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Bioenergy is a phenomenon that has attracted
humans’ attention for about a century. The desirable biological properties of chlorella
sp. microalgae have turned it to one of the most ideal options for the production of
biodiesel. However, the economic issues must be taken into account in its industrial
scale production. The present study aims to investigate chlorella sp. biomass
production and growth conditions by studying the influence of glucose concentration
as a carbon source, nitrate concentration as a nitrogen source and pH, as three of the
most important factors.

For this purpose, design of experiment was done by response surface
methodology and each factor was investigated simultaneously under glucose
concentration in 2-20 g/L, nitrate concentration in 0-1 g/L and 6<pH<10. During the
growing, pH of the culture was measured to identify the correlation between pH and
growth rate change. The results were analyzed by response surface methodology as well.

The results indicated that carbon concentration has maximum effect
on growth and biomass production. The best results were obtained in glucose
concentration of 2.6-6 g/L, nitrate concentration of 0.2-0.5 g/L and pH values 7-9.
Moreover, the maximum biomass production (1.31 g/L), the highest specific growth
rate (0.167 1/day), and the highest biomass productivity (0.085 g/L/Day) were obtained
in the following conditions: glucose concentration of 2.6 g/L, nitrate concentration of
0.5 g/L, and pH = 8. The optimal C/N ratio was determined and significant correlation
was observed between pH and growth rate change.

It was concluded that Chlorella sp., if properly adjusted for both
chemical and physical parameters could be a valuable source of biomass for biodiesel
production in industrial scale.

©2021 GJESM. All rights reserved.
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Fossil fuels have been the most important
source of energy for a long time. However, the new
challenges concerning the harmfulness of continuous
usage of fossil fuels and imminent finishing of their
production sources, have made man to look for a
reliable alternative for it (Zheng et al., 2017; Gouveia
and Oliveira, 2009). The alternative sources must
have desirable properties of fossil fuels in terms of
widespread use, economical potentials and ease
of use, and do not lead to environmental pollution
and global warming. Among all available options,
biofuel attracted the researchers’ attention because
of having unique capabilities (Goh et al., 2019; Erazo
et al., 2007). Renewability, desirable environmental
properties, and economical potentials are some of
the characteristics of biofuel as a cheap and clean
alternative for fossil fuels (Chen et al., 2018; Huang et
al., 2010). Biofuel production sources include three
different categories: first-generation fuel sources
(food products such as palm oil, sunflower oil, oilseeds,
etc.), Second-generation fuel sources (cellulose-
containing fuels such as agricultural wastes), and
the third generation fuel sources which include the
fuel produced from microorganisms like microalgae
(Campbell et al., 2011; Schenk et al., 2008). Among
these, microalgae seem to be very desirable due to its
high growth rate, the capability of cultivation in non-
arable land, production throughout the whole year,
high photosynthetic efficiency, flexibility in cultivation
conditions and corrigibility by biotechnological tools
(Campbell, 1988; Chisti, 2007; Chisti, 2008). However,
their application in fuel production in an industrial
scale is not economically affordable due to the low
efficiency of lipid production (Shuba and Kifle, 2018;
Benemann, 1997). In recent years, researchers have
been trying to economize the fuel production from
microalgae. Biomass and cellular lipid production
amounts are important parameters in this process.
Therefore, examination of the factors influencing
biomass and lipid production in microalgae and
their optimization are the most important measure
(Dickinson et al., 2017; Lv et al., 2010). One of the
most important effective factors in microalgae
growth is the cultivation regime. Conducted
researches in terms of cultivation regime impact
show that mixotrophic regime provides the best
culture conditions to achieve maximum production
of microalgae biomass (Scarsella et al., 2010). Gao
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et al.,, (2019) and Kong et al., (2011) examined the
impact of triple regimes (autotroph, heterotroph,
and mixotroph) on Chlorella vulgaris microalgae
and introduced mixotroph as the best regime (Gao
et al., 2019; Kong et al., 2011). Also, Li et al., (2014)
by studying Chlorella sp. an equivalent of C. vulgaris,
reported that the productivity of biomass in mixotroph
cultivation is 14 times greater than that of biomass in
autotrophic cultivation (Daliry et al., 2017; Li et al.,
2014). After the appropriate cultivation regime, the
most important parameters influencing microalgae
growth are chemical and physical conditions. The
chemical conditions consist of type and amount of
main nutrients. Among the chemical conditions,
type and concentration of carbon and nitrogen
sources are more effective. In addition to these two
parameters, pH of the cultivation environment (as
a physical condition) is of high importance. Chu et
al.,, (2019) and Kong et al., (2011) studied C. vulgaris
and showed that glucose was the best carbon source
and increase of glucose concentration continuously
increased biomass production to the extent that
the maximum biomass production (2.24 g/L) was
achieved at the glucose concentration of 20 g/L (Kong
et al. 2011). Scarsella et al., (2010) in their study
on C. vulgaris also introduced glucose as the best
source of carbon, but they measured 6 g/L glucose
as the optimal concentration (Pagnanelli et al., 2014).
Evaluating the nitrogen source, Feng et al., (2020)
and Jiang et al., (2010) found potassium nitrate as the
best source of nitrogen for C. vulgaris, and reached
the maximum biomass concentration (1.2 g/L) when
the concentration of potassium nitrate was 0.5 g/L
(Lv et al., 2010). Skorupskaite et al., (2015) studied
Chlorella sp. and reached the maximum biomass
concentration and biomass productivity of 1.7 g/L and
0.103 g/L/Day, respectively, when industrial glycerol
concentration was 2 g/L and ammonium nitrogen
concentration of 0.09 g/L was used (Skorupskaite et
al., 2015). Sayadi et al., (2016) studied the ability of
Chlorella vulgaris to remove nitrate and phosphate
from aqueous solutions. After cultivation of C
vulgaris in standard BBM medium, they examined the
ability of microalgae by adding 0.25-0.45 g/L KNO3,
K2HPO4 to municipal water. Finally, they reported
that on day 8 the highest nitrate removal was 89.80%
in the treatment with 0.25 g/L microalgae and the
highest phosphate removal was 88% in the treatment
with 0.45g/L microalgae. In investigate the effect of



environment pH, Qiu et al., (2017) and Khalil et al.,
(2010) studied C. vulgaris showed that microalgae
could grow under a wide range of pH values (4-10),
but pH values of 9 and 10 led to the best cultivation
results (Qiu et al.,, 2017; Khalil et al., 2010). Samiee
et al., (2017) investigated the effects of the three
parameters on biomass productivity of Chlorella sp.
PTCC 6010. They examined sodium nitrate (10-200
mg/L) as nitrogen source, dipotassium hydrosulfate
(10-70 mg/L) as phosphorus source and light intensity
(60-450 umol photons/m?/s). They, finally, reported
that 200 mg/L sodium nitrate, 70 mg/L dipotassium
hydrosulfate and 450 pumol photons/m?/s* resulted
in the highest biomass production (0.916 g/L) and
biomass productivity (235.8 mg/L/d). (Samiee et al.,
2017). The desirable biological properties of Chlorella
sp., green single-cell microalgae, such as its high
capability in biomass and lipid production, have made
itthe mostideal optionforbiodiesel productionamong
other microalgae species (Daliry et al., 2017; Gao et
al., 2019; Lv et al., 2010). So far, the impact of carbon
source concentration, nitrogen source concentration,
and pH on growth and biomass production of Chlorella
sp. has not been simultaneously examined in a study.
Therefore, in this study different glucose and nitrate
concentrations, as carbon and nitrogen sources
respectively, and different pH values in a specified
range were simultaneously investigated by response
surface methodology and design of experiments for
the first time. This study aims to evaluate the impact
of each factor and binary interaction of two of them
on growth rate and biomass production, in order
to determine the optimal condition for maximum
biomass production. It should be noted that protein
and chlorophyll content of Chlorella sp. PTCC 6010
have been also investigated in another study of
ours which is under publication. This study has been
carried out in Biofuel Laboratory, Caspian Faculty of
Engineering, College of Engineering, University of
Tehran, Rezvanshabhr, Iran during 2017-2019.

Chlorella sp. PTCC 6010 microalgae was supplied
from the Persian Gulf of Iran and used after screening
and purifying operations. 50 ml of the obtained
microalgae was cultivated during 15-day periods in 4
levelsas0.1,0.5,4 and 20 L. The microalgae cultivation
environment followed the standard cultivation
conditions and was prepared according to Rodik

medium with following chemicals in liter (Golzary et
al., 2015): NaNO, (0.3 g), K,HPO, (0.08 g), KH,PO, (0.02
g), NaCl (32.02 g), CaCl, (0.047 g), MgSO,.7H,0 (0.01
g), ZnSO, (0.1 mg), MnSO, (1.5 mg), CuSO, (.08 mg),
FeCl, (17 mg), EDTA (7.5 mg) and H_BO, (0.3 mg). All
the chemicals were obtained from Merck Company.
During the experiments, the cultivation environment
was prepared without adding NaNO, because nitrate
concentration was one of the intended parameters.
Glucose and nitrate were added to the cultivation
environment with different concentrations as carbon
and nitrogen sources respectively. Also, KOH and
HNO, (1 M) were used for initial pH adjustment.

Designing experiments with RSM method and
implementation

To achieve the best results through minimum
experiment runs and to perform a precise analysis,
the experiments design by RSM method based on
three parameters including glucose concentration,
as carbon source, nitrate concentration, as nitrogen
source, and pH of cultivation environment in 5 levels
for each parameter. Glucose concentration, nitrate
concentration, and pH range of 2-20 g/L, 0-1 g/L and
6-10 were selected according to Central Composite
Design (CCD) method. Minitab 17 software was
used to design 20 experiments. 250 ml of cultivation
environment with the specified pH and glucose and
nitrate concentrations was poured into a 500-ml
Erlenmeyer and 50 ml of the microalgae was added
to it. Temperature of the cultivation environment was
set at 30 °C, lighting intensity of 5000 lux was provided
using a white fluorescent lamp, and aeration flow
rate of 0.05 L/min was provided using a RESUN ACO-
004aquarium pump. The pH value of each experiment
was measured every day to determine the pH range,
and a 5-ml sample of each experiment was taken
daily for analysis of concentration specification.

Biomass concentration specification and growth rate

Theconcentrationspecificationtestwasconducted
on the samples (15 times daily for each experiment)
using a Jusco770-Japan spectrophotometer. The
biomass concentration was obtained using Eq. 1 as
proposed by Golzary et al., (2015), and according
to the desired absorption spectra of Chlorella sp.
biomass (Golzary et al., 2015).

w,

(g/L)

=0.49x 0D, (1)
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Where, W is biomass concentration (on dry basis);
and OD,, is absorption in the desired wavelength,
A=550 nm. The samples of each experiment were
put under absorption analysis, and the results were
illustrated using the dry biomass concentration-time
graphs (growth curve). The pH values-time graphs
were also provided with a better understanding of

the pH change with the biomass growth.

Data analysis and mathematical model proposal

Results of initial experiments were evaluated by
calculating the auxiliary values as a scale, to achieve
a better analysis. Specific growth rate and biomass
productivity are two vital quantities in the evaluation
of growth and production of biomass. Skorupskaite
et al., (2015) calculated specific growth rate ()
and biomass productivity (P) using Egs. 2 and 3,
respectively.

_InX,-InX,
Zx_IO

()

— Xt _XO
tx_t(]

P (3)

Where, t, and t_are initial time (the first day)
and final time (the 15" day) respectively; X and X,
are biomass concentrations (on dry basis) in t and t,
respectively. Units of u and P are 1/Day and g/L/Day
respectively. Higher specific growth rate and biomass
productivity in an experiment show a better growth
and higher production of biomass in experiment
conditions, respectively.

A more precise analysis was performed using
Minitab software, variance analysis (ANOVA) and
contour plots. A mathematical model was also
proposed based on the experimental results to
predict the biomass concentration (W) according
to C, N and pH parameters. This model is actually
expansion of Eq. 4, wherein x values are C, N and
pH parameters and B, with different indexes, is a
constant factor whose values are calculated in the
expanded form of the equation (using computer
software). Considering B, as equation constant, Bij as
binary interaction factor, and Y as response variable
or W, its experimental values are predicted by Eq. 4.

Z Z Byxix;

i=l j=i+l

Y= ﬁo + iﬂixi + iﬂn‘xiz + (4)
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Finally, competence and error percentage of the
proposed model are examined in result prediction.
Error percentage is calculated using Eq. 5.

exper ' pred

Error = x100

(5)

exper

Where W oer and W, are biomass concentration
values based on experimental results and model
prediction, respectively.

Biomass concentration and growth rate

The final biomass concentration (on dry basis)
according to absorption analysis data was calculated
using Eq. 1, for all experiments. The obtained results
along with the specifications of each experiment are
shown in Table 1. Obviously, the best results were
obtained when carbon concentration is lower than 11
g/L, nitrogen concentration is in the range of 0.2-0.5
g/L (0.2<N< 0.5) and 7<pH<9.

Growth curves were also graphed for each
experiment. Analysis of the microalgae growth rate
in various experiments implied that in half of the
experiments the growth rate was ascending and had
a net value, while in other half, it was ascending and
descendingin a fluctuating behavior, leading to having
no net value. Therefore, the results were examined in
two groups: the experiments with constant growth
rate and the experiments with ascending growth rate.
Considering the main objective of this study, it was
necessary for the experiments to show the significant
net growth rate. Therefore, according to the results, a
target group of experiments was performed to analyze
the ascending growth. It should be noted that the
target group had the highest biomass concentration
among the experiments. The two auxiliary variables
of specific growth rate (1) and biomass productivity
(P) were calculated for the target group experiments
(Table 2).

As shown in Table 2, the highest specific growth
rate is 0.167 1/Day, and the highest biomass
productivity is 0.085 g/L/day, respectively, in carbon
concentration of 2.6 g/L and nitrogen concentration
of 0.5 g/L and pH value of 8. Among the target group
experiments, five experiments showed the best
results in terms of growth rate and amount of the
produced biomass. To evaluate the growth rate of the



Table 1: Results of the final biomass concentration (dry basis) according to the experiments design

C pH Results
Runs Code values Real values (g/L) Code values Real values (g/L) Code values Real values W (g/L)
E1l 0 11 0 0.5 0 8 0.613
E2 -1.68 2.6 0 0.5 0 8 1.313
E3 0 11 +1.68 1 0 8 0.268
E4 +1 16 +1 0.8 +1 9 0.246
E5 +1 16 -1 0.2 -1 7 0.221
E6 0 11 -1.68 0 0 8 0.217
E7 0 11 0 0.5 0 8 0.251
E8 -1 6 +1 0.8 +1 9 0.926
E9 0 11 0 0.5 -1.68 6.3 0.887
E10 0 11 0 0.5 0 8 0.956
E11 0 11 0 0.5 +1.68 9.7 0.447
E12 +1.68 19.4 0 0.5 0 8 0.221
E13 0 11 0 0.5 0 8 0.246
E14 -1 6 -1 0.2 +1 9 0.931
E15 0 11 0 0.5 0 8 0.300
E16 -1 6 -1 0.2 -1 7 1.289
E17 +1 16 +1 0.8 -1 7 0.314
E18 -1 6 +1 0.8 -1 7 0.59
E19 +1 16 -1 0.2 +1 9 0.419
E20 0 11 0 0.5 0 8 0.793

Table 2: specific growth rate and biomass productivity in the target group experiments

Target group Xo X H P
(s/L) (s/L) (1/day) (g/L/day)

E1:11,0.5,8 0.128 0.613 0.112 0.035
E2:2.6,0.5,8 0.126 1.313 0.167 0.085
E8:6,0.8,9 0.109 0.926 0.153 0.058
E9:11,0.5,6.3 0.100 0.887 0.156 0.056
E10:11,0.5,8 0.157 0.956 0.129 0.057
E11:11,0.5,9.7 0.153 0.447 0.077 0.021
E14:6,0.2,9 0.153 0.931 0.129 0.056
E16:6,0.2,7 0.132 1.289 0.163 0.083
E18:6,0.8,7 0.100 0.59 0.127 0.035
E20:11,0.5,8 0.148 0.793 0.120 0.046

microalgae under ideal conditions, the growth curves
of these experiments were plotted (Fig. 1).

As can be seen in Fig. 1, E2 experiment resulted in
the highest produced biomass, while E16 experiment
led to the best growth rate. Among the rest of
experiments having a biomass concentration of
about 1 g/L, experiment E14 shows the best growth
rate. The common point in E14 and E16 experiments
is equal amount of the used glucose and nitrate.
The pH change analysis implied that the pH value
in the environment fluctuated within the alkaline
range (9<pH<10) during the cultivation period. This
contradicts with the findings of Kong et al., (2011)
who reported that the pH change was in the neutral

range (pH=7) during mixotrophic cultivation (Kong et
al., 2011). The pH change isimportant because several
studies have shown that alkaline environment can
serve as a positive factor in the growth of microalgae
(Qiu et al., 2017; Khalil et al., 2010). The range of pH
fluctuation during cultivation is also important. This
was investigated by plotting the pH-time curves for
the five experiments (Fig. 2).

Fig. 2 shows: 1) the increasing trend of pH values
in all the experiments, and 2) the tendency of pH
change towards pH=10. Studies show the increasing
trend of pH in all the target group experiments.
The different trend of pH change in experiment E10
indicates a slower pH increase compared to other
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Fig. 1: Growth curves of the five experiments with the best results in terms of growth rate and amount of the produced biomass
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Fig. 2: pH changes for experiments with desired growth
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Fig. 3: The average biomass produced in each glucose concentration
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experiments. This can be due to higher glucose
concentration (11 g/L) in this experiment compared
to other experiments.

Effect of glucose concentration on biomass production

The results of biomass production presented
in Table 1 and the target group experiments reveal
that glucose concentrations of over 11 g/L lead to
disruption of biomass growth and thereby significant
decrease of biomass production. Moreover, further
increase in glucose concentration can have a more
inhibitive effect on growth. Fig. 1 showed that
glucose concentrations of 6 g/L and 2.6 g/L led to the
best growth rate and the highest biomass production,
respectively. Moreover, Fig. 2 illustrated that the
highest specific growth rate of 0.16 1/Day and the
highest biomass productivity of 0.08 g/L/Day were
achieved in glucose concentration of 2.6 g/L and 6
g/L, respectively. The average amounts of produced
biomass in different concentrations of glucose in all
the experiments are illustrated in Fig. 3. It is obvious
that the best range of glucose concentration is 2.6-6
g/L, leading to the best growth rate and the highest
amount of produced biomass. Moreover, the glucose
concentrations of over 6 g/L significantly decrease
the biomass production in all the experiments. This
is in agreement with the findings of Penno et al.,
(2019), but contradicts with the results presented
by Kong et al., (2011) who declared that increase
of glucose concentration to 20 g/L could increase
biomass production, specific growth rate and biomass
productivity.

0.8
0.6

04+

Biomass Concentration (g/L)

0.2

0 0.2

Effect of nitrate concentration on biomass production
Fig. 1 shows that the highest amount of biomass
(1.31 g/L) is produced in the nitrate concentration of
0.5 g/L. Growth curves illustrated in Fig. 1 indicate a
better microalgae growth when nitrate concentration is
0.2 g/L. The highest values for specific growth rate and
biomass productivity were also obtained in the nitrate
concentration ranging 0.2-0.5 g/L. The average amounts
ofproduced biomassindifferentconcentrationsofnitrate
in all the experiments are illustrated in Fig. 4. Obviously,
absence of nitrate, which means using no nitrogen
source in the microalgae cultivation environment, has a
significant adverse effect on biomass production. In fact,
the least amount of biomass growth and production was
observed in the absence of nitrate. On the other hand,
the nitrate concentration of over 0.8 g/L significantly
decreased the biomass production. Generally, the
nitrate concentrations in the range of 0.2-0.5 g/L led to
the best results, while the nitrate concentration of 0.8
g/L did not provide a suitable result in terms of biomass
growth and production. These results are in agreement
with the results obtained by An et al., (2020) and Lv et
al., (2010) who reported the nitrate concentration of 0.5
g/L as the optimal concentration leading to the highest
amount of chlorella biomass, and introduced the
absence of nitrate as a factor leading to a significant
decrease in biomass growth and production.

Effect of pH on biomass production

Effect of pH behavior on biomass production and
growth rate during the growth was already discussed.
However, investigation of the initial pH showed that

0.5 0.8 1

Nitrate Concentration (g/L)

Fig. 4. The average biomass produced in each nitrate concentration
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Contour Plot of W vs N; C

W

u < 000
W 000 - 0.25

025 - 050

050 - 075
W 0.75 - 1.00
W 100 - 125
u > 125

Hold Values
pH 8

Fig. 5: Contour plot of Wvs. C, N

Table 3: The average biomass production (W

ave

), specific growth rate (u_ ) and biomass productivity (P_ ) for different C/N ratios

C/N 5.2 7.5 11 20 22 30 38.8 80 o0

W, 1.313 0.758 0.268 0.28 0.561 1.11 0.221 0.32 0.217
Moy 0.167 0.14 0.063 0.052 0.1 0.146 0.046 0.047 0.023
P, 0.085 0.046 0.011 0.01 0.031 0.07 0.007 0.011 0.004

avr

the microalgae maintained its biomass productivity
andgrowthinthe pHrange of 6-10.Thisisinagreement
with the findings of Qiu et al., (2017) and Khalil et al.,
(2010), in terms of growth capability of Chlorella in a
wide pH range of 4-10. Considering the results of the
target group experiments in Table 2, pH>9 decreased
the growth and production of biomass and the best
results were obtained at 7<pH<9. According to Table
2, the maximum biomass production of 1.31 g/L,
specific growth rate of 0.167 1/day, and biomass
productivity of 0.085 g/L/Day were achieved in pH=8.
This result contradicts with the results obtained by
Khalil et al., (2010) who proposed pH of 9-10 as the
optimal pH range for cultivation Chlorella vulgaris,
and Gong et al., (2014) and Gong et al., (2014) who
introduced an approximate optimal pH value of 10 for
C. vulgaris cultivation.

Effects of binary interactions on biomass production

Effects of binary interactions of parameters
include the effects of simultaneous change of
two parameters on the target variable. The three
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parameters in this study would form three binary
interactions: C-N, C-pH, and N-pH. Contour plots
obtained from Minitab software analysis were used
to study these interactions. Fig. 5 illustrates a contour
plot for C-N interaction. It is obvious that, reduction of
glucose concentration (C) to below 10 g/L and nitrate
concentration to below 1 g/L at the same time leads
to an increase in biomass production (W). Formerly,
Pagnanelli et al., (2014) examined the effect of C-N
interaction as the effect of C/N ratio on specific
growth rate. They suggested the tolerance threshold
of microalgae as a specified value for the C/N ratio.
According to Gao et al., (2019) and Skorupskaite et
al., (2015), there would be a maximum concentration
of glucose for each single concentration of nitrate
and exceeding this maximum value would result
in a significant decrease in specific growth rate
and biomass production. They reported this ratio
as about 17 for Chlorella vulgaris. The effects of
different C/N ratios on average biomass production
(W_.), average specific growth rate (1_ ) and average
biomass productivity (P_ ) are presented in Table 3.

ave



Table 3 confirms that there is a specific C/N ratio
and exceeding it would lead to a significant decrease
in W, w and P. For Chlorella sp., this ratio is 30, but
the mentioned decrease can be seen even in lower
C/N ratios (C/N=11, 20 and 22). Study of nitrate and
glucose concentrations in these ratios revealed that
the mentioned decrease occurred as a result of the
glucose or nitrate concentrations over the range for
appropriate growth. In other words, when both nitrate
and glucose concentrations are in the appropriate
range, biomass production, specific growth rate and
biomass productivity increase in case C/N<30. This
point shows the relationship between Fig. 5 and Table
3. Table 3 also shows that the increase of C/N ratio
to the values above the tolerance threshold (C/N=30)
intensifies the decreasing behavior of specific growth
rate and biomass productivity, and according to Fig. 5,

Contour Plot of W vs pH; C

biomass production is significantly decreased as well.

The effects of simultaneous change of C-pH and
N-pH on biomass production are illustrated in Figs. 6
and 7, respectively.

As it can be seen in Fig. 6, decrease of glucose
to less than 10 g/L leads to W increase in a wide
range of pH values, and this increase is intensified
when glucose concentration is lower than 6 g/L.
According to Fig. 7, a simultaneous decrease in
nitrate concentration and pH has a positive effect on
increase of W. However, this applies to the nitrate
concentrations below 0.8 g/L, and pH<7 or pH>9.
Comparison of C-pH and N-pH interactions plots
indicates that W is more increased by simultaneous
decrease of glucose concentration and pH rather
than simultaneous decrease of nitrate concentration
and pH. This could be due to glucose concentration

w
< 050

050 - 0.75
075 - 1.00
100 - 125
M 125 - 1.50
m > 1.50

Hold Values
N 0.5

Fig. 6: Contour plot of W vs. C, pH

Contour Plot of W vs pH; N

w

m <02
Wo2- 03
W03 - 04
W04 - 05
05 - 06
W06 - 07
WO7 - 08
m o8

Hold Values
cn

Fig. 7: Contour plot of W vs. N, pH
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Normal Probability Plot
(response is W)

Percent

-0.25

0.00

0.25 0.50

Residual

Fig. 8: The normal plot to the investigation of model competency

which has a direct effect on pH changes during the
growth. Unlike nitrate, glucose is somewhat alkaline
and this could also contribute to stronger interaction
of C-pH to N-pH.

Prediction of biomass concentration using the
mathematical model

In order to predict the amount of produced
biomass (W in g/L) according to the change of glucose
concentration (C in g/L), nitrate concentration (N in
g/L) and pH, the software proposed a mathematical
model as presented in Eq. 6 which is the expanded
form of Eq. 4.

W=7.78 - 0.213*C - 1.28*N - 1.30*pH + 0.00423*C*C
-0.886*N*N +0.0703*pH*pH +0.0520*C*N +0.0038*C*pH
+0.178*N*pH (6)

The three parameters were evaluated to
investigate the model competency. The first
parameter was the assumption of normality of
residuals. In this approach, residual values are
marked in normal plot and the fittest line crossing
these points is drawn. If all the points are almost
covered putting a wide pencil on this line, it is said
that the assumption of normality of residuals is true
and the model is competent enough. According to
the proposed normal plot by Minitab 17 based on the
data illustrated in Fig. 8, it can be concluded that the
assumption of normality of residuals is true and the
proposed model is competent enough.

The second parameter, obtained from analysis of
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Table 4: Analysis of variance for biomass production data

Term P-value Coefficient
Constant 0.002 0.499
C 0.002 -0.320
N 0.052 -0.051
pH 0.056 -0.046
c*C 0.189 0.106
N*N 0.313 -0.080
pH*pH 0.370 0.070
C*N 0.081 0.078
C*pH 0.095 0.054
N*pH 0.116 0.019

variance, is the P-value parameter. P-value parameter
is expressed based on a confidence level of the data,
by two parameters of model suitability and lack of fit.
Usually, the confidence level of the data is considered
as 90-95%. Therefore, the P-value should be less than
0.1 (significant) for model suitability and more than
0.1 (insignificant) for lack of fit. Variance analysis of
the model performed by Minitab showed that the
P-value was 0.07 (<0.1) for model suitability and 0.82
(>0.1) for lack of fit, confirming the model competency.
Moreover, analysis of variance was presented in Table
4 to examine the parameters consisting the P-value
guantities and coefficient effects. For P-values the
method is the same as above, but for coefficient
effects, the sign of coefficients (positive or negative)
and their values indicate the type and the amount of
their effects on target quantity. As canbe seeninTable
4, carbon concentration has the largest coefficient



Table 5: Performance evaluation and prediction error percentage of the model

Target group W oper W e Error
E2:2.6,0.5,8 1.313 1.351 2.89
E8:6,0.8,9 0.926 0.794 14.25
E9:11,0.5,6.3 0.887 0.798 10.03
E10:11,0.5,8 0.787 0.519 33.97
E11:11,0.5,9.7 0.447 0.647 44,74
E14:6,0.2,9 0.931 0.945 1.5

E16:6,0.2,7 1.289 1.179 8.53
E18:6,0.8,7 0.59 0.814 37.96

effect by negative sign (-0.320). Thus, it can be stated
that carbon concentration has the highest reducing
effect on biomass production.

The third parameteris R?value, which is a measure
of model validity and also the extent to which the
model covers the data. The nearer is R?> to 1, the
better the model works (in here R*=0.7). Although it
was not a highly desirable value, it was acceptable
according to the manner and dispersion of the data.
In order to evaluate the performance of the model,
the values predicted by the model were compared
to the experimental results presented in Table 5. The
percentage for each experiment of the target group
calculated by Eq. 5 is shown in Table 5 as well.

E,, in Table 5 is the central point experiment, and
its average value is used due to its 3-time repetition
in the target group. The model performance in terms
of the experiments with the maximum biomass
production (E2, E8, E9, E14, and E16) was acceptable
since the error percentage was 10% and proportionate
to a confidence level of the data. The minimum
predicting error (1.5%) was obtained for experiment
E14, and the maximum error (44.74%) was related to
experiment E11. In overall, the maximum biomass
dry weight was obtained as 1.31 g/L in glucose
concentration of 2.6 L/g, nitrate concentration of 0.5
g/L and pH=8. The validation test was done in this
optimal condition and the biomass dry weight was
obtained as 1.304 g/L. Thus, the optimal biomass dry
weight was achieved with only 0.68% error.

Due to the desirable biological properties of
Chlorella sp. microalgae, it is considered as one
of the most ideal microalgae species for biodiesel
production. Effects of three parameters of glucose
concentration, nitrate concentration and pH on
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growth and production of Chlorella sp. biomass were
investigated using the response surface methodology.
Each factor was examined simultaneously
under glucose concentration in 2-20 g/L, nitrate
concentration in 0-1 g/L and 6<pH<10. During the
growing, pH of the culture was measured to identify
the correlation between pH and growth rate change.
The results were analyzed by response surface
methodology as well. Results showed that glucose
concentration was the most effective parameter in
biomass growth and production, so that the biomass
growth was disrupted and significantly decreased in
glucose concentrations of over 10 g/L. Absence of
nitrate as a nitrogen source also resulted in disruption
of growth and sever decrease in biomass production.
It was realized that in case of eligible growth, pH of
the cultivation environment increased to pH=10 and
was in the range 9-10 during the growth. The best
results were achieved when glucose concentration,
nitrate concentration and, pH were in the range of
2.6-6 g/L, 0.2-0.5 g/L and 7-9, respectively. Effects
of binary interactions of parameters on biomass
production were investigated using contour plots.
Comparison of C-pH and N-pH interactions plots
was indicated that biomass production was more
increased by simultaneous decrease of glucose
concentration and pH rather than simultaneous
decrease of nitrate concentration and pH. This
could be due to glucose concentration which has
a direct effect on pH changes during the growth. It
was demonstrated a significant correlation between
C/N ratio and biomass production and optimal C/N
ratio of the microalgae was obtained as 30. A model
was proposed to predict biomass production. The
maximum biomass production, highest specific
growth rate and the maximum biomass productivity
were obtained as 1.31g/L,0.167 1/Day and 0.085 g/L/
Day, respectively. It was concluded that Chlorella sp.,



if properly adjusted for both chemical and physical
parameters, could be a valuable source of biomass
for biodiesel production in industrial scale.
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p-value Probability value
R? Coefficient of determination
RSM Response surface methodology
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