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ABSTRACT 

 
Photosynthetic Oxygenation and Nutrient Utilization by Chlorella Vulgaris in a 

Hybrid Membrane Bioreactor and Algal Membrane Photobioreactor System 

 
Yasmeen Najm 

 

Aerobic activated sludge membrane bioreactors (AS-MBR) in municipal 

wastewater treatment are compact systems that can efficiently perform biological 

organic oxidation. However, aerobic processes require mechanical aeration 

accounting for over 40% of total expenditure of a wastewater facility. Additionally, 

a global urgency for nutrient (Nitrogen/Phosphorus) removal strategies due to 

surges of eutrophication events requires complex MBR configurations. An 

innovative and cost-effective process was developed with a dual income-stream: 

high-quality treated effluent and value-added microalgal biomass for several 

applications. The proposed process involved several integrated components; an 

ultrafiltration AS-MBR for organic oxidation followed by a microalgal membrane 

photobioreactor (MPBR) to remove nutrients (N/P) through assimilation while 

simultaneously photosynthetically generating dissolved oxygen effluent that was 

recirculated back into the AS-MBR, thereby reducing the need for mechanical 

aeration for oxidation. A lab-scale system was fed with a synthetic medium-

strength municipal wastewater. The microalgal species C. vulgaris was initially 

tested in batch trials as a proof-of-concept study on its potential as a 

photosynthetic oxygenator for the AS-MBR and identify its nutrient utilization 

efficiencies. The MPBR and MBR were later constructed for continuous operation, 
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with the aim to identify an optimal process configuration. The unit processes were 

subsequently isolated, where the AS-MBR was subjected to a modelled algal 

effluent to assesses the impact of varying influent characteristics and effluent 

recycle rates. A microbial community analysis was performed by high-throughput 

sequencing and a statistical data-driven modeling approach to assess treatment 

performances. The MPBR stage was then subjected to the effluent achieved by the 

AS-MBR stage under varying operating conditions to assess its treatment 

performance and the resulting algal biomass biochemical composition to identify 

its suitability for bioethanol, biodiesel, or animal feed production. The findings of 

this study ultimately confirmed the ability of C. vulgaris to support the AS-MBR for 

organic removal and fractional nutrient removal by supplying the oxygen demand, 

and further achieve an effluent polish stage for nutrient removal. The process 

configuration also demonstrated the ability to achieve a high microalgal biomass 

production with the potential of extracting valuable products as an added benefit 

of the wastewater treatment.   
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Chapter 1. Introduction 

1.1 Background and Motivation 

Countries encounter water stress when the annual freshwater supplies decline 

below 1700 m3 per capita per year, whereas in the event where water experiences 

a downfall below 1000 m3 per capita, the population would then be facing water 

scarcity, according to the Falkenmark Water Stress Indicator (Rijsberman, 2006). 

Recent studies have revealed that around two-thirds of the world’s population is 

currently living in water-scarce regions, for at least one month a year 

Figure 1-1. (WWAP, 2017). Additionally, the world population is projected to 

reach up to 9.7 billion by the year 2050 (DESA, 2015), mainly inhabiting cities due 

to accelerated urbanization leading to a massive global demand for water and 

energy. Thus, more sustainable freshwater resources must be explored to meet 

such alarming demands. 

 
 
Figure 1-1. World map shows the number of months where available freshwater 
sources (Surface and groundwater) is withdrawn and not recharged (1996-2005). 
Acquired from the UNESCO Water Development Report, 2017 
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A proliferating population leads to a rise in wastewater production, yet only 20% 

of wastewater is being treated worldwide. Municipal wastewater originates from 

domestic, industrial, and commercial sources within a given community. Much of 

that “waste” (i.e. energy, nutrients and other materials) can be recovered with 

wastewater treatment, hence the shift from waste to resource. Treatment 

processes have evolved over recent decades to remove constituents of 

wastewater including biodegradable organics, macronutrients (i.e. nitrogen and 

phosphorus), heavy toxic metals, pathogens, parasites, and suspended solids 

(Bitton, 2005). 

 

 The Conventional Activated Sludge process (CAS) was first established in 1914 

and is the most common biological process for treating municipal wastewater 

(Barnard and Stensel, 2014). In the CAS process, the wastewater influent enters 

the prescreen to remove large debris and FOS (Fat, oil, and grease) followed by 

the primary clarifier to settle large particles, which is then discharged into the 

aeration tank where the biological reaction occurs by a diverse group of 

microorganisms (Judd, 2006) (Figure 1-2). 

 

 

Figure 1-2 Schematic diagrams of two wastewater treatment process train 
schemes: (top) conventional activated sludge process and (bottom) the 
membrane bioreactor (MBR) process 
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Biological treatment encompasses the microbial oxygen consumption for treating 

carbonaceous oxygen demand (COD) and nitrogenous oxygen demand. In 

addition, trace amounts of inorganic compounds that are in their reduced forms 

are oxidized (Seong-Hoon Yoon, 2015a). The most dominant mechanism in 

carbon-rich wastewater treatment is the conversion of carbons to biomass, CO2, 

and water, while O2 is consumed (Shin and Kang, 2003).  Finally, a separation 

between the biomass and treated effluent finally occurs in the secondary clarifier 

via gravity-driven sedimentation (Judd and Judd, 2008). 

 

CAS has on evolved to a more advanced treatment technology used for domestic 

and industrial wastewater called a membrane bioreactor (MBRs), which consisted 

of activated sludge and a membrane filtration system (Melin et al., 2006a). MBRs 

offer several benefits including: a smaller footprint (Figure 1-2), a consistently 

higher quality effluent, and an ability to decouple hydraulic (HRT), from sludge 

retention time (SRT) and hence a reduction in sludge waste, constituting an 

additional overhead for handling, transport, and postprocessing (Iorhemen et al., 

2016; Meng et al., 2009). HRT is the amount of time wastewater resides in the 

controlled reactor tank volume typically in hours, also known as the reaction time 

between the influent and the biomass (Gerardi, 2003). Whereas SRT is the amount 

of time the biomass/solids are maintained within the system (Gerardi, 2003). 

However, operating an aerobic MBR is costly due to energy-intensive aeration 

which accounts for over 40% of the operational cost of the whole treatment plant 

(Kazemzadeh-afshar et al., 2012; Meng et al., 2008). Aeration in an aerobic MBR 

process performs three essential tasks: dissolved oxygen delivery for the bacteria 
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to consume wastewater constituents, mixing, and scouring of the membrane 

surface for fouling prevention (Kazemzadeh-afshar et al., 2012). 

 

Photosynthetic oxygenation offers a solution to reduce operational costs of an 

MBR plant by aeration (Muñoz and Guieysse, 2006; Oswald et al., 1985). 

Microalgae are photosynthetic microorganisms that require freshwater, inorganic 

carbon, sunlight, and macronutrients (nitrogen and phosphorus) for growth and 

division (Bilad et al., 2012). Furthermore, owing to the special chemical 

composition of microalgae, its biomass has an added value being suggested as a 

potential feedstock used for several applications including biofuel and bio-

fertilizer production (Coppens et al., 2016; Saad et al., 2019).  

 

Some microalgal strains like Chlorella vulgaris are naturally present in wastewater 

treatment facilities due to the high nutrient content of wastewater (Yeh and 

Chang, 2012). Therefore there is an emerging interest in integrating microalgae 

cultivation in wastewater due to an otherwise exorbitant cultivation system that 

requires large volumes of fresh water and fertilizers (Safi et al., 2014b). 

Microalgae can act as a tertiary treatment process by assimilating the residual 

nutrients compounds from the MBR effluent for their growth and can generating 

dissolved oxygen.  in the process. The dissolved oxygen could be channeled 

towards the MBR, leading to reduction in costs associated with aeration (Boelee 

et al., 2014; Medina and Neis, 2007; Posadas et al., 2014). 
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1.2  Research Objectives and Hypotheses 

 

This research was designed to develop a cost effective and process-efficient 

treatment system compared to the aerobic MBR (MBR). To achieve this, a novel 

process was tested by coupling a microalgal MPBR with an aerobic Activated 

Sludge MBR (AS-MBR). The two ultimate targets were to significantly reduce 

operational expenditure of the wastewater treatment plant (WWTP), while also 

creating dual-income streams: highly treated wastewater for different reuse 

purposes, such as direct irrigation reuse or indirect potable reuse by aquifer 

recharge (Missimer et al., 2014); in addition to valuable microalgal biomass that 

can be further processed for a variety of applications mentioned later. This 

incentivizes private and public enterprises to direct efforts towards resource 

recovery and to regard wastewater as a commodity rather than a liability. 

Additionally, a global urgency for nutrient (Nitrogen/Phosphorus) removal 

strategies due to surges of eutrophication events requires complex MBR 

configurations that adds cost without advantages. This thesis aims to cover all 

aspects of this overall process in terms of validating the concept and 

demonstrating feasibility. 

1.2.1 Research Objectives: 

 
1. To study oxygen production and utilization rates in C. vulgaris and Activated 

Sludge inoculum. 

2. To design and build a lab-scale conventional MBR and an algal membrane 

photobioreactor (MPBR) setup. 
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3. To investigate substrate utilization efficiencies of C. vulgaris (Batch-mode 

cultivation (3a) Continuous mode cultivation (3b)) and activated sludge 

(continuous-mode cultivation (3c)). 

4. Founded upon Objectives 1 and 2 results, evaluate the removal 

performances of an AS-MBR subjected to simulated MPBR effluent under 

different operational parameters. 

5. To analyze the shifts in microbial community structures of the activated 

sludge in the coupled configuration. 

6. Study the effect of different nutrient and carbon loading on the algal 

composition in an MPBR for downstream applications.  

1.2.2 Research Hypotheses: 

 
1. The Dissolved Oxygen produced by freshwater C. vulgaris UTEX259 is 

sufficient to supply and replace a mechanical aeration device necessary for 

the oxygenation of the activated sludge in an MBR to fulfill COD oxidation. 

2. The uptake of nutrients, i.e. Ammonia (NH4-N), and Phosphate (PO4-P), by 

C. vulgaris in the proposed synergistic design can replace conventional 

nutrient removal methods typically used (nitrification/denitrification and 

EBPR). 

3. In the proposed symbiotic process, C. vulgaris will partially remove organic 

carbon thus reducing the organic load in the MBR due to mixotrophic 

growth in high-density culture as a result of mutual shading intracellularly. 
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4. Conversion rates for the degradation of nutrients by microalgae are slower 

than the organic conversion rates of AS-MBRs, therefore the microalgal 

MPBR will require a larger reactor volume. 

5. Efficient Nitrogen removal by the MPBR will not enable nitrification in the 

MBR thus facilitating the reduction in nitrifiers.  

 

1.3  Scope of Work 

There is an understanding that many pollutants are present in various amounts in 

real wastewater, however, this thesis was aimed to prove a new conceptual 

system by testing it with known prepared synthetic wastewater and study its 

overall operational performance. In addition, due to the use of commercial 

membrane modules that comprised of a larger membrane area for the designed 

coupled MBR-MPBR concept, no membrane fouling studies were covered. 



 

 

 

22 

1.4  References 

Barnard, J.L., Stensel, H.D., 2014. The activated sludge process in service of 
humanity, in: DSD International Conference. 

Bilad, M.R., Vandamme, D., Foubert, I., Muylaert, K., Vankelecom, I.F.J., 2012. 
Harvesting microalgal biomass using submerged microfiltration 
membranes. Bioresour. Technol. 111, 343–352. 
https://doi.org/10.1016/j.biortech.2012.02.009 

Bitton, G., 2005. Introduction to Wastewater Treatment. Wastewater Microbiol. 
211–223. https://doi.org/10.1002/0471717967.ch7 

Boelee, N.C., Temmink, H., Janssen, M., Buisman, C.J.N., Wijffels, R.H., 2014. 
Balancing the organic load and light supply in symbiotic microalgal-
bacterial biofilm reactors treating synthetic municipal wastewater. Ecol. 
Eng. 64, 213–221. https://doi.org/10.1016/j.ecoleng.2013.12.035 

Coppens, J., Grunert, O., Van Den Hende, S., Vanhoutte, I., Boon, N., Haesaert, G., 
De Gelder, L., 2016. The use of microalgae as a high-value organic slow-
release fertilizer results in tomatoes with increased carotenoid and sugar 
levels. J. Appl. Phycol. https://doi.org/10.1007/s10811-015-0775-2 

DESA, U., 2015. World population projected to reach 9.7 billion by 2050 | UN 
DESA | United Nations Department of Economic and Social Affairs [WWW 
Document]. UN Dep. Econ. Soc. Aff. URL 
http://www.un.org/en/development/desa/news/population/2015-
report.html%5Cnhttps://www.un.org/development/desa/en/news/popula
tion/2015-report.html 

Gerardi, M.H., 2003. Appendix II: F/M, HRT, MCRT, in: Nitrification and 
Denitrification in the Activated Sludge Process. 
https://doi.org/10.1002/0471216682.app2 

Iorhemen, O.T., Hamza, R.A., Tay, J.H., 2016. Membrane bioreactor (Mbr) 
technology for wastewater treatment and reclamation: Membrane fouling. 
Membranes (Basel). https://doi.org/10.3390/membranes6020033 

Judd, S., 2006. The MBR book: Principles and Applications of Membrane 
Bioreactors in Water and Wastewater Treatment, Elsevier. 
https://doi.org/10.1016/B978-185617481-7/50005-2 

Judd, S., Judd, C., 2008. The MBR book: Principles and Applications of Membrane 
Bioreactors in Water and Wastewater Treatment, Elsevier. 
https://doi.org/10.1016/B978-185617481-7/50005-2 

Kazemzadeh-afshar, M., Sarrafzadeh, M., Mehrnia, M., 2012. Performance of An 
Airlift Membrane Bioreactor Under Different Aeration Rates 145–154. 

Medina, M., Neis, U., 2007. Symbiotic algal bacterial wastewater treatment: Effect 
of food to microorganism ratio and hydraulic retention time on the process 
performance, in: Water Science and Technology. pp. 165–171. 
https://doi.org/10.2166/wst.2007.351 

Melin, T., Jefferson, B., Bixio, D., Thoeye, C., De Wilde, W., De Koning, J., van der 
Graaf, J., Wintgens, T., 2006. Membrane bioreactor technology for 
wastewater treatment and reuse. Desalination. 
https://doi.org/10.1016/j.desal.2005.04.086 

Meng, F., Chae, S.R., Drews, A., Kraume, M., Shin, H.S., Yang, F., 2009. Recent 
advances in membrane bioreactors (MBRs): Membrane fouling and 



 

 

 

23 

membrane material. Water Res. 
https://doi.org/10.1016/j.watres.2008.12.044 

Meng, F., Yang, F., Shi, B., Zhang, H., 2008. A comprehensive study on membrane 
fouling in submerged membrane bioreactors operated under different 
aeration intensities. Sep. Purif. Technol. 59, 91–100. 
https://doi.org/10.1016/j.seppur.2007.05.040 

Missimer, T.M., Maliva, R.G., Ghaffour, N., Leiknes, T.O., Amy, G.L., 2014. Managed 
aquifer recharge (MAR) economics for wastewater reuse in low population 
wadi communities, Kingdom of Saudi Arabia. Water (Switzerland). 
https://doi.org/10.3390/w6082322 

Muñoz, R., Guieysse, B., 2006. Algal-bacterial processes for the treatment of 
hazardous contaminants: A review. Water Res. 
https://doi.org/10.1016/j.watres.2006.06.011 

Oswald, W.J., Asce,  a M., Gotaas, M. a, 1985. Photosynthesis in sewage treatment. 
Am. Soc. Civ. Eng. 

Posadas, E., García-Encina, P.A., Domínguez, A., Díaz, I., Becares, E., Blanco, S., 
Muñoz, R., 2014. Enclosed tubular and open algal-bacterial biofilm 
photobioreactors for carbon and nutrient removal from domestic 
wastewater. Ecol. Eng. 67, 156–164. 
https://doi.org/10.1016/j.ecoleng.2014.03.007 

Rijsberman, F.R., 2006. Water scarcity: Fact or fiction?, in: Agricultural Water 
Management. pp. 5–22. https://doi.org/10.1016/j.agwat.2005.07.001 

Saad, M.G., Dosoky, N.S., Zoromba, M.S., Shafik, H.M., 2019. Algal biofuels: Current 
status and key challenges. Energies. https://doi.org/10.3390/en12101920 

Safi, C., Zebib, B., Merah, O., Pontalier, P.-Y., Vaca-Garcia, C., 2014. Morphology, 
composition, production, processing and applications of Chlorella vulgaris: 
A review. Renew. Sustain. Energy Rev. 35, 265–278. 
https://doi.org/10.1016/j.rser.2014.04.007 

Seong-Hoon Yoon, 2015. Membrane Bioreactor Processes: Principles and 
Applications. Water Environ. Res. 452. 
https://doi.org/10.2175/106143013X13698672321940 

Shin, H.S., Kang, S.T., 2003. Characteristics and fates of soluble microbial 
products in ceramic membrane bioreactor at various sludge retention times. 
Water Res. https://doi.org/10.1016/S0043-1354(02)00249-X 

WWAP, 2017. The United Nations World Water Development Report. 
Wastewater: the untapped resource. Unesco 200. 
https://doi.org/10.1017/CBO9781107415324.004 

Yeh, K.L., Chang, J.S., 2012. Effects of cultivation conditions and media 
composition on cell growth and lipid productivity of indigenous microalga 
Chlorella vulgaris ESP-31. Bioresour. Technol. 105, 120–127. 
https://doi.org/10.1016/j.biortech.2011.11.103 

 
  



 

 

 

24 

 

Chapter 2. Literature Review 

2.1  Aerobic Membrane Bioreactor Technology  

The adoption of membrane bioreactors has gained popularity over the last 

decades. The membrane bioreactor process combines the activated sludge for 

secondary biological treatment with a physical solid/liquid barrier through 

porous membranes (Le-Clech, 2010). Typically, low pressure micro- (pore size 

range: 0.1 – 10 m) and ultrafiltration (pore size range: 0.001 – 0.001 m) 

membranes are used to reject particles larger than their pore size, which leads to 

a highly efficient system in contrast to CAS. This promising technology has several 

advantages listed below: 

 

 
1. More compact size of treatment plant compared to CAS; as the secondary 

clarifier is eliminated and replaced by the membrane modules (Jamal Khan 

et al., 2011). 

2. Membrane separation decouples sludge retention time (SRT) and HRT, 

thus allowing wastewater engineers to operate with long SRTs to minimize 

sludge production for downstream treatment (i.e. higher cost) and shorter 

HRTs for a higher volumetric load (Le-Clech et al., 2006). 

3. Better permeate water quality is produced as MBRs operate at elevated 

MLSS concentrations for a more rapid degradation of organic and inorganic 

pollutants. This also yields a further reduction in size of the bioreactor 

(Visvanathan et al., 2000).  
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2.2  MBR Configurations 

The membrane element of the MBR can be installed in two ways, either in a side-

stream or submerged configuration (Figure 2-1). The side-stream mode operates 

with the mixed liquor driven from the reactor to an external tank through a high 

flow velocity circulation pump to pressurize the feed and drive the permeation 

through crossflow operation. This mode was the first generation of MBR, which 

was developed in the late 1970s (Leiknes and Ødegaard, 2007). A large drawback 

was cost both due to manufacturing the housing to hold the membranes and to the 

energy expenditure to generate sufficient velocities for liquid circulation and 

fouling mitigation, and therefore considered unfeasible for municipal wastewater 

treatment applications (Seong-Hoon Yoon, 2015a).  

 
 

 

 

 

Figure 2-1 Graphical representation of the difference between submerged 
MBR and side-stream MBR process configurations 
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In the late 1980s, submerged membrane filtration was conceived to reduce capital 

and operating costs by immersing the membranes directly into the reactor tank 

without the need of a housing. Permeation is achieved with low-pressure vacuum 

suction, and the permeability is significantly higher in submerged MBRs (100-

500LMH/bar) than the side-stream MBRs (7-30 LMH/bar) in full scale plants 

(Yamamoto et al., 1989). Fouling mitigation in submerged membranes require air 

scouring. However, even with the additional energy cost, the specific energy per 

effluent volume is lower than 10% of the cross-flow side-stream MBR (Gkotsis et 

al., 2014; Seong-Hoon Yoon, 2015a). 

 

2.3  Energy and Aeration Requirements of Conventional MBRs 

The main drawback of MBRs is the operational cost compared to CAS systems that 

are typically lower (Judd and Judd, 2008). The two current most significant cost 

contributors in running submerged MBRs are the high frequency of membrane 

replacements and increasing energy consumption requirements (Gander et al., 

2000). These energy requirements arise from processes such as permeation 

suction, retentate recycle, pumping, and aeration (Owen et al., 1995). However, 

mechanical aeration in submerged MBRs is the most power-intensive process 

accounting for nearly 40% of total expenditure of the wastewater treatment 

plants (Gil et al., 2010). The aeration provides dissolved oxygen (DO) to 

microorganisms for nutrient degradation, mixing, and scouring the membrane 

surfaces (Kazemzadeh-afshar et al., 2012; Meng et al., 2008)  
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Energy requirements of biological process aeration vary according to the WWTP 

facility and effluent quality requirements.  Several full-scale municipal MBRs were 

evaluated in terms of their electrical energy consumption in the Netherlands 

(Krzeminski et al., 2012). With a closer look into a full-scale submerged hollow 

fiber MBR WWTP in Varsseveld fluctuated from 0.6 to 1.4 kWh/m3 between 

January 2005 and July 2010 with an average of 0.8 kWh/m3. The distribution 

specific energy consumption of the equipment is depicted in Figure 2-2. Aeration 

was the largest contributor at nearly 50% of the total consumption of the plant 

mostly for membrane scouring but also 17% (14.3 kWh/m3) emerged from 

biological requirements. The rest of the energy consumed was from low energy 

usages operations including internal recirculation pumps to pump the sludge from 

the anoxic to oxic zones around 0.03 kWh/m3, mixers, chemical dosage pumps, 

gravity thickeners, etc.   

 

Figure 2-2 Energy percentage distribution of Varssvelts submerged HF WWTP 
from 2005 to 2010 (Adapted from Krzeminski et al., 2012) 
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2.4  MBR Market Analysis 

Additional drivers to operate MBRs include limited footprints due to urbanization, 

more stringent regulations for effluent discharge, membrane cost reduction, and 

the continuous advanced research in process design (Judd & Judd 2006). Due to a 

significant decrease in membrane prices and MBR process/design optimization 

has allowed capital costs to drop significantly. Global View Research (GVR) 

reported the global MBR market was valued at $1.81 Billion in year 2016 and is 

expected to reach $8.27 Billion by year 2025  owing to the rising water shortages 

and more stringent effluent  discharge requirements  (GVR, 2017). Figure 2-3 

shows the projected US MBR revenue by membrane type from year 2014 to 2025. 

GVR projected Compound Annual Growth Rate (CAGR) for submerged MBRs 

around the globe is expected to witness a growth of 18.8% from year 2017 to 

2025. Hollowfiber membrane modules were dominant in 2016 at an 80.7% share 

of the market and will continue due to its lower maintenance and operation fees, 

particularly in the municipal sector.  

 

Figure 2-3 Predicted Revenues of MBRs in United States by membrane type 
(Hollow fiber, flat sheet, and multi-tubular) Year 2014-2025 reported by GVR, 
2017. 
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2.5 Effluent Polishing in Municipal Wastewater Treatment 

Discharge of wastewater that contains higher contents of nitrogen and 

phosphorus leads to eutrophication of the receiving waters, a process in which 

oxygen depletion occurs due to excessive algal growth which settles and can then 

destroy life in the water body. Therefore, nutrient removal is incorporated into 

the MBR process (Judd and Judd, 2006).   

 

2.6 Conventional Nitrogen Removal 

In municipal wastewater, nitrogen is typically present in its inorganic form 

ammonia (NH4) as well as traces of nitrate (NO3), nitrite (NO2) and organic 

nitrogen (Metcalf and Eddy, 2003). The nitrification/denitrification mechanism 

facilitates ammonia removal by converting it to nitrite and then to nitrate. These 

reactions are performed by slow-growing autotrophic Ammonia Oxidizing 

Bacteria (AOB) and Nitrite Oxidizing Bacteria (NOB) in an “oxic” zone (Canziani et 

al., 2006). In the anoxic denitrification zone, a reduction of NO3 and NO2 are 

reduced to gaseous Nitrogen, performed by heterotrophic bacteria, which is 

released into the environment by a variety of electron donors, namely organic 

substrates (Barra et al., 2006). Many processes have been developed from this 

concept such as post-denitrification, pre-denitrification, oxidation ditch, 

sequencing batch reactors. Limitations in these processes include: long retention 

times for cultivating sensitive bacteria to allow efficient conversion rates, high 

oxygen requirements for nitrification (4.2g O2/g NH4-N), and high organic carbon 

requirements for the denitrification reaction (2.86 COD g/g NO3) (Barra et al., 
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2006). Therefore, new strategies are being developed for complete nitrogen 

removal such as simultaneous nitrification and denitrification (SND), 

deammonification, and anaerobic ammonium oxidation (Powell et al., 2011) (Han 

et al., 2016).  

 

 

2.7 Conventional Phosphorus Removal 

Phosphorus removal can be achieved either chemically or biologically (Morse et 

al., 1998). Chemical phosphorus removal involves inorganic coagulants, like 

aluminum and iron, to react with phosphorus and form insoluble precipitates 

(Huang et al., 2007). The most dominant forms of phosphorus in wastewater are 

Orthophosphate (PO4), polyphosphate, and organically bound phosphorus. Since 

it is an essential building block for growth and energy metabolism, phosphorus is 

assimilated by microorganisms to fulfill cellular functions (around 1-2% of 

phosphorus is in their biomass) (Metcalf and Eddy, 2003). That assimilation can 

be enhanced by enrichment of a specific heterotrophic population called 

Phosphate Accumulating Organisms (PAOs) by Enhanced Biological Phosphorus 

Removal (EBPR) (Seong-Hoon Yoon, 2015a).  PAOs, under anaerobic conditions, 

obtain energy from hydrolyzing polyphosphates for the uptake of volatile fatty 

acids (VFA) (Horgan et al., 2010). EBPR is a cyclic process of aerobic, anoxic, and 

anaerobic conditions, as PAOs can survive in this environment and be enriched, 

while other heterotrophs cannot sustain their metabolism(Kong et al., 2002).  
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2.8  Microalgae 

Microalgae are known as a diverse group of unicellular microorganisms found in 

several natural habitats, typically in freshwater or marine systems. Algae are 

acknowledged as being the oldest forms of life (Falkowski and Raven, 2014). They 

are nascent plants that lack roots, leaves, and stems, have no sterile coverings 

around reproductive cells, and contain chlorophyll a as their primary pigment for 

photosynthesis. Likewise, microalgae are photosynthetic prokaryotic and 

eukaryotic microorganisms able to survive under extreme environmental 

conditions and can grow rapidly with their unicellular or simple multicellular 

structures (Caporgno et al., 2015; Mock and Thomas, 2008). In contrast to the 

prokaryotes (cyanobacteria), which lack membrane bound organelles and are 

more closely related to bacteria than algae, these eukaryotic organisms come in 

different forms with organelles that control cellular functions, allowing them to 

survive and reproduce.  

 

Microalgae range from green algae (e.g. Chlorophyta) to diatoms (e.g. 

Bacillariophyta) defined mainly by their pigmentation, life cycle, and cellular 

structure (Li et al., 2008). Algal species are estimated to range between 350,000 

to 1 million species however only around 30,000 have been investigated and 

studied (Richmond, 2004). Capable of performing photosynthesis, microalgae can 

utilize light energy and inorganic nutrients like the greenhouse gas CO2, nitrogen, 

and phosphorus and convert them to biochemical storage and structural 

compounds such as carbohydrates, lipids, proteins, pigments, etc. (Markou and 

Nerantzis, 2013). These sunlight-driven cells have attracted much interest in 
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recent years for the production of several consumer products and environmental 

applications compared to higher plants due to their efficient utilization of solar 

energy. Some of these applications include: CO2 sequestration, biofertilizers, 

human health and food additives, animal feed, cosmetics, biofuels, and high-value 

added chemicals production (Razzak et al., 2013). 

 

2.8.1 Chlorella vulgaris  

One noteworthy green eukaryotic microalga is C .vulgaris belonging to the 

taxonomy Protista (Kingdom), Chlorophyta (Phylum), Trebouxiophycae (Class), 

Chlorellales (Order), Chlorellacea (Family), Chlorella (Genus), Chlorella vulgaris 

(Species) (Safi et al., 2014a).  C. vulgaris is a freshwater unicellular microorganism 

that can grow mixotrophically, meaning it is capable of combining 

photoautotrophic growth with heterotrophic growth by organic carbon 

consumption such as glucose, one of the most suitable organic sources (Yeh and 

Chang, 2012). This growth condition is preferred to autotrophy as it is able to limit 

the biomass loss during dark respiration (Safi et al., 2014b). C.vulgaris is a green 

eukaryotic organism that is customarily selected for its ability to efficiently 

assimilate nutrients and organics, its fast growth, its ability to fixate CO2 in a 

variety of forms, and its high photosynthetic efficiency which  makes it the ideal 

species for wastewater treatment (Najm et al., 2017). It also contains a high lipid 

content, which is valuable for biodiesel production (He et al., 2013; Liang et al., 

2009; Xu et al., 2014). 
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2.9  Microalgal Large-scale Cultivation 

The idea of mass microalgal production emerged during World War II by German 

scientists to create an inexpensive protein source when it was difficult to acquire 

nutrition during that period (Soeder, 1980). In the late 1940s, fundamental 

studies on photosynthesis were beginning to develop and an attempt to translate 

biological requirements in microalgal cultivation into engineering specifications, 

constructing a large-scale plant at the Stanford Research Institute (Carvalho et al., 

2006). Further research was also carried out in the construction and operation a 

Chlorella pilot plant in Carnegie Institute (Burlew, 1953). Gradually, Japan, 

Europe, the United States, and other countries continued advancing commercial 

culturing techniques for a variety of applications including value-added chemicals, 

aquaculture and human nutrition. A significant interest in large-scale microalgal 

cultivation systems remains and can be divided into two different systems: open 

pond systems and closed photobioreactors. 

2.9.1 Open Pond Systems 

The more commonly used commercial system is the open ponds, mainly 

consisting of circular ponds with rotating arms for stirring the biomass or multi-

loop channels with paddle wheels (Figure 2-4A) for driving the liquid flow with a 

depth ranging between 15-50cm to allow light penetration (Carvalho et al., 2006; 

Ting et al., 2017). Although the open system is considered the most economical 

option, the limitations outweigh the benefits because they are overexposed to the 

environment, open to contamination from other microorganisms and predators 



 

 

 

34 

(e.g. other algal species, viruses, bacteria, fungi, etc.), pollution, and evaporation 

(Zainan et al., 2017). Harsh conditions, such as high pH or a saline environment, 

are sometimes applied to the cultures with the intention of guaranteeing certain 

strain dominance (Carvalho et al., 2006; Chisti, 2016).  Moreover, due to the 

shallow depths of open ponds, temperature variations from seasonal changes 

leads to biomass productivity swings as well as the need for larger surface areas 

to maximize sun exposure (Xu et al., 2009). 

 

2.9.2 Closed Photobioreactor System 

To overcome these issues, closed photobioreactors (PBR) were developed for a 

more controlled cultivation method thus generating higher yields than open 

systems (Ting et al., 2017). Despite being a more costly system, the capacity to 

control light penetration, mixing, gas transfer, and contamination minimization 

has generated an active interest over the years, particularly in reactor design 

(Vasumathi et al., 2012; Wang et al., 2014). The current most common PBRs are 

tubular PBRs, and flat panel PBRs, and fermenter-like stirred PBRs (Figure 2-4B, 

C, and D).  
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Tubular PBRs are made up of tubes arranged in multiple orientations. The first 

being horizontal tubular reactors composed of tubes in diameters ranging from 

10 to 60 mm (Ravishankar and Ambati, 2019). The tubes are connected to a gas-

exchange unit dedicated to gas transfer and refreshing nutrient media, with a 

pump that prevents algal cells from settling. Its flow velocity travels cyclically 

between the two zones all laid horizontally with a large surface to volume ratio 

appropriate for light penetration (Ting et al., 2017). Limitations include heat 

generation, land use requirement, difficulty in cleaning with biological deposits, 

and an uneven mass transfer of CO2 through the long tubes and uneven 

temperatures (Molina et al., 2001). Other tubular orientations include vertical 

airlift and bubble tubular reactors, allow sufficient mixing, however, the vertical 

orientation is a challenge for large-scale cultivation because of low biomass 

productivity due to low photosynthetic activity and height restrictions 

(Richmond, 2004).  

(D)

(B)

(C)(A)

Figure 2-4 Algal Cultivation Systems: Open Raceway Ponds – Valladolid 
University (A) and Closed Photobioreactors as Tubular Horizontal PBRs - 
Wageningen University (B), Flat Panel PBRs – Arizona State University, and 
Stirred Tank PBRs – OilgaeTM (D) 
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Stirred tank PBRs, inspired by the fermentation heterotrophic culture reactors 

initially designed with external lights are intrinsically disadvantageous because of 

low surface area-to-volume ratio (Pandey et al., 2013). Mixing is driven by an 

impeller connected to an electric motor. Some studies have attempted to tackle 

the substantial drawback by installing optical fibers and internal artificial light 

into the reactor to provide more uniform illumination (Ogbonna et al., 1999; Xue 

et al., 2013). This fermenter-type of PBR has not been used in large-scale 

cultivations due to scale-up issues but can certainly become a competitive 

alternative. 

 

Flat panel PBRs appear as transparent rectangular shaped narrow panels, 

conceptually designed to reduce the light path to penetrate into the liquid culture 

more easily (Slegers et al., 2011). They can be located indoors with artificial lights 

or outdoors making use of natural sunlight. Mixing is driven by gas bubbles with 

an air sparger at the base of the panels, supplied by air pump. However, some 

drawbacks include temperature control, flat panels are expensive and that algal 

attachment near the internal surface can occur. Hydrodynamic parameters are 

important to operate in a range that does not stress the culture to maintains cell 

integrity (Sierra et al., 2008; Ugwu et al., 2008). Oxygen build-up due to 

photosynthetic activity reverses the reaction and halts algal growth. Hence most 

of the common PBR designs require a degassing system to overcome the high DO 

concentrations  (Acién Fernández et al., 2001; Camacho Rubio et al., 1999; Murata 

et al., 2007). 
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2.10  Microalgae in Wastewater Treatment 

Microalgae have a unique advantage of converting solar energy and CO2 into 

biomass and incorporating nitrogen and phosphorus. Consequently, Oswald in the 

1950s, developed the high-rate algal ponds (HRAP) for photosynthetic 

wastewater treatment for domestic wastewater (Oswald et al., 1985). HRAP are 

shallow open raceways with paddlewheels for mixing with HRTs ranging from 3 

to 5 days to allow sufficient organic removal (Muñoz and Guieysse, 2006; Rawat 

et al., 2011). The concept aimed to tackle the mechanical aeration step in CAS by 

cultivating the symbiotic relationship between microalgae and bacteria. Aerobic 

bacteria oxidize the organics and convert them into CO2 using oxygen, while the 

microalgae use CO2 to perform photosynthesis and produces oxygen molecules 

with solar energy. Culturing the two microorganisms in one system with light with 

wastewater paved the way to a new era for sustainable wastewater treatment 

(Boelee et al., 2014; Muñoz and Guieysse, 2006; Posadas et al., 2013).  

 

The symbiotic process offers a more elegant and cost-effective solution as 

opposed to tertiary treatment, which is about 4 times more expensive (Abdel-

Raouf et al., 2012). In addition, the symbiotic system reduces the risk of aerosol 

release from mechanical aeration and converts greenhouse CO2 into valuable 

biomass. The stoichiometric growth equation (Equation 1) supports the nutrient 

uptake and algal growth rate, which are correlated to oxygen production(Boelee 

et al., 2014).  

 

CO2+ 0.12NH4++ 0.01H2PO4−+ 0.69H2O→1.19O2 + 0.11H+ + C1H1.78N0.12O0.36P0.01(1) 
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2.11 Parameters Affecting Growth of Microalgae 

2.11.1  Light  

Algal phototrophic/mixotrophic growth are directly affected by light conditions 

depending on its duration, intensity, and type (Vadiveloo et al., 2015). Light is 

required for the photochemical stage production of cellular energy units 

Nicotinamide Adenine Dinucleotide Phosphate-Oxidase (NADPH) and Adenosine 

Triphosphate (ATP) (Salama et al., 2018). Light intensity is positively correlated 

with algal growth rate, however, once it approaches a threshold the cell growth 

no longer increases and photoinhibition is induced compromising cell viability 

(Harun et al., 2014; Simionato et al., 2013). This has been observed in mid-day 

hours on sunny days. Therefore, photobioreactor design is largely studied in order 

to optimize light utility by maximizing the surface to volume ratio to cope with the 

natural diurnal cycles. 

 

2.11.2  Temperature 

 
The rate of most metabolic processes and enzymatic activities are governed by 

temperature (Powell et al., 2011) .  The optimal temperature range between 20 

and 30C  for the cultivation of Nannochloropsis, Chlorella, Chlamydomonas, 

Botryococcus, Scenedesmus, Neochloropsis, Haemotococcus, and Ulva (Singh and 

Singh, 2015). Temperature changes significantly influence biochemical 

compositions of fatty acids/lipids, proteins, and carbohydrates (Salama et al., 

2018). In the context of fatty acids, variations unsaturated fatty acids (UFA) in the 

lipid membrane layer are exhibited with change in temperature. Dunaliella salina 
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showed dramatic improvement of UFAs as temperatures decreased from 30C to 

12C (Lynch and Thompson, 1982). Nutrient and micropollutant removals can 

also be improved by higher temperatures and light intensities (Converti et al., 

2009). However, higher temperatures of over 35C have been reported to 

negatively impact the growth of species like C. vulgaris (Chinnasamy et al., 2009). 

Thus, a range between 25 and 30C would be optimal (Luo et al., 2017). 

2.11.3  pH 

During algal cultivation, pH is an important parameter for growth and harvest 

during algal cultivation (Yoo et al., 2015). Photosynthetic activities lead to CO2 

assimilation, therefore a natural tendency towards higher (alkaline) pH 

environments are observed. The optimal pH is species-specific, generally 

freshwater algae have a preference for a neutral pH range of 6-8 (Vuppaladadiyam 

et al., 2018). Introducing CO2 gas (e.g. flue gas) can reduce the pH, however, acidic 

environments can inhibit photosynthetic growth (Zhao and Su, 2014). Overall, pH 

control for efficient cultivation is required and coupling a combustion site to 

utilize flue gas for CO2 sequestration, in a regulated manner, could help combat 

high pH environments (Arbib et al., 2013).  

2.12 Applications of Microalgae Cultivated with Wastewater  

2.12.1  CO2 Mitigation  

Major concerns have been raised concerning the key contributor to the global 

warming phenomenon, Greenhouse Gas (GHG) production from anthropological 

sources into the atmosphere with elevated CO2 representing nearly 68% of those 
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emissions (Usui and Ikenouchi, 2002).  According to the report “The State of the 

Climate 2018” published by NOAA, CO2 measurements recorded in Mauna Loa 

surpassed 407 ppm for the first time in 800,000 years.  Exploiting fossil fuels for 

energy generation has led to consequential results from increased temperatures 

including, but not limited to, melted icecaps in the polar regions, rises in in sea 

levels, and ocean acidifications (IPCC, 2007; Turley and Findlay, 2015).  

 

CO2 mitigation is executed by three methods: chemical reaction strategies (Diao 

et al., 2004), direct downhole or offshore injections (Herzog et al., 2001), and 

biological mitigation by conversions of organic matter (Kumar et al., 2010). CO2 

fixation by microalgae can outperform terrestrial plants due to their fast growth 

rates and increased photosynthetic efficiencies (Lam and Lee, 2012). CO2 is 

captured through photosynthesis occurs through dark and light reactions. The 

energy is first stored from sunlight in the form of ATP and NADP in the light (light-

dependent) reaction. That energy is later utilized for CO2 conversion to organic 

molecules in the Calvin Cycle during the dark (light-independent) reaction (Zhao 

and Su, 2014).  

 

Flue gas, the exhaust emitted by combustion power plants, constitutes around 10-

20% CO2 among other hazardous composites such as NOx and SOx, (Van Den 

Hende et al., 2012). Utilizing flue gas could inhibit algal growth from the 

impurities, ultimately affection CO2 biofixation (Duarte et al., 2016). However, 

inhibitory effects such as induced low pH from SOx can be mitigated by pH control 

and in fact retrieved as a nutrient source (Lee et al., 2002; Radmann et al., 2011). 

NOx can also be utilized as a nitrogen source once it dissociates and oxidizes in the 
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medium. C. vulgaris was evaluated by (Douskova et al., 2009) for sequestration 

with CO2 removal rates during the use of flue gas reaching 4.39gL-1 day-1 and a 

control gas 3 gL-1day-1 . This is possibly to do with the presence of NOx and SOx 

components that increased the algal productivity.  

2.12.2  Biofuels 

The International Energy Outlook 2013 forecasts the world energy consumption 

will increase by 56% from year 2010 to year 2040  (International Energy Agency, 

2013). While renewable and nuclear energy are the fastest growing energy 

sources, fossil fuels remain the world’s main energy supply bringing around 80%, 

with oil, coal, and natural gas accounted as the major fuels (British Petroleum, 

2016). Furthermore, as a result of the population growth mentioned in section 1.1, 

food demand is expected to increase in addition to transportation fuels with 

urbanization. However, the use of food crops to biofuels will create an inequitable 

competition for thriving arable lands (Rittmann, 2008). The potential of biofuels 

has not been fully realized due to the economic and environmental drawbacks of 

first-generation systems derived from food crops (Brennan and Owende, 2010; 

Mata et al., 2010). Similarly, the amounts of biofuels being produced from plants 

are not sufficient to meet demands and land requirements for arable land for 

bioenergy crops are needed (Gallagher, 2008).  

 

Microalgae exhibit superior growth rates, high lipid and carbohydrate content, 

increased yields relative to agricultural crops, with much less land 

requirements.as the third generation feedstock (Saad et al., 2019). The US 

department of Energy stated the major biofuels are bioethanol and biodiesel, 
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reported as the first-generation biofuels, briefly described below (DOE (U.S. 

Department of Energy)., 2016).   

 

Biodiesel: Biodiesel is one of the most common biofuels, which can replace the 

current transportation fuels in the current cars today with either very little or no 

modifications to the existing vehicle engines (Mata et al., 2010). Biodiesel’s energy 

density is around 33 megajoules per liter (MJL-1), which is comparable to petro-

diesel with an overall efficiency of 97% of energy density per unit volume (Schenk 

et al., 2008). Biodiesel is made up of a mixture of fatty acid alkyl esters from 

microalgae/oil crops/animal fats; the lipid feedstocks are mainly composed of 

triglycerides (90-98%) and traces of other lipids (Canakci and Sanli, 2008). 

Triacylglycerides serve as energy storages in microalgae, and once they are 

extracted can be converted to biodiesel easily through a transesterification 

reaction (Halim et al., 2013).  

 

The transesterification reaction is a multi-stage process, with 3 reversible serial 

steps (Noureddini and Zhu, 1997). The reaction begins with converting the 

triglycerides to diglycerides, further into monoglycerides, and into a final 

conversion into esters (Fatty Acid Methyl Esters, i.e. Biodiesel) and a byproduct 

(glycerol)(Anastopoulos et al., 2009). In addition to the oil, alcohol (e.g. methanol) 

is also used as a reagent for the transesterification reaction to displace the glycerol 

(Skorupskaite et al., 2016). Catalysts are sometimes used to increase the reaction 

rate, which can be homogenous or heterogeneous, either acid or base (Loures et 

al., 2018). In industrial processes, the most commonly used catalyst is 

homogeneous and basic such as NaOH and KOH (Leung and Guo, 2006).  
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The lipids microalgae produce include storage (polar) lipids, structural (neutral) 

lipids, wax esters, sterols and hydrocarbon, pyrrole and quinines derivatives like 

chlorophylls, and prenyl derivatives such as carotenoids and tocopherols (Halim 

et al., 2013; Q. Hu et al., 2008). Storage lipids come mainly in the form of 

Triacylglycerol (TAG), predominantly constituting saturated fatty acids with some 

unsaturated fatty acids, which can be further transesterified for biodiesel 

production (Q. Hu et al., 2008).  

 

In normal growth conditions, fatty acid (FA) synthesis in algae typically 

constitutes around 5-20% of their total Dry Cell Weight (DCW) (Ma et al., 2016) . 

These FAs include: medium (C10-C14), long (C16-C18), and very long (≥C20) 

chains (Das, 2016). The main membrane lipids seen are glycosylglycerides 

(chloroplasts) and phosphoglycerides (plasma and endoplasmic membranes) 

(Harwood, 1997). Under environmental stress, the lipid biosynthetic pathways 

are altered towards TAG and neutral lipid accumulation(Li et al., 2016; Vaičiulyte 

et al., 2014). Many microalgae have been found to rapidly grow and produce large 

amounts of TAG or lipids, hence been referred to as oleaginous algae (Olguín, 

2012; Wang et al., 2014). They can be employed as cell factories to produce oils 

for biofuels like biodiesel.  

 

The different types of Fatty Acid Methyl Esters (FAMEs) being produced will have 

a large impact on the biodiesel as the end product (Ucles, 2012; Wang et al., 2010; 

Zheng et al., 2011). Finally, genetically and metabolically engineering the key 

enzymes in specific pathways for lipid synthesis can be a target for improving the 
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quality and quantity of the lipids and hence the biodiesel finally being produced 

(Ortiz-Marquez et al., 2013). 

 

Bioethanol: The algal biomass remaining after lipid extraction contain 

carbohydrates, such as starch, sugar, and lignocelluse which can later be 

anaerobically fermented by yeast for bioethanol  production, (Montel, 2012). 

Strong candidates with carbohydrate contents that can range from 40-70% 

include Chlorella, Scenedesmus, Nannochloropsis, Dunalliela, and Chamydamonas 

(Chen and Vaidyanathan, 2013; Efremenko et al., 2012). The most efficient 

ethanologen yeast is Saccharomyces cerevisiae for bioethanol production (Markou 

et al., 2012). Saccharification process depends on the hydrolysis of the complex 

carbohydrates to monomers (Harun and Danquah, 2011). The yield of bioethanol 

in microalgae is highly dependent on the hydrolysis strategies and the 

fermentation process (El-Dalatony et al., 2017).   

 

2.12.3  Biofertilizers 

Microalgae have been demonstrated to have a potential in enhancing crop 

production as biofertilizers and biostimulants (Ronga et al., 2019). The biomass 

contains micro- and macronutrients such as nitrogen, phosphorus, and potassium 

that are essential for plant development, and considered a slow release organic 

fertilizer (Coppens et al., 2016).  

 

Biostimulants increase crop yields, abiotic stress tolerance, shelf life, crop quality 

and nutrient intake(du Jardin, 2015; Rouphael and Colla, 2018; Yakhin et al., 
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2017).  As crop protection products and plant growth regulators, biostimulants 

can reduce the effects of abiotic stress or by restoring the environmentally-

induced damages (Van Oosten et al., 2017). (El-Baky et al., 2010) reported the 

effect of algal extracts by Chlorella ellipsoida and Scenedesmus maxima on the 

wheat strain (Tetricum aestivum L.) when irrigated with seawater improving its 

salinity tolerance possibly by enhancing its capacity as an antioxidant and its 

protein content. Phytohormones are also known to positively affect crop 

development, such as cytokinins, abscisic acid, and auxins, etc (Ronga et al., 2019; 

Stirk et al., 2013). Cytokinins play a major role in cell division, germination, leaf 

senescence, shoots and roots developments, and nutrient movement (Haberer 

and Kieber, 2002). Abscisic acid regulate cell stress response and maturation of 

seeds, and auxins promotes phototropism, root development, and gravitropism 

(Tan et al., 1997).  

 

Biofertilizers contain vital organisms or natural compounds that improve soil 

properties and fertility, and stimulate plant growth (Abdel-Raouf et al., 2012). 

Since the organic farming industry is rapidly growing, this generated interest into 

utilizing such bioproducts. Contrary to its chemical counterparts, biofertilizer 

production is cost-effective and environmentally friendly, utilizing algal 

biofertilizers and stimulants could become a sustainable solution (Kawalekar, 

2013).  

 

The recovery of nutrients from wastewater allows microalgae to concentrate the 

macronutrients, and with phytohormones, vitamins and enzymes can improve 

crop yield. Microalgae-utilizing wastewater would benefit from reduced 
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production cost, however due to the nature of wastewater and its heavy metal 

content, microprecipitation or complexation strategies must be implemented to 

avoid toxicity effects (Mehta and Gaur, 2005).  

2.13 Microalgal Harvesting 

In order to recover the biomass, separating the biomass from the media is 

required with one or more solid-liquid separation steps. Algal harvesting presents 

challenging phase in the value chain stages; it accounts for 20-30% of the total cost 

of biomass production (Mata et al., 2010; Molina Grima et al., 2003). Harvesting 

methods have not been standardized continuing as an active research topic, 

however methods for biomass thickening and dewatering include: flocculation, 

flotation, filtration, and centrifugal sedimentation (Singh and Patidar, 2018).  

 

Coagulation/Flocculation is one of the thickening processes used for solids 

concentration to reduce volumes of processing by cell separation from its medium 

through enhancing cell agglomeration to increase particle size and settling for 

harvest (Harun et al., 2010). Since microalgal carry a negative surface charge, they 

are prevented from self-aggregation, but this can be neutralized by coagulants that 

change the charge of cell surfaces. Such inorganic flocculants used include ferric 

chloride (FeCl3) (Wyatt et al., 2012), aluminum sulfate (Al2(SO4)3), and ferric 

sulphate (Molina Grima et al., 2003). The efficacy of the chemical coagulants 

largely depends on electronegativity of the salts and their solubility in media 

(Papazi et al., 2010). However, inorganic metal coagulants contaminate the 

biomass, alter its composition, and are potentially environmentally hazardous 

(Lee et al., 2009). In addition, cationic hydrolysis depends having a low pH 
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environment to take place for metal coagulants to neutralize charge (Uduman et 

al., 2010).  

 

Alternatively, organic polymeric flocculant such as Chitosan and Tannin have been 

reported to be nontoxic, renewable and green approach (Gerchman et al., 2017). 

The polyelectrolyte flocculants react with algal cells through bridging, sweeping, 

and charge neutralization between the cells (Pugazhendhi et al., 2019). However, 

polymeric flocculants cost more than inorganic metal coagulants (Gupta et al., 

2014).  

 

Autoflocculation, through pH induced processes have also be reported, by creating 

a highly alkaline environment with Ca(OH)2, Mg(OH)2, and NaOH as inexpensive 

commodities (Horiuchi et al., 2003; Knuckey et al., 2006).  (Vandamme et al., 2013) 

reported increasing the pH to 10.8 by combing NaOH, Ca(OH)2, and KOH, lead to  

biomass recovery of up to 98% in C. vulgaris, while Mg(OH)2 increased the pH to 

9.7 with a 98% in no more than 30 mins. However the exact mechanisms are still 

being explored therefore, autoflocculation is considered unreliable for industrial 

applications and can affect the biomass composition (Schenk et al., 2008). 

 

Flotation uses a trapping method by dispersed gas bubbles, without requiring 

chemicals. The microbubbles deliver a lifting force for the low density biomass to 

float to the surface to be collected through skimming (Singh et al., 2011). This 

method is advantageous for its low cost, space, and short operation (Rubio et al., 

2002). Flotation is often accompanied with coagulation/flocculation to assist with 

the adherence  of biomass to bubbles (Rubio et al., 2002). Four methods for bubble 
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size within flotation exist: dissolved air flotation (DAF) at 10-100um, dispersed 

air flotation (DiAF) at 700-1500µm, electrolytic flotation, and ozonation-

dispersed flotation (ODF) (Pragya et al., 2013). The most efficient and widely 

utilized process considered is DAF, although energy-intensive (Uduman et al., 

2010), by subjecting air to high pressures for air dissolution and to supersaturate 

the solution, resulting in bubble nucleation when pressure is reduced (Barros et 

al., 2015). DiAF utilizes porous material for continuous bubbling which is less 

energy-intensive than DAF but requires more sophisticated equipment (Chen et 

al., 2011). Whereas electroflotation utilizes electrolysis for fine hydrogen bubble 

generation (Show and Lee, 2013). Although costly, ODF replaces air with ozone 

gas, being a strong oxidizing agent, creating charged bubbles via charge microalgal 

surface interactions (Rawat et al., 2011). 

 

Centrifugation is one of the means for dewatering, which encompasses 

centripetal acceleration to separate the biomass from the media into a denser 

area. The media is then drained out of the system remaining with the supernatant 

(Uduman et al., 2010). Filter addition may also be implemented for this separation 

process. It is fast and efficient harvesting method as Heasman et al. 2000 reports 

that centrifugation was able to achieve around 88-100% cell viability with 95-

100% harvesting efficiency by 13,000g (Heasman et al., 2000). However, 

centrifugation of algal cells at high gravity and shear forces can disrupt the cells 

(Harun et al., 2010). Several configurations of centrifuges are available including: 

disc stacks, perforated baskets, hydrocyclones, and decanters (Pahl et al., 2013).  
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Filtration is the second alternative to the conventional methods for biomass 

dewatering method by the solid-liquid separation of algal biomass for the 

formation of a thick paste layer on the membrane. Rapid cake layer formation and 

fouling hinders the process efficiency due to increased resistance and pressure 

drop causing reduced flux (Milledge and Heaven, 2013). This method is 

considered more costly than other processes in the terms of membrane pumping 

and replacement due to fouling potential by cake layer (Christenson and Sims, 

2011). Depending on the process conditions, filtration types are widely available: 

microfiltration (0.1-10 µm), ultrafiltration (0.01-0.1µm), and macrofiltration 

(>10µm) in polymeric or ceramic material membranes (Mo et al., 2015). 

Tangential flow filtration can be applied for smaller algal cells for its limited 

fouling capabilities (Danquah et al., 2009), and dead end filtration for larger algal 

colonies at over 70 µm (Rawat et al., 2011).  

 

Dehydrating the biomass is essential to preserve and extend their viability as the 

harvested biomass slurry is fragile and must be rapidly processed. Commonly 

used techniques include: Sun-drying, which is widely available but inefficient; 

spray drying, costly but used for high value products, and freeze-drying, also 

costly but efficient for extractions (Brennan and Owende, 2010). 

2.14 Drawbacks of Current Microalgal-Bacterial Symbiotic Systems 

There are currently several limitations associated with the symbiotic wastewater 

process, despite its economic advantages. The open system of HRAP, for instance, 

often face weather fluctuations and predation from zooplankton or protozoa, 

which graze microalgae dropping microalgal concentrations within just a few days 
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(Rawat et al. 2011).  Additionally, with a coupled HRT the microalgal growth and 

utilization efficiencies are much slower than from bacteria, which can often 

outcompete algal growth and shade the biomass leading to inefficient 

photosynthesis and in turn process failure (Borde et al. 2003). Harvesting the algal 

biomass also present a major challenge since the algal biomass are less than 3-

10m and their dry biomass concentrations do not exceed 500 mg/L (Molina 

Grima et al. 2003; Olguín 2012). Particularly in suspended systems, large water 

volumes need to be processed and even more importantly, inevitable bacterial 

contamination requires energy-intensive separation techniques (Craggs et al. 

2011). Biofilm PBRs have been developed in order to reduce some of the above 

harvesting limitations, however bacterial contamination remains a challenge 

(Boelee et al. 2014). 

 

2.15 Microalgal MPBRs in Wastewater Treatment 

Combining PBRs with membrane filtration has become an effective treatment 

technology for wastewater treatment. Its ability to decouple HRT from the 

biomass retention presents a unique opportunity for high-density cultivation with 

a 3.5-fold increase in biomass concentration challenging the conventional PBR 

(Singh & Thomas 2012; L. Marbelia et al. 2014; Xu et al. 2014).  This means that 

the HRTs can be decreased significantly compared to HRAPs to deal with higher 

volumetric loads and ultimately produce higher quality effluent (L. Marbelia et al. 

2014). The MPBR also makes scale-up more feasible requiring reduced space 

requirements (Ting et al. 2017).   
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2.16 Microalgae Potential in Saudi Arabia 

 

Saudi Arabia is situated in the Arabian Peninsula, where its east side holds the 

Arabian Gulf and on its west side is the Red Sea with a land area of 2.15 million 

Km2, it is dominated by deserts (high temperature and luminous climate) with 

nonarable lands. Saudi Arabia is considered to have the largest oil reserves in the 

world as well as one of the leading CO2 emitting countries, generating around 

500Mt per year mainly originating from power and desalination plants, as well as 

oil and petrochemical plants (Alnatheer, 2005; British Petroleum, 2016). This is 

why Saudi Arabia is considered an ideal environment for microalgal cultivation. 

Microalgae mainly requires land, CO2, water, nutrients, and sunlight. There is an 

evergreen need for Saudi Arabia to find alternative energy sources aside from 

fossil fuels; as in order to sustain the country’s economy this will be advantageous 

for the kingdom by driving the local energy demands on to sources like biodiesel 

and driving petroleum products for exports. Apart from having microalgae a 

suitable feedstock for biodiesel production, microalgae itself operates at higher 

CO2 capture and conversion percentages than traditional crops and can 

demonstrate growth with both flue gas and atmospheric CO2, with growth 

potentials and an inclination towards industrialization with wastewater 

utilization. 
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Chapter 3. Thesis Roadmap 

 

This PhD project was carried out in a series of phases to fulfill the objectives 

mentioned in section 1.2. Accordingly, the thesis organization is laid out in 

chronological order of the experimental work. The final objective was to suggest 

the optimal method for mechanical aeration reduction in a submerged MBR. 

 

3.1 Phase 1: C. vulgaris Baseline Studies  

The first phase of the research work was to perform baseline studies on C. vulgaris 

to demonstrate of oxygen production feasibility in batch-mode experiments 

(Objective 1) and to unravel nutrient ratio effects on growth and uptake rates of 

C. vulgaris to gain understanding in nitrogen and phosphorus assimilation 

efficiencies in batch-mode cultivation experiments (Objective 3b). Once the 

results were obtained, three configurations of a coupled submerged AS-MBR and 

MPBR were suggested for the next stage. This phase was published in a peer-

reviewed journal as Chapter 4.  

3.2 Phase 2: Design and Fabrication of MBR and MPBR Setup 

In the next phase of the PhD, two fully functional bioreactors with commercial 

membrane modules were designed and constructed in the central workshop of 

the university. The engineered design incorporated mass balance and the 

theoretical nutrient uptakes in a coupled continuous-mode system the batch 

studies under similar environmental conditions (Objective 2) according to Phase 

1.  
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AS-MBR Setup 

 

Commercial ultrafiltration polymeric hollow-fiber membranes were obtained by 

Zenon (GE Water) with a nominal pore size of 0.04 m. The membrane module 

has a built-in air inlet line for membrane scouring. The submerged MBR tank was 

designed as per measurements of the membrane module shaped as a long 

rectangular prism with a feed inlet at dimensions of 80 cm x 12 cm x 5 cm (height, 

length, width) with a working volume of 3L connected to a manual level controller 

where the feed peristaltic pump 1 flow rates were higher than the permeate 

peristaltic pump 2 at all times in order to maintain the same hydraulic level by 

creating an overflow of the feed from an internal tubing in the level controller. The 

membrane modules permeated via vacuum pressure driven by the peristaltic 

pump, which was connected to a vacuum gauge with a T-connector for monitoring 

the transmembrane pressure (TMP) to indicate whether fouling of the membrane 

was occurring. 

 

C. vulgaris MPBR Setup 

 

Likewise, the same membrane modules used for the MBR were also installed for 

the MPBR. Additional to the membrane tank, a flat-panel photobioreactor PBR (25 

cm x 45 cm x 8 cm) was built for a final working volume of 9L (Figure 3-1). An LED 

light cabinet was designed and assembled to surround the flat panel and the light 

intensity was adjusted to meet system demands. Elongated fine bubble stone 

diffusers were used to provide aeration and mixing in the flat panel PBR. The level 
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controller concept was also fitted into the algal setup to minimize flowrate issues 

between the feed and permeate peristaltic pumps. The synthetic wastewater feed 

would enter the flat panel reactor first by feed pump 1, where most of the removal 

occurred and gravimetrically transfer to the membrane tank in which the final 

treated permeate was pumped out by permeate peristaltic pump 2. Pump 3 

recirculated the concentrate at a rate to allow homogenization of both reactors, 

thereby allowing same biomass concentrations in the aeration and membrane 

tanks.   

 

Figure 3-1 MPBR Process Operation 

 

3.3  Phase 3: Assessment of Suggested Configurations of Coupled MBR-

MPBR by Process Exclusion 

Once the MBR and MPBR were constructed, we discuss the setup operations and 

challenges associated with the preliminary runs of two (out of 3) of the suggested 

configurations, which ultimately led to a detailed water quality study of only one 

of them. Configurations 2 and 3 were immediately contaminated with aerobic 
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bacteria and failed the treatment operation and were therefore discarded from 

the thesis as primary wastewater influent led to a preference for other faster 

growing heterotrophic organisms. The organic and nutrient removal target 

effluents were not met as the algal biomass began to aggregate and decay over 

time. In addition, presence of grazing predators began to overload the MPBR and 

in 60 days operation, the MPBR required a re-inoculation as no N/P removal was 

observed. Going forward, Configuration 1 was selected the viable process and 

advanced work proceeded (Figure 3-2).  

 

 
Figure 3-2 Coupled configurations to be studied: MPBR first followed by MBR 
(Configuration 1) and MBR first followed by MPBR with a recirculate for DO 
delivery 
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3.4  Phase 4: Investigation of the optimal MBR configuration under 

different substrate conditions and operational parameters 

Following a preliminary assessment of the three proposed configurations, the 

prevailing coupled MBR-MPBR configuration 1 was selected for further testing. A 

framework was created by disconnecting the MBR and MPBR and examining the 

reactions of each reactor independently. The connected coupled MBR-MPBR 

experiment was terminated when an outbreak of filamentous bacteria in the MBR 

resulted in severe bulking and the algal MPBR was infested with eukaryotic 

parasites resulting in substantial downtime. With laboratories capabilities, a 

supersaturated-DO MPBR effluent was replaced in the MBR. A disclaimer here is 

that the DO supplied in effluent does not nearly reflect the real oxygen 

supersaturation levels C. vulgaris provides (calculated in Chapter 4).  

 

However, due to equipment limitations, the DO concentrations higher than 14 

ppm in ambient atmospheric pressure (1 ATM) could not be achieved due to 

Henry’s law. Therefore, limited mechanical aeration was provided to combat that 

disparity by modeling the approximate differences, and supplying that amount 

(detailed discussion in Chapter 6). In Phase 4, the AS-MBR was studied by varying 

major parameters that affect the performance both of the permeate water quality 

performances and operational costs. While varying each parameter thrice would 

have been ideal, the unstable tendencies of lab-scale MBR operations restricted 

the study to two conditions per variable. In the layout of the thesis, this is 

discussed in Chapter 5 and Chapter 6. Chapter 5 tackles the effect of the 

parameters on the microbial community dynamics while Chapter 6 tackles the 
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performance of the varied conditions in terms of water quality referencing back 

to the Chapter 4 as the result to such changes.  

 

3.5  Phase 5: Algal Biomass Post-Processing  

Once results were reported in Phase 4, the AS-MBR permeates were recorded and 

replicated in the laboratory to study the effect of each permeate on the Algal 

MPBR, both in terms of the algal capabilities to perform effluent polishing and of 

the algal biomass composition for further applications. This phase will be 

discussed in Chapter 7, and was submitted as a peer-reviewed publication.  

 

3.6  Peer-reviewed Publication Layout 

• Chapter 4: Nutrient utilization and oxygen production by Chlorella Vulgaris 

in a hybrid membrane bioreactor and algal membrane photobioreactor 

system (Status: Published journal article in Bioresource Technology) 

 

• Chapter 5: Microbial Community Dynamics in a Simulated Hybrid 

Activated Sludge Membrane Bioreactor and Algal Membrane 

Photobioreactor System (Status: Under Preparation for Submission) 

 
 

• Chapter 6: Enhancing Nutrient Removal in Membrane Bioreactors by 

Introducing Oxygen-Rich Effluent Generated in a Membrane 

Photobioreactor (Status: Under Preparation for Submission) 
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• Chapter 7: Investigating microalgal chemical composition against different 

organic and nutrient ratios of secondary effluents in a membrane 

photobioreactor (Status: Under Preparation for Submission) 
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Chapter 4. Nutrient utilization and oxygen production by 

Chlorella vulgaris in a hybrid membrane bioreactor and algal 

membrane photobioreactor system 

 

 

 

 

 

 

 

 

 

 

This chapter has been published as:  

 

Najm, Y., Jeong, S., Leiknes, T.O., 2017. Nutrient utilization and oxygen production 

by Chlorella vulgaris in a hybrid membrane bioreactor and algal membrane 

photobioreactor system. Bioresource. Technology. 237, 64–71 

 https://doi.org/10.1016/j.biortech.2017.02.057  
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4.1 Abstract 

This work studied oxygen production and nutrient utilization by Chlorella vulgaris 

at different organic/inorganic carbon (OC/IC) and ammonium/nitrate (NH4+-

N/NO3--N) ratios to design a hybrid aerobic membrane bioreactor (MBR) and 

membrane photobioreactor (MPBR) system. Specific oxygen production by C. 

vulgaris was enough to support the MBR if high growth is accomplished. Nearly 

100% removal (or utilization) of PO43--P and IC was achieved under all conditions 

tested. Optimal growth was achieved at mixotrophic carbon conditions (0.353 d-

1) and the highest NH4+-N concentration (0.357 d-1), with preferable NH4+-N 

utilization rather than NO3--N. The results indicate the potential of alternative 

process designs to treat domestic wastewater by coupling the hybrid MBR - MPBR 

systems. 

4.2 Introduction  

An imbalanced relationship between urban growth and available fresh water 

supply is creating a worldwide demand for sustainable technologies involving the 

reuse of treated wastewater. Membrane bioreactor (MBR) process, which 

combines microfiltration (MF) or ultrafiltration (UF) membrane technologies with 

biological treatment, is widely used due to its high removal efficiency compared 

to the conventional activated sludge process given that it operates at higher mixed 

liquor suspended solid (MLSS) concentrations, hence removing more organic and 

inorganic pollutants. In addition, sludge is retained by a physical barrier 

generating high quality permeate eliminating the need for settling with 

conventional clarifiers. Submerged membrane filtration configurations are 
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typically used, either in a separate membrane tank as a side-stream unit or 

directly in the bioreactor, which further reduces the footprint of MBRs compared 

to conventional plants (Figure 1-2 Schematic diagrams of two wastewater 

treatment process train schemes: (top) conventional activated sludge process and 

(bottom) the membrane bioreactor (MBR) process) (Kazemzadeh-afshar et al., 

2012).  

 

In submerged MBRs, the aeration performs three essential tasks: i) delivering 

dissolved oxygen (DO) to the microorganisms for consuming the wastewater 

pollutants, ii) mixing, and iii) providing the scouring to prevent the membrane 

surface from fouling (Kazemzadeh-afshar et al., 2012). However, energy for 

aeration accounts for over 40% of the operational cost of the MBR (Kazemzadeh-

afshar et al., 2012; Meng et al., 2008).  

 

During the biological wastewater treatment process, the oxygen consumption by 

microorganisms is mainly for treating carbonaceous oxygen demand and 

nitrogenous oxygen demand, along with negligible traces of inorganic compounds 

that are in their reduced forms and require oxidation (Seong-Hoon Yoon, 2015b). 

The most dominant mechanism in carbon-rich wastewater treatment is the 

conversion of carbons to heterotrophs and CO2 while O2 is consumed. Meanwhile, 

the nitrogen is oxidized to nitrate (NO3) by autotrophs while utilizing energy from 

the oxidation reaction for fixing CO2 to generate its building blocks from the 

carbon.  
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The volumetric oxygen consumption rate by microorganisms is represented as the 

oxygen uptake rate (OUR). If divided by the MLSS, the specific activity of 

microorganisms is measured as specific oxygen uptake rate (SOUR). Typically, the 

SOUR values range from 2-5 mg O2/ g MLVSS.hr (Ng et al., 2006). These rates are 

directly proportional to the food/volume ratio (F/M ratio) as naturally, the 

number of decomposed substrates is correlated to the oxygen amounts needed in 

steady state. This indicates that the SOUR does not solely depend on the sludge 

concentration, but can also be controlled by operational parameters such as the 

hydraulic retention time, organic loading rate, total nitrogen concentrations, and 

solid retention time (Seong-Hoon Yoon, 2015b).  

 

Over the years, microalgae have gained attention from an industrial perspective. 

These little light-harvesting “cell factories” offer unique abilities in many 

applications including the recovery of nutrients and energy from wastewater. 

Although many of these microbes can grow heterotrophically, they can also grow 

autotrophically needing only water, sunlight, and inorganic nutrients. There is an 

active interest for large-scale cultivation systems, which can be divided into open 

pond systems and closed photo-bioreactors. The more common open pond 

systems mainly consist of circular ponds with rotating arms for mixing or multiple 

loops with paddle wheels for stirring, although other simple configurations do 

exist (Carvalho et al., 2006). Despite being an economical option, these systems 

often face limitations, as they are open to the environment, making it impossible 

to avoid contamination, pollution, and water evaporation. At times harsh 

environmental conditions (e.g. high pH or salinity) are applied to guarantee 
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certain strain dominance, however, most microalgal species cannot thrive in such 

conditions thus achieving lower cell density. In addition, temperature differences 

due to seasonal variations and the need for large land areas to maintain optimal 

pond depths around 15-50 cm to maximize sun exposure, make these open 

configurations impractical.  

 

Closed systems (i.e. photobioreactors) have been developed as an alternative to 

overcome the above challenges, and by controlling the environment can achieve 

up to three-fold cell density compared to open ponds. Algal membrane 

photobioreactor (MPBR) may be a more suitable alternative to conventional high-

rate open ponds, which are less efficient due to light penetration limitations, a 

larger bioreactor footprint, and lower biomass concentrations (B. Wang et al., 

2012). An additional advantage is that photobioreactors can be operated 

continuously at low hydraulic retention time (HRT) without risking biomass 

washout (Marbelia et al., 2014).  

 

Moreover, photosynthetic oxygenation by algal MPBR is considered as one 

method to overcome the high costs of MBR plants (Muñoz and Guieysse, 2006; 

Oswald et al., 1985). Microalgae can generate high rates of oxygen (O2) (up to 10 

mg/L min) via photosynthesis for the aerobic organic pollutants degraders in 

MBRs (Yusuf, 2007). During photosynthesis, microalgae can utilize carbon dioxide 

(CO2) produced by aerobic bacteria from organic degradation in the MBR process. 

Thus, the use of microalgae is also capable of providing climate change mitigation 

(Monteith et al., 2005). Normally, CO2 is released into the environment and thus 



 

 

 

75 

causing to the greenhouse gas effects. Furthermore, microalgae can serve as a 

tertiary treatment after MBRs to further remove nutrients (Nitrogen; N and 

Phosphorus; P) that were not degraded in the MBR process through assimilating 

nutrients into the microalgal biomass (Alcántara et al., 2015). Hence, 

incorporating MPBRs into wastewater treatment is rapidly gaining attention, 

specifically in cost-effective symbiotic systems with the MBR utilizing aerobic 

sludge and O2 for organic degradation. Another benefit to use the algal MPBR is 

the potential to add value of the biomass if further processed to feedstock, 

production of biofuels, human and animal nutrition, biofertilizers, 

pharmaceuticals, cosmetics, etc. owing to the special chemical composition of 

microalgae.  

 

To fulfill a novel conceptual hybrid system, sequential coupling of an aerobic MBR 

and a microalgal MPBR is needed to gain a better understanding of oxygen 

production behavior on carbon source and nutrient type and concentration or 

ratio, essential information for the design process. However, oxygen production 

rates by microalgae treating MBR effluent when exposed to various substrate 

concentrations has not yet been studied. Therefore, this proof-of-concept study 

was aimed to assess the effect of nutrient ratios of synthetic wastewater effluents 

on growth rates, which is directly correlated to the specific oxygen production rate 

(SOPR) of the selected strain Chlorella vulgaris (C. vulgaris) in the following 

stoichiometric equation (Eq. 1) (Tang et al., 2014; Xu et al., 2014).  

 

αiCO2 +ψiℕi + δiH2O
hv
→ CHxNyOz + λiO2     (eq. 1) 
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Variations tested in this study were i) organic/inorganic carbon (OC/IC) ratio and 

ii) ammonium/nitrate (NH4/NO3) ratio to evaluate the optimal growth conditions 

and nutrient utilization rates. This green eukaryotic species was selected for its 

fast growth characteristic, high photosynthetic efficiency, and ability to fixate CO2 

and assimilating nutrients and organics by mixotrophic growth combining both 

autotrophy and heterotrophy (Safi et al., 2014b; Xu et al., 2014).  

4.3  Materials and methods 

4.3.1  Algae inoculum and pre-cultivation conditions 

The microalgae C. vulgaris (UTEX 259) used in this study was purchased from 

UTEX Culture Collection of Algae (US). The seed was pre-cultivated 

autotrophically in Modified Bold’s Basal Medium (BBM) purchased from Sigma-

Aldrich with the addition of 750 mg/L of sodium bicarbonate (NaHCO3) as an IC 

source at 24 °C on an orbital shaker with a rotational speed of 160 rpm, under 

continuous white LED illumination at photosynthetic photon flux density (PPFD) 

135 μmol photons/m2.s (Figure S4.1). During the logarithmic growth phase, algal 

cells were collected for the batch tests. They were then centrifuged at 8,000 rpm 

for 5 min, the supernatant decanted and the pellet re-suspended with Milli-Q 

water 2-3 times to eliminate any residual nutrients. 

4.3.2 Batch test 

In this study, the main substrates tested were the following macronutrients: 

carbon (C), nitrogen (N), and phosphorus (P), applying six different ratios (T1-T6) 

as shown in Figure 4-1. The batches examined the effect of carbon source type 
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both (i) in organic form, as it is ubiquitous in primary wastewater, and (ii) in 

inorganic form, the carbon form required for photosynthetic reactions. Glucose 

and sodium bicarbonate were used as the OC source and the IC source, 

respectively.  T1 contained no IC but 100 mg/L of OC, whereas T2 contained 100 

mg/L of IC and no OC source, and lastly T3 contained 50% of each (50 mg/L OC 

and 50 mg/L IC). T1/T2/T3 had fixed N ratios of 40 mg/L NH4+-N, 10 mg/L NO3--

N, respectively. In the second batch tests, two N sources as (i) ammonia (NH4+-N), 

which is found in primary wastewater, and (ii) nitrate (NO3--N), found in MBR 

effluent as a result of nitrification, were examined. T4 included NH4+ as the sole N 

source at 100 mg NH4+/L, T5 contained 100 mg NO3-/L, and T6 contained mixed 

N sources (50% of each). Carbon ratios of IC:OC were fixed at 50:50 for T3/T4/T5 

at 100 mg/L in total. Trace micronutrients (MnCl2 = 1.448mg/L, ZnSO4 = 

0.178mg/L, CuSO4 = 0.079mg/L, Co(NO3)2 = 0.049mg/L and Na2MoO4 · 2H2O = 

0.312 mg/L) were added to each of the replicates.  
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Figure 4-1 Six different substrate conditions tested (T1-T6) with two different 
nutrient sources as organic carbon (OC) in form of glucose and inorganic carbon 
(IC) in the form of sodium bicarbonate, two N sources as ammonium (NH4+-N) 
form and nitrate (NO3--N) forms at different nutrient ratios with a 100 mg/L as a 
baseline concentration. The bars display concentration ratios at mg/L for each 
substrate. PO43--P concentration was fixed at 5 mg/L for all trials. 

 
 
Multiple batch experiments were carried out in 250 mL Erlenmeyer flasks with 

cotton buds (semi-open system) at a working volume of 150 mL, as shown in 

Figure S4.2. The flasks were incubated in an isolated environmental growth 

chamber under the same physical conditions as of the pre-cultivation. Basal 

nutrients were added to all tests to eliminate any external nutrient deficiencies, 

25mM of HEPES buffer was injected to maintain a neutral pH (7-8), and DO was 

sustained at a saturation level at 24 °C. 
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4.3.3 Analyses 

4.3.3.1 Specific growth rates 

C. vulgaris cell density was monitored by measuring the optical density (OD) at a 

wavelength of 683 nm (OD683) using an ultraviolet-visible spectrophotometer. 

Measurements were taken at Day 0, Day 0.5 (12 h), Day 1 (24 h), Day 2, Day 4, Day 

7, and Day 10. A linear regression analysis was carried out to create a relationship 

between OD683 and MLSS as mg/L according to standard methods (Apha et al. 

1999). An additional analysis of OD683 against cell number per microliter (N) was 

conducted, calculating cell number using an Accuri C6 Flow Cytometer (BD 

Biosciences). The regression analyses are given in Eqs. 2 and 3, respectively: 

 

OD683=0.0017MLSS-0.0525, R² = 0.991     (eq 2) 

OD683=(3x10-5) N-0.3779, R² = 0.999     (eq 3) 

 

C. vulgaris was tested in six substrate conditions yielding different specific growth 

rates (µ) over 10 d. Eq. 4 was applied to calculate the µ from the start of the 

experiment to the end of lag phase (Day 0-1) and from the start of the experiment 

to the end of the exponential phase (Day 0-7): 

 

𝜇 =
𝑙𝑛𝑋2−𝑙𝑛𝑋1 

𝑡2−𝑡1
       (eq 4) 

where, X2 is the final cell concentration at time t2 and X1 is the initial concentration 

at time t1. 
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4.3.3.2  Specific oxygen production rate (SOPR) 

During the pre-cultivation, C. vulgaris was cultivated with commercial BBM media 

in batch in 250 mL PYREX™ flasks but filled to a working volume of 300 mL in 

order to reduce headspace using airtight flasks sealed with silicon and rubber, 

equipped with a DO probe and continuously mixed with a magnetic stirrer (at 280 

rpm). SOPR was calculated using a similar method as reported in a previous study 

by (Tang et al., 2014). Prior to the SOPR assay, the media was purged with nitrogen 

(N2) gas to eliminate the initial DO. Sodium bicarbonate was then added to the 

mixed liquor at 0.75 g/L under continuous light conditions in order to ensure CO2-

independent photosynthetic reactions. The inoculum was finally injected into 

flask at 10% of the working volume and DO concentration was then monitored for 

24 h using an online bench meter.  

4.3.3.3 Sampling and water quality analysis 

During the experimental phase, monitoring of the pH and DO on the all replicates 

were carried out at Day 0, 4 and 10 using the Multi 9430 Digital Meter (WTW, 

Germany). Samples were taken from the replicates at Day 0, 0.5 (12 h), 1 (24 h), 2, 

4, 6, 7, and 10. Samples were filtered using 0.45 μm pore size syringe filters (Fisher 

Whatman puradisc-25 mm) to remove the microalgal cells and any other particles 

prior to chemical analysis. The supernatants were then properly diluted and 

analyzed for NH4+-N using the Salicylate method, NO3--N using the 

Dimethylphenol method, and PO43--P using the Ascorbic method with HACH 

analytical kits and Hach DR 5000 spectrophotometer (Hach Co., Loveland, CO, 

USA). OC and IC were also analyzed in a Total Organic Carbon analyzer (TOC-V 

CPH, Shimadzu, Japan).    
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4.4 Results and discussions  

4.4.1 SOPR  

Although CO2 enriched air is normally used for microalgae cultivation (Abreu et 

al., 2012; Arudchelvam and Nirmalakhandan, 2012; Duong et al., 2012; Ortiz 

Montoya et al., 2014), here sodium bicarbonate was directly added to the medium 

as a more convenient way to test SOPR, since the typical growth environment 

during algal cultivation is dominated by bicarbonate within the carbonate species 

due to pH-dependent CO2 solubility (Van Den Hende et al., 2012).  

Figure S4.1 displays the DO profile as a function of time during algal cultivation. 

Once the culture was inoculated, automatic measurements were recorded for 24 

h and analyzed. The oxygen production rate (OPR) was hence calculated by taking 

the linear polynomial model’s slope of the increase in DO concentration over time. 

For instance, if the following equation (y = 0.0102 x + 1.425) is obtained with 

fitting (with 95% confidence bounds) with an R-square: 0.9993, the linear slope 

of the graph (0.0102) equals the OPR. The specific oxygen production rate (SOPR) 

was determined by dividing OPR by the MLSS concentration in mg/L, which was 

35.21 mg/L. The calculated SOPR was 17.31 mg O2/g MLSS.h.  

4.4.2 Growth rate of C. vulgaris 

C. vulgaris was tested in six different conditions yielding different specific growth 

rates (µ), showing the growth in terms of optical density (OD) over time for a 

duration of 10 d (Figure 4-2). In the following sub-sections (4.4.2.1 and 4.4.2.2), 

the effect of different nutrient source ratios on the algal growth is discussed. 
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Figure 4-2 Growth rate curves displayed of optical density at 683nm (OD683) as a 
function of incubation time (Day 0 - Day 10). 
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4.4.2.1  Carbon source ratio 

T1, T2, and T3 were compared against one another with different C sources at the 

same final concentrations (100 mg of C/L – either OC or IC), while N and P sources 

were fixed. Figure 4-2 shows the growth trends of the three conditions, T1 

experienced the slowest growth rate at 0.223 d-1, inferring that carbon in organic 

form alone (i.e. heterotrophic growth) may not be the optimal carbon substrate 

for microalgae under continuous light conditions, with a stationary phase 

prematurely initiated after Day 4 as opposed to the other carbon conditions. T2, 

supplemented with IC, initially exhibited a similar growth trend to T1, however, 

after Day 4 a significantly better growth than T1 at 0.303 d-1 was observed. T3 

showed the optimal µmax (D1-7: 0.353 d-1) and higher biomass productivity out of 

the three conditions tested. This represented the mixotrophic growth combining 

both OC and IC, and is in agreement with reports from previous (Bhatnagar et al., 

2011; Liang et al., 2009). This indicates that IC is required to yield a fast growth 

rate with C. vulgaris, however, more importantly the ability to alternate between 

the two modes provided a higher growth yield and hence could potentially 

produce higher DO concentrations if such significant growth can be accomplished.  

4.4.2.2 Nitrogen source ratio 

In sets T4, T5, and T6, comparisons with different N sources at the same final 

concentrations (100 mg of N/L) were carried out, where C and P sources were 

fixed. Of the three conditions, T5 resulted in the slowest µmax overall at 0.114 d-

1, implying that NO3--N was not efficiently supporting the growth of C. vulgaris and 

as the only N source failed to deliver the necessary substrate, showing that N is 

the growth limiting substrate for the chosen strain (Figure 4-2 Growth rate curves 
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displayed of optical density at 683nm (OD683) as a function of incubation time 

(Day 0 - Day 10).Figure 4-2 Growth rate curves displayed of optical density at 

683nm (OD683) as a function of incubation time (Day 0 - Day 10).). Conversely, 

T4 showed the highest µ out of all tests at 0.357 d-1 with NH4+-N at 100 mg/L 

validating its vital role in enhancing growth. Finally, T6 operated with both N 

sources at maximum growth of 0.243 d-1, demonstrating a lower growth than T4 

due to lower NH4+-N availability (i.e. 50mg/L).  

4.4.3 Nutrient removal and utilization 

 
While achieving maximum growth is essential in finding the optimal O2 

production, they are independent of nutrient and substrate concentrations. Hence, 

utilization rates must be determined to find a balanced system that can achieve 

both nutrient removal and to boost O2 production.  

4.4.3.1 IC utilization    

IC was measured at Day 0 and Day 10. Good removal was achieved for all test 

conditions indicating that utilization of IC for C. vulgaris was maximum and 

required for their growth with nearly complete removal at more than 96% for T2 

to T6 (final concentrations of 2.05, 0.78, 1.01, 1.70, and 1.06 mg/L in descending 

order). Phototrophic growth is heavily dependent on IC, further validating the 

photosynthetic reaction presence. OC removal was not targeted during this 

experiment. It was tested in order to detect any interference from OC on the 

specific growth rates or N/P utilization efficiencies (see discussion in section 

3.2.).  
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4.4.3.2 Nitrogen utilization 

Nutrient removal (or utilization) trends of NH4+-N and NO3--N over time are 

demonstrated in Figure 3a and b, respectively (Figure 4-3 (a) Ammonia (NH4+-N), 

(b) nitrate (NO3--N) and (c) phosphate (PO43--P) uptake by C. vulgaris at different 

concentrations as a function of time.). Overall, an inclination towards NH4+-N 

consumption by C. vulgaris over NO3--N is clearly demonstrated. At the initial stage 

between day 0 to 2, all tests (T1-T6) exhibited subtle to no NO3--N removal. 

Interestingly, T1 was at complete stagnation in terms of NO3--N utilization 

exhibiting absolutely no removal throughout the full duration of the experiment, 

despite being supplemented at a concentration of 10 mg/L of NO3--N apart from 

40 mg/L of NH4+-N as N sources similarly to concentrations provided to T2 and 

T3. As for T3, T5, and T6 the NO3--N removal rates were very low with an average 

of 13.07 ± 0.0076%. T2, however, could achieve much higher removal at nearly 

double the rate (24.5%).  
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(a) 

  

(b) 

 
 

(c) 

Figure 4-3 (a) Ammonia (NH4+-N), (b) nitrate (NO3--N) and (c) phosphate (PO43--P) 
uptake by C. vulgaris at different concentrations as a function of time. 

0

10

20

30

40

50

60

0 1 2 3 4 5 6 7 8 9 10

N
H

4+
 -

N
 (

m
g/

L)

Time (Day)

T1 T2 T3

0

20

40

60

80

100

0 1 2 3 4 5 6 7 8 9 10

N
H

4+
 -

N
 (

m
g/

L)

Time (Day)

T4 T5 T6

7

8

9

10

11

12

0 1 2 3 4 5 6 7 8 9 10

N
O

3
--

N
 (

m
g/

L)

Time (Day)

T1 T2 T3

0

20

40

60

80

100

0 1 2 3 4 5 6 7 8 9 10

N
O

3-
-N

 (
m

g/
L)

Time (Day)

T4 T5 T6

0

1

2

3

4

5

0 1 2 3 4 5 6 7 8 9 10

P
O

4
3-

-P
 (

m
g/

L)

Time (Day)

T1 T2 T3

0

1

2

3

4

5

0 1 2 3 4 5 6 7 8 9 10

P
O

43
--

P
 (

m
g/

L)

Time (Day)

T4 T5 T6



 

 

 

87 

 

As for NH4+-N consumption rates, there was a positive correlation with the growth 

of C. vulgaris. Figure 4-3a presents the NH4+-N uptake as a function of time. NH4+-

N removal patterns demonstrated a similarity for T1-T3, and between T4 and T5 

with definite decrease in concentrations and leveling off.  Figure 4-3a showed that 

T1 achieved the least NH4+-N removal at efficiency of 39.6% (Table 4-1), in the 

presence of OC, presenting a linear relationship to its maximum specific growth 

rate. T2, which was supplemented with equal amounts of NH4+-N and NO3--N to 

T1, exhibited a higher 63.6% removal of NH4+-N, supporting the NH4+-N utilization 

preference for C. vulgaris and its direct contribution to biomass growth increase. 

T3 and T6 showed the sharpest drops in NH4+-N concentration at 74.6% and 

73.6% removal. T4, with the highest NH4+-N initial concentration at 100mg/L 

NH4+-N could remove 59.4% of the overall supplement.  

 
Table 4-1 Nutrient removal efficiency (RE) from Day 0 to Day 10 with the 
following equation:  

RE (%) = (C0−C10)/C0×100% 

Nutrients T1 T2 T3 T4 T5 T6 

IC n.a* 97.8% 98.3% 97.9% 96.8% 97.9 

NH4+-N 39.6% 61.3% 74.6% 59.4% n.a.* 73.6% 

NO3--N 0% 24.5% 11.6% n.a.* 14.2% 13.4% 

PO43--P 100% 100% 100% 100% 100% 100% 

*n.a.: not applicable. 
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4.4.3.3  Phosphorus utilization 

By day 4, in the midst of the logarithmic growth phase, all PO43--P was able to be 

consumed by C. vulgaris in all six conditions, some experiencing sharper drops 

than others (Figure 4-3c). T3, T4, and T6, the conditions able to achieve the highest 

maximum growth, reduced PO43--P to zero by Day 2. These results confirm that 

regardless of the nutrient conditions given to C. vulgaris, PO43--P is required as a 

basic macronutrient source with a rapid uptake. 

4.4.4 Possible utilization mechanisms 

In the scope of this work, the abiotic factors that affect algal growth conditions 

were predetermined (pH, light intensity, and temperature) to isolate the effect of 

C and N concentrations. pH variations did not occur in the trials due to the addition 

of HEPES buffer that maintained a pH 7-8. However, in real continuous systems, 

studies have shown that during algal cultivation pH can increase thereby making 

an alkaline environment, which leads to negative effects on algal productivity 

(Scherholz and Curtis, 2013; Yun et al., 1997). The OC:IC ratio was varied in trial 

T1 (100:0), T2 (0:100), and T3 (50:50), to accurately investigate the effect on C. 

vulgaris with N/P loads fixed at concentrations simulating MBR effluents at a low 

HRT (~approx.6-8 h). Short HRTs do not have enough time to enrich slow-

growing nitrifiers hence achieving partial nitrification (at NH4+-N = 40 mg/L, NO3-

-N = 10 mg/L, and PO43--P = 5 mg/L. 
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Figure 4-4 displays the envisaged metabolic pathway to present the HCO3 (IC) and 

N assimilation activity in C. vulgaris based on the results and prior biochemical 

studies (Hammed et al., 2016; Rigobello-Masini et al., 2006; Sanz-Luque et al., 

2015; Scherholz and Curtis, 2013). The trials (T2-T6) confirmed that IC was fully 

acquired by the biomass under continuous illumination.  

 

The photoautotrophic growth regime of microalgae involves photosynthetic 

reduction cycle (Light reaction), CO2 concentration, and dark reaction. Photons are 

absorbed by the algal pigments to generate electrons for the photosystems to later 

convert ADP+ and NADP+ to their energetic form ATP and NADPH, respectively 

(Wang et al. 2014). Some of the reduced energy produced is allocated to drive the 

dark reaction for CO2 assimilation through the Calvin cycle, and some is used for 
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Figure 4-4 Diagram showing some assimilatory pathways related to IC (HCO3-), 
and N (NO3-/NH4+). Red dashed line represents the process inhibitors. NiT= 
Nitrate Transporter, AmT= Ammonium Transporter, PT= Phosphate 
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N assimilation in the chloroplast. The carbon concentration mechanism (CCM) in 

microalgae uses IC transporters and carbonic anhydrase in elevated CO2 

concentrations to facilitate uptake of dissolved IC and CO2. Microalgal carbonic 

anhydrase is a zinc-metalloenzyme that catalyzes the reversible hydration of CO2 

by rapid interconversions of IC species (CO2 + H2O ↔ HCO3− + H+) and 

concentrates C around ribulose-1,5-bisphosphate carboxylase / oxygenase 

(RuBisCO), the carboxylating enzyme of the Calvin cycle (Moroney et al., 2011; 

Rigobello-Masini et al., 2006).  

 

The NH4:NO3 ratio was varied in trials T4 (100:0), T5 (0:100), and T6 (50:50), with 

fixed OC and IC set at equal concentrations at 50 mg/L. T4 experienced the highest 

growth rate but NH4+-N removal rates of T6 was more successful at 76.3% 

compared to T4 at removal rates of 59.6%. Trial observations display high NH4+-

N utilization against NO3--N, and results are in agreement with other studies done 

previously. A recent study reported that C. vulgaris assimilates both NH4 and NO3 

but NH4 is a preferred N source in supporting growth due to the lower energy cost 

(Tang et al., 2014). This could be because the cell surface of algae is 

electronegative, so NH4 is attracted to the cells rather than NO3 as NO3 is in an 

oxidized N species (Hadjoudja et al., 2010), and it must be reduced to ammonium 

prior to incorporation into organic molecules in the form of glutamate in the 

chloroplast (Dortch, 1990).  

 

NO3 uptake and reduction process is mediated by an enzyme called NO3 reductase, 

consumes reducing power (i.e. NADPH) provided by photosynthesis to be 

converted into nitrite (NO2) in the cell’s cytoplasm prior to being transported into 
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the chloroplast which is even further reduced in the stroma into NH4 for final 

conversion to amino acids through glutamine synthetase/glutamine oxoglutarate 

amino transferase or glutamate synthase (GS/GOGAT) pathway, the necessary 

protein building blocks of the cells. Nitrate Reductase (NR) is inhibited by high 

NH4 concentrations so NO3 is the secondary option as energy expenditure is 

required as opposed to NH4, which is less actively transported into the cell and 

chloroplast.  

 

The enzymatic activity of NR is directly associated to the inorganic carbon 

assimilation process, where low concentrations of IC decreases NR activity 

(Rigobello-Masini et al., 2006). This theory verifies the reason why T1 was unable 

to consume NO3; as energy was not provided from the photosynthetic reactions, 

which was needed by IC as it was operating in the heterotrophic mode (only OC 

was provided). Correspondingly, T2 utilized more NO3 than T3 as higher IC 

concentrations were available so competition for electrons was reduced.  

 

In addition, all trials utilized 100% PO4 confirming that inorganic phosphate is a 

required macronutrient as it plays a central role in cellular metabolic processes, 

particularly in energy transduction, nucleic acid and DNA biosynthesis, and 

synthesis of other structural and functional components needed for the growth 

and development of the algal cells. Since inorganic carbon acquisition in 

microalgae is energy dependent, PO4 limitation could indirectly affect 

assimilation. Photosynthesis supplies reducing power, carbon skeletons, and 

adenosine PO4 needed for assimilating N (Rigobello-Masini et al., 2006). The 

compounds of the Calvin cycle require phosphorylation, and low PO4 would 
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impair the process (Makino and Mae, 1999; Noctor and Foyer, 1998). PO4 uptake 

in microalgae is controlled by transporters that drive the affinity and rate of PO4 

uptake (Pitt et al., 2010). 

4.4.5 Suggested configurations 

This research tackled the basic biochemical mechanisms of N and P utilization 

efficiencies in six different conditions, varying carbon and nutrient loading rates. 

Accordingly, the results can reasonably be correlated to an outcome of an 

engineered process design to treat domestic wastewater using coupled algal-

bacterial system. The trials showed that NH4+-N was required for C. vulgaris’ 

growth more than NO3--N, hence the basic algal tertiary treatment process may 

not be the best possible design. It also demonstrated the need for IC if high 

nutrient removal is required. In addition, OC does not disrupt the growth and 

utilization efficiencies, but on the contrary the growth rates demonstrated 

superiority when different carbon sources were supplemented. The SOPR study 

also showed notable O2 production rates that can facilitate the bacterial growth in 

a conventional MBR.  

 

 

Figure 4-5 displays three configurations suggested and currently being studied 

bridging the gap between the batch results achieved and the potential of C. 

vulgaris in a wastewater treatment process. Configuration one treats the algal 

MPBR as a tertiary treatment process after the conventional MBR, which lacks the 

anoxic tank. A recirculation loop is created from the MPBR effluent back into the 

aeration tank for providing the necessary DO. In this process, the HRT of the 
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aeration tank and the recirculation ratios play crucial roles in providing balance 

to the system and high effluent quality.  Configuration two employs the different 

sequences and the MPBR as a “Pre-denitrification” process where the microalgae 

can consume most of NH4+-N and PO43--P before entering the conventional 

aeration tank. In this process, the considerations are the high organic loading rates 

(OLR) on the microalgae and possible NH4 passing through into the aeration tank.  

 

 

Figure 4-5 Three process train diagrams of the coupled MBR-MPBR system 
eliminating mechanical aeration. 

 

 

Configuration three maintains the same order as Configuration two, however, the 

wastewater is fed into both tanks to reduce or divide the OLR and decrease the 

algal sensitivity while maintaining the stream from the MPBR to the aeration tank 

to provide the OPR required. This configuration has a challenge in figuring out the 

appropriate NLR (Nitrogen loading rate)/OLR/PLR (Phosphorus loading rate) 

ratios. All configurations can be tested with and without the addition of IC.  
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4.5 Conclusion 

C. vulgaris was cultivated at various nutrient concentrations in order to gain an 

understanding on the effect of different wastewater constituents on the O2 

production and nutrient utilization. Overall, the importance of IC source for the 

growth of C. vulgaris was validated and its P utilization was superior for all 

conditions tested. The C. vulgaris was favorably grown with NH4+-N as an N source 

and mixotrophic C conditions. This shows algal MPBR will be helpful in either 

supplying the O2 by recirculating the O2-rich effluent produced into the MBR or 

improving water quality by reducing the nutrients before entering into MBR. 
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4.7 Supplementary Materials 

 

 

 

Figure S4.1. Experimental set-up from pre-cultivation to batch test at equivalent 
environmental parameters including temperature, light settings, and mixing. 

 

Figure S4.2. Changes in DO concentration with time (oxygen production rate 
(OPR) by photosynthesis). C. vulgaris samples were prepared (in triplicate) in 
airtight flasks where the DO concentrations were measured every min for 24 h. 
The linear phase only counted for the OPR (until reaching full oxygen saturation).

T1     T2     T3    T4     T5     T6 

  Orbital Shaker – 160 rpm 160 rpm  

CONTINUOUS WHITE LED LIGHTS 135 µ mol photons per m2/s 
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5.1  Abstract 

A coupled system of an activated sludge Membrane Bioreactor (MBR) and algal 

membrane photobioreactor (MPBR) for treating municipal wastewater was 

proposed as a sustainable energy-efficient process. A lab-scale MBR was subjected 

to five conditions varying the oxygen source required for biological treatment and 

the synthetic influent by carbon to nitrogen (C/N) ratio. Oxygen source was 

provided mechanically or by reducing mechanical aeration and providing 

fractions of simulated photosynthetic dissolved oxygen enriched MPBR effluent to 

reduce energy demands of the reactor. Miseq Illumina high-throughput 

sequencing revealed the microbial community compositions retrieved from the 

different conditions to investigate the effect of the tested parameters. 915 OTUs 

were assigned and the richness indices revealed lower C/N ratios lead to higher 

richness but overall low diversities in all conditions owing to the influent’s readily 

biodegradable organic and inorganic nutrients. On the phylum level, 

Proteobacteria dominated all the conditions followed by Actinobacteria. The 

extremophile Deinococcus-thermus was spiked to 15.3% in the system with lowest 

photosynthetic aeration fractions and lowest C/N ratio. Alphaproteobacteria and 

Betaproteobacteria together dominated with a relative abundance of 50% of the 

total phyla present in the conditions, typical in activated sludge systems. Despite 

the aeration supplied, the MBR exhibited presence of anaerobic and fermenting 

communities, possibly due to its elongated structure that lead to different 

microhabitats. At the genus level, various aerobic heterotrophic communities 

were present due to high glucose concentrations as well as glucose fermenters like 

Propionicimonas. The C/N ratio played a large role in determining abundances of 
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nitrifiers and denitrifiers in samples. Anaerobic denitrifier Acidovorax, had a 

substantial presence (13.8%) when photosynthetic aeration was reduced and the 

C/N ratio was increased while the reverse condition showed a significantly lower 

abundance (4.2%). Simultaneous organic requirement and nitrate presence 

coupled with O2 limited zones may have created the ideal environment for 

Acidovorax. Hyphomicrobium, and Comamonas, also key players in denitrification 

were enriched in conditions where C/N was higher. Similarly, Nitrosomonas 

(ammonia-oxidizing bacteria) appeared in higher abundances at higher C/N 

ratios. However, Nitrobacter (nitrite-oxidizing bacteria), which performs 

nitrification appeared in higher abundances in the conditions with lower C/N 

ratios whereas. Ultimately, the sequencing results showed the major OTUs 

identified persisted in the reference and photosynthetic conditions despite the 

changes in their relative abundances. Though results of this research remain 

preliminary, they reveal the potential of high-throughput sequencing for the 

monitoring of the communities and to speculate their effect of their functions on 

the proof-of-concept investigations. 

 

 

5.2  Introduction 

The implementation of full scale aerobic activated sludge membrane bioreactor 

(MBR) plants for municipal Wastewater Treatment (WWT) has globally gained 

popularity due to its compact structure and superior permeate quality over 

conventional systems (Iglesias et al., 2017; Xiao et al., 2014). MBRs can be 

operated at higher sludge concentrations for extended retention times (SRT) 
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enabling the support to remove higher organic loads. However, its main 

disadvantage is its energy consumption due to mechanical aeration for biological 

degradation and membrane scouring. Despite this, successful installations of 

various MBR configurations in WWT plants has been achieved in North America, 

MENA, East Asia, and Europe (Melin et al., 2006a; Sun et al., 2016; Xiao et al., 

2014).  

 

Some configurations are able to remove nitrogen and phosphorus through 

nitrification/denitrification processes and enhanced biological phosphorus 

removal via compartmentalization of the tanks and alternating between anoxic 

and aerobic environments to enrich different groups of organisms (Mannina et al., 

2016; X. Wang et al., 2012). For instance, the nitrogen form present in municipal 

wastewater is ammonia nitrogen, and nitrification occurs with a group of nitrifies 

that convert ammonia to nitrate and nitrite via a group of ammonia oxidizing 

bacteria (AOBs). Anoxic heterotrophic denitrifiers then perform the conversion of 

nitrate to nitrogen gas that is then released to the environment (Choi et al., 2010; 

Yang and Yang, 2011a). As governmental effluent discharge limits become more 

stringent due to eutrophication events from increased nutrient levels, the demand 

for such configurations is no longer a choice, however, traditional biological 

nutrient removal (BNR) processes require both land and expertise with no real 

economic value to the plant itself.  

 

Incorporating microalgae to assimilate the nutrients not only adds a profit 

element but can also reduce costs from an energy perspective. Microalgae has the 

ability to produce enough oxygen via photosynthesis to supply to the bacterial 
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community present in MBRs (Abdel-Raouf et al., 2012; Mart et al., 2000; Zheng et 

al., 2019). In conventional symbiotic systems that combined both bacteria and 

algae encounter an operational challenge due to competition and different growth 

rates leading to bacterial domination (Muñoz and Guieysse, 2006). A proposed 

concept to separate the microorganisms so that each fulfill their functions without 

any negative effect and competition would lead to less difficulties and higher 

efficiencies. The coupled MBR with a microalgal membrane photobioreactors 

(MPBR) systems would initially allow the MBR to achieve organic oxidation 

followed by the MPBR assimilating the inorganic nitrogen and phosphorus 

sources while generating the oxygen required for the bacteria in dissolved form. 

The generated effluent would ideally be free of contaminants and enriched with 

oxygen, which can then be recycled into the MBR for the organic oxidation creating 

a cyclical process. The proposed scheme was confirmed in a series of batch tests 

(Chapter 4) validating the extent of algal oxygen production, high algal 

productivities, and nutrient assimilation rates. It was concluded that the MBR will 

be able to achieve the treatment process and due to residual oxygen, a fraction of 

the nutrients can also be removed.  

 

In this study, a closer focus into the microbial communities responsible for this 

phenomenon will be discussed. The MBR was exposed to five conditions 

alternating between effluent recycle rates (dissolved oxygen supply) and influent 

carbon to nitrogen (C/N) ratios, a parameter known to influence the treatment 

efficiencies, particularly in nitrogen removal. C/N ratios are known to affect 

microbial communities, particularly nitrifiers and denitrifier presence (Mannina 

et al., 2016). Depending on whether residual DO remain the system, certain 
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organisms can be enriched to perform oxidation of nitrogenous compounds 

alongside organic oxidation by autotrophic AOBs/NOBs. If DO, however is reduced 

and C/N ratio is increased, then heterotrophic denitrifiers can dominate the 

system with increased carbon concentrations(Carrera et al., 2004).  

 

Microbial ecology studies in wastewater treatment have been done with 

conventional methods including polymerase chain reaction denaturing gradient 

gel electrophoresis (PCR-DGGE) (Muyzer et al., 1993), Fluorescence In-Situ 

Hybridization (FISH) (Okabe et al., 1999), terminal restriction fragment length 

polymorphism (Enright et al., 2007), and clone libraries (Figuerola and Erijman, 

2007). However, despite the advantages the methods mentioned can only 

investigate the highly abundant members present when dealing with complex 

environmental samples (Ye and Zhang, 2013). With high-throughput sequencing, 

it is now easier and economical to evaluate microbial communities with added 

sensitivity detection to elucidate microbial characteristics more accurately and 

holistically (Caporaso et al., 2012; Xie et al., 2018). Utilizing high-throughput 

sequencing would not only enhance understanding of an algal aerated MBR by 

evaluate the phylogenic trends but also describe how communities can by shaped 

by input water quality. Revealing the microbial communities would unravel 

mechanisms and the distinct communities’ enrichments within the same system. 

 

 

 

 



 

 

 

105 

5.3  Materials and Methods 

5.3.1 Inoculum and culture conditions 

Activated sludge was acquired from the aeration tank of a municipal MBR 

treatment plant in the university campus (KAUST, Saudi Arabia). The inoculum 

was first acclimatized in a lab-scale MBR in batch cycles for 2 weeks then 

converted to continuous operation for one year. Synthetic medium strength 

wastewater after primary treatment was prepared, respectively. The medium 

consisted of glucose; 373.8 mgL-1,  NH4Cl; 114.85 mgL-1,  KH2PO4; 21.98 mgL-1, 

CaCl2.2H2O ; 3.5 mgL-1, MgSO4.7H2O; 7.5 mgL-1, MnCl2.4 H2O; 1.81 mgL-1, 

CuSO4.5H2O; 0.079 mgL-1, Co(NO3)2.6 H2O; 0.0494 mgL-1, ZnSO4.7H2O; 0.222 mgL-

1, and NaMoO4.5H2O; 0.39 mgL-1. The pH of medium was neutralized to 7-7.5 with 

1M NaHCO3 and NaOH. The final Chemical Oxygen Demand (COD) concentration 

was 400 mgL-1 and the CNP ratio was 80:6:1.  

 

5.3.2 AS-MBR Setup 

A lab-scale airlift MBR with a working volume of 3L was designed and built for 

this study as shown in Figure 5-1. PVDF hollow-fiber membrane modules with a 

nominal pore size of 0.04 m and membrane area of 0.23 m2 fully designed with 

an integrated aeration inlet were obtained from Zenon (GE Water, Hungary). 

According to the module’s dimensions, a long rectangular membrane tank (H 

80cm W 12 cm D 5 cm) was designed and fabricated. A mechanical level 

controller was connected to the reactor and peristaltic pumps controlled the 

flow in (Pump 1 & 2) by positive pressure and flow out (Pump 3) by vacuum 
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pressure. Transmembrane Pressure (TMP) was monitored daily for fouling 

indications during the course of operation and aeration was controlled by a 

flowmeter. Permeate pump 3 (pump 1 and 2 total) was controlled at a fixed 

flowrate of 0.375 L h-1 giving a low flux of 1.6 Lm-2hr-1 and reduce fouling. The 

Hydraulic Retention Time (HRT) and Sludge Retention Time (SRT) were set at 8 

hours and the sludge retention time at 27 days, respectively. Influent (1) was 

driven by pump 1 and supplied the synthetic municipal wastewater while Influent 

(2) simulated a contaminant-free DO rich effluent, prepared by supersaturating 

oxygen in deionized water and reducing the water temperature to achieve 

maximum oxygen solubility (150% oxygen saturation). 

  

  
Figure 5-1 Schematic Diagram of the AS-MBR 
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5.3.3 Operating Conditions 

A series of five experimental phases were conducted: Reference, A1, B1, B2, A2 as 

summarized in Table 5-1. The sludge was pre-acclimatized to the synthetic 

wastewater described in section 5.3.1. The reference configuration (control) was 

supplied with influent (1) with no influent (2) (i.e. no photosynthetic aeration) 

with an external aeration supply at 2.5 Lhr-1. The remaining phases are referred 

to by letter and number; A/B indicate DO recycle ratio, or otherwise influent (2) 

flowrates, and 1/2 refer to carbon to nitrogen (C/N) ratio present in influent (1). 

The MBR was either exposed to 25% or 50% of the total algal effluent and the 

influent (1) C/N ratio varied from 80:6 or 40:6 by modifying the COD 

concentrations. An acclimatization period of 14 days was conducted between each 

condition to reflect a valid change of the AS samples. 

 

Table 5-1 Feed Characteristics and operational conditions of the MBR 

 

 

  Experimental Phases (in order) 

Operational 
Parameter 

Unit Reference A1 B1 B2 A2 

Influent 1 
flowrate 
(Q1) 

L hr-1 0.38 0.28 0.19  0.28 

Influent 2 
flowrate 
(Q2) 

L hr-1 0.00 0.09 0.19  0.09 

C/N Ratio N/A 80:6 80:6 40:6 

Influent 
XCOD 

mg L-1 400 300 200 100 150 

Influent XP mg L-1 5 3.75 2.5 

Influent XN mg L-1 30 22.5 15 
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5.3.4 Microbial Community Analysis 

5.3.4.1  DNA Extraction 

Triplicate activated sludge samples were collected at the end of each condition 

and stored in a -80C freezer for preservation. The DNA extraction, DNA 

sequencing, and bioinformatic processing was performed by DNASense 

laboratory in Aalborg, Denmark. DNA extraction was performed using the 

standard protocol for FastDNA Spin kit for Soil (MP Biomedicals, USA) with the 

following exceptions. 500 μL of sample, 480 μL Sodium Phosphate Buffer and 120 

μL MT Buffer were added to a Lysing Matrix E tube. Bead beating was performed 

at 6 m/s for 4x40s (Albertsen et al., 2015). Gel electrophoresis using Tapestation 

2200 and Genomic DNA screentapes (Agilent, USA) was used to validate product 

size and purity of a subset of DNA extracts. DNA concentration measurements 

were taken using Qubit dsDNA HS/BR Assay kits (Thermo Fisher Scientific, USA).  

5.3.4.2 Library preparation  

Bacteria 16S V1-3 rRNA gene sequencing libraries were prepared by a custom 

protocol based on Caporaso et al. (2012). Up to 10 ng of extracted DNA was used 

as template for PCR amplification of the bacteria 16S V1-3 rRNA gene amplicons. 

25 μL of every PCR reaction encompassed 100 μM of each dNTP, 1.5 mM MgSO4, 

0.5 U/reaction Platinum Taq DNA polymerase HF, 1X Platinum High Fidelity 

buffer (Thermo Fisher Scientific, USA) and 400 nM of reverse and forward 

barcoded library adaptors. PCR was conducted with the following program: 2-min 

initial denaturation at 95 C, 30 amplification cycles (95 C for 20 sec, 56 C for 30 

sec, 72 C for 60 sec) and a final elongation at 72 C for 5min. Duplicate PCR 



 

 

 

109 

reactions were performed for each sample and the duplicates were pooled after 

PCR. The adaptors contain 16S V1-3 specific primers: [27F] 

AGAGTTTGATCCTGGCTCAG and [534R] ATTACCGCGGCTGCTGG (Ward et al., 

2012). Amplicon library purification was performed using a standard procedure 

Agencourt Ampure XP Beads (Source: Beckman Coulter, USA) with a (4 bead: 5 

sample) ratio. DNA was eluted in 25 μL of nuclease free water (Qiagen, Germany). 

The DNA concentrations of the AS samples were measured by Qubit dsDNA HS 

Assay kits (Thermo Fisher Scientific, USA). Gel electrophoresis utilizing 

Tapestation 2200 and D1000/High sensitivity D1000 screentapes (Agilent, USA) 

was used to validate product size and purity of a subset of sequencing libraries.  

5.3.4.3 DNA sequencing  

In equimolar concentrations, purified sequencing libraries were first unified and 

diluted to 6 nanoMolar. The activated sludge samples were then (2x300 bp) paired 

end sequenced on a MiSeq platform (Illumina, USA) by employing a MiSeq Reagent 

kit v3 (Illumina, USA) according to MiSeq standard guidelines for sample 

preparation and loading.  Due to low complexity challenges typically observed in 

amplicon samples, over 10% of PhiX control library was spiked to diminish these 

issues.  

5.3.4.4 Bioinformatic processing  

 
For quality purposes, trimming of the reverse and forward reads by Trimmomatic 

v. 0.32 was implemented on the sequences with SLIDINGWINDOW:5:3 and 

MINLEN:275 settings (Bolger et al., 2014). The trimmed reads were then merged 
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with settings -m 10 -M 200 using FLASH v. 1.2.7 (Mago and Salzberg, 2011).  

UPARSE workflow was used after dereplicating and formatting the trimmed reads 

according to prior procedures (Edgar, 2013). With default settings, a clustering 

analysis was conducted on the dereplicated reads by using the usearch v. 7.0.1090 

- cluster_OTUs command. The OTU abundances were assessed with a usearch 

global command of -id 0.97 -maxaccepts 0 -maxrejects 0. OTU taxonomic 

classification was assigned by an RDP classifier, as  executed by a script 

(parallel_assign_taxonomy_rdp.py)  formerly prepared in QIIME (Caporaso et al., 

2010, Wang et al., 2007). More detailed features on the bioinformatic analysis was 

previously described (Ragab et al., 2019). The final result analysis was performed 

in  Rstudio IDE (Albertsen et al., 2015). 

5.4 Results and Discussion 

5.4.1 Diversity Analysis of Microbial Community 

The MBR was subjected to five conditions to simulate the conditions of 

photosynthetic aeration by a membrane photobioreactor through a saturated DO 

permeate recirculation rate. The reference MBR was a standard operated MBR 

supported by mechanical aeration as a control while A1, A2, B1, and B2 were 

exposed to simulated photosynthetic aeration under different substrate (influent 

CN ratio) and operational conditions (DO-permeate recycle, which is directly 

correlated to the amount of DO supplied).  A total of 15 microbial samples of five 

conditions (triplicates) on the lab-scale MBR were analyzed through 16S rRNA 

gene amplicon illumina Miseq sequencing in order to accurately reveal microbial 

community variations. The DNA extraction were accomplished successfully, 
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yielding extraction concentrations over 5 ng/uL and based on the gel 

electrophoresis, the majority of the DNA above 5000 bp. Following quality control 

and bioinformatic processing, the bacterial library for V1-3. Sequencing analysis 

yielded between 48337 (triplicate average) and 61274 reads as demonstrated in 

the alpha diversity table of the conditions chronological order (Table 5-2).  

 
Table 5-2 Alpha diversity of each sludge condition. 
 

Condition Reads Observed 
OTUs 

Shannon Chao1 ACE 

Reference 48337 171 3.31 231.76 225.99 
A1 58598 201 3.42  254.62  249.16  

B1 48660 252 3.30  360.90  358.88  

B2 58109 354 3.39  506.95  493.31  
A2 61274 368 3.36  496.01  517.85  

 
 

The RDP classified assigned the sequence tags to different operational taxonomic 

units (OTU) with a 3% cut-off, recovering a total of 915 OTUs (Table 5-2). The 

number of reads and observed OTU increased from the mechanical (Reference) to 

photosynthetic conditions, particularly the last two conditions, A2 and B2 whose 

C/N ratio was the 50% (C/N 40:6) of the prior tests. Samples with higher OTUs 

also displayed increased richness, the Chao1 and ACE indices, which also take into 

account the abundances of species suggesting higher OTU number when carbon 

to nitrogen ratios are lower. This phenomenon is possibly due to the enrichment 

of less dominant microbial communities as typically faster growing carbonaceous 

heterotrophs tend to be enriched. However, despite the differences in the number 

of OTUs and richness, the Shannon diversity index did not markedly vary between 

samples,  averaging at 3.36 corresponding to previous lab-scale MBR studies (Xie 

et al., 2018; Zhang et al., 2015). The relatively low diversity values of the MBR 
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could have been affected by the relatively long SRT and the simple influent with 

solely biodegradable materials (Hu et al., 2012; X. Wang et al., 2012).  

5.4.2 Microbial Community Composition within Taxonomic Classification 

Figure 5-2 depicts the dominant ten phyla grouped by condition with a facet 

displaying the aeration type. The presented heatmap demonstrates enrichment of 

the taxonomy by color intensity and the relative abundances by percentage. Since 

this study was developed as a time-series investigation tested on a single AS-MBR, 

the preceding conditions influences their successors therefore numerical relative 

abundance percentages are not as significant as their rates of change from one 

condition to the next. 
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5.4.2.1 Phylum Level 

 

Figure 5-2 Heatmap of top 10 phyla by percentage of AS of five conditions by color 
intensity gradient from red to white. 

 

Proteobacteria clearly dominated the AS samples in all conditions (54.1-73.2%), 

which is typically found in bacterial communities in activated sludge and soil (Xu 

et al., 2018; Ye and Zhang, 2013). Other important groups, with varying 

abundances, were Actinobaceria, Chlorobi, Bacteroidetes, Chloroflexi, and 

planctomycetes, which are also typically found in municipal WWTPs (Cydzik-

Kwiatkowska and Zielińska, 2016; Nielsen et al., 2010; X. Wang et al., 2012). An 

unexpected spike in Deinococcus-Thermus (15.3%) was observed in the final 

experimental condition (A2), known as extremophiles resistant to severe 
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environmental hazards relating to radiation, temperature, oxidation, and 

desiccation (Tian and Hua, 2010).  

 

Interestingly, Planctomycetes typically recognized as aerobic chemo-

organoheterotrophs, appeared in the top phyla who possess unique features in 

which it shares traits with the three kingdoms: Bacteria, Eukarya, and Archaea 

(van Niftrik and Jetten, 2012). Some groups within the phyla are Anaerobic 

ammonium-oxidizing (anammox) bacteria able to reduce nitrite to nitric acid with 

nitrite reductase. Nitric oxide is further combined with ammonia to form 

hydrazine that is oxidized converting hydrazine into nitrogen gas (Van Niftrik et 

al., 2008). These reactions occurs through an electron transport chain occurring 

within an anammoxosome membrane  (Van Niftrik et al., 2008).  This group is 

highly dependent on the occurrence of anoxic zones in order to exist as the 

anammox reaction can only occur in the absence of oxygen (Jetten et al., 2009). 

However, going forward the annamox genera were not identified therefore a 

deeper investigation into their presence is required. 

5.4.2.2 Class Level 

As indicated in Figure 5-3, among the major phylum Proteobacteria, 

alphaproteobacteria had the highest abundance in taxonomic classes followed by 

betaproteobacteria, together accounting for 50% and above of all classes in the 

conditions with this study in agreement with similar laboratory MBR studies 

(Calderón et al., 2012; Zhang et al., 2014). Alphaproteobacteria was more 

abundant in in the reference condition (mechanical aeration) with approximately 

a 10% difference, from the next conditions than when the MBR was conditioned 



 

 

 

115 

to lower mechanical aeration and the proposed photosynthetic aeration, in the 

next conditions. This also applies in Figure 5-2, which also demonstrated similar 

disparities between the conditions’ proportions of the total proteobacteria 

phylum. 

 

 

 

 
Figure 5-3 Heatmap of top 14 classes by percentage of AS of five conditions by 
color intensity gradient from purple to white. Nomenclature: phylum; class. 
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On the contrary, the class Actinobacteria, whose members are predominantly 

chemoheterotrophs, were overall doubled from the reference condition (6.5%) to 

conditions A1/B1/B2/A2 with an average 12.8% (Servin et al., 2008). The green 

sulfuric bacteria, Chlorobi, are obligate anoxygenic phototrophs and were present 

at a relatively elevated abundances despite the MBR being concealed from light 

with foil, excluding the surface of the tank (Hiras et al., 2016).  

 

The remaining classes were at lower than 5% abundances including 

Bacteroidetes’ Cytophagia and Sphingobacteriia. Sphingobacteriia, averaging 2.35 

% of A1/A2 AS samples and nearly double the abundance in B1/B2 (4.3%); 

coincidentally where the DO-rich effluent flow doubled. They are grown either 

aerobically or as facultative anaerobes therefore no conclusions or possible 

correlations could be drawn from the class taxonomy encompassing a broad 

spectrum potential functions (Kämpfer, 2015). 

5.4.2.3 Family Level 

Among the dominant alphaproteobacteria, Rhizobiales (33.6- 44.3%) controlled 

the majority of taxonomic orders of the five conditions, as shown in Figure 5-4. 

Further exploring Rhiziobales’ families: Phyllobacteriaceae (12.8 - 22.1%), 

Hyphomicrobiaceae (6.5 – 11.7%) and Rhizobiaceae (2 - 9.5%) were present in 

the top 10 largest families. The Comamondaceae family, belonging to the 

Burkholderiales order, encompasses a variety of genera with various phenotypic 

features such as anaerobic denitrifiers and aerobic organotrophs and were 
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observed in significant percentages in all conditions, but were predominant in A1 

and B1 at approximately 18% (Willems, 2014). 

 

 
Figure 5-4 Heatmap of top 20 families by abundance percentage of AS of five 
conditions by color intensity gradient from green to white. Nomenclature: Class, 
order, family. 

5.4.2.4 Genus Level 

The genera group is displayed in Figure 5-5; the last taxonomic level determined 

by the SILVA database, providing more distinct functional features. Generally, the 

reference condition was more uniformly distributed than in the photosynthetic 

conditions with the leading genera in the AS samples.  
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Figure 5-5 Heatmap of major 25 genera by percentage of microbial samples of five 
conditions by color intensity gradient from pink to white. 

 

One of the major and overall most abundant genera was the acetate-utilizing 

denitrifier, Acidovorax genus (Ginige et al., 2005). Acidovorax are mainly aerobic 

chemoorganotrophs yet two species (A. delafieldii and A. temperans) contain a 

selection of strains capable of anaerobic growth by using nitrate as a terminal 

electron acceptor (Willems and Gillis, 2015). Primarily performed by the 

heterotrophic strains above, the denitrification process leads to the reduction of 

Nitrate (NO3-) to N2 gas in anoxia requiring a high organic carbon as the electron 

donor and lower levels of O2. A1, the condition with a higher C/N ratio in its 

synthetic feed supply and a smaller DO stream, created an environment or regions 
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with ample organic carbon and consumed O2 from organic and ammonia oxidation 

leading to nitrate availability resulting in an enrichment of Acidovorax (13.8%) 

relative to other conditions (Qingjuan et al., 2008). Correspondingly, with the 

higher DO stream and lower C/N ratio as the least preferred condition, the 

abundance of Acidovorax in B2 dropped to 4.2%. The presence of Acidovorax 

implies anoxic zones were present in the MBR tank, possibly due to its vertically 

elongated polyhedral structure creating some oxygen-deficient zones to cultivate 

them.  

 

Hyphomicrobium, another budding aerobic methylotroph, exhibited as one of the 

major players in denitrification activities as well also appeared in A1 in high 

abundances (11.2%) (Layton et al., 2000). Comamonas, the last genus appearing 

in Figure 5-5, also proven to comprise species proficient in denitrification 

(Comamonas denitrificans) had a presence in A1 and B1 (Gumaelius et al., 2001). 

 

Nitrobacter, an aerobic chemoautotroph, is a nitrite-oxidizing bacterium (NOB) 

important for nitrification and was present at roughly similar levels in all samples 

(Grundmann et al., 2000). Nitrosomonas (not shown in Figure 5-5) belonging to 

the class betaproteobacteria were also present in slightly lower abundances 

therefore were not shown in Figure 5-5, due to an earlier cut-off(Reference 0.1%, 

A1 0.3%, B1 0.2%, B2 0.5%, A2 0.5%) but are widely recognized as aerobic 

autotrophic ammonia-oxidizing bacteria (AOB) and under mixotrophic conditions 

can simultaneously nitrify and denitrify AS systems (Bock et al., 1995; Hommes et 

al., 2003).  
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The aerobic heterotrophic genus Aminobacter, a metabolically respiratory and 

non-fermentative, methylamine-utilizing bacteria (Urakami et al., 1992), 

exhibited the maximum overall dominance with the photosynthetic conditions  

(8.6 – 20.8%)  over the mechanical aeration counterpart reference condition 

(3.7%). The MBR conditions B1 and B2, which delivered more oxygen effluent in 

dissolved form, may have led the AS to lean towards a high abundance of 

Aminobacter with a 13.8% and 20.8% of the total genera discovered.  

 

Bacterial communities like Aminobacter, Reyranella, Microbacterium, Devosia, and 

Kaistia, all aerobic heterotrophs, were also present in the samples due to the 

readily available biodegradable organics in the form of glucose (Cui et al., 2017; 

Jang et al., 2013; Lee and Jeon, 2018; Rivas et al., 2002). Phreatobacter are strict 

aerobic oligotrophs with slow growth and ability to grow in low nutrient levels 

(Tóth et al., 2014) are were spiked in high C/N ratio conditions. A notable genus 

was Propionicimonas, known to be facultative anaerobic glucose fermenters 

producing propionic acid as a fermentation by-product, and is typically present in 

activated sludge processes (Nielsen et al., 2012). Propionicimonas was exclusively 

present in the conditions B2 and A2 at 10.5% and 4.2%. 

5.4.3 Principal Component Analysis of MBR Communities 

 

A cluster analysis was performed to evaluate dissimilarities by reducing 

dimensionality while still displaying data variability (Figure 5-6). The cumulative 

percentage OTU variance displayed by the first axis was 59% and on the second 

axis 18.7%, respectively. Prior to the Principal Component Analysis, OTU's that 
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are not present in more than 0.1% relative abundance in any sample were 

removed. The data was transformed by applying the Hellinger transformation 

(Legendre and Gallagher, 2001). PC1 effectively discriminated Reference, A1, and 

B1 with identical C/N ratios from A2 and B2, which lie on the same vertical axis. A 

similar trend in migration of conditions are indicated.  

 

 

Figure 5-6 Principal Components Analysis (PCA) of 15 samples of the conditions in 
triplicates and 102 OTU’s. The relative contribution (eigenvalue) of each axis to 
the total inertia in the data is indicated in percent at the axis titles. 
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5.5  Conclusion 

Miseq results revealed significant information on the microbial community effects 

of the DO source and influent’s C/N ratio on the MBR. Despite the changes in the 

relative abundances, the OTUs identified remained present in both the reference 

or the photosynthetic conditions. Organic oxidation and conversions have surely 

taken place with the relatively high abundances of aerobic heterotrophs in the 

sludge samples. The abundance of nitrifiers and denitrifiers were heavily 

influenced by the C/N ratios. Denitrification have also occurred in all conditions 

due to the presence of Acidovorax, Hyphomicrobium, and Comamonas though A1 

will likely have the highest denitrification efficiency followed by B1, the higher 

C/N conditions. Whereas, nitrification would be accomplished by Nitrobacter with 

superior abundance in A2/B2 and Nitrosomonas, who dominated in higher C/N 

ratios in A1/B1. Consideration on future directions towards this work could be to 

look into the effect of real algal effluents, particularly from algal excretions that 

could lead to different microbial behaviors. Presence of the communities indicates 

that microenvironments were formed in the various aeration supplies with A1 

dominating in producing anaerobic environments.  
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Chapter 6. Enhancing Nutrient Removal in Membrane 

Bioreactors by Introducing Oxygen-Rich Effluent Generated 

in a Membrane Photobioreactor 
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6.1  Abstract 

A novel concept of a coupled activated sludge membrane bioreactor process 

(MBR) was developed to enhance organic and nutrient removal of domestic 

wastewater by introducing membrane photobioreactor effluent supersaturated 

with dissolved oxygen (DO) and to cut back on mechanical aeration costs in a 

wastewater treatment plant.  A bench-scale airlift submerged MBR was operated 

under five conditions to evaluate the process performance, particularly for 

organic removal. The conditions carried out were varied by wastewater influent 

with altered carbon to nitrogen (C/N) ratios (13.3 and 6.7) and simulated DO-

effluent recycle rates. 95-97% COD removals were achieved with no significant 

impact from the conditions. Nitrogen and phosphorus removals by the MBR were 

also evaluated. The high SRT and sufficient DO ensured nitrification as NO3-N was 

detected in some of the effluents (0-7.3 mgL-1), generating a surplus in the 

effluents’ total nitrogen. Ammonia removals achieved 54-72% removals with a 

significant correlation of ammonia removal to DO, which facilitated assimilation 

and nitrification.  Most conditions met efficiencies 30% of overall total nitrogen 

removal, with the exception of the higher C/N and particularly when DO supply 

was scarcer at more than double the removal 62%. The high efficiency was likely 

instigated by an inadvertent DO gradient in the reactor mimicking simultaneous 

nitrification denitrification (SND) processes. Lower C/N ratios possibly inhibited 

denitrifiers for the lack of COD. Unstable phosphate removals were present but 

not removed successfully in the system. Finally, to facilitate data interpretation, 

delineate process features, and reveal potential causation, visualizations as well 

as data-driven modeling were performed. Synergetic effects combining the 



 

 

 

130 

influent input covariates such as Nutrients/DO, COD/DO, and COD/Nutrients 

were captured by the MVLM model and were observed to be significant in shaping 

final effluents. Combined parametric effects are often difficult to interpret by 

conventional methods, thus MVLM can select the parameters that together, can 

significantly influence final effluents. Unbiased data-driven approaches would 

support in-depth research and can ultimately assist in scale-up studies. 

6.2  Introduction  

Membrane bioreactors (MBRs) are increasingly being chosen as an alternative to 

the conventional activated sludge (CAS) processes for municipal wastewater 

treatment. Advantages of MBR included its compact footprint, improved effluent 

quality with minimal concentrations of organic substances, lower levels of 

pathogens, complete retention of suspended solids, together with reduced need 

for sludge disposal, transport or post-treatment. MBR has become a viable, 

sustainable, and economically competitive technology for advanced wastewater 

treatment in urban settings (Bernal et al., 2012; Judd, 2008; Melin et al., 2006a). 

However, a major hurdle of this technology is energy consumption, particularly 

from the mechanical aeration requirements, which can account to up to 60% of 

the operational costs of MBR wastewater treatment plants (WWTP) (Iglesias et 

al., 2017; Semmens, 2008; Sun et al., 2016). Mechanical aeration not only provides 

oxygen supply for the aerobic biodegradation, but also implements sludge mixing 

and membrane scouring as a means to prevent and mitigate biofouling caused by 

the biological processes and biofilms forming on the membrane surfaces (Gander 

et al., 2000; Seong-Hoon Yoon, 2015a).  
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In the 1950s a photosynthetic oxygenation concept was developed to tackle the 

drawbacks in CAS by treating domestic sewage using high rate algal ponds 

(HRAPs), which are open raceway pond cultivation systems (Oswald et al., 1953). 

The basic principle of HRAPs is to introduce microalgae with a high 

photosynthetic capacities to generate an oxygen supply needed for heterotrophic 

biomass to mineralize organic carbon in the wastewater, where the carbon 

dioxide released from oxidation of the organics is used by the microalgae, thereby 

completing the photosynthetic cycle (Craggs et al., 2011; Sun et al., 2018). In 

contrast to the CAS sludge which is traditionally discarded, the algal biomass could 

be harvested for value-added products such as biodiesel (Razzak et al., 2013), 

bioethanol (Ho et al., 2013), bioactive compounds (Santhosh et al., 2016), and 

aquaculture feed (Acién Fernández et al., 2018). By incorporating microalgae in 

the treatment scheme, additional income streams may be created, thus 

contributing to the paradigm shift from waste to resource in wastewater 

management.  

 

Moreover, effluent discharge limits are becoming increasingly stringent due to 

eutrophication events, which induce hypoxic environments for aquatic life. 

Conventional aerobic MBRs have low capacities in reducing nutrient 

concentrations (Marbelia et al., 2014). For complete nitrogen removal, 

nitrification and denitrification processes are required where separate 

oxic/anoxic zones promote specific groups of organisms for the conversions; i.e. 

oxic ammonia-oxidizing bacteria (AOB) and anoxic nitrate-oxidizing bacteria 

(NOB). This adds further operational complexities and in general larger plants 

(Yao and Peng, 2017). Consequently, several novel strategies have been 
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developed, such as simultaneous nitrification/denitrification, anaerobic 

ammonium oxidation, and partial nitrification-denitrification (Miao et al., 2018; 

Yang and Yang, 2011b; Zhu et al., 2013). Although these methods are proven 

effective in removing nitrogen, their potentials in resource regeneration are 

absent. 

 

Biological phosphorus removal involves complex environmental cycles to 

cultivate the habitat for phosphate accumulating organisms (PAOs), a group of 

slow-growing heterotrophs, defined as Enhanced Biological Phosphorus Removal 

(EBPR). Alternatively, chemical precipitation by metal coagulants can be used. 

Both of these options are considered costly or unsustainable. Phycoremediation 

via microalgal cultivation could efficiently uptake nutrients from secondary 

wastewater effluent through nitrogen and phosphorus assimilation (Cheng et al., 

2017). However, existing combined symbiotic systems (i.e. HRAPs) have their 

limitations as the microalgae growth rates cannot match that of bacteria, thus 

requiring different hydraulic retention times (HRT), laborious and costly 

microalgae harvesting (Acién Fernández et al., 2018; Luo et al., 2017). In addition, 

HRAPs are open systems making them susceptible to external contaminations, 

oversized footprints, and low algal biomass productivity (Ugwu et al., 2008). 

 

An alternative strategy is to separate the two systems but maintain their symbiotic 

relationship and interdependence. A membrane photobioreactor concept has 

been proposed, illustrated in Figure 6-1 (Najm et al., 2017). This configuration 

consists of an aerobic AS-MBR to perform degradation of organics, followed by an 

algal MPBR for nitrogen and phosphorus removal. The addition of membrane 
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separation would yield higher algal concentrations, thus higher removal 

efficiencies, and additionally provide a physical barrier between the activated 

sludge and algae to simultaneously run different HRTs (Gao et al., 2015; Luo et al., 

2017) . A portion of the oxygenated permeate from the MPBR is recirculated back 

to the MBR to provide the dissolved oxygen (DO) required for the aerobic process. 

This system also protects the MPBR from over-accumulated oxygen, which could 

hinder algal growth, and eliminates the need for air-stripping traditionally used in 

closed systems. In addition, supplying dissolved oxygen in replacement of 

mechanical bubbling reduces aerosols and hazardous contaminants release into 

the environments (Brandi et al., 2000). Preliminary studies have demonstrated 

that oxygen production rates were sufficient to run the aerobic process while 

nutrient removal efficiencies were high enough to meet stringent discharge 

requirements (Najm et al., 2017).  

 

 

 

Figure 6-1 Proposed coupled AS-MBR/MPBR configuration for synthetic 
municipal wastewater treatment. 
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Environmental systems as with this proof-of-concept coupled process are 

complex frameworks, where physical, chemical, and biological unit processes are 

convoluted. Conventionally, every WWTP provides voluminous multivariate time 

series environmental data, in which meaningful information exists to provide 

early prediction, to ensure effluent quality and to support data-driven decision-

making. However, due to limited interdisciplinary knowledge among practitioners 

to tidy and analyze raw datasets, statistics on WWTPs is widely underutilized 

(Yuan et al., 2019). 

 

Typically, mechanistic model-based methods such as the activated sludge model 

(ASM) have been developed for WWTP forecasting or monitoring (Monclús et al., 

2010; Sun et al., 2016). Incorporating first principals, such deterministic models 

could embed mechanisms, but demand hyperparameters for case-specific 

benchmark calibration, and would be easily challenged by ill-conditioned 

problems and intensive computation. Expert systems, founded on knowledge 

bases, rely on human subjective judgements where biased diagnosis may be 

present. By introducing data-driven tools, data could be systematically and 

objectively explored, visualized, and interpreted, to identify principal features, 

and potentially enable optimized data-driven operation. Due to the versatile 

nature of environmental data science models, validated data-driven methods 

could be conveniently transferred among environmental systems and shared 

among researchers (Newhart et al., 2019). 
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Pairs panel plots, parallel coordinates plots, and radial visualization (RadViz) 

plots, though being powerful and recognized in multidimensional statistics 

studies, are rarely seen in environmental research. These tools were introduced 

in this study not only for explorative explanation, but also for comprehensive 

multivariate analysis. A multivariate linear model with analytic p-values model 

(MVLM), was further applied to investigate the relationship and to perform causal 

attribution (McArtor et al., 2017). By involving visualization and models based on 

empirical data with the aim to extend the research to upscaled systems and 

enlarged datasets with higher resolution. Two main objectives are discussed in 

this study. The first aim was to investigate the performance of a photosynthetically 

aerated MBR system by introducing simulated oxygen-rich effluent from an MPBR. 

Among the major parameters affecting this process, finding the optimal algal 

effluent recycle rates to supply DO needed to be determined to serve economic 

interests with optimizing recirculation pumping costs and generate optimal loads 

on the system without compromising effluent quality. Another inherent feature of 

wastewater, carbon to nitrogen (C/N) ratio, was examined since it can affect 

nutrient removal by influencing the activities of microbial communities, such as 

AOBs and NOBs, if residual DO quota,  after organic oxidation, was supplied 

(Mannina et al., 2016). Process performance as assessed by monitoring organics 

and nutrients removal by testing two carbon to nitrogen ratios and two dissolved 

oxygen levels. Bench-scale experiments were designed and operated in 

continuous mode with five synthetic influent conditions. The second objective was 

to perform data-driven modeling and process visualization on the system to 

facilitate data interpretation, delineate process features, and reveal potential 

causation. 
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6.3  Materials and Methods 

6.3.1 Activated Sludge and Synthetic Wastewater 

Aerobic activated sludge was collected from the aeration tank of the conventional 

MBR wastewater treatment facility located in King Abdullah University of Science 

and Technology, Thuwal, Saudi Arabia. The activated sludge was acclimatized in a 

lab-scale bioreactor operated in batch mode for two weeks, prior to continuous 

operation for one year. A synthetic wastewater (SWW1) recipe was designed, 

containing glucose, ammonium chloride, and potassium phosphate monobasic as 

the organic carbon, nitrogen and phosphorus sources together with trace metal 

components, to simulate medium strength municipal wastewater posterior to 

primary treatment. The feed solution of SWW1 was composed of glucose; 373.8 

mgL-1, NH4Cl; 114.85 mgL-1, KH2PO4; 21.98 mgL-1, MgSO4.7H2O; 7.5 mgL-1, 

CaCl2.2H2O ; 3.5 mgL-1, MnCl2.4 H2O; 1.81 mgL-1, ZnSO4.7H2O; 0.222 mgL-1, 

NaMoO4.5H2O; 0.39 mgL-1, CuSO4.5H2O; 0.079 mgL-1, Co(NO3)2.6 H2O; 0.0494 mgL-

1. The final COD concentration was calibrated as 400 mgL-1 with a CNP ratio of 

80:6:1. In subsequent experiments, another synthetic wastewater (SWW2) 

mixture was also provided as an alternative, with a modified glucose 

concentration at 186.9 mgL-1 where half the organ carbon was supplied. The pH 

of both SWW1 and SWW2 were adjusted to 7-7.5 with 1M NaHCO3 and 1M NaOH. 

6.3.2 MBR Setup  

The bench-scale submerged airlift MBR system used in this study is shown in 

Figure 6-2. The reactor had a working volume of 3 L (H 80 cm, W 12 cm, D 5 cm) 
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and connected to a level controller. The bioreactor was designed to accommodate 

a small-scale hollow-fiber membrane module supplied by Zenon (GE Water, 

Hungary). Module consisted of PVDF UF membranes with a nominal pore size of 

0.04 m, membrane area 0.23 m2, operated in outside-in mode under vacuum.  

The membrane module has a built-in air inlet for aeration and membrane 

scouring, connected to an external air pump and monitored by a flow meter. The 

system was operated with a low constant flux (1.6 Lm-2hr-1) using a peristaltic 

pump (pump 3) to minimize membrane fouling. The hydraulic retention time 

(HRT) was fixed at 8 hours while the sludge retention time (SRT) was set at 27.3 

days, by daily manual discharge. The influent consisted of two independent flows 

to simulate recycling of dissolved oxygen enriched algal permeate made from the 

synthetic wastewater (influent 1, pump 1) and simulated algal permeate (influent 

2, pump 2) with supersaturated DO (175% or 14 mg DO L-1). Throughout the 

study, it was postulated that the algal permeate was void of any residual organic 

or inorganic compounds. According to the predetermined specific oxygen 

production rate (SOPR) with a rate of 17.31 mg O2/g VSS.hr by microalgae 

previously envisaged (Najm et al., 2017), the remaining oxygen was supplied by 

minimal aeration (10 mL min-1) that was modeled to for the predicted O2 

production by minimal mechanical aeration to supplement the simulated algal 

effluent with its remaining oxygen due to physical constraints of approaching such 

high supersaturated DO effluent values without pressurization, in reference to the 

ideal gas law (Eq 1). 

 

𝑄𝑎𝑖𝑟 =
𝑆𝑂𝑃𝑅 ∙𝑃∙ 𝑅 ∙ 𝑇  ∙ 𝑂2% 

𝑀𝑊02∙𝑉∙𝐷𝐶𝑊
        (Eq 1) 
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Where 𝑄𝑎𝑖𝑟  is the flowrate provided to MBR (units in mL air min-1); SOPR 

represent the amount of oxygen produced per gram of dry algal biomass per hour 

to be supplied to heterotrophs (mg O2/g VSS. hr); R is the gas constant (0.0821 

L*atm/mol*K); volumetric content of oxygen in air (𝑂2% = 21%), Temperature is 

in Kelvin (21C+273K = 293K) ;  P is the atmospheric pressure (1 ATM/1 Bar );  

MW was O2 molecular weight (32 gmol-1);  DCW was the algal dry cell weight 

provided in the MPBR  in grams; and finally V is the volume  of the MPBR. 

Assumption made here is the MPBR effluent was generated by a MPBR volume 

capacity of at least 9L generating 1 gL-1 biomass. 

 

 

Figure 6-2 Schematic diagram of the airlift MBR. 
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6.3.3 Operating Conditions 

The study was carried out to assess process performance based on the influent 

water quality (i.e. carbon to nitrogen ratio), and the impact of recirculation ratio 

of the algal reactor permeate (i.e. DO supply). A series of five operational 

conditions were conducted, a reference state and four conditions testing two C/N 

ratios and two recirculation ratios, as shown in Table 6-1. After acclimatizing the 

sludge to the synthetic wastewater feed the MBR setup was operated 

continuously. During the reference condition the influent consisted of the 

synthetic wastewater by itself with oxygen demand supplied by an aeration device 

(flowrate 2.5 L min-1). After each condition, an acclimatization period of 14 days 

was employed before evaluating the next phase, with a shorter period since the 

conditions did not widely vary and the activated sludge remained fixed. For the 

four conditions tested the aeration device was switched to minimal aeration for 

algal supply, with oxygen being supplied by the DO enriched algal reactor effluent. 

The two DO recycle ratios are denoted as A or B, and the two C/N ratios are 

denoted as 1 or 2. The C/N ratio was calculated as the ratio between COD to 

ammonia nitrogen (NH4-N) by concentration, shown in Table 6-1 Designed feed 

parameters and operational conditions of the MBR, and the fraction of COD to NH4-

N is calculated and shown in parenthesis (80/6=13.3, 40/6=6.67). Experiments 

A1 and A2 have a constant recycle ratio but with different C/N ratios differed. 

Experiments B1 and B2 shared the same influent ratio, with 50% from Influent 1 

and 50% from Influent 2, allowing more O2 but fewer substrates to enter the 

system. Similarly, B1 was fed with the same SWW as A1 while B2 was exposed to 
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the same medium as A2. The synthetic feed was renewed daily to minimize 

contamination and to reduce fluctuations during MBR operation. 

 

Table 6-1 Designed feed parameters and operational conditions of the MBR 
 

Conditions, 
successively 

Influent 1 
(SWW) 
flowrate 
(L hr-1) 

Influent 2  
(DO rich) 
flowrate 
(L hr-1) 

C/N 
Ratio 

Influent 
XCOD 

(mg L-1) 

Influent 
XP 
(mg L-1) 

Influent 
XN 
(mg L-1) 

Reference 0.375 0 
80:6 
(13.3) 

400 5.00 30.00 

A1 0.281 0.0938 
80:6 
(13.3) 

300 3.75 22.50 

B1 0.188 0.1875 
80:6 
(13.3) 

200 3.75 22.50 

B2 0.188 0.1875 
40:6 
(6.67) 

100 2.50 15.00 

A2 0.281 0.0938 
40:6 
(6.67) 

150 2.50 15.00 

 

6.3.4 Analytical Methods 

Influent and permeate water quality parameters were measured daily; COD, 

ammonia nitrogen (NH4-N), orthophosphate phosphorus (PO43--P), and nitrate 

nitrogen (NO3-N) in accordance with the Dichromate, Salicylate, Ascorbic, and 

Dimethylphenol USEPA-Compliant colorimetric Methods by HACH-Lange 

analytical kits and HACH DR 5000 spectrophotometer (HACH, Loveland, Co, USA). 

The DO and pH were recorded daily Multi 9430 Digital Meters (WTW, Germany). 

Sludge samples were also taken daily for mixed liquor (volatile) suspended solids 

(ML(V)SS) measurements following the Standard Methods (APHA, 1999). All 

measurements were designed to start 2-5 days after a change of operating 

condition to allow the system to acclimatize and to ensure the feed was refreshed. 
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Nitrite was assumed to be negligible. Total nitrogen (TN) was therefore calculated 

as: 

 

TN (𝑚𝑔𝐿−1) = NH4-N+ NO3-N      Eq.1  

 

The removal efficiencies of COD, NH4+-N, TN, and PO43--P were calculated as: 

 

Removal Efficiency of X =
𝑋0−𝑋𝑛

𝑋0
× 100%     Eq.2 

 

Where 𝑋0 (mgL-1) is the influent concentration, 𝑋𝑛 (mgL-1) the effluent 

concentration of substrate 𝑋.  

6.3.5 Statistical Visualization and Analysis  

To explore and analyze the measured multivariate time series dataset, the time 

series data was visualized using RStudio (RStudio, 2017). This included 

investigating pairwise correlation among parameters, clustering steady state 

statistics, and performing dimension reduction via radial visualization (Abraham 

et al., 2017; Borcard et al., 2018; Cheng et al., 2019; Kahle and Wickham, 2019; 

Team, 2017). 
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6.4  Results and Discussion 

 

The simulated coupled MPBR-MBR was operated in five sequential conditions, 

during which different performances and removal efficiencies were observed. The 

multivariate timeseries data of influent and effluent water quality (COD, TN, and 

TP concentrations in mg/L), together with their corresponding removal efficiency 

(in percent), were sequentially plotted in Figure 6-3 (i.e. reference, A1, B1, B2, A2). 

The timeseries plot in Figure 3a, displayed very stable removals despite different 

COD loading rates was observed, all nearly approaching complete removals. 

Despite variations in TN and NH4+-N concentration appeared stable in incoming 

and outgoing concentrations (Figure 6-3b and 3d), the nutrients displayed some 

fluctuations at the start of each condition but then stabilized towards the second 

week of operation. PO4-P effluent and removals were extremely variable 

throughout the first experiments with the exception of the last two experiments 

(B2 and A2) during low C/N ratio influents operation.  
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Figure 6-3 Time series plot of organic (A), total nitrogen (B), and phosphorus (C) 
removal efficiencies (left-axis) in addition to the final concentrations of SWW both 
in influent and effluent (right-axis) of conditions tested in sequence (i.e. Ref 
(Reference), A1 
 

6.4.1 COD Removal Performance 

Nearly complete COD removal was observed at removal rates between 95-97%, 

indicating efficient aerobic organic matter removal in all cases with no significant 

impact on the supply of oxygen by the recycle ratios of supersaturated DO 
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permeate used displayed in Figure 6-3. The variations in COD loads as well as the 

DO recirculation rates did not significantly impact the COD removal either. 

Moreover, COD had sufficient removals for any condition as glucose is a readily 

biodegradable organic source for majority of heterotrophs (Strotmann et al., 

1999). The presence of aerobic heterotrophs, heterotrophic fermenters, and 

anaerobic denitrifiers was verified in Chapter 5 as a further confirmation that 

communities able to utilize COD to produce energy in ATP form (Baron, 1996). A 

large quantity of heterotrophic denitrifiers present who require a higher organic 

concentration to convert nitrate into nitrogen gas as well (Fang et al., 2018; Miao 

et al., 2018).  

 

Overall, the COD removal efficiencies reported are in accordance with prior 

comparable MBR studies therefore indicating comparable performances in the 

proof-of-concept system proposed for organic removal (Fu et al., 2009; Luna et al., 

2014; Yamamoto et al., 1989). The MLVSS concentrations for the conditions 

presented Table 2 also linearly increased as the influent organic load went up in 

the conditions therefore a substantial fast-growing heterotrophic community was 

presented, and the altered DO supply did not affect the trend by any means. 
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Table 6-2 COD Influent quality, permeate quality, removal efficiencies (RE*), 
overall biomass concentrations , and Feed to Microorganisms (F/M) ratios per 
condition 
 

Operating 
condition 

MLVSS 
(gL-1) 

F/M 
ratio 

Influent COD 
(mg L-1) 

Permeate COD 
(mg L-1) 

COD Removal 
Efficiency (%) 

Reference 4.6 ± 0.1 0.09 412 ± 19.4 10 ± 1.3 97 ± 0.4 

A1 3.6 ±0.2 0.09 310 ± 5.4 8.69 ± 1.1 97 ± 0.4 

B1 2.1 ±0.0 0.09 205 ± 12.8 6.5 ± 0.9 96 ± 0.5 

B2 1.1 ±0.1 0.09 104 ± 8.2 5 ± 0.5 95 ± 0.4 

A2 1.6 ±0.1 0.08 160.43 ± 4.6 6.85 ± 0.6 96 ± 0.3 

 

6.4.2 Biological Nitrogen Removal  

Given that the high COD oxidation efficiencies by the MBR were accomplished in 

the various conditions, nutrient removal was then assessed to explore the 

potential effects and how they were possibly impacted by residual DO in the 

system. The system was operated with a high SRT of 27 days and tested whether 

sufficient DO was able to ensure nitrification in the photosynthetic conditions. 

Nitrate (NO3-N) was detected in the effluent in the following conditions: Ref (7.2 

mgL-1), B1 (5.09 mgL-1), B2 (4.93 mgL-1), and A2 (7.32 mgL-1). Higher DO 

availability and residual NO3-N confirmed the occurrence of the slow-growing 

nitrifiers ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB) 

populations (Nitrobacter and Nitrosomonas) in the biomass, as also previously 

demonstrated in Chapter 5.  
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Table 6-3 Nutrient Influent quality, permeate quality and corresponding removal 
efficiencies (RE*) of each condition 
 

Operating 
Condition 

 PO4-P NH4-N TN 

Reference 

Influent (mg L-1) 5 ± 0.2 30 ± 0.6 30 ± 0.6 

Permeate (mg L-1) 6 ± 1.0 13 ± 0.3 21 ± 0.3 

RE* (%) -13 ± 15.0 56 ± 1.2 30 ± 1.8 

A1 

Influent (mg L-1) 4 ± 0.2 23 ± 0.8 23 ± 0.8 

Permeate (mg L-1) 2 ± 0.2 9 ± 0.3 8.6 ± 0.3 

RE* (%) 33 ± 3.8 62 ± 2.5 62 ± 2.5 

B1 

Influent (mg L-1) 3 ± 0.1 15 ± 0.7 15 ± 0.7 

Permeate (mg L-1) 2 ± 0.7 4 ± 0.7 9 ± 0.9 

RE* (%) 11 ± 26.4 72 ± 4.0 40 ± 4.2 

B2 

Influent (mg L-1) 2.3 ± 0.1 15± 0.0 15 ± 0.0 

Permeate (mg L-1) 2 ± 0.1 5 ± 0.1 10 ± 0.2 

RE* (%) 19 ± 0.9 64 ± 0.8 31 ± 1.0 

A2 

Influent (mg L-1) 4 ± 0.0 23 ± 0.4 23 ± 0.4 

Permeate (mg L-1) 3 ± 0.1 9 ± 0.2 16 ± 0.3 

RE* (%) 21 ± 1 60 ± 1.3 28 ± 2.0 

 
 

During the reference configuration, nitrification, by ammonia oxidation resulting 

in its conversion to NO3-N, was clearly taking place given that a high oxygen supply 

was supplemented to the MBR through a mechanical air pump (2.5 LPM). This 

resulted in a nitrogen surplus in the permeate and a TN (i.e. the summation of 

Ammonia and Nitrate) removal of roughly 30%, at which was set as a benchmark 

for the next phases. The nitrogen removal was likely achieved by biological 

assimilation, through a direct cell pathway for NH4-N, and a denitrification 

pathway by associating the presence of Acidovorax , a denitrifier which was found 

at an abundance of 8.8% of total genera previously in Chapter 5 (Figure 5-5).  
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NH4-N removal efficiencies in B1 and B2, with higher DO effluent recycle rates, 

were at 72% and 64%, respectively. The high DO effluent recycles rates (50% DO-

effluent recycle) fulfilled the demand for nitrification (Table 6-3). A strong 

negative correlation between NH4-N in the effluent and the supplied DO (DOin) 

was additionally observed in the pairs panel (Figure 6-4 Pairs panel, composed of 

scatterplots, histograms, and Pearson correlation coefficients. Various colors 

imply corresponding conditions, including Ref (black), A1 (red), B1 (green), B2 

(blue), and A2 (cyan), as sequentially displayed in the leftmost column), meaning 

the DO supplied photosynthetically, attributed to the NH4-N removal in all the 

conditions. A1 and A2 were also able to meet demands for NH4-N conversions at 

nearly the same efficiency at around 60%, concluding that lower DO-effluent 

recycle rates (25% DO-effluent recycle) can sufficiently deliver oxygen to the 

heterotrophic and autotrophic (i.e. AOB/NOB) communities. 

 

A2 and B2 (influent C/N ratio 6.67) indubitably showed the same TN removal 

efficiency as Reference configuration with an average efficiency of 29.5% (Table 

6-3). However, B1 condition was stimulated to achieve 40% TN removals and A1 

to the maximum 62%, both diverting from reference and were exposed to 

influents C/N ratio 13.3. The airlift MBR design limitations, an elongated 

structural silhouette, may have hindered sludge mixing, which is an important 

parameter to ensure system homogeneity (Brannock et al., 2010b). The delivery 

of DO alongside influents with higher C/N ratios led to uneven distributions with 

possible gradients from the bottom of the tank, likely triggering the occurrence of 

oxygen-depleted zones and therefore denitrifier enrichments, particularly in A1 
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where DO was primarily less available, respectively. In the current study, MBR 

design was restricted by the commercial membrane module dimensions for the 

desired scale. However ideally, the MBR design should have ensured 

hydrodynamic conditions are optimized to deliver the dissolved oxygen effluent 

and required substrates to the relevant bacterial communities, by performing 

computational fluid dynamics (CFD) modeling (Brannock et al., 2010a; Ratkovich 

et al., 2012).  

 

The varying irregular operating  conditions observed may also have mimicked 

Simultaneous Nitrification Denitrification (SND) MBRs (Choi et al., 2008). SND 

systems are based on the two reactions are integrated into one tank developed 

under low DO  controlled levels to allow both heterotrophs and autotrophs to 

grow within the same system  (Bueno et al., 2018). The airlift configuration could 

have created a gradient of DO leaving microenvironments for denitrifiers to 

coexist within the same system (Qingjuan et al., 2008). Overall TN removal was 

higher in A1 (25% effluent recycle and C/N 13.3) than the rest of the conditions 

as no NO3-N was detected in the system meaning that SND could have occurred 

with sufficiently low DO, the higher the C/N ratio lead to higher denitrification 

rates, in agreement with prior results reported in literature (Fan et al., 2015; 

Mannina et al., 2016).  

 

Furthermore, a high percentage of Acidovorax, Comamonas, and Hyphomicrobium 

were detected in A1 further validating the denitrification process did in fact take 

place in the anoxic zones of the reactor. B1 also exhibited slightly higher removals 

as a result of the denitrifying communities’ accumulations for higher C/N influents 
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levels and similar anoxic microenvironments. B2 and A2 demonstrated NO3-N 

accumulation resulting in the suppression of denitrifying communities as a 

consequence of limited COD concentration preventing the occurrence of 

denitrification, possibly the rate limiting substrate (Han et al., 2016).  

 

6.4.3 Biological Phosphorus Removal 

At the beginning of the experiments with the reference configuration, PO43--P 

exhibited unstable uptakes and releases in the first three conditions (Figure 6-3, 

Table 6-3). This was initially expected by the presence of PAOs that can create 

cyclical effects however, high-throughput sequencing did not detect any 

enrichments or presence of such organisms in the conditions. The latter two 

conditions with lower C/N ratio phases (A2 and B2) were stable, however, and 

able to assimilate at a slightly Conditions A2 and B2 (At low C/N ratio 40:6) had 

stable PO43—P by assimilation. Generally, PO4-P variability could lead to 

detrimental results in the algal MPBR process for further polishing of the MBR 

effluent, further worsening the final treated product. However, some studies have 

concluded the phosphorus luxury uptake process becoming a popular method for 

rapid consumption, where phosphorus cycles of P-rich and P-deprived influents 

are introduced to nutrient starvation of microalgae promoting P-accumulation 

during the P-rich cycles (Powell et al., 2011, 2008).  
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Figure 6-4 Pairs panel, composed of scatterplots, histograms, and Pearson 
correlation coefficients. Various colors imply corresponding conditions, including 
Ref (black), A1 (red), B1 (green), B2 (blue), and A2 (cyan), as sequentially 
displayed in the leftmost column 

 

In addition to a conventional timeseries plot, a modified pairs panel plot (Figure 

6-4) was created to facilitate explorative data analysis. The diagonal series plots 

histograms for each variable, based on which other subplots indexed their 

horizontal and vertical variables. The lower triangle shows scatterplots with 

smoothed lines while the upper triangle shows Pearson correlation coefficients 

(p-values indicated by the number of asterisks) and color coded to identify 

positive/negative relationships. Different operating conditions are identified by 

using a color code for each experiment, while strong correlations are identified by 

bold font and triple asterixis. It should be mentioned that, correlation may not 
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imply causation (Dowe, 2009). In this multivariate study, concentrations in 

effluents were affected by influents, but the attribution may not be evident. For 

example, CODout showed positive relationship not only with CODin (due to dosing), 

but also with PO4-Pin and NH4-Nin. However, causation from the latter to CODout 

cannot be simplified, since CODin was also positively related with PO4-Pin and NH4-

Nin (Figure 6-4). Numerical models were therefore adopted for further analysis 

into the cumulative effects in section 6.4.4. 

 

 

Figure 6-5 Radial visualization (RadViz) of influent/effluent qualities. Conditions 
were featured by different colors, and influent/effluent were signaled by shapes. 
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A radial visualization tool (Radviz) is an intuitive tool in multi-dimensional 

visualization technique developed to interpret complex high dimensional 

datasets, traditionally used in biomedical and financial applications. Radviz 

combines the advantages of projection methods, reducing the dimensionality, 

with that of scatterplots, where the value of each point can be inferred from the 

distance to the axis. The data from this study are plotted in Figure 6-5. 

Concentrations are set as ordered anchors around a circle, and samples are 

plotted such that attributes with higher values obtained higher weights, increased 

attraction, and shorter distances from corresponding anchors. Points gathered 

closer are considered similar to each other.  

 

Generally, the influents were quite different from the effluents. Though conditions 

B1 and B2 are close in influent properties, their effluent values are scattered in the 

2D space, implying higher fluctuation in performance. Ref and A2 showed similar 

input and output. It was evident that A1 condition was different in the effluent, not 

for higher ammonium or phosphate concentration, but for significantly lower 

levels of nitrate and DO, as could be confirmed in Figure S6.1 as well. In this case, 

the limiting factor is the influent DO.  A1 and A2 shared comparable DO, TN, and 

TP concentrations in the influents but A1 had higher COD and biomass 

concentrations (Table 6-3). The microbial communities might have been focused 

on consuming COD for denitrification, typically requiring NO3-N for organic 

oxidation in place of oxygen. The Radviz successfully captured this point and 

reported graphically that the A1 condition is different from the other conditions, 

which implies that this technique could succinctly display multivariable results 

and be of support in both research and real WWTP monitoring. 
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6.4.4 Multivariate linear model  

Multivariate relationships were investigated and discussed quantitatively with 

the MVLM model; whose structure was described below. 

 

�̂� = 𝐵𝑥 + 𝜖             
 

Eq.1 
 
𝑦 = (CODout, PO4-Pout, NH4-Nout, NO3-Nout, DOout)

𝑇               
 

Eq. 2 
 
 
𝑥 = (1, CODin, Nutrientsin, DOin, ×Nutrientsin ,CODin×DOin,Nutrientsin×DOin)

𝑇          
 

Eq. 3        
 

𝐵 was the matrix of coefficients, in which 𝐵𝑖,𝑗 quantified the contribution from j-

th component of 𝑥 to i-th component of 𝑦. 

 

In this model, establishing the causal relationships quantitatively based on 

available multivariate data. The vector y represented the effluent concentrations 

predicted whereas the vector x encoded the influent concentrations, with cross 

terms (the multiplying terms) describing synergetic effects that may arise from 

the coexistence of factors. The '1' term in the vector x is linked to intercepts that 

shall describe average levels for us. Overall, this is a multivariate linear model, 

whose coefficients are more interpretable as compared with other data-driven 

models. One merit of adopting the linear model here is the availability of p-values, 

which shall inherently test the validity of coefficients one by one and scrutinize 

the tested model. Validated coefficients quantitatively epitomize sensitivities of 
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each y-element with respect to each x-element, where contributions are 

quantified either in absolute values or in relative percentages. This data-driven is 

delineating relationships based on factual data, instead of stemming from 

predefined-principles, which is rendering its flexibility and convenience to be 

transferred among similar reactor experiments. 

 

To inspect the model, a scenario and sensitivity analysis were performed 

(Supplementary File). The scenario analysis was performed based 

on five conditions involved in the experiments. Predictions from the model 

successfully reconstructed effluent qualities and sufficiently delineated 

reality. The sensitivity analysis of our multivariate linear model is performed by 

testing the variations of three input variables around the aforementioned 

scenarios. Overall, predictions from the model successfully reconstructed effluent 

qualities and sufficiently delineated reality. In a few conditions, the model may 

produce negative values, which upon scrutiny, is yet trivial since the error term 

from the prediction to the reality is negligible. Overall, the model is both robust 

and accurate in explaining the results of our experiments. 

 

The TN/TP ratio was fixed in the synthetic wastewater at around 6.0 (varying 

slightly between 5 and 7). TN and TP are indistinguishable and practically 

exchangeable on the input side in the MVLM model and therefore were defined as 

‘Nutrients’ (i.e. sum of influent TN and TP). This adoption avoids multicollinearity 

in the covariates. Regression results of the coefficient matrix 𝐵 are shown in Table 

6-4, and attribution to output from input in Table 6-5. Detailed diagnosis and 

comparison are presented in the Table S.6.1. 
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Table 6-4 Coefficients matrix (B), fitted by MVLM algorithm. 
 

Beta (coefficients) 
Influent (input) side 

(Intercept) CODin Nutrientsin DOin CODin×Nutrientsin CODin×DOin Nutrientsin×DOin 

Effluent (output) side 

Y.CODout 17.1687 -0.0501 -0.3294 -1.2027 0.0017 0.0045 0.0081 

Y.PO4-Pout 12.8809 -0.0968 -0.0513 -0.0286 0.0024 0.0089 -0.0879 

Y.NH4-Nout -5.3711 0.0567 0.4193 0.0524 -0.0013 -0.0069 0.0382 

Y.NO3-Nout -131.5596 0.3657 4.8603 13.3153 -0.0126 -0.0218 -0.3232 

Y.DOout 8.3829 -0.0253 -0.0238 1.2492 0.0005 -0.0022 -0.0651 

 
Table 6-5 Attribution to effluent quality from influent quality. The first row shows overall variance explained by this model. The 
remaining rows show contribution to the output (effluent quality) from each input (influent quality), either in absolute value or in 
percentage. P-value shows significance as diagnosis: from 0 to 0.001 are extremely significant as '***', from 0.001 to 0.01 are highly 
significant as ‘**’, from 0.01 to 0.05 are significant as '*', from 0.05 to 0.1 are acceptable as '.'. 

 
 Y.CODout Y.PO4-Pout Y.NH4-Nout Y.NO3-Nout Y.DOout p.value 
Omnibus Effect 77.63% 89.90% 98.61% 92.23% 93.64% < 1e-20 *** 

(Intercept) - - - - - 1.34E-04 *** 

CODin 0.0018 15.71% 0.0106 7.85% 0.0007 9.56% 0.0539 5.45% 0.0005 1.18% 3.34E-03 ** 

Nutrientsin 0.0013 11.86% 0.0001 0.04% 0.0007 9.11% 0.1659 16.77% 0.0000 0.02% 1.57E-06 *** 

DOin 0.0025 21.86% 0.0000 0.00% 0.0000 0.02% 0.1721 17.41% 0.0027 6.93% 9.97E-07 *** 

CODin×Nutrientsin 0.0027 23.81% 0.0081 6.01% 0.0005 6.65% 0.0794 8.03% 0.0002 0.55% 4.86E-04 *** 

CODin×DOin 0.0025 21.97% 0.0156 11.57% 0.0018 24.84% 0.0333 3.37% 0.0006 1.50% 1.31E-02 * 

Nutrientsin×DOin 0.0005 4.78% 0.1002 74.52% 0.0036 49.82% 0.4843 48.97% 0.0354 
89.82
% 

9.55E-15 *** 
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Signs of coefficients listed in Table 6-4 indicate the direction of contribution from the 

influent (inputs as in rows) side to the effluent (outputs as in columns) side. Positive 

sign stands for positive contribution from the influent parameter to (adding to or 

inhibiting the removal of) the corresponding effluent parameter. While a negative 

sign stood for negative contribution from the influent parameter to (decreasing or 

intensifying the removal of) the corresponding effluent parameter. Parameters with 

a ‘×’ symbol in their names stands for the combined effects of two variables. In Table 

6-5, the contributions to the effluent concentrations from each influent component 

were described in percentages. The objective of evaluating multivariate influent-

effluent data with signs of coefficients, showing directions and percentages, and 

quantifying relative proportions, was to evaluate causality by causal inference. The 

results presented Table 6-5 demonstrate that the overall features of the dataset and 

the underlying influent/effluent relationships were captured by the MVLM model, 

with sufficient diagnostics (i.e. all p-values statistically significant). The contributions 

from each component were also delineated in percentage.  

 

Focusing on parameters that contributed over 20% to each effluent quality (in bold 

as in Table 6-4 and Table 6-5), eight candidates were selected for further inspection. 

For CODout, contributions were evenly given by all covariates except from the 

combined effect of Nutrients and DO. If COD removal rates were to be observed 

without MLVM, it would have been predicted that COD effluent concentrations work 

completely independently, however MLVM was able to capture that contributions of 
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covariates such as the synergy between CODin/Nutrients (23.81%), or CODin/DOin 

(21.97%), or DOin alone (21.86%) on COD effluents.  

 

In addition, the synergetic effect between the nutrients and DO also played an 

important role in affecting NH4-N effluents and NO3-N effluents. When inspecting the 

positive/negative signs from Table 6-4, the effect was demonstrated to contribute to 

the increase of ammonia in the effluent, and the decrease of phosphate and nitrate. In 

other words, the NH4-N removal efficiency was negatively influenced by increased 

nutrients , lowering the C/N ratio as NH4-N increases, in conjunction with a higher DO 

supply, leading to higher nitrification rates and inhibiting denitrification (Chiu et al., 

2007).  Similarly, the COD/DO synergetic effect contributed to the decrease of 

ammonia effluents, meaning the higher C/N ratios lead to higher removals as 

described in the previous section. Since all of the effluent concentrations were not 

affected significantly by their direct influent counterparts (for example, CODout only 

attributed 16% to CODin, less than 20%), it could be inferred that, selected 

microorganisms and their corresponding biological reactions (instead of direct feed 

dosing), as favored by effective factors in each condition, were shaping the effluent 

quality. Such predictions were achieved as shown in (Table S.6.1), proving the 

validity of MVLM in this study.  
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6.5 Conclusion 

The proof-of-concept MBR supplied with simulated supersaturated DO was able to 

successfully achieve COD removals and even tap into nutrient removals. The SRT and 

sufficient DO warranted nitrification, thus finally removing a third of total ammonia 

nitrogen supplied. That removal doubled in condition A1, where DO was sparse and 

C/N ratio was 13 by the SND process. Out of all the tested conditions with a high C/N 

ratio influent quality, A1 was considered the optimal one as a reduced circulation led 

to the highest TN removals. Whereas with influents of lower C/N ratios, A2 and B2 

were comparable in performance. Therefore, lowering the DO recycle rates to 25% 

would be feasible and can even cater to an improved environment for denitrification. 

The data-driven approaches taken in this study from the water quality results 

enabled a prediction model. Synergistic effects of the various parameters are often 

difficult to interpret however MLVM was able to capture them and sort them in order 

of importance on the effluent characteristics. More studies on the MBR configuration 

on hydrodynamic studies on DO distributions are required to accurately evaluate and 

validate the SND process. In addition, similar studies should be performed with the 

utilization of real algal effluent to evaluate real effects.   
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6.7  Supplementary Materials 

 

Figure S.1 Parallel coordinates plot based on normalized values. Conditions were 

marked by different colors. 
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Table S6.1. MVLM Analysis 
Y.COD_out Y.PO4P_out Y.NH4N_out Y.NO3N_out Y.DO_out

(Intercept) 17.168655 12.880914 -5.371142 -131.559598 8.382896 p.value

COD_in -0.050051 -0.096827 0.056699 0.365713 -0.025327 Omnibus Effect < 1e-20 ***

Nutrients_in -0.329394 -0.051343 0.419336 4.860281 -0.023776 (Intercept) 1.34E-04 ***

DO_in -1.202706 -0.028594 0.052441 13.315293 1.249199 COD_in 0.0018 15.71% 0.0106 7.85% 0.0007 9.56% 0.0539 5.45% 0.0005 1.18% 3.34E-03 **

COD_in:Nutrients_in 0.001749 0.002405 -0.001342 -0.012594 0.000492 Nutrients_in 0.0013 11.86% 0.0001 0.04% 0.0007 9.11% 0.1659 16.77% 0.0000 0.02% 1.57E-06 ***

COD_in:DO_in 0.004476 0.008887 -0.006911 -0.021756 -0.002155 DO_in 0.0025 21.86% 0.0000 0.00% 0.0000 0.02% 0.1721 17.41% 0.0027 6.93% 9.97E-07 ***

Nutrients_in:DO_in 0.008142 -0.087927 0.038152 -0.323180 -0.065090 COD_in:Nutrients_in 0.0027 23.81% 0.0081 6.01% 0.0005 6.65% 0.0794 8.03% 0.0002 0.55% 4.86E-04 ***

COD_in:DO_in 0.0025 21.97% 0.0156 11.57% 0.0018 24.84% 0.0333 3.37% 0.0006 1.50% 1.31E-02 *

Nutrients_in:DO_in 0.0005 4.78% 0.1002 74.52% 0.0036 49.82% 0.4843 48.97% 0.0354 89.82% 9.55E-15 ***

Y.COD_out Y.PO4P_out Y.NH4N_out Y.NO3N_out Y.DO_out

(Intercept) 1 17.17 12.88 -5.37 -131.56 8.38

COD_in 411.8 -20.61 -39.87 23.35 150.60 -10.43

Nutrients_in 35.248 -11.61 -1.81 14.78 171.32 -0.84

DO_in 0 0.00 0.00 0.00 0.00 0.00

COD_in:Nutrients_in 14515.1264 25.38 34.90 -19.48 -182.81 7.14

COD_in:DO_in 0 0.00 0.00 0.00 0.00 0.00

Nutrients_in:DO_in 0 0.00 0.00 0.00 0.00 0.00

10.33 6.10 13.27 7.55 4.25

10.32 6.10 13.28 7.61 4.25

Y.COD_out Y.PO4P_out Y.NH4N_out Y.NO3N_out Y.DO_out

(Intercept) 1 17.17 12.88 -5.37 -131.56 8.38

COD_in 309.6 -15.50 -29.98 17.55 113.22 -7.84

Nutrients_in 26.262 -8.65 -1.35 11.01 127.64 -0.62

DO_in 3.392 -4.08 -0.10 0.18 45.17 4.24

COD_in:Nutrients_in 8130.7152 14.22 19.55 -10.91 -102.40 4.00

COD_in:DO_in 1050.1632 4.70 9.33 -7.26 -22.85 -2.26

Nutrients_in:DO_in 89.080704 0.73 -7.83 3.40 -28.79 -5.80

8.59 2.51 8.60 0.44 0.09

8.69 2.46 8.60 0.00 0.09

Y.COD_out Y.PO4P_out Y.NH4N_out Y.NO3N_out Y.DO_out

(Intercept) 1 17.17 12.88 -5.37 -131.56 8.38

COD_in 205.0666667 -10.26 -19.86 11.63 75.00 -5.19

Nutrients_in 18.046 -5.94 -0.93 7.57 87.71 -0.43

DO_in 6.761333333 -8.13 -0.19 0.35 90.03 8.45

COD_in:Nutrients_in 3700.633067 6.47 8.90 -4.97 -46.61 1.82

COD_in:DO_in 1386.524089 6.21 12.32 -9.58 -30.16 -2.99

Nutrients_in:DO_in 122.0150213 0.99 -10.73 4.66 -39.43 -7.94

6.50 2.40 4.28 4.97 2.10

6.50 2.39 4.28 5.09 2.04

Y.COD_out Y.PO4P_out Y.NH4N_out Y.NO3N_out Y.DO_out

(Intercept) 1 17.17 12.88 -5.37 -131.56 8.38

COD_in 103.6666667 -5.19 -10.04 5.88 37.91 -2.63

Nutrients_in 17.29333333 -5.70 -0.89 7.25 84.05 -0.41

DO_in 6.815 -8.20 -0.19 0.36 90.74 8.51

COD_in:Nutrients_in 1792.742222 3.13 4.31 -2.41 -22.58 0.88

COD_in:DO_in 706.4883333 3.16 6.28 -4.88 -15.37 -1.52

Nutrients_in:DO_in 117.8540667 0.96 -10.36 4.50 -38.09 -7.67

5.34 1.99 5.32 5.11 5.55

5.34 2.02 5.33 4.93 5.67

Y.COD_out Y.PO4P_out Y.NH4N_out Y.NO3N_out Y.DO_out

(Intercept) 1 17.17 12.88 -5.37 -131.56 8.38

COD_in 160.4285714 -8.03 -15.53 9.10 58.67 -4.06

Nutrients_in 26.76 -8.81 -1.37 11.22 130.06 -0.64

DO_in 3.405714286 -4.10 -0.10 0.18 45.35 4.25

COD_in:Nutrients_in 4293.068571 7.51 10.32 -5.76 -54.07 2.11

COD_in:DO_in 546.3738776 2.45 4.86 -3.78 -11.89 -1.18

Nutrients_in:DO_in 91.13691429 0.74 -8.01 3.48 -29.45 -5.93

6.92 3.04 9.06 7.11 2.94

6.85 3.07 9.06 7.32 2.95

Input
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against different organic and nutrient ratios of secondary 
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7.1  Abstract 

A Membrane Photobioreactor (MPBR) using Chlorella vulgaris UTEX259 was 

evaluated for 120 days over a series of diverse phases. In the first 3 phases, the 

aeration rate for carbon dioxide supply was varied when influent quality was 

unchanged. In the latter 4 phases, the nitrogen sources and quantities, and carbon 

to nitrogen (C/N) ratios of synthetic secondary MBR effluent was supplied while 

aeration was unchanged. Overall, cell productivities ranged between 62.4 and 89.9 

mgL-1day-1 outperforming conventional high rate algal ponds and 

photobioreactors by preventing biomass washout. The higher aeration rates 

enhanced inorganic carbon supply needed for photoautotrophic growth and 

higher lipid content simulated by higher sheer stress. Similarly, total nitrogen 

removal efficiencies nearly doubled as aeration was increased from 27.4 to 48.8%, 

yet phosphorus removals were less affected. Because of the mixotrophic nature of 

C. vulgaris, the higher the C/N ratios (introduction to organic carbon) led to more 

superior TN and TP removals reaching 83.7% and 58.2%, respectively. The 

biochemical profiles of C. vulgaris were also evaluated and the experimental 

conditions induced different cellular behaviors. The influent supply significantly 

affected the profiles, as the higher C/N ratio led to an enrichment of 

carbohydrates, which can be further utilized for bioethanol production. 

Furthermore, fatty acid methyl esters (FAMEs) were also characterized to 

examine the biomass biodiesel potential. Higher C/N ratios favored saturated FAs, 

better oxidation stability, over unsaturated FAs, generating improved quality 

biodiesel. Hence, the introduction of C/N ratios will allow the potential of biomass 

geared towards bioenergy applications. 



 

 

168 

7.2  Introduction  

Nutrient removal in municipal wastewater treatment with microalgae has gained 

momentum over the last decade as both a sustainable and economic solution 

(Boelee et al., 2014; Luo et al., 2018; Pai and Lai, 2011; Ruiz-Martinez et al., 2012). 

Despite the significant number of advanced activated sludge membrane 

bioreactor (MBR) deployments, these conventional systems cannot sustain 

nitrogen and phosphorus removal facilitating nutrient release into the surface 

water ecosystem.  Though discharge limits differ by the effluent’s receiving waters 

and by country’s (or municipality) jurisdiction policies, nitrogen and phosphorus 

are the leading nutrients for eutrophication events, and therefore have extremely 

stringent limits (Abdel-Raouf et al., 2012; Olguín, 2003). Typically, MBRs require 

advanced configurations to account for biological nutrient removal (BNR), which 

are costly and unsustainable (Brannock et al., 2010a; Monclús et al., 2010). MBRs 

are highly efficient to remove organic carbon, the main micropollutant, from 

municipal wastewater to meet the discharge limits, thus replacing the technology 

is not considered a viable option (Judd, 2006; Melin et al., 2006b).  

 

Alternatively, complementing the conventional MBR with algal post-treatment to 

polish secondary effluents could eliminate the need for more advanced 

configurations, while also generating a dual-income system from valuable 

biomass from microalgae to be used for renewable biofuel, animal feed, fertilizer, 

and applications (Lam and Lee, 2012; Luo et al., 2017; Singh and Gu, 2010). MPBRs 

has become a popular alternative to high rate algal ponds (HRAP) or closed 

photobioreactors (PBR) (Luo et al., 2018, 2017; Marbelia et al., 2014; Najm et al., 
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2017; Praveen et al., 2019). The solid-liquid separation allows continuous flow 

cultivation while decoupling the solid retention time (SRT) from hydraulic 

retention time (HRT), thereby increasing algal productivity and nutrient 

assimilation (Gao et al., 2014). Studies on the optimal SRT and HRT on the MPBR 

have been conducted by (Xu et al., 2015) for secondary effluent polishing, and was 

observed that an SRT of 10 days and HRT of 24 hr resulted in maximum biomass 

productivities and the highest N and P removal with 73.4% and 91.3%, 

respectively. 

 

Numerous studies have been conducted on the effect nitrogen to 

phosphorus(N/P) ratio (Aslan and Kapdan, 2006; Choi and Lee, 2015).  Hitherto, 

only batch experiments have been studied on the effect of  carbon  to nitrogen 

(C/N) ratio particularly for mixotrophic species like Chlorella vulgaris that can 

work simultaneously as heterotrophs and photoautotrophs and not on continuous 

systems (Gao et al., 2019; Zheng et al., 2018). Predominantly, in biomass high-

density cultures in MPBRs where mutual shading could hinder photosynthesis, 

mixotrophic growth can provide a higher productivity and nutrient removal when 

treating secondary activated sludge membrane bioreactor (MBR) effluent 

(AlMomani and Örmeci, 2016; H. Wang et al., 2012). The produced secondary MBR 

effluent will comprise residual organics, and C/N ratios can shape different 

behaviors in mixotrophic algae, particular in their biochemical compositions, 

growth developments, and NP assimilation (Chen and Johns, 1991; Huang et al., 

2010; Peng et al., 2019). A threshold exists for the extent of the productivity of 

algal growth until heterotrophic bacteria begin to dominate the system (Pittman 

et al., 2011; Xu et al., 2015). However, provided the standard performance of the 
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MBR is met, organic carbon would be present in minimal volumes. Depending on 

influent characteristics, the internal biochemical carbohydrate, protein, and lipid 

composition of microalgae, which could yield different downstream applications 

(Daneshvar et al., 2018).  

 

Due to the high algal biomass productivities, algal third generation biofuels 

emerged as alternative sources to higher plants that require large arable lands 

(Saad et al., 2019). Increased lipid accumulation has been typically found in stress 

conditions by nutrient deficiencies (Li et al., 2016). The fatty acids present in the 

algal biomass could later be converted to fatty acid methyl esters (FAME) by 

transesterification to generate biodiesel (Duong et al., 2012).  

 

Bioethanol production can be also be achieved by the fermentation of 

carbohydrate (i.e. starch) in microalgae by yeast (Saad et al., 2019). Biofuels, such 

as bioethanol and biodiesel, reduces the need for fossil fuel use, greener and more 

sustainable especially when using wastewater for growing algae (Gonçalves et al., 

2013). High proteins biomass can also animal feedstock, previously studied on 

20% wastewater grown Chlorella and Scenedesmus as nutrient supplement for 

chicks (Combs, 1952). However, there are controversies around utilizing 

wastewater-grown feed, a deeper investigation are essential on the nature of the 

wastewater and its heavy metal content leading to bioaccumulation effects, and 

potential preventive methods (Mehta and Gaur, 2005). 

 
Objectives of the study were to evaluate both the effect of aeration rate, as the 

inorganic carbon supply, on MPBR performance and biomass composition since 
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limited studies exist on its influence on biochemical composition in conjunction 

with treatment performances. In addition, the effect of different C/N ratios will 

also be examined on mixotrophic C. vulgaris biomass composition with a 

particular focus on biodiesel potential highlighted in the study through assessing 

the biomass fatty acid profile. Reports on nutrient (nitrogen and phosphorus) 

removal efficiencies, the productivity of the biomass based on different influent 

qualities will be carried out, particularly since organic discharge levels are 

achieved by the AS-MBR. 

7.3  Materials and methods 

7.3.1 Microalgal strain and axenic growth cultivation  

Chlorella vulgaris UTEX 259 was purchased from Culture Collection of University 

of Texas, Austin. They were cultivated under photoautotrophic conditions in 150 

mL flasks using the commercial Bold’s Basal Medium (BBM, Sigma-Aldrich) in a 

temperature controlled environmental chamber under continuous illumination at 

135 μmol photons m-2 sec-1 with white LED lights; more details were previously 

described in (Najm et al., 2017). At the logarithmic phase, the biomass was 

transferred to a larger flask (1L) and used as the final inoculum for the continuous 

operation.  

 

7.3.2 MPBR Setup and Continuous Operation 

 

Figure 7-1 displays the flat-panel MPBR with a final working volume of 10L split 

into two chambers: the photobioreactor (PBR) (25cmx45cmx8cm) and the 
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membrane holder (80cmx12cmx5cm) both made of transparent acrylic sheets, 

connected with a recirculation peristaltic pump to homogenize the biomass. An 

LED cabinet was designed to fit and surround the PBR with the light intensity set 

identically to the illumination of the pre-cultivation stage. Commercial 

ultrafiltration PVDF hollow-fiber membrane modules were acquired (Zenon, GE-

Water) with a pore size of 0.04 m, an effective membrane filtration area of 0.23 

m2, and an integrated air scouring device. The PBR was aerated and mixed with 

long fine bubble diffusers and the membrane tank was only mixed with the in-

built coarse bubble diffusers to provide the CO2 source and fouling mitigation. 

Both devices were controlled with air flowmeters (Cole Parmer, Illinois USA). The 

synthetic wastewater medium inlet was supplied to the PBR via peristaltic pump 

1 (Masterflex, Cole Parmer) connected to a manual level controller. The feed was 

then passively flowed into the membrane tank with a large tubing joining the 

chambers, and finally suctioned out from the membranes, which was driven by 

peristaltic pump 2. The transmembrane pressure was monitored with a vacuum 

gauge to assess membrane fouling incidences, if any.  The MPBR was operated at 

a hydraulic retention time of 24 hours and a sludge retention time of 9 days. The 

permeate flow rate was 0.375 L hr-1 which led to at a low flux operation of 1.6 Lm-

2hr-1. 
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Figure 7-1 Flat panel MPBR Setup 
 
 

7.3.3 Wastewater Feed Conditions  

 
After pre-cultivation, continuous MPBR runs were operated under several 

conditions, as shown in Table 7-1. All studies were subjected to the essential 

macronutrients: glucose signifying the Chemical Oxygen Demand (COD), nitrogen 

was sourced from ammonium chloride as NH4+-N and/or sodium nitrate as NO3- -

N, and inorganic phosphorus was delivered by potassium phosphate monobasic 

as PO43--P to generate a synthetic wastewater concoction. All studies contained 

the following micronutrients: MgSO4.7H2O; 7.5 mgL-1, CaCl2.2H2O; 3.5 mgL-1, 

MnCl2.4 H2O; 1.81 mgL-1, ZnSO4.7H2O; 0.222 mgL-1, NaMoO4.5H2O; 0.39 mgL-1, 

CuSO4.5H2O; 0.079 mgL-1, Co(NO3)2.6 H2O; 0.0494 mgL-1. The pH was controlled 

with 1M NaHCO3. In conditions A1,A2, and A3 the MPBR was subjected to two 

aeration intensities from a higher (1 volume of air per volume MPBR per minute) 
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to a lower rate (0.5 vvm) while the synthetic medium was set at the same 

concentrations with an optimal N:P ratio (6:1) with NH4+-N as the optimal 

nitrogen source, as discussed previously (Najm et al., 2017; Ruiz-Martinez et al., 

2012).  

 

As for conditions E1-E4, the aeration rate was fixed, and the discrepancies in 

synthetic wastewater influent composition were simulated based on secondary 

domestic lab-scale MBR effluents reported earlier (Chapter 6).  The test conditions 

ranged in the COD to total nitrogen (TN) ratios (C/N) where TN summed NH4+-N 

and NO3- -N. The TN to PO43--P ratios (N/P) were fixed at 4.5:1 with same TN 

fractions, according to the secondary wastewater effluents with around 50% of 

NH4+-N and 50% NO3- -N for E2, E3, and E4. The exception lied in condition E4 

where the nitrogen source supplemented was solely NH4+-N according to lab 

conditions set to the MBR generating such wastewater effluent, however the TN 

concentration was consistent with the other conditions thereby were comparable.  

The MPBR went through an acclimatization period in every condition for 10 days 

(over 1 SRT cycle) to refresh the biomass and then studied over seven days. After 

each experimental run, a fraction of the biomass was harvested and collected for 

further processing.  
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Table 7-1 Operating Conditions for MPBR  by aeration and synthetic wastewater 
intake quality, by media concentrations, carbon to nitrogen ratio, and mechanical 
aeration 
 

Condition Aeration 
(vvm) 

COD 
(mgL-1) 

TP 
(mgL-1) 

TN 
(mgL-1) 

C/N 

A1 0.5 0 5 30 0 

A2 1 0 5 30 0 

A3 1 0 5 15 0 

E1 (A2) 1 9 2 9 0.4 

E2 (B2) 1 6 2 9 0.5 

E3 (B1) 1 5 2 9 0.7 

E4 (A1) 1 4 2 9 1.0 

 
 

7.3.4 Analytical Methods 

7.3.4.1 Water Quality and Biomass Productivity 

Daily samples were taken of the synthetic influent and produced effluent for 

PO43—P, NO3- -N, and NH4+-N measurements using USEPA-approved HACH-Lange 

colorimetric kits with a HACH DR 5000 spectrophotometer (HACH, Loveland). 

Daily monitoring of Dissolved Oxygen (DO) and pH were also conducted in situ 

using a Multi 9430 Digital Meter (WTW, Germany) and were maintained 

throughout all experiments at a pH of 7.51 0.22 and 8.86 0.02 mg L-1. The SRT 

was sustained by discharging 1L algal suspension every 24 hours with a portion 

sampled to measure Chlorella’s biomass concentration, periodically.  The algal dry 

cell weight (DCW) concentration was determined by reading the optical density 

of the aqueous sample at an absorbance of 683nm (OD683) with 

spectrophotometry (HACH DR5000), a more rapid measurement than the DCW 

method. A linear regression was previously produced from a direct correlation 

between DCW and OD generating equation (1). Cell productivity was calculated by 

biomass production per day equation (2).  
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7.3.4.2 Biochemical Composition 

At the end of each experiment, algal biomass was collected from the MPBR for 

further processing. The algal suspension was first centrifuged at 8000 xg for 10 

minutes, the supernatant was decanted, and refilled with DI water as a series of 

washing steps to rinse out residual nutrients. This process was repeated two to 

three times. The pellets were then stored in a -80 °C freezer overnight and 

lyophilized by freeze-drying the next day.  With a pestle and mortar, the freeze-

dried algae were then pulverized into powder, gravimetrically pre-weighed, and 

stored in a vacuum desiccator. Every dried sample was stored until the procedure 

was conducted on the biomass of the final experiment. The dried samples were 

then collectively analyzed to minimize errors of each extraction protocol. 

Duplicates were made for every extraction.  

7.3.4.2.1 Proteins 

The extraction protocol method was instigated in a previous study with slight 

modifications (Daneshvar et al., 2018). In 50 mL falcon tubes, ten mg of dried 

microalgal powder was suspended in 10 mL 0.5 M NaOH to solubilize the proteins 

and permeabilize the cell wall of C. vulgaris (Safi et al., 2014a). The solutions were 

vortexed for 1 minute then exposed to ultrasonication, an additional effective 

method for extractions with Chlorella sp. (Prabakaran and Ravindran, 2011). Each 

sample was sonicated for 30 minutes at time intervals (5 mins on / 5 mins off), to 

prevent sample overheating, using Q700 liquid processor (QSONICA, Newtown, 

USA). They were the incubated in an oven at 100 °C for 2 h and finally centrifuged 

for 10 minutes at 9000 xg. The supernatant was then analyzed for the total protein 

concentration fluorometrically with the Invitrogen Qubit ™ Assay kit.  
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7.3.4.2.2 Carbohydrates 

10 mg of dried microalgal biomass was added to 10 mL DI water, vortexed for 1 

minute, and then incubated in a water bath at 95°C for 30 minutes as previously 

described (Daneshvar et al., 2018; Salama et al., 2014). The samples were then 

sonicated for 30 minutes. The gold standard for carbohydrate quantification, the 

sulfuric-phenol method, was followed by hydrolyzing sample into simple sugars 

then later quantifying the total amount of carbohydrates spectrophotometrically 

through absorbance at 490 nm against glucose standard curve between their 

absorbance and the known concentrations (mgL-1). One mL of 5% phenol was 

added to 1mL of each of the prepared samples followed by 5 mL of concentrated 

sulfuric acid in glass tubes. The mixtures were then kept in the water bath at 95°C 

for five minutes to accelerate the reaction. The absorbance of each mixture’s 

supernatant was then read at 490 nm to acquire the final concentrations (Figure 

S7.1.).  

7.3.4.2.3 Total Lipids 

For the estimation of crude total lipids, 25 mg of dried algal powder was added to 

a 5 mL methanol 2.5 mL HPLC-grade chloroform solution at a 2:1 ratio according 

to the standard Folch method (Folch et al., 1957).  The mixture was 

shaken/vortexed for 1 minute, and then submerged in a water bath for 10 

minutes. The cell debris was then separated by centrifugation at 8000 gx for 5 

minutes and supernatant was collected in another tube. This process was then 

repeated with the leftover cell debris to ensure most of the lipids were extracted 

out of the biomass by adding half of the solution with half the quantity of the 

mixture at 2.5 mL methanol and 1.25mL chloroform. Finally, 1mL of 1% NaCl 
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solution and 1 mL chloroform were added to the test tube, shaken, and lightly 

centrifuged (350 gx for two minutes) for rapid phase separation. The chloroform 

phase (including lipids) was then carefully collected onto weighing dishes. The 

chloroform was evaporated with N2 gas and the lipids were gravimetrically 

weighed.  

7.3.4.2.4 Fatty Acid Profiling 

The total lipid quantification as Fatty Acid Methyl Esters (FAME) by direct acid-

catalyzed transesterification was reported previously in the National Renewable 

Energy Laboratory (NREL, USA) using complete biomass to eliminate extraction 

under representing its biofuel potential (Wychen, S Van, 2013). Briefly, 10 mg of 

freeze-dried cells, pre-weighed in GC-vials, were exposed to 200 uL 0.6 M 

HCl:Methanol solution, 300 uL chloroform:methanol at 2:1 ratio, and 25 uL of an 

internal standard as Heptadecanoic Acid (Sigma Aldrich, Germany). Vials were 

sealed, vortexed then heated on a dryblock at 85°C for 1 h. The vials were then 

cooled down and 1mL HPLC-grade hexane was syringed into the cap and vortexed. 

After a 1 h reaction, an evident phase separation isolating the upper polar 

methanol hexane layer (including FAMEs) from the lower polar layer (i.e. 

phosphatidic acid, glycerol). Subsequently, 100 µL of the upper phase was 

cautiously withdrawn and diluted with hexane, then analyzed by gas 

chromatography (Agilent Technologies –7950A)–7950A fitted with a Flame 

Ionization Detector (FID) and a mass detector (MS).  For the analyses a DB-

Wax(30 m, 0.250 mm, 0.25µm) column was installed with a constant helium flow 

(1 mL/min), the oven temperature programmed (100°C for 1 min, 25°C/min up 

to 200°C and hold for 1 min, 5°C/min up to 250°C and hold for 7 min, in a total of 
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23 min) and 1µL of samples were injected at 10:1 split ratio with inlet temperature 

of 250°C. F.A.M.E mix C8-24 neat (Supelco, SigmaAldrich) was used as standards 

for calibration and an internal standard (IS) (C17:0, Sigma) were used. 

Measurements were carried out in duplicate and mean ± SD values are presented 

in the results. The GC-FID-MS data acquisition and analysis were performed using 

the software Agilent ChemStation Software while the MS library analysis was done 

via. 

 

7.4 Results and Discussion 

7.4.1  Biomass Productivity and Nutrient Removal  

Seven different conditions (A1-3 and E1-4) centered around aeration rate, influent 

TN concentration, and influent C/N ratio were evaluated over 120 days. The 

experiments were operated under an extremely low flux (1.5 LMH), thus no 

membrane fouling was observed as the system was operated way below a critical 

flux value and no change in TMP was registered during the time of operation. Due 

to the low concentrations of influent COD, achieved previously by the secondary 

biological MBR treatment, organic carbon discharge limits to receiving water 

bodies were satisfied according to international and local water quality standards, 

therefore a closer focus on nutrient removal to achieve the discharge targets are 

discussed in this research (Al-Jasser, 2011; US-EPA, 2004).  
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Table 7-2 Nutrient removal efficiencies and overall biomass productivity (Value ± 
SD) 
 

Condition 
Influent TN C/N Ratio 

Cell 
Productivity 

TN 
Removal 
Efficiency 
(%) 

TP 
Removal 
Efficiency 
(%) (mgL-1)  (mgL-1day-1) 

A1 30 0 69.0 ± 4.1 27.4 ± 3.1 24 ± 2.4 

A2 30 0 89.4 ± 2.0 48.8 ± 3.4 29.7 ± 3.1 

A3 15 0 84.9± 4.7 68.4 ± 6.2 40.8 ± 2.6 

E1 9 0.4 65.74 ± 0 47.07 ± 0 54.4 ± 5.1 

E2 9 0.5 63.61 ± 6.0 50.6 ± 2.3 55.1 ± 4.4 

E3 9 0.7 62.6 ± 4.8 57.6± 2.3 59 ± 2.9 

E4 9 1 62.4 ± 7.5 83.7 ± 57.6 58.2 ± 0 

 
 

In the initial phase of the study, the synthetic influent properties were fixed as the 

medium was synthesized to provide optimal growth not to be the cause of 

hampering the effects of the actual variable to be studied; the aeration rates given 

in volume of air per reactor volume per minute (vvm) (A1-3). Other parameters 

such as temperature, light intensity, pH, and mixing were fixed to limit operational 

variabilities and to accurately examine the systemic effects.  Table 7-2 summarizes 

the performance of the algal MPBR according to the biomass productivity in dry 

cell weight produced per day and assimilation rates of the macronutrients, TN and 

TP. The cell productivity was effectively high relative to traditional PBRs 

instigated by the effective ultrafiltration membrane barrier whereby preventing 

algal cell washout yielding productivities over 60 mgL-1day-1. Similar 

productivities were also reported in previous studies (González-Camejo et al., 

2018; Marbelia et al., 2014). Membrane technology also minimizes the need for 

larger built PBRs for efficient production. In the first phase of the MPBR operation, 

experiments A1 and A2 were fed identical media with altered aeration rates, 

resulting in higher TN and TP removal efficiencies during the higher aeration 
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condition at 1 vvm (A2), with similar findings reported in other studies (Cheng et 

al., 2017).  

 

The cell productivity also significantly increased as the availability of CO2 was 

boosted promoting photosynthetic growth, consistent with prior reports (Anjos 

et al., 2013; Zheng et al., 2012). Subsequent to these experiments, the optimal 

aeration rate supplied was recorded for the next set of conditions. For experiment 

A3, using the same influent quality but was quantitively reduced to 50%, the 

productivity was only decreased slightly from 89% to 85% while the nutrient 

removal exhibited inherently higher efficiencies since it required the removal of 

overall lower concentrations of nutrients. The biomass remained at a high 

productivity of 0.85 gL-1d-1, respectively.  

 

As for the latter operational phases, the MPBR was subjected to fixed aeration, but 

its influent properties were varied according to secondary wastewater effluent 

from a lab-scale MBR previously studied (E1-3). In the second phase of the MPBR, 

a notable decline in volumetric biomass productivity was observed from an 

overall average of 81.1% for the initial influent to an average of 63.6% for the 

varying feed properties, (E1-4). This response is accounted for by high NH4+-N 

levels surrounding the algal biomass during the first phase accelerating their 

biomass productivity in addition to being the sole TN source, which is the much 

preferred nitrogen form over NO3- -N,. Also, NO3- -N, which is the product of 

nitrification typical for secondary MBR effluents, which requires a further 

reduction reaction and additional energy for cell incorporation whereas the 
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assimilation of NH4+-N  has a direct biochemical pathway (Najm et al., 2017; Zheng 

et al., 2019).  

 

The initial phase’s influent quality is also probably favored by the algal biomass, 

because it lacks organic compounds, which could give rise to unavoidable 

bacterial competition for nutrients once organic carbon is introduced. The scope 

of this work does not cover the extent of bacterial contamination, as the 

productivity remained relatively high despite the discrepancy with the initial 

conditions and similar to previous MPBR studies (Gao et al., 2015).  

 

Moreover, a considerably higher TN removal of 84% in condition E1 was 

observed, with NH4+-N as TN, further suggesting the preference of ammonium 

nitrogen. TN removal doubled when the aeration rate was multiplied, confirming 

the biomass productivities and enhanced growths described. TP removal 

efficiencies did not vary as much but was nevertheless greater than lower CO2 

supply.  The remainder of the conditions (E2, E3 and E4) were supplied both equal 

quantities of nitrate and ammonium resulting in the assimilation process being 

slower and thereby reducing the overall removal efficiency.  

 

The effect of C/N ratio was investigated as an important parameter predominantly 

for heterotrophic and mixotrophic growth in algal cultivation systems, 

particularly since domestic secondary effluent characteristics are seldomly 

lacking any organics. Higher C/N ratios resulted in a better performance (E1 and 

E2) compared to the conditions exposed to lower C/N ratios (E3, E4), in 

accordance with the mixotrophic ability of  C. vulgaris providing an additional 
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source of carbon apart from CO2 supplied by aeration (Gao et al., 2019; Hammed 

et al., 2016).  These results are also consistent with other studies on synthetic 

primary wastewater and on piggery wastewater which demonstrated high growth 

potentials with higher C/N ratios (Gao et al., 2019; Zheng et al., 2019).  

 

Comparable to TN removal trends, the PO43—P removal efficiencies averaged 

around 56% in conditions E1-4 during the second phase with higher removals at 

the higher C/N ratios (E2, E1).  Phosphorus is crucial to all cellular functions and 

metabolic processes including nucleic acid synthesis, energy generation, 

structural components (phospholipids), and proteins (Rawat et al., 2016).  

7.4.2 Carbohydrate, Protein, and Lipid Profile 

Microalgal biomass was collected regularly throughout the course of the 120d 

operation, after each phase to evaluate the biomass and generate biochemical 

profiles of C. vulgaris with results shown in Figure 7-2. The aim of the analysis was 

to provide more insight on the behavior and metabolic status depending on the 

proportional tendencies concerning the main organic macromolecules present in 

cells: carbohydrates, lipids, and proteins. Residual components include but are not 

limited to other cellular components such as cell debris, DNA/RNA, pigments, etc. 

Since carbohydrates and lipids are major energy storages, their accumulation can 

be an indication of the cell’s perception of the environment especially during 

stress conditions like nutrient depletion (Chen and Vaidyanathan, 2013; Thomas 

W.H. et al., 1984).  
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Figure 7-2 Biochemical profile of C. vulgaris against different aeration rates and 
C/N ratios by percentage. Error bars show standard deviation of duplicates. 

 

When microalgae were collected during the exponential phase, a tendency 

towards total protein buildup reflected the metabolic activity of dynamically 

growing biomass. In contrast, when collected during the stationary phase when 

nitrogen and other nutrients begin to be depleted, then the lipids and 

carbohydrates starts to dominate (Mata et al., 2010; Yeh and Chang, 2012). The 

latter phase was demonstrated in this operation, Figure 7-2 showing the biomass 

at the end of the run reached a slower growth rate and the SRT of 10 days may be 

reduced further if the objective is proteins production granted the permeate water 

quality may then become compromised. In addition, various strategies to extract 

each macromolecules for downstream applications have been numerously 

studied, directing the focus on the environmental stimuli to target specific 

molecules with lipids for biodiesel production (Belotti et al., 2013; Pai and Lai, 

2011; Zheng et al., 2012), carbohydrates for bioethanol (Ho et al., 2013), and 

proteins for animal and human nutrition (Soeder, 1980; Yaakob et al., 2014). Due 
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to the natural propensity of wastewater, albeit it being domestic, heavy metal 

bioaccumulation of microalgae could lead to health concerns. Therefore, if protein 

extraction for animal feed is the purpose, then more studies on the metal 

accumulation would require more investigations(Perales-Vela et al., 2006; Wilde 

and Benemann, 1993).  

 

In Figure 7-2, the profiles of the primary phase A1, A2, and A3 showed very little 

variations having been exposed to varied aeration, indicating it did not 

dramatically alter the biomass composition since the same feed properties were 

provided. Nonetheless, A1 at 0.5 vvm showed slightly lower lipid content at 35.2% 

within cells compared to A2 at 1 vvm at 37.6%, which could be due to shear stress 

from the additional agitation and mixing resulting in cell damage (Barbosa et al., 

2004, 2003; Zheng et al., 2012). The conditions A1-A3, without organic carbon, 

showed slightly higher lipid concentrations than E1-E4, with the presence of COD, 

clearly declining as C/N ratio increased. However, this phenomenon was most 

likely due to the higher C/N ratio enriching carbohydrate content rather than 

observing it from the lipid content perspective. (Yeh and Chang, 2012) reported 

that under mixotrophic and phototrophic conditions, the carbohydrate 

percentages fell between 30-40%, which are consistent with the results obtained 

in this study. Further analyses are required to gain understanding of the lipid 

profile (shown in section 7.3.3). Condition E4 (highest C/N ratio at 1.0) resulted 

in higher carbohydrate concentrations, which is useful for the conversion of 

fermentable sugars and employed as a bioresource for bioethanol production 

(Lam and Lee, 2015). The more stressed conditions slightly leaned towards more 
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carbohydrates similar to reported by (Markou et al., 2012), and less towards 

lipids.  

7.4.3  Fatty Acid Profile 

Lipids were extracted directly from harvested microalgae following the golden 

standard described as the Folch method (Folch et al., 1957). However, to be able 

to consistently characterize the fatty acids within the lipid profile used for 

biodiesel production and compare it to a standard mixture, the samples were 

subjected to transesterification of the Fatty Acids to produce the corresponding 

Fatty Acids Methyl Esther (FAME) through an in-situ transesterification process. 

This has been proven to be more efficient than a two-step transesterification by 

minimizing potential time and costs (Carrapiso and García, 2000).  In all the 

samples of the various MPBR experimental conditions, a total of nine FAMEs were 

identified from C14 to C20 (Figure 7-3 and Figure S1), which are described in the 

literature as appropriate carbon chains biodiesel production and present in C. 

vulgaris (Lu et al., 2015; Zheng et al., 2011). Condition E4 showed the maximum 

efficiency to produce a higher amount of FAME (2.69 mg/10 mg of biomass) and 

E1 the lowest amount (1.71 mg/10 mg of biomass). The major content of lipids in 

biomass didn’t lead to the best quality of lipids formation, where E4 (section 

7.3.2.) represents the lowest percentage of lipid.  

 

In terms of lipids saturation, the presence of saturated (C14:0, C16:0, C18:20 and 

C20:0), monounsaturated (C16:1 and C18:1), and polyunsaturated (C18:2) fatty 

acids were identified in all the experimental conditions. As expected, the 

relationship of the saturated/monounsaturated with polyunsaturated FAMES 
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varied according to the experimental conditions (Figure S7.2). Saturated fatty 

acids like C16:0 with high cetane number are more oxidatively stable, favorable 

for biodiesel storage (He et al., 2013), while mono-unsaturated fatty acids reduce 

the freezing point and improve the low temperature properties of biodiesel (Z. Hu 

et al., 2008).  

 

The introduction of higher C/N influents into the reactors induced the formation 

of a high percentage of saturated FAMES. Palmitic acid (C16:0), oleic acid (C18:1), 

linoleic acid (C18:2) have also been reported as the best chain length for high 

quality biodiesel (Rai and Gupta, 2017). The data collected showed (Table S7.2), 

as before that the introduction of higher C/N ratio yields better results. The sum 

of palmitic acid (C16:0), oleic acid (C18:1), linoleic acid (C18:2) increase from 57% 

(A1) in absence of COD (i.e. organic carbon), to 75%, 80%, 66%, 69% with the 

introduction of COD for the phases E1, E2, E3, and E4, respectively. The 

experimental phase E2 conducted to have the highest sum of percentage, 80% of 

FAMEs in this sample are due to palmitic acid (C16:0), oleic acid (C18:1), linoleic 

acid (C18:2). Our results are in concordance with prior algal results where the 

introduction of carbon and nitrogen in the experimental conditions induces a 

different behavior of the algae community (Daneshvar et al., 2018; Li et al., 2016). 

 
 
 
 
 
 
 
Table 7-3 Concentration of FAME (mg/10 mg of biomass) found in the samples 
starting and the percentage of unsaturated and saturated fatty acids 
 

Condition A1 A2 A3 E1 E2 E3 E4 
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Aeration (vvm) 0.5 1 1 1 1 1 1 

TN 30 30 15 9 9 9 9 

Ratio C/N 0 0 0 0.4 0.5 0.7 1 

C14:0 0.04 0.04 0.03 0.00 0.00 0.03 0.03 

C16:0 0.02 0.03 0.02 0.43 0.45 0.75 0.78 

C16:1 0.57 0.69 0.66 0.03 0.00 0.05 0.14 

C18:0 0.00 0.00 0.00 0.05 0.05 0.05 0.05 

C18:1 0.10 0.30 0.28 0.17 0.13 0.40 0.53 

C18:2 1.09 1.00 0.90 0.58 0.70 0.63 0.70 

C20:0 0.32 0.56 0.43 0.44 0.61 0.32 0.45 

Total 2.12 2.61 2.31 1.71 1.93 2.22 2.69 

Saturated 18% 24% 21% 49% 52% 57% 54% 

Monosaturated  31% 38% 40% 25% 20% 7% 12% 

Polyunsaturated 51% 38% 39% 26% 28% 36% 34% 

 
 
Figure 7-3 Graphical representation of the FAME found in the samples. The 
percentage was calculated in relation to the internal standard. 

 

 
Overall it was possible to infer that the presence of carbon and nitrogen improves 

the quality of FAMEs for biodiesel production. Nevertheless, balancing the results 

obtained the optimal conditions to operate the experiments are E4, as it produced 
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a higher amount of FAMEs per biomass (2.69 per 10 mg of biomass) and increased 

the ratio of saturated to monounsaturated versus to polyunsaturated lipids.  

 

7.5  Conclusion 

C. vulgaris was able to grow in an MPBR at high concentrations and productivities 

regardless of the various influent qualities and aeration rates achieved. Higher 

aeration rates supply additional inorganic carbon sources thereby allowing higher 

growth rates both for mixotrophy and photoautotrophy. Future work should 

evaluate the introduction of flue-gas into the MPBR with the evaluated influent 

qualities particularly if biodiesel production and nutrient removal are the desired 

outcomes. High aeration was able to stimulate lipid production in condition A2 

and remove larger amounts of TN. The higher C/N ratios in the secondary MBR 

effluents were more favorable towards TN/TP removals but less towards biomass 

productivities, therefore more studies on the possible mechanisms to abate 

bacterial contamination should be covered. Nonetheless, higher C/N also leaned 

towards carbohydrate fractions as well as high long chain saturated FAMEs, 

required for the generation of bioethanol and a more superior quality of biodiesel, 

respectively. 
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7.7  Supplementary Materials 

 
 Figure S7.2: Glucose Calibration Curve during Phenol-Sulfuric Assay at an optical 
density against concentration 
 
 
 
 
 
 
 
 
 
To detect and quantify the fatty acids in the samples a calibration was performed 

in GC-MS-FID, FAME Standard mix C8-C24 was used, and as stated in the main text 

,direct acid-catalyzed transesterification was reported previously in the National 

Renewable Energy Laboratory (NREL, USA) using complete biomass to eliminate 

extraction under representing its biofuel potential (Wychen, S Van, 2013). 

The Calibration curves gave excellent results using both MS and FID detectors 

(Table S1). All the data was analyzed based on Internal Standard response (C17:0). 

 
 
 
 
 

y = 0.0041x + 0.0435
R² = 0.9971

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 100 200 300 400 500

O
D

4
9

0
 

Glucose Concentration (mgL-1) 



 

 

196 

Table S7.1: Calibration (FAME Standard mix C8-C24) results obtained with gas 
chromatography with two detectors MS and FID. 
 

 Ms FID 

FAME  RT m R2 RT m R2 

C8:0 3.72 2x107 0.999 3.72 4x106 0.999 

C10:0 4.71 2x107 0.996 4.72 5x106 0.999 

C12:0 5.71 3x107 0.995 5.71 5x106 0.994 

C14:0 6.95 3x107 0.996 6.90 5x106 0.999 

C16:0 8.35 4x107 0.998 8.31 8x106 0.981 

C16:1 8.65 3x107 0.999 8.59 5x106 0.999 

C18:0 10.24 3x107 0.999 10.22 5x106 0.999 

C18:1 10.56 2x107 0.999 10.55 4x106 0.999 

C18:2 11.04 2x107 0.999 11.05 3x106 0.999 

C20:0 11.82 2x107 0.999 11.82 3x106 0.999 

C18:3 12.53 3x107 0.998 12.59 5x106 0.993 

C22:0 15.00 3x107 0.989 15.01 5x106 0.982 

C22:1 15.35 2x107 0.993 15.13 4x106 0.928 

C24:0 17.40 * * 17.39 * * 

 

 
 
Figure S7.2: Comparison of amount (mg/mL) of FAMEs found in each condition. 
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Figure S7.3: Relationship between the percentage of saturated, monounsaturated 
and polyunsaturated FAMEs found in the different samples 
 

 
 
 
 
Table S7.2. Comparison of the amount of C16:0, C18:01, C18:2 in the several experimental 
conditions 
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Chapter 8. Concluding Remarks  

8.1  Conclusions 

This study covered a multidisciplinary approach to gain an understanding on an 

alternative coupled MBR-MPBR system for treating synthetic municipal 

wastewater. The motivation behind the work was to reduce the largest 

expenditure of an aerobic AS-MBR, mechanical aeration by photosynthetic 

oxygenation while simultaneously recovering nutrients through high value 

microalgal biomass for a dual-income stream: i.e. high-quality treated water and 

biomass for various applications. The proposed configuration (configuration 1) 

was ultimately proven to be able to support the AS-MBR for organic removal and 

fractional nutrient removal, and further effluent polishing by C. vulgaris for 

nutrient removal with high biomass productivities.  

 

Chapter 4 encompassed the proof-of-concept in a series of batch-mode trials on 

C. vulgaris and its potential for O2 production as a photosynthetic oxygenator for 

an AS-MBR approaching SOPR 17.31 mg O2/g VSS.hr, proven to provide oxygen 

required for activated sludge which typically requires as SOUR of 2-5 mg O2/g 

VSS.hr. Microalgal nutrient utilization efficiencies were also proven to generate 

high removals, and its specific growth rates under six wastewater constituents. C. 

vulgaris was cultivated under different nitrogen source ratios and carbon source 

ratios with fixed phosphorus removals. Mixotrophic growth achieved the highest 

growth rates, while purely heterotrophic conditions were demonstrated to as not 

viable.  Hence, a strong emphasis on supplying inorganic carbon for 

photoautotrophic activities is emphasized. NH4+-N as an N source was 
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significantly favored by microalgae achieving high removal efficiencies compared 

to NO3—N, while PO43--P was fully assimilated. In this chapter, three proposed 

configurations were put forward according to MBR and MPBR alignment and 

orientation.  

 

Two reactors, an AS-MBR and an MPBR, were ultimately designed and constructed 

to be coupled according to the three configurations. Configuration 1 where the 

MBR was followed by the MPBR with DO-effluent recycle was put forward as the 

optimal arrangement and studied independently. Chapter 5 and Chapter 

6discussed the MBR standpoint with microbial community dynamics and 

wastewater quality results. Whereas Chapter 6 discussed the MPBR standpoint 

with microalgal biomass composition and water quality results. 

 

Chapter 5 and Chapter 6 reported an AS-MBR exposed to 5 conditions with 

simulated recycled algal effluent supersaturated with DO, a reference AS-MBR 

supplied with mechanical aeration, influent varied by C/N ratio and recycle rate. 

The effluent recycled back would eventually determine the total expenditure of 

pumping costs and wastewater intake in a upscaled system. Therefore, assessing 

whether supplying 25% or 50% of the effluent was required for organic removal, 

was carried out. Miseq sequencing revealed the microbial community 

enrichments according to the conditions supplied. Much of aerobic heterotrophs 

(Aminobacter, Microbacterium, Kaisia, etc.) due to the easily biodegradable 

glucose as the only organic substrate, where 95-97% of it was ultimately removed 

in all conditions. In addition, nutrient removal was observed, where C/N ratio of 

influent drastically contributed to the Nitrifiers and Denitrifiers in the proposed 
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system. Major denitrifiers were present in condition A1, at 25% recycle rate and 

with exposed to a high C/N ratio influent of 13.3, denitrifier communities 

represented a relative of 27.2% of total genera present, entailing Acidovorax, 

Hyphomicrobium, and Comamonas. Conversely, B2, exposed to higher DO recycle 

rates of 50% and lower C/N influent at 6.6, had a reduced abundance of the 

communities mentioned.  

 

The main Nitrfiers, Nitrosomonas and Nitrobacter, were also present in the AS-

MBR. In spite of nitrogen removal being expected to be due to assimilation, 

however the conditions exposed to higher C/N reached up to 62% removal due to 

microenvironments present within the AS-MBR, where simultaneous availability 

of organic carbon, and nitrates in oxygen-deficient zones was recurring in the 

system for dentirifiers to be present. Therefore, a DO gradient is expected to have 

run through the reactor where the bottom of the MBR was at its peak DO 

(aeration/effluent supplies). In summary, A1 optimally performed from the 

treatment quality approach for tacking both organic and nitrogen removal. In 

addition to evaluating quality parameters, statistical data-driven modeling was 

implemented by MVLM by capturing complex synergistic effects that manipulate 

the output/effluent, which were significant in shaping the processes.  Unbiased 

data-driven modeling could support future scale up studies. 

 

Chapter 7 tackled the MPBR aspect by evaluating the effluent achieved by the 

results in the MBR from Chapter 6. The effluents by the MBR were realized they 

varied by C/N ratio, which was not explored in literature using an MPBR merged 

with an analysis on the internal biochemical composition. Despite the low 
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concentrations of influents, C. vulgaris cell productivities ranged between 62.4-

89.9 mgL-1d-1 outperforming PBRs and HRAPs. The cells were dominated by 

carbohydrates and lipids with very low fractions of proteins. This will be useful 

for production of biofuels like bioethanol and biodiesel.  The higher C/N ratio 

induced carbohydrate production within the cells, typically utilized as a feedstock 

for yeast fermentation to produce bioethanol. At the higher C/N ratio, saturated 

FAMEs were amplified thereby improving biodiesel quality for oxidation stability. 

Algal biomass can additionally be utilized for biofertilizer production as a 

substitute application if biofuels are not considered due to their growth 

promoting capabilities and concentrated with vitamins, nutrients, and 

phytohormones. In addition, the MPBR was studied for optimal aeration rates to 

test two inorganic carbon supplies with near optimal nutrients fixed. 

Productivities were overall higher than secondary effluents. In spite of the 

relatively isolated system, contamination might have been present due to the 

organic carbon presence, hence a slight competition with aerosolic bacteria. 

Higher lipid productions were induced by higher shear force from higher aeration 

rates. Nutrient removal was superior in higher aeration rates.  
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8.2  Future Work 

The work presented in this dissertation can be extended through further 

investigations on the following: 

 

• The MPBR-MBR configuration 1 was validated in this work through 

isolated studies due to potential algicidal and bactericidal effect infliced on 

one another. Further work on the excretion produced by  the algal biomass 

and activated sludge biomass must be evaluated to counteract their 

productions.  

• Subsequently, a thorough testing on the connected system should be 

evaluated by applying the methodologies described to evaluate the AS-

MBR as well as the performance of the MPBR and the biomass produced 

and testing different influent qualities in sythetic wastewater followed by 

testing the system with real munipal wastewater after primary treatment, 

while evaluating its membrane fouling potential.  

• The MPBR resulted in lower productivities during chapter 7 therefore a 

deeper investigation on the effect of organic carbon and the threshold of 

bacterial contamination and competition should be looked at from a 

treatment efficiency and biomass production standpoint . 

• Biotic and abiotic factors including species selection, pH, temperature, light 

intensity, diurnal cycles, light source, and PBR design optimization for algal 

for light path on the MPBR can be further explored to improve 

productivities and oxygen productions. 

• During dark periods in the diurnal cycle under real conditions, the algal 
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MPBR will alternatively respire in place of photosynthesis. There will be a 

need for supplementing the biomass with light overnight. Utilizing solar 

cells to power LEDs during these periods become the solution.  

• The addition of flue-gas can be supplemented to the MPBR as the inorganic 

carbon source due its potential for carbon sequestration tackling multiple 

forefronts in environmental and resource management strategies 

• Genetic modifications on the algal biomass to maximize photosynthetic 

efficiencies are currently being studied for different applications, and can 

be significant in advancing the optimization for the coupled system in 

terms of SOPR, enhancing carbohydrate and/or FAME content depending 

on the applicatios. 

• Computational Fluid Dynamic (CFD) modeling fundamentals should be 

implemented on the coupled MBR-MPBR to gain understanding on the DO 

and effluent gradient distributions along the AS-MBR to accurately 

evaluate and validate the occurrence of an SND process. 

• Following the lab-scale experimentations and validations, scale up trials 

should be evaluated in a pilot MBR-MPBR setup with real influent and 

characterizations of heavy metals present in the influent with the MPBR 

potential for reducing these metals. If the heavy metals are indeed at high 

concentrations, then potential precipitation methods should be explored if 

the algal biomass is cultivated for crop biofertilization. 

• Evaluate the impact of light cycle on the photosynthetic oxygenation 

efficiencies, particularly in a high C/N ratio.  

• Study the mixotrophic effect on the algal biomass profiles as well as the NP 

ratio as according to the redfield ratios, the biomass can be transformed. 
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