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a b s t r a c t

In this study, a microalgal co-culture of Chlorella sp. and Scenedesmus sp. was cultivated in a photo-
bioreactor (PBR). The microalgal biomass was then harvested by locally available and inexpensive natural
coagulants, Moringa oleifera seed powder. Overall microalgal growth rate, biomass productivity, and
nutrient efficiency have been analyzed. The linear correlation among the ammonia-N (NH3eN), ortho-
phosphate (PO4

3), and microalgae concentration demonstrated that nitrogen and phosphorus removal
had been dominated by microalgal assimilation. The experimental results suggested that the anaerobic
reactor effluent was a useful substrate for microalgae growth. The maximum biomass productivity and
growth rate was 0.12 g/L/d and 0.50 day�1, respectively, and almost 89 ± 1% of the nutrient was removed
within 5 days. Besides, Moringa oleifera seed powder showed a very high microalgal biomass harvesting
efficiency of 85%. Hence, it can be concluded that this cost-effective microalgae cultivation and har-
vesting method could tailor a promising phycoremediation application worldwide.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Last few decades, with the growing population and economic
developments, the generation of wastewater effluent has increased
from biological (aerobic/anaerobic) wastewater treatment process
(Fito and Alemu, 2019). But the concerning issue that those effluent
contains nutrients (N & P), mostly high concentrations of
ammonia-N (Wang et al., 2010). The direct disposal of effluent into
natural water bodies without adequate treatment will lead to
symptomatic changes in aquatic ecosystems such as
eutrophication-growing of algal blooms and depleting the dis-
solved oxygen level (Barrado-Moreno et al., 2016). The effluent
nutrient is responsible for increasing aquatic plants and algae
production, degradation of fisheries, and water quality deteriora-
tion (Wu et al., 2016). Many traditional methods using chemicals,
such as aluminum or iron salts to remove nutrients from effluent
(Jiang et al., 2018), but these treatment processes are energy-
demanding, costly, and generating huge sludge that contains
various hazardous ingredients (Khalekuzzaman et al., 2018a).
Therefore, further treatment is required to remove those hazardous
IT University, 128 La Trobe

ain).
ingredients (Wang et al., 2006). Special attention has been paid to
develop innovative technology for effluent processing to avoid
those negative impacts to prevent those negative impacts.

Simultaneously, the world is facing an energy crisis because of
increasing the urbanization and industrialization process; thus,
increasing the consumption of fossil fuels day by day (Chiu et al.,
2015). The fossil fuel is not a sustainable source of energy for a
long time. Moreover, it would be depleted within a half-century
reported by Pittman et al. (2011). Besides, greenhouse gas (GHG)
emissions will increase due to fossil fuel usage, which will also
impact global warming (Hill et al., 2006). The European Union has
been fixed their target; they want to achieve 20% of its total final
energy use from renewable sources by 2020. So, cost-effective and
renewable energy sources need to be found for future generations
that are potentially reduced the dependency on fossil fuel. There-
fore, microalgae cultivation using wastewater effluent will be an
appropriate and economical solution for the advanced effluent
treatment process. Microalgae can assimilate inorganic nitrogen
and phosphorus for their growth and carbon dioxide sequestration
(Ji et al., 2014). This technological approach plays a double-edged
solution where microalgae remove nutrients from effluent and
produce microalgae biomass, considered a possible alternative for
biofuel generation (Xiao et al., 2012).

A hybrid anaerobic baffled reactor (HABR) is an effective and
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energy-positive technology where organic matter is extracted from
wastewater and produces a nutrient-rich effluent (Khalekuzzaman
et al., 2018b). Without enough treatment of those effluents may
create severe environmental pollution (Aslan and Kapdan, 2006).
Hence, coupling microalgae cultivation with HABR effluent treat-
ment may be a sustainable way to reduce effluent pollution risk
(Khalekuzzaman et al., 2020). Moreover, the cultivation of micro-
algae in the photobioreactor (PBR) using wastewater effluent from
different sources has been well-established in batch studies and
achieve economic biomass production (Yang et al., 2016). But the
practice of HABR effluent for cultivating microalgae in PBR with
natural sunlight and biomass recovery has not been extensively
studied. Presently, few researchers focus on this topic and show
encouraging results (Khalekuzzaman et al., 2019).

Moreover, several researchers have been reported that the usage
of wastewater effluent as a source of nutrients and water instead of
freshwater is economically feasible for microalgae cultivation (Cai
et al., 2013). Additionally, it will balance the fertilizer and fresh-
water requirements for microalgae biomass production and help
eliminate nutrients from water streams (Feng et al., 2011). It has
been predicted thatmicroalgae-based biofuel can provide up to 25%
of global energy demand (Rawat et al., 2011). Despite all the ad-
vantages, the large-scale microalgae cultivation process is still
limited by the high-energy demand harvesting process (Li et al.,
2011). To separate microalgal biomass from the culture medium,
an intensive effort is required (Abomohra et al., 2014). The main
reasons are the small and unicellular microalgae size with densities
close to the water (Xia and Murphy, 2016). A simple sedimentation
method is not viable for the microalgae harvesting process due to
the opposing surface charged and high colloidal microalgae sta-
bility (Danquah et al., 2009).

Various technical approaches for microalgae harvesting have
been investigated, including chemical coagulation, bio-flocculation,
auto-flocculation, gravity sedimentation, flotation, filtration, ther-
mal dehydration, and centrifugation (Udom et al., 2013). However,
centrifugation and filtration are extensively used in the commercial
harvesting of microalgae (Christenson and Sims, 2011). But those
technologies are costly and energy-intensive because of the high
energy required to operate the machinery (Lananan et al., 2016).
Amongst all these methods, the combination of the coagulation-
flocculation process may reduce the harvesting costs significantly.
Although the traditional coagulants, such as aluminum or iron salts,
are proven to be effective coagulants for microalgae harvesting,
alum use’s major issues may lead to the associated human health
risk implications (Abdul Hamid et al., 2014). The natural coagulant
might be an alternative, cost-effective, and environment-friendly
harvesting approach because of these constraints.

Some previous experimental studies presented that Moringa
oleifera (MO) seed powder has been applied for coagulation and
flocculation purposes of microalgae biomass in Malaysia, India, and
Mexico (Hossain et al., 2015). These studies have been conducted
on freshwater and wastewater (Abdul Hamid et al., 2014). Ac-
cording to most of the previous studies, two specific types of
microalgae species, Scenedesmus obliquus, and Chlorella sp. have
been cultured and harvested by MO seed powder presented in
Table 1. To the authors’ best knowledge, only one experimental
Table 1
Previous studies on different species of microalgae cultivation and harvesting yield by M

Microalgae Biomass Water Type

Scenedesmus obliquus Urban Wastewater
Chlorella sp. Freshwater
Chlorella sp. Freshwater
Mixed culture (species are not specified) Pondwater (Semi-freshwater)
Chlorella sp. Aquaculture Wastewater

2

study was conducted on a mixed microalgae culture collected from
pondwater (semi-freshwater) in India (Singh and Patidar, 2020). So
far, the current study is the first experimental study on specified
species (Chlorella sp. and Scenedesmus sp.) of microalgae co-culture
for HABR effluent phycoremediation. Therefore, the study in-
vestigates the HABR effluent phycoremediation and the harvesting
performance of MO seed powder for those microalgae co-culture.
2. Materials and methods

2.1. PBR configuration

The microalgae cultivation process has been shown in Fig. 1. In
this study, four (4) identical photobioreactors (PBRs) were con-
structed using a locally available transparent water bottle with
similar dimensions: diameter 160 mm and height 400 mm and an
actual volume of 8 L. To supply enough sunlight for microalgae
growth, the transparent water bottle was used for the cultivation of
microalgae. An air pump with two headers (2 � 3 L/min) was
placed inside the PBR to provide CO2 through a porous stone
diffuser during the cultivation period. CO2 is one of the primary
requirements for growing microalgae (photoautotrophic cultiva-
tion condition). The porous stone diffuser was located approxi-
mately 25 mm above the bottom of the PBR. The PBRs setup was
installed on the roof under a shade where the culture medium can
be easily absorbed in sunlight. The air pumpwas running through a
timer programmed for 10 min/h in the daytime (7:00e19:00 h)
during the seven (7) days of cultivation periods, and the photope-
riod was 12-h. The term “photoperiod” indicates the sunlight illu-
mination availability to the culture medium during a 24-h day. No
air had been supplied into the PBR during 12-h nighttime due to the
culture medium’s pH control (Khalekuzzaman et al., 2019). The
microalgae culture medium’s pH value is needed to maintain an
optimum range to compensate for extreme pH values (Gonçalves
et al., 2017).
2.2. Microalgae cultivation

The effluent obtained from the hybrid anaerobic baffled reactor
(HABR) was used as a nutrient source for microalgae cultivation. It
will reduce the cultivation costs as well as environmental impacts.
A co-culture Chlorella sp. and Scenedesmus sp. were used to inoc-
ulate the PBR with 20 ml (12% w/v) concentrated microalgal solu-
tion (Khalekuzzaman et al., 2019). They have an excellent ability to
tolerate high temperature, salinity, and illumination conditions
(Abdul Hamid et al., 2016). However, the study area (Khulna) is
located in the south-western part of Bangladesh near the coastal
region with the problem of saline water. Also, several researchers’
reported that those microalgal species have high lipid content (Ji
et al., 2013). The PBR was illuminated with natural sunlight for a
12-h photoperiod per day (7:00e19:00 h). The culture media of
microalgaewasmaintained at temperature 35± 3 �C during the day
under the light intensity of 106 ± 20 mmol/m2/s in the morning,
110 ± 29 mmol/m2/s at noon, and 14 ± 3 mmol/m2/s in the afternoon,
respectively.
O seed powder.

Region Harvesting yield References

Mexico 72.13e80.33% Ruiz-Marin et al. (2019)
Malaysia 1̴00% Endut et al. (2016)
Malaysia 78e97% Abdul Hamid et al. (2016)
India 92.97% Singh & Patidar (2020)
Malaysia 95% Abdul Hamid et al. (2014)



Fig. 1. Experimental setup of microalgae cultivation process.

Table 2
Mixing period, mixing speed and coagulant dosages used for Jar test.

Mixing period (min) Mixing speed (rpm) Coagulant dosages (mg/L)

10 20 10, 25, 40, 55 and 70
60 10, 25, 40, 55 and 70
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2.3. Analysis of microalgal growth parameters

The sample was collected from PBR daily, and the selected pa-
rameters such as ammonia-N (4500-NH3-N C. Titrimetric method),
pH (using pH probe, HACH), turbidity (2130 B. Nephelometric
method), nitrite-N (4500-NO2

–N B. Colorimetric method), ortho-
phosphate (4500-PO4

3- C. Vanadomolybdophosphoric acid colori-
metric method), and nitrate-N (4500-NO3

–N B. Ultraviolet
spectrophotometric screening method) were analyzed according to
Standards Methods. Also, the following parameters, such as light
intensity (AM, noon, and PM), temperature, and microalgae con-
centration, were observed daily during the 7 days of the cultivation
process. The density of microalgal culture was noticed at 680 nm
through HACH DR 3900 spectrophotometer. Microalgal biomass
concentration was determined by the dry cell weight (DCW)
method (Ji et al., 2014). This method, followed by Eq. (1), showed a
linear relationship between the absorbance (Abs) and microalgal
biomass concentration (g/L) for this strain.

Microalgal biomass concentration;

Xðg = LÞ¼2:4407 *Abs�0:0224;R2 ¼0:9956
(1)

The microalgal growth rate and biomass productivity were
measured from the microalgae concentration (g/L) inside the PBR.
The difference of microalgal concentration (g/L) within the culti-
vation time is indicated the growth rate (m) and biomass produc-
tivity (P) and is calculated according to the following Eqs. (2) and
(3) (Delgadillo-Mirquez et al., 2016; Khatoon et al., 2014):

m¼ lnX � lnX0

t � t0
(2)

P¼X � X0

t � t0
(3)

Where X and X0 are the microalgal biomass concentration at the
time t and t0, corresponding to the beginning and selected time
interval, respectively.
100 10, 25, 40, 55 and 70
30 20 10, 25, 40, 55 and 70

60 10, 25, 40, 55 and 70
100 10, 25, 40, 55 and 70

50 20 10, 25, 40, 55 and 70
60 10, 25, 40, 55 and 70
100 10, 25, 40, 55 and 70
2.4. Preparation of coagulant

The moringa trees usually are available in subtropical regions
like Bangladesh, and the trees are also locally available in Khulna.
3

The seed pods of M. oleiferawere collected from KUET campus. The
seed pods were naturally dried in the sunlight at temperature
35 ± 3 �C for five (5) days. After the completion of the drying
process, the desired seeds were unshelled from dry pods manually.
The excellent quality (brownish, contaminant-free, and not rotten)
of seeds was selected to prepare coagulant. To separate the seed
coat and seed kernel, the seeds were dried naturally at 35 ± 3 �C for
two days. In this experiment, only the seed kernel was grounded by
a blender machine, and then a 400 mm sieve was used to obtain
very fine and homogeneous powders from the seeds. Finally, the
air-tight container was used to store the obtain powder to protect
its active properties (Abdul Hamid et al., 2014).
2.5. Jar tests

The following physical parameters, such as coagulant dosage,
rapid/slow mixing, and agitation time, directly impact the floccu-
lation rate. After a week of cultivation period of microalgae, the
microalgal suspension sample was collected from PBR. The jar test
was carried out to determine the coagulant dosage and the effect of
those physical parameters presented in Table 2. Each jar test con-
sisted of five batch experiments to accommodate a 500 mL beaker
with suspended microalgae. Only kernel powder was used for the
coagulation-flocculation test. The coagulant dosages were selected:
10, 25, 40, 55, and 70 mg/L. In each beaker, the coagulant dosages
were increasing simultaneously, and mixed the coagulants in the
beaker with the help of a stirring device. The speed of the stirring
device (20, 60, and 100 rpm) and the mixing period (10, 30, and
50 min) was chosen to optimize the microalgae biomass recovery.
Finally, the flocs formed during the coagulation-flocculation pro-
cess were allowed to settle down at 30 min for the sedimentation.
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Then the liquid supernatant samplewas collected from each beaker
at the end of the sedimentation process. The microalgae cell con-
centrations were observed at 680 nm through a spectrophotometer
(HACH DR 3900) to determine the microalgae biomass recovery.
From the initial (Ci) and final (Cf ) microalgae cell concentration, the
microalgae biomass recovery was calculated from the following
equation (Eq. (4)).

Recovery¼Ci � Cf
Ci

*100 (4)

3. Results and discussion

The wastewater effluent received from the hybrid anaerobic
baffled reactor (HABR). This HABR was treated domestic waste-
water collected from the residential area of KUET (Khulna Univer-
sity of Engineering& Technology, Khulna, Bangladesh) campus. The
physicochemical properties such as pH, ORP, turbidity, nitrite-N,
nitrate-N, ammonia-N, phosphate, and chemical oxygen demand
of the raw wastewater and HABR effluent before microalgae culti-
vation has been presented in Table 3. The amount of ammonia-N
and phosphate appeared in the HABR effluent sufficient to sup-
port microalgal biomass (Khalekuzzaman et al., 2019).

3.1. Microalgae biomass productivity

Fig. 2 shows the growth pattern of microalgae in HABR digester
effluent during seven days of cultivation. Microalgal biomass
growth was a lag phase in the first two days, where microalgal
biomass was growing slowly and adjusting itself to the new envi-
ronment (Min et al., 2011). During this time, the culture medium
was turned from grey to greenish color. After that, the microalgae
biomass concentration started to increase rapidly during 3e5 days,
and the culture mediumwas turned from greenish to dark greenish
color as a large amount of microalgal biomass was suspended in-
side the PBR. The microalgae concentration increased (exponential
growth), and the growth rate was 0.61 g/L at day-5. After then, the
transition was decreased due to the limitation of nutrients (Li et al.,
2011) and the self-shading effect that created low light availability
inside the PBR culture medium (Uggetti et al., 2014). Kumar et al.
(2018) also reported similar results.

A similar trend of microalgae concentration and turbidity was
observed in Fig. 3. Additionally, the results showed that there was a
linear correlation (R2 ¼ 0.97) between the microalgae concentra-
tion and turbidity in this experiment. This correlation suggests that
turbidity might be an alternative indicator of microalgae growth.

According to Fig. 4, the maximum growth rate (0.5 day�1) and
microalgal biomass productivity (0.12 g/L/d) were observed during
the first 4 days of cultivation, which was attributed to almost
complete uptake of nutrients from digested effluent by microalgae
(Yang et al., 2016). The concentration of nitrogen and phosphorus
Table 3
Characteristics of raw wastewater and HABR effluent.

Parameters Units Raw wastewater HABR effluent

pH e 8.1 8.0
ORP mV 53 90
Turbidity NTU 461 11
NO2eN mg/l 0.05 0.01
NO3eN mg/l 1.6 0.2
NH3eN mg/l 31.64 25.5
PO4eP mg/l 9.23 6.8
COD mg/l 270 20

4

was 4 mg/L and 1 mg/L, respectively. The biomass productivity and
growth rate was decreased after day-5 (Ji et al., 2013). Also, the
biomass productivity and growth rate obtained at day-4 were
relatively low compared to other researchers (Perez-Garcia et al.,
2011) because of low nutrients concentration, mainly nitrogen
and phosphorus, in HABR digested effluent.

3.2. Nitrogen removal

One of the essential components of the microalgae cultivation
process is nitrogen. Microalgae uptake nitrogen enhances their
growth, thus reducing the concentration of nitrogen from digested
effluent via supporting biomass production. The standard forms of
nitrogen that microalgae may be directly utilized for their growth
are nitrite-N, nitrate-N, or ammonia-N (Wang et al., 2010). The
concentration of NO2

�-N, NO3
�-N, and NH3eN during the cultivation

process has been shown in Fig. 5. In this experiment, the concen-
tration of NH3eN was played a significant role, as the NO2

�-N and
NO3

�-N concentration was deficient (<1 mg/L). The nitrite-N and
nitrate-N levels remained relatively flat due to the continuous
assimilation of nitrite-N and nitrate-N bymicroalgae. It was noticed
that microalgae exhibited an excellent removal performance of
NH3eN from the HABR effluent, with a removal efficiency of
93 ± 1%. The reduction of NH3eN concentration was not significant
first 2 day as the culture medium’s microalgae growth rate was in
the lag phase (Min et al., 2011). After that, the NH3eN concentration
was decreased rapidly during 3e5 days due to faster assimilation by
microalgae. Better removal of NH3eN was noticed because of the
high microalgal growth rate inside the PBR. Similarly, Ji et al. (2013)
reported that the concentration of nitrogen in tertiary municipal
wastewater was decreased significantly from 8.7 to 0 mg/L within
four days of Chlorella sp. cultivation.

In this study, there was a linear correlation between the
microalgal biomass and ammonia-N concentration of the culture
medium (Fig. 6). The trend suggests that the removal of ammonia-N
was associated with direct assimilation of microalgae, but nitrogen
removed by NH3 stripping due to high pH levels (>8.5) could not be
affected significantly in the present research (Li et al., 2011).

3.3. Phosphate removal

Another vital macro-nutrient required for the microalgae
cultivation process is phosphate (as orthophosphate, PO4

3�). Fig. 7
shows the changes of PO4

3� concentrations and pH values of the
culture medium during the cultivation period, as the removal
mechanism of PO4

3� depends on pH value. It appeared that the PO4
3�

concentrations decreased up to 95 ± 2% at day-3 and day-4 due to
rapid assimilation by microalgae, the PO4

3� concentration was
removed almost totally on day-6. A similar reduction of PO4

3� was
reported by Ji et al. (2014), who treated anaerobic digested and
removed almost total PO4

3� at day-4. It has been reported that
phosphate removal from wastewater depends on microalgae
assimilation and external conditions such as pH. When the pH
value was increased at 9 during microalgae growth in wastewater,
the phosphate gets precipitated due to increased pH. However, the
losses due to abiotic precipitationwere challenging to find out. Still,
this effect is not significant in the present study since the pH level
was below 9 during the first four (4) days (Su et al., 2012).

The microalgae culture’s pH level is an essential factor influ-
encing the nutrients removal process and bound for microalgae
physiological changes (Gonçalves et al., 2017). Additionally, the pH
level of microalgal culture is directly correlated with the supplied
CO2 concentration. It was observed in Fig. 7 that the initial pH value
was around eight (8) and slightly increased from 8 to about 8.5 at
the first four (4) days, which indicated that CO2 consumed by



Fig. 2. Seven-day batch growth experiment of microalgae in PBR.

Fig. 3. Correlation between algae concentration and turbidity.
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microalgae was balanced by supply CO2. After that, the pH value
dramatically increased to around 9.6 at day-5 due to intensive
photosynthesis resulting in CO2 reduction (Jiang et al., 2018).
However, the ORP values were þ178, þ193, þ194, þ126, þ97, þ86,
and þ79 mV at day-1 to day-7, respectively.
3.4. Statistical analysis for biomass recovery

To determine the correlation between the variables (dose,
mixing speed, agitation time) and the response (removal effi-
ciency), a response surface methodology (RSM) was used through
full factorial design. In the present study, nine jar tests (each run
contains five beakers) were performed, and 45 sets of data were
obtained from those runs. Finally, the obtained data were analyzed
by RSM. The independent elements were dose ¼ 10e70 mg/L,
agitation time ¼ 10e50 min, and mixing speed ¼ 20e100 rpm,
whereas individual factor was coded at three levels between �1
and þ1.

The mixing speed and agitation time were significantly affected
the biomass recovery at different doses shown in Fig. 8. The
5

removal efficiency was influenced by coagulant dose rather than
agitation time: high removal efficiency (more than 80%) was
observed when the coagulant dose above 60 mg/L. It is also to be
noted that increases in the coagulant dosage improve biomass
removal efficiency. Barrado-Moreno et al. (2016) represented
similar findings. It was noticed that the mixing speed was signifi-
cantly affected the removal efficiency: increases the mixing speed,
decreases the removal efficiency. However, due to the redispersion
and disturbance of floc particles when the mixing at high speed
(Abdul Hamid et al., 2014). The present study suggested that har-
vesting efficiency usingM. oleifera seed powder was more than 80%
when coagulant dosage more than 55 mg/L, mixing rate less than
25 rpm, and agitation time more than 30 min.
4. Conclusion

The research results suggested that the HABR effluent was
effectively used for microalgae cultivation, where maximum
microalgal biomass productivity 0.12 g/L/d and growth rate 0.50
day�1. Themicroalgae co-culture (Chlorella sp. and Scenedesmus sp.)



Fig. 4. Microalgae productivity and growth rate during seven days of cultivation.

Fig. 5. Ammonia-N, Nitrite-N and Nitrate-N concentration during the seven-day cultivation.

Fig. 6. Correlation between biomass concentration and depleted nutrients concentrations in the culture medium up to 5 days.
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Fig. 7. pH value and phosphate concentration during the cultivation period.

Fig. 8. Contour plots for the interactive effect for dose, mixing rate, and agitation time on removal efficiency.
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cultivated in PBR using natural sunlight showed efficient removal of
nutrients where the NH3eN and PO4

3� removal efficiencies are
93 ± 1% and 100%, respectively. M. oleifera seed powder was a high
potential alternative compare to chemical coagulant for microalgal
biomass harvesting with harvesting efficiency of 85%. Moreover,
the use of natural sunlight and natural coagulant may assist in
reducing the cultivation and harvesting cost and offering an
environmental-friendly green approach for biomass production,
which is sustainable for renewable energy in the future. Besides,
the study suggests the following recommendations for futurework:

➢ The inoculum/substrate ratio’s behavior on the microalgae
cultivation process and removal of nutrients need to be further
studied.

➢ The effect of seasonal variation (temperature and light intensity)
on microalgae cultivation and nutrient removal should be
further investigated.
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