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ARTICLE INFO ABSTRACT

Keywords: Steel-industry effluents contain hazardous compounds such as heavy metals and hydrocarbons, which can
Micmalgaf’- . damage the environment. Traditional remediation technologies generate secondary impacts and, therefore,
Bioremediation developing more sustainable methods is imperative. In this work, the tolerance capacity of Tetradesmus obliquus,
VHV::;W;Z; Chlorella sorokiniana, Chlorella vulgaris, Arthrospira platensis and Arthrospira maxima (spirulina) to steel hot-rolling
Hydrocarbons wastewater was tested through their exposure to increasing concentrations of residue. Based on the results ob-

tained, A. maxima was cultured in presence of wastewater and scaled to semi-industrial production systems.
Influence of microalgae growth on wastewater composition was evaluated by the end of the experiment by
measuring concentrations of contaminants of concern (iron and hydrocarbons). Results showed a reduction of
hydrocarbons and iron of 75 and 97.9%, respectively. The findings obtained in this study stablish that spirulina
cultures might be used as a novel and environmentally sustainable bioremediation tool for steel-industry

wastewater.

1. Introduction

The increase in the world's population in the last century has led to
an overexploitation and increase in the degradation of natural water
sources, being industrial activities responsible for 23% of total water
consumption [1,2]. The steel industry is one of the most water-
demanding sectors, 28.6 m® is the average volume of water necessary
to transform one ton of crude steel into the final product [3]. Those
activities discharge wastewater with high pollutants, such as heavy
metals, that need to be removed before discharging to natural water
sources [4,5]. If untreated, these wastewater release toxic concentra-
tions of heavy metals to the environment, which consequences have
been difficult to forecast due to their long biological half-life [6]. Prin-
cipally, toxicity of heavy metals lies on their bioaccumulation potential,
increasing their concentrations along the food chain and showing major
effects on upper trophic levels [7]. On this basis, since humans are on top
of most of the food chains, we are the final accumulators of heavy
metals. It has been detected that exposure to toxic concentrations of
these compounds play a significant role in weakening defense mecha-
nisms and increasing the risk of cancer development [8,9]. Furthermore,

heavy metals cause a decrease on biodegradability of organic pollutants,
making them to last longer on the environment and intensifying the
effects of other toxic wastes [10].

Wastewater with high content of heavy metals are commonly treated
by traditional chemical processes based on oxidation/reduction re-
actions and chemical precipitation (sodium and calcium carbonate are
the most used chemical reagents). Most of metallic ions are separated as
insoluble hydroxides, sulphides and carbonates, with a removal rate that
can reach up to 97% in laboratory-scale experiments [11]. The efficiency
of this technology depends on the concentration of heavy metals and can
be ineffective when used at low concentrations. Moreover, this tech-
nique generates large quantities of harmful sludges that are difficult to
dewater and manage, which makes it a non-environmentally friendly
method [12]. Traditional physical methods are also used to treat in-
dustry wastewater, being adsorption the most common due to its
simplicity of operation [13]. The vast variety of different adsorbent
compounds makes it a very flexible method with a wide range of results.
In particular, removal efficiency might vary from 70% to 98%,
depending on the adsorbent used and the conditions [14]. Despite of the
high efficiency of adsorption, many external factors affect the
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effectiveness of this technology, especially the presence of other pol-
lutants, such as oils and greases [15]. In summary, traditional remedi-
ation procedures require large quantities of energy and reagents that
produce toxic waste products, which are necessary to develop novel
proceedings that are more sustainable and environmentally friendly
[16,17].

Considering the urgency to find innovative and green wastewater
treatments, the use of living organisms for effluent cleaning provides an
alternative to traditional methods (bioremediation). The main advan-
tages are the cost-efficiency rate, high public approval, and great results
[18,19]. Several investigations have been carried out to prove how
plants can remediate toxic wastes. Additionally, plants provide optimum
habitats for a wide range of organisms, such as bacteria and fungi, that
metabolise contaminants, enhancing the bioremediation process
[20,21]. This symbiotic relation can lead to removal of heavy metals on
wastewater with an efficiency up to 70% of metallic ions uptake and
high long-term bioaccumulation potential [22]. Nevertheless, several
studies have shown that slow biomass production and long planting/
harvesting cycles derive into excessive remediation times, taking
months and even years to see significative results [23,24]. The latter
inconveniences may be avoided by using fast-growing photosynthetic
organisms with an elevated surface-to-volume ratio, such as microalgae
[25].Due to the recovery of high value compounds, such as pigments and
antioxidants, through biorefinery of the microalgal biomass, microalgae
bioremediation has shown to be a cost-effective tool [26]. Sarma et al.
[27] demonstrated through the review of several studies that coupling
microalgal bioremediation with biorefinery purposes can be a source of
economic incomes during depuration. Furthermore, this novel tech-
nique could help industry avoiding weaknesses of traditional depuration
systems, along with synthesis value-added compounds [28].The goal of
this work is to evaluate the use of cyanobacteria and microalgae cul-
tures, at semi-industrial scale, as a novel bioremediation system for steel
industry wastewater. To do so, 5 species of microalgae and cyanobac-
teria were selected to bioremediate hot-rolling process wastewater.
Chlorella, Tetradesmus and Arthrospira genres were selected according to
their capacity to tolerate harmful wastewater and remove pollutants of
concern [29,30]. To the best of our knowledge, this is the first study
focused on industrial scale microalgae culturing for hot-rolling process
wastewater bioremediation.

2. Materials and methods

This study was carried out in the facilities of Neoalgae Micro
Seaweed Products (Gijon, Spain). Wastewater bioremediation through
microalgae culturing depends on 2 factors: tolerance and uptake ca-
pacity. On this basis, experimental design was divided in tolerance assay
and bioremediation.

2.1. Microalgae strains

The selection of the microalgae strains used during experimentation
was done following the strains available in the Neoalgae Micro Seaweed
Products catalogue (Gijon, Spain). Moreover, the choice was guided
through the revision of the accessible bibliography, specially according
to the investigations done by Rath [31] and Kalra et al. [32]. Two cya-
nobacteria, A. maxima (originally provided by the Spanish National
Research Council, CSIC, Spain) and A. platensis (originally purchased to
the Spanish Bank of Algae, BEA, strain n° 0005B), and three species of
eukaryotic green microalgae, C. vulgaris (originally purchased to the
Culture Collection of Algae and Protozoa, CCAP, United Kingdom, strain
n° 211/109), C. sorokiniana, and T. obliquus (formerly known as Acuto-
desmus obliquus), were selected for this study. The latter two microalgae
strains were isolated from a municipal solid waste landfill by Suarez-
Montes et al. [33].
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2.2. Culture media

For eukaryotic species, F/2 Medium was used as a growth medium
for freshwater green microalgae and was provided as powder by Varicon
Aqua (United Kingdom). The nutritional composition of this commercial
medium is based on the standard F/2 medium described by Guillard in
1975 (as shown in Table 1) and was added 1 mL of each stock solution
per litter of culture.

As reported by Suarez-Montes et al. [33], F/2 medium did not show
optimum results for cyanobacteria, in terms of growth. Nevertheless,
Morais et al. [35] observed that Zarrouk's medium provides optimum
growth results for Arthrospira genre and so was chosen. This decision
was made in order to achieve the best culture conditions for each specie
before exposing it to wastewater medium. Chemical composition of
Zarrouk's medium is described in Table 2 and addition was done by
reason of 1 mL of each stock solution per liter of culture. However,
environmental factors such as initial pH, temperature and photoperiod
remained constant for the entire experimental set-up in order to reduce
the variability among them.

All reagents were bought to Labbox Labware (Barcelona, Spain),
with exception of: NaHCOs3, NaNOg, K2SO4, MgS0Oj4, that were purchased
to Vadequimica (Barcelona, Spain). NaCl was provided by Agrupasal
(Asturias, Spain).

2.3. Wastewater composition

Wastewater was collected from the effluent of a steel processing fa-
cility in Spain. Samples were collected in 20 L inert plastic bottles and its
composition is shown in Table 3. These samples were stored in a dark
and cool room, without any filtering process, to preserve its
characteristics.

Heavy metals analysis followed the ISO 15587-1:2002 requirements.
Analysis was done by Inductively Coupled Plasma Mass Spectrometry
(ICP-MS), following the methods described by Wilschefski and Baxter

Table 1
Chemical composition of F/2 medium (modified from [34]).

Solution A: Nitrate and phosphate solution (1 L)

Nutrient Amount (g)
NaNOj3 (98%) 84.15

Na,HPO4 + Hy0 6.0

FeCl3 + 6 HO 2.90

NayEDTA + 2 H,0 10.0

Solution B: Silicate stock solution (1 L)

Nutrient Amount (g)
NaySiOs + 9 H,0 33.0
Solution C: Trace metal stock solution (1 L)

Nutrient Amount (g)
CuSO4 + 5 H,0 1.96

ZnSO4 + 7 H0 4.40
Na;MoO4 + 2 HyO 1.26
MnCl, + 4 H,0 36.0

CoCl;, + 6 HO 2.0
Solution D: Vitamin stock solution (1 L)

Nutrients Amount (mg)
Vitamin B1 400

Vitamin B12 0.002

Biotin 0.1
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Table 2

Chemical composition of Zarrouk's medium.
Nutrient (purity) Amount (g/L)
NaHCO3 (>98%) 18.0
NaNO3 (98%) 2.5
K,HPO4 (98%) 0.5
K2S04 (99%) 1.00
NacCl (99.8%) 1.00
CaCly + 2 H,0 0.04
NayEDTA (99%) 0.08
MgSO,4 + 7 Ho0 0.2
FeSO, + 7 Hy0 0.01
Micronutrient solution* 1 mL/L
*Micronutrient solution (g/L)
H3BO3 (99%) 2.86
MnCl, + 4 H,O 1.81
ZnSO4 + 7 HyO 0.22
CuSO4 + 5 HyO 0.079
(NH4)6Mo07024 1.00

Table 3
Wastewater chemical composition.

Heavy Metals Amount (mg/L)

Arsenic (As) <0.01
Cadmium (Cd) <0.0002
Copper (Cu) 0.005
Chromium (Cr) <0.004
Iron (Fe) 4.8
Mercury (Hg) <0.1 pg/L
Nickel (Ni) 0.02

Lead (Pb) <0.005
Zinc (Zn) 0.007
Hydrocarbons Amount (mg/L)
C10-C40 (total) 0.44
C10-C16 <0.01
C16-C20 0.007
C20-C24 0.018
C24-C28 0.069
C28-C40 0.11

[36]. Total hydrocarbons in wastewater sample were measured by Gas
Chromatography-Mass Spectrometry, as described by Brown et al. [37].

2.4. Lab conditions

Lab conditions were optimized for algal growth following the rec-
ommendations of the Food and Agriculture Organization of the United
Nations [38]. Environmental settings were kept constant at a tempera-
ture of 25 °C and photoperiod of 16:8 h, with a continuous photon flux of
80-100 pmol-s *-m~2. In addition, culture aeration was uninterrupted
and provided by air pumps with a flow rate of 100 L/h. A preliminary
acclimation set-up was carried out by growing the selected microalgae
species in conical borosilicate flasks for 10 days, in order to achieve a full
growth curve in all strains. All experimental groups were done by trip-
licates, including a standard group which did not include wastewater in
its composition.

2.5. Tolerance/compounds uptake experiments

The initial testing started with a tolerance trial of five species of
microalgae and cyanobacteria to different percentages of wastewater: 0,
10, 25, 50, and 75%. The initial inoculum added to the culture medium/
media was 20% (regarding to final volume) and media were added
following the quantities described in Section 2.2. These trials were done
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in triplicate with a final volume of 200 mL. Cultures were scaled up from
250 mL to 2 L and used as inoculum for pre-pilot volumes.

The following steps were focused on cyanobacteria belonging to the
Arthrospira genus. Additionally, culture medium was changed for a
modification of Zarrouk's standard medium through the modification of
FeSO4 content. This assay aimed to verify the impact of iron deprivation
and excess on Arthrospira growth. A. maxima and A. platensis were grown
under laboratory conditions and exposed to 5 concentrations of iron,
according to the iron content in wastewater (Table 3). Thus, the
experimental set up contained 5 concentrations of iron in culture me-
dium: absence, control group with standard Zarrouk medium, 50%, 75%
and 100% of total free iron. Reaching up to 4.8 mg/L and emulating iron
content in wastewater. Cultures evolution was measured as described in
Section 2.6.

Cultures were scaled up in 10 L bottles to semi-industrial closed
systems called photobioreactors (PBR), which are mainly used for
minimizing contamination in the culture media. PBRs consisted in ver-
tical glass columns of 3 m high and 30 cm of diameter with bottom
aeration, with a final volume of 100 L. pH during experiment oscillated
between 9.5 (initial measure) and 10 (final measure) and temperature
was not controlled since this section of the study was carried out inside a
greenhouse.

2.6. Growth parameters

The cultures' growth was measured by optical density (OD) at 750
nm every 48 h using a spectrophotometer (BioChrome Libra S11), by
taking 1 mL of each sample per replicate. Sampling was done under
sterile conditions, and the sample was agitated with a vortex for 5 s
before the optical density was measured. Background fluorescence was
determined using a blank sample obtained by mixing the culture me-
dium and wastewater following the experimental percentages. The
presence of contaminant microorganisms and integrity of cellular
membranes were checked every 2 days under an optical microscope
(Bioblue BB.1153-PLi), and sampling was done by micro pipetting (200
pL) in sterile conditions.

2.7. Culture harvesting and biomass analysis

PBR cultures were harvested, after reaching the maximum cellular
density during experiment, through centrifugation at 10,000 rpm in an
industrial centrifuge. Target-effluent samples were taken and analysed
as described in Section 2.3 to verify how the presence of algal cells
altered the chemical composition of the initial wastewater. To verify
biomass composition variation in the presence of wastewater, biomass
samples were taken for analysis by ICP-MS.

2.8. Heavy metal and hydrocarbon uptake analysis

Toxic metallic ions and hydrocarbons were analysed, and the intake

ratio was calculated in terms of the experimental uptake capacity (q)
through a modification of the equation used by Tsekova et al. [39]
regarding bioremediation with Aspergillus niger species:
o V<am cf) W
where q is the uptake capacity of the biomass (mg of metal/g of wet
biomass), V is the final volume of the experiment (100L), Ci and Cf are
initial and final concentrations of a given pollutant, respectively, and m
is the total wet biomass harvested from the culturing system.

In addition, the removal efficiency (RE) of the hydrocarbons and
heavy metals was evaluated from the initial composition of the waste-
water and the final concentration of each compound in the wastewater,
through Eq. (2) [39]:
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RE = <Ci 7.Cf) x 100 (2)
Ci

2.9. Statistical analyses

Statistical analysis was performed using PAST software (version
4.05). Averages of triplicates were subjected to a Welch t-test and
compared through a Tukey's range test at p < 0.05 to identify significant
differences among the different groups within the experiment. All data
were given as the average with standard deviation.

3. Results and discussion
3.1. Tolerance

All proposed species survived in the presence of percentages of
wastewater lower than 75% during initial tolerance experiments.
Furthermore, 75% trials showed a gradual decrease in terms of cellular
density, reaching levels close to zero during the tolerance trials (Fig. 1).
This mortality is visible in Fig. 1, which shows the evolution of
chlorophyl content of the experimental cultures during that stage of
experimentation.

Additionally, tolerance trials with 100% wastewater showed a
gradual decrease of cellular density of the eukaryotic strains during the
first 24 h of experimentation. This sudden death was clearly visible
through microscopy analysis (Fig. 2). Results showed how T. obliquus
cells persisted during the first 12 h exposed to 100% of wastewater.
Nevertheless, 24 h microscopy analysis showed no viable cells, only
being visible cellular structures with no detectable organelles. Likewise,
Chlorella strains showed similar results, showing no viable cells after 24
h of exposal to 100% of residue.

Despite the unsatisfactory tolerance results of the chlorophyte
strains, the cyanobacteria chosen for this study (genre Arthrospira)
showed better results in terms of survival. According to Fig. 1, both
Arthrospira species grew in presence of 75% of wastewater. Neverthe-
less, A. platensis growth seemed to be hindered by the presence of the
residue. Chlorophyll content in A. platensis cultures increased unobtru-
sively along with culture time but absorbance measurements showed a
maximum chlorophyll concentration 30% more than initial levels. This
supports what stated by Onem et al. [40], who studied the toxic po-
tential of free heavy metal ions on A. platensis growth. Nevertheless, the
results obtained showed higher grow yield on A. maxima, which can be
explained by a better tolerance ability to the determined wastewater.
Moreover, Wang et al. [74] observed how minimum concentrations of a
particular C15 hydrocarbon reduced the growth yield of some micro-
algal strains. On this basis, hydrocarbons present in wastewater could
limit the survival of the species used during our study. Considering these
results, Chlorophyta strains were discarded, and the following steps
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Fig. 1. Chlorophyl concentration evolution in 75% of wastewater during 2
L assay.
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were focused on A. maxima and A. platensis. This decision was made due
to the fact that dilution would result in a large volume of water to be
handled and demand expansion of storage, and processing facilities.

Our results support what was stated by Cui et al. [41]. Cyanobac-
teria, like Arthrospira genre, possess elevated binding affinity and
binding sites for metallic ions, which gives them high potential as in-
dustrial wastewater bioremediators. Nevertheless, our results show how
A. maxima grew with better results when compared to A. platensis.
Previous studies have shown how excessive concentrations of heavy
metals can produce toxic effects on cyanobacteria survival [40].
Considering the elevated concentration of iron in wastewater, it was
decided to expose cyanobacterial strains to various iron stresses with no
addition of wastewater. This test aimed to verify the growth perfor-
mance of A. platensis and A. maxima cultured with different concentra-
tions of iron. The objective of this assay was to discriminate the
influence of free iron and oil hydrocarbons on cyanobacterial growth.
Also, Arthrospira cultures were grown in iron deficiency conditions,
under the assumption that cyanobacteria cells could not grow with op-
timum results in absence of this metallic ion. Our results agree with the
studies of Das et al. [42] and Murwanashyaka et al. [43], the presence of
metallic ions in mining wastewater represent potential micronutrients.
These might serve as nutritional carbon sources for heterotrophic and
autotrophic microalgae.

Spectrophotometric measures were taken every 48 h for two weeks
(Fig. 3). Within the first 2 days, the optical density at 750 nm showed a
slight decrease in cellular density in both Arthrospira species. This
decrease was extended along the lag phase, where there was no increase
in living cells. However, after the 4th day of culture, A. maxima reached
the logarithmic/exponential phase, showing a progressive increase of
cell population. By the 7th day, A. maxima cultures were able to double
the initial optical density. This growth was sustained for 14 days,
reaching a final optical density of 1.097. However, the A. platensis cul-
tures did not enter the logarithmic phase until day 7, showing modest
growth that led to a death phase. The results obtained during this phase
of the study support the ones obtained during the tolerance trials
(Fig. 1), which showed that presence of wastewater hindered A. platensis
growth, when compared to A. maxima. Nevertheless, absorbance and
microscopy measurements did not show cellular mortality. Previous
studies have shown that presence of specific toxic pollutants hinders the
biomass generation in spirulina (Arthrospira) cultures [44]. On this
basis, a new experimental design was needed to discriminate the influ-
ence of iron stress on algal growth from the influence of hydrocarbons.
Also, A. maxima and A. platensis were cultured through iron starvation,
under the assumption that these species were able to chelate it and
absorb it from the hot-rolling process wastewater (Fig. 3).

During experimentation, control groups of both species grew nor-
mally, verifying that culture conditions were optimum. For both species,
absence of iron in culture medium triggered an initial descent in terms of
cellular density, which was constant along the entire study, showing the
importance of this ion as a micronutrient. Growth reduction due to iron
deficiency is a well-known consequence, previous studies have already
proved that iron presence promotes cyanobacteria growth in natural
ecosystems [45,46]. Contrary to what was observed during tolerance
trials (Fig. 1), A. platensis did not show a reduction in growth yield with
presence of 4.8 mg/L of free iron. Moreover, both species showed great
results in terms of absorbance measurements with 50, 75 and 100% of
free iron. The results obtained agree with the ones of Molnar et al. [47],
who stated that Arthrospira genre is not negatively affected by increased
free iron concentrations in culture medium. On this basis, Lu et al. [25]
showed how slight supplementation of iron in Arthrospira cultures lead
to a better performance in terms of metabolic bioremediation and
growth. This result contradicts what was observed by Cepoi et al. [48],
who observed how increasing quantities of metal ions reduce biomass
production of these species. Nevertheless, our study clearly demon-
strates how concentrations up to 4.8 mg/L of free iron did not hinder
biomass generation in Arthrospira genre.
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Fig. 3. Absorbance measurements during iron stress assay.

Absorbance and microscopy measurements did not show cellular
mortality during iron stress experimentation. Furthermore, both
Arthrospira species cultures were scaled up to 100 L PBRs for industrial
systems scale trials. During this phase of investigation, experimental
groups of A. platensis did not achieve high growth rates compared to
control group. On the contrary, A. maxima grew with optimum results,
achieving a maximum growth yield close to control group. The results
obtained during this phase of the study support the ones obtained during
the tolerance trials (Fig. 1), which showed that presence of wastewater
hindered A. platensis growth, when compared to A. maxima (Fig. 4).

Our results showed how high amounts of free iron in wastewater did
not reduce the survival of A. platensis. On the other hand, the survival
limitation in wastewater could be explained by the presence of

—&— Am Control

- B - Am Experimental
1,2 —@— Ap Control
— @ — Ap Experimental

Absorbance (680 nm)

Time (days)

Fig. 4. A. maxima (Am) and A. platensis (Ap) optical density.

hydrocarbons. Our results relate to the ones obtained by Lopez-Pacheco
et al. [49]. In study, they observed how a particular C15 hydrocarbon
can reduce A. maxima survival at similar concentrations to the ones in
the wastewater used for our study. Furthermore, according to Gonzalez
et al. [50], iron excess in culture media can lead to the formation of
reactive oxygen species (ROS), derived from oxidative stress. Never-
theless, under the same conditions, A. maxima grew with no major is-
sues, showing a higher potential to avoid wastewater toxicity when
compared with A. platensis. However, the resistance of these organisms
to determined wastewater does not establish that those organisms
maximise the up taking of certain pollutants of interest. Furthermore, it
is crucial to discriminate between tolerance to residues and their
bioremediation.

Previous studies have shown that presence of toxic pollutants hinder
the biomass generation during spirulina (Arthrospira) cultures [44]. On
this basis, we assume that presence of elevated concentrations of hy-
drocarbons impede A. platensis cells from reproducing. Nevertheless,
further studies are needed to discriminate the influence, on A. platensis
growth, of hydrocarbons separately. Considering these results,
A. platensis cultures were discarded due to their inability to grow in
previous steps, and A. maxima cultures were harvested for further
analysis.

3.2. Bioremediation

Iron ions in solution and long-chain hydrocarbons were the main
components influenced by the biological treatment of wastewater
(Table 4). These compounds showed a significant reduction in terms of
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Table 4
Comparison of compounds between initial and final composition of wastewater.

Compounds Initial composition Final composition

Metals Concentration (mg/L) Concentration (mg/L)

Iron (Fe) 4.8 0.1

Hydrocarbons Concentration (mg/L) Concentration (mg/L)

C10-C40 (total) 0.44 0.11

C16-C20 0.007 0.089

C20-C24 0.018 <0.005

C24-C28 0.069 <0.005

C28-C40 0.11 <0.005
concentration.

3.2.1. Heavy metal removal

The obtained wet biomass was 1.5 + 0.132 g/L, and the uptake ca-
pacity (q) and removal efficiency (RE) of iron by A. maxima were
calculated through Egs. (1) and (2). The uptake capacity reached up to
3.33 mg/g, meaning that each gram of wet biomass absorbed 3.33 mg of
Fe?" from wastewater in 2 weeks. Moreover, the results obtained by
removal efficiency showed that A. maxima was able to remove 97.9% of
the total iron content, which are similar to the iron removal ratio ob-
tained by Serra et al. [28]. Moreover, our results support the findings of
Gong et al. [51], whose experience demonstrated the potential of
A. maxima as a potent adsorbent for lead bioremediation. Their removal
rate with dead biomass reached up to 84%. Moreover, Sadovsky et al.
[52] also used dead Arthrospira (Spirulina) biomass for cerium ions
remediation, obtaining great results in terms of removal rates. Despite of
these good results, living organisms achieve better outcomes, optimizing
bioremediation through microalgal adsorption and absorption activities.
Considering the results obtained, the survival of A. maxima in large scale
cultures is a critical point for long term wastewater bioremediation and
so should be further studied.

Previous works demonstrated that iron must be added to solution
with a chelating agent that makes ions more easily absorbable by
microalgae cells [53]. On the contrary, other studies demonstrated that
some species of microalgae and cyanobacteria can synthetize different
molecules that serve as chelating compounds [54,55]. Moreover, pres-
ence of heavy metals inside the cytosol results in the binding of gluta-
thione with metallic ions. This union forms a complex that is latter
sequestered and accumulated into organelles [56]. On this basis, our
results suggest that the variable proteomic expression under heavy
metal stress can happen also in A. maxima during heavy metal remedi-
ation, but further investigations are needed.

This decrease in iron content was reflected in the biomass; while the
iron content of the wastewater was reduced, the iron content of the
biomass was further enhanced (increased by 285%). These results
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showed a statistically significant difference between control and out-
comes from experimental groups (p = 0.049) (Fig. 5). Control samples of
wastewater were taken from untreated residue after the same days of
experiment. In case of the iron content of the biomass, control mea-
surements were taken from A. maxima cultured under same conditions
and culture systems as experimental cultures, but without presence of
wastewater. This decision was taken in order to elaborate a reliable
comparison among the data obtained.

Despite the significant increasement of total amount of iron in the
experimental biomass (p = 0.049), previous studies achieved better
results in terms of iron biomass enrichment. Akbarnezhad et al. [57]
reached higher concentrations of iron in A. platensis biomass, up to 4465
+ 39.68 mg/kg. The differences on iron up taking are directly related to
the concentration of free iron in culture media. For this reason, higher
concentrations lead to a major up taking rate and more total iron inside
the cytosol. Nevertheless, excessive metallic ions concentration (above
the toxic threshold) derives into a decreased performance in terms of
biomass generation and bioaccumulation [47]. For this reason, specific
studies focused on overall survival of different microalgae strains are
crucial before considering industrial application of these type of biore-
mediation systems. A. maxima present great potential in steel industry
wastewater depuration due to their capability to adsorb heavy metal
ions onto their surface, even when there is no metabolic activity [59,60].
Zada et al. [61] obtained similar results in terms of iron removal rates
but using eukaryotic microalgae and simulated concentrations of Fe>* in
culture media. Our study completes their investigation by using a pro-
karyotic organism with elevated value for human nutrition, especially
because of its high protein content and essential amino acids [62]. Iron
enriched biomass resulting from this study represent an opportunity for
iron supplementation, converting a residue into a potential product
[57]. As far as we know, this is the first attempt of harnessing steel-
industry wastewater for Arthrospira biomass generation. Nevertheless,
biomass composition and security trials should be done before accepting
the resulting biomass from a depuration system as food or source of
supplementation. On this basis, A. maxima provides new opportunities
as a novel organism in biological filters for wastewater inclusion into
circular economy systems.

3.2.2. Hydrocarbon removal

0Oil and hydrocarbon bioremediation by microalgae is a field that has
been less studied than heavy metal removal. Nevertheless, Tremblay
et al. [63] suggested that aerobic biodegradation of hydrocarbons is
more efficient than the anaerobic pathway. On this basis, the presence of
microalgae would have a synergic effect during oil bioremediation,
demonstrating the importance of including photosynthetic organisms in
this kind of techniques. Some marine microalgae can bioremediate
contaminating compounds from oil spills, thus proving the existence of
naturally occurring mechanisms for hydrocarbon assimilation in some
photosynthetic microorganisms [64]. In the same way, it has been
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Fig. 5. Iron content in wastewater (mg/L) and wet biomass (mg/kg) of A. maxima (p = 0.049).
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validated that some species of microalgae from the Tetradesmus and
Chlorella genera can grow in oily industrial wastewater with great results
in terms of cellular density [65,76].

Wang et al. [74] observed how a particular type of C15 hydrocarbon
can produce a reduction on cellular growth in microalgae cultures at
similar concentrations to those used for the present study. Nevertheless,
during this investigation, A. maxima grew with optimum results and
hydrocarbons showed a substantial decrease in terms of total concen-
tration (Table 4). The uptake carried out by A. maxima showed that each
gram of wet biomass absorbed up to 0.33 mg/L of hydrocarbons. In
addition, hydrocarbon removal efficiency over 14 days appeared to be
75% over the total composition of wastewater. This result supports the
ones presented in the work of Beigbeder et al. [66], regarding to
phenolic compounds bioremediation. Such a reduction in total hydro-
carbons was correlated with a significant reduction in long-chain hy-
drocarbons (20-carbons chain or longer). A significant decrease was
observed in terms of how hydrocarbons ware affected by microalgae
treatment (Fig. 6, p = 0.04853).

Lépez-Pacheco et al. [49] observed the influence of a consortium of
A. maxima and C. vulgaris on C15 hydrocarbons concentration. Their
study yielded higher results in terms of removal rates when compared to
the results obtained in this study. Nevertheless, our study focused on a
mixed wastewater with elevated proportions of long-chain hydrocar-
bons, which were mostly removed. These results are visible on Fig. 6 c)
and d). Our work showed how experimental groups were able to grow
with good results in presence of residual hydrocarbons and induce a
descent on them, supporting the conclusions of Kuttiyathil et al. [76]
and stablishing the possibility of using organic molecules from industrial
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leftovers for mixotrophic (or heterotrophic) microalgae culturing.
Considering the review study of Shrestha et al. [12], our results could be
extrapolated to ionic flotation engineering systems as a novel biode-
gradable surfactant. By combination of A. maxima cultures with these
systems, limitation of large-scale application is reduced, and removal
rates of ionic flotation would be improved. Nevertheless, further works
focused on the develop of a hybrid technique should be carried out.

Despite the previous results, the 16 to 20 carbon-chain hydrocarbons
displayed a significant increase (maximum of 1257%) (Fig. 7). Specif-
ically, they increased 0.105 mg/L per gram of wet biomass, assuming the
absolute value provided in previous estimations.

Previous works observed hydrocarbons fragmentation mechanisms
in different organisms. Naghdi et al. [67] reported that some fungal
strains had the necessary mechanisms to break down large molecules,
such as antibiotics, into small metabolites that could be further metab-
olised by microalgae. Also, Lopez-Pacheco et al. [49] noticed that the
reduction of hydrocarbons in culture media is correlated to a biotrans-
formation process into smaller molecules. Based on the data obtained,
A. maxima removed C28-C40 chain hydrocarbons, and C16-C20 chain
hydrocarbons were multiplied by 12 after 2 weeks of biological treat-
ment. The cellular insights of oils modification for bioremediation pro-
cesses were elucidated by Girvan and Munro [68], who highlighted the
importance of cytochrome P450 and its coupled biochemical reactions.
These modifications in chemical structure changes of hydrocarbons
molecules are close to the ones seen in non-photosynthetic microor-
ganisms such as bacteria. This is directly related to the phylogeny
proximity between bacteria and microalgae, which comes to be more
evident in cyanobacteria as A. maxima [69,70]. Bearing in mind that
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Fig. 6. Hydrocarbon reduction after A. maxima culture. a) Total number/concentration of hydrocarbons in both control and treatment wastewater; b) 20 to 24
carbon-chain hydrocarbons decrease; c¢) 24 to 28 carbon-chain hydrocarbons decrease; d) 28 to 40 carbon-chain hydrocarbons (p = 0.04853).
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Fig. 7. 16 to 20 carbon-chain hydrocarbons increased in wastewater after
A. maxima culture (p = 0.04356).

A. maxima belongs to Cyanobacteria phylum, modern omics approaches
can provide higher efficiency in bioremediation reactions, as suggested
by Correddu et al. [71]. To the best of our knowledge no work has been
published on the role of microalgal extracellular mechanisms in the
breakdown of long-chain hydrocarbons. On this basis, we encourage
further works to focus on the role of microalgae bioremediation for this
type of oily residues.

In conclusion, our results provide compelling evidence that
A. maxima has great potential to become a novel method that could be
used as an alternative to traditional wastewater treatments. Our
research only focuses on biological aspects. However, techno-economic
studies comparing the traditional and bioremediation systems combined
to the feasibility of using microalgae systems should be conducted.

4. Conclusions

Steel hot-rolling wastewater remediation trough traditional systems
is difficult, mainly due to the high concentrations of iron and hydro-
carbons present in these types of residues. Nevertheless, this study has
proven the successful acclimation to steel hot-rolling wastewater by the
cyanobacteria A. maxima, along with the bioremediation of contami-
nants of concern.

Growth of this strain without iron addition/supplementation in
nutritive media showed how A. maxima could utilize pollutants present
in wastewater (mainly iron) as micronutrients. This result proves the
possibilities of microalgae culturing as a novel way for compounds re-
covery from residues, approaching future industry to a circular economy
system. Iron removal by the end of the study showed satisfactory results
with a reduction of 97.5% of initial iron concentration. Even though this
result is susceptible of being optimized, iron removal ratio obtained
during this study is comparable to the ones resulted from techniques
currently used by industry. Along with iron removal, experimental
A. maxima biomass obtained got increased its iron content by more than
285%. This result indicates that iron up taking during bioremediation
derives in biomass enrichment, in terms of iron content.

Similarly, the total hydrocarbons were reduced by 75% after 2 weeks
of culture, particularly long-chain hydrocarbons. Contrary to traditional
depuration systems, pollutants removal ratio was not hindered by the
presence of hydrocarbons in wastewater, avoiding one of the main
limitations in traditional steel industry wastewater remediation. In
addition, the C16-C20 hydrocarbons increasement showed a correlation
with long-chain hydrocarbons descent, which could be explained by the

Algal Research 64 (2022) 102700

existence of extracellular mechanisms involved in hydrocarbon assimi-
lation. Despite the fact that our study showed satisfactory results, further
studies are needed to determine whether these findings could be applied
at large scale systems without a reduction in performance.

CRediT authorship contribution statement

Category 1

Conception and design of study: M. Blanco-Vieites, D. Sudrez-
Montes, A. Herndndez Battez, E. Rodriguez.

Acquisition of data: M. Blanco-Vieites, F. Delgado, M.Alvarez-Gil.

Analysis and/or interpretation of data: M. Blanco-Vieites, D. Suarez-
Montes.

Category 2

Drafting the manuscript: M. Blanco-Vieites,

Revising the manuscript critically for important intellectual content:
M. Blanco-Vieites, D. Suarez-Montes, A. Hernandez Battez, E. Rodriguez.

Category 3

Approval of the version of the manuscript to be published (the names
of all authors must be listed):

M. Blanco-Vieites, D. Suarez-Montes, F. Delgado, M.Alvarez-Gil, A.
Hernandez Battez, E. Rodriguez.

Declaration of competing interest
No conflict of interest is existing.
Acknowledgements

The authors gratefully acknowledge the project support for this work
of Neoalgae Micro Seaweed Products.

References

[1] S.N. Kamaruddin, Z.Z. Noor, C.H. Che Hassan, N.S. Mohammad Sabli, N. Sa’adah
Bahar, Trends of water use efficiency in industrial consumption, in: International
conference on environmental sustainability and resource security, Skudai,
Malaysia, 2019, ISBN 978-967-17605-0-5, pp. 300-304.

[2] United Nations Educational, Scientific and Cultural Organization [UNESCO],

World Water Development Report, 2021. http://www.unesco.org/new/en/natura

l-sciences/environment/water/wwap/wwdr/. (Accessed 18 August 2021).

World Steel Association, Water management in the steel industry. https://www.

worldsteel.org/publications/position-papers/water-management.html, 2018

accessed 21 August 2021.

[4] X. Miao, Y. Hao, H. Liu, Z. Xie, D. Miao, X. He, Effects of heavy metals speciations

in sediments on their bioaccumulation in wild fish in rivers in Liuzhou—a typical

karst catchment in Southwest China, Ecotoxicol. Environ. Saf. 214 (2021), 112099,

https://doi.org/10.1016/j.ecoenv.2021.112099.

Y. Sun, S. Zhou, W. Sun, S. Zhu, H. Zheng, Flocculation activity and evaluation of

chitosan-based flocculant CMCTS-g-P(AM-CA) for heavy metal removal, Sep. Purif.

Technol. 241 (2020), 116737, https://doi.org/10.1016/j.seppur.2020.116737.

S.L. Ram, U. Pravin, D. Singare, S. Pimple, Toxicity study of heavy metals

pollutants in waste water effluent samples collected from taloja industrial Estate of

Mumbai,India, Resour. Environ. 1 (1) (2011) 13-19, https://doi.org/10.5923/j.

re.20110101.02.

[7] B.K. Monu Arora, R. Shweta, R. Anchal, K. Barinder, M. Neeraj, Heavy metal
accumulation in vegetables irrigated with water from different sources, Food
Chem. 111 (4) (2008) 811-815, https://doi.org/10.1016/j.
foodchem.2008.04.049.

[8] W. Monika, P. Kaminski, A. Ossowska, B. Koim-Puchowska, T. Stuczynski,

M. Kuligowska-Prusiniska, G. Dymek, A. Manikowska, G. Odrowaz-Sypniewska, Do
toxic heavy metals affect antioxidant defense mechanisms in humans? Ecotoxicol.
Environ. Saf. 78 (2012) 195-205, https://doi.org/10.1016/j.ecoenv.2011.11.017.

[9] Y. Yuan, Y. Wu, X. Ge, D. Nie, M. Wang, H. Zhou, M. Chen, In vitro toxicity
evaluation of heavy metals in urban air particulate matter on human lung
epithelial cells, Sci. Total Environ. 678 (2019) 301-308, https://doi.org/10.1016/
j-scitotenv.2019.04.431.

[10] J. Briffa, E. Sinagra, R. Blundell, Heavy metal pollution in the environment and
their toxicological effects on humans, Heliyon 6 (9) (2020), e04691, https://doi.
org/10.1016/j.heliyon.2020.e04691.

[11] R. Wu, Removal of heavy metal ions from industrial wastewater based on chemical
precipitation method, Ekoloji 28 (2019) 2443-2452.

[12] R. Shrestha, S. Ban, S. Devkota, S. Sharma, R. Joshi, A. Tiwari, H. Kim, M. Joshi,
Technological trends in heavy metals removal from industrial wastewater: a
review, J. Ind. Eng. Chem. 9 (2021), 105688, https://doi.org/10.1016/j.
jece.2021.105688.

[3

—

[5

=

[6

)


http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081017360436
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081017360436
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081017360436
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081017360436
http://www.unesco.org/new/en/natural-sciences/environment/water/wwap/wwdr/
http://www.unesco.org/new/en/natural-sciences/environment/water/wwap/wwdr/
https://www.worldsteel.org/publications/position-papers/water-management.html
https://www.worldsteel.org/publications/position-papers/water-management.html
https://doi.org/10.1016/j.ecoenv.2021.112099
https://doi.org/10.1016/j.seppur.2020.116737
https://doi.org/10.5923/j.re.20110101.02
https://doi.org/10.5923/j.re.20110101.02
https://doi.org/10.1016/j.foodchem.2008.04.049
https://doi.org/10.1016/j.foodchem.2008.04.049
https://doi.org/10.1016/j.ecoenv.2011.11.017
https://doi.org/10.1016/j.scitotenv.2019.04.431
https://doi.org/10.1016/j.scitotenv.2019.04.431
https://doi.org/10.1016/j.heliyon.2020.e04691
https://doi.org/10.1016/j.heliyon.2020.e04691
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081015162507
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081015162507
https://doi.org/10.1016/j.jece.2021.105688
https://doi.org/10.1016/j.jece.2021.105688

M. Blanco-Vieites et al.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

R. Shahrokhi-Shahraki, C. Benally, M. Gamal El-Din, J. Park, High efficiency
removal of heavy metals using tire-derived activated carbon vs commercial
activated carbon: insights into the adsorption mechanisms, Chemosphere 264
(2021), 128455, https://doi.org/10.1016/j.chemosphere.2020.128455.

M.A. Renu, K. Singh, Heavy metal removal from wastewater using various
adsorbents: a review, J. Water Reuse Desalin. 7 (4) (2017) 387-419, https://doi.
org/10.2166/wrd.2016.104.

S. Hu, J. Hua, Y. Sun, Q. Zhu, L. Wu, B. Liu, K. Xiao, S. Liang, J. Yang, H. Hou,
Simultaneous heavy metal removal and sludge deep dewatering with Fe (II)
assisted electrooxidation technology, J. Hazard. Mater. 405 (2020), 124072,
https://doi.org/10.1016/j.jhazmat.2020.124072.

W.S. Chai, J.Y. Cheun, P.S. Kumar, M. Mubashir, Z. Majeed, F. Banat, S. Ho, P.
L. Show, A review on conventional and novel materials towards heavy metal
adsorption in wastewater treatment application, J. Clean. Prod. 296 (2021),
126589, htps://doi.org/10.1016/j.jclepro.2021.126589.

N. Soliman, A. Moustafa, Industrial solid waste for heavy metals adsorption
features and challenges; a review, J. Mater. Res. Technol. 9 (2020) 10235-10253,
https://doi.org/10.1016/j.jmrt.2020.07.045.

Meng M. Zhao, Jia-bin Kou, Yi-ping Chen, Lin-gui Xue, Tao T. Fan, Shao-mei Wang,
Bioremediation of wastewater containing mercury using three newly isolated
bacterial strains, J. Clean. Prod. 299 (2021), https://doi.org/10.1016/j.
jclepro.2021.126869.

H. Zhang, X. Yuan, T. Xiong, H. Wang, L. Jiang, Bioremediation of co-contaminated
soil with heavy metals and pesticides: influence factors, mechanisms and
evaluation methods, Chem. Eng. J. 398 (2020), 125657, https://doi.org/10.1016/
j.c€j.2020.125657.

R. Chandra, V. Kumar, N.K. Dubey, Phytoremediation: A Green Sustainable
Technology for Industrial Waste Management. Phytoremediation of Environmental
Pollutants, CRC Press, Boca Raton, Florida, 2018, ISBN 9781351665636.

M.M. Montiel-Rozas, E. Madejon, P. Madejon, Effect of heavy metals and organic
matter on root exudates (low molecular weight organic acids) of herbaceous
species: an assessment in sand and soil conditions under different levels of
contamination, Environ. Pollut. 216 (2016) 273-281, https://doi.org/10.1016/j.
envpol.2016.05.080.

N. Hu, T. Lang, D.X. Ding, J.S. Hu, C.W. Li, H. Zhang, G.Y. Li, Enhancement of
repeated applications of chelates on phytoremediation of uranium contaminated
soil by Macleaya cordata, J.Environ. Radioact. 199-200 (2019) 58-65, https://doi.
org/10.1016/j.jenvrad.2018.12.023.

M. Jaskulak, A. Grobelak, F. Vandenbulcke, Modelling assisted phytoremediation
of soils contaminated with heavy metals — main opportunities, limitations, decision
making and future prospects, Chemosphere 249 (2020), 126196, https://doi.org/
10.1016/j.chemosphere.2020.126196.

X. Shen, M. Dai, J. Yang, L. Sun, X. Tan, C. Peng, I. Ali, I. Naz, A critical review on
the phytoremediation of heavy metals from environment: performance and
challenges, Chemosphere 132979 (2021), https://doi.org/10.1016/j.
chemosphere.2021.132979.

W. Lu, M. Lin, X. Guo, Z. Lin, Cultivation of Spirulina platensis using raw piggery
wastewater for nutrient bioremediation and biomass production: effect of ferrous
sulfate supplementation, Desalin. Water Treat. 175 (2020) 60-67, https://doi.org/
10.5004/dwt.2020.24830.

D.L. Sutherland, P.J. Ralph, Microalgal bioremediation of emerging contaminants -
opportunities and challenges, Water Res. 164 (2019), 114921, https://doi.org/
10.1016/j.watres.2019.114921.

S. Sarma, S. Sharma, D. Rudakiya, J. Upadhyay, V. Rathod, A. Patel, M. Narra,
Valorization of microalgae biomass into bioproducts promoting circular
bioeconomy: a holistic approach of bioremediation and biorefinery, 3Biotech 11
(8) (2021) 378, https://doi.org/10.1007/513205-021-02911-8.

A. Serra, R. Artal, J. Garcia-Amords, E. Gomez, L. Philippe, Circular zero-residue
process using microalgae for efficient water decontamination, biofuel production,
and carbon dioxide fixation, Chem. Eng. J. 388 (2020), 124278, https://doi.org/
10.1016/j.cej.2020.124278.

L. Ardila, R.D. Godoy-Silva, L. Montenegro, Sorption capacity measurement of
Chlorella Vulgaris and Scenedesmus Acutus to remove chromium from tannery
waste water, IOP Conf. Ser. Earth Environ. Sci. 83 (2017), 012031, https://doi.org/
10.1088/1755-1315/83/1/012031.

S. Bhattacharya, The role of spirulina (Arthrospira) in the mitigation of heavy-
metal toxicity: an appraisal, J. Environ. Pathol. Toxicol. Oncol. 39 (2020) 149-157,
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2020034375.

Biswajit Rath, Microalgal bioremediation: current practices and perspectives,

J. Biochem. Technol. 3 (3) (2011) 299-304.

R. Kalra, S. Gaur, M. Goel, Microalgae bioremediation: a perspective towards
wastewater treatment along with industrial carotenoids production, J. Water
Process Eng. 101794 (2020), https://doi.org/10.1016/j.jwpe.2020.101794.

D. Suarez-Montes, Y.J. Borrell, J.M. Gonzalez, J.M. Rico, Isolation and
identification of microalgal strains with potential as carotenoids producers from a
municipal solid waste landfill, Sci. Total Environ. 802 (2022), https://doi.org/
10.1016/j.scitotenv.2021.149755.

R.R.L. Guillard, Culture of phytoplankton for feeding marine invertebrates, in: W.
L. Smith, M.H. Chanley (Eds.), Culture of Marine Invertebrate Animals, Springer,
Boston, 1975, pp. 29-60, https://doi.org/10.1007/978-1-4615-8714-9 3.

M. Morais, C. Silva, A. Arruda, J. Costa, Carbon dioxide mitigation by microalga in
a vertical tubular reactor with recycling of the culture medium, Afr. J. Microbiol.
Res. 9 (2015) 1935-1940, https://doi.org/10.5897/AJMR2015.7632.

S.C. Wilschefski, M.R. Baxter, Inductively Coupled Plasma Mass Spectrometry:
Introduction to Analytical Aspects, Clinical Biochemist Reviews 40 (3) (2019)
115-133, https://doi.org/10.33176/AACB-19-00024.

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[59]

[60]

[61]

[62]

[63]

Algal Research 64 (2022) 102700

G.K. Brown, S.D. Zaugg, L.B. Barber, Wastewater analysis by gas chromatography/
mass spectrometry, in: Water Resour. Invest. Rep. U.S. Geol Surv.No. 99 4018B,
1999, pp. 431-435.

Fao.org, 2.3. Algal production [online] Available at: http://www.fao.org/3/w37
32e/w3732e06.htm, 2021. (Accessed 30 December 2021).

K. Tsekova, D. Todorova, S. Ganeva, Removal of heavy metals from industrial
wastewater by free and immobilized cells of Aspergillus niger, Int. Biodeterior.
Biodegrad. 64 (2010) 447-451, https://doi.org/10.1016/j.ibiod.2010.05.003.

B. Onem, A. Dogru, T. Ongun Sevindik, H. Tunca, Preliminary study on the effects
of heavy metals on the growth and some antioxidant enzymes in Arthrospira
platensis -M2 strain, Phycol. Res. 66 (2018) 23-30, https://doi.org/10.1111/
pre.12202.

J. Cui, Y. Xie, T. Sun, L. Chen, W. Zhang, Deciphering and engineering
photosynthetic cyanobacteria for heavy metal bioremediation, Sci. Total Environ.
761 (2020), 144111, https://doi.org/10.1016/j.scitotenv.2020.144111.

B.K. Das, A. Roy, M. Koschorreck, S.M. Mandal, K.W. Potthoff, J. Bhattachary,
Occurrence and role of algae and fungi in acid mine drainage environment with
special reference to metals and sulfate immobilization, Water Res. 43 (2009)
883-894, https://doi.org/10.1016/j.watres.2008.11.046.

T. Murwanashyaka, L. Shen, Z. Yang, J. Chang, E. Manirafasha, T. Ndikubwimana,
C. Chen, Y. Lu, Kinetic modelling of heterotrophic microalgae culture in
wastewater: storage molecule generation and pollutants mitigation, Biochem. Eng.
J. 157 (2020), 107523, https://doi.org/10.1016/j.bej.2020.107523.

S. Djearamane, Y.M. Lim, L.S. Wong, P.F. Lee, Cytotoxic effects of zinc oxide
nanoparticles on cyanobacterium Spirulina (Arthrospira) platensis, PeerJ 6 (2018),
e4682, https://doi.org/10.7717/peerj.4682.

M. Essa, S. Zaghloul, Z. Salama, F.A. Rakha, Y. Mabrouk, A.A. El-Bendary, M. El-
Fouly, Physiological and biochemical evaluation of Fe-efficiency in Fe-deficient
maize genotypes, Am. J. Agric. Biol. Sci. 10 (2015) 55-62, https://doi.org/
10.3844/ajabssp.2015.55.62.

N. Terry, J. Abadia, Function of iron in chloroplasts, J. Plant Nutr. 9 (1986)
609-646, https://doi.org/10.1080/01904168609363470.

S. Molnar, A. Kiss, D. Virag, P. Forgd, Comparative studies on accumulation of
selected microelements by Spirulina platensis and Chlorella vulgaris with the
prospects of functional food development, J.C.E.P.T. 4 (2013) 1-6, https://doi.org/
10.4172/2157-7048.1000172.

L. Cepoi, I. Zinicovscaia, L. Rudi, T. Chiriac, V. Miscu, S. Djur, L. Strelkova,

D. Grozdov, Spirulina platensis as renewable accumulator for heavy metals
accumulation from multi-element synthetic effluents, Environ. Sci. Pollut. Res. 27
(2020) 31793-31811, https://doi.org/10.1007/s11356-020-09447-z.

1.Y. Lopez-Pacheco, C. Salinas-Salazar, A. Silva-Nunez, L.I. Rodas-Zuluaga,

J. Donoso-Quezada, S. Ayala-Mar, D. Barcel6, H.M.N. Igbal, R. Parra-Saldivar,
Removal and biotransformation of 4-nonylphenol by Arthrospira maxima and
Chlorella vulgaris consortium, Environ. Res. 108848 (2019), https://doi.org/
10.1016/j.envres.2019.108848.

A. Gonzalez, M.F. Fillat, M.T. Bes, M.L. Peleato, E. Sevilla, The challenge of iron
stress in cyanobacteria, in: A. Tiwari (Ed.), Cyanobacteria, InTechOpen, London,
2018, pp. 109-138, https://doi.org/10.5772/intechopen.76720.

R. Gong, Y. Ding, H. Liu, Q. Chen, Z. Liu, Lead biosorption and desorption by intact
and pretreated spirulina maxima biomass, Chemosphere 58 (1) (2005) 125-130,
https://doi.org/10.1016/j.chemosphere.2004.08.

D. Sadovsky, A. Brenner, B. Astrachan, B. Asaf, R. Gonen, Biosorption potential of
cerium ions using Spirulina biomass, J. Rare Earths 34 (6) (2016) 644-652,
https://doi.org/10.1016/51002-0721(16)60074-1.

A. Soni, R. Rajeev, R.S. Rana, Spirulina - from growth to nutritional product: a
review, Trends Food Sci. Technol. 69 (2017) 157-171, https://doi.org/10.1016/j.
tifs.2017.09.010.

P.R. Jones, Genetic instability in cyanobacteria — an elephant in the room? Front.
Bioeng. Biotechnol. 2 (12) (2014) 1-5, https://doi.org/10.3389/fbioe.2014.00012.
B. Khatiwada, M.T. Hasan, A. Sun, K.S. Kamath, M. Mirzaei, A. Sunna,

H. Nevalainen, Proteomic response of Euglena gracilis to heavy metal exposure —
identification of key proteins involved in heavy metal tolerance and accumulation,
Algal Res. 45 (2020), 101764, https://doi.org/10.1016/j.algal.2019.101764.

N. Kumar, S. Hans, R. Verma, A. Srivastava, Acclimatization of microalgae
Arthrospira platensis for treatment of heavy metals in Yamuna River, Water Sci.
Eng. (2020), https://doi.org/10.1016/j.wse.2020.09.005.

M. Akbarnezhad, S. Mehrgan, A. Mehdi, A. Kamali, J.B. Mehran, Bioaccumulation
of Fe+2 and its effects on growth and pigment content of Spirulina (Arthrospira
platensis), international journal of the biofluxSociety 9 (2016) 227-238.

H. Doshi, A. Ray, L.L. Kothari, Bioremediation potential of live and dead Spirulina:
spectroscopic, kinetics and SEM studies, Biotechnol. Bioeng. 15 (2007) 1051-1063,
https://doi.org/10.1002/bit.21190.

M. Gérak, E. Zymariczyk-Duda, Reductive activity of free and immobilized cells of
cyanobacteria toward oxophosphonates-comparative study, J. Appl. Phycol. 29
(2017) 245-253, https://doi.org/10.1007/s10811-016-0952-y.

S. Zada, H. Lu, S. Khan, A. Igbal, A. Ahmad, A. Ahmad, H. Ali, P. Fu, H. Dong,
X. Zhang, Biosorption of iron ions through microalgae from wastewater and soil:
optimization and comparative study, Chemosphere 129172 (2020), https://doi.
org/10.1016/j.chemosphere.2020.129172.

T. Genene, D. Hailu, Z. Tsegaye, Importance of Arthrospira [Spirulina] in
sustainable development, Int. J. Curr. Trends Pharmacobiol. Med. Sci. 1 (2016)
60-68.

J. Tremblay, E. Yergeau, N. Fortin, S. Cobanli, M. Elias, T.L. King, K. Lee, C.

W. Greer, Chemical dispersants enhance the activity of oil and gas condensate
degrading marine bacteria, ISME J. 11 (2018) 2793-2808, https://doi.org/
10.1038/ismej.2017.129.


https://doi.org/10.1016/j.chemosphere.2020.128455
https://doi.org/10.2166/wrd.2016.104
https://doi.org/10.2166/wrd.2016.104
https://doi.org/10.1016/j.jhazmat.2020.124072
https://doi.org/10.1016/j.jclepro.2021.126589
https://doi.org/10.1016/j.jmrt.2020.07.045
https://doi.org/10.1016/j.jclepro.2021.126869
https://doi.org/10.1016/j.jclepro.2021.126869
https://doi.org/10.1016/j.cej.2020.125657
https://doi.org/10.1016/j.cej.2020.125657
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081008522061
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081008522061
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081008522061
https://doi.org/10.1016/j.envpol.2016.05.080
https://doi.org/10.1016/j.envpol.2016.05.080
https://doi.org/10.1016/j.jenvrad.2018.12.023
https://doi.org/10.1016/j.jenvrad.2018.12.023
https://doi.org/10.1016/j.chemosphere.2020.126196
https://doi.org/10.1016/j.chemosphere.2020.126196
https://doi.org/10.1016/j.chemosphere.2021.132979
https://doi.org/10.1016/j.chemosphere.2021.132979
https://doi.org/10.5004/dwt.2020.24830
https://doi.org/10.5004/dwt.2020.24830
https://doi.org/10.1016/j.watres.2019.114921
https://doi.org/10.1016/j.watres.2019.114921
https://doi.org/10.1007/s13205-021-02911-8
https://doi.org/10.1016/j.cej.2020.124278
https://doi.org/10.1016/j.cej.2020.124278
https://doi.org/10.1088/1755-1315/83/1/012031
https://doi.org/10.1088/1755-1315/83/1/012031
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2020034375
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081029392711
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081029392711
https://doi.org/10.1016/j.jwpe.2020.101794
https://doi.org/10.1016/j.scitotenv.2021.149755
https://doi.org/10.1016/j.scitotenv.2021.149755
https://doi.org/10.1007/978-1-4615-8714-9_3
https://doi.org/10.5897/AJMR2015.7632
https://doi.org/10.33176/AACB-19-00024
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081009005453
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081009005453
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081009005453
http://www.fao.org/3/w3732e/w3732e06.htm
http://www.fao.org/3/w3732e/w3732e06.htm
https://doi.org/10.1016/j.ibiod.2010.05.003
https://doi.org/10.1111/pre.12202
https://doi.org/10.1111/pre.12202
https://doi.org/10.1016/j.scitotenv.2020.144111
https://doi.org/10.1016/j.watres.2008.11.046
https://doi.org/10.1016/j.bej.2020.107523
https://doi.org/10.7717/peerj.4682
https://doi.org/10.3844/ajabssp.2015.55.62
https://doi.org/10.3844/ajabssp.2015.55.62
https://doi.org/10.1080/01904168609363470
https://doi.org/10.4172/2157-7048.1000172
https://doi.org/10.4172/2157-7048.1000172
https://doi.org/10.1007/s11356-020-09447-z
https://doi.org/10.1016/j.envres.2019.108848
https://doi.org/10.1016/j.envres.2019.108848
https://doi.org/10.5772/intechopen.76720
https://doi.org/10.1016/j.chemosphere.2004.08
https://doi.org/10.1016/s1002-0721(16)60074-1
https://doi.org/10.1016/j.tifs.2017.09.010
https://doi.org/10.1016/j.tifs.2017.09.010
https://doi.org/10.3389/fbioe.2014.00012
https://doi.org/10.1016/j.algal.2019.101764
https://doi.org/10.1016/j.wse.2020.09.005
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081007236342
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081007236342
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081007236342
https://doi.org/10.1002/bit.21190
https://doi.org/10.1007/s10811-016-0952-y
https://doi.org/10.1016/j.chemosphere.2020.129172
https://doi.org/10.1016/j.chemosphere.2020.129172
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081010217363
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081010217363
http://refhub.elsevier.com/S2211-9264(22)00071-6/rf202204081010217363
https://doi.org/10.1038/ismej.2017.129
https://doi.org/10.1038/ismej.2017.129

M. Blanco-Vieites et al.

[64]

[65]

[66]

671

[68]

Y. Pi, N. Xu, M. Bao, Y. Li, D. Lv, P. Sun, Bioremediation of the oil spill polluted
marine intertidal zone and its toxicity effect on microalgae, Environ. Sci.: Process.
Impacts 17 (2015) 877-885, https://doi.org/10.1039/c5em00005j.

S. Ahmad, A. Pandey, V.V. Pathak, V.V. Tyagi, R. Kothari, Phycoremediation:
Algae as eco-friendly tools for the removal of heavy metals from wastewaters, in:
R. Bharagava, G. Saxena (Eds.), Bioremediation of Industrial Waste for
Environmental Safety, Springer, Singapore, 2020, https://doi.org/10.1007/978-
981-13-3426-9_3.

J.P. Beigbeder, I.Z. Boboescu, J.M. Lavoie, Treatment and valorization of
municipal solid waste gasification effluent through a combined advanced oxidation
- microalgal phytoremediation approach, J. Clean. Prod. 299 (2021), 126926,
https://doi.org/10.1016/j.jclepro.2021.126926.

M. Naghdi, M. Taheran, S.K. Brar, A. Kermanshahi-pour, M. Verma, R.

Y. Surampalli, Removal of pharmaceutical compounds in water and wastewater
using fungal oxidoreductase enzymes, Environ. Pollut. 234 (2018) 190-213,
https://doi.org/10.1016/j.envpol.2017.11.060.

H.M. Girvan, A.W. Munro, Applications of microbial cytochrome P450 enzymes in
biotechnology and synthetic biology, Curr. Opin. Chem. Biol. 31 (2016) 136-145,
https://doi.org/10.1016/j.cbpa.2016.02.018.

10

[69]

[70]

[71]

[74]

[76]

Algal Research 64 (2022) 102700

M.A. Furmaniak, A.E. Misztak, M.D. Franczuk, A. Wilmotte, M. Waleron, K.

F. Waleron, Edible cyanobacterial genus Arthrospira: actual state of the art in
cultivation methods, genetics, and application in medicine, Front. Microbiol. 8
(2017) 1-21, https://doi.org/10.3389/fmicb.2017.02541.

R. Ramanan, B.H. Kim, D.H. Cho, H.M. Oh, H.S. Kim, Algae-bacteria interac- tions:
evolution, ecology and emerging applications, Biotechnol. Adv. 34 (2016) 14-29,
https://doi.org/10.1016/j.biotechadv.2015.12.003.

D. Correddu, G. Di Nardo, G. Gilardi, Self-sufficient class VII cytochromes P450:
from full-length structure to synthetic biology applications, Trends Biotechnol. 39
(11) (2021) 1184-1207, https://doi.org/10.1016/j.tibtech.2021.01.011.

S. Wang, W. Wu, F. Liu, S. Yin, Z. Bao, H. Liu, Spatial distribution and migration of
nonylphenol in groundwater following long-term wastewater irrigation, J. Contam.
Hydrol. 177-178 (2015) 85-92, https://doi.org/10.1016/j.jconhyd.2015.03.013.
M.S. Kuttiyathil, M.M. Mohamed, S. Al-Zuhair, Using microalgae for remediation
of crude petroleum oil-water emulsions, Biotechnol. Progress. 37 (2020), e3098,
https://doi.org/10.1002/btpr.3098.


https://doi.org/10.1039/c5em00005j
https://doi.org/10.1007/978-981-13-3426-9_3
https://doi.org/10.1007/978-981-13-3426-9_3
https://doi.org/10.1016/j.jclepro.2021.126926
https://doi.org/10.1016/j.envpol.2017.11.060
https://doi.org/10.1016/j.cbpa.2016.02.018
https://doi.org/10.3389/fmicb.2017.02541
https://doi.org/10.1016/j.biotechadv.2015.12.003
https://doi.org/10.1016/j.tibtech.2021.01.011
https://doi.org/10.1016/j.jconhyd.2015.03.013
https://doi.org/10.1002/btpr.3098

	Removal of heavy metals and hydrocarbons by microalgae from wastewater in the steel industry
	1 Introduction
	2 Materials and methods
	2.1 Microalgae strains
	2.2 Culture media
	2.3 Wastewater composition
	2.4 Lab conditions
	2.5 Tolerance/compounds uptake experiments
	2.6 Growth parameters
	2.7 Culture harvesting and biomass analysis
	2.8 Heavy metal and hydrocarbon uptake analysis
	2.9 Statistical analyses

	3 Results and discussion
	3.1 Tolerance
	3.2 Bioremediation
	3.2.1 Heavy metal removal
	3.2.2 Hydrocarbon removal


	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


