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Abstract

Cultivation of microalgae in wastewater is a promising and cost-effective approach for both CO, biofixation and wastewater
remediation. In this study, a new strain of Coelastrum sp. was isolated from cattle manure leachate. The isolated microalgae
were then cultivated in wastewater. Effects of different sSCOD concentrations (600, 750, 900, 1050 mg L YHand light inten-
sities (1000, 2300, 4600, 6900 and 10000 Lux) on biomass production, CO, consumption rate and nutrient removal from
wastewater were investigated. The results showed that maximum cell growth and CO, consumption rate were 2.71 g L™!
and 53.12 mg L~! day~!, respectively, which were obtained in the wastewater with 750 mg L~! sCOD and under the light
intensity of 6900 Lux. The microalgae were able to completely consume all CO, after incubation period of 4 days. The high-
est sCOD, total Kjeldahl nitrogen (TKN), nitrate and total phosphorous (TP) removal at such conditions were 53.45, 91.18,
87.51 and 100%, respectively. The lipid content of microalgal biomass was also measured under different light intensities;
maximum amount of lipid was determined to be 50.77% under illumination of 2300 Lux. Finally, the CO, consumption rate
and biomass productivity of microalgae in semi-batch culture with continuous gas flow (CO, 6%:N, 94%) were investigated.
The rate of CO, consumption and biomass productivity were 0.528 and 0.281 g L™ day™', respectively. The TKN, nitrate,

TP and sCOD removal rate of microalgae were 83.51, 80.91, 100, 41.4%, respectively.
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Introduction

Nowadays, global warming is the most discussed and
debated environmental concern in every academic and sci-
entific community. The major cause of global warming,
climate change, and biological extinctions is the increas-
ing trend of CO, concentration in the atmosphere [1]. The
atmospheric CO, concentration has increased from 1% in
1990s to 4% in recent years [2]. There are several routes
to reduce carbon dioxide concentration. The most popular
methods are based on chemical reactions and reduction of
carbon dioxide concentration through bioprocesses [1, 3].
Among the available alternatives, the biological methods
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sound promising because of the possibility of direct carbon
dioxide capturing from flue gas streams [4]. In this context,
microalgae have gained great attention due to their high CO,
biofixation efficiency and fast growing nature [5].

Massive cultivation of microalgae is only economically
viable when wastewater is used as nutrient. Microalgae have
displayed great potential for biological nutrient removal and
have been successfully used in wastewater treatment pro-
cesses [6-8]. Nutrient removal from wastewater using micro-
algae offers many benefits where reduction of carbon dioxide
takes place via photosynthetic process; it is not a necessity
to add organic carbon for nitrification/denitrification and the
process has low capital and operating costs [9, 10].

In cases where production of valuable pure products such
as carotenoid [11], protein [12, 13], and phycocyanin [14] is
in demand, synthetic media is used for microalgae cultiva-
tion. Otherwise, when microalgae are cultivated in wastewa-
ter, the biomass can only be used for production of fertilizer
[15] or biodiesel [16, 17]. However, coupling the cultivation
of microalgae in effluent waste streams with CO, fixation
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processes would be a solution to address part of the issues
concerning environmental health protection and sustainable
development. Although several studies have focused on the
biological sewage treatment [18-20] and reduction of car-
bon dioxide emission [21-23] via microalgae cultivation,
in recent years limited works have investigated the growth
of microalgae in wastewater for both nutrient removal and
CO, fixation [16, 24]. Shen et al. [25] cultivated Scenedes-
mus obliquus with 5% CO, aeration in municipal wastewa-
ter. They reported maximum total nitrogen and phosphorus
removal efficiencies of 97.8 and 95.6%, respectively. In
addition, the CO, fixation rate was 256.56 mg L™! day™!. In
another investigation, Nayak et al. [16] studied the nutrient
removal efficiency of Scenedesmus sp. with 2.5% CO, aera-
tion. The highest CO, fixation rate and removal efficiencies
for NH,, NO, and PO, were 368 mg L™! day™, 98, 70.2 and
78.9%, respectively.

Isolation and selection of suitable microalgae species
are necessary for efficient wastewater treatment and at the
same time CO, capturing. Furthermore, to achieve high
performance and efficiency, bioreactors must be operated
at optimal culture conditions. To these ends, in the present
study a new strain of Coelastrum sp. was isolated from cattle
manure leachate. In the second step, the growth character-
istics, CO, fixation efficiency and nutrient removal proper-
ties of the isolated species cultivated in wastewater were
investigated.

Since the process is photosynthetic, the light supply is an
essential factor for the growth of autotrophic microalgae.
However, high light intensities can cause reduction in CO,
fixation and biomass productivity [24]. In this context, the
potential of the isolated microalgae for CO, fixation, nutrient
removal and lipid accumulation at different light intensities
was evaluated. Finally, in a batch system with continuous gas
flow, the CO, fixation rate of microalgae was determined.

Materials and methods
Characteristics of wastewater

The wastewater used in this study was collected from a local
dairy cattle farm (Babolsar, Iran). The cattle manure leachate
was collected from the effluent of a press separator, after
separation of solids and used as wastewater for algal cultiva-
tion. The wastewater was autoclaved (121 °C for 15 min) and
then stored at 4 °C to avoid any variation of composition.
The autoclaved wastewater was used for the growth medium
in the experiment. It was necessary to autoclave the waste-
water before use as high population of fermentative micro-
organism and anaerobic bacteria originating from the bovine
rumen was present in the raw wastewater which competed
with the microalgae cells on the available nutrients. Before
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each experiment, the solid particles in the wastewater were
removed by centrifugation at 12,000 rpm for 15 min. The
characteristics of the autoclaved wastewater are summarized
in Table 1.

Algal isolation and growth condition

In this study, a new strain of Coelastrum sp. was isolated
from the cattle manure leachate. Pure culture was obtained
by serial transfers on solid BG11 media [26]. The cells were
inoculated in 150 mL of BG11 medium and incubated at
30 °C for 14 days. During the incubation time, external illu-
mination was provided using warm white LED lamps at light
intensity of 2300 Lux with 12:12-h light:dark cycle.

Identification of strain

The microalga was identified using the phylogenetic analysis
based on 18S rDNA gene sequence. Genome DNA of pure
strain was extracted using modified method based on SDS-
shock and freeze—thaw [27]. The amplification of partial
18S rDNA gene was performed with a universal eukaryotic
primer SSU1 (5-AACCTGGTTGATCCTGCCAGT-3) and
ITS1DR (3-CCTTGTTACGACTTGACCTTCC-5). PCR
product was sequenced with SSU1 and SSU850 (5-GGG
ACAGTTGGGGGTATTCGTA-3) primers [28]. The nucleo-
tide sequences of certain known microalgae were compared
to the defined 18S rDNA gene sequence and aligned using
basic local alignment tool (BLAST) in Gene Bank data-
base of the National Center for Biotechnology Informa-
tion (NCBI). The evolutionary history was inferred by the
Maximum Likelihood method based on Tamura-Nei model
[29]. The phylogenetic study was conducted using MEGA
software version 7 [30].

Batch and semi-batch cultivation of microalgae
in wastewater

The growth rate, nutrient removal and CO, consumption
potential of Coelastrum sp. at different levels of sCOD and
various light intensities were investigated in several batch
experiments for incubation period of 10 days. Batch experi-
ments were performed in 116-mL serum bottles sealed with
a rubber closure and an aluminum cap, containing 40 mL of
diluted wastewater. Dilution of the wastewater (solid-free

Table 1 Characteristics of the

Parameters Values (mg LY
autoclaved wastewater

sCOD 34,949

TKN 2794

TP 316.67

NO;~ 838.26
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cattle manure leachate) was essential as the high sCOD of
the wastewater inhibited the growth of the Coelastrum sp.
cells. To remove the air in the headspace of the bottles, all
serum bottles were purged with a mixed gas containing 5%
CO, and 95% N, for several minutes. Then the bottles were
inoculated with the Coelastrum sp. cells harvested from the
exponential growth phase of a growing culture via centrifu-
gation at 6000 rpm for 3 min; the cells were re-suspended
in the wastewater.

To investigate the effect of SCOD concentration on the
performance of the algal culture, the sterilized wastewater
was diluted with sterile distilled water to obtain four dif-
ferent levels of sCOD, namely 600, 750, 900 and 1050 mg
L~!. This experiment was conducted under a constant light
intensity of 2300 Lux. The effect of light was also studied
at different light intensities of 1000, 2300, 4600, 6800 and
10,000 Lux; the light intensity was measured by a digital
light meter (Mastech MS6610, USA). All experiments were
performed in triplicate and the results were reported as mean
value + SD.

Finally, semi-batch experiment with continuous gas flow
(6% CO,:94% N,) at a flow rate of 100 mL min~! was per-
formed in 500-mL Erlenmeyer flask with a working vol-
ume of 400 mL. The biomass production, nutrient and CO,
removal under optimum condition for 14 days were stigated.

Monitoring growth and CO, fixation rates

Samples were collected in every 48 h and biomass concen-
tration was determined by measurements of optical density
at 680 nm, in a visible spectrophotometer (Jenway 6320D,
UK). After drying the algal cells in an oven at 70 °C for
24 h, the cell dry weight was determined. The relationship
between ODjg and cell dry weight (X, g L™") of the micro-
algae was obtained by the following linear relation [31]:

X =1.7386 X ODgg nm + 0.0342 (R* = 0.99). 1)

The specific growth rate (x4, day™), cell doubling time
(Tp, day) and biomass productivity (P g L~ day™!) are
calculated by Egs. (2—4) [16]:

u=In(We/ W)/ (t — 1), )
Ty =1n2/u = 0.6931/4, 3)
Py = (W, = Wy)/ (1 — 1), 4

where W; and W, are the final and initial biomass concentra-
tions (g L™1), respectively. In addition, ty and £, correspond to
the final and initial time (day) of the growth phase.

The gas sample was collected from the serum bottle head-
space; the CO, concentration was determined by gas chro-
matography analysis. A GC (Agilent 7220A, USA) equipped
with a thermal conductivity detector (TCD) and a packed
column (Carboxene 1000, Supelco, USA) was used for the

analysis. The injector and detector temperatures were set
at 150 and 220 °C, respectively. The oven temperature was
increased from 40 to 150 °C at a heating rate of 20 °C min~".
The CO, fixation rate (mg L~! day™') was calculated accord-
ing to the mass (moles) of mixed gas contained in the serum

bottles, using the following relations:

PV =nRT (%)

(nMco,y); — (nMco,y),
V (t; - 15) x 100

CO, consumption rate =

(6)

where P is the cylinder pressure (Pa), V represents the vol-
ume of headspace of serum bottles (L), T is the ambient tem-
perature (K), n denotes the amount of mixed gas substance
(mol), R is the universal gas constant, M is the molecular
weight of CO, (mg mol ™), y, represents the volume fraction
of CO, in the headspace of serum bottles at day 7, (%) and
y; is the volume fraction of CO, in the headspace of serum
bottles at day #; (%).

In addition, the rate of CO, fixation (mg L™' day™) for
the semi-batch experiment conducted in the Erlenmeyer
flask with continuous gas flow was defined by Eq. (7) [26]:

CO, consumption rate = 1.88 X Py @)

where Py is the biomass productivity (mg L~'day™).
Water quality analysis and nutrient removal

The total Kjeldahl nitrogen (TKN: ammonia, organic and
reduced nitrogen), total phosphorous (TP) and nitrate
removal were measured every 48 h, starting from the point
of inoculation. At this interval, specific amount of microal-
gae suspension was withdrawn from the culture to determine
the mentioned parameters based on standard methods for
examination of water and wastewater [32].

The nutrient removal percentage (%) and removal rates
(mg L~! day~!) were calculated according to Egs. (8) and
(9), respectively:

Removal percentage = 100 X (C, — C;)/C,, (8

Removal rate = (C, — Cy)/At, ©

where C, and C; are the nutrient concentrations at initial (#;)
and final (¢;) times, respectively, and Af (day) expresses the
time of cultivation [16].

Lipid content

The lipid content of the microalgae biomass was determined
by the following method [33]. The total lipid content was
extracted by organic solvent and its mass was determined.
After growing the algae for 8 days, an aliquot of 1 mL
microalgal solution was initially centrifuged at 6000 rpm
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for 10 min. After that, the supernatant was withdrawn and
a mixture of 0.5 mL phosphate buffer solution (PBS: 8 mM
Na,HPO,, 2 mM NaH,PO,, 140 mMNaCl, pH 7.4) and 1 mL
glass beads was added to the test tube. Then, the mixture
was agitated using a vortex mixer at 3000 rpm for 4 min;
every 1 min tap water was added for cooling the glass tubes.
A 3 mL of the extraction solution, which was a 2:1 (v/v)
chloroform—methanol mixture, was added and mixed. The
sample was incubated overnight at 27 °C to extract the lipid.
On the following day, for the phase separation, 1 mL of dis-
tilled water was added and the sample was centrifuged at
5000 rpm for 10 min. Then, the lower organic phase was
discarded and the extraction procedure was redone by addi-
tion of 2 mL of the extraction solution to the test tube for
an extraction period of 2 h. The organic phases were then
collected and the chloroform was evaporated in an oven at
50 °C. Finally, the extracted lipids were weighed and the
lipid content of the microalgae was expressed as percent of
dry weight.

Chlorophyll a concentration

The concentration of chlorophyll a (Chl,) and chlorophyll
b (Chl,) was determined using the methanol extraction and
optical absorption correlation as described in the literature
[26]. At the end of each batch, 2 mL of the microalgae sus-
pension was centrifuged at 4400 rpm for 6 min and then the
supernatant was discarded. A 5 mL of methanol was added
to the test tube. The sample was mixed by vortex agitator
and gently sonicated in ultrasonic batch for 5 min to disperse
the cell pellet. The extract was heated in a hot water bath at
60 °C for 40 min. After repeating the centrifugation step and
cooling the sample to O °C for 15 min, the absorbance of
the supernatant was measured at 652 and 665 nm. Modified
Arnon’s equations were used to calculate the Chl,, (mg
L~!) concentration in the extracts [26]:

Chl, = (34.9 X Ags, — 15.28 X Aggs) X dilution factor, (10)

Chl, = (16.72 X Aggs — 9.16 X A4s,) X dilution factor. (11)

Results and discussion
Identification of microalgae

According to morphological character of microalgae and
phylogenetic tree, the isolated microalga closely belonged
to the genus Coelastrum. The microalga is green and spheri-
cal in shape roughly in size of about 3-8 pm, and non-motile
(without flagella). Table 2 shows the morphological and
physiological properties of identified algae. Results showed
that this strain has low similarity to known taxa, strain
belonged to Chlorophyta and located between two orders,
Sphaeropleales and Chlorellales. Phylogenetic tree (Fig. 1)
showed this strain was more near to Scenedesmaceae family
in the order Chlorellales (Chlorellaceae and Oocystaceae).
With these results this strain can be presented as a new taxon
in Scenedesmaceae family. The submitted sequence data
to Gen Bank having accession number of (MG456602) is
shown as Coelastrum sp. strain SM in the phylogenetic tree.

Effect of sCOD concentrations on microalgae
cultivation

Cell growth and CO, biofixation

The capability of Coelastrum sp. for biomass production
and CO, biofixation was examined at different initial sSCOD
concentrations of wastewater. The variations of biomass
concentration and CO, consumption throughout the culti-
vation period are illustrated in Fig. 2a, b, respectively. As
shown in Fig. 2a, in all growth media, an initial lag phase

Coelastrum sp. SM

Table 2 Morphological and Microalgae
physiological properties of Appearance
identified algae Size

Cell morphology

Green, spherical, non-motile (without flagella)
3-8 um
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Fig. 1 Phylogenetic tree of
isolated Coelastrum sp.
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Fig. 2 Effect of different initial sSCOD concentrations and BG11 medium on a Coelastrum sp. growth and b CO, biofixation in batch system

was observed which lasted for about 2 days. It was the period
of adaptation of Coelastrum sp. to the growth environment.
After second day, microalgae entered the exponential growth
phase. The biomass concentration exponentially increased
for 6 days and reached 1.92, 2.21, 1.76 and 1.45 g L~ for
600, 750, 900 and 1050 mg L~! sCOD, respectively. The
growth of microalgae reduced due to reduction of one or
more essential nutrients after 8 days of cultivation. Results
showed that the medium with initial sCOD of 750 mg L~!
was the most suitable culture for the microalgae. In this
medium, the maximum productivity and growth rate and
minimum doubling time were obtained (Table 3), whereas
the lowest biomass concentration was found in BG11
medium which is among the common media for algae

cultivation. The cells stopped dividing when biomass con-
centration reached 1.28 g L™ after 10 days of cultivation in
BG11 medium.

Figure 2b represents the variations of CO, concentration
in the headspace of serum bottles as well as CO, utilization
rate by the Coelastrum sp. cells in growth media with differ-
ent initial sSCOD concentrations. The highest CO, consump-
tion rate (30.36 mg L~! day™!) was obtained in the wastewa-
ter medium with initial SCOD concentration of 750 mg L™
where at this condition the highest cell growth was attained.
This confirms the direct proportionality of the CO, biofix-
ationability of microalgae with the cell density. The CO,
concentration was 5% in the headspace of the serum bottles
and completely consumed after 8, 7, 9, 10 and 11 days of
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Table 3 Effect of initial SCOD

. Medium sCOD (mg L") Specific growth Biomass productivity Doubling time (day)
conc.entratlons and BGII rate (day_l) (¢ L-! day")
medium on the specific growth
rate, biomass productivity and Wastewater 600 0.393+0.001 0.229+0.014 1.763 +0.004
doubling time of Coelastrum sp. 750 041640010  0.266%0.006 1.666+0.039
900 0.387+0.009 0.210+£0.015 1.791+0.041
1050 0.335+0.008 0.171+£0.003 2.068 +0.048
BGI11 - 0.232+0.002 0.119+0.007 2.987+0.025

cultivation for media containing 600, 750, 900, 1050 mg L!
of sSCOD and BG11 medium, respectively.

Nutrient removal

Taking into account the European legislation on discharge of
effluents, the defined values for the concentration of nutri-
ents have been recommended to be 10 or 15 mg L™ for total
nitrogen and 1 or 2 mg L™! for total phosphorus based on
population equivalent [24].

Nitrogen and phosphorous are the main nutrient com-
ponents required for the photosynthetic microalgae. Use
of wastewater to support the growth of microalgae has the
remarkable advantage that microalgae utilize the nutrients
for their growth and simultaneously the COD loading of the
wastewater is reduced. In this study, Coelastrum sp. was
capable to remove nutrients from the wastewater under spe-
cific conditions. The changes in TKN, TP and nitrate con-
centrations of wastewater with respect to time are exhibited
in Fig. 3a—c, respectively.

a o b s
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Fig. 3 Effect of different initial sSCOD concentrations on a TKN, b nitrate and ¢ TP removal and d variation of pH during the batch cultivation
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The TKN and nitrate continuously decreased during the
cultivation period as illustrated in Fig. 3a, b. For all media
with different sCOD concentrations, high removal rate of
TKN and nitrate was observed at first 6 and 4 days, respec-
tively. Afterwards, the removal rate reduced and that was
attributed to the reduction of the microalgae growth rate.
The nutrient removal rate by Coelastrum sp. is summarized
in Table 4. In the medium with 750 mg L~! sCOD, Coelas-
trum sp. showed great potential to remove TKN and nitrate
(84-85%). Concentrations of TKN and nitrate approximately
reached 9.2 and 3.68 mg L™, at the end of cultivation.

Figure 3c presents the variation of TP with respect to
cultivation time. TP showed high removal rate (Table 4) and
reached zero within the first 4 or 5 days in different batch
bioreactors although in the medium with 750 mg L™' sCOD
the TP was utilized within only 3 day.

According to the previous studies [25, 34], there are two
defined methods for phosphorus removal from wastewa-
ter. The first method is the use of microalgae for uptake
of biotic phosphorus and the second one is the removal of
abiotic phosphate by precipitation which only occurs at high
medium pH (9-11). In this work, in the first 6 days of culti-
vation the pH value never reached 9 (see Fig. 3d). Therefore,
the main phosphorus removal mechanism was taken up by
the microalgae.

The results obtained for nitrogen and phosphorous
removal efficiencies complied with the microalgae growth
results; this shows that the Coelastrum sp. could effectively
utilize the nutrients from the wastewater to maintain their
growth.

The growth of Coelastrum sp. in the media with 600,
750, 900 and 1050 mg L~! sCOD decreased after 8 days and
changes in pH values of the culture was monitored every
48 h during logarithmic phase (Fig. 3d). The initial pH of all
media was set at 7 and after a gradual decline due to solubil-
ity of CO,, the pH increased to 9.76, 10.08, 10.21 and 10.71
for 600, 750, 900 and 1050 mg L~! sCOD, respectively. In
the course of microalgae cultivation, the pH has increased
that was due to CO, and nitrate utilization of algae [35, 36].
In a batch culture without aeration, pH may rise. In fact,
pH values above 10 are common when CO, is limited and

wastewater carbon source such as bicarbonate is used by the
microalgae [37].

Effect of light intensity on microalgae cultivation

As results showed, the best medium for microalgae growth
and nutrient removal was the wastewater with 750 mg L~!
sCOD. In the following section, the effect of light intensity
on the growth and productivity of microalgae in the medium
with 750 mg L™!' sCOD was examined.

Cell growth and CO, biofixation

Coelastrum sp. was grown under warm white LED lamps
at different light intensities. Figure 4a shows the effects of
light intensities on microalgae cell dry weight. The biomass
concentration reached 1.43,2.21,2.47,2.71 and 1.84 g L!
at light intensities of 1000, 2300, 4600, 6900 and 10,000
Lux, respectively. The maximum cell density of 2.71 g L™
was obtained at 6900 Lux and there was no lag phase at
this light intensity. Also, the maximum specific growth rate
and biomass productivity for the light intensities of 1000,
2300, 4600, 6900 and 10,000 Lux were 0.35, 0.41, 0.42,
0.43 and 0.36 day~" and 0.16, 0.26, 0.29, 0.32 and 0.22 ¢
L~" day~!, respectively (see Fig. 4b). Generally, the effect
of light intensity on microalgae growth could be classified
into four regions. The first region is lag phase where growth
is constant with increase of light intensity. The next phase is
light limitation in which growth rate is directly proportional
to the light intensity and as the light intensity increases from
low to high light, the growth is enhanced. The third phase is
light saturation in which growth rate is independent of light
intensity. The last phase is light inhibition where the growth
rate decreases with an increase in light intensity [38]. The
microalgae biomass production significantly improved with
increase in the light intensity. The desired light intensity for
the algal cell growth was 6900 Lux; however, the growth
efficiency decreased as the light intensity was increased
to 10,000 Lux which could occur because of two reasons.
At high light intensities, the growth may decrease due to
bleaching of chlorophyll (light inhibition region) or it is

Table 4 Effect of different initial sSCOD concentrations on nutrient removal rate and removal efficiency by Coelastrum sp.

sCOD (mgL~!) TKN Nitrate TP
Removal rate Removal efficiency (%) Removal rate Removal efficiency (%) Removal rate Removal
(mg L™! day™) (mg L™ day™) (mgL~'day™") efficiency
(%)
600 4.225+0.055 80.986+1.067 1.744 +0.059 80.153+2.734 1.162 100
750 6.711+0.083 85.360+1.060 2.552+0.011 84.711+0.378 2.313 100
900 7.063+0.241 79.329+2.714 2.712+0.054 79.490+1.590 2.000 100
1050 8.037+0.432 76.706 +4.125 2.903+0.089 72.300£2.217 1.900 100
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Fig.4 Effect of light intensity on a growth, b specific growth rate and biomass productivity and ¢ CO, biofixation of Coelastrum sp. in batch

system

plausible that at high light intensities, due to the heavy cell
population, a shadow is created on the cells by the layer
close to the surface. The shadow prevents the penetration of
light into depth of culture and the limited light transported
to the cells caused by self-shading phenomenon restricts the
growth [39].

Figure 4c illustrates the effects of different light intensi-
ties on CO, removal. Higher CO, removal rate was obtained
while more biomass was generated. Maximum CO, con-
sumption rates were 26.56, 30.35, 42.5, 53.12 and 26.56 mg
L' day~! at light intensities of 1000, 2300, 4600, 6900 and
10,000 Lux, respectively. Therefore, the most desired light
intensity to obtain the highest CO, consumption was 6900
Lux at which the maximum cell growth was also attained. A
comparison between Fig. 4a, c indicates that although CO,
was fully consumed in batch bioreactors within first days of
cultivation, for example within 4 days at light intensity of
6900 Lux, the cells survived and continued their growth up
to 8 days. This indicates that the microalgae could uptake
the required carbon and nutrients from the wastewater; this
resulted in 53.45% sCOD removal at light intensity of 6900
Lux (data not shown). In fact the mixotrophic growth of
microalgae changed to heterotrophic growth.

@ Springer

Nutrient removal

Figure 5a and b show the effect of light intensity onTKN and
nitrate removal using microalgae, respectively. The TKN and
nitrate removal improved with the increase of light intensity
up to 6900 Lux which was along with the increase of bio-
mass production as shown in Fig. 4a. This shows that the
cells utilized the nutrients for their growth and reproduc-
tion. Through the microalgae cultivation process at 6900
Lux, 91.18% of TKN and 87.51% of nitrate were removed
from the wastewater. As data are illustrated in Fig. 5c, the
TP concentration reached zero after 5, 3, 3, 2 and 4 days
of cultivation under light intensities of 1000, 2300, 4600,
6900 and 10,000 Lux, respectively. A high TP removal rate
was obtained under the light intensity of 6900 Lux (see
Table 5). Effect of light intensity on nutrient removal cor-
responds to biomass production. In fact, the same trend has
been observed in a previous study by Li et al. [38].

Lipid content

Lipid content of microalgae may increase due to changes
in the environmental conditions such as a shock or stress.
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Table 5 Effect of different light intensities on nutrient removal rate and efficiency by Coelastrum sp.
Light intensity TKN Nitrate TP
Lux
(Lux) Removal rate Removal efficiency (%) Removal rate Removal efficiency (%) Removal rate Removal
(mg L™! day™) (mg L™ day™) (mg L™'day™") efficiency
(%)
1000 4.665+0.301 59.340+£3.833 2.391+0.067 79.366 +£2.252 1.388 100
2300 6.711+£0.083 85.360+1.060 2.552+0.011 84.711+0.378 2.313 100
4600 6.786+0.161 86.309 +2.049 2.585+0.022 85.838 +0.743 2.313 100
6900 7.169+0.172 91.182+2.191 2.636+0.035 87.514+1.188 3.470 100
10,000 5.813+0.547 73.943 +6.961 2.472+0.060 82.061 +2.004 1.735 100

Increase in the growth of microalgae does not necessar-
ily mean that the lipid content of microalgae enhanced.
The desired condition for maximum lipid content should
be determined for each species of microalgae through

detailed investigation [38].

Light intensity is one of the main factors affecting the
growth and the lipid accumulation in microalgae. Figure 6
presents the variations of lipid content, lipid productivity
and Chl,, concentration at the end of the batch cultiva-
tion, under different light intensities. The lipid content
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Fig. 6 Effect of light intensity on the lipid content, lipid productivity
and chlorophyll a + b concentration

(percentage of cell dry weight) increased from 18.43% at
1000 Lux to 50.77% when the light intensity was increased
to 2300 Lux. Then, the lipid content decreased as the light
intensity was increased from 2300 to 10,000 Lux. As results
show, Coelastrum sp. was able to store lipid favorably at
2300 Lux with high lipid productivity (11.08 mg L~! day™}),
while the suitable light intensity for the maximum microal-
gae growth was 6900 Lux (see Fig. 4a). The highest Chl .,
concentration of 9.1 mg L™ was also produced at the light
intensity of 2300 Lux. It has been reported in the literature
[40, 41] that high light intensities may reduce the chloro-
phyll and lipid contents of the microalgae cells. Two reasons
may be responsible for the reduction of chlorophyll con-
tent. First, when the light is not limited, there is no need of
high chloroplast activity and the cell need not produce too
much chlorophyll to absorb light. As a result, with increasing
light intensity, chlorophyll production is reduced. Second,
exposing a cell to a high light intensity may lead to the deg-
radation of chlorophyll and conclude to its reduction. As
a result of chlorophyll reduction, production of ATP and
NADPH in photosynthetic process, which are consumed in
lipid biosynthesis, was reduced [42]. Therefore, the cause of
lipid reduction at high light intensity can be justified by the
reduction of chlorophyll.

Semi-batch cultivation with continuous gas flow

To demonstrate the potential of the microalgae for CO,
removal under optimal condition, a semi-batch experiment
with continuous gas flow (6% CO,:94% N,) was performed.
Figure 7 shows the variations of biomass concentration, CO,
removal efficiency and pH throughout the cultivation period.
Coelastrum sp. showed high CO, biofixation potential and
maximum CO, removal efficiency (34.33%) at the end of
the logarithmic phase. The microalgae growth and nutrient
removal in the Erlenmeyer flask gradually decreased com-
pared to the serum bottle experiments. This could be due to
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Fig.7 Effect of continuous gas flow (6% CO,:94% N,) on the micro-
algae growth, CO, removal efficiency and pH

the change of cultivation conditions. After consumption of
CO, in batch bottles, the microalgae grew heterotrophically.
But due to continuous gas flow in semi-batch cultivation, the
microalgae grew under mixotrophic condition and preferred
to use CO, more than wastewater as carbon source. As a
result, the sSCOD removal in semi-batch system was lower
than batch system, whereas CO, fixation rate increased. The
microalgae efficiently removed organic nutrient from the
wastewater. The average removal of TKN, nitrate, TP and
sCOD was 83.51, 80.91, 100 and 41.4%, respectively. The
pH of culture was set at 7; it decreased constantly because
of solubility of CO, till the stationary phase of cell growth
and reached about 6.3 in the last days of cultivation period.
The difference in pH variation in the semi-batch system with
the batch system is due to continuous supply of CO,. The
biomass productivity and CO, fixation rate of Coelastrum
sp. as compared to other species are summarized in Table 6.
The obtained results in this study were comparable to those
available in the literature.

Conclusion

This research showed that Coelastrum sp. has great potential
to produce high biomass concentration and also to remove
nutrients from wastewater. The effect of different sCOD con-
centrations and light intensity on the TKN, nitrate and TP
removals, microalgae growth and CO, consumption rate was
investigated. The suitable medium was the wastewater with
750 mg L~ initial sCOD and the optimum light intensity
was determined to be 6900 Lux. When Coelastrum sp. was
cultivated under optimum conditions, the average sCOD,
TKN, nitrate and TP removal efficiency was 53.45, 91.18,
87.51 and 100%, respectively. In addition, the microalgae
showed high cell growth (2.71 g L™!). The light intensity
of 2300 Lux was found to be beneficial for high accumula-
tion of lipid in algal cells (50.77%). This shows the great
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Table 6 Biomass productivity and CO, removal rate of several microalgae
Microalgae Culture medium Culture type CO, (%) Biomass pro- CO, removal Refs.
ductivity (g L™'  rate (mg L™!
day™) day™")
Scenedesmus sp. Domestic wastewater Photobioreactor (airlift) 2.5 0.196 368 [16]
Chlorella vulgaris Simulated domestic 500-mL flask 0.038 - 471 [24]
wastewater
Chlorella vulgaris F/2 medium Photobioreactor (bubble 4 0.118 200 [23]
column)
Scenedesmusobliquus Modified BG11 Erlenmeyer flask 10 0.155 288 [43]
Chlorella sp. F/2 medium Photobioreactor (bubble 10 0.268 492 [44]
column)
Coelastrum sp. Cattle manure leachate ~ Serum bottle 5 (at first day) 0.328 53.12 Present study
Erlenmeyer flask 6 0.281 528.28
potential of the isolated microalgae strain for biodiesel pro- 6. Mennaa FZ, Arbib Z, Perales JA (2015) Urban wastewater treat-

duction. In addition, when Coelastrum sp. was cultivated
under semi-batch conditions with continuous gas flow, the
biomass productivity and CO, removal rate were 0.281
and 0.528 g L~! day™!, respectively. At this condition, the
average removal rate of TKN, nitrate, TP and sCOD were
83.51, 80.91, 100 and 41.4%, respectively. These results
suggest that Coelastrum sp. is a suitable microalgae for
carbon dioxide biofixation, lipid production and wastewater
bioremediation.
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