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ABSTRACT

Determining the optimal light intensity is essential for the growth of Chlorella vulgaris and 
the production of suitable biomass for biodiesel. This study aims to investigate the cultivation 
of Chlorella vulgaris under optimal light intensity to enhance biodiesel production while ad-
vancing the biological treatment of poultry slaughterhouse wastewater. To fill the relevant gap 
in the literature, the suitability of the biologically treated wastewater for microalgae growth 
was investigated at 20, 60, 100, and 140 µmolphoton/m2s light intensities with alkaline pH 
adjustment and pH shocking methods. Optimal phosphate and ammonium removal (up to 
100%) was achieved using the alkaline pH method at 100 and 140 µmolphoton/m2s. In terms 
of biodiesel production, the most suitable result was obtained with the pH shocking method 
and the lipid ratio was calculated as 20% in the dry biomass of the C5.2 samples at 100 µ mol-
photon/m2s.The highest chlorophyll-a concentration (3.32 mg/L) was measured in the same 
sample at 140 µmol photons/m²s. Fatty acid methyl ester species obtained predominantly C16 
and C18 fatty acids at all light intensities. According to the results, Chlorella vulgaris grown 
at 100 µmolphoton/m²s is optimal for biodiesel production due to its high lipid content and 
fatty acid methyl ester types. Kinetic analyses showed that phosphate and ammonium removal 
predictability with Chlorella vulgaris followed first-order kinetics with R2 values of 96% and 
85%, respectively. Under optimal light intensity, integrating Chlorella vulgaris cultivation into 
a biological slaughterhouse wastewater treatment system enables advanced treatment with re-
al-world applicability.
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INTRODUCTION

The continued rise in CO2 levels in the atmosphere 
is disquieting. The most crucial advantage of biodiesel 
obtained from oilseed plants and microalgae is that the 

carbon dioxide in the atmosphere is used via photosynthe-
sis. According to the rapid growth rate, high lipid content 
and long-chain fatty acid methyl ester profile of microal-
gae, they are considered as a suitable source for biodiesel 
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production [1]. The fatty acid methyl ester composition 
of microalgae determines the quality of the produced bio-
diesel [2]. For this reason, studies on biodiesel production 
from microalgae have gained speed in recent years.

Microalgal growth and lipid production are directly 
affected by abiotic conditions such as essential nutrients, 
light, temperature, CO2, pH, and growth phase [3]. Light 
intensity is remarkably significant for developing microal-
gae culture in the presence of sufficient nutrients. Since 
microalgae photosynthesize and grow by carbon fixation in 
the air with the presence of light, more biomass is expected 
to be formed as the light intensity increases [4]. Nonetheless, 
excessive light intensity inhibits microalgae growth [5]. 
While the microalgae biomass increased with the increase 
in light intensity, lipid production mainly increased 
depending on the microalgae species and other environ-
mental conditions [6,7] and decreased in some studies [8,9] 
and unaffected by light intensity [10]. While developing 
microalgae culture, using wastewater as a nutrient provides 
both-sided benefits by providing advanced treatment of 
wastewater compared to traditional treatment methods and 
obtaining biodiesel from the developed microalgae bio-
mass [11]. Microalgae take the nutrients necessary for their 
growth from wastewater in NH4

+ and PO4
3- forms [12]. As 

the light intensity increases, the removal of nitrogenous 
and phosphorous compounds in wastewater increases [13]. 
While ammonium can be removed from wastewater with 
high efficiency at low light intensity (14 µmolphoton / m2s), 
it is also possible to remove phosphate with lower efficiency 
[14]. Light is one of the most important parameters that 
Chlorella vulgaris needs during photosynthesis to develop. 
However, light’s wavelength and light intensity are essen-
tial for the lipid content and fatty acid methyl ester (FAME) 
composition of the microalgae biomass [3].

While some microorganisms and microalgae can live 
in a consortium, there is competition with some organ-
isms [12]. When biologically treated wastewater is used as 
a nutrient medium, eliminating wastewater from harmful 
microorganisms is very important for developing microal-
gae. For Chlorella ellipsoidea cultures grown using second-
ary treatment domestic wastewater effluent, wastewater 
was filtered and sterilized before the experiment [15]. In 
another study where Chlorella sp. was grown using domestic 
wastewater treatment plant effluent, filtration and UV radi-
ation methods were used to solve the rotifer and bacteria 
problem [16]. In a study in which Nannochlropsis salina was 
grown in an artificial nutrient medium supplemented with 
rotifers, the hydrodynamic cavitation method was used to 
remove rotifers, and a high rate of rotifer removal efficiency 
was obtained [17]. In addition to these methods, lower cost 
and large scale applicable methods should be developed. In 
a previous study, pH shocking method was used to remove 
harmful organisms from biologically treated slaughter-
house wastewater. The pH shocking time and period, which 
give the most suitable result for microalgae development, 
have been determined [18]. In a recent study, the pH of the 

culture medium was adjusted to alkaline in order to destroy 
the microorganisms in biologically treated poultry slaugh-
terhouse wastewater that inhibit Chlorella vulgaris growth. 
Chlorella vulgaris culture was developed successfully at pH 
10.5, which is unsuitable for the survival of rotifers [19].

Studies on utilizing poultry slaughterhouse waste-
water for microalgae cultivation have gained attention. 
These wastewaters have undergone various pretreatment 
processes and have been used to grow different microal-
gae species. In studies on microalgae cultivation, poultry 
slaughterhouse wastewaters have been used in various 
forms: untreated [20], autoclaved [21], filtered and auto-
claved [22], or pretreated with acid precipitation [23]. 
Research gaps that need to be addressed include developing 
sustainable and cost-effective methods to eliminate harm-
ful microorganisms in biologically treated slaughterhouse 
wastewater and investigating the suitable light intensity for 
growing Chlorella vulgaris. Therewithal, there is a gap in 
the literature regarding the effect of light intensity on the 
cultivation of Chlorella vulgaris with biologically treated 
poultry slaughterhouse wastewater

This study aims to determine the optimal light inten-
sity for developing Chlorella vulgaris culture in biologically 
treated poultry slaughterhouse wastewater. At the same 
time, it was aimed to grow Chlorella vulgaris culture suit-
able for biodiesel production in biologically treated poultry 
slaughterhouse wastewater. In all light intensity studies, it 
was planned to investigate the sufficient nutrient supply 
of slaughterhouse wastewater for microalgal development 
with Chlorella vulgaris cultures grown in BG-11 nutrient 
medium as a control group. In order to monitor microalgae 
growth, total time dependent biomass and chlorophyll-a 
determinations were made. At the same time, the amounts 
of NH4

+ and PO4
3- were measured over time in order to 

follow the advanced treatment of slaughterhouse waste-
water. Kinetic model calculations were made for microal-
gae growth and advanced treatment of slaughterhouse 
wastewater. 

MATERIALS AND METHODS

Culture Condition
Within the scope of the study, it was aimed to examine 

the effect of Chlorella vulgaris on the advanced treatment 
of biologically treated poultry slaughterhouse waste-
water and at the same time to compare the pH shocking 
and alkali culture (fixed pH at 10.5) methods used in the 
removal of harmful microorganisms in the slaughterhouse 
wastewater. Chlorella vulgaris is grown in the laboratories 
of the Environmental Engineering Department of Sakarya 
University and fed regularly with sterilized BG-11 nutrient 
medium. BG-11 is extensively used as a nutrient medium 
for the growth of blue-green algae species. In 1 liter of 
BG-11 nutrient medium contains 1.5 g NaNO3, 0.075 g 
MgSO4.7H2O, 0.04 g K2HPO4, 0.036 g CaCl2.2H2O, 0.02 
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g Na2CO3, 0.006 g citric acid, 0.006 g ferric ammonium 
citrate, 0.001 g EDTA (disodium magnesium salt), and 1 
ml trace element mix [24]. Chlorella vulgaris culture at a 
rate of 10% by volume has been inoculated into the sam-
ples. The slaughterhouse wastewater was collected as 24 
hours composite after the biologically treatment of poultry 
slaughterhouse wastewater at Sakarya – Turkiye (Table 1). 
A 24-hour composite biologically treated poultry slaughter-
house wastewater sample was obtained from the biological 
treatment plant outlet of a private chicken meat producer. 
Microalgae growth experiments were started within 2 hours 
after the biologically treated poultry wastewater sample was 
taken. Experiments were carried out with at least three rep-
licates and average values are given for all results.

With the intention of developing Chlorella vulgaris in 
biologically treated slaughterhouse wastewater, the cultures 
were growth at room temperature with continuous white 
light illumination of 4 different light intensities, 20 - 60 
- 100 - 140 μmol photons m−2s−1 in 1 L erlenmeyer flasks 
for 12 days. Cultivation  was carried out continuously on 
a  shaker  at 150 rpm. For each light intensity, four differ-
ent samples were prepared. These samples were named as 
BG11, BG11pH, C5.2 and pH10.5. Two of the samples con-
tain BG11 as a nutrient medium, while two contain bio-
logically treated slaughterhouse wastewater. BG11 nutrient 
medium provides all the nutrients required for the growth 
of Chlorella vulgaris. In order to compare the effect of bio-
logically treated poultry slaughterhouse wastewater on the 
growth of Chlorella vulgaris, samples containing BG11 
nutrient medium were also studied. Some rotifers and bac-
teria harm microalgal growth in the biologically treated 
poultry slaughterhouse wastewater that used in the study. 
Rotifers, in particular, consume microalgae, and therefore, 
algae death occurs in a short time. Two different methods 
were applied to inhibit predators without damaging the 
microalgae cells; pH stabilization at alkaline pH (pH10.5) 
and pH shocking. pH methods were preferred in order to 
cause minimum damage to microalgae life (not to add extra 
chemicals) and to present a different method as a contribu-
tion to the literature.
§	 BG11 is a control sample and its pH has not been inter-

fered with.

§	 The pH of the C5.2 sample was adjusted to pH 2 for 5 
minutes every 2 days to eliminate harmful microorgan-
isms in the biologically treated slaughterhouse wastewa-
ter, adjusted to pH 8 at the end of the 5th minute. This 
process is called pH shocking.

§	 BG11pH sample was prepared to examine the effect of 
pH shocking on microalgae grown in nutrient medium 
containing BG-11. The pH shock process was carried 
out under the same conditions as the C5.2 sample.

§	 pH10.5 sample was prepared to determine the growth 
of microalgae in the Biologically treated slaughterhouse 
wastewater in alkaline condition (pH10.5) and to com-
pare with pH shocking conditions. 
Predatory microorganisms at low and high pH levels 

cannot survive in biologically treated water. However, to 
not adversely affect the microalgae’s life, the pH change is 
carried out within 5 minutes with this method called pH 
shocking [18]. Also Chlorella vulgaris microalgae can live 
in alkaline conditions up to pH 11 [19].

 Analytical Methods 
Microalgae culture has been developed in the biolog-

ically treated water of poultry slaughterhouse and BG-11 
nutrient medium. In order to determine the nutrient 
removal in samples, ammonium (N-NH4

+), phosphate 
(P-PO4

3-) analyses have been conducted at beginning and 
every four days [25]. Before the nutrient analysis, the sam-
ples were centrifuged at 14000 rpm for 15 minutes at 4oC 
in order to separate the grown biomass from the samples. 
Microalgae growth has been monitored by total suspended 
solids (mg/L) and, chlorophyll-a at beginning and every 
four days [25,26]. NH4 and PO4

3- test kits were purchased 
from MERCK. Ammonium (N–NH4) analogous to the 
method: APHA 4500-NH3 F), phosphate (P–PO4) analo-
gous to method APHA 4500-P C analyses have been con-
ducted with spectrophotometric methods (APHA 2017). 
The MERCK brand Pharo 3600 spectrophotometer has 
been used for the analyses.

Lipid Extraction and Transesterification
Developed biomass has been harvested by sedimenta-

tion. The harvested biomass has been dried entirely at 40oC 
in the vacuum oven. In order to get efficient results from 
lipid extraction, the cell wall has been broken down in an 
autoclave with 50 ml of distilled water containing 0.5% 
nitric acid at 121oC for 30 min following the method by 
[27]. The total lipid of dried microalgae biomass has been 
extracted with a mixture of chloroform and methanol (2:1 
v/v) for 3h. The solvent was centrifuged at 3000 rpm for 5 
min and dried in a vacuum oven at 40oC. The weight of the 
extracted total lipid was verified gravimetrically [28,29]. 

The transesterification method that used was modified 
from [29]. Acidic esterification method was chosen for 
transesterification and was carried out in a water bath with 
sulfuric acid and methanol. The fatty acid methyl esters 
formed as a result of esterification were transferred to the 

Table 1. Biologically treated poultry slaughterhouse waste-
water

Parameter Value
COD (mg/L) 98
Oil & Gres (mg/L) 20
NH4

+-N (mg/L) 96.4
NO3

- -N (mg/L) 20.5
PO4

3- -P (mg/L) 1.82
pH 6.98
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n-heptane phase for injection to the gas chromatograph. 
The fatty acid profile was determined on a gas chromato-
graph (Shimadzu - QP 2010 GC/MS) equipped with a GC/
MS detector and a highly polar Rt2560 capillary column 
(100 m x 0.25 mm x 0.20 μm) [30]. 

Kinetic Model
Kinetic model calculations were made according to 

reaction time and reaction rate constant. The regression 
coefficient values were calculated according to the kinetic 
model calculations. For the growth of microalgae, first-or-
der and second-order kinetic models were examined in 
the kinetic calculations for biomass and chlorophyll-a 
increases. The k and R2 values were calculated for the inves-
tigated kinetic models. The kinetic equations (Eq.1) and 
(Eq. 2) are as given below [31]:

	 1st order kinetics: 	 (1)

	 2nd order kinetics: 	 (2)

Co: the initial concentration of biomass
C: concentration of biomass in t time
k: reaction rate constants.
First-order and second-order kinetic models were also 

examined in the kinetic calculations for removing PO4
3- 

and NH4
+ from the biologically treated poultry slaughter-

house wastewater by microalgae.

RESULTS AND DISCUSSION

Nutrient Removal from Wastewater Depending on Light 
Intensity

Chlorella vulgaris cultures have been developed in 
BG11, BG11pH, C5.2, and pH10.5 samples for 12 days 
at 20, 60, 100, and 140 µmolphoton/m2s light intensities. 

Since the initial ammonium and phosphate amounts of the 
samples containing BG11 and the biologically treated poul-
try slaughterhouse wastewater samples were different, the 
results were examined in terms of the removal rates calcu-
lated with the values measured at the end of the 12th day. 

The lowest NH4
+ removal was obtained at 20 µmol-

photon/m2s compared to other light intensities. However, 
77.95% NH4

+ removal was achieved in the biologically 
treated poultry slaughterhouse wastewater sample, C5.2 at 
20 µmolphoton/m2s (Figure 1). For all light intensities, the 
NH4

+ removal at the end of the 12th day was almost 100% 
for pH 10.5 sample. In the samples containing BG11, NH4

+ 
removal increased as the light intensity increased. In the 
pH-shocked BG11pH sample, more NH4

+ removal was 
obtained than the control sample BG11.

PO4
3- removal increased with the increase of light 

intensity up to 100 µmol photon/m2s for C5.2 and pH 
10.5 samples. Since the removal amounts were relatively 
high, it tended to be fixed at 100 and 140 µmol photon/
m2s. Another reason for this fixation trend is that microal-
gae growth is similar and at high concentrations at 100 and 
140 µmol photon/m2s. 100% PO4

3- removal was achieved 
for C5.2 and pH 10.5 samples at 100 and 140 µmol photon/
m2s (Figure 2).

As the light intensity increased, nutrient removals 
increased, and more than 70 percent nutrient removal 
was obtained even at the lowest light intensity in samples 
containing wastewater. For this reason, in addition to the 
purpose of cultivating Chlorella vulgaris culture in the bio-
logically treated poultry slaughterhouse wastewater for bio-
diesel production, high efficiency was obtained at low light 
intensities in order to increase nutrient removal. In a study 
performed at 14 µmol/m2s at low light intensity, 93.5% of 
ammonium and 11.1% of phosphate were removed with 
anaerobic wastewater treatment secondary effluent after 8 
days of development of Chlorella vulgaris [14]. In another 
study, 79.63% nitrate and 100% phosphate were removed 

Figure 1. NH4
+ removal at 12th day depending on light intensity.
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from the domestic wastewater treated with Chlorella vul-
garis after a 14-day culture period at a light intensity of 
3500 lux (≈ 50 µmolphoton/m2s) [32]. In a study investi-
gating the effect of light intensity in wastewater with differ-
ent types of microalgae, it was found that as light intensity 
increased, total nitrogen (TN) removal for Chlorella vul-
garis decreased, while total phosphorus (TP) removal 
increased. At the end of 8 days, it was calculated that total 
nitrogen and total phosphorus were removed by 75% with 
all microalgae species [7]. In a study conducted by Solmaz 
and Işık, nutrient removal results were obtained as 50.08% 
for NH4-N and 4.54% for PO4-P from synthetic wastewater 
with a culture of a mixture of different microalgae species 
[33]. 

In a study, total nitrogen and total phosphorus removal 
in pretreated slaughterhouse wastewater with mixed 
microalgae culture using a photobioreactor were obtained 
as 70.2% and 96.2%, respectively, after 7 days [22]. In 
another study, nitrate and phosphate removal efficiencies 
were obtained as 18% and 48%, respectively, with Chlorella 
pyrenoidosa culture in autoclaved and diluted poultry 
slaughterhouse wastewater [21]. When the studies in the 
literature are examined; Although nutrient removal rates 
are related to microalgae growth, it is understood that they 
vary with initial concentration, culture time, and microal-
gae species [7,14,32]. It has also been proven that as the 
light intensity increases, microalgae growth increases up to 
a point, and that very high light intensity will be inhibitory 
for microalgae growth and nutrient removal [5]. 

Chlorella Vulgaris Growth Depending on Light Intensity
In experiments carried out at different light intensi-

ties (20, 60, 100 and 140 µmolphoton/m2s) for microal-
gae growth, Chlorella vulgaris biomass grown in BG11, 
BG11pH, C5.2 and pH 10.5 samples and chlorophyll-a pig-
ment contents of these samples were compared. Biomass 
graphs were drawn for all samples depending on time 

and light intensity and are given in Figure 3. As the light 
intensity increased in all samples, the amount of biomass 
increased continuously for 12 days.

According to the time-dependent measurement results 
for 12 days, less biomass increase was measured in the C5.2 
sample compared to the control sample BG11 at all light 
intensities. Biomass growth of BG11pH was slightly slower 
compared to BG11. At the end of the 12th day at 140 µmol-
photon/m2s, the amounts of biomass formed in BG11pH 
and BG11 samples were measured in very close amounts 
as 1030 mg/L and 1180 mg/L, respectively. This situation 
indicates the negative effect of pH shock on microalgae. 
However, it is possible to say that pH shocking for the 
destruction of harmful microorganisms in the biologically 
treated poultry slaughterhouse wastewater is negligible in 
terms of microalgae growth. pH 10.5 was the sample in 
which the least and slow microalgae growth was detected 
for each light intensity among all samples, and the microal-
gae biomass grown was relatively small compared to C5.2. 
The 20 µmolphoton/m2s light intensity was insufficient for 
microalgae growth in all samples.

Samples containing BG11 increased their biomass from 
around 200 mg/L to over 1000 mg/L at 100 and 140 µmol-
photon/m2s light intensities at the end of the 12th day. The 
biomass amount of the C5.2 sample was measured as 1000 
mg/L at 100 µmolphoton/m2s and 860 mg/L at 140 µmol-
photon/m2s at the end of the experiment. This is due to the 
difference in wastewater and artificial nutrient media con-
tent and the presence of competitive microorganisms in the 
biologically treated poultry slaughterhouse wastewater. As 
in this study, in studies in the literature, high light intensity 
has an inhibitory effect on algae growth after a point [3,13]. 
Measurement of chlorophyll-a amount depending on time 
and light intensity is an essential parameter for monitoring 
microalgae growth in samples [34]. Chlorophyll-a amounts 
measured for all samples at 4 different light intensities 
for 12 days are shown in Figure 4. The highest amount of 

Figure 2. PO4
3- removal at 12th day depending on light intensity.
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chlorophyll-a was obtained with the control sample, BG11. 
After 12 days, chlorophyll-a was measured as 4.40 and 4.19 
mg/L for BG11 and BG11 pH, respectively. Increases and 
decreases in chlorophyll-a amounts in BG11pH and C5.2 
samples indicate the effect of pH shock and algae adaptation. 

In samples containing biologically treated poultry slaugh-
terhouse wastewater, the highest chlorophyll-a 3.32 mg/L 
for C5.2 at 140 µmolphoton/m2s; For pH 10.5, it was mea-
sured as 2.83 mg/L. Chlorophyll-a amounts due to microal-
gae deaths decreased in all samples at 20 µmolphoton/m2s 

	

	

Figure 4. Chlrophyll-a growth depending on light intensity.

	

	

Figure 3. Biomass growth depending on light intensity.
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and were insufficient for microalgae growth under these 
experimental conditions. 

The amount of chlorophyll-a represents viable and 
healthy algal cells. For this reason, it is understood by com-
paring the results that it is different from the total biomass 
amount and increases slightly. Increasing light intensity 
significantly increases chlorophyll-a synthesis in microal-
gae cells [35]. A study examining the effect of light intensity 
stated that chlorophyll began to degrade at high light inten-
sities. In the same study, Chlorella sp. For continuous light, 
medium-intensity light (200 µmolphoton/m2s) was stated 
to be the best for biomass increase [34]. 

Total Lipid and Fatty Acid Methyl Esters Formed 
Depending on Light Intensity

Table 2 shows that the total lipid production for all sam-
ples increased as the light intensity increased. According to 
the results obtained, it is clear that the pH 10.5 method is 
less suitable for lipid production. C5.2 sample containing 
the biologically treated poultry slaughterhouse wastewa-
ter developed by pH shocking method was compared with 
BG11 control sample, and matching results were obtained 
regarding lipid production. The effect of pH shocking on 
microalgae growth is revealed by comparing the BG11pH 
sample with the control sample. Comparing the total lipid 
ratios obtained for the BG11pH sample with the control 
sample BG11, it formed 1-3% less lipid at low light intensi-
ties and less than 1% at high light intensities.

The highest total lipid content in the C5.2 sample was 
measured with 0.1142 g at 140 µmolphoton/m2s light inten-
sity. The lowest total lipid amount was calculated as 0.0886 
g at 20 µmolphoton/m2s for C5.2. With the increase in 
light intensity, the lipid ratios of the dry biomass obtained 
increased. In studies in the literature, While microalgae 
biomass increased with increasing light intensity, lipid pro-
duction increased primarily due to microalgae species and 
other environmental conditions [6,7], decreased in some 
studies [8,9], and was not affected by light intensity in some 
studies [10].

The lipid ratios in the dry biomass of the C5.2 sample 
were obtained as 19.5% and 20.5% of the dry biomass at 
100 and 140 µmolphoton/m2s light intensities, respec-
tively. These lipid ratios obtained are slightly higher than 
BG11. The highest lipid content of 14.8% was obtained in 
the biomass developed in slaughterhouse wastewater with 
different microalgae species [20]. pH 10.5 has the lowest 
lipid content in dry biomass at all light intensities. High 
light intensity causes a decrease in lipid content. In a study 
conducted by [34] in which the effect of light intensity was 
examined, it was stated that chlorophyll-a began to dete-
riorate at high light intensities, but the lipid content of the 
biomass increased. In a study, it was explained that light 
intensities higher than 150 µmolphoton/m2s in a sample 
given over a photobioreactor, depending on the microalgae 
species, prevent microalgae growth [5]. For this reason, it is 

not possible to obtain microalgae growth with the desired 
efficiency at very high light intensities.

Low light intensity, on the other hand, is more suitable 
for lipid deposition, because at high light intensity microal-
gae tend to proliferate rather than increase lipid [8]. For 
this reason, it is vital to determine the optimum light inten-
sity for lipid production. Light intensities higher than 140 
µmolphoton/m2s were not studied in this study due to the 
decrease in light intensity compared to 100 µmolphoton/
m2s in fatty acid methyl esters at 140 µmolphoton/m2s and 
the inhibitory property of high light intensity. Total lipid 
amounts and lipid ratios in dry biomass were higher for 
each light intensity in the C5.2 sample than in the BG11 
control sample. This situation can be explained by the 
increased lipid ratio of Chlorella vulgaris under stress with 
pH shocking. In addition, it can be explained by the high 
concentration of nitrogen and phosphorus nutrient content 
of poultry slaughterhouse wastewater compared to BG11 
nutrient medium [16,36].

FAME obtained as a result of lipid transesterification. 
The FAME profile obtained from Chlorella vulgaris con-
sists of palmitic acid (C16:0), stearic acid, palmitoleic acid 
(C16:1), oleic acid (C18:1), linoleic acid (C18:2), and lino-
lenic acid (C18:3) (Table 2). As a result of the increase in 
light intensity, there were differences in the composition 
and concentration of fatty acid methyl esters. 

The total amount of lipids obtained was also low in par-
allel with the microalgae growth, chlorophyll-a pigment 
analysis, and biomass measurement results at 20 µmolpho-
ton/m2s. Likewise, the concentration of fatty acid methyl 
esters and the detected FAME species are also quite low 
compared to the concentrations obtained at other light 
intensities. For this reason, low illumination was found 
insufficient for this study in terms of microalgae growth 
and the use of developed biomass as biofuel raw material. 
The sample, which was constantly kept at pH 10.5, gave 
insufficient results regarding the obtained FAME species 
and concentrations compared to the pH shocking method.

The highest concentrations of saturated fatty acids 
(C16:0 and C18:0) were obtained in the C5.2 sample at 
60 µmolphoton/m2s, and saturated fatty acids constitute 
73.39% of the total fatty acids. At 140 µmolphoton/m2s, the 
highest light intensity, the C5.2 sample has a higher lipid 
ratio than the control sample. Saturated fatty acids C16:0 
and C18:0, and unsaturated fatty acids C18:2 and C18:3 
formed at 100 and 140 µmolphoton/m2s. Fatty acid methyl 
ester content from microalgae biomass is an important 
parameter for evaluating the suitability of microalgae for 
biodiesel production.

The presence of C16 and C18 fatty acid methyl esters 
is an indicator of quality biodiesel [37]. C18 fatty acids 
obtained from microalgae; they exist mainly in unsaturated 
form (C18:1, C18:2, and C18:3) [38]. C16-C18 saturated 
and unsaturated fatty acids obtained in this study overlap 
with those obtained from microalgae in the literature.
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The suitability of the obtained fatty acids for biodiesel 
production was evaluated by the European biodiesel qual-
ity standard (EN 14214). As stated in EN 14214, the main 
limiting factor is considered to be the ratio of C18:2 fatty 
acids to total fatty acids [39]. C18:3 linolenic acid, should 
not exceed 12% in fatty acids; It was below this ratio at all 
light intensities in the C5.2 sample (Table 3). While lino-
lenic acid (C18:3) did not form in the C5.2 sample at 20 
and 60 µmolphoton/m2s light intensities, it was calculated 
as 7.325% and 6.320%, respectively, at 100 and 140 µmol-
photon/m2s light intensities.

The obtained biodiesel is not desired that it consists of 
only saturated or only unsaturated fatty acids in order to 
establish the appropriate balance of properties such as com-
bustion, oxidative stability, and viscosity. Ideally, quality 
biodiesel is expected to consist of a mixture of long-chain 
saturated fatty acids (SFA), short-chain mono (MUFA), and 
polyunsaturated (PUFA) fatty acids [1,39,40]. In this case, 
there is no objection to European standards to using the 
obtained biodiesel as fuel.

As given in Table 3, the biodiesel obtained from 
Chlorella vulgaris grown in the biologically treated water 
of the poultry slaughterhouse provides the necessary con-
ditions for a quality biodiesel. Appropriate lipid ratio and 
FAME content for biodiesel production were obtained 
from the C5.2 sample at all light intensities. In terms of 
lipid ratio of dry biomass, fatty acid methyl ester amounts 
and species, the most suitable results were obtained for 
microalgae growth in the C5.2 sample at 100 µmolphoton/
m2s light intensity.

Kinetic Model Calculations
Microalgae growth kinetic model calculations were 

made depending on the time of microalgae developed 
in C5.2 sample at optimum light intensity. Similarly, the 
removal kinetic models were calculated for NH4

+ ve PO4
3- 

in the C5.2 sample at optimum light intensity.

Microalgae Growth Kinetics
The kinetic equations were calculated by Equation 1 

and Equation 2 [31]. The k and R2 values obtained from the 
kinetic calculations are given in Table 4.

Table 3. SFA, MUFA and PUFA ratios (%) in C5.2 sample at 
different light intensity

   Light intensities (µmolphoton/m2s) 
FAME 20 60 100 140
C16:0 0.12 0.208 0.184 0.158
C16:1 0.01 0.021
C18:0 0.01 0.043 0.033 0.03
C18:2 0.049 0.07 0.074 0.064
C18:3   0.023 0.017
Total 0.189 0.342 0.314 0.269
%SFA 68.783 73.392 69.108 69.888
%MUFA 0.015 0.029 0 0
%PUFA 25.926 20.468 30.892 30.112
% C18:3 0 0 7.325 6.320

Table 2. Ratios of total lipid (g) and FAME (%) grown in total microalgae depending on light intensity 

Light Intensity 
(µmolphoton/m2s)

Sample Total lipid 
(g)

Lipid ratio in 
dry biomass (%)

C16:0 C16:1 C18:0 C18:1 C18:2 C18:3

20 BG11 0.078 11.986 0.032
BG11pH 0.072 12.966 0.022
C5.2 0.089 16.407 0.120 0.010 0.010 0.049
pH10.5 0.056 13.455 0.045 0.012

60 BG11 0.105 13.690 0.227 0.009 0.012 0.007 0.019
BG11pH 0.111 16.609 0.272 0.030 0.060 0.075
C5.2 0.103 15.785 0.208 0.021 0.043 0.070
pH10.5 0.056 12.790 0.047 0.010

100 BG11 0.087 17.283 0.211 0.047 0.076 0.034
BG11pH 0.107 16.612 0.152 0.026 0.052 0.019
C5.2 0.109 19.517 0.184 0.033 0.074 0.023
pH10.5 0.079 18.769 0.067 0.025 0.021

140 BG11 0.121 18.311 0.147 0.034 0.050 0.009
BG11pH 0.119 17.633 0.162 0.042 0.074 0.019
C5.2 0.114 20.429 0.158 0.030 0.064 0.017
pH10.5 0.052 9.756 0.013
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According to the kinetic calculations, the increase in 
biomass and chlorophyll-a gave results consistent with 

the 1st order kinetics. As seen in Figure 5, the experimen-
tal results obtained and the theoretical results calculated 
according to the 1st-order kinetic model calculated for bio-
mass increase are compatible. However, after the 8th day, 
the experimental concentration value of the biomass tends 
to stabilize. This situation is because microalgae growth has 
entered a stagnation phase with nutrient reduction due to 
nutrient depletion [41]. The microalgae growth entered the 
stagnation phase after the logarithmic increase phase. At 
the beginning of the stagnation phase, the increase in bio-
mass tends to stabilize. 

Table 4. R2 and k values for biomass and Chlorophyll-a ob-
tained from kinetic calculations

Kinetic Model Biomass Chlorophyll-a

k  R2 k  R2

1st order -0.1397 0.8553 -0.07 0.8647
2nd order -0.0003 0.8499 -0.032 0.7852

Figure 5. Comparison of theoretical and experimental biomass amounts obtained from kinetic calculations. Light inten-
sity:100 µmolphoton/m2s.

Figure 6. Comparison of theoretical and experimental chlorophyll-a amounts obtained from kinetic calculations. Light 
intensity:100 µmolphoton/m2s.



Sigma J Eng Nat Sci, Vol. 44, No. 2, pp. 781−793, April, 2026790

Experimental and theoretical results in chlorophyll-a 
increase calculated according to the 1st order kinetic 
model are close to each other (Figure 6). On the 12th 
day, the experimental concentration of chlorophyll-a 
decreased compared to the theoretically calculated value 
due to the depletion of the nutrient in the medium. As 
for biomass, the experimental concentration of chlo-
rophyll-a tends to stabilize at the end of the experi-
ment. The compatibility of biomass and chlorophyll-a 
increases, proving the accuracy of the 1st-order kinetic 
models. 

Nutrient Removal Kinetics from the Biologically Treated 
Poultry Slaughterhouse Wastewater

Kinetic model calculations were made according to 
reaction time and reaction rate constant. The regres-
sion coefficient values were calculated according to 
the kinetic model calculations. First-order and sec-
ond-order kinetic models were examined in the kinetic 
calculations for removing PO4

3- and NH4
+ from the bio-

logically treated poultry slaughterhouse wastewater by 
microalgae. The k and R2 values were calculated for the 
investigated kinetic models. The kinetic equations were 
calculated by Equation 1 and Equation 2 [31]. The k and 
R2 values obtained from the kinetic models are given in 
Table 5.

Calculated k and R2 values from the kinetic models 
for the removal of PO4

3- and NH4
+ have been given in 

Table 5. According to the table, the most suitable model 

for PO4
3- and NH4

+ has been fit to the 1st-order kinet-
ics with the R2 values of 0.9634 for PO4

3- and 0.8516 for 
NH4

+, respectively. R2 values ​​close to 1 indicate the reli-
ability and predictability of the nutrient removal of the 
process. In a study by Abirama et al. 2021, the bioki-
netic model of ammonium and phosphate removal from 
meat processing unit wastewater by Botrycoccus sp. 
microalgae was investigated. The kinetics of ammonium 
and phosphate removal of Botrycoccus sp. microalgae 
from wastewater were found to be 99.03 % and 99.93 %, 
respectively [42]. 

Moreover, k values have been figured out for kinetic 
models, and the first order model, which was the most 
appropriate, have been calculated as 0.5383 for PO4

3- and 
0.3911 for NH4

+. Obtained experimental data and calcu-
lated theoretical results using the 1st order kinetic model 
for the removal of PO4

3- and NH4
+ have nearly overlapped, 

as seen in Figure 7 and Figure 8.

Figure 7. Experimental data and theoretical results using the 1st order kinetic model for the removal of PO4
3-. Light inten-

sity:100 µmolphoton/m2s.

Table 5. R2 and k values for the removal of PO4
3- and NH4

+ 
obtained from kinetic calculations 

Kinetic model PO4
3- NH4

+

k R2 k R2

1st order 0.5383 0.9634 0.3911 0.8516
2nd order 54.853 0.5533 0.1693 0.5512



Sigma J Eng Nat Sci, Vol. 44, No. 2, pp. 781−793, April, 2026 791

CONCLUSION

This study aimed to investigate the advanced treatment 
of biologically treated poultry slaughterhouse wastewa-
ter and to find the optimum light intensity for developing 
microalgae culture. Although biologically treated wastewa-
ter contains suitable nutrients for microalgal growth, it is 
not possible due to rotifers and bacteria in wastewater. For 
this reason, suitability for microalgal growth and advanced 
treatment of the biologically treated poultry slaughterhouse 
wastewater were investigated by changing the pH of the 
nutrient medium with two different methods. The harmful 
organisms were destroyed by the alkaline pH method (pH 
10.5), but fixing the pH at 10.5 restricted microalgal growth, 
as seen from the biomass, chlorophyll-a, total lipid and 
fatty acid methyl ester results. However, since the ammo-
nium and phosphate removal rates from the wastewater are 
pretty high, it has been found suitable for using biologically 
treated wastewater with Chlorella vulgaris at pH 10.5 for 
advanced treatment of poultry slaughterhouse wastewater. 
The growth of Chlorella vulgaris in the biologically treated 
poultry slaughterhouse wastewater by pH shocking method 
gave similar results with the BG11 artificial medium in 
terms of biomass and lipid formation. High removal effi-
ciencies (up to 100%) have been obtained at all light inten-
sities for nutrient removal from the biologically treated 
poultry slaughterhouse wastewater with the C5.2 sample. 
Nutrient removal rates also increased with the light inten-
sity. According to the study results, Chlorella vulgaris devel-
oped at 100 µmolphoton/m2s light intensity is more suitable 
for biodiesel production in terms of fatty acid methyl ester 
formation and high lipid ratio in dry biomass. The most 

important contribution of this study to the literature is the 
development of Chlorella vulgaris culture with pH shocking 
method with wastewater taken after biological treatment at 
100 µmolphoton/m2s light intensity. Biomass grown in the 
biologically treated poultry slaughterhouse wastewater with 
pH shocking method, C5.2, has a higher total lipid amount 
and lipid ratio in dry biomass than biomass grown in BG11 
artificial nutrient medium. The lipid ratio of dry biomass 
obtained at high light intensities was calculated as 18% for 
BG11 and 20% for C5.2. According to the results, higher 
lipid and fatty acid methyl ester were obtained with the 
establishment of stress conditions. According to European 
biodiesel quality standards, the obtained fatty acid methyl 
ester types are also suitable for biodiesel production (EN 
14214). When approached in terms of advanced biological 
treatment and development of microalgae culture ideal for 
biodiesel production, large-scale application is possible in 
line with the information obtained in this study. The advan-
tage of implementing this system on a large scale is that pH 
adjustments are low cost and easy to apply. Microalgae cul-
tivation in large tanks has been done worldwide for many 
years. Similar designs can be made in addition to the exist-
ing biological treatment plants. 
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