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Abstract Marine algae, which make up about 80% of the world’s living organisms, contain
many energy sources, such as sugars and lipids. Therefore, the possibility of utilizing
structural carbohydrates from marine algae for bioethanol production has been studied. In
order to obtain monosaccharides, Undaria pinnatifida, Chlorella vulgaris, and Chlamydo-
monas reinhardtii were used for the saccharification experiments. The pretreatment was
carried out by dilute acid hydrolysis and enzymatic treatment. To find the optimal
conditions, experiments were performed at several temperatures, acid concentrations, pH
conditions and durations. To test bioethanol production, several ethanolic E. coli W3110
strains, which were developed previously, were used. The maximum yield of bioethanol,
0.4 g ethanol/g biomass, was achieved with pretreated C. vulgaris and E. coli SJL2526,
derived from wild-type E. coli W3110 and which includes the adhB, pdc, galP, and glk
genes.

Keywords Marine algae . Bioethanol . Pretreatment . Ethanolic E. coli . Dilute acid
hydrolysis . Enzymatic treatment

Introduction

Global warming is a serious environmental problem affecting all living organisms.
Greenhouse gases, such as carbon dioxide, and emissions from using fossil fuels has been
discussed as the main contributors to global warming. To solve such issues, developing
alternative energy sources has become an international goal. Using bioethanol is an
effective way to decrease carbon dioxide emissions [1, 2]. Bioethanol is generated from
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biomass, which includes plants, microorganisms, and animal excretions. Compared to fossil
fuels, bioethanol emits less ozone, benzene, carbon dioxide and other harmful pollutants. It
is also easy to use biofuels as transportation fuels, but several hurdles remain before the
biofuel technology can be deployed on a commercial scale, such as low productivity and
price competitiveness [3]. The use of biofuel has drawn universal attention because of possible
global price increases for agricultural products because a large portion of biofuel feedstock is
land crops. Many researchers are searching for alternative biomass sources for the production of
bioethanol [1–3]. Lately, algae- or cellulose-based bioethanol has been suggested as the next
generation biofuel source [4].

The conversion of cellulose or algae biomass into ethanol has been receiving increasing
attention in recent years [1, 5, 6]. Lignocellulosic biomass hydrolysis is the most highly
developed saccharification method for bioethanol production. Over the past few decades,
the overall conversion of cellulosic materials into monosaccharides has been improved by
three different methods: physical, chemical and physicochemical. Physical methods were
generally basic and simple treatments, for instance, milling, chopping, grinding and gamma
irradiation, which can be done using industrial equipment. Chemical methods are the most
frequently used saccharification treatments for cellulosic biomass. In particular, acid and
alkali methods have been continuously developed for conversion of cellulosic material into
fuel ethanol [7, 8]. Physicochemical methods have been developed for lignin degradation.
Steam, liquid hot water, ammonia fiber explosion, and ammonia recycle percolation
treatments are performed at extreme conditions. Lignocellulosic biomass saccharification
techniques have been continually reformed and simplified [9]. Nevertheless, in most cases,
conversion of biomass into monosaccharides has been hampered by economic and safety
problems.

The ocean makes up 71% of the earth’s surface and accounts for 90% of the entire
ecosystem; by contrast, using marine resources are insufficient. The use of photosynthetic
marine algae instead of land crops is a promising new possibility for transportation fuel
[10–13]. Approximately 20–30% of marine algae biomass is made up of cellulose or starch,
and marine algae also contain various monosaccharides such as glucose, xylose, galactose,
and others [4]. These sugars can be extracted using two major saccharification methods,
namely, dilute acid hydrolysis and enzymatic pretreatment, and these sugars can also be
converted into bioethanol [7].

This research presents a comparison of saccharification conditions covering several
temperatures, acid concentrations, pH conditions and durations using three different algae
species. Additionally, to obtain bioethanol, several ethanolic E. coli W3110 strains, which
were developed previously, and sugars derived from algae pretreatment were used in
fermentation experiments. By suggesting marine algae as a biomass source and also by
improving the pretreatment methods, this study may provide important knowledge to the
alternative energy industry field.

Materials and Methods

Materials

Three different algae species, the macro algae Undaria pinnatifida, the marine micro algae
Chlorella vulgaris and the freshwater microalgae Chlamydomonas reinhardtii were used in
this study. U. pinnatifida was purchased from a local grocery store. It was milled in a
common blender for 5 min and was stored at room temperature. C. vulgaris was purchased

Appl Biochem Biotechnol (2011) 164:878–888 879



from Daesang Co., Seoul, Korea. C. reinhardtii was provided by Prof. Kwang-Hwan Jung
at Sogang University, Seoul, Korea. It was stored in a chamber at −40 C immediately after
it was harvested. Celluclast 1.5 L and Novozyme 188 were purchased from Sigma-Aldrich
Co. and were stored in a refrigerator at 4 C.

Bacteria used for Ethanol Fermentation

Escherichia coli (E. coli) SJL25, E. coli SJL2526, E. coli SJL27 and E. coli SJL2627 were
used to produce bioethanol. These different strains were designed to enhance the up-take
several sugars. E. coli SJL25, a recombinant strain derived from the wild-type E. coli strain
W3110, contains the adhB and pdc genes, which are overexpressed. Additionally, E. coli
SJL2526, derived from thewild-typeE. coli strain W3110, includes the adhB, pdc, galP, and glk
genes, which are overexpressed. E. coli SJL27 contains the adhB, pdc, and pgm genes, which
are overexpressed. E. coli SJL2627 overexpresses the adhB, pdc, pgm, galP, and glk genes.

Dilute Acid Hydrolysis

The dilute acid hydrolysis process used in this study had several steps. Samples of each of
the three different algae species were hydrolyzed in dilute H2SO4 (1–5% on 5% (w/v) dry
solid basis (v/v)) and were heated in an autoclave at 100–120 C. The treatment time was
120 min for C. vulgaris and C. reinhardtii and was 24 h for U. pinnatifida. The autoclaved
algae samples were cooled using coolant, and then the supernatant was collected by
centrifugation (4500 rpm, 10 min, from Vision scientific Co., Korea). The collected marine
algae samples were adjusted to pH 6.5–7.0 with CaCO3 before filtration. The filtration
process used a vacuum pump with a 0.2-μm cellulose membrane filter.

Enzymatic Treatment

Each of three different algae samples was soaked in citric acid, sodium citrate buffer (5%
dry solid basis, w/v) and autoclaved at 121 C for 15 min. Celluclast 1.5 L (4 ml per 100 g of
cellulose) and Novozyme 188 (2 ml per 100 g of cellulose) were added to the autoclaved
algae. The enzymatic treatment conditions were 35–55 C and pH 3.6–5.6 for 60 min.

Fermentation Experiment

Batch culture was carried out in a 5 L fermentor (Biotron Co., Korea) containing 2 L of LB
media with either 20 g/L of glucose or approximately 5 g/L of pretreated C. vulgaris sugar,
under the following conditions: pH 7.0, controlled by the addition 1 M NaOH; temperature,
37 C; air flow rate at 1 vvm; and agitation at 150 rpm.

The seed culture was grown in a 10-mL culture tube containing 3 mL of LBmedia to define
the mutants. For the batch cultures, a 500-mL shake flask containing 200 mL of LB media was
inoculated with 1 mL of seed culture, which was prepared by inoculation with a single colony
and incubation in a shaking incubator for 12 h at 37 C. All of the flask cultures were grown in a
rotary shaking incubator (Jeiotech Co., Korea) at 37 C and 170 rpm.

Analysis of Bioethanol and Pretreated Marine Algae Sugar Production

The amount of pretreated marine algae sugar produced was measured by HPLC with an
LC-10AT unit (Younglin Co., Korea) with an RI750F monitor (Younglin Co., Korea) and
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an HPX-87 C carbohydrate analysis column (300 mm×7.8 mm; Bio-Rad). DDW was used
as the mobile phase at 85 C and at a flow rate of 0.6 ml/min.

The supernatant taken from the culture medium of the batch fermentations was
analyzed for bioethanol content. The amounts of sugars and bioethanol produced were
measured by HPLC with an LC-10AT unit (Younglin Co., Korea) with an RI750F
monitor (Younglin Co., Korea) and an Aminex HPX-87H organic acids column
(300 mm×7.8 mm; Bio-Rad). Sulfuric acid (0.01 M) was used as the mobile phase at
55 C and at a flow rate of 0.6 ml/min. All solutions were filtered with a 0.2-μm
membrane before use. Supernatants were concentrated 20-fold prior to analysis by the
HPLC assay.

Results

Marine Algae Pretreatment

Dilute acid hydrolysis was carried out at various temperatures, at acid concentrations
and for different lengths of time. As shown in Table 1, only 0.075 g glucose/g biomass
was extracted from C. reinhardtii at 100 C, 5% sulfuric acid and 120 min. However,
0.12 g glucose/g biomass, 0.033 g xylose/g biomass, 0.047 g galactose/g biomass and
0.007 g fructose/g biomass were extracted from C. vulgaris at 110 C, 5% sulfuric acid
and 120 min. Additionally, 0.065 g glucose/g biomass, 0.002 g xylose/g biomass and
0.004 g fructose/g biomass were extracted from U. pinnatifida at 120 C, 5% sulfuric
acid, and 24 h. The three marine algae species had different optimal conditions.
Monosaccharides could not be extracted from C. reinhardtii under high temperature
conditions, that is, at temperatures greater than 110 C. The optimum conditions for C.
vulgaris were comparatively mild at 3% sulfuric acid and 105 min at 110 C, but U.
pinnatifida only produced monosaccharides after more sulfuric acid was added at 120 C
(see Fig. 1).

Enzymatic treatment was performed at several temperatures and pH conditions and for
different lengths of time to find the optimal conditions for enzyme degradation activity. Table 2
summarizes the results for the different enzymatic conditions. At 45 C, pH 4.6, and 60 min,

Table 1 Sugar contents of three different algal species after dilute acid hydrolysis

Temperature Acid concentrationa

(H2SO4)
Glucose
(g/g)

Xylose
(g/g)

Galactose
(g/g)

Fructose
(g/g)

C. reinhardtii 100 C 5% 0.075 n.d. n.d. n.d.

110 C 5% tr n.d. n.d. n.d.

120 C 5% tr n.d. n.d. n.d.

C. vulgaris 100 C 5% 0.064 0.004 0.012 0.003

110 C 5% 0.12 0.033 0.047 0.007

120 C 5% 0.14 0.042 0.031 0.006

U. pinnatifida 100 C 5% n.d. 0.006 n.d. n.d.

110 C 5% 0.003 0.009 n.d. 0.012

120 C 5% 0.065 0.002 n.d. 0.004

a Total volume per sulfuric acid (97%) concentration ratio
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Fig. 1 Glucose profiles of
three different algal species
during dilute acid hydrolysis;
C. reinhardtii at 100 C (a);
C. vulgaris at 110 C (b);
U. pinnatifida at 120 C (c)
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the enzyme activity was higher than for any other condition; under these conditions, 0.037 g
glucose/g biomass was extracted from C. reinhardtii, and 0.013 g glucose/g biomass was
extracted from U. pinnatifida. C. vulgaris had the highest enzymatic degradation yield, with
0.13 g glucose/g biomass and 0.006 g fructose/g biomass. In contrast to the dilute acid
hydrolysis experiments, the enzymatic degradation experiments revealed that the three different
algae species had same optimal conditions, but quantities of extracted monosaccharides were
less than those for dilute acid hydrolysis.

Bioethanol Fermentation

Batch culturing, which was done in 5-L fermentors containing 2 L of LB media with 20 g/L
glucose, was carried out using four different ethanolic E. coli W3110 strains. Other than
glucose, the fermentation medium did not contain any monosaccharides, and the four different
ethanolic E. coli W3110 strains consumed only glucose as the carbon source. Generally, the
acetate and lactate production rates were higher than ethanol production rate (see Fig. 2).

The maximum bioethanol concentration was achieved using E. coli SJL25, with a
concentration of 2.88 g/L. The lactate concentration of E. coli SJL25 was increased and the
acetate concentration was decreased compared to concentrations of the other strains. In
contrast, the acetate concentration of E. coli SJL2627 was increased and the lactate
concentration was decreased compared to the concentrations of the other strains (see Table 3).

Batch culturing, which was done in 5-L fermentors containing 2 L of LB media with 5 g/
L pretreated C. vulgaris sugar, was carried out using four different ethanolic E. coli W3110
strains. In contrast to the results obtained using 20 g/L glucose as the carbon source for
fermentation, E. coli SJL2526 and E. coli SJL2627 were able to consume glucose, galactose
and xylose as carbon sources when using pretreated C. vulgaris sugar, which contained
several monosaccharides, such as glucose, galactose, xylose and fructose, as the carbon
source. Generally, the acetate production rate was higher than the ethanol and lactate
production rates when using pretreated C. vulgaris sugar (see Fig. 3).

The maximum concentration of bioethanol obtained from pretreated C. vulgaris sugar
batch fermentation was achieved using the 0.6% pretreated C. vulgaris sugar batch
fermentation by E. coli SJL2526, with a concentration of 1.67 g/L. Additionally, the lactate
concentration of E. coli SJL2526 was increased and the acetate concentration was decreased
compared to the concentrations of other strains (see Table 3). Consequently, the maximum
yield of bioethanol when using pretreated C. vulgaris sugar batch fermentation was
achieved by E. coli SJL2526, with a yield of 0.4 g ethanol/g biomass. Compared to 2-L
fermentation with glucose as the carbon source, fermentation with C. vulgaris sugar
resulted in an ethanol yield that was slightly higher, about 0.01–0.17 g ethanol/g biomass;
the acetate yield was substantially higher, and the lactate yield was lower.

Table 2 Sugar contents of three different algal species after enzymatic pretreatment

Sugars (g/g) 35 C 45 C 55 C

pH 3.6 pH 4.6 pH 5.6 pH 3.6 pH 4.6 pH 5.6 pH 3.6 pH 4.6 pH 5.6

C. reinhardtii Glucose tr 0.012 tr 0.002 0.037 tr tr 0.003 tr

C. vulgaris Glucose 0.009 0.053 0.005 0.027 0.13 0.023 tr 0.013 tr

Fructose tr 0.005 tr tr 0.006 tr tr tr tr

U. pinnatifida Glucose 0.002 0.011 tr 0.01 0.014 tr tr 0.009 tr
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Discussion

In this study, saccharification of three different algae species was performed. Additionally,
bioethanol was produced using pretreated C. vulgaris sugar as the main carbon source and
mutated ethanolic E. coli as the fermentor.

The marine algae pretreatment in this study did show the same high level of sugar
production observed with other previously reported cellulosic biomass saccharification
methods [7, 8]. Dilute acid hydrolysis and enzymatic saccharification of cellulosic
biomass has been shown to have a maximum yield of about 0.5 g total sugar/g biomass
[7]. In contrast, the maximum yield obtained by marine algae saccharification was
approximately 0.25 g total sugar/g biomass, half of the cellulosic biomass saccharification
results. Marine algae contain a large amount of water, and pretreated marine biomass had
fewer monosaccharides than other lignocellulosic biomass sources. Nevertheless, marine
algae do not contain lignin, which has a complex and rigid structure; thus, the
saccharification method could be simpler for marine algae than for lignocellulosic
biomass. In this study, we found that the optimal conditions for C. vulgaris pretreatment
were 3% sulfuric acid (v/v) at 110 C for 105 min, as shown in Table 1, but the

Fig. 2 LB–glucose fermentation
experiments: a E. coli SJL25, b
E. coli SJL2526, c E. coli SJL27,
and d E. coli SJL2627. Filled
square cell growth; filled circle,
glucose; open diamond ethanol;
open left-pointing triangle ace-
tate, filled right-pointing triangle
lactate
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Fig. 2 (continued)

Table 3 Ethanol fermentation of glucose and pretreated C. vulgaris sugar

Strain Carbon
Source

OD
(600 nm)

Ethanol
concentration (g/L)

Acetate
concentration (g/L)

Lactate
concentration (g/L)

E. coli
SJL25

Glucose 8.84 2.88 4.63 7.25

Chlorella 10.83 1.28 3.46 2.04

E. coli
SJL2526

Glucose 7.54 2.38 5.20 5.33

Chlorella 14.29 1.67 3.76 0.42

E. coli
SJL27

Glucose 11.0 2.28 5.37 5.14

Chlorella 11.08 1.28 3.02 1.69

E. coli
SJL2627

Glucose 6.62 2.19 5.61 3.73

Chlorella 4.37 1.64 2.96 0.40
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pretreatment conditions for lignocellulosic biomass were complex and included extreme
steps, such as strong acid concentrations, long residence times and high temperatures [7,
9]. In order to obtain a high yield of algal monosaccharides, researchers interested in algal
biomass saccharification methods should try to develop economical and simple steps so
that it can be turned into an industrial process. Most importantly, dilute acid hydrolysis,
which was carried out using sulfuric acid, should be changed so that the reagents are
reusable. In saccharification using the enzymatic method, the price of the enzyme was
high, and the efficiency was below expectations, but enzymes are reusable and represent a
simple method for industrial applications. As a result, enzymatic treatment should be
improved instead of dilute acid hydrolysis, and new, more efficient enzymes must be
developed.

Bioethanol is generated from biomass, which is agricultural residue such as corn
stover, sugar cane, wheat straw, rice straw and other crops [8, 14]. In many previous
studies, the number of fermentation microorganisms was very limited, and the bioethanol
production rate was not high enough for commercialization [8, 9, 14–16]. For example,
bioethanol fermentation from wheat straw hydrolysate by the recombinant E. coli strain
FBR5 resulted in a maximum ethanol yield of only 0.24 g ethanol/g biomass [8].

Fig. 3 LB-pretreated chlorella
sugar fermentation experiments:
(A) E. coli SJL25, (B) E. coli
SJL2526, (C) E. coli SJL27, and
(D) E. coli SJL2627. Filled
square cell growth; filled circle
glucose; filled upright triangle
galactose; open inverse triangle
xylose; open diamond ethanol;
open left-pointing triangle ace-
tate, filled right-pointing triangle
lactate
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Therefore, in this study, we presented a new bioethanol production method. By utilizing
non-edible marine biomass and effective sugar up-taking ethanolic E. coli, a new
method for bioethanol production was developed. Consequently, in this study, bioethanol
fermentation from marine algae hydrolysate by E. coli SJL2526 resulted in a maximum
ethanol yield of 0.4 g ethanol/g biomass, which was about 0.15 g ethanol/g biomass
higher than that found in previous studies. The pretreated C. vulgaris sugar in this study
contained various sugars, such as glucose, galactose, xylose, etc. Additionally, the ethanol
production yield of E. coli SJL2526 was higher for the pretreated C. vulgaris sugar than for
glucose added by nearly twofold, considering that glucose was added at a concentration of
20 g/L and the pretreated C. vulgaris sugar was added a concentration of approximately 5 g/L
to a 2-L fermentation batch culture. Nevertheless, industrial bioethanol processes using algal
biomass still have a long way to go because of the current inefficient nature of the ethanol
fermentation process. Bioethanol fermentation scale-up research should be designed and
completed. Our experiments on bioethanol fermentation using marine algae experiments,
which achieved a yield of 0.4 g ethanol/g biomass, demonstrate the possibility of extended
application to commercial production processes.

Fig. 3 (continued)
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Conclusion

This research compared saccharification conditions including several temperatures, acid
concentrations, pH conditions and different periods of time using three different algae species,
C. reinhardtii, C. vulgaris, and U. pinnatifida. Pretreatment was carried using dilute acid
hydrolysis or enzymatic treatment. Additionally, to obtain bioethanol, several ethanolic E. coli
W3110 strains, were E. coli SJL25, E. coli SJL2526, E. coli SJL27 and E. coli SJL2627, were
used, and algae pretreatment sugars were used for fermentation experiments. The maximum
yield of bioethanol when using pretreated C. vulgaris sugar batch fermentation was achieved
with E. coli SJL2526, with a yield of 0.4 g ethanol/g biomass.

The results of this study demonstrate the potential of marine biomass and also
demonstrate the ethanol productivity of pretreated C. vulgaris sugar using an efficient
marine algae saccharification method. This study suggests new possibilities in the bio-
energy-producing field using microorganisms.
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