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Abstract This study explores the possibility of producing
ethanol using the acid hydrolysate of three abundant agar-
containing red seaweeds (agarophytes): Gelidium amansii,
Gracilaria tenuistipitata, and Gracilariopsis chorda. The
main component in the seaweed samples was agar, which
ranged from 20 to 51 % (g g ' dry weight). After optimizing
acid hydrolysis, 100 g of seaweed was hydrolyzed at 130 °C
for 15 min with 0.2 M H,SOy4. Then, 120 mL of a 1:2
mixture of the hydrolysate broth and basal medium was
fermented in a 200-mL bottle at 30 °C for 96 h. Of the three
seaweeds, G. amansii had the best ethanol yield, producing
0.23 g g ' of galactose or 45 % of the theoretical yield. This
yield increased to 60 % after detoxification of the hydroly-
sate with activated carbon.
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Introduction

Bioethanol has taken priority as a renewable biofuel to

replace our dependence on fossil fuels. The USA has set a
target of 28.4 billion L of biofuels by 2012, while European
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legislation has mandated the use of biofuels in 5.75 % of
transportation by 2010 and 10 % by 2020 (Klinke et al.
2004; Gray et al. 2006; Deverell et al. 2009; Dixon et al.
2010; Afionis and Stringer 2012; Boucher 2012). Unlike
fossil fuels, bioethanol is a renewable energy source pro-
duced via the fermentation of sugars. It will also reduce the
greenhouse effect. Consequently, attention has focused on
bioethanol as an alternative renewable fuel. Currently,
bioethanol is produced from terrestrial plants, such as corn
and sugarcane. The future limitation of terrestrial resources
has led to the use of marine resources, and seaweed is a
good alternative for producing bioethanol, comparable to
terrestrial plants (Horn et al. 2008; Wi et al. 2009; Adams
et al. 2009; Bruhn et al. 2011; Meinita et al. 2011). The main
polysaccharides in marine seaweeds are alginates in brown
seaweeds and agar and carrageenan in red seaweeds (de
Ruiter and Rudolph 1997). These red seaweed polysaccha-
rides are galactans consisting entirely of galactose and 3,6-
anhydrogalactose. Chemically, agar consists of (3-D-galac-
tose and 3,6-anhydro-L-galactose residues with a few methyl
ethers and pyruvate groups, while carrageenan contains
[3-D-galactose-4-sulfate and 3,6-anhydro-D-galactose-2-sulfate.
In different genera, the substitution pattern of methyl
ethers and pyruvate groups and the amount of 3,6-
anhydrogalactose vary (Percival 1979; de Ruiter and
Rudolph 1997; Jol et al. 1999).

In total, about 55,000 t of hydrocolloid are produced
from 1 million t of wet seaweed annually, with a value of
US$585 million, while the value of the agar industry itself is
estimated to be US$132 million annually (McHugh 2003).
Agar is obtained mostly from polysaccharides from red
seaweed, primarily from the orders Gracilariales and
Gelidiales. Gelidium species usually occur on rocky shores,
while Gracilaria species grow mostly in sandy habitats.
Higher-quality agar is extracted from Gelidium species,
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based on the gel strength (McHugh 1987). The Gelidium
used for commercial agar extraction grows naturally, and
most is harvested in France, Indonesia, Korea, Mexico,
Morocco, Portugal, and Spain (McHugh 2003). The genus
Gracilaria can grow both in tropical and temperate regions
and is either collected from the wild or cultivated in Argen-
tina, Chile, Indonesia, Korea, Namibia, Philippines, and
Vietnam (McHugh 2003).

This study examines the production of bioethanol from
three different agarophytes: Gelidium amansii, Gracilaria
tenuistipitata, and Gracilariopsis chorda. These species
have high biomasses and contain large amounts of agar. G.
amansii 1s abundant in East and Southeast Asia and used
commercially. G. tenuistipitata is used widely in China,
Philippines, and Vietnam because of its high-quality agar
(Yokoya et al. 2004). G. chorda also contains high-quality
agar (Orosco et al. 1992). These representative agarophyte
seaweeds were compared as potential alternative resources
for bioethanol production.

Hydrolysis of seaweed biomass by dilute sulfuric
acid is a well-known method to obtain fermentable
hydrolysates (Meinita et al. 2011; Meinita et al.
2012a). However, the hydrolysates obtained contain not
only fermentable sugars but also some by-product com-
pounds such as 5-hydroxymethylfurfural and levulinic
acid that might act as fermentation inhibitors (Meinita
et al. 2012b). Therefore, in this study, knowing about
these inhibitors and how to minimize their effects on
agarophyte hydrolysates is very important.

Materials and methods

The red seaweed (Rhodophyta) G. fenuistipitata was col-
lected from Vietnam, while G. amansii and G. chorda were
collected from Indonesia and South Korea. The seaweed
samples were transported to the laboratory, washed with
distilled water to remove salts and impurities, and dried
completely for 1 week at room temperature. The dried
seaweed was then ground to a fine powder in an electrical
grinder for 10 min.

Acid hydrolysis Acid hydrolysis was carried out in 250-mL
flasks. Samples consisting of 10 g of seaweed powder in
100 mL of 0.2 M H,SO,4 were hydrolyzed in an autoclave at
130 °C for 15 min (Meinita et al. 2011; Meinita et al.
2012a). Then, the residues were separated from the liquid
by filtration, the sugar content of the liquid was determined,
and the liquid was fermented to produce ethanol.

Fermentation Commercial Saccharomyces cerevisiae

(JENICO, Korea) in a basal medium was used for fermen-
tation. The basal medium consisted of 0.02 % (NH4),SO4
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and 0.006 % NaH,PO,4 and was adjusted to pH 5 (Prescott
1959). Fermentation was carried out in 120 mL of a 1:2
mixture of hydrolysate and basal medium in 200-mL bottles
in triplicate (Meinita et al 2011; Meinita et al 2012a). The
samples were incubated in a shaking incubator at 30 °C for
96 h with gentle mixing at 120 rpm. The mixture was sampled
periodically to measure the sugar and ethanol contents.

Sugar and ethanol analysis Total carbohydrate was deter-
mined using the phenol sulfuric acid method (Kochert
1978). Monosaccharides (galactose and glucose) were de-
termined using high-performance liquid chromatography
(HPLC) with a Shodex Sugar KS-802 column (300 x
8.0 mm). Degassed HPLC water was used as the mobile
phase at a flow rate of 0.5 mL min'. The column temper-
ature was maintained at 60 °C. The by-product inhibitors
levulinic acid and 5-hydroxymethylfurfural (HMF) were
determined by HPLC with an Alltech IOA-1000 organic
acid column (300x7.8 mm) equipped with a refractive
index detector and kept at 60 °C (Meinita et al 2011; Meinita
et al 2012a). The mobile phase was 5 mN sulfuric acid at a
flow rate of 0.3 mL min'. Reducing sugars were deter-
mined using the dinitrosalicylic acid method (Chaplin
1986). The ethanol content was measured using gas chro-
matography (Agilent model 6890N Series) with a 2B-WAX
column (Agilent, USA). The injection volume was 2 uL,
with an inlet split ratio of 30:1. The initial and maximum
oven temperatures were 35 and 250 °C, respectively
(Meinita et al. 2011; Meinita et al. 2012a).

Results and discussion

Agar was the main component of the three different red
seaweed samples, ranging from 34.4 to 59.9 % [g g
dry weight (DW)]. G. amansii had the highest carbohy-
drate content [59.9 % (g g ' DW)], compared to G.
tenuistipitata [40.8 % (g g ' DW)] and G. chorda
[34.4 % (g g ' DW)]. Mouradi-Givernaud et al. (1999)
determined that the agar content of one Gelidiae species
was about 40 % of algal dry weight and reached a
maximum of 44.5 %. Levring et al. (1969) reported that
the amount of agar in G. amansii varied from 25 to
30 %. Orosco et al. (1992) found that G. chorda con-
tains 24~34.8 % agar in different parts of the plant.
Figure 1 shows the sugar, ethanol, and by-product (HMF
and levulinic acid) contents of the acidic hydrolysates of the
three red seaweeds. The highest amount of reducing sugar
was found in G. amansii (29.2 g L"), followed by G.
tenuistipitata (26.6 g L") and G. chorda (23.4 g L™"). The
galactose concentration in G. amansii, G. tenuistipitata, and
G. chorda was 20.0, 18.7, and 13.6 g L_l, respectively. G.
amansii produced the most ethanol (0.83 g L), followed
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Fig. 1 The content of sugars, ethanol, and by-products (HMF and
levulinic acid) in acidic hydrolysate of G. amansii, G. tenuistipitata,
and G. chorda. a Content of reducing sugar (black bar), galactose
(light gray bar), and glucose (dark gray bar) produced from acid
hydrolysis. b Content of HMF (black bar) and levulinic acid (light
gray bar) produced from acid hydrolysis and the ethanol content (dark
gray bar) produced from fermentation of hydrolysates. The hydrolysis
was carried out by diluting 10 g of hydrolysated red seaweed samples
in 100 mL of 0.2 M H,SO, at 130 °C for 15 min; n>3, error bars are
standard deviation

by G. tenuistipitata (0.60 g L") and G. chorda (0.5 g L.
Of the three seaweeds, G. amansii possessed the highest
total carbohydrate, reducing sugar, and galactose contents
and produced the most ethanol (Fig. 1). In this study, we
also found HMF and levulinic acid as sugar degradation by-
products in the hydrolysate samples (Fig. 1b). Of the three
red seaweeds, G. amansii had the highest HMF content
(4.8 g L"), while G. chorda had the highest levulinic acid
content (0.42 g L™"). The presence of by-product com-
pounds should be considered. Some studies found that by-
products of the acid hydrolysis process have inhibitory
effects. Azhar, as cited by Alves et al. (1998), found that
1 g L' HMF inhibited cell growth and fermentation by S.
cerevisiae. At up to 100 mmol L' acetic, formic, and
levulinic acids increased the ethanol yield, while the ethanol
yield decreased at higher concentrations (Larsson et al.
1999).

Table 1 Comparison of sugars and by-products removal after detox-
ification of G. amansii, G. tenuistipitata, and G. chorda. The hydroly-
sates were detoxified with activated charcoal (5 %, w/v) treatment at
30 °C for 30 min

Seaweed species Sugars and by-products removal

by detoxification

Gal Glu LA HMF

(%) (%) (%) (%)
Gelidium amansii 31.3 52.8 18.2 100
Gracilaria tenuistipitata 58.2 74.4 81.3 100
Gracilaria chorda 29.6 60.6 59.4 100

Table 1 shows the removal of the by-products from the
acidic hydrolysates of the three red seaweeds upon treatment
with activated carbon. The HMF was removed completely,
while activated carbon treatment had little effect on levulinic
acid, especially in the hydrolysate of G. amansii.

In this study, we also found that the ethanol yield
increased upon removal of HMF and levulinic acid
(Table 2). The fermentation of the acidic hydrolysate
of G. amansii containing 4.8 g L™ of galactose gave
0.9 g L™ of ethanol in 36 h (Fig. 2). During fermen-
tation of the acidic hydrolysate of G. amansii, the
galactose was exhausted after 36 h, whereas it was also
exhausted after 18 h in the control (pure galactose).
This suggests that the sugar consumption was consistent
with the time of optimum ethanol production.

The fermentation of the acidic hydrolysate of G. amansii
gave 0.03 g of ethanol L' h™', which was lower than that of
the control (0.071 g L™ h™"). Therefore, by-products (in-
hibitors or toxic compounds) such as HMF and levulinic
acid might inhibit yeast growth and decrease ethanol pro-
duction. The ethanol yield in the fermentation of the acidic
hydrolysate of G. amansii was 0.23 g g ' of galactose,

Table 2 Comparison of sugars, by-products, and ethanol yield before
and after detoxification of G. amansii. The charcoal (5 %, w/v) treat-
ment was conducted at 30 °C for 30 min on a shaker

Sugars, by-products, Before After Removal
and ethanol detoxification detoxification rate (%)
Glucose (g L") 0.81+0.28 0.38+0.18 52.8
Galactose (g L") 20.04+4.88 11.01+0.19  45.1
HMF (g L) 4.83+£0.62 0.00£0.00 100
Levulinic acid (g L") 0.29+0.04 0.24+0.04 18.2
Ethanol yield (g L") 0.46+0.07 0.66+0.08  NA

Values represent the mean + SD (n>3)
NA not available
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Fig. 2 a Time course of

ethanol production (empty
triangle with broken line),
galactose (empty circle with
thin line), and glucose (filled
circle with broken line) during
the fermentation period of
acidic hydrolysate of G.
amansii compare to the control
(galactose) (empty triangle with
thin line) and ethanol
production of the control (pure
galactose) (filled square with
broken line). Fermentation was
carried out in a 135-mL flask at 0
30 °C and 120 rpm. Samples
were taken aseptically at
different times; n>3, error bars

Sugars (g L)

are standard deviation. b Time
course of reducing sugar (filled
triangle with thick line),
levulinic acid (filled circle with
thick line), and HMF (empty
triangle with thick line) during
the fermentation period of
acidic hydrolysate of G.
amansii. Fermentation was
carried out in a 135-mL flask at
30 °C and 120 rpm. All of
samples were taken aseptically
at different times; n>3, error
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which corresponded to 45 % of the theoretical yield. This
yield increased to 0.39 g g ' of galactose after the by-
products were removed with activated carbon treatment
(Table 2).

The HMF and levulinic acid contents in hydrolyzed G.
amansii samples were 0.7 and 0.2 g L™, respectively. Inter-
estingly, during fermentation, the amount of HMF decreased
with the amount of reducing sugar (Fig. 2b). The initial
concentration of reducing sugar from G. amansii was
9.8 g L', and the amount decreased progressively during
fermentation. A similar pattern occurred with HMF, and by
36 h of fermentation, the HMF was eliminated completely.
De Vrije et al. (2009) reported that in yeast metabolism,
HMF depletion might be facilitated by alcohol dehydroge-
nase and xylose reductase.

The agar-containing seaweeds can be considered as a re-
source for ethanol production due to their high content of
sugar, which can potentially be converted into ethanol. Of the
three red seaweeds examined, G. amansii, G. tenuistipitata,
and G. chorda, the acidic hydrolysate of G. amansii had the
best fermentable sugar content and ethanol production. Nev-
ertheless, the ethanol yield was still lower than the theoretical
yield. This might be due to inhibitors contained in the acidic
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hydrolysates of seaweeds. Further studies will examine the
inhibition effect and removal of by-products to maximize the
production of ethanol from G. amansii.
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