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The need to reduce costs associated with the production of microalgae biomass has encouraged the coupling of process

with wastewater treatment. Emerging pollutants in municipal, industrial, and agricultural wastewaters, ranging from

pharmaceuticals to metals, endanger public health and natural resources. The use of microalgae has, in fact, been shown

to be an efficient method in water-treatment processes and presents several advantages, such as carbon sequestration,

and an opportunity to develop innovative bioproducts with applications to several industries. Using a bibliometric analysis

software, SciMAT, a mapping of the research field was performed, analyzing the articles produced between 1981 and

2018, aiming to identifying the hot topics and trends studied until now. The application of microalgae on water

bioremediation is an evolving research field that currently focuses on developing efficient and cost-effective treatments

methods that also enable the production of add-value products, leading to a blue and circular economy.
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1. Introduction

Water quality is a fundamental concern of the present century, considering the increasing scarcity of water resources.

Degradation of water quality, either caused by anthropogenic activities (e.g., pollution; resources overexploitation) or

natural phenomena (e.g., global warming; extreme climatic events) often leads to severe impacts on ecosystems, public

health and economic growth, negatively affecting society and environment  . The improvement of water quality is a

central issue included in the 2030 Agenda and on Sustainable Development Goals, recognizing the importance of good-

quality water for a sustainable development of society and, therefore, the need to globally address this problem.

The discharge of untreated or inadequately treated effluents into rivers, lakes, aquifers and coastal waters supplies the

aquatic environment with a myriad of chemical compounds that can impact aquatic organisms directly, by triggering

hazardous effects, and indirectly, by changing some physicochemical features of the medium (e.g., oxygen concentration,

pH, redox potential and nutrient concentration)  , .

Contaminants often result from domestic, agricultural and industrial effluents and their physical and chemical

compositions differ according to their origins . The most frequently found are metals  , pesticides  and nutrients, such

as nitrate   and phosphate . Moreover, the occurrence of emerging organic and inorganic pollutants, such as

microplastics , pharmaceuticals , flame retardants , personal care products , hazardous and noxious

substances  has been increasing since conventional wastewater treatment plants (WWTP) are not yet equipped and

suitable to remove these new contaminants.

The complexity of effluent composition is increasing as human activities intensify, so it is urgent to develop adequate

wastewater treatment processes, which should be easily applicable, effective and eco-friendly, in order to prevent water

quality degradation and to protect water resources.

Physicochemical processes alone are proven to be inefficient regarding the treatment of effluents with complex

composition . A possible solution can be the combination of physicochemical and biological treatment technologies

aiming at the development of sustainable treatment processes.

Biological treatments often involve the cultivation of microalgae. The capacity of microalgae to remove nutrients ,

metals , pharmaceuticals , radioactive minerals   or pathogenic organisms   from the medium has been

highlighted in literature. Using microalgae to remove pollutants from wastewaters or effluents before their discharge or

reutilization is named phycoremediation . The basic mechanism behind this process is inherent to the algal metabolism,

nevertheless, the removal of pollutants will be variable accordingly to different microalgae used and effluents’

characteristics.
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Therefore, the design of the cultivation system is a critical parameter for microalgae production in order to achieve optimal

growth rates and minimize costs . For microalgae production, several factors are important to take into account, namely,

the biology of the microalgae, cultivation land area, light, nutrient supply, labor, energy, carbon dioxide, pH, temperature

and the type of the final product .

Several methodologies of microalgae production have been developed over time, from laboratorial systems under

accurate controlled conditions, to open systems in the field under natural, uncontrolled and unpredictable conditions .

Table 1 summarizes the main systems, methods and strategies used. Microalgae are typically cultivated in open or closed

culture systems. Furthermore, diverse strategies, namely in batch, continuous and semi-continuous, are applied around

the world and which differ mainly on nutrient supply and operation modes .

Due to the high energy demand and operation costs of harvesting processes, solutions were investigated in order to

simplify this process . Therefore, new methods of microalgae cultivation, like the immobilization method on alginate

beads and the development of bioreactors that use microalgae biofilm, have emerged and have been coupled to the

treatment of wastewater . Also, the biological interactions among microalgae and bacteria or fungi and microalgae’s

ability to naturally flocculate under adverse conditions are under study as means to increase microalgae biomass

productivity  and to reduce harvesting , respectively.

Phycoremediation shows great potential to complement traditional wastewater treatment processes. Microalgae

cultivation is, thus, a promising approach for WWTP in municipalities or industries, promoting environmentally sustainable

effluent treatment, and nutrient and carbon biosequestration; and yields economic benefits–cost reduction and revenue

from innovative products originated from microalgae (e.g.,: pigments, enzymes, sugars, and lipids) . Furthermore, this

approach addresses the need to reduce the costs associated with microalgae biomass production , through the

recycling of wastewater to obtain microalgal biomass instead of culture medium . Nowadays, there are already several

cases of enterprises worldwide using wastewater sources for microalgae production: United States—Algae Systems and

Sundine Enterprises, Inc.; United Kingdom—I-PHYC; Australia—Algae Enterprises; Israel—Aquonos Energy Ltd. .

Microalgae have indeed gained attention from the scientific community and have been a growing subject in research and

development (R&D) or research and technology development (R&TD) studies and projects over the last decades, mainly

focused on their resilience to grow on different types of wastewaters, performing phycoremediation and promoting

decarbonization .

 Table 1. Summary of different systems, methods and strategies of microalgae cultivation commonly used.

Microalgae
Cultivation

Description

System

Open

Culture

System

Ponds, tanks, lakes and raceway ponds are examples of open culture systems. These outdoor

systems were the first and are the most used for large-scale production of microalgae biomass due to

their simple construction, easy operation and low energy demands . However, open culture systems

not only are affected by climate conditions and exterior contamination as they also show low

productivity and loss of nutrients by evaporation .

Closed

Culture

System

Closed systems are usually denominated by photobioreactors and are characterized by not allowing

exchanges between the microalgae culture and the external environment , presenting different

designs, such as tubular, plastic bags, flat-plate and bubble-column . Closed-culture systems

overcome some of the challenges faced by open systems, such as higher productivity, less nutrient

evaporation and contamination . Nevertheless, these systems present a high energy demand, being

their implementation expensive .

Method
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Co-Culture

Method

Microalgae exist in nature as a part of a community, benefiting from the interaction among

microorganisms .

In a co-culture method, more than one species is grown in the same medium, so it should be taken

into account that the species selected have similar growth requirements . Nowadays, co-culture of

microalgae with yeast or bacteria has shown potential to enhance the phycoremediation and biomass

yield . In this cultivation method, microalgae synthesize higher contents of exopolysaccharides to

support the growth in hostile conditions .

Immobilized

Method

When compared with microalgae free-cell cultivation, the immobilization process can overcome the

biomass-harvesting challenge, ensuring that metabolic substances can diffuse through the polymer gel

matrix . Nevertheless, the costs of the polymer and the immobilization process, accumulation of

metabolic products and the efficiency of the bioremediation are some of the drawbacks of this

cultivation method . Still, previous studies show the potential of immobilized microalgae in wastewater

bioremediation and metal recovery .

Strategy

Batch

This is a simple closed system and low-cost strategy, since it does not require much control. This

strategy is characterized by no renewal of culture medium, so the microalgae culture grows until it

reaches the decline phase . In practice, the culture could crash for several reasons such as nutrient

or oxygen depletion, self-shading, pH variations or contamination .

Semi-

Continuous

This strategy is like a batch system but, in this case, the culture medium is renewed periodically, while

effluent is removed at the same time .

Nevertheless, this strategy could not be appropriate for microalgae cultivation because light is a

limiting-factor that affects biomass productivity .

Continuous

A continuous strategy that consists in the constant renewal of growth medium, in which the volume of

culture medium that is supplemented is the same as the volume of culture that is removed . The

advantage of continuous renewal of medium is the achievement of high biomass productivity . Also,

it is easy to scale-up for industrial microalgae production due to the simple operation of the cultivation

system .

Interest in this field of research is increasing related to the potential of microalgae cultivation for a circular economy, once

the microalgal produced biomass can be used and valued in several industries (e.g., food, feed, textile, pharmaceutical,

bioplastic, biofuel, biofertilizer and cosmetic ). Nevertheless, cost efficacy of commercialization is still an issue

and essential to attract investors to up-scale production, so the technology is still being developed in terms of research

and development . Current research lines focus on four strategic alignments: feedstock, process, products, and market

uptake .

This review aims to point out trends and hot topics concerning the use of microalgae in wastewater treatment and to

identify potential paths for future research regarding microalgae-based bioremediation. In order to achieve this goal,

available literature will be mapped using a bibliometric tool to assess and analyze the topics that attracted more attention

among the science community and their evolution through time.

2. Methods

An adequate bibliometric analysis is important to characterize and assess the evolution and dynamics of a research field.

Nowadays, there are several software tools available for this type of analysis such as BibExcel, SCI-Map, VOSviewer,

CiteSpace . In this study, the used bibliometric tool was SciMAT–a new science mapping analysis software, presented

in 2012-that aims to assess the topics that attracted more attention among the science community .
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2.1. Document Source Selection

  For this study, data were collected from the online database  Web of Science, merely considering “article” type of

document, from the period 1981 to 2018. The selected topic (TS) included the following combinations: TS =

(“Microalgae*And Bioremediation”) OR TS = (“Microalgae*And Effluent”) OR TS = (“Microalgae*And Wastewater”).

Since data collection and analysis were performed in 2019, this year was not included on this investigation due to data

consistency. Using these search criteria, the study obtained 2942 articles that built the basis of this bibliometric analysis.

2.2. Bibliometric Analysis

In this bibliometric approach, two different analyses were performed to explore the application of microalgae in water

bioremediation: an evaluation focused on scientific actors (researchers); and another on the influence of the scientific

production on bibliographic data.

This allows the quantification and the visualization of sub-fields by key-words analysis . Moreover, this methodology

supports the visualization of general themes and its thematic evolution, based on a keyword and h-index analysis.

In this study, the software outputs presented a key-word analysis, which we considered to be representative of the

research article. A deduplication process was also applied to improve data quality by grouping the concepts that represent

the same ideas . Then, to avoid flatness of the data, the years were divided into consecutive periods between 1981 and

2018, in particular: 1981–1990; 1991–2000; 2001–2010; 2011–2018.

2.3. Bibliometric Performance Analysis

Publication Production

Over the last half a century, the progressive increment of publications in this research area showed the increasing interest

in the study and development of microalgae applications for water bioremediation. Figure 1 clearly exhibits such interest:

from 1981 to 1990, only the publication of 5 articles were registered within this research field, but a significant increment

was observed in the time frame between 1991 and 2000, with 109 article publications. This trend continued in the

subsequent analyzed time periods (2001–2010 and 2011–2018), corresponding to 250 and 2578 articles published,

respectively. Therefore, it should be expected that this increasing trend will continue.

Figure 1. Number of articles published in each chosen period.

Within the period analyzed, several authors were quite prolific, producing a high number of publications and reaching high

visibility and scientific impact. Table 2 summarizes the most productive authors according to the number of produced

publications and h-index, which expresses the productivity of each author according to the impact of the publications.

Table 2. Most productive authors between 1981 and 2018.

Author
Number of
Publications

h-
Index

Affiliation Country
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Raul Muñoz 44 53 Valladolid University Spain

Joan García 34 58 Valencia University Spain

Roger Ruan 32 60 Minnesota University USA

Paul Chen 27 53 Minnesota University USA

Ivet Ferrer 27 36 Polytechnic University of Catalunya Spain

Jo-Shuo Chang 26 89 National Cheng Kung University Taiwan

S. Venkata Mohan 26 71
CSIR-Indian Institute of Chemical

Technology
India

Enrica Uggetti 25 17 Polytechnic University of Catalunya Spain

Byong-Hun Jeon 24 44 Hanyang University
South

Korea

Wenguang Zhou 24 26 Nanchang University China

Content Analysis

 The study regarding microalgae production and water bioremediation has focused on different themes over the years.

The evolution maps resulting from the SciMAT analysis of 2942 published articles between 1981 and 2018 show the

conceptual evolution and thematic areas throughout the periods analyzed through graphical interaction (Figure 2). Overall,

analyzing the conceptual map, a growing interest in this research area seems quite clear, characterized by a progressive

increment on the diversity of the investigated themes and the relationships between them. Here, the size of the spheres

(Figure 2) represents the quantity of publications, while the thickness of the line represents the relationship between the

themes .[50]



Figure 2. Evolution of thematic areas between 1981–2018 (SciMAT output).

Specifically, between the periods 1981–1990 and 1991–2000, investigation focused on “bioreactors” and “nutrient-

removal”, these themes being strictly linked (Figure 2). In a closed system, the control of several parameters that affect

microalgae growth and nutrient uptake is easier . Moreover, the growth of kinetic models applied to microalgae growth

and developed during this period was essential for recognizing nutrients, light and temperature as growth-limiting

factors .

Research carried out on microalgae optimal growth conditions and restrictive factors was fundamental for the application

of microalgae in water bioremediation. Non-optimal and stressful conditions of growth can induce metabolic responses in

microalgae. For example,  Nannochloropsis  (Ochrophyta, Eustigmatophyceae) in nitrogen undernourishment conditions

produce and accumulate high lipid content . Therefore, the establishment of optimal growth conditions was pivotal.

Successful growth of microalgae in closed systems has been achieved with high rates of nutrient removal, an important

trait when considering water bioremediation. For instance, a study conducted with the microalgae  Tetradesmus
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obliquus  (formerly  Scenedesmus obliquus) (Chlorophyta) demonstrated that, under a batch cultivation at 25 °C in a

cylindrical bioreactor, phosphorus and nitrogen removal rate was of 98% in 94 h and 100% in 188 h, respectively, in urban

wastewater .

Between the periods 1991–2000 and 2000–2010, the research themes were related to biotic and abiotic factors that could

impair the application of water bioremediation technologies. Parameters such as temperature, pH, oxygen, carbon and

nutrient supply have a pivotal role in microalgae growth. Nevertheless, other factors can cause microalgae growth

inhibition. Urban and industrial wastewaters generally present a complex composition with different types of inorganic and

organic pollutants . Such compounds can be toxic to microalgae, at certain concentrations, and inhibit their culture

development. For this reason, a characterization of wastewater is important for understanding the composition of the

effluent and foreseeing possible effects on the microalgae community. For instance, the growth of the

microalgae  Chlorella vulgaris  (Chlorophyta) was inhibited in the presence of 400 mg/L of phenol . Nevertheless, at

tolerable conditions, microalgae have also been shown to remediate pollutant-rich effluents . Green

microalgae Chlorella spp., T. obliquus (Chlorophyta) and Limnospira maxima (formerly Spirulina maxima) (Cyanobacteria)

showed a capability to degrade organic compounds such as phenol . Moreover,  Auxenochlorella
pyrenoidosa  (formerly  Chlorella pyrenoidosa),  Chlamydomonas reinhardtii, and  Stichococcus bacillaris  (Chlorophyta)

were shown to have more affinity to metal compounds such as iron (Fe) and copper (Cu) due to their importance as

micronutrients to microalgae metabolism. Uptake rates of 70% and 98% of Fe and Cu were obtained after exposure of the

mentioned species at 4 mg/L metal concentration . Other microalgae, such as  Tetraselmis marina,  Stigeoclonium
tenue and Spirogyra spp. (Chlorophyta), have shown potential to metal pollution bioremediation . Apart from chemical

toxicity, the removal of pollutants from effluents can be affected by several biotic factors, namely, the production of toxic

compounds, enzyme induction, the composition of the microbial community and the number of microorganisms

. Therefore, it was important to address such issues in order to developed efficient remediation systems.

Apart from microalgae interaction with pollutants, the biological interactions among the bacterial-microalgal community

have also been the target of study . Bacteria produce extracellular polymeric substances that act as a bio-flocculation

agent of the microalgae  which can be an advantage to overcome the harvesting of microalgae. In a swine effluent, co-

culture of the bacteria  Sphingobacteria,  Flavobacteria,  Terrimonas  and  Hyphomonas  with the green microalgae  C.
vulgaris was shown to induce the formation of microalgal-bacteria aggregates. In this assay, a 94% flocculation activity, at

a pH 11, was registered within the co-culture of the mentioned microorganisms . Furthermore, there is evidence that

some microalgae species, like  Phaeodactylum tricornutum  (Bacillariophyta), also present the ability to flocculate as a

response to several abiotic factors, such as light, pH, temperature or carbon dioxide concentration .

Between the periods 2001–2010 and 2011–2018, the themes “cultivation”, “wastewater”, “nutrient removal” and “biofilms”

were interconnected. One of the challenges of water bioremediation is the harvesting of microalgae, since traditional

methods, such as centrifugation, are expensive and energy-demanding procedures. For this reason, in the last few years,

there has been an increasing interest of the scientific community in developing different approaches and designs of

bioreactors and methods of microalgae cultivation which tackle this need . A new bioreactor design combined with a

culture method-designated microalgae attachment was developed, namely, comprising microalgal cells attached to a

substratum through the secretion of exopolysaccharides, producing a biofilm. In a nutrient-rich environment, such as

wastewater, microalgae were shown to reproduce, augmenting the thickness of the biofilm . Furthermore, a previous

study had also revealed that a microalgae-bacteria consortium, attached on kenaf fibers as a substratum, was successful

in removing nitrogen, phosphorous and atrazine (a toxic compound) from an effluent, registering removal rates of 91%,

85% and 84%, respectively . Herein, several features influencing water bioremediation with microalgae attachment

must still be addressed, such as substratum properties and orientation, microalgal-bacteria community and interaction,

environmental and operational conditions .

A liaison between the themes “pharmaceuticals” and “toxicity” was also found. Over the last few decades,

pharmaceuticals have been detected in aquatic ecosystems , since current WWT seems unsuitable to remove them

completely from effluents prior their discharge. Concerns with the environmental impact and threat to public health led to

the development of several studies about the ability of microalgae to degrade such pollutants with toxic effect on the

environment at low concentrations . Literature reveals that microalgae can degrade pharmaceuticals . For

instance, Chlamydomonas oblonga (Chlorophyta) was exposed to 200 mg/L of an emergent contaminant, carbamazepine,

a pharmaceutical used in the treatment of epilepsy, and a 30% growth inhibition and a 35% degradation rate of the

pollutant was registered .
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  T. obliquus  was shown to degrade salicylic acid, but presented different removal rates in batch culture and semi-

continuous culture, achieving 93% and 99% of removal rate, respectively . As mentioned before, several factors can

influence the remediation of pharmaceutical-rich effluents. Therefore, it is important to take into consideration the strain

selection, cultivation strategy, system and method to achieve the best bioremediation result.

The research themes studied during the selected period were evaluated and plotted in a strategic diagram. Research

themes are characterized by density and centrality. Density assesses the internal strength of the network whereas

centrality assesses the interaction of the network with other networks. Figure 3 shows the strategic diagrams obtained for

each chosen period. In these plots, the themes are represented by spheres and the size of each sphere is representative

of the number of articles and includes the number of citations . Furthermore, in Figure 3, the most emphasized themes

in the field of bioremediation with microalgae for each period are presented. The interpretation of these diagrams is

generally focused on the quadrants :

 

Quadrant Q1: considered motor themes, important for the development of the research field.

Quadrant Q2: themes well developed.

Quadrant Q3: represents emergent or declining themes.

Quadrant Q4: characterized by basic and transversal themes, nevertheless not well developed.  

 Figure 3. Strategic diagrams. (a) Period 1981–1990. (b) Period 1991–2000. (c) Period 2001–2010. (d) Period 2011–

2018. (SciMAT output).

 In the period 1981–1990 (Figure 3a), two research themes were identified—“effluent” and “bioreactor”—characterized by

high centrality and density and, thus, considered important to the growth of the field of research. The first studies were

developed in Thailand and focused on nutrient recycling, by promoting the growth of microalgae in  Tilapia
nilotica  aquaculture effluents. A preliminary characterization of the microalgae community in the ponds showed that

cyanobacteria and Euglena sp. (Euglenozoa) were the microalgae with higher occurrence . Microalgae metabolized the

nutrients present in the water and fish fed on microalgae, there being a recycling of nutrients. The optimal microalgae

concentration in the ponds was, however, controlled to prevent negative impacts on fish cultivation . The application of

aquaculture effluent bioremediation aimed at addressing the issue of water scarcity by promoting a sustainable use of

water resources through the reuse of water for fish cultivation and, subsequently, utilization of water for irrigation .

Studies focused on the presence of contaminants and pathogenic agents in recycled wastewater were reviewed by

Emparan, Harun and Danquah (2019) .
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The Aquatic Species Program of research, funded by the United States Department of Energy’s Office of Fuels

Development, between 1980 and 1996, was a key-driver for the development of investigation on microalgae cultivation in

open and closed systems aiming at the production of alternative fuels . The main challenges addressed were the

selection, isolation and maintenance of the microalgal strains, microalgae growth rate and operational conditions’

optimization in order to produce biomass at a big scale and in a cost-effective way . University of Berkeley applied an

open raceway system in a deactivated wastewater treatment station, in Roswell, from 1988 to 1990, and obtained better

results using native species collected from the wastewater and the surrounding environment. Furthermore, research and

technological advances in the design of bioreactors, within this period, were crucial for the development of water

bioremediation technologies coupled with microalgae biomass production. American researchers hold several patents of

photobioreactors for microalgae mass culture . Photobioreactors allow a stricter control of biotic and abiotic

parameters. However, for biofuel production, the application of this technology is not economically feasible due to the

associated high energy demand and cost of technical operation .

In the period 1991–2000 (Figure 3b), 10 themes were identified, in which “effluent” and “ponds” were characterized as

motor themes. Within this time frame, socio-economic interests regarding the scale-up of microalgae production focused

scientific research on open culture systems and on the reduction of the costs of microalgae biomass production using

wastewater as a growth medium. Microalgae metabolize nutrients such as carbon, nitrogen and phosphorous and use

metals as micronutrients . Carbon metabolization is needed to microalgae growth and cellular respiration  and

nitrogen and phosphorous are processed to synthesize essential amino acids and DNA . The literature produced also

showed that microalgae have the potential to be used as a biosorbent agent for metal removal from wastewater. The

polysaccharides present in microalgae’s cell wall are responsible for metal adsorption, nevertheless, this adsorption ability

depends on the species and growth conditions . Furthermore, as previously mentioned, the success of

bioremediation technologies using microalgae depends on their capacity to tolerate the pollutant concentration in the

growth medium. Therefore, it is important to perform a preliminary characterization of the effluent and investigate, through

toxicity bioassays the non-lethal concentrations of different pollutants for microalgae growth .

Between 2001–2010, 21 research themes were observed (Figure 3c), and the motor themes were: “fatty-acids”, “effluent”,

“wastewater”, “microalgae culture” and “environment”. Microalgal biotechnology investigation was enhanced within this

period and, initially, research focused on microalgae as a source of biofuels due to their fast growth . On the other hand,

nutrient pollution was a problem at a global scale and coupling biofuel production and microalgae growth in nutrient-rich

effluents was pursued as a solution.

This problem should be handled through a multi-stakeholder cooperation  given its worldwide dimension. Within this

context, the European Union (EU)–Japan Centre for Industrial Cooperation, a non-profit association whereby its mission is

to promote the collaboration between Japan and the EU in order to provide partnerships and guidance to prepare projects

related to microalgae application on water bioremediation, promoting a circular economy . Furthermore, in 2003, the

Japanese legal framework ‘’Basic Act for the Establishment of a Sound Material Cycle Society’’ formulated a five-year plan

in which the main goal was to use properly the natural resources and develop eco-friendly procedures for waste

management while minimizing the harmful impacts on the environment. In this context, governmental institutions such as

the New Energy and Industrial Technology Development Organization (NEDO) and the Ministry of Agriculture, Forestry

and Fisheries (MAFF) supported several companies and universities as partners or facilitated funding opportunities .

This framework also launched the environmental goal of developing alternative WWT in detriment to the traditional WWT,

aiming at nutrient recovery and recycling .

Furthermore, in the European Union, the Water Framework Directive, published in 2000, addresses and encourages the

improvement of urban wastewater treatment with biological methods. More recently (2016), the Government of the

Republic of Lithuania has, inclusively, approved a management plan in order to reduce the nutrient input in the Baltic

Sea .

Microalgal biomass is a valuable resource with potential applications in several industries and is a key factor in the blue

economy because of the value of its commercial applications and for being an alternative to land-based products or non-

renewable resources. Hence, microalgae have gained increasing attention by the academia, industry and policy makers,

especially since 2001.

In the last analyzed decade (2011–2018) (Figure 3d), the main motor-themes were: “cultivation”, “aqueous-solution”,

“diatoms”, “fatty-acids composition”, “high rate algal-ponds” and “pharmaceuticals”. Advances of more sensitive analytical

equipment and methods led to the determination and identification of emerging water pollutants in aquatic ecosystems

resulting from human activities, such as pharmaceuticals, personal hygiene products, chemical cleaning agents and

natural or synthetic hormones . Under the scope of the European framework of the Water Directive and Wastewater
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Treatment Directive, numerous projects have been funded to overcome the challenge of water-emerging contaminants.

Networks among reference laboratories, research centers and related organizations were created to monitor emerging

environmental substances (NORMAN) and develop a database of geo-referenced monitoring and bio-monitoring data on

emergent substances in water . Studies regarding the use of microalgae as bioremediators of contaminated effluents

were, as previously mentioned, conducted. Furthermore, ecotoxicological studies have been carried out with diatoms or

other microalgae, which are primary producers and present higher sensitivity in the marine environment in comparison to

other organisms . The toxicological effects of fossil fuels , organophosphorus compounds  and polycyclic aromatic

hydrocarbons , easily found in water, on microalgae were also studied. Nevertheless, some strains of microalgae were

shown to be resilient with acclimatization capability through biochemical and physiological modifications .

High-rate algal ponds (HRAPs) have demonstrated feasibility at an operational and economical level for bioremediation of

a secondary effluent from a wastewater treatment plant. Gentili and Fick (2017) obtained a 60%–80% and 60%–70%

nitrogen (N) and phosphorous (P) removal, respectively, in a HRAP system . Furthermore, a mixed freshwater

population, in which Tetradesmus dimorphus  (Chlorophyta) dominated, was shown to successfully grow in a HRAP

system and to deplete different types of pharmaceuticals. Removal rates higher than 90% on pharmaceuticals, namely

atenolol, atracurium, bisoprolol, bupropion, citalopram, diltiazem and metoprolol were reported 

The production of microalgal biomass into bioproducts is also a current theme of research and will promote the

manufacture of innovative biological products as well as the creation of employment . Photosynthetic microorganisms

are efficient producers of high-value compounds, like polyunsaturated fatty acids (PUFAs) . Studies showed that n-3

PUFAs have therapeutic properties, namely in cardiovascular and mental diseases . Furthermore, it is important to

characterize microalgae lipidic and protein content in order to understand the range of bio-products that can be

developed. The protein and fatty-acids composition is distinctive among microalgae species, and factors like effluent

physic and chemical characterization, aeration rate, temperature, photoperiod and light type and intensity, can influence

the biochemical profiles of microalgae .Within this scope, several funding opportunities have been created. For

instance, the European Union has directed funds to support investigation within the field of bioeconomy given its social,

economic and environmental impacts in the communities. The international project “Algae Service for LIFE” supported by

LIFE Environment and Resource Efficiency sub-program aims to enhance good practices on ecosystem services and

promote circular economy. Also, in Japan, the Agency for Natural Resources and Energy presented, in 2015, a report

about the valorization of microalgal biomass from wastewater treatment processes . Over the last decade, the United

States Department of Agriculture (USDA) has supported several projects regarding wastewater bioremediation using

microalgae aiming at water reutilization for agriculture purposes and as a measure against water scarcity .

3. Conclusions

The present study tracked the evolution of hot topics and trends, from 1981 to 2018, regarding the bioremediation of

emergent pollutants and the characterization of the microalgal biomass with the purpose of developing innovative

products. An environmental concern regarding water scarcity, water pollution and the restoration of aquatic ecosystems

nourished the development of alternative methodologies of wastewater treatment over the last half a century. Moreover,

the increasing interest in this research field, within the analyzed period, is also a reflection of the legislation developed and

the funding opportunities created.

Microalgae can sequester carbon dioxide, remove nutrients, metals and organic contaminants and were proven to be

suitable bioremediators of effluents. Nevertheless, several knowledge and application gaps still exist. Several biotic and

abiotic parameters can influence microalgae growth and performance at removing contaminants, so methodologies’

conditions must be established and be species-specific. Furthermore, it is also important to standardize optimal cultivation

parameters along with harvesting techniques. Technologies for water treatment using microalgae are still currently under

investigation, with the development of new photobioreactors in order to reduce the energetic costs associated. With

regard to open systems, efforts are required to develop large-scale cultivation protocols to achieve practical applicability of

microalgae cultivation and water bioremediation. Simultaneously, another important issue is the selection of naturally

occurring high-yielding microalgae species.

Nowadays, the application of microalgae to wastewater or effluent bioremediation research has evolved and is focused on

coupling bioremediation with the development of economically viable innovative bio-products, contributing to a circular

economy and representing a multipurpose solution. Funding opportunities have, recently, been focused on the

bioeconomy and the production of alternative bio-products which will boost the evolution of this research field.
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