
271

1. Introduction

Discovering new alternative energy sources to replace petro-
leum-based fuels have become an important issue globally due 
to limited oil reserves and unstable oil prices. According to US 
Energy Information Administration, the supply of non-renewable 
energy sources such as oil is expected to reach peak output by 
2020, after which crude oil production is expected to decline 
gradually [1]. Recently, biomass derived from microalgae is emerg-
ing as a new, sustainable, and clean energy resource for the pro-
duction of third generation biofuels [2]. Choi and Lee [3] have 
reported that microalgae are suitable plants for the production 
of next-generation biodiesel with high biomass productivity and 
high lipid content. In addition, mass production of microalgae 
in combination with carbon sequestration and wastewater treat-
ment has potential as green energy source from environmental 
point of view. Microalgae require less area than land-based plants. 
However, they can produce sustainable biomass with a faster 
growth rate [4]. In addition, microalgae are useful single-cell photo-

synthetic organisms with many potential applications in bio-
technology fields, including biofuels, pharmaceuticals, and aqua-
culture [3]. Despite these many advantages, the biggest obstacle 
to commercialization of microalgae-derived biodiesel is its pro-
duction cost compared to fossil fuels. In order to lower the cost 
of biodiesel derived from microalgae, various factors need to be 
improved, including selection of microalgae strains, cultivation 
methods, nutrients, and carbon source. Among them, mass culti-
vation of microalgae using an inexpensive carbon source is the 
most important problem that needs to be solved first.

Microalgae are photosynthetic organisms with relatively simple 
growth requirements such as water, carbon dioxide, light, and 
nutrients. They have explosive growth potential under optimizing 
growth conditions [5]. Microalgae can cultivate under autotrophic, 
mixotrophic, and heterotrophic conditions. With external carbon 
source microalgae can produce 4-5 times more biomass than those 
under autotrophic conditions. In addition, lipid contents in micro-
algae cells are increased by over 40% [6]. Xylose, saccharide, 
acetate, glucose, and methanol are generally used carbon sources 
for microalgae cultivation. Among them, the most commonly used 
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carbon source is glucose [7]. However, any external carbon source 
requires additional costs. The cost of such external carbon source 
is a hindrance to lowering the price of microalgae-derived 
biodiesel. To overcome this problem, this study was conducted 
to investigate the potential of using corncob extracts (CCE), an 
agricultural byproduct containing large amounts of glucose and 
minerals, as an external carbon source for microalgae cultivation. 
This study selected Chlorella vulgaris (C. vulgaris) among many 
microalgae. It has a high lipid content with resistance to environ-
mental change. C. vulgaris has high protein content and balanced 
amino acid compositions. It has the potential to produce high 
value-added products useful for various fields such as pharmaceut-
icals, health foods, feeds, and nutrients [6].

Maize (Zea mays), one of the world's three major crops (along 
with rice and wheat), is used mainly as feed for livestock. It 
is also an important food resource in developing countries [8]. 
World corn production in 2016 was 1.114 billion tons, an increase 
of 1.1% compared to that in 2015 [9]. As the amount of corn 
produced is increased, the amount of corncob is also increased. 
Corncob is one of the most abundant agricultural wastes produced 
in the world [8]. Approximately 18 kg of corncobs is produced 
from 100 kg of corn grain [8, 9]. Previous mass balance analysis 
has revealed that 1,000 g of dried corncobs contain 139.8 g of 
xylooligosaccharides, 328.1 g of glucose, 25.1 g of cellobiose, 
and 147.8 g of xylose [10, 11]. Glucose and xylose are abundant 
in corncobs. Whether they can be used as an external carbon 
source for the growth of microalgae is currently unknown. 
Therefore, to objective of this study was to determine the effect 
of CCE on growth and lipid contents of C. vulgaris. For this propose, 
effects of pH, temperature, and initial CCE concentration on micro-
algae cultivation were analyzed using Haldane, Double ex-
ponential, Edwards, Luong, Webb, Moser, and Teissier models 
[12, 13]. Lipid contents of microalgae grown in CCE were also 
analyzed and compared to lipid contents of microalgae grown 
in other carbon sources.

2. Materials and Methods

2.1. Materials

Microalgae, C. vulgaris (KMCC-143), used in this experiment were 
purchased from Korea Ocean Research & Development Institute 
(KAERI). They were grown in a thermostat at 25 ± 1°C for 5 
d using Jaworski’s Medium (JM). C. vulgaris was cultivated with 
LEDs of white color, 120 μmol/m2S of light intensity, 16L: 8D 
of light period, and pH of 7. The initial concentration of C. vulgaris 
was 0.357 ± 0.7 g/L.

Corncobs were collected from farmhouses in Gangneung, Korea. 
To remove organic substances and pollutant on the surface of 
corncobs, they were washed several times with deionized water 
and dried in an oven at 80°C for 48 h. The process of drying 
was to increase concentrations of organic and inorganic substances 
in corncobs, thereby increasing contents of organic and inorganic 
substances in CCE. These dried corncobs were pulverized into 
fine powder using a blender. Corncob powder of less than 80 
mesh size was used. To obtain CCE, 50 g of dried corncob powder 

was added into 1,000 mL of 60% ethanol and shaken in a shake 
incubator (MR-R505, Mrga Science, Korea) at 60°C for 48 h. CCE 
was then filtered with a membrane filter (0.45 μm, Whatman) 
to separate residues. Ethanol was then evaporated at 70°C for 
5 h using a rotary evaporator (EYELA N-1000, Rikakkai Co., Ltd., 
Japan). After ethanol was removed, CCE was refrigerated at 4°C 
or lower. CCE was then diluted to designated concentration accord-
ing to experimental plan and used for microalgae growth 
experiment.

2.2. Experimental Design

Batch-experiments were carried out. Temperature, photoperiod, 
and light intensity were kept the same as culture conditions. 
In this experiment JM medium was used to compare growth rate 
of biomass and lipid content in CCE. JM medium is standard 
media for cultivation of C. vulgaris. In a 10 L reactor, 5 L of 
JM, microalgae, and various amounts (0-25 g/L) of CCE were mixed 
according to the experimental design. The mixed solution was 
reacted for 5 d with stirring at 150 rpm. Growth rate of C. vulgaris 
was measured by sampling (10 mL) at a fixed time every day. 
The pH was controlled from 3 to 10 with 0.5 mol NaOH and/or 
HCl. Temperature was adjusted to 15-40°C. All experiments were 
carried out with fixed parameters for the measurement of one 
parameter.

2.3. Method for Analysis 

Qualitative and quantitative analyses of inorganic components 
contained in corncob were performed using X-ray diffraction 
(XRD) (XRF-1500, Shimadzu, Japan). Components of CCE were 
analyzed by liquid chromatography (Agilent 1290, Agilent 
Technol., USA). Growth rate (μ) of C. vulgaris was calculated 
as follows.

  





(1)

where μ was the growth rate (1/d), X0 and X1 were C. vulgaris 
concentrations (g/L) initially and at a constant cultivation time, 
respectively, while t was cultivation time (day). 

Dry mass of microalgae was measured by filtering 50 mL of 
sample with GF/C (Whatmann, UK) and drying at 105°C for 24 
h before measuring its mass.

  


 (2)

where CB was the amount of biomass, Cb and Cb0 were amounts 
of biomass at t and t0, respectively. Growth and inhibitory effects 
of C. vulgaris on various conditions were analyzed using 
Haldane, Double exponential, Edwards, Luong, Webb, Moser, 
and Teissier models. pH was measured with a pH meter (ISTEK, 
pH-20N).

Oil extraction analysis was performed by extracting wet oil 
using C. vulgaris harvested by centrifugation at 628 g for 15 min. 
Pure nucleic acid (Junsei 96%, Japan) was used as solvent. Wet 
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oil extraction was carried out using 3.3 mL of samples containing 
1 g of C. vulgaris. The amount of microalgae was 5% (w/w) relative 
to solvent. After C. vulgaris mixed with nucleic acid was stirred 
for 3 h, the solvent layer including oil was recovered and evapo-
rated under reduced pressure (Genevac, EZ2 PLUS). After solvent 
was volatilized, the remaining oil was recovered. The above ex-
traction procedure was repeated three times for complete recovery 
of oil. The amount of microalgae oil extracted was calculated 
as follows.

    

  

    

    
×  (3)

A modified direct trans-esterification method was used to de-
termine total fatty acid content of microalgae and extracted micro-
algae oil [3]. Fatty acid methyl esters (FAMEs) analysis of micro-
algae was carried out according to EN ISO 5508 and EN ISO 
550 after analyzing fatty acid content (mg/g oil) of the extracted 
oil. All experiments were repeated five times or more. Average 
data were calculated and used.

3. Results and Discussion

3.1. Characteristics of Corncob Extract

Corncobs contain about 39.1% cellulose, 42.1% hemicellulose, 
9.1% lignin, 1.7% protein, and 1.2% ash [10]. Sugar is the most 
abundant in CCE. Moreover, CCE contains 1.84% of protein, 
1.18% of fat, and 24.28% of various minerals such as K, P, 
Ca, Mg, and Fe [11, 14]. In particular, glucose, xylose and arabi-
nose had high amounts in CCE (47.71%, 32.26%, and 10.42%, 
respectively) (Table 1). As an external carbon source for mass 
cultivation of microalgae, glucose or glycerol is mainly used 
because they can improve photosynthesis and absorption ability 
of organic matter of microalgae with relatively low cost [15]. 
Since glucoside component of CCE accounted for nearly half 
of its total sugar content, CCE might be a good source for micro-
algae growth.

Table 1. Sugar Compositions of Corncob Extract 

Composition Corncob extract

Sugar
composition [%]

Glucose 47.71

Xylose 32.26

Arabinose 10.42

Sucrose 4.14

Galatose 3.28

Fructose 0.35

Glucuronic acid 0.07

Arabinose/Xylose 0.34

Lignin 1.07

Other 0.36

3.2. Effect of Different Parameters 

3.2.1. Effect of pH
The pH determines the solubility of CO2 and minerals in microalgae 
media. It directly or indirectly affects the metabolism of microalgae 
[3, 5]. To investigate the effect of pH on mass culture of microalgae 
using CCE, the temperature was controlled at 25 ± 0.3°C, the 
concentration of CCE was fixed at 5 g/L, and the pH was adjusted 
to 3-12. C. vulgaris was cultivated for 5 d using various pH values. 
Its average growth rate was then calculated. Results are shown 
in Fig. 1. The growth rate of C. vulgaris was 0.305-0.3856 [d-1]. 
It was the highest at pH 8. Its growth rate was greatly decreased 
with increasing pH. In particular, the growth rate of C. vulgaris 
was found to be 0.129-0.183 [d-1] at pH 10, 0.092-0.126 [d-1] at 
pH 11, and 0.002-0.095 [d-1] at pH 12. This indicated that the 
growth of C. vulgaris was almost stopped at pH 10. Growth rates 
of C. vulgaris at pH 7 and pH 8 in JM medium were found to 
be 0.09 and 0.11 [d-1], respectively. These results showed that 
the growth rate of C. vulgaris in the presence of CCE was sig-
nificantly decreased with increasing pH above 10. 

It is known that pH is a major factor that affects the solubility 
of inorganic carbon (DTC) [6]. Most inorganic carbon is present 
as CO2 when pH is less than 5. At pH = 6.6, both CO2 and 
HCO3 are present in the same amount. At pH 8.3, almost all 
inorganic carbon is present as HCO3. Therefore, pH should be 
controlled during cultivation to increase the absorption and avail-
ability of CO2 by microalgae [16]. The pH can also directly affect 
the permeability of microalgae cell and hydronium form of in-
organic salt, thus indirectly affecting the absorption of inorganic 
salts [6, 17]. During cultivation of microalgae, CO2 is consumed 
by microalgae due to photosynthesis, thus increasing the pH of 
medium. Therefore, it is necessary to add a substance such as 
hydrochloric acid or acetic acid to control the pH so that it will 
not become too high. Acetic acid is advantageous in that it can 
be used as a carbon source to improve microalgae growth rate 
in addition to pH control compared to hydrochloric acid. In general, 
microalgae can convert inorganic carbon in the form of CO2 and 
HCO3 into CO2 form through carbonic anhydrase and use it for 
photosynthesis and growth [18]. Therefore, the optimum pH for 
culturing C. vulgaris is pH 8, which is the most abundant form 
of HCO3. Its optimum pH range is 7-9. In particular, inorganic 
carbon exists in the form of CO3 at pH above 10, making it difficult 

Fig. 1. Maximum specific grow rate of C. vulgaris at various pH using 
various inhibition models (cultivation of 5 d, CCE concentration 
of 5 g/L, and temperature of 25°C).
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to be absorbed by C. vulgaris. Therefore, the growth of microalgae 
at pH above 10 is inhibited. 

C. vulgaris generally shows the best growth rate at pH 7-8, 
although there are some pH variations depending on species of 
microalgae [16, 19]. The maximum growth rate of C. vulgaris 
in the presence of CCE was 3.0-3.5 times higher than that without 
CCE. This indicated that carbon sources contained in CCE provided 
excellent external nutrients for C. vulgaris growth. As a result 
of this experiment, the growth rate of C. vulgaris was increased 
with increasing pH in all growth models. Significantly higher 
growth rate was started at pH above 6.

3.2.2. Effect of initial CCE concentration
Various nutrients such as carbon, oxygen, nitrogen, potassium, 
calcium, magnesium, iron, sulfur, phosphorus (P), and trace ele-
ments are needed for the growth of microalgae [20]. The main 
nutrients are carbon, oxygen, nitrogen, phosphorus, and 
potassium. Carbon and oxygen can be obtained from water and 
air. However, nitrogen, phosphorus, and potassium must be ab-
sorbed from the medium [21]. During microalgae cultivation, N 
and P are very limited. However, both of which play important 
role in regulating the growth rate and lipid production of micro-
algae [22]. Glycerol and glucose are extensively used as external 
carbon sources for microalgae mass cultivation. However, previous 
studies have reported that if their concentration is too high, they 
can inhibit the growth of microalgae [23, 24]. Therefore, optimizing 
the concentration of external carbon sources for mass cultivation 
of microalgae is important in addition to pH and temperature. 
To determine the effect of CCE on microalgae growth, various 
concentrations (0-25 g/L) of CCE were used according to the results 
of previous experiments while the pH and temperature were fixed 
at 7 and 25°C, respectively. Results indicated that the growth 
rate of C. vulgaris was increased with increasing concentration 
of CCE up to 5 g/L CCE in all growth models (Fig. 2). The highest 
growth rate of C. vulgaris was obtained at 0.3856 [d-1] in Webb 
model, followed by those in Double exponential, Edwards, and 
Luong models (0.379, 0.374, and 0.373 [d-1], respectively). When 
CCE concentration was increased to be above 10 g/L, the growth 
rate of C. vulgaris was decreased. When CCE concentration was 
increased to 20 g/L, the growth rate of C. vulgaris was decreased 
to 0.141-0.175 [d-1]. Moreover, the color of C. vulgaris was slowly 
changed from green to brown after 4 d of cultivation at CCE 
concentration above 15 g/L. This suggests that the medium might 
have been contaminated by microorganisms from the atmosphere 
due to excess nutrients remaining in the medium and microalgae 
growth inhibition by the excessive nutrient content of CCE. Liang 
et al. [21] have also reported that the growth rate of microalgae 
is increased when glucose concentration is below 15 g/L. However, 
glucose concentration over 15 g/L inhibited the growth of 
microalgae. In addition, too much nutrient caused massive growth 
of fungi in the medium [21]. Our results also confirmed that 
white fungi grew when CCE concentration was at 15 g/L. These 
white fungi grew more actively as the concentration of CCE was 
increased. A large amount of glucoside (C6H12O6) is present in 
CCE. As a major compound of carbohydrate metabolism, glucoside 
is a type of aldehyde group-bearing sugar. It is often present 
in hexagonal rather than chainlike form [3]. Glucose has a high 

Fig. 2. Maximum specific grow rate of C. vulgaris at different concen-
trations of CCE (pH of 7, temperature of 25°C, and cultivation 
period of 5 d).

energy content per mol compared to other substrates such as 
acetate, indicating that it might provide high growth rate and 
respiration rate for microalgae [25]. Accordingly, a large amount 
of glucose in the medium would not only promote growth of 
microalgae, but also propagate white fungi which can inhibit 
the growth of microalgae. Therefore, 5 g/L CCE is recommended 
for mass cultivation of C. vulgaris to prevent fungal growth.

3.2.3. Effect of temperature
Temperature is an important parameter affecting the growth of 
microalgae such as CCE concentration and pH. This is because 
temperature affects growth rate, cell size, biochemical compo-
nents, and nutrient requirements in microalgae growth [16]. To 
determine the effect of temperature on the growth of C. vulgaris 
in this study, the optimum temperature condition was determined 
by fixing the concentration of CCE at 5 g/L, pH at 7-8, and culti-
vation time at 7 d. Experimental results showed that the best 
temperature for growing C. vulgaris was between 25 and 30°C. 
The growth rate of C. vulgaris was decreased at temperatures 
above 30°C or below 20°C (Fig. 3). The optimal temperature for 
microalgae such as Chlorella and Scenedesmus in general is 
25-30°C [7]. The same optimal temperature was found for C. vulga-
ris in the presence of CCE. Since microalgae are not capable 
of regulating temperature inside cells, optimum temperature 
should be maintained for their mass culture [4, 23]. In general, 

Fig. 3. Specific grow rate of C. vulgaris at different temperatures (pH 
of 7-8, CCE concentration of 5 g/L, and cultivation period of 7 d).
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microalgae are cultivated at temperature between 18 and 35°C 
depending on medium composition, cultivation conditions, and 
microalgae species. When temperature is too low (less than 16°C), 
the growth rate of microalgae will slow down. When the temper-
ature is too high (more than 35°C), enzyme activity in microalgae 
will be inhibited and their photosynthesis activity will be de-
creased [26].

3.3. Effect of CCE on Biomass of C. vulgaris
The effect of CCE on the biomass of C. vulgaris was investigated 
using the above parameter optimization experiment at pH of 7-8, 
temperature of 25°C, and CCE concentration of 5 g/L. Experimental 
results are shown in Fig. 4. The biomass of C. vulgaris in the 
presence of CCE was increased continuously until 5 d, reaching 
3.12 g/L of biomass. There was no significant change thereafter. 
These microalgae cultivated in JM without CCE were found to 
have biomass of 0.792 g/L after 5 d of growth. Therefore, the 
biomass of C. vulgaris in the presence of CCE was about four 
times higher than that cultured in JM. Since corncob is an aban-
doned agricultural by-product, it is very inexpensive and environ-
mentally friendly. Using it for culturing C. vulgaris will be sig-
nificant in terms of resource recycling.

Fig. 4. Effect of corncob extract on biomass of C. vulgaris (pH of 7-8, 
CCE concentration of 5 g/L, and temperature of 25°C).

In this study, the effect of CCE on growth of C. vulgaris was 
determined using various models such as Moser, Tessier, Webb, 
Haldane, Edwards, Double exponential, and Luong model. Each 
of these models is a modified Mond equation. Parameters are 
upgraded by empirical equations according to various conditions 
to modify and supplement the Mond model [12]. The Luong 
model describes substrate inhibition kinetics of cell growth with 
a single restriction substrate. The Haldane equation is widely 
used to explain substrate inhibition dynamics and biodegradation 
of inhibitory substrates. Moser upgraded Monod's model as a 
typical parameter to incorporate effects of microbial adoption 
into a fixed process by mutation [13]. In this study, experimental 
results were compared and analyzed using various control models 
to find suitable parameters for mass cultivation of C. vulgaris 
and obtain reliable data through comparative analysis. The max-
imum growth rate according to the above optimization experiment 
was calculated using various control models. Results are summar-
ized in Table 2. The maximum growth rate was from 0.305 to 
0.386 [d-1]. The relationship (R2) of the Luong model was the 
highest (at 0.9916). Therefore, the Luong model was the most 
suitable one for C. vulgaris growth experiments using CCE.

Results of comparison to previous studies using various external 
carbon sources for mass cultivation of C. vulgaris are shown in 
Table 3. Cultivation of C. vulgaris can use relatively cheap glycerol 
or glucose as an external carbon source. Recently, dairy waste-
water, wine residue, or wastewater from tofu factory has also 
been used as external carbon source [4, 27]. Although glycerol 
and glucose are relatively inexpensive external carbon sources, 
they can be costly to cultivate microalgae in large quantities. 
In the case of using dairy wastewater, wine residue, or wastewater 
from tofu factories, it has disadvantage because environmental 
conditions such as pH, salinity, nutrient concentration, and tem-
perature suitable for microalgae growth need to be controlled 
[16, 19]. When microalgae are cultivated using the CCE, there 
is no need to specially control these parameters. The application 
is very simple and the waste is recycled, making it very 
economical. Compared to previous studies, the yield of biomass 
using CCE was 0.83 to 3 times higher than that with other carbon 
sources.

Table 2. Estimated Parameters of Various Substrate Inhibition Models

Model Equation Parameters R2

Moser μ = μmSn/(Ks+Sn) n = 0.6732, Ks = 0.8245, μm = 0.315 0.9613

Tessier μ = μm[1-exp(-S/Ks)] Ks = 0.5425, μm = 0.305 0.9245

Webb μ = {μmS[1+(S/Ki)]}/{Ks+S+(S2/Ki)} Ki = 1.168, Ks = 0.3315, μm = 0.386 0.9357

Haldane μ = μmS/[(Ks+S)+(1+S/Ki)] Ki = 1.131, Ks = 1.123, μm = 0.367 0.8997

Edwards μ = [μmS/(Ks+S)] exp(-S/Ki) Ki = 4.314, Ks = 0.8173, μm = 0.374 0.9586

Double exponential μ = μm[exp(-S/Ki) -exp(-S/Ks)] Ki = 4.576, Ks = 0.24, μm = 0.379 0.9542

Luong μ = μmS/(Ks+S)(1-S/Sm)n Sm = 19.84, Ks = 0.7108, μm = 0.381, n = 2.657 0.9916

where μ and μm are the specific growth rate and maximum specific growth rate, respectively. S, Ks, and Sm are limiting substrate concentration
(corncob extracts in this study), the Monod half saturation constant, and the maximum substrate inhibitory concentration at which 
no growth was observed, respectively. n is the constant that accounts the relationship between μ and S.
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3.4. Concentrations and Compositions of Fatty Acid Methyl 
Esters (FAMEs)

Microalgae contain large amounts of triacylglycerols (TAGs) (30% 
to 60% of dry weight) through spontaneous accumulation depend-
ing on their species. Their photosynthetic efficiency and lipid 
production potential are also higher than land crops [29]. TAGs 
are major sources of biofuels. They are neutral compounds stored 
predominantly in microalgae under stressful conditions such as 
strong and abundant light or malnutrition. That is, under environ-
mental stress conditions such as nutrient starvation and intense 
light, microalgae can rapidly stop dividing. TAGs are accumulated 
as primary compounds. Under these stress conditions, synthesized 
fatty acids are mainly used to accumulate TAGs. If stress conditions 
continue, intracellular proteins are also used for the synthesis 
of TAGs [23, 30].

Glucose in CCE is decomposed through cell respiration of micro-
algae to produce energy. The energy is stored in the form of 
adenosine triphosphate (ATP). This energy is used for the breath-
ing of microalgae [14]. Glucose biosynthesis of microalgae is syn-
thesized by trios of energy, carbon dioxide, and water. It is pro-
duced by photosynthesis reaction. Based on this synthesis, hex-
osuccine is synthesized and stored as starch in microalgae cells 
[25, 26]. These stored starches are then converted to triglycerides. 
These triglycerides can be used as raw materials for biodiesel. 
Therefore, when glucose of CCE is used as an organic carbon 

source, the amount of stored fat is increased and lipid content 
is also increased.

Results of comparison of total TAGs of C. vulgaris cultivated 
in CCE and JM are shown in Table 4. TAGs contents in C. vulgaris 
cultivated in CCE and JM were 14.71% and 31.94%, respectively. 
C. vulgaris grown in CCE had 17.23% more TAGs than that culti-
vated in JM. This suggests that CCE contains a lot of glucose 
and other sugar components, which might have affected the accu-
mulation of TAGs content in C. vulgaris.

The detailed mechanism involved in the synthesis of fatty 
acids and TAGs in microalgae is not known yet. However, biodiesel 
can be produced by converting TAGs contained in microalgae 
through trans-esterification. Therefore, the higher the TAGs con-
tent, the more production of biodiesel [7, 23]. Lipid content of 
microalgae varies depending on culture conditions. In general, 
the lipid content of C. vulgaris is around 14.5% under authotrophic 
conditions. It is increased to 20% and 30% under heterotrophic 
and mixotrophic conditions, respectively [21]. In particular, in-
creasing glycerol amount in medium can improve photosynthesis 
and absorption capacity of microalgae. It also increases the lipid 
content in microalgae by 35% [23].

Microalgae are mostly single cells. Depending on species, chain 
length of fatty acids contained in microalgae varies from C10 
to C24 [23]. Microalgae produce more oil per unit area than 
land-based crops. They can grow more than 20 times a year because 

Table 4. Total TAG Content in Dry Mass of Investigated Algae Species and Compositions of Total Fatty Acid Profiles of C. vulgaris Oil

Total TAG content in dry biomass of algae (%)

JM medium 14.71 ± 0.51

CCE 31.94 ± 1.21

Composition of total fatty acids (%)

Saturated C14 C16 C17 C18 C20 C22 C24 Total

JM medium 0.31 ± 0.01 30.11 ± 0.52 1.45 ± 0.03 4.15 ± 0.11 0.58 ± 0.02 0.25 ± 0.03 0.13 ± 0.01 36.98 ± 1.23

CCE 0.39 ± 0.02 22.54 ± 0.43 1.71 ± 0.03 7.56 ± 0.05 0.13 ± 0.14 1.27 ± 0.11 0.22 ± 0.03 33.82 ± 1.18

Unsaturated C16:1 C18:1 C18:2 C18:3 C20:1 C22:1 C24:1 Total

JM medium 4.23 ± 0.12 41.01 ± 1.42 10.91 ± 1.13 6.11 ± 1.08 0.53 ± 0.02 0.21 ± 0.01 0.02 ± 0.01 63.02 ± 2.47

CCE 3.11 ± 0.03 43.19 ± 2.15 11.57 ± 1.08 7.31 ± 1.41 0.43 ± 0.05 0.52 ± 0.07 0.05 ± 0.03 66.18 ± 2.63

Data were from 7-day cell growth at pH 7-8, CCE concentration of 5 g/L, and temperature of 25°C. 
TAG: Triacylglycerols; CCE: Corncob Extracts.

Table 3. Comparison of Mixotrophic Performance of C. vulgaris Cultivated under Different Conditions According to Literature and in This Work

Microalgal strain Carbon source Carbon amount [g/L] Culture conditions Biomass [g/L] Reference

Chlorella vulgaris Cheese whey 2.2 (hydrolyzed) Continuos 2.59 [28] 

Chlorella vulgaris Glycerol + UF 2.2 Continuos 1.67 [28]

Chlorella vulgaris White wine less 2.2 Continuos 1.75 [28] 

Chlorella vulgaris Glucose 4 Batch flasks 1.4 [7] 

Chlorella vulgaris Glucose + Galactose 10 Batch 2.24 [25] 

Chlorella vulgaris Glycerol + glucose 5+2 Batch 2.6 [25] 

Chlorella vulgaris Acetate 10 Batch 0.99 [21] 

Chlorella vulgaris Corncob extract 5 Batch 3.13 This study
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of its rapid growth rate [23]. In order to use vegetable oil and 
animal oil as biodiesel, the content of saturated fatty acid is 
important. High content of saturated fatty acids means that bio-
diesel has high degree of saturation. It can easily cause problems 
when using biodiesel higher than gasoline in winter due to its 
hardness [7, 16]. In addition, when a large amount of saturated 
fatty acid is contained, many alcohols are required in ester reaction 
in order to produce biodiesel. If ester reaction is insufficient, 
the viscosity will increase greatly and the piping will become 
clogged [16]. Therefore, the content of saturated fatty acids is 
important when using of vegetable oil or animal oil as biodiesel.

Major contents of C. vulgaris cultivated in the presence or 
absence of CCE were C16 or C18 saturated fatty acids and C18:1 
or C18:2 unsaturated fatty acids. However, total saturated fatty 
acid content was 36.98% in the presence of CCE and 33.82% 
in the absence of CCE (Table 4). Therefore, C. vulgaris grown 
in CCE showed a decrease of 3% in saturated fatty acid content 
but an increase of 3% in unsaturated fatty acid content than 
C. vulgaris grown in JM. The higher content of unsaturated fatty 
acids in biodiesel component, the faster the automatic oxidation 
processes. Especially, contents of C18:1, C18:2, and C18:3 in C. 
vulgaris grown in CCE were higher than those of microalgae grown 
in JM. C18:0 stearic in saturated fatty acid is stable. C18:2 linoleic 
oxidation is faster than C18:1 oleic, while C18:3 linolenic oxidation 
is faster than C18:2 linoleic. As the level of unsaturation is in-
creased, the oxidation is about 10 times faster [4, 23]. That is, 
C18:3 can oxidize 100 times faster than C18:1. Purity is very 
important for biodiesel [26]. Generally, the low level of C16:1 
and C18:1 decreases the oxidative stability and cold flow [31]. 
Compared to rapeseed oil, algal oil from this study is not as 
rich in polyunsaturated fatty acids. Furthermore, in our study, 
the content of linolenic acid (18:3) in the three algae species 
was shown to correspond to the requirements of the EN 14103 
standard, which states that the content of linolenic acid methyl 
ester in biodiesel fuel should not exceed 12%. Thus, the algae 
strains used in this study could be considered promising, since 
the biodiesel fuel produced from them may potentially meet the 
requirements for the linolenic acid methyl ester content.

Various carbon sources such as sodium acetate [7, 21], fructose 
[15, 26], glucose [3, 25], glycerol [22, 24, 25], sucrose [15], and 
acetate [7] have been successfully used to increase growth rate 
and lipid content of microalgae. However, these methods require 
additional cost. The prices of glucose, glycerol, and acetate are 
currently 0.5-0.8, 0.6-0.7, and 0.9-0.94 US dollars per kg, re-
spectively [26, 27]. Therefore, carbon source of CCE used in this 
study is very useful in terms of resource circulation because it 
recycles waste. In addition, the process is simple, inexpensive, 
and very effective for increasing microalgae growth rate and lipid 
content.

4. Conclusions

In order to investigate the effect of CCE on the growth of C. 
vulgaris, growth rate of microalgae was investigated using various 
growth control models based on pH, temperature and the amount 
of CCE. In addition, the biomass was harvested and contents 

of TAGs and fatty acids of C. vulgaris cultivated in the presence 
or absence of CCE were compared and analyzed. As a result, 
C. vulgaris cultivated at pH of 7-8, temperature of 25-30°C, and 
CCE concentration of 5 g/L had the highest growth rate. More 
than 4 times of biomass could be harvested when CCE was used 
as an external carbon source. In the analysis using various growth 
models, Luong model was found to be the most suitable empirical 
formula for mass cultivation of C. vulgaris using CCE because 
it had the highest correlation coefficient. The content of TAGs 
in C. vulgaris cultivated in CCE was about 35% higher than that 
cultivated in JM. Compared to rapeseed oil, algal oil from this 
study is not as rich in polyunsaturated fatty acids. Furthermore, 
in our study, the content of linolenic acid (18:3) in the three 
algae species was shown to correspond to the requirements of 
the EN 14103 standard, which states that the content of linolenic 
acid methyl ester in biodiesel fuel should not exceed 12%. These 
results suggest that CCE is very effective for increasing microalgae 
growth rate and lipid content.
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