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Thesis abstract 

 

Nitrous oxide is 300 times stronger than carbon dioxide in causing climate change, and 80% of global 

nitrous oxide is from nitrogen fertilisers used in soil-based agriculture.  Finding ways to minimise the 

carbon footprint related to the production of nitrogen-based agricultural fertiliser, and reusing waste 

nutrients from wastewater, will benefit parallelly in saving the energy expenses of wastewater 

treatment and in producing fertilisers.  This research proposes utilising high concentration wastewater, 

such as desalination brine, blended with secondary treated domestic wastewater in the optimal 

proportion to produce microalgae growth media.  Cultivating nitrogen-fixing microalgae in blended 

wastewater yields a dual solution for wastewater nutrient recovery and obtaining biologically fixed 

nitrogen.  The nitrogen-fixing microalgae remove (exhaust) all the nitrogen in wastewater and, for its 

further growth, fix (produce) nitrogen.  The nitrogen produced by the microalgae is a usable form of 

plant nutrient.  Microalgae are known to produce plant hormones; the acid-digested algal biomass 

(extract) can be used as a source of nutrients and plant stimulants to grow plants in 

hydroponics.  Growing plants in hydroponics minimise nitrogen nutrient loss (as in soil-based 

agriculture) and nitrous oxide evolution.  This study used non-hazardous sources of wastewaters to 

demonstrate the possibility of producing microalgae biomass using blends of high and low-

concentration wastewaters and assessed its nutrient recovery rates.  Applied algal biomass extract as 

a source of nitrogen and whole nutrients to grow plants in hydroponics and added effort to profile the 

plant hormones in the microalgal biomass. 

The aims of this research focused on (i) using different wastewater nutrient concentrations as a source 

to attain an optimal microalgal growth media for biomass production and nutrient recovery from 

wastewater; (ii) comparing the efficacy of microalgal biomass extract-based hydroponic nutrients with 

other commercial hydroponic nutrients. Consequently, the objectives are (1) to develop a wastewater 

blending method for algal cultivation and nutrient recovery, (2) to examine the feasibility of producing 

hydroponic nutrients and stimulants from algal biomass, (3) to compare the growth efficiency of plant 

in algal extracts nutrients and other available hydroponic-nutrients. The comparative study of algal 

biomass extract-based hydroponic nutrients with other commercial products showed clear evidence 
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that the microalgal biomass-based hydroponic nutrients have commercialisation potentials.  Further 

product improvement by using different algal species can yield high and robust nutrients and 

stimulants. 
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1.1. Background 

Water usage for agricultural purposes requires standard maintenance of its quality concerning 

environmental safety and agrarian productivity.  Globally, 70% of freshwater is used for agriculture, 

and the percentage is constantly increasing in parallel to population growth (Khokhar, 2020).  In 

Australia, from 2019 to 2020, 3.8 million megalitres were applied to crops which are 67% of all water 

applied (Australian bureau of statistics 2021).  Agricultural land use and food production in Australia 

have evolved in resonance with environmental and economic frameworks which considerably 

fluctuate in terms of inadequate resource, productivity rates, policy to reduce greenhouse gas, climate 

change, national and global demands (Grundy et al., 2016).  Amid these disparities, the government 

systems balance the food need of the growing population and maintain food security.  ‘Food security’ 

refers to the availability of food and the possibility that people have the resources and opportunity for 

consistent access to food (Maxwell, 1996).  It is common in any functional system; the rise of new 

impediments causes an imbalance, with examples such as nitrous oxide and climate change (Li et al., 

2014).  Unawareness of greenhouse gases other than carbon dioxide to the general public and political 

societies is masking the reality and the severity of the issue (Ahmed et al., 2017).  Nitrous oxide (N2O) 

is a greenhouse gas that is 300 times stronger than carbon dioxide in causing climate change (Daelman 

et al., 2013).  Land for agricultural development is inadequate (Pardey et al., 2014), especially in 

countries like Australia (Bryan et al. 2013), Japan (Hoshino 2001) and the Middle East (Sowers, 2011); 

the competition of land uses for other purposes impact on the existing land base.  Many challenges 

impend the future agricultural productivity of Australia, especially climate change, water shortage, 

and degradation of the available natural resources, especially water. 

Nitrous oxide emissions occur mainly from soil-based agriculture (Table 1.1), a significant portion of 

which is contributed from crops using nitrogen-based fertilisers (De Klein et al., 2001).  Soil-based 

conventional agriculture needs land and water and also causes a range of adverse impacts on the 

environment, such as surface runoffs (Barbosa et al., 2015a).  Conventional agricultural methods 

include growing crops in soil with irrigation, cultivation in open-air, application of fertiliser-based 

nutrients, herbicides and pesticides (Ammann, 
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 2005).  These traditional processes use a large land area, and inefficient water use paves the way to 

runoff containing high concentrations of pesticides and nutrients (Nakano et al. 2004).  Within the 

limitations described above, the soil-based modern agriculture technologies are also ever-changing, 

incorporating innovations and farming practices that support farmers in increasing efficiency and 

reducing the quantity of natural resource requirements.  This includes applying methods that ensue 

efficient water spraying, crop rotation in alignment to seasons/weather, and eco-friendly biologically 

sourced renewable pest and weed control strategies (Nadykto 2019). 

 

Table 1.1 Summarized sources of nitrous oxide emission globally (Shankman 2021) 

Emission source Percentage (%) 
 

Agricultural soil 74 
Power plant combustion 8 
Industries 6 
Manure 5 
Transportation 5 
Other  2 

 
Hydroponics is the method of growing plants without soil by using mineral nutrient solutions 

(Sardare, 2013).  Various benefits (Table 1.2)  in hydroponic agriculture, including higher yields and 

efficient water use in a controlled environment, can support the continuous production of the desired 

crop throughout the year (Barbosa et al. 2015b).  The IBIS World Industry Research Report of 

Australia’s under-cover vegetable growing hydroponic farming states the annual growth of the 

hydroponic industry in Australia from 2014 to 2019 is 7.8%, and the projected yearly increase based 

on industry research statistics from 2019 to 2024 will be 2% (Anon 2020) 

(Https://Www.Ibisworld.Com/Au/Industry/under-Cover-Vegetable-Growing/2055/). 

The degradation of groundwater quality and eutrophication prevail in Australia as the consequences 

of the application of a higher rate of fertilisers by the farms targeting to boost agricultural 

productivity and pasture growth (Melland et al. 2008). 

 
 
 

https://www.ibisworld.com/Au/Industry/under-Cover-Vegetable-Growing/2055/
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Table 1.2 Comparison of applicable cultivation features between hydroponic mode of cultivation 

and conventional soil-based crop cultivation (Mohammed 2018) 

Hydroponic cultivation (greenhouse) Conventional soil-based cultivation 
 

Less space/area occupant Require more space 
Year-round cultivation opportunity Confined to a particular season in a year 
Less water usage Requires periodical watering 
Significant weed control Prone to weed 
Controllable pest management Less potential pest control 
High nutrient use efficiency High nutrient loss possibilities 
Can change nutrient composition as needed Not 100% changeable 
Root harvest possible as needed Not feasible to replant after root harvest 
Can optimise/control light as needed to the 
plant 

Impossible 

Effective pesticide application  
  

Higher possibility of loss and inactivation 

  
The transformation of soil based agriculture to hydroponic production for crops that pertinent to 

hydroponic mode of cultivation benefits the reduction of nutrient requirements and reduced nutrient 

loss due to surface runoff (Bugbee, 2004).  Appropriately formulated nutrients (liquid) circulating in 

the hydroponic systems are more easily available for plants, as the formulation contains optimised 

levels of ready–absorbable ingredients and the roots are in direct contact (Da Silva, 2018).  Therefore, 

they allow obtaining higher yields, much faster than in the case of plants cultivated in soil.  

Importantly, regardless of weather or climatic conditions, crops can be harvested throughout the year.  

Such a scientific approach fully supports governmental policies, e.g. the suggested options from the 

Department of Primary Industries and regional development of the Government of Western Australia 

(Government of Western Australia, 2019) to reduce soil-based nitrous oxide emissions are: 

● Using less nitrogen fertiliser while implementing soil testing and tissue testing, and visual signs to 

manage nitrogen fertiliser rates. 

● Employing split applications of nitrogen fertilisers, to increase the efficiency of use by plants, 

allowing less nitrogen loss to the atmosphere or leach. This option is particularly suited to waterlogged 

sites. 

● Using legume crops or pastures in the rotation instead of nitrogen fertiliser.  More of the nitrogen is 

in the form of organic matter which is released more slowly and is used more effectively by growing 

plants. 

https://www.agric.wa.gov.au/high-rainfall-pastures/soil-sampling-high-rainfall-pastures
https://www.agric.wa.gov.au/high-rainfall-pastures/tissue-sampling-and-testing-high-rainfall-pastures-western-australia
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● Using minimum tillage for cropping, this minimises organic matter breakdown and the release of 

nitrous oxide and nitrogen gas. 

● Prevention of waterlogging.  Under waterlogged conditions, nitrate can be denitrified by soil bacteria 

to form nitrous oxide and nitrogen gas. 

● Application of nitrification inhibitors. These work by reducing nitrification, which reduces nitrate 

leaching and the production of nitrous oxide.  These inhibitors can be mixed with nitrogen fertilisers 

or applied separately. 

● The European Commission suggests options to optimise fertiliser application rates and emphasise 

managing practices of agricultural soils that emit nitrous oxide from manure spread on soil surfaces 

(Comission 2018).  United Nations report propose routes to manage animal husbandry and application 

procedures of inorganic fertilisers (Pierre J. Gerber 2013). 

 

The hydroponic approach can be another unattended option, with which a variety of leafy vegetables 

(Kimura and Rodriguez-Amaya 2003), fruits (Chow 1992), and even bananas (Patel et al. 2019) can 

be grown.  This research will assist in the development and applications of sustainable hydroponic 

methods to alleviate land, water use, most importantly, curtailing nitrous oxide emissions. 

Biological means of nitrogen fixation and simultaneous carbon dioxide usage is possible with 

prokaryotic microalgae (also known as cyanobacteria) (Krishnakumar et al. 2013).  Since 

cyanobacteria fix nitrogen from atmosphere (Tsygankov 2007), they do not need externally supplied 

nitrogen for their growth.  The nitrogen fixed by the cyanobacteria is present in the cytoplasm or 

cytosol (cellular liquid).  Usually, cyanobacteria grow in alkaline pH, or change the pH to the alkaline 

range upon growth (Pandey et al. 2005), and the cell wall disrupts if exposed to sudden pH changes.  

It is hypothesised that the fixed nitrogen inside the cyanobacterial cells can thus be extracted by 

breaking the cells through osmotic shock, for example, using edible grade organic vinegar or a 

hydrothermal process and used as a source of nitrogen nutrient in the hydroponic nutrient solution.  

This would enable a natural means of nitrogen production from atmospheric air.  The chemical 

contents of secondary treated wastewater, nutrient-deprived hydroponic wastewater (Richa et al. 

2020a), aquaculture wastewater (Gao et al. 2016), and secondary treated domestic wastewater 

https://www.agric.wa.gov.au/waterlogging/managing-waterlogging-crops-and-pastures
http://www.piccc.org.au/research/project/269
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(Gómez-Serrano et al. 2015), desalination brine (Shirazi et al. 2018a) devoid of toxic chemicals, are 

an ideal nutrient source for microalgal cultivation and the produced microalgal biomass can be used 

as hydroponic nutrients (Figure 1.1).  This multidimensional approach would yield benefits in the 

utilisation of wastewater, paving the way for direct disposal of wastewater to natural water bodies or 

reuse of the water for subsequent microalgal cultivation or hydroponics by topping up nutrients.  

Microalgal biomass is known to have nitrogen content from 1% to 14% (typically around 5-10%) of 

dry weight; phosphorus content varies from 0.05% to 3.3%, sulphur 0.15% to 1.6% (Markou, 

Vandamme, and Muylaert 2014b), potassium 1.2% to 1.5%, magnesium ranges between 0.35% and 

0.7%, calcium 0.2% to 1.4% (Tokucsoglu and Üunal 2003). 

Hence, this research is targeting at the production of nitrogen from hydroponic wastewater, 

desalination brine, and residential wastewater using the biological machinery of nitrogen-fixing 

cyanobacteria (Benemann 1979) and other microalgae.  Microalgal biomass produced from 

wastewater can be used either as a source of nitrogen for hydroponic nutrient solution, or as a whole 

nutrient.  The cytoplasm has all the necessary nutrients as well as metabolites, such as vitamins 

(Tarento et al., 2018; Bonnet et al., 2010) and free amino acids (Cermakova et al., 2017) to enrich the 

hydroponic nutrient solution, yielding an microalgae-based complete nutrient solution.  Notably, 

microalgae are known for producing plant hormones (Tarakhovskaya et al. 2007), which are small 

molecules that regulate plant's life cycle in different stages, exclusively increase the growth, fruiting, 

accumulation of nutrients/biomolecules that enrich the nutraceutical value of the target produce.  The 

cytosol extraction process from microalgal biomass, if performed by vinegar (osmotic shock) method, 

will result in a solution that is 100% organic, making it an organic hydroponic product.  Usually, the 

hydroponic nutrient solution is maintained at acidic pH in which the roots absorb nutrients optimally 

(Koehorst et al. 2010).  
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               Desalination Brine                                   Used hydroponic nutrient liquid                Secondary treated domestic wastewater

Blending wastewaters to make an optimised microalgal nutrient 
soup

Atmospheric
Nitrogen

Algal Biomass Extract
Containing Nutrients & Stimulants

Harvest

Hydroponic Cultivation using
Algae sourced Nutrients & Stimulants

Figure 1.1. Use of different wastewaters for the production of food/feed grade microalgal biomass.  This process yields a ready 

absorbable form of biologically sourced plant nutrients, high-value stimulants (plant hormones) combining an energy/cost-effective 

wastewater treatment allowing the direct disposal of wastewater without further treatment process.
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In general, hydroponic cultivation requires a considerable volume of acid to maintain the acidic pH of 

nutrient solution (Tyson et al. 2008).  After nutrient extraction from microalgal biomass grown in 

wastewater, the remaining microalgal debris can be processed through hydrothermal extraction (Li et 

al. 2017) and liquefied as a (hydroponic) nutrient solution concentrate, enabling 100% use of 

microalgal biomass without any no remnant at the end of the process.  This microalgae-based system 

of nutrient/nitrogen bio-factory can be used as a means of hydroponic nutrient production, as well as 

a continuous running system mounted aside if the hydroponics system uses fertiliser grade chemicals, 

which produce post cultivation waste drain of nutrients.  The nutrient-depleted hydroponic solution 

will have a concentration of minerals unabsorbable by plant but suffice microalgal growth. 

 

1.2. Research Aims and Objectives 

The overall aim of this project is to test the hypothesis of growing microalgae in different wastewaters 

for simultaneous biomass production and nutrient recovery, a cost-effective means of biomass harvest, 

extraction of nutrients from microalgal biomass, investigating its chemical qualities and testing the 

extract in the hydroponic system.  In order to achieve the aim, the following objectives were set: 

• To investigate the feasibility of using different wastewater to cultivate microalgae. 

• To test the chemical contents and plant hormones of microalgal biomass for its use as a nutrient and 

stimulant for hydroponic cultivation. 

• To study the use of microalgal extract in the growth of Pak Choy (Brassica rapa) and Collards 

(Brassica oleracea), its nutrient viability compared with other commercial hydroponic nutrients. 

 

 

1.3. Knowledge gaps 

Microalgal biomass from different species are characterised for their nutrient element contents and 

identified the presence of various plant hormones.  No research so far has tried the use of biologically 

fixed microalgal nitrogen as a source of nutrient in hydroponic cultivation as well, never used the acid 

digested microalgal biomass as a source of the whole nutrient and plant stimulant for hydroponics.  

This is one of the reasons that many nitrogen-fixing prokaryotic microalgae are toxin-producing; 
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therefore, researchers restricted to use of microalgal biomass in food production (hydroponics) for 

human consumption.  It is a fact that not all microalgae are toxin-producing; such non-toxin-producing 

microalgae can be used as a source of nitrogen/nutrient and plant hormone bio factory.  This study 

demonstrated the potential of algal biomass as a source of nutrients and stimulants for growing plants 

in hydroponics. 

 

This research contributes to the proof of concept that the microalgae fixed nitrogen can be used as a 

source of nitrogen nutrients in hydroponic cultivation.  Microalgal biomass extract can be applied as 

a sole nutrient source, comprising both macro (nitrogen, phosphorus, potassium, sulphur) and 

micronutrients (copper, zinc, cobalt, molybdenum, manganese, magnesium) needed for hydroponic 

cultivation. 

 

1.4. Thesis Synopsis  

This thesis has six chapters. Chapter 1 is the introduction to the thesis. Chapter 2 provides a literature 

review of the research topic. The first part of literature review is, different wastewaters to source 

nutrients for microalgal cultivation.  This is to understand better how the high and low nutrient content 

wastewaters can be mixed and used to favour algal growth mediated nutrient recovery, thus enabling, 

reducing the chemical method of wastewater treatment. The second part of the literature review 

engrosses renewable and eco-friendly sources of hydroponic nutrients and plant bio-stimulants, 

signifying a way to microalgal biomass as a sustainable source to enhance hydroponic crop 

productivity. In the first part of the chapter, wastewater sourced micro and macronutrients for 

microalgal growth and plots of its usage were reviewed.  The compensational aspect of each nutrient 

element from different wastewater sources that can replenish microalgal nutritional requirements was 

analysed to explain how they impact the microalgal cultivation. Additionally, wastewater chemical 

resource-based microalgal technology was reviewed to lend insight into the potential production of 

enriched plant stimulants from algal biomass, micro and macronutrients. 

 



 

10 
 

Chapter 3 investigated the use of different wastewater blends for algal cultivation.  Twelve different 

wastewater mixtures were prepared from; nutrient-deprived hydroponic wastewater, desalination brine, 

nitrified human urine, secondary treated domestic wastewater and direct human urine for testing the 

nutrient recovery and growth efficiencies of microalgae.  As the (real) wastewater contain algal flora 

of their own, it is observed the dominance of wastewater contained microalgae and also the survival 

of the species of interest.  Nutrient Stoichiometry and meta-analysis identified the specific retention 

timeline, which day which nutrient element can recover to its maximum and least recovering elements.  

Overall within the tested twelve different blends, irrespective of wastewater nutrient complexity, a 

particular nutrient element is recovered to its maximum on a specific timeline by algal biomass.  From 

the meta-analysis profiles, within the given wastewater nutrient mixture, a specific nutrient element 

that highly controls or influences the recovery of other elements (interlinks or selective control) was 

evident.  In the given wastewater nutrient mixture, it is possible to pinpoint a key nutrient element that 

controls or influence the recovery of other elements, as well the specific nutrient element(s) that are 

not influenced the recovery of other elements. 

Chapter 4 presented an investigation of the role of algal strain selection that favoured the cost-effective 

biomass harvest method and its feasibility. Large scale production of microalgae using 1200-L photo-

bioreactor and optimising customised sedimentation based harvest method was conducted.  The 

extraction and quantification of hydroponic nutrients and stimulants (plant hormones) from microalgal 

biomass showed viable micro, macro nutrients and two plant hormones detected from the microalgal 

biomass. 

 

Chapter 5 studied the growth responses of pak choy and collards in microalgae-based hydroponic 

nutrients.  Initially, the growth performance of pak choy compared in algal extract hydroponic 

nutrients and other commercial hydroponic nutrients.  Based on the results of plant height and plant 

fresh biomass weight, it was identified the macronutrients, nitrate, and phosphate are insufficient.  

Therefore, the growth responses were tested in a combination of microalgal extract + nitrified human 

urine using collards. 
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Chapter 6 summarised the key findings from this thesis.  As a result of the evidence and applicability 

of algal biomass as nutrient and stimulants in hydroponic cultivation, the simultaneous algal 

cultivation and nutrient recovery process from different wastewater blends, recommendations to future 

research directions and improvements to enable practical application of algae-based hydroponic 

nutrients and their commercialisation potentials were described. 
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2.1. Literature review 

2.1.1. Nitrous oxide and global warming 

Since the beginning of the industrial revolution, the concentration of greenhouse gases has 

significantly increased in the atmosphere. In addition to carbon dioxide, the other most important 

greenhouse gasses are methane and nitrous oxide, which are 25 and 289 times more potent in causing 

global warming. Most nitrous oxide emissions are from soil-based agricultural activities that use 

nitrogen fertilisers in the soil (Syakila and Kroeze 2011).  From the solar radiation, two-thirds reach 

the earth by passing through the atmosphere and being absorbed by the earth's surface; the remaining 

are reflected back to space.  This absorbed radiation becomes emitted back as longwave radiation in 

the form of infrared rays.  A massive amount of this energy received by the atmosphere and re-emitted 

back to the earth's surface is known as the greenhouse effect; without this mechanism, the planet's 

temperature will be below the water freezing point and non-conducive for many life forms (Signor 

and Cerri 2013).  Water vapour and carbon dioxide are greenhouse gases; additionally, other known 

gases such as methane, nitrous oxide, ozone, halocarbons, and aerosol are also involved in the 

phenomenon of increasing atmosphere temperature (Le Treut et al. 2005).  Though water vapour is a 

greenhouse gas in the atmosphere, it is meagrely influenced by human activities (Prather and Holmes 

2017), while the problematic greenhouse gases altered by anthropogenic activities are carbon dioxide, 

methane and nitrous oxide.  Each greenhouse gas absorbs the infrared radiation and emits it back as 

heat; this enables increasing the atmosphere temperature, known as global warming potential.  The 

global warming potential is distinctive of each greenhouse gas, and it is given as a function of its 

lifetime in the atmosphere and rated in relation to carbon dioxide since carbon dioxide is the most 

abundant greenhouse gas in the atmosphere (Snyder et al. 2009).  Therefore, considering a time 

horizon of 100 years, methane has 12 years of life and a global warming potential of 25, nitrous oxide 

has a lifetime of 114 years, and a global warming potential of 298 (Signor and Cerri 2013). 

 
2.1.2. Nitrous oxide from soil-based agriculture 

Amongst the anthropogenic activity mediated emissions of nitrous oxide, agricultural soils are 

measured to produce 2.8 Tg nitrous oxide per year and thus the main source of nitrous oxide (Hénault 
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et al. 2012).  Compared to the other greenhouse gases, nitrous oxide is estimated to contribute to 8% 

of the radiative forcing globally; amongst human activities, agriculture is estimated to contribute to 

14% of the radiative forcing.  The magnitude of nitrous oxide emissions from various agricultural 

nitrogen sources under aerobic conditions and emission of nitrous oxide was more significant with 

urea than with the other forms of (ammonium sulphate, ammonium nitrate, and calcium nitrate) 

nitrogen-based fertilisers (Tenuta and Beauchamp 2003).  Australian farmers use 1.9 million tonnes 

of urea per year, study on the effects of urea formulations, application rates and crop residue retention 

on nitrous oxide emissions from agricultural fields in Australia revealed application of 150 kg nitrogen 

ha−1 as urea evident with annual emissions of up to 3.6 kg nitrous oxide ha−1 (Wang et al. 2016).  Apart 

from agricultural fertilisers, pasture-based emissions are another major contributor of nitrous oxide 

emissions.  In grazed pasture-based systems, cattle habitually consume more nitrogen than they need 

for their growth and productivity.  As a result, the extra consumed is excreted in the urine, ensuing a 

small area of cattle field soils concentrate large amounts of urinary nitrogen (de Klein et al. 2020), and 

act as a key source of nitrous oxide emissions in grazed pastoral systems (Krol et al. 2016).  The 

production of nitrous oxide from soils majorly involves biological processes.  Though, small quantities 

of nitrous oxide are produced through non-biological means through chemo-denitrification or 

chemical decomposition of nitrite and hydroxylamine (Bremner 1997).  When considering biological 

processes, there are a number of groups of microbes involved in the production of nitrous oxide 

(Conrad 1996); however, in general, biological nitrification is the commonly occurring process over 

chemical conversion.  The classical biological process of nitrification is the ammonia oxidation 

resulting in nitrite to nitrate in aerobic conditions.  It is a known process that nitrification by 

autotrophic bacteria; for example, Nitrosomonas oxidises ammonium to nitrite, and Nitrobacter 

oxidises nitrite to nitrate (Bremner 1997).  Studies identified ammonia oxidation by Crenarchaea in 

soil (Leininger et al. 2006); these microbes, apart from the production of nitrite and nitrate, can also 

release nitrous oxide (Blackmer, Bremner, and Schmidt 1980; Molinos-Senante, Hernández-Sancho, 

and Sala-Garrido 2010).  The aforesaid mechanisms act synergistically with other nitrogen 

metabolising microbial groups and instigate the release of nitrous oxide. 
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2.1.3. Pollution evading advantages of hydroponic cultivation  

Since the industrialisation, the basic natural resources that assist human survival, the fundamental 

factor of food production that is soil and water, has been tainted by human activities.  natural water is 

being Significantly polluted.; and annually 87% of freshwater is globally used for the purpose of 

agricultural food productions (Postel 2001).  This pollution causes direct and indirect influence in the 

human system in terms of absorbing these polluted entities into the plant parts that are being used as 

food.  To feed the human population also sustaining with such a polluted environment in the usage of 

water causes doubling of expenses in purifying the water used for agriculture and the treatment of 

water after the agricultural process.  In the current global climate change scenario, the impact of even 

a minimal level in the energy expenses are significantly reflected in the advent of the whole picture.  

Therefore, curtailing every level of energy expenses and carbon footprint is essential.  Nutrient 

production of fertilisers its carbon footprint, and the in terms of nutrient uptake efficiencies; 

hydroponics is comparatively the best for the curtailment of nutrient waste, efficient water use and 

carbon footprint (Grewal, Maheshwari, and Parks 2011).  Studies have proven that hydroponic 

techniques in terms of nutrient delivery are superior and result in higher yields than soil-based 

agriculture (Majid et al. 2021). 

In terms of food demand and global climate change, economic viability and eco-friendliness of 

cultivation systems are considered sustainable farming systems in future.  In terms of crop harvest 

timeline, hydroponic conditions favour the reduction of the number of days stipulated for the 

cultivation and harvest cycles, also allow possibilities for multiple crops in a year, which are 

commercially fulfilling to producers benefits.  Hydroponic cultivation increases the opportunity to 

minimise water consumption and increase the yield and profitability of production.  Additionally, 

producing food around the year, especially locally without engulfing arable lands, is an added 

advantage, representing the hydroponic mode of cultivation systems as a sustainable way of food 

production in the future. 
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2.1.4. Wastewater nutrients and their environmental impact 

The concept of waste-based economy has been a long-term strategic plan.  Due to the pressure of 

climate change, recently, a paradigm shift happened from waste treatment to the trend of resource 

recovery (Lin et al. 2016).  The waste-based economy approach shifted the focus towards 

environmental sustainability and opened up investment opportunities into waste markets, which are 

currently gaining attraction.  Here are the wastewater chemical contents, their environmental impacts 

and consideration of the nature of their nutrient as resource for algal cultivation. 

Usually, nitrogen pollution in the environment occurs through the release of nitrogen in three common 

forms: nitrate, urea, and ammonium (Leong et al. 2004).  Generally, they are known to cause 

eutrophication.  In recent decades, these nutrient pollution issues revealed how nitrogen intrusion into 

the environment is seeping to the level of food safety concerns.  Nitrogen intrusion into the 

environment causes toxic algal blooms is a major concern to the aquaculture industry (Granéli, 

Weberg, and Salomon 2008).  In addition to nitrogen, phosphorus also contributes to the toxic algae 

bloom formation (Granéli et al. 2008).  The major source of nitrogen and phosphorus wastes is from 

agricultural runoff (Arheimer and Lidén 2000); the other sources of these nutrients are tabularised in 

Table 2.1.  Domestic wastewater contains organic and inorganic sulphur compounds that act as the 

sulphur source, but the primary source of sulphur in wastewater is dissolved inorganic sulphate 

(Rabbani et al. 2015).  Reports show data that 52% of the inorganic sulphate in wastewater are from 

the coagulant chemical aluminium sulphate added during the water supply purification; this denotes 

the source of sulphur in sewer systems mostly from the coagulants than other sources (Pikaar et al. 

2014).  Sulphur pollution cause serious damage to biological systems, and it is highly toxic to aquatic 

organisms (Zhang et al. 2008).  Long-term exposure of aquatic organisms to sublethal concentrations 

results in the imbalance of intestinal and immune enzyme activities and their gene expression, cause 

inflammation and distort the immune system and instigate oxidative stress (Duan et al. 2017).  Winery 

wastewater contains a high concentration of potassium, and studies have shown that winery 

wastewater pollution is harmful to soil structural stability (Liang et al. 2021).  Magnesium is an 

essential nutrient to the plant kingdom as it contributes the chlorophyll synthesis; however, at 

concentrations higher than the required, magnesium will yield a toxic effect (Venkatesan and 
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Jayaganesh 2010); mining industries are the major contributors of magnesium pollution (Canham et 

al. 2020).  Sodium carbonate manufacturing industry (Farmanbordar, Kahforoushan, and Fatehifar 

2016) and mining process release calcium wastes.  High calcium is a severe threat to both human and 

animal systems, causing hormonal and vitamin imbalance leading to the renal system's damage and 

acting as a facilitator of cancerous formation (Endres 2012).  High calcium contents in the water cause 

growth inhibition in microalgae (Gollnisch et al. 2021); this algal growth inhibition manifest changes 

in the ecology of water bodies as they are primary producers. 

Copper from the electroplating industry (Ilyas et al. 2018) leads to environmental contamination, 

leading to bioaccumulation in crops and cyclically reaching the human and animal systems (Becker 

and Asch 2005).  Vehicle tire-wear particles, mining and smelting are the sources of zinc to the 

environment (Councell et al. 2004; Zhang et al. 2012), zinc causes lung-related ailments in the human 

and animal system (Sahu et al. 2013).  Mine tailing wastes are the sources of molybdenum and 

manganese (Lian et al. 2013); exposure of molybdenum and manganese at above the normally required 

levels cause acute psychosis with visual and auditory hallucinations, seizures (Momcilovic 1999), 

cardiac, liver, and reproductive systems ailments.  Textile, electroplating and tannery wastes and their 

dust are the sources of cobalt (Muhammad 2013); exposure to such wastes occurring as a contaminant 

in the environment causes lung diseases (Lison 1996).  Such wastes are toxic to the ecosystem; 

however, they can be used as a resource of algal nutrients if made into an optimal blend that supports 

algal growth.  After repeated reuse, till the level of exhausting the nutrients to direct disposal 

concentration levels, the post cultivation water can be released to the natural water bodies without 

treatment. 

 

2.1.5. Real wastewater for algal cultivation and hydroponics 

Using synthetic wastewaters for research studies helps understand the overall responses of the intended 

process (Ak and Gunduz 2013).  The advantage of using the real wastewater samples for experimental 

purposes reveals the actualities, practical difficulties and also yield information on many hidden 

factors that can result either as an enhancer or hindrance to the targeted task.  Many studies involving 

biological and physical/chemical wastewater treatment methods used synthetic and real samples 
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simultaneously and concluded with hidden factors that affected the targeted process (Hadavifar et al. 

2014).  Especially when employing microbes in wastewater treatment and nutrient recovery processes, 

it is crucial to consider the consequences of associated factors and various matters present in 

wastewaters leading to synergistic effects either in the immediate initial step or in the intermittent 

stage of the intended process. 

Phosphate removal from synthetic and real wastewater using steel slags showed that calcium release 

from the slag was insufficient to maintain the optimal calcium concentrations to enable phosphate 

precipitation, particularly when slags were used to remove phosphate from synthetic wastewater 

(Ebner 2014).  The experiments on phosphate removal from real wastewater revealed that wastewater 

calcium acted as an additional source of calcium ions that were available for phosphate precipitation, 

consequently increasing the efficiencies of phosphate removal.  Photocatalytic decolourisation of 

synthetic and real textile wastewater containing benzidine-based azo dyes showed the decolourisation 

of water contaminated with a benzidine-based azo dye was achieved using solar driven photo-Fenton 

process (Bandala et al. 2008).  In synthetic wastewater, complete decolourisation occurred when using 

1mM of iron and 50mM of hydrogen peroxide in 60 minutes of light exposure.  In real wastewater 

containing azo dye and organic matters, decolourisation decreased to 56%; additionally, in the same 

reaction, increased COD removal was achieved (Bandala et al. 2008).  Decolourisation of synthetic 

and real textile wastewater containing benzidine-based azo dyes using dark solar driven photo-Fenton 

process and Fenton reaction; showed 90% decolourisation efficiency in synthetic wastewater and 56% 

in real wastewater.  It is identified the influence of organic matter in the reaction (real wastewater) 

contributed to the effectiveness of decolourisation (Bandala et al. 2008).  Microbial community greatly 

contributes to the content of organic matter matters in the wastewaters (Wang et al. 2017).  The 

diversity of microbial flora in wastewaters varies depending on the industrial process that originates 

wastes and batch to batch variations.  A study on the laccase-catalysed conversion of natural and 

synthetic hormones from municipal wastewater revealed pH significantly influenced the catalysis 

process (Auriol et al. 2007).  pH variations occur through various factors, especially in the scenario of 

diverse microbial communities and the environment of dynamic chemistry change circumstances.  In 
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such a facet, investing funds and resources for devising methods will be fruitful if the experimental 

testings are done using real wastewater of interest. 

 

2.1.6. Strategies for wastewater as a source of nutrients for algal cultivation  

Studies have demonstrated the use of untreated raw wastewater for the cultivation of microalgae for 

biomass and bioproducts (Gupta, Pandey, and Pawar 2016)(Choi, Jang, and Kan 2018); (Lu et al. 

2015).  Nutrient elements required for algae growth are of two groups; micro and macronutrients (Saha 

et al. 2013).  Amongst, nitrogen, phosphorus and potassium (NPK) are essential elements 

indispensable for algal growth (Kumari et al. 2014).  The chemical complexity of industrial wastewater 

varies depending on the manufacturing stages and processes involved in the production.  Wastewaters 

can be selected for the blend based on the available type of nutrients to create a mixture that supports 

algal growth.  Table 2.1 describes the compositions of algal media BG11 (Habibi et al. 2019) widely 

used for the cultivation of freshwater microalgae, and the type of industries from these nutrient 

elements discharged as wastewater.  Using suitable methods (Michalski 2018) (Baysal, 2013), 

quantifying the composition of micro and macronutrients of these (Table 2.1) wastewaters would 

benefit in crafting a blend to reach nutrient levels matching BG 11 so that to attain an ideal effluent-

amalgam for algal growth.  Similarly, using the different type of wastewater (as nutrients) enacting a 

fed-batch cultivation method in a way to maintain the nutrient levels and biomass harvesting ratio-

balance would help in limiting excess nutrient retention in the cultivation system.  This technique 

would favour the direct disposal of post cultivation water to natural water bodies without pre-

treatment.  The effective operation of blend-based algal cultivation requires a one-time investment on 

analytical instrumentation and construction of waterways to transport effluents (Table 2.2) to the 

blending site.  Industries investing in such canal or pipeline constructions would worth for establishing 

a sustainable assemblage of energy and cost-effective waste utilisation systems.  When comparing the 

overheads of individual wastewater treatments, undoubtedly, this blend assemblage yields a cost-

effective method. 
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Investing efforts in the development of dual-purpose technology would allow access to a tangible, 

cost-effective wastewater treatment/reuse method; however, this requires a thorough understanding 

and strategic standardisation of the chemical composition of the water to be treated.  Notably, the 

nutrient contents in the wastewaters (Shi et al. 2014), concentrations (Ziemba et al. 2018), decay time, 

chemical form/valency changeability (nitrate ⇌ nitrite ⇌ ammonia or sulphate ⇌ sulphite ⇌ sulphide), 

and formation of a complex with other chemicals are important attributes. Phosphorus is a major 

nutrient that required for algal growth (Singh et al. 2018).  Normally in wastewaters, phosphorous 

occur as organic compounds or phosphate, upon the growth of algae, due to the prevalence of high 

oxidative conditions, it will become oxidised to phosphate (Acién et al. 2018).  The problem associated 

with the phosphorus utilisation in microalgae cultivation is the calcium phosphate precipitation that 

takes place in alkaline conditions (Morales-Amaral et al. 2015).  To overcome this, calcium pH and 

concentration in the blend have to be maintained through out the cultivation system (Posadas et al. 

2015a).  Algal biomass cultivated from dairy and swine manure wastewater shown to apply as slow-

release phosphorus and nitrogen bio-fertiliser (Mulbry, Kondrad, and Pizarro 2007).  In such schemes 

of phosphorus removal from wastewater using microalgae, the occurrence of phosphorous precipitate 

becomes an advantage; since the formed phosphorous precipitate will get harvested together with the 

biomass, which favours the purpose and the mode of biomass utilisation as slow-releasing fertiliser 

(Mulbry et al. 2005). 

 

Considering the micronutrients, it is a great possibility of beitng able to choose candidate strains that 

does not required vitamins for their growth.  Preferably, selecting algal species capable to grow in 

BG11 would be appropriate, or otherwise, strains with BG 11 adaptable traits benefit their growth in 

wastewater blends.  While blending wastewater sourced micronutrients, the occurrence of more than 

one trace element in the wastewater may lead to direct interactions between ions (Ting et al. 1991).  It 

is critical to predict their chemical interactions, because, they are not only influenced by their 

concentrations, valency of metal ion, regimes of algal cultivation/operation pattern, and nature of the 

influent, but also reliant on the prevailing bio-materials and the sequence in which the elements are 
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added (Burgess et al. 1999).  Therefore, a clear design is essential in blending trace metal 

micronutrients. 
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Table 2.1 Industrial wastewaters that can contribute nutrients matching BG 11 composition.   
                        (The chosen wastewater representing a source of particular nutrient may also contain other nutrient elements) 
 

 BG 11  Nutrient element Wastewater/Effluent source Reference 

1 Na NO3 Nitrogen Navy - ship boiler tube cleaning (Arquiaga and Canter 1993) 

2 K2HPO4 Phosphorus, potassium Meat – slaughterhouse (Couillard 1989) 

3 MgSO4.7H2O Magnesium Sodium carbonate manufacturing industry (Farmanbordar et al. 2016) 

4 CaCl2 2H2O Calcium Sodium carbonate manufacturing industry (Farmanbordar et al. 2016) 

5 Ammonium ferric citrate green Iron Iron and steel industry (Das et al. 2018) 

6 EDTA.Na2  Chelating agent Pulp industry (Eklund 2002) (PRICE et al. 1988)  

7 Na₂CO₃ Inorganic carbon Sodium carbonate manufacturing industry (Farmanbordar et al. 2016) 

8 H3BO3 Boron Polariser manufacturing wastewater (Tsai and Lo 2015) 

9 MnCl2 · 4H2O Manganese Mine water (He, Yang, and He 2010) 

10 ZnSO4 · 7H2O Zinc Steel processing plant (Falayi and Ntuli 2018) 

11 Na2MoO4 2 H2O Molybdenum Mine tailing effluents (Lian et al. 2013) 

12 CuSO4·5 H2O Copper Electroplating industry (Ilyas et al. 2018) 

13 Co(NO3)2. 6 H2O Cobalt Textile, electroplating, tannery (Muhammad 2013) 
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2.1.7. Importance of hydraulic retention time 

Cost-effective implementation of sustainable nutrient recovery from wastewater requires a timely 

control of processes which is essential in the strategy of energy-efficient methods.  High rate algal 

ponds (shallow raceway ponds that circulate wastewater via a low-power paddle wheel) are the recent 

interest in the majority of research and investments that focused on nutrient removal from wastewater 

using microalgae and symbiotic bacteria (Christenson and Sims 2011); when using microalgae as 

nutrient recovery agents studies have shown that the hydraulic retention time in large scale ponds 

ranges from 4 to 10 days (Craggs et al. 1992).  As hydraulic retention time is a component of the 

harvest method, in an large-scale biomass cultivation, amongst the various considered parameters, the 

impact of the selection of microalgal species with a quick settling rate is essential in the energy-

efficient harvest.  This study has fixed a maximum of 15 days of hydraulic retention time to test the 

nutrient recovery.  The hydraulic retention time will also influence the removal of nutrients and organic 

matter; this reflects the quality of biomass and biomass processing (for example, digestibility) for 

further desired product production (Arcila and Buitrón 2016), some of the microalgae produce more 

extracellular polysaccharide upon the culture gets (old) matured (González-Hourcade et al. 2020).   

There are various stratagem of factors that influence determining the retention time for an efficient 

wastewater nutrient recovery.  The algal extracellular polysaccharide matrix tend to quickly absorb 

the wastewater nutrients and then release them slowly (Zhuang et al. 2020); algal species with such 

trait exhibit pseudo nutrient recovery or lead to cell toxicity due to the high concentration of the 

accumulated nutrient.  The nutrient binding affinity to the polysaccharide is relevant to the chemistry 

of polysaccharides (Arumugam et al. 2021), which is linked to the growth phase (age) of the algal 

cells.  Usually, matured cells produce more polysaccharides, and young cells are prevalent if adequate 

nutrients are available in the growing niche (Parwani, Bhatt, and Singh 2021).  Optimised hydraulic 

retention time varies to different intends and plays role in the balance of nutrient recover, product 

recovery and the robustness of the algal cells. 
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2.1.8. Wastewater chemicals as inducers for mixed algae and bacterial flora 

Several studies have shown the addition of bicarbonate into the cultivation system enhances microalgal 

biomass and biochemical content (Kim et al. 2017; Pancha et al. 2015; Umetani et al. 2021; Zhai et 

al. 2020).  Soybean wastewater contains rich ammonium bicarbonate (Song et al. 2019).  To provide 

nitrogen nutrient in the form of ammonium, adjust the pH of the cultivation system, and reducing the 

danger of ammonia release, soybean wastewater is an ideal source of inducer and nutrient inducer.  

Monoculture based cultivation methods are sensitive to the risk of contamination and loss of product.  

In the context of using wastewater for algal cultivation, maintaining monoculture throughout the 

cultivation process will not be practically feasible; as it is unsterile wastewater.  There will be mixed 

algal flora and wastewater contained bacterial community cumulatively act on the nutrient recovery.  

The nutrient recovering functions of mixed algae or algae-bacteria consortiums have advantages in 

synergistically enhanced recovery and limiting undesired contamination/invasions.  When blending 

wastewater for algal cultivation, the natural selection or development of microalgae-microalgae or 

microalgae-bacteria consortium takes place in six phases; [i] quorum sensing, [ii] establishing the 

relationship, [iii] protection from unwanted partner and invaders, [iv] segregation of synergism, [v] 

assigning functions between partners, and [vi] progression, maturation and evolution (Padmaperuma 

et al. 2018).  All the six stages described above are susceptible (changeable) to physical, chemical, 

and biological influences and show their impacts on biomass or nutrient recovery.  Amongst these, 

inducers used to enhance biomass or bioproducts fall into the category of chemical factors, which 

express their effects in various strata of cellular functions both in algae and bacteria partners. 

Quorum sensing is the first stage in the consortia propagation, in which primarily the establishment of 

communication occurs within and between microbial groups, as depicted in Figure 2.1. This includes 

[i] prokaryotic-&-prokaryote, [ii] prokaryote-&-eukaryote, [iii] eukaryote-&-eukaryote, [iv] 

phototrophic-&-heterotrophic, and [v] heterotrophic-&-heterotrophic, [vi] phototrophic-&-

phototrophic.  Biological factors influencing the quorum-sensing alters the affinity and receptor 

preference of signalling molecules (Lesouhaitier et al. 2009) within the six (Figure 4C) microbial 

interactions.  The chemical factors influencing the quorum-sensing bring modifications to the inducer 

(chemical) destined to the enhancement of growth or bioproduct accumulation.  Inducers present in 
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the cultivation milieu tend to change the physiology of both the algae and bacterial partners.  Chemical 

factors also influence the mechanism of quorum sensing by producing quorum-signal-inhibitors (Das 

and Bengal 2019) and by the presence of quorum quenching bacteria (Rehman and Leiknes 2018) that 

produce enzymes to degrade the communicating molecules of the milieu which cause changes in the 

scenario of communication.  Physical factors influencing the quorum sensing include light, 

temperature and pH.  The temperature of the milieu impacts the bacteria produced "quorum-sensing-

enzyme-inhibitors" that affects the (optimal) enzyme activity.  Light influences the algal 

photosynthesis and pH, as algae raise pH at its active growth. 
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Bacteria                 Cyanobacteria                            Eukaryotic microalgae 

Figure 2.1 Microalgae and bacteria quorum communication within and between microbial groups 

 

2.1.9. Tailoring algal technology based on  wastewater nutrients 

The actual intention is to use the algal biomass grown using wastewater as a source of nutrients and 

stimulants (plant hormones of microalgae) for hydroponic cultivation.  In addition to the biomass and 

stimulants for hydroponic nutrient extraction, to make the system cost-effective, there are other 

products and processes produced as an allied product from microalgae; a few are detailed here.  These 

processes help compensate the net production cost and help the maximum and quick recovery of 

nutrients and chemicals in the wastewater.  The use of wastewater chemicals for subjugating the algal 

physiology; by steering the biosynthesis of the target product is worth for the sustainable blend based 
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algal-bio-refinery.  Rare earth elements (REEs) are among the best representatives of wastewater-

containing chemicals that can steer the algal biosynthetic mechanisms (Goecke et al. 2017).  Due to 

their diverse chemical, electrical, optical, metallurgical, magnetic, and catalytic properties REEs 

contribute in the manufacturing sectors ranging from fluorescent lamps, batteries, lasers, super-

magnets, futuristic high-temperature superconductivity, information storage, conservation and 

transport of energy kind of devices (Barros et al. 2019). These industries produce contents of REEs in 

their waste.  REEs are challenging to remove from the environment, they are non-biodegradable, and 

their influence is resilient by their characteristic accumulation throughout the food chain 

(Anastopoulos et al. 2016).  At lower concentrations, REEs have shown to be beneficial for plant 

growth; they improved the yield and quality of several kinds of crops (Pang et al., 2001). 

Microalgae have a variety of applications in agriculture; they facilitate increased nutrient availability, 

upholding the organic carbon and soil fertility, as well as enhance the growth and crop yields through 

stimulating the activity of soil microbiota (Ronga et al., 2019).  The pollution-free methods of crop 

production used algal biomass as such, as bio-fertiliser, as well as de-oiled biomass after the biofuel 

extraction (Nayak et al. 2019).  A variety of cyanobacterial species provide nitrogen enrichment 

through biological nitrogen fixation and enzymatic activities connected to nitrogen mobilisation and 

interconversions of different nitrogen forms (Abinandan et al. 2019).  Algal biomass with bio-

accumulated REEs has the potential to increase crop yields by slow-releasing REEs into the soil.  The 

foresaid agricultural benefits are also applicable in hydropnics with algae biomass produced from 

wasterwater. 

There is a variety of REEs containing wastewater ranging from the outlet of acid mine drainage 

(Nogueira et al. 2019) to urban sewage sludge (Yessoufou et al. 2017), these waste resources could be 

a potential source for wastewater blend for algal bio-refinery.  Optimised culturing conditions with 

REEs showed enhanced growth of microalgae, lipid and pigment productions (Goecke et al. 2017), as 

well it was evident that the use of REEs to alleviate the effects of micronutrient (metal) deficiency 

showed possible substituting effect in their nutrient requirements (Goecke et al. 2015).  Microalgae 

are known for metal bioaccumulation (Suresh Kumar et al. 2015), bio-mining of REEs from red mud 

(red mud is a by-product of alumina production; contain REEs) using microalgae demonstrated the 
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REE bioaccumulation/growth potentials, as well showed the replacing (replenishing) effects of REEs 

in place of micro-elements nutrients, evident by the cultivation of microalgae cultivated in an 

incomplete nutrient solution without added micro-element nutrients (Čížková et al. 2019).  Seagrass 

revealed selective accumulation of REEs and its affinity to specific REE (Ramasamy et al. 2019), 

identification of similar mechanisms from microalgae could be explored in blends with mixed REEs 

for targeted recovery (Giese 2020).  Process optimisation for microalgae-based selective REE 

accumulation has potential on applying the technology in REE wastewater blends, which can also 

support the replacement or alleviation of micro-nutrient deficiencies of the cultivation milieu (Čížková 

et al. 2019).  Additionally, selective REE(s) accumulated algal biomass can be used as a plant growth 

stimulator along with the slow nutrient release algal bio fertiliser.  REEs indicated limiting effects on 

toxic-metal accumulation in plant; it has been hypothesised that the application of REEs to soil might 

improve the yields and inhibit cadmium uptake in foliage (McDowell, Catto, and Orchiston 2015).  

Commonly, wastewater-based algal biofilm (immobilisation) technologies focus on nutrient removal 

and often disregarded the aspects of growth, biomass production and bioproduct accumulations 

(Kesaano and Sims 2014).  As a venture of further development of immobilisation technologies, 

wastewater blends can be utilised in a three-phased method, where the first phase can assign to nutrient 

removal, the second confine to biomass production, and the third phase dedicates to REE or precious 

metal recovery.  From the outlet of the immobilisation system, further bioproduct accumulation can 

be induced in suspended cultivation modes in an open pond or closed bioreactors as appropriate. 

 

2.1.10. Monetary worth of wastewater and algal-products 

Strategies of conventional wastewater treatment are reliant on high energy and cost for treating 

wastewater contained chemicals.  Cultivation of microalgae in wastewater provides various merits and 

advantages on economic and environmental deeds, as well yields a sustainable means to produce algal 

biomass and high-value products.  Use of wastewater curtails the need and competition for fresh water; 

they are rich in nutrients; spares the cost for supplying micro and macronutrient also acts as a means 

of treatment process through the assimilation of inorganic and organic contents, pollutants and 

toxicants, furthermore limit the (CO2) carbon emissions and energy expenses that linked to the 
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wastewater treatment (Samorì et al. 2013) (Chinnasamy et al., 2010; Wang et al., 2010).  In terms of 

the financial value, organic carbon, nitrogen and phosphorus from the cassava processing wastewater 

generate a value of US $13.7/m3; this validates the potential of its use as nutrient feedstock (Francisco 

et al. 2015).  Studies have demonstrated if the wastewater treatment combined with algal cultivation, 

the production cost of 1 ton of algal biomass can get reduce from US $808.79 to US $231.59 (Olguín 

2012).  Without the integration with wastewater treatment algae-based biofuels exceeds US 

$400/barrel, the combination of algae cultivation with wastewater treatment can lower the production 

cost less than $30/barrel (Silva et al. 2015).  Worldwide, a significant amount of agricultural fertilisers 

are lost untreated or in the form of partially treated wastewater.  The value of agrarian fertiliser grade 

urea is about US $190.5/ton (Produce 2022), diammonium phosphate $1114 (Index 2022) and potash 

$562 (Mundi 2022), respectively, henceforward, use of wastewater in algal cultivation considerably 

saves the cost on nutrients requirements.  Algal biomass grown in wastewaters converts the nutrients 

and pollutants into valuable biomass which is of economic importance and a potent bio fertiliser, they 

have an advantage of its ability to hold moisture in the soil, and slow discharge of nitrogen and 

phosphorus as needed by the crop (Coppens et al. 2016). 

 

Depending on the different wastewater treatment methods and mode of algal cultivation yields a 

variety of quality of biomass or bioproduct from wastewater nutrients.  The operational cost estimation 

for membrane photobioreactors showed around 0.113 US $/m3, based on a treatment capacity of 5520 

m3/day, which showed advantageous cost comparison rates to regular photobioreactors that usually 

reach about 0.65–0.96 $/m3 (Sheng et al. 2017).  In wastewater treatment, the hydraulic retention time 

is important which determines the efficiency of the process in terms of manpower overheads, carbon 

footprint and other energy expenses.  Technologies showed 98–100% removal of ammonium, 70–80% 

of organic matter, 60–70% of total nitrogen and 40–60% of phosphate removal rates respectively; 

occurred in high rate algal ponds at a hydraulic retention time of 3–4 days (Posadas et al. 2015b).  

High rate algal ponds can reduce wastewater treatment costs from 0.22 $ m−3 (in activated sludge 

processes) to 0.17 $ m3 and even to 0.15 $ m3if the technology combined with the commercialisation 

of microalgae as biofertiliser (Qi et al. 2013).  There is a rapidly growing market for algae-based bio-
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production of molecules with health benefits, such as functional foods and nutraceuticals (Borowitzka 

2013), worldwide carotenoid market is expected to increase from US $1.24 billion (in 2016) to more 

than US $1.53 billion by 2021 (Barkia, Saari, and Manning 2019).  Eicosapentaenoic acid (EPA) sells 

for US $2,194/kg (99% purity) and US $185/kg (50–70% purity) (Komolafe et al. 2014).  The prices 

are US $ 2500-7000/kg for astaxanthin is, $ 300-1500/kg for β-carotene, $ 80-160/kg for Omega-3 

fatty acids, $ 44/kg for Chlorella biomass, and $ 42/kg for Arthospira biomass (Barkia et al. 2019).  

The price differences are due to the biomass quality, content of pigment concentration on particular 

algal biomass, and type/expenses of required extraction methods.  Blend based algal cultivation allows 

flexibility to determine the quality enhancement of biomass and aiming to specific bioproduct 

synthesis and accumulation deeds. 

 

2.1.11. Benefits of blended wastewater nutrient recovery 

Blending wastewater has various benefits, especially high concentration wastewaters, in which both 

the chemical and physical conditions will not be supportive for the growth of algae due to high 

concentration levels of nutrients and other chemical constituents.  To overcome the growth-

suppressive effect of these high concentration wastewater chemicals, wastewater with low nutrient 

levels can be used as a kind of diluent to mix with the high concentration wastewater to bring the 

nutrient levels optimal for algal growth.  An example of low concentration wastewater is sewage water 

with a chemical oxygen demand concentration lower than 1000 mg/L or a biochemical oxygen demand 

concentration lower than 500 mg/L, mainly sewage and diluted industrial wastewater (Kang et al. 

2017).  Due to the lack of nutrient sources, low concentration wastewater will not be conducive to 

microbial growth.  It is also possible to use low nutrient wastewater resources by blending with 

nutrient-rich sources like nitrified urine (Wilde et al. 2019).  Nitrified urine contains all micro and 

macronutrient required for algal growth (Martin et al. 2020; Volpin et al. 2020a).  Unprocessed direct 

human urine is also a good source of nutrients; however, the likelihood of using the produced algal 

biomass in food or feed grade bioproducts is constrained, due to its contents of pharmaceutical 

products, as urine is the excretory system for pharmaceutical categories of chemical compounds from 

the human system (Behera et al. 2020).  The production of nitrified urine is a process where the 
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biological nitrification makes the complex form of nutrient sources into a simple absorbable form; for 

example, conversion of urea, ammonium to nitrate, this process also renders in the alterations of the 

chemical nature of excreted pharmaceutical compounds if any (Volpin et al. 2020b). 

Highly concentrated wastewater does not allow microbial growth because of the presence of a high 

concentration of nutrients and toxic substances, which will be toxic to many microbial groups; very 

few of these species have the stability to survive in high nutrient concentrations and succeed to grow 

(Zhou et al. 2011). The characteristic, as mentioned earlier, is an advantage; the high concentration 

wastewater can function as a mode of restraining the undesired microbial groups if the wastewater 

nutrients are intended to use for the monoculture algal cultivation.  Usually, the pathogenic form of 

bacteria is sensitive to hypertonic nutrient environments (Barzily and Kott 1991).  Algal growth 

increases the pH of the growing medium, which will not be suitable for the survival of pathogenic 

forms of bacteria; therefore, the algal cultivation itself acts as a decontaminating mode when blending 

wastewater with pathogenic bacteria (Mezrioui et al. 1994). 

Understanding the growth phenotype and physiology of carbon requirement of algae is an opportunity 

to improve the particular species of interest in large-scale cultivation.  Bicarbonate is a known algal 

biomass enhancer; wastewater with a high concentration of bicarbonate can be used as an inducer 

(Zhou et al. 2011).  Microalgae that has a characteristic trait for the selective preference of bicarbonate 

as carbon source can be enhanced using the blend of the right proportion of bicarbonate containing 

wastewater.   Microalgae are photosynthetic, and the availability of light is essential in the case of dark 

effluent or colour wastewater, for example, textile dye wastewater (Palanisami and Lakshmanan 

2010).  Low and high concentrations of wastewater can be used to dilute dark wastewater to facilitate 

the light availability for active photosynthesis of microalgae.  Wastewater with toxic chemicals can 

also be used as a diluent in the right proportion; it can act as a factor of Hormesis (Palanisami and Lee 

2014) which  is the stimulatory effect of a low concentration of toxic chemicals in the organismal 

metabolism (Teeguarden et al. 2000).  Therefore, wastewater with toxic chemicals is an advantage in 

the blend-based wastewater nutrient recovery technology.   Microalgae can simultaneously remove 

organic and inorganic nutrients from the wastewater (Mujtaba et al. 2015).  The phenotype of different 

algal groups has uptake capacity to different categories of organic and inorganic forms of nutrients 
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accustomed naturally by the wastewater contained chemicals.  Therefore blending wastewater with 

the high organic nutrient content allows the opportunity to recover nutrients from the blend based 

nutrient recovery method.  Effluent polishing is a process in wastewater treatment meant to remove 

additional suspended solids; usually, effluent polishing is performed in the physiochemical method of 

wastewater treatment using filters that can filter fine particles.  Microalgae are known to be used in 

the process of affluent polishing (Sheng et al. 2017b), which minimises the use of filter materials and 

enables renewable green technology. 

 

2.2.1 Safe source of wastewater for food grade biomass production 

This research intends to use wastewater as a source of nutrients for the cultivation of microalgae and 

then use the algal biomass as a nutrient source for hydroponic cultivation.  Therefore, the process 

involves food or feed grade biomass production, which should not fetch toxic chemical entities from 

wastewater.  For this reason, blending wastewaters are selected based on the safety aspect, both in the 

form of pathogenic bacteria and harmful chemicals. 

Post cultivation nutrient-deprived hydroponic wastewater can be used as a source of nutrients for 

microalgae cultivation (Richa et al. 2020b).  In general, the nutrient water in hydroponics forms is 

recycled; however, the reused water should be released after some point due to the accumulation of 

nutrients and other remaining matters not absorbed by the plants (Hultberg, Carlsson, and Gustafsson 

2013).  Therefore, wastewaters of hydroponic farms need treatment before being released into the 

natural environment (Delrue et al. 2021).  Among the various treatment methods of hydroponic 

nutrient wastewaters, microalgae-based treatment is most efficient for the treatment and simultaneous 

nutrient recovery (Richa et al. 2020b).  Recently, research attention shifted towards cultivating 

microalgae in the waste nutrient solution of hydroponics as a secondary and tertiary treatment mode 

(Matos et al., 2017).  This algae-based method uses leftover hydroponic nutrients to limit its release 

of natural water bodies that lead to eutrophication. 

The demand for clean water to the growing population and industrial activities led to the desalination 

of seawater successfully implemented in many countries.  Though the technology of desalination is 

well established and contributes positively to water needs, many associated environmental concerns 
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exist with the desalination plant, especially the concentrated waste from the desalination process (Zhou 

et al. 2013).  The adverse effect of desalination brine on aquatic organisms is its high salinity/salt 

concentration (Ahmad and Baddour 2014).  Even in small quantities, the desalination brine causes 

harmful effects to marine organisms not only in the short term but there are also long-term 

environmental effects to the marine life forms that are well studied and recognised (Matsumoto and 

Martin 2008).  The desalination concentrate has high nitrogen content, and blending other wastewater 

containing phosphorus, will be suitable for microalgae cultivation (Sánchez and Matos 2018).  Reports 

render evidence that blending treated urban wastewater with reverse osmosis desalination concentrate 

can be sued for agricultural irrigation (Bunani et al. 2015); the same will be suitable for microalgae 

cultivation. 

Nitrified human urine is an excellent source of microalgal nutrients; the bioreactor based nitrification 

process involves actions of the bacterial community (Volpin et al. 2020b) that has the potentials to 

remove other pharmaceutical pollutants from urine, making it safe for the use of food and feed grade 

biomass.  Removing pharmaceutical compounds from nitrified human urine is possible (Almuntashiri 

et al. 2021); however, the process is not authentic in the complete removal of undesired chemical 

compounds that quality food grade biomass.  Secondary treated domestic wastewater is an excellent 

source of algal nutrients; however, the concentration of nutrients varies from batch to batch (Ben-

David et al. 2021).  There are several research evidence showing the possibility of using mere 

secondary treated domestic wastewater for the cultivation of microalgae (Fernández-Linares et al. 

2017; Gómez-Serrano et al. 2015; Sydney et al. 2011).  In the case of blend-based wastewater nutrient 

recovery use of high concentration wastewater with the secondary treated domestic wastewater yields 

optimal biomass. 

2.3. Microalgae harvesting technology  

Microalgal biomass harvest refers to the separation of grown algae from its growing nutrient solution.  

Principally, the method of harvest depends on the features of the selected microalgae and the nature 

of the targeted bio-product; this includes the culture density, cell size stipulations of the final product 

and amiability for reusing post-harvest nutrient liquid.  The various algae harvesting methods are 

mechanical, chemical, biological and electrical-based methods.  The mechanical mode of microalgal 
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biomass harvesting methods is the most commonly used and reliable for intact harvest (Molina Grima 

et al. 2003).  When planning for the harvest of biomass for its use as a source of hydroponic nutrients, 

especially in the context of this project, the cytosolic content is important, which contains both the 

fixed nitrogen, other nutrients and plant hormones.  There are various methods that include 

coagulation/flocculation, flotation, electrical-based processes, filtration, centrifugation.  There are 

various advantages and disadvantages considered to selecting a strategy that fit the requirements.  

Coagulation/flocculation is a fast and easy technique that can be successfully used for large-scale 

cultivation systems, cause minor cell damage, and applicable for various species, less energy 

requirements, and is inexpensive. 

The disadvantages of coagulation/flocculation are that coagulating or flocculating chemicals have to 

be applied to facilitate the coagulating process, and difficult or extra steps have to be implemented to 

separate coagulant from the harvested biomass, influence the reuse of post-harvest nutrient liquid, high 

risk of secondary contamination or pollution (Molina Grima et al. 2003).  Electrical based processes 

apply to all unicellular and filamentous species, with no chemicals required; however, the used metal 

electrode cause metal contamination and interfere in the cell intactness (Chen et al. 2015).  Filtration 

is efficient for high biomass recovery, no chemical process and low energy consuming especially low 

shear stress to the cells resulting in favour of the maintenance of cell intactness, but, the process will 

be slow, not suitable for small-sized algal species fouling or clogging of filter mesh and the 

replacement of filter increases operational costs and maintenance, high energy consuming (vacuum) 

process.  Centrifugation is a fast and effective method with a high biomass recovery rate.  However, 

it is an expensive method requiring high energy expenses, time-consuming and not feasible for large 

scale systems, particularly more chances of cell disruption (Dassey and Theegala 2013).  

Settling/flotation is a suitable method for large scale biomass systems, require low operational space 

and cost and quick operating time; also, the selected species Anabena circinalis had the character of 

fast settling trait. 
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2.4. Microalgal biomass as hydroponic nutrients 

The modern agricultural method is highly dependent on fertilisers for crop production; the more 

extensive use of chemical-based inorganic fertilisers become a severe threat to the environment and 

human health (Timilsena et al. 2015).  To overcome this, biologically sourced bio-fertilisers are used 

for the safer and long-standing sustainable agricultural process (Mukhuba et al. 2018). Biofertilisers 

are organic and inorganic nutrient compounds from live microorganisms for plant growth; this may 

be single or microbial consortia supplying essential nutrients and stimulants or extracted products from 

microbes (Win et al. 2018).  Microalgae, both eukaryotic and prokaryotic (cyanobacteria), has 

agricultural applications; they facilitate increasing nutrient availability.  The use of prokaryotic 

microalgae (Bharti et al. 2019; Salamah et al. 2019)  and eukaryotic (Zhang et al. 2017) in hydroponic 

cultivation is reported as a co-cultural method.  The nutrient solution of hydroponics has micro- and 

macro-nutrients that support the growth of microalgae; the microalgae will yield organic nutrients, 

and primarily cyanobacteria are known for fixing nitrogen from atmospheric air, supporting the plant 

nitrogen needs (Bharti et al. 2019).  The use of microalgal extract in hydroponics is rare,  to the best 

of our knowledge, no reports are available; therefore, this method was patented (Palanisami 2021).  

This study used the acid digested prokaryotic microalgal biomass as a source of hydroponic nutrients 

and stimulants (plant hormones). 

Nitrogen is the second most abundant chemical element present in the microalgal biomass; its content 

ranges from 1% to 14%; this is equivalent to around 5–10% of the dry weight that constitutes nitrogen 

(Markou et al. 2014b).  Nitrogen is present in the biomass biochemicals in cellular components such 

as amino acids (proteins), nucleic acids (genetic materials), and pigments such as phycocyanin and 

chlorophyll (Gupta and Mathews 2010).  Strong acid digestion of biomass yields hydrolysed form of 

nitrogen from the foresaid biomolecules (Doneen 1932).  Usually, nutrient solutions in hydroponics 

are maintained in acidic pH (Koehorst et al. 2010). The low pH is to facilitate the roots for optimal 

nutrient absorption.  Since the nutrient solution contains rich micro and macronutrient components, 

microalgal contaminants are constantly encountering it. Usually most algae grow at pH above neutral; 

the acidic pH of hydroponic nutrient solution creates an unfavourable algal growth environment; also, 

hydroponic systems often require concentrated or dilute sulphuric acid for maintenance of pH (Taylor 
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et al. 2021).  Therefore, the use of concentrated sulphuric acid will be feasible and applicable for the 

digestion of algal biomass and use it as a nutrient source.  The hydrolysed organic form of biomass 

contained nutrients is an advantageous for the hydroponic roots, as they have affinity to absorb amino 

acids and other organic forms of nutrients (Chen GuiLin, Gao XiuRui 2002).  Phosphorous is one of 

the most important nutrients for microalgae, and its biomass content varies from 0.05% up to 3.3% 

(Markou et al. 2014b).  The potassium content of microalgal biomass varies from 1.2% to 1.5% 

(Tokuşoglu 2003); however, it could be as high as 7.5% (Markou et al. 2014b).  The magnesium 

content in microalgae biomass ranges around 0.35% and 0.7%; however, a content as high as 7.5% 

can be found in some species (Markou et al. 2014b).  Sulphur content in biomass ranges from 0.15% 

to 1.6%, and calcium content in microalgal biomass varies from 0.2% to 1.4% (Kay and Barton 1991). 

 

In addition to macronutrients, micronutrients that include copper, zinc, cobalt, manganese, 

molybdenum are also present in microalgal biomass. Moreover, microalgae are known for 

bioaccumulation of these metal nutrients in excess if when exposed to high concentrations of metals.  

Therefore, the acid digest of algal biomass has a complete set of nutrients required for plant growth.  

Prokaryotic microalgae are known for their nitrogen fixation physiology; it is the emphasis of this 

study, nitrogen nutrients from microalgae.  Additionally, the algae fixed nitrogen in its cytosol will be 

existing in different nitrogen nutrient forms; nitrite, ammonium, and urea.  Hydroponically growing 

plants are known for the use of different forms of nitrogen sources, ammonium (Savvas et al. 2006), 

urea (Luo et al. 1993) and nitrite (Hoque et al. 2008). 

 
2.5. Microalgae as hydroponic growth stimulants  

Microalgae naturally inhabit agricultural areas, as the farming fields are rich in nutrients, these 

inhabited algae involve in biological nitrogen fixation (Alvarez et al. 2021), help in phosphate 

solubilisation, improving mineral conversions, and facilitating release of absorbable forms of nutrient 

ions that promote fertility and crop production (Kumsiri et al. 2021).  In addition to naturally fertilising 

and plant nutrient mineral balancing, microalgal groups are known to release a variety of biologically 

active substances that include proteins, vitamins, carbohydrates, amino acids, polysaccharides and 
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phytohormones; function as elicitors to promote plant growth and also contribute to the process to 

fight against abiotic and biotic stress (Singh 2014).  Attention to plant biostimulants has increased 

over the past decade, motivated by the growing interest of scientists, extension specialists, industries, 

and agricultural growers in using these products in various eco-friendly sustainable methods to warrant 

improved production and stable crop yields (Rouphael and Colla 2018).  According to the recent 

European Union regulation (2019/1009), plant biostimulants are ‘fertilising products able to stimulate 

plant nutrition process independently of the products nutrient content’ (Colla and Rouphael 2020).  

Based on this regulation, plant biostimulants are referred through claimed agronomic effects, such as 

improved efficiency of use nutrients, crop quality and tolerance to abiotic stressors.  This description 

includes numerous organic and inorganic substances and/or microorganisms such as humic acids, 

hydrolysate proteins (Paul et al. 2019), carbohydrates (Rachidi et al. 2021), extracts of seaweed 

(Mukherjee and Patel 2020), mycorrhizal fungi, bacteria, eukaryotic microalgae and algae that fix 

nitrogen.  Amongst these direct (nutrient metabolism stimulation) and indirect (nutrient uptake and 

root morphology modulation) mechanisms by which microbial and non-microbial plant biostimulants 

improve nutrient quality, plant output and physiological status, resistance to environmental stressors, 

and stimulate plant microbiomes, this work is confined to plant hormones (phytohormones) from 

microalgae.  There are few macroalgae/seaweed-based plant bio stimulants available in the market, 

but there is no successful product from microalgae to date.  The products that are available in the 

market are not have the claim of the content of phytohormones.  Therefore, as an effort, this study 

selected this area to understand the possibilities of its source from microalgae. 

Several microalgae species belonging to the family of Charophyceae, Chlorophyceae, 

Trebouxiophyceae, and Ulvophyceae were reported for their phytohormone activities including, 

auxins, cytokinins, gibberellins, abscisic acid, and brassinosteroids (Ronga et al. 2019).  

Brassinosteroids are polyhydroxy steroids, they have a common a-cholestane skeleton, and their 

varieties vary from the types and the orientation in the rings and side-chain (Vardhini et al. 2006).  

These are the new class of plant hormones with the potential to improve crop productivity.  Reports 

are scant about the microalgal brassinosteroids, and little is known about the physiological role of 

brassinosteroids in algae; so far, the presence of brassinosteroids detected in 25 algal species (Hayat 
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et al. 2019).  All the available reports on brassinosteroids are from eukaryotic microalgae; there are no 

reports on the existence of procaryotic microalgae.   

Microalgal extracts are used in seed germination and crop cultivation since they contain growth-

promoting substances and their stimulating effects on the ability of crops to endure abiotic stresses, 

such as high salinity, hot temperatures, mineral deficiency and drought (Bello et al. 2021).  However, 

these studies used either a foliar spray (Godlewska et al. 2019) or soil or solid substrate-based 

cultivation.  A recent study showed Spirulina (prokaryotic microalgae) extract as a stimulant in 

hydroponic systems; however, the study does not investigate the nutrient contribution from algal 

biomass to hydroponic plants (Leonard et al. 2021). 

 

2.6. Contemplation of harmful algal species in hydroponic systems 

Hydroponic growing systems with nutrient solution recirculation are rich in nutrients and a perfect 

nutrient environment for microalgal invasion and growth; however, it is unclear whether harmful algae 

will adversely impact the hydroponic crop (Schwarz and Gross 2004).  Reports are scant, and to the 

best of our knowledge, there are no reports available on the intrusion of toxic microalgae in hydroponic 

systems and its harmful effect detected in the plant system.  On the other hand, a variety of prokaryotic 

(Bharti et al. 2019; Spiller and Gunasekaran 1991) and eukaryotic (Christenson and Sims 2011) 

microalgae are used along with the growing plants in hydroponic systems as a co-culturing method.  

It is reported that the release and accumulation of toxic root exudates from the hydroponically growing 

plants excretes in the nutrient solution leads to autotoxicity of plants (Richa et al. 2020a), (autotoxicity 

is a phenomenon whereby a species inhibits growth or reproduction of other members of its same 

species).  These substances are sugars, amino acids, and organic acids; most are organic substances 

from the plant root released in huge quantities (Farrar et al. 2003).  From our speculation that these 

released root substances are reported to cause autotoxicity of plants (Richa et al. 2020a), as microalgae 

are also microscopic sized plants there may be an functional inhibition of toxin producing microalgae.  

Studies on Acorus calamus indicated that roots extracts could inhibit harmful toxin-producing 

cyanobacteria, and it is suggested that the extract of the root can act as a natural agent to manage 

harmful cyanobacteria (Microcystis) blooms (Zhang and Benoit 2019; Zhang, Zhang, and Li 2016).  
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Additionally, it is evident that herbaceous plant extracts have the antialgal property (Sinang et al. 

2019). 

2.8. Treatment and reuse of hydroponic nutrient solution 

Among the various benefits of hydroponic cultivation, the round the year production is a striking 

advantage that balances the market need and supply, the other benefits include less grow time, pest 

and disease incidence, and no weeding compared to conventional growing (Sharma et al. 2018).  One 

of the other important benefits is the well-defined use of nutrients (Grewal et al. 2011).  Though the 

nutrients are used efficiently, many hydroponic growers reuse them for several grow batches by 

topping them up with nutrients.  However, at some point, a particular nutrient element accumulates 

and becomes non-conducive for roots to absorb or become toxic, eventually resulting in less crop 

productivity.  Globally, tomato and cucumber are popular in hydroponic production (Sabir and Singh 

2013).  Monthly loss of nutrients (kg ha−1) during tomato and cucumber cultivation in hydroponic 

cultivation systems is shown in Table 2.2; remarkably, the loss of secondary nutrients, potassium, 

calcium and magnesium was high, yet, their recovery received less attention compared to nitrogen and 

phosphorus (Richa et al. 2020a).  

Table 2.2 Maximum monthly losses of nutrients (kg ha−1) during cultivation in hydroponics (Richa et 

al. 2020a) 

 

Nutrient element Tomato (kg ha−1) Cucumber (kg ha−1) 
Nitrogen 240 231 
Phosphorus 54 41 
Potassium 413 337 
Calcium 178 106 
Magnesium 57 44 
Sodium 33 51 
Chlorine 10 34 
Sulphur 101 90 

 

There are various methods adopted for the treatment and reuse of used hydroponic nutrient 

wastewater: 

(i) Denitrification-based treatment of hydroponic waste nutrient solution (Rodziewicz et al. 2019).  

The concentrated hydroponic wastewater with nitrate and minerals subjected to biological 
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denitrification is an efficient process that removes nitrogen from hydroponic wastewater using 

facultative anaerobic microorganisms (van et al. 2006). 

(ii) Constructed wetlands-based treatment of hydroponic waste nutrient solution.  Constructed 

wetlands are planted with common reed (Phragmites australis) or common bulrush (Scirpus lacustris), 

which remove nitrogen and phosphorus by directly incorporating them into plant biomass (Zubair et 

al. 2020). 

(iii) Microalgae-based treatment of hydroponic waste nutrient solution.   

Microalgae-based wastewater treatment is the most prominent method for the treatment and advanced 

nutrient recovery from hydroponic wastewater (Li et al. 2019). 

(iv) Activated carbon-based treatment for root exudates removal.  Activated carbon method, especially 

for the removal of root exudates from hydroponic nutrient water.  This method is advantageous as it 

possesses a high affinity for low molecular weight organics, low energy requirements and low 

operating cost (Mwakabole et al. 2020). 

(v) Advanced Oxidation Processes have attracted attention for treating used hydroponic nutrient water 

because of its effective decomposition of organic substances (Liu et al. 2019). 

 

2.9. Conclusions and knowledge gaps 

In this literature review, an overview on the use of microalgal biomass as plant nutrients and 

stimulants, their nutritive constituents, possibilities of algal biomass production using different safe 

wastewater sources, connotation on the mixed algae and bacteria contained in the wastewater in the 

context of biomass production and nutrient removal, wastewater contained chemicals as an enhancer, 

benefits of making wastewater blend, contemplation of toxic are harmful algae, possible reuse of 

hydroponics nutrient solution has been provided.  The specific conclusions of this literature review 

are as follows: 

● The demand of food production to the growing population and the parallel issue of balancing climate 

change requires a shift in the agricultural production methods that meet the market demands and the 

stipulations of the climate change criteria.  Especially in terms of the emission of nitrous oxide.  

Hydroponics is the method that has the potential to reduce nitrous oxide emissions compared to 
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conventional soil-based agriculture. Therefore, shifting to the hydroponic way of food production to 

all the maximum possible crops that can be grown using hydroponic systems.  

● Hydroponics will also cause pollution in terms of the release of waste nutrients post cultivation. 

Biological based nutrient sources can be a solution to overcome the nutrient pollution from the 

hydroponic mode of cultivation. 

● Production of microalgae-based nutrient and stimulant help in the reduction of carbon footprint 

related to the industrial production of plant nutrients and stimulants; additionally, the production of 

microalgal biomass for such purposes from wastewater nutrients is the three-way benefit that  

(i) treats the wastewater, thus saving energy and expenses of water treatment,  

(ii) utilise the wastewater nutrient resource, and  

(iii) supply nutrients and stimulants for hydroponic cultivation.  

● Blend-based wastewater utilisation helps limit the use of physicochemical methods needed for the 

treatment of concentrated wastewater.   This enables benefits to both sides, limiting the resource 

required for the wastewater treatment of concentrated wastewater and utilising the wastewater contents 

as a resource for useful product production. 

● It is evident from the literature that the algal biomass itself acts as a source of nitrogen, phosphorous, 

potassium, sulphur, copper, manganese, zinc, cobalt, molybdenum. 

 

From this literature review, the following gaps in research have been found in relation to the use of 

algal biomass as a source of hydroponic nutrients and stimulants: 

 

→ Usually, hypersaline marine microalgal species are used in the bioremediation of seawater 

desalination brine wastewater.  Use of freshwater species has not been investigated. 

 

→ Cyanobacteria (prokaryotic microalgae) are recognised for their nitrogen fixation abilities.  The use 

of algae biomass as nitrogen bio-factories for hydroponics cultivation yet to be investigated. 
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→ Microalgal biomass (cytosol and cellular components) contain nutrient minerals.  The use of algal 

biomass extract as a sole source of nutrients to hydroponic roots has not been effectively quantified 

and investigated. 

 

→ Occurence of plant hormones in microalgae are well studied, but their biosynthetic profile 

differences in nitrogen and nitrogen less large scale cultivation have not been analysed. 
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Chapter 3 

Blending different wastewaters for algal 
cultivation and nutrient recovery 
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3.1. Introduction 

Water is a natural resource essential for life, and available in various sources such as lakes, rivers, 

streams, and oceans.  During the last century, the explosion of human populations and activities has 

caused a drastic reduction in clean and safe freshwater (Keiser and Shapiro 2018).  Disposal of waste 

originated as a cause of human activities in reservoirs poses a serious threat to the environment that 

affects all layers of organisms in the ecosystem (Mukherjee and Ghosh 2016).  To conserve water 

bodies, a clear understanding is required about sources of wastewater and their components that cause 

pollution.  The three sectors, domestic, industry and agriculture, are the three most important sources 

of wastewater (Wang et al. 2020).  This wastewater is rich in organic and inorganic components 

(nutrient elements).  When such nutrients are released excessively into the water, they increase the 

minerals and organic nutrients, resulting in plants and algae growth, therein eutrophication (Preisner 

et al. 2021).  These waters can be used or reused as a source of nutrients if subjected to a strategic 

nutrient removal process.  First, it is necessary to know the contents of wastewater, its chemical 

characteristics, the safety of its use in a feed or food-grade production process so that suitable 

technologies can be adopted for wastewater treatment before they are released into natural water 

bodies or recycled. Notably, a method that can yield useful products and the process that allows the 

direct release of the water into natural water bodies is needed for the current criteria and stipulations 

of waste disposal policies. 

With current attention on global warming and resource recovery from waste, there is a trend of utilising 

eco-friendly wastewater treatment methods to replace conventional treatment systems (Khiewwijit et 

al., 2015).  It is projected that in 2030, the world will face a 40% water scarcity which will bring an 

overwhelming situation in social and economic development and wellbeing of human beings (Sun et 

al., 2016).  Such water scarcity may emerge as a cause of growing water demand, contamination of 

water resources, and technological deficiencies of the appropriate mode of reclaiming used water of 

varied chemistry and characteristics.  Large volumes of wastewater generated by industrial processes, 

agricultural and urban activities with excess nutrients would inevitably create eutrophication in the 

aquatic environments.  Factual analysis of the prediction of such water scarcity with an example of 
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populated China, reveals the root causes being rapid industrialisation, urbanisation, and anthropogenic 

activities exerted significant pressure on natural resources and the environment's health (Meng et al. 

2021).  Nitrogen, organics, and phosphorus have contaminated almost 80% of China's rivers and 

waterbody to different degrees(Qu and Fan 2010). Transiently, the same scenario manifests in other 

countries given its population growth.  With the current technological capacities of wastewater 

treatment, only 16.6% of municipal and domestic wastewaters were reused; amongst these, the nutrient 

recovery rates of nitrogen, organics, and phosphorus are 35.8%, 35.8% and 35.7%, respectively, 

representing 70% utilisation potential and treatment rate  (Sun et al., 2016).  This lucidly indicates 

impending room for improvement of wastewater nutrient recovery and reuses.  Conventional 

wastewater nutrient removal methods, such as sedimentation, coagulating, activated sludge, 

nitrification, denitrification, and chemical mode of phosphorus removal, are facing challenges to 

satisfy the strict standards of nutrients discharge.  Especially maintaining low process costs combined 

with good nutrient recovery efficiencies is not easily achieved in the conventional methods (Kumar 

and Pal 2015).  Furthermore, other disadvantages on conventional methods, such as carbon emission, 

high energy consumption, long process, excess sludge discharge, instability treatment effect, 

recyclable resource-wasting, are also drawbacks to opt them as a sustainable method of wastewater 

treatment with evident low energy/carbon requiring and resource recycling (Li et al. 2019). 

 

Reusing wastewaters from any known industrial processes allows the opportunity to design treatment 

methods that can use the waste as a resource to its fullest capacity of utilising every individual 

chemical entity of the wastewater.  Conversely, the treatment of mixed industrial wastewater is 

challenging due to its high chemical complexity (Nidheesh et al. 2020).  In general, medium and small 

scale industries spend more operational costs on wastewater disposal and treatment.  Usually, 

developed countries have organised criteria and policies for establishing and constructing an industrial 

set-up that includes disposal plans of the produced waste.  In many developing countries, small 

industries are unaffordable to install individual treatment plants due to inadequate space and 

specialised operational human resource skills.  In such a position, they organise for a common effluent 

treatment plant (Popat et al. 2019).  In such common effluent treatment plants dealing with mixed 
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wastewaters applying eco-friendly and cost-efficient methods is essential to curtail secondary 

pollution and sustain human and environmental health. 

 

The conventional physiochemical method based wastewater treatment can directly operate with raw 

and highly contaminated wastewater.  Biological process or using wastewater for microalgal 

cultivation requires safe wastewater; this includes biologically safe or non-toxic water for the microbe 

that remediates the wastewater or the algae assigned to grow using such wastewaters.  As the 

microalgae are photosynthetic, concentrated and coloured wastewaters impact algae's light quality.  

Microalgae based wastewater treatment methods are known for their low energy consumption, 

biologically utilising the sludge (Baek et al. 2010), consistent treatment process, generation of 

recyclable resources and biomolecules (Hussain et al. 2021).  Worldwide, bio-engineering of 

microalgae-based bioenergy and high-value bioproduct productions rigorously working on reducing 

the net production cost.  The mission of reducing the production cost targets effort on reducing the 

investments in the production process and use of less expensive materials and apply methods of 

reusing renewable resources like wastewater nutrients (Yao et al. 2015).  Incorporating such reusable 

resources paves the way to reduce production costs.  When it comes to a cost-effective method of 

nutrient recovery from wastewaters, it is essential to consider whether the process can yield food-grade 

nutrients or biomolecules that are feasible to apply or reuse in animal feed or human food-grade 

materials (Gopinatha et al. 2019).  The yield of food and feed grade wastewater recovered resources, 

either nutrient element or bio-molecules, compensate to higher degrees in the net production cost of 

bioproduct.  Therefore, production methods that can yield food and feed grade biomass and bio-

products are of great importance in wastewater green technology.  Based on the approach described 

above, this study used safe wastewaters not to be concerned about pathogenic microbes or chemical 

pollutants present in the wastewater. 

 

Raw industrial wastewaters have no universally applicable treatment process because of their complex 

chemical composition and toxic contents from varied sources and process stages (Li et al. 2019).  In 

the meantime, wastewater sources such as secondary treated domestic wastewater contain less 
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nutrients than most industrial wastewater (Gómez-Serrano et al. 2015).  Heavy concentrate 

wastewaters like desalination brine are mostly rich in nutrient contents (nitrogen and phosphorus) 

rather than toxic chemicals (Zarzo et al. 2014).  Wastewater sources such as used or post cultivation 

hydroponic farm wastewater and nitrified urine (Feng et al. 2008) contain essential nutrients for 

microalgae growth.  Designing a microalgae-based wastewater treatment process would be assessed 

case by case based on wastewater's physical and chemical characteristics.  Through microalgae 

growth, wastewaters are usually considered as micronutrients (copper, zinc, cobalt, manganese, 

molybdenum) and macronutrients (nitrogen, phosphorus, potassium, calcium, magnesium, sulphur).  

Some specific microalgae species could remove toxic heavy metals and high concentrations of 

nutrients in wastewater, while others are sensitive to even low concentrations of metal elements.  When 

considering micronutrients, are actually metal elements, higher nutrient concentration in wastewaters 

can be used to blend with wastewaters with low nutrient concentration to make it optimal for algal 

growth. 

 

Every nutrient element has its characteristic chemical property, for example, redox potential (Droop 

1961) and biologically essential or non-essential in the physiological role.  Depending on their 

concentration, either low, optimal or higher concentrations instigate cellular changes in microalgae.  

Some nutrient elements, merely as an element, react and form complexes or attain an unavailable state 

to the process of microalgal nutrient uptake.  It is shown in prokaryotic microalgae; nutrient 

availability is significantly influenced by other ions, such as calcium and phosphate, which alter the 

zinc physiology (Cavet et al. 2003).  As well, every species of microalgae has its characteristic trait of 

preferring nutrients in different growth stages.  It is unpredictable in mixed (blend) wastewater; the 

influence of the concentration of every metal element instigate varied effects on the algal system.  

Identifying the specific nutrient element that pronounces impact on the uptake of other nutrient 

elements or some nutrient element acting as a 'key' entity facilitates the utilisation of other nutrients in 

the wastewater.   

 



 

48 

This chapter deals with the growth efficiencies and nutrient recovery of inoculated cyanobacteria and 

innate wastewater microflora in different wastewater blends.  Also, the selective control of micro and 

macronutrient uptake was plotted to identify the most influencing nutrient element and the key nutrient 

element that influences the uptake of other nutrients in the given nutrient content of a wastewater blend 

and the overall nutrient uptake patterns.  The aim is – 

● To utilise different wastewaters as a source of nutrients for algal cultivation, (ii) to use low and high 

nutrient concentration wastewaters as a diluent to attain favourable algal growth and nutrient recovery, 

and 

● To test the influence of retention timelines on the different nutrient recovery profiles.   

 

These aims manifest in the objective of (i) green technology means of wastewater utilisation, (ii) 

evading the obsessive use of the energy-expensive chemical method of pre-treatment of high 

concentration effluents, (iii) effort on devising method for targeted (chemical) nutrient element 

recovery.  Phycological terminology - Microalgae is a collective term that includes both prokaryotic 

and eukaryotic types of algae in microscopic size.  Cyanobacteria are prokaryotic microalgae (Aketo 

et al. 2020; Borowitzka 2020; Diaconu 2020; Guedes et al. 2013).  This study used real wastewater 

samples (unsterilized) to grow nitrogen-fixing cyanobacteria.  Upon growth on a stipulated time, algal 

community shit occurs as the unsterile wastewater has its microbial/algal flora.  Therefore, the contents 

in this thesis mentioned microalgae without specifying prokaryote or eukaryote. 
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3.2. Materials and methods 

3.2.1.1. Chemicals 

Unless otherwise stated, all chemicals were obtained from Sigma and used without any further 

purification.  Dibasic potassium phosphate (98%), Magnesium sulphate heptahydrate (98%), Calcium 

chloride dehydrate (99%), Citric acid (99.5%), Ammonium ferric citrate green (99%), 

Ethylenediaminetetraacetic acid disodium salt (99%), Sodium carbonate (99%), Boric acid (99%), 

manganese(II) chloride tetrahydrate (98%), Zinc sulphate heptahydrate (99%), Sodium molybdate 

dehydrate (99.5%), Copper Sulfate Pentahydrate (98%), Cobalt(II) nitrate hexahydrate (99.9%), 

Bacteriological agar, Agilent ICP-MS (Inductively Coupled Plasma Mass Spectrometry) 

environmental calibration standard (5183-4688), ACR (Australian Chemical Reagents) Ion 

Chromatography Nitrate, Phosphate, Sulphate standards,  

3.2.1.2. Selection of Algal strain  

Nitrogen-fixing cyanobacteria (prokaryotic microalgae) was selected to cultivate in wastewater.  The 

following characteristic features are stipulated for the selection: [i] good recovery of nutrients from 

wastewater, [ii] fast settling (sedimenting) species, and [iii] non-toxin-producing species of 

microalgae.  Anabaena circinalis CS-533/02 is the strain obtained from the University of Technology 

Sydney, Faculty of Science, Environmental Science Laboratory, which was originally obtained from 

The Commonwealth Scientific and Industrial Research Organisation (CSIRO), Castray Esplanade, 

Hobart, Tasmania, 7000, Australia. 
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3.2.1.3. Algal media 

Table 3.1 Micro and macronutrient composition of nitrogen-free freshwater microalgal media 

'BG11' 

 

 

Freshwater microalgal media BG11 [Blue Green medium] were prepared using the composition of 

micro and macronutrients (Stanier et al. 1971).  This experiment aims to study the nitrogen utilising 

and fixing efficacies of inoculated Anabaena circinalis CS-533/02 and wastewater innate microalgae; 

therefore, nitrogen-free media was prepared, the original BG11 (Stanier et al. 1971) contains sodium 

nitrate as one of the ingredients.  Algal media was prepared by mixing 10 ml of stock solution [1 to 7] 

and 1 ml of stock solution 8, and made up to 1 L with deionised water. The media was adjusted to pH 

7.1 with 1M NaOH or HCl and then autoclaved at 15 psi for 15 minutes. 

 

 

 Stocks Per 500ml 

(1) K2HPO4 2.0 g 

(2) MgSO4.7H2O 3.75 g 

(3) CaCl2.2H2O 1.80 g 

(4) Citric acid 0.30 g 

(5) Ammonium ferric citrate green 0.30 g 

(6) EDTANa2 0.05 g 

(7) Na2CO3 1.00 g 

(8) Micronutrient solution: 

 H3BO3  

MnCl2.4H2O 

ZnSO4.7H2O 

Na2MoO4.2H2O 

CuSO4.5H2O 

Co(NO3)2.6H2O 

Per litre 

2.86 g 

1.81 g 

0.22 g 

0.39 g 

0.08 g 

0.05 g 
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3.2.1.4. Maintenance of stock culture, seed inoculum and experimental algal culture 

BG11 agar plates were prepared by adding 20 g per L of bacteriological agar, autoclaved at 15 psi for 

15 minutes, and aseptically poured into Petri plates.  After cooling down and solidification, the agar 

algal culture was inoculated using a disposable plastic inoculation loop.  The cultures were incubated 

at 25°C ± 2 °C under 1500 LUX (Pandey et al. 2007) white fluorescent lights of 12 hours day/night 

cycles.  The stock culture was periodically subcultured every ten weeks into the fresh solid medium.  

The purity of the culture was monitored by light microscopic observation (Figure 1).  To prepare the 

seed inoculum, cultures were grown in a 500 mL conical flask with 200 mL of liquid BG11 media. 

 

 

Figure 3.1a. Light microscopic image of Anabaena circinalis CS-533/02. 

 

From the seed inoculum, cultures were grown in 1-L conical flasks with 400mL of liquid BG11.  Mid-

log-phase cultures were harvested by centrifugation at 9000 rpm for 5 minutes using Sigma 1-16KL 

centrifuge, the supernatant was discarded, and the pellet was resuspended in Milli-Q water, vortexed, 

and the Milli-Q resuspension/washing of pellet was repeated five times to ensure the algae cleaning 
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up of BG11 nutrient contents.  The cells were observed under a microscope for checking centrifuge 

shear-induced cell damage.  The final pellet was brought into a thick (high cell density) inoculum. 

3.2.1.5. Experimental conditions 

Post cultivation hydroponic farm wastewater was obtained from Hurlstone Agricultural High School, 

Roy Watts Rd, Glenfield NSW 2167, Australia.  Secondary treated domestic wastewater was collected 

from the wastewater treatment plant of Sydney Central Park, Chippendale NSW 2008 (located 

opposite to University of Technology Sydney – Building 1).  Desalination brine was collected from 

one of the desalination plants in Australia.  Nitrified human urine (Volpin et al. 2020a) was obtained 

from the Centre for Technology in Water and Wastewater, School of Civil and Environmental 

Engineering, University of Technology Sydney.  Raw human urine was collected from female and 

male student volunteers who had not been on any medication since before the collection week. 

With the selected five wastewaters – [i] post cultivation hydroponic waster, [ii] secondary treated 

domestic wastewater, [iii] desalination brine, [iv] nitrified human urine and [v] raw human urine, 

only the hydroponic wastewater and secondary treated domestic wastewater was used undiluted.  

The rest of the wastewaters are diluted with secondary treated domestic wastewater in different 

percentages, as shown in Table 3.2.  BG11 media was maintained as a control. 
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Table 3.2 Wastewaters combinations used for the microalgae-based nutrient recovery and biomass 
production. 

 

 

 

 

 

 

 

 

 

 

 

 

 

An equal amount of known concentration of processed (3.2.1.4) experimental algal suspension 

(22.57±0.36 mg/L) was inoculated into a final volume of 300ml of thirteen different wastewater 

conditions (Table 3.2).  From the prepared 300ml experimental culture, 15 ml of culture was 

transferred into eighteen 50 ml polystyrene tissue culture flasks making triplicates for six sampling 

points, i.e. day 0 (initial), day 3, day 6, day 9, day 12, and day 15 (final).  The cultures were incubated 

at 25°C ± 2 °C under 1500 LUX (Pandey et al. 2007) white fluorescent lights of 12 hours day/night 

cycles. 

3.2.2.1. Sample processing and analysis of micro- and macro-nutrients 

Triplicate samples were collected at the interval of every three days and centrifuged at 9000rpm for 

five minutes; the cell-free supernatant was filtered through a sterile 0.4-µm filter.  Inductively Coupled 

Plasma Mass Spectrometry (ICP-MS), Agilent 7900 with an auto sampler was used to quantify the 

concentrations of copper, Zinc, Manganese, Magnesium, Molybdenum, Calcium, Iron, Potassium, 

Cobalt, and Sodium.  In order to derive the calibration curve, the Agilent environmental calibration 

standard (5183-4688) was diluted to five different concentrations (1.25 to 10 µg/L) according to the 

nutrient concentration of different sample sets.  Every sample injection will be made in triplicates, and 

# Wastewater blends used for algal cultivation 
1 BG11 
2 Hydroponic Farm water (H) 
3 Secondary treated Domestic STD 
4 Desalination Brine (DB) 5% in STD 
5 Desalination Brine 10% in STD 
6 Desalination Brine 15% in STD 
7 Desalination Brine 20% in STD 
8 Unprocessed human urine (U) 10% in STD 
9 Urine 20% in STD 

10 Urine 30% in STD 
11 Mixed blend 5% of H, DB, and U in STD 
12 Mixed blend 10% of H, DB, and U in STD 
13 Urine concentrate 5% in STD 
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the Agilent MassHunter software gives result outputs from the average and standard deviation of 

triplicates.  Nitrate, phosphate and sulphate were quantified using Dionex Integrion RFIC Ion 

Chromatography with Thermo Fisher Scientific Dionex AS-AP auto-sampler.  Five increasing 

concentrations of ACR nitrate, phosphate and sulphate standard was diluted to different concentration 

(0.1 to 100 mg/L) according to the nutrient concentration of different wastewater samples. 

3.2.2.2. Quantification of algal biomass 

Every three days, starting from day 0 (initial) triplicate samples were collected, thoroughly mixed, 

the algal cells attached to the sides were scrapped using a teasing needle, and the biomass was 

filtered through pre-weighed glass microfiber filters.  The filters were then incubated at 80°C 

overnight, and the biomass was measured by subtracting the empty filter mass. 

3.2.3.1. Nutrient recovery calculations 

For the tested thirteen different wastewater blends (Table 3.2), the following calculations are done 

from the values of every three days sampling/measurements of ICP-MS (metal/ micronutrients) and 

ion chromatography (macronutrients), to derive Nutrient Recovery (NR); NRmax, NRmin, NRx0D-3D, 

DNRxmax, DNRxmin, NR%x, NR%xincrease, NR%xdecrease, NRxnull.  These emphasising calculation factors 

for the particular aspects are labelled and their descriptions for each factor are detailed below and their 

calculations are done further. 

NRmax - nutrient element recovered to the maximum on the given blend within the 15 days 

NRmin - nutrient element recovered to the minimum/least on the given blend within the 15 days 

NRx0D-3D - Nutrient Recovery rate for every three-day interval, where x is the nutrient element 

measured 

DNRxmax - the Day in which highest Nutrient Recovery (DNR) of an individual nutrient element (x) 

occurred on the given blend within the 15 days 
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DNRxmin - the day in which lower recovery of an individual nutrient element (x) occurred on the 

given blend within the 15 days 

NR%x - Nutrient Recovery percentage of individual nutrient element (x) on a given blend within the 

15 days 

NR%xdecrease - Nutrient Recovery percentage of decrease of individual nutrient element (x) on a given 

blend within the 15 days 

NR%xincrease - Nutrient Recovery percentage of increase of individual nutrient element (x) on a given 

blend within the 15 days 

NRxnull - 'no recovery' point (day) of an individual nutrient element (x) within the 15 days of 

retention 

The measured micro and macronutrients are copper (x=Cu), zinc (x=Zn), manganese (x=Mn), 

magnesium (x=Mg), molybdenum (x=Mo), calcium (x=Ca), iron (x=Fe), potassium (x=K), cobalt 

(x=Co), sodium (x=Na), nitrate, (x=NO3), phosphate (x=PO4) and sulphate (x=SO4). 

(A) NRmax and NRmin  

The nutrient recovery (NRx) for every individual tested nutrient element (x) on the given wastewater 

blend should be calculated by subtracting the initial amount of nutrients measured on ‘day 0’ (Nx0) 

from ‘day 15’(Nx15).  

i.e NRx  = Nx0 - Nx15 

Then the values NRCu, NRZn, NRMn, NRMg, NRMo, NRCa, NRFe, NRK, NRCo, NRNa, NRNO3, NRPO4, 

NRSO4 were arranged in increasing or decreasing order to identify which nutrient element recovered 

to the maximum (NRmax) and minimum/least (NRmin). 

(B) NRx0D-3D  

To measure the nutrient recovery rate for every three-day interval (NRx0D-3D) for each tested nutrient 

element (x) amount of nutrients measured on ‘day 0’(Nx0) is subtracted from ‘day 3’(Nx3). 

(Equation 3.1) 
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i.e NRx0D-3D = Nx3 - Nx0 

Similarly 

NRx3D-6D = Nx6 - Nx3 

NRx6D-9D = Nx9 - Nx6 

NRx9D-12D = Nx12 - Nx9 

NRx12D-15D = Nx15 - Nx12 

(C) DNRxmax and DNRxmin 

The day in which higher (DNRxmax) and the day in which lower (DNRxmax) recovery of an individual 

nutrient element (x) occurred can be found from the nutrient recovery rate for every three-day interval 

values NRx0D-3D, NRx3D-6D, NRx6D-9D, NRx9D-12D, NRx12D-15D by arranging these in increasing or 

decreasing order. 

(D) NR%x, NR%xincrease, NR%xdecrease 

The Nutrient Recovery percentage (NR%x) of individual nutrient element (x) on a given blend can be 

calculated as,  

NR%x = {[(Nx15 - Nx0)] / Nx0} x 100 

(E) NRxnull 

The 'no recovery' point (day) (NRxnull) of an individual nutrient element (x) within the 15 days of 

retention can be found from the nutrient recovery rate for every three-day interval values NRx0D-3D, 

NRx3D-6D, NRx6D-9D, NRx9D-12D, NRx12D-15D by finding the difference between them when the value of 

difference is “Zero” that’s the NRxnull. 

3.2.3.2. Selective nutrient recovery calculation 

This calculation was devised to identify the [i] specific nutrient element that acts as a 'key' (element) 

in the recovery of other micro/macronutrients of the given blend and [ii] the highly 'influencing' 

nutrient element in the recovery of other nutrients.  Using Matlab R2018b, correlation coefficients 

were derived for each blend, containing a set of measured thirteen micro- and macro-nutrients sampled 

(Equation 3.2) 

(Equation 3.3) 

(Equation 3.4) 
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in the interval of every three days (Table 3.3).  From the derived correlation coefficients (Table 3.3), 

the values 0.7 and above was shortlisted.  The shortlisted correlation values were arranged in a vertical 

table, and then the nutrient elements having correlation interlinks were segregated (Table 3.4).  From 

the segregated interlinks, the nutrient element with the highest number of interlinks is the highest 

influencing nutrient element on the given nutrient blend.  In this considered example Table 3.4 

(secondary treated domestic wastewater), molybdenum is the highly influencing nutrient element.  In 

some cases, two highly influencing nutrients are identified with the same number of interlinks; ranking 

is implemented based on the 'sum' of correlation coefficient values.  Sulphate, cobalt and sodium are 

the nutrient elements not involved in the interlinks (Table 3.5). 
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Table 3.3 Matlab output of correlation coefficients derived for the secondary treated domestic wastewater (the colour codes represents the increasing intensity 

for higher numeric values) 

Days 
1.000 -0.712 -0.455 0.467 0.707 -0.794 -0.830 -0.436 -0.717 -0.873 -0.320 -0.783 -0.696 -0.795 

NO3 -0.712 1.000 0.742 -0.163 -0.821 0.817 0.617 0.458 0.993 0.744 -0.426 0.781 0.990 0.957 
PO4 -0.455 0.742 1.000 -0.501 -0.764 0.323 0.060 0.355 0.684 0.324 -0.457 0.350 0.762 0.568 
SO4 0.467 -0.163 -0.501 1.000 0.176 -0.028 0.017 0.159 -0.090 -0.005 -0.391 -0.034 -0.125 -0.032 
Na 0.707 -0.821 -0.764 0.176 1.000 -0.548 -0.464 -0.505 -0.800 -0.724 0.232 -0.552 -0.837 -0.819 
Mg -0.794 0.817 0.323 -0.028 -0.548 1.000 0.927 0.601 0.867 0.907 -0.086 0.983 0.819 0.910 
K -0.830 0.617 0.060 0.017 -0.464 0.927 1.000 0.529 0.678 0.933 0.236 0.906 0.611 0.797 
Ca -0.436 0.458 0.355 0.159 -0.505 0.601 0.529 1.000 0.526 0.703 -0.201 0.727 0.571 0.560 
Mn -0.717 0.993 0.684 -0.090 -0.800 0.867 0.678 0.526 1.000 0.794 -0.418 0.838 0.991 0.976 
Fe -0.873 0.744 0.324 -0.005 -0.724 0.907 0.933 0.703 0.794 1.000 0.080 0.918 0.767 0.895 
Co -0.320 -0.426 -0.457 -0.391 0.232 -0.086 0.236 -0.201 -0.418 0.080 1.000 -0.084 -0.458 -0.270 
Cu -0.783 0.781 0.350 -0.034 -0.552 0.983 0.906 0.727 0.838 0.918 -0.084 1.000 0.807 0.880 
Zn -0.696 0.990 0.762 -0.125 -0.837 0.819 0.611 0.571 0.991 0.767 -0.458 0.807 1.000 0.955 
Mo -0.795 0.957 0.568 -0.032 -0.819 0.910 0.797 0.560 0.976 0.895 -0.270 0.880 0.955 1.000 

 Days NO3 PO4 SO4 Na Mg K Ca Mn Fe Co Cu Zn Mo 
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Table 3.4  Shortlisted correlation coefficient values 0.7 and above were then segregated from 

highest to lowest 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Correlation 
Coefficient  

1 Mo 0.976391 Mn 
2 Mo 0.956892 NO3 
3 Mo 0.954671 Zn 
4 Mo 0.910327 Mg 
5 Mo 0.895425 Fe 
6 Mo 0.880473 Cu 
7 Mo 0.796644 K 
    
1 Zn 0.991293 Mn 
2 Zn 0.990022 NO3 
3 Zn 0.819012 Mg 
4 Zn 0.807265 Cu 
5 Zn 0.766913 Fe 
6 Zn 0.76185 PO4 
    
1 Cu 0.983351 Mg 
2 Cu 0.917894 Fe 
3 Cu 0.906194 K 
4 Cu 0.837723 Mn 
5 Cu 0.781178 NO3 
6 Cu 0.727053 Ca 
    
1 Fe 0.703389 Ca 
2 Fe 0.744453 NO3 
3 Fe 0.794006 Mn 
4 Fe 0.906659 Mg 
5 Fe 0.932549 K 
    
1 Mn 0.993301 NO3 
2 Mn 0.866626 Mg 
    
1 K 0.926761 Mg 
    
1 Mg 0.817085 NO3 
    
1 PO4 0.741877 NO3 
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Table 3.5. Some of the tested thirteen nutrient elements are not involved in the interlinks 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

  Tested nutrients 
Nutrient elements involved in the 

interlinks 
1 Ca Ca ✓ 
2 Co  Not involved 
3 Cu Cu ✓ 
4 Fe Fe ✓ 
5 K K ✓ 
6 Mg Mg ✓ 
7 Mn Mn ✓ 
8 Mo Mo ✓ 
9 Na  Not involved 
10 NO3 NO3 ✓ 
11 PO4 PO4 ✓ 
12 SO4  Not involved 
13 Zn Zn ✓ 
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Table 3.6 Columns and rows arranged with interlinking nutrient elements to identify the 

'key' element 

 

 

3.3.3.3. Identification of maximum recovery points of an individual nutrient element in 

stipulated retention 

 

Within the recovery rates of different sampling intervals; identifying the maximum recovery points 

of an individual nutrient element.  From the measured highest recovery of the individual nutrient 

element, tabulation was made using colour codes to represent different sampling points.  Yellow = 

day15, green = day12, red = day9, blue = day6, and pink = day3 (Table 3.7). 

 

3.3.3.4. Method to gauge retention timelines of targeted nutrients 

This calculation reveals which are all nutrient elements recovered to their maximum on the given 

retention timelines.  Alternatively, it can be referred to as identifying the timeframe when the particular 

nutrient will recover to its maximum.  From the identified maximum recovery points of thirteen 

different nutrient elements in the stipulated retention (Table 3.7), nutrient elements were sorted and 

identified for nutrient elements (majority) recovered to their maximum on a particular period.  As this 

testing measured thirteen different nutrient elements, a cut off of five was maintained to identify the 

  Nutrients Mo Zn Cu Fe Mn K Mg PO4 
Number of 
Interlinks  

1 Ca     Ca Ca         2 
3 Cu Cu Cu             2 
4 Fe Fe Fe Fe           3 
5 K K   K K         3 
6 Mg Mg Mg Mg Mg Mg Mg     6 
7 Mn Mn Mn Mn Mn         4 
10 NO3 NO3 NO3 NO3 NO3 NO3   NO3 NO3 7 
11 PO4   PO4             1 
13 Zn Zn               1 

  
Number of 
Interlinks  7 6 6 5 2 1 1 1   
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major nutrients that got recovered.  For example, a set of five or above nutrient elements recovered in 

a given blend in a particular timeframe; those sets are recognised nutrients that get recovered on a 

stipulated time (Table 3.8). 

 

3.3.3.5. Overall nutrient recovery pattern profiling 

To profile the overall nutrient recovery, within the tested thirteen blends/nutrient conditions, 

maximum recovery days of individual nutrients were sorted (Figure 3.9).  The total count of maximum 

recovery points of every nutrient element was totalled for individual nutrient elements (Figure 3.11).  

Within the tested thirteen blends/nutrient conditions, a cut off of five was maintained for selecting the 

day at which the maximum recovery of a particular nutrient (Figure 3.11). For example, amongst the 

tested thirteen nutrient elements, within the tested fifteen days of retention maximum recovery of iron 

happened at day3. 

 

3.3.3.6. Method to gauge retention timelines of unfavourable nutrient recovery 

This calculation reveals the least recovered group of nutrient elements on the given retention timelines.  

From the identified least recovery points of thirteen different nutrient elements in the stipulated 

retention, they were sorted and grouped for the nutrients (majority) recovered to their least during a 

particular period.  As this testing measured thirteen different nutrient elements, a cut off of five was 

maintained to identify the major nutrients that got recovered to the least levels.  For example, a set of 

five or above nutrient elements recognised in a given blend and all thirteen conditions in a particular 

timeframe (Table 3.8). 
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Table 3.7 Highest recovery points of different nutrient elements at the given retention time, the colour code represents; 

 yellow = day15, green = day12, red = day9, blue = day6, and pink = day3 

 

 

 
Blend Combinations NO3 PO4 SO4 Na Mg K Ca Mn Fe Co Cu Zn Mo 

1 BG11  
             

2 Hydroponic Farm water - H 
             

3 Secondary treated Domestic wastewater - STD 
             

4 Desalination Brine(DB) 5% in STD 
             

5 Desalination Brine 10% in STD 
             

6 Desalination Brine 15% in STD 
             

7 Desalination Brine 20% in STD 
             

8 Human Urine (U) 10% in STD 
             

9 Human Urine 20% in STD 
             

10 Human Urine 30% in STD 
             

11 Mixed blend 5% of H, DB, and U in STD 
             

12 Mixed blend 10% of H, DB, and U in STD 
             

13 Nitrified Urine 5% in STD 
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Table 3.8 Representation of nutrient groups recovered to its maximum in a particular timeframe yellow = day15, green = day12, red = day9, blue = day6, 

and pink = day3  The right end column "timeframe / nutrient group" shows the colour code of the particular day (timeframe) in which the maximum recovery 

occurred, and the total number of elements (in bracket). 

 

 

 
Blend Combinations NO3 PO4 SO4 Na Mg K Ca Mn Fe Co Cu Zn Mo Timeframe/Nutrient groups 

1 BG11  
             

(5) NO3, SO4, Na, Cu, Zn 

2 Hydroponic Farm water - H 
             

(7) Na, Mg, K, Ca, Co, Cu, Zn 

3 Secondary treated Domestic wastewater - STD 
             

(7) Na, PO4, Mg, Mn, Cu, Zn, Mo 

4 Desalination Brine(DB) 5% in STD 
             

(6) PO4, Na, Mg, Ca, Cu, Zn 

5 Desalination Brine 10% in STD 
             

No pattern observed 

6 Desalination Brine 15% in STD 
             

(5) PO4, Na, K, Fe, Mo 

7 Desalination Brine 20% in STD 
             

(5) PO4, K, Fe, Zn, Mo 

8 Human Urine (U) 10% in STD 
             

(7) NO3, PO4, SO4, Na, Mg, Ca, Co 

9 Human Urine 20% in STD 
             

(5) NO3, K, Fe, Cu, Mo 

10 Human Urine 30% in STD 
             

(7) NO3, K, Mn, Fe, Cu, Zn, Mo 

11 Mixed blend 5% of H, DB, and U in STD 
             

(7) PO4, K, Mn, Fe, Cu, Zn, Mo 

12 Mixed blend 10% of H, DB, and U in STD 
             

(7) PO4, Na, Mn, Fe, Cu, Zn, Mo 

13 Nitrified Urine 5% in STD 
             

(6) SO4, K, Mn, Fe, Zn, Mo 
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Table 3.9 Depiction of values sorted within the identified maximum recovery days of different nutrient elements (colour codes yellow = day15, green = 

day12, red = day9, blue = day6, and pink = day3).  Among the tested thirteen blend/nutrient conditions, nutrient elements with the same recovery peak point 

– having five and above counts are sorted and totalled. 

 

 
Blend Combinations NO3 PO4 SO4 Na Mg K Ca Mn Fe Co Cu Zn Mo 

1 BG11 [Freshwater algal nutrient] 
     

1 
 

1 1 
   

1 

2 Hydroponic Farm water - H 
        

2 1 
  

2 

3 Secondary treated Domestic wastewater - STD 
   

1 
 

2 
 

2 
  

1 1 3 

4 Desalination Brine(DB) 5% in STD 
  

1 2 
    

3 2 
  

4 

5 Desalination Brine 10% in STD 
  

2 3 1 
 

1 3 4 3 2 
 

5 

6 Desalination Brine 15% in STD 
  

3 4 2 3 2 
  

4 3 
  

7 Desalination Brine 20% in STD 
  

4 
  

4 
 

4 
 

5 
   

8 Human Urine (U) 10% in STD 
  

5 
  

5 
 

5 5 6 4 
  

9 Human Urine 20% in STD 
  

6 5 
    

6 7 5 
 

6 

10 Human Urine 30% in STD 
  

7 
   

3 6 7 8 6 2 7 

11 Mixed blend 5% of H, DB, and U in STD 
  

8 
 

3 
 

4 7 8 9 7 3 8 

12 Mixed blend 10% of H, DB, and U in STD 
  

9 
 

4 
 

5 8 9 
 

8 4 9 

13 Nitrified Urine 5% in STD 
   

6 5 
  

9 10 
  

5 10 

  
NO3 PO4 SO4 Na Mg K Ca Mn Fe Co Cu Zn Mo 

 
                                                                 Total X X 9 6 5 5 5 9 10 9 8 5 10 
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Table 3.10 Depiction of values sorted within the identified least recovery days of different nutrient elements (colour codes yellow = day15, green = day12, 

red = day9, blue = day6, and pink = day3).  Among the tested thirteen blend/nutrient conditions, nutrient elements with the same least recovery point – 

having five and above counts are sorted and totalled for the vertical and horizontal axis.  The vertical axis count reveals the overall majority of least recovered 

nutrients, and the horizontal count yields the group of nutrient elements within the tested blend condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  Blend Combinations NO3 PO4 SO4 Na Mg K Ca Mn Fe Co Cu  Zn Mo Least Recovery 
1 BG11 [Freshwater algal nutrient]       1         1   1   1 No Pattern 
2 Hydroponic Farm water - H   1 1     1   1 2   2 1   No Pattern 
3 Secondary treated Domestic wastewater - STD   2   2                   No Pattern 
4 Desalination Brine(DB) 5% in STD     2     2   2 3 1 3   2 Day12 [5 out of 13] 
5 Desalination Brine 10% in STD     3     3   3 4       3 No Pattern 
6 Desalination Brine 15% in STD     4     4     5 2 4     No Pattern 
7 Desalination Brine 20% in STD                     5   4 No Pattern 
8 Human Urine (U) 10% in STD     5             3   2   Day15 [5/13] 
9 Human Urine 20% in STD     6 3             6 3   No Pattern 

10 Human Urine 30% in STD     7 4       4   4   4   Day3 [5/13] 
11 Mixed blend 5% of H, DB, and U in STD   3 8 5       5   5   5 5 Day15 [6/13] 
12 Mixed blend 10% of H, DB, and U in STD   4 9     5   6 6   7 6   No Pattern 
13 Nitrified Urine 5% in STD   5             7     7 6 No Pattern 

   PO4 SO4 Na Mg K Ca Mn Fe Co Cu  Zn Mo  
   5 9 5  5  6 7 5 7 7 6  
           5     



 

67 

3.3. Results 

3.3.1. Characteristics of Anabaena circinalis CS-533/02 culture 

To obtain non-toxin-producing nitrogen-fixing algal strain, search throughout Australian universities 

and institutes ended up in the option of Anabaena circinalis CS-533/02.   The selected strain was 

catalogued (CSIRO - Australian National Algae Culture Collection [ANACC] as 'toxin below 

detection'.  In 2013, the Environmental Research group at the Faculty of Science in University of 

Technology Sydney purchased Anabaena circinalis CS-533/02 from CSIRO- ANACC and maintained 

the culture by periodical subculturing in BG11 medium.  From the 16th of December 2015, the 

Australian Water Quality Centre announced the name change of several algal strains, including 

Anabaena circinalis is now known as Dolichospermum circinale (WAQC 2015).  As this research 

demonstrates the proof of concept of nitrogen-fixing microalgae's ability to fix nitrogen and the fixed 

nitrogen act as a nutrient and stimulant (plant hormones) (Lu and Xu 2015) in hydroponic cultivation, 

it is conceded to use Anabaena circinalis CS-533/02 for the experiments.  Another trait of this species 

is its ability to sediment or settle faster, which facilitates the study's planned biomass harvest method. 

 

3.3.2. Algal growth in different wastewater blends 

Among the tested wastewater blends, 5% nitrified urine in STD showed the highest algal 

growth/biomass production.  Comparing to the 5% nitrified urine in STD, the next highest was 

hydroponic farm wastewater, which showed 92.7% growth.  Algal growth was observed in different 

degrees in the following order, desalination brine 15% in DW [70.4%] > desalination brine 10% in 

DW [48.2%] > desalination brine (DB) 5% in DW [28.8] > mixed blend 5% of H, DB, and U in DW 

[26%] > Mixed blend 10% of H, DB, and U in DW [22.8%] > secondary treated Domestic wastewater 

– DW [22.5%] > Desalination Brine 20% in DW [11.4%] > BG11 [11.3%] > Human Urine (U) 10% 

in DW [10.6%] > Human Urine (U) 20% in DW [10.5%] > Human Urine (U) 30% in DW [9.3%], 

respectively.  The BG11 produced less biomass comparing to wastewater conditions and were 

comparable with previous study (Patel Akash Kumar et al. 2017). 

 



68

Figure 3.1b Growth in terms of dry biomass weight after 15 days of retention (results represented 

average of triplicates)

The three tested concentrations of unprocessed urine (10%, 20% and 30% in STD) showed the least 

growth rates comparing the other wastewater blends.  These results are analogous with other studies 

(Canizales et al. 2021); the presence of urea has not pronounced an inhibitory effect; however, it 

caused physiological changes that resulted in unfavourable growth.  The subsequent better growth was 

noticed in four wastewater blends (hydroponic wastewater, desalination brine, and unprocessed urine 

in STD).  Both the 5% and 10% four wastewater blends showed low biomass production; comparing 

the 5%, there was a 12% decreased growth observed in the 10% blend.  Amongst the tested four 

different increasing concentrations of desalination brine (5%, 10%, 15% and 20%) in STD showed 

gradual increase in biomass/growth upon the increasing proportion of brine in the blend, and there was 

a sudden decline noticed at 20% brine.  Comparing the 15% brine (in STD), the 10% brine showed a 

31% decline in biomass, and when comparing it to 10% brine, a 40% decrease in biomass was 

observed in 5% brine.
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3.3.3. Growth of inoculated Anabaena circinalis CS-533/02 and wastewater contained flora 

Light microscopic observation of experimental blends revealed different degrees of dominance of 

wastewater algal flora.  The BG11 (filter sterilised) was observed with 100% Anabaena circinalis CS-

533/02 (Figure 3.2a).  Throughout all the sampling points, no protozoan grazers or fungal domination 

was noticed in the tested blends.  The was no wastewater chemical mediated colour change or 

cloudiness observed within the stipulated retention time.  It is observed in all the tested blend 

conditions the dominated wastewater algal flora are unicellular organisms; no detection of filamentous 

eukaryotic or prokaryotic  

algae (Figure 3.2 b to m) except the inoculated Anabaena circinalis CS-533/02.  No algal growth was 

detected in the three tested concentrations of unprocessed human urine (Figure 3.2 h, i and j); 

moreover, it is evident with disintegrated cells debris of inoculated Anabaena circinalis CS-533/02.  

Based on the cell morphology, one dominating species was observed in all the blend conditions, except 

nitrified urine, which showed two distinct types of unicellular microalgal species (Figure 3.2 m). 

 
 
 
 

            

       a BG11          b   Hydroponic wastewater 
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c Secondary treated domestic wastewater        d   5% Desalination brine 

                      

     e  10% Desalination brine        f  15% Desalination brine 

               

    g  20% Desalination brine       h    10% Unprocessed human urine 
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     i  20% Unprocessed human urine    j     30% Unprocessed human urine 

                      

        k 5% Mixed blend                                  l 10% Mixed blend 

 

  

                                                   m Nitrified urine 

Figure 3.2 (a to m) Algal community change in the given retention time 
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3.3.4. Nutrient recovery rates of different sampling intervals and the maximum/least recovery 

points 

Irrespective of nutrient regimes and algal flora, a clear recovery pattern was observed among the tested 

thirteen nutrient conditions/blends (Figure 3.1).  Within the tested thirteen conditions, maximum 

recovery of iron and molybdenum occurred on the third day in ten blend conditions.  Maximum 

recovery of manganese, sulphate and cobalt ensued at nine different nutrient conditions.  Within these, 

the recovery timeframe varied, cobalt and sulphate recovery on day six and manganese on day three 

(Figure 3.3).  Based on the maximum number of recovery conditions (irrespective of nutrient regimes), 

the nutrient elements are sequentially grouped as follows, (Mo, Fe [10]) > (SO42-, Co, Mn [9]) > (Cu 

[8]) > (Na [6]) > (K, Mg, Ca, Zn [5]).  The order of the above shown sequentially grouped profile 

divulges the information that irrespective of the characteristics of individual algal nutrient preference 

or uptake, iron ad molybdenum can be expected to recover at the first instance.  Based on the timeline 

of recovery, nutrients are grouped as (Mo, Fe, Mn, Cu, Zn)-day3 > (Ca, Mg)-day6 > (Na, K)-day9 > 

(SO4, Co)-day12.  Following the similar method of scoring the maximum recovery points of 

individual nutrient elements, the "least" recovery points within a given blend and overall amongst the 

thirteen nutrient conditions were plotted (Table 3.10).  Scoring within the given blend showed results 

only for four nutrient conditions, (i) desalination brine 5% in STD, (ii) 10% human urine in STD, (iii) 

10% human urine in STD, and (iv) mixed blend 5%.  Fitting to the criteria of five and above cut off, 

the rest of the nine have not shown any least recovery points. 
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Figure 3.3 Profile of maximum nutrient recovery on different wastewater blends/nutrient conditions 

(nutrient regimes), colour codes green = day12, red = day9, blue = day6, and pink = day3.

3.3.5 Nutrient recovery stoichiometry

Within the given retention time (15 days), phosphate and nitrate were entirely recovered from six 

tested wastewater conditions (Table 3.11).  Nitrate, phosphate, iron, magnesium, cobalt, and 

manganese were the six nutrients recorded to recover to maximum levels among the tested thirteen 

different nutrient conditions/blends and thirteen micro and macronutrients.  The recovery were in the 

following order phosphate (in 5 nutrient conditions) > nitrate (3) > iron (2) > magnesium, 

molybdenum, cobalt.  All four desalination brine containing blends were found to recover 

100%phosphate (Table 3.11).  100% recovery of nitrate occurred in hydroponic farm wastewater and 

secondary treated domestic wastewater.  Human Urine 30% in DST showed 99% nitrate recovery > 

nitrified urine 5% in STD showed 97% molybdenum recovery > Mixed blend 10% of H, DB, and U 

in STD showed 93% phosphate recovery > Mixed blend 5% of H, DB, and U in STD showed 91% 

iron recovery, BG11 showed 89% cobalt recovery > human urine 10 % in STD showed 76% iron 

recovery > human urine 20 % in STD showed 76% magnesium recovery.
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Table 3.11 Percentage of nutrients recovered in the given 15 days of retention, calculated by 

considering Day0 as '100' 

 

 

 

 

 

 

 

 

 

 

 

 
Blend Combinations 

Highest Recovered 

Nutrient 

Highest Percentage 

Recovered (%) 

1 BG11 Cobalt 89 

2 Hydroponic Farm water - H Nitrate 100 

3 Secondary treated Domestic wastewater - STD Nitrate 100 

4 Desalination Brine(DB) 5% in  STD Phosphate 100 

5 Desalination Brine 10% in  STD Phosphate 100 

6 Desalination Brine 15% in  STD Phosphate 100 

7 Desalination Brine 20% in  STD Phosphate 100 

8 Human Urine (U) 10% in  STD Iron 76 

9 Human Urine 20% in  STD Magnesium 76 

10 Human Urine 30% in  STD Nitrate 99 

11 Mixed blend 5% of H, DB, and U in  STD Iron 91 

12 Mixed blend 10% of H, DB, and U in  STD Phosphate 93 

13 Nitrified Urine 5% in  STD Molybdenum 97 
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3.3.6. Selective control nutrient recovery plot 

Recovery of a particular nutrient will be influenced by one or more other nutrient elements present in 

the medium, in a relationship called interlinks.  Amongst the tested conditions, the number of interlinks 

ranged between 30 to 11 (Table 3.12).  Based on the scoring, interlink forming nutrient conditions 

were as follows, BG11 (30 interlinks) > secondary treated domestic wastewater (29) > hydroponic 

farm water (24) > Nitrified Urine 5% in STD (21) > human urine 20% in STD (15) > human urine 

30% in STD (14) > desalination brine 5% in STD (13) > mixed blend 10% of H, DB, and U in STD 

(13) > desalination brine 15% in STD (12) > desalination brine 20% in STD (11) > human urine 10% 

in STD (11) > mixed blend 5% of H, DB, and U in STD (13).  Calcium, copper, molybdenum, 

phosphate, and zinc are the identified highly influencing nutrient elements in interlink formation.  

Human urine 20% in STD, mixed blend 10% of H, DB, and U in STD, and desalination brine 15% in 

STD have had calcium as their influencing element.  Human urine 10% in STD had copper as their 

influencing element; hydroponic farm water, desalination brine 20% in STD, desalination brine 10% 

in STD, mixed blend 5% of H, DB, and U in STD had molybdenum as their influencing element; 

BG11 had phosphate as its influencing element; secondary treated domestic wastewater, human urine 

30% in STD, desalination brine 5% in STD, nitrified urine 5% in STD had zinc as its influencing 

element.   

 

Sodium, potassium, nitrate, phosphate, and zinc are the identified key interlink forming elements.  

Phosphate and zinc are the elements identified as both highly influencing and key interlinking element.  

Human urine 20% in STD, mixed blend 5% of H, DB, and U in STD, human urine 30% in STD have 

had potassium as their key influencing element in interlink formation.  Hydroponic farm water, 

desalination brine 10% in STD, desalination brine 15% in STD, desalination brine 20% in STD, mixed 

blend 10% of H, DB, and U in STD have had sodium as their key influencing element in interlink 

formation.  Nitrate acted as a key element for secondary treated domestic wastewater, desalination 

brine 5% in STD, human urine 10% in STD.  For nitrified urine 5% in STD, phosphate and for BG11, 

zinc acted as a key interlinking element. 
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Copper, zinc, sodium, molybdenum, phosphate are identified as highly influencing and key interlink 

forming nutrient elements; they are also found in the group of nutrient elements that are not involved 

in interlink formation.  This study used nitrogen-free BG11 as a positive control for algal growth.  

Clear evidence observed from the interlink plot that nitrate was not involved in the interlink formation 

group (Table 3.12).  It is evident in every place where sodium is identified as 'key' interlinking nutrient, 

the two nutrients 'sulphate and cobalt' were not involved in interlink formation.  Similarly, a profile 

revealed between sodium and cobalt; there were five nutrient conditions (mixed blend 10% of H, DB, 

and U in STD, desalination brine 10% in STD, hydroponic farm water, desalination brine 15% in STD, 

desalination brine 20% in STD) identified with sodium as a key interlinking element, amongst three 

conditions (hydroponic farm water, desalination brine 15% in STD, desalination brine 20% in STD) 

showed no involvement of cobalt in interlinking. 

 



 

77 

Table 3.12 Selective control nutrient recovery plot; representing nutrient elements that influence the recovery of one or more other nutrient elements present in 

the medium and the key nutrient element involved and not involved in such interlink formations 

 

 

# Blend Combinations 
Number of 
interlinks 

Highly influencing 
element in interlink 

formation 
Key interlinking 
nutrient element 

Nutrients elements that are NOT 
involved in interlinks 

1 BG11 30 PO4
3- Zn Na+, NO3- 

2 Hydroponic Farm water - H 24 Zn Na Co, Mn, SO4 

3 Secondary treated Domestic wastewater - STD 29 Mo NO3 Co, Na, SO4 

4 Desalination Brine(DB) 5% in  STD 13 Zn NO3 Ca 

5 Desalination Brine 10% in  STD 11 Ca Na Cu, PO4 

6 Desalination Brine 15% in  STD 12 Zn Na Co, Mo 

7 Desalination Brine 20% in  STD 12 Zn Na Co, Mn, Mo, SO4 

8 Human Urine (U) 10% in  STD 11 Ca NO3 Co, PO4, Zn 

9 Human Urine 20% in  STD 15 Ca K Mn 

10 Human Urine 30% in  STD 14 Mo K PO4 

11 Mixed blend 5% of H, DB, and U in  STD 11 Mo K Co 

12 Mixed blend 10% of H, DB, and U in  STD 13 Cu Na SO4 

13 Nitrified Urine 5% in  STD 21 Mo PO4 Co 
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3.4. Discussion 

This study focused on demonstrating the proof of concept; blending wastewaters of high and low 

nutrient levels to produce algal biomass and envisage to extract hydroponic nutrients and stimulants 

from algal biomass.  In this chapter, nutrient recovery attributes from wastewater are emphasised 

because microalgae-based wastewater nutrient recovery is an incentive for reducing the net production 

cost.  The large scale production of algal biomass, harvesting, and extraction of nutrients are covered 

in the next chapter (chapter 4).  The essence of this chapter is to show evidence of the proof of concept. 

This investigation aims to produce biologically fixed nitrogen to reduce the carbon footprint associated 

with the production of agricultural nitrogen (nutrient).  Additionally, plant stimulants (plant hormones) 

production is an added advantage as microalgae is known for producing phytohormones (Lu and Xu 

2015).  Therefore the nitrogen-fixing Anabaena circinalis CS-533/02 is selected to investigate the 

nitrogen-fixing efficacy in wastewater based nutrients.  Anabaena circinalis CS-533/02 perfectly 

aligned with the expected fast settling or sedimentation trait, the characteristic feature anticipated to 

implement on the energy-efficient biomass harvest.  Many cyanobacteria have gas vacuoles, a cellular 

organelle that provides buoyancy; these gas-vacuolated organisms regulate their buoyancy and control 

their vertical movements in the water column, settling and surface flotation (Oliver and Walsby 1984).  

Regulating gas vesicles helps the species to respond to light-dependent buoyancy.  This is an 

advantage of the aimed harvesting method (dark settling) Anabaena circinalis CS-533/02 had natural 

settling trait within few hours.  Amongst the microbe based high value bio-product production system, 

bacteria are highly diverse and potential bio-product yielding bio-source.  Bacteria are well known to 

produce an array of phytohormones (Primo et al. 2015).  However, investigation on the comparative 

assessment of the efficacy of bacterial and cyanobacterial phytohormones in plant tissue culture 

revealed, cyanobacteria sourced phytohormones are more efficient in the induction physiology of both 

root and shoot systems (Hussain and Hasnain 2012).  Additionally, the genus Anabaena is renowned 

for phytohormones of various kinds (Hashtroudi et al. 2013). 

 

Nitrogen-fixing microalgae produce more vegetative cells and grow faster in the presence of combined 

nitrogen in the media (nitrogen in the form of nitrate or ammonium) (Torres-Sánchez, Gómez-
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Gardeñes, and Falo 2015).  The observed higher growth rate in the wastewater conditions (Figure 

3.1b) comparing to the nitrogen-free BG11 is clear evidence that Anabaena circinalis CS-533/02 grow 

faster in wastewater with nitrogen.  Also, it is apparent that the absence of combined nitrogen in the 

BG11 medium (nitrogen-free) did not support the advent of more vegetative cells, thus resulted in 

reduced growth.  As evident (Figure 3.1b), the nitrified urine yielded higher biomass in the given 

retention time (fifteen days).  Hence, for this reason, nitrified urine was not used in the mixtures of 

four wastewaters blend; only the desalination brine, hydroponic wastewater, and unprocessed human 

urine (5% and 10%) were used in the blends.  Incorporating nitrified urine will support the algal 

growth, but the study aims to investigate how it works when blending low growth yielding wastewaters 

(desalination brine, unprocessed human urine and hydroponic wastewater).  Human urine is a good 

source of urea (Ray, Perreault, and Boyer 2019), a nitrogen source preferred by cyanobacteria (Erratt 

2017).  Previous studies demonstrated the differences in chemical content and algal growth between 

male and female human urine (Tuantet et al. 2014); therefore, this study was designed to compare 

urine from both male and female volunteers. 

Additionally, it is observed (Figure 3.1b) that the low growth rate in conditions with different 

concentrations of unprocessed human urine in DST is because of the insufficient absorbable forms of 

copper, iron, manganese and zinc required for algal growth (Tuantet et al. 2014).  Studies have 

demonstrated that bloom-forming cyanobacteria species Microcystis aeruginosa, Dolichospermum 

flos- aquae, and Synechococcus sp. grow abundantly in the presence of urea, as well; it is evident that 

the three species mentioned above primarily prefer urea as a nitrogen source comparing to inorganic 

nitrogen nutrients; additionally, it is shown the prokaryotic microalgae (cyanobacteria) render a 

competitive advantage over eukaryotic algae when growing in the presence of urea (Erratt 2017).  

Every microalgal species differs in its nutrient preference, especially in the uptake of different nitrogen 

nutrients (Salbitani and Carfagna 2021).  There are various factors involved in the uptake preference. 

The presence of other nutrients in excess or deficient in the growing media influences the uptake of a 

particular nutrient element.  This portrays the inoculated species Anabaena circinalis CS-533/02 and 

the innate wastewater species that have occurred on the three unprocessed urine blends that are not 

compatible with growing in the media with urea. 
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The four mixture showed stunted growth (Figure 3.1b); this could be an effect of the presence of 

unprocessed urine.  The observed 12% reduced growth difference in the 10% blend comparing the 5% 

is clear evidence the increasing content of urea brings unfavourable growth.  In general, it is known 

that urea will get decomposed into ammonia (Yim et al. 2004).  Studies clearly demonstrated the 

inhibitory effects of ammonia in wastewater-treating systems involving microalgae and cyanobacteria, 

as well it is evident that cyanobacteria wastewater media are more sensitive to ammonia than 

eukaryotic microalgae (Rossi et al. 2020).  Though the advantage of low molecular weight favouring 

its biochemical incorporation of ammonia into amino acids, preference of ammoniacal nitrogen forms 

by microalgae and ammonia toxicity differs to individual algal species (Gutierrez et al. 2016). 

 

Usually, the bioremediation or utilisation technology of desalination brine are implemented with 

marine prokaryotic (Sánchez, Nogueira, and Kalid 2015) and eukaryotic microalgae (Ahamefule et al. 

2021).  In this study, we envisioned using freshwater microalgae because the produced biomass was 

intended to be used as a nutrient source in hydronic crops.  In case of using marine microalgae 

complete dewatering of harvested biomass is required as it renders salinity.  Previous studies 

conducted in Anabaena doliolum showed evidence that there will be a decrease in vegetative cells and 

nitrogen fixation efficiency upon increasing salinity concentrations (Rai and Abraham 1993).  Though 

the desalination brine is a good source of mineral nutrients for microalgal cultivation (Shirazi et al. 

2018b), the salinity tolerance plays role in the vegetative cells and nitrogen-fixing efficiencies.  From 

5% desalination brine in STD up to 15%, the gradual increase of algal growth upon the increasing 

concentration of desalination brine is the clear evidence of nutrients from brine enhanced the growth, 

the sudden decrease in 20% brine is the salinity stress.  Hormesis is defined as the stimulatory effect 

of low concentrations of toxic chemicals or detrimental/stress factors in the organismal growth; in this 

context, salinity stress also pronounces hormetic effect (Jäger and Krupa 2009).  Optimising the 

Hormetic salinity concentration that induces hormesis is an opportunity to use desalination brine to 

cultivate freshwater microalgae. 
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Many reports have shown that hydroponic wastewater can are useful for the cultivation of microalgae 

(Bertoldi, Sant’anna, and Barcelos-Oliveira 2009; Richa et al. 2020a; Salazar et al. 2021).  Usually, 

hydroponic nutrient waters are reused to use the nutrients to their fullest possible for plant cultivation.  

After repeated nutrient topping up and reuse of hydroponic wastewater, at some point, there will be 

an imbalanced micro and macronutrient composition will occur and not compatible with the root 

uptake physiology.  However, microalgae can utilise such residual nutrients of hydroponic wastewater 

that are low in root uptake concentrations or incompatible with root uptake physiology.  During algal 

growth, if a particular micro or macronutrient is exhausted by a specific dominated algal species, the 

next algal species that feel optimal for its growth dominate the medium (Felisberto, Leandrini, and 

Rodrigues 2011).  Within these species domination switches; at some point, nitrogen-fixing 

microalgae dominate when nitrogen is completely exhausted in the growing medium.  By this repeated 

cycle of domination of different algal species, all nutrients are utilised entirely to a point where there 

will not be treatment required and ready to release directly to the natural water bodies.  Thus, leading 

to energy-efficient wastewater treatment with the advantage of producing algal biomass. 

Studies have demonstrated the effectiveness of algal growth in nitrified human urine, comparing the 

growth efficiencies on direct human urine (Feng et al., 2007). The absorbable form of nitrogen source 

is the critical factor determining the algal growth in the urine-based medium.  Usually, nitrogen-fixing 

cyanobacteria grow slower than non-nitrogen fixers (Alya Raphael and Wittig 2003; Reddy et al. 

1993); besides, if the medium is amended with combined nitrogen, nitrogen-fixers gain faster growth 

(Torres-Sánchez et al. 2015).  Wastewater nitrogen content is the causative of eutrophication; when 

using the wastewater blending technique, nitrified urine can be applied as an initial stimulant for the 

induction of biomass.  Further, the fully grown algal biomass goes into nitrogen-fixing mode and 

exhausts other micro and macronutrients, thus enabling complete nutrient removal. 

 

This testing aims to understand the possibility of using different wastewater blends, focusing on their 

nutrient contents and recovery.  Furthermore, it intended to approach an application-oriented method 

that enunciates the feasibility of its implementation – a blend-based nutrient cocktail (De Bhowmick, 
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Sarmah, and Sen 2019).  Therefore, the samples were not subjected to the process of sterilisation; it is 

also known that the wastewater containing algal flora dominate and algal community change occurs 

upon utilisation of different micro and macronutrients.  Within the given retention time (15 days), the 

phenomenon of algal community change is unavoidable.  However, the microscopic observation was 

performed at every sampling point (every three days) to monitor the other intruding factor, like, 

protozoan, which grazes the algae (Day, Gong, and Hu 2017).  Most microalgae screening studies 

used sterilised wastewater which is challenging and unfeasible on a large scale (Bohutskyi et al. 2015).  

The endogenous microbial flora of wastewater significantly impacts algal growth, nutrient removal 

efficiencies and overall biomass productivity (Palanisami et al. 2014).  Therefore, to understand the 

reality, in this study, the wastewater was used unsterilised.  The retention time reflects the energy-

efficient process of any wastewater treatment (Borzooei et al. 2019); therefore, the retention time, two 

weeks (15 days), was set to study the recovery and biomass profiles.  Urea can cause oxidative stress, 

leading to peroxidation and triggering microalgal cells' death (Sakamoto, Delgaizo, and Bryant 1998).  

Every microalgal species have a different physiological and withstanding trait of different nutrient 

elements; the microscopic observation of disintegrated cells in all the unprocessed human urine blend 

conditions revealed the used concentration instigated a detrimental effect on algal cells.  Biomass 

production and nutrient recovery are the two potentials considered for the venture of wastewater 

treatment using microalgae.  Though the efficiencies of biomass production and nutrient recovery 

differ in every filamentous and unicellular organism, studies have shown the advantages and 

shortcomings of unicellular species and filamentous microalgae, comparing unicellular filamentous 

forms support harvest methods (Rearte et al. 2021).  All the tested wastewater conditions (Figure 3.2 

b to m) showed domination of unicellular algae, on one side it is an advantage in terms of faster nutrient 

recovery and challenging for biomass harvest (Rearte et al. 2021). 

 

It is a known phenomenon that prokaryotic and eukaryotic microalgae are diverse in their trait of 

nutrient uptake physiology (Amaral, Bonilla, and Aubriot 2014; Berman-Frank et al. 2007).  

Especially proportion of the availability of micro and macronutrient makes a significant difference in 
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their growth and other physiological activities (Saha et al. 2013).  However, there will be an essential 

common trait in their nutrient requirement applicable to all microalgae categories cyanophyta, 

chlorophyta, haptophyta.  Irrespective of nutrient regimes and algal flora, a clear recovery pattern was 

observed among the tested thirteen nutrient conditions/blends (Figure 3.11).  Within the tested thirteen 

conditions, maximum recovery of iron and molybdenum occurred on the third day in ten blend 

conditions (Figure 3.11).  Cyanobacterial photosynthetic electron transport chains, respiration, and 

nitrogen metabolism enzymes involve a high iron content; hence, comparing to other microbial groups, 

cyanobacterial iron requirements are much higher (González et al. 2018).  The chemical form of bio-

availability in the medium is essential for the recovery (uptake); the nutrient recovery result (Figure 

3.11) clearly shows that the used wastewaters have high iron content in the algal oriented bioavailable 

form are quickly absorbed by the algae in the first three days.  Although iron is a vital nutrient element 

in microalgae and cyanobacterial physiology, an excess of free intracellular iron is deleterious; through 

Fenton reactions, iron catalyses the formation of reactive oxygen species and cause oxidative stress 

(Kranzler et al. 2013).  As observed in the recovery results, maximum recovery on the third day yields 

a safe environment which lessens the opportunity of iron-mediated oxidative stress.  Molybdenum is 

another nutrient element that showed maximum absorption on day three (Figure 3.11).  Molybdenum 

is an essential micronutrient, particularly nitrogen assimilation in microbes; molybdenum exists in 

nitrogenase, an enzyme that performs nitrogen fixation and nitrate reductase, which contributes the 

first step in nitrate assimilation, reduction of nitrate to nitrite (Glass et al. 2012).  Over fifty enzymes 

in microalgae with molybdenum in their active sites and based on genomic and bioinformatic analysis, 

more gene products have been annotated as putative molybdenum-containing proteins (Hille, Hall, 

and Basu 2014).  As this study used nitrogen-fixing algae Anabaena circinalis CS-533/02 as the initial 

inoculum, it is obvious the molybdenum uptake was rapid in the initial few days and satisfied their 

requirement.  This rapid quench of molybdenum makes the cells grow healthy and, consequently, 

recover other nutrients efficiently.  At its lower concentrations, iron acts as an essential nutrient 

element for algal growth and at higher concentrations, they are toxic.  Algae mediated iron 

bioremediation is extensively studied; however, iron toxicity, bioavailability and speciation play a key 

role in its removal by microalgae (Subramaniyam et al. 2016).  From the obtained results (Figure 3.3), 
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it is evident that iron and molybdenum is expected to recover at the first instance, which is conducive 

for not creating chances for speciation mediated toxicity with interaction with other metal nutrient 

elements. 

Grouping of nutrient elements based on the recovery timeline (Mo, Fe, Mn, Cu, Zn)-day 3 > (Ca, Mg)-

day 6 > (Na, K)-day 9 > (SO4, Co)-day 12; reveals, maximum removal of sulphate and cobalt expected 

to occur at day 12.  This timeline-based plots of maximum nutrient recovery point greatly help in 

designing target specific nutrient recovery method.  It also helps in arranging maps for the retention 

timeline of particular nutrient elements in mixed wastewaters.  Application of targeted nutrient 

recovery with a planned recovery timeline yields an opportunity to devise methods for energy-efficient 

nutrient recovery.  Also, this method will help determine blend proportions of different wastewaters. 

 

Nutrient recovery profiles and plots of selective control nutrient recovery can contribute to the in-

depth planning of wastewater utilisation and nutrient recovery strategies.  Additionally, the derived 

least recovery profiles (sampling points/timelines at which least recovery of nutrients) (Table 3.10) 

provide a clear timetable layout when less recovery occurs.  These least recovery profiles can be used 

in planning strategies to cut off or add on processes that require energy and expenses.  Nutrient 

availability (recovery) can be significantly influenced by the concentrations of other ions, such as 

calcium and phosphate change the zinc physiology in microalgae (Cavet et al. 2003).  Correlation 

coefficient based identification of nutrient recovery interlinks serves as a layout for blend composition 

decisions and can yield higher recovery in a short retention period.  Some groups of nutrient elements 

will not influence the recovery of other nutrients; those sets of nutrient groups were tabulated in Table 

3.12.  When making blends with high and low wastewater nutrient concentrations, nutrient elements 

that will not participate in interlink formations can be mapped depending on their initial nutrient 

concentration profiles. 

 

3.5. Summary  

The specific conclusions drawn from this work are as follows: 
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● Mixing (blending) wastewaters of high and low nutrient concentrations can effectively be used for the 

production of algal biomass which is indisputably evident from the outcomes of different proportions 

of desalination brine mixed with secondary treated domestic wastewater.  Also, it is lucid that the 

optimised range of marine wastewater (desalination brine) can be utilised as a source of algal nutrients 

in the cultivation of freshwater microalgae.  This method offer opportunity for the utilisation of 

freshwater species in place of marine microalgae, marine algal biomass at some point require an extra 

step of salinity removal in biomass harvest and processing when using the acquired biomass for the 

manufacturing of food or feed grade commodities. 

● Blending nitrified urine with nutrient depleted wastewaters suggests the prospect of the use of human urine, 

which is a massive waste source used for the production of food feed grade materials.  As previous 

studies definite the lacuna of using human urine as it is an excretion path of pharmaceuticals, which 

will be removed from biological nitrification, then the blending of nitrified urine with other wastewater 

is a double-positive yield in terms of bio-material production and saving expenses pertain to waste 

remediation. 

● Use of the nutrient stoichiometry calculation reveals the blueprint of the (i) total recovery of individual 

nutrients in the stipulated retention timeline, (ii) recovery rate of specific nutrients at specific intervals, 

(iii) forecast of highest recovery can be attained at the given timeline, (iv) highest and least recovery 

percentage of individual nutrient element (v) no recovery timelines of the particular nutrient element.  

The aforesaid factors are relevant to any composition of wastewater blends, this is reliable because the 

derivation was plotted on the basis of naturally dominated wastewater microflora (not species-specific) 

and the recovery profile occurred as a cumulative/overall nutrient uptake trait of a variety of 

wastewater algal flora. 

● Irrespective of different blend composition, a clear recovery pattern was observed.  Therefore, this 

selective control nutrient recovery plot is helpful for designing (i) targeted’ nutrient (specific) 

recovery method, is an opportunity of utilising wastewaters with a high concentration of specific 

nutrient element, (ii) trategic planning of ‘Retention  Time lines’ that yields devising schemes for 

‘Energy Efficient Recovery Process’, leading to curtailing water treatment process and expenses. 
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Chapter 4 

Microalgal biomass as hydroponic nutrients and 
stimulants 
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4.1. Introduction 

The use of prokaryotic and eukaryotic microalgae as a food source and food supplements has been 

well-known for centuries (Wells et al. 2017).  Worldwide, Australia, Asian countries, the United 

States, and European countries, have the practice of cultivating microalgae for human consumption 

for several decades (Vigani et al. 2015).  Marine based resources are raising great expectations in the 

bio-economy; specifically, microalgae are attractive as a source of various bioproducts and high-value 

molecules of diversified utilisation potentials (Pulz and Gross 2004).  In context to direct application 

of feed and food-grade bio-product, comparing the marine and freshwater microalgae is feasible for 

the cost-effective production, as the marine microalgal biomass require an extra step of the 

downstream process in the removal of (marine) salt concentrations.  Especially when the algal product 

is intended for use in agricultural productions, freshwater algal biomass is practical for direct use.  

Though the research based evidence on microalgal nutrients is very assuring, in actuality, the currently 

available algae based products on the market for daily use are still in infancy.  There are two categories 

of food-grade products that can possibly be produced from microalgae; the first category is dried algae 

with high nutrient content, especially high value bio-molecules; fatty acids, pigments and vitamins.  

Dried algal products can be sold directly as dietary supplements and can be added in bulk products as 

a base source of carbohydrates and proteins.  The second category is extracted and isolated bio-

products from the algal biomass used as food and feed to enhance their nutritional value.  Overall, the 

bio-energy, cosmetic and pharmaceutical industries are utilising the bioresource potentials of 

microalgae, however, the reality is the nutrition segment appears to potentially benefit more from 

microalgae technologies (Vigani et al. 2015), especially the use of the algal products in agriculture. 

Nitrogen-fixing cyanobacteria are used in rice fields as a bio-fertiliser to enhance crop productivity 

(Iniesta et al. 2021).  To feed the growing human population and food demand, advancements of food 

security developed high yielding types of crop cultivars to achieve maximum production in a short 

duration.  Compared to the low yielding cultivar crops, these high yielding cultivars acquire a higher 

quantity of nitrogen fertilizer for growth and development.  Plants consume nitrogen nutrients in the 

form of nitrate and ammonium ions (Fagodiya et al. 2017), and 50% to 70% of total applied nitrogen, 
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not absorbed by the plants and lost in the form of nitrous oxide (Malyan et al. 2016).  This process 

causes 30% to 50% reduction in nitrogen use efficiency by the crops  (Kumar et al. 2019); on the other 

hand, the released nitrous oxide enhances global warming (Malyan et al. 2020).  Direct feeding of 

nitrogen nutrients to plants by supplying the nitrogen directly to the root through hydroponics is an 

alternative for efficient nutrient use.  To implement this, changing from soil-based cultivation to all 

possible food crop types appropriate to grow in hydroponics is the way to efficient nutrient use without 

loss and a pathway to limit nitrous oxide production. This shift enables reducing climate change.  This 

is the first time using nitrogen-fixing algal biomass as a source of nitrogen for hydroponic crops.  

Microalgae produce an array of plant hormones, which can act as plant biostimulants (Singh 2014).  

This is an added advantage of using algal biomass as a nutrient source in hydroponic cultivation. 

Globally, the interest in plant biostimulants has increased over the past decade, driven by the 

increasing interest of scientists, extension specialists, private industry, and growers incorporating these 

products into various environmentally sustainable methods to ensure improved crop yields production 

and stability of yields (Rouphael and Colla 2018).  According to the recent European Union regulation 

(2019/1009), plant biostimulants are ‘fertilising products able to stimulate plant nutrition process 

independently of the products nutrient content’ (Colla and Rouphael 2020).  Based on this 

specification, plant biostimulants are referred through claimed agronomic effects, such as improved 

efficiency of use nutrients, crop quality and tolerance to abiotic stressors.  This description includes 

numerous organic and inorganic substances and/or microorganisms such as humic acids, hydrolysate 

proteins (Paul et al. 2019), carbohydrates (Rachidi et al. 2021), extracts of seaweed (Mukherjee and 

Patel 2020), mycorrhizal fungi, bacteria, and microalgae. 

Cost-effectiveness is essential for sustainable microalgae-based agricultural bioproduct productions.  

The drawback of many algae-based bio-products is their high production cost (Rafa et al. 2021), 

especially a significant portion occupying the harvesting cost.  A study on the low-cost harvesting 

processes reveals that harvesting engulfs 30% of biomass production costs (Barros et al. 2015); 

additionally, other extraction and finishing steps engross further expenses.  Therefore, reducing the 

harvesting method's expenses is critical in developing a sustainable production method (Christenson 
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and Sims 2011).  This study ventured a natural gravity settling based inexpensive harvest method, 

additionally, used phototaxis mechanism for efficient settling and harvest.  As this study intends to 

use the harvested biomass for food production (hydroponic cultivation), experimentations are planned 

in such a way as to avoid chemical-based flocculation or other processes causing cell damage or 

disruption.  Biomass with intact cells is essential to prevent loss of cytosolic (fixed nitrogen) nutrients 

and plant hormones.  Natural gravity settling makes a rapid, inexpensive, relatively simple, and less 

cell disruptive than other harvest methods (Singh and Patidar 2018).  This chapter aims to demonstrate 

the potential of microalgal biomass as a source of nutrients and stimulants. 

4.2. Materials and methods 

4.2.1. Chemicals 

Unless otherwise stated, all chemicals were obtained from Sigma, Australia, and used without any 

further purification.  Dibasic potassium phosphate (98%), magnesium sulphate heptahydrate (98%), 

calcium chloride dehydrate (99%), citric acid (99.5%), ammonium ferric citrate green (99%), 

ethylenediaminetetraacetic acid disodium salt (99%), sodium carbonate (99%), boric acid (99%), 

manganese chloride tetrahydrate (98%), zinc sulphate heptahydrate (99%), sodium molybdate 

dehydrate (99.5%), copper sulfate pentahydrate (98%), cobalt(II) nitrate hexahydrate (99.9%), 

bacteriological agar, Agilent ICP-MS (Inductively Coupled Plasma Mass Spectrometry) 

environmental calibration standard (5183-4688), ACR (Australian Chemical Reagents) Ion 

Chromatography Nitrate, Phosphate, sulphate standards.  Plant hormone standards - 3-Indoleacetic 

acid, 2-cis-4-trans-Abscisic acid, benzoic acid, gibberellic acid, gibberellin A4, indole-3-acetic-2,2-

d2 acid, indole-3-carboxylic acid, jasmonic acid, salicylic acid, trans-cinnamic acid, trans-cinnamic-

d7 acid, zeatin, (±)-dihydrojasmonic acid, 12-oxo phytodienoic acid. 

4.2.2. Algal culture – maintenance of stock culture and seed inoculum 

As this project used sedimentation based algal harvest, the algal species selection was based on the 

criteria of fast settling rate.  BG11 media prepared as in section 3.2.1.3, BG11 agar plates were 

prepared by adding 20 g/L bacteriological agar, autoclaved at 121°C, 15 psi for 15 minutes, and 
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aseptically poured into Petri plates.  After cooling, and solidification of agar algal culture was 

inoculated using a disposable plastic inoculation loop.  The cultures were incubated at 25°C ± 2 °C 

under 1500 LUX (Pandey et al. 2007) white fluorescent lights of 12 hours: 12 hours( day: night) cycles.  

The stock culture was periodically sub-cultured every ten weeks into the fresh solid medium.  The 

purity of the culture was monitored by light microscopic observation (Figure 1).  To prepare the seed 

inoculum, cultures were grown in a 500 ml conical flask with 200 ml of liquid BG11 media. 

4.2.3. Experimental algal culture 

From the seed inoculum, cultures were grown in 1-L conical flasks with 400 mL of liquid BG11.  Mid-

log-phase cultures were harvested by centrifugation at 9000 rpm for 5 minutes using Sigma 1-16KL 

centrifuge, the supernatant was discarded, and the pellet was resuspended in Milli-Q water, vortexed, 

and the Milli-Q resuspension/washing of pellet was repeated five times to ensure the algae cleaning 

up of BG11 nutrient contents.  The cells were observed under a microscope for checking centrifuge 

shear-induced cell damage.  The final pellet was brought into a high cell density inoculum. 

4.2.4. Large scale growth experiments 

Large scale cultivation was performed on 1200-L capacity photobioreactor (Industrial Plankton, 

Canada).  The photobioreactor has inbuilt sensors for pH, temperature, and relative density (optical 

density).  The sensors were programmed to read measurements every minute, and the day/night light 

shift was set for twelve hours, from 7 am to 7 pm.  The total capacity of the reactor is 1200 litres; ten 

times diluted nitrogen-free BG11 media was used to grow algal biomass.  The intensity of the LEDs 

light can be set between 10% to100% (values below 10% turn off lights). 100% is ~1200 μEm-2S-1.  

The reactor was filled with 400 litres of ten times diluted BG11 and inoculated with Anabaena 

circinalis CS-533/02.  The light intensity was maintained at 50% for five days to allow the initial pick 

up of biomass; then, the light intensity was changed to 100%.  The cultures were allowed to grow until 

reaching active mid-log phase cultures (21 days).  The first set was cultivated in nitrogen-free media; 

after harvesting the biomass, the cultures were drained completely, and a fresh inoculum was made 
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along with 1mg/ L sodium nitrate; the same growth cycle was followed for ten times diluted BG11 

(with 1mg/ L sodium nitrate). 

 

Figure 4.1a 1200-L photobioreactor used for the large scale cultivation of algal biomass to 

demonstrate the fast settling trait, biomass cultivated in a 12 litres aquarium tanks using nitrogen free 

BG11.  The cultures were mixed with frying pan spoon, image capture after two hours and 

overnight; to prove the fast settling characteristic of Anabaena circinalis CS-533/02. 
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4.2.4. Algal biomass harvest 

The cultures were transferred to 200 litre plastic barrels using the sampler pump (Figure 4.1b).  The 

barrels were then covered with their black polythene bag (Figure 4.1c) to avoid light and  

 

Figure 4.1b Transferring culture from the bioreactor to 200 litter plastic barrels using two way 

(in/out) sampler pump 

 
allowed to settle (sediment) overnight.  The harvest was scheduled in alignment with the 

day/night light cycles; the top liquid layer was carefully transferred back to the reactor 

using the sampler pump.  The harvested thick biomass was centrifuged at 9000 rpm at 25 

°C for 5 minutes. 

 

Sampler pump 
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4.2.5. Acid digestion of algal biomass 

The 1 kg of harvested thick paste of algal biomass was transferred into a two-litre glass (Schott 

Duran) reagent bottle.  The algal biomass was pre-chilled by placing the container inside an ice bath; 

concentrated sulphuric acid was slowly added along the sides of the container and intermittently 

mixed thoroughly to dissolve the biomass.  Acid was added to the level of saturation until the 

biomass was completely dissolved.  To adjust the pH, potassium hydroxide pellets were added until 

reaching pH 6.  The digested biomass was then stored at 4 oC until further use. 

 

Figure 4.1c After transferring the culture from the bioreactor to 200 litter plastic barrels, the barrels 

were covered with a black plastic bag to inhibit light exposure. 
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4.2.6. Phytohormones profiling sample extraction 

Algal biomass cultivated from the first set (refer to section 4.2.4) was used to extract hydroponic 

nutrients; from that, a portion of biomass was saved to study the phytohormone profile difference 

between the algae grown in nitrogen and without nitrogen.  The phytohormones profiling was done 

following (Cao et al. 2017).  For each sample, algae grown with and without nitrogen; 100 mg of 

freeze dried biomass were weighed into a 2 mL polypropylene screw-capped tubes.  The tube was 

prewashed using 70% methanol.  Then, 1 mL of 70% methanol containing 5 μl internal standard 

working solution (3-Indoleacetic acid, 2-cis-4-trans-Abscisic acid, Benzoic acid, Gibberellic acid, 

Gibberellin A4, Indole-3-acetic-2,2-d2 acid, Indole-3-carboxylic acid, Jasmonic acid, Salicylic acid, 

trans-Cinnamic acid, trans-Cinnamic-d7 acid, Zeatin, (±)-Dihydrojasmonic acid, 12-oxo Phytodienoic 

Acid) was added to the sample.  Samples were then homogenized using a cryomill coupled to a cryolys 

cooler set to -10°C (6,800 rpm, 3 × 30 s, 30 s break) followed by shaking for 30 min at 900 rpm at 

4°C.  Then, the samples were centrifuged at 15900 rpm at 4°C for 5 min.  The supernatant was 

transferred to a 2 mL tube and dried using a vacuum concentrator under full vacuum at 30°C.  The 

dried extract was reconstituted in 50 μl of starting mobile phase 5% acetonitrile with 10 mM 

ammonium acetate (NH4Ac) and successively sonicated for 10 min until the dried extract was 

dissolved completely. The extract was centrifuged at 15900 rpm at 4°C for 15 min prior to transfer to 

amber vials with glass insert.  Samples were stored at -80°C until Liquid Chromatography-Mass 

Spectrometry (LC-MS) analysis. 

4.2.7. Liquid chromatography-mass spectrometry (LC-MS) analysis of phytohormones 

Phytohormones were separated on a Phenomenex Kinetex C18 reversed-phase column (2.1 mm × 100 

mm, 1.7 μm) maintained at 45°C using TSQ Quantum Access with U3000 UHPLC.  The mobile 

phases and gradient were as follows: mobile phase A: 10 mM NH4Ac in deionized water; mobile phase 

B: 10 mM NH4Ac in ACN. Flow rate: 0.4 mL min-1. The programmed step gradient was: 5% B over 

0.5 min, 5–35% B over 4 min, 35–55% B over 1 min, 55–75% B over 2 min, 75–100% B over 0.1 

min, followed by a clean-up step: isocratic elution at 100% B for 2 min, 100% to 5% B over 0.1 min 
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and column wash for 2.5 min.  Mass Spectrometry parameters (for positive and negative ionization, 

respectively): gas temperature: 100°C; gas flow: 11 L min-1; nebulizer: 40 psi; sheath gas temperature: 

400°C; sheath gas flow: 12 L min-1; capillary: ±3500 V; nozzle voltage: ±300 V; high pressure 

radiofrequency: +120 V, -140 V; low pressure radio frequency: +80 V, -100 V. 

4.2.8. Quantification of nutrients from the algal extracts 

Triplicate samples were collected at the interval of every three days and centrifuged at 9000rpm for 

five minutes; the cell-free supernatant was filtered through a sterile 0.4-µm filter.  Inductively Coupled 

Plasma Mass Spectrometry (ICP-MS), Agilent 7900 with an auto sampler was used to quantify the 

concentrations of copper, Zinc, Manganese, Magnesium, Molybdenum, Calcium, Iron, Potassium, 

Cobalt, and Sodium.  In order to derive the calibration curve, the Agilent environmental calibration 

standard (5183-4688) was diluted to five different concentrations (1.25 to 10 µg/L) according to the 

nutrient concentration of different sample sets.  Every sample injection will be made in triplicates, and 

the Agilent MassHunter software gives result outputs from the average and standard deviation of 

triplicates.  Nitrate, phosphate and sulphate were quantified using Dionex Integrion RFIC Ion 

Chromatography with Thermo Fisher Scientific Dionex AS-AP auto-sampler.  Five increasing 

concentrations of ACR nitrate, phosphate and sulphate standard was diluted to different concentration 

(0.1 to 100 mg/L) according to the nutrient concentration of different wastewater samples.  The above 

mentioned method is the same as section 3.2.2.1 (in chapter 3). 

4.3. Results 

4.3.1. Fast settling algal species 

To implement a settling (sedimentation) based harvest method, algal species with quick settling trait 

was selected.  Figure 4.2 represents the fast settling trait of the selected species Anabaena circinalis 

CS-533/02; when the culture was allowed to stand overnight, complete biomass settling occurred.  

Biomass settles faster in two hours, and a complete settling occurs when allowed to stand overnight. 
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Figure 4.2 Anabaena circinalis CS-533/02 showing biomass settles faster in two hours 

of time and a complete settling occurs when allowed to stand overnight 

4.3.2. Large scale biomass harvest efficiency 

 

Figure 4.3 Visual differences in the biomass from (A) top layer liquid after settling, (B) bioreactor 

(actual culture), and (C) settled (sediment) thick biomass. 

To understand the harvest efficiency (Figure 4.1c), algal biomass was quantified in terms of dry 

weight from the (i) bioreactor, (ii) top layer liquid after settling, and (iii) settled (sediment) thick 

biomass (Figure 4.3).  In terms of dry weight, the culture was sixteen times concentrated in the 

sedimented biomass (Table 4.1). 

 

A          B           C 
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Table 4.1 Algal biomass measured in terms of dry weight 

Sample Dry Biomass (mg/L) 
Supernatant 51.62±3.42 

Actual Culture 155.67±7.07 
Harvested sludge 1867.43±60.82 

4.3.3. Nutrient content in algal biomass extract 

Among the thirteen measured nutrient elements, potassium was the highest concentration in the 

biomass extract, followed by sulphate (Table 4.2).  The concentration of potassium and sulphate 

ranged to grams/litre; sodium, phosphate, calcium, nitrate, and magnesium were ranged in milligrams, 

copper, cobalt, iron, manganese, molybdenum, and zinc were in micrograms/litre.  The nutrient 

contents were in the order of highest to lowest as follows; potassium > sulphate > sodium > phosphate 

> calcium > nitrate > magnesium > manganese > zinc > iron > molybdenum > copper > cobalt. 

Table 4.2 Nutrient element contents in the acid-digested algal biomass extract 

  Nutrient Element 
Algal Extract working solution 
(5 mL of extract diluted to 1 L) 

Concentration in original 
acid-digested algal extract 

1 Nitrate 0.86±0.02 mg/L 172 mg/L 
2 Phosphate 4.56±0.2 mg/L 912 mg/L 
3 Sulphate 1.38±0.002 g/L 276 g/L 
4 Sodium 9.35±0.24mg/L 187g/L 
5 Magnesium 0.3±0.00mg/L 60mg/L 
6 Potassium 2.54±0.01g/L 508g/L 
7 Calcium 2.28±0.01mg/L 456mg/L 
8 Manganese 74.75±0.81µg/L 14.95mg/L 
9 Iron 32.87±0.79µg/L 6.574mg/L 
10 Cobalt 0.994±0.06µg/L 198.8µg/L 
11 Copper 1.18±0.004µg/L 236µg/L 
12 Zinc  52.68±0.37µg/L 10.53mg/L 
13 Molybdenum 2.98±0.06µg/L 596µg/L 
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Table 4.3 List of fourteen plant hormone standards used for their detection in microalgal biomass extract, occurrence in microalgae, and plant biological 
functions 

 

 
 

 

  Tested Plant Hormones Reported algal species Biological function 

1 2-cis-4-trans-Abscisic acid No report from microalgae so far Abscission of leaves and dormancy in buds and seeds (Ueda and Tanaka 
1977) 

2 3-Indoleacetic acid Emiliania huxleyi (Labeeuw et al. 2016) Altering cell orientation, organ development, fertility, and cell elongation (Fu 
et al. 2015) 

3 Benzoic acid Calothrix sp. (Renuka et al. 2018) Flowering (Fujioka et al. 1985) 

4 Gibberellic acid Scytonema hofmanni (Rodríguez et al. 2006) Cell division and elongation and has been used to manipulate flowering and 
fruit development (Kevin Lacey 2019) 

5 Gibberellin A4 Chlorella sorokiniana (Do et al. 2020) Stem elongation, germination, dormancy, flowering, flower development, and 
leaf and fruit senescence (Cerny-Koenig, Faust, and Rajapakse 2005) 

6 Indole-3-acetic-2,2-d2 acid No report from microalgae so far cell division, differentiation, and vascular bundle formation (Bianco et al. 
2014) 

7 Indole-3-carboxylic acid Planktothricoides (Duong et al. 2021) Cell elongation and cell division (Jiang et al. 2016) 

8 Jasmonic acid Microcystis aeruginosa (Zhao et al. 2020) Signalling pathway (Ruan et al. 2019) 

9 Salicylic acid Microcystis aeruginosa (Zhao et al. 2020) Endogenous signal mediating local and systemic plant defence responses 
against pathogens (Rivas-San Vicente and Plasencia 2011) 

10 trans-Cinnamic acid Oscillatoria sp (Babaoglu Aydaş, Ozturk, and 
Aslim 2013) 

Leaf expansion (Kurepa and Smalle 2019)  

11 trans-Cinnamic-d7 acid1 No report from microalgae so far Abiotic stress response and leaf expansion (Kurepa and Smalle 2019) 

12 Zeatin Scenedesmus (Kurepa and Smalle 2019) Plant development and defence responses to pathogen (Schäfer et al. 2015) 

13 (±)-Dihydrojasmonic acid No report from microalgae so far Drought stress stabilisation (Merlaen, De Keyser, and Van Labeke 2020) 

14 12-oxo Phytodienoic Acid 
Chlorella sorokiniana (Khasin et al. 2017) Growth control, flower and fruit development, senescence (Koeduka et al. 

2015) 
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4.3.4. Phytohormone content in algal biomass extract 

Amongst the tested fourteen plant hormones (Table 4.3), only 3-Indoleacetic acid and Indole-3-

carboxylic acid were in the detectable range (Figure 4.4).  In both the hormones (3-Indoleacetic acid 

and Indole-3-carboxylic acid) measured in the detectable levels, the culture grew with nitrogen free 

BG11medium found to produce lesser quantities of hormone.  In case of 3-Indoleacetic acid cultures 

grown with nitrogen produced a fivefold higher hormone concentration than nitrogen free cultivation.  

There is almost forty-five percentage of increased Indole-3-carboxylic acid production in cultures 

supplied with nitrogen. 

 

Figure 4.4 Quantification of plant hormones in algal biomass grown with and without nitrogen shows 

a higher hormone production rate in cultures supplied with nitrogen (results represented average of 

triplicates). 

4.4. Discussion  

Studies have demonstrated the use of BG11 medium to enrich the microalgal species isolated from 

environmental sources, specifically, samples isolated from wastewater (Gatamaneni, Orsat, and 

Lefsrud 2018), suggesting BG11 enrich various kinds of strains isolated from natural water bodies and 

environmental samples.  Furthermore, BG11 is supportive for culturing various microalgae species, 
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including blue-green microalgae (cyanobacteria) under photoheterotrophic and chemoheterotrophic 

modes by addition with glucose (McKinley and Wetzel 1979).  In this study, the selected algal species 

Anabaena circinalis CS-533/02 is capable of adapting to BG11.  This work aims at wastewater 

conditions, which will not have all enriching factors like a standard algal growth medium.  Most 

microalgal growth mediums other than BG11 have vitamins in their composition (Verma et al. 2020), 

which will not be available in wastewater derived nutrients.  Studies have used nitrogen free BG11 

media in large scale photobioreactors (Lara-Gil, 2016).  The actual composition of BG11 is formulated 

to supply full strength nutrients that can serve a few growth cycles.  As this study intends to grow 

algae in mixed wastewater and estimate the biologically fixed nitrogen for the cultivation of plants, 

BG11 was diluted to ten times to simulate a wastewater situation. 

Many microalgae species produce gas vesicles, giving buoyancy and allowing movement to optimal 

light intensities in the dwelling water surfaces (Walsby 1994).  Principally, the buoyancy of 

microalgae is balanced with the cell mass resulting from the production of photosynthetic 

carbohydrates and other cell constituents (Kinsman, Ibelings, and Walsby 1991).  The sedimentation 

phenomenon is the gravitational forces that create the separation liquid or solid particles to separate 

from a liquid of different densities.  Sedimentation can be explained by Stokes’ Law, “the 

sedimentation velocity is proportional to the square of the radius of the cells and the difference in 

densities between the microalgal cells and the liquid medium as shown below (Milledge and Heaven 

2013): 

 

 

where r is cell radius, η is fluid dynamic viscosity and ρs and ρl are the solid and liquid densities. 

The microalgal cell density is near that of the density of water and salt water at 1,025 kg m−3 (Lepple 

1972); there is a small density difference that functions on microalgal settlement.  Different group of 

microalgae have different densities; the cytoplasm density of marine eukaryotic microalgae range 

between 1,030 and 1,100 kg m−3, the prokaryotic microalgae (cyanobacteria) is between 1,082 and 

1,104 kg m−3 (Kromkamp and Walsby 1990).  Marine diatom and dinoflagellates have density range 

Setting velocity  (Equation 4.1) 
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between 1,030 and 1,230 kg m−3 and the freshwater eukaryotic microalgae (Chlorococcum) between 

1,040 and 1,140 kgm−3 (Van Ierland and Peperzak 1984).  The settling velocity of microalgae is very 

much relevant to the type of microalgae growing in the cultivation medium, either prokaryotic or 

eukaryotic marine or freshwater type of species; additionally the water quality influence the 

sedimentation rates.  The selected candidate species study Anabaena circinalis CS-533/02 is a 

prokaryotic freshwater microalgae (cyanobacteria).  Modelling or mapping the growing media’s water 

quality in alignment with algal growth stages allows species-dependent harvest and can be used to 

evade toxic algal forms in circumstances if they dominate the cultivation system. 

The harvesting efficiency of biomass is important in large scale microalgae production.  In this study, 

the settling-based harvest method was originally designed to directly use sedimented biomass for acid 

extraction.  During the method optimization, upon a few trials, it was evident that more volume of 

concentrated acid is required for the digestion; if the harvested biomass is in sludge-like consistency 

instead of paste.  More the dewatering proportionally reduced the consumption of acid volume for 

attaining an (acid) saturated biomass digest.  To improve the efficacy of biomass harvest in the 

perspective of achieving a reduced production cost, centrifugation can opt as a final dewatering 

method preceded by settling based biomass harvest (Singh and Patidar 2018).  Large scale 

centrifugation based algal biomass harvest identified to have high efficiency with low energy 

expenses; studies involved in algal oil extraction for bioenergy have shown the harvesting costs of 

US$ 0.864/L algae oil (Dassey and Theegala 2013).   

Depending on the nature of the targeted bioproduct, the biomass harvest method has to be optimised.  

Irrespective of the adopted harvesting method, the overall process should overcome the difficulties 

associated with separating biomass grown from the growing media suspension (Ferreira et al. 2020).  

The algae fixed nitrogen, cytosolic/cellular nutrients, and stimulants are the target bio products in this 

context.  In this 1200 litres pilot-scale (study) biomass production, though the settling based harvest 

was successful (Figure 4.3) by the optimised method (Figure 4.3), the final dewatering was attained 

by centrifugation.  As is evident from studies (Dassey and Theegala 2013) and feasible to implement 
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for large scale (Singh and Patidar 2018), optimised centrifugation method will be an idyllic option for 

the extraction of nutrients and stimulants from algal biomass. 

The use of nitrogen fixed by microalgae as a source of nitrogen nutrient to hydroponic crops in the 

form of acid digested algal biomass is a novel approach.  This study has shown the algal biomass 

grown in nitrogen free BG11 media produced 0.86±0.02mg/L (Table 4.2) of nitrate in the working 

solution, which is prepared by diluting 5ml of the original acid digested biomass.  Nitrogen and 

phosphorus are the major nutrients that cause wastewater-related pollution and damage natural water 

bodies and ecosystems (Sengupta, Nawaz, and Beaudry 2015).  Ammonia is one of the most harmful 

pollutants that disrupts the environment through eutrophication (Darwish et al. 2016).  Ammonium 

nitrogen is toxic to many organisms, specifically plants and other oxygenic photosynthetic types of 

microorganisms (Markou, Vandamme, and Muylaert 2014a).  The microalgal physiology evolved to 

directly assimilate ammonium nitrogen, incorporating them into amino acids via the enzymes 

glutamate synthase and glutamine synthetase (Wu et al. 2016).  In the case of utilising nitrate as a 

nitrogen source, first, it gets reduced to nitrite in the cytosol, then to ammonium (nitrogen) in plastids 

or chloroplasts (Terrado et al. 2015).  The obtained results (Table 4.2) signify the potential of 

practically applying algal biomass-based nitrogen nutrients to hydroponic crops. 

Phosphorus is one of the vital nutrient elements in the physiology of living beings.  Conventional 

agricultural fertilization dominated the usage of phosphorus resources; currently, though phosphorus 

has substantial other applications, over 90% of current phosphorus resources and >80% of fossil 

phosphorus resources are used as fertilizers (Chowdhury et al. 2014).  Fossil phosphorus resources 

have been depleting at an increasing rate (Reijnders 2014).  The current rate of phosphorus use 

emerges negative environmental impacts by contaminants from industrial, agricultural processes, and 

fossil phosphorus resources, also leading to possible adverse effects on human health.  Recycling and 

reusing phosphorus is important in the current global phosphorus demand and climate change 

situations that require reducing carbon footprint from industrial productions of phosphorus products. 

Batch variation in the wastewater chemistry will be helpful for blend based wastewater nutrient 

recovery.  These batch variations of phosphorus content can be used as a tool for biological phosphate 
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recovery using microalgae.  In microalgae, “luxury uptake”is a phenomenon, refers to the ability to 

take up more phosphorus than the required concentration for growth and metabolism (Solovchenko et 

al. 2019) and also this absorbed phosphorus are produced as polyphosphate granules.  Every algal 

species have different optimal conditions for luxury phosphorus uptake; understanding and mapping 

the conditions that trigger the luxury uptake is helpful to explore the algal system as a biofactory for 

the application of phosphorus recovery and reuse.  For example, Scenedesmus spp trigger luxury 

uptake in optimal light intensity and temperature (Powell et al. 2011).  Microbes produce 

polyphosphate granules; they are characterized by high phosphorus content in the form of 

polyphosphate (Docampo 2006).  In eukaryotic microalgae, Scenedesmus spp, increased temperatures 

elevate the biosynthesis of polyphosphate, and the increased light intensity lowers the production of 

polyphosphate (Powell et al. 2009).  Unlike eukaryotic microalgae, in the case of prokaryotic 

microalgae, the scenario was different, Plectonema boryanum polyphosphate biosynthesis or luxury 

uptake is controlled by changes in phosphate concentrations in the living niche in a manner of “feast 

and famine” (Yang et al. 2017). Phosphate-starved Plectonema boryanum produced polyphosphates 

when grown the growing medium enriched with phosphate.  Continuous availability of high 

phosphorus concentrations in the growing medium will not trigger luxury uptake, whereas, 

immediately next to a phase of phosphorus starvation, microalgae significantly increase 

polyphosphates in the biomass (Wu et al. 2012).  Consequently, alterations in the phosphate 

concentration in a mode of “famine and feast” is a key for luxury uptake of phosphorus.  Batch 

variations in the wastewater can be used as a tool to operate a famine and feast mode off nutrient 

supply to steer the algal physiology for the production of polyphosphate. 

Cyanobacteria are known for the production of variety of plant hormone (Shariatmadari et al. 2013).  

This study clearly shows nitrogen content in the growing media influenced the production of plant 

hormones in Anabaena circinalis CS-533/02 (Figure 4.4).  Studies have clearly demonstrated that 

various biochemical and environmental factors influence cyanobacteria production of plant hormones 

(Tan et al. 2021).  Planktothricoides raciborskii  produced 0.67 µg/gram fresh weight of indole 3 

carboxylic acid and 5.51 µg/gram fresh weight of indole 3 acetic acid, which was grown in BG11 
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media with nitrogen (Duong et al. 2021).  Compared to Planktothricoides raciborskii, Anabaena 

circinalis CS-533/02 produced (Figure 4.4) less quantity of indole 3 carboxylic acid and indole 3 acetic 

acid, as it is known that every individual microalgal’s genotypic and phenotypic trait; in addition to 

that the external physicochemical factors significantly determines the producing capacity of different 

bio-materials in the microalgal system (Chen et al. 2017).  The aromatic amino acid tryptophan is a 

precursor for the biosynthesis of indole 3 acetic acid (phytohormone), and microalgae are known to 

synthesize indole 3 acetic acid in the presence of tryptophan (Mazhar et al. 2013).  It is clearly evident 

that when Anabaena sp grown with nitrate as the nitrogen source; will not produce heterocysts and 

nitrogenase activity; in such cultures growing on nitrogen-free medium, the production of heterocysts 

and nitrogenase can be induced by supplying tryptophan (Baalen et al. 1980).  His is the clear evidence 

that nitrogen and biosynthesis of indole 3 acetic acid have a direct link.  The study led by Hashtroudi 

and Prasanna (Hashtroudi et al. 2013; Prasanna et al. 2010) concluded that in Anabaena without the 

presence of tryptophan, biosynthesis of indole 3 acetic acid would be negligible but not impossible, 

this finding indicating the activated state of the tryptophan-independent pathway. 

This study has not used inducers (tryptophan) to produce indole 3 acetic acid and clearly showed that 

the supply of nitrogen in the cultivation system enhances phytohormone production (Figure 4.4).  For 

material safety reasons, the real wastewater was not used in the (1200 litres photobioreactor) large-

scale cultivation; instead, ten times diluted nitrogen free BG11 was used to mimic the wastewater 

chemistry.  Nitrogen-fixing cyanobacteria can grow in the presence and absence of nitrogen nutrients 

in the growing medium by switching on and off heterocyst producing mechanisms and nitrogen 

fixation (Baalen et al. 1980).  This study aims for simultaneous nutrient recovery and biomass 

production that can act as a nutrient and stimulant for hydroponic plants.  When using real wastewater, 

initially, the presence of nitrogen will support growth, and later, when the nitrogen exhausts, switching 

to nitrogen-fixing mode will not affect the production of phytohormones. As it is evident from the 

results that nitrogen-free conditions will also produce plant hormones. Both pro and eukaryotic 

microalgae release various organic substances upon growth and maturation; this includes amino acids 

and sugars (Leloup et al. 2013). It is a common phenomenon that phytohormones production in 
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cyanobacteria was observed more prominent at the stationary phase than the early growth stage.  This 

is because the available organic substances and inducers (tryptophan) in the medium were initially 

used as a source of nitrogen and nutrient, especially when growing in the nitrogen-free medium 

(Sergeeva et al. 2002). 

4.5. Summary 

The specific conclusions drawn from this work are as follows: 

● Biomass of nitrogen-fixing microalgae grown in nitrogen free media can act as a source of 

hydroponic nitrogen-nutrient.  Especially, the quantified nitrate from this study were the same as 

hydroponic media. 

● Contents of other micro and macronutrient elements in the algal biomass extract affirm that it can 

supply all nutrient requirements for plant growth.  Additionally, there is clear evidence and scope for 

the modulation of attaining desired biomass chemical quality when using wastewater blends for large 

scale biomass production; as microalgae are known for the bioaccumulation of metal nutrients, 

nutrients such as – copper, zinc, cobalt, manganese, magnesium, molybdenum, and iron. 

● Gravity settling combined with large scale centrifugation can effectively be applied for 

concentrating algal biomass.  When cultivating algae on a large scale using wastewater blends, the 

wastewater algal microflora can be eluded by finely optimising the settling method in alignment with 

the existing water status of water quality (nutrient contents) of the growing medium. 

● Using wastewater blends, it is possible to apply nutrient feeding modulation method; adding limiting 

nutrients as needed in coherence with the nutritional requirements of particular growth stage that 

trigger the plat hormone biosynthesis. 
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Growth responses of pak choy and collards in 
acid digested microalgal extract as hydroponic 
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5.1. Introduction 

The contemporary scenario of global pollution, multi-layer manifested impacts of climate change, 

freshwater scarcity, and the insistent need for growing global food demand necessitates finding a 

solution and a balancing factor that controls the current requirements.  Hydroponics, a soilless method 

of plant cultivation, assures quality, healthfulness, freshness, pollutant residue-free fruits and 

vegetables, especially; yields an option to produce locally Khan et al., 2020 (Khan et al. 2020).  The 

fundamental principle for vegetable production in hydroponic systems is to supply all required 

nutrients to the plant.  Principally in hydroponics, plants are cultivated in enriched nutrient water, 

oxygenated, in substrata without soil.  Perfect nutrient solution management is the key to successful 

hydroponic cultivation (Sato et al. 2006).  The ultimate purpose of hydroponic nutrient solution is to 

provide the roots with water, mineral elements and oxygen in a soluble and root absorbable form.  

There are seventeen nutrient elements required for the optimal growth of plants in hydroponics (Arnon 

1938).  Of different nutrients, nine elements (sulphur, phosphorus, calcium, magnesium, potassium 

and nitrogen) are referred to as macronutrients which are needed in large quantities.  The eight 

remaining nutrient elements are known as micronutrients, which are iron, zinc, copper, manganese, 

boron, chlorine, cobalt and molybdenum required in small quantities (Sato et al. 2006).  The majority 

of the hydroponic nutrient solution formulations are produced based on the composition of Hoagland 

and Arnon 1938 (Arnon 1938). 

Factually, the quality of different hydroponic nutrients available in the market differs depending on 

the purity of the chemical ingredient, solubility, and cost.  Small scale operation farms/growers 

generally purchase ready-made nutrient mix formulations; it will be in the form of just diluting it and 

applying.  Larger scale growers usually formulate their own nutrient composition aligned with the 

standard (Hoagland) hydroponic nutrients or slightly modified formulations (Khan et al. 2020).  The 

fundamental requirement for hydroponic production is to deliver all the nutrients needed for the plant. 

If higher yields are expected, specific nutrient elements essential for the plant's growth must be 

supplied accordingly.  Strategic designing of optimal formulation and managing the hydroponic 
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nutrient solutions is vital for successful hydroponic production (Sato et al. 2006).  An optimal 

hydroponic nutrient solution is characterised to supply the roots with a soluble form of nutrient 

elements and oxygen without hindrance in all growth stages and harvest conditions. 

In an ideal hydroponic system, nutrient absorption is mainly relative to the concentration of available 

nutrients in the solution-connecting the roots.  Various factors influence the root nutrient uptake, such 

as nutrient solution’s pH/conductivity, oxygenation, temperature, and salinity (Wortman 2015).  

Within the plant, every individual macro and micronutrient has a characteristic physiological function, 

and if it is deficient or occurs in excess, it causes characteristic symptoms of deficiency or toxicity 

(Domingues et al. 2012).  The susceptibility and resistance of these anomalies in nutrient solutions 

degrade the productivity of cultivation.  This study ventured on designing a calculation method that 

can facilitate the development of automated water and nutrient reuse system based on the existing 

ionic strength of the nutrient solutions at a given cultivation stage. 

The post cultivation hydroponic nutrient solution contains high nitrogen and phosphorus 

concentrations without organic matters (Gagnon et al. 2010), thus causing a large quantity of point 

source pollution (Kumar and Cho 2014).  This study envisions the circular economy-based green 

technology method of the post cultivation nutrient water from hydroponic systems applied to 

microalgae cultivation (Guedes et al. 2013), then the produced algal biomass used as a source of 

nutrients and stimulants to hydroponic plants.  Studies have used the microalgal biomass extract as a 

foliar spray (Godlewska et al. 2019), algal extract as an antioxidant source in pot cultivation (Guedes 

et al. 2013), as a growth stimulant (Leonard et al. 2021), and simultaneous co-cultivation of microalgae 

in hydroponic nutrient solution added with alkaline extract of agro biomass waste (Barone et al. 2019).  

To the best of our knowledge, this is the first approach to use acid digested algal biomass as a source 

of nutrients and stimulants for hydroponic cultivation.  There are methods technologies in which 

human excreta has been processed for food-grade commodity production and applied for hydroponic 

cultivation, for example, nitrified human urine (Volpin et al. 2020a).  To support the nutrient content 

and study the potential, along with acid digested microalgal extract, nitrified human urine was also 

combined and applied to test the plant growth efficiencies.  Hydroponic cultivation engrosses many 

factors that control the shoot growth, nutrient absorption of the root region; these factors include light 
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quality and light exposure time, the flow rate and time-length of nutrient solution, temperature, and 

humidity (Halbert-Howard et al. 2021).  The intention and study focus of this chapter is to test the 

proof of concept of using the microalgal extracts as hydroponic nutrients and stimulants; thus, the 

algal extract compared with other commercially available hydroponic formulations and standard 

Hoagland hydroponic nutrients (Arnon 1938), in a simple hydroponic testing system.  The second 

target is to test selective nutrient uptake and nutrient interlink calculation methods, as hydroponic roots 

differ and modulate the nutrient uptake physiology in accordance with the level of available micro and 

macronutrients at different growth stages (Carmassi et al. 2003). 

 

5.2. Materials and Methods 

5.2.1. Chemicals 

Unless otherwise stated, all chemicals were obtained from Sigma and used without any further 

purification. These include ammonium dihydrogen phosphate (98%), potassium nitrate (99%), 

calcium nitrate tetrahydrate (99%), magnesium sulphate hepta hydrate (99.5%), boric acid (99.5%), 

manganese(II) chloride tetrahydrate (98%), zinc sulfate heptahydrate (99%), copper(II) sulphate 

pentahydrate (98%), sodium molybdate dehydrate (99%), potassium hydroxide (90%), 

ethylenedinitrilotetraacetic acid (99.4%), and iron(II) sulphate hydrate (99%). 

 

5.2.2. Seed germination 

Collards- Champion (Brassica oleracea) seeds purchased from Rangeview Seeds, Australia and Mr 

Pak Choi (Brassica rapa) seeds from Fothergill's Seeds, Bunnings, NSW, Australia.  The seeds were 

placed in a wet tissue paper in a 17.5cm length, 11.8cm width and 5.3cm height plastic container.  The 

container was loosely covered with cling wrap in a way to allow aeration and kept in the dark for five 

days.  Every 48 hours, the tissue paper was sprayed with Milli-Q water to maintain the moisture 

(Millington 2018).  The sprouts ranging from 4.5 to 6 cm were used for the experiments. 

 
5.2.3. Hydroponic cultivation 

5.2.3.1. Cultivation of Pak Choi (Brassica rapa) 
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Figure 5.1 Indoor hydroponic growing system with four lanes containing four plant slots per lane.  

The internally mounted pump located at the centre (green circle) pump the nutrient solution, which 

will travel through the lanes (blue lines) and reach the rockwool. 

The indoor hydroponic growing system of 50cm x 50 cm; from ‘Shenzhen keisue technology’ was 

used for this study.  The growing system had four lanes containing four plant slots per lane, an 8 cm 

gap between plant slots (Figure 5.2).  The germinated sprouts were implanted in rockwool grow 

cubes (3.6cm).  The light was mounted to a distance that can yield 350 µmol/m2/s light intensity at 

canopy level. 

The efficiency of acid digested algal biomass nutrients was compared with other commercially 

available hydroponic nutrients and stimulants.  This comparative study was conducted in the research 

and development facility of Invertigro – a hydroponic company located at Dunning Ave, Rosebery 

NSW 2018.  Different nutrient conditions were tested as shown in Table 5.1. 

 
Table 5.1 Different nutrient conditions used for comparing the growth efficiency of pak choy 

 

 

 

 

 

 

  
Nutrient conditions 

1  Leafy Green Mix [Control1] 
2  Leafy Green Mix ½  + Kreotec 
3  Leafy Green Mix ½  + Amino acid Hydrolysate 
4 Kreotec + Kreostim 
5 Leafy Green Mix ½ [Control2] 
6 Microalgal Extract  
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1. The nutrient condition (1) ‘Leafy Green Mix’ is the composition customised by INVERTIGRO 

basically macro and micro nutrient formuaiton (chemical composition is INVERTIGRO’s 

intellectual property protected).  The nutrient condition (1) is considered as a control. 

2. The nutrient condition (2) is half the concentration of nutrient condition (1) + Kreotec from 

‘ThinkBio’ (https://thinkbio.com.au/product/kreotec-kreostim-combo/) is a bio fertiliser microbial 

composition comprising Bacillus velezensis, Azospirillum brasilense and Herbaspirillum 

seropedicae. 

3. The nutrient condition (3) is half the concentration of nutrient condition (1) + amino acid 

hydrolysate sourced from seaweed formulated by INVERTIGRO. 

4. The nutrient condition (4) is the combination of Kreotec + Kreostim, where Kreostim is the natural 

starch-based chelators, saccharides plus other organics, phyto-proteins, vitamins and plant hormones; 

containing organically held nitrogen, phosphorus and potassium and minor calcium, magnesium, 

sulphur, chlorine and trace iron, manganese, zinc, silica, copper, boron, molybdenum and cobalt and 

ultra-trace selenium, iodine, chromium, nickel, fluorine, tin, lithium and vanadium elements. 

5. The nutrient condition (5) is half the concentration of nutrient condition (1), nutrient condition (5) is 

considered as the second control. 

6. Acid digested microalgal biomass, refer to section 4.3.3 in chapter 4 for its chemical composition. 

5.2.3.2. Cultivation of Collards- Champion (Brassica oleracea) 

Customised nutrient film technique [NFT] hydroponic frame with four lanes containing ten plant slots 

per lane was used for the cultivation of collards (Figure 5.2).  The germinated sprouts were implanted 

in rockwool grow cubes (3.6cm).  Two Apollo 6 LED grow lights - true watt 209W were mounted on 

the frame, and the fixture height was calibrated to a distance that can yield 200 µmol/m2/s light 

intensity at canopy level. 

https://thinkbio.com.au/product/kreotec-kreostim-combo/
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Figure 5.2 Nutrient film technique [NFT] hydroponic frame with four lanes containing ten plant 

slots per lane 

 

Four nutrient conditions were set up in the NFT, they are (i) Hoagland nutrient solution [control], (ii) 

acid digested algae extract [5mL/L], (iii) acid digested algae extract [5mL/L] + nitrified human urine 

[10mL/L], (iv) nitrified human urine [10mL/L]. 

 

Hoagland nutrient solution (Arnon 1938)–  

The following stock solutions were prepared and the quantities used are indicated below:  

(1) 1M Ammonium dihydrogen phosphate, with 1 mL/L of nutrient solution used 

(2) 1M Potassium nitrate, with 6 mL/L of nutrient solution used  

(3) 1M Calcium nitrate tetrahydrate used 4 mL/L of nutrient solution  

(4) 1M Magnesium sulphate heptahydrate used 2 mL/L of nutrient solution  

(5) Micronutrient stock solution was prepared by combining the following amount of salts in a total 

volume of one litre of milliQ water, and then 1 mL/L was used for the working nutrient solution. 

5. 2.86 gm Boric acid  

1.81 gm Manganese (II) chloride tetrahydrate 

0.22 gm Zinc sulphate heptahydrate 

0.08 gm Copper sulphate pentahydrate 

0.06 gm Sodium molybdate dihydrate 

(6) Iron stock: 100 mL of stock solution was prepared using the following composition of ingredients 

ferrous sulphate heptahydrate 4.98g, ethylenediaminetetraacetic acid 5.22g, and potassium hydroxide 
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3.8g.  The pH was adjusted to 7.1, the solution appeared wine red in colour, and the solution was 

stored in the dark.  0.25 mL of iron stock was added for one litre of nutrient solution. 

15 L of each of the aforementioned four nutrient solutions were loaded to four individual nutrient 

tanks pertaining to four NFT lanes.  The laboratory temperature was maintained at 22 ± 2° C, and the 

nutrient solution flow rate was set to one litre per minute condition.  The lights were set to 7 am to 7 

pm day/night cycle.  Initially, the sprouts were grown in a commercial ‘Liquid Grow Science’ 

Hydroponic Nutrient Liquid until the plants attained ten centimetres height.  Then, along with roots, 

carefully the plants were moved from NFT, and the NFT system was washed thoroughly with 

deionised water.  After a thorough wash, the plants were placed back to NFT and allowed to run for 

48 hours in deionised water; every eight hours, individual nutrient tanks are replaced with new 

deionised water to make sure the plants are not carrying residual ‘Liquid Grow Science’ hydroponic 

nutrients. 

 

5.2.4. Growth measurement 

For pak choi (Brassica rapa), sixteen replicate plans were maintained for each different nutrient 

condition.  Plant height was measured every seven days for up to twenty-one days, and the biomass 

was measures by sacrificing four replicate plants at every seven days sampling points.  The whole 

shoot system without root was weighed, and the average with standard deviation was recorded.  For 

collards, shoot height and leaf width was measured as an indicator of plant productivity. 

5.2.5. Nutrient measurements 

The following nutrient elements were considered for measurement at respective sampling points (pak 

choy – starting from day ‘0’ every seven days upto 21 days; collards – starting from day ‘0’10th and 

20th day); the nutrient elements are copper, zinc, manganese, magnesium, molybdenum, calcium, iron, 

potassium, cobalt, sodium. nitrate, phosphate and sulphate.  Both for pak choy and collards, before 

sampling, the nutrient tanks were topped up with milliQ water to the respective volumes; pak choy 

was maintained with twelve litres and collards 15 litres.  Micro and macro nutrients were measured 

using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) and Dionex Integrion RFIC Ion 
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Chromatography with Thermo Fisher Scientific Dionex AS-AP auto-sampler following the same 

method described in section 3.2.2.1 – chapter 3. 

The following nutrient elements were considered for calculating the uptake rates at respective 

sampling points (pak choy – starting from day ‘0’ every seven days upto 21 days; collards – starting 

from day ‘0’10th and 20th day); copper, zinc, manganese, magnesium, molybdenum, calcium, iron, 

potassium, cobalt, and sodium. nitrate, phosphate and sulphate.  The nutrient uptake rates were 

calculated following the method described in section 3.2.3.1 – chapter 3, and the selective nutrient 

recovery calculations following 3.2.3.2. 

 

5.2.6. Selective nutrient uptake plot 

The same method described in section 3.3.3.3 (chapter 3) was followed to identify the maximum 

nutrient uptake of individual nutrient elements; in the given sampling intervals.  Following the method 

described in section 3.3.3.5, the overall nutrient uptake profile patterns were derived.  The above-

stated calculation methods that are followed for nutrient recovery stoichiometry described in chapter 

3 was in context to “nutrient RECOVERY”, here in pak choy; the same calculation applied in the 

context of “nutrient UPTAKE”. 

More number of sampling points helps in deriving more accurate trends and profiles of nutrient 

stoichiometry and selective nutrient uptake plots.  As the collards had only two sampling points 

(day10 and day20), nutrient stoichiometry and selective nutrient uptake plot were derived only for 

pak choy. 

For the tested six different nutrient conditions, the following calculations are done from the values of 

every seven days of sampling/measurements of ICP-MS (metal/ micronutrients) and ion 

chromatography (macronutrients), to derive (Nutrient Uptake-NU) NUmax, NUmin, NUx0D-7D, DNUxmax, 

DNUxmin, NU%x, NU%xincrease, NU%xdecrease, NUxnull. These emphasising calculation factors for the 

particular aspects (maximum, minimum, zero) are labelled and their descriptions for each factor are 

detailed below and their calculations are done further. 

NUmax - nutrient (element) uptake to the maximum on the given nutrient condition within the 21 days 
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NUmin - nutrient (element) uptake to the minimum on the given nutrient condition within the 21 days 

NUx0D-7D - Nutrient Uptake rate for every seven-day interval, where x is the nutrient element 

measured 

DNUxmax - the Day in which the highest Nutrient Uptake (DNU) of an individual nutrient element (x) 

occurred on the given nutrient condition within the 21 days 

DNUxmin - the day in which the lowest uptake of an individual nutrient element (x) occurred on the 

given nutrient condition within the 21 days 

NU%x - Nutrient Uptake percentage of individual nutrient element (x) on a given nutrient condition 

within the 21 days 

NU%xdecrease - Nutrient Uptake percentage of decrease of individual nutrient element (x) on a given 

nutrient condition within the 21 days 

NU%xincrease - Nutrient Uptake percentage of increase of individual nutrient element (x) on a given 

nutrient condition within the 21 days 

NUxnull - 'no uptake point (day) of an individual nutrient element (x) within the 21 days of growth 

 

The measured micro and macronutrients are copper (x=Cu), zinc (x=Zn), manganese (x=Mn), 

magnesium (x=Mg), molybdenum (x=Mo), calcium (x=Ca), iron (x=Fe), potassium (x=K), cobalt 

(x=Co), sodium (x=Na), nitrate, (x=NO3), phosphate (x=PO4) and sulphate (x=SO4). 

(A) NUmax and NUmin  

The nutrient uptake (NUx) for every individual tested nutrient element (x) on the given nutrient 

condition should be calculated by subtracting the initial amount of nutrients measured on ‘day 0’(Nx0) 

from ‘day 21’(Nx21).  

i.e NUx  = Nx0 - Nx21 
(Equation 5.1) 
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Then the values NUCu, NUZn, NUMn, NUMg, NUMo, NUCa, NUFe, NUK, NUCo, NUNa, NUNO3, NUPO4, 

NUSO4 were arranged in increasing or decreasing order to identify which nutrient element uptaken to 

the maximum (NUmax) and minimum/least (NUmin). 

(B) NUx0D-7D  

To measure the nutrient uptake rate for every seven-day interval (NUx0D-7D) for each tested nutrient 

element (x) amount of nutrients measured on ‘day 0’(Nx0) is subtracted from ‘day 7’(Nx7). 

 

i.e NUx0D-7D = Nx7 - Nx0 

 

Similarly 

NUx7D-14D = Nx14 - Nx7 

NUx14D-21D = Nx21 - Nx14 

(C) DNUxmax and DNUxmin 

The day in which the highest (DNUxmax) and the day in which the lowest (DNUxmax) uptake of an 

individual nutrient element (x) occurred can be found from the nutrient uptake rate for every seven-

day interval values NUx0D-7D, NUx7D-14D, NUx14D-21D by arranging these in increasing or decreasing 

order. 

(D) NU%x, NU%xincrease, NU%xdecrease 

The Nutrient Uptake percentage (NU%x) of individual nutrient element (x) on a given nutrient 

condition can be calculated as,  

NU%x = {[(Nx21 - Nx0)] / Nx0} x 100 

(E) NUxnull 

The 'no recovery' point (day) (NUxnull) of an individual nutrient element (x) within the 21 days of 

retention can be can be found from the nutrient recovery rate for every three-day interval values 

NUx0D-7D, NUx7D-14D, NUx14D-21D by finding the difference between them.  When the value of 

difference is “Zero” that’s the NUxnull. 

(Equation 5.2) 

(Equation 5.3) 

(Equation 5.4) 
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Note - Pak Choy (Brassica rapa) was selected for the experiments as a choice of the collaborator 

company, Invertigro, NSW, Australia, test species.  Collards (Brassica oleracea) was selected for 

the choice of leaf sturdiness helps in measuring the leaf width.

5.3. Results

5.3.1. Growth responses of pak choy

Amongst the tested nutrient conditions, the leafy green mix (INVERTOGRO’s formulation) showed 

maximum growth (Figure 5.3).  Based on the net growth measured after 21 days, that is, the plant 

height measured on day 21 was subtracted by the height of day ‘0’ was in the order of leafy green mix 

[control1] > leafy green mix ½ + kreotec > kreotec + kreostim > leafy green mix ½ + amino acid 

hydrolysates > microalgal extract > leafy green mix ½ [control2] (Table 5.2).

Figure 5.3 Growth comparison of pak choy in algal extract with other commercial hydroponic 

nutrient formulations (results represented average of triplicates)
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Table 5.2 Growth profile of pak choy after 21 days, the plant height pertaining to different nutrient 

conditions sorted from highest to lowest growth (height day 21 subtracted by day 0) 

Nutrient conditions Plant height (mm) 
Leafy Green Mix [Control1] 105 
Leafy Green Mix ½ + Kreotec 95 
Kreotec + Kreostim 75 
Leafy Green Mix ½ + Amino acid Hydrolysate 65 
Microalgal Extract 30 
Leafy Green Mix ½ [Control2] 17.5 

 

Microalgal extract ranked fifth among the tested six conditions in this comparative growth profile 

(Table 5.2).  The growth rates in between sampling points from the measured height differences 

between day ‘0’ and day ‘7’, ‘7’ and day ‘14’ and ‘14’ and day ‘21’ showed different nutrient 

conditions dominated growth at different sampling points (day7, day14 and day21).  The day ‘7’ 

sampling revealed leafy green mix [control1] in the first place, leafy green mix ½ [control2] in the last 

(sixth) place and microalgal extract in the fifth place.  The order of growth rate was as follows; leafy 

green mix [control1] > leafy green mix ½ + kreotec > leafy green mix ½ + amino acid hydrolysates > 

kreotec + kreostim > microalgal extract > leafy green mix ½ [control2].  The day ‘14’ sampling 

revealed leafy green mix [control1] in the first place, leafy green mix ½ + amino acid hydrolysates in 

the last (sixth) place and microalgal extract in the third place.  The order of growth rate was as follows; 

leafy green mix [control1] > leafy green mix ½ + kreotec > microalgal extract > leafy green mix ½ 

[control2] > kreotec + kreostim > leafy green mix ½ + amino acid hydrolysates.  The day ‘21’ sampling 

revealed kreotec + kreostim in the first place, leafy green mix ½ + kreotec in the last (sixth) place and 

microalgal extract in the third place (Table 5.3).  The order of growth rate was as follows; kreotec + 

kreostim > leafy green mix ½ + amino acid hydrolysates > microalgal extract > leafy green mix ½ 

[control2] > leafy green mix [control1] > leafy green mix ½ + kreotec. 
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Table 5.3 Growth rate of pak choy, height measured between day 14 and day 21, the plant height 

pertaining to different nutrient conditions sorted from highest to lowest growth 

Nutrient conditions Plant height (mm) 
Kreotec + Kreostim 55 
Leafy Green Mix ½ + Amino acid Hydrolysate 40 
Microalgal Extract 11.2 
Leafy Green Mix ½ [Control2] 10 
Leafy Green Mix [Control1] 7.5 
Leafy Green Mix ½ + Kreotec 2.5 

 

The highest to lowest sorted measurements of plant productivity in terms of fresh weight (Table 5.4) 

revealed a different pattern within day 14 and day 21.  The sorted order for day14 was as follows, 

Leafy Green Mix [Control1] > Leafy Green Mix ½ + Kreotec > Leafy Green Mix ½  + Amino acid 

Hydrolysate > Microalgal Extract > Kreotec + Kreostim > Leafy Green Mix ½ + Amino acid 

Hydrolysate > Leafy Green Mix ½ [Control2], and on day 21 was in the order of Leafy Green Mix 

[Control1] > Leafy Green Mix ½  + Kreotec > Leafy Green Mix ½  + Amino acid Hydrolysate > 

Kreotec + Kreostim > Microalgal Extract > Leafy Green Mix ½ [Control2].  Microalgal extract ranked 

four on day 14, and on day 21 it ranked five.  Within the tested fresh weight-based biomass 

productivity, between day 14 and day 21, except for Kreotec + Kreostim and microalgal extract, other 

tested nutrient conditions remained in the same ranking.  When comparing the profiles of plant growth 

in terms of plant height and biomass fresh weight, the ranking of plant height and fresh weight varied 

entirely (Table 5.5).  The pH of the tested different nutrient solutions showed a gradual increase in 

Leafy Green Mix [Control1], Leafy Green Mix ½ + Kreotec, and Kreotec + Kreostim (Table 5.6).  

Leafy Green Mix ½ + Amino acid Hydrolysate, Leafy Green Mix ½ + Amino acid Hydrolysate, and 

Leafy Green Mix ½ [Control2] showed a slight decrease in pH. 
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Table 5.4 Pak choy growth measured in terms of fresh weight (g) 

Nutrient conditions Day14 (g) Day21 (g) 
Leafy Green Mix [Control1] 22.6±5.4 48.6±21.7 
Leafy Green Mix ½  + Kreotec 11.8±1.5 22.2±8.6 
Leafy Green Mix ½  + Amino acid Hydrolysate 1.9±0.3 9.9±4.3 
Kreotec + Kreostim 0.8±0.08 8.5±3.6 
Leafy Green Mix ½ [Control2] 0.4±0.1 1.3±0.3 
Microalgal Extract  1.6±0.5 2.7±0.9 

 

 

 
Table 5.5 Comparative plant productivity in terms of plant height and fresh weigh (results sorted 

highest to lowest) -  

Day 21 Growth in terms of plant height Day 21 Growth in terms of fresh weight 
Kreotec + Kreostim Leafy Green Mix [Control1] 

Leafy Green Mix ½ + Amino acid Hydrolysate Leafy Green Mix ½  + Kreotec 

Microalgal Extract Leafy Green Mix ½  + Amino acid Hydrolysate 

Leafy Green Mix ½ [Control2] Kreotec + Kreostim 

 Leafy Green Mix [Control1] Microalgal Extract  

 Leafy Green Mix ½ + Kreotec Leafy Green Mix ½ [Control2] 
 

 

Table 5.6 The pH profile of different tested nutrient conditions (pak choy cultivation) 

Nutrient conditions  Day0 Day 7  Day 14 Day 21 
Leafy Green Mix [Control1] 6 6.1 6.1 6.3 
Leafy Green Mix ½ + Kreotec 4.6 6.1 6.1 6.9 
Leafy Green Mix ½ + Amino acid Hydrolysate 7.3 7.1 6.7 6.7 
Kreotec + Kreostim 3.8 4.4 5.6 6.6 
Leafy Green Mix ½ [Control2] 6.4 6.2 6 6.2 
MicroalgaL extract 6.6 6.6 6.7 5.9 

 

 

5.3.2. Growth responses of pak choy and collards 

Among the tested four nutrient conditions, the Hoagland solution (control) showed maximum growth 

(Figure 5.4a).  Based on the net growth measured after 20 days, that is, the plant height measured on 
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day 20 was subtracted by the height of day ‘0’ was in the order of Hoagland solution [control] > 

microalgal extract > microalgal extract + nitrified urine > nitrified urine.  The plant height trend 

mentioned above was the same on both the sampling points (day 10 and day 20); on day 20, the height 

difference between the nitrified urine and combination of microalgal extract + nitrified urine appeared 

with similar measurements.  Growth measurements in terms of leaf width were in the order as follows, 

Hoagland solution [control] > microalgal extract + nitrified urine > nitrified urine > microalgal extract 

(Table 5.4b).  The pH was gradually increased in all the tested four conditions, except the nitrified 

urine found decreased pH 0.4 on day 20 (Figure 5.5).

Figure 5.4 (a) Growth comparison of collards grown in different nutrient conditions (results 

represented average of triplicates)
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Figure 5.4b Growth comparison of collards in algal extract against nitrified human urine, with 

Hoagland hydroponic nutrient solution as a control (results represented average of triplicates).

Figure 5.5 pH profile of different tested nutrient conditions (collards cultivation) (results 

represented average of triplicates)
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5.3.3. Identification of maximum nutrient uptake and interlink points of pak choy 

Nutrient uptake rates of thirteen micro and macronutrient elements (copper, zinc, manganese, 

magnesium, molybdenum, calcium, iron, potassium, cobalt, sodium. nitrate, phosphate and sulphate) 

were calculated by subtracting the nutrient contents of the previous sampling point, for example, 

subtracting the nutrient content values of Day 0 with Day 7,  Day7 – Day14, and Day14 – Day21, and 

identifying which day the maximum uptake occurred.  In this calculation, Leafy Green Mix [Control1], 

Leafy Green Mix ½ + Kreotec, and Leafy Green Mix ½ [Control2] showed day 14 as the maximum 

nutrient element uptake points.  Microalgal extract and Kreotec + Kreostim on day 21, and Leafy 

Green Mix ½ + Amino acid Hydrolysate showed maximum absorption rates on day 7 & 21.  

Irrespective of different nutrient regimes (though the nutrient concentrations and composition are 

different in the tested six different nutrient conditions), pak choy showed maximum copper absorption 

on day 7 (Table 5.8).  In this profiling, the pak choy supplied with microalgal extract as nutrients was 

an exception; the maximum copper absorption occurred on day 21. 

 

The terminology ‘interlink’ used here in the context that denotes the influencing effect of the uptake 

of other nutrient elements; for example, copper influence the nitrogen nutrient uptake in pak choy 

(Wang et al. 2009).  Amongst the tested six nutrient combinations (Table 5.9), four nutrient conditions 

contained ingredients of leafy green mix, amongst the four leafy green mix (Leafy Green Mix 

[Control1], Leafy Green Mix ½ + Kreotec, and Leafy Green Mix ½ [Control2] ) three showed nitrate 

as key interlinking element.  Amongst the tested six nutrient combinations, three nutrient combinations 

showed molybdenum as their highest interlinking element (Table 5.9).  It has to be noted that amongst 

the six, only two conditions contain kreotec, and both the two kreotec was identified as molybdenum 

as their highest interlinking element (Table 5.9).  
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Table 5.8 Pak choy - within the nutrient uptake rates of different sampling intervals identifying the maximum uptake points o individual nutrient element 

 

 

Table 5.9 Selective control nutrient uptake plot of pak choy 
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5.4. Discussion 

Every plant species vary in the uptake pattern of nutrient elements and their transfer to various plant 

parts, leaves, tissues, fruits.  Particularly the micronutrients, when it occurs at slight high 

concentrations, nutrient elements will get bio-accumulated; this phenomenon ensues as a cause of 

particular selective nutrient absorption traits of the given type of plant species (Abou-Hadid et al. 

1996).  These kinds of plant nutritional traits and phenomena result in differences in yield and plant 

productivity.  Therefore, these variations in plant growth, physiology, or yield in hydroponic 

cultivation systems may result in a concentration or dilution effect on cation and anion constituents of 

the nutrient solution (Kirkby and Mengel 1967).  The growth rates in between sampling points that 

the measured height differences from day ‘0’ to day ‘7’ sequentially up to day 21 showed different 

nutrient conditions dominated growth at different sampling points (day7, day14 and day21).  These 

growth differences pronounce due to the change in nutrient composition of nutrient solution of that 

particular growth stage, the leftover nutrient composition; (this refers to) the altered nutrient 

complexity leading to or instigating selective nutrient uptake that may enhance or suppresses the 

growth. 

The comparative growth rate measurements of the day ‘7 and 14’ revealed leafy green mix [control1] 

in the first place, and in day 21 kreotec + kreostim was found to be in the first place.  The kreotec + 

kreostim contains three bacterial plant growth promoting bacterial species Bacillus velezensis, 

Azospirillum brasilense and Herbaspirillum seropedicae.  The application of plant growth-promoting 

bacteria facilitates the availability of nutrients and absorption, especially in unfavourable conditions 

(Hamad et al. 2015); in soil-based cultivation, inoculants of plant growth-promoting bacteria have 

been shown to contribute to nutrient cycling and increased growth (Singh et al. 2011).  In the 

perspective of growth stages and root nutrient uptake physiology, studies have attempted to use 

controlled-release fertilisers; this facilitates the slow release of micro and macronutrients, curtails over 

absorption and bioaccumulation of particular nutrient elements and supply nutrients in balanced 

concentration upon gradual growth (Trientini and Fisher 2020).  However, the study concluded that 

the application of controlled-release fertilisers was not suitable for a hydroponic type of cultivation 

system because the rate of nutrient release was not matched with the plant uptake requirements, and 
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nutrient ratios were deficient in the nutrient solution.   The sudden change (increase) in the growth at 

kreotec + kreostim on day 21 is the possible mechanism of plant beneficial bacterial content facilitating 

nutrient uptake upon the progression of days. 

Initially, on day ‘7’, the growth difference was not distinct and significant; therefore, fresh weight 

samples (plant sacrifice) was collected from day 14 (no sampling on day 7).  In hydroponic cultivation, 

as the plant grows and uptake nutrients, there will be changes occurring in the nutrient concentrations 

due to absorbing (uptaking) nutrients.  Thus the altered nutrient concentrations manifest changes and 

show characteristic symptoms in every part of the plant; this includes root, flower, fruits and leaf (Ding 

et al. 2018).  As the different tested six nutrient formulations had different compositions of micro and 

macronutrients, within the plant height-based measurements (Tables 5.2 and 5.3), the tested two 

controls with full strength and half strength, that is. Leafy Green Mix [Control1] and Leafy Green Mix 

½ [Control2] showed different growth rates.  This is a shred of clear evidence to attest to the 

phenomenon that, though the micro and macronutrient compositions are similar, they exert deficiency 

or toxicity if they vary in concentrations (full strength and half strength).   

 

Reports have shown the acidification effect in hydroponic cultivation systems and identified it as a 

cause of released acidic root exudates, which measured a decrease of pH from 5.9 to 3.2 upon three 

weeks of growth (Loffredo et al. 1997).  Especially in pak choy, the variation in the concentration of 

nutrient composition occurring in the nutrient tanks, particularly alterations in the different forms of 

nitrogen nutrients, instigates pH decrease (Pelayo Lind et al. 2021).  A similar phenomenon might 

have occurred in Leafy Green Mix ½ + Amino acid Hydrolysate, Leafy Green Mix ½ + Amino acid 

Hydrolysate, and Leafy Green Mix ½ [Control2] where a gradual decrease in pH upon the cultivation 

days progress (Table 5.6).  This clearly shows the other tested nutrients (Leafy Green Mix [Control1], 

Leafy Green Mix ½ + Kreotec, and Kreotec + Kreostim) yielded root conditions that can buffer the 

pH of the nutrient solution.  Optimal physicochemical and biological conditions allow the maximum 

yields and in the enrichment of plant parts that are nutritious to the human system, mainly the leaf and 

fruit, which are often used as food (Conn et al. 2013).  Studies have demonstrated that optimised 

growth conditions increased collards' leaf width (Gagne 2019).   
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Studies have shown the increased uptake of copper in hydroponically grown plants related to increased 

ammonium and nitrate ratio (Pelayo Lind et al. 2021).  As it is evident from the observed results (Table 

5.8) pak choy uptake maximum concentration of copper in the initial growth stage (day 7) indicates 

the connectivity of rich nitrogen contents on the nutrient solution at the initial days of cultivation 

facilitates copper uptake.  As well, it is evident that pak choy grown in microalgal extract was an 

exception for this (Table 5.8) maximum copper uptake on day 7, however, the selective control nutrient 

uptake plot of pak choy (Table 5.9) showed copper is the identified maximum interlink forming 

nutrient element.  Studies demonstrated the nitrogen sources supplied to hydroponically grown pak 

choy in the form of ammonium nitrogen and glutamine nitrogen was not converted into nitrate-

nitrogen (Wang et al. 2009), the obtained results (Table 5.8 and Table 5.9) evidently shows the 

interlinks or instigating connectivity of nitrogen metabolism.  With reference to the derived selective 

control nutrient uptake plot of pak choy and maximum uptake chart of individual nutrients, modulating 

the copper concentration/supply can initiate the pathway necessary to utilise different forms of 

nitrogen nutrients. The phenomenon, as mentioned earlier, is a potential hydroponic nutrient 

management tool helpful in limiting nutrient pollution and saving waste treatment costs by increasing 

the number of reuse of hydroponic nutrient solutions by topping up specific nutrient elements deprived 

at the calculated growth stage using the derived plots.  The two nutrient conditions that contained 

‘kreotec + kreostim and leafy green mix ½ + kreotec’ (Table 5.9) showed molybdenum as their highest 

interlinking nutrient element.  Kreotec is the cobinaito of biofertiliser microbial composition 

comprising Bacillus velezensis, Azospirillum brasilense and Herbaspirillum seropedicae.  Studies 

have shown the phenotypic features and analysis of B. velezensis revealed genes sets of molybdenum 

cofactor synthetase (Quach et al. 2021).  Notably, reports have demonstrated the involvement of A. 

brasilense in the interlinking of molybdenum with nitrogen metabolism in the cultivation of maise 

(Picazevicz et al. 2017) and soya bean (Galindo et al. 2020).  H. seropedicae shown to involve in the 

metabolism of nitrogen under iron-deficient conditions (Klassen et al. 2003).  Molybdenum is essential 

in nitrogen metabolism; primarily, it acts as a cofactor for nitrogenase enzymes to catalyse the redox 

reaction to convert elemental nitrogen into ammonium ions (Alam et al. 2015) and all the three bacteria 

(B. velezensis, A. brasilense and H. seropedicae). are nitrogen fixers. 
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The plots and derivation proposed in this chapter; (i) within the uptake rates of different sampling 

intervals identifying the maximum and least uptake points of individual element (Table 5.8), (ii) 

identifying the key interlinking and highly influencing nutrient element, (iii) selective control nutrient 

uptake plots (Table 5.9) are helpful in devising an optimised method, especially an artificial 

intelligence method for hydroponic nutrient management.  For example, suppose a hydroponic grower 

intends to grow plants in his own nutrient formulation. In that case, the first step is to generate base 

data by growing a known number of plants and plotting the maximum and least uptake chart, interlink 

chart and selective control nutrient uptake charts.  The charts derived from the base data can be 

extrapolated for the desired number of plants to forecast and identify the deprivation points of a 

particular nutrient element.  This method helps formulate nutrient solutions that will not allow the 

accumulation of specific nutrient elements upon continual reuse of nutrient water.  This strategic 

planning of (specific) nutrient top-up helps in the complete utilisation of nutrients to an 

environmentally safe level.  The post cultivation water, after repeated reuse, can be drained out without 

the treatment process, thus saving energy, water treatment costs and carbon footprint. 

 

Devising systems for the ‘energy-efficient nutrient utilisation process’ in a circular economy method 

is a current global interest (Elvanidi et al. 2020).  Digital agriculture and designing sustainable 

agricultural systems, e-digital agriculture is the current growing are, therefore it is essential to have an 

automated artificial intelligence-based technology in hydroponic farming (Basso and Antle 2020).  As 

a cause of distraction and tiredness, it is common for human beings to end up in errors while working 

or engaged in certain activities.  The application of automated robotic mechanisms in production 

control reduces the chances of error and save from adverse causes, financial losses, and suffering 

(Domingues et al. 2012).  The rapid development of electronics and software, merged with the vast 

expansion of the market, had allowed access to state-of-the-art technologies and tools that were 

previously only accessible to higher-end and well-equipped labs and research organisations.  

Agricultural engineering and artificial intelligence played a significant role in these technological 

advancements, both in the ventures of new equipment development and in modifying or integrating 
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the existing technology used in agriculture production or from other sectors (Verola et al. 2007).  

Greenhouse and hydroponic producers in Australia have room to improve their cultivation method and 

have great potential to expand water and nutrient use efficiencies because currently, a very limited 

number of growers recycle water and nutrients (Grewal et al. 2011).  Currently, the runoff and post 

cultivation nutrient waters are not recycled or reused by most of the hydroponic greenhouses of 

Australia; the reasons for the aversion to recycling is the fear of reduced yields and the risk of plant 

disease (Parks et al. 2009).  When considering nutrient water reuse, an appropriately formulated and 

balanced nutrient solution prepared for the circulation in the hydroponic systems create an optimal 

chemical environment to root systems that leverage easy absorption and facilitate availability to plants.  

Essentially the nutrient element formulation should contain optimised levels of a ready biologically-

absorbable form of nutrient ingredients to the roots (da Silva Cuba Carvalho et al. 2018).  Application 

of methods as plotted in Table 5.9; (i) predicting the interlink formation amongst the concentration 

and composition of nutrients contained in the nutrient feeding tank, (ii) predicting the possible number 

of interlinking nutrients that influence the uptake of other nutrient elements, (iii) forecast of the 

particular nutrient element that can form the highest number of interlinks (iv) specific nutrient element 

that act as a key in the formation interlinks, (v) nutrient elements that are no likely involve in the 

interlinks, are an opportunity to combine with artificial intelligence method for the increase of 

confidence in framers for the reuse of nutrients with the top of identified key nutrient elements 

especially at the right. 

 

5.5. Summary 

The main conclusions drawn from this work are as follows: 

●In hydroponic cultivation, the root exudates are an essential factor through which the exposed physical 

conditions of the shoot are balanced by root, therefore acting as a interconnect, interacting, 

communicating and controlling their growing environment, especially in cooperating with the 

chemistry of nutrient solutions. The current study intends to increase the repeated reuse of nutrient 

solutions to save water and residual nutrients as a reuse base and top up with the required nutrient 
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elements by applying nutrient uptake plots. Accumulation of root exudates upon repeated reuse 

negatively influence plant productivity. However, the method implemented in Chapter 3, blending 

different wastewaters for the cultivation of microalgae, can facilitate the successful use of post 

cultivation water.  The reuse is possible in one or the other way; use the water for algal cultivation for 

up to one batch of growth cycle, once the nutrients and exudates are utilised by algae then resend again 

to hydroponic systems. 

● Acid digested microalgal extracts are rich in hydrolysed biomolecules; consequently, when the algal 

extracts are added to the nutrient tanks, there will be possible bacterial action that facilitates the process 

of nutrient release in a positive mode.  The plant height growth rate results showed that pak choy 

supplied with microalgal extract as hydroponic nutrients was fifth among the tested six nutrient 

conditions and progressed to third place on day 14.  This ascertains the evidence that the acid digested 

microalgal extract can act as a slow-release fertiliser. 

● The precision of selective control nutrient uptake plot is evident from the identified molybdenum as the 

highest interlinking nutrient element in both the kreotec added nutrient conditions containing Bacillus 

velezensis and Azospirillum brasilense and Herbaspirillum seropedicae are nitrogen-fixing bacteria 

that apparently utilise more molybdenum which is required for the synthesis of nitrogen fixation 

cofactor.  This attests to the factual reality of the application of selective control nutrient plot as a tool 

for the reuse of post cultivation water and nutrients. 
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Chapter 6 

Conclusions and recommendations for  
future work 
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6.1. Conclusions 

This research targeted limiting the greenhouse gas nitrous oxide evolved from nitrogen fertilisers used 

in soil-based agriculture.  Planned strategies to reduce the carbon footprint associated with the 

production of nitrogen fertilisers and wastewater treatment by utilising wastewater nutrients to 

cultivate microalgae contribute to energy saving , carbon and N2O emissions.  The plotted methods 

allow the use of the different wastewater without additional pre-treatment in the optimum quantity to 

cultivate nitrogen-fixing microalgae,.  This ensures benefit for nutrient recovery from wastewater and 

simultaneously generating a biologically fixed ready usable organic form of plant nitrogen nutrient 

through the nitrogen-fixing attribute of microalgae.  The cultivated algal biomass can be used as a 

source of nutrients and plant stimulants to grow plants in hydroponics, as microalgae are known to 

produce plant hormones, and the acid digested algal biomass extract can yield mineral nutrients and 

hydrolysed biomolecules.  Switching to the hydroponics mode of crop cultivation helps minimise 

nitrogen nutrient loss and soil-based agriculture that evolves nitrous oxide.  The foresaid plans led to 

addressing knowledge gaps and demonstrated the potential of using wastewater as a nutrient source 

for producing microalgal biomass that yields plant hormones and nutrients. 

It is necessary to ensure that the mixed wastewater used for the algal bio-production does not contain 

toxic chemical substances, algal predators, or pathogenic microbes.  One way of leveraging this is to 

develop appropriate systems to adopt a method that can source wastewater in a stage of containing 

non-toxic entities.  The other way is a catalyst based non-residue making pre-treatment method to 

present conducive wastewater to microalgae, such as pretreatment by the Fe-Cu process for enhancing 

biological degradability of the mixed wastewater (Fan and Ma 2009).  An alternative of avoiding such 

pollution using microalgae is possible with a two-step process.  The first step can be considered algal 

cultivation in wastewater to primarily remove toxic chemicals, harvest the biomass, and use non-food 

or feed processes like biogas production (Passos et al. 2016).  The second step of cultivation can be 

used as a source of biomass for hydroponic nutrient extraction. 

Investigation on the possible application of nutrient stoichiometry attempted in this study revealed 

prominent evidence.  Irrespective of nutrient regimes, a clear recovery pattern was observed in the 
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tested thirteen different nutrient conditions.  Australia is robustly investing and moving towards digital 

agriculture.   

The current study revealed from the testing of a proof of concept “algal biomass as hydroponic 

nutrients and stimulants” that replacing the nitrogen fertiliser with biologically fixed nitrogen nutrients 

in hydroponic cultivation.  This method is practically possible and has potential opportunities to scale 

up in green technology. 

6.2. Recommendations for future work 

The outcomes of this study have yielded direction to the identification of several research topics that 

could be investigated in the future.  These areas are detailed as follows: 

The intention of developing this algae-based hydroponic nutrient method primarily focused on reducing 

the carbon footprint generated in the production of nitrogen fertilisers.  The application of such 

nitrogen fertilisers instigates the evolution of nitrous oxide, a potent greenhouse gas.  The other 

objective is to reduce the energy expenses and carbon footprint generated in wastewater treatment 

using algae which replenish the nitrogen fertiliser needed for food production by nitrogen fixation.  In 

general, nitrogen-fixing microalgae are slow growers, which makes the process unappealing as the 

long retention time consumes more energy expenses due to slow growth.  It is one of the facts that the 

unavailability of fast-growing nitrogen-fixing microalgae.  There are several non-nitrogen fixing 

microalgae grow faster than nitrogen fixing types (Jiang, Li, 2021).  It will be beneficial if 

investigations are oriented to match a perfect synergistic pairing of fast-growing non-nitrogen-fixing 

microalgae, which quickly absorb the wastewater nitrogen and allow the nitrogen-fixing partner to 

dominate and produce nitrogen using the other nutrients available in the wastewater. 

Vitamins from microalgae can be a valuable stimulant.  This study primarily focused on plant hormones 

produced by microalgae.  Devising methods for the non-chemical extraction of microalgal cytosols, 

such as edible grade organic vinegar, allows microalgae to release cytosol.  This mild acid-based 

extraction or using marine microalgae freshwater exposure to the harvested biomass generates osmotic 

shock mediated cytosol leak.  Unlike the method used in this study using strong acid for the digestion 
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of biomass, use of any mild treatment that ensues the cytoplasmic rupture facilitates the release of 

intact or mild acid-tolerant algal vitamins viable and available to plants. 

 The current study has not attempted the use of nitrified urine in wastewater blends.  Secondary treated 

wastewater is an excellent safe wastewater source to dilute concentrated or raw wastewaters/effluent.  

Secondary treated wastewater will always not be supportive for algal growth as it has mid nutrient 

loads.  In such a case, nitrified urine can be used as a blend, enrich nutrients and supply all nutrient 

elements required for algal growth. 

The current study identified that unprocessed human urine is not favourable for algal growth as the 

ammonia evolution inhibits algal growth.  There are ammonia tolerant microalgae, use of ammonical 

tolerant microalgae (Lin et al. 2007) can be a way of primary pre-treatment. 

Speciation studies of metal nutrients.  Every metal nutrient behaves differently in its oxidised or 

reduced states; changes in the redox potential or alteration in valency changes the algal tolerance limit; 

for example, hexavalent chromium is more toxic than trivalent chromium.  Investigation on the metal 

speciation helps to understand different hidden mechanisms on the selective control nutrient 

recovery/uptake and interlink forming characteristics and plots.  Correspondingly, fractionation-based 

profiling and proportion of different nitrogen forms (nitrate, nitrite, ammonia) and sulphur forms 

(sulphate, sulphite, sulphide) should be conducted. 

High throughput based screening using micro well plate or microfluidic device to narrow down the 

testing concentration of desalination brine and other types of wastewaters making more blends 

proportions paves the way for the identification of optimal nutrient composition yield high-value 

products from wastewater nutrients. 

Improving retention time by selecting dominating and fast-growing algal species.  Fast-growing 

microalgae absorb the waster nutrients in a short time and produce higher biomass, thus dually 

accomplishing the purpose of cleansing and biomass production in a short retention time.  It is also 

essential the fast-growing species should dominate the other wastewater microflora. 
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The current study identified that different nutrient elements influence the uptake and recovery of other 

elements in wastewater and hydroponic nutrient solution.  Particular nutrient element that influence 

the recovery of more number of elements.  Investigation of externally adding such specific nutrient 

element, to optimise the fast recovery, also this phenomenon can also be used as a tool for enhancing 

the recovery of nutrient of interest. 

 

The acid digested microalgal biomass contains nutrients as well hydrolysed form of simple absorbable 

form of fatty acids, amino acids and sugars.  Further investigation on discriminating these effects 

reveals that plant growth stimulation is a cause of algal phytohormones or synergistic enhancing 

functions of hydrolysed simpler units of biomolecules. 

Hydroponic plant roots secrete various organic acids and compounds known to inhibit plant growth, 

and reports show evidence it arrests algal growth.  Reusing the post cultivation water with plant 

exudates are difficult.  Meanwhile, studies have demonstrated the use of post cultivation hydroponic 

nutrient water for algal cultivation.  Diluting the post cultivation hydroponic water with other high 

concentration wastewater, blending to the level of inactivating the growth-inhibiting effects of root 

exudates.  The blend can be used for algal cultivation and then connected back to hydroponic systems. 

Various physiochemical factors influence the settling character of microalgae.  Investigations against 

the different algal growth stages and nutrient regimes allow further optimisation and fine-tuning to 

attain a more rapid settling-based biomass harvest. 

The core objective of this research is the repeated reuse of water and residual nutrients in the post-

cultivation wastewater as a base for the top-up and replenishment of the successive cultivations 

without hindering productivity.  Further investigation on repeated reuse is needed, especially involving 

the feature of the accumulation of root exudates upon repeated reuse of nutrient solution. 

 The algal biomass extract has not given competitive plant growth comparing the chemical fertilisers, 

further work in this area is needed for nutrient improvement. 
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This research focused on minimising the carbon footprint associated with wastewater treatment, 

fertilizer, and crop stimulant productions.  As a contribution to greenhouse gas mitigation, systematic 

lifecycle analysis and the modelling of nitrous oxide emission when using the algae-based nutrients 

and stimulants in hydroponics help, the policy-making agencies understand the effectiveness of this 

technology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

137 
 

References 

Abinandan, Sudharsanam, Suresh R. Subashchandrabose, Kadiyala Venkateswarlu, and Mallavarapu 
Megharaj. 2019. “Soil Microalgae and Cyanobacteria: The Biotechnological Potential in the 
Maintenance of Soil Fertility and Health.” Critical Reviews in Biotechnology 39(8):981–98. doi: 
10.1080/07388551.2019.1654972. 

Abou-Hadid, A. F., E. M. Abd-Elmoniem, M. Z. El-Shinawy, and M. Abou-Elsoud. 1996. “Electrical 
Conductivity Effect on Growth and Mineral Composition of Lettuce Plants in Hydroponic System.” 
Acta Horticulturae 434:59–66. doi: 10.17660/ActaHortic.1996.434.6. 

Acién Fernández, Francisco Gabriel, Cintia Gómez-Serrano, and José María Fernández-Sevilla. 2018. 
“Recovery of Nutrients From Wastewaters Using Microalgae.” Frontiers in Sustainable Food Systems 
2(September):1–13. doi: 10.3389/fsufs.2018.00059. 

Ahamefule, Chukwuemeka S., Chika J. Ugwuodo, Priscilla O. Idike, and James C. Ogbonna. 2021. 
“Application of Photosynthetic Microalgae in the Direct Desalination Pretreatment of Seawater.” 
Water and Environment Journal 35(2):657–69. doi: 10.1111/wej.12659. 

Ahmad, Nadeem, and Raouf E. Baddour. 2014. “A Review of Sources, Effects, Disposal Methods, and 
Regulations of Brine into Marine Environments.” Ocean and Coastal Management 87:1–7. doi: 
10.1016/j.ocecoaman.2013.10.020. 

Ahmed, Moddassir, Muhammad Rauf, Zahid Mukhtar, and Nasir Ahmad Saeed. 2017. “Excessive Use of 
Nitrogenous Fertilizers: An Unawareness Causing Serious Threats to Environment and Human 
Health.” Environmental Science and Pollution Research 24(35):26983–87. doi: 10.1007/s11356-017-
0589-7. 

Ak, Mesut, and Orhan Gunduz. 2013. “Comparison of Organic Matter Removal from Synthetic and Real 
Wastewater in a Laboratory-Scale Soil Aquifer Treatment System.” Water, Air, and Soil Pollution 
224(3). doi: 10.1007/s11270-013-1467-7. 

Aketo, Tsuyoshi, Yumiko Hoshikawa, Daisuke Nojima, Yusuke Yabu, Yoshiaki Maeda, Tomoko Yoshino, 
Hiroyuki Takano, and Tsuyoshi Tanaka. 2020. “Selection and Characterization of Microalgae with 
Potential for Nutrient Removal from Municipal Wastewater and Simultaneous Lipid Production.” 
Journal of Bioscience and Bioengineering 129(5):565–72. doi: 10.1016/j.jbiosc.2019.12.004. 

Alam, Faridul, Tae Young Kim, Song Yeob Kim, Sadia Sabrina Alam, Prabhat Pramanik, Pil Joo Kim, and 
Yong Bok Lee. 2015. “Effect of Molybdenum on Nodulation, Plant Yield and Nitrogen Uptake in 
Hairy Vetch (Vicia Villosa Roth).” Soil Science and Plant Nutrition 61(4):664–75. doi: 
10.1080/00380768.2015.1030690. 

Almuntashiri, Abdulaziz, Ahmad Hosseinzadeh, Federico Volpin, Syed Muztuza Ali, Ugyen Dorji, 
Hokyong Shon, and Sherub Phuntsho. 2021. “Removal of Pharmaceuticals from Nitrified Urine.” 
Chemosphere 280(March). doi: 10.1016/j.chemosphere.2021.130870. 

Alya Raphael, and Michael Wittig. 2003. “Enrichment of Photosynthetic Nitrogen-Fixing Cyanobacteria: 
Final Protocol.” 2–3. Retrieved 
(https://science.umd.edu/cbmg/faculty/asmith/200HONORS/WEBPAGE/spring2003/AlyaMichael/p
rotocol.html). 

Amaral, Valentina, Sylvia Bonilla, and Luis Aubriot. 2014. “Growth Optimization of the Invasive 
Cyanobacterium Cylindrospermopsis Raciborskii in Response to Phosphate Fluctuations.” European 
Journal of Phycology 49(1):134–41. doi: 10.1080/09670262.2014.897760. 

Ammann, Klaus. 2005. “Effects of Biotechnology on Biodiversity: Herbicide-Tolerant and Insect-Resistant 
GM Crops.” Trends in Biotechnology 23(8):388–94. doi: 10.1016/j.tibtech.2005.06.008. 

Anastopoulos, Ioannis, Amit Bhatnagar, and Eder C. Lima. 2016. “Adsorption of Rare Earth Metals: A 
Review of Recent Literature.” Journal of Molecular Liquids 221:954–62. doi: 



 

138 
 

10.1016/j.molliq.2016.06.076. 

Anon. 2020. “Https://Www.Ibisworld.Com/Au/Industry/under-Cover-Vegetable-Growing/2055/.” IBIS 
World. 

Arcila, Juan S., and Germán Buitrón. 2016. “Microalgae–Bacteria Aggregates: Effect of the Hydraulic 
Retention Time on the Municipal Wastewater Treatment, Biomass Settleability and Methane 
Potential.” Journal of Chemical Technology and Biotechnology 91(11):2862–70. doi: 
10.1002/jctb.4901. 

Arheimer, B., and R. Lidén. 2000. “Nitrogen and Phosphorus Concentrations from Agricultural Catchments 
- Influence of Spatial and Temporal Variables.” Journal of Hydrology 227(1–4):140–59. doi: 
10.1016/S0022-1694(99)00177-8. 

Arnon, Hoagland; 1938. “The Water-Culture Method for Growing Plants without Soil THE COLLEGE OF 
AGRICULTURE.” Agriculture. 

Arquiaga, M. C., and L. W. Canter. 1993. “Microbiology of High-Sodium-Nitrite-Wastewater Treatment.” 
Environmental Pollution (Barking, Essex : 1987) 81(1):1–6. 

Arumugam Manikandan, Palanisamy Suresh Babu, Shanmugasundaram Shyamalagowri, Murugesan 
Kamaraj, Peraman Muthukumaran, Jeyaseelan Aravind. 2021. “Emerging Role of Microalgae in 
Heavy Metal Bioremediation.” Journal of Basic Microbiology 1–4. 

Auriol, Muriel, Youssef Filali-Meknassi, Rajeshwar D. Tyagi, and Craig D. Adams. 2007. “Laccase-
Catalyzed Conversion of Natural and Synthetic Hormones from a Municipal Wastewater.” Water 
Research 41(15):3281–88. doi: 10.1016/j.watres.2007.05.008. 

Australian bureau of statistics. 2021. “Water Use on Australian Farms 2005-06.” Cat. No. 4618.0 1–5. 

Baalen, Chase V. a N., Peter J. Bottomley, and F. Robert Tabita. 1980. “Heterocyst Differentiation and 
Tryptophan Metabolism Cyanobacterium Anabaena Sp . CA1 in the The Ability of Vegetative Cells 
of Certain Filamentous Cyanobacteria to Differentiate into Morphologically and Physiologically 
Distinct Cells Called Heterocysts H.” Biophysics 203(1):204–13. 

Babaoglu Aydaş, Selcen, Sahlan Ozturk, and Belma Aslim. 2013. “Phenylalanine Ammonia Lyase (PAL) 
Enzyme Activity and Antioxidant Properties of Some Cyanobacteria Isolates.” Food Chemistry 
136(1):164–69. doi: 10.1016/j.foodchem.2012.07.119. 

Baek, Kyunghwa, Chul Park, Hee Mock Oh, Byung Dae Yoon, and Hee Sik Kim. 2010. “Diversity and 
Abundance of Ammonia-Oxidizing Bacteria in Activated Sludge Treating Different Types of 
Wastewater.” Journal of Microbiology and Biotechnology 20(7):1128–33. doi: 
10.4014/jmb.0907.07021. 

Bandala, Erick R., Miguel A. Peláez, A. Javier García-López, Maria de J. Salgado, and Gabriela Moeller. 
2008. “Photocatalytic Decolourisation of Synthetic and Real Textile Wastewater Containing 
Benzidine-Based Azo Dyes.” Chemical Engineering and Processing: Process Intensification 
47(2):169–76. doi: 10.1016/j.cep.2007.02.010. 

Barbosa, Guilherme Lages, Francisca Daiane Almeida Gadelha, Natalya Kublik, Alan Proctor, Lucas 
Reichelm, Emily Weissinger, Gregory M. Wohlleb, and Rolf U. Halden. 2015a. “Comparison of Land, 
Water, and Energy Requirements of Lettuce Grown Using Hydroponic vs. Conventional Agricultural 
Methods.” International Journal of Environmental Research and Public Health 12(6):6879–91. doi: 
10.3390/ijerph120606879. 

Barbosa, Guilherme Lages, Francisca Daiane Almeida Gadelha, Natalya Kublik, Alan Proctor, Lucas 
Reichelm, Emily Weissinger, Gregory M. Wohlleb, and Rolf U. Halden. 2015b. “Comparison of Land, 
Water, and Energy Requirements of Lettuce Grown Using Hydroponic vs. Conventional Agricultural 
Methods.” International Journal of Environmental Research and Public Health 12(6):6879–91. doi: 
10.3390/ijerph120606879. 



 

139 
 

Barkia, Ines, Nazamid Saari, and Schonna R. Manning. 2019. “Microalgae for High-Value Products towards 
Human Health and Nutrition.” Marine Drugs 17(5):1–29. doi: 10.3390/md17050304. 

Barone, Valeria, Ivana Puglisi, Ferdinando Fragalà, Angela Roberta Lo Piero, Francesco Giuffrida, and 
Andrea Baglieri. 2019. “Novel Bioprocess for the Cultivation of Microalgae in Hydroponic Growing 
System of Tomato Plants.” Journal of Applied Phycology 31(1):465–70. doi: 10.1007/s10811-018-
1518-y. 

Barros, Óscar, Lara Costa, Filomena Costa, Ana Lago, Verónica Rocha, Ziva Vipotnik, Bruna Silva, and 
Teresa Tavares. 2019. “Recovery of Rare Earth Elements from Wastewater towards a Circular 
Economy.” Molecules 24(6). doi: 10.3390/molecules24061005. 

Barzily, A., and Y. Kott. 1991. “Survival of Pathogenic Bacteria in an Adverse Environment.” Water 
Science and Technology 24(2):395–400. doi: 10.2166/wst.1991.0098. 

Basso, Bruno, and John Antle. 2020. “Digital Agriculture to Design Sustainable Agricultural Systems.” 
Nature Sustainability 3(4):254–56. doi: 10.1038/s41893-020-0510-0. 

Baysal, Asli, Nil Ozbek, and Suleyman Akm. 2013. “Determination of Trace Metals in Waste Water and 
Their Removal Processes.” Waste Water - Treatment Technologies and Recent Analytical 
Developments. doi: 10.5772/52025. 

Becker, Mathias, and Folkard Asch. 2005. “Iron Toxicity in Rice - Conditions and Management Concepts.” 
Journal of Plant Nutrition and Soil Science 168(4):558–73. doi: 10.1002/jpln.200520504. 

Behera, Bunushree, Sandip Patra, and P. Balasubramanian. 2020. “Biological Nutrient Recovery from 
Human Urine by Enriching Mixed Microalgal Consortium for Biodiesel Production.” Journal of 
Environmental Management 260(September 2019). doi: 10.1016/j.jenvman.2020.110111. 

Bello, Adewale Suraj, Imen Saadaoui, and Radhouane Ben-Hamadou. 2021. “‘Beyond the Source of 
Bioenergy’: Microalgae in Modern Agriculture as a Biostimulant, Biofertilizer, and Anti-Abiotic 
Stress.” Agronomy 11(8). doi: 10.3390/agronomy11081610. 

Ben-David, Eric A., Maryana Habibi, Elias Haddad, Mahdi Hasanin, Dror L. Angel, Andy M. Booth, and 
Isam Sabbah. 2021. “Microplastic Distributions in a Domestic Wastewater Treatment Plant: Removal 
Efficiency, Seasonal Variation and Influence of Sampling Technique.” Science of the Total 
Environment 752. doi: 10.1016/j.scitotenv.2020.141880. 

Benemann, John R. 1979. “Production of Nitrogen Fertilizer with Nitrogen-Fixing Blue - Green Algae.” 
Enzyme and Microbial Technology 1(2):83–90. doi: 10.1016/0141-0229(79)90103-0. 

Berman-Frank, Ilana, Antonietta Quigg, Zoe V. Finkel, Andrew J. Irwin, and Liti Haramaty. 2007. 
“Nitrogen-Fixation Strategies and Fe Requirements in Cyanobacteria.” Limnology and Oceanography 
52(5):2260–69. doi: 10.4319/lo.2007.52.5.2260. 

Bertoldi, F. C., E. Sant’anna, and J. L. Barcelos-Oliveira. 2009. “Chlorella Vulgaris Cultivated in 
Hydroponic Wastewater.” Acta Horticulturae 843:203–10. doi: 10.17660/ActaHortic.2009.843.26. 

Bharti, Asha, Radha Prasanna, Gunjeet Kumar, Arun Kumar, and Lata Nain. 2019. “Co-Cultivation of 
Cyanobacteria for Raising Nursery of Chrysanthemum Using a Hydroponic System.” Journal of 
Applied Phycology 31(6):3625–35. doi: 10.1007/s10811-019-01830-9. 

De Bhowmick, Goldy, Ajit K. Sarmah, and Ramkrishna Sen. 2019. “Performance Evaluation of an Outdoor 
Algal Biorefinery for Sustainable Production of Biomass, Lipid and Lutein Valorizing Flue-Gas 
Carbon Dioxide and Wastewater Cocktail.” Bioresource Technology 283(March):198–206. doi: 
10.1016/j.biortech.2019.03.075. 

Bianco, C., B. Senatore, S. Arbucci, G. Pieraccini, and R. Defez. 2014. “Modulation of Endogenous Indole-
3-Acetic Acid Biosynthesis in Bacteroids within Medicago Sativa Nodules.” Applied and 
Environmental Microbiology 80(14):4286–93. doi: 10.1128/AEM.00597-14. 



 

140 
 

Blackmer, A. M., J. M. Bremner, and E. L. Schmidt. 1980. “Production of Nitrous Oxide by Ammonia-
Oxidizing Chemoautotrophic Microorganisms in Soil.” Applied and Environmental Microbiology 
40(6):1060–66. doi: 10.1128/aem.40.6.1060-1066.1980. 

Bohutskyi, Pavlo, Kexin Liu, Laila Khaled Nasr, Natalie Byers, Julian N. Rosenberg, George A. Oyler, 
Michael J. Betenbaugh, and Edward J. Bouwer. 2015. “Bioprospecting of Microalgae for Integrated 
Biomass Production and Phytoremediation of Unsterilized Wastewater and Anaerobic Digestion 
Centrate.” Applied Microbiology and Biotechnology 99(14):6139–54. doi: 10.1007/s00253-015-6603-
4. 

Bonnet, Sophie, Eric A. Webb, Caterina Panzeca, David M. Karl, Douglas G. Capone, and Sergio A. 
Sañudo-Wilhelmy. 2010. “Vitamin B12 Excretion by Cultures of the Marine Cyanobacteria 
Crocosphaera and Synechococcus.” Limnology and Oceanography 55(5):1959–64. doi: 
10.4319/lo.2010.55.5.1959. 

Borowitzka, Michael A. 2013. “High-Value Products from Microalgae-Their Development and 
Commercialisation.” Journal of Applied Phycology 25(3):743–56. doi: 10.1007/s10811-013-9983-9. 

Borowitzka, Michael A. 2020. “Phycology.” ELS 1(2):356–74. doi: 10.1002/9780470015902.a0029195. 

Borzooei, Sina, Giuseppe Campo, Alberto Cerutti, Lorenza Meucci, Deborah Panepinto, M. Ravina, 
Vincenzo Riggio, Barbara Ruffino, Gerardo Scibilia, and Mariachiara Zanetti. 2019. “Optimization of 
the Wastewater Treatment Plant: From Energy Saving to Environmental Impact Mitigation.” Science 
of the Total Environment 691:1182–89. doi: 10.1016/j.scitotenv.2019.07.241. 

Bremner, John M. 1997. “Sources of Nitrous Oxide in Soils.” Nutrient Cycling in Agroecosystems 49(1–
3):7–16. doi: 10.1023/a:1009798022569. 

Bryan, Brett A., Wayne S. Meyer, C. Andrew Campbell, Graham P. Harris, Ted Lefroy, Greg Lyle, Paul 
Martin, Josie McLean, Kelvin Montagu, Lauren A. Rickards, David M. Summers, Richard Thackway, 
Sam Wells, and Mike Young. 2013. “The Second Industrial Transformation of Australian 
Landscapes.” Current Opinion in Environmental Sustainability 5(3–4):278–87. doi: 
10.1016/j.cosust.2013.05.011. 

Bugbee, Bruce. 2004. “Nutrient Management in Recirculating Hydroponic Culture.” Acta Horticulturae 
648:99–112. doi: 10.17660/ActaHortic.2004.648.12. 

Bunani, Samuel, Eren Yörükoğlu, Ümran Yüksel, Nalan Kabay, Mithat Yüksel, and Gökhan Sert. 2015. 
“Application of Reverse Osmosis for Reuse of Secondary Treated Urban Wastewater in Agricultural 
Irrigation.” Desalination 364:68–74. doi: 10.1016/j.desal.2014.07.030. 

Burgess, J. E., J. Quarmby, and T. Stephenson. 1999. “Micronutrient Supplements to Enhance Biological 
Wastewater Treatment of Phosphorus-Limited Industrial Effluent.” Process Safety and Environmental 
Protection 77(4):199–204. doi: 10.1205/095758299530071. 

Canham, Caroline A., Ornela Y. Cavalieri, Samantha A. Setterfield, Fiona L. Freestone, and Lindsay B. 
Hutley. 2020. “Effect of Elevated Magnesium Sulfate on Two Riparian Tree Species Potentially 
Impacted by Mine Site Contamination.” Scientific Reports 10(1):1–9. doi: 10.1038/s41598-020-
59390-9. 

Canizales, S., M. Sliwszcinka, A. Russo, S. Bentvelzen, H. Temmink, A. M. Verschoor, R. H. Wijffels, and 
M. Janssen. 2021. “Cyanobacterial Growth and Cyanophycin Production with Urea and Ammonium 
as Nitrogen Source.” Journal of Applied Phycology (0123456789). doi: 10.1007/s10811-021-02575-
0. 

Cao, Da, Adrian Lutz, Camilla B. Hill, Damien L. Callahan, and Ute Roessner. 2017. “A Quantitative 
Profiling Method of Phytohormones and Other Metabolites Applied to Barley Roots Subjected to 
Salinity Stress.” Frontiers in Plant Science 7(January):1–19. doi: 10.3389/fpls.2016.02070. 

Carmassi, G., L. Incrocci, M. Malorgio, F. Tognoni, and A. Pardossi. 2003. “A Simple Model for Salt 



 

141 
 

Accumulation in Closed-Loop Hydroponics.” Acta Horticulturae 614:149–54. doi: 
10.17660/ActaHortic.2003.614.20. 

Cavet, Jennifer S., Gilles P. M. Borrelly, and Nigel J. Robinson. 2003. “Zn, Cu and Co in Cyanobacteria: 
Selective Control of Metal Availability.” FEMS Microbiology Reviews 27(2–3):165–81. doi: 
10.1016/S0168-6445(03)00050-0. 

Cermakova, Lenka, Ivana Kopecka, Martin Pivokonsky, Lenka Pivokonska, and Vaclav Janda. 2017. 
“Removal of Cyanobacterial Amino Acids in Water Treatment by Activated Carbon Adsorption.” 
Separation and Purification Technology 173:330–38. doi: 10.1016/j.seppur.2016.09.043. 

Cerny-Koenig, T. A., J. E. Faust, and N. C. Rajapakse. 2005. “Role of Gibberellin A4 and Gibberellin 
Biosynthesis Inhibitors on Flowering and Stem Elongation in Petunia under Modified Light 
Environments.” HortScience 40(1):134–37. doi: 10.21273/hortsci.40.1.134. 

Chen, Bailing, Chun Wan, Muhammad Aamer Mehmood, Jo Shu Chang, Fengwu Bai, and Xinqing Zhao. 
2017. “Manipulating Environmental Stresses and Stress Tolerance of Microalgae for Enhanced 
Production of Lipids and Value-Added Products–A Review.” Bioresource Technology 244:1198–
1206. doi: 10.1016/j.biortech.2017.05.170. 

Chen, Ching Lung, Jo Shu Chang, and Duu Jong Lee. 2015. “Dewatering and Drying Methods for 
Microalgae.” Drying Technology 33(4):443–54. doi: 10.1080/07373937.2014.997881. 

Chen GuiLin, Gao XiuRui, Zhang XianBin. 2002. “Effect of Partial Replacement of Nitrate by Amino Acid 
and Urea on Nitrate Content of Non-Heading Chinese Cabbage and Lettuce in Hydroponic Condition.” 
Agricultural Sciences in China 1(4):444–49. 

Chinnasamy, Senthil, Ashish Bhatnagar, Ryan W. Hunt, and K. C. Das. 2010. “Microalgae Cultivation in a 
Wastewater Dominated by Carpet Mill Effluents for Biofuel Applications.” Bioresource Technology 
101(9):3097–3105. doi: 10.1016/j.biortech.2009.12.026. 

Choi, Yong Keun, Hyun Min Jang, and Eunsung Kan. 2018. “Microalgal Biomass and Lipid Production on 
Dairy Effluent Using a Novel Microalga, Chlorella Sp. Isolated from Dairy Wastewater.” 
Biotechnology and Bioprocess Engineering 23(3):333–40. doi: 10.1007/s12257-018-0094-y. 

Chow. 1992. “Nutritional Requirements for Growth and Yield of Strawberry in Deep Flow Hydroponic 
Systems.” Scientia Horticulturae 52(1–2):95–104. doi: 10.1016/0304-4238(92)90012-2. 

Chowdhury, Rubel Biswas, Graham A. Moore, Anthony J. Weatherley, and Meenakshi Arora. 2014. “A 
Review of Recent Substance Flow Analyses of Phosphorus to Identify Priority Management Areas at 
Different Geographical Scales.” Resources, Conservation and Recycling 83:213–28. doi: 
10.1016/j.resconrec.2013.10.014. 

Christenson, Logan, and Ronald Sims. 2011. “Production and Harvesting of Microalgae for Wastewater 
Treatment, Biofuels, and Bioproducts.” Biotechnology Advances 29(6):686–702. doi: 
10.1016/j.biotechadv.2011.05.015. 

Čížková, Mária, Dana Mezricky, Marian Rucki, Tivadar M. Tóth, Vít Náhlík, Vojtěch Lanta, Kateřina 
Bišová, Vilém Zachleder, and Milada Vítová. 2019. “Bio-Mining of Lanthanides from Red Mud by 
Green Microalgae.” Molecules (Basel, Switzerland) 24(7). doi: 10.3390/molecules24071356. 

Colla, Giuseppe, and Youssef Rouphael. 2020. “Microalgae: New Source of Plant Biostimulants.” 
Agronomy 10(9):1–4. doi: 10.3390/agronomy10091240. 

Comission, European. 2018. “Agri-Environmental Indicator - Greenhouse Gas Emissions.” European 
Comission. Retrieved (https://ec.europa.eu/eurostat/statistics-
explained/index.php?title=Archive:Agri-environmental_indicator_-
_greenhouse_gas_emissions&oldid=374989#Nitrous_oxide_emissions). 

Conn, Simon J., Bradleigh Hocking, Maclin Dayod, Bo Xu, Asmini Athman, Sam Henderson, Lucy Aukett, 



 

142 
 

Vanessa Conn, Monique K. Shearer, Sigfredo Fuentes, Stephen D. Tyerman, and Matthew Gilliham. 
2013. “Protocol: Optimising Hydroponic Growth Systems for Nutritional and Physiological Analysis 
of Arabidopsis Thaliana and Other Plants.” Plant Methods 9(1):1–11. doi: 10.1186/1746-4811-9-4. 

Conrad, Ralf. 1996. “Soil Microorganisms as Controllers of Atmospheric Trace Gases (H2, CO, CH4, OCS, 
N2O, and NO).” Microbiological Reviews 60(4):609–40. doi: 10.1128/mmbr.60.4.609-640.1996. 

Coppens, Joeri, Oliver Grunert, Sofie Van Den Hende, Ilse Vanhoutte, Nico Boon, Geert Haesaert, and Leen 
De Gelder. 2016. “The Use of Microalgae as a High-Value Organic Slow-Release Fertilizer Results 
in Tomatoes with Increased Carotenoid and Sugar Levels.” Journal of Applied Phycology 28(4):2367–
77. doi: 10.1007/s10811-015-0775-2. 

Couillard, D. 1989. “Slaughterhouse e f f l u e n t Treatment by Thermophilic Aerobic Process.” Water 
Research 23(5):573–79. 

Councell, Terry B., Kea U. Duckenfield, Edward R. Landa, and Edward Callender. 2004. “Tire-Wear 
Particles as a Source of Zinc to the Environment.” Environmental Science and Technology 
38(15):4206–14. doi: 10.1021/es034631f. 

Craggs, Rupert, Donna Sutherland, and Helena Campbell. 2012. “Hectare-Scale Demonstration of High 
Rate Algal Ponds for Enhanced Wastewater Treatment and Biofuel Production.” Journal of Applied 
Phycology 24(3):329–37. doi: 10.1007/s10811-012-9810-8. 

Daelman, M. R. J., E. M. Van Voorthuizen, L. G. J. M. Van Dongen, E. I. P. Volcke, and M. C. M. Van 
Loosdrecht. 2013. “Methane and Nitrous Oxide Emissions from Municipal Wastewater Treatment - 
Results from a Long-Term Study.” Water Science and Technology 67(10):2350–55. doi: 
10.2166/wst.2013.109. 

Darwish, Mohamad, Azmi Aris, Mohd Hafiz Puteh, Muzaffar Zainal Abideen, and Mohd Nor Othman. 
2016. “Ammonium-Nitrogen Recovery from Wastewater by Struvite Crystallization Technology.” 
Separation and Purification Reviews 45(4):261–74. doi: 10.1080/15422119.2015.1119699. 

Das, Pallabi, Gautam C. Mondal, Siddharth Singh, Abhay K. Singh, Bably Prasad, and Krishna K. Singh. 
2018. “Effluent Treatment Technologies in the Iron and Steel Industry - A State of the Art Review.” 
Water Environment Research 90(5):395–408. doi: 10.2175/106143017x15131012152951. 

Das, Rajesh Kumar, and West Bengal. 2019. “A REVIEW ON QUORUM SENSING INHIBITORS.” 
International Journal of Pharmaceutical Sciences and Research 10(12):5224–33. doi: 
10.13040/IJPSR.0975-8232.10(12).5224-33. 

Dassey, Adam J., and Chandra S. Theegala. 2013. “Harvesting Economics and Strategies Using 
Centrifugation for Cost Effective Separation of Microalgae Cells for Biodiesel Applications.” 
Bioresource Technology 128:241–45. doi: 10.1016/j.biortech.2012.10.061. 

Day, John G., Yingchun Gong, and Qiang Hu. 2017. “Microzooplanktonic Grazers – A Potentially 
Devastating Threat to the Commercial Success of Microalgal Mass Culture.” Algal Research 
27(August):356–65. doi: 10.1016/j.algal.2017.08.024. 

Delrue, Florian, Matheus Ribeiro de Jesus Cerqueira, Ana Compadre, Pablo Alvarez, Gatien Fleury, Camille 
Escoffier, and Jean François Sassi. 2021. “Hydroponic Farm Wastewater Treatment Using an 
Indigenous Consortium.” Processes 9(3). doi: 10.3390/pr9030519. 

Diaconu, Mariana. 2020. Microalgae with Potential in Air Treatment. INC. 

Ding, Xiaotao, Yuping Jiang, Hong Zhao, Doudou Guo, Lizhong He, Fuguang Liu, Qiang Zhou, Dilip 
Nandwani, Dafeng Hui, and Jizhu Yu. 2018. “Electrical Conductivity of Nutrient Solution Influenced 
Photosynthesis, Quality, and Antioxidant Enzyme Activity of Pakchoi (Brassica Campestris L. Ssp. 
Chinensis) in a Hydroponic System.” PLoS ONE 13(8):1–15. doi: 10.1371/journal.pone.0202090. 

Do, Thi Cam Van, Dang Thuan Tran, Truong Giang Le, and Quang Trung Nguyen. 2020. “Characterization 



 

143 
 

of Endogenous Auxins and Gibberellins Produced by Chlorella Sorokiniana TH01 under Phototrophic 
and Mixtrophic Cultivation Modes toward Applications in Microalgal Biorefinery and Crop 
Research.” Journal of Chemistry 2020. doi: 10.1155/2020/4910621. 

Docampo, Roberto. 2006. Inclusions in Prokaryotes. 

Domingues, Diego S., Hideaki W. Takahashi, Carlos A. P. Camara, and Suzana L. Nixdorf. 2012. 
“Automated System Developed to Control PH and Concentration of Nutrient Solution Evaluated in 
Hydroponic Lettuce Production.” Computers and Electronics in Agriculture 84:53–61. doi: 
10.1016/j.compag.2012.02.006. 

Doneen, L. D. 1932. “A MICRO-METHOD FOR NITROGEN IN PLANT MATERIAL.” Plant Physiology 
7:717–20. 

Droop, M. R. 1961. “Some Chemical Considerations in the Design of Synthetic Culture Media for Marine 
Algae.” Botanica Marina 2(3–4):231–46. doi: 10.1515/botm.1961.2.3-4.231. 

Duan, Yafei, Hongbiao Dong, Yun Wang, Hua Li, Qingsong Liu, Yue Zhang, and Jiasong Zhang. 2017. 
“Intestine Oxidative Stress and Immune Response to Sulfide Stress in Pacific White Shrimp 
Litopenaeus Vannamei.” Fish and Shellfish Immunology 63:201–7. doi: 10.1016/j.fsi.2017.02.013. 

Duong, Thi Thuy, Thi Thu Lien Nguyen, Thi Hai Van Dinh, Thi Quynh Hoang, Thi Nguyet Vu, Thi Oanh 
Doan, Thi Mai Anh Dang, Thi Phuong Quynh Le, Dang Thuan Tran, Van Nhan Le, Quang Trung 
Nguyen, Phuong Thu Le, Trung Kien Nguyen, Thi Dau Pham, and Ha Manh Bui. 2021. “Auxin 
Production of the Filamentous Cyanobacterial Planktothricoides Strain Isolated from a Polluted River 
in Vietnam.” Chemosphere 284(May):131242. doi: 10.1016/j.chemosphere.2021.131242. 

E. W. Nogueira, F. M. Licona, L. A. G. Godoi, G. Brucha, and and M. H. R. Z. Damianovic. 2019. 
“Biological Treatment Removal of Rare Earth Elements and Yttrium (REY) and Metals from Actual 
Acid Mine Drainage.” Water Science & Technology 80(8):1485–1493. doi: 10.2166/wst.2011.079. 

Ebner, Julia. 2014. “Europe’s Rare Earth Dependence on China: Future Perspectives.” (December). 

Eklund. 2002. “Use of Ethylenediaminetetraacetic Acid in Pulp Mills and Effects On.” Environmental 
Toxicology 21(5):1040–51. 

Elvanidi, Angeliki, Cinthya Marilu Benitez Reascos, Elissavet Gourzoulidou, Alexander Kunze, Johannes 
F. J. Max, and Nikolaos Katsoulas. 2020. “Implementation of the Circular Economy Concept in 
Greenhouse Hydroponics for Ultimate Use of Water and Nutrients.” Horticulturae 6(4):1–16. doi: 
10.3390/horticulturae6040083. 

Endres, David B. 2012. “Investigation of Hypercalcemia.” Clinical Biochemistry 45(12):954–63. doi: 
10.1016/j.clinbiochem.2012.04.025. 

Erratt, Kevin J. ErrattKevin J. 2017. “Urea as an Effective Nitrogen Source for Cyanobacteria.” University 
of Western Ontario. 

Fagodiya, R. K., H. Pathak, A. Kumar, A. Bhatia, and N. Jain. 2017. “Global Temperature Change Potential 
of Nitrogen Use in Agriculture: A 50-Year Assessment.” Scientific Reports 7(August 2016):1–8. doi: 
10.1038/srep44928. 

Falayi, Thabo, and Freeman Ntuli. 2018. “Adsorption of Zinc and Iron from Acidic Industrial Effluent Using 
Basic Oxygen Furnace Slag.” HNICEM 2017 - 9th International Conference on Humanoid, 
Nanotechnology, Information Technology, Communication and Control, Environment and 
Management 2018-Janua:1–5. doi: 10.1109/HNICEM.2017.8269540. 

Fan, Jin Hong, and Lu Ming Ma. 2009. “The Pretreatment by the Fe-Cu Process for Enhancing Biological 
Degradability of the Mixed Wastewater.” Journal of Hazardous Materials 164(2–3):1392–97. doi: 
10.1016/j.jhazmat.2008.09.115. 

Farmanbordar, S., D. Kahforoushan, and E. Fatehifar. 2016. “A New Method in the Removal of Ca and Mg 



 

144 
 

Ions from Industrial Wastewater.” Desalination and Water Treatment 57(19):8904–10. doi: 
10.1080/19443994.2015.1024744. 

Farrar, John, Martha Hawes, Davey Jones, and Steven Lindow. 2003. “How Roots Control the Flux of 
Carbon to the Rhizosphere.” Ecology 84(4):827–37. doi: 10.1890/0012-
9658(2003)084[0827:HRCTFO]2.0.CO;2. 

Felisberto, Sirlene Aparecida, Josimeire Aparecida Leandrini, and Liliana Rodrigues. 2011. “Effects of 
Nutrients Enrichment on Algal Communities: An Experimental in Mesocosms Approach.” Acta 
Limnologica Brasiliensia 23(2):128–37. doi: 10.1590/s2179-975x2011000200003. 

Feng, Dao Lun, Zu Cheng Wu, and Da Hui Wang. 2007. “Effects of N Source and Nitrification Pretreatment 
on Growth of Arthrospira Platensis in Human Urine.” Journal of Zhejiang University: Science A 
8(11):1846–52. doi: 10.1631/jzus.2007.A1846. 

Feng, Daolun, Zucheng Wu, and Shihong Xu. 2008. “Nitrification of Human Urine for Its Stabilization and 
Nutrient Recycling.” Bioresource Technology 99(14):6299–6304. doi: 
10.1016/j.biortech.2007.12.007. 

Fernández-Linares, Luis C., Claudia Guerrero Barajas, Enrique Durán Páramo, and Jesús A. Badillo Corona. 
2017. “Assessment of Chlorella Vulgaris and Indigenous Microalgae Biomass with Treated 
Wastewater as Growth Culture Medium.” Bioresource Technology 244(May):400–406. doi: 
10.1016/j.biortech.2017.07.141. 

Ferreira, Jéssica, Letícia Rodrigues de Assis, Adriana Paulo de Sousa Oliveira, Jackeline de Siqueira Castro, 
and Maria Lúcia Calijuri. 2020. “Innovative Microalgae Biomass Harvesting Methods: Technical 
Feasibility and Life Cycle Analysis.” Science of the Total Environment 746. doi: 
10.1016/j.scitotenv.2020.140939. 

Francisco, Érika Cristina, Telma Teixeira Franco, Leila Queiroz Zepka, and Eduardo Jacob-Lopes. 2015. 
“From Waste-to-Energy: The Process Integration and Intensification for Bulk Oil and Biodiesel 
Production by Microalgae.” Journal of Environmental Chemical Engineering 3(1):482–87. doi: 
10.1016/j.jece.2014.12.017. 

Fu, Shih Feng, Jyuan Yu Wei, Hung Wei Chen, Yen Yu Liu, Hsueh Yu Lu, and Jui Yu Chou. 2015. “Indole-
3-Acetic Acid: A Widespread Physiological Code in Interactions of Fungi with Other Organisms.” 
Plant Signaling and Behavior 10(8). doi: 10.1080/15592324.2015.1048052. 

Fujioka, Shozo, Isomaro Yamaguchi, Noboru Murofushi, Nobutaka Takahashi, Sumiko Kaihara, Atsushi 
Takimoto, and Charles F. Cleland. 1985. “The Role of Benzoic Acid and Plant Hormones in Flowering 
of Lemna Gibba G3.” Plant and Cell Physiology 26(4):655–59. doi: 
10.1093/oxfordjournals.pcp.a076954. 

Gagne, Charles Glenn. 2019. “THE EFFECTS OF DAILY LIGHT INTEGRAL ON THE GROWTH AND 
DEVELOPMENT OF HYDROPONICALLY GROWN BABY LEAF VEGETABLES.” Cornell 
University. 

Gagnon, Vincent, Gabriel Maltais-Landry, Jaume Puigagut, Florent Chazarenc, and Jacques Brisson. 2010. 
“Treatment of Hydroponics Wastewater Using Constructed Wetlands in Winter Conditions.” Water, 
Air, and Soil Pollution 212(1–4):483–90. doi: 10.1007/s11270-010-0362-8. 

Galindo, Fernando S., Marcelo C. M. Teixeira Filho, Edson C. da Silva, Salatiér Buzetti, Guilherme C. 
Fernandes, and Willian L. Rodrigues. 2020. “Technical and Economic Viability of Cowpea Co-
Inoculated with Azospirillum Brasilense and Bradyrhizobium Spp. And Nitrogen Doses.” Revista 
Brasileira de Engenharia Agricola e Ambiental 24(5):304–11. doi: 10.1590/1807-
1929/agriambi.v24n5p304-311. 

Gao, Feng, Chen Li, Zhao Hui Yang, Guang Ming Zeng, Li Juan Feng, Jun zhi Liu, Mei Liu, and Hui wen 
Cai. 2016. “Continuous Microalgae Cultivation in Aquaculture Wastewater by a Membrane 
Photobioreactor for Biomass Production and Nutrients Removal.” Ecological Engineering 92:55–61. 



 

145 
 

doi: 10.1016/j.ecoleng.2016.03.046. 

Gatamaneni, Bhalamurugan Loganathan, Valérie Orsat, and Mark Lefsrud. 2018. “Factors Affecting 
Growth of Various Microalgal Species.” Environmental Engineering Science 35(10):1037–48. doi: 
10.1089/ees.2017.0521. 

Giese, Ellen Cristine. 2020. “Biosorption as Green Technology for the Recovery and Separation of Rare 
Earth Elements.” World Journal of Microbiology and Biotechnology 36(4):1–11. doi: 
10.1007/s11274-020-02821-6. 

Glass, Jennifer B., Richard P. Axler, Sudeep Chandra, and Charles R. Goldman. 2012. “Molybdenum 
Limitation of Microbial Nitrogen Assimilation in Aquatic Ecosystems and Pure Cultures.” Frontiers 
in Microbiology 3(SEP):1–11. doi: 10.3389/fmicb.2012.00331. 

Godlewska, K., I. Michalak, P. Pacyga, S. Baśladyńska, and K. Chojnacka. 2019. “Potential Applications 
of Cyanobacteria: Spirulina Platensis Filtrates and Homogenates in Agriculture.” World Journal of 
Microbiology and Biotechnology 35(6). doi: 10.1007/s11274-019-2653-6. 

Goecke, Franz, Celia G. Jerez, Vilém Zachleder, Félix L. Figueroa, Katerina Bišová, Tomáš Rezanka, and 
Milada Vítová. 2015. “Use of Lanthanides to Alleviate the Effects of Metal Ion-Deficiency in 
Desmodesmus Quadricauda (Sphaeropleales, Chlorophyta).” Frontiers in Microbiology 6(JAN):1–12. 
doi: 10.3389/fmicb.2015.00002. 

Goecke, Franz, Milada Vítová, Jaromír Lukavský, Linda Nedbalová, Tomáš Řezanka, and Vilém Zachleder. 
2017. “Effects of Rare Earth Elements on Growth Rate, Lipids, Fatty Acids and Pigments in 
Microalgae.” Phycological Research 65(3):226–34. doi: 10.1111/pre.12180. 

Gollnisch, Raphael, Teodor Alling, Maria Stockenreiter, Dag Ahrén, Magdalena Grabowska, and Karin 
Rengefors. 2021. “Calcium and PH Interaction Limits Bloom Formation and Expansion of a Nuisance 
Microalga.” Limnology and Oceanography 66(9):3523–34. doi: 10.1002/lno.11896. 

Gómez-Serrano, C., M. M. Morales-Amaral, F. G. Acién, R. Escudero, J. M. Fernández-Sevilla, and E. 
Molina-Grima. 2015. “Utilization of Secondary-Treated Wastewater for the Production of Freshwater 
Microalgae.” Applied Microbiology and Biotechnology 99(16):6931–44. doi: 10.1007/s00253-015-
6694-y. 

González-Hourcade, María, Eva M. del Campo, Marcia R. Braga, Antonio Salgado, and Leonardo M. 
Casano. 2020. “Disentangling the Role of Extracellular Polysaccharides in Desiccation Tolerance in 
Lichen-Forming Microalgae. First Evidence of Sulfated Polysaccharides and Ancient Sulfotransferase 
Genes.” Environmental Microbiology 22(8):3096–3111. doi: 10.1111/1462-2920.15043. 

González, Andrés, María F. Fillat, María-Teresa Bes, María-Luisa Peleato, and Emma Sevilla. 2018. “The 
Challenge of Iron Stress in Cyanobacteria.” Cyanobacteria. doi: 10.5772/intechopen.76720. 

Gopinatha Kurup, Geethu, Benu Adhikari, and Bogdan Zisu. 2019. “Recovery of Proteins and Lipids from 
Dairy Wastewater Using Food Grade Sodium Lignosulphonate.” Water Resources and Industry 
22(June):100114. doi: 10.1016/j.wri.2019.100114. 

Government of Western Australia. 2019. “Reducing Nitrous Oxide Emissions from Agricultural Soils.” 
Department of Primary Industries and Regional Development. Retrieved 
(https://www.agric.wa.gov.au/climate-change/reducing-nitrous-oxide-emissions-agricultural-soils). 

Granéli, Edna, Martin Weberg, and Paulo S. Salomon. 2008. “Harmful Algal Blooms of Allelopathic 
Microalgal Species: The Role of Eutrophication.” Harmful Algae 8(1):94–102. doi: 
10.1016/j.hal.2008.08.011. 

Grewal, Harsharn S., Basant Maheshwari, and Sophie E. Parks. 2011. “Water and Nutrient Use Efficiency 
of a Low-Cost Hydroponic Greenhouse for a Cucumber Crop: An Australian Case Study.” 
Agricultural Water Management 98(5):841–46. doi: 10.1016/j.agwat.2010.12.010. 



 

146 
 

Grundy, Michael J., Brett A. Bryan, Martin Nolan, Michael Battaglia, Steve Hatfield-Dodds, Jeffery D. 
Connor, and Brian A. Keating. 2016. “Scenarios for Australian Agricultural Production and Land Use 
to 2050.” Agricultural Systems 142:70–83. doi: 10.1016/j.agsy.2015.11.008. 

Guedes, A. Catarina, Maria S. Gião, Rui Seabra, A. C. Silv. Ferreira, Paula Tamagnini, Pedro Moradas-
Ferreira, and F. Xavier Malcata. 2013. “Evaluation of the Antioxidant Activity of Cell Extracts from 
Microalgae.” Marine Drugs 11(4):1256–70. doi: 10.3390/md11041256. 

Gupta, Radhey S., and Divya W. Mathews. 2010. “Signature Proteins for the Major Clades of 
Cyanobacteria.” BMC Evolutionary Biology 10(1). doi: 10.1186/1471-2148-10-24. 

Gupta, Suvidha, R. A. Pandey, and Sanjay B. Pawar. 2016. “Microalgal Bioremediation of Food-Processing 
Industrial Wastewater under Mixotrophic Conditions: Kinetics and Scale-up Approach.” Frontiers of 
Chemical Science and Engineering 10(4):499–508. doi: 10.1007/s11705-016-1602-2. 

Gutierrez, James, Thomas A. Kwan, Julie B. Zimmerman, and Jordan Peccia. 2016. “Ammonia Inhibition 
in Oleaginous Microalgae.” Algal Research 19:123–27. doi: 10.1016/j.algal.2016.07.016. 

Habibi, Adnan, Ghorban Ali Nematzadeh, Farshid Pajoum shariati, Hossein Delavari Amrei, and 
Abolghasem Teymouri. 2019. “Effect of Light/Dark Cycle on Nitrate and Phosphate Removal from 
Synthetic Wastewater Based on BG11 Medium by Scenedesmus Sp.” 3 Biotech 9(4):1–9. doi: 
10.1007/s13205-019-1679-7. 

Hadavifar, Mojtaba, Nader Bahramifar, Habibollah Younesi, and Qin Li. 2014. “Adsorption of Mercury 
Ions from Synthetic and Real Wastewater Aqueous Solution by Functionalized Multi-Walled Carbon 
Nanotube with Both Amino and Thiolated Groups.” Chemical Engineering Journal 237:217–28. doi: 
10.1016/j.cej.2013.10.014. 

Halbert-Howard, Aladdin, Franziska Häfner, Stefan Karlowsky, Dietmar Schwarz, and Ariane Krause. 
2021. “Evaluating Recycling Fertilizers for Tomato Cultivation in Hydroponics, and Their Impact on 
Greenhouse Gas Emissions (Environmental Science and Pollution Research, (2021), 28, 42, (59284-
59303), 10.1007/S11356-020-10461-4).” Environmental Science and Pollution Research 
28(42):59305. doi: 10.1007/s11356-021-15054-3. 

Hamad, Ismail, Hamada Abdelgawad, Soad Al Jaouni, Gaurav Zinta, Han Asard, Sherif Hassan, Momtaz 
Hegab, Nashwa Hagagy, and Samy Selim. 2015. “Metabolic Analysis of Various Date Palm Fruit 
(Phoenix Dactylifera L.) Cultivars from Saudi Arabia to Assess Their Nutritional Quality.” Molecules 
20(8):13620–41. doi: 10.3390/molecules200813620. 

Hashtroudi, Mehri Seyed, Alireza Ghassempour, Hossein Riahi, Zeinab Shariatmadari, and Maryam 
Khanjir. 2013. “Endogenous Auxins in Plant Growth-Promoting Cyanobacteria-Anabaena Vaginicola 
and Nostoc Calcicola.” Journal of Applied Phycology 25(2):379–86. doi: 10.1007/s10811-012-9872-
7. 

Hayat, Shamsul, Mohammad Yusuf, Renu Bhardwaj, and Andrzej Bajguz. 2019. Brassinosteroids : Plant 
Growth And. 

He, Xuwen, Huimin Yang, and Yong He. 2010. “Treatment of Mine Water High in Fe and Mn by Modified 
Manganese Sand.” Mining Science and Technology 20(4):571–75. doi: 10.1016/S1674-
5264(09)60246-5. 

Hénault, C., A. Grossel, B. Mary, M. Roussel, and J. LéOnard. 2012. “Nitrous Oxide Emission by 
Agricultural Soils: A Review of Spatial and Temporal Variability for Mitigation.” Pedosphere 
22(4):426–33. doi: 10.1016/S1002-0160(12)60029-0. 

Hille, Russ, James Hall, and Partha Basu. 2014. “The Mononuclear Molybdenum Enzymes.” Chemical 
Reviews 114(7):3963–4038. doi: 10.1021/cr400443z. 

Hoque, M. Murshidul, Husein A. Ajwa, and Richard Smith. 2008. “Nitrite and Ammonium Toxicity on 
Lettuce Grown under Hydroponics.” Communications in Soil Science and Plant Analysis 39(1–



 

147 
 

2):207–16. doi: 10.1080/00103620701759194. 

Hoshino, Satoshi. 2001. “Multilevel Modeling on Farmland Distribution in Japan.” Land Use Policy 
18(1):75–90. doi: 10.1016/S0264-8377(00)00048-X. 

Hultberg, Malin, Anders S. Carlsson, and Susanne Gustafsson. 2013. “Treatment of Drainage Solution from 
Hydroponic Greenhouse Production with Microalgae.” Bioresource Technology 136:401–6. doi: 
10.1016/j.biortech.2013.03.019. 

Hussain, Anwar, and Shahida Hasnain. 2012. “Comparative Assessment of the Efficacy of Bacterial and 
Cyanobacterial Phytohormones in Plant Tissue Culture.” World Journal of Microbiology and 
Biotechnology 28(4):1459–66. doi: 10.1007/s11274-011-0947-4. 

Hussain, Fida, Syed Z. Shah, Habib Ahmad, Samar A. Abubshait, Haya A. Abubshait, A. Laref, A. 
Manikandan, Heri S. Kusuma, and Munawar Iqbal. 2021. “Microalgae an Ecofriendly and Sustainable 
Wastewater Treatment Option: Biomass Application in Biofuel and Bio-Fertilizer Production. A 
Review.” Renewable and Sustainable Energy Reviews 137(November 2020):110603. doi: 
10.1016/j.rser.2020.110603. 

Van Ierland, E. T., and L. Peperzak. 1984. “Separation of Marine Seston and Density Determination of 
Marine Diatoms by Density Gradient Centrifugation.” Journal of Plankton Research 6(1):29–44. doi: 
10.1093/plankt/6.1.29. 

Ilyas, Nimra, Sadia Ilyas, Sajjad-Ur-Rahman, Sidra Yousaf, Aqsa Zia, and Sidra Sattar. 2018. “Removal of 
Copper from an Electroplating Industrial Effluent Using the Native and Modified Spirogyra.” Water 
Science and Technology 78(1):147–55. doi: 10.2166/wst.2018.226. 

Index, Mundi. 2022. “Commodity Price Indices.” 21–22. Retrieved 
(https://www.indexmundi.com/commodities/?commodity=dap-fertilizer&currency=aud). 

Iniesta-pallar, Macarena, and Francisco M. Gordillo-cant. 2021. “Applied Sciences Sustaining Rice 
Production through Biofertilization With.” Applied Sciences 11:4628. 

Jäger, Hans Jürgen, and Sagar V. Krupa. 2009. “Chapter 6 Hormesis-Its Relevance in Phytotoxicology.” 
Developments in Environmental Science 9(08):137–52. doi: 10.1016/S1474-8177(08)00206-4. 

Jiang, Hui, Shang Gao, Jinyi Xu, Xiaoming Wu, Aijun Lin, and Hequan Yao. 2016. “Multiple Roles of the 
Pyrimidyl Group in the Rhodium-Catalyzed Regioselective Synthesis and Functionalization of Indole-
3-Carboxylic Acid Esters.” Advanced Synthesis and Catalysis 358(2):188–94. doi: 
10.1002/adsc.201500769. 

Jiang, Liqun, Yizhen Li, and Haiyan Pei. 2021. “Algal–Bacterial Consortia for Bioproduct Generation and 
Wastewater Treatment.” Renewable and Sustainable Energy Reviews 149(17923):111395. doi: 
10.1016/j.rser.2021.111395. 

Kang, Wei, Hongxiang Chai, Yu Xiang, Wei Chen, Zhiyu Shao, and Qiang He. 2017. “Assessment of Low 
Concentration Wastewater Treatment Operations with Dewatered Alum Sludge-Based Sequencing 
Batch Constructed Wetland System.” Scientific Reports 7(1):1–7. doi: 10.1038/s41598-017-17783-3. 

Kay, Robert A., and Larry L. Barton. 1991. “Microalgae as Food and Supplement.” Critical Reviews in 
Food Science and Nutrition 30(6):555–73. doi: 10.1080/10408399109527556. 

Keiser, David, and Joseph Shapiro. 2018. “DEMAND FOR WATER QUALITY ∗ The 1972 U . S . Clean 
Water Act Sought “ to Restore and Main- Tain the Chemical , Physical , and Biological Integrity of 
the Nation ’ s Waters .” This Article Quantifies Changes in Water Pollution since before 1972 , Studies 
Th.” The Quarterlu Journal of Economics 1–48. doi: 10.1093/qje/qjy019.Advance. 

Kesaano, Maureen, and Ronald C. Sims. 2014. “Algal Biofilm Based Technology for Wastewater 
Treatment.” Algal Research 5(1):231–40. doi: 10.1016/j.algal.2014.02.003. 

Kevin Lacey. 2019. “Improving Citrus Quality Using Gibberellic Acid | Agriculture and Food.” Department 



 

148 
 

of Primary Industries and Regional Development 11–13. Retrieved 
(https://www.agric.wa.gov.au/citrus/improving-citrus-quality-using-gibberellic-acid). 

Khan, Saad, Ankit Purohit, and Nikita Vadsaria. 2020. “Hydroponics: Current and Future State of the Art 
in Farming.” Journal of Plant Nutrition 44(10):1515–38. doi: 10.1080/01904167.2020.1860217. 

Khasin, Maya, Rebecca E. Cahoon, Sophie Alvarez, Richard Beckeris, Seong il Eyun, Qidong Jia, Jean Jack 
Riethoven, Kenneth W. Nickerson, and Wayne R. Riekhof. 2017. “Synthesis, Secretion, and 
Perception of Abscisic Acid Regulates Stress Responses in Chlorella Sorokiniana.” BioRxiv 1–28. doi: 
10.1101/180547. 

Khiewwijit, Rungnapha, Hardy Temmink, Huub Rijnaarts, and Karel J. Keesman. 2015. “Energy and 
Nutrient Recovery for Municipal Wastewater Treatment: How to Design a Feasible Plant Layout?” 
Environmental Modelling and Software 68:156–65. doi: 10.1016/j.envsoft.2015.02.011. 

Khokhar, Tariq. 2020. Agriculture Policy Brief Water and Agriculture. 

Kim, Ga Yeong, Jina Heo, Hee Sik Kim, and Jong In Han. 2017. “Bicarbonate-Based Cultivation of 
Dunaliella Salina for Enhancing Carbon Utilization Efficiency.” Bioresource Technology 237:72–77. 
doi: 10.1016/j.biortech.2017.04.009. 

Kimura, Mieko, and Delia B. Rodriguez-Amaya. 2003. “Carotenoid Composition of Hydroponic Leafy 
Vegetables.” Journal of Agricultural and Food Chemistry 51(9):2603–7. doi: 10.1021/jf020539b. 

Kinsman, R., B. W. Ibelings, and A. E. Walsby. 1991. “Gas Vesicle Collapse by Turgor Pressure and Its 
Role in Buoyancy Regulation by Anabaena Flos-Aquae.” Journal of General Microbiology 
137(5):1171–78. doi: 10.1099/00221287-137-5-1171. 

Kirkby, E. A., and K. Mengel. 1967. “Ionic Balance in Different Tissues of the Tomato Plant in Relation to 
Nitrate, Urea, or Ammonium Nutrition.” Plant Physiology 42(1):6–14. doi: 10.1104/pp.42.1.6. 

Klassen, Giseli, Fábio De Oliveira Pedrosa, Emanuel M. De Souza, M. Geoffrey Yates, and Liu Un Rigo. 
2003. “Nitrogenase Activity of Herbaspirillum Seropedicae Grown under Low Iron Levels Requires 
the Products of NifXorf1 Genes.” FEMS Microbiology Letters 224(2):255–59. doi: 10.1016/S0378-
1097(03)00453-1. 

De Klein, C. A. M., R. R. Sherlock, K. C. Cameron, and T. J. van der Weerden. 2001. “Nitrous Oxide 
Emissions from Agricultural Soils in New Zealand-a Review of Current Knowledge and Directions 
for Future Research.” Journal of the Royal Society of New Zealand 31(3):543–74. doi: 
10.1080/03014223.2001.9517667. 

de Klein, Cecile A. M., Tony J. van der Weerden, Jiafa Luo, Keith C. Cameron, and Hong J. Di. 2020. “A 
Review of Plant Options for Mitigating Nitrous Oxide Emissions from Pasture-Based Systems.” New 
Zealand Journal of Agricultural Research 63(1):29–43. doi: 10.1080/00288233.2019.1614073. 

Koeduka, Takao, Kimitsune Ishizaki, Cynthia Mugo Mwenda, Koichi Hori, Yuko Sasaki-Sekimoto, 
Hiroyuki Ohta, Takayuki Kohchi, and Kenji Matsui. 2015. “Biochemical Characterization of Allene 
Oxide Synthases from the Liverwort Marchantia Polymorpha and Green Microalgae Klebsormidium 
Flaccidum Provides Insight into the Evolutionary Divergence of the Plant CYP74 Family.” Planta 
242(5):1175–86. doi: 10.1007/s00425-015-2355-8. 

Koehorst, R., C. P. Laubscher, and P. A. Ndakidemi. 2010. “Growth Response of Artemisia Afra Jacq. to 
Different PH Levels in a Closed Hydroponics System.” Journal of Medicinal Plants Research 
4(16):1617–23. doi: 10.5897/JMPR09.465. 

Komolafe, Oladapo, Sharon B. Velasquez Orta, Ignacio Monje-Ramirez, Isaura Yáñez Noguez, Adam P. 
Harvey, and María T. Orta Ledesma. 2014. “Biodiesel Production from Indigenous Microalgae Grown 
in Wastewater.” Bioresource Technology 154:297–304. doi: 10.1016/j.biortech.2013.12.048. 

Kranzler, Chana, Mareike Rudolf, Nir Keren, and Enrico Schleiff. 2013. Iron in Cyanobacteria. Vol. 65. 



 

149 
 

Krishnakumar, S., Sandeep B. Gaudana, Ganesh A. Viswanathan, Himadri B. Pakrasi, and Pramod P. 
Wangikar. 2013. “Rhythm of Carbon and Nitrogen Fixation in Unicellular Cyanobacteria under 
Turbulent and Highly Aerobic Conditions.” Biotechnology and Bioengineering 110(9):2371–79. doi: 
10.1002/bit.24882. 

Krol, D. J., R. Carolan, E. Minet, K. L. McGeough, C. J. Watson, P. J. Forrestal, G. J. Lanigan, and K. G. 
Richards. 2016. “Improving and Disaggregating N2O Emission Factors for Ruminant Excreta on 
Temperate Pasture Soils.” Science of the Total Environment 568:327–38. doi: 
10.1016/j.scitotenv.2016.06.016. 

Kromkamp, Jacco, and Anthony E. Walsby. 1990. “A Computer Model of Buoyancy and Vertical Migration 
in Cyanobacteria.” Journal of Plankton Research 12(1):161–83. doi: 10.1093/plankt/12.1.161. 

Kumar, Ramasamy Rajesh, and Jae Young Cho. 2014. “Reuse of Hydroponic Waste Solution.” 
Environmental Science and Pollution Research 21(16):9569–77. doi: 10.1007/s11356-014-3024-3. 

Kumar, Ramesh, and Parimal Pal. 2015. “Assessing the Feasibility of N and P Recovery by Struvite 
Precipitation from Nutrient-Rich Wastewater: A Review.” Environmental Science and Pollution 
Research 22(22):17453–64. doi: 10.1007/s11356-015-5450-2. 

Kumar, Suresh, Ravi Gupta, Yashpal Singh, Amit Sharma, and Neeraj Kashyap. 2019. “Economic 
Evaluation of Broilers Performance Under Coloured Light Emitting Diodes and Incandescent 
Supplemental Lighting.” International Journal of Livestock Research 9(0):1. doi: 
10.5455/ijlr.20180906024410. 

Kumari, Ankita, Vaishali Sharma, Akhilendra K. Pathak, and Chandan Guria. 2014. “Cultivation of 
Spirulina Platensis Using NPK-10:26:26 Complex Fertilizer and Simulated Flue Gas in Sintered Disk 
Chromatographic Glass Bubble Column.” Journal of Environmental Chemical Engineering 
2(3):1859–69. doi: 10.1016/j.jece.2014.08.002. 

Kumsiri, Bancha, Jeeraporn Pekkoh, Wasu Pathom-aree, Saisamorn Lumyong, Kittiya Phinyo, Chayakorn 
Pumas, and Sirasit Srinuanpan. 2021. “Enhanced Production of Microalgal Biomass and Lipid as an 
Environmentally Friendly Biodiesel Feedstock through Actinomycete Co-Culture in Biogas Digestate 
Effluent.” Bioresource Technology 337(June):125446. doi: 10.1016/j.biortech.2021.125446. 

Kurepa, Jasmina, and Jan A. Smalle. 2019. “Trans-Cinnamic Acid-Induced Leaf Expansion Involves an 
Auxin-Independent Component.” Communicative and Integrative Biology 12(1):82–85. doi: 
10.1080/19420889.2019.1605814. 

Labeeuw, Leen, Joleen Khey, Anna R. Bramucci, Harjot Atwal, A. Paulina De La Mata, James Harynuk, 
and Rebecca J. Case. 2016. “Indole-3-Acetic Acid Is Produced by Emiliania Huxleyi Coccolith-
Bearing Cells and Triggers a Physiological Response in Bald Cells.” Frontiers in Microbiology 
7(JUN):1–16. doi: 10.3389/fmicb.2016.00828. 

Lara-Gil, Javier A., Carolina Senés-Guerrero, and Adriana Pacheco. 2016. “Cement Flue Gas as a Potential 
Source of Nutrients during CO2 Mitigation by Microalgae.” Algal Research 17:285–92. doi: 
10.1016/j.algal.2016.05.017. 

Leininger, S., T. Urich, M. Schloter, L. Schwark, J. Qi, G. W. Nicol, J. I. Prosser, S. C. Schuster, and C. 
Schleper. 2006. “Archaea Predominate among Ammonia-Oxidizing Prokaryotes in Soils.” Nature 
442(7104):806–9. doi: 10.1038/nature04983. 

Leloup, Maud, Rudy Nicolau, Virginie Pallier, Claude Yéprémian, and Geneviève Feuillade-Cathalifaud. 
2013. “Organic Matter Produced by Algae and Cyanobacteria: Quantitative and Qualitative 
Characterization.” Journal of Environmental Sciences (China) 25(6):1089–97. doi: 10.1016/S1001-
0742(12)60208-3. 

Leonard Lerer, Jeet Varia, Cedric Kamaleson. 2021. “Growth, Yield, Quality and Microbial Diversity in 
Hydroponic Vertical Farming – Effect of Phycocyanin-Rich Spirulina Extract.” Reprints (May):1–31. 



 

150 
 

Leong, Sandric Chee Yew, Ai Murata, Yuji Nagashima, and Satoru Taguchi. 2004. “Variability in Toxicity 
of the Dinoflagellate Alexandrium Tamarense in Response to Different Nitrogen Sources and 
Concentrations.” Toxicon 43(4):407–15. doi: 10.1016/j.toxicon.2004.01.015. 

Lesouhaitier, Olivier, Wilfried Veron, Annelise Chapalain, Amar Madi, Anne Sophie Blier, Audrey Dagorn, 
Nathalie Connil, Sylvie Chevalier, Nicole Orange, and Marc Feuilloley. 2009. “Gram-Negative 
Bacterial Sensors for Eukaryotic Signal Molecules.” Sensors 9(9):6967–90. doi: 10.3390/s90906967. 

Li, Kun, Qiang Liu, Fan Fang, Ruihuan Luo, Qian Lu, Wenguang Zhou, Shuhao Huo, Pengfei Cheng, Junzhi 
Liu, Min Addy, Paul Chen, Dongjie Chen, and Roger Ruan. 2019. “Microalgae-Based Wastewater 
Treatment for Nutrients Recovery: A Review.” Bioresource Technology 291(July):121934. doi: 
10.1016/j.biortech.2019.121934. 

Li, Li, Jianhua Xu, Jianxin Hu, and Jiarui Han. 2014. “Reducing Nitrous Oxide Emissions to Mitigate 
Climate Change and Protect the Ozone Layer.” Environmental Science and Technology 48(9):5290–
97. doi: 10.1021/es404728s. 

Li, Yalin, Shijie Leow, Anna C. Fedders, Brajendra K. Sharma, Jeremy S. Guest, and Timothy J. 
Strathmann. 2017. “Quantitative Multiphase Model for Hydrothermal Liquefaction of Algal 
Biomass.” Green Chemistry 19(4):1163–74. doi: 10.1039/c6gc03294j. 

Lian, Jianjun, Shiguo Xu, Ni Bin Chang, Chengwei Han, and Jianwei Liu. 2013. “Removal of Molybdenum 
(VI) from Mine Tailing Effluents with the Aid of Loessial Soil and Slag Waste.” Environmental 
Engineering Science 30(5):213–20. doi: 10.1089/ees.2011.0441. 

Liang, Xueying, Pichu Rengasamy, Ronald Smernik, and Luke M. Mosley. 2021. “Does the High Potassium 
Content in Recycled Winery Wastewater Used for Irrigation Pose Risks to Soil Structural Stability?” 
Agricultural Water Management 243(July 2020):106422. doi: 10.1016/j.agwat.2020.106422. 

Lin, L., G. Y. S. Chan, B. L. Jiang, and C. Y. Lan. 2007. “Use of Ammoniacal Nitrogen Tolerant Microalgae 
in Landfill Leachate Treatment.” Waste Management 27(10):1376–82. doi: 
10.1016/j.wasman.2006.09.001. 

Lin, Yanzi, Miao Guo, Nilay Shah, and David C. Stuckey. 2016. “Economic and Environmental Evaluation 
of Nitrogen Removal and Recovery Methods from Wastewater.” Bioresource Technology 215:227–
38. doi: 10.1016/j.biortech.2016.03.064. 

Lison, Dominique. 1996. Human Toxicity of Cobalt-Containing Dust and Experimental Studies on the 
Mechanism of Interstitial Lung Disease (Hard Metal Disease). Vol. 26. 

Liu, Ze, Seyedahmad Hosseinzadeh, Niels Wardenier, Yannick Verheust, Michael Chys, and Stijn Van 
Hulle. 2019. “Combining Ozone with UV and H2O2 for the Degradation of Micropollutants from 
Different Origins: Lab-Scale Analysis and Optimization.” Environmental Technology (United 
Kingdom) 40(28):3773–82. doi: 10.1080/09593330.2018.1491630. 

Loffredo, Elisabetta, Nicola Senesi, and Valeria D’Orazio. 1997. “Effects of Humic Acids and Herbicides, 
and Their Combinations on the Growth of Tomato Seedlings in Hydroponics.” Journal of Plant 
Nutrition and Soil Science 160(5):455–61. doi: 10.1002/jpln.19971600404. 

Lu, Weidong, Zhongming Wang, Xuewei Wang, and Zhenhong Yuan. 2015. “Cultivation of Chlorella Sp. 
Using Raw Diary Wastewater for Nutrient Removal and Biodiesel Production: Characteristics 
Comparison of Indoor Bench-Scale and Outdoor Pilot-Scale Cultures.” Bioresource Technology 
192:382–88. doi: 10.1016/j.biortech.2015.05.094. 

Lu, Yandu, and Jian Xu. 2015. “Phytohormones in Microalgae: A New Opportunity for Microalgal 
Biotechnology?” Trends in Plant Science 20(5):273–82. doi: 10.1016/j.tplants.2015.01.006. 

Luo, Jian, Zhaohuang Lian, and Xiaolong Yan. 1993. “Urea Transformation and the Adaptability of Three 
Leafy Vegetables to Urea as a Source of Nitrogen in Hydroponic Culture.” Journal of Plant Nutrition 
16(5):797–812. doi: 10.1080/01904169309364575. 



 

151 
 

Majid, Maliqa, Junaid N. Khan, Qazi Muneeb Ahmad Shah, Khalid Z. Masoodi, Baseerat Afroza, and Saqib 
Parvaze. 2021. “Evaluation of Hydroponic Systems for the Cultivation of Lettuce (Lactuca Sativa L., 
Var. Longifolia) and Comparison with Protected Soil-Based Cultivation.” Agricultural Water 
Management 245(November 2019). doi: 10.1016/j.agwat.2020.106572. 

Malyan, Sandeep K., Amit Kumar, Jagdeesh Kumar, and Smita S. Kumar. 2016. “Water Management Tool 
in Rice to Combat Two Major Environmental Issues: Global Warming and Water Scarcity .” 
Environmental Concerns of 21st Century: Indian and Global Context. In: Kumar, Sanjay; Beg, 
Masroor Ahmed. 1:45–58. 

Malyan, Sandeep K., Swati Singh, Archana Bachheti, Madhvi Chahar, Mitali Kumari Sah, Narender, Amit 
Kumar, Ajar Nath Yadav, and Smita S. Kumar. 2020. Cyanobacteria: A Perspective Paradigm for 
Agriculture and Environment. Elsevier Inc. 

Markou, Giorgos, Dries Vandamme, and Koenraad Muylaert. 2014a. “Ammonia Inhibition on Arthrospira 
Platensis in Relation to the Initial Biomass Density and PH.” Bioresource Technology 166:259–65. 
doi: 10.1016/j.biortech.2014.05.040. 

Markou, Giorgos, Dries Vandamme, and Koenraad Muylaert. 2014b. “Microalgal and Cyanobacterial 
Cultivation: The Supply of Nutrients.” Water Research 65:186–202. doi: 
10.1016/j.watres.2014.07.025. 

Martin, Tristan M. P., Fabien Esculier, Florent Levavasseur, and Sabine Houot. 2020. “Human Urine-Based 
Fertilizers: A Review.” Critical Reviews in Environmental Science and Technology 0(0):1–47. doi: 
10.1080/10643389.2020.1838214. 

Matos, Ângelo P., Elisa H. S. Moecke, and Ernani S. Sant’Anna. 2017. “The Use of Desalination 
Concentrate as a Potential Substrate for Microalgae Cultivation in Brazil.” Algal Research 24:505–8. 
doi: 10.1016/j.algal.2016.08.003. 

Matsumoto, J. K., and K. L. M. Martin. 2008. “Lethal and Sublethal Effects of Altered Sand Salinity on 
Embryos of Beach-Spawning California Grunion.” Copeia 2008(2):484–91. doi: 10.1643/CP-07-097. 

Maxwell, Simon. 1996. “Food Security : A Post-Modern Perspective.” Food Policy 21(2):155–70. 

Mazhar, Sumaira, Jerry D. Cohen, and Shahida Hasnain. 2013. “Auxin Producing Non-Heterocystous 
Cyanobacteria and Their Impact on the Growth and Endogenous Auxin Homeostasis of Wheat.” 
Journal of Basic Microbiology 53(12):996–1003. doi: 10.1002/jobm.201100563. 

McDowell, R. W., W. Catto, and T. Orchiston. 2015. “Can the Application of Rare Earth Elements Improve 
Yield and Decrease the Uptake of Cadmium in Ryegrass-Dominated Pastures?” Soil Research 
53(7):826–34. doi: 10.1071/SR15073. 

McKinley, Kelton R., and Robert G. Wetzel. 1979. “Photolithotrophy, Photoheterotrophy, and 
Chemoheterotrophy: Patterns of Resource Utilization on an Annual and a Diurnal Basis within a 
Pelagic Microbial Community.” Microbial Ecology 5(1):1–15. doi: 10.1007/BF02010573. 

Melland, A. R., M. R. Mc Caskill, R. E. White, and D. F. Chapman. 2008. “Loss of Phosphorus and Nitrogen 
in Runoff and Subsurface Drainage from High and Low Input Pastures Grazed by Sheep in Southern 
Australia.” Australian Journal of Soil Research 46(2):161–72. doi: 10.1071/SR07084. 

Meng, Chong, Wei Li, Runhe Cheng, and Siyang Zhou. 2021. “An Improved Inexact Two-Stage Stochastic 
with Downside Risk-Control Programming Model for Water Resource Allocation under the Dual 
Constraints of Water Pollution and Water Scarcity in Northern China.” Water (Switzerland) 13(9). 
doi: 10.3390/w13091318. 

Merlaen, Britt, Ellen De Keyser, and Marie Christine Van Labeke. 2020. “The Jasmonic Acid Pathway, 
Rather than Abscisic Acid, May Partly Explain Contrasting Stomatal Responses in Two Strawberry 
Cultivars under Osmotic Stress.” Plant Physiology and Biochemistry 151(February):21–33. doi: 
10.1016/j.plaphy.2020.02.041. 



 

152 
 

Mezrioui, N., B. Oudra, K. Oufdou, L. Hassani, M. Loudiki, and J. Darley. 1994. “Effect of Microalgae 
Growing on Wastewater Batch Culture on Escherichia Coli and Vibrio Cholerae Survival.” Pp. 295–
302 in Water Science and Technology. Vol. 30. 

Michalski, Rajmund. 2018. “Ion Chromatography Applications in Wastewater Analysis.” Separations 
5(1):16. doi: 10.3390/separations5010016. 

Milledge, John J., and Sonia Heaven. 2013. “A Review of the Harvesting of Micro-Algae for Biofuel 
Production.” Reviews in Environmental Science and Biotechnology 12(2):165–78. doi: 
10.1007/s11157-012-9301-z. 

Millington, Sam Mervyn. 2018. “Research for Alternative Material and Its Effect on Seed Germination in 
Seed Tapes Products.” University of the West of England. 

Mohammed, Stephanie. 2018. Tomorrow’s Agriculture “NFT Hydroponics”- Grow within Your Budget. 

Molina Grima, E., E. H. Belarbi, F. G. Acién Fernández, A. Robles Medina, and Yusuf Chisti. 2003. 
“Recovery of Microalgal Biomass and Metabolites: Process Options and Economics.” Biotechnology 
Advances 20(7–8):491–515. doi: 10.1016/S0734-9750(02)00050-2. 

Molinos-Senante, María, Francesc Hernández-Sancho, and Ramón Sala-Garrido. 2010. “Economic 
Feasibility Study for Wastewater Treatment: A Cost-Benefit Analysis.” Science of the Total 
Environment 408(20):4396–4402. doi: 10.1016/j.scitotenv.2010.07.014. 

Momcilovic, B. 1999. “A Case Report of Acute Human Molybdenum Toxicity from a Dietary Molybdenum 
Supplement - A New Member of the >>lucor Metallicum<< Family.” Arhiv Za Higijenu Rada i 
Toksikologiju 50(3):289–97. 

Morales-Amaral, Maria del Mar, Cintia Gómez-Serrano, F. Gabriel Acién, José M. Fernández-Sevilla, and 
E. Molina-Grima. 2015. “Outdoor Production of Scenedesmus Sp. in Thin-Layer and Raceway 
Reactors Using Centrate from Anaerobic Digestion as the Sole Nutrient Source.” Algal Research 
12:99–108. doi: 10.1016/j.algal.2015.08.020. 

Muhammad, Zaib Hussain. 2013. “Recovery of Cobalt and Copper from Textile, Electroplating and Tannery 
Effluents Using Electrocoagulation Method.” Journal of Waste Water Treatment & Analysis 04(01):1–
6. doi: 10.4172/2157-7587.1000147. 

Mujtaba, Ghulam, Muhammad Rizwan, and Kisay Lee. 2015. “Simultaneous Removal of Inorganic 
Nutrients and Organic Carbon by Symbiotic Co-Culture of Chlorella Vulgaris and Pseudomonas 
Putida.” Biotechnology and Bioprocess Engineering 20(6):1114–22. doi: 10.1007/s12257-015-0421-
5. 

Mukherjee, A., and J. S. Patel. 2020. “Seaweed Extract: Biostimulator of Plant Defense and Plant 
Productivity.” International Journal of Environmental Science and Technology 17(1):553–58. doi: 
10.1007/s13762-019-02442-z. 

Mukherjee, Joydeep, and Debashish Ghosh. 2016. Environmental Biotechnology. Vol. 39. 

Mukhuba, Mashudu, Ashira Roopnarain, Rasheed Adeleke, Mokhele Moeletsi, and Rosina Makofane. 2018. 
“Comparative Assessment of Bio-Fertiliser Quality of Cow Dung and Anaerobic Digestion Effluent.” 
Cogent Food and Agriculture 4(1). doi: 10.1080/23311932.2018.1435019. 

Mulbry, Walter, Shannon Kondrad, and Carolina Pizarro. 2007. “Biofertilizers from Algal Treatment of 
Dairy and Swine Manure Effluents.” Journal of Vegetable Science 12(4):107–25. doi: 
10.1300/J484v12n04_08. 

Mulbry, Walter, Elizabeth Kebede Westhead, Carolina Pizarro, and Lawrence Sikora. 2005. “Recycling of 
Manure Nutrients: Use of Algal Biomass from Dairy Manure Treatment as a Slow Release Fertilizer.” 
Bioresource Technology 96(4):451–58. doi: 10.1016/j.biortech.2004.05.026. 

Mundi, Index. 2022. “Commodity Potah.” 2021–22. Retrieved 



 

153 
 

(https://www.indexmundi.com/commodities/?commodity=potassium-chloride). 

Mwakabole, Emmanuel C., Mwemezi J. Rwiza, and Karoli N. Njau. 2020. “Column Design for 
Groundwater Hardness Removal Using Cashew Nut Shells Activated Carbon with Potential 
Application in Low-Income Communities.” Desalination and Water Treatment 174:196–203. doi: 
10.5004/dwt.2020.24857. 

Nadykto, Volodymyr. 2019. Modern Development Paths of Agricultural Production. 

Nakano, Yoshio, Akane Miyazaki, Tomohiko Yoshida, Kazusa Ono, and Takanobu Inoue. 2004. “A Study 
on Pesticide Runoff from Paddy Fields to a River in Rural Region - 1: Field Survey of Pesticide Runoff 
in the Kozakura River, Japan.” Water Research 38(13):3017–22. doi: 10.1016/j.watres.2004.02.013. 

Nayak, Manoranjan, Dillip Kumar Swain, and Ramkrishna Sen. 2019. “Strategic Valorization of De-Oiled 
Microalgal Biomass Waste as Biofertilizer for Sustainable and Improved Agriculture of Rice (Oryza 
Sativa L.)Crop.” Science of the Total Environment 682:475–84. doi: 10.1016/j.scitotenv.2019.05.123. 

Nidheesh, P. V., Abhijeet Kumar, D. Syam Babu, Jaimy Scaria, and M. Suresh Kumar. 2020. “Treatment 
of Mixed Industrial Wastewater by Electrocoagulation and Indirect Electrochemical Oxidation.” 
Chemosphere 251. doi: 10.1016/j.chemosphere.2020.126437. 

Olguín, Eugenia J. 2012. “Dual Purpose Microalgae-Bacteria-Based Systems That Treat Wastewater and 
Produce Biodiesel and Chemical Products within a Biorefinery.” Biotechnology Advances 
30(5):1031–46. doi: 10.1016/j.biotechadv.2012.05.001. 

Oliver, R. L., and A. E. Walsby. 1984. “Direct Evidence for the Role of Light‐mediated Gas Vesicle 
Collapse in the Buoyancy Regulation of Anabaena Flos‐aquae (Cyanobacteria).” Limnology and 
Oceanography 29(4):879–86. doi: 10.4319/lo.1984.29.4.0879. 

Padmaperuma, Gloria, Rahul Vijay Kapoore, Daniel James Gilmour, and Seetharaman Vaidyanathan. 2018. 
“Microbial Consortia: A Critical Look at Microalgae Co-Cultures for Enhanced Biomanufacturing.” 
Critical Reviews in Biotechnology 38(5):690–703. doi: 10.1080/07388551.2017.1390728. 

Palanisami, Swaminathan. 2021. “BACTERIA AND MICROALGAE SOURCED NITROGEN AND 
STIMULANTS FOR PLANT GROWTH.” 4–5. 

Palanisami, Swaminathan, and Uma Lakshmanan. 2010. “Role of Copper in Poly R-478 Decolorization by 
the Marine Cyanobacterium Phormidium Valderianum BDU140441.” World Journal of Microbiology 
and Biotechnology 27(3):669–77. doi: 10.1007/s11274-010-0505-5. 

Palanisami, Swaminathan, and Keesoo Lee. 2014. “Flue-Gas Influenced Heavy Metal Bioaccumulation by 
the Indigenous Microalgae Desmodesmus Communis LUCC 002.” Environmental … 0(0):0. 

Palanisami, Swaminathan, Keesoo Lee, Baskar Balakrishnan, and Paul Ki-souk Nam. 2014. “Flue-Gas-
Influenced Heavy Metal Bioaccumulation by the Indigenous Microalgae Desmodesmus Communis 
LUCC 002.” Environmental Technology 36(4):463–69. doi: 10.1080/09593330.2014.952342. 

Pancha, Imran, Kaumeel Chokshi, Tonmoy Ghosh, Chetan Paliwal, Rahulkumar Maurya, and Sandhya 
Mishra. 2015. “Bicarbonate Supplementation Enhanced Biofuel Production Potential as Well as 
Nutritional Stress Mitigation in the Microalgae Scenedesmus Sp. CCNM 1077.” Bioresource 
Technology 193:315–23. doi: 10.1016/j.biortech.2015.06.107. 

Pandey, Ashutosh, Archana Pandey, Priya Srivastava, and Anjana Pandey. 2007. “Using Reverse Micelles 
as Microreactor for Hydrogen Production by Coupled Systems of Nostoc/R. Palustris and 
Anabaena/R. Palustris.” World Journal of Microbiology and Biotechnology 23(2):269–74. doi: 
10.1007/s11274-006-9224-3. 

Pandey, Kapil D., Prabhu N. Shukla, Deen D. Giri, and Ajai K. Kashyap. 2005. “Cyanobacteria in Alkaline 
Soil and the Effect of Cyanobacteria Inoculation with Pyrite Amendments on Their Reclamation.” 
Biology and Fertility of Soils 41(6):451–57. doi: 10.1007/s00374-005-0846-7. 



 

154 
 

Pang, Xin, Decheng Li, and An Peng. 2001. “Application of Rare-Earth Elements in the Agriculture of 
China and Its Environmental Behavior in Soil.” Journal of Soils and Sediments 1(2):124–29. doi: 
10.1065/iss2001.05.013. 

Pardey, Philip G., Jason M. Beddow, Terrance M. Hurley, Timothy K. M. Beatty, and Vernon R. Eidman. 
2014. “A Bounds Analysis of World Food Futures: Global Agriculture Through to 2050.” Australian 
Journal of Agricultural and Resource Economics 58(4):571–89. doi: 10.1111/1467-8489.12072. 

Parks, S. E., R. J. Worrall, C. T. Low, and J. A. Jarvis. 2009. “Initial Efforts to Improve the Management of 
Substrates in Greenhouse Vegetable Production in Australia.” Acta Horticulturae 819:331–36. doi: 
10.17660/ActaHortic.2009.819.39. 

Parwani, Laxmi, Medha Bhatt, and Jaspreet Singh. 2021. “Potential Biotechnological Applications of 
Cyanobacterial Exopolysaccharides.” Brazilian Archives of Biology and Technology 64:1–13. doi: 
10.1590/1678-4324-2021200401. 

Passos, Fabiana, Leonardo Felix, Hemyle Rocha, Jackson de Oliveira Pereira, and Sérgio de Aquino. 2016. 
“Reuse of Microalgae Grown in Full-Scale Wastewater Treatment Ponds: Thermochemical 
Pretreatment and Biogas Production.” Bioresource Technology 209:305–12. doi: 
10.1016/j.biortech.2016.03.006. 

Patel Akash Kumar, M. R. Suseela, Munna Singh, and Sanjeeva Nayaka. 2017. “Change in Physico-
Chemical Character of Nutrient Media and Carpet Effluent in Presence of Six Algae Monocultures 
and Their Consortia.” Tropical Plant Research 4(2):192–202. doi: 10.22271/tpr.2017.v4.i2.028. 

Patel, Prashanti, Karuna Yadav, Ashish Kumar Srivastava, Penna Suprasanna, and Thumballi Ramabhatta 
Ganapathi. 2019. “Overexpression of Native Musa-MiR397 Enhances Plant Biomass without 
Compromising Abiotic Stress Tolerance in Banana.” Scientific Reports 9(1):1–15. doi: 
10.1038/s41598-019-52858-3. 

Paul, Kenny, Mirella Sorrentino, Luigi Lucini, Youssef Rouphael, Mariateresa Cardarelli, Paolo Bonini, 
Hélène Reynaud, Renaud Canaguier, Martin Trtílek, Klára Panzarová, and Giuseppe Colla. 2019. 
“Understanding the Biostimulant Action of Vegetal-Derived Protein Hydrolysates by High-
Throughput Plant Phenotyping and Metabolomics: A Case Study on Tomato.” Frontiers in Plant 
Science 10(February):1–17. doi: 10.3389/fpls.2019.00047. 

Pelayo Lind, Olle, Malin Hultberg, Karl Johan Bergstrand, Helene Larsson-Jönsson, Siri Caspersen, and 
Håkan Asp. 2021. “Biogas Digestate in Vegetable Hydroponic Production: PH Dynamics and PH 
Management by Controlled Nitrification.” Waste and Biomass Valorization 12(1):123–33. doi: 
10.1007/s12649-020-00965-y. 

Picazevicz, Angelita A. C., Jorge F. Kusdra, and Andréia De L. Moreno. 2017. “Maize Growth in Response 
to Azospirillum Brasilense, Rhizobium Tropici, Molybdenum and Nitrogen.” Revista Brasileira de 
Engenharia Agricola e Ambiental 21(9):623–27. doi: 10.1590/1807-1929/agriambi.v21n9p623-627. 

Picot, B., A. Bahlaoui, S. Moersidik, B. Baleux, and J. Bontoux. 1992. “Comparison of the Purifying 
Efficiency of High Rate Algal Pond with Stabilization Pond.” Water Science and Technology 
25(12):197–206. doi: 10.2166/wst.1992.0351. 

Pierre J. Gerber, Benjamin Henderson and Harinder P. S. Makkar. 2013. Mitigation of Greenhouse Gas 
Emissions in Livestock Production - A Review of Technical Options for Non-CO2 Emissions. 

Pikaar, Ilje, Keshab R. Sharma, Shihu Hu, Wolfgang Gernjak, Jürg Keller, and Zhiguo Yuan. 2014. 
“Reducing Sewer Corrosion through Integrated Urban Water Management.” Science 345(6198):812–
14. doi: 10.1126/science.1251418. 

Popat, Amishi, P. V. Nidheesh, T. S. Anantha Singh, and M. Suresh Kumar. 2019. “Mixed Industrial 
Wastewater Treatment by Combined Electrochemical Advanced Oxidation and Biological Processes.” 
Chemosphere 237. doi: 10.1016/j.chemosphere.2019.124419. 



 

155 
 

Posadas, Esther, María del Mar Morales, Cintia Gomez, F. Gabriel Acién, and Raúl Muñoz. 2015a. 
“Influence of PH and CO 2 Source on the Performance of Microalgae-Based Secondary Domestic 
Wastewater Treatment in Outdoors Pilot Raceways.” Chemical Engineering Journal 265:239–48. doi: 
10.1016/j.cej.2014.12.059. 

Posadas, Esther, María del Mar Morales, Cintia Gomez, F. Gabriel Acién, and Raúl Muñoz. 2015b. 
“Influence of PH and CO2 Source on the Performance of Microalgae-Based Secondary Domestic 
Wastewater Treatment in Outdoors Pilot Raceways.” Chemical Engineering Journal 265:239–48. doi: 
10.1016/j.cej.2014.12.059. 

Postel, Sandra. 2001. “Copyright 2001 Scientific American, Inc.” Scientific American 46–51. 

Powell, N., A. Shilton, S. Pratt, and Y. Chisti. 2011. “Luxury Uptake of Phosphorus by Microalgae in Full-
Scale Waste Stabilisation Ponds.” Water Science and Technology 63(4):704–9. doi: 
10.2166/wst.2011.116. 

Powell, Nicola, Andy Shilton, Yusuf Chisti, and Steven Pratt. 2009. “Towards a Luxury Uptake Process via 
Microalgae - Defining the Polyphosphate Dynamics.” Water Research 43(17):4207–13. doi: 
10.1016/j.watres.2009.06.011. 

Prasanna, Radha, Monica Joshi, Anuj Rana, and Lata Nain. 2010. “Modulation of IAA Production in 
Cyanobacteria by Tryptophan and Light.” Polish Journal of Microbiology 59(2):99–105. doi: 
10.33073/pjm-2010-015. 

Prather, Michael J., and Christopher D. Holmes. 2017. “Overexplaining or Underexplainingmethane’s Role 
in Climate Change.” Proceedings of the National Academy of Sciences of the United States of America 
114(21):5324–26. doi: 10.1073/pnas.1704884114. 

Preisner, Michał, Elena Neverova-Dziopak, and Zbigniew Kowalewski. 2021. “Mitigation of 
Eutrophication Caused by Wastewater Discharge: A Simulation-Based Approach.” Ambio 50(2):413–
24. doi: 10.1007/s13280-020-01346-4. 

PRICE, N., G. HARRISON, J. HERING, R. HUDSON, P. NIREL, B. PALENIK, and F. MOREL. 1988. 
“Preparation and Chemistry of the Artificial Algal Culture Medium Aquil.” Biological Oceanography 
6(5):443–61. 

Primo, Emiliano D., Francisco Ruiz, Oscar Masciarelli, and Walter Giordano. 2015. Bacterial Metabolites 
in Sustainable Agroecosystem. Vol. 12. 

Produce, Enfield. 2022. “Urea Price.” (January):18–25. Retrieved 
(https://www.petandgarden.com.au/traditional-fertiliser/276-patons-urea-granular-high-nitrogen-
fertilizer.html#/47-select_bag_size-4_kg). 

Pulz, Otto, and Wolfgang Gross. 2004. “Valuable Products from Biotechnology of Microalgae.” Applied 
Microbiology and Biotechnology 65(6):635–48. doi: 10.1007/s00253-004-1647-x. 

Qi, Weixiao, Huijuan Liu, Benoît Pernet-Coudrier, and Jiuhui Qu. 2013. “Polycyclic Aromatic 
Hydrocarbons in Wastewater, WWTPs Effluents and in the Recipient Waters of Beijing, China.” 
Environmental Science and Pollution Research 20(6):4254–60. doi: 10.1007/s11356-012-1435-6. 

Qu, Jiuhui, and Maohong Fan. 2010. “The Current State of Water Quality and Technology Development 
for Water Pollution Control in China.” Critical Reviews in Environmental Science and Technology 
40(6):519–60. doi: 10.1080/10643380802451953. 

Quach, Ngoc Tung, Thi Hanh Nguyen Vu, Ngoc Anh Nguyen, Van The Nguyen, Thi Lien Bui, Son Chu 
Ky, Tung Lam Le, Ha Hoang, Cao Cuong Ngo, Thanh Thi Minh Le, Trung Nam Nguyen, Hoang Ha 
Chu, and Quyet Tien Phi. 2021. “Phenotypic Features and Analysis of Genes Supporting Probiotic 
Action Unravel Underlying Perspectives of Bacillus Velezensis VTX9 as a Potential Feed Additive 
for Swine.” Annals of Microbiology 71(1). doi: 10.1186/s13213-021-01646-4. 



 

156 
 

Rabbani, K. A., W. Charles, R. Cord-Ruwisch, and G. Ho. 2015. “Recovery of Sulphur from Contaminated 
Air in Wastewater Treatment Plants by Biofiltration: A Critical Review.” Reviews in Environmental 
Science and Biotechnology 14(3):523–34. doi: 10.1007/s11157-015-9367-5. 

Rachidi, Farid, Redouane Benhima, Yassine Kasmi, Laila Sbabou, and Hicham El Arroussi. 2021. 
“Evaluation of Microalgae Polysaccharides as Biostimulants of Tomato Plant Defense Using 
Metabolomics and Biochemical Approaches.” Scientific Reports 1–16. doi: 10.1038/s41598-020-
78820-2. 

Rafa, Nazifa, Shams Forruque Ahmed, Irfan Anjum Badruddin, M. Mofijur, and Sarfaraz Kamangar. 2021. 
“Strategies to Produce Cost-Effective Third-Generation Biofuel From Microalgae.” Frontiers in 
Energy Research 9(September):1–11. doi: 10.3389/fenrg.2021.749968. 

Rai, Ashwani Kumar, and Gerard Abraham. 1993. “Salinity Tolerance and Growth Analysis of the 
Cyanobacterium Anabaena Doliolum.” Bulletin of Environmental Contamination and Toxicology 
51(5):724–31. doi: 10.1007/BF00201651. 

Ramasamy, Deepika Lakshmi, Slawomir Porada, and Mika Sillanpää. 2019. “Marine Algae: A Promising 
Resource for the Selective Recovery of Scandium and Rare Earth Elements from Aqueous Systems.” 
Chemical Engineering Journal 371(April):759–68. doi: 10.1016/j.cej.2019.04.106. 

Ray, Hannah, Francois Perreault, and Treavor H. Boyer. 2019. “Urea Recovery from Fresh Human Urine 
by Forward Osmosis and Membrane Distillation (FO-MD).” Environmental Science: Water Research 
and Technology 5(11):1993–2003. doi: 10.1039/c9ew00720b. 

Rearte, T. A., N. Rodriguez, F. Sabatté, and A. Fabrizio de Iorio. 2021. “Unicellular Microalgae vs. 
Filamentous Algae for Wastewater Treatment and Nutrient Recovery.” Algal Research 59(July). doi: 
10.1016/j.algal.2021.102442. 

Reddy, K. J., J. B. Haskell, D. M. Sherman, and L. A. Sherman. 1993. “Unicellular, Aerobic Nitrogen-
Fixing Cyanobacteria of the Genus Cyanothece.” Journal of Bacteriology 175(5):1284–92. doi: 
10.1128/jb.175.5.1284-1292.1993. 

Rehman, Zahid Ur, and Tor Ove Leiknes. 2018. “Quorum-Quenching Bacteria Isolated from Red Sea 
Sediments Reduce Biofilm Formation by Pseudomonas Aeruginosa.” Frontiers in Microbiology 
9(JUL):1–13. doi: 10.3389/fmicb.2018.01354. 

Reijnders, L. 2014. “Phosphorus Resources, Their Depletion and Conservation, a Review.” Resources, 
Conservation and Recycling 93:32–49. doi: 10.1016/j.resconrec.2014.09.006. 

Renuka, Nirmal, Abhishek Guldhe, Radha Prasanna, Poonam Singh, and Faizal Bux. 2018. “Microalgae as 
Multi-Functional Options in Modern Agriculture: Current Trends, Prospects and Challenges.” 
Biotechnology Advances 36(4):1255–73. doi: 10.1016/j.biotechadv.2018.04.004. 

Richa, Amina, Sami Touil, Meriem Fizir, and Vicente Martinez. 2020a. “Recent Advances and Perspectives 
in the Treatment of Hydroponic Wastewater: A Review.” Reviews in Environmental Science and 
Biotechnology 19(4):945–66. doi: 10.1007/s11157-020-09555-9. 

Richa, Amina, Sami Touil, Meriem Fizir, and Vicente Martinez. 2020b. “Recent Advances and Perspectives 
in the Treatment of Hydroponic Wastewater: A Review.” Reviews in Environmental Science and 
Biotechnology 19(4):945–66. doi: 10.1007/s11157-020-09555-9. 

van Rijn, Jaap, Yossi Tal, and Harold J. Schreier. 2006. “Denitrification in Recirculating Systems: Theory 
and Applications.” Aquacultural Engineering 34(3):364–76. doi: 10.1016/j.aquaeng.2005.04.004. 

Rivas-San Vicente, Mariana, and Javier Plasencia. 2011. “Salicylic Acid beyond Defence: Its Role in Plant 
Growth and Development.” Journal of Experimental Botany 62(10):3321–38. doi: 
10.1093/jxb/err031. 

Rodríguez, AA, AM Stella, MM Storni, G. Zulpa, and MC Zaccaro. 2006. “Effects of Cyanobacterial 



 

157 
 

Extracellular Products and Gibberellic Acid on Salinity Tolerance in Oryza SativaL.” Saline Systems 
2(1):1–4. doi: 10.1186/1746-1448-2-7. 

Rodziewicz, Joanna, Artur Mielcarek, Wojciech Janczukowicz, Tomasz Jóźwiak, Joanna Struk – 
Sokołowska, and Kamil Bryszewski. 2019. “The Share of Electrochemical Reduction, 
Hydrogenotrophic and Heterotrophic Denitrification in Nitrogen Removal in Rotating 
Electrobiological Contactor (REBC) Treating Wastewater from Soilless Cultivation Systems.” 
Science of the Total Environment 683:21–28. doi: 10.1016/j.scitotenv.2019.05.239. 

Ronga, Domenico, Elisa Biazzi, Katia Parati, Domenico Carminati, Elio Carminati, and Aldo Tava. 2019. 
“Microalgal Biostimulants and Biofertilisers in Crop Productions.” Agronomy 9(4):1–22. doi: 
10.3390/agronomy9040192. 

Rossi, Simone, Rubén Díez-Montero, Estel Rueda, Federico Castillo Cascino, Katia Parati, Joan García, 
and Elena Ficara. 2020. “Free Ammonia Inhibition in Microalgae and Cyanobacteria Grown in 
Wastewaters: Photo-Respirometric Evaluation and Modelling.” Bioresource Technology 
305(January):123046. doi: 10.1016/j.biortech.2020.123046. 

Rouphael, Youssef, and Giuseppe Colla. 2018. “Synergistic Biostimulatory Action: Designing the next 
Generation of Plant Biostimulants for Sustainable Agriculture.” Frontiers in Plant Science 
871(November):1–7. doi: 10.3389/fpls.2018.01655. 

Ruan, Jingjun, Yuexia Zhou, Meiliang Zhou, Jun Yan, Muhammad Khurshid, Wenfeng Weng, Jianping 
Cheng, and Kaixuan Zhang. 2019. “Jasmonic Acid Signaling Pathway in Plants.” International 
Journal of Molecular Sciences 20(10). doi: 10.3390/ijms20102479. 

Sabir, Naved, and Balraj Singh. 2013. “Protected Cultivation of Vegetables in Global Arena: A Review.” 
Indian Journal of Agricultural Sciences 83(2):123–35. 

Saha, Sushanta Kumar, Siobhan Moane, and Patrick Murray. 2013. “Effect of Macro- and Micro-Nutrient 
Limitation on Superoxide Dismutase Activities and Carotenoid Levels in Microalga Dunaliella Salina 
CCAP 19/18.” Bioresource Technology 147:23–28. doi: 10.1016/j.biortech.2013.08.022. 

Sahu, Devashri, G. M. Kannan, R. Vijayaraghavan, T. Anand, and Farhath Khanum. 2013. “Nanosized Zinc 
Oxide Induces Toxicity in Human Lung Cells.” ISRN Toxicology 2013:1–8. doi: 
10.1155/2013/316075. 

Sakamoto, Toshio, Victoria B. Delgaizo, and Donald A. Bryant. 1998. “Growth on Urea Can Trigger Death 
and Peroxidation of the Cyanobacterium Synechococcus Sp. Strain PCC 7002.” Applied and 
Environmental Microbiology 64(7):2361–66. doi: 10.1128/aem.64.7.2361-2366.1998. 

Salamah, Andi, Nurrahmi Fadilah, Istatik Khoiriyah, and Dian Hendrayanti. 2019. “Application of N2-
Fixing Cyanobacteria Nostoc Sp. SO-A31 to Hydroponically Grown Water Spinach (Ipomoea 
Aquatica L.).” Agrivita 41(2):325–34. doi: 10.17503/agrivita.v41i2.1867. 

Salazar, João, Dimitar Valev, Juha Näkkilä, Esa Tyystjärvi, Sema Sirin, and Yagut Allahverdiyeva. 2021. 
“Nutrient Removal from Hydroponic Effluent by Nordic Microalgae: From Screening to a Greenhouse 
Photobioreactor Operation.” Algal Research 55(March):102247. doi: 10.1016/j.algal.2021.102247. 

Salbitani, Giovanna, and Simona Carfagna. 2021. “Ammonium Utilization in Microalgae: A Sustainable 
Method for Wastewater Treatment.” Sustainability (Switzerland) 13(2):1–17. doi: 
10.3390/su13020956. 

Samorì, Giulia, Chiara Samorì, Franca Guerrini, and Rossella Pistocchi. 2013. “Growth and Nitrogen 
Removal Capacity of Desmodesmus Communis and of a Natural Microalgae Consortium in a Batch 
Culture System in View of Urban Wastewater Treatment: Part I.” Water Research 47(2):791–801. doi: 
10.1016/j.watres.2012.11.006. 

Sánchez, A. S., I. B. R. Nogueira, and R. A. Kalid. 2015. “Uses of the Reject Brine from Inland Desalination 
for Fish Farming, Spirulina Cultivation, and Irrigation of Forage Shrub and Crops.” Desalination 



 

158 
 

364:96–107. doi: 10.1016/j.desal.2015.01.034. 

Sánchez, Antonio Santos, and Ângelo Paggi Matos. 2018. Desalination Concentrate Management and 
Valorization Methods. Elsevier Inc. 

Sardare, Mamta D. 2013. “A Review on Plant Without Soil - Hydroponics.” International Journal of 
Research in Engineering and Technology 02(03):299–304. doi: 10.15623/ijret.2013.0203013. 

Sato, Suguru, Sachi Sakaguchi, Hajime Furukawa, and Hideo Ikeda. 2006. “Effects of NaCl Application to 
Hydroponic Nutrient Solution on Fruit Characteristics of Tomato (Lycopersicon Esculentum Mill.).” 
Scientia Horticulturae 109(3):248–53. doi: 10.1016/j.scienta.2006.05.003. 

Savvas, D., H. C. Passam, C. Olympios, E. Nasi, E. Moustaka, N. Mantzos, and P. Barouchas. 2006. “Effects 
of Ammonium Nitrogen on Lettuce Grown on Pumice in a Closed Hydroponic System.” HortScience 
41(7):1667–73. doi: 10.21273/hortsci.41.7.1667. 

Schäfer, Martin, Christoph Brütting, Ivan David Meza-Canales, Dominik K. Großkinsky, Radomira 
Vankova, Ian T. Baldwin, and Stefan Meldau. 2015. “The Role of Cis-Zeatin-Type Cytokinins in Plant 
Growth Regulation and Mediating Responses to Environmental Interactions.” Journal of 
Experimental Botany 66(16):4873–84. doi: 10.1093/jxb/erv214. 

Schwarz, D., and W. Gross. 2004. “Algae Affecting Lettuce Growth in Hydroponic Systems.” Journal of 
Horticultural Science and Biotechnology 79(4):554–59. doi: 10.1080/14620316.2004.11511804. 

Sengupta, Sukalyan, Tabish Nawaz, and Jeffrey Beaudry. 2015. “Nitrogen and Phosphorus Recovery from 
Wastewater.” Current Pollution Reports 1(3):155–66. doi: 10.1007/s40726-015-0013-1. 

Sergeeva, Elena, Anton Liaimer, and Birgitta Bergman. 2002. “Evidence for Production of the 
Phytohormone Indole-3-Acetic Acid by Cyanobacteria.” Planta 215(2):229–38. doi: 10.1007/s00425-
002-0749-x. 

Shankman, Sabrina. 2021. “What Is Nitrous Oxide and Why Is It a Climate Threat?” 

Shariatmadari, Zeinab, Hossein Riahi, Mehri Seyed Hashtroudi, Ali Reza Ghassempour, and Zahra 
Aghashariatmadary. 2013. “Plant Growth Promoting Cyanobacteria and Their Distribution in 
Terrestrial Habitats of Iran.” Soil Science and Plant Nutrition 59(4):535–47. doi: 
10.1080/00380768.2013.782253. 

Sharma, Nisha, Somen Acharya, Kaushal Kumar, Narendra Singh, and O. P. Chaurasia. 2018. “Hydroponics 
as an Advanced Technique for Vegetable Production: An Overview.” Journal of Soil and Water 
Conservation 17(4):364. doi: 10.5958/2455-7145.2018.00056.5. 

Sheng, A. L. K., M. R. Bilad, N. B. Osman, and N. Arahman. 2017. “Sequencing Batch Membrane 
Photobioreactor for Real Secondary Effluent Polishing Using Native Microalgae: Process 
Performance and Full-Scale Projection.” Journal of Cleaner Production 168:708–15. doi: 
10.1016/j.jclepro.2017.09.083. 

Shi, Jing, Xiwu Lu, Ran Yu, Qian Gu, and Yi Zhou. 2014. “Influence of Wastewater Composition on 
Nutrient Removal Behaviors in the New Anaerobic-Anoxic/Nitrifying/Induced Crystallization 
Process.” Saudi Journal of Biological Sciences 21(1):71–80. doi: 10.1016/j.sjbs.2013.06.003. 

Shirazi, Saeid Aghahossein, Jalal Rastegary, Masoud Aghajani, and Abbas Ghassemi. 2018a. “Simultaneous 
Biomass Production and Water Desalination Concentrate Treatment by Using Microalgae.” 
Desalination and Water Treatment 135:101–7. doi: 10.5004/dwt.2018.23163. 

Shirazi, Saeid Aghahossein, Jalal Rastegary, Masoud Aghajani, and Abbas Ghassemi. 2018b. 
“Simultaneous Biomass Production and Water Desalination Concentrate Treatment by Using 
Microalgae.” Desalination and Water Treatment 135(December):101–7. doi: 
10.5004/dwt.2018.23163. 

Signor, Diana, and Carlos Eduardo Pellegrino Cerri. 2013. “Nitrous Oxide Emissions in Agricultural Soils: 



 

159 
 

A Review.” Pesquisa Agropecuária Tropical 43(3):322–38. doi: 10.1590/s1983-
40632013000300014. 

da Silva Cuba Carvalho, Renata, Reinaldo Gaspar Bastos, and Claudinei Fonseca Souza. 2018. “Influence 
of the Use of Wastewater on Nutrient Absorption and Production of Lettuce Grown in a Hydroponic 
System.” Agricultural Water Management 203(March):311–21. doi: 10.1016/j.agwat.2018.03.028. 

Silva, N. F. P., A. L. Gonçalves, F. C. Moreira, T. F. C. V. Silva, F. G. Martins, M. C. M. Alvim-Ferraz, R. 
A. R. Boaventura, V. J. P. Vilar, and J. C. M. Pires. 2015. “Towards Sustainable Microalgal Biomass 
Production by Phycoremediation of a Synthetic Wastewater: A Kinetic Study.” Algal Research 
11:350–58. doi: 10.1016/j.algal.2015.07.014. 

Sinang, Som Cit, Norhayati Daud, Nurhaida Kamaruddin, and Keong Bun Poh. 2019. “Potential Growth 
Inhibition of Freshwater Algae by Herbaceous Plant Extracts.” Shengtai Xuebao/ Acta Ecologica 
Sinica 39(3):229–33. doi: 10.1016/j.chnaes.2018.12.005. 

Singh, Dipali, Ladislav Nedbal, and Oliver Ebenhöh. 2018. “Modelling Phosphorus Uptake in Microalgae.” 
Biochemical Society Transactions 46(2):483–90. doi: 10.1042/BST20170262. 

Singh, Gulab, and S. K. Patidar. 2018. “Microalgae Harvesting Techniques: A Review.” Journal of 
Environmental Management 217:499–508. doi: 10.1016/j.jenvman.2018.04.010. 

Singh, Jay Shankar, Vimal Chandra Pandey, and D. P. Singh. 2011. “Efficient Soil Microorganisms: A New 
Dimension for Sustainable Agriculture and Environmental Development.” Agriculture, Ecosystems 
and Environment 140(3–4):339–53. doi: 10.1016/j.agee.2011.01.017. 

Singh, S. 2014. “A Review on Possible Elicitor Molecules of Cyanobacteria: Their Role in Improving Plant 
Growth and Providing Tolerance against Biotic or Abiotic Stress.” Journal of Applied Microbiology 
117(5):1221–44. doi: 10.1111/jam.12612. 

Snyder, C. S., T. W. Bruulsema, T. L. Jensen, and P. E. Fixen. 2009. “Review of Greenhouse Gas Emissions 
from Crop Production Systems and Fertilizer Management Effects.” Agriculture, Ecosystems and 
Environment 133(3–4):247–66. doi: 10.1016/j.agee.2009.04.021. 

Solovchenko, Alexei E., Tatiana T. Ismagulova, Alexandr A. Lukyanov, Svetlana G. Vasilieva, Ivan V. 
Konyukhov, Sergei I. Pogosyan, Elena S. Lobakova, and Olga A. Gorelova. 2019. “Luxury 
Phosphorus Uptake in Microalgae.” Journal of Applied Phycology 31(5):2755–70. doi: 
10.1007/s10811-019-01831-8. 

Song, Chunfeng, Yiting Qiu, Shuhong Li, Zhengzheng Liu, Guanyi Chen, Luchang Sun, Kailiang Wang, 
and Yutaka Kitamura. 2019. “A Novel Concept of Bicarbonate-Carbon Utilization via an Absorption-
Microalgae Hybrid Process Assisted with Nutrient Recycling from Soybean Wastewater.” Journal of 
Cleaner Production 237:117864. doi: 10.1016/j.jclepro.2019.117864. 

Sowers, Jeannie. 2011. “Climate Change, Water Resources, and the Politics of Adaptation in the Middle 
East and North Africa.” Climatic Change 104(3–4):599–627. doi: 10.1007/s10584-010-9835-4. 

Spiller, Hart, and Muthukumaran Gunasekaran. 1991. “Simultaneous Oxygen Production and Nitrogenase 
Activity of an Ammonia-Excreting Mutant of the Cyanobacterium Anabaena Variabilis in a Co-
Culture with Wheat.” Applied Microbiology and Biotechnology 35(6):798–804. doi: 
10.1007/BF00169898. 

Stanier, R. Y., R. Kunisawa, M. Mandel, and G. Cohen-Bazire. 1971. “Purification and Properties of 
Unicellular Blue-Green Algae (Order Chroococcales).” Bacteriological Reviews 35(2):171–205. doi: 
10.1128/mmbr.35.2.171-205.1971. 

Subramaniyam, Vidhyasri, Suresh Ramraj Subashchandrabose, Palanisami Thavamani, Zuliang Chen, G. 
S. R. Krishnamurti, Ravi Naidu, and Mallavarapu Megharaj. 2016. “Toxicity and Bioaccumulation of 
Iron in Soil Microalgae.” Journal of Applied Phycology 28(5):2767–76. doi: 10.1007/s10811-016-
0837-0. 



 

160 
 

Sun, Yan, Zhuo Chen, Guangxue Wu, Qianyuan Wu, Feng Zhang, Zhangbin Niu, and Hong Ying Hu. 2016. 
“Characteristics of Water Quality of Municipal Wastewater Treatment Plants in China: Implications 
for Resources Utilization and Management.” Journal of Cleaner Production 131:1–9. doi: 
10.1016/j.jclepro.2016.05.068. 

Suresh Kumar, K., Hans Uwe Dahms, Eun Ji Won, Jae Seong Lee, and Kyung Hoon Shin. 2015. 
“Microalgae - A Promising Tool for Heavy Metal Remediation.” Ecotoxicology and Environmental 
Safety 113:329–52. doi: 10.1016/j.ecoenv.2014.12.019. 

Syakila, Alfi, and Carolien Kroeze. 2011. “The Global Nitrous Oxide Budget Revisited.” Greenhouse Gas 
Measurement and Management 1(1):17–26. doi: 10.3763/ghgmm.2010.0007. 

Sydney, E. B., T. E. da Silva, A. Tokarski, A. C. Novak, J. C. de Carvalho, A. L. Woiciecohwski, C. 
Larroche, and C. R. Soccol. 2011. “Screening of Microalgae with Potential for Biodiesel Production 
and Nutrient Removal from Treated Domestic Sewage.” Applied Energy 88(10):3291–94. doi: 
10.1016/j.apenergy.2010.11.024. 

Tan, Cheng Yau, Ian Charles Dodd, Jit Ern Chen, Siew Moi Phang, Chiew Foan Chin, Yoon Yen Yow, and 
Shyamala Ratnayeke. 2021. “Regulation of Algal and Cyanobacterial Auxin Production, Physiology, 
and Application in Agriculture: An Overview.” Journal of Applied Phycology 2995–3023. doi: 
10.1007/s10811-021-02475-3. 

Tarakhovskaya, E. R., Yu I. Maslov, and M. F. Shishova. 2007. “Phytohormones in Algae.” Russian Journal 
of Plant Physiology 54(2):163–70. doi: 10.1134/S1021443707020021. 

Tarento, Thomas D. C., Dale D. McClure, Emily Vasiljevski, Aaron Schindeler, Fariba Dehghani, and John 
M. Kavanagh. 2018. “Microalgae as a Source of Vitamin K1.” Algal Research 36(October):77–87. 
doi: 10.1016/j.algal.2018.10.008. 

Taylor, Richard P., Clifford L. W. Jones, and Mark Laing. 2021. “Effect of PH on Nutrient Removal and 
Crop Production of Hydroponic Systems Treating Brewery Effluent.” Water Supply 21(5):1966–79. 
doi: 10.2166/ws.2020.330. 

Teeguarden, Justin G., Yvonne Dragan, and Henry C. Pitot. 2000. “Hazard Assessment of Chemical 
Carcinogens: The Impact of Hormesis.” Journal of Applied Toxicology 20(2):113–20. doi: 
10.1002/(SICI)1099-1263(200003/04)20:2<113::AID-JAT641>3.0.CO;2-9. 

Tenuta, M., and E. G. Beauchamp. 2003. “Nitrous Oxide Production from Granular Nitrogen Fertilizers 
Applied to a Silt Loam Soil.” Canadian Journal of Soil Science 83(5):521–32. doi: 10.4141/s02-062. 

Terrado, Ramon, Adam Monier, Robyn Edgar, and Connie Lovejoy. 2015. “Diversity of Nitrogen 
Assimilation Pathways among Microbial Photosynthetic Eukaryotes.” Journal of Phycology 
51(3):490–506. doi: 10.1111/jpy.12292. 

Timilsena, Yakindra Prasad, Raju Adhikari, Phil Casey, Tim Muster, Harsharn Gill, and Benu Adhikari. 
2015. “Enhanced Efficiency Fertilisers: A Review of Formulation and Nutrient Release Patterns.” 
Journal of the Science of Food and Agriculture 95(6):1131–42. doi: 10.1002/jsfa.6812. 

Ting, Y. P., I. G. Prince, and F. Lawson. 1991. “Uptake of Cadmium and Zinc by the Alga Chlorella 
Vulgaris: II. Multi‐ion Situation.” Biotechnology and Bioengineering 37(5):445–55. doi: 
10.1002/bit.260370506. 

Toku\csoglu, Ö., and M. K. Üunal. 2003. “Biomass Nutrient Profiles of Three Microalgae: Spirulina 
Platensis, Chlorella Vulgaris, and Isochrisis Galbana.” Journal of Food Science 68(4):1144–48. 

Tokuşoglu, M. K. UUnal. 2003. “Biomass Nutrient Profiles of Three Microalgae: Spirulina Platensis, 
Chlorella Vulgaris, and Isochrisis Galbana.” Journal of Food Science 68(4):1144–48. doi: 
10.1111/j.1365-2621.2003.tb09615.x. 

Torres-Sánchez, Alejandro, Jesús Gómez-Gardeñes, and Fernando Falo. 2015. “An Integrative Approach 



 

161 
 

for Modeling and Simulation of Heterocyst Pattern Formation in Cyanobacteria Filaments.” PLoS 
Computational Biology 11(3):1–18. doi: 10.1371/journal.pcbi.1004129. 

Le Treut, Hervé, Ulrich Cubasch, and Myles Allen. 2005. Historical Overview of Climate Change Science. 
Vol. 16. 

Trientini, Fernanda, and Paul R. Fisher. 2020. “Hydroponic Fertilizer Supply for Basil Using Controlled-
Release Fertilizer.” HortScience 55(10):1683–91. doi: 10.21273/HORTSCI15121-20. 

Tsai, H. C., and S. L. Lo. 2015. “Boron Recovery from High Boron Containing Wastewater Using Modified 
Sub-Micron Ca(OH) 2 Particle.” International Journal of Environmental Science and Technology 
12(1):161–72. doi: 10.1007/s13762-013-0413-y. 

Tsygankov, A. A. 2007. “Nitrogen-Fixing Cyanobacteria: A Review.” Applied Biochemistry and 
Microbiology 43(3):250–59. doi: 10.1134/S0003683807030040. 

Tuantet, Kanjana, Marcel Janssen, Hardy Temmink, Grietje Zeeman, René H. Wijffels, and Cees J. N. 
Buisman. 2014. “Microalgae Growth on Concentrated Human Urine.” Journal of Applied Phycology 
26(1):287–97. doi: 10.1007/s10811-013-0108-2. 

Tyson, R. V., E. H. Simonne, D. D. Treadwell, M. Davis, and J. M. White. 2008. “Effect of Water PH on 
Yield and Nutritional Status of Greenhouse Cucumber Grown in Recirculating Hydroponics.” Journal 
of Plant Nutrition 31(11):2018–30. doi: 10.1080/01904160802405412. 

Ueda, Hideo, and Jiro Tanaka. 1977. “The Crystal and Molecular Structure of Dl -2- Cis -4- Trans -Abscisic 
Acid.” Bulletin of the Chemical Society of Japan 50(6):1506–9. doi: 10.1246/bcsj.50.1506. 

Umetani, Ikumi, Eshetu Janka, Michal Sposób, Chris J. Hulatt, Synne Kleiven, and Rune Bakke. 2021. 
“Bicarbonate for Microalgae Cultivation: A Case Study in a Chlorophyte, Tetradesmus 
Wisconsinensis Isolated from a Norwegian Lake.” Journal of Applied Phycology 33(3):1341–52. doi: 
10.1007/s10811-021-02420-4. 

Vardhini, B. Vidya, S. Anuradha, S. Seeta, and Ram Rao. 2006. “Brassinosteroids-New Class of Plant 
Hormone With Potential To Improve Crop Productivity.” Indian J. Plant Physiol 11(1):1–12. 

Venkatesan, Selvaraj, and Sankar Jayaganesh. 2010. “Characterisation of Magnesium Toxicity, Its Influence 
on Ainino Acid Synthesis Pathway and Biochemical Parameters of Tea.” Research Journal of 
Phytochemistry 4(2):67–77. doi: 10.3923/rjphyto.2010.67.77. 

Verma, Ritu, K. V. L. Kusum. Kumari, Aradhana Srivastava, and Arinjay Kumar. 2020. “Photoautotrophic, 
Mixotrophic, and Heterotrophic Culture Media Optimization for Enhanced Microalgae Production.” 
Journal of Environmental Chemical Engineering 8(5):104149. doi: 10.1016/j.jece.2020.104149. 

Verola, Christiano Franco, João Semir, Alexandre Antonelli, and Ingrid Koch. 2007. “Biosystematic Studies 
in the Brazilian Endemic Genus Hoffmannseggella H. G. Jones (Orchidaceae:Laeliinae): A Multiple 
Approach Applied to Conservation.” Lankesteriana 7(1–2):419–22. doi: 10.15517/lank.v7i1-2.19651. 

Vigani, Mauro, Claudia Parisi, Emilio Rodríguez-Cerezo, Maria J. Barbosa, Lolke Sijtsma, Matthias Ploeg, 
and Christien Enzing. 2015. “Food and Feed Products from Micro-Algae: Market Opportunities and 
Challenges for the EU.” Trends in Food Science and Technology 42(1):81–92. doi: 
10.1016/j.tifs.2014.12.004. 

Volpin, Federico, Jiaxi Jiang, Ibrahim El Saliby, Mathilde Preire, Sungil Lim, Md Abu Hasan Johir, Jaeweon 
Cho, Dong Suk Han, Sherub Phuntsho, and Ho Kyong Shon. 2020a. “Sanitation and Dewatering of 
Human Urine via Membrane Bioreactor and Membrane Distillation and Its Reuse for Fertigation.” 
Journal of Cleaner Production 270:122390. doi: 10.1016/j.jclepro.2020.122390. 

Volpin, Federico, Jiaxi Jiang, Ibrahim El Saliby, Mathilde Preire, Sungil Lim, Md Abu Hasan Johir, Jaeweon 
Cho, Dong Suk Han, Sherub Phuntsho, and Ho Kyong Shon. 2020b. “Sanitation and Dewatering of 
Human Urine via Membrane Bioreactor and Membrane Distillation and Its Reuse for Fertigation.” 



 

162 
 

Journal of Cleaner Production 270. doi: 10.1016/j.jclepro.2020.122390. 

Walsby, Anthony E. 1994. “Gas Vesicles.” Microbiological Reviews 58(1):94–144. doi: 
10.1128/mmbr.58.1.94-144.1994. 

Wang, Fang, Bin Wang, Lei Duan, Yizhe Zhang, Yitong Zhou, Qian Sui, Dongjiong Xu, Han Qu, and Gang 
Yu. 2020. “Occurrence and Distribution of Microplastics in Domestic, Industrial, Agricultural and 
Aquacultural Wastewater Sources: A Case Study in Changzhou, China.” Water Research 182:115956. 
doi: 10.1016/j.watres.2020.115956. 

Wang, H. J., L. H. Wu, Q. N. Tao, D. D. Miller, and R. M. Welch. 2009. “Glutamine Nitrogen and 
Ammonium Nitrogen Supplied as a Nitrogen Source Is Not Converted into Nitrate Nitrogen of Plant 
Tissues of Hydroponically Grown Pak-Choi (Brassica Chinensis L.).” Journal of Food Science 
74(2):3–5. doi: 10.1111/j.1750-3841.2008.01023.x. 

Wang, Jiale, Benzhou Gong, Wei Huang, Yingmu Wang, and Jian Zhou. 2017. “Bacterial Community 
Structure in Simultaneous Nitrification, Denitrification and Organic Matter Removal Process Treating 
Saline Mustard Tuber Wastewater as Revealed by 16S RRNA Sequencing.” Bioresource Technology 
228:31–38. doi: 10.1016/j.biortech.2016.12.071. 

Wang, Liang, Min Min, Yecong Li, Paul Chen, Yifeng Chen, Yuhuan Liu, Yingkuan Wang, and Roger 
Ruan. 2010. “Cultivation of Green Algae Chlorella Sp. in Different Wastewaters from Municipal 
Wastewater Treatment Plant.” Applied Biochemistry and Biotechnology 162(4):1174–86. doi: 
10.1007/s12010-009-8866-7. 

Wang, W. J., S. H. Reeves, B. Salter, P. W. Moody, and R. C. Dalal. 2016. “Effects of Urea Formulations, 
Application Rates and Crop Residue Retention on N2O Emissions from Sugarcane Fields in 
Australia.” Agriculture, Ecosystems and Environment 216:137–46. doi: 10.1016/j.agee.2015.09.035. 

WAQC. 2015. “Notification of Recent Name Changes for Cyanobacteria Adopted and Reported by 
AWQC.” Retrieved (https://www.awqc.com.au/news/notification-of-recent-name-changes-for-
cyanobacteria-adopted-and-reported-by-awqc). 

Wells, Mark L., Philippe Potin, James S. Craigie, John A. Raven, Sabeeha S. Merchant, Katherine E. 
Helliwell, Alison G. Smith, Mary Ellen Camire, and Susan H. Brawley. 2017. “Algae as Nutritional 
and Functional Food Sources: Revisiting Our Understanding.” Journal of Applied Phycology 
29(2):949–82. doi: 10.1007/s10811-016-0974-5. 

Wilde, Benjamin C., Eva Lieberherr, Andrew E. Okem, and Johan Six. 2019. “Nitrified Human Urine as a 
Sustainable and Socially Acceptable Fertilizer: An Analysis of Consumer Acceptance in Msunduzi, 
South Africa.” Sustainability (Switzerland) 11(9). doi: 10.3390/su11092456. 

Win, Theint Theint, Giovanni Davide Barone, Francesco Secundo, and Pengcheng Fu. 2018. “Algal 
Biofertilizers and Plant Growth Stimulants for Sustainable Agriculture.” Industrial Biotechnology 
14(4):203–11. doi: 10.1089/ind.2018.0010. 

Wortman, Sam E. 2015. “Crop Physiological Response to Nutrient Solution Electrical Conductivity and PH 
in an Ebb-and-Flow Hydroponic System.” Scientia Horticulturae 194:34–42. doi: 
10.1016/j.scienta.2015.07.045. 

Wu, Chao, Wei Xiong, Junbiao Dai, and Qingyu Wu. 2016. “Kinetic Flux Profiling Dissects Nitrogen 
Utilization Pathways in the Oleaginous Green Alga Chlorella Protothecoides.” Journal of Phycology 
52(1):116–24. doi: 10.1111/jpy.12374. 

Wu, Yin Hu, Yin Yu, Xin Li, Hong Ying Hu, and Zhen Feng Su. 2012. “Biomass Production of a 
Scenedesmus Sp. under Phosphorous-Starvation Cultivation Condition.” Bioresource Technology 
112:193–98. doi: 10.1016/j.biortech.2012.02.037. 

Yang, Yu, Xu Shi, Wendy Ballent, and Brooke K. Mayer. 2017. “Biological Phosphorus Recovery: Review 
of Current Progress and Future Needs.” Water Environment Research 89(12):2122–35. doi: 



 

163 
 

10.2175/106143017x15054988926424. 

Yao, Lili, Jianye Shi, and Xiaoling Miao. 2015. “Mixed Wastewater Coupled with CO2 for Microalgae 
Culturing and Nutrient Removal.” PLoS ONE 10(9):1–16. doi: 10.1371/journal.pone.0139117. 

Yessoufou, Arouna, Binessi Edouard Ifon, Fidèle Suanon, Biaou Dimon, Qian Sun, Comlan Achille 
Dedjiho, Daouda Mama, and Chang Ping Yu. 2017. “Rare Earth and Precious Elements in the Urban 
Sewage Sludge and Lake Surface Sediments under Anthropogenic Influence in the Republic of 
Benin.” Environmental Monitoring and Assessment 189(12). doi: 10.1007/s10661-017-6331-6. 

Yim, Sung Dae, Soo Jean Kim, Joon Hyun Baik, In Sik Nam, Young Sun Mok, Jong Hwan Lee, Byong K. 
Cho, and Se H. Oh. 2004. “Decomposition of Urea into NH3 for the SCR Process.” Industrial and 
Engineering Chemistry Research 43(16):4856–63. doi: 10.1021/ie034052j. 

Zarzo, D., E. Campos, D. Prats, P. Hernandez, and J. A. Garcia. 2014. “Microalgae Production for Nutrient 
Removal in Desalination Brines.” IDA Journal of Desalination and Water Reuse 6(2):61–68. doi: 
10.1179/2051645214y.0000000021. 

Zhai, Xiaoqian, Chenba Zhu, Yongcheng Zhang, Hao Pang, Fantao Kong, Jinghan Wang, and Zhanyou Chi. 
2020. “Seawater Supplemented with Bicarbonate for Efficient Marine Microalgae Production in 
Floating Photobioreactor on Ocean: A Case Study of Chlorella Sp.” Science of the Total Environment 
738:139439. doi: 10.1016/j.scitotenv.2020.139439. 

Zhang, Jing, Xinjie Wang, and Qifa Zhou. 2017. “Co-Cultivation of Chlorella Spp and Tomato in a 
Hydroponic System.” Biomass and Bioenergy 97:132–38. doi: 10.1016/j.biombioe.2016.12.024. 

Zhang, Lehua, Peter De Schryver, Bart De Gusseme, Willem De Muynck, Nico Boon, and Willy Verstraete. 
2008. “Chemical and Biological Technologies for Hydrogen Sulfide Emission Control in Sewer 
Systems: A Review.” Water Research 42(1–2):1–12. doi: 10.1016/j.watres.2007.07.013. 

Zhang, Sheng hua, Shi yang Zhang, and Gu Li. 2016. “Acorus Calamus Root Extracts to Control Harmful 
Cyanobacteria Blooms.” Ecological Engineering 94:95–101. doi: 10.1016/j.ecoleng.2016.05.053. 

Zhang, Shenghua, and Gaboury Benoit. 2019. “Comparative Physiological Tolerance of Unicellular and 
Colonial Microcystis Aeruginosa to Extract from Acorus Calamus Rhizome.” Aquatic Toxicology 
215(July):105271. doi: 10.1016/j.aquatox.2019.105271. 

Zhang, Xiuwu, Linsheng Yang, Yonghua Li, Hairong Li, Wuyi Wang, and Bixiong Ye. 2012. “Impacts of 
Lead/Zinc Mining and Smelting on the Environment and Human Health in China.” Environmental 
Monitoring and Assessment 184(4):2261–73. doi: 10.1007/s10661-011-2115-6. 

Zhao, Pengcheng, Shihu Liu, Wei Huang, Lei He, Jiao Li, Jiong Zhou, and Jian Zhou. 2020. “Influence of 
Eugenol on Algal Growth, Cell Physiology of Cyanobacteria Microcystis Aeruginosa and Its 
Interaction with Signaling Molecules.” Chemosphere 255:126935. doi: 
10.1016/j.chemosphere.2020.126935. 

Zhou, Jin, Victor W. C. Chang, and Anthony G. Fane. 2013. “An Improved Life Cycle Impact Assessment 
(LCIA) Approach for Assessing Aquatic Eco-Toxic Impact of Brine Disposal from Seawater 
Desalination Plants.” Desalination 308:233–41. doi: 10.1016/j.desal.2012.07.039. 

Zhou, Wenguang, Yecong Li, Min Min, Bing Hu, Paul Chen, and Roger Ruan. 2011. “Local Bioprospecting 
for High-Lipid Producing Microalgal Strains to Be Grown on Concentrated Municipal Wastewater for 
Biofuel Production.” Bioresource Technology 102(13):6909–19. doi: 10.1016/j.biortech.2011.04.038. 

Zhuang, Lin Lan, Mengting Li, and Huu Hao Ngo. 2020. “Non-Suspended Microalgae Cultivation for 
Wastewater Refinery and Biomass Production.” Bioresource Technology 308(April):123320. doi: 
10.1016/j.biortech.2020.123320. 

Ziemba, Christopher, Odile Larivé, Eva Reynaert, and Eberhard Morgenroth. 2018. “Chemical 
Composition, Nutrient-Balancing and Biological Treatment of Hand Washing Greywater.” Water 



 

164 
 

Research 144:752–62. doi: 10.1016/j.watres.2018.07.005. 

Zubair, Muhammad, Siqi Wang, Panyue Zhang, Junpei Ye, Jinsong Liang, Mohammad Nabi, Zeyan Zhou, 
Xue Tao, Na Chen, Kai Sun, Junhong Xiao, and Yajing Cai. 2020. “Biological Nutrient Removal and 
Recovery from Solid and Liquid Livestock Manure: Recent Advance and Perspective.” Bioresource 
Technology 301(January):122823. doi: 10.1016/j.biortech.2020.122823. 

 

 


	Title Page
	Certificate of Original Authorship
	Acknowledgements
	Table of contents
	List of Figures
	List of Tables
	Thesis abstract
	Chapter 1
	Introduction
	1.1. Background
	1.2. Research Aims and Objectives
	1.3. Knowledge gaps
	1.4. Thesis Synopsis

	Chapter 2
	Literature review
	2.1. Literature review
	2.1.1. Nitrous oxide and global warming
	2.1.2. Nitrous oxide from soil-based agriculture
	2.1.3. Pollution evading advantages of hydroponic cultivation
	2.1.4. Wastewater nutrients and their environmental impact
	2.1.5. Real wastewater for algal cultivation and hydroponics
	2.1.6. Strategies for wastewater as a source of nutrients for algal cultivation
	2.1.7. Importance of hydraulic retention time
	2.1.8. Wastewater chemicals as inducers for mixed algae and bacterial flora
	2.1.9. Tailoring algal technology based on wastewater nutrients
	2.1.10. Monetary worth of wastewater and algal-products
	2.1.11. Benefits of blended wastewater nutrient recovery

	2.2.1 Safe source of wastewater for food grade biomass production
	2.3. Microalgae harvesting technology
	2.4. Microalgal biomass as hydroponic nutrients
	2.5. Microalgae as hydroponic growth stimulants
	2.6. Contemplation of harmful algal species in hydroponic systems
	2.8. Treatment and reuse of hydroponic nutrient solution
	2.9. Conclusions and knowledge gaps

	Chapter 3
	Blending different wastewaters for algal cultivation and nutrient recovery
	3.1. Introduction
	3.2. Materials and methods
	3.2.1.1. Chemicals
	3.2.1.2. Selection of Algal strain
	3.2.1.3. Algal media
	3.2.1.4. Maintenance of stock culture, seed inoculum and experimental algal culture
	3.2.1.5. Experimental conditions
	3.2.2.1. Sample processing and analysis of micro- and macro-nutrients
	3.2.2.2. Quantification of algal biomass
	3.2.3.1. Nutrient recovery calculations
	3.2.3.2. Selective nutrient recovery calculation
	3.3.3.3. Identification of maximum recovery points of an individual nutrient element in stipulated retention
	3.3.3.4. Method to gauge retention timelines of targeted nutrients
	3.3.3.5. Overall nutrient recovery pattern profiling
	3.3.3.6. Method to gauge retention timelines of unfavourable nutrient recovery

	3.3. Results
	3.3.1. Characteristics of Anabaena circinalis CS-533/02 culture
	3.3.2. Algal growth in different wastewater blends
	3.3.3. Growth of inoculated Anabaena circinalis CS-533/02 and wastewater contained flora
	3.3.4. Nutrient recovery rates of different sampling intervals and the maximum/least recovery points
	3.3.5 Nutrient recovery stoichiometry
	3.3.6. Selective control nutrient recovery plot

	3.4. Discussion
	3.5. Summary

	Chapter 4
	Microalgal biomass as hydroponic nutrients and stimulants
	4.1. Introduction
	4.2. Materials and methods
	4.2.1. Chemicals
	4.2.2. Algal culture – maintenance of stock culture and seed inoculum
	4.2.3. Experimental algal culture
	4.2.4. Large scale growth experiments
	4.2.4. Algal biomass harvest
	4.2.5. Acid digestion of algal biomass
	4.2.6. Phytohormones profiling sample extraction
	4.2.7. Liquid chromatography-mass spectrometry (LC-MS) analysis of phytohormones
	4.2.8. Quantification of nutrients from the algal extracts

	4.3. Results
	4.3.1. Fast settling algal species
	4.3.2. Large scale biomass harvest efficiency
	4.3.3. Nutrient content in algal biomass extract
	4.3.4. Phytohormone content in algal biomass extract

	4.4. Discussion
	4.5. Summary

	Chapter 5
	Growth responses of pak choy and collards in acid digested microalgal extract as hydroponic nutrients
	5.1. Introduction
	5.2. Materials and Methods
	5.2.1. Chemicals
	5.2.2. Seed germination
	5.2.3. Hydroponic cultivation
	5.2.3.1. Cultivation of Pak Choi (Brassica rapa)
	5.2.3.2. Cultivation of Collards- Champion (Brassica oleracea)

	5.2.4. Growth measurement
	5.2.5. Nutrient measurements
	5.2.6. Selective nutrient uptake plot

	5.3. Results
	5.3.1. Growth responses of pak choy
	5.3.2. Growth responses of pak choy and collards
	5.3.3. Identification of maximum nutrient uptake and interlink points of pak choy

	5.4. Discussion
	5.5. Summary

	Chapter 6
	Conclusions and recommendations forf uture work
	6.1. Conclusions
	6.2. Recommendations for future work

	References



