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Abstract
In this study, Gelidium elegans is investigated for ethanol production. A combination of factors including different tem-
peratures, acid concentration and incubation time was evaluated to determine the suitable saccharification conditions. The
combination of 2.5% (w/v) H,SO, at 120 °C for 40 min was selected for hydrolysis of the seaweed biomass, followed by
purification, and fermentation to yield ethanol. The galactose and glucose were dominant reducing sugars in the G. elegans
hydrolysate and under optimum condition of dilute acid hydrolysis, 39.42% of reducing sugars was produced and fermen-
tation resulted in ethanol concentration of 13.27+0.47 g/L. A modified method was evaluated for sample preparation for
gas chromatography (GC) analysis of the ethanol content. A solvent mixture of acetonitrile and iso-butanol precipitated
dissolved organic residues and reduced water content in GC samples at least by 90%. Results showed that this method could

be successfully used for bioethanol production from seaweed.
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Conc  Concentration

ND Not detected
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Introduction

Biofuels have received great attention as sustainable alter-
native fuels (Sudhakar et al. 2018). In Brazil, bioethanol
is being extracted from the agriculture crops and used as
biofuel in the transportation sector (Salles-Filho et al. 2017).
Conflicts on the use of land for cultivation of biofuel crops
instead of agriculture crops have arisen (Adams et al. 2009).
The cultivation of algae to produce feedstock for biofuel
production, using non-agricultural land, can avoid this con-
flict. Algae-based biofuels have high impact, unlike the use
of corn or sugarcane (Searchinger et al. 2008; Chia et al.
2018). Algae have potential to reduce greenhouse gases by
consumption of CO, emitted from power plants and natu-
ral gas operations, as indicated by life-cycle assessments
(Maranduba et al. 2015; Vuppaladadiyam et al. 2018). An
advantage of using seaweed is the low lignin content which
improves the enzymatic hydrolysis of cellulose. The car-
bohydrate content in the red seaweed G. elegans was high
compared to lipid and protein contents; the amount of carbo-
hydrate was increased to 72.6% from 53.4% by pre-process-
ing, and showed its potential use as feedstock for bioethanol
production (Wi et al. 2009). Adams et al. (2009) reported
that sugarcane is the most productive terrestrial crop and can
produce 6756 L/ha for bioethanol production. However, the
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bioethanol yield from seaweeds interestingly could reach
23,400 L/ha. Use of seaweeds as feedstocks will not compete
with their use as food, and there will be no conflicts with
other land uses such as urban development or other agricul-
tural and industrial usage.

Therefore, in the present study we selected the red sea-
weed species, G. elegans, which is cultivated in East Asia
mostly to produce agar. Another advantage of using G. ele-
gans that it possesses high-quality fibres that can be used
as an alternative feedstock for the pulp and paper industry
(Yoon et al. 2012). Therefore, there is a potential for the
commercial cultivation and use of G. elegans as a feedstock
for high-value products including agar, paper and biofuel.
In the present study, dilute acid treatment was optimised to
increase reducing sugar content, followed by fermentation of
the reducing sugars to bioethanol, with the use of acclimated
yeast, Saccharomyces cerevisiae, under anaerobic condition.
In addition, a novel technique was applied in the sample
preparation for ethanol analysis by gas chromatography.

Materials and methods
Source of chemicals

High-performance liquid chromatography-grade solvents
such as iso-butanol, acetonitrile, ethanol absolute, and trif-
luoroacetic acid (TFA) were purchased from F.S. Chemicals
Ltd, India. Sodium borohydride, 1-methylimidazole, stand-
ard glucose, galactose, mannose, fucose, rhamnose, xylose
and arabinose were obtained from Sigma-Aldrich, USA.
Acetic anhydride, dimethyl sulfoxide, and Milli-Q-purified
water were purchased from Merck, Germany. Analytical-
grade chemicals such as sulphuric acid, sodium hydroxide,
and calcium hydroxide were procured from, Labchem Inc.
and Chemolab supplies Inc., Malaysia.

Seaweed collection and sample preparation

The G. elegans was obtained from a local market in Gee-
long, South Korea. Voucher specimens were prepared as
dried herbarium specimens and deposited at University
of Malaya Seaweeds and Sea grasses Herbarium. The sea-
weeds were first cleaned with diluted seawater, debris and
epiphytes were removed carefully, followed by drying in the
oven at 75 °C to reach constant weight. The dried specimen
was preserved in a sealed plastic bag for further use.

Yeast pre-culture and adaptation
Saccharomyces cerevisiae (NBRC 10217) was purchased

from the National Institute of Technology and Evalua-
tion (NITE), Japan, and it was maintained on yeast potato
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dextrose (YPD) agar plate. Two days before the fermentation
study, it was cultured in YPD broth media (20 g/L glucose,
20 g/L peptone, 10 g/L yeast extract), and kept on a rotary
shaker with 150 rpm at 30 °C. To reduce the influence of
yeast seed media, the desired volume (5% v/v) was washed
with normal saline and concentrated by centrifugation
(2500g, Hettich EBA 20, Germany) followed by addition of
the prepared media to obtain 1.5x 10’ CFU/mL (Hessami
et al. 2018a).

Optimization of saccharification of the seaweed

The seaweed sample was incubated in different tempera-
tures 80, 100, 120 and 140 °C with various sulphuric acid
concentrations 0.5, 1, 2.5, 5 and 10% (w/v) at different time
intervals 10, 20, 40 and 60 min for obtaining the best sac-
charification method. A 0.5 g seaweed sample was mixed
with 10 mL of diluted sulfuric acid in a 15-mL centrifuge
tube and incubated in the above-mentioned temperatures for
different time intervals. The sample was then centrifuged
(2500xg) for 15 min and the reducing sugar content in the
supernatant was analysed using the 3,5-dinitrosalicylic acid
method (Miller 1959).

Preparation of hydrolysate for fermentation study

A seaweed sample (20 g) was treated with diluted seawa-
ter to remove excessive pigments, and then soaked in 2%
(w/v) sodium hydroxide for 2 h at 80 °C. The coloured solu-
tion was removed from the alkaline-treated sample, and the
leaned seaweed was washed with 0.25% (w/v) H,SO, and
soaked in 0.5% (w/v) H,SO, for 3 h in room temperature
to ensure removal of the alkaline agent. The seaweed was
washed again and treated with 200 mL of 2.5% (w/v) H,SO,
for 40 min in an autoclave at 121 °C. The acid hydrolysate
was subjected to over-liming. For that, the seaweed hydro-
lysate was filtered using Whatman filtre paper no. 1, fol-
lowed by adding calcium hydroxide with stirring, until the
pH of the hydrolysate reached to 11 and kept for 30 min at
30 °C. The samples were then immediately centrifuged and
the pH was adjusted to 6 using concentrated H,SO, (Yadav
et al. 2011; Hessami et al. 2018b).

Monosaccharide profile by gas chromatography (GC)

The cleaned G. elegans biomass was hydrolysed with 2M
TFA at 120 °C for 1 h. The supernatant was collected and
derived to alditol acetate compounds (Kim et al. 1967).
Gas chromatography analysis of the sugar molecules was
performed with an HP-7820A gas chromatograph, Agilent,
USA, equipped with a flame ionisation detector (FID), using
a fused silica capillary column (30 m X 0.32 mm) as per the
procedure of Kim et al. (1967). Monosaccharides such as
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galactose, glucose, fucose, rhamnose, mannose, arabinose
and xylose were used as standards, and allose used as inter-
nal standard.

Analysis of bioethanol by GC

Frozen samples were defrosted and centrifuged for 10 min
at 10,000xg. The clear brown supernatant was collected and
200 uL of each sample was added to 1800 pL of solvent
mixture (1% w/v, iso-butanol in acetonitrile), shaken vig-
orously for 15 s, followed by centrifugation at 5000xg for
3 min at 5 °C. The bioethanol concentration was analysed
by GC (Agilent 5820-A, Agilent Inc., USA) equipped with
a split/splitless inlet, a flame ionisation detector (FID) and
a capillary column (HP-Innowax 30 m, 0.32 mm, 0.15 um)
according to the procedure of Lin et al. (2014).

A standard curve of ethanol was plotted using different
levels of ethanol concentration (0.01-5% w/v). A standard
curve was prepared for different ethanol concentrations and
the amount of ethanol was corrected by internal standard
value according to the equation below:

Area of EtOH (pA m)

R factor of EtOH = .
esponse factor o Atca of IS (pA m) (D)

The yield of ethanol was calculated using

_ [EtOH]
T [sugar], ”
where Yoy 1s the yield of ethanol (g/g), [EtOH],,, the

maximum ethanol titre attained during fermentation (g/L),
and [Sugar],; is the total initial fermentable sugar equivalent
to both glucose and galactose contents (g/L).

For evaluating the accuracy of sample preparation method
and standard curve using solvent mixture, three ethanol con-
centrations (1.05, 0.55 and 0.30%, w/v) were prepared (as
known concentration in Table 2) and the amount of ethanol
concentration was calculated based on the standard curve;
the variation of concentration was defined as error% and
extracted by
[Known conc % — experimental conc % ]

% 100.

3)

Data were represented as mean + standard error (SE), and
the differences in results were tested by analysis of variance.
Standard curve was prepared by 12 different ethanol con-
centrations, and ethanol concentration was corrected with
internal standard value according this equation:

Area of EtOH (pA m)
Area of IS (pA m)
“

Error % =

Known conc%

Corrected value of EtOH content =

Statistical analysis

The experiments were performed in triplicates and the data
were presented as the average of mean of three independent
experiments with standard deviation. The data were analysed
by one-way analysis of variance using Microsoft Excel XP
(Microsoft Corp., Redmond, WA, USA), and the post hoc
mean separation was performed by Duncan’s multiple test
at p <0.05 (Harter 1960).

Results and discussion
Monosaccharide composition by GC

The composition of monosaccharide in the seaweed spe-
cies is presented in Table 1. The glucose, galactose, man-
nose and xylose were detected in the sample. The major
reducing sugars such as galactose (0.243 g/g) and glucose
(0.238 g/g) were found in G. elegans. In the previous stud-
ies, the galactose content in G. amansii was reported as
0.23-0.39 g/g (Meinita et al. 2013). Xylose and mannose
were detected in very lower content, whereas arabinose and
rhamnose were not detected in G. elegans. Park et al. (2012)
reported that only galactose and glucose were detected in
G. amansii but no other sugars, including mannose, rham-
nose or xylose were detected. Song et al. (2010) reported
that the monosaccharide composition of Bryopsis sp. such
as galactose (2.38-43%), arabinose (4.36-31%), and glu-
cose (4.62-90.30%) of total sugars was varied in different
samples.

Seaweed hydrolysis by dilute acid treatment
The G. elegans is an important agarophyte seaweed that
has been reported to have soft tissue due to lack of lignin

and crystalline cellulose (Park et al. 2012; Kim et al. 2015),
allowing a milder treatment to be applied for converting

Table 1 Monosaccharide composition of hydrolysate of G. elegans

Monosaccharides (g/g, DW)
Glucose 0.238+0.013"
Galactose 0.243 +0.009*
Mannose 0.005+0.001¢
Xylose 0.010+0.002¢
Arabinose ND
Rhamnose ND

Values are represented as mean +SE

Values not sharing a similar superscript within the same column are
significantly different (p <0.05) as determined by ANOVA

ND not detected, DW dry weight
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their polysaccharides into fermentable sugars. Figure la—d
shows the reducing sugar content obtained by dilute acid
treatment of G. elegans biomass. Figure 1a shows seaweed
hydrolysed at 80 °C where reducing sugar content was
increased with increasing acid concentration at different time
intervals. Therefore, reducing sugar content (21.48 +5.56%
DW) was found high in 10% (w/v) sulphuric acid treatment
with 60-min incubation. Similarly, the same pattern was
observed in hydrolysis of seaweed at 100 °C, the maximum
reducing sugar content (26.20 +0.69% DW) was observed
in 10% acid concentration for 60-min incubation (Fig. 1b).
Figure 1c shows hydrolysis of G. elegans at 120 °C where
highest sugar content (40.52 +6.49% DW) was found after
20 min and in 10% sulphuric acid. However, significant dif-
ferences (p <0.05) was not observed in 5% acid treatment
at 20 min, 2.5% acid treatment at 40 min, 5% acid treatment
at 40 min, 10% acid treatment at 40 min and also 5% acid
treatment at 60 min. Further, the reducing sugar content was
not increased at 140 °C incubation temperature (Fig. 1d).
In the present study, we optimised dilute acid treatment
to find the suitable condition of monosaccharide produc-
tion from seaweed biomass. Based on high content of total
carbohydrate and reduced sugar, G. elegans is selected for
biofuel applications. The hydrolysate form this seaweed,

Fig. 1 Reducing sugar content
obtained under different condi-
tions during thermal-acidic

00.5% 01.0% E2.5% E5.0% ®10.0%

which is mainly due to degradation of agar, consists of
3,6-anhydro-L-galactose and galactose where the latter
cannot be metabolised by common microorganisms, thus
precluding it from producing ethanol (Yun et al. 2014).
The hydrolysis kinetic factor depends on the biomass
concentration, incubation time, acid concentration and
temperature (Lenihan et al. 2010). G. elegans was hydro-
lysed at different acid concentrations, temperatures, and
time intervals. Based on the results of this experiment,
the condition of 2.5% w/v H,SO, at 120 °C for 40-min
incubation was selected as the suitable condition, which
is regarded as milder, but still effective. The hydrolysis
treatment yielded 39.42% on the dry weight basis from the
G. elegans. Previously, Meinita et al. (2013) reported that
the sugar yield 30.5 g/L with 25.6 g/L galactose and the
bioethanol yield (1.7 g/L) were observed in K. alvarezii by
acid hydrolysis treatment with condition 0.2 M sulphuric
acid at 130 °C for 15-min incubation. Another study by
Khambhaty et al. (2012) reported the sugar yield of 30.6%
on the dry weight basis in K. alvarezii with 2.5% w/v sul-
phuric acid at 100 °C for 60-min incubation. In another
study, G. salicornia was incubated in 120 °C with 2% w/v
sulphuric acid at 30-min incubation (Wang et al. 2011).
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Higher sugar yield (38.09%) and lower fermentation
inhibitors were obtained in G. amansii with continuous acid
hydrolysis treatment in a reactor (Park et al. 2012). Despite
the fact that acid hydrolysis is an inexpensive process com-
pared to enzymatic process, the generation of fermenta-
tion inhibitors is one of its main drawbacks (Taherzadeh
and Karimi 2007). Generally, the sugar yield will decrease
with increase in the hydrolysis processing time due to the
degradation of fermentation inhibitors such as 5-HMF and
levulinic acid (Ra et al. 2013).

Bioethanol fermentation using S. cerevisiae

The production of ethanol in relation to consumption of
reducing sugar at different incubation time intervals during
the fermentation of hydrolysates of G. elegans by S. cerevi-
siae is shown in Fig. 2. Whereas initial reducing sugar con-
centration hydrolysate was 43.69 +1.41 g/L. and maximum
ethanol production (13.27 +0.47 g/L) was achieved at 48 h
corresponding to 63.30% of theoretical fermentation yield,
the reducing sugar in G. elegans hydrolysate was not fully
consumed after 72 h and it was 7.34+1.63 g/L. Previously,
higher bioethanol concentration (55.0 g/L) was produced
from G. elegans by Yanagisawa et al. (2011). In that study,
they used both chemical and enzymatic approaches to pro-
duce high-concentrated reducing sugar.

In fermentation of seaweed hydrolysates, yeast or bacteria
consume reduced sugar to yield bioethanol under an anaero-
bic condition. S. cerevisiae has been proven to be highly
vigorous and well fitted for conversion of reducing sugars
in cellulosic hydrolysates into bioethanol (Galbe and Zac-
chi 2002). Park et al. (2012) used Brettanomyces custersii
to ferment Gelidium amansii and bioethanol concentration
of 27 g/L was reported while Ra et al. (2013) used Schef-
fersomyces stipites to ferment the same seaweed species and
achieved 20 g/L bioethanol concentration; however, the yield

of fermentation was highly different with 38% and 91%,
respectively. S. cerevisiae was used to convert G. amansii
hydrolyzate, producing 0.66 g/L ethanol, with a fermentation
efficiency of only 12% of theoretical yield (Meinita et al.
2013). In the present study, the ethanol production rate and
fermentation efficiency were low, due to the presence of
the galactose as the main reducing sugar in the dilute acid
hydrolysate, and the fact that ethanol yield from galactose
is lower than glucose (Hong et al. 2011; Lee et al. 2011).
D-Galactose undergoes conversion via the Leloir pathway;
basically, in this pathway, a five-step enzymatic pathway
converts D-galactose to glucose-6-phosphate (Timson 2007).
All these processes lead to higher energy consumption in
galactose metabolism, thus lower fermentation yield com-
pared with glucose.

Analysis of bioethanol with novel sample
preparation

In this study, a mixture of two solvents, acetonitrile and
iso-butanol, was used. In GC analysis, these two solvents
peaks can be separated from the ethanol’s peak (Canfield
et al. 1998). Figure 3a, b shows the effect of solvent mix-
ture (acetonitrile/iso-butanol) on a sample by which adding
the solvent mixture to samples which caused a precipitation
of the water-soluble complex organic compounds (Fig. 3c)
and followed by centrifugation, water-soluble compounds
become precipitated at the bottom of the vial and a clear
yellowish supernatant was achieved (Fig. 3d). This clear
supernatant would be safely injected into the GC and the
GC chromatogram of this treated sample is illustrated in
Fig. 4. Ethanol is the first detected in GC after 2.30 min,
followed by acetonitrile (2.66 min) and internal standard,
iso-butanol (3.06 min). For evaluating the accuracy of this
sample preparation method, triplicate samples of three
known ethanol concentrations were prepared and the errors

Fig.2 Fermentation with dilute 50 r 16
acid hydrolysate of G. elegans 45
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Fig.3 The steps involved in sample preparation by iso-butanol/ace-
tonitrile solvent mixture. Centrifuged fermented sample (a), 200 uL
of clear supernatant was transferred to new tube (b), 1800 uL of sol-
vent mixture was added to tube (c), mixture of sample and solvent
was centrifuged for by 10,000xg (d)
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Fig.4 The GC analysis of ethanol (a), acetonitrile (b), and iso-
butanol (c¢)

Table 2 Evaluating the solvents mixture method using three known
bioethanol concentration samples

Known sample Calculated conc. (W/v) Error (%)
conc. (W/v)
@) 1.050% 1.068 +0.043°¢ 1.745%
(ii) 0.550° 0.546+0.019* 0.739°
(iii) 0.300° 0.299+0.012° 0.460°

Values are represented as mean+SD. Values not sharing a simi-
lar superscript within the same column are significantly different
(p <0.05) as determined by ANOVA
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(%) were calculated (Table 2). A high accuracy was achieved
using this method, whereas the lowest error (0.460%) was
observed in sample with ethanol concentration of 0.3% w/v.
Maximum error (1.765%) was found in sample with 1.050%
w/v ethanol content.

Regardless of the developments in GC techniques, inject-
ing aqueous samples for GC analysis is a topic of great inter-
est, since the presence of water is hazardous to not only gas
chromatograph machine and capillary column, but it is also
capable of interrupting the results of the analysis. Minimisa-
tion of labour cost and time consumption of sample prepara-
tion is desired (Santos and Galceran 2002). For achieving
fast, simple and solvent-free operations, an effective, robust,
reliable sample preparation needs to be developed. The main
issue with water in GC samples is its large expansion vol-
ume. It starts in the injector, where the samples are vapor-
ised so that the analyses can be swept into the column by
the carrier gas, a problem known as back-flash (Kuhn 2002).
Another concern regarding the presence of high amount of
water in the samples is the interacting and bonding with the
stationary phase, consequently reducing the capillary col-
umn efficiency (de Zeeuw and Luong 2002). The presence of
water-soluble compounds in fermented samples such as plant
pigments, proteins, lipids (Palmqvist and Hahn-Hagerdal
2000; Hou et al. 2015) and fermentation additives (yeast
extract, meat peptone, vitamins, enzymes, etc.) are matters
of concern in the context of GC analysis. Generally, these
compounds are non-volatile and are retained in GC units,
mostly the injection chamber, column, and even detectors.

Applying this method resulted in the reduction of water
content to 10% of its initial content. Thus, with 1 uL sample
injection and a split ratio of 100:1 in split/splitless injec-
tor, a maximum amount of 1 nL of water could enter the
injection chamber and capillary column, which is ten times
lower compared to direct sample injection. Also, applying
this simple approach, fewer unwanted compounds would
pass through the GC machine, including the path of injec-
tion part, column, and detector. Thus, it would lead to the
increased life-span of capillary column and maintenance of
the system’s cleaner over injections. Last but not least, the
accuracy of measuring ethanol by this method is within an
acceptable range of R? in a standard plot (Fig. 5).

Conclusion

The agarophyte G. elegans has potential for use in bioetha-
nol production. However, in terms of economic viability,
more improvement in the fermentation technology must be
achieved to make it an industrially feasible feedstock for
bioethanol production. A novel approach to sample prepa-
ration for analysing ethanol in the fermented sample was
evaluated successfully in the present study, which enhances
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Fig.5 The standard curve of ethanol (data presented as mean+ SD:
n=4)

the accuracy of measurement and increased the life-span
of capillary column and gas chromatograph components.
The results showed that applying this method might gain
several advantages for analysis of bioethanol content in the
fermented mash by GC equipped with a capillary column.
This advantage is based on the decrease in amount of water
that passes through the capillary column, while still keeping
the accuracy of measurement, and also based on decreasing
the organic nutrients in the gas chromatographic samples by
sedimentation approach.
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