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Abstract As a potential source of biomass supplies,
cassava (Manihot esculenta Crantz) has been studied for
bioethanol production, but not for the production of
biodiesel. In this study, we used cassava hydrolysate as an
alternative carbon source for the growth of microalgae
(Chlorella protothecoides) which accumulated oil in vivo,
with high oil content up to 53% by dry mass under a 5-L
scale fermentation condition. The oils were extracted and
converted into biodiesel by transesterification. The biodiesel
obtained consisted of mainly unsaturated fatty acids methyl
ester (over 82%), cetane acid methyl ester, linoleic acid
methyl ester, and oleic acid methyl ester. This work suggests
the feasibility of an alternative choice for producing biodiesel
from cassava by microalgae fermentation. We report here-
with the optimized condition for the fermentation and for the
hydrolysis of cassava as the carbon source.
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Introduction

In response to the commercialization of transport biofuel
amid global petroleum crisis, biodiesel and bioethanol have

Y. Lu Y. Zhai
School of Life Sciences, Tsinghua University,
Beijing 100084, People’s Republic of China

M. Liu
ENN Science & Technology Development, Ltd.,
Langfang, Hebei Province 065001, People’s Republic of China

Q. Wu (1)

School of Life Sciences, Tsinghua University,
Beijing 100084, People’s Republic of China
e-mail: qingyu@mail.tsinghua.edu.cn

gained increasing attention (Antoni et al. 2007). As
renewable and biodegradable fuel, biodiesel is usually
produced from either animal fat or oil crops, such as
soybean, corn, rapeseed, palm, and castor bean (Bernardes
et al. 2007). Nevertheless, these materials are not econom-
ically feasible because of low oil yield and high demands
on land, water, and fertilizer.

Biodiesel from microalgae is being considered as
promising biofuel, as microalgae have fast growth rate
and high photosynthesis efficiency. They can also be
industrially cultivated (Miao and Wu 2005). However,
biodiesel production from microalgae is not economically
feasible since rapid-growing cells contain less oil, whereas
those cells accumulating high oil content show little growth
ability. To address these biological and technical chal-
lenges, we propose a new approach to biodiesel production
by a heterotrophic fermentation process which produces
maximum amounts of algal biomass rich in oil. This
concept is supported by our previous studies with Chlorella
protothecoides (Xu et al. 2006), which was able to convert
organic carbon into microalgal oil with high oil content
(Xiong et al. 2008).

Compared with ethanol production by yeast fermenta-
tion, microalgae accumulate oils as intracellular products by
utilizing an organic carbon source. In biofuel production,
lower price of raw material means less cost of oil
production. Accordingly, Jerusalem artichoke, sugar cane,
sweet sorghum, and corn powder have been studied as
alternative carbon sources for biodiesel production (Cheng
et al. 2008, 2009; Gao et al. 2009; Xu et al. 2006). Cassava
has been used for producing hydrocyanic acid, ethanol, and
feedstuffs (Fujio et al. 1985). It is also well known for its
tolerance to abiotic stress (Koch et al. 1994). Its adaptation
to industrialization of biofuel and high biological efficiency
are as important as reducing procreative cost (Vries et al.
1967). In addition, the tuberous roots of cassava can be
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harvested within 6 to 24 months depending on cultivating
conditions (Cock et al. 1985). These characteristics prevent
further occupation of farmlands. Nevertheless, utilizing
cassava for large-scale production of biodiesel has not been
previously reported.

This study utilized cassava starch as an alternative
carbon source in batch and in 5-L fed-batch culture to
produce high oil yield in C. protothecoides. Then, the
biodiesel from algal oil using cassava as original feedstock
was prepared. The application of this approach for large-
scale fermentation to produce biodiesel is discussed.

Materials and methods

The strain of Chlorella protothecoides sp. 0710 was
originally obtained from the Culture Collection of Algae
at the University of Texas (Austin, Texas, USA) and then
screened in the Laboratory of Microalgal Fermentation and
Bioenergy at Tsinghua University, Beijing, China. The
basal culture medium composition was: KH,PO,4 0.7 g Lt
K,HPO,4 0.3 g L', MgSO47H,0 0.3 g L', FeSO,-7H,0
3 mg L', glycine 0.1 g L™', vitamin B, 0.01 mg L™", A5
trace mineral solution 1 mL L™". Different concentrations of
glucose or other carbon sources were added to the basal
culture medium.

Preparation of hydrolysates Cassava starch was bought
from Roi Et Flour Co., Ltd, Thailand. It was mixed with
distilled water to obtain the 5%, 10%, and 20% (w/w)
cassava starch solution. These solutions were gelatinized at
60—-69°C with continuous stirring until they were fully
preheated and dispersed. Based on the dissolution degree
observed, we chose the optimal substrate concentration for
enzymolysis reaction.

The 3° factorial experiments were designed to find the
shortest time of enzymolysis reaction (Table 1). The two
factors were liquefaction pH (A, at pH 5.5 (—1), 6.5 (0) and
7.5 (+1)) and saccharification pH (B, at pH 3.5 (-1), 4.5 (0)
and 5.5 (+1)). In each parallel experiment, the starch
solution was liquefied with alpha-amylase (2,000-5,000 U,
Genencor CO, enzyme:substrate=0.001:1 (w/w)) at 60+2°C
and pH 5.5-7.5. Then, it was saccharified by glucoamylase
(100,000 U, Genencor CO., enzyme:substrate=0.02:1  (w/
w)) at 60+£2°C and pH 3.5-5.5. The iodometric and alcohol
methods were used for confirming the end point of
liquefaction and saccharification, respectively. All enzymes

were inactivated at 100°C at the end. The concentration of
reducing sugar in cassava starch hydrolysate (CSH) was
measured by the 3,5-dinitrosalicylic acid (DNS) method
(Miller 1959) to calculate the hydrolysis rate. The prepara-
tion of corn powder hydrolysate (CPH) was as reported
previously (Xu et al. 2006).

Shake-flask cultivation Basal medium with 10 g L'
glucose was used as control. CSH medium and CPH
medium with 10 g L' reducing sugar was prepared by
adding CSH and CPH solution in basal medium, respec-
tively; 2 g L' yeast extract (YE) was added to these media
as a nitrogen source and growth factor (Xiong et al. 2008).
Chlorella protothecoides in exponential phase was inocu-
lated (2.5%, v/v) into media (200 mL medium in 500 mL
shake-flask) and heterotrophically cultivated in shake-flasks
at 28+0.5°C, 220 rpm. The biomass concentration and oil
content were measured to determine the effects of CSH and
CPH on cultivation.

Lab-scale fermentation CSH was used as substrate with the
initial reducing sugar concentration at 30 g L™ in a 5-L
bioreactor and 2 g L™ YE was mixed with the CSH in both
medium and supplement. All of those were added to the
basal media and sterilized at 112°C, 0.12 MPa for 30 min.
The original conditions of fermentation were: fermentation
temperature 28+0.5°C, pH 6.3, pO, 100%, agitation speed
300 rpm. The concentrated CSH and YE solution were
batch-fed. During fermentation, all parameters were con-
trolled by computer except the reducing sugar. The
concentration of reducing sugar was controlled in the range
of 8-25 g L' manually by batch-feeding, and the details of
the culture conditions were as described previously (Xiong
et al. 2008). The dissolved oxygen concentration (pO,) was
kept over 20% by modulating agitation speed and airflow.

Monitoring of cell growth, reducing sugar consumption
Algal biomass was harvested and weighed after lyophiliza-
tion to determine the final biomass. Cell growth was
measured by optical density at 540 nm (Becker 1994).
Samples were diluted to an appropriate concentration to
keep the ODs40 between 0.2 and 0.8. The dry cell weight
corresponded to ODs4o by the regression equation: y=
0.4155x (R*=0.9933, P<0.05), where y (g L") is the dry
cell weight, x is the absorbance. The concentration of
residual sugar was monitored at regular intervals by the
DNS method.

Table 1 Design of 3? factorial

experiments Serial number 1 2 3 4 5 6 7 8 9
pH of liquefaction® -1 -1 -1 0 0 0 +1 +1 +1
*5.5(- +
5:5(1), 6:5(0), and 7.5(+1) pH of saccharification” -1 0 +1 -1 0 +1 -1 0 +1

> 3.5(-1), 4.5(0), and 5.5(+1)
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Determination of oil content Cells were collected by
centrifugation and lyophilized. Oil content was analyzed
by time-domain nuclear magnetic resonance (NMR) using a
Bruker Minispec MQ20 NMR Analyzer (Bruker, Germany)
with a 35-mm absolute probe, at resonance frequency of
19.95 MHz (Gao et al. 2008).

Oil extraction and biodiesel preparation by transesterifica-
tion Total oils were extracted by the Soxhlet method with
n-hexane (Schifer 1998). The volume of n-hexane used
should ensure that liquid could reflux during each cycle by
heating bath at 80+2°C for 16 h. Then the solvent-solute
combinations were evaporated by rotary evaporation (N-
1000, Eyela, Japan) at 40+£2°C until no more distilling
solvent was collected. Alga-based biodiesel was prepared
by transesterification of the algal oil with the following
parameters: oil:methanol=1:56 (by molar), lipid:catalyst=
1:1 (w/w), at 30°C for 4 h (Xu et al. 2006).

Composition analysis of biodiesel The composition of the
biodiesel produced from the extracted algal oil was
analyzed by GC-linked mass spectrometry (GC-MS).
Dual-stage quadrupoles GC apparatus (Thermo, USA) was
equipped with a Varian VF-5ms column (30 mx0.25 mm
ID DF=0.25 pum) and with a flow rate of 10 mL min .

Results
Hydrolysis of cassava starch

As a raw material, cassava starch was gelatinized by
pretreatment in heated water so that it can interact with
enzyme more directly. Effect of gelatinization was deter-
mined by the viscosity of the solution, which was
associated with the initial concentration of cassava starch
in the solution. It was observed that groups 5% (w/w) and
10% (w/w) were completely gelatinized while there was

still some insoluble substrate in the 20% (w/w) group. Thus,
the suggested starch substrate concentration for gelatiniza-
tion in the laboratory is 10% (w/w). The total enzymolysis
time was the sum of liquefaction and saccharification time.
The shortest total enzymolysis time at liquefaction pH 6.5
and saccharification pH 3.5 was 285 min (Table 2). In
summary, the optimal reaction condition was as follows:
10% (w/w) cassava starch solution was incubated at 60—
69°C for 30 min, and alpha-amylase (alpha-amylase:
cassava starch=0.001:1, by weight) was added at pH 6.5,
maintaining 60+2°C for 45 min, and then glucoamylase
(glucoamylase:cassava starch=0.02:1, by weight) was
added at pH 3.5, maintaining 60+2°C for 240 min. The
shortest reaction time (285 min) was achieved at a
liquefaction pH 6.5 and a saccharification pH 3.5, resulting
in a hydrolysis ratio as high as 97.5+1.5%. The results
obtained under the optimal reaction condition in lab could
supply enough reducing sugar for the cultivation of algal
cells in heterotrophic growth.

Shake-flask cultivation of heterotrophic C. protothecoides
with CSH

In order to study the effect of using cassava starch for alga-
fermentation-based biodiesel production, comparison
experiments in shake-flask cultivation using glucose,
CPH, and CSH were conducted. It took 128, 120, and
100 h to reach the maximum cell density (concentration of
biomass) in glucose, CPH, and CSH medium, respectively.
Concentration of biomass both in CPH and CSH medium
exceeded 4 g L' whereas it was less than 4 g L' in
glucose medium (Fig. 1, Table 3). Either CPH or CSH
medium performed better than glucose medium for hetero-
trophic growth of C. protothecoides perhaps because
glucose is a purified substance with limited nutrition. Our
previous study (Xu et al. 2006) and results of the shake-
flask experiments also indicate that there are probably some
beneficial growth factors in CSH and CPH. The experi-

Table 2 Effects of pH on

enzymolysis reaction time pH (liquefaction/ Liquefaction Saccharification Total reaction
saccharification) time (min) time (min) time (min)
5.5/3.5 95 240 335
5.5/4.5 95 300 395
5.5/5.5 95 330 425
6.5/3.5 45 240 285
6.5/4.5 45 300 345
6.5/5.5 45 330 375
7.5/3.5 110 240 350
7.5/4.5 110 300 410
7.5/5.5 110 330 440
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mental data sets including cell growth rate and oil yield were
compared further (Table 3). They showed that the oil yield
rate of algal cells in CSH medium was higher than that in

reducing substrate restriction to a minimum and increasing
biomass yield.

The fermentation using C. protothecoides is shown in
Fig. 2. The biomass concentration reached a maximum of
53.6 g L™" after 168 h fermentation. The cell growth rate was
7.66 g L™ day !, which is over nine times higher than that in
shake-flask cultivation (0.82 g L™ day ). In comparison
with our previous fermentation studies, both biomass and oil

Table 3 Effects of glucose,
CPH and CSH on cell growth,
oil content, and oil yield

Components Substrate

Glucose CPH CSH
Maximum biomass concentration (g L") 3.39+0.14 4.67+0.11 4.26+0.18
il content (%, w/w) 47.7£0.9 39.9+0.5 50.2+0.6
0il yield (g L™ 1.6240.12 1.86+0.06 2.14+0.11
Cell growth rate (g L 'day ") 0.66+0.03 0.90+0.02 0.82+0.03
0il yield rate (g L' day ') 0.31+0.02 0.36+0.01 0.41+0.02
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Table 4 Effects of CSH and glucose feeding on heterotrophic cultivation in 5-L reactor

Substrate Maximum biomass Oil content (%, w/w) 0Oil yield (g L™ Biomass yield
concentration (g L") rate (g L 'day ')

Glucose” 51.20 50.3 25.75 7.31

CSH 53.64 53.0 28.43 7.66

?Data from Xiong et al. (2008)

yield using CSH as feedstock in a fed-batch system in this
study were even higher than those using glucose (Table 4).
We conclude that use of CSH in high-density fermentation of
heterotrophic C. protothecoides is probably feasible to
realize alga-fermentation-based biodiesel production at an
industrial scale.

Composition of biodiesel

Biodiesel was produced from the heterotrophic C.
protothecoides oil by acid transesterification. The compo-
sition of the biodiesel analyzed by GC-MS showed that
there were three main fatty acid methyl esters including
cetane acid methyl ester (C;;H340,), linoleic acid methyl
ester (C19H340,), and oleic acid methyl ester (C;9H3505).
These components made up more than 90% of the total
biodiesel. Some minor methyl esters were also detected
(Table 5). The components implied that biodiesel pro-
duced from CSH was similar to that of glucose feeding,
which had been characterized as having a heating value of
41 MJ kg, a density of 0.864 kg L™', and a viscosity of
5.2x107* Pa s (at 40°C; Xu et al. 2006). The quality of
biodiesel product from heterotrophic microalgal oil using
CSH as feedstock is good enough for application in
transportation or industry instead of fossil diesel fuel.

Discussion

Heterotrophic algae are currently considered as a promising
potential feedstock for biodiesel, since oil is rapidly
accumulated in these cells. In the present study, C.
protothecoides was fed by CSH for efficient biodiesel
production. As shown in Table 3, an average oil yield rate
of 0.41+0.02 g L' day ' in shake-flask culture was
achieved. This is much higher than that of photoautotrophic
algae (eustigmatophyte Nannochloropsis sp.), which ranges
from 0.055 to 0.061 g L' day ' in 250-mL flask culture
(Rodolfi et al. 2009).

Nevertheless, one of major obstacles for producing
biodiesel from heterotrophic algae is the high dependence
of carbon substrates, which account for about 80% of the
total medium cost (Li et al. 2007). Thus, an economically
acceptable and environmentally sustainable carbon source
for alga-fermentation-based biodiesel is urgently needed. In
the present study, hydrolysis of cassava starch to yield
fermentable sugar was investigated as a possible strategy.

As a starch-rich material, cassava can be harvested in
infertile soil and cultivated easily in tropical zones. After more
than 10 months the yield of its fresh root is 18.9-27.1 t ha™
and that of root dry matter is 5.10-9.16 t ha ' by using new
technologies (Lenis et al. 2006). Due to these characteristics,

Table 5 Components of
biodiesel produced from CSH
and glucose feeding

Components

Fatty acid methyl ester content (%)

CSH Glucose®
9-Octadecenoic acid methyl ester (C;9H3605) 71.25 60.84
9, 12-Octadecadienoic acid methyl ester (C;9H340,) 13.59 17.28
Hexadecanoic acid methyl ester (C;7H340,) 8.47 12.94
Octadecanoic acid methyl ester (C;9H350,) 5.14 2.76
2,4-Bis(1,1-dimethylethyl)-phenol (C;4H,,0) 0.53 nd
Heptadecanoic acid methyl ester (C,3H360,) 0.44 0.89
2-Hexyl-cyclopropaneoctanoic acid methyl ester (C;gH340,) 0.30 nd
Eicosanoic acid methyl ester (C,;H4,0;) 0.27 0.35
Methyl tetradecanoate (C;sH300;) nd 1.31
11-Eicosenoic acid methyl ester (C,;H400;) nd 0.42
nd not detected 10-Nonadecenoic acid methyl ester (C;oH350,) nd 0.36

#Data from Xu et al. (2006)
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limited agricultural resources will not be further occupied
during cassava starch production. Moreover, cassava is both
a staple crop for over 105 countries and the cheapest source
for more than 300 starch-based products. It is reported
(United Nations Food and Agriculture Organization 2008)
that cassava is the fourth most important cash crop widely
grown in tropical Africa, Asia, and Latin America, with an
annual production of approximately 238.2 million t (fresh
weight) in 2008. Possibly, when there is a fine balance
between edible crop and new biofuel, cassava could not only
play a vital role for food security but also become an
effective source of renewable fuel. Currently, the industrial
price of cassava starch is about 240-300 USD ' in Thailand
(data from http://www.thaitapiocastarch.org/price.asp?
xyear=2009), which is much lower than that of industrial
glucose 320-360 USD ! in 2009 (Gao et al. 2009). Thus,
using cassava to substitute glucose for algal oil production
might be feasible and cost-effective.

In this study, the hydrolyzing process of cassava starch
was optimized by using 3? factorial experiments. As a
result, a high hydrolysis ratio of 97.5+1.5% was achieved
in 285 min at pH 6.5/3.5. This enhanced hydrolysis
efficiency is of special importance to reduce labor and
electric power requirements, which will directly benefit cost
control. In order to further reduce costs, the saccharification
process can be coupled with fermentation. This integrated
strategy has been adopted in bioethanol production. Besides
the cost of substrates, cost also comes from maintenance of
cultivation conditions, which accounts for about 51.5% of
total algal biomass production cost (Li et al. 2007). To
address this challenge, efforts range from metabolic engineer-
ing to genetic engineering. These studies, to some extent, can
help to obtain higher yield of oil and higher conversion
efficiency of sugar to oil. In addition, post-processes such as
harvesting, drying, oil extraction, and transesterification are
also important, since hydrolysis of cassava starch together
with these processes constitute an intact technical flow for
alga-fermentation-based biodiesel production.

At present, cassava-derived ethanol production has been
reported. Our study further suggests cassava is also suitable for
integrated production of microalgal biodiesel. Based on this
research, further work on fermentation optimization and pilot-
scale production will be performed to overcome the commer-
cial barrier of biodiesel industrialization. Overall, utilization of
cassava as a feedstock for biodiesel will provide a novel
opportunity to boost industrial cassava agro-processing and
promote commercial development of algal biodiesel.
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