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About this book

This book highlights latest advancement in
Mathematics, Physics and Chemistry. With the theme
of “Innovative Science towards Sustainability and
Industrial Revolution 4.0”, ICFAS 2020 brings
together leading experts, scientific communities and
industrialists working in the field of applied sciences
and mathematics from all over the world to share the
most recent developments and cutting-edge
discoveries addressing sustainability and industrial
revolution 4.0 in the field. The conference topics
include green materials, molecular modelling,
catalysis, nanodevices and nanosystems, smart
materials applications, solar cells technology,
computational mathematics, data analysis and
visualization, and numerical analysis. The contents of
this book are useful for researchers,  students, and
industrial practitioners in the areas of Mathematics,
Physics and Chemistry as most of the topics are in
line with IR 4.0.
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Impact of Photoperiod on the Carbon
Metabolic Pathways of Chlorella Vulgaris
for Biomass Production and Nutrient
Removal in Treating Nutrient-Rich
Wastewater

Nur Afiqah Mohamad Saman, Wai Hong Leong, Hemamalini Rawindran,
Mardawani Mohamad, Muslim Abdurrahman, and Jun Wei Lim

Abstract Cultivation of Chlorella vulgaris has been done in different photoperiod
to study the effect of photoperiod cycles on the on the carbon metabolic pathways
of the microalgae species in order to enhance its biomass and lipid productions.
Autotrophic, heterotrophic and three different photoperiod cycles of mixotrophic
growth mode were evaluated for its biomass growth, carbon and nutrient uptakes
and lipid yield. The studied photoperiods for mixotrophic growth are 16:8, 12:12 and
8:16 h (light:dark hours). Heterotrophic condition produced much lower microalgal
biomass and lipid yield compared to microalgae grown under autotrophic and
mixotrophic condition. There is no significant difference inmicroalgal biomass yields
observed under continuous illumination between 16:8 h, 12:12 h and 8:16 h photope-
riods. All studied parameters showed a near complete removal of COD on the second
day of cultivation. Higher nitrogen removal was observed at longer photoperiod
conditions.
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1 Introduction

Microalgae is steadily gaining attraction as the preferred feedstock for sustainable
biofuel productions termed as the third-generation biofuels. Moreover, microalgae
have the ability in fixing atmospheric carbon dioxide for its growth and produce a
variety of end products [1]. Production rate of biodiesel from microalgae is about
5000–20,000 gal/acre/year which is comparatively high than oil production from
other feedstocks [2]. In addition, some microalgae strains are very versatile that they
can be grown in extreme environments and conditions e.g. high nutrient wastewater
loadings and saline water bodies [3–5].

While the merits of using microalgae as a potential biofuel feedstock are undeni-
ably promising, the commercialization of microalgae-based biofuels is rather uncer-
tain [6]. Thus, leading to extensive studies to further enhance the biomass and lipid
productivities for eventual exploitations as microalgal biomass feedstock. These
include manipulation of cultivation parameters and cultivation modes. The main
obstacle that impedes the commercialization of microalgal biodiesel production is
the low lipid productivities due to the low cell biomass and lipid production. Owing
to the low biomass yield, the harvesting process become difficult which can subse-
quently lead to high unit cost of downstream process. Various studies into optimizing
or modifying the cultivation conditions have been investigated to induce both the
microalgal biomass and lipid productivities [7, 8]. As microalgae are known to be
able to utilize various carbonmetabolic pathways, namely, autotrophic, heterotrophic
andmixotrophic, for its growth,manipulating its growthmetabolic pathways perhaps
could provide an insight into inducing the cellular biomass and lipid productions [9].

Other than that, photoperiod is one of the important physicochemical factors
affecting the growth of microalgae as it regulates the cell division in microalgae
reproduction. The influence of this photoperiod on biomass and lipid productivity of
microalgae has not been clearly established. To further improve the biomass yields
of microalgae, it is crucial to optimize the photoperiod to achieve high microalgal
biomass growth productivities. Hence, this study is aimed to investigate the carbon
metabolic pathways through varying the light and dark cycles i.e., photoperiod
for optimizing the microalgal biomass production along with the nutrient removal
from nutrient-rich wastewater. Thus, able to provide an insight on the dynamics of
microalgal biomass growth in relation to the carbon and nitrogenmetabolic pathways
under different photoperiod conditions.

2 Materials and Methods

2.1 Wastewater Medium Preparation

Prior to the experiment, a synthetic wastewater medium simulating a high strength
municipal wastewater was prepared based on a modified wastewater composition
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from Leong et al. [10] yielding concentrations of chemical oxygen demand, COD
and ammonium-nitrogen, NH4

+–N at 145 mg/L and 48 mg/L, respectively. The
following were compositions (mg/L) for the wastewater: sucrose (109), FeCl3.6H2O
(10), CaCl2 (42), (NH4)2SO4 (226), K2HPO4 (180), KH2PO4 (35) and MgSO4 (49).

2.2 Chlorella Vulgaris Cultivation Using Synthetic
Wastewater Medium

Samples of the freshwater microalgae, Chlorella vulgaris was obtained from the
culture collections belonging to the Centre for Biofuel and Biochemical Research
(CBBR), Universiti Teknologi PETRONAS. Themicroalgae,Chlorella vulgariswas
chosen in the study due to its ability to populate ponds naturally combined with its
adaptability in tolerating highnutrient loadings in sewage effluents [11]. Stock culture
of the microalgae, Chlorella vulgaris (500 mL) was inoculated in a 5-L laboratory
clear glass bottle containing approximately 4.5Lof the prepared syntheticwastewater
medium. The photobioreactor was continuously aerated with compressed air and
illuminated with a white light-emitting diode (LED) light at the light intensity of
1200 lx. The initial cultivation pH was adjusted to 7.1 ± 0.1.

2.3 Photoperiod Experimental Design

The experimental setup consisted of culturing the microalgae, Chlorella vulgaris
acclimated to the synthetic wastewater medium under five different photoperiod
design settings in 500 mL Erlenmeyer flasks as functional bioreactors. Approxi-
mately 50 mL of the Chlorella vulgaris inoculum was introduced in each of the
bioreactor containing 450 mL of the synthetic wastewater medium. The different
photoperiod designs in the study with varying light:dark cycle (h:h) included 24:0
(autotrophic), 16:8, 12:12, 8:16 and 0:24 (heterotrophic) designated as BR-24L, BR-
16L, BR-12L and BR-8L and BR-0L, respectively (Table 1). All the bioreactors
except for the BR24-L (autotrophic) were supplemented with the additional organic

Table 1 Designated
bioreactors under varying
photoperiod cultivation
conditions

Bioreactor Photoperiod

Light (h) Dark (h)

BR-24L (Autotrophic) 24 0

BR-16L 16 8

BR-12L 12 12

BR-8L 8 16

BR-0L (Heterotrophic) 0 24
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carbon source (sucrose) from the compositions of the synthetic wastewater medium.
Each of the bioreactor was continuously aerated with compressed air and the culti-
vation pH was regulated and maintained at 7.0 ± 0.1 using either 1 N of H2SO4 or
1 N of NaOH throughout the study. The experimental study was carried out until the
stationary growth phase was achieved and performed in duplicates. Samplings were
executed every two days for analyzing the microalgal biomass, COD and NH4

+–N
concentrations.

2.4 Analytical Procedures

The microalgal biomass concentration was determined via spectrophotometry using
a UV-VIS spectrophotometer (Shimadzu UV-2600). An analysis of optical density
wasmeasured at thewavelength of 688 nmand themicroalgal biomass concentration,
B (g/L) was calculated using Eq. 1.

B = 0.3557× OD688nm, R
2 = 0.988 (1)

The concentration of COD was determined using the closed reflux, titrimetric
method: 5520 following the Standard Methods for the Examination of Water
and Wastewater [12]. The concentrations of NH4

+–N species were also analysed
following the Standard Methods [12], namely, the titrimetric method: 4500-NH3.

3 Results and Discussion

3.1 Microalgal Biomass Growth

The growth patterns of Chlorella vulgaris were visualized in Fig. 1. The initial
microalgal biomass in all bioreactors are relatively the same, which was around

Fig. 1 Microalgal biomass
growth cultured under
different photoperiods
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0.2 g/L. The first 2 days were considered as the lag phase period of microalgae
cultured in all bioreactors as demonstrated by a relatively low biomass growth. BR-
24L experienced a sudden increase in biomass concentrations (days 2–8) before
entering the stationary phase at the 10th day of cultivation. BR-16L experienced a
logarithmic growth phase in the 4th–8th day of cultivation whereas BR-12L and BR-
8L experienced logarithmic growth phase later in the 8th–14th day and 10th–14th
day of cultivation respectively. A trend was observed at which longer photoperiod
induces faster microalgal biomass growth. Meanwhile, no logarithmic growth phase
was observed in BR-0L indicating that the growth ofChlorella vulgariswas inhibited
in heterotrophic culture.

At the end of cultivation study (14th day), the final biomass yields of 1.115 ±
0.003 g/L, 1.130 ± 0.001 g/L, 1.087 ± 0.040 g/L, 1.065 ± 0.020 g/L, and 0.359 ±
0.009 g/L were achieved in BR-24L, BR-16L, BR-12L, BR8-L, and BR-0L respec-
tively. Although the final biomasses of BR-24L, BR-16L, BR-12L and BR-8L are
comparable, BR-16L attained the highest biomass yield which suggested that under
cyclic dark/hour conditions, cell production of biomass is higher.

3.2 Carbon (COD) Removal

CODmeasurementwas carried out in the present study to estimate the carbon removal
efficiencies in terms of COD removal from the synthetic wastewater media by
Chlorella vulgaris at different photoperiods. The amount of organic carbon (sucrose)
added to the bioreactors in this study generating an initial CODvalue of 103.63mg/L.
Figure 2 depicts the removal of COD under different photoperiods.

Rapid removal ofCODwas observedwhere about 80%CODremovalwas attained
in all bioreactors on the seconddayof cultivationwhere similarCODremoval patterns
were noticed stipulating that there was no significant relationship between COD
removal and cultivation of Chlorella vulgaris at different photoperiods. At the end
of cultivation, the final concentrations of COD were found to be 6.72 ± 1.33, 8.64
± 3.991, 13.44 ± 2.661, and 13.44 ± 2.661 mg/L in BR16-L, BR12-L, BR-8L

Fig. 2 COD removal by
Chlorella vulgaris cultivated
under various photoperiods
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and BR-0L respectively. The almost complete removal of COD from microalgae
culture suggested that complete biodegradable COD source was immediately being
assimilated by Chlorella vulgaris.

3.3 Nitrogen Removal

Microalgae is known to be able to utilize nutrients in particular nitrogen and phos-
phorus for its growth [13]. Nitrogen could present in various form such as nitrite
(NO2

−), nitrate (NO3
−), ammonium (NH4

+–N), ammonia (NH3), nitric acid (HNO3)
and nitrogen gas (N2). In the present study, NH4

+–N species was introduced in
the synthetic wastewater medium. The removal of NH4

+–N species efficiencies by
Chlorella vulgaris cultured at different photoperiods is represented in Fig. 3.

From Fig. 3, high NH4
+–N removal is observed in BR-24L followed by BR-12L,

BR-16LandBR-0Lwithfinal concentrationof 0, 0.38±0.527, 3.15±0.873, 15.75±
0.873 and 30.87± 0.873 respectively. BR-24L exhibited the fastest NH4

+–N removal
at which complete removal was observed at the 8th day of cultivation at which the
microalgal growth has reached stationary growth phase. A similar trendwas observed
in BR-16L, BR-12L, and BR-8L where high removal of NH4

+–N species is achieved
as the microalgal growth entering stationary growth phase. Contrarily, the NH4

+–N
uptake byChlorella vulgaris grown in BR-0Lwas impeded as no decline in NH4

+–N
concentrations is seen after second day of cultivation which assumed that NH4

+–N
was not assimilated by microalgae.

It is interesting to note that, although the intake of nitrogenwas hindered inBR-0L,
a prominent decrease in COD is seen in the second day of cultivation. An assump-
tion was made that a complete consumption of the organic carbon source i.e. sucrose,
occurred during the second day of cultivation. The notorious decrease in COD values
caused by the complete degradation of organic carbon sources by the microalgae
which explained the stagnant growth of microalgae in BR-0L (heterotrophic) even
after 14 days of cultivation. The growth of microalgae grown under total dark condi-
tion is highly dependent on the presence of organic carbon source. Once the organic

Fig. 3 Ammonium-nitrogen
(NH4

+–N) removal by
Chlorella vulgaris cultivated
under various photoperiods
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carbon source was used up, the microalgal growth will be ceased as there is no source
of energy left to support the cell metabolism for microalgal growth. The reasoning
is further supported by the intake of NH4

+–N species was prohibited as the assim-
ilation of nitrogen into microalgal cell is largely associated with the availability of
organic carbon source that serves as energy to convert NH4

+–N into biodegradable
nitrogen for microalgae assimilation [14]. Nonetheless, other bioreactors continue
to demonstrate an increase in biomass growth and reduction in nitrogen concentra-
tion although organic compound was fully consumed. It can be inferred that after
second day of cultivation, the growth of microalgae in other bioreactors were solely
rely on the light energy via the photosynthetic pathway. It is also worth noting that
higher NH4

+–N removal efficiencies were achieved at longer photoperiods which is
in tandem with the trend observed in the microalgal biomass growth.

4 Conclusion

This study aimed at finding the optimum photoperiods in enhancing biomass and
lipid productions by investigating the effect of photoperiods on the biomass produc-
tion, carbon and nutrient uptakes and lipid yields. Five different photoperiods were
chosen to study in this study.Highermicroalgal biomass yield accompanied by higher
nitrogen removal by Chlorella vulgaris were observed under longer light photope-
riod cycles. However, there were no remarkable differences observed in the light
cycles of 24 h, 16 h and 12 h in the photoperiod study. Therefore, the 12 hphotope-
riod duration is deemed to be the most ideal cultivation condition considering lower
energy consumption for illumination viewing from an economic perspective. It can
be deduced that the concentration of organic carbon source i.e. sucrose, introduced
in the microalgal growth culture is relatively low leading to carbon deficit in the
microalgal consortium. Dark/light cycle can counterbalance the shortage of organic
carbon source by utilizing carbon dioxide as an inorganic carbon source in the pres-
ence of light for photosynthetic metabolic grow. As a result, high biomass growth
was achieved under the 16 h, 12 h and 8 h light cycles of photoperiod whereas the
growth of the heterotrophic condition (0 h) was totally inhibited.

Acknowledgements The financial supports from the Ministry of Higher Education Malaysia
via Fundamental Research Grant Scheme (FRGS) with the cost center of 015MA0-110
(FRGS/1/2020/TK0/UTP/02/20), HICoE-Center for Biofuel and Biochemical Research with the
cost center of 015MA0-052, Research Collaboration Grant UTP-UMP-UMT-UCTS with the cost
center of 015MD0-019 and Yayasan Universiti Teknologi PETRONAS via YUTP-FRG with the
cost center of 015LC0-126 are gratefully acknowledged.



202 N. A. M. Saman et al.

References

1. Rashid, N., Rehman, M.S.U., Sadiq, M., Mahmood, T., Han, J.I.: Current status, issues and
developments in microalgae derived biodiesel production. Renew. Sustain. Energy Rev. 40,
760–778 (2014)

2. Khan, S.A., Rashmi, Hussain, M.Z., Prasad, S., Banerjee, U.C.: Prospects of biodiesel
production from microalgae in India. Renew. Sustain. Energy Rev. 13(9), 2361–2372 (2009)

3. Salama, E.S., Kurade,M.B., Abou-Shanab, R.A., El-Dalatony,M.M., Yang, I.S., Min, B., Jeon,
B.H.: Recent progress in microalgal biomass production coupled with wastewater treatment
for biofuel generation. Renew. Sustain. Energy Rev. 79, 1189–1211 (2017)

4. Khoo, K.S., Chew, K.W., Yew, G.Y., Leong, W.H., Chai, Y.H., Show, P.L., Chen, W.H.:
Recent advances in downstream processing ofmicroalgae lipid recovery for biofuel production.
Bioresour. Technol. 304, 122996 (2020)

5. Vo, H.N.P., Ngo, H.H., Guo, W., Chang, S.W., Nguyen, D.D., Chen, Z., Wang, X.C., Chen, R.,
Zhang, X.: Microalgae for saline wastewater treatment: a critical review. Crit. Rev. Environ.
Sci. Technol. 50(12), 1224–1265 (2020)

6. Lam, M.K., Lee, K.T.: Microalgae biofuels: a critical review of issues, problems and the way
forward. Biotechnol. Adv. 30(3), 673–690 (2012)

7. da Silva Ferreira, V., Sant’Anna, C.: The effect of physicochemical conditions and nutrient
sources on maximizing the growth and lipid productivity of green microalgae. Phycol. Res.
65(1), 3–13 (2017)

8. Fields, M.W., Hise, A., Lohman, E.J., Bell, T., Gardner, R.D., Corredor, L., Moll, K., Peyton,
B.M., Characklis, G.W., Gerlach, R.: Sources and resources: importance of nutrients, resource
allocation, and ecology in microalgal cultivation for lipid accumulation. Appl. Microbiol.
Biotechnol. 98(11), 4805–4816 (2014)

9. Leong, W.H., Lim, J.W., Lam, M.K., Uemura, Y., Ho, Y.C.: Third generation biofuels: a nutri-
tional perspective in enhancing microbial lipid production. Renew. Sustain. Energy Rev. 91,
950–961 (2018)

10. Leong, W.H., Kiatkittipong, K., Kiatkittipong, W., Cheng, Y.W., Lam, M.K., Shamsuddin, R.,
Mohamad, M., Lim, J.W.: Comparative performances of microalgal-bacterial co-cultivation
to bioremediate synthetic and municipal wastewaters whilst producing biodiesel sustainably.
Processes 8(11), 1427 (2020)

11. Leong, W.H., Lim, J.W., Lam, M.K., Uemura, Y., Ho, C.D., Ho, Y.C.: Co-cultivation of acti-
vated sludge and microalgae for the simultaneous enhancements of nitrogen-rich wastewater
bioremediation and lipid production. J. Taiwan Inst. Chem. Eng. 87, 216–224 (2018)

12. APHA, AWWA,WEP: Standard Methods for the Examination of Water and Wastewater, 22nd
ed. American Public Health Association, Washington, DC (2012)

13. Perez-Garcia, O., Bashan, Y.: Microalgal heterotrophic and mixotrophic culturing for bio-
refining: from metabolic routes to techno-economics. In: Algal Biorefineries, pp. 61–131.
Springer, Cham (2015)

14. Perez-Garcia, O., Escalante, F.M., de-Bashan, L.E., Bashan, Y.: Heterotrophic cultures of
microalgae: metabolism and potential products. Water Res. 45(1), 11–36 (2011)




