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• Dunaliella salina is an effective solution 
for saline wastewater treatment. 

• D. salina plays dual role: wastewater 
treatment and bioproduct generation. 

• The review proved D. salina’s adaptable 
growth across diverse wastewater 
sources. 

• The review charted a path for future 
research for sustainable bioproduct 
yield.  
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A B S T R A C T   

Untreated or poorly treated wastewater still represents environmental issues world-widely. Wastewater, espe
cially saline wastewater treatment, is still primarily associated with high costs from physical and chemical 
processes, as high salinity hinders biological treatment. One favourable way is to find the suitable biological 
pathways and organisms to improve the biological treatment efficiency. In this context, halophilic microor
ganisms could be strong candidates to address the economics and effectiveness of the saline wastewater treat
ment process. Dunaliella salina is a photoautotrophic microalga that grows in saline environments. It is known for 
producing marketable bio-compounds such as carotenoids, lipids, and proteins. A biological treatment based on 
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Bioproduct 
Dunaliella market 

D. salina cultivation offers the opportunity to treat saline wastewater, reducing the threat of possible eutrophi
cation from inappropriate discharge. At the same time, D. salina cultivation could yield compounds of industrial 
relevance to turn saline wastewater treatment into a profitable and sustainable process. Most research on 
D. salina has primarily focused on bioproduct generation, leaving thorough reviews of its application in 
wastewater treatment inadequate. This paper discusses the future challenges and opportunities of using D. salina 
to treat wastewater from different sources. The main conclusions are (1) D. salina effectively recovers some heavy 
metals (driven by metal binding capacity and exposure time) and nutrients (driven by pH, their bioavailability, 
and functional groups in the cell); (2) salinity plays a significant role in bioproducts generation, and (3) 
wastewater can be combined with the generation of bioproducts.   

1. Introduction 

Wastewater treatment still translates into high expenses and tedious 
tasks for decision-makers due to strict treatment quality standards, high- 
cost treatment operating systems, and lack of financial support and 
technical know-how (Dutta et al., 2021). In addition to meeting quality 
standards, wastewater treatment systems must (i) minimize the resource 
demand and assist in their valorisation, (ii) recover nutrients (Cobo 
et al., 2018), (iii) reduce sludge generation (Ding et al. 2021), and (iv) 
follow social and economic aspects to be sustainable (Padilla-Rivera and 
Güereca, 2019). 

Various activities such as food processing, textile, agriculture-runoff 
from saline soil zones, aquaculture, fish canning, pharmaceutical, and 
tannery can generate saline wastewater, resulting in heavy metals, nu
trients, organic pollutants, pharmaceuticals, and personal care products, 
the most commonly found pollutants in saline wastewater (Vo et al., 
2020). Nevertheless, saline wastewater treatment still requires high 
capital costs and energy consumption due to high inorganic salt con
centrations (Wen et al., 2018). 

Biological system is one of the most cost-effective solutions to treat 
wastewater (Sukačová et al., 2015). Phototrophic microalgae are mi
croorganisms that use solar energy to consume inorganic nutrients and 
absorb carbon dioxide (CO2) to form proteins, lipids, carbohydrates, 
pigments, and other molecules through photosynthesis (Ruiz-Martinez 
et al., 2012). Microalgal-based wastewater treatment systems have been 
extensively explored over the past five decades (Shankar, 2011) since 
their inception (Oswald et al., 1953). They can provide water of 
adequate quality for reuse (de Souza et al., 2019), reduce the acute 
ecotoxicological (Lin et al., 2007) and genotoxicological potential of 
wastewater (de Souza et al., 2020), and compete with physical-chemical 
wastewater treatment processes (Vo et al., 2020). Additionally, micro
algal biomass and their high-value extracts present well-established 
applications in food, feed, healthcare products, nutraceutical, pharma
ceutical, and cosmeceutical industries (Mu et al., 2019). A few micro
algal species are of particular interests, namely Arthrospira sp., Chlorella 
sp. and Dunaliella sp., among a few others. 

Marine microalgae are widely distributed in lakes and inland seas. 
D. salina, a halophilic member of the phylum Chlorophyta, is a species of 
increasing interest. So far, research has focused on the ability of D. salina 
to produce compounds of industrial interest, such as carotenoids (Ben- 
Amotz et al., 2009), lipids (Cho et al., 2016a), glycerol (Zhang et al., 
2017), protein (Sui et al., 2019b), and pharmaceutical compounds 
(Zamani et al., 2019). The potential of D. salina is not limited to the 
generation of bioproducts. It has also been applied to recover nutrients 
(Amini et al., 2019), heavy metals (Akbarzadeh and Shariati, 2014), and 
to sequester carbon dioxide (Kim et al., 2017). These features indicate 
that D. salina may be a potential candidate for a cost-effective approach 
to wastewater treatment. However, there is still a lack of knowledge 
about biomass cultivation and conversion (Liu and Yildiz, 2018) to 
assess its economic viability and efficiency. Many researchers have 
dedicated their studies to the subject in recent decades, and many vital 
factors have been described. However, most of the data is fragmented, 
and there has not been a systematic review to identify this microalga’s 
full functionality and use for the phycoremediation of saline wastewater. 

In this context, this paper analyses using D. salina within 22 years 
(2000− 2022) to treat saline wastewater, reduce its environmental 
pollution potential and risk, and recover nutrients. The novelty of this 
research is to (1) discuss using saline wastewater as an alternative 
cultivation medium to yield valuable microalgal bioproducts, promoting 
the circular and green economy, and (2) propose a promising approach 
to turn the costly wastewater treatment into a profitable market. 

2. Methodology 

A bibliometric analysis using VosViewer v. 1.6.15 was carried out to 
identify the potential use of D. salina to treat wastewater and produce 
bioproducts that could balance the costs associated with conventional 
wastewater treatment or make it economically beneficial. Keywords 
“Dunaliella salina” and “wastewater”/“effluent” were used to search for 
article references collected on Science Direct, Web of Science, and 
Scopus databases from January 2000–October 2022 (Table 1). Dupli
cates were removed, and a thesaurus file was used to group synonyms. 
Clusters formed by closely related terms received the same color in the 
bibliometric map. The size of a term’s circle represents its importance 
(proportional to its number of occurrences), and the thickness of the line 
connecting two terms represents their relationship. For a specific item, 
the links and total link strength (adimensional) attributes represent the 
number of connections an item has and the cumulative strength of these 
connections with other items. Unfortunately, different species of Duna
liella have been incorrectly identified as D. salina (for example, 
D. tertiolecta); thus, the bibliometric analysis may include some of these 
studies. 

3. Overview of D. salina cultivation in wastewater 

The bibliometric analysis constructed using the terms: “Dunaliella 
salina” and “wastewater”/”effluent” over the period 2000–2022 shows 
three clusters (Fig. 1). The Green cluster refers to the ability of D. salina 
to accumulate pigments, represented by the terms “chlorophyll” and 
“carotenoid,” to deal with stressful conditions. The Red cluster high
lights the application of D. salina in the energy production context, 
demonstrated by the terms “energy,” “fuel,” “biofuel,” “biodiesel,” and 
“biogas.” The Blue cluster demonstrates the primary uses of D. salina, 
such as for food application and wastewater treatment. 

D. salina application in the food sector is well-known and established, 
and this is exemplified by the term “food” in the Blue cluster (Fig. 1); 
however, it is worth mentioning that “wastewater” is equally important 
as both terms have a similar number of occurrence (29 and 24, 

Table 1 
Publications sorted by database from January 2000 to October 2022.  

Medium F/2 Conway Johnson 

Cost (USD) Kg− 1 of dry 
biomass 

4.64 16.24 301.62 

Components with the 
highest cost participation 

NaNO3 

FeCl3.6H2O 
NaH2PO4.2H2O 

Cyanocobalamin 
Na2EDTA 
NaH2PO4.2H2O 
H3BO3 

KNO3 

MgCl2.6H2O  
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respectively) and total link strength (103 and 89, respectively). This 
indicates that D. salina has been proposed in a wastewater context, 
especially for bioremediation (represented by the term “bioremedia
tion”) (Fig. 2). However, using D. salina to treat wastewater still presents 
challenges (represented by the term “challenge”), and its feasibility is 
unknown (demonstrated by the lack of a link between “wastewater” and 
“feasibility”). One plausible explanation is that using microalgae for 
wastewater treatment, although considered a sustainable option, is 
limited mainly to lab-scale (Kalra et al., 2021) and lacks a comprehen
sive study on the feasibility, especially on the opportunities to yield 
relevant bioproducts simultaneously. This is also true for D. salina. 
Another reason is that saline wastewater has complex characteristics 
(Goh et al., 2022); thus, biological treatment is not conventionally 
applied. The terms “bioremediation,” “wastewater treatment,” and 
“heavy metal” in the group might indicate the potential combination 
between wastewater and pigment generation. These results demonstrate 
that nutrients in wastewater can support the growth of D. salina and 
promote the yield of bioproducts that can turn the expensive wastewater 
treatment process into a profitable chain, given the value associated 
with these products (exemplified by the term “high-value”). Zhang et al. 
(2022) reported that wastewater to cultivate D. salina is a valid approach 
to reducing costs associated with bioproduct yield. However, depending 
on the wastewater source, the application of D. salina for food can be 
jeopardized. 

As the bibliometric map represents, D. salina biomass can fit in the 
food and energy context due to the yield of relevant bioproducts. 
Culturing wastewater is a promising approach to improve economic 
efficiency and reduce the environmental impact associated with food 
and energy production. The following topics will discuss the mecha
nisms associated with the recovery of contaminants and stress-response, 
bioproduct accumulation, and the opportunities to use wastewater as an 
alternative to traditional cultivation. 

4. Mechanisms for the recovery of contaminants 

4.1. Heavy metals 

Recovery of heavy metals using microalgae exploits two distinct 

mechanisms of metal uptake (Fig. 3): (i) active transport, represented by 
an ATP-metabolism-dependent uptake of metal ions across a lipophilic 
membrane and into the cell at low concentrations (intracellular ab
sorption); and (ii) non-active bioadsorption, which involves the binding 
of metallic ions to extracellular charged groups of the alga. Different 
biological limitations must be managed to maximize heavy metal re
covery for both mechanisms. Intracellular accumulation of heavy metals 
can increase ROS production, damage antioxidative and photosynthetic 
systems, and inhibit microalgae growth (Bhuvaneshwari et al., 2018). In 
contrast, extracellular accumulation of heavy metals depends on the 
availability of binding sites. In the case of D. salina, heavy metal and 
salinity stress could result in higher oxidant pressure and more need for 
the biosynthesis of antioxidant metabolites and enzymes. 

Glutathione, a well-known redox-responsive mediator that reduces 
oxygen radicals that accumulate under biological stress, is a simple 
sulfur compound composed of three amino acids and the major non- 
protein thiol in many organisms (Noctor et al., 2011). This low-weight 
intracellular molecule is found in millimolar concentrations and is a 
sacrificial detoxification agent (Noctor et al., 2011). Residual cysteine in 
the glutathione has sulfhydryl groups with high-affinitive metal binding 
sites (Ulrich and Jakob, 2019). Glutathione is also a phytochelatin (PC) 
synthesis precursor via cytosolic enzymes (Wang et al., 2017). PCs are a 
family of peptides formed by repeats of the γ-Glu-Cys dipeptide followed 
by a terminal Gly and activated by various heavy metal ions (Cobbett, 
2000). Activation of PC synthase in microalgae appears relatively non- 
specific for heavy metals. However, it is documented that some metals 
respond more effectively than others (Cobbett, 2000) depending on the 
microalgal species. For example, Cadmium (Cd) induces PC synthesis 
more strongly than Zinc (Zn) in D. tertiolecta (Tsuji et al., 2003). In 
D. salina, arsenic (As) As5+ increases PC production more than As3+

(Wang et al., 2017). 
The PC function involves chelating heavy metals and the reduction of 

their toxicity (Noctor et al., 2011; Li et al., 2020) thanks to their cys
teinyl thiols, making them non-toxic and allowing them to be seques
tered in cells (Tsuji et al., 2002). However, PC accumulation does not 
always reflect higher metal absorption as predicted, nor higher toler
ance. This indicates that other mechanisms must be triggered to deal 
with heavy metals (Clemens, 2006), for example, genetically encoded 

Fig. 1. Bibliometric analysis by VosViewer. Data corresponds to January 2000–October 2022 in Science Direct, Web of Science, and Scopus databases. The keywords 
“Dunaliella salina” + “wastewater”/“effluent” were used to collect the research articles’ references in November 2022. 
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metallothioneins (Balzano et al., 2020). 
Folgar et al. (2009) described a high value of half the maximum 

effective concentration for cadmium chloride (EC50) (48.9 mg Cd L− 1 at 
96 h of culture); however, the highest percentage of Cd removal was 
obtained at the concentration of 5 mg L− 1 Cd, where only 11.3 % of the 
metal was recovered. This result contrasts with Shafik (2008), who 
found >87 % recovery of Cd2+ by D. salina regardless of its initial 
concentration in the medium (5–15 mg L− 1), with the cost of decreasing 
in cell density despite the increase in protein, amino acids, 

carbohydrates, and chlorophyll production/activity. Zhu et al. (2019) 
found similar results: Cd exposure caused levels of chlorophyll a and b 
and carotenoid to increase along with antioxidant enzymes such as su
peroxide dismutase (SOD), glutathione peroxidase (GPX), glutathione S- 
transferase (GST), and glutathione reductase (GR) and ascorbate 
peroxidase (APX), and glutathione to decrease. Some of these com
pounds comprise the ascorbate-glutathione pathway (also called the 
Asada-Halliwell pathway); others use glutathione as a substrate (Hasa
nuzzaman et al., 2019). On the other hand, Kaamoush et al. (2022) 

Fig. 2. Bibliometric analysis by VosViewer highlighting the term “wastewater treatment” and its connections. Data corresponds to January 2000–October 2022 in 
Science Direct, Web of Science, and Scopus databases. The keywords “Dunaliella salina” + “wastewater”/“effluent” were used to collect the research articles’ ref
erences in November 2022. 

Fig. 3. Potential fate of some metallic elements in the cell of D. salina.  
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reported that 5 mg L− 1 of Zn2+ or Cu2+ increased D. salina growth and 
amino acid content: maximal growth rate was >0.7 (10th day) and >
0.4 day− 1 (8th day) for Zn2+ and Cu2+, respectively. 

Cd is transported across the plasma membrane in ionic form by metal 
ion transporters involved in the uptake of Ca2+, Fe2+, Mg2+, Cu2+, and 
Zn2+. Similar to the situation in higher plants, exposure is associated 
with oxidative stress and the formation of a hyperoxidant state. The 
severity level depends on the metabolic capacity of a given strain to 
withstand ROS and environmental conditions (Hamidkhani et al., 2021). 

Yamaoka et al. (1999) evaluated the ability of the microalga D. salina 
to bioaccumulate As species: As5+, As3+, and dimethylarsinic acid 
(DMA). They showed that growth inhibition followed the order As3+ >

As5+ > DMA and that the order of accumulation by D. salina was As5+ ≥

As3+ > DMA. They highlighted a positive correlation between gluta
thione and the absorption of As species. Affinity for As5+ and As3+ was 
reported by Wang et al. (2017). These authors also identified the pro
duction of phytochelatins in response to As, especially As5+. Ge et al. 
(2016) reported that 65 proteins appear to be responsible for responding 
to As stress (Fig. 4), which are up- or down-regulated to deal with 
toxicity and reduced energy and carbon supply, resulting in an As con
tent of 19.8 mg kg− 1 in D. salina after 72 h of exposure to an As con
centration of 11.2 mg L− 1 in the medium. 

It has been shown that phosphate (PO4
3− ) uptake competes with As 

uptake (Ge et al., 2016; Wang et al., 2017), but interestingly, As accu
mulation by D. salina does not always decrease with increased phosphate 
concentrations in the medium. This means that other mechanisms, such 
as allosteric interactions, synthesis of membrane transporters, or 
involvement of bacterial communities associated with D. salina culture, 
may also play a role and contribute to the overall As uptake. For 
instance, As efflux from D. salina increases with increasing incubation 
time under PO4

3-limited conditions (Wang et al., 2016). As3+ oxidation, 
As5+ reduction, As3+ methylation pathways, and symbiotic relationship 
with other microorganisms also deal with As detoxification (Wang et al., 
2013). Wang et al. (2016) identified that the As-PO4

3− interaction in
creases the growth of axenic D. salina but did not identify the same effect 
in non-axenic D. salina. As5+ inhibited the growth of non-axenic D. salina 
after 9-day incubation regardless of PO4

3− concentration. Alteromonas 
macleodii on the surface of D. salina increased As absorption (39.7 ± 4.0 
mg kg− 1) by the microalga under 1.12 mg L− 1 PO4

3− , while the axenic 
culture was able to absorb 29.8 ± 4.1 mg As kg− 1. When cultured under 
0.112 mg L− 1 PO4

3− , the As assimilation was 9.3 ± 1.9 mg kg− 1 and 51.8 
± 3.0 mg kg− 1 for non-axenic and axenic cultures, respectively. This 
difference is explained by the greater excretion of As in the non-axenic 
culture. 

Extracellular polymeric substances (EPS) show selectivity for heavy 
metals; for instance, EPSs in Mucilaginibacter rubeus exhibit high bio
adsorption for As3+, copper (Cu2+), and gold (Au3+) but not for Zn2+. In 
contrast, D. salina shows greater accumulation of Zn, followed by Cu, 
cobalt (Co), and Cd (Shafik, 2008), which may be associated with EPS 
(Kwon et al., 2017). This suggests that EPS composition and metal 
selectivity differ among different organisms. EPS content is also posi
tively related to salinity. Mishra and Jha (2009) demonstrated the 
production of 944 mg L− 1 of EPS at the salt concentration of 294 g L− 1 

NaCl, while at 29.4 g L− 1 NaCl, EPS production was only 56 mg L− 1. As 
D. salina lacks a cell wall, a saline stress response may be associated with 
EPS production, forming a gel-like polysaccharide layer around the cell 
to protect it from damage (Mishra and Jha, 2009). Johari et al. (2018) 
analyzed the influence of salinity on the toxicity of silver nanoparticles 
and silver nitrate in D. salina. Their studies showed that half of the 
maximum concentration increased with higher salinity. Sendra et al. 
(2018) found that D. salina showed greater tolerance for Ag and cerium 
nanoparticles than Chlorella autotrophica, which has a typical cellulosic 
cell wall. They suggested that biosorption may have involved EPS in the 
case of D. salina. 

Schwarz et al. (2003) showed that a 175.32 g L− 1 NaCl concentration 
resulted in a 5-fold increase in Fe3+ binding compared to 58.44 g L− 1 

NaCl. Iron (Fe) is essential for photosynthetic electron transport and 
other metabolic functions. However, living cells also tightly regulate Fe 
uptake and storage to minimize the risk of developing a cellular 
hyperoxidant state via Fenton’s chemistry. As Fe3+, the usual form taken 
up by D. salina, is also in low availability in aerobic or highly saline 
aqueous environments (Fisher et al., 1997), an unusual mechanism has 
evolved to increase Fe3+ uptake from these environments. This involves 
not only the usual “housekeeping” iron transport glycoprotein, trans
ferrin but also two other glycoproteins (D-Fox and p130B). Glycopro
teins form a complex with transferrin on the outer plasma membrane 
surface to increase binding and uptake of Fe3+; in doing so, cell prolif
eration is maintained. 

Polysaccharides are polymers that play an essential role in metal 
binding by D. salina (Kaamoush et al., 2022), mainly due to their hy
drophobic characteristic resulting from acetyl groups. Uronic acids and 
sulfates impart a negative charge and acidic property to D. salina poly
saccharides, exhibiting a high-metal complexing capacity (Mishra et al., 
2011). Cecal et al. (2012) described polysaccharides and nucleic acids 
(another group of polymers) as the main functional groups responsible 
for uranium (U) removal by D. salina. The contribution of poly
saccharides to adsorbing lead (Pb), nickel (Ni) (Holan and Volesky, 
1994), and Cd (Holan et al., 1993) has been reported for non-living 

Fig. 4. Distribution of 65 proteins in D. salina associated with the stress response to As. Left - distributed according to their function, and right - according to the 
cellular component. Adapted from Ge et al. (2016). 
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marine algae biomass and aluminum (Al) for higher plants (Aizawa and 
Urai, 2020). In D. salina, polysaccharides probably represent the binding 
mechanism for Al, recovered by agglutination and subsequent sedi
mentation. This feature is also found in other species of Dunaliella, 
although different efficiencies are recorded (Akbarzadeh and Shariati, 
2014). Vidyalaxmi et al. (2019) evaluated the potential use of D. salina 
for bioremediation of the heavy metal hexavalent chromium (Cr6+) from 
saline wastewater. They found that Cr was absorbed by the surface of the 
microalgal cell; at low (5 mg L− 1) and intermediate (15 mg L− 1) Cr6+

concentrations, D. salina showed better removal efficiency compared to 
higher Cr6+ concentration (25 mg L− 1) due to possible depletion of 
binding sites. 

Duration of exposure is a crucial factor regarding the bioremediation 
of heavy metals by D. salina (Dineshkumar et al., 2022). Increasing the 
exposure duration allows more adsorption sites for bioaccumulation 
(Vidyalaxmi et al., 2019). However, prolonged exposure periods 
decrease the As uptake, which seems to be maximized in two days, 
followed by a decrease (Wang et al., 2017). This is likely related to As 
efflux (Wang et al., 2017). Stimulation by Cd of chlorophyll and carot
enoid biosynthesis was favored at Cd concentrations of 0.5 and 2.5 mg 
L− 1 under 6-h exposure, demonstrating the need to harness solar energy 
to maintain growth and cope with Cd exposure; however, lipid peroxi
dation at 2.5 mg L− 1 and >96 h exposure was evident (Zhu et al., 2019). 
It can be concluded that D. salina can deal with Cd with a short exposure 
period, but more extended periods cause cell death. 

Another aspect of the potential of D. salina for metal absorption and 
adsorption is the surface area. Considering an average D. salina cell size 
of 10.5 μm × 5.5 μm, the surface area is about 624 μm2 with a surface 
and volume ratio of 0.47 μm− 1. This surface area is larger than other 
species (e.g., Synechococcus elongatus (Gallo et al., 2020) and 
D. tertiolecta (Nikookar et al., 2005)). This means that more free sites 
could interact with metals in the medium. 

The fate of heavy metals in D. salina directly depends on their affinity 
and the availability of binding sites in the cell, where polymers, such as 
polysaccharides and proteins, play a crucial role. Internalization com
prises the regulation and triggering of different pathways strongly 
related to glutathione and its products; however, the sequestration of 
heavy metals in the cell depends on the exposure time and environ
mental conditions. Given the right conditions, D. salina could bio
remediate metal-containing wastewater. 

4.2. Macronutrients 

Autotrophic CO2 fixation is a pathway driven by adenosine triphos
phate (ATP) and reducing power, transforming non-biogenic carbon 
compounds into organic metabolites (Hu et al., 2019). The CO2 drainage 
inside the D. salina cell depends directly on its concentration, favoring its 
reallocation from glycerol to protein and starch under higher concen
trations (5 % v/v) (Giordano and Bowes, 1997). Generally, stressful 
conditions retard the carbon fixation by microalgal photosynthesis; 
however, D. salina has its carbonic anhydrase (CA) activity stimulated at 
increasing salinities, which may also be associated with the Na+/H+

antiport (Katz et al., 1986). CA is an enzyme that optimizes the inorganic 
carbon fixation and utilization in high salinities (Fisher et al., 1996). The 
CAH1 and CAH2 enzymes give D. salina the ability to fix inorganic 
carbon by regulating the CO2/HCO3

− equilibrium. CAH1 converts HCO3
−

to CO2 when the last is in low concentration; CAH2 hydrates CO2 when 
the medium contains significant amounts. This explains the tolerance of 
D. salina to high inorganic carbon concentration (Hou et al., 2016). 

The enzyme RuBP carboxylase/oxygenase (RuBisCo) catalyzes the 
primary CO2 reduction reaction and its binding to the acceptor-molecule 
ribulose-1,5-bisphosphate (RuBP) to form two 3-phosphoglycerate 
molecules (Andersson and Backlund, 2008). UV-B irradiation induces 
greater RuBisCo activity in D. salina; however, the role of UV-B irradi
ation in global carbon uptake still needs further studies to cover other 
mechanisms and compensation pathways (Zhang et al., 2015). The 

growth-optimal levels of CO2 to support D. salina ranges from around 
2–6 %. This means that countermeasures must be applied to use D. salina 
to treat high CO2 levels (> 10 % v/v), such as from flue gas. This includes 
(1) removing O2 from the inlet gas to decrease the O2:CO2 ratio to 
promote RuBisCo carboxylase activity and limit oxygenase (Kliphuis 
et al., 2011); (2) gradually increasing the CO2 concentration to accli
matize the microalga; and (3) adjusting CO2 dosing to avoid changes in 
dissolved inorganic carbon and acidification of the medium. By con
ducting these recommendations, the C fixation can increase about 6.6- 
fold (Chen and Xu, 2021). Harter et al. (2013) presented a mass bal
ance approach for C and N to quantify the direct emission of greenhouse 
gases in a culture of D. salina supplied with real biodiesel flue gas. Their 
results proved that D. salina can use biodiesel flue gas as a source of N 
and C; however, the mass balance showed that up to 6 times more CO2- 
equivalent was emitted, mainly due to anaerobic microbial processes. 
Therefore, flue gas bioremediation by microalgae, especially in open 
ponds, must be critically addressed to evaluate and make this treatment 
viable, and a pre-sterilization may be required. 

Although D. salina can tolerate high concentrations of dissolved 
inorganic carbon (Kishi and Toda, 2018), the efficiency in CO2 fixation is 
low (< 4 %) compared to other carbon sources such as bicarbonate (>
91 %), especially in open ponds, where most of the CO2 supply is lost to 
the atmosphere (Kim et al., 2017). However, this could be mitigated by 
using immobilized cells instead of free cells, as shown by In-na et al. 
(2020), who used a 3D-coated loofah sponge as a porous substrate. Their 
lab-scale results theorized that D. salina can capture over 90 t CO2 t− 1 

biomass yr− 1, requiring less water. 
Nitrogen is the second most crucial nutrient for microalgae growth, 

representing >10 % of its biomass (Becker, 1994). It accumulates mainly 
in proteins, RNA, DNA, ATP, and some pigments (Geider and Roche, 
2002). The pathways involved in nitrogen uptake depend on its form. 
Nitrate assimilation in eukaryotic microalgae comprises four steps: (1) 
nitrate transport through the cell cytoplasmic membrane via ATP- 
dependent permease systems; (2) nitrate reduction to nitrite catalyzed 
by NAD(P)H-nitrate reductase in the cytosol; (3) nitrite transport into 
the chloroplast and its reduction to ammonium catalyzed by ferredoxin- 
nitrite reductase; and (4) ammonium incorporation into the carbon 
skeleton catalyzed by the ATP-dependent glutamine synthetase (GS)- 
glutamate synthase cycle (Vega, 2020). 

Theoretically, microalgae should prefer to assimilate NH4
+ to NO3

− ; 
NH4

+ requires less energy, as demonstrated by the above four assimila
tion steps (Hellebust and Ahmad, 1989). However, the preferred nitro
gen source is species-dependent. Regarding D. salina, both nitrogen 
sources can be used. Giordano and Bowes (1997) cultivated D. salina in 
NH4

+ or NO3
− . They demonstrated that NH4

+ increased cell size, rate di
vision, and chlorophyll concentration. Giordano (2001) increased the 
amount of RuBisCo protein by up to 2.5-fold using NH4

+ compared to 
NO3

− ; phosphoenolpyruvate carboxylase activity was also increased, 
which may enhance light-independent carbon fixation. Nevertheless, 
Hadizadeh et al. (2020) cultivated D. salina (~20 × 104 cell mL− 1 initial 
concentration; 14 days) in different stickwater concentrations (0–100 
%). They highlighted an increase in cell growth (~75 to 112.6 × 104 cell 
mL− 1), protein (49 % to 59 %) fat (15 % to 16 %), chlorophyll a (~4.2 to 
6.5 μg L− 1), and chlorophyll b (~1.6 to 3.3 μg L− 1) contents at 75 % 
stickwater (242 mg L− 1 NO3

− and 11.13 mg L− 1 PO4
3− ) compared to 

control (F/2). Nitrogen availability directly affects chlorophyll produc
tion by regulating the NADP+ activity (Chen et al., 2015), affecting 
carbon assimilation (Chen et al. 2021). 

Microalgae favour the assimilation of inorganic orthophosphate 
(PO4

3− ), although they can transform organic phosphorus into inorganic 
by phosphatase activity. Luxury uptake occurs when inorganic phos
phorus is abundant; high-rate and low-affinity transporters are activated 
under this condition (Su, 2021). It is stored in the cell as phosphate 
granules used during the scarcity of this nutrient to prolong cell growth 
(Larsdotter, 2006). Microalgae utilize phosphorus to build genetic ma
terial (the most significant P sink in cells), lipids, and ATP (Geider and 
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Roche, 2002) and as a universal energy currency to power many 
biosynthetic processes (Dyhrman, 2016). Notably, N and P metabolisms 
are codependent; thus, their absorption is affected by the bioavailability 
of each one. 

Regardless of some nutrient forms’ positive effect on D. salina 
development, the concentration must be considered to avoid stressful 
conditions, especially if the microalga undergoes sudden changes in the 
extracellular environment. Racharaks et al. (2015) identified that, when 
cultivating D. salina in municipal anaerobically digested wastewater (10 
% v/v) combined with shale gas flowback water, the P concentration 
(11 mg L− 1) and N/P ratio of 18 had an inhibitory effect on its growth. 
Using 100 % stickwater, Hadizadeh et al. (2020) also reported an 
inhibitory effect on D. salina growth, probably due to the high nitrate 
concentration. Nutrient concentration also determines assimilation, 
which is not always positively correlated. Roberts et al. (2019) culti
vated D. salina at a concentration of 4.7 g L− 1 sulfate (SO4) and reported 
a recovery rate of 65 %; when cultivated in a low-SO4 medium 
(Jaworski’s medium), the removal rate was 6 %. Menke et al. (2012) 
evaluated the recovery of potassium (K+), magnesium (Mg2+), and so
dium (Na+) from hypersaline fertilizer industry wastewater by living 
D. salina cells. They identified that the intracellular content of K+ and 
Mg2+ increased as its extracellular content increased; the same was not 
identified for Na+. This demonstrates that the microalga has trans
porters to specifically include and exclude ions inside and outside the 
cell to ensure the functionality of sensitive enzymes. 

Considering its nutrients recovery capacity (Table 2) and limitations, 
many different types of wastewaters could support D. salina growth and 
be suitable for their simultaneous phycoremediation, especially those 
from food industries (e.g., seafood processing and canning; dairy) and 
desalination plants. For instance, Shiri et al. (2023) obtained over 80 % 
NO3

− , NO2
− , PO4

3− , and SO3
2− removal by combining membrane biore

actor and D. salina to treat pre-treated shrimp pond wastewater. These 
effluents may have high loads of nutrients (Venugopal and Sasidharan, 
2021; Vieira Costa et al., 2021), salinity, and pH suitable to grow 
D. salina. However, attention must be paid to avoid inhibiting environ
ments to its growth and nutrient uptake. For example, Amini et al. 
(2019) reported an efficiency drop in NO3

− (from 54 % to 20 %) and 
PO4

3− (82 % to 37 %) removal by D. salina biosorbent in real wastewater 
compared to synthetic nutrient medium with the same nutrient con
centrations. High organic content and suspended solids also make 
nutrient recovery difficult (Amini et al., 2019) due to shading and 
blocking of functional groups. In addition, some pesticides in agricul
tural run-off could jeopardize D. salina growth (Chen et al., 2007). Salt 
concentrations >30 g L− 1 should also be avoided, as nutrient uptake 
capacity may decrease at higher salinity (Liu and Yildiz, 2018). Liu and 
Yildiz (2018) demonstrated that a higher salt concentration (40 g L− 1) 

hinders NO3
− and P removal from tertiary-treated municipal wastewater 

by D. salina compared to lower concentrations (20 and 30 g L− 1). 
However, some measures can be applied to wastewater treatment 
without many restrictions, such as previous aerobic/anaerobic treat
ment to reduce organic matter and TDS content, pH, and salinity 
correction using chemicals or mixing with other effluents. 

4.3. Organic pollutants 

One explanation for the biodegradability of organic carbon is the 
photoproduction of hydroxyl radicals, its decomposition into bioavail
able carbon sources, and the promotion of beta-carotene (Liu et al., 
2019). Although this microalga is known for its autotrophic behavior, 
mixotrophic cultivation of D. salina has been documented, and the 
positive effect on its growth and beta-carotene (Morowvat and Ghasemi, 
2016). Liu et al. (2019) treated diesel-oil water-soluble fractions 
(DOWSFs) with D. salina (2–10 × 106 cell mL− 1 initial concentration; F/ 
2 medium). They reached a degradation efficiency of up to 60.3 % after 
nine days of culture. Its density was favored with a higher DOWSF 
concentration up to 4.0 mg L− 1 (>30 × 104 cell mL− 1); a decrease in the 
D. salina density was noted when DOWSF exceeded this concentration 
(<20 × 104 cell mL− 1). Phytoplankton has a strong lipophilic ability. 
Thus, organic compounds can reduce the chlorophyll a content by pre
venting carbon dioxide and nutrient absorption, which can harm cell 
growth; however, D. salina maintains high photosynthetic activity at 
high concentrations of petroleum hydrocarbon. 

Zhang et al. (2022) analyzed the effect of co-culturing Halomonas 
mongoliensis and D. salina on phenol degradation under different oper
ation conditions: 5.5–11.5 pH; 120–360 μmol m− 2 s− 1 light intensity, 
19–37 ◦C, 300–600 mg L− 1 phenol concentration, and 8:1–2:1 D. salina/ 
H. mongoliensis ratio. The co-culture could completely degrade 400 mg 
L− 1 of phenol within five days at optimal conditions: 2:1 D. salina/ 
H. mongoliensis ratio, 120 μmol m− 2 s− 1 light intensity, 25 ◦C, and 7.5 
pH. At this condition, D. salina grew from 0.4 (initial biomass) to 0.55 g 
L− 1 while its monoculture almost could not grow. Cho et al. (2016b) 
cultivated D. salina (2 × 104 cell mL− 1 initial concentration; 10-day 
cultivation; F/2-Si medium) in phenol and estimated the EC50 phenol 
concentration for D. salina to be 155 mg L− 1. The chlorophyll a and b and 
total carotenoid content were also increased at 50 and 100 mg L− 1 

phenol. In contrast, the chlorophyll a/b ratio decreased. This may 
indicate that phenol inhibits the ability of D. salina to carry out photo
synthesis since the chlorophyll a/b ratio is strongly related to the light- 
harvesting chlorophyll-protein complex (LHCII). The degradation of 
phenol by D. salina may be linked to the absorption of dissolved phenol - 
which could be facilitated by the lack of a cell wall - and its conversion 
into growth metabolites. Biomass and lipid content increased after 

Table 2 
Recovery of some nutrients by D. salina.  

NO3
−

(%) 
NH4

+

(%) 
PO4

3−

(%) 
SO4

2−

(%) 
Cl−

(%) 
Na+

(%) 
HCO3

−

(%) 
Cell 
condition 

Medium References 

54.0  82.0     Bioabsorbent Nutrient stock solution (350 mg L− 1 of NO3
− and PO4

3− ; pH 7) (Amini et al., 
2019) 

20.0  37.0      NO3
− and PO4

3− -enriched wastewater (350 mg L− 1 of NO3
− and PO4

3− ; pH 7) (Amini et al., 
2019) 

62.0 42.2 64.7     Immobilized Johnson (Thakur and 
Kumar, 1999) 44.0 25.0 34.7     Free Johnson 

88.0 70.7 45.7*     Free 75 % Pretreated municipal wastewater (0.95 mg L− 1 NH4
+, 40.7 mg L− 1 NO3

− , 
3.8 mg L− 1 PO4

3− ) + 25 % Bold basal medium (30 g L− 1 salt, 184 mg L− 1 NO3
− , 

163 mg L− 1 PO4
3− ) 

(Liu and Yildiz, 
2018)  

68.0 29.0     Free Diluted washing water from a sugar mill process (3.2–6.6 mg L− 1 NH4
+, 

1.2–3.1 mg L− 1 PO4
3− ) 

(Putri and 
Muhaemin, 2010)    

65.0    Free Modified Jaworski’s Medium (4.73 g L− 1 SO4
2) (Roberts et al., 

2019)     
33.1 29.5 14.3 Free Saline lake (2.2 g L− 1 Cl− , 2.1 g L− 1 Na+, and 2.1 g L− 1 HCO3

− ) (Moayedi et al., 
2019) 

96.1  87.5     Free Desalination brine (summer) (Ortega Méndez 
et al., 2012) 98.9  44.2     Free Desalination brine (winter)  
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acclimation to phenol. Increased lipid content within the cell may be 
conducive to phenol detoxification (Duan et al., 2017). 

Ashok et al. (2020) evaluated the bioaccumulation capacity of 
D. salina to recover different concentrations (from 0 to 900 μg L− 1) of 
13C-phenanthrene from the F/2 medium (48-h exposure). The average 
bioconcentration factor (BCF) in D. salina by dry weight was 2590 ±
787 L kg− 1 (log BCF = 3.41), with maximum removal of approximately 
77 % and 13C-phenanthrene accumulation of 1546.69 ± 366.14 fg cell− 1 

at 900 μg L-1 13C-phenanthrene. The photosynthetic efficiency (Fv/fm) 
did not significantly differ when the microalga was exposed to 0 up to 
30 μg L-1 13C-phenanthrene. 

Chi et al. (2019) assessed the ability of D. salina to degrade 
endocrine-disrupting compounds, namely diethyl phthalate (DEP) and 
di-n-butyl phthalate (DBP). They cultivated D. salina (1 × 105 cell mL− 1) 
on a single-compound medium, i.e., containing only DEP or DBP, or on a 
mixed medium. After 96-h of exposure, the microalga degraded 91.2 % 
of DEP and 34.5 % of DBP in the single-compound medium; when 
D. salina was cultivated in the medium with a mix of DEP and DBP, it 
reached efficiencies of 71.1 % and 21 %, respectively, which were lower 
than in the single-compound medium. The bioconcentration percentage 
of DEP and DBP in D. salina was 0.17 % (DEP) and 7.1 % (DBP) for the 
single-compound medium, while for the mixed medium, the bio
concentration percentage was 0.52 % and 9.7 %, respectively. This in
dicates that, although the compounds competed for the same enzymatic 
active site, which resulted in lower biodegradability, D. salina can bio
accumulate these compounds within the cell. 

The activity of cytochrome P450, an important enzyme that functions 
as a catalyzer and binding in many biochemical reactions, is also pre
sented in D. salina and has been indicated as a potential mechanism for 
biodegradation of polycyclic aromatic hydrocarbon (PAH) by Cyclotella 
caspia (Liu et al., 2006), which may be one of the pathways for the 
degradation of organic compounds. Chan et al. (2006) reported that 
PAH adsorption occurs in living and dead cells in Selenastrum capri
cornutum; however, only living cells can absorb and degrade it. The 
process is similar to metal recovery: passive physicochemical adsorption 
followed by slow absorption in the cell. The same could be expected for 
D. salina, with the difference that the lack of a cell wall should facilitate 
intracellular accumulation and degradation. 

Shiri et al. (2023) combined a membrane bioreactor with D. salina to 
treat pre-treated shrimp pond wastewater (700–900 mg L− 1 COD, 
560–660 mg L− 1, and 50–70 NTU turbidity). According to their results, 
D. salina allowed the formation of sludge mass in a shorter time, and the 
treatment unit reached over 90 % COD, BOD5, and turbidity removal. 

The mixotrophic growth of the Dunaliella genus remains a topic of 
inconclusive debate. Some authors have reported that it not only grows 
mixotrophically (Wan et al., 2011) but also improves protein produc
tivity (e.g., Kadkhodaei et al. (2015)). These results contradict the 
widely accepted view that Dunaliella is an obligate photoautotrophic 
genus (Rao, 2019) and that organic carbon can be deleterious to its 
growth (Kim et al., 2012). We previously demonstrated that D. tertiolecta 
could not assimilate organic carbon and that its growth was attributed to 
CO2 assimilation when NaHCO3 was unavailable (Celente et al., 2022). 

5. Wastewater treatment and bioproducts generation 

The artificial medium is expensive (de Souza Schneider et al., 2018) 
(Table 3) and can limit the viable yield of bioproducts mainly because of 
the costs of components such as artificial sea salt (or NaCl) (Colusse 
et al., 2021), NaNO3, cyanocobalamin, and KNO3 (Colusse et al., 2020). 
Using wastewater to produce bioproducts can optimize and reduce the 
costs associated with the culture medium, especially regarding nutri
ents. Cell density increased by 170 % (at 50 % vinasse) and 160 % (at 75 
% vinasse), reaching 522 and 493 × 104 cell mL− 1, respectively, while 
control (Conway medium) reached about 300 × 104 cell mL− 1. Chlo
rophyll a (8.53 μg L− 1), pheophytin a (3.04 μg L− 1), and total caroten
oids (5 μg L− 1) reached the highest content at 75 % treated vinasse, 
higher than at control (Conway medium): approximately 3 μg L− 1 

chlorophyll a, 1 μg L− 1 pheophytin a, and 3 μg L− 1 total carotenoids. The 
same authors also reported a drastic reduction (69 %) in medium cost 
using treated rice vinasse (optimal concentration of 69 %) to cultivate 
D. salina compared to Conway medium (using seawater as a salt source). 

In general, the potential use of wastewater to produce and recover 
microalgal biomass needs four significant steps: wastewater treatment, 
harvesting, bioproduct purification, and final application (Fig. 5). 
Different drying methods could be adopted when aiming at different 
bioproducts and applications. In general, solar drying is the cheapest 
method, but requires large surface area and longer period; convective 
drying such as in an oven could offer fixed temperature settings; spray 
drying could potentially retain more nutrient and high-value com
pounds; freeze drying is widely used to prevent cell rupture hence 
retaining the most cell constituents (Muhammad et al., 2020). Never
theless, from product storage point of view, drying step can be omitted if 
a wet-route storage should be better. Wet-route storage typically adopts 
an anaerobic condition and can retain cell constituents (without loss 
occurring from drying) for 1–4 months, but other factors such as tem
perature, light and oxygen also affect the product stability during stor
age (Muhammad et al., 2020). Two different approaches can be taken to 
produce bioproducts from wastewater. The first comprises the set of a 
target bioproduct, which will determine the source and quality of 
wastewater, strain, and purification method. This approach has the final 
user as the decision-maker, exemplified in Table 4. The second approach 
has the industry that treats the wastewater as the decision-maker, i.e., 
the industry assesses its wastewater quality and identifies the potential 
bioproduct and final user that best suits it. This approach aims to 
recognize the potential biomass and recovered bioproduct users without 
requiring unfeasible modifications to the existing treatment plant. 

D. salina revenue market increased by over 15 % from 2016 (USD 
80.95 million) to 2021 (USD 93.49 million); the global sales are ex
pected to reach over USD 120 million and 1500 tons of biomass by 2026, 
an increase of approximately 30 % compared with 2021 for both pa
rameters. Pharmaceuticals and healthcare products, followed by food 
additives, represent the largest market share (Fig. 6a) (Maia Research, 
2021). This concerns the yield of several natural carotenoids, such as 
beta-carotene, alpha-carotene, zeaxanthin, lutein, and cryptoxanthin, by 
this microalga (Meticulous Market Research, 2021). For example, 
regarding 9-cis beta-carotene produced by D. salina, revenues can reach 
more than USD 35 million p.a. (Harvey and Ben-Amotz, 2020). D. salina 
can also generate substantial amounts of glycerol, lipids, and proteins, 
convenient resources to the increasing demand for these products 
(Fig. 6b). Monte et al. (2020) assessed the economic performance of a 
biorefinery to extract protein, carbohydrates, carotenoids, lipids, and 
glycerol following the method proposed in Fig. 5. They proposed three 
scenarios based on the raw material (D. salina biomass) purchased cost: 
USD 48.3 (scenario 1), 52.5 (scenario 2), and 56.8 (scenario 3) kg dry 
biomass (1 euro = 1.05 dollars). Considering the revenue bio-refined 
product of USD 78.8, they calculated a return of investment of 888, 
309, and 278 %, internal rate of return of 99, 39, and 36 %, and pay-back 
of 1.1, 3.2, and 29.2 years for scenario 1–3, respectively. 

Carotenoids, especially beta-carotene, can be obtained in large 

Table 3 
Costs (USD) to produce 1 kg of D. salina biomass by using different mediums (F/ 
2, Conway, and Johnson) (Colusse et al., 2020).  

Medium F/2 Conway Johnson 

Cost (USD) Kg− 1 of dry 
biomass 

4.64 16.24 301.62 

Components with the 
highest cost participation 

NaNO3 

FeCl3.6H2O 
NaH2PO4.2H2O 

Cyanocobalamin 
Na2EDTA 
NaH2PO4.2H2O 
H3BO3 

KNO3 

MgCl2.6H2O  
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amounts by cultivating D. salina in a high-salinity medium. The selling 
price of carotenoids is estimated at USD 840 kg dry biomass (1 euro =
1.05 dollars) (Monte et al., 2020), offering excellent market potential. 
Even wastewater with the presence of Cu (Nikookar et al., 2005), 
Fe2WO6 (Hassanpour et al., 2020), and petroleum hydrocarbon (Liu 
et al., 2019) can support and increase the yield of these compounds. 
Thus, desalination plants, mining, and petroleum companies could 
benefit from the carotenoid market and earn up to $40 per cubic meter 
of medium (Zhu et al., 2018). Hadizadeh et al. (2020) yielded 3.64 μg 
L− 1 beta-carotene and 16.3 % lipid content in 75 % (diluted in F/2 
medium) stickwater from a fishmeal factory with a high concentration of 
calcium (Ca2+) (2062.50 mg L− 1), K+ (1441.50 mg L− 1), NO3

− (242.00 
mg L− 1), and PO4

3− (11.13 mg L− 1). Combining these different media 
with low-irradiation UV-B (0.25 KJ m− 2 d− 1) above 72 h exposure may 
even increase the yield of carotenoids (Zhang et al., 2015). 

Protein production is enhanced by N availability in the medium, and 
its content within the cell can be on the order of nearly three times at 
higher N concentrations. Coupling N starvation followed by adding this 
nutrient in large amounts can trigger luxury uptake and increase the 
intracellular protein yield (Sui et al., 2019a) and N recovery from the 
medium. N-rich wastewater can be used as a source of N. It can be 
recycled to provide N-depleted wastewater for the first step of the 
cultivation or to promote the yield of essential amino acids, which are 
increased under N limitation (Sui et al., 2019a). NH4

+ as an N source 
favors the reallocation of C from glycerol and starch to protein and 
pigments (Giordano, 2001), which can be explored. 

Compared to other bioproducts, lipid content in D. salina is consid
ered low, explaining its lowest global market share (Fig. 6a); however, 
D. salina can still offer a reliable source of lipid, which can be sold at USD 
63 kg dry biomass (1 euro = 1.05 dollars) (Monte et al., 2020). Zhang 
et al. (2022) constructed an ecosystem model to convert D. salina into jet 
fuel using catalysts hydrothermal liquefaction, significantly increasing 
bio-oil yield to 49.1 %. They also reported that D. salina converted 
approximately 41 kg of organic carbon in wastewater into 100 kg of dry 
biomass. Ranjbar et al. (2015) coupled the treatment of saline hydraulic- 
fracturing produced water with lipid generation. Their results showed 
that D. salina can reduce toxic metals in wastewater and be viable for 

biodiesel production. 
Similarly, Saravanan and Gurumoorthy (2020) used dairy waste

water mixed with artificial saline wastewater to yield lipids to produce 
biofuel. They reached 54 % (w/w) lipid after 21 cultivation days with 
four main groups found in biodiesel (Pentadecanoic acid methyl ester, 
10-Octadecenoic acid methyl ester, 9-Octadecenoic acid methyl ester, 
and 9- Hexadecenoic acid). The use of flue gas can also result in 
increased lipid accumulation, as C is reallocated from carbohydrates to 
lipids when CO2 is highly available (20 % v/v); however, acclimatization 
and gradual increase in CO2 dose must be performed; otherwise, 
D. salina will have its growth and lipid productivity hampered (Chen and 
Xu, 2021). 

Carbohydrate is generally not the primary goal of microalgal 
biomass, mainly due to its lower value than other bioproducts. However, 
it still offers a reliable market opportunity. It can be used to produce 
biofuel and cultivate microorganisms, such as glucose, after hydro
thermal liquefaction (Pirwitz et al., 2016). Carbohydrates can be ob
tained after the recovery of glycerol, lipids, and carotenoids by 
hydroethanolic and organophilic routes (Monte et al. 2020a) (Fig. 5). 
The remaining biomass can produce biomass charcoal to generate more 
CO and H2 (Yang et al., 2012). 

6. Challenges and future perspectives 

Currently, D. salina examples for wastewater treatment are still 
scarce, resulting from a lack of information about its potential for phy
coremediation. Studies on the use of D. salina for wastewater treatment 
are not comprehensive, and most of them focus on target pollutants or 
are limited to laboratory scale, with few researchers focusing on the 
scalability of systems to cultivate D. salina (Besson et al., 2019; Díaz 
et al., 2020). Some problems associated with its use are wastewater 
components’ variability, sustained investment, and unstable biomass 
production. In this regard, genetic engineering has been getting atten
tion to overcome the limitations of D. salina and expand the range of its 
pollutant targets (Feng et al., 2020). Another approach to overcome 
unfavorable conditions is to use non-living cells to obtain a reliable 
pathway to capture nutrients, such as particle and intraparticle 

Fig. 5. Wastewater treatment and bioproducts generation scheme. Adapted from Jais et al. (2017) and Monte et al. (2020).  
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diffusion, ion exchange or chemisorption, electrostatic attraction, and 
multilayer adsorption (Ratnasari et al., 2022). For example, Amini et al. 
(2019) used D. salina dried biomass as an adsorbent to remove dissolved 
nitrate (NO3

− ) and phosphate (PO4
3− ) from saline water. Ionic in

teractions with amino-, carboxylic-, hydroxyl-, and carbonyl-groups 
were indicated by FTIR in binding these nutrients. Similarly, Dinesh
kumar et al. (2022) identified D. salina as a cheap biosorbent alternative 

to recover Pb from industrial effluent. They associated the process with 
alkene, amine, alkyl halide, and alcohol functional groups. 

Process optimization to reduce costs is inherent in cleaner technol
ogies. For instance, providing CO2 to promote microalgal biomass pro
ductivity can represent up to 27 % of production (de Godos et al., 2014) 
and 81 % of total utility costs (Sui et al., 2020). In addition to CO2 
supplementation, atmospheric losses contribute to the footprint and 
economic feasibility. Caia et al. (2018) obtained a reduction in CO2 
supply of 14 %, 40 %, and 38 % by decreasing the open pond’s water 
level from 0.2 m to 0.1 m, reducing the paddle rotation speed from 21 
rpm to 13 rpm, and increasing the pH set point from 7.2 to 8.0, 
respectively. However, the reduction of CO2 supply due to the increase 
in pH came at the expense of a 17 % decrease in biomass productivity. 
Another viable alternative to reduce the costs associated with CO2 is the 
application of flue gas as a carbon source (considering that measures 
have been taken to offset greenhouse gas emissions) (Harter et al., 
2013). 

Open ponds are the preferred system for microalgae cultivation; 
however, due to the gradual increase of salinity by evaporation (Ishika 
et al., 2019), the use of D. salina can generate wastewater rich in glyc
erol, especially when treating wastewater with higher temperatures (>
35 ◦C) that promote glycerol leaks, which must be treated before 
disposal (Oren, 2010). Another issue regarding open ponds is the risk of 
contamination by other microorganisms that may be pathogenic or 
compete for nutrients (Racharaks et al., 2015). This can be resolved with 
disinfection products that D. salina can resist (Moreno-Garrido and 
Canavate 2001). 

Biomass harvesting offers another challenge for a more viable 
treatment system, mainly to generate more bioproducts (Ermis et al., 
2021). Microalgae harvesting contributes to circa 20 to 30 % of the total 
cost of production. The most common harvesting methods are centri
fugation, flotation, sedimentation, and filtration. Energy consumption is 
a major limiting factor; for instance, centrifugation consumes about 8 
kWh m− 3 (Monte et al., 2018). Centrifugation and solvent extract 
methods account for >90 % of energy consumption for biodiesel pro
duction, while ozone-rich microbubble extraction requires about 36 % 
of energy (Kamaroddin et al., 2020). 

Two-step separation is commonly applied to reduce the costs asso
ciated with microalgal biomass harvesting, which comprises (1) 
concentrating the biomass to about 2–7 % of TSS, followed by (2) 
dewatering to further concentrate the microalgae slurry to 15–25 % of 
TSS. The first step can be accomplished by coagulation/(bio)floccula
tion, gravity sedimentation, flotation, and electrical-based methods, 
while the second step can be accomplished by filtration or centrifuga
tion. The appropriate method depends on the microorganism charac
teristics and target bioproduct (Barros et al., 2015). Monte et al. (2018) 
proposed two scenarios for harvesting D. salina. The first scenario (one- 
step scenario) used five centrifuges (capacity of 3 m3 h− 1; total invest
ment of USD 657 k (1 euro = 1.05 dollars)) while the second scenario 
(two-step scenario) used a membrane (14 ultrafiltration elements with a 
capacity of 1.1 m3 h− 1 each and an investment cost of USD 173 k) to pre- 
concentrate the biomass and one centrifuge (capacity of 3 m3 h− 1 and 
investment cost of USD 137 k). They considered a capacity of processing 
algae biomass of 112,000 m3 year− 1, investment, operational, mainte
nance, and membrane replacement costs. The one-step scenario had a 
total cost of USD 1.22 m-3, while the two-step scenario had a total cost of 
USD 0.59 m− 3, a reduction of 52 % and 45 % in the total cost of 
ownership and energy. 

The small diameter and surface load of microalgae compromise 
effective harvesting, resulting in costly processes (Brentner et al., 2011). 
As D. salina does not have a cell wall, the costs associated with rupture 
and extraction of bioproducts are expected to be lower than for cells 
with a wall (Kamaroddin et al., 2020). The pH can be controlled to 
optimize the harvesting of D. salina, which does not naturally auto
flocculate. Besson and Guiraud (2013) achieved >90 % recovery effi
ciency by adding sodium hydroxide to increase the pH in a Mg-rich 

Table 4 
Opportunities for bioproduct generation using wastewater as a cultivation 
medium.  

Bioproduct Potential extraction 
method 

Potential sources Application 

Glycerol Ultrasonication +
solvent extraction 
(ethanol) + nano 
filtration membrane ( 
Monte et al. 2020) 

Desalination plants 
brine 
Aquaculture 
Herbicides and 
pesticides industry 
Pharmaceutical 
industry 

Food additive 
Pharmaceutical 
and nutraceutical 
Biodiesel 
Bioethanol 

Lipid Solvent extraction ( 
Hernández et al., 
2014) 
Supercritical CO2 

extraction ( 
Hernández et al., 
2014) 
Ultrasound +
chloroform-methanol 
extraction (González- 
Balderas et al., 2020) 
Ozonation +
chloroform-methanol 
extraction (González- 
Balderas et al., 2020) 

Desalination plants 
brine 
Aquaculture 
Herbicides and 
pesticides industry 
Pharmaceutical 
industry 
Fossil fuel power 
plants 
Thermoelectric 
power plants 
Waste incineration 

Biodiesel 
Biogas 
Biolubricants 
Pharmaceutical 
and nutraceutical 
purposes 
Food and 
beverage 
additives 
Dietary 
supplement 

Carotenoid Organic solvent 
(typically hexane) ( 
Pourkarimi et al., 
2020) 

Desalination plants 
brine 
Aquaculture 
Herbicides and 
pesticides industry 
Pharmaceutical 
industry 
Desalination plants 
brine 
Mining 
Chemical industry 

Pharmaceutical 
and nutraceutical 
purposes 

Protein Alkali extraction 
(defatted biomass) ( 
González-Balderas 
et al., 2020) 
Ultrasonication +
solvent extraction 
(ethanol) +
nanofiltration 
membrane (Monte 
et al. 2020) 

Fertilizer industry 
Run-off 
Mining 
Chemical industry 
Petrochemical 
plants 

Food and animal 
feed 

Beta- 
carotene 

Solvent extraction ( 
Pourkarimi et al., 
2020) 

Desalination plants 
brine 
Herbicides and 
pesticides industry 
Pharmaceutical 
industry 
Petrochemical 
plants 
Secondary/tertiary 
wastewater 

Food and 
beverage 
additives 
Dietary 
supplements 
Cosmetics 
Animal feed 

Carbohydrate Acid extraction 
(defatted and after 
protein extraction) ( 
González-Balderas 
et al., 2020) 
Ultrasound + Acid 
extraction 
Chemical hydrolysis ( 
Karemore and Sen, 
2016) 

Secondary/tertiary 
wastewater 
Mining 
Chemical industry 

Food 
H2 generation 
Biochar  
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medium. Dissolved air floatation combined with pH modulation is also a 
promising method for harvesting microalgal biomass from wastewater 
(Leite et al., 2020). However, when treating high‑carbon-containing 
wastewater, the increase in pH must occur only to recover the biomass, 
as it impacts the carbon availability in the medium; for instance, most of 
the inorganic carbon (IC), which can be >99 % in natural brines, is as 
methanoate (HCO2

− ) and carbonate ion (CO3
2− ) at high pH. These IC 

forms are less available for uptake (Harvey and Ben-Amotz, 2020). 
D. salina may have phenotypic traits that allow it to survive in 

extreme conditions, for instance, high temperatures (45 ◦C) (Gallego- 
Cartagena et al., 2019). This is useful when treating hot wastewater. 
However, temperature influences the carbon availability in the medium. 
CO2 solubility in the medium is reduced at higher temperatures, influ
encing microalgal growth. Considering a temperature below 30 ◦C, the 
CO2 mass transfer is 5 g g− 1, while at higher temperatures, the mass 
transfer is typically >10 g g− 1. Temperatures above 35 ◦C are reported to 
stimulate glycerol leakage from D. salina cells. This leak supports the 
growth of fungi, yeasts, and halophilic Archaea (Harvey and Ben-Amotz, 
2020), which participate in wastewater treatment (Lefebvre and 
Moletta, 2006). This feature can help treat low-carbon wastewater; 
however, glycerol is a valuable bioproduct of industrial relevance; thus, 
preventing glycerol leakage helps to recover biomass with more appli
cation opportunities. 

Some components and their concentration in the wastewater can 
hamper the production of bioproducts. The herbicide butachlor acet
anilide (present in runoffs) affects the activities of the photosynthetic 
pigment, protein content SOD, and peroxidase (POD). It has an inhibi
tory effect on D. salina growth under high concentrations (Chen et al., 
2007). However, some studies demonstrate a biphasic effect on some 
pesticides by D. salina (Chen and Jiang, 2011). This shows that the in
crease in the concentration of some pesticides triggers the defense sys
tem of D. salina, such as the yield of carotenoids to face stress. Alkyl 
ethoxy sulfates, anionic surfactants widely used in household detergents 
and cleaning products, degrade well under aerobic conditions; however, 
D. salina is highly sensitive to them. Therefore, even small concentra
tions of alkyl ethoxy sulfates compromise the use of D. salina for 
bioremediation of domestic wastewater (Sibila et al., 2008). 

Dissolved oxygen represents a limiting factor concerning the density 
of D. salina (El Gammal et al., 2017), which could be attributed to 
oxidative stress in this microalga. Likewise, hydrogen peroxide (H2O2) 
offers oxidative stress to D. salina, producing hydroxyl radical (HO•). 
This radical is involved in lipid peroxidation. As a defense mechanism, 
D. salina generates APX that removes H2O2. However, APX activity in 
D. salina is deficient compared to D. tertiolecta (Nikookar et al., 2005). 

Gallo et al. (2020) found that mixed cultures (D. salina coupled with the 
cyanobacteria Synecochoccus elongatus) showed greater tolerance to the 
oxidative effects produced by Cu2+. These findings suggest that, 
although oxidative radicals may jeopardize the growth of D. salina, 
mixed cultures can overcome this problem. 

Therefore, the challenges of cultivating D. salina in wastewater 
involve all stages of production: quality of the medium, culture system, 
harvesting, and purification. However, technological challenges do not 
prevent studies from advancing wastewater to cultivate this microalga, 
improving the cost-benefit ratio since they have already been addressed 
for many other species (Acién et al., 2017). 

7. Conclusions 

This research aimed to identify the potential use of D. salina for 
wastewater treatment and the production of bioproducts to make both 
processes more sustainable. Based on the analyzed data, we conclude 
that the applications of D. salina for wastewater treatment are far from 
exhausted. More research should be carried out, mainly using real 
wastewater to cover its complexity. The wide range of medium quality 
that can support the growth of this microalga demonstrates the potential 
for bioremediating wastewater from different sectors without requiring 
restrictive adaptations of the treatment unit. It also demonstrates the 
potential medium source that best fits different bioproducts and market 
opportunities. In addition, the main conclusions that may help future 
research on the subject are listed below:  

a. D. salina can effectively recover As, Al, Cd, and Cr species;  
b. A longer exposure time provides more locations for metal binding. 

However, the recovery of some metals requires that the biomass be 
harvested periodically with a short period between harvestings;  

c. Several proteins are regulated to deal with toxic exposure, and the 
membrane appears to be the main barrier against toxicity;  

d. Stringent pH values determine nutrient bioavailability and 
assimilation;  

e. Salinity plays a significant role in the bioavailability of nutrients in 
the medium and the production of bioproducts;  

f. Amino, carboxylic, hydroxy, and carbonyl function groups are 
fundamental for nutrient binding; 

g. Wastewater treatment can be combined with the generation of bio
products, such as lipids, carotenoids, and glycerol, depending on 
their origin;  

h. Studies on better harvesting methods should be carried out to ensure 
the viability of D. salina in wastewater treatment; 

Fig. 6. (a) Market distribution by application. Data from 2020 (Maia Research, 2021) and (b) Global D. salina market for glycerol, lipid, carotene, protein, pigments, 
and others based on 2021. The values in rectangles represent the growth rate (GR) compared to the previous year. 
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i. Target pollutants must be defined, and the treatment parameters 
must be established to avoid inhibitory effects, especially in waste
water with high heterogeneity of pollutants;  

j. The biological treatment of wastewaters can benefit from using a 
consortium of microorganisms, as long as it does not affect the 
quality of the bioproducts generated by D. salina. 
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