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Preface 

This Ph.D. thesis, entitled “Integrated microalgal technology for remediation 

and valorization of industrial high-strength organic wastewater” presents the 

research performed at the Department of Environmental Engineering, the 

Technical University of Denmark from December 1st, 2018 to January 31st, 

2021. The research was co-funded by the China Scholarship Council and the 

Technical University of Denmark. Professor Irini Angelidaki was the main 

supervisor and Post-doctor Xinyu Zhu was the co-supervisor. 

The thesis is organized in two parts: the first part puts into context the findings 

of the Ph.D. in an introductive review; the second part consists of the papers 

listed below. These will be referred to in the text by their paper number written 

with the Roman numerals I-VI. 

 

I. Pan, M., Lyu, T., Zhan, L., Matamoros, V., Angelidaki, I., Cooper, M., 

Pan, G., 2021. Mitigating antibiotic pollution using cyanobacteria: Removal 

efficiency, pathways and metabolism. Water Res. 190, 116735. 

II. Pan, M., Zhu, X., Angelidaki, I., 2020. A preliminary screening 

investigation on non-sterile open system cultivation of microalgae with 

varying organic carbon sources from industrial wastewater. (Manuscript under 

preparation for submission) 

III. Pan, M., Zhu, X., Pan, G., Angelidaki, I., 2021. Integrated valorization 

system for simultaneous high strength organic wastewater treatment and 

astaxanthin production from Haematococcus pluvialis. Bioresour. Technol. 

326, 124761. 

IV. Pan, M., Su, Y., Zhu, X., Pan, G., Zhang, Y., Angelidaki, I., 2021. Bioelec-

trochemically assisted sustainable conversion of industrial organic wastewater 

and clean production of microalgal protein. Resour. Conserv. Recycl.  168, 

105441. 
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In this online version of the thesis, paper I-IV are not included but can be ob-

tained from electronic article databases e.g. via www.orbit.dtu.dk or on request 

from DTU Environment, Technical University of Denmark, Miljoevej, Build-

ing 113, 2800 Kgs. Lyngby, Denmark, info@env.dtu.dk. 

In addition, the following publications, not included in this thesis, were also 

concluded during this Ph.D. study:  

 

V. Pan, M., Lyu, T., Zhang, M., Zhang, H., Bi, L., Wang, L., Chen, J., Yao, 

C., Ali, J., Best, S., 2020. Synergistic recapturing of external and internal 

phosphorus for in situ eutrophication mitigation. Water 12, 2. 

 

VI. Xu, Q., Zhou, Q., Pan, M., Dai, L., 2020. Interaction between 

chlortetracycline and calcium-rich biochar: Enhanced removal by adsorption 

coupled with flocculation. Chem. Eng. J. 382, 122705. 
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Summary 

With the ever-growing global population and industrial activities, enormous 

amount of industrial wastewater in high-strength is produced. Such high-

strength wastewater significantly aggravates the problems of environmental 

pollution and resource shortage. Though with varying compositions, the main 

types of industrial high-strength organic wastewater could be categorized into 

conventional high-strength organic wastewater (e.g., potato juice wastewater) 

and toxic high-strength organic wastewater (e.g., tetracycline containing 

wastewater). As representatives, potato juice wastewater contains extreme 

concentrations of nutrients (342.3 g L-1 COD, 2.7 gN L-1, 4.8 gP L-1), 

meanwhile, tetracycline containing wastewater (at high concentrations) may 

generate serious development of resistance-genes. Thus, both wastewaters 

have attracted increasing research attention. To date, various approaches have 

been investigated for the remediation of such wastewater. However, 

disadvantages are still needed to be overcome, e.g., high-cost, insufficient 

efficiency, loss of nutrients, potential secondary risk of pollution. Recent 

advances in microalgal technology may provide an alternative for the 

remediation and re-utilization of such wastewater. Nevertheless, only few 

studies have focused on the efficiency and mechanisms of applying microalgae 

for the remediation of high-strength organic wastewater. In view of 

sustainability, microalgae-based wastewater treatment could both benefit for 

waste reduction and nutrients upcycling. Thus, deeper insights into efficiency, 

mechanism, and process optimization could significantly contribute to 

eliminating the barriers of applying microalgae for simultaneous remediation 

of pollutants and upcycling of nutrients from high-strength organic 

wastewaters. 

The present Ph.D. project focused on 1) extending the application of 

cyanobacteria for tetracycline-containing (in high concentrations) wastewater 

remediation, and 2) utilizing integrated microalgal technologies for nutrients 

upcycling and potato juice wastewater remediation. To achieve this goal, the 

following specific investigations were conducted. 

(1)  To investigate the feasibility of using cyanobacteria for tetracycline-

containing (in high concentrations) wastewater remediation, Microcystis 

aeruginosa (M. aeruginosa) and Chlorella pyrenoidosa (C. pyrenoidosa) were 

performed in varying tetracycline concentrations (10-100 mg L-1). Results 

implied an overall significantly higher tetracycline removal efficiency (kinetic 

fitting k value 0.077-0.17) by M. aeruginosa than that of by C. pyrenoidosa 
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(0.007-0.036). Under all concentrations of tetracycline, M. aeruginosa 

achieved a >98% removal of tetracycline in 48 hours, meanwhile, high 

concentrations of tetracycline significantly inhibited the synthesis and release 

of microcystin-LR, which could achieve the safe quality of recreational water 

(Germany). The removal mechanism study indicated that hydrolysis, 

photolysis, cation-binding, bio-sorption, bio-accumulation, and bio-

degradation have together contributed to the removal of tetracycline, but in 

different levels. Furthermore, three tetracycline degradation pathways (PI, PII, 

and PIII) were revealed by Tof-MS study. Notably, even high concentrations 

of tetracycline caused acute toxicity to both microalgal species, M. aeruginosa 

showed better adaption and recovery ability than C. pyrenoiodosa. This study 

developed a novel approach which addressed the harmful algal blooms (HABs) 

and high-level antibiotic contamination problems simultaneously.  

(2) For addressing the treatment of potato juice wastewater by microalgae, a 

preliminary screening investigation with microplates was conducted. Different 

species (H. pluvialis, S. platensis, and S. dimorphus) were tested on varying 

carbon sources (glucose, xylose, starch, peptone, hydrolysate casein, GTO, 

sodium oleate, and acetate) and concentrations (50-2000 mg L-1) under open 

systems. Results demonstrated the overall widely and rapidly adaptive ability 

of H. pluvialis to most selected carbon sources. Meanwhile, the dominance of 

H. pluvialis in the system could perform an anti-bacterial function. Oppositely, 

S. platensis performed a longer lag phase (4 days) after inoculum, however, 

higher biomass accumulation could be achieved when fed on acetate (4.94 g g -

1C), xylose (5.70 g g-1C), and starch (2.89 g g-1C). Nevertheless, S. dimorphus 

demonstrated the property of carbon-source selectivity, which only obtained a 

biomass accumulation on glucose (1.54 g g-1C). This part of study provided a 

first insight into the selection of microalgal species according to specific 

carbon sources and concentrations. 

(3) According to study 2, H. pluvialis was selected as an optimal microalgal 

species for the integrated remediation and valorization of potato juice 

wastewater. Firstly, potato juice wastewater was pre-treated by methanation 

(UASB) and acidification (CSTR), which achieved an improvement of water 

quality in different ways (COD reduction, nutrients conversion, pH 

improvement). In the second stage, H. pluvialis was cultivated in each effluent 

of the anaerobic processes. Results implied both effluents achieved higher 

biomass and astaxanthin production than that of in the standard culture media 

(control). Among them, acidification effluent promoted faster mixotrophic 

growth of H. pluvialis, followed by accelerated astaxanthin induction (3 days, 
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24.5-27.9 mg g-1). Meanwhile, methanation effluent promoted autotrophic 

growth of H. pluvialis and astaxanthin production of 18.3 mg g-1 (12 days). 

Finally, 51.3-75.8%, 86.5-98.3%, and 69.4-83.4% of COD, P, and NH4-N was 

removed in the potato juice wastewater, respectively. This study designed an 

integrated system for the remediation and upcycling of potato juice wastewater, 

which achieved the efficient conversion from high-strength organic wastewater 

to astaxanthin and methane production. 

(4) Finally, a novel microalgal bio-electrochemical system (BESs) with three 

chambers was developed for in-situ nutrients upcycling (N, P, and acetate) and 

production of clean microalgal biomass (C. vulgaris) from potato juice 

wastewater. The novel system with varying operation modes (MEC, MFC) 

achieved 38.7-66.8%, 34.2-48.5%, and 59.8-69.0% removal efficiency of COD, 

P, and total Kjeldahl nitrogen (TKN), respectively. With increasing electric 

currents, the removal and migration efficiencies of nutrients were significantly 

enhanced, meanwhile, the cell size of C. vulgaris was also enlarged (151.2%). 

Finally, clean biomass of C. vulgaris was produced (087-1.11 g L-1) with high 

quality of protein (320.8-552.1 mg protein g-1 biomass). This study developed 

a novel approach for clean microalgal production by in-situ upcycling nutrients 

from high-strength wastewater. 

Summarily, this Ph.D. study extended microalgal technologies for different 

high-strength organic wastewater remediation and nutrients upcycling. 

Additionally, the study of mechanisms may contribute to the understanding and 

optimization of relevant technologies in practice, as well as offered an idea of 

sustainable development. 
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Dansk sammenfatning 

Med en stadigt voksende global befolkning og industrielle aktiviteter produce-

res enorme mængder industrielt spildevand af høj styrke. Dette højstyrke spil-

devand forværrer problemerne med miljøforurening og ressourcemangel bety-

deligt. Til trods for forskellige sammensætninger kan industrielt højstyrket or-

ganisk spildevand kategoriseres i to hovedtyper, dvs. konventionelt organisk 

spildevand med høj styrke og giftigt organisk spildevand med høj styrke. Ek-

sempler på spildevand der repræsenterer disse to typer af spildevand er kartof-

felsaftspildevand, som har et meget højt indehold af nærringsstoffer (342,3 g 

L-1 COD, 2,7 gN L-1, 4,8 gP L-1), og spildevand med højt indehold af tetracyk-

lin, som kan give anledning til spredning af resistensgener. Begge typer har 

tiltrukket stigende forskningsmæssig opmærksomhed. Hidtil er forskellige til-

gange undersøgt til remediering af sådant spildevand. Der er dog stadig en 

række barrierer, der skal overvindes, f.eks. høje omkostninger, utilstrækkelig 

effektivitet, spild af næringsstoffer, og potentiel sekundær risiko for forure-

ning. Nye fremskridt inden for mikroalge-teknologi kan være et alternativ til 

remediering og genanvendelse af organisk spildevand. Ikke desto mindre fin-

ders der kun få videnskabelige udgivelser, der har undersøgt effektiviteten og 

mekanismerne ved anvendelse af mikroalger til remediering af organisk spil-

devand med høj styrke. Rent bæredygtighedsmæssigt kan mikroalge-baseret 

spildevandsbehandling bidrage til affaldsreduktion og næringsstofupcycling. 

Således kan en dybere indsigt i effektivitet, mekanisme og procesoptimering i 

væsentlig grad bidrage til at fjerne barrierer ved anvendelse af mikroalger til 

rensning af forurenende stoffer og upcycling af næringsstoffer fra organisk 

spildevand med høj styrke. 

Dette ph.d. projekt fokuserede på 1) udvidelse af anvendelsen af cyanobakte-

rier til tetracyclin-holdig (i høje koncentrationer) spildevandsoprensning og 2) 

anvendelse af integrerede mikroalgteknologier til næringsstofupcycling og 

kartoffelsaft spildevandsrensning. For at nå dette mål blev følgende specifikke 

undersøgelser udført. 

(1) For at undersøge muligheden for at anvende cyanobakterier til tetracyclinhol-

dig (i høje koncentrationer) spildevandsrensning blev Microcystis aeruginosa (M. 

aeruginosa) og Chlorella pyrenoidosa (C. pyrenoidosa) testet i varierende kon-

centrationer af tetracyclin (10-100 mg L-1). Resultaterne antydede en signifikant 

højere effektivitet til fjernelse af tetracyclin (kinetisk k-værdi 0.077-0.17) af M. 

aeruginosa end af C. pyrenoidosa (0.007-0.036). Under alle koncentrationer af 

tetracyclin opnåede M. aeruginosa en fjernelse af tetracyclin på over 98% på 48 
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timer. Dog hæmmede høje koncentrationer af tetracyclin syntesen og frigivelsen 

af microcystin-LR signifikant. Her blev der opnået en kvalitet af vandet, så det kan 

anvendes til sikker rekreativ brug (Tyskland). Undersøgelsen af fjernelsesmeka-

nismen viste, at hydrolyse, fotolyse, kationbinding, biosorption, bioakkumulering 

og bionedbrydning sammen har bidraget til fjernelsen af tetracyclin, men i forskel-

lige grad. Endvidere blev tre tetracyclin-nedbrydningsveje (PI, PII og PIII) påvist 

ved en Tof-MS-undersøgelse. Høje koncentrationer af tetracyclin forårsagede akut 

toksicitet for begge mikroalgiske arter, men M. aeruginosa viste bedre tilpasnings- 

og genopretningsevne end C. pyrenoiodosa. Denne undersøgelse udviklede en ny 

tilgang, der adresserede de skadelige algeblomstringer (HAB'er) og højt niveau af 

antibiotikaforureningsproblemer samtidigt. 

(2) For at undersøge behandlingen af spildevand fra kartoffelsaft med mikroalger 

blev der gennemført en højkapacitetsundersøgelse med mikroplader. Forskellige 

arter (H. pluvialis, S. platensis og S. dimorphus) blev testet på forskellige kulstof-

kilder (glucose, xylose, stivelse, pepton, hydrolysat-kasein, GTO, natriumoleat og 

acetat) og koncentrationer (50-2000 mg L-1) i et åbent system. Resultaterne viste 

en bred og hurtig tilpasningsevne hos H. pluvialis for de fleste af de udvalgte kul-

stofkilder. Samtidig kunne dominansen af H. pluvialis i systemet udføre en anti-

bakteriel funktion. Modsat dette, havde S. platensis en længere forsinkelsesfase (4 

dage) efter inokulering, men højere biomasseakkumulering kunne dog opnås, når 

den voksede på acetat (4,94 g g-1C), xylose (5,70 g g-1C) og stivelse (2,89 g g-1C). 

Ikke desto mindre demonstrerede S. dimorphus en egenskab af kulstofkildeselek-

tivitet, og opnåede kun en akkumulering af biomasse på glucose (1,54 g g-1C). 

Denne del af undersøgelsen gav et første indblik i udvælgelsen af mikroalgiske 

arter efter specifikke kulstofkilder og koncentrationer. 

(3) Ifølge undersøgelse 2 blev H. pluvialis valgt som en optimal mikroalgal art til 

den integrerede sanering og valorisering af spildevand fra kartoffelsaft. For det 

første blev kartoffelsaftspildevand forbehandlet ved metanering (UASB) og forsu-

ring (CSTR), hvilket opnåede en forbedring af vandkvaliteten på forskellige måder 

(COD-reduktion, næringskonvertering, pH-forbedring). I anden fase blev H. plu-

vialis dyrket i begge effluenter fra en anaerob proces. Resultaterne indikerede, at 

begge effluenter opnåede højere biomasse og astaxanthinproduktion end i stan-

dardkulturmediet (kontrol). Af disse to fremmede forsuringseffluentet hurtigere 

mixotrof vækst af H. pluvialis efterfulgt af accelereret astaxanthininduktion (3 

dage, 24,5-27,9 mg g-1). I mellemtiden fremmede metaneringsspildevand autotrof 

vækst af H. pluvialis og en astaxanthinproduktion på 18,3 mg g-1 (12 dage). Ende-

lig blev henholdsvis 51,3-75,8%, 86,5-98,3% og 69,4-83,4% af COD, P og NH4-

N fjernet i spildevand fra kartoffelsaft. Dette studie designede et integreret system 

til remediering og upcycling af spildevand fra kartoffelsaft, hvilket opnåede en 
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effektiv omdannelse fra organisk spildevand med høj styrke til produktion af asta-

xanthin og metan. 

(4) Endelig blev der udviklet et nyt mikroalgalt bio-elektrokemisk system (BES) 

med tre kamre til in-situ næringsstofopcycling (N, P og acetat) og produktion af 

ren mikroalgal biomasse (C. vulgaris) fra spildevand fra kartoffelsaft. Det nye sy-

stem med forskellige driftsformer (MEC, MFC) opnåede 38,7-66,8%, 34,2-48,5% 

og 59,8-69,0% fjernelseseffektivitet af henholdsvis COD, P og total kjeldahl nitro-

gen (TKN). Med stigende elektriske strømme blev fjernelsen og migrationseffek-

tiviteten af næringsstoffer signifikant forbedret, i mellemtiden blev cellestørrelsen 

af C. vulgaris også forstørret (151,2%). Endelig blev der produceret ren biomasse 

af C. vulgaris (0.87-1.11 g L-1) med høj kvalitet af protein (320.8-552.1 mg protein 

g-1 biomasse). Dette studie udviklede en ny tilgang til mikroalgal produktion ved 

in-situ opcycling af næringsstoffer fra højstyrkeaffald, men uden nogen forurening. 

For at opsummere, udvidede dette ph.d. projekt mikroalge-teknologier til forskel-

lige organiske spildevandsrensninger af høj styrke og næringsstof-upcycling. Der-

udover kan studiet af mekanismer bidrage til forståelse og optimering af relevante 

teknologier i praksis, og derudover giver projektet en idé til en bæredygtig udvik-

ling. 
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1 Introduction 

1.1 Industrial high-strength organic wastewater 

1.1.1 Background 

As the consequence of continuous rising of the world population and industri-

alization, a rapidly increasing amount of industrial wastewater has been pro-

duced. The inadequate treatment of such wastewater leads to high concentra-

tions of organic and inorganic matter in the discharge, which poses big threats 

to the environment (Chan et al., 2009). Among them, industrial wastewater 

with high-strength organic matter attracts increasing attention due to its acute 

effect on the ecosystem. The industrial high-strength organic wastewater is 

generated from various industrial processes, e.g., pharmaceutical industry, 

food industry, textile industry, pesticide industry (Hanchang, 2009). Though 

with varying compositions, the industrial high-strength organic wastewater 

could be concluded in two main types, namely, common industrial high-

strength organic wastewater and toxic industrial high-strength organic 

wastewater. Even without exact definition, usually, the organic wastewater 

with a higher chemical oxygen demand (COD) than 4000 mg L-1 is regarded as 

common industrial high-strength organic wastewater (Chan et al., 2009), for 

instance, potato juice wastewater (from potato starch processing industry). 

Meanwhile, even some industrial wastewater doesn’t contain such high con-

centrations of COD, it contains relatively high levels of toxic compounds, such 

as pharmaceutical wastewater (antibiotics, etc.), which could cause acute tox-

icity to the environment (Daghrir and Drogui, 2013). 

Such high-strength wastewater seriously challenges the efficiency of the con-

ventional wastewater treatment plants (WWTPs). Due to the extremely high 

concentrations of organic matter, the WWTPs usually face overloading of pol-

lutants, and even suffer damages to the systems, e.g., high concentrations of 

antibiotics, which would significantly destroy the biological treatment pro-

cesses of the WWTPs (X. Wang et al., 2013). Therefore, novel technologies, 

such as flocculation (Fu et al., 2015), advanced-oxidation (H. Wang et al., 

2016), biological process (Zhang et al., 2009), and membrane technology 

(Mutamim et al., 2013) have been developed for the treatment of such high-

strength organic wastewater. Such technologies have demonstrated their ad-

vantages over conventional WWTPs at different levels, however, as the in-

creasingly stringent discharge requirements, the high-cost and insufficient ef-

ficiency of such methods strongly inhibit the application (Mutamim et al., 
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2013). Meanwhile, such methods usually regard the industrial high-strength 

organic wastewater only as pollutants, which ignoring the high concentrations 

of organic and/or inorganic nutrients in the wastewater. As a result, the global 

industry is suffering from massive loss of organic matter, nitrogen, and phos-

phorus from the wastewater.  

Meanwhile, the blooming of global populations and unequally development of 

regions cause serious shortages of food (e.g. protein), pharmaceuticals, and 

energy. All these generate the driving force for investigations on new protein 

sources, feeds, pharmaceuticals, and renewable energy (Goh et al., 2019). Ac-

cording to the report, one-seventh of the world population is still suffering from 

insufficiencies of protein and nutrients uptake (ASIA, 2013). Additionally, the 

on-going growth of energy consumption caused by the ever-growing industrial 

activities also leads to resource depletion of fossil energy, such as petroleum 

and natural gas (Goh et al., 2019). 

To address the mentioned problems above, microalgal technologies may pro-

vide an alternative. The increasing attention attracted by microalgae-based 

technologies is mainly due to their potential of multi-problems-solving. Micro-

algae have strong tolerance and adaption ability to a wide spectrum of pollu-

tants and environmental conditions. Moreover, they demonstrate significant 

upcycling (nitrogen and phosphorus) capacity of nutrients from various 

wastewaters (Gonçalves et al., 2017). The accumulated microalgal biomass 

could offer a series of valuable products, e.g., protein, bio-diesel, astaxanthin, 

vitamin, unsaturated fatty acid, and bio-char (Becker, 2007). Therefore, recent 

advances have favored microalgae-based approaches as promising technolo-

gies of sustainable development. 

Nevertheless, applying microalgae-based technology for the treatment and up-

cycling of high-strength organic wastewater is still challenging. Even with a 

distinct capacity of phosphorus and nitrogen upcycling from wastewater, mi-

croalgae commonly demonstrated insufficient removal ability of COD (Abdel-

Raouf et al., 2012), which is critical for the treatment of high-strength organic 

wastewater. This is mainly due to the limited types of organic matter that could 

be directly metabolized by microalgae. Meanwhile, the high concentrations of 

organic pollutants, e.g., antibiotics, may have acute toxicity to most microalgae, 

which in turn limited the removal efficiency (Norvill et al., 2017). Considering 

the re-utilization of harvested microalgal biomass, it always rises the concern 

of biomass contamination by the pollutants and pathogens in wastewater. As a 

consequence, the harvested biomass will be limited for the application in the 
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field of food, feed, and pharmaceutical. Additionally, the high cost of energy, 

nutrients-addition, and harvest remains a significant obstacle for the industri-

alization of such technologies. Therefore, investigations targeting on these is-

sues are significant and urgent. 

1.1.2 Tetracycline wastewater 

As one of the most important pharmaceuticals and personal care products 

(PPCPs), antibiotics have been widely used for both humans and animals for 

curing and preventing bacteria-related diseases since developed (Nezamzadeh-

Ejhieh and Shirzadi, 2014). An estimation of around 100-200k tons of antibi-

otics have been consumed yearly (Qian et al., 2012). However, due to the poor 

digestion and uptake property, 25-75% of the antibiotics consumed by living 

bodies will be excreted into the environment. This leads to a wide detection of 

antibiotics in aquatic and edaphic systems. The environmental residue of anti-

biotics at low levels (µg L-1) could already lead to the development and spread 

of antibiotic-resistant genes (Ahmadi et al., 2017). Worse still, antibiotics at 

high concentrations could even cause acute toxicity to organisms.  

 

Figure 1. Molecular structure of Tetracycline 

As the second most applied antibiotic, tetracycline has been broadly consumed 

for the livestock industry, aquaculture (Hvistendahl, 2012), etc. Tetracycline 

is a typical broad-spectrum antibiotic, which could effectively eliminate the 

infection of most Gram-positive and Gram-negative bacteria, mycoplasma, 

chlamydia, and parasite. To date, frequent detections of tetracycline at trace 

levels (µg-ng L-1) in natural water and soil bodies are reported worldwide. 

Meanwhile, tetracycline concentrations in hospital effluents or pharmaceutical 

wastewater could even reach as high as 100-500 mg L-1(Fu et al., 2015). Con-

sequently, it poses huge threats to both ecosystem and human health.  

To address the problems raised by tetracycline residues, approaches such as 

photocatalytic degradation (Ma et al., 2019), flocculation (Fu et al., 2015), ad-

sorption, and advanced oxidation (H. Wang et al., 2016) have been developed 

and investigated. However, drawbacks are still needed to be overcome, e.g., 1) 
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the insufficient degradation efficiencies, complexity of material preparation, 

and secondary pollution caused by photocatalytic materials (H. Wang et al., 

2018); 2) the desorption and secondary pollution by flocculation and adsorp-

tion approaches; 3) problems of high-cost, operation safety, and operation 

complexity caused by advanced oxidation (Hou et al., 2016). Thus, approaches 

with low-cost, high-efficiency, as well as safe and simple operation are ur-

gently required.  

1.1.3 Potato juice wastewater 

 

Figure 2. Processes of potato starch production. [Adapted from Fang et al., 2011] 

As one of the most significant crop and starch-source, potato is enormously 

consumed globally. Potato consists of 81% juice, 18% starch, and 1% cellu-

lose. Therefore, the potato-processing industry generates large amounts of po-

tato juice wastewater (3 and 1.3 million tons annually in China and the USA, 

respectively, Pastuszewska et al., 2009). Such wastewater is regarded as typical 

high-strength organic wastewater due to its extremely high concentrations of 

COD (217.6 g L-1) and nutrients (12.4 gN L-1 and 4.8 gP L-1, Zhu et al., 2018). 

Consequently, untreated discharge of potato juice wastewater may cause seri-

ous environmental problems, e.g., eutrophication, blooms of microalgae and 

pathogens, release of ammonia and hydrogen sulfide gas (natural fermenta-

tion). However, in view of sustainability, potato juice wastewater could even 

serve as a potential nutrient source due to its richness in carbohydrates, protein, 

starch, phosphate and ammonia nitrogen. Besides, during the whole process, 

rare chemicals is introduced into the system. Moreover, the potato juice is af-

terwards heated to 130-140 °C for evaporation and concentration, which pro-

vides the effluents (potato juice wastewater) with a sterile condition. Such 
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wastewater with no bacteria/pathogens, less chemicals, but high nutrients (or-

ganic matter, N and P) is ideal for the cultivation of various high-valuable mi-

croalgae and bacteria. 

Up to now, technologies including physical, chemical, and biological treat-

ments have been applied for the remediation of potato juice wastewater. 1) 

Physical treatments, e.g., aeration, could partially remove organic matter by 

blow-off effect and oxidation process. However, insufficient efficiency, high-

cost, and long retention time largely inhibited the application; 2) Chemical ap-

proaches such as advanced-oxidation and flocculation have been utilized for 

the rapid and efficient treatment of potato juice wastewater. The challenge 

raised by chemical additives, which may lead to high-cost and secondary pol-

lution, has significantly inhibited the application; 3) Biological treatment (in-

cluding anaerobic and aerobic processes) is more preferred due to its properties 

of no chemical addition, re-utilization of wastewater, and low-cost. Investiga-

tions have been conducted applying the up-flow anaerobic sludge blanket re-

actor (UASB reactor) and continuous stirred-tank reactor (CSTR) for the treat-

ment and conversion (methane and fatty acids by UASB and CSTR, respec-

tively) of potato juice wastewater (Fang et al., 2011; Zhu et al., 2018). Even 

energy gas (methane) or fatty acids could be obtained from such approaches, 

nitrogen and phosphorus are barely eliminated or upcycled.  

Consequently, a continuous driving force on the development of integrated re-

mediation and nutrients upcycling (C, N, and P) from potato juice wastewater 

is urgent. 

1.2 Microalgal technology 

1.2.1 Background 

As one of the most significant primary producer and pioneer of the earth, mi-

croalgae have a high diversity and wide-spectrum of distribution (both in water 

and soil). They have multi-trophic modes (including autotrophic, mixotrophic, 

and heterotrophic), which enable the utilization of both inorganic carbon (e.g., 

carbon dioxide, under photoautotrophic growth), organic carbon (e.g., glucose, 

acetate, under mixotrophic or heterotrophic growth, Davis et al., 2011), and 

nutrients (N and P).  Such property of simultaneous eliminating/upcycling C, 

N, and P has attracted increasing attention on applying microalgae for nutrients 

re-capture from wastewater (Abdel-Raouf et al., 2012). Meanwhile, due to the 

abundant intercellular valuable-compositions, including protein, lipid, pig-
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ments, etc., microalgal biomass has been widely investigated and used as phar-

maceuticals (anti-biotic, anti-tumor, etc., Javanmardian and Palsson, 1991), 

food (Chlorella vulgaris, Spirulina sp., etc., Borowitzka and Borowitzka, 

1988), feed (for livestock and aquaculture, Pulz and Gross, 2004), enzyme 

(Perez-Garcia et al., 2011) and biofuel (Davis et al., 2011). Consequently, mi-

croalgal technology is broadly applied for simultaneous remediation and re-

utilization of various types of wastewaters, e.g., PPCPs-containing wastewater 

(Matamoros et al., 2015), and piggery wastewater (de Godos et al., 2010). 

Though promising, challenges of microalgal technologies are still existing. 1) 

Competition and/or other interactions between bacteria and microalgae are 

ubiquitous, however, are not sufficiently studied. Especially for high-strength 

wastewater, due to its high contents of carbon source, well control of bacteria 

is critical for the wastewater remediation with microalgae; 2) Though with high 

removal ability of N and P, microalgae could only eliminate and utilize limited 

types of organic carbon sources; 3) The safety-concern of chemical toxicity 

and pathogens caused by microalgal cultivation in wastewater limits the utili-

zation of harvested microalgal biomass for food, feed, pharmaceuticals, etc; 4) 

Cyanobacteria is usually regarded as harmful algal blooms (HABs) species 

(Zhang et al., 2018), which has rarely been investigated for their re-utilization 

potential.  

1.2.2 Chlorophyta 

As a taxon of green algae, Chlorophyte includes abundant species of most 

aquatic photosynthetic eukaryotic organisms. Many specific species of Chlo-

rophytes have been widely investigated regarding their properties of nutrients 

recovery and valuable products, e.g., Chlorella vulgaris, Chlorella pyre-

noidosa, Haematocuccos pluvialis, and Scenedesmus dimorphus.  

Among them, both C. vulgaris and C. pyrenoidosa belongs to the genus Chlo-

rella, which is in form of unicellular microalgae, vegetative propagation, with 

a diameter of 2-10 μm (Yamamoto et al., 2004). To date, both species have 

been massively produced as food supplementary due to their contents of high-

quality protein (up to 55% w/w), lipid, and other valuable pigments 

(Champenois et al., 2015). Besides, Chlorella sp. demonstrates strong capaci-

ties of reproduction, tolerance to extreme conditions, and nutrients upcycling, 

which indicate their potential for wastewater treatment. Thus, applying Chlo-

rella. sp for simultaneous wastewater remediation and microalgal biomass pro-
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duction has been a hotspot in the past few decades, e.g., treatment of tetracy-

cline wastewater (De Godos et al., 2009), municipal wastewater (Kothari et al., 

2012), and soybean processing wastewater (Hongyang et al., 2011).  

H. pluvialis is a unicellular species of Chlorophyta, which offers benefits of 

astaxanthin production. It could perform multi-trophic modes, including auto-

trophic, heterotrophic, and mixotrophic growth (Kobayashi et al., 1992). With 

suitable conditions, H. pluvialis demonstrates high capacities of reproduction, 

while with stress conditions (strong illumination, high salt concentration, P and 

N starvation, etc), astaxanthin is generated for self-protection (Wan et al., 

2014). As the most ideal supplier of natural astaxanthin, H. pluvialis could 

accumulate intercellular astaxanthin as high as 5% (w/w) (Lorenz and 

Cysewski, 2000). The outstanding anti-oxidation property of astaxanthin gen-

erates a market of over 2 billion US dollars (annual). To reduce the production 

cost, wastewater, e.g., piggery and municipal wastewater, has been investi-

gated for its potential of H. pluvialis cultivation. However, low biomass (0.1-

0.2 g L-1) and contamination risks are still challenging (Kang et al., 2006; Wu 

et al., 2013).  

As a lipid-rich microalgal species, S. dimorphus has been widely explored for 

bio-fuel production (Manzoor et al., 2019). The properties of fast-growing and 

easy-to-harvest promote the application of S. dimorphus for remediation of 

various wastewater, e.g., domestic secondary effluent (Zhang et al., 2015), 

brewery wastewater (Lutzu et al., 2016). 

1.2.3 Cyanobacteria 

As a special microalgal group, cyanobacteria are Gram-negative prokaryotic 

microorganisms, which could survive at extreme conditions and grow prolifi-

cally with suitable nutrients (Percival and Williams, 2014). Some species of 

cyanobacteria could synthesize cyanotoxins and poses threats to ecosystem 

and human health, e.g., M. aeruginosa. They have cell size in the range of 3-8 

µm and could lead to serious eutrophication when suitable N and P are pro-

vided (Oberholster et al., 2004).  Such a phenomenon of harmful algal blooms 

(HABs) results in serious problems including water anoxia, shadow effect, and 

microcystin-release (Wang et al., 2018). Thus, M. aeruginosa is regarded as a 

harmful algal species and has been rarely studied for its re-utilization potential. 

Nevertheless, the properties of fast-growth, strong adaptive capacity, and high 

content of intercellular lipid (Da Rós et al., 2012) imply M. aeruginosa as a 

potential species for wastewater treatment when toxin-release could be con-

trolled. 
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Meanwhile, the bulk of microalgal production at large scales is ascribed to a 

species of cyanobacteria, S. platensis. It is multi-cellular microalgae with dif-

ferent trophic modes (Marquez et al., 1993; Mata et al., 2010). Under varying 

nutrient supply, the high content of protein or glycogen makes it attractive as 

animal feed or biofuels (Depraetere et al., 2015), respectively. Cultivation of 

S. platensis with wastewater (Hena et al., 2018) has also been widely studied. 

1.2.4 Integrated microalgae-based technology 

As microalgal technology alone is still facing challenges for wastewater reme-

diation, such as insufficient COD removal and contamination of algal biomass, 

a combination of technologies could contribute to the improvement. For in-

stance, taking advantage of anaerobic processes, organic matter (COD) could 

be largely reduced or converted (Lee et al., 2008; Boopathy and Tilche, 1991), 

so that microalgae may further perform a better nutrients remediation (N, P, 

etc.). Meanwhile, the integrated microalgal bio-electrochemical systems 

(BESs) could address the contamination of algal biomass, as well as accelerate 

removal efficiencies (Cui et al., 2014).  

The anaerobic processes in which organic matter is either degraded (to me-

thane) or converted (to VFAs), is referred to as methanation and acidification, 

respectively. Such anaerobic processes are achieved by bacteria consortium, 

e.g., methanogens and acidogens. Due to their high removal and/or conversion 

capacity, low-cost of operation, and generating of valuable by-products, anaer-

obic processes have been extensively applied for the treatment of high-strength 

organic wastewater (Lee et al., 2008; Boopathy and Tilche, 1991). Neverthe-

less, both processes (methanation and acidification) eliminate rare N and P 

from wastewater, leading to eutrophication problems and loss of nutrients if 

discharged untreated. Thus, an integrated approach of anaerobic processes and 

microalgal treatment could achieve the goal of simultaneous wastewater treat-

ment and nutrients upcycling.  However, even biomass production could be 

optimized by wastewater pre-treatment (anaerobic processes), algal contami-

nation (by wastewater) poses threat to the application of such harvested bio-

mass as feed, food, and pharmaceuticals.  

Considering the production of clean algal biomass, recent advances in micro-

algal bio-electrochemical systems (mBESs) provide an alternative. BESs 

mainly consist of microbial fuel cells (MFCs) and microbial electrolysis cells 

(MECs) (Logan, 2008; Li et al., 2014). In MFCs, microorganisms are employed 

as catalysts for redox reactions at the electrodes, meanwhile, with energy re-

covery and treated wastewater as products (Pant et al., 2010). As for MECs, 



9 

with the supplement of external power, electrochemically active microorgan-

isms convert organic matter into electrons, CO2, and H+ (Jeremiasse et al., 

2010). mBESs combine microalgae with BESs, which using microalgal photo-

synthesis to convert solar energy to electric energy (Cao et al., 2009). Mean-

while, microalgae also recover N and P from wastewater (Wang et al., 2010) 

for biomass production. Up to now, single- and two-chamber mBESs have been 

mostly investigated. By direct contact, microalgae are placed in wastewater or 

attached on biofilm in a single-chamber mBESs, which achieved simultaneous 

removals of COD, N, and P (80.2%, 96.0% and 91.5%, respectively, Yang et 

al., 2018). However, it raises concerns of microalgal contamination. By con-

trast, membranes of two-chamber mBESs offer the advantages of microalgal 

isolation from wastewater. Thus, production of clean algal biomass could be 

achieved. Nevertheless, due to the selectivity of mostly applied ion-exchange 

membranes, simultaneous recovery of both N and P could not be realized (Pei 

et al., 2018). 

1.3 Objectives and thesis structure 

1.3.1 Objectives 

This Ph.D. investigation aims at extending the application of cyanobacteria for 

tetracycline wastewater (in high concentrations) remediation, and developing 

novel integrated microalgal technologies for the treatment and valorization of 

high-strength organic wastewater. To fulfill this research goal, the following 

specific objectives were achieved: 

(1) Explore mitigation of tetracycline (in high concentrations) by M. aeru-

ginosa and vitality response to varying concentrations of tetracycline. (Paper 

I) 

(2)  Achieve removal mechanisms and degradation pathways of tetracycline 

triggered by M. aeruginosa and C. pyrenoidoas (Paper I). 

(3) Screen microalgal species according to representative carbon sources of 

industrial wastewater with varying concentrations (Paper II).  

(4) Investigate remediation of potato juice wastewater by integrated anaero-

bic processes and H. pluvialis (optimal species), and nutrients recovery for 

astaxanthin production (Paper III). 

(5) Develop novel microalgal bio-electrochemical systems (mBESs) to up-

cycle nutrients from potato juice wastewater for the production of clean micro-

algal biomass (C. vulgaris, Paper IV). 
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1.3.2 Structure of the thesis 

In chapter 2, the mitigation of tetracycline (in high concentrations) by M. ae-

ruginosa and C. pyrenoidoas is demonstrated. For mechanism explanation, the 

possible removal pathways and degradation by-products of tetracycline are 

proposed. 

In chapter 3, preliminary screening of microalgal species according to varying 

carbon sources (representatives in industrial wastewater) and concentrations is 

conducted in microplates. 

In chapter 4, pre-treatment of potato juice wastewater is performed in meso-

philic UASB (methanation) and thermophilic CSTR (acidification), respec-

tively. Afterwards, effluents are applied for microalgal biomass and astaxan-

thin production from H. pluvialis. 

In chapter 5, efficiencies of potato juice wastewater remediation and microal-

gal biomass production are assessed in the developed three-chamber BES. 

Meanwhile, migration of nutrients and changes of C. vulgaris are characterized 

for mechanism explanation. 

In chapters 6 and 7, the main conclusions and contributions of this Ph.D. study 

are summarized, followed by a discussion of future perspectives. 
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2 Removal efficiency, pathways, and 

metabolism of tetracycline mitigating 

using microalgae 

High consumption of tetracycline causes broad detection of residual tetracy-

cline at both trace levels (natural water and soil) and high concentrations (e.g., 

up to 200 mg L-1 in pharmaceutical wastewater; Kim et al., 2005; Song et al., 

2019). Since wastewater treatment plants (WWTPs) could barely remove tet-

racycline (X. Wang et al., 2013), various physicochemical approaches have 

been developed, e.g., advanced oxidation (Hou et al., 2016), flocculation (Fu 

et al., 2015), and adsorption (Gao et al., 2012). Nevertheless, such approaches 

need rising chemical addition with increasing tetracycline concentrations in 

wastewater, which lead to both high-cost and risk of secondary pollution (Tang 

et al., 2016). Comparatively, microalgal remediation is regarded as an ap-

proach of more cost-effective and eco-friendly, and has proved its removal 

ability of tetracycline at low concentrations (< 2mg L-1, Norvill et al., 2017; de 

Godos et al., 2012). However, due to the acute toxicity caused by tetracycline 

(high concentrations), microalgal remediation for tetracycline at high concen-

trations has been rarely investigated. Besides, regarding the property of toxin-

release, the study of using cyanobacteria for tetracycline remediation remains 

absent. The mechanisms behind tetracycline removal in microalgal systems, 

including chemical, physical, and biological contributors, are still unknown. 

2.1 Tetracycline removal by M. aeruginosa and C. 

pyrenoidosa 
In experiment 1, two microalgal species, M. aeruginosa and C. pyrenoidosa 

were applied for the removal of tetracycline with initial concentrations of 10, 

50, and 100 mg L-1 (in synthetic wastewater). Besides, control groups without 

inoculum of microalgae were also conducted for comparison. The experiment 

was performed in batch (triplicates) at 28±1℃ with illumination (12:12h, 

light:dark, 1600 lux). Results of experiment 1 indicate that as a chemically 

reactive compound (Yi et al., 2016), natural hydrolysis and photolysis contrib-

uted to a gradual removal of tetracycline in all control groups (Figure 3). As a 

representative microalgal species for wastewater treatment, C. pyrenoidosa 

promoted the removal of tetracycline within low initial concentrations (<50 mg 

L-1). The removal efficiency could achieve up to 98.6% in 4 days. However, 

due to the toxic effect caused by tetracycline at high concentrations, the vitality 
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and growth of microalgae could be significantly hindered (Ye et al., 2017). 

Thus, the addition of C. pyrenoidosa only led to reduced photolysis of tetracy-

cline (by shadow effect), and performed less effective tetracycline removal 

than that of the control at 100 mg L-1 initial tetracycline.  

In contrast, under all concentrations of tetracycline (10-100 mg L-1), M. aeru-

ginosa performed significant promotions of tetracycline removal than both C. 

pyrenoidosa and controls, by which over 98.0% tetracycline was removed 

within 1-2 days. The kinetic study also demonstrated, M. aeruginosa had a 

generally better tetracycline removal ability (k=0.17-0.077, 10-100 mg L-1 tet-

racycline) when compared with both C. pyrenoidosa and other microalgal spe-

cies in previous studies (de Godos et al., 2012). 

 
Figure 3. The dynamics of tetracycline concentration in blank control groups, and treatment 

groups of M. aeruginosa and C. pyrenoidosa at initial concentrations of 10 mg L-1 (a), 50 

mg L-1 (b), and 100 mg L-1 (c). The solid lines are simulated pseudo-first-order kinetic deg-

radation models. [Adapted from paper I] 

2.2 Pathways and degradation by-products of 

tetracycline removal 
To better understand the removal mechanisms of tetracycline in both microal-

gal systems, experimental design and ToF-MS methods were employed for the 

analysis of removal pathway and degradation by-products (tetracycline), re-

spectively. Specifically, light-, dark-, and pure water controls were conducted 

for the study of tetracycline removal through natural hydrolysis, photolysis, 

and cation binding. Bio-adsorption (de Godos et al., 2012), bio-accumulation 

(Xiong et al., 2017), and bio-degradation of tetracycline were detected accord-

ing to the methods described in paper I (with initial tetracycline concentration 

of 50 mg L-1). Besides, samples of supernatant were analyzed with ToF-MS for 

the detection of tetracycline degradation pathways. Results indicate that 

cation-binding (calcium, magnesium, cobalt, etc.) led to a constant removal of 

tetracycline (1.42-4.08 mg L-1). Differently, photolysis and hydrolysis 

continuously contributed to tetracycline removal, however, photolysis 

promoted significantly higher removal rate (k=0.029) of tetracycline than that 

of hydrolysis (k=0.0069). 
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Figure 4. Theoretically different contributions (photolysis, hydrolysis & cation-binding and 

bioremediation) towards tetracycline removal in (a) M. aeruginosa, and (b) C. pyrenoidosa 

treatment groups, and distribution (in water, adsorption by microalgae and bioaccumulation 

into microalgal cells) of residual tetracycline in (c) M. aeruginosa, and (d) C. pyrenoidosa 

treatment groups. [Adapted from paper I] 

Regarding tetracycline removal by microalgae, firstly, all bio-adsorption, bio-

accumulation, and bio-degradation of microalgae (especially by M.aeruginosa) 

have contributed to (in different levels) the significantly higher removal effi-

ciency than did the controls (p<0.05). M. aeruginosa promoted much higher 

bioremediation (bio-adsorption, bio-accumulation, and bio-degradation, 71.6% 

contribution) when compared with C. pyrenoidosa (less than 20.5% contribu-

tion). Notably, C. pyrenoidosa achieved higher bio-adsorption and bio-accu-

mulation (8.02 mg L-1, 16%, day 1) of tetracycline than did M. aeruginosa (1.07 

mg L-1, 2%, day1), which indicated most bioremediation of tetracycline by M. 

aeruginosa was contributed by bio-degradation process. Secondly, microalgae 

could also indirectly affect the removal of tetracycline, e.g., growth of both 

microalgal species reduced the light intensity inside water column, which led 

to a decrease of tetracycline photolysis (de Godos et al., 2012). Moreover, both 

microalgal growth significantly increased solution pH, thus, promoted the hy-

drolysis of tetracycline (Yi et al., 2016).  
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Figure 5. Tetracycline degradation by-products and potential pathways (PI, PII, and PIII) in 

(a) M. aeruginosa, and (b) C. pyrenoidosa treatment groups. [Adapted from paper I]  

ToF-MS results (Figure 5) further implied three potential degradation path-

ways (PI, PII, and PIII) and by-products of tetracycline. Through main reaction 

patterns of functional group changes (gain and loss) and ring-opening (Cao et 

al., 2016), both microalgal systems promoted a common degradation pathway 

PI, but also generated a unique pathway by each species (PII by M. aeruginosa, 

PIII by C. pyrenoidosa). Among them, PI and PII have been reported from 

photo-catalysis processes (Niu et al., 2013; Shen et al., 2020), indicating the 

promotion of photo-degradation (tetracycline) by M. aeruginosa. In contrast, 

C. pyrenoidosa may promote activated peroxymonosulfate-oxidation pro-

cesses, which generated PIII (Ao et al., 2019). By-product toxicity analysis 

implied significantly reduced toxicity of the final products promoted by M. 

aeruginosa (by-product 5, 6, and 7) than that of the parent tetracycline (Zhou 

et al., 2020; Niu et al., 2013). Nevertheless, C. pyrenoidosa may generate prod-

ucts (by-product 8 and 9) with similar levels of toxicity when compared with 

parent tetracycline (Pala-Ozkok et al., 2019). 
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2.3 Response of microalgal growth and vitality 

 
Figure 6. Cell number growth under varying tetracycline concentrations for (a) M. aeru-

ginosa, and (b) C. pyrenoidosa treatment groups. [Adapted from paper I] 

Apart from pollutant elimination, microalgal technology for wastewater treat-

ment also offers the advantage of biomass re-utilization, e.g., as fertilizer, bio-

fuel, and biochar (Miao et al., 2004). Meanwhile, the toxicity of pollutants may 

cause damage to microalgae, which in turn weakens the removal efficiency.  

Results demonstrate both species were significantly inhibited at the beginning, 

however, under 50 mg L-1(tetracycline), both species performed a gradual re-

covery and growth of biomass later on (Figure 6). Specifically, M. aeruginosa 

showed better tolerance and recovery ability to tetracycline when compared 

with C. pyrenoidosa. M. aeruginosa achieved similar levels (p > 0.05) of algal 

cell numbers than did the control in the end (4.36 x 107 cells mL-1 of 10 mg L-

1, 3.11 x 107 cells mL-1 of 50 mg L-1, than 4.19 x 107 cells mL-1 of control). 

However, C. pyrenoidosa significantly reduced its cell growth at all concen-

trations of tetracycline. Moreover, results of microalgal pigments and photo-

synthesis intensity are consistent well with the results of cell number. Thus, 

this study extended microalgal vitality response to high concentrations of tet-

racycline (up to 100 mg L-1; Ye et al., 2017).  
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2.4 Microcystin release under tetracycline stress 

 
Figure 7. Microcystin-LR concentrations of (a) intracellular M. aeruginosa, and (b) released 

into water from M. aeruginosa. Different uppercase letters above the error bars in each figure 

represent significant difference (p < 0.05) among different treatment groups at the same 

sampling time. Different lowercase letters above error bars in each figure represent signifi-

cant difference (p < 0.05) of the same treatment group over different sampling times. 

[Adapted from paper I] 

M. aeruginosa is a typical species of harmful cyanobacteria, which could re-

lease microcystin into the environment, and thus, causes liver and nervous sys-

tem damage of humans (Hitzfeld et al., 2000). This study indicated that intra-

cellular synthesis of microcystin-LR was significantly reduced in long-term 

(240 h) due to the damage of peptide synthetases caused by tetracycline, which 

controlled the production of microcystin-LR (Ye et al., 2017). Meanwhile, tet-

racycline exposure led to the reduction of microalgal growth and metabolic 

activities (Figure 6), resulting in an overall decrease of released microcystin-

LR into the water (Figure 7). After tetracycline exposure, the released micro-

cystin-LR, which was lower than 1.8 µg L-1, could reach the safe quality of 

recreation and bathing water of Germany (< 10 µg L-1) (Burch, 2008). The 

results suggested, with proper monitoring of toxin-release and timely harvest 

of M. aeruginosa, a safe level of microcystin-LR could be ensured in the efflu-

ents. 
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3 Preliminary screening of microalgal 

species on varying organic carbon 

sources 

The blooming of industrial activities leads to increasingly rapid growth of in-

dustrial wastewater production (Udaiyappan et al., 2017). To date, approaches 

including flocculation (Amuda and Amoo, 2007), advanced oxidation (Mandal 

et al., 2010), membrane(Yang et al., 2011), and anaerobic technology (Speece, 

1983) have been widely employed for the treatment of industrial wastewater. 

However, such wastewater generally contains high levels of nutrients (P and 

N) and bio-available organic carbon sources, which could benefit for re-utili-

zation. In this view, microalgal technology provides an alternative for sub-

strates upcycling. Microalgal biomass could offer a series of valuable products, 

however, the high cost of cultivation ($20-$200 kg-1; Y. Wang et al., 2016) 

greatly hinders the application of microalgae. Investigations suggest microal-

gae cultivation by various wastewater could provide more economic and effec-

tive production of biomass, moreover, benefiting from simultaneous treatment 

of wastewater (Wang et al., 2015). Nevertheless, due to the abundant of indus-

trial processes, the wastewater generally includes various carbon sources, e.g., 

sugar (Gupta et al., 2014), protein (Fang et al., 2011), and oil (El-Gawad, 

2014), which could not be directly metabolized by microalgae, however, the 

symbiosis of yeast (or bacteria) and microalgae could help to convert or con-

sume the organic carbons (Wang et al., 2018). Moreover, during microalgal 

cultivation at large scales, biological contaminations are almost inevitable, and 

could lead to massive and sudden death of microalgae (Wang et al., 2013). 

Thus, screening and study of microaglal species in open systems with varying 

carbon sources could provide practical significance for microalgal cultivation 

using industrial wastewater, which however, has been rarely investigated.  
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3.1 Biomass yield on sugar and acetate 

 

Figure 8. Biomass yields on (a) glucose, (b) xylose, (c) starch, and (d) acetate. [Adapted 

from paper II] 

Microplates (24-wells) were used for the screening of microalgal species. After 

pre-cultivation to exponential phase, microalgal species, e.g., H. pluvialis, S. 

dimorphus, and S. platensis, were inoculated (0.54, 0.82, and 1.35 of initial OD 

680 nm, respectively) into corresponding synthetic mediums with varying car-

bon sources, and cultivated for 15 days. In vivo fluorescence (IVF) and optical 

density (OD 680 nm) were employed for the detections of accumulated bio-

mass of microalgae and total biomass (microalgae and bacteria), respectively. 

Correlations of dry weight (biomass) and detected signals (IVF or OD) are 

listed in Table 1. Results demonstrated that in all 4 carbon sources (glucose, 

xylose, starch, and acetate), higher microalgal biomass yields were achieved 

with initial concentrations of carbon source below 100 mg L-1, however, with 

rising concentrations, microalgal biomass yields significantly reduced. Specif-

ically, S. dimorphus accumulated the highest biomass yield on glucose among 

the three microalgal species (1.54 g gC-1), and demonstrated a property of car-

bon source selective, which only accumulated significant biomass on glucose. 

Meanwhile, with xylose and starch, S. platensis performed the highest biomass 

yields (5.70 and 3.52 g gC-1, respectively) among all microalgal species. No-

tably, a large amount of bacterial biomass yield was always observed along 

with the growth of S. platensis, indicating a potential symbiosis of S. platensis 

with bacteria. S. platensis could not directly metabolize starch, however, with 

the assistance of bacterial (or yeast) functions (e.g., hydrolysis), starch could 
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be converted to glucose (Wang et al., 2018), which could support mixotrophic 

or heterotrophic growth of S. platensis. Moreover, the extracellular organic 

matter excreted by microalgae could promote the growth of bacteria without 

any additional carbon sources (Natrah et al., 2014). Thus, both increased bio-

mass yields of S. platensis and bacteria were observed with starch than that of 

with glucose. Comparatively, H. pluvialis achieved overall significant accu-

mulations of microalgal biomass yields with all carbon sources, especially with 

acetate, indicating the wide adaption property to various carbon sources of H. 

pluvialis. Moreover, no bacterial biomass was observed in the system of H. 

pluvialis. This indicated the rapid adaption ability into new environments of 

H. pluvialis, and the potential antimicrobial substrates (e.g., butanoic acid, me-

thyl lactate) released by H. pluvialis (Santoyo et al., 2009).  

Table 1. Correlation of IVF/OD and biomass dry weight 

 Correlation R2 

S. dimorphus (IVF) Ybiomass=(x-984,01)/766390 0,9601 

S.dimorphus and bacteria (OD) Ybiomass=(x-0,0205)/3,1521 0,9837 

A. platensis (IVF) Ybiomass=(x-924,65)/18319 0,9584 

A.platensis and bacteria (OD) Ybiomass=(x-0,0425)/1,3671 0,9995 

H.pluvialis (IVF) Ybiomass=(x+1385.5)/155463 0,9299 

H.pluvialis and bacteria (OD) Ybiomass=(x-0,0341)/0,9917 0,9653 

 

3.2 Biomass yield on protein and lipid 

 

Figure 9. Biomass yields on (a) protein and (b) lipid. [Adapted from paper II] 

Protein could serve as both carbon and nitrogen sources for microorganisms. 

However, no obvious evidence for direct metabolism by microalgae was re-

ported (Ren et al., 2013).  In this study, only H. pluvialis achieved significant 

biomass accumulation (up to 3.58 g gC-1) among all three species, in which, no 

bacterial growth was detected (except peptone at 500 mg L-1). Comparatively, 
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peptone and hydrolysate casein promoted no significant difference (p<0.05) of 

H. pluvialis growth. Meanwhile, both systems of S. dimorphus and S. platensis 

were dominant by bacteria. As for the investigation of lipid, both GTO and 

sodium oleate could not be directly metabolized by the selected microalgal 

species. Similar to the results of sugar and acetate, H. pluvialis demonstrated 

the capacity of wide adaption (to varying carbon sources) and antimicrobial 

effects, which accumulated microalgal biomass in both GTO and sodium oleate 

without bacterial growth (except with sodium oleate at 500 mg L-1). Mean-

while, S. platensis obtained much higher microalgal biomass with sodium ole-

ate (500 mg L-1) than the other two species.  

3.3 Biomass yield on mixtures of carbon sources 

 

Figure 10. Biomass yields on mixed carbon sources. [Adapted from paper II] 

Real wastewater commonly contains complex carbon sources. Thus, carbon 

source mixtures were further investigated. With mixed carbon sources of mon-

omers (glucose, casein hydrolysate, and sodium oleate) and polymers (starch, 

peptone, and GTO), only H. pluvialis and S. dimorphus showed significant 

growth. Specifically, H. pluvialis accumulated higher biomass in polymer mix-

ture (up to 2.58 g gC-1) than did in monomer (1.57 g gC-1), which was con-

sistent with the results of the corresponding single carbon source. Unlike the 

single carbon source, with complex compositions of carbon sources, the anti-

microbial ability of H. pluvialis was significantly weakened, which simultane-

ous accumulation of microbial and microalgal biomass was observed. This 

could be due to the construction of complex bacteria consortia with several 

carbon sources together. In contrast, mixtures of monomer carbon sources led 

to overall higher yields (up to 0.82 g gC-1) of S. dimorphus than that of the 
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polymer (mixtures). However, the yields of S. dimorphus were significantly 

lower when compared with H. pluvialis. 

Generally, H. pluvialis demonstrated overall wide and rapid adaption ability 

(with higher biomass yields) to all carbon sources, and antimicrobial effects 

when dominated the systems. Conversely, S. platensis could accumulate the 

highest microalgal biomass with some carbon sources (e.g., xylose, starch, and 

sodium oleate), however, a symbiosis of bacteria with S. platensis was always 

observed. S. dimorphus was strict carbon source selective, which only obtained 

growth with glucose. Microalgae showed generally higher biomass yields and 

competitiveness against bacteria with lower concentrations of substrate (< 100 

mg L-1), which reduced its microalgal biomass yields when concentrations of 

substrate increased. Notably, this study is only a preliminary screening of mi-

croalgal species according to varying carbon sources. More investigations into 

mechanisms remain to be conducted. 
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4 Valorization of potato juice wastewater 

using H. pluvialis 

Potato juice wastewater is a typical industrial organic wastewater in high-

strength (Fang et al., 2011). Due to the enormous consumption of potato starch, 

massive amounts of potato juice wastewater are generated (Pastuszewska et al., 

2009). Such wastewater contains extremely high concentrations of COD (191.5 

g L-1), N (12.4 g L-1), and P (4.8 g L-1, Zhu et al., 2018), which may lead to 

both serious environmental contamination (Liu et al., 2013) and resource 

squander when being discharged untreated. Thus, a series of approaches in-

cluding membrane-based (Šárka et al., 2009), biological (Hamza et al., 2018) 

and precipitation-based (Bártová and Bárta, 2009) have been applied for the 

remediation of potato juice wastewater. To better take advantage of the 

wastewater, anaerobic digestion has been successfully demonstrated for biogas 

production from potato juice wastewater (Fang et al., 2011; Zhu et al., 2018). 

Nonetheless, N and P remain insufficiently removed by such approaches, 

which could result in eutrophication problems (Pan et al., 2018). In this view, 

microalgal technology could provide an alternative due to the strong capacity 

of N and P upcycling. Meanwhile, microalgal biomass could offer plenty of 

valuable products, e.g., astaxanthin (Lorenz and Cysewski, 2000), which is 

significant for aquaculture, poultry industry, and medical applications (Zhang 

et al., 2014). Among all microalgal species, H. pluvialis is regarded as the ma-

jor supplier of natural astaxanthin (up to 5% w/w, Lorenz and Cysewski, 2000). 

Using such wastewater containing high concentrations of N and P for cultiva-

tion of H. pluvialis could contribute to the reduction of production cost (Kang 

et al., 2006). However, H. pluvialis could only utilize limited types of carbon 

sources, which may lead to an insufficient removal efficiency of COD, and in 

turn, inhibit microalgal growth (Wang et al., 2015). Thus, novel integrated ap-

proaches for upcycling and remediation of potato juice wastewater remain to 

be investigated. 
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4.1 Anaerobic pre-treatments 
Table 2. Characteristic of the potato juice wastewater (original and effluent , adapted from 

paper III) 

Results demonstrated the original potato juice wastewater with high concen-

trations of COD (342.3±2.1 g L-1), N (2720.0 mgN L-1 ammonia and 17243.2 

mgN L-1 protein), and P (4766.7 mg L -1). Taking consideration of both COD 

and nutrients (N, P), an integrated valorization system composed of anaerobic 

pre-treatment and H. pluvialis cultivation was designed. In the first stage, a 

mesophilic UASB reactor was employed to conduct methanation of potato 

juice wastewater (10h HRT, 2.0 m h-1 up-flow velocity, 9.6 gVS L-1d-1 organic 

loading). Meanwhile, a thermophilic CSTR was applied for acidification of 

potato juice wastewater (6d HRT, 1.98 gVS L-1d-1 organic loading). Results 

(Table 2) indicated that treatment of methanation has mineralized organic mat-

ter into CH4 (and CO2), leading to a COD reduction of 75.44%, meanwhile, 

acidification pre-treatment has converted most organic matter to VFAs, leading 

to only slight reductions of COD (12.71-18.70%). Additionally, improved lev-

els of N, P, and pH were also achieved by both anaerobic processes, which will 

further benefit the cultivation of H. pluvialis. In view of biogas production, 

methanation process achieved a high methane yield (291-336 mL CH4g-1 COD, 

95.94% of theoretical value), while acidification process only obtained a low 

methane yield (44-65 mL CH4g-1 COD, Figure 11). This implied both reactors 

were running in expected conditions. 

 COD 

(g L-1) 

NH4-N  

(mgN L-1) 

NO3-N 

(mgN L-1) 

PO4-P  

(mgP L-1) 

pH 

Original 342.3±2.1 2720.0±56.6 320.0±32.7 4766.7±49. 9 4.8±0.1 

Influent 

UASB 

5.7±0.1 50.3±0.5 4.9±0.5 81.0±0.4 5.4±0.4 

Effluent 

UASB 

1.4±0.0 343.3±22.5 2.4±0.3 96.5±1.1 7.0±0.1 

Influent 

CSTR 

18.0±0.1 166.7±2.5 14.6±1.5 206.0±2.8 5.0±0.2 

Effluent 

CSTR 

14.9±0.4 1450.0±35.6 5.3±4.9 237.7±2.1 6.7±0.1 

MWC+Se 

medium 

-- 0 14.0 1.6 7.0±0.1 

Original wastewater protein: 107.8±3.3 g L-1 

Original wastewater total solids: 374.2±1.9 g L -1 

Original wastewater volatile solids: 262.4±3.7 g L -1 
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Figure 11. Methane production yield and recovery rate in the CSTR and UASB reactor 

[Adapted from paper III] 

4.2 H. pluvialis cultivation using effluents 

 

Figure 12 Biomass accumulation of H. pluvialis during the cultivation in anaerobically di-

gested potato juice wastewater. [Adapted from paper III] 

Effluents from both anaerobic processes were further diluted for the cultivation 

of H. pluvialis in flasks. As shown in Figure 12, effluents of acidification pro-

moted significantly faster and higher biomass accumulation of H. pluvialis 

(0.30-0.38 g L-1) than did the control (MWC+SE medium). However, the 

growth of H. pluvialis last shorter (9-10 days) when compared with the control. 

Acidification effluents generated a mixotrophic growth of H. pluvialis (indi-

cated by the growth curves and acetate concentrations, Jeon et al., 2006). Op-

positely, both effluents of UASB and control groups promoted autotrophic 

growth of H. pluvialis (0.41 and 0.25 g L-1, respectively). Overall, all effluents 
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achieved significantly higher microalgal biomass than that of the standard cul-

ture medium. 

4.3 Wastewater remediation 

 

Figure 13 Carbon concentration changes of effluent during the H. pluvialis treatment of 

COD, (b) acetic acid, (c) propionic acid, and (d) butyric acid. [Adapted from paper III] 

 

Figure 14 Nutrient concentration changes during the cultivation of H. pluvialis of (a) NH4-

N, (b) NO3-N, (c) PO4-P, and (d) potassium concentration change. Different uppercase letters 

above the error bars represent significant differences among the different groups at the same 

operation time (p < 0.05). Meanwhile, different lowercase letters above error bars represent 

significant differences in the same group over different operation times. [Adapted from pa-

per III] 

After anaerobic treatment, effluents of acidification were with high concentra-

tions of VFAs (72.2-73.5% conversion ratio), while none was detected in the 
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effluents of methanation (Figure 13). The assimilation of VFAs (acetate) by H. 

pluvialis finally contributed to 40.9-59.1% of COD removal in acidification 

effluents. Conversely, due to the remain of only low biodegradable organic 

matter in methanation effluents, no further COD removal was achieved by H. 

pluvialis (0%, in methanation effluents). Consequently, during the whole pro-

cess (anaerobic processes and microalgal cultivation), 51.3-66.3% and 75.8% 

of total COD was removed by acidification-microalgae and methanation-mi-

croalgae system, respectively. The main N source in both effluents was in form 

of ammonia, which was different from the control (nitrate, Figure 14). After 

15 days, H. pluvialis generated N removal efficiencies of 69.4-71.3% and 

83.4% in effluents of acidification and methanation, respectively. Meanwhile, 

86.5-98.3% of P was removed by H. pluvialis in each effluent. As a result, low 

concentrations of N and P were present in the wastewater finally, which pro-

vided the possibility of astaxanthin induction without changing mediums. 

4.4 Astaxanthin induction 

 

Figure 15. Astaxanthin content during the induction of H. pluvials. [Adapted from paper 

III] 

After cultivation of H. pluvialis (15 days), a strong illumination was applied 

for astaxanthin induction without medium replacement (24 h illumination, 

6000 lux, LED). Thus, induction conditions of intensive illumination, nutrients 

(P and N) starvation, and salt stress (potassium) were provided for H. pluvialis 

(Sarada et al., 2002). Results demonstrated (Figure 15) that all effluents (acid-

ification and methanation) promoted higher and faster astaxanthin accumula-

tion (24.5-27.9 mg g-1 and 11.5 mg g-1 in 3 days, respectively) than did the 

control (4.6 mg g-1 in 3 days). Longer induction (12 days) further elevated 

astaxanthin production in methanation effluents and control (18.3 and 14.7 mg 
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g-1, respectively), however, didn’t raise the production in acidification efflu-

ents (26.9-27.6 mg g-1). The overall faster and higher induction of astaxanthin 

was due to the high contents of potassium (80.08-115.67 mg L-1, Figure 14d) 

in the effluents, which could significantly promote the induction of astaxanthin 

(Harker et al., 1996). Additionally, acetate (Choi et al., 2014) and potassium 

acetate (Pan-utai et al., 2017) as a whole, could also promote the accumulation 

of astaxanthin. Thus, the acidification effluents (containing both potassium and 

acetate) performed the fastest and highest astaxanthin production. 

Summarily, this investigation applied anaerobic processes and the optimal mi-

croalgal species (H. pluvialis, from chapter 3) for an integrated valorization of 

potato juice wastewater, showing simultaneous high removal efficiency of 

COD, N and P. Moreover, the upcycled nutrients were converted to the pro-

duction of astaxanthin, which could benefit for the development of sustaina-

bility.   



29 

5 Clean production of microalgal protein 

from potato juice wastewater using 

bioelectrochemical systems 

Single-cell protein (SCP) is recognized as an alternative protein source for ad-

dressing the problem of protein deficiency (Matassa et al., 2015). Among all 

SCP sources, microalgae attract special attention due to their variety of nutri-

ents rather than only protein, e.g., vitamins, minerals, and lipids (Becker, 

2007). Chlorella vulgaris (C. vulgaris), as one of the few species that have 

already been utilized for humans, has a high content of protein (up to 58% w/w) 

and several bioactive compounds (da Silva Vaz et al., 2016). Nevertheless, the 

high production cost attributed to the culture medium (Hülsen et al., 2018) has 

enormously inhibited the development of microalgal protein. Approach of us-

ing wastewater for the cultivation of C. vulgaris has been widely investigated 

to decrease microalgal production costs, e.g., poultry wastewater, dairy 

wastewater (Hülsen et al., 2018). However, direct utilization of wastewater for 

the cultivation of C. vulgaris may cause chemical or biological contamination 

to microalgal biomass, which significantly hinders the use of such microalgal 

biomass as food and feed. Studies suggest bio-electrochemical systems (BESs) 

as an alternative for addressing the problem of contamination. The membranes 

utilized in BESs (two chamber form) could isolate microalgae from 

wastewater, meanwhile allow migration of nutrients across membranes (Zhang 

and Angelidaki, 2015). Even with high efficiency of nutrients upcycling, two-

chamber BESs could not simultaneously achieve the re-capture of both cation 

(e.g., NH4
+) and cation (e.g., PO4

3-) due to the property of ion-exchange mem-

branes (Kuntke et al., 2011; Fischer et al., 2011). Thus, novel BESs remain to 

be developed for simultaneous upcycling of different nutrients.  

5.1 COD removal and migration by novel three-

chamber BES 
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Figure 16. Schematic diagram and photo of the three-chamber mBES. [Adapted from pa-

per IV] 

In this study, a novel three-chamber BES was developed as shown in Figure 

16, which was separated using a cation exchange membrane (CEM, between 

the anode and middle chambers) and an anion exchange membrane (AEM, be-

tween middle and cathode chambers). With anode (wastewater), cathode 

(wastewater), and middle chamber (microalgae), three operation modes, i.e., 

MFC (with 1000 Ω resistor), MFC (with 10 Ω resistor), and MEC (with 0.5V), 

were conducted for 18 days. Results indicated an overall trend of current as: 

MEC 0.5V (0.46 mA) > MFC 10 Ω (0.22 mA) > MFC 1000 Ω (0.12 mA).  

 

Figure 17. COD removal and/or migration in the anode chamber (a), middle chamber (su-

pernatant) (b), and cathode chamber (c), and acetic acid removal and/or migration in the 

anode chamber (d), middle chamber (supernatant) (e), and cathode chamber (f).  [Adapted 

from paper IV] 

With rising electric current among different operation modes, COD removal 

efficiency was accelerated (Figure 17). In anode chamber, COD removal was 

increased from 46.8% (1541 mg L-1, MFC 1000 Ω) to 70.7% (2329 mg L-1, 

MEC 0.5V), while, in cathode chamber, COD removal was elevated from 

38.7% (MFC 1000 Ω) to 66.8% (MEC 0.5V). The raised current accelerated 
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transfer of electrons between electrodes and bacteria, thus, promoted the re-

moval of COD (Kim et al., 2016). Meanwhile, the middle chamber accumu-

lated increasing COD and acetic acid with the decrease of corresponding con-

centrations in cathode chambers, implying a potential migration of carboxylic 

acids (e.g., acetic acid) from cathode to middle chambers (through the AEM). 

5.2 Nutrients removal and migration by novel three-

chamber BES 

 

Figure 18. Nitrogen (in forms of total Kjeldahl nitrogen and ammonium) removal and/or 

recovery in the anode chamber (a), middle chamber (b), and cathode chamber (c) . [Adapted 

from paper IV] 

To study the removal and recovery of nutrients, method of segmented flow 

analysis was employed for the detection of phosphorus, ammonia, nitrate, and 

nitrite. Moreover, method of Kjeldahl was applied for the detection of total 

ammonia. As shown in Figure 18, the hydrolysis and digestion of protein (to 

ammonium), and the migration of NH4
+ (from anode through CEM to middle 

chambers, Park et al., 2009) together contributed to the dynamic of ammonium 

concentrations in anode chambers. Higher electric current led to a faster mi-

gration of NH4
+, and thus, increased the removal efficiency of ammonium in 

anode chambers (71.0% in MFC 1000 Ω, 91.9% in MFC 10 Ω and 96.0% in 

MEC 0.5V). Similarly, higher removal efficiencies of both Kjeldahl nitrogen 

and ammonium were also achieved in cathode chambers. Ammonium volati-

lization (Tao et al., 2014) and nitrification process (Sotres et al., 2016) were 

mainly responsible for the reduction in cathode chambers. 

 

Figure 19. The change of phosphorus concentration in the anode chamber (a), middle 

chamber (b), and cathode. [Adapted from paper IV] 
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Due to the CEM between the anode and middle chamber, no migration of PO4
3- 

happened in the anode, resulting in no reduction of phosphorus concentrations. 

Oppositely, even no significant trend of total phosphorus removal was ob-

served with rising electric current, higher concentrations of phosphorus were 

migrated into the middle chamber with increasing electric current (15.9, 13.9 

and 5.7 mg L-1, in MFC 10 Ω, MEC 0.5 V, and MFC 1000 Ω, respectively). 

The removal of phosphorus in cathode chambers was mainly due to the migra-

tion of phosphorus, aerobic phosphorus uptake (Zhang et al., 2019), and phos-

phorus precipitates (Tao et al., 2014). Increasing electric currents may promote 

migration of phosphorus, however, may reduce further removal of phosphorus 

due to faster phosphorus precipitation (caused by rapid pH rising).  

5.3 Microalgal growth 

 

Figure 20. The growth of C. vulgaris of (a) cell number growth and (b) dry weight accu-

mulation. [Adapted from paper IV] 

As the accumulation of acetic acid, nitrogen, and phosphorus into middle 

chambers, mixotrophic growth of C. vulgaris was supposed to occur. Figure 

20 demonstrated that overall higher cell numbers were achieved by all treat-

ment groups than did the control (biomass and protein control). Notably, higher 

electric currents resulted in lower cell numbers, but higher dry weights, indi-

cating the changes in microalgal sizes. Further microalgal cell size investiga-

tion implied (Figure 21) with increasing electric currents in the system, larger 

microalgal cells were promoted (up to 151.2%). This was mainly due to the 

organic carbon sources, e.g., glucose and acetate, which could promote a mix-

otrophic growth of C. vulgaris. Under mixotrophic growth, microalgae may 

increase intracellular nutrient storage, thus lead to enlarged cell sizes (Azaman 
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and P) and acetic acid accumulation, therefore, higher levels of mixotrophic 

growth were promoted. This directly led to the enlargement of microalgal cells. 

 

Figure 21. The cell sizes detected by the microscopy method in the (a) MEC 0.5 V groups, 

(b) MFC 10 Ω groups, (c) MFC 1000 Ω groups, and (d) biomass controls and (e) the cell 

size distribution of C. vulgaris in different groups according to the laser diffraction method 

groups at day 18. [Adapted from paper IV] 

5.4 Microalgal protein 

 

Figure 22. Total and essential amino acid content of C. vulgaris in different groups at 

day 18. [Adapted from paper IV] 

As shown in Figure 22, an overall higher protein content was achieved by all 
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could ensure a continuous high nitrogen supplementary to C. vulgaris, which 

benefited the accumulation of intracellular protein (Xie et al., 2017). Never-
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higher levels of mixotrophic growth. Thus, C. vulgaris predominated the accu-

mulation of lipid and starch (Azaman et al., 2017), and resulted in a decrease 

of protein content. 

Table 3. Amino acid component and contents (g per 100g  dry biomass) of C. vulgaris from 

the microalgal-MEC/MFC cultivation and MWC+SC media 

Amino acid  

(g per100g dry 

biomass) 

Control MFC 

1000 Ω 

MFC 10 

Ω 

MEC 0.5 

V 

Soy-

bean 

meala 

Threonine 1.72±0.13 2.90±0.01 2.00±0.26 1.67±0.01 2.06 

Methionine 0.21±0.03 0.64±0.13 0.72±0.24 0.36±0.09 0.99 

Isoleucine 0.78±0.06 1.45±0.08 1.00±0.33 0.80±0.06 2.63 

Leucine 2.07±0.04 4.84±0.02 3.14±0.35 2.44±0.27 4.18 

Phenylalanine 0.94±0.03 2.01±0.11 1.48±0.22 1.13±0.12 2.46 

Lysine 1.19±0.05 2.10±0.12 1.91±0.74 1.03±0.03 3.50 

Valine  1.90±0.13 4.11±0.06 2.23±0.13 2.26±0.02 1.94 

Histidine 1.45±0.16 1.46±0.10 0.61±0.01 0.71±0.26 1.53 

Proline 2.01±0.13 2.84±0.46 2.24±0.19 1.96±0.12 2.20 

Tyrosine 0.89±0.03 2.00±0.10 1.55±0.27 0.94±0.11 1.62 

Alanine  3.42±0.10 5.76±0.07 4.03±0.33 3.51±0.13 2.32 

Glycine 2.64±0.27 4.41±0.14 3.72±0.07 2.78±0.14 2.01 

Serine  1.57±0.08 2.92±0.12 2.39±0.31 1.80±0.19 2.54 

Glutamine + 

Glutamic acid  3.58±0.21 6.63±0.79 4.59±0.44 4.44±1.16 

 

9.10 

Aspargine + 

Aspartic acid  4.33±0.38 7.75±0.24 5.73±0.61 4.23±0.11 

 

6.00 

Arginine 1.83±0.03 3.38±0.45 2.50±0.10 2.01±0.35 4.18 

Essential amino acid 

a Data from Winkler et al., 2011 

 

Meanwhile, the analysis of amino acid profiles (Table 3) implied that the har-

vested microalgal protein (C. vulgaris) contained at least eight essential amino 

acids (EAAs, 32.5-35.4%, w/w) and all non-essential amino acids. Such bal-

anced profile of amino acids was comparable with that of the soybean meal 

(Winkler et al., 2011), indicating the potential of applying this novel three-

chamber BESs for protein production of food or feed quality.  
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6 Conclusions  

This Ph.D. study focused on investigating and developing simultaneous reme-

diation and upcycling of industrial high-strength organic wastewater using mi-

croalgae-based technology. Firstly, tetracycline wastewater in high concentra-

tions was successfully remediated by cyanobacteria, which extended the re-

utilization of HABs species. Next, preliminary screening of microalgal species 

and pre-treatment of anaerobic processes were achieved for efficient conver-

sion from potato juice wastewater to astaxanthin and methane production. Fi-

nally, novel three-chamber BES was developed to achieve the production of 

clean microalgal protein by upcycling nutrients from potato juice wastewater. 

Generally, the major findings of this Ph.D. project are concluded as: 

(1) M. aeruginosa demonstrated significantly faster and higher removal capac-

ity (over 98% in 2 days) to tetracycline in high concentrations (up to 100 

mg L-1) when compared with widely used microalgal species. 

(2) M. aeruginosa mainly promoted photo-catalysis degradation (by EOMs re-

lease) and hydrolysis (by pH raise) of tetracycline, of which, the toxicity of 

degradation by-products was reduced. 

(3) High concentrations of tetracycline significantly inhibited the synthesis and 

release of microcystin-LR. Timely harvest of microalgal biomass and toxin 

monitoring could help to achieve safe remediation. 

(4) H. pluvialis demonstrated wide-adaptive ability to various carbon sources 

and performed antibacterial effects when dominated the open systems. 

(5) Methanation process could significantly reduce COD (mineralizing organic 

matter to methane production), meanwhile, acidification process could 

slightly reduce COD (converting organic matter to VFAs). Both anaerobic 

processes raised pH, ammonium, and phosphorus concentrations of potato 

juice wastewater, which could benefit the cultivation of microalgae. 

(6) Effluents from methanation process promoted autotrophic growth of H. plu-

vialis (up to 0.41 g L-1) and 18.3 mg g-1 astaxanthin (12 days induction). In 

comparison, effluents from acidification process achieved fast mixotrophic 

growth of H. pluvialis (up to 0.38 g L-1) and up to 27.9 mg g-1 astaxanthin 

(3 days induction).  

(7) The integrated remediation (anaerobic processes and microalgal cultiva-

tion) could achieve up to 75.8%, 83.4%, and 98.3% removal efficiency of 

COD, NH4-N, and PO4-P, respectively. 
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(8) The novel three-chamber BES could efficiently achieve increasing upcy-

cling of TKN (up to 39.4%), phosphorus (up to 47.3%), and acetic acid with 

rising electric currents. Meanwhile, rising currents promoted up to 66.8%, 

69.0%, and 48.5% removal of COD, TKN, and phosphorus from potato 

juice wastewater, respectively. 

(9) The novel BES ensured clean and pure mixotrophic growth of C. vulgaris 

(maximum 1.11g L-1 microalgal biomass). Elevating electric currents gen-

erated higher biomass production and larger microalgal cells (151.2% en-

larged) due to the intracellular accumulation of extra nutrients. 

(10) Overall higher protein contents were achieved by the novel BES. C. vul-

garis obtained a comparable balanced amino acid profile to soybean meal, 

indicating the potential application of harvested microalgal protein as food 

and feed. 

In summary, this Ph.D. study extended the utilization of microalgal technology 

for the remediation and valorization of industrial high-strength organic 

wastewater. The knowledge of interactions between microalgae and pollutants 

(in high-strength) could contribute to the sustainable development of industrial 

wastewater. The developed approaches may also provide ideas for microalgal 

technology in practical applications. 
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7 Future Perspectives 

The present Ph.D. study developed novel microalgal-based technologies for 

high-strength organic wastewater remediation and nutrients upcycling. The re-

vealed mechanisms may also provide insights into the specific interactions and 

processes. Improvements and further developments could still be achieved. 

Thus, the suggestions below are summarized: 

 Gene expression study (mRNA) could further contribute to the understand-

ing of microcystin-LR inhibition with exposure to high concentrations of 

tetracycline. 

 Analysis of degradation products and bacterial consortia is critical for 

deeper understandings of the interactions between microalgae and bacteria 

with varying carbon sources. 

 Large-scale investigation of using the integrated anaerobic processes and H. 

pluvialis cultivation, and kinetic study of astaxanthin production could to-

gether optimize the process for practical application. 

 Further improvements of effluents recycling and pH buffer (in cathode 

chamber) are meaningful for promoting the efficiency of the developed BES. 
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a b s t r a c t 

The occurrence of pharmaceuticals and personal care products (PPCPs) in wastewater poses huge envi- 

ronmental threats, even at trace concentrations, and novel approaches are urged due to the inefficiencies 

of conventional wastewater treatment plants, especially when processing contaminants at high concen- 

trations. Meanwhile, another widespread problem in the aquatic domain is the occurrence of harmful 

algal blooms (HABs) which cause serious damage to the ecosystem, but have rarely been investigated for 

possible valorization. This study investigated the possibilities, mechanisms, and effects of toxin release 

of using a harmful cyanobacterial species, Microcystis aeruginosa ( M. aeruginosa ), in order to remove the 

widely used drug, tetracycline, at high concentration. The results were compared with the performance 

obtained by the use of the hitherto generally-selected chlorophyte alga Chlorella pyrenoidosa ( C. pyrenoi- 

dosa ) for tetracycline concentrations of 10-100 mg L −1 . M. aeruginosa exhibited a much more effective 

and rapid tetracycline removal (over 98.0% removal in 2 days) than did C. pyrenoidosa (36.7%-93.9% in 

2 days). A comprehensive kinetic investigation into probable removal pathways indicated that, theoreti- 

cally, bio-remediation dominated the process by M. aeruginosa (71.6%), while only accounting for 20.5% 

by C. pyrenoidosa . Both microalgae promoted the hydrolysis of tetracycline under conditions of increased 

pH and inhibited abiotic photolytic reactions by the shading effect to the water column, when compared 

with control experiments. Although identical degradation by-products were identified from treatments by 

both microalgal species, distinct by-products were also confirmed, unique to each treatment. Moreover, 

the growth of M. aeruginosa biomass exhibited strong tolerance to tetracycline exposure and released 

significantly lower levels of microcystin-LR, compared with the control systems. This study supports the 

possibility of reusing HABs species for the effective remediation of antibiotics at high concentrations. We 

have further suggested possible mechanisms for remediation and demonstrated control of toxin release. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Pharmaceuticals and personal care products (PPCPs) have been 

xtensively detected in aquatic systems, and pose serious hazards 

o human health and ecology even at trace levels ( Suárez et al., 

008 ). The global consumption of antibiotics alone has been es- 

imated at 10 0-20 0k tons ( Qian et al., 2012 ), however, 25%-75%

f the consumed antibiotics are excreted from living systems and 
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ontaminate natural waters ( Sarmah et al., 2006 ). Such antibi- 

tics are barely removed in conventional wastewater treatment 

lants (WWTPs) due to their antibacterial properties ( Wang et al., 

013 ). Tetracycline (Fig. S1.) is the second most widely-used an- 

ibiotic, often employed for the treatment of many different bacte- 

ial infections as diverse as severe acne, food poisoning, and sex- 

ally transmitted diseases. The presence of residual tetracycline 

t trace levels in the environment as a whole might lead to fur- 

her development of antibiotic-resistant bacteria, which, in turn, 

ould be a major health problem. Worse still, tetracycline expo- 

ure at high concentrations generates the equally serious environ- 

ental problem of acute toxicity to the aquatic and edaphic organ- 
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sms ( Daghrir and Drogui, 2013 ). To date, more attention has been 

aid to the investigation of tetracycline removal at low concentra- 

ions, e.g. μg/L ( Kim et al., 2005 ), however, tetracycline could be 

resent at levels up to 200 mg L −1 in pharmaceutical wastewater 

 Song et al., 2019 ). The acute toxicity effect from such high con-

entrations of tetracycline raises significant challenges to conven- 

ional wastewater treatment methods. Previous studies have indi- 

ated that WWTPs can only achieve up to 30% removal of this drug 

 Watkinson et al., 2009 ), which may be attributed to the toxic ef-

ects of tetracycline on the bacterial population present in aerobic 

ludge ( Halling-Sørensen, 2001 ), especially with exposure at high 

oncentration. Thus, development of technology for the effective 

nd economic mitigation of tetracycline at high concentrations is 

rgently required. 

Various approaches, such as flocculation ( Fu et al., 2015 ), ad- 

anced oxidation ( Hou et al., 2016 ), and adsorption ( Gao et al.,

012 ), have been proven to effectively remove tetracycline from 

astewater at high concentrations. However, such methods require 

ncreasing dosage of additional chemicals with rising concentration 

f tetracycline. Consequently, the large scale application of such 

echniques is still hindered by their relatively high costs and the 

otential problem of secondary pollutants ( Tang et al., 2016 ). Mi- 

roalgal technology has been recognised as an eco-friendly, and 

ost-effective method for water treatment, including removal of 

merging contaminants ( Matamoros et al., 2016 ). A further advan- 

age of this technique is the potential reuse of the algal biomass 

 Pan et al., 2018 ). Therefore, microalgal species with high economic 

alue, such as Chlorella pyrenoidosa ( C. pyrenoidosa ) ( Su et al., 

011 ), have hitherto been mostly selected for wastewater treat- 

ent. Cyanobacteria, although the most well-known species re- 

ponsible for harmful algal blooms (HABs) in eutrophic waters 

 Zhang et al., 2018 ), is often neglected because of the production 

f toxic microcystins as by-products of metabolism ( Hitzfeld et al., 

0 0 0 ). From the perspective of wastewater treatment, its charac- 

eristics of rapid growth, high nutrient uptake capability, and low 

equirement for a favourable environment (e.g. temperature and 

H), could make cyanobacteria an ideal microalgae species, if the 

elease of unwanted toxins could be controlled during the process 

 Rzymski et al., 2014 ). 

Microalgal technology has been demonstrated to effectively re- 

ove tetracycline under low initial concentration levels ( < 2 mg 

 

−1 ) ( Norvill et al., 2017 ; de Godos et al., 2012 ). However, stud-

es on microalgal technology for the treatment of wastewater con- 

aining high concentrations of tetracycline, have been rarely in- 

estigated. Furthermore, some microalgal species exhibit a Gram- 

egative-bacteria-like prokaryotic structure, in which cases tetra- 

ycline could generate biphasic hormetic effects, i.e . inhibition 

t high doses and stimulation at low doses ( Wan et al., 2015 ).

hus, a high initial concentration of the drug may lead to a dra- 

atically low removal performance, an effect which has rarely 

een thoroughly investigated. Therefore, research on the removal, 

y microalgae, of high concentrations of tetracycline from PPCPs- 

olluted wastewater is needed and is still challenging. 

Considering the application of different microalgal species, full- 

cale microalgae treatment systems, e.g., tubular photo-bioreactor 

nd raceway ponds, have been successfully applied for the treat- 

ent of various wastewaters, such as municipal wastewater 

 Rawat et al., 2011 ) and livestock effluent ( Wang et al., 2016 ).

evertheless, the major concern of using cyanobacteria to re- 

lace other commonly-used microalgae species, e.g., C. pyrenoi- 

osa , is the potential risk of toxin release during algal death and 

ell lysis ( Paerl and Otten, 2013 ). A previous study has demon- 

trated the significant decrease of microcystin production and re- 

ease from cyanobacteria on exposure to tetracycline up to 10 mg 

 

−1 ( Ye et al., 2017 ). This effect may have been due to the block-

ng of peptide synthesis, controlling the production of microcystin- 
2 
R ( Ye et al., 2017 ) and a corresponding enhancement in the pro-

uction of reactive oxygen species (ROS) ( Yang et al., 2013 ) due 

o the presence of tetracycline. However, release of toxins from 

yanobacteria under higher tetracycline concentrations ( > 10 mg 

 

−1 ) has rarely been investigated. Release of toxins from cyanobac- 

eria mainly occurs during algal death and cell lysis. Thus, the 

onitoring of algal cell vitality and the measurement of toxin pro- 

uction during the process is essential in order to evaluate the 

afety envelope of the treatment technology. 

The mechanisms of antibiotics removal, including pathways 

nd metabolism, by different microalgal species, always vary. It 

s generally agreed that comprehensive pathways, i.e. photoly- 

is, hydrolysis, cation-binding, adsorption, bioaccumulation and 

iodegradation, may simultaneously contribute to the removal of 

ntibiotics from the environment ( Xiong et al., 2017a ). It has 

een found that photodegradation mainly contributed to tetra- 

ycline removal ( Norvill et al., 2017 ), however, de Godos et al . 

2012) reported that biosorption and photodegradation are both 

redominant pathways for tetracycline removal during treatment 

y different microalgae. Thus, quantitative investigation of re- 

oval pathways is vitally important for the understanding of 

yanobacteria-based treatment of tetracycline. Moreover, Halling- 

ørensen et al . (2002) have highlighted that anhydrotetracycline 

ATC) and 4-epianhydrotetracycline (EATC) could be major by- 

roducts of metabolism, and which may be more toxic than 

he parent compound, during remediation in aqueous conditions 

 Halling-Sørensen et al., 2002 ). Thus, identification of the by- 

roducts of degradation is also important in order to systemati- 

ally understand remediation mechanisms ( Halling-Sørensen et al., 

002 ) and potential environmental impacts. 

In this study, we investigated the potential use of harmful 

yanobacteria to effectively and safely remediate wastewater con- 

aining high concentration of tetracycline, and elucidated the prob- 

ble mechanisms of removal. The removal efficiencies of tetracy- 

line by the cyanobacteria, Microcystis aeruginosa ( M. aeruginosa ), 

ere compared with the treatment by representative wastewater 

reatment microalgal species C. pyrenoidosa at relatively high ini- 

ial concentrations (10-100 mg L −1 ) of the drug. Different pathways 

nd degradation by-products of tetracycline aided the elucidation 

f likely removal mechanisms. Algal biomass growth and cell vital- 

ty were characterised to estimate possibilities for biomass reuse. 

oreover, levels of toxic microcystin-LR, released from M. aerug- 

nosa , were monitored, in order to assess water reuse/discharge 

afety. 

. Materials and methods 

.1. Materials 

Two species of microalgae strains, M. aeruginosa and C. pyrenoi- 

osa , were purchased from the freshwater algae culture collection 

t the Institute of Hydrobiology (FACHB), Wuhan, China, and cul- 

ivated in BG11 media (Table S1) prior use. Tetracycline was ob- 

ained from J&K Scientific Ltd., Beijing, China. Microcystin-LR stan- 

ard (SB05-287-2012) was purchased from the National Standard 

aterial Center of China (Beijing, China). All reagents used were of 

nalytical grade and ultrapure water (18 M �•cm) was used in all 

xperiments. 

.2. Experimental operation 

The removal performance of tetracycline by the two microalgal 

pecies was evaluated under different initial tetracycline concen- 

rations. An appropriate volume of a tetracycline solution in ultra- 

ure water was added into each BG11 culture medium, resulting 

n three different concentrations of 10, 50, and 100 mg L −1 . Three 
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d

ontrol groups were set up to elucidate the removal of tetracycline 

y natural degradation (photolysis and hydrolysis) and binding to 

ivalent cations (calcium, magnesium, cobalt) present in the BG11 

ulture media. The groups comprised 1) BG11 medium with tetra- 

ycline, but without microalgae under irradiation, was set as a light 

ontrol , 2) BG11 medium with tetracycline, but without microalgae 

nd irradiation, was set as a dark control , and 3) pure water with

etracycline, but without microalgae and irradiation, was set as a 

hemical control . Media with microalgae addition are hitherto re- 

erred to as treatment groups . 

The treatments were conducted in Erlenmeyer flasks (1L) with 

00 mL working volume. Different microalgae species have dis- 

inct cell sizes and growth rates, therefore, previous studies usu- 

lly conducted wastewater treatment experiments under similar 

nitial algal biomass concentrations in order to allow the results 

o be directly comparable ( Arbib et al., 2014 ). To better compare 

he tetracycline removal performance, the two species were sep- 

rately pre-cultured until the late exponential phase. Afterwards, 

oth microalgal species were inoculated into corresponding flasks 

o achieve an identical optical density (OD680) of 0.103 ± 0.016, 

hich represented the same biomass concentrations (7.12 × 10 6 

ell mL −1 M. aeruginosa and 7.50 × 10 5 cell mL −1 C. pyrenoi- 

osa ). All flasks were placed in an incubator maintained at 28 ±1 

C and illuminated by white light (full-spectrum white LED; Led- 

ance GmbH, Garching, Germany; intensity 1600 lux; light:dark ra- 

io of 12:12h). All flasks were swirled manually three times (5 mins 

ach) each day. The experimental setup with the initial tetracycline 

oncentration of 50 mg L −1 was selected for comprehensive study 

nto the possible removal pathways. Each group was set up in trip- 

icate and operated for 13 days. In total, 36 treatments were con- 

ucted for the investigation. 

.3. Sampling and analysis 

.3.1. Sampling 

The pH of each treatment suspension was measured daily di- 

ectly in the flask using a PHB-600R pH meter (Omega Engineering, 

orwalk, USA). In addition, samples (0.2 mL) were taken daily for 

lgal cell counting, while another sample (2 mL) was taken from 

ach flask at 0, 2, 4, 6, 16 and 24 hours, and then daily until day

3, for determination of tetracycline concentration, by ultrahigh- 

erformance liquid chromatography (Waters Acquity UPLC, Waters 

orp., Milford, USA) as described later. Samples for investigation 

nto possible tetracycline removal pathways, microcystin-LR pro- 

uction, and detection of degradation by-products, were also taken 

n the corresponding days. 

.3.2. Tetracycline analysis and removal pathways 

Thus, tetracycline removal kinetics by natural hydrolysis, pho- 

olysis, and cation-binding were determined by sampling at hour 

, 2, 4, 10, 16, and daily from day 1 to day 11. The chemical control

roup could be categorised as the abiotic hydrolysis of tetracycline. 

he difference between tetracycline removal in the dark and in the 

hemical control groups was considered to represent tetracycline 

emoval caused by cation-binding. Meanwhile, differences between 

etracycline removal in light and dark control groups enabled es- 

imation of abiotic photolysis process. The sampling methods for 

etracycline distribution (in water, via bio-adsorption, and via bio- 

ccumulation) are described in Text S1.1. The analysis parameters 

or UV detection of tetracycline by Acquity UPLC-PDA (Diode Array 

etector) are detailed in S1.1. 

.3.3. Detection of degradation by-products 

Filtered water samples (supernatant phase, 0.22 μm membrane 

lter), from treatments spiked with an initial tetracycline concen- 

ration of 50 mg L −1 , were used to identify tetracycline degrada- 
3 
ion by-products by analysis with an Acquity UPLC coupled with 

 Waters Xevo G2 ToF-MS detector (Waters Corp., Milford, USA). 

nly samples collected at 24 and 312 hours were processed. The 

orking parameters for the Acquity UPLC are described in the sup- 

orting information (Text S1. 2) and the working parameters of the 

oF-MS were: mass range 50-1200 Da, scan time 1.5 sec, collision 

nergy 6V, collision energy ramp 15 to 30 V, cone voltage 40 V, 

ositive polarity. 

.3.4. Microcystin-LR measurement 

The most toxic microcystin compound, microcystin-LR, was de- 

ected by UPLC-UV in both intracellular and extracellular fractions 

n the samples collected at 10, 60 and 240 hours from the treat- 

ent groups with an initial tetracycline concentration of 50 mg 

 

−1 . Specifically, 50 mL sample was initially centrifuged (4800 rpm 

or 15 min). The supernatant thus produced was then used for the 

uantification of released microcystin-LR after pre-concentration 

y SPE (Oasis R MCX 6cc, 500mg, Waters Corp., Milford, USA). The 

PE was initially activated with 100% methanol (10 mL), followed 

y a wash-out of ultrapure water (20 mL, 3 mL min 

−1 ). A gradient

oncentration of methanol (0-20%, v/v) was utilized for the wash- 

ut of impurities and methanol (3 ml, 35% v/v) for elution of the 

icrocystin-LR. After collection, the eluent was evaporated under 

ry nitrogen to 1.2 mL. 

The algal pellet was also analysed for intracellular microcystin- 

R. Briefly, after washing three times with ultrapure water, the pel- 

et was dissolved with methanol (80% v/v) and freeze-thawing with 

iquid nitrogen (x3) in order to fragment the algal cells, and to ex- 

ract the microcystin-LR. Finally, 1 mL sample was concentrated by 

vaporation under dry nitrogen at room temperature. The working 

arameters of Acquity UPLC for microcystin-LR detection are de- 

cribed in S.1.3. 

.4. Microalgal growth monitoring 

Cell densities of both microalgae species were monitored daily 

sing a hemocytometer. After sampling on day 1, 3, 6, and 10, cell 

igments were detected and calculated as described in S1.4. 

.5. Calculation and statistical analysis 

The Pseudo-first-order kinetic model ( Eqn 1 ) was used to sim- 

late the removal, desorption and decline of accumulated tetracy- 

line: 

n ( C 0 / C ) = k × t (1) 

Meanwhile, according to a relevant study ( Choi et al., 2020 ), 

he concentration changes through adsorption and accumulation 

y microalgae was simulated with modified pseudo-first-order ki- 

etic model ( Eqn 2 ): 

n ( 1 − C 0 / C ) = −k × t (2) 

here, C 0 is the concentration of tetracycline at time t = 0 and C 

s the tetracycline at time t = t; k represents the pseudo-first-order 

inetic rate constant; t is the time. 

SPSS 19.0 (IBM Corporation, Armonk, USA) and Origin 8.5 

OriginLab, Northampton, USA) were used to analyse and to plot 

he data, respectively. One-way ANOVA and Tukey’s multiple com- 

arison test were used to compare ( p < 0.05 ) water quality parame- 

ers between different treatment systems at each sampling point. 

. Results and Discussion 

.1. Tetracycline removal efficiency and kinetics 

Tetracycline is a chemically reactive compound which can be 

egraded through photolysis and/or hydrolysis processes ( Yi et al., 
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Fig. 1. The dynamics of tetracycline concentration in blank control groups, and treatment groups of M. aeruginosa and C. pyrenoidosa at initial concentrations of 10 mg L −1 

(a), 50 mg L −1 (b), and 100 mg L −1 (c). The solid lines are simulated pseudo-first-order kinetic degradation models. 
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Table 1 

Pseudo-first-order kinetic model fitting results of tetracycline degradation. 

Initial tetracycline 

concentration (mg L −1 ) k value R 2 

M. aeruginosa 10 1.7 × 10 −1 ± 9.2 × 10 −3 0.99 

50 7.7 × 10 −2 ± 1.3 × 10 −2 0.94 

100 8.6 × 10 −2 ± 9.7 × 10 −3 0.97 

C. pyrenoidosa 10 3.6 × 10 −2 ± 2.7 × 10 −3 0.99 

50 2.2 × 10 −2 ± 1.1 × 10 −3 0.99 

100 7.0 × 10 −3 ± 2.8 × 10 −4 0.98 

Control 10 1.4 × 10 −2 ± 3.3 × 10 −4 0.99 

50 1.5 × 10 −2 ± 8.4 × 10 −4 0.99 

100 8.4 × 10 −3 ± 3.6 × 10 −4 0.98 
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016 ; Jiao et al., 2008 ). This characteristic supports the observa- 

ion that the tetracycline degraded in all control groups, even with- 

ut addition of microalgae. In this study, C. pyrenoidosa was se- 

ected as a representative, widely-investigated, and safe microalgal 

pecies for wastewater treatment ( Su et al., 2011 ). The compari- 

on of tetracycline removal efficiencies between M. aeruginosa and 

. pyrenoidosa could contribute to a better understanding of the 

dvantages or drawbacks for treatment of wastewater, containing 

igh concentrations of tetracycline, by the newly proposed HABs 

pecies over conventional microalgae species. For C. pyrenoidosa 

reatments ( Fig. 1 a), from an initial concentration of 10 mg L −1 ,

he tetracycline concentration significantly decreased to 0.65 mg 

 

−1 (93.9% removal) by day 2 and then reached 0.01 mg L −1 (99% 

emoval) on day 11. However, the M. aeruginosa treatments showed 

 much faster removal rate, and achieved 0.01 mg L −1 (99% re- 

oval) at day 2 which was furthermore maintained until day 11 

 Fig. 1 a). Previous studies have indicated that higher tetracycline 

oncentration might hinder microalgae growth ( Ye et al., 2017 ) and 

herefore affect drug removal. This observation is supported in this 

tudy by the C. pyrenoidosa groups, at the higher initial concen- 

ration of 50 mg L −1 ( Fig. 1 b), where tetracycline concentrations 

ecreased faster than those in the control group, until day 4 after 

hich it maintained at 0.7 mg L −1 (98.6% removal rate) and per- 

ormed similarly to the control. The growth of the algal biomass 

ay act to decrease the light penetration in the water and thus 

ffect photolysis and/or hydrolysis removal of tetracycline. Thus, at 

he initial concentration of 100 mg L −1 , the tetracycline removal in 

. pyrenoidosa groups became similar, or even less effective, when 

ompared to the control ( Fig. 1 c). 

The M. aeruginosa groups consistently exhibited significantly su- 

erior performance for tetracycline removal at high initial con- 

entrations of 50 and 100 mg L −1 , where the similar tenden- 

ies of rapid removal over 98.0% were achieved within 1 and 

 days, respectively ( Fig. 1 b and c). M. aeruginosa, as a typi-

al cyanobacterial alga, demonstrated a rapid reproduction rate, 

hich, however, could lead to the appearance of serious harm- 

ul algal blooms within several days in eutrophic lakes ( Paerl and 

tten, 2013 ). The existence of M. aeruginosa has been observed 

orldwide, regardless of temperature and pH variance of the wa- 

er ( Paerl and Otten, 2013 ), which may indicate its high tol- 

rance against any antibiotic effects. The results demonstrated 

hat the harmful cyanobacteria, M. aeruginosa , could rapidly and 

ffectively remove tetracycline within limitations of initial con- 

entration. Previous studies indicated that, in algal ponds, only 

9 ±1% tetracycline was removed from an initial concentration 

f 2 mg L −1 ( de Godos et al., 2012 ), and 93% tetracycline

as eliminated from an initial concentration of 0.1 mg L −1 in 

 days ( Norvill et al., 2017 ). Comparatively, the M. aeruginosa 

emonstrated a much higher and faster removal capacity of 

etracycline over a wide range of initial concentrations, up to 

00 mg L −1 . 
4 
Tetracycline removal is widely indicated by studies to follow 

he pseudo-first-order kinetics in high-rate algal pond (HRAP) sys- 

ems ( de Godos et al., 2012 , Norvill et al., 2017 ). The results of

etracycline removal in this study also exhibited good correspon- 

ence with the pseudo-first-order kinetic model ( Fig. 1 , Table 1 , 

 

2 > 0.94 ). Generally, elevation of levels of tetracycline significantly 

ecreased the removal rates (k). Except for the C. pyrenoidosa with 

00 mg L −1 tetracycline, in which the growth of microalgae prob- 

bly inhibited the photolysis of tetracycline and generated lower 

emoval rates than the control, all other groups of both microal- 

ae species achieved greater removal rates than the control. This 

ndicated a significant promotion of the presence of microalgae 

n tetracycline removal than the natural removal processes con- 

ributed by hydrolysis, photolysis, and cation-binding, especially 

ith M. aeruginosa (5.1-12.1 times higher than the control). The 

esults further demonstrated that, overall, M. aeruginosa exhibited 

ignificantly higher removal rates, at all tetracycline levels, than 

id the C. pyrenoidosa ( p < 0.05 ), indicating a better general tetra- 

ycline removal ability of M. aeruginosa than the C. pyrenoidosa . 

ompared with previous studies, the pseudo-first-order kinetic rate 

esults also showed statistically better tetracycline removal kinetic 

chieved by M.aeruginosa (0.17-0.077, 10-100 mg L −1 tetracycline) 

han that achieved by the HRAP (0.091-0.038, 0-88 mg TSS L −1 

iomass, 2 mg L −1 tetracycline; ( de Godos et al., 2012 ) and pho-

olysis/hydrolysis processes (0.0 014-0.0 065, 20-10 0 mg L −1 tetra- 

ycline; Yi et al., 2016 ; Jiao et al., 2008 ). 

.2. Tetracycline removal pathways 

The experiment at the initial tetracycline concentration of 50 

g L −1 was further explored in order to understand the contribu- 

ions from each pathway of removal. Considering the abiotic re- 

oval of tetracycline, processes of cation-binding, photolysis, and 

ydrolysis all contributed to the removal of tetracycline, acting 

owever, at different levels ( Fig. 2 a-b, and S2a-b). The results from 

he chemical control group indicated that divalent cations present 

n the BG11 medium (Table S1), such as calcium, magnesium, and 
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Fig. 2. Theoretically different contributions (photolysis, hydrolysis & cation-binding and bio-remediation) towards tetracycline removal in (a) M. aeruginosa , and (b) C. pyrenoi- 

dosa treatment groups, and distribution (in water, adsorption by microalgae and bio-accumulation into microalgal cells) of residual tetracycline in (c) M. aeruginosa , and (d) 

C. pyrenoidosa treatment groups. 
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obalt, could bind with tetracycline to form low solubility com- 

lexes ( Pala-Ozkok et al., 2019 ), which contributed to a relatively 

onstant tetracycline removal in the range of 1.42-4.08 mg L −1 

2.8-8.0%, Fig. S2a). Meanwhile, abiotic photolysis achieved a sig- 

ificant higher (p < 0.05) removal rate (k = 0.029) than did abiotic 

ydrolysis (k = 0.0069, Table S2). 

Results further indicated that the significantly higher removal 

ates of tetracycline (p < 0.05) achieved by microalgae (especially by 

. aeruginosa ) could be contributed through bioadsorption, bioac- 

umulation and biodegradation processes ( Fig. 2 c-d and S2c). Si- 

ultaneous with the decline in concentration of tetracyclines in 

ater, concentrations adsorbed and accumulated by both microal- 

ae increased to a peak (uptake stage) inside one ( M. aeruginosa ) or 

wo ( C. pyrenoidosa ) days. For the C. pyrenoidosa treatment groups, 

he bioremediation (including bioadsorption, bioaccumulation, and 

iodegradation) contribution of the algae was always observed to 

e lower ( < 10.41 mg L −1 , less than 20.5% contribution) than those

rom abiotic photolysis, hydrolysis, and cation-binding. However, 

. aeruginosa could be considered more effective for tetracycline 

ioremediation (39.02 mg L −1 , 71.6% contribution) providing a to- 

al removal efficiency of 98% after only 24 hours ( Fig. 1 , 2 a and

). Previous studies also illustrated that tetracycline, owing to its 

ydrophilic nature, could be absorbed by the algal cell ( de Go- 

os et al., 2012 ). The compound has also been found to translo- 

ate into an algal cell through water and nutrient uptake pathways 

 Xiong et al., 2017a ). However, the amount of tetracycline existing 

n cell surfaces (bioadsorption) and intracellular regions (bioaccu- 

ulation) in M. aeruginosa (1.07 mg L −1 , 2%) was much lower than 

hat in C. pyrenoidosa (8.02 mg L −1 , 16%) on day 1. Afterwards, a

radual decline of concentrations from the peak was followed until 

ay 13 (through either metabolization or release). Both concentra- 

ions of bioadsorbed and bioaccumulated tetracycline changed as a 

onsequence of microalgal uptake and translocation, and could be 

ell described by the pseudo-first-order kinetic model (R2 ≥0.90, 

able S2). Generally, in the uptake stage of tetracycline, the rates of 
5 
io-adsorption by both microalgal species were significantly higher 

han those of bio-accumulation (p < 0.05) and, overall, M. aerugi- 

osa achieved higher rates of bio-adsorption and bio-accumulation 

k = 0.66 and 0.19, respectively) than did C. pyrenoidosa (k = 0.37 and 

.12, respectively, Table S2). Nevertheless, M. aeruginosa promoted 

 shorter uptake stage of tetracycline when compared to C. pyrenoi- 

osa . In the declining stage of tetracycline, the desorption rates of 

. aeruginosa (k = 0.23) were still significantly higher than that of 

. pyrenoidosa (k = 0.071), however, both species achieved similar 

ecrease rates of accumulated tetracycline (k = 0.012 and 0.011, re- 

pectively, p > 0.05). Considering the superior tetracycline removal 

fficiency in M. aeruginosa treatment groups, the species presented 

ignificantly higher tetracycline biodegradation either inside the al- 

al cell or by side effects outside the algal cell, when compared 

ith C. pyrenoidosa. 

Although the contributions of each pathway may vary, the re- 

ults supported the hypothesis that the possible pathways, such 

s hydrolysis (tetracycline molecule split by chemically-catalysed 

ddition of water), photolysis (light-activated oxidation), cation- 

inding (tetracycline binding with divalent cations), biodegradation 

decomposition of tetracycline by microbial activity), bioadsorption 

tetracycline passively concentrating and binding onto microalgal 

ells) and bioaccumulation (accumulation of tetracycline in the mi- 

roalgae cells) ( Yi et al., 2016 ; Jiao et al., 2008 ; Xiong et al., 2017b ),

ave an effect on tetracycline removal. It should be noted that 

mong the confirmed pathways, more than one mechanism can 

ake place simultaneously and thus can influence each other. For 

xample, the growth of microalgal biomass could reduce the inten- 

ity of light inside the water column and thus reduce tetracycline 

egradation by photolysis ( de Godos et al., 2012 ) ( Fig. 1 c). Conse-

uently, the realistic photolysis kinetics of tetracycline removal in 

oth microalgal systems should be less than those of the theoreti- 

al results ( Fig. 2 c). Oppositely, it was observed that the inoculum 

nd growth of both M. aeruginosa and C. pyrenoidosa led to an in- 

rease in solution pH than the controls. Moreover, the M. aerug- 
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nosa samples generally produced significantly higher pH levels 

han did the C. pyrenoidosa groups (p < 0.05, Fig. S3). Previous stud- 

es have suggested a reduction in tetracycline hydrolysis half-life 

ime by 2.68-3.27 -fold with an increase of pH from 5 to 11 (22-

5 °C) ( Yi et al., 2016 ). Thus, the realistic hydrolysis of tetracycline

nder both microalgal treatments should be significantly increased, 

bove those theoretical hydrolysis kinetics ( Fig. 2 c). The higher lev- 

ls of pH in the M. aeruginosa groups could promote a higher 

etracycline hydrolysis compared to that from the C. pyrenoidosa 

roups. Additionally, the elevated photosynthetic processes occur- 

ing in microalgal treatments (Fig. S4 and S5) may increase both 

issolved oxygen (DO) and pH, increasing the number of reactive 

xygen species (ROS) ( Norvill et al., 2017 ), which, in turn, may also

ead to the degradation of tetracycline. 

.3. Tetracycline degradation by-products 

Water samples from both microalgal treatment groups were 

nalysed by HPLC-ToF-MS in order to determine potential degrada- 

ion by-products and removal pathways. Based on the results from 

he LC-ToF-MS analysis (Fig. S6 and S7) and a review of extant lit- 

rature, we have elucidated that both microalgal systems utilised a 

ommon degradation pathway (named PI), but also used additional 

pecific pathways unique to each species. 

The results indicated that the tetracycline degradation pro- 

ess proceeded mainly by two reaction patterns, i.e. changes 

o functional groups (gain and loss), and ring-opening reactions 

 Cao et al., 2016 ). Relevant structures and ESI-ToFMS spectra are 

llustrated in Fig. S7. By-product 1 (m/z 415) was detected in the 

amples ( Fig. 3 , PI), which indicated the removal of the N-methyl 

nd C3 hydroxyl groups ( Shen et al., 2020 ). Further loss of the C6

ydroxyl group and the formation of a conjugated double bond at 

6-C5a position, resulted in the formation of by-product 2 (m/z 

97) ( Huang et al., 2019 ). This molecule could be further de- 

raded via loss of the amide group at position C2 ( Huang et al.,

019 ) and further demethylation of the secondary amine at posi- 

ion C4 ( Guo et al., 2018 ), forming by-product 3 (m/z 340). The

ing-opening reaction across C2 and C4a could lead to the forma- 

ion of by-product 4 (m/z 284) ( Huang et al., 2019 ), while further

ing fragmentation across C5a and C11a with concurrent hydra- 

ion could generate by-product 5 (m/z 183) ( Zhou et al., 2020 ). 

otably, most by-products of the PI pathway (m/z 415, 397, 340, 

84) were also found in a tetracycline photo-catalysis degradation 

rocess mediated by a Bi 2 WO 6 -based material ( Shen et al., 2020 ;

uang et al., 2019 ). Meanwhile, the final product from PI (m/z 

83) was reported from an activated hydrogen peroxide oxidation 

rocess for tetracycline degradation ( Zhou et al., 2020 ). This final 

roduct (m/z 183) has been evaluated by Zhou et al (2020) ac- 

ording to the Globally Harmonized System of classification and la- 

elling of chemicals (GHS) method, showing a significantly reduced 

oxicity relative to the parent tetracycline ( Zhou et al., 2020 ). 

In addition to pathway PI, an additional scheme (PII) could be 

dentified for tetracycline degradation by M. aeruginosa ( Fig. 3 a), 

amely, occurrence of ring-opening across the C1 and C4 positions, 

nd fission of the double bond between C2 and C3 to form the by-

roduct 6 (m/z 163). A further loss of N-methyl resulted in the 

ormation of by-product 7 (m/z 149). Both tetracycline by-products 

 and 7 have been previously reported from a degradation exper- 

ment via TiO 2 photo-catalysis ( Niu et al., 2013 ). Therefore, both 

egradation pathways (PI and PII) may include some processes of 

hoto-catalysis degradation. It has been proved that, under irra- 

iation, the extracellular organic matters (EOMs) released by mi- 

roalgae could promote the formation of active species, which may 

ead to indirect photo-degradation of antibiotics ( Tian et al., 2019 ). 

oreover, the ferric ion (in BG11 medium) may further react with 

he EOMs to generate Fe(III)-carboxylate complexes, resulting in 
6 
urther augmentation of the antibiotic photolysis ( Wei et al., 2020 ). 

he potential photo-catalysis degradation by-products 6 and 7 have 

een demonstrated to exhibit a decreased toxicity compared to the 

arent compound ( Niu et al., 2013 ). However, a different degrada- 

ion pathway (named PIII, Fig. 3 b) was identified in C. pyrenoidosa 

ystems, where the double bond at the C11a-C12 position was at- 

acked by OH 

• to form by-product 8 (m/z 461). This molecule was 

hen further degraded to by-product 9 (m/z 459) via hydrogen ab- 

traction at the C5-C5a position ( Ao et al., 2019 ). The by-products 

f PIII pathway (m/z 461, 459) were reported from an activated 

eroxymonosulfate oxidation process ( Ao et al., 2019 ). Moreover, 

he by-products 8 and 9 from pathway PIII generated by C. pyrenoi- 

osa , even reduced its toxicity to algae (based on the GHS evalua- 

ion), but still demonstrated the same level of toxicity to fish and 

aphnid according to previous studies ( Pala-Ozkok et al., 2019 ). 

herefore, the defined degradation pathway from M. aeruginosa 

reatment groups may be used to support the rapid rate of tetra- 

ycline removal and greater efficiency compared with those from 

he C. pyrenoidosa groups. Further systematic toxicity evolution ex- 

eriments could help to ensure reductions in toxicity of the by- 

roducts. 

.4. Microalgae biomass and vitality response 

Microalgal-based wastewater treatment offers the advantage of, 

n addition to the elimination of the pollutant, potential biomass 

e-utilization, e.g., as biofuel, biochar, or fertilizer ( Kim et al., 2012 ; 

iao et al., 2004 ). Therefore, during the experiment, we further in- 

estigated changes occurring to the biomass, due to tetracycline 

xposure. Between the two algal species, M. aeruginosa demon- 

trated a better tolerance and growth recovery against tetracycline 

han did the C. pyrenoidosa . Specifically, tetracycline generated an 

cute inhibition on the growth of M. aeruginosa , at all concen- 

rations, after one day incubation ( Fig. 4 a). However, the inhibi- 

ion was temporary, and growth fully recovered afterwards. No sig- 

ificant differences in cell numbers were observed with the 10 

nd 50 mg L −1 tetracycline solutions (4.36 × 10 7 cells mL −1 and 

.11 × 10 7 cells mL −1 , respectively) which were also similar to the 

lgal cell numbers noted in microalgal control groups (4.19 × 10 7 

ells mL −1 , p > 0.05 ) at day 11 ( Fig. 4 a). However, 100 mg L −1 tetra-

ycline slightly inhibited biomass growth of M. aeruginosa ( p < 0.05 ) 

ntil day 11. Comparatively, all three concentrations of tetracycline 

nhibited the growth of C. pyrenoidosa to a greater extent than the 

icroalgal control (1.74 × 10 7 cells mL −1 ), resulting in a final value 

f 1.87-9.58 × 10 6 cells mL −1 ( Fig. 4 b). The results agreed well 

ith a previous study, which revealed the inhibition, adaption, and 

ormesis effects of tetracycline on M. aeruginosa at concentrations 

nder 10 mg L −1 ( Ye et al., 2017 ). However, our study further ex-

ended the tetracycline concentration to 100 mg L −1 , and proved a 

ecovery ability of M. aeruginosa at tetracycline concentrations un- 

er 50 mg L −1 . 

Additionally, the results of pigment concentration (chlorophyll- 

 and carotenoid) and fluorescence signal intensity (Fv/Fm) anal- 

ses also agreed well with the impacts of cell number, where all 

etracycline concentrations generated an acute inhibition on pig- 

ent accumulation and photosynthesis intensity (Fv/Fm). However, 

t tetracycline concentrations under 50 mg L −1 , both algal species 

emonstrated stepwise recoveries in varying degrees (Fig. S5 and 

6). We concluded from these results, that M. aeruginosa possessed 

 strong tetracycline removal capacity along with a higher toler- 

nce to tetracycline than did C. pyrenoidosa . Meanwhile, the suc- 

essful recovery ability of M. aeruginosa showed the potential for 

igh biomass production, which could benefit re-utilization upon 

ompletion of the treatment process. 
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Fig. 3. Tetracycline degradation by-products and potential pathways (PI, PII, and PIII) in (a) M. aeruginosa , and (b) C. pyrenoidosa treatment groups. 

Fig. 4. Cell number growth under varying tetracycline concentrations for (a) M. aeruginosa , and (b) C. pyrenoidosa treatment groups. 

7 
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Fig. 5. Microcystin-LR concentrations of (a) intracellular M. aeruginosa , and (b) released into water from M. aeruginosa . Different uppercase letters above the error bars in 

each figure represent significant difference ( p < 0.05 ) among different treatment groups at the same sampling time. Different lowercase letters above error bars in each 

figure represent significant difference ( p < 0.05 ) of the same treatment group over different sampling times. 
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.5. Effect of tetracycline on microcystin release 

As a species of cyanobacteria, M. aeruginosa poses a poten- 

ial threat for microcystin release, which may cause damage, in 

umans, to the liver and to the nervous system ( Hitzfeld et al., 

0 0 0 ). Consequently, we paid close attention to the investigation 

f changes in both intercellular and released microcystin during 

he treatment process. The study of toxin-release of M. aerugi- 

osa is significant for broadening the valorization of HABs species. 

he synthesis of microcystin is induced by a mechanism protective 

gainst both abiotic and biotic stress ( Babica et al., 2006 ) and is of-

en coupled with photosynthesis ( Walls et al., 2018 ). Microcystin, 

owever, typically remains intracellularly, unless being released 

nto the surroundings through cell death and lysis, or as extracel- 

ular release ( Paerl and Otten, 2013 ). In the present study, at ini-

ial tetracycline concentrations of 10 and 50 mg L −1 , M. aeruginosa 

ells analysed were in a growing or stable phase, reflected by cell 

rowth curves ( Fig. 4 a). Thus, intracellular microcystin-LR concen- 

rations were generally higher than those measured in the water 

 Fig. 5 ). For intracellular microcystin-LR, tetracycline inhibited pho- 

osynthesis (Fig. S5a). It also exerted abiotic stress, which may have 

esulted in no significant differences in intracellular microcystin-LR 

roduction being noted within 60 hours (p > 0.05, except the sys- 

ems with 100mg L −1 tetracycline), however, being distinctly low- 

red over 240 hours ( Fig. 5 a, p < 0.05). This reduction of induced

icrocystin-LR may be caused by the long-term damage caused by 

etracycline on the synthesis of peptide synthetases, which control 

icrocystin-LR production ( Ye et al., 2017 ). 

The microalgal control group simulated the development of 

. aeruginosa unexposed to tetracycline, where an accelerating 

rowth and metabolism was observed ( Fig. 4 a). The increasing 

eath and lysis of the cells coupled with M. aeruginosa growth 

ould result in an elevated microcystin-LR release into the wa- 

er ( Fig. 5 b). Notably, an overall decreasing release of microcystin- 

R into the water was detected due to tetracycline exposure (in 

he tetracycline treated groups) compared to the microalgal con- 

rol (except at 10 hours with 10mg L −1 tetracycline). This may be 

ainly due to the reduced growth and metabolic activity of the 

icroalgae, caused by tetracycline. The rapid tetracycline removal 

bility of M. aeruginosa , which produced a removal rate of over 

8% in 24 hours (under 50 mg L −1 tetracycline) or in 48 hours 

up to 100 mg L −1 tetracycline), indicated that an optimum, but 

afe, treatment time for the removal of tetracycline could be set 

t 48 hours. Within this time, the effluent with initial tetracycline 

oncentrations < 50 mg L −1 generated a microcystin-LR concentra- 

ion lower than 1 μg L −1 ( Fig. 5 b). Even for wastewater contain-

ng more concentrated tetracycline (up to 100 mg L −1 ), a low-level 

icrocystin-LR concentration of 1.8 μg L −1 was detected in the fi- 
8 
al effluent, which was much lower than both the concentration in 

he natural water ( Christoffersen and Kaas, 20 0 0 ) and the guide- 

ine concentration for recreation or bathing water of Germany and 

ustralia ( < 10 μg L −1 ) ( Burch, 2008 ). 

Summarily, for tetracycline concentrations in the range of 

0-100 mg L −1 , both intracellular and released microcystin-LR 

ave been found to be reduced by varying degrees. A previous 

tudy also confirmed the decrease of synthesized and released 

icrocystin-LR after tetracycline exposure ( Ye et al., 2017 ). Re- 

arding the effective tetracycline removal ability even with low 

iomass ( Fig. 1 and 4 a), an appropriate decrease of the initial 

mount of inoculum, and timely harvest of M. aeruginosa cells may 

urther ensure the effluent will conform to safe microcystin-LR lev- 

ls according to the natural water and recreation or bathing water 

egulations. In addition, the present study also demonstrated the 

ossibility of the long-term cultivation of low microcystin-LR M. 

eruginosa biomass by treatment with tetracycline. Nevertheless, 

eal-time monitoring facilities are needed for surveillance during 

he treatment and cultivation process in order to ensure further 

ater security. Moreover, due to the complexity of real wastew- 

ter, where more complex compounds and other limiting factors 

ay challenge the performance of tetracycline removal as well as 

elease of toxin, further study is needed to investigate the efficacy 

nd safety of the proposed approach with realistic wastewater in 

caled-up systems before implementation. 

.6. Insight into future implementation 

Along with the rapid development of the microalgal technol- 

gy, many full-scale systems have been successfully applied for the 

reatment of various wastewaters, where hydraulic retention times 

HRTs) were normally several days ( Rawat et al., 2011 ; Wang et al.,

016 ). The current study demonstrated that M. aeruginosa could re- 

uce high concentrations of tetracycline (up to 100 mg L −1 ) down 

o an acceptable level ( > 98%) in 48 hours, which supported the 

easibility of incorporating the process into microalgal treatment 

ystems. Normally, such wastewaters contain both macro nutrients, 

.g., N and P ( Wang et al., 2016 ), and trace elements, e.g . , met-

ls ( Rawat et al., 2011 ), which could support the growth of mi- 

roalgae and result in acceptable effluent to meet discharge reg- 

lations ( Wang et al., 2016 ). In some circumstances of wastew- 

ter with limited available nutrients, such as hospital wastewa- 

er, the nutrients could be compensated through the admixture of 

ther high-nutritional wastewaters ( Norvill et al., 2017 ). Moreover, 

icroalgae-based wastewater treatment could also provide addi- 

ional benefits, such as biodiesel generation ( Li et al., 2020 ), nu- 

rient recovery ( Chu et al., 2020 ), and greenhouse gas emission 

ontrol ( Rawat et al., 2011 ). The present investigation expanded 
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Fig. 6. Sustainable microalgae remediation strategy for addressing the environmen- 

tal problems caused by pharmaceuticals and personal care products (PPCPs) and 

Harmful Algae Blooms (HABs). 
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H  
he potential use of cyanobacteria for antibiotic removal at high 

oncentrations. HABs occur more frequently globally due to the 

roblems of intensive eutrophication, which is detrimental to nat- 

ral waters ( Lyu et al., 2020 ). Meanwhile, wastewater contami- 

ated with high concentrations of tetracycline, e.g . , pharmaceuti- 

al wastewater, livestock industry wastes, and emergency releases 

rom hospitals, brings potential resistance-risk to the ecology. It 

ould further impair the action of the sludge bacteria of WWTPs 

 Halling-Sørensen, 2001 ), resulting in low amounts of the tetracy- 

line removed after treatment ( Watkinson et al., 2009 ). By using 

 typical harmful algal species, M. aeruginosa, for the treatment 

f wastewater contaminated with higher concentrations of tetracy- 

line, the problems of eutrophication and of tetracycline resistance 

 Fig. 6 ) could be simultaneously addressed. 

In this study, tetracycline was observed to have inhibited the 

ynthesis of microcystin-LR, and the effluent from the process 

ould achieve a safe natural and recreational water quality in re- 

pect of microcystin-LR. Notably, other trace organic and inorganic 

atter released by microalgae may also lead to potential risks, 

uch as the formation of haloacetonitriles during further chlorine 

isinfection treatment ( Pals et al., 2011 ). However, this has long 

een a common challenge for the End-of-Pipe technology of chlo- 

ine disinfection during the treatment of final wastewater effluents 

r of drinking water ( Pals et al., 2011 ), which was not yet covered

y this study. Therefore, before the application of this treatment 

rocess, further investigations, e.g . , the treatment performance in 

eal wastewater and comprehensive risk assessment are needed. 

. Conclusion 

The present study demonstrated the possibility of reusing 

armful algal species for effectively remediating high- 

oncentration antibiotics. The harmful cyanobacterial species, 

. aeruginosa , provided superior, efficient and rapid capacity 

or tetracycline removal, compared with C. pyrenoidosa, under a 

ide initial concentration range (10-100 mg L −1 ). Both microalgal 

pecies promoted tetracycline hydrolysis by raising the water 

H, however, biodegradation contributed to the major part of 

he removal by M. aeruginosa . Both microalgae species shared 

 common tetracycline degradation pathway, but also utilised 

nique species-specific pathways producing different degradation 

y-products. The by-products showed no significant increase of 

oxicity according to published references. The presence of the 

etracycline could have significantly inhibited the release of toxic 

icrocystin-LR into the water, thus promoting the relative safety 

f the final effluent after treatment. Notably, the current study 

as carried out in the synthetic antibiotic-contaminated water, 

hich provided evidence-based insights into the proposed ap- 

roach. However, further study is needed in order to evaluate the 
9 
erformance with realistic wastewater in upscaled systems prior 

o practical implementation. 
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S1. Materials and methods  25 

S1.1 Sample preparation and tetracycline detection 26 

Standard tetracycline hydrochloride was purchased from J&K Scientific Ltd., 27 

Beijing, China. Prior to the determination, samples were filtered using a membrane 28 

filter (0.22µm). The Acquity UPLC-PDA (Diode Array Detector) analysis parameters 29 

for UV detection of tetracycline were as follows: wavelength 355nm (4.8 nm resolution), 30 

sample temperature 10oC and column temperature 35oC. The following was used as the 31 

mobile phase: 0.2% formic acid in ultrapure water (A) and acetonitrile (B). The eluent 32 

flow rate was 0.4 mL min-1. A gradient ratio of A 90%: B 10% to A 10%: B 90% was 33 

applied over 4 min.10µL of sample was taken for each injection. Before each 34 

determination, the analytical precision was checked with three levels of tetracycline (0.5, 35 

5, 50 mg L-1). The results showed a relative standard deviation (RSD%) to be in the 36 

range of between 4.3-8.7%. 37 

Samples of treated wastewater (2mL) were taken at hours 1/6, 1/3, 1, 2, 4, 10, 20, 38 

24, 36, and daily from day 2 to 13, and pre-treated by centrifugation at 8000 rpm for 39 

15min, thus isolating the microalgae cells. The supernatant was then passed through a 40 

membrane filter (0.22µm) for the detection of tetracycline concentration in water. After 41 

re-suspension of the microalgae pellet into ultrapure water (5ml) and re-centrifugation, 42 

the supernatant was measured in order to quantify the bio-adsorption of tetracycline. 43 

The microalgal pellets were finally homogenised into a mixture of methanol and 44 

dichloromethane (5ml; 2:1 v/v) followed by 40 minutes sonication (60kHz). After 45 

subsequent centrifugation, the supernatant was analysed to determine the concentration 46 

of bioaccumulated tetracycline.  47 

S1.2 Sample preparation and detection of tetracycline by-products  48 
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A UPLC (Acquity UPLC I-Class, Waters Corp., Milford, USA) coupled with a 49 

Xevo G2 ToF-MS (Waters Corp., USA) was utilised for the analysis of tetracycline 50 

degradation products. Prior to analysis, samples were initially pre-concentrated by 51 

treatment with SPE Oasis solid-phase extraction sorbents (Oasis R MCX 6cc (500mg) 52 

LP extraction cartridges, Waters Corp., Milford, USA).  For ToF-MS detection, effluent 53 

A and B were 0.1% formic acid in ultrapure water and pure acetonitrile, respectively. 54 

The flow speed was 0.4 ml min-1, a gradient of flowing phase A and B from initial ratio 55 

of 90% : 10% to 10% : 90% was set within 10 min and kept the final ratio until 30 min. 56 

Mass spectrometry conditions were as follows: detection time 30min, acquisition mass 57 

range 50 to 1200 Da, scan time 1.5 sec, collision energy 6V, collision energy ramp from 58 

15 to 30V, cone voltage 40 V, positive polarity, analyse mode resolution, dynamic 59 

range normal.  60 

S1.3 Sample preparation and microcystin detection 61 

In this study, the most toxic microcystin compound, microcystin-LR (MC-LR), 62 

was analysed for both intracellular and extracellular concentrations. Specifically, 50ml 63 

of sample was centrifuged (4800rpm for 15min) and MC-LR in the supernatant was 64 

initially concentrated by SPE (Oasis R MCX 6cc, 500mg, LP extraction cartridges; 65 

Waters Corp., Milford, USA), 10ml 100% methanol was used to activate the SPE, 66 

following by a wash-out of 20ml ultrapure water with a speed of 3ml min-1. Afterwards, 67 

the supernatant was flowing through the activated SPE with a speed of 1ml min-1. 10ml 68 

ultrapure water, 20ml 5%, 15% and 20% (v/v) methanol were utilized for the wash-out 69 

of impurities, following by a speed of 1ml min-1 35% (v/v) 3ml methanol to elute the 70 

MC-LR. The 3ml eluent was then flushed with nitrogen with a temperature of 25℃ to 71 

1.2ml. Final sample was further filtered with 0.22µm filter before the injection into the 72 

UPLC.  73 
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For the intracellular MC-LR concentration, the pellet was first washed three times 74 

with ultrapure water and then dissolved with 80% (v/v) methanol and freeze-thawing 75 

with liquid nitrogen three times to break the microalgae cells and extract the 76 

intracellular MC-LR, finally 1ml concentrated sample was achieved by nitrogen 77 

flushing in room temperature. The samples were further filtered with 0.22µm filter 78 

before the detection by Acquity UPLC. For the Acquity UPLC detection, For 79 

microcystin-LR detection, 0.5% trifluoroacetic acid (A) and pure acetonitrile (B) were 80 

used as mobile phases, with a gradient from A60%:B40% to A40%:B60%. The working 81 

parameters were set as: flow rate 0.5 mL min-1, 30 oC column temperature and 10 oC 82 

sample temperature, detector wavelength 238 nm (1.2 nm resolution). 83 

S1.4 Sampling and pigments detection 84 

At day 1, 3, 6 and 10, cell pigments were firstly extracted with methanol (10 mL, 85 

90% v/v), and the concentrations of chlorophyll and carotenoids were determined by 86 

UV spectrophotometer (Varian Cary 50; Agilent Instruments, Santa Clara, USA) 87 

measuring the absorbance at wavelengths of 665, 652 and 470nm. Based on the 88 

equation (1-3) below, the concentrations were calculated: 89 

Ca=16.82A665.2-9.28A652.4                                      (S2) 90 

                    Cb=36.92A652.4-16.54A665.2                                    (S3)                              91 

         Ccarotenoid=
1000A470 − 1.91Ca − 1.91Cb

225
                               (S4) 92 

where, Ca and Cb (mg L-1) are the concentrations of the chlorophyll-a and chlorophyll-b, 93 

Ccarotenoid (mg L-1) represents the concentration of carotenoid pigment. 94 

S1.5 Sampling and photosynthesis intensity detection 95 
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Samples of 1 mL was taken daily from each flasks for the photosynthesis intensity 96 

detection. Photosynthesis intensity parameter Fv/Fm was measured using a FluorPen 97 

(FP100, PSI spol.s.r.o., Drasov, Czechia), of which a 10 min dark adaption phase for 98 

each sample was conducted before the measurement. 99 

 100 

 101 

Fig. S1. Molecular structure of tetracycline 102 

 103 
Fig.S2. Kinetic study of different contributions towards tetracycline removal of (a) 104 
ascent stage of bioadsorption and bioaccumulation, (b) declining stage of bioadsorption 105 

and bioaccumulation, (c) hydrolysis and photolysis and (d) cation-binding. The solid 106 
lines in (a), (b) and (c) are simulated pseudo-first-order kinetic degradation models. 107 
 108 

 109 
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 110 

Fig. S3. pH changes under varying tetracycline concentrations in (a) M. aeruginosa treatment 111 

groups, and (b) C. pyrenoidosa treatment groups. 112 

 113 

 114 

Fig. S4. Chlorophyll-a concentration changes in (a) M. aeruginosa treatment groups, 115 

and (c) C. pyrenoidosa treatment groups, and Carotenoid concentration changes in (b) 116 

M. aeruginosa treatment groups and (d) C. pyrenoidosa treatment groups. 117 

0 2 4 6 8 10 12

6

7

8

9

10

11

12

13

0 2 4 6 8 10 12

6

8

10

12

p
H

Day

 M. aeruginosa control        10 mg L-1 TC

 50 mg L-1 TC                      10 mg L-1 TC control

 50 mg L-1 TC control          50 mg L-1 TC dark control 

 100 mg L-1 TC                  100 mg L-1 TC control

a

Day

b
 C.pyrenoidosa control     10 mg L

-1
 TC          

 50 mg L
-1

 TC                   10 mg L
-1

 TC control 

  50 mg L
-1

 TC control      50 mg L
-1

 TC dark control  

 100 mg L
-1

 TC                 100 mg L
-1

 TC control

1 3 6 10
0.0

0.4

0.8

1.2

1.6

dc

b

C
h

l-
a

 c
o

n
ce

n
tr

a
ti

o
n

 (
m

g
/L

)

 Control of M. aeruginosa

 10 mg L-1

 50 mg L-1

 100 mg L-1

a

1 3 6 10
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

C
a
ro

te
n

o
id

 c
o

n
ce

n
tr

a
ti

o
n

 (
m

g
/L

)

 Control of M. aeruginosa

 10 mg L-1

 50 mg L-1

 100 mg L-1

1 3 7 10
0.0

0.3

0.6

0.9

1.2

1.5

C
h

l-
a

 c
o

n
ce

n
tr

a
ti

o
n

 (
m

g
/L

)

Day

 Control of C. pyrenoidosa

 10 mg L-1

 50 mg L-1

 100 mg L-1

1 3 7 10
0.0

0.1

0.2

0.3

0.4

0.5  Control of C. pyrenoidosa

 10 mg L-1

 50 mg L-1

 100 mg L-1

C
a

ro
te

n
o

id
 c

o
n

ce
n

tr
a

ti
o
n

 (
m

g
/L

)

Day



7 

 

 118 

Fig. S5. Fluorescence intensity changes of Fv/Fm under varying tetracycline concentrations in 119 

(a) M. aeruginosa treatment groups, and (b) C. pyrenoidosa treatment groups 120 
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Fig. S6. LC-ToFMS chromatograms of tetracycline (a) and degradation by-products from the C. 

pyrenoidosa (b; day 1 & d; day 13) and M. aeruginosa (c; day 1 & e; day 13) treatment groups. 

Chromatographic peak labels indicate retention time in minutes (top number) and base peak mass (lower 

number). Peaks with the same retention time and base peak mass represent the same compounds. 

Additional peak labels in chromatograms b and c indicate compound identifications according to 

degradation pathways illustrated in Fig. 3. 
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Fig. S7 a-i. ESI-MS spectra of hypothesised tetracycline degradation products. In all cases the most 

intense signal represents the protonated molecular ion [MH]+. for the compound suggested. Other peaks in 

the spectra may represent adduct ions, multimers, or other moieties originating from the chromatographic 

process. 

Table S1 Composition of the BG11 growth medium 

 Concentration (mg L-1) 

NaNO3 1500 

K2HPO4 40 

MgSO4∙7H2O 75 

CaCl2∙2H2O 36 

Citric acid 6 

Ferric ammonium citrate 6 

Na2EDTA 1 

Na2CO3 20 

H3BO3 2.86 

MnCl2∙4H2O 1.81 

ZnSO4∙7H2O 0.22 

Na2MoO4∙2H2O 0.39 

CuSO4∙5H2O 0.08 

Co(NO3)2∙6H2O 0.05 
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Table S2 Pseudo-first-order kinetic model fitting results of different removal pathways 
Different removal pathways Initial tetracycline 

concentration (mg L-1) 

k value R2 

Hydrolysis 50 (6.9 ± 0.6) x 10-3 0.94 

Photolysis 50 (2.9 ± 0.7) x 10-2 0.90 

Adsorption by M. aeruginosa  50 (6.6 ± 0.7) x 10-1 0.98 

Desorption by M. aeruginosa  50 (2.3 ± 0.0) x 10-1 0.97 

Adsorption by C. pyrenoidosa  50 (3.7 ± 0.8) x 10-1 0.90 

Desorption by C. pyrenoidosa  50 (7.1 ± 0.8) x 10-3 0.92 

Accumulation by M. aeruginosa (uptake) 50 (1.9 ± 0.3) x 10-1 0.93 

Accumulation by M. aeruginosa (decline) 50 (1.2 ± 0.1) x 10-2 0.92 

Accumulation by C. pyrenoidosa (uptake) 50 (1.2 ± 0.1) x 10-1 0.96 

Accumulation by C. pyrenoidosa (decline) 50 (1.1 ± 0.2) x 10-2 0.90 
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Abstract 9 

Due to the advantages of low energy consumption, simultaneous pollutants removal (C, N， and 10 

P), and production of microalgal by-products, open pond cultivation of microalgae using 11 

industrial wastewater is regarded as a promising approach. Despite all advantages, bacterial 12 

contamination in large-scale cultivation is almost inevitable. A better understanding of 13 

interactions between microalgae and bacteria during co-cultivation could contribute to the 14 

microalgal wastewater treatment in practical production. In this study, a preliminary screening 15 

approach was applied to simulate microalgae cultivation in open systems fed on varying carbon 16 

sources. Results suggested H.pluvialis as a wide and rapid adaptive species on most selected 17 

carbon sources. Moreover, H. pluvialis performed an antibacterial effect when it was dominant in 18 

the system. Even with a longer lag phase (4 days averagely) into the synthetic wastewater, S. 19 

platensis could still achieve the highest biomass yield on acetate (max. 4.94g/gC), xylose (max. 20 

5.70g gC-1) and starch (max. 2.89g gC-1) among all three species. Meanwhile, S. dimorphus was 21 

mailto:xinzh@env.dtu.dk


strict carbon-source-selective, which could only obtain a biomass accumulation on glucose 22 

(max.1.54g gC-1). Generally, a higher biomass yield could be achieved within low concentrations 23 

of the carbon sources (below 100ppm), however, as the increase of carbon source concentrations, 24 

bacteria gradually became dominant in the open system. This study could offer a general 25 

understanding of the interaction between bacteria and the selected microalgae species on the 26 

investigated carbon sources, which will in turn improve the construction of microalgae 27 

cultivation in open systems using industrial wastewater.  28 

1. Introduction 29 

Enhancive human activities accelerate the blooming of industry, which leads to an increasing 30 

amount of wastewater production (Udaiyappan et al., 2017). Thus, it raises the challenges and 31 

costs for wastewater treatment plants (WWTPs). Up to now, technologies, e.g., advanced 32 

oxidation (Mandal et al., 2010), membrane technology (Yang et al., 2011), flocculation (Amuda 33 

and Amoo, 2007), and anaerobic technology (Speece, 1983), have been widely applied for the 34 

treatment of industrial wastewater. However, such approaches usually require high energy 35 

consumption and maintenance costs, as well as suffering loss of nutrients, e.g., phosphorus, 36 

nitrogen, and organic matter.  37 

 From views of sustainability, microalgae-based technology for wastewater treatment has offered 38 

an alternative to the conventional approaches. Firstly, microalgae could simultaneously remove 39 

several pollutants, such as heavy metals (Pena-Castro et al., 2004), phosphorus (Beuckels et al., 40 

2015), and nitrogen (Boelee et al., 2011). Meanwhile, the nutrients that have been upcycled from 41 

the wastewater could be converted into valuable products, e.g., pigments, lipid, protein (Wang et 42 

al., 2016; Blanco-Carvajal et al., 2018). These microalgal compositions could be utilized in many 43 



fields, e.g., pharmaceuticals, cosmetics, animal feed, biofuels, etc (Li et al., 2011; Mata et al., 44 

2010; Das et al., 2011). 45 

Most studies so far have focused on the removal of nitrogen and phosphorus from wastewater 46 

using microalgae (Beuckels et al., 2015; Boelee et al., 2011). Among them, pure cultivation of 47 

microalgae is mostly applied for such wastewater treatment (Manzoor et al., 2019; Andrade and 48 

Costa, 2007; Garcıa et al., 2005). Indeed, industrial wastewater commonly contains complex 49 

carbon sources, such as sugar (Gupta et al., 2014), oil (El-Gawad, 2014), protein (Fang et al., 50 

2011), VFAs. Nevertheless, microalgae could only utilize limited types of carbon sources, e.g., 51 

glucose, acetate, glycerol, etc.(Martínez and Orús, 1991; Chen et al., 2006; Garcí et al., 2000), 52 

which leads to an insufficient removal efficiency for COD. In this view, a well-established 53 

symbiosis of microalgae with other microorganisms, e.g., yeast and bacteria, could contribute to 54 

the conversion and consumption of such organic carbons (Wang et al., 2018; Tang et al., 2010; 55 

Gonçalves et al., 2017). Meanwhile, during practical utilization (pilot-scale), biological 56 

contaminations of microalgae is almost inevitable (by airborne or other contact, Wen and Chen, 57 

2003), which may result in massive and sudden death of microalgae (Wang et al., 2013). 58 

Moreover, sterilization of wastewater for mono-cultivation of microalgae raises energy 59 

consumption. Even after sterilization, the measures to maintain a sterile condition during the 60 

procedure will highly raise the cost and in turn impede the industrial implementation. Therefore, 61 

a well understanding of the mutualistic colony of microalgae and bacteria in wastewater could 62 

help to improve the real implementation. 63 

Among all microalgal species, the ones with mixotrophic growth could simultaneously utilize 64 

carbon dioxide and organic carbon, thus, showing their advantages for wastewater treatment. 65 

Studies also proved a lower energy consumption of mixotrophic microalgae cultivation due to 66 



the reducing requirements of light intensity (Garcıa et al., 2005) during bulk volume cultivation. 67 

Several microalgal species, e.g., Chlorella vulgaris (Martínez and Orús, 1991), Haematococcus 68 

pluvialis (H. pluvialis, Pang and Chen, 2017), Spirulina.sp (Andrade and Costa, 2007; Chen et 69 

al., 2006), and Scenedesmus.sp (Manzoor et al., 2019), have been proven with multi-trophic 70 

modes, i.e., autotrophic, heterotrophic and mixosotrophic growth. Such property enables their 71 

utilization for various wastewater treatment, for instance, pharmaceutical and cosmetic 72 

wastewater (H. pluvialis, Pang and Chen, 2017), disaccharide-containing wastewater, organic 73 

acids (Scenedesmus dimorphus, Ren et al., 2013), glucose, and acetate (Chen et al., 2006a). 74 

Meanwhile, they could provide valuable products such as astaxanthin (Wan et al., 2015), lipid 75 

(Ren et al., 2013), and essential fatty acids (Pulz and Gross, 2004). Therefore, studies to 76 

investigate interactions between these valuable microalgal species and bacteria with varying 77 

carbon sources is critical. However, to date, insufficient studies have focused on it. 78 

To address the mentioned issues, method of microplates was applied in this study for screening 79 

microalgal species on varying carbon sources. To better simulate the real conditions of an open 80 

system, no sterilization of culture mediums was conducted. Carbon sources of sugar, lipid, 81 

protein, and mixtures were selected to investigate the interaction between microalgae and 82 

bacteria. This study aims at screening optimal microalgal species according to varying carbon 83 

sources, as well as to offer a better understanding of interactions between microalgae and 84 

bacteria. 85 

2. Methods 86 

2.1 Microalgae species and chemicals 87 

In this study, three microalgae species, i.e., Haematococcus pluvialis (H. pluvialis, 192.80, 88 



SAG), Spirulina platensis (S. platensis, 257.80, SAG), and Scenedesmus dimorphus (S. 89 

dimorphus, PMAS arid agriculture university), have been investigated. H. pluvialis and S. 90 

dimorphus were pre-cultivated in standard MWC+Se medium, while S. platensis was pre-91 

cultivated in standard BG11 medium. Specific pre-cultivation conditions were listed in Table 1. 92 

Glyceryl trioleate (GTO), sodium oleate, D-(+)-glucose monohydrate, D-(+)-xylose were 93 

purchased from sigma-aldrich.  Starch (soluble) and sodium acetate were purchased from Merck. 94 

Casein hydrolysate and peptone from casein and other animal proteins were from Fluka.  95 

Table 1. pre-cultivation conditions for the three species of microalgae 96 

 Conditions 

Light intensity 2000±100 lux (12:12, darkness:light) 

Shaking 100 rpm 

Temperature 22 ℃ 

Medium MWC+Se for H. pluvialis and S. dimorphus 

BG11 for S. platensis 

 97 

2.2 Experimental design 98 

The experiment was conducted with 24-well microplates. Specifically, 2 ml synthetic wastewater 99 

was added into each well of microplates (Perkin Elmer, black-walled, clear bottomed). A shaking 100 

speed of 100 rpm was provided. The three species were pre-cultivated in the corresponding 101 

culture medium (mentioned above) until the exponential phase. The initial concentration of H. 102 



pluvialis, S. dimorphus and S. platensis were 0.54, 0.82, and 1.35 (OD680nm), respectively. 103 

Afterwards, microalgae were inoculated into corresponding synthetic wastewater (medium with 104 

different carbon sources) with a ratio of 10% (v/v). All conditions were conducted in triplicates. 105 

A light and darkness ratio of 12:12 was provided with a light intensity of 1000 ± 50 Lux (warm 106 

white light, Phillip) under a constant temperature of 22 ℃. The experiment was allowed to run 107 

for 15 days and the in vivo fluorescence (IVF) signal and optical density were measured daily.  108 

Representative carbon sources from industrial wastewater, e.g., sugar (glucose, xylose, and 109 

starch), oil (GTO, sodium oleate), sodium acetate, and protein (casein hydrolysate and peptone) 110 

were selected. Initial concentrations of 50, 100, 500, 1000, and 2000 mg L-1 were set for each 111 

carbon source (except acetate, without 2000 mg L-1). Regarding the complexity of real 112 

wastewater, two mixtures of carbon sources, i.e., monomer (glucose, sodium oleate, and casein 113 

hydrolysate, with the same ratio of each composition, w/w) and polymer (starch, GTO, and 114 

peptone, with the same ratio of each composition, w/w) were set.  115 

A correlation between dry weight of microalgae and signals of in vivo fluorescence (IVF, at 116 

440nm excitation and 690 nm emission wavelength) was conducted according to the method 117 

(Van Wagenen et al., 2014). By wave-length scanning, OD 680nm was selected to conduct a 118 

correlation between the dry weight of total biomass ( microalgae and bacteria together). A freeze 119 

dryer was applied for the drying of biomass (10 ml). 120 

 121 

 122 

       Table.1 Correlation between IVF/OD and biomass dry weight 123 



 Correlation R2 

S. dimorphus (IVF) Ybiomass=(x-984,01)/766390 0,9601 

S.dimorphus and bacteria (OD) Ybiomass=(x-0,0205)/3,1521 0,9837 

A. platensis (IVF) Ybiomass=(x-924,65)/18319 0,9584 

A.platensis and bacteria (OD) Ybiomass=(x-0,0425)/1,3671 0,9995 

H.pluvialis (IVF) Ybiomass=(x+1385.5)/155463 0,9299 

H.pluvialis and bacteria (OD) Ybiomass=(x-0,0341)/0,9917 0,9653 

 124 

3. Results and discussion 125 

3. 1 Sugar as carbon sources 126 

   127 

Fig.1 Biomass yields of microalgae and bacteria (g gC-1).  (a) biomass yield on glucose. (b) biomass 128 

yield on xylose. (c) biomass yield on starch. 129 

Results indicated that in the groups of glucose, xylose, and starch, a higher microalgal biomass 130 

yield could be achieved with substrate concentrations below 100 g gC-1, however, with further 131 

0

5

10

B
io

m
a
ss

 y
ie

ld
 (

g
 g

C
-1

)

Glucose concentration

a

50ppm 100ppm 500ppm 1000ppm 2000ppm

MicroalgaeBacteria

 S. platensis

 H. pluvialis

 S. dimorphus

0

5

10

15

20

25

30

B
io

m
a
ss

 y
ie

ld
 (

g
 g

C
-1

)

Xylose concentration

b
 S. platensis

 H. pluvialis

 S. dimorphus

MicroalgaeBacteria

0

5

10

15

20

25

30

B
io

m
a
ss

 y
ie

ld
 (

g
 g

C
-1

)

Starch concentration

c

50ppm 100ppm 500ppm 1000ppm 2000ppm 50ppm 100ppm 500ppm 1000ppm 2000ppm

 S. platensis

 H. pluvialis

 S. dimorphus

MicroalgaeBacteria



increase of concentrations, the microalgal biomass yield decreased (Fig.1). Glucose is the most 132 

common carbon source for both bacteria and microalgae (Cheirsilp and Torpee, 2012), which 133 

could significantly promote their growth and respiration (Perez-Garcia et al., 2011). S. 134 

dimorphus accumulated the highest biomass yield on glucose among all three species, which was 135 

up to 1.54 g gC-1 (100 mg L-1 glucose, Fig.1a). However, higher concentrations of glucose 136 

promoted the dominance of bacteria in the systems, and no biomass accumulation of S. 137 

dimorphus was observed with xylose and starch. Glucose could be metabolized by microalgae in 138 

two pathways, the Embden-Meyerhof and Pentose phosphate pathway (Neilson and Lewin, 139 

1974). After the uptake of glucose, more than 85% of glucose would be converted to oligo- and 140 

polysaccharides, while around 1% stay as free glucose (Tanner, 2000). Nevertheless, xylose and 141 

starch are not reported of their potential as carbon sources for S. dimorphus. These results 142 

indicate that S. dimorphus was a strict carbon source selective species in open systems, which 143 

only dominated the systems with low concentrations of glucose (< 100 mg L-1 glucose). 144 

Meanwhile, H. pluvialis showed its wide adaptive ability to different carbon sources, which 145 

achieved relatively high biomass yields in all selected sugar types. Specifically, H. pluvialis 146 

obtained maximum biomass yields of 1.16, 2.85, and 2.89 g gC-1 in the glucose, xylose, and 147 

starch systems, respectively (Fig.1).  Notably, all maximum biomass yields were achieved with 148 

corresponding carbon source concentrations lower than 100 mg L-1. Further increase of carbon 149 

source concentrations significantly reduced the microalgal yields. Unlike the other two species, 150 

when H. pluvialis was dominant in systems, no bacterial biomass was observed. This was mainly 151 

due to two reasons. Firstly, H. pluvialis demonstrated the ability of rapid adaption, which went 152 

into the exponential phase in 2 days after inoculum (Table S1). Moreover, investigations also 153 

reveal that the released short-chain fatty acids (butanoic acid, methyl lactate) and phenolic 154 



compounds from H. pluvialis were closely related to the antimicrobial effects against a series of 155 

bacteria (e.g., Escherichia coli, Staphylococcus aureus, Candida albicans, Santoyo et al., 2009). 156 

S. platensis accumulated no biomass on all concentrations of glucose, however, obtained the 157 

highest biomass yields on xylose (5.70 g gC-1, 100 mg L-1 xylose) and starch (3.52 g gC-1, 100 158 

mg L-1 starch) among all three microalgal species. Similarly, all maximum biomass yields of S. 159 

platensis were achieved with low concentrations of carbon sources (< 100 mg L-1). Significantly, 160 

high biomass of bacteria was always observed together with high microalgal biomass (S. 161 

platensis), which indicated a symbiosis of S. platensis and bacteria. Even no investigations have 162 

confirmed the direct metabolism of xylose and starch by S. platensis, a symbiosis could 163 

contribute to the utilization of such carbon sources, e.g., the conversion from starch to glucose by 164 

bacteria (or yeast, Wang et al., 2018) could support the mixotrophic growth of S. platensis. In 165 

return, S. platensis could also excrete extracellular organic matter to promote the growth of 166 

bacteria (Natrah et al., 2014). Thus, both extensive amount of microalgal and bacterial biomass 167 

were achieved in the systems of S. platensis. 168 

3. 2. Acetate as carbon source 169 



 170 

Fig.2 Biomass yield of microalgae and bacteria (g gC-1) on sodium acetate.   171 

As an easily consumable carbon source for both bacteria and microalgae, acetate is proved to 172 

form acetyl-CoA through a single-step catalyzed reaction (Perez-Garcia et al., 2011) when being 173 

assimilated by microalgae. In this study, all three microalgal species obtained the highest 174 

biomass yield at 50 mg L-1 of acetate, and showed a decreasing trend of biomass yield with 175 

increasing acetate concentrations. Generally, H. pluvialis always gained a higher biomass yield 176 

than the other two species with acetate, except with 50 mg L-1 acetate (by which S. platensis 177 

achieved the highest microalgal biomass yield of 7.42 g gC-1). Similar to the results of sugar 178 

(carbon sources), H. pluvialis also demonstrated an antimicrobial effect when dominated the 179 

systems, while, S.platensis gained much higher bacterial biomass yield than microalgal biomass 180 

yield with all acetate concentrations. Meanwhile, S. dimorphus had the poorest performance at 181 

all concentrations, which only accumulated a maximum biomass yield of 1.04g gC-1. 182 
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All three microalgal species can grow both heterotrophically and mixotrophically on acetate. 183 

Previous studies showed that with an optimal concentration of sodium acetate ( 1g L-1), H. 184 

pluvialis accumulated 5.60 g gC-1 biomass yield (Gong and Chen, 1997), which is higher than 185 

that of achieved in this study (4.94 g gC-1, 500 mg L-1 sodium acetate). This result revealed a 186 

negative effect of bacterial infection on the growth of H. pluvialis. Conversely, with pure 187 

cultivation of S. platensis, it obtained a maximum biomass yield of 1.41 g gC-1 (4g L-1, Chen et 188 

al., 2006), which is much lower when compared with the results in this study (7.42 g gC-1, 500 189 

mg L-1 sodium acetate). It indicated that under symbiosis of S. platensis and bacteria, a 190 

promotion for both microalgal and bacterial growth could be achieved. Meanwhile, S. dimorphus 191 

could only accumulate a much lower microalgal biomass in open systems than did in pure 192 

culture conditions with acetate (Bajwa et al., 2018), indicating low competitiveness of S. 193 

dimorphus with bacteria on acetate. 194 

3. 3 Protein and lipid as carbon sources 195 

 196 

Fig.3 Biomass yields of microalgae and bacteria on (a) protein (peptone and casein hydrolysate), and (b) 197 

lipid (GTO and sodium oleate) 198 

Results demonstrated only H. pluvialis accumulated microalgal biomass in the protein-fed 199 
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batches (peptone and casein hydrolysate, Fig. 3a). The accumulation microalgal yields with 200 

peptone and hydrolysate casein showed no significant difference (p=0.85), which were 201 

maximum 3.55 g gC-1 and 3.58 g gC-1 at 50 and 100 mg L-1 in corresponding carbon sources, 202 

respectively. Except for peptone with 500 mg L-1, no bacterial biomass was detected in the 203 

systems of H. pluvialis. Oppositely, the other two groups were both dominated by bacteria at all 204 

concentrations. Previous studies implied that microalgae could not directly metabolize peptone 205 

as N or C sources for growth (Ren et al., 2013). However, some microalgal species, e.g., C. 206 

sorokiniana, could utilize casein hydrolysate as N sources (Do Nascimento et al., 2015). This 207 

study further indicated both peptone and casein hydrolysate were not ideal nutrients for all three 208 

species. However, H. pluvialis still demonstrated its wide adaptive ability to protein.  209 

As common lipid composition in industrial wastewater, GTO and sodium oleate have been barely 210 

investigated for their effects on microalgal growth due to their non-metabolizable property by 211 

microalgae. Fig. 3b showed that overall higher biomass yields were generated by the three 212 

microalgal species with oleate sodium than that of with GTO. Specifically, only H. pluvialis has 213 

accumulated microalgal biomass (up to 0.90 g gC-1) on GTO. Meanwhile, H. pluvialis, S. 214 

dimorphus and S. platensis have obtained biomass yields of 1.12, 0.22, and 1.92 g gC-1 on oleate 215 

sodium, respectively. As both GTO and oleate sodium could form isolation layers to stop the air 216 

exchange between the internal system and external space, microalgal growth was significantly 217 

decreased due to the lack of carbon sources (mainly carbon dioxide).  218 

 219 

 220 

 221 



3. 4 Mixtures of different carbon sources  222 

  223 

Fig.5 Biomass yields of microalgae and bacteria on mixed carbon sources of (a) polymers (starch, GTO, 224 

and peptone), and (b) monomers (glucose, oleate sodium, and casein hydrolysate) 225 

Real wastewater usually contains complex carbon sources of more than one type. Thus, two 226 

mixtures of different carbon sources were set, i.e., polymer mixture (starch, GTO, and peptone) 227 

and monomer mixture (glucose, oleate sodium, and casein hydrolysate). Polymer mixture 228 

promoted overall higher biomass yields (up to 2.58 g gC-1) of H. pluvialis when compared with 229 

monomer mixture (up to 1.57 g gC-1). This is consistent with the results of single carbon source, 230 

by which, starch led to a higher biomass yield of H. pluvialis than did glucose. It is to be seen 231 

that, except for the mixed polymer carbon sources at 100 mg L-1, simultaneous growth of both H. 232 

pluvialis and bacteria could be found in all the rest groups. Notably, such simultaneous growth 233 

could rarely be observed in single carbon source systems (Fig.1-4). The mixture of several 234 

carbon sources may construct a complex bacteria consortium, which raised the competition of 235 
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bacteria with H. pluvialis. Conversely, the mixed monomer carbon sources promoted a 236 

significantly higher overall biomass yield (p<0.05) of S. dimorphus when compared with the 237 

mixed polymer carbon sources, of which, the maximum yield was 0.82g gC-1. This result agreed 238 

well with the results of single carbon source, in which S. dimorphus achieved higher biomass 239 

accumulation in glucose and sodium oleate separately than that of on starch and GTO, 240 

respectively. Meanwhile, the results showed no growth of S. platensis in the two mixed carbon 241 

sources systems, instead, bacteria were always dominant (3.66 g gC-1 on monomer mixture, 2.82 242 

g gC-1 on polymer mixture).  243 

Generally, H. pluvialis demonstrated a strong ability of wide adaption into different organic 244 

carbon sources, and an antimicrobial effect. The rapid adaptive ability led to an exponential 245 

growth of H. pluvialis in 2 days (averagely) after inoculum (Table S1). Meanwhile, S. platensis 246 

showed the highest biomass accumulation of both microalgae and bacteria on xylose, starch, and 247 

acetate. However, it usually performed a long lag phase (more than 4 days, averagely, Table S1).  248 

S. dimorphus was strict carbon-source-selective species, which only accumulated microalgal 249 

biomass on glucose. This study has preliminarily revealed the interaction between selected 250 

microalgal species (H. pluvialis, S. platensis and S. dimorphus) and bacteria (in open systems) 251 

with different organic carbon sources. However, further investigations on mechanisms are still 252 

needed to better explain the phenomena. Meanwhile, up-scaling experiments with flasks and 253 

continuous reactors could contribute to the development of the results in the present study to 254 

practical application. 255 

4. Conclusion 256 

Despite all advantages of applying industrial wastewater for valuable microalga cultivation, there 257 



are still several technical barriers to be overcome. This study investigated the interaction between 258 

the selected three microalgal species and bacteria (in open systems) with different carbon 259 

sources, including sugars, lipid, protein, and acetate. Results revealed that H. pluvialis had a 260 

wide and rapid adaptation ability into most of the selected carbon sources, and a significant 261 

antibacterial effect when it was dominant in the systems. S. platensis, however, performed a 262 

longer lag phase when inoculated into a new system, which led to either no growth (on polymer, 263 

monomer, GTO, protein, glucose) or simultaneous high microalgal and bacterial biomass yields 264 

(on xylose, starch, acetate, oleate). Among the three species, S.  dimorphus was the most carbon 265 

sources selective species, which only obtained a significant growth on glucose. The results 266 

contributed to a better understanding of interactions between microalgae and bacteria with 267 

differed organic carbon sources. 268 
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Table S1. Exponential phase time and duration 419 

Data of exponential 

phase 

H.pluvialis H.pluvialis and 

Bacteria 

S. platensis S.platensis and 

bacteria 

S. dimorphus S. dimorphus 

and bacteria 

50ppm Glucose 0-2 0-4 0 0-3   

100ppm Glucose 0-2 0-4 4-7 1-3   

500ppm Glucose 0-2 2-4 4 1-3   

1000ppm Glucose 1-3 2-4 0 1-3   

2000ppm Glucose 0-2 2-4 0 1-5   

50ppm Xylose 0-2 0-4 13-15 2-4   

100ppm Xylose 0 0-4 4-6 1-3   

500ppm Xylose 0-2 0-6 0 0   

1000ppm Xylose 1-3 0-6 0 2-4   

2000ppm Xylose 0-2 2-6 0 1-3   

mailto:xinzh@env.dtu.dk


50ppm Starch 0-2 0 4-6 5-10   

100ppm Starch 0-2 0 7-12 1-3   

500ppm Starch 0-2 0 7-10 1-4   

1000ppm Starch 0-2 0 2-4 0-4   

2000ppm Starch 0 0 0 0   

50ppm Peptone 0-2 1-3     

100ppm Peptone 0-2 1-3     

500ppm Peptone 0-2 2-4     

1000ppm Peptone 0-2 2-4     

2000ppm Peptone 0-2 2-4     

50ppm hydrolysate 

casein 

0-2 0-3     

100ppm hydrolysate 

casein 

0-2 0-3     

500ppm hydrolysate 

casein 

0-2 2-4     

1000ppm 

hydrolysate casein 

0-2 2-4     

2000ppm 

hydrolysate casein 

0-2 2-4     

50ppm Acetate 0-2 0-2 4-6 1-4 3-5 0-2 

100ppm Acetate 0-2 0-2 4-6 9-11 2-5 0-4 

500ppm Acetate 2-5 1-5 2-6 1-3 4-7 1-5 

1000ppm Acetate 1-4 1-6 3-5 1-3 4-8 1-5 

50ppm GTO 0-2 0-3 4-6 2-8 4-8 6-9 



100ppm GTO 0-2 0-3 5-8 13-15 4-8 2-5 

500ppm GTO 0 1-4 4-6 1-3 4-7 2-8 

1000ppm GTO 0 1-4 0 2-5 0 2-9 

2000ppm GTO 0 1-4 0 1-3 0 2-4 

50ppm Sodium 

Oleate 

0 0 9-11 9-11 2-11 0-2 

100ppm Sodium 

Oleate 

0 0 0 0 2-8 0-2 

500ppm Sodium 

Oleate 

0 0-2 0-2 0-2 2-5 0-2 

1000ppm Sodium 

Oleate 

0 1-3 0 0 1-3 1-3 

2000ppm Sodium 

Oleate 

0 3-7 3-7 0-2 2-5 6-8 

50ppm Monomer 0 1-3 2-6 0-4   

100ppm Monomer 0 1-3 2-6 0-2   

500ppm Monomer 2-4 2-4 2-4 0-3   

1000ppm Monomer 2-4 2-4 2-4 0-3   

2000ppm Monomer 2-4 3-5 1-3 0-3   

50ppm Polymer       

100ppm Polymer       

500ppm Polymer       

1000ppm Polymer       

2000ppm Polymer       

 420 



Table S2. Monod fitting microalgae 421 

 Ks µMax(d-1) R square 

Glucose SD 28.90217±12.51195 0.56191±0.03684 0.78227 

 37,36728 ±17,93406 0,64296 ± 0,06115 0,82756 

 66,39891 ± 55,62221 0,70772 ± 0,14457 0,71115 

Mono HP 876,40001 ± 

543,44175 

1,01134 ± 0,27105 0,95214 

 530,64766 ± 

538,42001 

0,68098 ± 0,2439 0,86015 

 841,63587 ± 

585,60222 

0,74761 ± 0,22122 

 

0,94048 

Poly HP 43,51033 ± 25,5418 0,73566 ± 0,08728 0,72743 

 63,20875 ± 13,02347 0,74023 ± 0,03422 0,96925 

 54,17183 ± 68,39336 0,87899 ± 0,23989 0,40905 

 422 

 423 

 424 

Table S3. Monod fitting microalgae and bacteria together 425 



 Ks µMax R square 

Glucose SD&bacteria 61,05115 ± 29,64512 0,97333 ± 0,11241 0,82974 

Glucose SD    

Glucose HP&Bacteria 154,64336 ± 72,14609 1,31051 ± 0,14777 0,90336 

Glucose Spi&Bacteria 58,0496 ± 23,31452 1,09526 ± 0,08703 0,85862 

Xylose SD and Bacteria 273,59493 ± 177,8547 1,35761 ± 0,30567 0,9352 

Xylose HP&Bacteria 33,55965 ± 13,56828 0,46468 ± 0,0305 0,81256 

Peptone SD&Bacteria 227,94252 ± 16,54263 1,70099 ± 0,03254 0,99811 

Peptone HP&Bacteria 104,62212 ± 44,00836 1,56251 ± 0,14813 0,88994 

Peptone Spi&Bacteria 149,06406 ± 68,00332 1,493 ± 0,16348 0,91713 

Hydrolysate casein SD& 

Bacteria 

288,4354 ± 20,29158 1,79037 ± 0,03555 0,99848 

Hydrolysate casein 

HP&Bacteria 

60,5863 ± 16,66891 1,71825 ± 0,09464 0,91947 

Hydrolysate casein 

Spi&Bacteria 

394,46268 ± 123,53036 1,66943 ± 0,16446 0,97317 

Oleate SD&Bacteria 1450,25797 ± 

1096,79412 

3,21844 ± 1,56906 0,98351 

Mono SD&Bacteria 52,49599 ± 12,61637 1,02221 ± 0,03874 0,96535 

Mono HP&Bacteria 640,24954 ± 234,11684 1,18479 ± 0,16496 0,97407 



Mono HP    

Poly SD&Bacteria 161,20026 ± 51,15101 1,0437 ± 0,08069 0,9514 

Poly SD    

Poly HP&Bacteria 45,29192 ± 22,48798 0,75427 ± 0,06849 0,78553 

Poly HP    

Acetate SD&Bacteria   0,49071 

Acetate Spi& Bacteria 286,04104 ± 308,7027 1,50492 ± 0,57085 0,8433 

Acetate Spi   0,425 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Integrated bacterial and microalgal 
approach for potato juice wastewater 
treatment. 

• Higher astaxanthin yield from potato 
juice wastewater than from standard 
medium. 

• Acidification effluent significantly 
shortened astaxanthin induction. 

• The integrated system is economically 
attractive for high-strength wastewater.  

A R T I C L E  I N F O   

Keywords: 
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High-strength organic wastewater 

A B S T R A C T   

High-strength organic wastewater, e.g., potato juice wastewater, exerts high stress on the environment. This 
study proposes an integrated system for simultaneous high-strength organic wastewater treatment and nutrients 
upcycling for astaxanthin production by the combination of anaerobic processes and microalgae (Haematococcus 
pluvialis) cultivation. The potato juice wastewater was pretreated by either acidification or methanation. The 
effluents of both pretreatments achieved higher biomass yields of H. pluvialis compared to cultivation in standard 
culture media (control). The high acetate and potassium concentrations of the acidification effluents resulted in 
significantly higher astaxanthin production (24.5–27.9 mg g− 1, 3 days) compared to the control (14.7 mg g− 1, 
12 days) in a shorter period. The integrated system contributed to a final removal efficiency of 51.3–75.8%, 
86.5–98.3%, and 69.4–83.4% for COD, phosphorus, and ammonia, respectively. This study presents a promising 
two-stage process for simultaneous efficient methane and astaxanthin production, as well as remediation of high- 
strength organic wastewater.   
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1. Introduction 

Industrial activities often result in productions of various high- 
strength organic wastewaters (Hamza et al., 2018; Abdullah et al., 
2013). In the past, these wastewaters were just treated to remove 
organic matter and nutrients before disposed to the environment. 
However, awareness of limitations of fossil resources has promoted 
processes leading to valorization of wastewaters. Among them, potato 
juice wastewater has received increasing attention as high strength 
wastewater which could be converted to useful products. The starch 
industry worldwide generates massive amounts of wastewater during 
potato-starch production (3.5 tons wastewater per ton potato-starch) 
(Fang et al., 2011; Pastuszewska et al., 2009). Such wastewater is not 
only rich in bio-available nutrients, e.g., nitrogen (N) and phosphorus 
(P), but also contains abundant protein, starch, and other organic 
compounds, leading to a high concentration of chemical oxygen demand 
(COD, 191.5 g L-1, Fang et al., 2011; Zhu et al., 2018). Discharge of 
untreated potato juice wastewater will not only cause severe environ-
mental problems (Liu et al., 2013), but also squander the resource. 

Biological (Hamza et al., 2018), precipitation-based (Bártová and 
Bárta, 2009), and membrane-based (Šárka et al., 2009) technologies 
have been developed for the treatment of potato juice wastewater. 
However, these approaches rarely consider the recovery of nutrients and 
generally require a large amount of energy and materials input. In view 
of sustainable development, potato juice wastewater has been utilized 
for biogas production (Fang et al., 2011; Zhu et al., 2018), which could 
achieve the simultaneous treatment of wastewater and production of 
energy. Nevertheless, such processes would not remove nutrients, e.g., N 
and P (Fang et al., 2011), which might cause serious eutrophication (Pan 
et al., 2018) problems and loss of finite nutrients (Rittmann et al., 2011). 
Consequently, novel approaches for chemical oxygen demand (COD) 
removal with simultaneous recovery of nutrients are urgent. 

Recent advances have favored microalgae-based technologies over 
conventional wastewater treatment methods due to their ability of 
simultaneous removal of COD and recovery of N and P (Ren et al., 2015; 
Wang et al., 2015). In addition, microalgae offer a variety of valuable 
compounds (Lorenz and Cysewski, 2000) during wastewater treatment, 
e.g., astaxanthin. As one of the most important microalgae products, 
astaxanthin is a high-quality pigmentation source for aquaculture and 
poultry industries (Zhang et al., 2014). Studies also revealed a promising 
potential of astaxanthin as nutraceutical and medical applications, due 
to its strong antioxidant activity (Yamashita, 2013; Yuan et al., 2011). 
These properties generate a > US$ 550 million annual astaxanthin 
market (Fang et al., 2019). The commercial astaxanthin market is 
currently dominated by artificial production (Wan et al., 2014b), how-
ever, the natural astaxanthin is still irreplaceable for human consump-
tion (Capelli et al., 2013), and is expected to have a tremendous growth 
of demand in years (Fang et al., 2019). Additionally, natural astaxanthin 
has received increasing attention due to its much higher price (15000 US 
$/kg) than artificial astaxanthin (1000 US$/kg) (Acién et al., 2017). 
Therefore, Haematococcus pluvialis (H. pluvialis), as one of the major 
natural astaxanthin supplier, is the most competitive natural source for 
commercial astaxanthin production, because it contains much higher 
astaxanthin (up to 5%) than other microalgae and microbial species 
(0.15–0.4%, Lorenz and Cysewski, 2000). However, the high cost of the 
cultivation process for H. pluvialis (Zhang et al., 2014) and the long in-
duction period of astaxanthin (8–12 days, Wan et al., 2014aa, 2014ab) 
still hinder its industrial production. 

For reducing production costs, wastewaters, e.g., domestic and 
primary-treated piggery wastewaters have been applied as cultivation 
media for H. pluvialis (Kang et al., 2006; Wu et al., 2013). Nevertheless, it 
raises safety concerns due to the potential risks generated by the 
wastewaters (Wu et al., 2013). In contrast, potato juice wastewater is 
produced in a well-controlled process with an addition of only few 
chemicals. Moreover, a thermo-chemical step during the starch pro-
duction process might also prevent growth of pathogenic microbes in the 

wastewater (Fang et al., 2011). Thus, the potato juice wastewater is a 
potential safe source for the cultivation of H. pluvialis. 

In view of high-strength organic wastewater treatment, microalgae 
usually have low removal efficiency of COD, due to the limited types of 
carbon sources (Pang and Chen, 2017) that can be metabolized. The 
high concentration of organic matter in the potato juice wastewater, 
including protein, starch, etc. (Zhu et al., 2018), which cannot be 
directly used by microalgae, may significantly hinder the removal of 
COD and even inhibit the growth of microalgae (Wang et al., 2015). 
Therefore, optimal pretreatment of the potato juice wastewater to 
convert the low bioavailable organic matter is crucial for H. pluvialis 
cultivation. 

To address the identified challenges, the present study developed an 
integrated process for full wastewater valorization. Two different pre-
treatment methods, i.e., methanation (in a mesophilic up-flow anaerobic 
sludge blanket reactor, UASB) and acidification (in a thermophilic 
continuous stirred tank reactor, CSTR), were tested for optimizing the 
composition of the potato juice wastewater as feedstock for cultivation 
of H. pluvialis and induction of astaxanthin. Moreover, capturing of N 
and P by H. pluvialis may further contribute to the remediation of the 
potato juice wastewater. This study investigated the feasibility of a two- 
stage biological treatment for the potato juice wastewater with methane 
and astaxanthin production as valuable products. 

2. Materials and methods 

2.1. Process design and wastewater source 

A two-stage process including pretreatment of the potato juice 
wastewater and subsequent microalgae cultivation coupled with astax-
anthin induction was designed. Two pretreatment methods of anaerobic 
processes were tested for the potato juice wastewater to convert organic 
matter to organic acids or CO2, which can then be directly used for 
cultivation of microalgae. The two anaerobic processes were acidifica-
tion (in a CSTR reactor) and methanation (in a mesophilic UASB 
reactor). The operational parameters of both reactors were described in 
detail in 2.2. In the second stage, the effluents from the anaerobic pro-
cesses were applied for the cultivation of H. pluvialis and induction of 
astaxanthin. The potato juice wastewater applied in this study was ob-
tained from potato starch process of KMC, Denmark. 

2.2. Bacteria driven anaerobic processes 

The mesophilic methanogenic (UASB) reactor had a working volume 
of 1340 mL (Zhu et al., 2018) and was operated at a hydraulic retention 
time (HRT) of 10 h and with an up-flow velocity of 2.0 m h− 1. The 
mesophilic granules were obtained from the Haribo factory in Denmark, 
and were stored at 4 ℃. Shortly before the start of the UASB reactor, the 
granules were inoculated into the UASB reactor and activated in stan-
dard basal anaerobic (BA) medium (Angelidaki et al., 1990) with 4 g L-1 

starch under 37 ℃ (temperature was chosen for matching the temper-
ature of the granules used as inoculum retrieved from Haribo factory) 
until a stable gas production was achieved. Next, an adaption time of 
five days was given with a stepwise increase of the organic loading (with 
potato juice wastewater) from 2.4 to 9.6 gVS L-1 d-1. Afterwards, the 
UASB reactor was continuously fed by a peristaltic pump with potato 
juice wastewater at an organic loading of 9.6 gVS L-1 d-1 (with 60 times 
diluted original potato juice wastewater). Effluent from the UASB 
reactor was collected during the period of stable operation and 
performance. 

The acidification reactor (CSTR) had 1830 mL working volume 
(Fotidis et al., 2014) and was operated at an HRT of 6 days and under a 
thermophilic condition (55℃) in which was consistent with the ther-
mophilic inoculum used. The CSTR reactor was inoculated with the 
effluent of a thermophilic anaerobic fermenter. Thermophilic tempera-
ture was preferred since the starch wastewater is delivered at high 
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temperature. The reactor was initially operated for a period of 10 days 
with stepwise increased organic loading from 0.64 gVS L-1 d-1to 1.98 
gVS L-1 d-1 for gradual adaptation of the reactor to the specific feed. After 
the adaption period, a constant organic loading (with 19 times diluted 
potato juice wastewater) of 1.98 gVS L-1 d-1 was supplied, during which, 
the effluent was collected and the gas content was monitored daily. 

2.3. Microalgae cultivation and astaxanthin induction 

The effluents collected from the two reactors (UASB and CSTR) were 
used for the cultivation of microalgae in batch experiments in 1L flasks 
with 500 mL working volume. All microalgae cultivations were per-
formed in triplicates. The effluents from UASB and CSTR reactors were 
firstly centrifuged at 4000 rpm for 10 min, the supernatants were 
separated and further autoclaved at 121 ℃ for 20 min. Then, the su-
pernatants of CSTR and UASB effluent were diluted 18 times (named as 
CSTR G1) and 10 times (named as UASB G1), respectively, to achieve a 
similar initial P level (p < 0.05). Additional groups of using CSTR 
effluent with 25 times dilution (named as CSTR G2) was also set to study 
the concentration effect of effluent on microalgal growth. H. pluvialis 
was obtained from the culture collection of algae at Goettingen Uni-
versity (192.80 SAG). Inoculum for the batch experiments was prepared 
and retrieved from the exponential growth stage during the cultivation 
of H. pluvialis in the MWC + SE medium. Each flask was inoculated at a 
ratio of 1:10 (inoculum: total volume). All flasks were placed on the 
shaker at 80 rpm at room temperature (25℃) with a light intensity of 
1000 lx (light/dark ratio of 12:12, white light, LED, Ledvance). 
Ventilating-sterilized-membranes were used to cover all flasks. Besides, 
H. pluvialis was cultivated using standard synthetic cultivation medium 
(MWC + SE) under the same conditions mentioned above, as control 
groups. To obtain comparable microalgal cell densities and nutrients 
concentrations (N and P deficiency), samples were taken on day 15 for 
astaxanthin induction. Specifically, on day 15, a strong illumination 
condition (6000 lx, light/dark ratio of 24:0, white light, LED, Ledvance) 
was provided for induction of astaxanthin. Different intensities of illu-
mination (1000 or 6000 lx) were achieved by adding/reducing numbers 
of LED tubes (LED, Ledvance). 

2.4. Sampling and analytical methods 

During the experiment of 15 days, a 0.5 mL sample was taken daily 
from each flask for cell number counting. Moreover, a 10 mL sample was 
taken from each flask on day 0, 2, 8, 10, 12, and 15 for the detection of 
phosphorus, ammonium, and COD. An extra 5 mL sample was taken on 
day 0 and 15 for the detection of VFA and NOx. During the astaxanthin 
induction period, pellets were collected on day 3 and 12 for the detec-
tion of astaxanthin content. 

The methane content of the produced biogas from UASB and CSTR 
reactors were detected daily with a gas chromatograph (GC Thermo 
Fisher scientific 1310) equipped with a flame ionization detector. The 
biogas production volume was measured with automated water- 
displacement gas meters (Angelidaki et al., 1992). For VFA detection, 
samples were pre-treated with phosphoric acid. Gas chromatographer 
(GC, TRACE 1300 of THERMO Scientific) was used for the detection of 
VFAs concentrations. The GC was equipped with an HP FFAP (free fatty 
acid phase) column (30 m *0.53 mm *1.0 µm) and a flame ionization 
detector. 

Hemacytometer (Thoma) was used for daily counting of the micro-
algal cell number. The freeze-drying method was applied for the 
detection of dry weight. The correlation between dry weight and cell 
number of H. pluvialis was as the following equation, 

Wdry = 2*10− 6*N+ 0.0069 (1) 

where, Wdry (g L-1) is the dry weight of H. pluvialis, N (per mL) is the 
cell number of the H. pluvialis. 

Chemical oxygen demand (COD), total solids (TS), and volatile solids 
(VS) were measured according to standard method (Federation, 2005). 
Total organic nitrogen was determined by the Kjeldahl method. 
Ammonia, nitrate, nitrite, and phosphate concentrations were deter-
mined by the segmented flow analysis (Scan++ system, Skalar analyt-
ical BV, the Netherlands). PHM00 LAB pH meter was used for the 
measurement of pH. Potassium concentration was measured by the 
inductive coupled plasma-optical emission spectrometer (ICP-OES, 
Perkin Elmer Avio 200) with an acidification pre-treatment by HNO3 
(2% w/w). 

For astaxanthin content determination of H. pluvialis, microalgae 
pellets were collected by centrifugation at 4500 rpm for 15 min. After 
freeze-drying, the pellets were filled with 2 mL acetone (HPLC-grade) to 
extract the pigments in darkness at 5 ℃ for 24 h. During the abstraction, 
pellets were thoroughly mixed 3 times with vortex. After the abstraction, 
the samples were dried with anhydrous sodium sulfate and centrifuged 
for 5 min at 4500 rpm. After filtered with 0.2 μm PTFE filters, samples 
were transferred to amber HPLC-vials with N2 as a protective layer. Pre- 
treated samples were analyzed by HPLC-DAD (Agilent 1100, US) with a 
C8 reversed-phase column (Eclipse Plus C8, Agilent technologies, US). A 
gradient of tetrabutylammonium acetate (TBAA, 30% in methanol, pH 
6.5) and methanol were used as eluents for separation. A constant flow 
rate of 0.3 mL− 1 min and total analysis time of 75 min were applied. 
Astaxanthin standard was acquired from DHI (Denmark). 

One-way ANOVA was used to compare biomass, astaxanthin, and 
wastewater quality parameters. SPSS19.0 (IBM Corporation, Armonk, 
NY, USA) and Origin 8.5 (OriginLab, Northampton, MA, USA) were used 
for data analysis and figure-plotting. 

3. Results and discussion 

3.1. Anaerobic treatments 

The original potato juice wastewater was rich in COD (342.3 ± 2.1 g 
L-1), N (mainly in forms of 2720.0 mgN L-1 ammonia and 17243.2 mgN 
L-1 protein), and P (4766. 7 mg L -1). Nevertheless, the initial wastewater 
had a low pH (4.8), which might impair its suitability as microalgae 
cultivation media (Table 1). In the first stage of the wastewater treat-
ment, UASB and CSTR reactor configurations were chosen for convert-
ing the organic matter of the wastewater to methane and volatile fatty 
acids (VFAs), respectively. Results demonstrate that the UASB reactor 
efficiently converted the organic matter to methane. In potato juice 
wastewater, the high concentration of COD was mainly attributed to the 
organic substances of protein, starch, VFAs, etc. The complex microbial 
consortium in the methanogenic granular converts the digestible 
organic matter into CO2 and CH4 in anaerobic conditions, leading to a 
significant COD reduction of 75.44% (Table. 1) (Campanaro et al., 

Table 1 
Characteristic of the potato juice wastewater (original and effluent).   

COD(g L- 

1) 
NH4-N 
(mgN L-1) 

NO3-N 
(mgN L-1) 

PO4-P(mgP 
L-1) 

pH 

Original 342.3 ±
2.1 

2720.0 ±
56.6 

320.0 ±
32.7 

4766.7 ±
49. 9 

4.8 ±
0.1 

Influent UASB 5.7 ± 0.1 50.3 ± 0.5 4.9 ± 0.5 81.0 ± 0.4 5.4 ±
0.4 

Effluent UASB 1.4 ± 0.0 343.3 ±
22.5 

2.4 ± 0.3 96.5 ± 1.1 7.0 ±
0.1 

Influent CSTR 18.0 ±
0.1 

166.7 ± 2.5 14.6 ± 1.5 206.0 ±
2.8 

5.0 ±
0.2 

Effluent CSTR 14.9 ±
0.4 

1450.0 ±
35.6 

5.3 ± 4.9 237.7 ±
2.1 

6.7 ±
0.1 

MWC + Se 
medium 

– 0 14.0 1.6 7.0 ±
0.1 

Original wastewater protein: 107.8 ± 3.3 g L-1 

Original wastewater total solids: 374.2 ± 1.9 g L-1 

Original wastewater volatile solids: 262.4 ± 3.7 g L-1  
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2016). The reactor achieved high methane production yields (stabilized 
around 291–336 mL CH4 g− 1 COD, 22 ℃), corresponding to 95.94% of 
the theoretical value (stoichiometric complete conversion from organic 
matter to methane, Fig. 1). 

The left COD (1.4 g L-1) in the UASB effluent was mainly in form of 
poorly biodegradable substrates. In contrast, in the CSTR, the relatively 
short HRT resulted in a washing-out of methanogens (Miron et al., 
2000), leading to accumulation of VFAs as the dominant process 
(Fig. 3b, c, and d). Consequently, only a small part (12.71–18.70%) of 
the organic carbon was converted into methane (Fig. 1) and a modest 
reduction of COD (17.58%) was achieved in the CSTR reactor (Fig. 3b, c, 
and d). Studies indicated that H. pluvialis can grow heterotrophically 
with acetate as preferred carbon source (Jeon et al., 2006). Therefore, 
conversion of the complex organic matter of potato juice wastewater to 
acetate in the CSTR would constitute the acidification effluents to an 
ideal medium for cultivation of H. pluvialis. 

Apart from carbon sources, both methanation and acidification 
processes significantly increased the ammonia nitrogen content (from 
50.3 and 166.7 to 343.3 and 1450.0 mgN L-1 in the UASB and CSTR 
effluent, respectively) and slightly increased the PO4-P content 
(Table.1). During anaerobic processes, the protein in the potato juice 
wastewater was hydrolyzed to amino acids, and ammonia was released 
during the subsequent fermentation of the amino acids (Choi et al., 
2014), resulting in elevated ammonia levels in the effluents. Likewise, 
the organically bound P could also be released by the organic matter 
decomposition during anaerobic digestion (Latif et al., 2015), which 
may contribute to the increase of soluble phosphorus (orthophosphate) 
concentration in the effluents. Besides, the pH values of both effluents 
increased to neutral (from 4.8 to 7.0 and 6.7 in the UASB and CSTR 
reactor, respectively, Table 1). All these changes obtained by the pre- 
treatments of the wastewater would be advantageous for its applica-
tion as cultivation media of H. pluvialis. 

3.2. Cultivation of H. Pluvialis 

3.2.1. H. Pluvialis biomass accumulation 
The fermentation effluents of the potato juice wastewater were 

further diluted to be used for the cultivation of H. pluvialis in batch tests. 
Varying dilutions of the effluents were applied in this batch experiment 
to simulate different organic loadings in a photo-bioreactor. Fig. 2 shows 

that all three treatments achieved a significantly higher biomass accu-
mulation than the control (p < 0.05), however, at different periods. 
Specifically, the CSTR G1 and G2 groups achieved significantly faster 
and higher biomass concentration of H. pluvialis than the control, which 
was 0.38 and 0.30 g L-1, respectively. The rapid biomass growth in the 
effluents of acidification started right after inoculation and lasted for 
9–10 days, following by a sharp death phase. In contrast, the UASB G1 
and control groups obtained a lower growth rate than the CSTR groups, 
however, the growth lasted longer (14 days) than the CSTR groups, 
which generated a maximum biomass production of 0.41 and 0.25 g L-1, 
respectively. The biomass yields of H. pluvialis achieved in this study are 
significantly higher than other cultivation systems using domestic sec-
ondary effluent as media (maximum 0.21 g L-1, Wu et al., 2013). These 
results demonstrate that effluents from both anaerobic processes have 
potential as an alternative to the synthetic culture media for H. pluvialis 
cultivation. 

The trophic mode of H. pluvialis was significantly affected by the 
content of available carbon sources in the effluents. Regarding the 
growth curves and high content of acetate, the effluents of acidification 

Fig. 1. Methane production yield and recovery rate in the CSTR and UASB reactor.  

Fig. 2. Biomass accumulation of H. pluvialis during the cultivation in anaero-
bically digested potato juice wastewater. 
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could promote a mixotrophic growth of H. pluvialis (Jeon et al., 2006). 
The growth of H. pluvialis followed the growth kinetic of microorganisms 
well, which includes lag phase, exponential phase, stationary phase, and 
death phase. Study indicated that under mixotrophic growth, H. pluvialis 
usually finishes rapid exponential phase and steps into stationary phase 
in 7 days (Pang and Chen, 2017). In CSTR G1, H. pluvialis also achieved 
an exponential phase in 7 days, and kept the stationary phase from day 
7–11, followed by a death phase, during which higher death and lysis of 
H. pluvialis occurred than growth. Meanwhile, with the effluents of 
methanation, H. pluvialis was mainly following autotrophic growth, 
since easily degradable organics for microalgae were absent (Choi et al., 
2018). Similarly, due to the absence of organic carbon source, 
H. pluvialis also achieved an autotrophic growth, where carbon dioxide 
and bicarbonate served as carbon sources. 

3.2.2. Organic carbon conversion 
In the first stage, the methanation (UASB reactor) treatment of po-

tato juice wastewater achieved significantly higher COD removal than 
that of in the acidification (CSTR reactor) process, which was 75.4% and 
17.6% (p < 0.05, Table.1), respectively. In the subsequent treatment 
stage by microalgae, H. pluvialis performed a rapid COD removal in the 
earliest phase (2–4 days), of which, 50.1%, 61.0%, and 73.9% of the 
COD was removed in the UASB G1, CSTR G1 and CSTR G2 systems 
(Fig. 3a), respectively. However, a rebound of the COD concentration 
occurred in all treatments in the following days, resulting in a signifi-
cantly higher final COD removal in the effluent of acidification (40.9% 
and 59.1% in CSTR G1 and G2 groups, respectively) than that of in the 
effluent of methanation (0%, p < 0.05). This is because, regardless of the 
metabolism of the organic matter, microalgal cells also showed a wide 
bio-adsorption capacity (Wang et al., 2016), which may contribute to 
the rapid COD removal in all effluents at the early stage. However, as the 
microalgal growth, death and decomposition, organic matter was again 
released into the water, leading to an increase of the soluble COD in the 

following period. The methanation process, mineralized most organic 
matter into methane and carbon dioxide, leaving organic matter with 
low biodegradability in the effluent (Fig. 3 b, c, and d). Therefore, no 
further removal of COD in the UASB G1 groups by microalgae was 
achieved (Fig. 3a). On the contrary, due to the acetate assimilation by 
H. pluvialis in the effluents of acidification, complete acetic acid removal 
(below detection limit) at day 15 was observed. Moreover, even no ev-
idence of propionic and butyric acid assimilation by H. pluvialis was 
reported, results still showing nearly complete removal of the propionic 
and butyric acid after the treatment (Fig. 3 c, and d). 

In view of carbon balance, during the acidification process, 
72.2–73.5% of the total COD was converted to VFAs, while the meth-
anogenic process removed 75.8% of the total COD. Furtherly, the 
microalgae cultivation contributed to 69.3%, 73.5%, and 0% of the COD 
removal through VFAs consumption in the CSTR G1, CSTR G2, and 
UASB G1 groups, respectively. Consequently, during the entire anaer-
obic processes and microalgae treatment, the mass balance calculation 
indicated that a final COD removal of 51.3%, 66.3%, and 75.8% was 
achieved by the CSTR G1, CSTRG2, and UASB G1 systems, respectively. 
According to this carbon balance analysis, the lower entire COD removal 
efficiencies could be further improved by optimizing the conditions of 
the CSTR and UASB reactor to provide higher efficiency of acidification 
and methanation process, respectively. 

3.2.3. Nutrients recovery by the H. Pluvialis 
The removal efficiencies of nutrients by the H. pluvialis were further 

investigated. Different from the control (in form of nitrate), the main N 
source in the effluents of UASB and CSTR reactor was in the form of 
ammonia (Fig. 4 a, b). Results indicate that the UASB G1 groups had a 
much higher initial ammonia concentration than the CSTR G1 and G2 
groups (p < 0.05). During the cultivation, a final N concentration (in 
form of ammonia) of 4.6 mg L-1 (removal efficiency 83.4%), 3.3 mg L-1 

(removal efficiency 71.3%) and 2.6 mg L-1 (removal efficiency 69.4%) in 

Fig. 3. Carbon concentration changes of effluent during the H. pluvialis treatment of COD, (b) acetic acid, (c) propionic acid, and (d) butyric acid.  
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the UASB G1, CSTR G1 and CSTR G2 groups was achieved without 
significant difference (p > 0.05, Fig. 4a), respectively. Meanwhile, ni-
trate and nitrite concentrations of all treatment groups were not 
significantly increased (p < 0.05, Fig. 4 b), indicating an efficient ni-
trogen removal by the H. pluvialis. Notably, the final total nitrogen 
concentrations of the treatment and control groups were at similar levels 
but in different forms (2.6 to 4.6 mg L-1, Fig. 4 a, b). Microalgae usually 
prefer ammonium as a nitrogen source over nitrate, due to no require-
ment of redox reaction during assimilation (Ramanna et al., 2014) and 
thereby lower energy consumption. The study also implied that 
ammonia could be preferred rather than nitrate, as nitrogen source for 
the growth of H. pluvialis (Cifuentes et al., 2003). The nitrogen in form of 
ammonium in the treatment groups contributed to the overall higher 
biomass accumulation than the control (p > 0.05, Fig. 2). 

Meanwhile, all treatment groups presented similar initial P concen-
trations (2.38–2.86 mg L-1, Fig. 3 c). During growth H. pluvials, 
consumed P resulting in its gradual decline with time, leading to a final 
phosphorus removal efficiency (at day 15) of 86.5%, 92.0%, and 98.3% 
in the UASB G1, CSTR G1, and CSTR G2 groups, respectively (p > 0.05, 
Fig. 4 c). Notably, even the phosphorus concentration decreased to 
below 1 mg P L-1 after 8 days, microalgae growth could still be observed 
in all groups due to the phosphate reservation ability as polyphosphate 
granules in the microalga cells (Kang et al., 2006). Summarily, the re-
sults demonstrate the strong capturing-capacity of nutrients by 
H. pluvialis from wastewater, which is in agreement with previous 
studies (Clesceri et al., 2005; Wu et al., 2013). 

The mass balance analysis of the entire process suggested that a final 
removal of 69.4–83.4%, 42.5–53.5% and 86.5–98.3% was achieved for 
NH4-N, NO3-N and PO4-P, respectively. After treatment by H. pluvialis, 
low levels of nitrogen and phosphorus were present in the wastewater. 

3.3. Astaxanthin induction from wastewater cultivated microalgae 

The astaxanthin accumulates in H. pluvials cell only under 

unfavorable growth conditions, such as nitrogen and phosphorus star-
vation, salt stress and elevated temperature (Sarada et al., 2002). 
Therefore, a typical cultivation strategy will be a two-stage process, 
which separate the cultivation of microalgae and the induction of 
astaxanthin in different periods. The cultivation media will be changed 
in the induction periods to induce further cultivation stress (Kang et al., 
2006). In the current study, the astaxanthin induction was induced when 
all samples reached a comparable microalgal cell density and similar 
nutrient-deficiency condition after the biomass accumulation of 15 days. 
Considering the low concentration of the nutrients left in the water after 
treatment by H. pluvialis, this novel process didn’t require a replacement 
of astaxanthin induction medium (Christian et al., 2018). Samples were 
directly exposed to astaxanthin induction conditions with high intensity 
of light (6000 lx). During the induction period, all treatment groups 
demonstrated overall higher and faster astaxanthin induction efficiency 
compared to the controls (p < 0.05). Within three days of induction, the 
CSTR G1, G2, and UASB G1 groups had already accumulated much 
higher astaxanthin than the control (p < 0.05, 4.6 mg g− 1), which was 
5.3 times (24.5 mg g− 1), 6.1 times (27.9 mg g− 1) and 2.5 times (11.5 mg 
g− 1) of the control, respectively. Longer induction time (till day 12) 
didn’t elevate the astaxanthin production in the CSTR G1 and G2 groups 
significantly (p < 0.05, 27.6 and 26.9 mg g− 1, respectively), however, it 
further raised the astaxanthin production in the UASB and control 
groups to 18.3 and 14.7 mg g− 1, respectively (Fig. 5). The results indi-
cated that the effluents of acidification treatment had a better perfor-
mance in shortening induction time and promoting astaxanthin yield 
compared to the effluents of methanogenic treatment. 

The astaxanthin induction of H. pluvials (i.e. the induction rate and 
final astaxanthin concentration) is significantly affected by the compo-
sition of cultivation media. The original potato juice wastewater was 
rich in potassium, resulted in a significant higher potassium concen-
tration in treatments (80.08, 115.67 and 81.63 mg L-1 in the UASB G1, 
CSTR G1, and CSTR G2 groups, respectively) than in the controls (p <
0.05, 3.9 mg L-1, Fig. 4d). During the cultivation of H. pluvialis, 

Fig. 4. Nutrient concentration changes during the cultivation of H. pluvialis of (a) NH4-N, (b) NO3-N, (c) PO4-P, and (d) potassium concentration change. Different 
uppercase letters above the error bars represent significant differences among the different groups at the same operation time (p < 0.05). Meanwhile, different 
lowercase letters above error bars represent significant differences in the same group over different operation times. 
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potassium concentration showed no significant changes (Fig. 4d, p <
0.05) and was kept at a high level till the end of the experiment (day 15). 
Potassium could inhibit the H. pluvials growth at high concentration 
(over 1.56 g L-1), however, may significantly promote the induction of 
astaxanthin (under 2.73 g L-1, Harker et al., 1996). This may be due to 
the induction of potassium-transporting protein in the red cyst of 
H. pluvialis during the accumulation of astaxanthin (Lee and Kim, 2010). 
In the present study, the effluents offered a moderate level of potassium, 
which was lower than the growth inhibition levels, but could still pro-
mote the induction of astaxanthin. Therefore, overall higher astaxanthin 
yields in the effluents of fermentation treatments were achieved than in 
the controls. Additionally, acetate could promote both vegetative 
growth of H. pluvialis as well as astaxanthin induction (Choi et al., 2014). 
A previous study also revealed that potassium acetate, as a whole, could 
significantly promote the accumulation of accumulation in H. pluvialis 
(Pan-utai et al., 2017). Therefore, the acetate and potassium in the CSTR 
effluents (Fig. 2b and 4d) further shortened the time of induction and 
increased the yield of astaxanthin. 

Notably, even this study obtained an astaxanthin production (up to 
2.8% DW) similar to or higher than most investigations (Christian et al., 
2018; Cifuentes et al., 2003), improvement could still be achieved 
regarding further optimization of operation conditions. Study indicated, 
with optimal conditions, up to 5% DW of astaxanthin was achieved in 
H. pluvialis (Wayama et al., 2013). Factors such as micronutrients, 
nutrient deficiency (N and P), temperature (above 30 ℃), pH, illumi-
nation, ferrous sulfate and sodium acetate could react as stressor solely 
or jointly contribute to the induction of astaxanthin in H. pluvialis (Shah 
et al., 2016). In this study, as multiple stressors (strong illumination, N 
and P deficiency, acetate, and potassium) were jointly attributed to the 
effective astaxanthin induction, further investigations are still needed to 
optimize the operation conditions and enlarge the production of 
astaxanthin. 

3.4. Sustainable management of the integrated wastewater valorization 
system 

This study developed a promising solution for simultaneous treat-
ment of potato juice wastewater and sustainable production of astax-
anthin. This approach could achieve sustainable resource upcycling and 
conversion from high-strength organic wastewater to high valuable 
astaxanthin and methane production. In view of applications, potato 
juice wastewater has advantages compared to other wastewaters, e.g., 
domestic wastewaters, for various reasons. Unlike domestic wastewa-
ters, potato juice wastewater contains no pathogenic microorganisms or 

toxic compounds (Rawat et al., 2011), which could broaden the utili-
zation of the obtained astaxanthin from cultivation in wastewater to 
strict usage, e.g., feed, food, and cosmetics. Meanwhile, the high con-
tents of P and N in the potato juice wastewater are ideal nutrients for the 
growth of H. pluvialis. However, regarding the high COD content, which 
cannot be directly utilized by microalgae, pre-treatment through 
methanation (UASB reactor) and acidification (CSTR reactor) has opti-
mized the organic carbon sources (largely removed or converted to 
VFAs) for H. pluvialis, meanwhile, obtained methane as energy by- 
product. The nutrients in the effluents after anaerobic processes 
(mainly P and N) were further captured by the H. pluvialis to support 
algal biomass accumulation. With the appropriate level of potassium (in 
both effluents) and acetate (only in the CSTR effluents), fast and efficient 
astaxanthin induction was achieved, which could contribute to reducing 
the maintenance cost of astaxanthin production. 

Nevertheless, the applied potato juice wastewater in this study is 
concentrated with evaporation process for volume reduction. The pro-
posed wastewater valorization system provides an alternative to the 
existing evaporation treatment in view of economy and sustainability. 
Thus, the dilution rates applied in this study could be largely reduced 
through the utilization of potato juice wastewater before evaporation. 
Moreover, the integrated treatment of anaerobic processes and micro-
algal cultivation together contributed to the remediation of wastewater 
(Figs. 3 and 4), which enable the recycling of treated wastewater (after 
harvesting of H. pluvialis) as dilution water, so that water consumption 
could be further reduced. Further investigations on lowering dilution 
rates and using recycling water as dilution usage by this integrated 
valorization system are critical to achieve the final goal of sustainability. 

Mass balance calculation indicated that each tons of potato juice 
wastewater contains 342.3 kg COD, 2.7 kg NH4-N, 0.3 kg NO3-N and 4.8 
kg PO4-P, which could generate 244.2 kg and 131.6–141.6 kg biomass 
(H. pluvialis) through methanation and acidification pre-treatment, 
respectively. After induction, each ton of the wastewater may promote 
the astaxanthin production of 4.51 kg (by methanation effluents) and 
3.58–3.97 kg (by acidification effluents). According to the market price 
of natural astaxanthin (15000 US$/kg, Acién et al., 2017) and methane 
(US$ 2.5/MMBtu, Conti et al., 2014), we estimated that, the integrated 
acidification-H. pluvialis process could generate up to 59,592 US$/ton 
potato juice wastewater from astaxanthin production and 0.23–0.35 US 
$/ton potato juice wastewater from methane production, while, the 
integrated methanation-H. pluvialis process could gain 67,590 US$/ton 
potato juice wastewater from astaxanthin production and 6.65–7.68 US 
$/ton potato juice wastewater from methane production in regardless of 
the related costs including facility construction, operation, energy con-
sumption, astaxanthin abstraction, etc. A further assessment of the net 
profit is still needed to be specified. However, this estimation showed 
the promising economic and environmental potentials of the conversion 
from potato juice wastewater to astaxanthin and methane. The devel-
oped system could also be applied to valorize other high-strength 
organic wastewaters from food and agriculture sectors. 

4. Conclusion 

Methanation and acidification effectively improved the properties of 
the potato juice wastewater as cultivation media of H. pluvialis, which 
promoted higher and faster production of microalgal biomass and 
astaxanthin than the standard culture medium. The improvement was 
due to the conversion of organic carbon and nutrients in the wastewater 
to bio-available forms, as well as the neutralization of pH in the 
wastewater. Meanwhile, the integrated system significantly contributed 
to the wastewater remediation. This proof of concept could with 
advantage be applied for similar industrial wastewaters for cost- 
effective treatment with simultaneous production of methane and 
astaxanthin in a holistic bio-economy approach. 

Fig. 5. Astaxanthin content during the induction of H. pluvials.  
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Table A1 Components of MWC+SE medium 21 

 Concentratio

n 

(mg L-1) 

 Concentration 

(mg L-1) 

 Concentrat

ion 

(mg L-1) 

CaCl2∙2H2O 36.8 FeCl3∙6H2O 3.15 Thiamine 

HCl 

0.1 

MgSO4∙7H2O 37.0 CuSO4∙5H2O 0.01 Biotin 0.0005 

NaHCO3 12.6 ZnSO4∙7H2O 0.022 Cyanocob

alanmin 

0.0005 

K2HPO4∙3H2

O 

11.4 CoCl2∙6H2O 0.01 Na2SeO3∙

5H2O 

2.0 

NaNO3 85.0 MnCl2∙4H2O 0.18 TES 115 

Na2O3Si∙5H2

O 

21.2 Na2MoO4∙2H

2O 

0.006   

EDTANa2 4.36 H3BO3 1.0   

 22 

Table A2 Correlation between biomass and cell number 23 

Biomass (g/L) Cell number (per ml) 

0.240 117777.7778 

0.104 53541.22037 

0.050 13437.53483 

0.010 2816.577304 

0.008 1134.287637 

0 0 

Wdry=2*10-6*N+0.0069,  R2=0.9906 

 24 

 25 

 26 

 27 

 28 
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Table A3 Flow gradient of HPLC 29 

Time (min) %A (30% TBAA in 

methanol) 

%B (methanol) 

0 95 5 

45 5 95 

60 5 95 

60 95 5 

75 95 5 

 30 

Table A.4 VFAs concentrations in fermentation effluents and their conversion during 31 

microalgae cultivation processes. 32 

 CSTR 

G1-microalgae 

CSTR 

G2-microalgae 

UASB 

G1-microalga

e 

Acetic acid COD (mg/L) 110.682 86.277 UDL 

Propionic acid COD (mg/L) 40.791 32.33 UDL 

Butyric acid COD (mg/L) 98.565 148.782 UNL 

Total VFAs COD (mg/L) 330.681 267.394 UDL 

Total VFAs removal by 

microalgae cultivation (COD, 

mg/L) 

317.298 267.394 N/A 

VFA conversion rate 72.21% 73.47% N/A 

COD removal rate in forms of 

VFAs by microalgae cultivation 

69.29% 73.47% N/A 

UDL: under detection limit 33 

N/A: not applicable  34 
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Table A5 The removal rates of COD and nutrients during entire valorization system 35 

 COD (%) NH4-N (%) NO3-N (%) PO4-P (%) 

UASB G1 75.81.55 83.4 53.5 86.5 

CSTR G1 66.3 71.3 42.5 92.0 

CSTR G2 51.3 69.4 52.6 98.3 

 36 

Table A6 Nutrient concentrations of astaxanthin induction stage 37 

 Phosphorus (mg P/L) Nitrogen (mg N/L) 

UASB G1 0.335 4.564 

CSTR G1 0.225 3.314 

CSTR G2 0.042 2.589 

Control 0.457 4.067 

 38 

 39 

 40 

Fig. A1 H. pluvialis cultivation in pre-treated potato juice of a) effluent from methanation process, 41 
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b) H. pluvialis cultivation in effluent from methanation process, c) Astaxanthin induction in 42 

effluent from methanation process, d) effluent from acidification process, e) H. pluvialis 43 

cultivation in effluent from acidification process, and f) Astaxanthin induction in effluent from 44 

acidification process. 45 

 46 

Fig. A2 Cell counting image (by Hemocytometer) of H. pluvialis during cultivation and astaxanthin 47 

induction. 48 

49 
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50 

51 

 52 

Fig. A3 HPLC chromatograms of astaxanthin 53 
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 54 

Fig. A4 Integrated astaxanthin production and potato-juice wastewater treatment with 55 

nutrients capture and energy by-product (methane). 56 

 57 
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A R T I C L E  I N F O   

Keywords: 
Microalgal-bio-electrochemical system 
Single cell protein 
Wastewater treatment 
Pure microalgal cultivation 
Nutrients recovery 

A B S T R A C T   

Chlorella vulgaris, one of the single cell protein sources, is a promising alternative to address the ever-growing 
demand for food-quality protein. Efforts have been made to overcome the high production costs by using 
wastewater for the cultivation of C. vulgaris. However, direct use of wastewater poses threats to the safety of 
applying the obtained biomass for food and animal feed. This study applied a novel three-chamber microalgal- 
bio-electrochemical systems for simultaneous clean cultivation of C. vulgaris and treatment of industrial organic 
wastewater. Results demonstrated that the removal of COD (38.7–66.8%) and total Kjeldahl nitrogen (TKN, 
49.8–69.0%) improved with the increase of electric current in both anode and cathode chambers. Meanwhile, 
comparable phosphorus removal rates of 34.2–48.5% were achieved in all operation modes. Through nutrients 
migration, the middle chamber recovered 34.4–39.4% TKN, 16.8–47.3% phosphorus, and acetate from the 
wastewater to support a mixotrophic growth of C. vulgaris. Moreover, increasing electric current promoted higher 
dry algal biomass weight (0.87–1.11 g L− 1), higher protein content (320.8–552.1 mg Protein g− 1 Biomass), and 
larger cell size (enlarged up to 151.2%) than the control. Nevertheless, the ratio of protein content decreased 
with the increase of cell size due to the prior accumulation of other compounds under mixotrophic growth. This 
study provides a sustainable approach for the conversion from industrial organic wastewater to clean production 
of microalgal protein.   

1. Introduction 

An ongoing driving force for exploring alternative protein sources is 
continuously generated by the increasing demands for food and poultry 
feed (Godfray et al., 2010). In this view, even with concerns of extrac-
tion, purification, and protein quality, single cell protein (SCP) derived 
from microorganisms is still recognized as a promising protein source 
due to its multi-advantages over the conventional protein sources, e.g., 
high protein content, high conversion efficiency and wide feedstocks for 
the conversion (Matassa et al., 2015). Among the sources of SCP, 
microalgae are regarded as a promising source of SCP, because they 
contain a broad spectrum of nutrients rather than only protein, 
including lipids, minerals and, vitamins (Becker, 2007). Studies 
demonstrate that the amino acid compositions of plenty of microalgal 
species are comparable with that of the reference composition 

recommended by the World Health Organization. Among them, Chlor-
ella vulgaris (C. vulgaris) is one of the few microalgal species that have 
already been commercialized as food additives for human (Becker, 
2007). In addition to the high protein content (up to 58% w/w dry 
weight biomass) (Spolaore et al., 2006), the bioactive compounds such 
as carotenoids and polyunsaturated fatty acids (PUFAs) (da Silva Vaz 
et al., 2016) in the cells of C. vulgaris may also contribute to the essential 
nutrients for food and feed application. 

Though promising, the high production costs of microalgae cultiva-
tion, which is mainly contributed by the costs of nitrogen, phosphorus, 
and carbon substrate (Hülsen et al., 2018), enormously inhibit the wide 
application of microalgae as protein sources to compete with agricul-
tural alternatives. Efforts have been made on using wastes, e.g., cheese 
whey (Salati et al., 2017), dairy wastewater, and poultry wastewater 
(Hülsen et al., 2018), as a nutrient source to decrease the cultivation 

* Corresponding authors. 
E-mail addresses: gang.pan@ntu.ac.uk (G. Pan), yifz@env.dtu.dk (Y. Zhang).  
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costs of C. vulgaris and simultaneously achieve the waste remediation. 
Apart from the cost, the recovery of nitrogen and phosphorus from waste 
is also significant considering the depleting amount of natural reserve 
(Rittmann et al., 2011). Among the various sources of waste, potato juice 
wastewater (resulting, e.g., from potato-starch production) is present in 
large amount (Fang et al., 2011) and recognized as industrial organic 
wastewater rich in organic matter (protein, starch, etc.), phosphorus, 
and nitrogen (Fang et al., 2011, Zhu et al., 2018). Untreated discharge of 
such wastewater poses big threats to the environment (Liu et al., 2013). 
However, the conventional wastewater treatment approaches usually 
only target the removal of organic matters rather than the nutrients 
(nitrogen and phosphorus) (Fang et al., 2011, Zhu et al., 2018). In this 
view, microalgae may have advantages over the conventional ap-
proaches in nutrients re-capture and upcycling. Microalgae have been 
broadly demonstrated to have a high capacity of phosphorus and ni-
trogen recovery during wastewater treatment (Hülsen et al., 2018, Sal-
ati et al., 2017). Nevertheless, the direct cultivation of microalgae in the 
wastewater could contaminate the algal biomass with bacteria or 
chemical pollutants from the waste, and thus, raises the safety concerns. 
Thus, the biomass of C. vulgaris obtained from the wastewater, even with 
high protein content, is still being limited for the practical utilization as 
food and feed. 

Considering these challenges, the recent advances of bio- 
electrochemical systems (BESs) for efficient nutrients recovery from 
wastewater may provide an alternative solution. The membranes 
applied in BESs may separate microalgae from wastewater, meanwhile 
leaving access to migration of nutrients. Along with the development of 
sustainability, approaches such as adsorption, precipitation, biological 
uptake, and ion exchange have been extensively investigated for nutri-
ents upcycling from wastewater (Rittmann et al., 2011). Among them, 
BESs and microalgae have attracted arising attention (Zhang and 
Angelidaki, 2015; Kelly and He, 2014). To date, most of BESs studies 
usually focus on single- and two-chamber MFCs and MECs with 
high-efficiency in nutrients recovery. It has been indicated that 
two-chamber BESs could successfully achieve either nitrogen (Kuntke 
et al., 2011) or phosphorus (Fischer et al., 2011) recovery at one time, 
while single-chamber BESs can achieve simultaneous nitrogen and 
phosphorus recovery (Zang et al., 2012). 

Though BESs in both MFCs- and MECs-modes demonstrated suc-
cessful recovery of nutrients from wastewater, further separation and 
up-concentration of the recovered nutrients are still challenges. For 
instance, the recovery of nitrogen from BESs requires extra equipment 
and chemicals to collect ammonia gas (Wu and Modin, 2013). Besides, 
the recovery of phosphorus via BESs requires extra chemicals (magne-
sium and ammonia) to form struvite (NH4MgPO4∙6H2O, formed in 
alkaline conditions, phosphorus-fertilizer) precipitation for timely pre-
cipitates collection (Fischer et al., 2011). Therefore, efforts have been 
made on the development of efficient and cost-effective BESs ap-
proaches for nutrients upcycling, e.g., nitrate recovery from urine by a 
combination of MECs and membrane-aerated biofilm reactor (De Paepe 
et al., 2020), liquid fertilizer upcycling from urine by modified MFCs 
(Freguia et al., 2019), and nutrients recovery by microalgae-assisted 
MFCs from various wastewater (urine, domestic wastewater, etc.) 
(Elshobary et al., 2020). From the sustainability point of view, in-situ 
utilization of the recovered nutrients for microalgae cultivation could 
be a promising option with respect to the direct recapture of nutrients 
into microalgal cells. Efforts have been made on single- and 
two-chamber microalgal-MFCs (mMFCs) for in-situ removal and recov-
ery of nutrients from wastewater (Lee et al., 2015, Cui et al., 2014). 
Though the single-chamber mMFC demonstrated simultaneous nitrogen 
and phosphorus recovery for microalgae cultivation, it placed the 
C. vulgaris directly into the wastewater (Zhang et al., 2011), rising the 
contamination risk of microalgal biomass and limiting the utilization of 
the biomass as food or feed. In this view, the two-chamber mMFCs can 
avoid direct contamination of biomass by using an ion-exchange mem-
brane, which isolates the microalgae from wastewater. However, the 

applied selective ion-exchange membrane could only target at either 
ammonia or phosphorus recovery, leading to a nutrient loss and lowered 
efficiency of waste treatment (Pei et al., 2018, Xiao et al., 2012). 
Therefore, the development of efficient hybrid microalgae and BESs 
system that integrates clean microalgae cultivation and comprehensive 
wastewater treatment is urgent. 

In this study, a novel three-chamber microalgal-BES reactor (mBES) 
was developed to achieve simultaneous clean cultivation of C. vulgaris 
for protein production, industrial organic wastewater treatment, and 
energy production. In this novel system, organic matters from the 
wastewater were oxidized by the electroactive bacteria in the anode, 
while the oxygen reduction (MFC mode) or H2 evolution (MEC mode) 
occurs in the cathode. Therefore, the anode chamber was conducted in 
anoxic condition, meanwhile, the cathode chamber was aerated to 
supply oxygen as electron acceptor to accept electrons generated and 
transferred from anode (oxidation of organic matter). Due to the po-
tential difference between the anode and cathode chambers, anions (e. 
g., phosphate, nitrate, and CH3COO− ) and cations (e.g., ammonium) 
migrated respectively from the cathode and anode through the AEM and 
CEM into the middle chamber, where the accumulated nutrients were 
then recovered by C. vulgaris for production of biomass. The wastewater 
treatment performance and the migration of carbon, nitrogen, and 
phosphorus via ion-exchange membranes were investigated. The ob-
tained biomass of C. vulgaris was analyzed for its amino acid profiles. 
This study offers insights into the development of an efficient and cost- 
effective approach for waste nutrients recovery and upcycling for the 
clean cultivation of microalgae. This work could contribute to address 
the conversion from industrial organic wastewater to high-quality 
microalgal SCP production. 

2. Material and methods 

2.1. Reactor setup and operation 

For the treatment groups, the three-chamber mBES was made of 
polycarbonate material (Fig. 1). Each chamber has a working volume of 
200 mL (5 × 5 × 8 cm). The anode and middle chamber were separated 
with a cation exchange membrane (CEM, CMI7001, Membrane Inter-
national, NJ), while the middle and cathode chambers were separated 
with an anion exchange membrane (AEM, AMI 7001, Membrane Inter-
national, NJ). Both membranes were soaked in NaCl solution (5% w/w) 
for 24 h and washed with distilled water before use. In the anode 
chamber, a carbon brush (length 6.9 cm, diameter 5.9 cm, Mill-Rose, 
USA) was pretreated at 450◦C for 30 min in a muffle furnace to avoid 
introduction of external microbes (Zhang and Angelidaki, 2015). Sub-
sequently, in order to improve and stabilize the performance of the BESs, 
the anode was pre-enriched to form mature electroactive biofilm (Liu 
et al., 2010) using the potato juice wastewater (pH adjusted to 7 with 5 
mol L− 1 sodium hydroxide) as inoculum and substrate in the same 
three-chamber mBES before being used as the anode electrode. Mean-
while, a Ti-electrode mesh coated with Pt/C (0.5 mg/cm2, 20 wt% Pt/C, 
JM) was applied as the cathode electrode. To provide electron acceptor 
to the cathode, approaches such as chemical catholyte (e.g., Ferricya-
nide), aeration, or air-cathode could be applied (Logan et al., 2007). 
However, given the efficiency and sustainability, continuous aeration at 
15 mL min− 1 was provided by a peristaltic pump (OLE DITCH, Instru-
ment Makers APS, Denmark) to the cathode in this study. To study the 
effect of electric current intensity on the growth of microalgae and 
migration of substrates, the reactor was operated at two different modes 
(i.e., microbial fuel cell, MFC; and microbial electrolysis cell, MEC). In 
the MFC mode, anode and cathode electrode were connected in series 
with a resistor (resistor of 1000 or 10 Ω), named as MFC-1000 Ω and 
MFC-10 Ω, respectively. In the MEC mode, the two electrodes were 
connected in series with a 10 Ω resistor and a power supply (HQ PS3003, 
102 Helmholt Elektronik A/S, Denmark) which provided 0.5 V constant 
voltage to the circuit, named as MEC-0.5 V. 
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A control of microalgal growth (named as biomass control) was 
conducted in an open-single-polycarbonate chamber with the same size 
of the treatment groups mentioned above. The modified WC medium 
with selenium (MWC+SE medium) without nitrogen, phosphorus, and 
carbon sources (Table S1) was used for this biomass control. Meanwhile, 
another control for protein profile comparison (named as protein con-
trol) was conducted with the same type of open-single-polycarbonate 
chamber as biomass control, however, with entire components of 
MWC+SE medium (Table S2). For the treatment groups, the modified 
MWC+SE medium (Table S1, all nitrogen, phosphorus, and carbon 
sources were removed from original MWC+SE medium) was used as the 
initial culture medium in the middle chamber. The microalgal species, 
Chlorella vulgaris K-1801(C. vulgaris K-1801), was obtained from 
NORCCA NIVA (Norway). Before inoculating into the control groups and 
the middle chambers of the treatment groups, C. vulgaris K-1801 was 
pre-cultured in MWC+SE standard medium until the late exponential 
phase. The control groups and the middle chambers of the treatment 
groups were inoculated with the C. vulgaris K-1801 to achieve an initial 
cell number of 2.9 ± 1.8 × 105 cells mL− 1. All control groups and the 
middle chamber of treatment groups were provided with a 12: 12 light/ 
darkness lumination of 5530 lux (white light, LED, Ledvance), at room 
temperature (22±1◦C), and with continuous stirring (VWR, US). The 
original potato juice wastewater (3.3±0.1 g COD L− 1, pH 4.75±0.2, 
acquired from KMC, Denmark) was directly added to the cathode 
chamber. Meanwhile, the pH of the potato juice wastewater was 
adjusted to pH 7 (with 50mM NaOH), and then added to the anode. All 
chambers achieved the same initial working volume of 200 mL. Each 
batch was running for 18 days and all the experiments were conducted 
in duplicate. 

2.2. Sampling and analytical methods 

The pH was detected using a PHM00 LAB pH meter for each chamber 
daily. The voltage across the resistor with varying ohm (10 or 1000 Ω) 
was collected by a model 2700 data acquisition system (Keithley In-
struments, Inc, Cleveland, OH, USA). The chemical oxygen demand 
(COD) was detected every two days according to the water quality 
standard method (Federation and Association, 2005). The Kjeldahl 
method was applied for the total ammonia detection at day 0 and 18. 
Phosphorus and nitrogen in forms of ammonia, nitrate, nitrite were 
determined by the segmented flow analysis method (Scan++ system, 
Skalar analytical BV, the Netherlands), among which, phosphorus and 
ammonia were measured every another day, while nitrate and nitrite 
were measured at day 0 and 18. For the total phosphorus detection, 
samples were firstly digested with peroxodisulfate (50 g L− 1) under 
121◦C for 60 min, pH was adjusted to 4 with HCl (for the detection of 
phosphorus precipitation), and then measured at day 18 by the 
segmented flow analysis method mentioned above. The cell size distri-
bution of microalgae was determined by the laser diffraction method 

applying the Mastersizer 2000 coupled with a Hydro SM sample loader 
(Malvern Instruments, UK), and the microscopy method was applied 
with a LEICA microscopy (DFC320, Germany) on day 18. After 
pre-treatment with phosphoric acid, samples were detected for VFA 
contents by a gas chromatographer (GC, TRACE 1300 of Thermo Sci-
entific, US) equipped with a flame ionization detector and HP free fatty 
acid phase (FFAP) column at day 0 and 18. 

On day 18, microalgal pellets were collected for amino acid profile 
detection. Specifically, after pre-treatment of centrifugation and freeze- 
drying, a 10 mg sample of the dry biomass of C. vulgaris was hydrolyzed 
with the assistance of microwave (3000 SOLV, Anton-Paar, US) with 300 
μL 6N HCl. The hydrolysis vessels were flushed with Ar gas before hy-
drolysis and heated with a stepwise increase (5◦C min− 1) of temperature 
to 130◦C and hold for 30 min. The hydrolyzed samples were further 
analyzed for the concentrations of individual amino acid by Liquid 
chromatography with tandem mass spectrometry (LC-MSMS, 1290 In-
finity II 6470 QQQ, Agilent Technologies). The column of InfinityLab 
Poroshell 120 HILIC-Z (100 mm × 2.1 mm, 2.7 μm, Agilent Technolo-
gies) was applied with mobile phases of 20 mM ammonium formate in 
ultra-pure water (A, pH3) and 20 mM ammonium formate in acetonitrile 
(B, pH3). Eluent A was increased from 0 to 30% in 10 minutes with a 
column flow speed of 0.8 mL min− 1 and a column temperature of 30◦C. 
The working parameters of MSMS were: gas flow speed and temperature 
7.0 L min− 1 and 300◦C, sheath gas flow and temperature 11 L min− 1 and 
400◦C, respectively, positive electrospray ionization, nebulizer 45 psi, 
with an operation mode of dynamic MRM. 

3. Results and discussion 

3.1. COD removal and organic matter migration 

Along with the light/darkness cycle, a fluctuant electric current with 
time was observed in each operation mode. An overall trend of the 
maximum current was achieved in the following order: MEC mode (0.46 
mA, MEC 0.5 V) > MFC mode with 10 Ω (0.22 mA, MFC 10 Ω) > MFC 
mode with 1000 Ω (0.12 mA, MFC 1000 Ω) (Fig. S1). Under different 
operation modes, with the increase of electric current, a stepwise 
accelerated COD removal was generated in the anode chambers. In 
detail, at day 18, 1541 mg L− 1 (46.8%), 2043 mg L− 1 (64.8%) and 2329 
mg L− 1 (70.7%) of COD was removed by the MFC 1000 Ω, MFC 10 Ω, 
and MEC 0.5 V, respectively (Fig. 2a). Meanwhile, in the cathode 
chambers, the removal of COD was relatively faster in the first 2-4 days 
(60-84.4% removal of COD), and then the COD concentration kept sta-
ble or even slightly raised. On day 18, the MEC 0.5 V and MFC 10 Ω 
systems generated a similar COD removal (66.8% and 62.1%, respec-
tively), which were higher than that of the MFC 1000 Ω system (38.7%, 
Fig. 2c). The improved removal of COD in both anode and cathode 
chambers was probably due to the increased current, which accelerated 
electrons transfer between bacteria and electrode (Kim et al., 2016). 

Fig. 1. Schematic diagram and photo of the three-chamber mBES.  
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In the anode chamber, two groups of bacteria, namely electroactive 
and anaerobic fermentative bacteria, mainly contribute to the COD 
removal through the respiration activity (Zhuang et al., 2012). A pre-
vious study conducted under similar conditions with potato wastewater 
demonstrated that the dominant microorganism groups in the anode 
were Proteobacteria, Bacteroidetes, and Firmicutes (Li et al., 2014). Among 
them, the exoelectrogens (microbes with ability of exocellular electron 
transfer, specific species in the mentioned three phyla, e.g., Clostridium 
butyricum, Geobacter metallireducens) may biologically oxidize organic 
matter (COD removal) during their anaerobic respiration, and transfer 
electrons to the anodic electrode (Logan, 2009) to generate current 
power. The formation of biofilm (exoelectrogens and fermentative 
bacteria) attached to the anode is essential and mainly responsible for 
such a bio-electrochemical process in the anode chamber (Baranitharan 
et al., 2015). Meanwhile, other anaerobic fermentative bacteria in the 
biofilm, e.g., Bacteroides, could also reduce COD in the anode by the 
fermentation process (Jia et al., 2013). A competition on substrate exists 
between exoelectrogens and other anaerobic fermentative microorgan-
isms. Therefore, the COD removal in the anode chamber is attributed to 
the complex processes of both exoelectrogens and anaerobic fermenta-
tive bacteria (Zhang et al., 2015). 

It is to be observed that, after 18 days, at least 29.3% of COD was still 
left in each anode chamber, indicating the existence of non- 
biodegradable organic matter in the wastewater under the operation 
conditions, e.g., lignin, cellulose, and potato solid waste. For the MEC 

mode (MEC 0.5 V) and MFC mode with 10 Ω (MFC 10 Ω) groups, the 
biodegradable COD was rapidly consumed by bacteria in 4 days, leaving 
a residue of un-biodegradable COD (29.3%-35.2%, under the given 
conditions). This corresponded well with the rapid COD removal in the 
first 4 days and lowered COD removal after day 4 (Fig. 2a). Unlike the 
anode chamber, the cathode chamber promoted a faster COD removal in 
the early phase (in 2-4 days) due to the occurrence of multiple processes 
including microorganisms activities (Zhang et al., 2019) and carboxylic 
acids migration processes. Due to the continuous aeration in the cathode 
chamber, the activities of aerobic bacteria could be promoted for the 
removal of COD, e.g., aerobic accumulation of phosphorus by poly-
phosphate accumulating microorganisms, and aerobic respiration by 
aerobic bacteria (Zhang et al., 2019). As shown in Fig. 2, with a decrease 
of COD and acetic acid in the cathode chamber, a significant increase of 
both COD and acetic acid were observed in the middle chamber (Fig. 2b, 
c, e, and f), indicating a migration of organic matter (especially car-
boxylic acids) from the cathode chamber via the AEM to the middle 
chamber. A part of the migrated organic matter, e.g., acetic acid, could 
serve as an organic carbon source to promote a mixotrophic growth of 
C. vulgaris. As for microalgae, autotrophic growth significantly relies on 
the light intensity, shadow effect caused by the increasing microalgal 
density may inhibit the further growth (Carvalho et al., 2011). In this 
study, the migrated acetic acid, which served as organic carbon source 
to support the mixotrophic growth of C. vulgaris, may reduce the growth 
limitation caused by the shadow effect in further scale-up cultivation. 

Fig. 2. COD removal and/or migration in the anode chamber (a), middle chamber (supernatant) (b), and cathode chamber (c), and acetic acid removal and/or 
migration in the anode chamber (d), middle chamber (supernatant) (e), and cathode chamber (f). 
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Notably, the microbial community could be significantly affected by the 
difference in wastewater quality and operation conditions. The present 
study discussed the microbial functions according to relevant references, 
but a comprehensive investigation on microbial community will further 
contribute to the understanding of COD, nitrogen and phosphorus 
removal. For a better understanding of carbon balance, methods such as 
isotope labelling could be carried out in the further investigation, so that 
the utilization efficiency of acetic acid could be tracked. Additionally, in 
order to improve the removal COD removal in the systems, 
pre-treatments such as sedimentation could be conducted to remove the 
non-biodegradable organics (e.g., lignin, cellulose and solid waste) 
before the BES process. 

3.2. Nitrogen removal and recovery 

The main nitrogen in the potato juice wastewater was in form of 
ammonium and protein. Therefore, the changes of ammonium and total 
Kjeldahl nitrogen from all three chambers of each mBES were detected. 
Besides, the nitrogen that was re-captured by the C. vulgaris in the 
middle chamber was also detected for a better understanding of nitrogen 
balance. In the anode chamber, with low circuit current (MFC 1000 Ω), 
ammonium concentration tends to increase in the first 4 days, followed 
by a stepwise decrease till the end of the batch run. In contrast, under 
higher circuit current (MFC 10 Ω and MEC 0.5 V), no significant increase 
of ammonium concentration was detected. There might be a dynamic 
equilibration between the removal and formation of ammonium. The 
digestion and hydrolysis of protein in the anode chamber might 
contribute to the raise of ammonium concentration. For the removal of 
ammonium, it is well known that anaerobic processes (in the anode 
chamber) rarely contributed to the removal of ammonium (Zhang et al., 
2019). At non-obligate anoxic conditions and at low COD loads, 
anaerobic ammonium oxidation (anammox) mediated by bacteria in the 
anode chamber has been previously reported as one significant pathway 
of nitrogen removal (Strous et al., 1998). However, in this study, due to 
the high COD concentration of the potato juice wastewater and no 
detection of nitrite during the treatment, the anammox process was 
unlikely to occur in the anode chamber (Chen et al., 2016). Instead, the 
migration of NH4

+ via CEM from the anode chamber to the middle 
chamber (Park et al., 2009) mainly contributed to the decrease of 
ammonium concentration in the anode chamber (Fig. 3 a and b), which 
has also been reported by two-chamber MFC system (Zhang et al., 2019). 
The higher electric current was, the faster NH4

+ migration would occur 
from the anode chamber via CEM to the middle chamber (Fig. S1, 3a). In 
the anode chamber of MFC 1000 Ω, MFC 10 Ω and MEC 0.5 V groups, the 
ammonium removal of 41.9 mg L− 1 (71.0%), 83.6 mg L− 1 (91.9%) and 
78.64 mg L− 1 (96.0%) were achieved, respectively. Correspondingly, a 
total Kjeldahl nitrogen removal was 90.75 mg L− 1 (69.5%), 120.5 mg 
L− 1 (79.0%) and 113.5 mg L− 1 (72.8%), respectively (Fig. 3a). Mean-
while, in the middle chambers, a fluctuant amount of ammonium in the 
supernatant was observed, which was migrated from the anode chamber 
(Fig. 3b). Actually, larger amounts of ammonium might be migrated 

than the detected amounts into the middle chamber considering the 
dynamic re-capturing by microalgae. Additionally, the growth of 
microalgae rapidly elevated the pH (through inorganic carbon con-
sumption by the photosynthesis, i.e., HCO3

− , Besson and Guiraud, 2013) 
in the middle chamber to alkaline (pH 9-11) (Fig.S1 b), leading to a loss 
of ammonium through volatilization. At day 18, higher electric current 
promoted a significant higher nitrogen re-capture (61.0 mg L− 1 in the 
MEC 0.5 V groups, p<0.05) than the other two groups (50.9 and 44.7 mg 
L− 1 in the MFC 10 Ω and MFC 1000 Ω groups, respectively). Conse-
quently, C. vulgaris has recaptured 39.1%, 33.4% and 34.3% of the total 
Kjeldahl nitrogen from anode in the MEC 0.5 V, MFC 10 Ω and MFC 100 
Ω treatments, respectively. 

In the aerated cathode chamber, the removal efficiency of nitrogen 
showed the same trend as the electric current. As the increase of electric 
current, the removal efficiency of ammonium and total Kjeldahl nitro-
gen was elevated from 36.59 mg L− 1 (79.0%) and 52.50 mg L− 1 (49.8%) 
to 54.96 mg L− 1 (96.9%) and 92.75 mg L− 1 (69.0%), respectively. The 
NH4

+ migration between the cathode and middle chamber through AEM 
should be limited. Thus, under aerated cathode conditions, ammonia 
was probably removed either by the nitrification process (Sotres et al., 
2016) or through the ammonium volatilization (Tao et al., 2014). In the 
cathode chamber, a decline of nitrate concentration (Fig.S2c) was 
observed, while nitrite was not detected. Meanwhile, only slight amount 
of nitrate was migrated to the middle chamber (0.5-1.8 mgN L− 1, Fig. 
S2b). Therefore, due to the rapid increase of pH in the cathode chamber 
(Fig.S3c), removal of ammonium was most likely taken place through 
the ammonia volatilization. Besides, the nitrate concentration was kept 
stable in the anode chamber, but decreased in the cathode chamber (Fig. 
S2 a and c). The nitrate migrated from the cathode chamber via the AEM 
to the middle chamber, resulting in an elevated nitrate concentration in 
the middle chamber (Fig.S2 b). However, the CEM between the anode 
and middle chambers inhibited the migration of nitrate. Therefore, to 
improve the nitrogen recapture rate, a recycling of the effluents from the 
anode chamber to the cathode chamber could be adopted in the future 
investigation. 

3.3. Phosphorus removal and recovery 

Results indicated that no obvious changes in phosphorus concen-
tration were observed in the anode chamber during the tests (Fig. 4a). A 
previous study demonstrated that phosphorus could be rarely removed 
(Park et al., 2009) through an anaerobic process in the anode chamber. 
Moreover, the CEM between the anode and middle chamber would not 
allow the migration of phosphorus across the two chambers. The phos-
phorus precipitation process was also not possible due to the neutral pH 
(Tao et al., 2014) in the anode chamber (Fig.S1a). Consequently, no 
phosphorus removal was achieved in the anode. In contrast, in the 
cathode chamber, higher currents promoted faster phosphorus removal 
(MEC 0.5 V ≥ MFC 10 Ω ˃ MFC 1000 Ω, in two days, Fig. 4c), and larger 
amount of phosphorus-recovery into the middle chamber (15.9, 13.9 
and 5.7 mg L− 1 in MFC 10 Ω, MEC 0.5 V and MFC 1000 Ω group, 

Fig. 3. Nitrogen (in forms of total Kjeldahl nitrogen and ammonium) removal and/or recovery in the anode chamber (a), middle chamber (b), and cathode 
chamber (c). 
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Fig. 4b). However, no obvious trend of total phosphorus removal 
(34.2-48.5%, cathode chamber) was found with the increase of electric 
current among different systems. This was mainly due to the effects of 
pH change on the multi-processes that might contribute to the phos-
phorus removal, including: (1) microorganisms activities of aerobic 
phosphorus uptake removal (Zhang et al., 2019); (2) phosphorus pre-
cipitates (Tao et al., 2014) regarding the alkaline cathode conditions 
(Fig.S1c); (3) phosphorus migration from cathode chamber via AEM to 
the middle chamber. Fig. S3 demonstrated that the increasing currents 
promoted faster pH rise. Moreover, the phosphorus precipitation caused 
by the rapidly increased pH may inhibit the phosphorus migration 
through the AEM (Tao et al., 2014), and reduce the bioavailability for 
other microorganisms. Therefore, higher currents promoted faster 
cathodic phosphorus removal via migration in shorter time, however, 
inhibited further phosphorus uptake (by microorganisms) and migration 
with rapid formation of phosphorus precipitates in long-term. Conse-
quently, after 18 days, no significant phosphorus removal was achieved 
among different systems, and more than 50% of phosphorus remained in 
the cathode chamber (Fig. 4c). Therefore, the addition of pH buffer in 
the cathode chamber may further increase the phosphorus upcycling by 
microalgae, and the total removal efficiency. Moreover, a timely harvest 
of the C. vulgaris pellets from the middle chamber could also improve the 
recapture of the phosphorus. 

3.4. C. vulgaris cultivation and cell size enlargement 

During the running of BESs, nitrogen, phosphorus, and acetic acid 
were accumulated into the middle chamber to support a mixotrophic 
growth of the C. vulgaris. As shown in Fig. 5, all groups demonstrated a 
much higher continuous microalgal biomass accumulation than the 
biomass control during the whole experiment period. With higher 
electric currents (MEC 0.5 V and MFC 10 Ω groups), a longer lag phase 
and reduced raise of the cell number of C. vulgaris K-1801 were observed 
in the first 11 days. At day 18, the MEC mode (MEC 0.5 V) obtained a 
lower cell number (2.01 × 107 mL− 1) than the MFC mode (MFC 10 Ω 

with 2.60 × 107 mL− 1 and MFC 1000 Ω with 2.82 × 107 mL− 1, Fig. 5a). 
However, the lower cell number resulted in a higher dry weight (1.11, 
0.94, and 0.87 g L− 1 of the MEC 0.5V, MFC 10 Ω, and MFC 1000 Ω 
groups, respectively, Fig. 5b), indicating the size change of the micro-
algal cells. Therefore, cell size distribution was further investigated with 
the laser diffraction and microscopy methods. 

The microscopy analysis showed an enlarged cell size of the 
C. vulgaris K-1801 with increasing electric current (Fig. 6 a, b, c, and d). 
The laser diffraction results further showed the distribution of cell sizes 
and confirmed the increase of cell size with rising electric current 
(Fig. 6e). Specifically, the average cell size of 8.86, 6.38, 5.91 and 5.85 
μm was observed in the MEC 0.5 V (0.4mA), MFC 10 Ω (0.2mA), MFC 
1000 Ω (0.1mA) and biomass control groups, respectively. Previous 
studies have revealed that the organic carbon may dramatically affect 
the size of microalgae (Perez-Garcia et al., 2011). With the organic 
carbon sources, such as glucose, promoted a mixotrophic growth of 
microalgae, leading to a significant increase of cell size than those under 
autotrophic conditions due to the increased intracellular storage (Aza-
man et al., 2017, Li et al., 2020). In the present study, the increasing 
electric current accelerated the nutrients migration from both anode and 
cathode chambers to the middle chamber, leading to relatively higher 
availability of organic carbon and nutrients. The accumulated organic 
carbons, such as acetate (Fig. 2e), may promote different levels of 
mixotrophic growth due to the varying concentrations, which might 
contribute to the enlargement of the C. vulgaris cell size. Practically, 
during microalgae production, harvesting may occupy 20-30% of the 
total cost (Grima et al., 2003). The enhanced cell size from the novel 
BESs cultivation process proposed in this study may increase the har-
vesting efficiency and reduce the costs, which could benefit the indus-
trial utilization in view of practical application. Considering the biomass 
production of C. vulgaris (0.87-1.11 g L− 1), the system applied in this 
study could further be optimized due to its relatively lower biomass 
amount than that of direct cultivation in other wastewater (1.67-2.59 g 
L− 1, Salati et al., 2017). 

Fig. 4. The change of phosphorus concentraition in the anode chamber (a), middle chamber (b) and cathode.  

Fig. 5. The growth of C. vulgaris of (a) cell number growth and (b) dry weight accumulation.  
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3.5. Protein production of C. vulgaris 

As shown in Fig. 7, all three treatment groups achieved higher pro-
tein content than the groups using MWC+SE standard medium (protein 
control, p<0.05). The overall higher protein contents of the three 
treatment groups than the protein control were mainly due to the 
continuous nitrogen supplementary driven by the electric current in the 
three-chamber BES reactors. Under a certain nitrogen range, the rising 
nitrogen concentration may support a higher intracellular protein 
accumulation (Xie et al., 2017). Among the three treatment groups, the 
groups with lower electric current achieved higher protein content. 
Specifically, significantly higher contents of the total amino acid were 
achieved in the MFC 1000 Ω (552.1 mg g− 1 biomass) and MFC 10 Ω 
(397.6 mg g− 1 biomass) groups than the MEC 0.5 V (320.8 mg g− 1 

biomass) and control (305.3 mg g− 1 biomass) groups (Fig. 7, p<0.05). 
Meanwhile, the results of amino acid profiles indicated the C. vulgaris 
biomass cultivated in the potato juice wastewater obtained a balanced 
amino acid profile, as it contained at least eight types of the essential 
amino acids (EAAs, due to the acid hydrolysis pre-treatment of the 
protein, tryptophan was destroyed) (Boisen et al., 2000) and other 
non-essential amino acids. Notably, except for the histidine, all the rest 
seven types of EEAs significantly increased with the decreasing of 
electric current in the treatment groups than the control (Table 1). 
However, the total ratios of total EEAs remained similar in the range of 
32.5-35.4% (w/w). The decreasing content of protein and specific amino 

acid with the increase of electric current was mainly caused by the 
varying levels of mixotrophic growth. The higher electric current 
resulted in faster and larger organic carbon accumulation into the 
middle chamber (Fig. 2b), supporting a higher level of mixotrophic 
growth for the C. vulgaris. As interpreted by the previous study, the 
microalgal cells predominate lipid and starch accumulation under 
mixotrophic conditions (Azaman et al., 2017). As a consequence, the 
protein content decreased with the prior increase of lipid and starch 
accumulation. The biomass obtained from treatment groups contained a 

Fig. 6. The cell sizes detected by the microscopy method in the (a) MEC 0.5 V groups, (b) MFC 10 Ω groups, (c) MFC 1000 Ω groups, and (d) biomass controls and (e) 
the cell size distribution of C. vulgaris in different groups according to the laser diffraction method groups at day 18. 

Fig. 7. Total and essential amino acid content of C. vulgaris in different groups 
at day 18. 

Table 1 
Amino acid component and contents (g per 100g dry biomass) of C. vulgaris from 
the microalgal-MEC/MFC cultivation and MWC+SC media.  

Amino acid (g 
per100g dry biomass) 

Control MFC 
1000 Ω 

MFC 
10 Ω 

MEC 
0.5 V 

Soybean 
meala 

Threonine 1.72 ±
0.13 

2.90 ±
0.01 

2.00 ±
0.26 

1.67 ±
0.01 

2.06 

Methionine 0.21 ±
0.03 

0.64 ±
0.13 

0.72 ±
0.24 

0.36 ±
0.09 

0.99 

Isoleucine 0.78 ±
0.06 

1.45 ±
0.08 

1.00 ±
0.33 

0.80 ±
0.06 

2.63 

Leucine 2.07 ±
0.04 

4.84 ±
0.02 

3.14 ±
0.35 

2.44 ±
0.27 

4.18 

Phenylalanine 0.94 ±
0.03 

2.01 ±
0.11 

1.48 ±
0.22 

1.13 ±
0.12 

2.46 

Lysine 1.19 ±
0.05 

2.10 ±
0.12 

1.91 ±
0.74 

1.03 ±
0.03 

3.50 

Valine 1.90 ±
0.13 

4.11 ±
0.06 

2.23 ±
0.13 

2.26 ±
0.02 

1.94 

Histidine 1.45 ±
0.16 

1.46 ±
0.10 

0.61 ±
0.01 

0.71 ±
0.26 

1.53 

Proline 2.01 ±
0.13 

2.84 ±
0.46 

2.24 ±
0.19 

1.96 ±
0.12 

2.20 

Tyrosine 0.89 ±
0.03 

2.00 ±
0.10 

1.55 ±
0.27 

0.94 ±
0.11 

1.62 

Alanine 3.42 ±
0.10 

5.76 ±
0.07 

4.03 ±
0.33 

3.51 ±
0.13 

2.32 

Glycine 2.64 ±
0.27 

4.41 ±
0.14 

3.72 ±
0.07 

2.78 ±
0.14 

2.01 

Serine 1.57 ±
0.08 

2.92 ±
0.12 

2.39 ±
0.31 

1.80 ±
0.19 

2.54 

Glutamine +
Glutamic acid 

3.58 ±
0.21 

6.63 ±
0.79 

4.59 ±
0.44 

4.44 ±
1.16  

9.10      
Aspargine + Aspartic 

acid 
4.33 ±
0.38 

7.75 ±
0.24 

5.73 ±
0.61 

4.23 ±
0.11 

6.00 

Arginine 1.83 ±
0.03 

3.38 ±
0.45 

2.50 ±
0.10 

2.01 ±
0.35 

4.18 

Essential amino acid  

a Data from Winkler et al., 2011. 
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balanced and comparable amino acid to those in the soybean meal 
(Winkler et al., 2011), demonstrating its potential for food or feed ap-
plications. Notably, the protein content in this study (30.5-55.2%) was 
still lower than that reported in reference (51-58%, Becker, 2007). 
Optimization of the BESs could still be required considering the protein 
content. 

3.6. Insight into technical barriers and outlook 

The present study demonstrated a novel three-chamber BESs, which 
could simultaneously achieve wastewater remediation, and upcycling of 
both anions (PO4

3− , NO3
− , CH3COO− ) and cations (NH4

+) for clean pro-
duction of microalgal biomass with high efficiency. Though promising, 
common barriers of BESs, e.g., the energy consumption of aeration 
(cathode), high-cost and biofouling of ion-exchange membranes, are still 
challenging. Aeration has been widely used in wastewater treatment 
plants (WWTPs), such as aerated activated sludge (AAS) technology 
(Trapero et al., 2017). Indeed, a much lower rate of aeration is needed to 
maintain a certain dissolved oxygen (DO) concentration in BESs than 
that of AAS. Self-sufficient energy consumption could even be achieved 
with optimal operation of BESs (MFC mode), due to its electric energy 
recovery property (Lu and Li, 2012). Moreover, air-cathode could be 
applied instead of cathodic aeration for energy saving (Kim et al., 2016). 
This novel three-chamber BES could even utilize the secondary effluents 
from WWTPs (after aeration treatment) as continuous feed to the cath-
ode, to upcycle the nutrients, and avoids aeration. 

Recent advance of membranes has favored non-selective separators, 
e.g., porous membranes, as alternatives of ion-exchange membranes due 
to its low-cost. Such porous membrane has also been investigated in a 
two-chamber MFC for nutrients recovery (in anode) and microalgal 
cultivation (in cathode, Colombo et al., 2017). However, the potential 
difference significantly inhibits the natural diffusion of anions from 
anode to cathode, resulting in no removal and upcycling of phosphorus 
(Colombo et al., 2017). Even cations (NH4

+, 80% removal) could be 
driven by potential difference to the cathode, the removal and migration 
efficiency was also limited due to the drawbacks of porous membranes, 
i.e., oxygen/substrate crossover and quick biofouling formation (Leong 
et al., 2013). In contrast, the three-chamber BESs developed in this study 
using the selective membranes achieved simultaneous migration and 
upcycling of anions (PO4

3− , NO3
− , CH3COO− ) and cations (NH4

+, up to 
96%) with high efficiency. In this proof of concept study, the wastewater 
was added in both chambers, but in future studies, continuous flow of 
wastewater from anode to cathode could be adopted to simplify the 
process and maximize the utilization of organics in the anode chamber. 
Additionally, different types of wastewater could be simultaneously 
treated in different chambers according to their properties, e.g., waste-
water with high DO, high anions and wide pH range for cathode, while 
wastewater with low DO and high cations for anode. The biofouling 
problem of both ion-exchange membranes and non-selective separators 
could be addressed by physical membrane cleaning and modified 
membranes, e.g., nano-composite ion-exchange membranes (Leong 
et al., 2013). Moreover, maximum flux of membrane could limit the 
migration efficiency even with increase of current (PO4

3− and CH3COO−

in this study). Further development of high flux, anti-biofouling and 
cost-effective membranes could contribute to the implementation of the 
proposed three-chamber BESs. The developed novel microalgal BES 
could contribute to a more efficient and safe production of clean 
microalgal biomass from various industrial wastewaters, as well as offer 
insights into the substrate migration process in a three-chamber BES. 

4. Conclusions 

The present study demonstrated a novel hybrid microalgal-BES sys-
tem for the simultaneous treatment of industrial organic wastewater and 
clean cultivation of pure microalgae. The results demonstrated the 
removal efficiencies of COD and nitrogen (mainly in form of 

ammonium) were elevated in both anode and cathode chambers with 
increasing electric current. However, comparable removal efficiencies of 
phosphorus in the cathode chambers were achieved regardless of cur-
rent changes. Meanwhile, the rising electric current significantly 
improved substrates recovery via CEM (NH4+) and AEM (CH3COO− , 
PO4

3− and NO3
− ) into the middle chamber, promoted rapid and contin-

uous growth of C. vulgaris. Notably, higher accumulation of nutrients (by 
higher current), especially acetate, led to a higher level of mixotrophic 
growth and resulted in lower cell numbers but larger cell size and more 
biomass of C . vulgaris. As a potential protein source, all treatments 
achieved higher protein content than that of the standard medium. 
However, the protein content declined with the rising current regarding 
the prior accumulation of lipid and starch under mixotrophic growth. 
Through this study, the industrial organic wastewater was efficiently 
treated and pure microalgal protein product, which is comparable with 
soybean meal, was achieved. The mBES system may offer insight into the 
development of low-cost microalgal protein production and biomass 
harvesting process (by the enlarged cell size). However, optimization 
could still be required given the relatively lower biomass and protein 
content than other studies that cultivated microalgae directly in 
wastewaters. 
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Fig.S1 Changes of electric current of the three-chamber mBES systems during the operation time 

 

 

Fig. S2 Changes of nitrate concentration in the anode chamber (a), middle chamber (b) and cathode 

chamber (c) 

 

 

Fig.S3 pH changes in the anode chamber (a), middle chamber (b), and cathode chamber (c) 
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Fig. S4 Current density of BESs with time 

 

 
Table S1 Composition of modified MWC+SE culture medium (for biomass control and treatment groups) 

 Concentration 

(mg L-1) 

 Concentratio

n 

(mg L-1) 

 Concentrati

on 

(mg L-1) 

CaCl2∙2H2O 36.8 FeCl3∙6H2O 3.15 Thiamine- HCl 0.1 

MgSO4∙7H2O 37.0 CuSO4∙5H2O 0.01 Biotin 0.0005 

NaHCO3 0 ZnSO4∙7H2O 0.022 Cyanocobalan

min 

0.0005 

K2HPO4∙3H2O 0 CoCl2∙6H2O 0.01 Na2SeO3∙5H2O 0.2 

NaNO3 0 MnCl2∙4H2O 0.18 TES 115 

Na2O3Si∙5H2O 21.2 Na2MoO4∙2H2

O 

0.006   

EDTANa2 4.36 H3BO3 1.0   

 
 
 
Table S2 Composition of MWC+SE standard culture medium (for protein control) 

 Concentration 

(mg L-1) 

 Concentratio

n 

(mg L-1) 

 Concentrati

on 

(mg L-1) 

CaCl2∙2H2O 36.8 FeCl3∙6H2O 3.15 Thiamine- HCl 0.1 

MgSO4∙7H2O 37.0 CuSO4∙5H2O 0.01 Biotin 0.0005 

NaHCO3 12.6 ZnSO4∙7H2O 0.022 Cyanocobalan

min 

0.0005 

K2HPO4∙3H2O 11.4 CoCl2∙6H2O 0.01 Na2SeO3∙5H2O 0.2 
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Table S3 Volatile fatty acids concentration changes during operation 
 
   Acetic acid 

(mg L-1) 

Propionic 

acid (mg L-1) 

Iso-butyric 

acid  

(mg L-1) 

Butyric 

acid  

(mg L-1) 

Iso-

valerid 

acid  

(mg L-1) 

Valeric 

acid  

(mg L-1) 

Hexanoic 

acid  

(mg L-1) 

MEC 

0.5V 

Day 0 Anode 158.8±19.0 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 

  Middle < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 

  Cathode 156.3±31.7 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 

 Day 18 Anode  7.3±0.3 < 0.5 < 0.5 10.6±1.0 < 0.5 < 0.5 < 0.5 

  Middle 5.7±0.7 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 

  Cathode 5.6±9.7 < 0.5 < 0.5 5.7±9.8 < 0.5 < 0.5 < 0.5 

MFC  

10 Ω 

Day 0 Anode 134.8±4.3 < 0.5 < 0.5 4.5±0.4 < 0.5 < 0.5 < 0.5 

  Middle < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 

  Cathode 123.7±11.5 < 0.5 < 0.5 4.3±0.8 < 0.5 < 0.5 < 0.5 

 Day 18 Anode  8.5±0.8 < 0.5 < 0.5 4.5±0 < 0.5 < 0.5 < 0.5 

  Middle 9.9±2.6 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 

  Cathode 6.4±0.9 < 0.5 < 0.5 5.1±1.4 < 0.5 < 0.5 < 0.5 

MFC 

1000 Ω 

Day 0 Anode 171.2±33.0 < 0.5 < 0.5 5.0±0.9 < 0.5 < 0.5 < 0.5 

  Middle < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 

  Cathode 104.0±4.3 < 0.5 < 0.5 4.3±0.6 < 0.5 < 0.5 < 0.5 

 Day 18 Anode  15.1±4.0 4.0±0.0 23.7±1.0 4.5±0.5 15.8±0.4 6.4±0 < 0.5 

  Middle 8.8±1.3 < 0.5 < 0.5 < 0.5 < 0.5 10.3±0 < 0.5 

  Cathode 11.0±0.1 < 0.5 < 0.5 11.0±0.7 < 0.5 < 0.5 < 0.5 
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