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Abstract
Indonesia is known as the largest oil palm producer in the world. However, along with the production, it generates
wastes and pollution that caused the environmental problem in surrounding areas. Previous researchers reported that
the high palm oil mill effluent (POME) concentration inhibited microalgae growth. However, the inhibition factor
was not clearly explained by using kinetic model. This study presents kinetic models of Botrococcus braunii (B.
Braunii) cultivated on POME wastewater under different turbidity condition. Results showed that the growth model
of Zwietering was closely suitable with experimental results. It was found that B. braunii was able to consume
organic carbon from the POME wastewater on the logarithmic model. A modified kinetic model of Monod Haldane
described the influence of turbidity and COD on the cultivation. Turbidity of POME medium inhibited the growth
rate at KI 3.578 and KII 179.472 NTU, respectively. The Lipid (39.9%), and carbohydrate (41.03%) were found in
the biomass that could be utilized as biofuel source.
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1. Introduction
Food agricultural organization statistical database (FAOSTAT) from United Nation reported that
South East Asia coconut palm oil (CPO) production shares 88.6% of total world production.
Within this region, Indonesia is known as the largest producer, followed by Malaysia and
Thailand [1]. From 2010 to 2014, the production increased with 30.14% [2]. In 2014, Indonesia
CPO production was about 22.500.000 metric ton [3]. However, along with the production, it
generates wastes and pollution that caused the environmental problem in surrounding areas.
Palm oil mill effluent (POME) is a wastewater generated from CPO processing. It contains high
nutrients, total suspended solid (TSS), and total dissolved solid (TDS). It is reported that the
production of a ton of CPO will generate about 2.5-3.0 m3 of POME [4]. Releasing untreated
POME directly to the surroundings will cause serious pollution problems in the environment due
to high chemical oxygen demand (COD) and biological oxygen demand (BOD) content. In a
traditional industry, POME is treated by conventional facultative anaerobic-aerobic open ponds
to reduce the COD and BOD content. It requires a large area, and the release of the greenhouse
gasses may harm the environment. Generally, high COD loading and low pH of the palm oil mill
effluent, together with the colloidal nature of the total suspended solids, render treatments by
conventional methods difficult [5].
Recently, there have been many discussions on the progress of wastewater reuse globally to
protect the environment and achieve sustainable resources, as well as food, fuel, and feed
products [6-10]. Microalgae could be a promising agent to lower agro-industrial wastewater due
to the capability to utilize nutrient for the growth [6, 7]. Several researchers reported the
potential of POME as promoting media for microalgae growth [8, 9]. Moreover, the wastewater
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can provide the mixotrophic mode for microalgae medium due to the content of organic carbon
[11].
The biomass of Botryococcus braunii is a potential source for biofuel due to the capability to
produce a high amount of hydrocarbon and could be converted into several chemical products
[12] Based on our knowledge, the cultivation of B.buranii on POME wastewater was not well
explored. Kamyab et al. [13] reported that the high POME concentration inhibited microalgae
growth. However, the inhibition factor was not clearly explained by using the kinetic models.
Previous researchers reported the kinetic study of microalgae cultivated on wastewater to
produce biofuel source. Silva et al. [14] evaluated the kinetics of biomass production and nutrient
removal by two microalgal species cultivated on synthetic wastewater by using pseudo-firstorder kinetic model. While Gani et al. [15] predicted the growth of Botryococcus sp and the
nutrient uptake on domestic wastewater by using Logistic model. However, both kinetic models
are not proposed to predict the growth of algae on wastewater contained high turbidity. Focus of
this research was to study the influence of turbidity on the kinetic model of B. braunii cultivated
on the different POME concentration and comparing both of the kinetic models. Focus of this
research was to study the influence of turbidity on the kinetic model of B. braunii cultivated on
different digested POME concentration.

2. Materials and Methods
2.1. Wastewater Preparation
The POME was collected from a anaerobic ponding system of traditional palm oil mill industry
in Lampung, Sumatra. POME was pretreated by heating at 800C atmospheric pressure to prevent
bacteria contamination. The preparation was followed by using 400 mesh filter cloth to decrease
2

the suspended solid. The initial COD of digested POME was 1,200 mg/L, 400 mg/L N-total, 280
mg/L ammonia, P as PO4- 20 mg/L, TSS 250 mg/L, and pH 8.5.

2.2. Cultivation Condition and Measurement
B. braunii strain was purchased from central institute of brackish water aquaculture BBPBAP
Jepara, Central Java. B. braunii was inoculated in a modified Chu 13 medium [16], which KNO3
was replaced with urea, and KH2PO4 was replaced by triple super phosphate. For experimental
data, digested POME wastewater was diluted with double distilled water at different ratio 0-50%
v/v. Control as modified Chu 13 was added with 1 g/L NaHCO3 as an inorganic carbon source to
compare the autotrophic and mixotrophic condition of algae cultivated on POME. Cultivation
was carried out in 2 L Erlenmeyer flask with working volume 80% volume and gently mixed
with aerator at 0.5 vvm containing sterile air. Fluorescent lamp was employed as the source of
light at 5000 lux intensity. Temperature, salinity, and pH were set at 28o C, 0.15 M NaCl, and 6.8
- 7.2, respectively.
Dry biomass (X, g/L) = (OD680-0.0495) /1.0089

[17] (1)

The cultivation was measured daily by using spectrophotometer optima SP-300 to obtain optical
density at 680 nm wavelength (OD680) of the cell. The wavelength has advantage to facilitate the
prediction of the biomass at low concentration in wastewater and cloudy water as reported by
Alvares-Diaz et al. [17] Myers et al. [18]. The initial media without the addition of microalgae
cells was used as a blank. Dry biomass (X, g/L) was recorded by plotting the results of OD to Eq.
(1) [17]. Specific growth rate was calculated from Eq. (2) [8].
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µ=

ln(ODt - ln(OD0 )
tt - t0

[8] (2)

where ODt (unitless) is the optical density of the cell at the end of exponential time (𝑡𝑡𝑡𝑡 , day), OD0
(unitless) is the optical density of the cell at the beginning of cultivation time (𝑡𝑡0 , day). COD was
measured using SNI protocol No. 06-6989.22-2004 [19], each day for 6 days.

2.3. Modeling Method
To investigate the growth kinetics of B. braunii, models were investigated by measuring the
growth rate, the substrate consumption rate, and the effect of substrate on the growth rate.
Parameters of these models were predicted by using Minitab 16.0 software. The growth result of
B. braunii cultivated on different POME concentration was employed to validate the models.

B. braunii growth model
Many growth kinetic models such logistic, Gompertz, Schnute, Baranyi-Roberts, and Monod are
available for predicting the growth of microalgae. The logistic model by Bailley and Ollis [20]
was widely applied for the cell growth. It uses the simple calculation to study the microbial
growth due to independent of substrate consumption [21]. The model provides the specific
growth, the initial cell concentration, and the maximum cell concentration as

Xt =

X 0 .e µ .t
1 − XX 0s .(1 − e µ .t )

(

)

(3)
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where 𝑋𝑋𝑡𝑡 (g/L) is the concentration of B. braunii cell at any time t (d), 𝜇𝜇 (d-1) is specific growth

rate, 𝑋𝑋0 (g/L) is the concentration of the cell at the beginning of cultivation, and 𝑋𝑋𝑠𝑠 (g/L) is the
maximum concentration of the cell.

Zwietering model was employed for the cultivation of algae and bacteria on the wastewater
medium [22-25]. Zwietering model provides the lag phase time, specific growth, initial cell
concentration, and maximum cell concentration. It was modified from Gompertz [25] as

 µ .e

(λ − t ) + 1 
X t = X s . exp− exp 
 Xs



(4)

where 𝑋𝑋𝑡𝑡 (g/L) is the concentration of the cell at any time t (d), 𝜇𝜇 (d-1) is specific growth rate, 𝑋𝑋𝑠𝑠
(g/L) is the maximum concentration of the cell, and 𝜆𝜆 is lag time (days).

Monod kinetic model was employed to evaluate the growth related to the substrate
consumption. Monod [26] equation is the well-known model to describe the relation of the
growth with the substrate utilization.
In order to evaluate the growth rate related to the turbidity, the model was described as
𝜇𝜇 = 𝑓𝑓 (𝑆𝑆) . (𝐼𝐼)

(5)

The growth rate (μ) was influenced by a substrate (S) and intensity (I) [27-29]. The modified
model was proposed as

m=

m max .S
S
K s + S + 
 Ki

2

.

K .I

I2

 K I + I +
K II


(6)
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where I (lux) is light intensity, 𝐾𝐾𝐼𝐼 and 𝐾𝐾𝐼𝐼𝐼𝐼 are saturation and inhibition constant (lux), and K is

constant. The light intensity was substituted by the turbidity by using modified Beer Lambert law
in Eq. (7) and Eq. (8) [30].
I
log in
 I out


 = k . X 0 .Z max


[

(7 )

]

I out = I in exp (− k . X 0 ) + K bg .Z max

(8)

where Iout is outgoing light (lux), Iin is incoming light (lux), Xo is initial cell concentration of the
algae, k is specific light constant, 𝐾𝐾𝑏𝑏𝑏𝑏 is turbidity (NTU), and 𝑍𝑍max is mixing depth. At the

beginning of the cultivation, Xo was low, and Zmax was set to constant, thus Eq. (8) was
simplified to Eq. (9).

I out = I in exp

K bg

(9)

Since Iout is equivalent to Kbg, the increasing of turbidity Kbg will lower the incoming light
intensity (1/ Iin). The correlation between Initial turbidity 𝐾𝐾𝑏𝑏𝑏𝑏 and total suspended solid TSS
(mg/L) was calculated from Eq. (10) [31]
𝐾𝐾𝑏𝑏𝑏𝑏 = 0.4833(TSS)1.012

(10)

Thus, Eq. (6) was modified as

m=

m max .S
 S2
K s + S + 
 Ki

.

K .K bg

2

K bg
 K I + K bg +
K II


(11)
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substrate consumption rate
Several substrate consumption kinetic models are available such Monod, zero order, first order,
logarithmic, and logistic model [32] In this research, the first order (Eq. (13)) and the logarithmic
kinetic model (Eq. (14)) were evaluated and compared to the substrate consumption rate in
integral mode.
S = S 0 exp(− k .t )

(12)

S = S 0 + X 0 [1 − exp(k .t )]

(13)

where S (mg/L) is the substrate calculated from the COD of POME at any time (t, d), S0 is the
initial substrate concentration (mg/L), and k is the constant rate (d-1).

2.4. Component Analysis
The lipid and carbohydrate content were evaluated by performing microwave-assisted extraction
and acid hydrolysis. One hundred miligram of dry biomass sample was placed in a modified
microwave equipped with a three neck flask and condenser. Modified Folch method was
employed for the lipid extraction by using chloroform and methanol as co-solvent [33]. The
sample was then extracted by using microwave irradiance at 30% power (max output 900 W,
2,450 Mhz) for 5 min. The sample was extracted again by a conventional heating at 60oC and
gently mixed for 30 min at 100 rpm. It was cooled and centrifuged at 1,000 rpm for 20 min to
separate residue, chloroform, lipid, and methanol. At the center of layers, chloroform containing
the lipid was gently pipetted out. And the chloroform was evaporated until the lipid reached a
constant weight.
7

Acid hydrolysis was employed for carbohydrate analysis. The suspension of dried algae in
water (0.1 g/10 mL or 10% w/v) was mixed at 100 rpm stirrer bar to homogenize the suspension.
The liquid of H2SO4 1.1% v/v was added to the sample as the catalyst. The mixture was
processed in 70% power (equal to 630 W) with frequency 2,450 Mhz and output 900 W for 8
min. Phenol-sulfuric acid by Dubois et al. [34] was employed to analyze the total carbohydrate.
In order to analyze the lipid profile, GC/MS was employed. The lipid was converted into
fatty acid methyl ester (FAME) as described by Martinez-Guerra et al. [35]. Further analysis was
employed by using GC/MS (QP-2010 Shimadzu, Japan) equipped with silica capillary column
(30 m × 0.25 mm, 25 μm) and run at the flow rate of 1 mL/min. Helium was used as the carrier.

The FAME was diluted with pure n- hexane before injected into the column. The protocol by
Sahu et al. [36] was followed by next step.

2.5. Statistical Analysis
Minitab 16.0. (USA) was employed to predict parameters. Levenberg-Marquardt algorithm was
used to minimizes the sums of the square and residuals between the predicted and the
experimental results with the confidence level for regression coefficient R2 > 95%.

Sum of error (%)=

experiment−predicted
experiment

×100%

(14)

The sum of error (SE, %) in Eq. (14) was performed to evaluate the error of predicted and
experimental results.
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Coefficient of determination (r2) and index of agreement (d-index) were estimated to evaluate
the performance of the models and the agreement of the values. The r2 and d-index value were
ranged between 0 and 1. The closer value to 1 means perfect model performance and perfect
agreement between observed and predicted value [37, 38].

3. Results and Discussion
3.1. Cell Growth on POME Medium
Fig. 1 describes the growth profiles of B. braunii cultivated on various media. It indicated that
the control containing modified Chu 13 was the most suitable media for B. braunii. When B.
braunii was cultivated on POME, the growth rate was lower. The highest Napierian logarithm
(lnX/Xo) was recorded for the control, followed by 5, 3, 7, 10, 30 and 50% POME concentration.
In this result, the optimum growth of B. braunii supplemented with POME was recorded at 5%
v/v concentration. This condition was in line with Hadiyanto and Azimatun Nur [39] and
Kamyab et al. [13] who cultivated microalgae in media containing different POME concentration.
It is reported that POME influenced growth due to the condition that generated the mixotrophic
cultivation condition and provided organic carbon. However, POME also contains high turbidity
that inhibits light penetration and acts as auto-inhibitor. According to Budiman et al., the use of
undiluted POME as a substrate inhibited the growth of phototrophs, such as Rhodobacter
sphaeroides, due to the decrease of light penetration into the fermentation system [40]. In our
result, the concentration of POME more than 50% v/v gave a negative result for the growth
(data was not shown). The concentration of 10 to 50% v/v POME was employed for further
investigation.
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3.2. Cell Growth Kinetic
Fig. 2 shows the kinetic growth of B. braunii on different media. The Zwietering and the logistic
kinetic model were suitable for the growth (R2 > 95%) (Table 1). The most suitable kinetic
model for the growth was found on the Zwietering model with high average r2 of predicted and
observed value. In Addition, the average of d-value on Zwietering model was also higher,
indicating that the model gave better agreement value compared to Logistic model (Table 2 and
3). In the model, the value of lag phase time was included. By this condition, the Zwietering
model was more suitable for ideal cultivation condition that consists of lag, log, and stationary
phase. It is proved that the lag phase time is important during the acclimatization of algae on
wastewater medium and should be included on the model.
However, when the high POME was added (400 mg/L), both of the models gave poor r2 and
d-value. It seems that other disturbances were influenced on the growth such as turbidity content
that could inhibit the growth, resulting inaccuracy of the models.

3.3. COD Consumption Rate
Fig. 3 and Table 2 show the COD consumption rate of B. braunii under different initial
substrates. At the first day of the cultivation, the highest COD consumption rate was found in the
initial COD 130 mg/L, which decreased up to 47.84 mg/L in 6 days. While at 250 and 400 mg/L,
B. braunii was able to decrease the content up to 155 and 282.93 mg/L, respectively.
The highest reduction of COD value was also found at the initial COD 130 mg/L. While the
addition of POME decreased the COD efficiencies (Table 4). This is due to the effect of POME
that acts as auto-inhibition substrate. In addition, the higher POME concentration generates
cultivation mode from mixotrophic to slightly heterotrophic condition [11]. When the light was
10

not provided in media, microalgae start consuming organic carbon as the source of energy in the
heterotrophic condition. While in the mixotrophic condition, light and organic carbon can act as
the dual energy source for algae, which is found on 130 and 250 mg/L COD of POME.

3.4. Substrate Consumption Kinetic Model
The logarithmic and the first-order kinetic model were performed for the substrate consumption
rate profile (Fig. 3). In Table 2, high sum of error was found in the first order kinetic model.
Simkins and Alexander [31] reported that the first order kinetic model was not suitable to predict
the growth of microorganism that consumes high initial COD substrate. While the logarithmic
kinetic model was suitable to predict in all ranges of initial substrates because of the initial
biomass value is included into the equation. For the logarithmic kinetic rate, it is recorded at
0.451, 0.320, and 0.216 d-1 for 130, 250, and 400 mg/L of the COD, respectively. In our result,
the highest COD efficiency was recorded from 130 mg/L.

3.5. COD Substrate – Growth Rate Kinetic Model
Table 3 shows the result of parameters predicted by the Monod-Haldane and the modified
Monod Haldane kinetic model. Both kinetic models gave regression value R2 > 95%. For
Monod-Haldane model, the sum of error was 10.88%, while modified Monod-Haldane was
6.01%.
The simulation of the models was shown in Fig. 4. The Monod Haldane model provides an
explanation that the substrate can act as an inhibitor. For modified Monod Haldane kinetic model,
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the turbidity value as the function of light intensity was included in the equation. For
experimental results, the highest growth rate (0.165 d-1) was recorded at 75 mg/L COD.
According to Fig. 4(b), the highest growth rate was 0.165 d-1 at 50 NTU and 75 mg/L COD.
While from Fig. 4(a), the model gave the highest growth rate at 0.161 d-1 when 75 mg/L
substrate was added.
Table 7 shows the estimation of R2 and d-value of the models. The result explained that the
R2 of the modified Monod-Haldane model gave better performance. In addition, the d-value was
higher compared to Monod-Haldane model that described better results for the growth rate
kinetic model under different POME concentration due to the turbidity value that was included in
the model. It indicated that the COD was not only the inhibitor parameter for B. braunii growth,
but also the turbidity content can act as inhibitor due to the low penetration of the light. In this
model, the turbidity acts as inhibitor at KI 3.578 and KII 179.472 NTU, respectively. While on
modified Monod-Haldane model, the COD content inhibited the growth at Ki 332.840 mg/L,
which is higher compared to Monod-Haldane model. Kamyab et al [13] found that the growth of
Chlamydomonas was quite slow when 500 mg/L and 1,000 mg/L COD of the POME was used
as the substrate.

3.6. Lipid and Carbohydrate Content of B. braunii
For Table 4, the highest lipid (39.9%), and carbohydrate (41.03%) were recorded from 250 mg/L
COD POME, while the biomass content from the control medium resulted higher lipid (62.3%)
and carbohydrate (24.2%). It is stated that a higher temperature absorbed inside the cell than the
surrounding water influenced a fatigue effect experienced by the algal cell walls. The higher
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differences of the temperature between inside and outside the cell, that was resulted from fast
repeating frequency (2.45 GHz), makes the walls more easily destroyed [41]. Previous research
also reported that microwave irradiation on the hydrolysis of the algal biomass gave shorter time
compared to conventional hydrolysis [42].
However, the biomass content was lower compared to previous research. Compared to
another mixotrophic cultivation, the biomass of B. braunii was high in the presence of molasses
as stated by Yeesang and Cheirsilp [43] .It seems that the presence of ammonium in the POME
medium inhibited the growth of the B. braunii. This result was in agreement with
Ruangsomboon [44] found that the addition of ammonium both in the form of urea and
ammonium bicarbonate gave lower biomass production to B. braunii compared to nitrate. In
addition, the high turbidity in the POME medium might also influenced the biomass production
and the growth rate as explained above.
In this research, the carbohydrate productivity of B. braunii was slightly higher than lipid
productivity. This result was in agreement with Ashokumar and Rengasamy [45] who reported
the high carbohydrate productivity of B. braunii cultivated on modified Chu medium in open
raceways system. In our research, the cultivation was carried out on 300C. The optimal
temperature of B. braunii is 250C. It seems that the supraoptimal temperature inhibited the
synthesis of intracellular lipids, and the algae tend to accumulate more carbohydrate as stock of
energy [45]. However, the carbohydrate was also higher compared to control medium that was
cultivated under autotrophic condition.
From GC/MS analysis, C16, C23, and C18 were found for fatty acid with the composition at
4.25, 37.29, and 2.10%, respectively. The rich composition of hydrocarbon was consist of
hexacosane (C26H54) at 23.25%, n Dotriacontane (C32H66) at 6.08%, botryococcene (C34H58) at
13

5.74%, and n-eicosane (C20H42) at 4.90%. According to the analysis, it was not suitable for
biodiesel source. However, high hydrocarbon composition is still promising for another fuel.
Kitazato et al. [46] stated that the crude hydrocarbons of B. braunii can be converted to gasoline
(60% to 70%), light cycle oil (10% to 15%), heavy cycle oil (2% to 8%), and coke (5% to 10%)
by subjecting the crude oil to catalytic cracking. The lipid that extracted in the solvent can be
burnt directly [12]. The high amount of carbohydrate from the biomass was also potential for
other product such bioethanol and sugar fatty acid surfactant.

4. Conclusions
B. brauni was successfully cultivated on the low POME concentration. The Zwietering model
was suitable to describe the growth. Lower initial COD substrate (130 mg/L), resulted higher
consumption rate (0.451 d-1) and efficiency (63%). The logarithmic kinetic model was suitable to
predict the consumption rate of COD by B. braunii. The modified Monod Haldane model was
also suitable to predict the optimum condition of the growth rate on the different POME
concentration that influenced by turbidity (KI 3.578 and KII 179.472 NTU) and COD (Ki
332.840 mg/L). The Lipid (39.9%), and carbohydrate (41.03%) were found in the biomass that
could be utilized as biofuel source.
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Fig. 1. Growth profile of B. braunii cultivated under different media; control (♦), 3% (▲), 5%
(■), 7% (●), 10% (◊), 30% POME(○), 50% POME (□).
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Fig. 2. Growth profile of (a) logistic and (b) Zwietering for the effect of different media; data
experiment of control (modified Chu 13) (), 130 mg/L COD (10% POME) (●), 250 mg/L
COD (20% POME) (), 400 mg/L COD (30% POME) (); simulated result of control (
),
120 mg/L COD (
) 250 mg/L COD (
), 400 mg/L COD (
). The biomass was
obtained from Eq. (1).
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Fig. 3. COD consumption of B. braunii under different initial substrate from simulation of
logarithmic model. 130 mg/L COD (◊), 250 mg/L COD (□), 400 mg/L COD (∆); simulated
result of 400 mg/L (
), 250 mg/L COD (
), 130 mg/L COD (
) logarithmic kinetic
model.
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Fig. 4. Predicted ( ¬ ) and observed (●) growth rate of (a) Monod-Haldane kinetic model (b)
Modified Monod-Haldane kinetic model.

Table 1. Parameters for Cell Growth Models
Media

Xs
0.825
0.679
0.528
0.338

Control
COD 130 mg/L
COD 250 mg/L
COD 400 mg/L

Zwietering model
λ
μmax
0
0.129
-3.42
0.044
-4.303
0.025
-7.194
0.012

R2
0.982
0.981
0.975
0.974

Xs
0.803
0.615
0.417
0.292

Logistic model
μmax
R2
0.543
0.998
0.329
0.964
0.234
0.966
0.127
0.973

Observed value
Xs
μmax
0.840
0.159
0.670
0.137
0.429
0.103
0.284
0.071

Table 2. Estimated Parameter of R2 and d-index between Observed Optical Density (ODe) and
Predicted Optical Density (ODp) on Logistic Model at Different Media
Control
ODe ODp

2

r
d
ODe
0.991
0.113 0.058
0.949 0.113
0.220 0.142 0.974 0.891 0.147
0.288 0.259 0.994 0.935 0.170

COD 130 mg/L
ODp

r

2

COD 250 mg/L
d

ODe ODp

r

2

400 mg/L
D

ODe ODp

r2

d

0.084 0.991 0.927 0.112 0.115 1.000 0.967 0.112 0.109 0.999 0.907
0.120 0.990 0.913 0.133 0.138 0.998 0.927 0.133 0.124 0.981 0.562

0.162
0.947
0.441 0.388
0.629 0.172 0.211
0.957
0.531 0.508
0.171 0.224 0.264
0.613 0.610 0.764 0.000 0.265 0.321

0.999 0.968 0.154 0.163 0.994 0.830 0.144 0.139 0.991 0.631
0.973 0.795 0.195 0.188 0.992 0.730 0.165 0.154 0.000 0.000
0.952 0.630 0.226 0.214 0.928 0.000 0.176 0.169 0.000 0.000

0.848 0.000 0.237 0.239 0.996 0.506 0.197 0.184 0.000 0.000
0.998
0.686 0.688
0.903 0.305 0.380 0.489 0.000 0.265 0.265 0.997 0.000 0.207 0.198 0.000 0.000
0.871
0.700 0.747
0.205 0.364 0.438 0.000 0.000 0.291 0.289 0.000 0.000 0.231 0.212 0.586 0.000

23

0.737 0.789 0.910 0.499 0.414 0.496 0.000 0.000 0.309
0.784 0.818 0.970 0.780 0.457 0.552 0.000 0.000 0.311
0.867 0.839 0.984 0.889 0.557 0.605 0.889 0.584 0.331
0.872 0.853 0.994 0.930 0.595 0.655 0.892 0.672 0.366

0.313 0.000 0.298 0.259 0.225 0.658 0.000
0.336 0.568 0.000 0.211 0.238 0.559 0.000
0.358 0.792 0.000 0.231 0.250 0.611 0.000

0.378 0.982 0.687 0.246 0.262 0.599 0.000
0.989
0.888 0.862
0.913 0.640 0.701 0.928 0.773 0.395 0.397 1.000 0.957 0.255 0.272 0.600 0.000
0.898 0.868 0.987 0.908 0.671 0.744 0.921 0.793 0.430 0.415 0.991 0.838 0.260 0.282 0.864 0.000
Average

0.952 0.686

0.705 0.504

0.803 0.482

0.532 0.150

Table 3. Estimated Parameter of R2 and d-index between Observed Dry Weight (DWo) and
Predicted Dry Weight (DWp) Calculated from Optical Density on Zwietering Model at Different
Media
Control
DWo DWp r

2

COD 130 mg/L
d

DWo DWp r

2

COD 250 mg/L
d

DWo ODp

r

2

400 mg/L
d

DWo DWp

r2

d

0.113 0.112 1.000 0.947 0.113 0.113

1.000 0.955 0.112 0.112 1.000 0.990 0.112

0.112 1.000 0.966

0.220 0.177 0.988 0.913 0.147 0.147

0.998 0.953 0.133 0.133 1.000 0.980 0.133

0.125 0.987 0.878

0.288 0.266 0.996 0.959 0.170 0.170

0.999 0.985 0.154 0.157 0.999 0.961 0.144

0.139 0.993 0.915

0.441 0.376 0.842 0.881 0.172 0.172

0.992 0.906 0.195 0.182 0.973 0.960 0.165

0.157 0.900 0.765

0.531 0.494 0.730 0.888 0.224 0.224

0.999 0.876 0.226 0.209 0.865 0.898 0.176

0.168 0.904 0.781

0.613 0.603 0.191 0.587 0.265 0.265

0.999 0.753 0.237 0.237 1.000 0.967 0.197

0.183 0.000 0.262

0.686 0.692 0.994 0.984 0.305 0.305

0.993 0.405 0.265 0.264 0.986 0.976 0.207

0.196 0.000 0.000

0.700 0.756 0.673 0.843 0.364 0.364

0.999 0.019 0.291 0.291 1.000 0.955 0.211

0.212 0.581 0.000

0.737 0.799 0.788 0.865 0.414 0.414

0.987 0.089 0.309 0.316 0.961 0.950 0.219

0.225 0.662 0.000

0.784 0.826 0.944 0.921 0.457 0.457

0.937 0.524 0.311 0.340 0.441 0.807 0.231

0.238 0.563 0.000

0.867 0.843 0.992 0.942 0.557 0.557

0.951 0.842 0.331 0.361 0.745 0.846 0.241

0.251 0.616 0.000

0.872 0.854 0.996 0.962 0.595 0.595

0.994 0.854 0.366 0.379 0.979 0.941 0.256

0.262 0.601 0.000

0.888 0.860 0.990 0.950 0.640 0.640

0.999 0.880 0.395 0.396 1.000 0.989 0.265

0.272 0.598 0.000

24

0.898 0.864 0.987 0.945 0.671 0.671
0.975 0.899

0.996 0.880 0.430 0.409 0.983 0.948 0.270
0.989 0.707

0.281 0.859 0.000

0.923 0.940

0.662 0.326

Table 4. Parameters for the Substrate Consumption Rate Models
Actual
So
(mg/L)

Logarithmic model
S0
k
X0
(mg/L (d-1)
(mg/L)
)

130
250
400

136.83 -0,451
251.71 -0,320
416.58 -0,216

82.58
94.48
98.12

First order kinetic model
S0
k
Sum of
(mg/L) (d-1)
error
(%)

Sum
of
error
(%)
0.03
0.01
0.02

129.31
230.35
348.49

-0.164
-0.140
-0.134

COD reduction
Efficiencies
(%)

5.46
7.69
8.16

63
38
29

Table 5. Parameters for Substrate – Growth Rate Kinetic Model
Parameter
𝜇𝜇max (d-1)
𝐾𝐾𝑠𝑠 (mg/L)
𝐾𝐾𝑖𝑖 (mg/L)
K (constant)
𝐾𝐾𝐼𝐼 (NTU)
𝐾𝐾𝐼𝐼𝐼𝐼 (NTU)
R2 (%)
Average Sum
of error (%)

Monod-Haldane
0.44
58.85
78.22
99.73
10.88

Modified Monod-Haldane
0.03
7.443
332.840
9.519
3.578
179.472
99.96
6.01

Table 7. Estimated Parameter of R2 and d-index between Observed and Predicted Growth Rate
Value on Monod Haldane and Modified Monod-Haldane Model
𝝁𝝁observed
0

Monod-Haldane
𝝁𝝁predicted r2
0
0.996

d
1

Modified Monod-Haldane
d
𝝁𝝁predicted r2
0.000
1
1
25

0.120
0.157
0.161
0.142
0.100
0.071

0.12
0.156
0.165
0.137
0.103
0.07

0.999
0.991
0.824
0.979
1.000
0.996

0.729
0.758
0.724
0.830
0.782
0.747

0.120
0.156
0.165
0.137
0.101
0.068

1.000
1.000
0.998
0.993
0.998
0.999

1
1
1
1
1
1

Table 8. Comparison of B. braunii Cultivated on Different Media
Medium
250 mg/L COD
POME
Control
15 g/L Molasses
Modified Chu 13
Open raceways
pond

X

L

C

Px

PL

Pc

Reference

0.429

39.9

41.03

44.18

17.63

18.11

This Study

0.840
3.05

62.3
36.9

24.2
NA

133
-

82.8
-

32.18
-

This Study
[43]

1.8

19

33

114

21.66

37.62

[45]

Notes. X = dry biomass (g/L), L = lipid content (%w), C= carbohydrate content (%w), Px =
biomass productivity (mg/L/d), PL =lipid productivity (mg/L/d), Pc =carbohydrate productivity
(mg/L/d).
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