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Abstract

In order to evaluate the possibility of bioethanol production from marine algae, (Ulva rigida
C. Agardh), the fermentability of sugar hydrolysate acid of algal biomass, as a substrate, was
investigated. Pachysolen tannophilus Boidin & Adzet, and Zymomonas mobilis (Lindner) De
Ley & Swings were compared as fermenting microorganisms. The fermentation experiments
were carried out in Erlenmeyer flasks maintained in a rotator shaker at 30°C and 120 rpm for
96h. It was shown that the hydrolysates presented different fermentability capacities. Ethanol
yield obtained were 0.2 and 0.3 g/g of (sugar consumed) for respectively Z. mobilis and P.
tannophilus strains in the same order. Under the optimized fermentation conditions, the
method adaptation was an important strategy to improve ethanol productivity, allowing a
maximum ethanol yield of 0.37 g/g for P. tannophilus. These preliminary results indicate a
potential use of the macroalgae namely U. rigida for bioethanol production.

Keywords: Ulva rigida, hydrolysate, fermentation, bioethanol, Pachysolen tannophilus, Zymomonas mobilis, adaptation.

Introduction

Climate change, depletion and
escalating price of petroleum, fuel security
and economic development have led to
search for replacing nonrenewable fossil
fuel by a sustainable and eco-friendly
renewable energy (Foody B, 1988; Bai et
al., 2008). Bioethanol has been considered
as a candidate of alternative energy of
fossil resources (Farrell et al., 2006).
Indeed, it is a clean alternative fuel source
due to its low toxicity, biodegradability,
and its ability to effectively blend with
petrol/gasoline  without any  engine
modification (Harun et al., 2010).

Bioethanol has been produced from
agricultural feedstock and lignocellulosic
biomass in many countries (Demirbas,
2005; Nigam et al., 2011). The production
of bioethanol from sugars and starch-
containing materials (first generation of
ethanol) could interfere with food security.
Conversely, the second generation of
bioethanol, using lignocellulosic materials
as feedstock, would be without direct
negative impact on food resources,

although it may indirectly use agricultural
lands (Harun & Danquah, 2011). Due to
the recalcitrant structure of lignocellulosic
materials, the delignification of biomass is
still a barrier that must be overcome before
the commercialization of the second-
generation bioethanol (Gupta et al., 2009;
Shafiei et al., 2013; Kim & Kim, 2014).
Otherwise, the third-generation bioethanol,
derived from macroalgae, has recently
been considered a promising source of
bioethanol ~ whilst  avoiding  major
disadvantages associated to the production
of first- and second-generation bioethanol
(Goh et al., 2010; john et al., 2011).
Marine  algae are attractive
renewable energy resources due to their
abundance, high photosynthetic efficiency
(Luning & Pang, 2003), and lignin-free
composition (Jones & Mayfield, 2012).
They do not require arable land, fertilizer,
or fresh water, and consequently, they
would not compromise food supply or
cause an environmental major problem
(John et al., 2011). Marine algae are
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classified into three broad groups based on
pigmentation: Brown (Phaeophyceae), red
(Rhodophyceae) and green
(Chlorophyceae) algae. Green algae, in
particular Ulva species, are considered
opportunistic seaweeds and proliferate in
eutrophicated coastal waters (Teichberg et
al., 2010; Borowitzka, 1972). They have
traditionally been a part of local diets due
to their high nutritional value (Bobin
Dubigeon et al., 1997). Ulva spp. are used
as food in Japan, and a source of the
commercialized product “Aonori” or
“green laver” (Nisizawa et al., 1987). At
present, the potential use of these algae is
still poorly explored (Chattopadhyay et al.,
2007), and the Ulva species are
commercially important in terms of
hydrocolloids, but they are an important
source of complex polysaccharides
(Hernandez-Garibay et al., 2011).

The green algae contain various
types of glucans, polysaccharides which
can be hydrolyzed to fermentable sugars
(Percival, 1979). Many sugars are not
freely available and belong to the structural
and storage carbohydrates, and
consequently the acid hydrolysis is widely
used to release fermentable sugars with
maximum yield and purity (Moiser et al.,
2005; Chandel et al., 2007a,b). In this
regard, the resulting hydrolysate contains
varying amounts of reducing sugar and
broad range of substances due to the

Materials and methods
Raw materials

The biomass of U.
rigida (Chlorophyceae) was
harvested in  September
2012 from the Tetouan
coastal region, Azla,
Morocco (Figure 1). The
macroalgae species (Ulva
rigida C. Agardh) was
kindly identified by Pr.
Riadi Hassan and Pr.

Kazzaz Mohamed
(Laboratory of Diversity
and Conservation,

reaction of by-products from sugar and
lignin degradation (furans, phenols and
organic acids...). Many of these substances
are known to inhibit the ethanol producing
microorganisms  in  the  subsequent
fermentation steps (Almeida et al., 2007;
Jonsson et al., 2013). To circumvent the
negative effects of acid pretreatment, the
detoxification process and the adaptation
methods, have been proposed to improve
the ethanol fermentation (Prekha et al.,
1986; Parawira & Tekere, 2010). The
Fermentation process is the decomposition
of organic compounds into simpler
compounds attended by microorganisms
(Hogg, 2005). Microorganisms such as
bacteria and yeasts have the capability to
ferment sugars for the production of
bioethanol. =~ The yeast Pachysolen
tannophilus (Fanta et al., 1984; Seo et al.,
2009) and bacterium Zymomonas mobilis
(Roger et al., 1997; Kasthuri et al., 2012)
are widely wused for fermentation of
biomass hydrolysate.

In this context, the objective of this
paper is to investigate the possibility of
using the macroalgae U. rigida as raw
materials for ethanol production by
fermentation. Since the hydrolysates
produced from this marine biomass contain
reducing sugars, the ability of (P.
tannophilus and Z. mobilis) to metabolize
their sugars and convert them to ethanol
was evaluated and compared.

Abdelmalek Essaadi University, Morocco). After washing
with tap water to remove salt and debris, it was dried in an
oven at 60°C for 24h and ground into powder using a
blender.

Figure 1. U. rigida from sea to laboratory.
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Bioethanol fermentation of U. rigida
hydrolysate
Acid hydrolysate preparation

The hydrolysis reaction of 10 % (by
mass per volume) of green algae was
conducted using 4 %( v/v) H,SO, (95-
97%, d=1.83) for a final volume of 180 ml,
and heated in an autoclave at 120° C for 1h
according to El harchi et al. (2015). The
resulting hydrolysate was neutralized with
NaOH pellets (pH to 7), and separated
from the insoluble residues by filtration.

Then, 120 ml of the hydrolysate
were supplemented with yeast extract, 10
g/l and peptone, 10 g/l, pH=6 (medium for
P. tannophilus fermentation). In addition,
60 ml were supplemented with 10 g/l yeast
extract, 1 g/l KHPO,, 05 g/l
MgSO4,7HZO and 1 g/l (NH4)2804 pH:6
(medium for Z. mobilis fermentation). A
volume of 30 ml of hydrolysate was placed
in six Erlenmeyers of 125 ml designed for
anaerobic fermentation (four flasks for
parent and adapted strain of P. tannophilus
and two flasks for the bacterium Z.
mobilis). Afterward, the hydrolysate was
sterilized at 111°C for 15 min, and after
cooled in room temperature.

Culture conditions and yeast adaptation

The Z. mobilis CP4 was gently
supplied by Pr. Anna Irini Koukkou,
University of loannina, Greece. The
bacterial strain was grown at 30°C and 120
rpm in the synthetic medium fermentation
(SMF) which contained the following
ingredients (in g/l): glucose (20), yeast
extract (10), KH,PO,4 (1), (NH4)2SO4 (1),
MgSQ,.7H20 (0.5). This medium was
sterilized by autoclaving at 121°C for
15 min before use.

The P. tannophilus MUCL 27787
was generously supplied by Pr. Philippe
Thonart, University of Liege, Belgium, and
used in this study as ethanol producer. The
strain culture was performed in a 125 ml
Erlenmeyer flask with 30 ml of YEPD
medium (yeast extract, 10 g/l; peptone, 10
g/l; glucose, 20 g/l) in a shaking incubator
at 30°C and 120 rpm. Media were
sterilized by autoclaving at 120°C for

15 min. The culture was maintained at 4°C
and renewed every five weeks.

P. tannophilus was adapted against
U. rigida acid hydrolysates. Adaptation
procedure was performed by sequentially
transferring and growing cells in media
containing the hydrolysate. This method
utilizes the microorganism of each
experiment as the inoculum of the next
one. A concentration of 5% (v/v) of the
strain culture in the YEPD medium was
added to fermentation media which
contains macroalgae hydrolysate (prepared
in the same condition above). Incubation
lasted 16 h with agitation at 120 rpm and
30°C. A 5% of the broth was then sub-
cultured into the hydrolysate fresh media
and incubated for the second adaptation
cycle. This cycle repeated until 10 times to
obtain ‘adapted strain’.

Ethanol fermentation experiments

The hydrolysate obtained from acid
hydrolysis process was wused as a
fermentation medium for bioethanol
production. Strains were first activated in
YEPD broth and hydrolysate for parent
and acclimated yeast and in medium SMF
for the bacteria Z. mobilis respectively in a
shaking incubator at 120 rpm, 30 °C.

Each two  flasks, prepared
previously, were aseptically inoculated
with 5% (v/v) of seed culture of parent and
adapted yeast and the bacterium strain
respectively to achieve an initial optical
density of 0.1 absorbance units at 600 nm.
The fermentation hydrolysates were
incubated at 30 °C and agitated at 120 rpm
for 4 days.

During the fermentation process,
sample was withdrawn from the media and
centrifuged, and the supernatants were
filtered through a 0.45 mm cellulose
acetate filter prior to analysis. The cell
concentration was determined by dry cell
weight. The amount of bioethanol and
residual reducing sugars were estimated by
using the Boehringer Mannheim enzymatic
kit reference number 10139068035 and
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DNS method respectively (Miller, 1959).
Assays were performed in duplicates.

Calculation of Kinetic and Yield Parameters

The ethanol yield (Ygs, g/g) was
defined as the ratio of the maximum
ethanol concentration (g/lI) to the total

calculated as the maximum ethanol
produced divided by the time to achieve
maximum ethanol production (h). The
fermentation efficiency (FE, %) was
calculated by the ratio of the average
produced ethanol to the ethanol
theoretically produced in the biochemical

sugars consumed (g/l). The ethanol
volumetric productivity (Qp, g/l h) was

Results and Discussion

The acid hydrolysate from U. rigida was
readily fermented to ethanol by using parent and
adapted P. tannophilus yeasts. As shown in fig.2,
significant differences in the ethanol production
profiles were observed between strains.
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Figure 2. Ethanol production from hydrolysate derived from U.
rigida using P. tannophilus strain. (A) Non-acclimated P.
tannophilus (Parent) and (B) acclimated P. tannophilus yeast to
hydrolysate. Data represents the average results of duplicate
fermentations with error bars displaying the standard deviation
from the mean. For data points without errors bars, the errors
were smaller than the size of the symbols.

conversion of the sugars consumed.

At the beginning of
fermentation, the  reducing
sugars (34 g/l) in the
fermentation  medium  were
decreased and coincide with an
increase of cells growth and the
ethanol production (Figure 2A).
This is due to the use of sugars
by cells for their growth and
ethanol synthesis. At 48 h of
fermentation, the sugar depleted
and the ethanol reached its
maximum concentration
(9.26 g/l), with a yield of 0.3 g
ethanol/g sugar consumed and a
fermentation  efficiency  of
53.3%. As the fermentation
period increases, the ethanol
level decreased approximately,
while cells continued growing.
This  behavior may  be
attributable to the utilization of
sugars  for  growth  and
metabolism.

The cells mass
production was higher in adapted
strain than found in parent one
(Figure 2B). It should be noted
that during hydrolysis process, a
range of toxic compounds (lignin
and sugars degradation products)
are formed and inhibited ethanol
fermentation (Klinke et al.,,
2003). Our results showed that
after several fermentation cycles,
the adapted yeast resistance
against  existent inhibitory
compounds present in the
fermentation broth has increased.
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In addition, the
consumption  of  reducing
sugars was faster than parent
strain and all sugars had been
completely utilized after 24 of
inoculation,  coinciding an
ethanol concentration  of
11.92 g/l, an ethanol yield of
0.37 g/g sugars consumed and
a fermentation efficiency of
68,8%. The adaptation of the
hydrolysate detoxification
method seems to increase the
fermentative competence and
give a better yield of ethanol.
The resulting yield of ethanol
was lower than of previous
studies. Ismail et al. (2012) and
Beall et al. (1992) have
reported yields of ethanol from
0.475 g/g to 0.51 g/g for the
fermentation of the Wheat
Straw and corn cobs, and hulls
acid hydrolysate respectively.
In other studies using green
algae, Trivedi et al. (2013), Ge
et al. (2011), and Wu et al.
(2014) obtained an ethanol
yield of 0.45 g/g from U.
fasciata, 0.44 g/g from
Laminaria japonica and of
0.47g/lg from hydrolysate
Gracilaria spp.

For the strain Z.
mobilis, the sugar and ethanol
concentration changed during
fermentation  process. The
reducing sugar concentration
was 34 g/l at the start of
fermentation and the
concentration of  ethanol
increased proportionally to the
gain of fermentation time and
bacterium biomass. As shown
in the Figure 3, the
fermentation time extension

Conclusion

The results of the present study
showed a significant potential of U. rigida

from 2 to 4 days had no effect on converting the sugar
to ethanol, and biomass was continuously increasing in
the broth. The maximum ethanol production was 6 g/l
obtained after 48h of incubation.
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Figure 3. Ethanol production by Zymomonas mobilis CP4 on
Ulva rigida hydrolysate. Data represents the average results of
duplicate fermentations with error bars displaying the standard
deviation from the mean.

The resulting yield of ethanol was equivalent to
0.207 g/g of sugars consumed with ethanol volumetric
productivity and fermentation efficiency of 0.125 g/l/h
h and 34.6 % respectively. The results are comparable
with previous studies. Using the acid hydrolysate from
the seaweed Kappaphycus alvarezii, Meinita et al.
(2012) reported an ethanol yield of 0.21 g/g. Ferreira
et al. (2011) reported a yield of 0.19 g/g from bagasse
hydrolysate. Using Rice Straw hydrolysate and the
yeasts cells Kocher & Kalra (2013) obtained an
ethanol yield of 0.11 g/g when fermented by the yeasts
cells. However, the ethanol yield achieved in this
study (0.21g/g) was considerably lower than that
reported by Kumar et al. (2013), i.e. 0.43 g/g from the
residue of Gracilaria verrucosa. Parekh et al. (1986)
have found an ethanol yield of 0.45 g/g using the wood
hydrolysate. The resulting overall low ethanol
production may have basis in the presence of
substantial amount of fermentation inhibitors in the
popular hydrolysates (sugar and lignin degradation
products) which inhibited the growth and fermentation
activity of the bacteria. Also, this poor fermentability
should be attributed to the some sugars as pentose
sugars that not readily fermented by the Z. mobilis
CP4 (Zhang et al., 1995).

as a promising raw material for bioethanol
production. It was concluded that the
adapted yeast showed a better efficiency
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than the non-adapted one, considering
fermentation yield and time required for
the process. Fermentation of acid
hydrolysate by adapted yeast cells generate
a maximum ethanol (11.92 g/L) with an
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