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The grasses in Thailand were analyzed for the potentiality as the alternative energy crops for cellulosic ethanol production by
biological process. The average percentage composition of cellulose, hemicellulose, and lignin in the samples of 18 types of
grasses from various provinces was determined as 31.85-38.51, 31.13—42.61, and 3.10-5.64, respectively. The samples were initially
pretreated with alkaline peroxide followed by enzymatic hydrolysis to investigate the enzymatic saccharification. The total reducing
sugars in most grasses ranging from 500-600 mg/g grasses (70-80% yield) were obtained. Subsequently, 11 types of grasses were
selected as feedstocks for the ethanol production by simultaneous saccharification and cofermentation (SSCF). The enzymes,
cellulase and xylanase, were utilized for hydrolysis and the yeasts, Saccharomyces cerevisiae and Pichia stipitis, were applied for
cofermentation at 35°C for 7 days. From the results, the highest yield of ethanol, 1.14 g/L or 0.14 g/g substrate equivalent to 32.72%
of the theoretical values was obtained from Sri Lanka ecotype vetiver grass. When the yields of dry matter were included in the
calculations, Sri Lanka ecotype vetiver grass gave the yield of ethanol at 1,091.84 L/ha/year, whereas the leaves of dwarf napier grass
showed the maximum yield of 2,720.55 L/ha/year (0.98 g/L or 0.12 g/g substrate equivalent to 30.60% of the theoretical values).

1. Introduction

At present, the problem of global warming has been unde-
niably accepted worldwide. The cause of this situation is
the increase of the greenhouse gases. The most important
one is carbondioxide gas resulted from the combustion of
fossil fuels and deforestation. One of the means to address
this problem is the application of alternative energy. Thus,
it is necessary to search for the sources of the renewable
energy such as solar, wind, hydraulic, geothermal, and tide
energy. On the other hand, the biofuels from biomass can
also represent the promising type of energy source [1].

Bioethanol is now considered interesting biofuel and has
been attracting attention since it can be directly used in
place of benzene or diesel. It can be applied in the form of
the mixture with benzene called gasohol or blended with
diesel called diesohol. Bioethanol can be produced from
biomass such as starch, sugar, and lignocellulosic materials.
Previous studies revealed that the cheaper and suitable one
for the production of ethanol can be derived from corncobs,
grasses, wooden spills, and bagasses [2]. However, the use
of starch and sugar from cassava, corn, and sugarcane
which are basically human-food might possibly lead to the
problem of food crisis. Therefore, lignocellulosic biomass



which is abundant and low on production cost obtained from
nonfood sources should be considered as an appropriate
feedstock for ethanol production.

The energy crops are the types of plants expected to be
cultivated as the raw materials for the production of the
biofuels such as ethanol. Therefore, the plants with the fast
growing rate such as grasses or shrubs should represent the
appropriate energy crops for the future. These plants are
perennial crops considered suitable as feedstock for ligno-
cellulosic ethanol production because of high yields, low
costs, fit for infertile land, and less environmental impacts
[3]. Grasses are targeted as potential energy crops because
of high productivity per hectare, abundancy, availability,
and utilization of the whole plants. Fibres and storage
carbohydrates within some species of grass can be used
as substrates to produce ethanol whereas the species of
grasses that contain high amounts of proteins can be used
as nitrogenous waste for biorefineries [4].

Most of the researches in this area have been conducted
on bioethanol production from either cellulose or hemicellu-
lose hydrolysis to glucose or xylose for ethanol fermentation.
In this research, both cellulose and hemicellulose from
grasses were aimed to be used as the plant biomass as much as
possible. The reason is from the fact that grasses contain very
high percentages of total cellulose and hemicellulose. In gen-
eral, the average compositions of grass biomass are 25-40%
of cellulose, 25-50% of hemicellulose, and 10-30% of lignin
[2, 5]. The scientific researches on ethanol production from
grasses have been mostly performed in switch grass [6, 7].
Moreover, there were studies carried out in timothy grass,
reed canary grass (8], Bermuda grass (Cynodon dactylon) [9],
and silver grass (Miscanthus floridulus) [10], and so forth.
These grasses are fast to grow likewise require less nutrient,
thus suitable to be used as an energy crops for bioethanol
production [1]. In particular, vetiver grass also has a potential
for biofuel production by using a raw material in biomass
power plant as well as ethanol production [11].

Ethanol production can be achieved from cellulose and
hemicellulose hydrolysis to sugar by acid or enzyme catalysts.
The use of acid is disadvantageous from the high temperature
required, vigorous and nonspecific reactions resulting in the
unwanted products. The containers have to be resistant to
the acidic corrosion which is rather costly. Moreover, the
process of waste elimination is needed for the remained
acid contaminant. Therefore, the application of enzymes
appears more interesting from the high specificity, neutral
reaction without the unwanted by products, and therefore
cost reduction in the waste management [12].

Obviously, the production of ethanol from agricultural
wastes can only be applied for the short-term purpose
since the amount of such waste won’t be sufficient in
the future. Therefore, in order to maintain long-term and
successfully sustainable production of the alternative energy,
the cultivation of energy crops together with the utilization
of agricultural wastes and the search for the potential plants
which can produce ethanol should be implemented. Grasses
are considered one of the most suitable energy crops from
their longevity, regeneration after the cutoff, and effective
capability to withstand the drought. There are so many types
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of grasses that are popularly grown in Thailand. Hence, the
objective of this research was to select the types of grasses
in Thailand suitable as the feedstocks for cellulosic ethanol
production by biological process. The fungus, Trichoderma
reesei, has been widely accepted as the organism capable of
producing the enzymes, cellulase, and hemicellulase in con-
siderable quantities, appropriate for lignocellulosic biomass
digestion [3]. Although the fermentation can be achieved
from various processes, the application of simultaneous
saccharification and cofermentation (SSCF) presents more
advantages than the others. This method allows the raw
materials to be hydrolyzed to hexose and pentose sugars
for the subsequent fermentation to obtain ethanol in the
single step. The obtained glucose gradually released from the
hydrolysis will be continuously utilized in the fermentation.
This low concentration of the glucose will result in the
improved fermentation of xylose sugar [13]. Similarly, the
yeasts, Saccharomyces cerevisiae and Pichia stipites, are widely
known organisms that can utilize glucose and xylose for
ethanol fermentation, respectively. Although, P. stipitis can
ferment both glucose and xylose, but ethanol production rate
from glucose is at least five times less than obtained with
S. cerevisiae [14]. They were therefore applied in SSCF for
higher efficient ethanol production.

2. Materials and Methods

2.1. Sampling and Raw Materials. 18 samples of grasses
were collected from Chiang Mai, Lampang, Ratchaburi,
and Petchburi provinces. All samples were dried at 60°C
for 3 days, ground to small particles and later filtered
through 0.4mm mesh. Biomass contents were analyzed
according to the method of Ruminant Nutrition Laboratory,
University of Nebraska [15]. Neutral detergent fiber (NDF),
acid detergent fiber (ADF), and permanganate lignin (PML)
were determined. Hemicellulose content of biomass was
determined as NDF minus ADE, lignin content of biomass as
ADF minus PML, and cellulose content of biomass as PML
minus residue after ash.

2.2. Enzyme Production. T. reesei TISTR 3081 (T. reesei
QM9414) was obtained from Thailand Institute of Scientific
and Technological Research (TISTR), Thailand and was later
cultured in potato dextrose agar at 30°C for 8 days. A cork
borer (7mm diameter) was used to cut agar plugs from
a culture on PDA. Five agar plugs with the filaments of
fungi were inoculated into 250 mL flask containing 100 mL
of Mandels medium [16] for cellulase production in the
presence of 10g/L a-cellulose as a carbon source. The
induction of xylanase production was carried out in xylan
medium containing 10 g/L birchwood xylan as a carbon
source, 5 g/L corn steep liquor, 5 g/L polypeptone, 1 g/L yeast
extract, 4 g/L K;HPO,, 0.2g/L KCl, 1g/L Mg,SO4 - 7H,0,
and 0.02 g/L FeSOy4 - 7H,0. The media were sterilized by
autoclaving at 121°C for 15 min. After incubation at 30°C
and shaken at 150 rpm for 7 days, the mycelia were removed
by filtration through Whatman no.l filter paper. Crude
enzyme was collected and determined for the activities of
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cellulase and xylanase using Whatman no.1 filter paper and
1% birchwood xylan as the substrates, respectively, according
to Ghose [17].

One unit of enzyme was referred as the amount of
enzyme which could convert substrates to 1 ymole of reduc-
ing sugar in 1 minute. Protein was determined by micro
Lowry’s assay [18] to obtain the specific activity of enzyme
(U/mg protein).

2.3. Pretreatment. Alkaline peroxide pretreatment was per-
formed. The milled grasses were suspended in 7.5% (v/v)
H,0; and NaOH was then added to adjust the pH to 11.5.
The pretreated samples were then incubated at 35°C, shaken
at 250 rpm for 24 hours. Finally, conc. HCI was added to
adjust the pH to 4.8 before enzymatic hydrolysis [19]. The
filtration was not required after the pretreatment. The liquid
phase with solubilized hemicellulose and the solid phase with
cellulose of the samples were subsequently hydrolyzed by the
enzymes.

2.4. Enzymatic Hydrolysis. Cellulase (60U/g substrate),
xylanase (1200 U/g substrate), and 5mL of 0.05M sodium
citrate buffer (pH 4.8) were added to each substrate (0.6 g
of milled grass) and positive control (0.3g of a-cellulose
mixed with 0.3 g of xylan). After the addition of the enzymes,
the samples were incubated at 50°C and shaken at 150 rpm
for 72 hours. Total reducing sugar was analyzed by DNS
method [20] and subsequently calculated for the percentages
of conversion to cellulose and hemicellulose according to the
equations below.

% conversion of cellulose and hemicellulose to sugars

B (1)
= — X 100.
A>< 00

Total reducing sugar after the hydrolysis (ton/ha/year)
was considered for selection of suitable grasses as the
substrates for ethanol production by SSCF process.

Total reducing sugar after hydrolysis = BxC (2)

1000’

where A is total cellulose and hemicellulose before hydrolysis
(mg/g dry weight of substrate). B is total reducing sugar after
hydrolysis (mg/g dry weight of substrate). C is dry matter
yield of grass (ton/ha/year).

2.5. Fermentation. S. cerevisiae TISTR 5339 was obtained
from TISTR, Thailand. P. stipitis CBS 5773 was obtained
from The Centraalbureau voor Schimmelcultures (CBS),
The Netherlands. Yeast strains were maintained at 4°C on
YM agar containing 3 g/L yeast extract, 3 g/L malt extract,
5g/L peptone, 10 g/L glucose, and 20 g/L agar. S. cerevisiae
and P. stipitis were precultured as inocula for fermentation
in Erlenmeyer flasks containing 50 mL of 3 g/L yeast extract,
3 g/L malt extract, 5g/L (NH4),SO4, and 20 g/L glucose for
S. cerevisiae or 20 g/L xylose for P. stipitis [21]. The media
were sterilized by autoclaving at 121°C for 15min. Flasks

were incubated at 30°C and shaken at 150 rpm for 9h (S.
cerevisiae) and 10 h (P stipitis).

1.2 g of pretreated substrates was supplemented in fer-
mentation medium containing 0.45 g yeast extract, 0.45g
malt extract, and 0.75g (NH4),SO4 in 7.5mL of 0.05M
sodium citrate buffer (pH 5.0) and sterilized by autoclaving
at 121°C for 15min. Cellulase and xylanase were filtered
and sterilized through a 0.2 ym filters and the enzymes were
added with the activities of 72U and 1,440 U in each flask,
respectively. Then, 7.5 mL (5% v/v) of each yeast strain was
added last. Final volume was adjusted to 150 mL by sterilized
distilled H,O. The samples were incubated with shaking
at 35°C, 150 rpm for 7 days, and ethanol production was
determined by gas chromatography (Shimadzu, Japan)

2.6. Statistical Analysis. Collected data (3 replicates) were
analyzed by one-way ANOVA at 95% confidence level.
Comparison was performed by Duncan’s Multiple Range
Test (DMRT) using SPSS for Window version 15.0.

3. Results and Discussion

3.1. Raw Materials. The samples of 18 types of grasses were
divided into 2 groups. The first group was composed of
8 types of the forage grasses (napier leaves, dwarf napier
leaves, king napier leaves, bana leaves, purple guinea, ruzi,
pangola, and atratum) and the second one contained 10
ecotypes of vetiver grasses (Kamphaeng Phet 2, Songkhla
3, Surat Thani, Sri Lanka, Roi Et, Loei, Nakhon Sawan,
Prachuap Khiri Khan, Ratchaburi, and Kamphaeng Phet 1)
as shown in Figure 1. Since the height of all the grasses in
this study is more than 1 metre, and the harvest can be
carried out several times per year, considerably huge amount
of dry biomass can be obtained from the conversion. Both
leaves and stems from the purple guinea grass, ruzi grass,
pangola grass, atratum grass, and vetiver grasses were used
since their stems are rather small. However, only the leaves
were employed from napier grass, dwarf napier grass, king
napier grass, and bana grass from their strong, hard stems
together with the limitation of the specific types of facilities
required for the chopping and grinding. As the compositions
of biomass in each type of grass diverse immensely, even the
same type possibly differs depending on the environment or
the plant ages. The factors that can affect growth, production
and composition of grasses can be genetics, soil properties,
maintenance, amount, and distribution of rain. Moreover,
the cuttings of the stems and leaves of plants for various
purposes result in the decrease of photosynthetic activities
thereby reducing the accumulation of carbohydrates [22].
On the contrary, the proteins will be increased [23].

From the analysis of the composition of the biomass
in 18 types of grasses studied, it was found that all
types contained the average quantities of cellulose in the
range of 31.85-38.51%, 31.13-42.61% of hemicellulose and
3.10-5.64% of lignin (Table 1). The low level of lignin
present in the samples of grasses used in this study appeared
more advantageous than the other types, for example, 6.4%
in coastal Bermuda grass, 12% in switch grass, 7.3% in S32
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TaBLE 1: Biomass composition of grasses.
Grasses Dry matter yield (ton/ha/year) . Biomass con?po.smon (%)
Cellulose Hemicellulose Lignin Ash Others

Forage grasses
Napier 7.7% 32.92 +1.48 36.46 = 1.19 3.60 +0.67 033+0.14 26.69 +3.04
Dwarf napier 17.5* 35.64 = 0.21 34.19 £ 1.24 3.66 £0.20 0.13+0.12  26.38 = 1.38
King napier 7.7% 32.01 =0.14 31.13 = 0.57 3.10£0.04 1.65+0.04 32.11 £0.53
Bana 7.7* 33.93+£227  3512=+1.62 355+034 0.180.01 27.21+3.71
Purple guinea 18.8 3340 +0.74 3126191  4.00+054 0.61+0.08 30.73 =2.10
Ruzi 14.1 33.64 = 0.92 34.01 = 0.81 456 £0.17 027 +£0.12  27.52 = 1.67
Pangola 37.5 33.07 £ 0.70 35.46 = 1.27 4.47 £0.61 028 +0.01 26.72 = 1.60
Atratum 18.8 34.87 £ 0.61 32.60 = 0.53 5.64 +0.22 031=*0.14 27.75%0.97

Vetiver grasses
Kamphaeng Phet 2 6.0 35.54 = 0.38 39.02 = 0.89 436 +£0.78 0.07 £0.04 19.72 = 0.61
Songkhla 3 5.8 31.85+1.73 37.87 £ 1.59 4.67 =049 026 =0.16  25.67 = 2.69
Surat Thani 5.5 33.97 = 1.16 39.12 = 1.57 3.67=0.70  0.09 +£0.03 22.16 =0.74
Sri Lanka 6.4 3754+ 045 3833207 399+031 0.08+0.01 20.38 +2.81
Roi Et 3.5 34.04 +£0.27 4261117 483+024 0.04=+0.04 19.32+0.88
Loei 4.9 34.42 = 0.99 42.43 +1.32 5.09 £0.56 0.08 £0.07 18.23 =0.98
Nakhon Sawan 4.2 32.67 = 1.31 39.60 = 1.25 496 £1.18 0.06 +£0.04 22.57 +£0.94
Prachuap Khiri Khan 8.5 35.53 = 1.52 38.87 = 0.09 4.65+1.52 0.19+0.11 20.44 = 2.26
Ratchaburi 7.6 38.51 £0.25 39.21 £0.70 4.79 £0.48 0.05%=0.01 17.58 = 0.87
Kamphaeng Phet 1 6.5 34.95 = 0.58 39.67 £ 0.18 5.06 +0.70 0.12+0.10 20.47 = 1.39

“The yields of napier grass, dwarf napier grass, king napier grass, and bana grass were the values of leaves only.

rye grass (seed setting), 4.7% in orchard grass [2, 5], and
10.7% in Miscanthus grass [24]. Moreover, since the free
sugars were not detectable from the samples, the hydrolysis
was necessary in order to obtain the sugar prior to the further
fermentation process. The contents of plant biomass can be
used to initially indicate the potentiality of grasses whether
they are suitable for the application as the energy crops. All
the studied 18 types of plants contained high contents of the
total cellulose and hemicellulose of approximately 60—80%.
Therefore, the determination of cellulose and hemicellulose
can be applied to quantify the theoretical production of
ethanol.

3.2. Enzyme Production. The enzymes produced from the
fungus T. reesei TISTR 3081 were assayed for the activities
of cellulase using a-cellulose and xylanase using xylan as
the carbon sources, respectively. The results revealed that
cellulase and xylanase showed the activities of 0.948 + 0.05
and 92.13 + 6.86 U/mL, respectively, whereas the obtained
specific activities were 1.09 = 0.09 and 65.32 + 1.59/mg
protein, respectively.

The various strains of fungus, Trichoderma, especially T.
reesei including the mutants, have been popularly applied
from the high capacity of the cellulase production suitable
for the hydrolysis [3]. The enzymes have been shown to
be tolerant against many inhibitors and show stability at
50°C comparatively higher than other types of fungi [25].
The advantages of the application of T. reesei are the fungal
capability to produce the mixture of cellulases containing
activities of at least 2 types of cellobiohydrolases, 5 types

of endoglucanases together with -glucosidases. In addition,
hemicellulases can also be produced which was reported
by Zhang and Lynd [26]. The studies on the production
of cellulases and hemicellulases from the fungus, T. reesei
RUT C30 in the presence of 7.5g/L of Solka Floc as the
carbon source were also conducted by Juhdsz et al. [27].
The results revealed that the obtained specific activities of
cellulase and xylanase by the FPU assay were approximately
0.58 and 119 U/mg protein, respectively. It can be clearly
seen that the fungus, T. reesei can produce both cellulases
and hemicellulases. Hence, the organism appears suitable for
the production of the hydrolytic enzymes for lignocellulosic
material degradation. As a result, the number of the types
of enzymes required for the process can be reduced thereby
reducing the costs.

3.3. Enzymatic Hydrolysis. In this research, only the glucose
and xylose produced from the hydrolysis of cellulose and
xylan by cellulase and xylanase were studied, respectively,
since the main composition of hemicellulose is generally
xylan. The comparison of the efficiency for the hydrolysis
of each type of grass was evaluated from the percent-
ages of the conversion of the total reducing sugar since
each type contained different quantities of cellulose and
hemicellulose. The pretreatment of the raw materials was
conducted to disaggregate lignocellulose into the various
compositions, namely, cellulose, hemicellulose, and lignin
[25]. The objective was to remove lignin, reduce cellulose
crystallinity, increase the porosity of the raw materials
resulting in cellulose accessibility to hydrolysis for conversion
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FIGURE 1: 18 samples of grasses collected from Chiang Mai, Lampang, Ratchaburi, and Petchburi provinces. Forage grasses (a—h), (a) napier
grass (Pennisetum purpureum), (b) dwarf napier grass (P. purpureum cv. Mott), (c) king napier grass (P. purpureum cv. King Grass), (d)
bana grass (P. purpureum X P. americanum), (e) purple guinea grass (Panicum maximum TD 58), (f) ruzi grass (Brachiaria ruziziensis), (g)
pangola grass (Digitaria decumbens), (h) atratum grass (Paspalum atratum) and (i) vetiver grasses.

to fuels [2, 25, 28]. The use of alkaline hydrogen peroxide
was an effective pretreatment of grass stovers and other
plant materials in the context of animal nutrition and
ethanol production. In addition, it has been widely applied
with various substrates such as wheat straw [29, 30], rice
hulls [19], sugarcane bagasse [31], barley straw [32], and

Miscanthus grass [24]. The advantages of this pretreatment
are the use of reagents with low environmental impact
and avoidance of special reaction chambers [33]. As a
consequence, this pretreatment was selected for this research.
From the preliminary results, no reducing sugars were
obtained without the raw material pretreatment before the



enzymatic hydrolysis (data not shown). Hence, the necessity
of the pretreatment is very imperative.

From the hydrolysis of 18 types of grasses by chemical
pretreatment with alkaline peroxide followed by hydrolysis
with cellulase and xylanase produced from the fungus
T. reesei TISTR 3081, the total reducing sugar obtained
from the hydrolysis was tabulated in Table 2. Most of the
grass samples’ total reducing sugar showed the values in
the range of 500-600 mg/g of raw materials equivalent to
the concentration of 4-5g/L and the obtained conversion
was approximately 70-80%. There was no furfural and
hydroxymethylfurfural produced from this method during
the pretreatment [19]. These chemicals are always detected
after the pretreatment and the hydrolysis by the use of
acid and act as the inhibitors for the growth of yeasts used
for the ethanol fermentation [34]. Rice hulls and wheat
straw pretreated with alkaline peroxide could be converted
to fermentable sugars with an excellent yield (96-97%) by
enzymatic saccharification [19, 29]. The values were high
since the commercial enzymes, namely, Celluclast 1.5 L (cel-
lulase), Novozyme 188 (f3-glucosidase), and Viscostar 150 L
(xylanase) were applied in their work. These commercial
enzymes must absolutely give much higher activities than
the enzyme produced from the fungus T. reesei in our
research. Moreover, the presence of 3-glucosidase facilitated
the hydrolysis of cellobiose to glucose resulting in the higher
percentages of sugar conversion.

Since the sugar content and the value of sugar conversion
from each grass obtained by the enzymatic hydrolysis were
rather indifferent, the decisive selection of the suitable grass
for the subsequent fermentation was not accurately possible.
Therefore, the dry mass values of the grass samples were
included in the calculations of the obtained reducing sugar
contents from the enzymatic hydrolysis and the theoretical
production of ethanol could be later calculated from the
reducing sugar, assuming that the theoretical ethanol yield
for fermenting is 0.511 g per g of hexose or pentose. From
the results tabulated in Table 2, 11 types of grassses with the
total reducing sugars over 3.9 ton/ha/year or the theoretical
values for the ethanol production exceeding 2,550 L/ha/year
were selected for the subsequent fermentation in descending
order from the maximum, namely, pangola, purple guinea,
dwarf napier leaves, atratum, ruzi, Prachuap Khiri Khan,
Ratchaburi, bana leaves, napier leaves, king napier leaves and
Sri Lanka, respectively.

3.4. Fermentation. Hydrolysis of the main composition,
cellulose and hemicellulose, into glucose and xylose as the
substrates of fermentation is necessarily required for the
production of ethanol. In this research, the mixture of 2
types of yeasts was used, S. cerevisiae and P. stipites, since
the former organism can use only glucose while the latter
can catalyze both glucose and xylose as the substrates.
Nonetheless, P. stipitis showed slower rate of fermentation
than S. cerevisiae [35]. There are various methods to achieve
the fermentation but SSCF has been shown to be more
efficient than the others from the fact that the raw materials
can be hydrolyzed to hexose and pentose for further ethanol
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fermentation in single step. The gradual release of glucose
from the hydrolysis can be continuously used for the
fermentation resulting in the low concentration of glucose
which yields better fermentation for xylose [13].

When the initially selected 11 types of grasses were
fermented by SSCF by the addition of 2 types of yeasts; S.
cerevisiae and P. stipitis together with 2 enzymes produced
from T. reesei TISTR 3081; cellulase and xylanase at 35°C for
7 days, the ethanol production from various raw materials
was tabulated in Table 3. The highest yield of ethanol,
1.14 g/L or 0.14g/g substrate equivalent to 32.72% of the
theoretical values, was obtained from Sri Lanka ecotype
vetiver grass. For purple guinea grass and pangola grass, it
was found that the lowest yield of ethanol was obtained
at 6.08 and 6.8%, respectively, compared to the theoretical
values. This result conflicted with the preliminary results of
enzymatic hydrolysis that purple guinea grass and pangola
grass gave the highest conversion of sugar of 85.56 + 3.44
and 76.03 = 0.84% respectively. This indicated that these
2 types of grasses may contain certain chemicals such as
tannin or silica in the quantities that could possibly affect the
activities of the enzyme and the growth of the yeasts resulting
in the reduction of the ethanol production obtained from
fermentation. Moreover, the presence of other substances
toxic to the microorganisms in the system, such as the
derivatives of lignin which are the phenolic compounds,
may reduce the efficiency of the fermentation [36]. Isci
et al. [7] studied the SSF fermentation in switchgrass by
aqueous ammonia pretreatment and found that lignin could
be eliminated by 40-50%. The yield of ethanol at 72% of
the theoretical values was obtained from the application
of the fermentation mixture between commercial cellulase
(Spezyme CP) with the activity of 77 FPU/mL together with
S. cerevisiae DsA for the period of 10 days. The differences
could be from the fact that hemicellulose and lignin which
can act as the inhibitors were preseparated. Only cellulose
was used in the ethanol production by cellulase hydrolysis
and single microorganism in SSF fermentation resulting in
higher amount of ethanol.

In the analysis to determine the potential suitable grasses
for the cultivation as the energy crops, the dry mass
production of each type of grass (Table 1) was included
in the calculation. The quantities of ethanol production
were calculated in 3 cases as tabulated in Table 4. For the
first case, the theoretical ethanol production was calculated
from the determination of cellulose and hemicellulose from
each type of grass. The complete hydrolysis of cellulose and
hemicellulose and the amount of sugar totally converted to
ethanol were used for the calculations. The overall theoretical
yield for conversion was 0.581 g of ethanol per g of xylan
and 0.568 ¢ of ethanol per g of cellulose, assuming that
xylan represents the major sugar source in all the biomass
hemicellulose. The theoretical ethanol yield for fermentation
is 0.511g per g of hexose or pentose [37]. The results
showed that the highest yield of ethanol was obtained from
the pangola grass at 18,706.69 L/ha/year from the highest
value of dry biomass at 37.5ton/ha/year. As a result, it
might have been suitable to be applied as the energy crops
for the production of ethanol. Nevertheless, there are still
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TasLE 2: Total cellulose and hemicellulose of grasses before pretreatment and hydrolysis and total reducing sugar released after hydrolysis.

Total cellulose and

hemicellulose before . . % Total reducing Sugar TheoretiFal

Grasses pretreatment and Total reducing sugar after hydrolysis conversion after hydrolysis  ethanol ylelil

hydrolysis (ton/ha/year) (L/ha/year)

(mg/g substrate) mg/g substrate g/L

Napier 693.76 + 26.67 528.58 = 11.76 4.14 + 0.34 76.19 = 1.70 4.05 2,621.06
Dwarf napier 698.37 + 10.78 558.61 + 15.58 4.13 + 0.34 79.99 = 2.23 9.78 6,331.31
King napier 631.40 + 491 516.63 + 8.82 4.04 = 0.32 81.82 = 1.40 3.96 2,561.81
Bana 690.54 + 36.65 556.27 = 24.94 4.36 + 0.46 80.56 + 3.62 4.26 2,758.31
Purple guinea 646.60 + 17.78 553.20 + 22.22 4.34 = 0.54 85.56 + 3.44 10.37 6,717.88
Ruzi 676.53 + 17.24 469.13 + 19.09 3.97 = 0.61 69.34 +2.82 6.60 4,272.69
Pangola 685.30 + 19.62 521.03 +£5.78 4.09 = 0.39 76.03 = 0.84 19.54 12,654.31
Atratum 674.70 = 11.09 505.93 = 27.58 4.01 = 0.53 74.99 + 4.09 9.49 6,143.81
Kamphaeng Phet 2 745.60 = 7.74 586.55 + 22.59 4.60 * 0.56 78.67 = 3.03 3.54 2,295.91
Songkhla 3 697.13 + 29.98 510.94 + 37.41 3.98 +0.20 73.29 = 5.37 2.97 1,921.38
Surat Thani 730.90 = 4.13 563.81 + 18.02 4.42 + 0.50 77.14 £ 2.47 3.12 2,017.50
Sri Lanka 758.70 = 25.11 619.31 = 6.38 4.85 = 0.42 81.63 = 0.84 3.95 2,557.00
Roi Et 766.50 = 9.15 516.95 + 16.35 3.81 = 0.33 67.44 = 2.13 1.83 1,184.36
Loei 768.53 = 6.05 550.89 + 22.62 4.31 = 0.27 71.68 = 2.94 2.71 1,757.17
Nakhon Sawan 722.70 = 4.20 532.25 +17.80 4.37 = 0.58 73.64 £ 2.46 2.25 1,456.41
Prachuap Khiri Khan 744.05 = 14.42 573.62 +4.92 431 +0.19 77.09 £ 0.66 4.85 3,139.24
Ratchaburi 777.20 = 4.50 616.34 = 18.36 4.54 = 0.25 79.30 £ 2.36 4.68 3,033.76
Kamphaeng Phet 1 746.17 = 7.01 578.10 + 16.80 4.52 +0.28 77.48 = 2.25 3.73 2,414.94
a-cellulose + xylan 1,000.00 + 0.00 753.94 = 6.89 8.76 = 0.06 75.39 £ 0.69 — —

Grasses (0.6 g) were pretreated with alkaline peroxide (7.5% (v/v) H2O»; pH 11.5; 35°C, 24 h) followed by enzymatic hydrolysis at 50°C for 72 h. Positive
control was 0.3 g of a-cellulose mixed with 0.3 g of xylan.

*Theoretical ethanol yield (L/ha/year) was calculated from total reducing sugars after enzymatic hydrolysis, assuming that the theoretical ethanol yield for
fermenting is 0.511 g per g of hexose or pentose.

TaBLE 3: Ethanol production from grasses by SSCF process.

Grasses Ethanol % of the theoretical values
g/L g/g substrate

Sri Lanka 1.14 + 0.092 0.14 + 0.01° 32.72 + 2.69*
Ratchaburi 1.10 + 0.10° 0.14 + 0.01° 30.95 + 2.81%P
a-cellulose + xylan 1.06 + 0.30*" 0.13 + 0.04*" 23.01 + 6.47°
Dwarf napier 0.98 + 0.16° 0.12 + 0.02%0 30.60 + 4.90%P
Napier 0.97 + 0.310 0.12 + 0.0420 30.30 + 9.78%P
Bana 0.87 + 0.14° 0.11 + 0.022" 27.28 + 4.56%P
Prachuap Khiri Khan 0.80 + 0.12° 0.10 = 0.01° 23.31 + 3.48°
King napier 0.40 + 0.13¢ 0.05 + 0.02¢ 13.93 + 4.53¢
Atratum 0.36 + 0.05¢ 0.05 + 0.01¢ 11.64 + 1.60¢
Ruzi 0.30 + 0.06° 0.04 + 0.01° 9.56 + 1.79¢
Pangola 0.21 + 0.05¢ 0.03 + 0.01° 6.80 + 1.58¢
Purple guinea 0.18 = 0.07¢ 0.02 £ 0.01°¢ 6.08 + 2.49¢

Grasses (1.2 g) were pretreated with alkaline peroxide (7.5% (v/v) H,O,; pH 11.5; 35°C, 24 h). SSCF process was performed using cellulase and xylanase (72
and 1440 U, resp.) from T. reesei for hydrolysis and S. cerevisiae and P. stipitis for cofermentation at 35°C for 7 days. Positive control was 0.6 g of a-cellulose
mixed with 0.6 g of xylan. Values not sharing a common superscript (a, b, ¢, and d) differ significantly (Duncan’s Multiple Range Test).
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TasLE 4: Comparison of the theoretical ethanol yield and ethanol produced from SSCF process of 11 types of grasses.
Rank Theoretical ethanol yield (L/ha/year)
Calcglated from total cellulose and Calculated from tota.l reducing . Ethanol yield from SSCF (L/ha/year)
hemicellulose sugars after enzymatic hydrolysis
1 Pangola 18,706.69 Pangola 12,654.31 Dwarf napier 2,720.56
2 Atratum 9,201.69 Purple guinea 6,717.88 Ratchaburi 1,330.06
3 Dwarf napier 8,889.88 Dwarf napier 6,331.31 Pangola 1,272.00
4 Purple guinea 8,818.50 Atratum 6,143.81 Napier 1,171.69
5 Ruzi 6,922.69 Ruzi 4,272.69 Sri Lanka 1,151.69
6 Prachuap Khiri Khan 4,576.81 Prachuap Khiri Khan 3,139.25 Atratum 1,071.19
7 Ratchaburi 4,297.88 Ratchaburi 3,033.75 Prachuap Khiri Khan 1,066.75
8 Napier 3,867.38 Bana 2,758.31 Bana 1,045.81
9 Bana 3,847.50 Napier 2,621.06 Ruzi 661.56
10 Sri Lanka 3,519.81 King napier 2,561.81 Purple guinea 536.44
11 King napier 3,517.00 Sri Lanka 2,557.00 King napier 489.81

The theoretical ethanol yield for fermenting is 0.511 g per g of hexose or pentose.

many necessary factors required for the analysis such as the
plantation areas for the cultivation, maintenance, and the
composition in various grasses which may contain inhibitors
affecting the activities of certain enzymes and the growth of
the microorganisms in the fermentation process. Apparently,
the obtained values of the sugar contents from the hydrolysis
and the obtained ethanol from the fermentation were
inconsistent with the theory. Hence, further studies on the
hydrolysis of the biomass composition and the ethanol
production should be conducted to determine the real
quantity of the ethanol production. When the analysis has
been performed in more details, other appropriate types of
grasses may also have been discovered.

For the second case, when the theoretical values of
ethanol production were calculated from the total reducing
sugars obtained after the enzymatic hydrolysis, it was found
that pangola grass still produced the highest theoretical
values of ethanol production of 12,654.31 L/ha/yr despite
the rather similar values of reducing sugars obtained from
each type of grass after the enzymatic hydrolysis. Therefore,
the highest yield of dry mass obtained from pangola grass
consistently resulted in the highest value of theoretical
ethanol production.

For the final third case, the ethanol production was
calculated from the fermentation process, SSFC. It was found
that dwarf napier grass leaves showed the highest yield of
2,720.56 L/ha/year. Therefore, this grass should have poten-
tial to be developed as the energy crop for the production
of ethanol by this SSCF fermentation. Further studies can
be carried out on the optimal conditions of fermentation
to increase the production of ethanol approximately closed
to the theoretical values. In this research, since the samples
of rather aged grasses with the very strong and hard stems
were collected, only the leaves were selectively applied for the
experiments. Nevertheless, if the dwarf napier grass leaves
were to be utilized for the application in the future, they
should be harvested at the earlier stage so that both the stems
and the leaves can be used.

When the theoretical ethanol production from pangola
grass obtained from the second case was comparatively
considered with the values obtained from the process of
SSFC, it can be seen that the theoretical ethanol production
from pangola grass was 5-folds higher than what obtained
from dwarf napier grass from the process of SSFC. On
the contrary, the ethanol production from pangola grass
obtained from SSFC was much lower than the theoretical
values since the concentration of ethanol obtained was
considerably low when compared with the others. This
result suggested that the fermentation by the method in
this study might not have been suitable for this grass.
There might be some substances that inhibit the process
of fermentation. Pangola grass may not be appropriate for
the ethanol production by SSCF fermentation. However,
pangola grass yielded the highest quantities of ethanol when
the analysis was derived from both theoretical calculations.
More importantly, it seems appropriately applicable as the
hay from the tremendously high contents of dry mass in this
grass. Hence, pangola grass may also present potentiality as
the energy crop in Thailand. In case this type of grass would
be further developed for the production of ethanol that
would yield the closest values to the theory, the fermentation
process should be further investigated with some alterations.
In addition, the fermentation by SHF can represent the
good alternative process since the high level of sugar can be
produced from the enzymatic hydrolysis of this type of grass.

Recently, Bank of Thailand, in January 2012 reported
the consumption of ethanol in Thailand at approximately
1.3 million litres per day or 457 million litres per year
[38]. In case that the dwarf napier grass is to be applied
for the production of ethanol by the process of SSFC,
at least 0.17 million hectares of the plantation area are
necessarily required. When the production of ethanol from
other types of energy crops was comparatively studied, it
has been found that the yield from sugar cane was equal
to 4,900 kg/ha/year or 6,210 L/ha/year, whereas from cassava
was 6,000 kg/ha/year or 7,604 L/ha/year [39]. Although the
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production of ethanol from the SSCF process derived from
dwarf napier grass was found to be 2,720.56 L/ha/year or 2.3
and 2.8-folds less than what obtained from the sugar cane
and cassava, respectively, both of the mentioned energy crops
are mostly utilized for human food consumption. Hence,
the search for the alternative nonfood energy crops for the
production of ethanol appears undeniably and continuously
imperative in order to sustain the availability of the food
energy crops for the prevention of food shortage problem
in the future. This research particularly focused on the
SSCF process that unfortunately had not been optimized.
After the process, the total raw materials did not appear
to be completely hydrolyzed. This might be from the
fact that the optimal temperature for the activity of the
enzymes should be in the range of 45-50°C. However, the
temperature applied in this process was at 35°C. For the
fermentation by yeast, the optimal temperature required
has been known at 30°C [14]. Furthermore, the other
conditions for the fermentation by these 2 microorganisms
might not be optimal resulting in less ethanol production
than it should have been. Therefore, the investigation on the
optimal conditions about the various factors such as pH,
temperature, oxygen content, and the medium ingredients
affecting the fermentation is considerably imperative. This
will enhance the efficiency of the sugar cofermentation from
both S. cerevisiae and P. stipitis. The method to produce high
concentration of ethanol can be accomplished by producing
the enzyme with high hydrolytic activities to increase the
efficiency of the hydrolysis. Moreover, the obtained enzymes
should exhibit high activities at low concentration. Since the
enzyme applied in this research was totally isolated from the
fungi in our lab, the activities were therefore considerably
low compared to the commercials. As a consequence, the
large quantities of the enzyme were necessarily applied for
the process. This might be the reason why the obtained
ethanol concentration was rather low. The improvement of
the production media such as the sources of carbon and the
growth conditions for the culture should greatly enhance the
production of the enzyme with higher activities. In addition,
the development of the better strain by genetic manipulation
also represents the interesting method to increase the fungal
capacity for the production of the better enzyme with higher
activities. This can be achieved through the higher efficiency
of the fermentation in various aspects, for example, the
strains that can possibly use various types of sugars as the
substrates, the capability of the organisms to tolerate the
high temperature, and high concentration of ethanol. In
particular, in case that cellulosic ethanol will be further
produced for the industries in the future, the development of
the strains with the capability of simultaneous hydrolysis and
fermentation of lignocellulose should be more advantageous.

4. Conclusions

Lignocellulosic biomass, like grasses, could be successfully
used in cellulosic ethanol production by biological process.
Pangola grass has potential for saccharification before fer-
mentation process, whereas dwarf napier grass has potential
for fermentation by SSCF process. Therefore, they are

potential alternative energy crops to serve as feedstocks for
cellulosic ethanol production in the future for Thailand.
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