass and in 49.5% and
67.3% from Napier grass, respectively. Xylose and glucose were converted to hydrogen by the
photo-Reform using a Pt-loaded titanium oxide (Pt/TiO:) under UV irradiation. Moreover, a low-
moisture anhydrous ammonia (LMAA) pretreatment was performed for Italian ryegrass and Na-
pier grass by keeping moist powdered biomass under NH; gas atmosphere at room temperature
for four weeks. The Italian ryegrass and Napier grass which were pretreated by LMAA method
were subjected to simultaneous saccharification and fermentation (SSF) using a mixture of cellu-
lase and xylanase as well as Saccharomyces cerevisiae in acetate buffer (pH 5.0). Ethanol and xy-
lose were produced in 91.6% and 51.6% from LMAA-pretreated Italian ryegrass and 78.6% and
68.8% from Napier grass, respectively. After the evaporation of ethanol, xylose was converted to
hydrogen by the photo-Reform. In the case of saccharification—»photo-Reform, energy was recov-
ered as hydrogen from the alkali-pretreated Italian ryegrass and Napier grass in 71.9% and 77.0%
of energy recovery efficiency, respectively. In the case of SSF>photo-Reform, the energy was re-
covered in 82.7% and 77.2% as ethanol and hydrogen from the LMAA-pretreated Italian ryegrass
and Napier grass, respectively.
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and Fermentation, Pt-Loaded TiO2, Hydrogen-Evolution

1. Introduction

Bio-ethanol production has been receiving a great amount of interest from the viewpoint of being a renewable
energy alternative to petroleum-based fuel [1]. The first generation bio-ethanol from starch (e.g. corn) is com-
mercially produced by SSF (simultaneous saccharification and fermentation) using Saccharomyces cerevisiae
and hydrolytic enzymes [2]. Recently the second generation bioethanol production from lignocellulosic bio-
mass has been recognized as one of the promising approaches to avoid direct competition with food sources [3].
However, the yield is still low compared with the first generation bioethanol, because S. cerevisiae cannot utilize
xylose which was derived from hemicellulose. On the other hand, hydrogen production from biomass through
thermochemical and biological processes is one of the promising approaches [4]. Therefore, we have proposed
new methodology to utilize xylose through photocatalytic hydrogen evolution by a Pt-loaded titanium oxide
(Pt/TiO,) [5]. The photocatalytic hydrogen volution from water by Pt/TiO, is initiated by the charge-separation
on TiO, under photoexcitation [6]. The electron reduced water to generate H, on Pt while hole oxidized hydrox-
ide to hydroxyl radical. It is well known that the use of electron-donating sacrificial agents remarkably accele-
rates TiO,-photocatalyzed hydrogen evolution since the hydroxyl radical is consumed by the sacrificial agents
[7]. We have found that sacrificial agents with all of the carbon attached oxygen atoms such as saccharides (e.g.
glucose and xylose) and polyalcohols (e.g. I,2-ethandiol, glycerol, and arabitol) continued to serve as an electron
source until their sacrificial ability was exhausted [8]. Therefore, we have performed fuelization of bamboo, sil-
ver grass, and rice straw through combination of SSF (Equation (1)) with the TiO,-photocatalytic hydrogen evo-
lution (photo-Reform, Equation (2)) [5] [9].

Simultaneous saccharification and fermentation (SSF)
Hydrolytic enzyme (1)
Xylan + Glucan —&™%__, yylose + CO, + C,H;OH

water

Photocatalytic hydrogen evolution ( photo-Reform)
)

C,H;,0, +NH,0—z5—nCO, +2nH,

Saccharification (SA)

Xylan + Glucan —retcenyme_y yylose + glucose (3)

water

(holocellulose)

Recently, we succeeded to enhance the saccharification yields of Italian ryegrass [10] and Napier grass [11]
by the application of a low-moisture anhydrous ammonia (LMAA) pretreatment using ammonia gas and the en-
zymatic hydrolysis using a mixture of cellulase and xylanase. Here we applied the SSF and photo-Reform to the
fuelizationof Italian ryegrass and Napier grass (Scheme 1) and compared the energy recovery efficiency (E)
with another process such as enzymatic saccharification (Equation (3)) followed by photo-Reform of xylose and
glucose.

2. Materials and Methods
2.1. Pretreatment of Lignocellulose

Italian ryegrass and Napier grass were cut by a cutter and dried at 70°C for 72 h. The dried matter was powdered
by a blender until the powder passed through a sieve with 150 um of mesh. The powdered Italian ryegrass and
Napier grass were subjected to alkali (AL) pretreatment as follows [12]. The powdered Italian ryegrass and
Napier grass (30.0 g) were treated with a 1% aqueous solution of NaOH (400 mL) at 95°C for 1 h. Lignin libe-
rated in the supernatant solution. The resulting lignin-removed holocellulose was isolated by centrifugation of
the solution at 10,000 rpm for 10 min. The precipitate was washed by dispersion in water to remove the conta-
minated lignin. After the pH-adjustment to 7.0, the washed holocellulose was collected by centrifugation and
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Scheme 1. Fuelization of lignocelluloses (Italian ryegrass and Napier grass) through biological treatments
(SA and SSF) and photo-Reform.

dried to give the AL-pretreated lignocelluloses.

Moreover, the powdered Italian ryegrass and Napier grass were subjected to LMAA pretreatment as follows.
Water (100 g) was added dropwise to dry powdered lignocelluloses (100 g, volume 320 mL) in the flask (1 L).
The resulting moist powdered lignocellulose in the flask was evacuated with a pump under 20 mm Hg and then
gaseous NH; was introduced into the flask. This operation was performed three times until the atmosphere inside
the flask was entirely replaced with gaseous ammonia. The LMAA pretreatment was performed by modifying the
Kim method where LMAA pretreatment was performed at 80°C for 86 h [13]. In our LMAA-pretreatment [14],
the moist powdered lignocellulose was kept under NH3 gas atmosphere at room temperature for four weeks. After
the treatment, the NH; was removed with an evaporator. The treated lignocellulose was washed with water to li-
berate brownish aqueous alkali solution of the lignin. This washing operation was continued until the pH became
below 7.7. The treated Italian ryegrass and Napier grass were dried at 60°C.

For component analysis, the LMAA-pretreated lignocelluloses (30 g) was heated with a 1% aqueous solution
of NaOH (400 mL) at 95°C for 1 h. Holocellulose was isolated as pale yellow precipitate by centrifugation. The
neutralization of the supernatant solution to pH 5.0 by a dilute HCI solution gave a dark brown precipitate of
lignin which was collected by centrifugation. Sugars in holocellulose were determined according to the methods
published by the National Renewable Energy Laboratory (NREL) [15]. The amounts of glucan and xylan were
determined from the amounts of glucose and xylose determined by HPLC. Results are summarized in Table 1.

2.2. Enzymes and Saccharomyces cerevisiae

Saccharomyces cerevisiae NBRC 2044 was cultured at 30°C for 24 h in a basal medium (initial pH 5.5) consist-
ing of glucose (20 g-L™), bactotryptone (1.0 g-L ™, Difco), yeast extract (1 g-.L™), NaHPO, (1 g-.L™), and MaSO,
(3 g-L™) [16]. After incubating for 24 h, the cell suspension solution of S. cerevisiae was obtained.

A cellulase from Acremonium cellulolyticus (Acremozyme KM, Kyowa Kasei, Osaka, Japan) was used [16].
The cellulase activity of Acremozyme was determined to be 1320 units/mg by the method of breaking down filter
paper. A xylanases from Trichoderma longibrachiatum (reesei) (Sumizyme X, Shin Nihon Chemicals, Anjyo,
Japan, 5000 u/g) was selected from commercially available hemicellulase.

2.3. Saccharification (SA) and Simultaneous Sacchraification and Fermentation (SSF)

At first, acetate buffer solution (80 mL, pH 5.0, 0.1 M) was prepared by mixing 0.808 g acetic acid and 3.05 g
sodium acetate in 500 ml of water. Sacchraification (SA) was performed as follows. The AL-pretreated Italian
ryegrass and Napier grass (4.0 g) were dispersed in an acetate buffer solution (80 mL, pH 5.0, 0.1 M) and cellu-
lase (200 mg) and xylanase (200 mg) were added to the suspension of these lignocelluloses. The SA was in-
itiated by stirring the solution vigorously with a magnetic stirrer at 45°C.

The SSF was performed using a mixture of cellulase and xylanase as well as S. cerevisiae under the conditions
optimized for Napier grass [14] as follows. The LMAA- and AL-pretreated Italian ryegrass and Napier grass (3.0
g) were dispersed in an acetate buffer solution (10 mL, pH 5.0, 0.1 M). After sterilization in autoclave at 120°C,
cellulase (180 mg) and xylanase (120 mg) in an acetate buffer solution (8.0 mL) and the cell suspension (0.36 mL)
of S. cerevisiae were added to the suspension of these lignocelluloses. After air was purged with N,, the SSF was
initiated by stirring the solution vigorously with a magnetic stirrer at 34°C. The evolved CO, was collected over
water by a measuring cylinder, and the SSF reaction was continued until CO, evolution was ceased.
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Table 1. Components of LMAA-pretreated lignocelluloses.

Contents/wt%
Lignocellulose Pretreatment
Holocellulose (glucan, xylan) Lignin Ash Others
Italian ryegrass® LMAA 68.6 (48.0, 20.6) 25.2 5.1 1.1
Napier grass” LMAA 61.1 (39.8, 21.4) 71 7.1 24.7

DAlkali-pretreated Italian ryegrass contained glucan (70.2 wt%) and xylan (30.0 wt%); P Alkali-pretreated Napier grass contained glucan (65.1 wt%)
and xylan (35.0 wt%).

2.4. Preparation of the Photocatalyst

Anatase-type of TiO, (ST-01) was purchased from Ishihara Sangyo, Japan. The band gap of anatase-type of
TiO, is known to be 3.20 eV which is corresponding to 385 nm. Therefore, the TiO, can be excited by 366 nm-
emission from high-pressure mercury lamp. Pt-loading was performed according to the literature [17] as follows.
An aqueous solution (50 mL) containing TiO, (1.0 g), K,PtClg (50 mg), and 2-propanol (0.38 mL) was irra-
diated by high-pressure mercury lamp for 24 h with stirring to give the Pt-loaded TiO, catalyst (Pt/TiO,). The
optimized Pt-content on TiO, was determined to be 2.0 wt% by the comparison of the amounts of hydrogen-
evolution by the Pt-doped TiO, (100 mg) under irradiation by high-pressure mercury lamp for 6 h using glu-
cose (100 mg) as sacrificial reagent. Thus the Pt/TiO, (2 wt% of Pt) was used throughout the present investi-
gation.

2.5. Photocatalytic Reforming (Photo-Reform)

The photo-Reform of Solutions A and B which contained xylose and glucose was performed as follows. The
Pt-TiO, (100 mg, 1.25 mmol, 2 wt% of Pt) was introduced to the reaction vessel which was attached to a mess-
cylinder with a gas-impermeable tube to correct the evolved gas. Solutions A and B were added in reaction ves-
sel so that the amounts of xylose became a range of 0.086 to 0.389 mmol and then the volume of the solution
was adjusted to 150 mL by adding water. A high-pressure mercury lamp (100 W, UVL-100HA, Riko, Japan)
was inserted into the reaction vessel and set in a water bath to keep it at a constant temperature (usually 20°C).
After the oxygen was purged by nitrogen gas, irradiation was performed with vigorous stirring using magnetic
stirrer. The evolved gas was collected by a mess-cylinder to measure the total volume of the evolved gas. The
irradiation was performed until the gas evolution ceased. The quantitative analysis of hydrogen, nitrogen, and
carbon dioxide were performed by GLC.

In the cases of Solutions C and D, ethanol was removed from the SSF solution by evaporation under reduced
pressure. The residual xylose in the SSF solution was added to the reaction vessel so that the amounts of xylose
became a range of 0.250 to 1.250 mmol and then the volume of the solution was adjusted to 150 mL by adding
water. The photo-Reform was performed in a similar manner to Solutions A and B.

2.6. Analysis

The amounts of hexose and pentose were analyzed by a Shimadzu LC-20AD high-performance liquid chroma-
tography system using anion exchange column (ShodexAsahipak NH2P-50 4E). Ethanol concentrations were
determined by a Shimadzu GC-14A gas chromatograph using a glass column (CP-Sil 5CB, 0.32 mm &, 50 m,
Agilent J & W) with 2-propanol as an internal standard. Hydrogen, carbon dioxide, and nitrogen were analyzed
on a Shimadzu GC-8A equipped with TCD detector at temperature raised from 40°C to 180°C using a stainless
column (3 mm @, 6 m) packed with a SHINCARBON ST (Shimadzu).

2.7. Calculation of Combustion Energy

Combustion energy (H) of biofuel was calculated using combustion energies of ethanol (29.72 kJ-g, 1367 kJ:
mol™) [18] and hydrogen (142.5 kJ-g*, 285 kJ-mol™) [18] according to Equation (4) where Wg and W, denote
the weights of ethanol and hydrogen produced through SSF and photo-Reform. Total combustion energy (Hy) of
glucose (15.57 kJ-g™) [18] and xylose (15.61 kJ-g™) [19] was calculated by Equation (5) where WS and W,
were the weights of glucan and xylan involved in 1.0 g of the pretreated lignocellulose, respectively. Efficiency
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of energy recovery (E¢) was calculated according to Equation (6)

Total combustion energyof ethanol and hydrogen (H ) = 29.72W, +142.5W,, 4)
Total combustion energy of glucose and xylose(H, ) = EWoG +%WOX (5)
0.90 0.88
Efficiency of energy recovery (E ) = 1(|)_(|)H (6)
0

3. Results and Discussion
3.1. Saccharification of Italian Ryegrass and Napier Grass

Saccharification of the AL-pretreated Italian ryegrass and Napier grass were performed in an acetate buffer so-
lution (pH 5.0) at 45°C. Table 2 lists the amounts and yields of glucose and xylose expressed as averages of the
experiments in three times according to Equations (7) and (8). The photo-Reform was performed using sacchari-
fication solutions (A and B) obtained from AL-pretreated Italian ryegrass and Napier grass.

. W
Yield of glucose (%) =100x0.90xW—‘f3 (7
0
. W,
Yield of xylose (%) =100><O.88><W—X (8)
0
Yield of ethanol (%) =100 0.9x 2x 10 x Ve )
180 W,

3.2. Simultaneous Saccharification and Fermentation (SSF) of Italian Ryegrass
and Napier Grass

SSF of the LMAA- and AL-pretreated Italian ryegrass and Napier grass were performed in acetate buffer solu-
tion at 34°C using a mixture of cellulase and xylanase as well as S. cerevisiae. Table 3 lists the amounts and
yields of ethanol, glucose, and xylose expressed as averages of the SSF experiments in three times according to
Equations (7)-(9). In both cases of LMAA- and AL-pretreated Italian ryegrass and Napier grass, almost glucose
was consumed to be turned to ethanol. The SSF of the LMAA-pretreated Italian ryegrass and Napier grass gave
ethanol and xylose in the higher yields compared with the cases of the AL-pretreatments. Therefore, we per-
formed the photo-Reform using with SSF solutions (Solutions A and B) obtained from LMAA-pretreated Italian
ryegrass and Napier grass.

3.3. Photocatalytic Reforming of SA and SSF Solutions

Solutions A and B which contained xylose and glucose was subjected the photo-Reform using Pt-TiO,. The So-
lutions A and B were added in reaction vessel so that the amounts of xylose became a range of 0.086 to 0.389
mmol and then the volume of the solution was adjusted to 150 mL by adding water. Irradiation was performed
under nitrogen atmosphere by a high-pressure mercury lamp under vigorous stirring with magnetic stirrer until
the gas evolution ceased.

In the cases of Solutions C and D, ethanol was recovered from the SSF solution by evaporation under reduced
pressure. The residual xylose in the SSF solution was subjected to the photo-Reform in a similar manner to Solu-
tions A and B. Table 4 lists that the evolved volumes of hydrogen and carbon dioxide. The molar ratios (H,/X) of
H, to xylose (X) were not constant to the amount of X used. Therefore, the H,/X values were plotted against the
molar ratio of X to catalyst (X/catalyst), as shown in Figure 1. As the xylose/catalyst values decreased, the H,/X
values increased. The intercept (H,™ ) of the plots represented the limiting mole amount of H, at an infinite
amount of catalyst. This showed that the H,™ mole of H, was obtained from a mixture of one mole of xylose
and a mole of glucose where a denotes the molar ratio of glucose to xylose. The slopes of the plots were changed
by the use of Solutions A to D. It is possible that they would be affected by the amounts of the materials to lower
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Table 2. Saccharification (SA) of AL-pretreated Italian ryegrass and Napier grass®.

Product (mg/g) (Yield(%))®

Lignocelluloses T (h)? : -
Glucose Xylose a? Solution®

Italian ryegrass 192 554 5 (71.1) 193 £ 26 (56.6) 2.392 A

Napier grass 240 487 +1 (67.3) 197 + 2 (49.5) 2.063 B

Asaccharification was performed for the pretreated lignocelluloses (4.0 g) in an acetate buffer solution (80 mL) at 45°C using cellulase (200 mg) and
xylanase (200 mg); PSA reaction time; 9Product amounts per 1 g of the AL-treated lignocelluloses. Yields of ethanol, glucose, and xylose were de-
termined by Equations (7)-(9); “Molar ratio of glucose to xylose; ®SA solutions for photo-Reform.

Table 3. SSF of LMAA- and AL-pretreated Italian ryegrass and Napier grass®.

Product (mg/g) (Yield(%))?

Pretreatment Lignocelluloses T (h)?
EtOH Glucose Xylose a Solution®
L MAA Italian ryegrass 25 250 + 17 (91.6) 19+5 (3.6) 121+3(516) 0.3 c
Napier grass 48 177 + 8 (78.6) 13+3(30)  167+19(688) 007 D
AL Italian ryegrass 65 252 +21(63.4) 3+3(0.4) 45+6(13.1) 0.06
Napier grass 65 287 + 38 (77.5) 5+1(0.6) 53 +4 (13.2) 0.07

9SSF was performed for the pretreated lignocelluloses (3.0 g) in an acetate buffer solution (8.0 mL) at 34°C usingcellulase (180 mg) and xylanase
(120 mg) and the cell suspension (0.36 mL) of S. cerevisiae; ?SSF reaction time; “The amounts of ethanol, glucose, and xylose were expressed as aver-
ages of the experiments at three times. Yields of ethanol, glucose, and xylose were determined by Equations (7)-(9); “Molar ratio of glucose to xylose;
®SSF solutions for photo-Reform; PAlkali-pretreatment.

Table 4. Photo-Reform using the xylose (X) and glucose (G) obtained from SA and SSF solutions (solutions A to D).

Molar ratio

i Vol L max €)
Solutions® (mr(r;ml) (mﬁol) z(n%ﬂﬁ)t Irrad(rr:.)C')I' Il olume (mL) (mol/mol) ) OHZ
Toal® H, CO, HJX COyx (ield/%) [Wi/mg]
0206  0.086 0.069 100 74 49 25 254 130
0299 0125 0.100 72 88 59 29 211 104
Solution A 30.6
(a-2307 7] 042 0176 0.141 114 92 61 31 155 7.86 (790) [76.7]
0598  0.250 0.200 120 90 60 30 107 54
0751 0314 0.251 192 86 57 29 810 412
0.166  0.081 0.064 75 78 52 26 289 144
0292 0142 0.113 140 134 89 45 282 141
Solution B 32.0
(a-2063) [34g] 0417 0203 0.162 119 156 104 52 230 115 (91.9) [84.0]
0.600  0.292 0.233 216 182 121 61 186 9.3
0.800  0.389 0.310 124 240 160 80 184 92
0033 0290 0.120 72 80 53 27 816 416
Solution C 0069 0520 0.232 171 115 77 38 661  3.26 107
(2a=0133)[11.601 0100  0.750 0.416 128 150 100 50 595 298 (922)[17.3]
0133  1.000 0.600 163 9 60 30 268 134
0018  0.250 0.200 115 64 43 21 762 381
0035 0500 0.400 290 112 75 37 667 334
Solution D 0053  0.750 0.600 188 95 63 32 337 169 9.42
(a=007)[10.84] : : : : (86.9) [21.0]
0070  1.000 0.800 165 8 56 28 250 125
0088  1.250 1.000 190 4 31 15 110 055

rradiation was performed for an agueous solution (150 mL) containing xylose (0.081 - 1.25 mmol) and Pt-TiO, (100 mg, 1.25 mmol); ®Solution
listed in Table 2. The values a in parenthesis are the molar ratio of glucose to xylose. The values in bracket were the theoretical maximum H,
amounts (10 + 12a) which were derived from a mixture of 1 mole of xylose and a mole of glucose according to Equation (10); ®Irradiation time until
gas evolution ceased; “Total volume of the evolved gas; ®The H,™ was obtained from Figure 1. The values in parenthesis are the yields of H,

which were determined according to Equation (11). The values in bracket are the hydrogen amounts (W) which are calculated according to Equation
(12).
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catalytic activity. Moreover, it was confirmed that the H, evolution from water was small (2 mL) in the absence of
xylose, as has been reported previously [8]. Other gases such as CH, and CO were not observed in the evolved gas.

A mixture of xylose and glucose can be converted to hydrogen according to Equation (10). The solution con-
taining one mole of xylose and a mol of glucose can be converted to (10 + 12a) mole of H, theoretically. There-
fore the yield of hydrogen in the photo-Reform was calculated according to Equation (11). Weight of hydrogen
(Wy) was calculated by Equation (12) using HJ™ and Wx.

CyHy,0, +aCeH,,0, +(5+6a)H,0—=—(5+6a)CO, +(10+12a)H,

PUTIO, (10)
xylose (X) glucose
. 100
Yield of hydrogen (%)= ————H ™ 11
! ydrogen (%) = 15175 2 ()
Weight of hydrogen (W, ) = 2H;™ xW, (12)

3.3. Energy Recovery Efficiency

In the case of SA — photo-Reform, combustion energy of hydrogen (H) was calculated by Equation (4).
Energy recovery efficiency (E¢) based on total combustion energies (Ho) of xylose and glucose (Equation (5))
was determined according to Equation (6). The results are shown in Table 5. Energy was recovered as hydrogen
in 71.9% and 77.0% of E¢ from the AL-pretreated Italian ryegrass and Napier grass, respectively. In the case of

— 30 :10 .
o] =]
£ 2 Es
g g
~— 20 ~ B - O
X X
&~ 15 N
I T 4 -
10 o
2 4
5 4
0 0 —
00 04 02 03 0.0 02 0.4 06 08 1.0
X/catalyst (mol/mol) X/catalyst (mol/mol)

Figure 1. The photo-Reform of the SA solution (Solutions A and B, left) and SSF solution (Solutions C and D, right) ob-
tained from Italian ryegrass (<) and Napier grass (@®).

Table 5. Summary of energy recovery efficiency (Es).

Lignocelluloses  Pretreatment Process Ho/kJ? (wg /mg, w,* /mg) H/kI® (We/mg, Wi/mg)  Ex?/%  Reference
Italian ryegrass AL SA—PR 15.58 (700, 300) 11.2 (0, 78.7) 71.9 This work
Italian ryegrass LMAA SSF—PR 11.96 (480, 206) 9.89 (250, 17.3) 82.7 This work
Italian ryegrass LMAA SSCF 11.96 (480, 206) 9.90 (333, 0) 82.7 [9]
Napier grass AL SA—PR 15.60 (651, 350) 12.0 (0, 84.0) 77.0 This work
Napier grass LMAA SSF—PR 10.68 (398, 214) 8.25 (177, 21.0) 77.2 This work
Napier grass LMAA SSCF 10.68 (398, 214) 7.70 (259, 0) 721 [10]

9The total combustion energies (Ho) of xylose and glucose theoretically derived from 1 g of the pretreated lignocelluloses were calculated according
to Equation (5); Total combustion energy (H) of ethanol and hydrogen were calculated according to Equation (4). The W was obtained from Table
2. The weight of hydrogen (W) was calculated by Equation (12); “Energy recovery efficiency (Ex) was calculated according to Equation (6); 9SSCF: Si-
multaneous saccharification and co-fermentation using S. cerevisiae, Escherichia coli KO11, cellulase, and xylanase.
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SSF — photo-Reform, liquid fuel of ethanol and gaseous hydrogen were produced. Total combustion energy (H)
of ethanol and hydrogen was calculated according to Equation (4). The energy was recovered in 82.7% and 77.2%
of E¢ as ethanol and hydrogen from the LMAA-pretreated Italian ryegrass and Napier grass, respectively.

We have previously reported the ethanol production from LMAA-pretreated Italian ryegrass and Napier grass
through SSCF (simultaneous saccharification and co-fermentation) where glucose and xylose saccharification,
glucose fermentation, and xylose fermentation take place simultaneously [10] [11]. The SSCF of the LMAA-
pretreated Italian ryegrass and Napier grass using the cell suspension of Saccharomyces cerevisiae, a portion of
the inoculum culture of engineered Escherichia coli KO11, and cellulase and xylanase produced ethanol in 84.6%
and 74.1% of chemical yields, respectively [10] [11]. The Eg values for SSCF of the LMAA-pretreated Italian
ryegrass and Napier grass were calculated to be 82.7% and 72.1%, respectively. If the photo-Reform can take
place under irradiation of sun light without use of electric power, the SA — photo-Reform and the SSF — photo-
Reform will be comparable to SSCF processes in the Eg.

4. Conclusion

Hydrogen production from biomass is one of the promising approaches because biomass is abundant, clean and
renewable. We postulated two processes such as SA — photo-Reform and the SSF — photo-Reform for hydro-
gen production from biomass. The saccharides derived from biological treatment of Italian ryegrass and Napier
grass were efficiently converted to hydrogen by photo-Reform. If the UV light in sunlight is utilized as the light
source for photocatalytic reaction, it will provide a useful method to produce H, from biomass.
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photo-Reform Photocatalytic hydrogen evolution using Pt-loaded TiO,
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SA Enzymatic saccharification
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SSCF Simultaneous saccharification and cofermentation
T SA and SSF reaction time

Wg Weight of glucose
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