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Abstract: The occurrence of heavy metals in aquatic ecosystems is a serious environmental
hazard, and their effective removal is imperative. In this regard, the feasibility of living
microalga Chlorella vulgaris (C. vulgaris) to remove heavy metals (Ni, Pb, Zn, Cd, and Cu) is
investigated by using 1, 5, and 10 ppm concentrations of single- and multiple-metal-treated
(MT) cultures. Experiments were performed in controlled laboratory conditions, and metal
removal analysis was performed through atomic absorption spectroscopy (AAS). The cul-
tures were also examined by means of optical microscopy, UV-Vis spectrophotometry, and
Fourier transform infrared (FTIR) spectroscopy to follow the cultures’ pigment content, cell
population, and functional group changes during cultivation. The removal efficiency re-
sults of both single and multiple MT cultures were evaluated using the Langmuir isotherm
model. The results indicate that C. vulgaris presents potential for heavy metal bioremedi-
ation, even towards multi-MT conditions, despite the influence of a competitive uptake
in multi-MT cultures. In mono-MT cultures, the removal efficiency of C. vulgaris presents
values of 65–99% on Day 3 and 72–99% on Day 7 of cultivation, while the results for the
multi-MT cultures are 49–99% and 62–99% for Days 3 and 7 of cultivation, respectively. The
research illustrates the potential for C. vulgaris as a promising biosorbent for heavy metal
remediation along with its post-treatment use in applications supporting the green circular
economy.
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1. Introduction
Although heavy metals are frequently associated with pollution, they are naturally

occurring components in the environment. However, their buildup in excessive amounts
has remarkable effects on environmental and health-related risks. While trace quantities of
some heavy metals are important for certain biological functions, human activities have
magnified their presence rather significantly, to toxic levels in some cases [1,2]. Activities in
the industrial sector, such as mining and metal production, and in electronic production
industries, along with agriculture using high amounts of fertilizers and pesticides, are some
of the major causes of heavy metal contamination in inland waters [1–5]. They persist in the
environment, bioaccumulate in organisms, and biomagnify up the food chain, especially in
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aquatic life. Thus, they cause various acute health disorders, including neurological ones
from lead, kidney damage from cadmium, and carcinogenic effects from nickel [1,6,7]. To
mitigate these risks, regulatory bodies such as the European Parliament and the Council
have established limits for heavy metals in drinking water, surface water, and wastewater
to safeguard human health and the environment [8].

Apart from their bioaccumulation, which may cause serious health problems, aquatic
ecosystems and biodiversity are threatened too [9]. Although steps have been taken to
limit heavy metal contamination, existing remediation technologies often face challenges
due to high costs and limited efficiency [10,11]. To find a practical solution to this problem,
there is a pressing necessity for innovative, sustainable, and economical solutions [11,12].
To this direction, microalgae have gained increasing attention as biosorbents for heavy
metal removal due to their efficiency, as well as their affordability, availability, and ability
to function effectively in both living and non-living states [2,12–15].

Microalgae have shown significant potential as biosorbents for removing heavy metals
from contaminated environments due to their ability to bind and immobilize metal ions
through various mechanisms [2,16–19]. This ability provides a sustainable and eco-friendly
alternative to traditional methods, which are typically costly and generate secondary
waste [20]. Among the various microalgal species, Chlorella vulgaris (C. vulgaris), Spirulina
(Arthrospira) platensis, Scenedesmus obliquus, and Nannochloropsis oculata are particularly
notable for their high heavy metal uptake efficiency. For example, C. vulgaris is widely
recognized for its ability to adsorb, among others, cadmium, lead, and copper [14,21–27].
These microalga species, used both as dried biomass for adsorption and also alive for in vivo
bioremediation, exhibit high metal-binding capacities, making them ideal candidates for
wastewater treatment and environmental restoration. Their versatility, combined with
advancements in bioremediation technologies, highlights their effectiveness as cost-efficient
and sustainable solutions for heavy metal pollution [2,14,21].

C. vulgaris is a single-cell microalga valued for its high content in proteins (45–60%),
lipids (10–20%), carbohydrates (10–20%), vitamins, and essential minerals, making it widely
used in the food, pharmaceutical, biodiesel, and cosmetic industries [28,29]. It should also
be noted that its cultivation significantly contributes to mitigating greenhouse gas emissions
by assimilating CO2 from the atmosphere [17,30–33].

C. vulgaris stands out among microalgae for heavy metal removal due to its fast growth,
high biomass yield, and ability to increase in diverse conditions, including its tolerance
of high metal concentrations. Unlike many other species, it combines passive adsorption
on the cell surface with active intracellular uptake, enhancing its metal removal efficiency.
All the above factors, along with its added value as a product, make it a cost-effective and
sustainable option for bioremediation [34,35].

Heavy metals accumulation in C. vulgaris is achieved through passive and active
processes, thus allowing for the efficient binding and sequestration of toxic metal ions
from contaminated environments [2,21,36]. The key mechanisms involved in the uptake
and detoxification process of metals include biosorption, bioaccumulation, intracellular
sequestration, and biotransformation. The passive biosorption processes of C. vulgaris on its
cell surface are accomplished through the interaction of functional groups such as carboxyl,
hydroxyl, sulfate, and amine through ion exchange and complexation in an electrostatic
mode of attraction with the aforementioned heavy metal ions [16,29]. Because of the high
affinities between C. vulgaris’s cell wall component and metal ions, the microalga functions
as a good biosorbent [37]. Bioaccumulation is the active process of transporting metal
ions across the cell membrane, where they accumulate in the cytoplasm. Essentially, this
process involves the use of metal transporters and intracellular binding proteins to help
regulate metal ion concentrations inside cells to non-toxic levels [14,17,27,38,39]. Within the
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cell, heavy metals are generally detoxified through their binding to intracellular molecules
such as metallothioneins and phytochelatins, which constitute stable complexes with the
metal ions. In this way, cytotoxic damage is avoided, thus granting the microalga with
the capacity to bear and survive in a metal-contaminated environment. In addition to
that, some metals are also compartmentalized within the vacuoles, further reducing their
toxicity [40]. C. vulgaris can also convert toxic metal ions into less harmful or insoluble
forms by utilizing various mechanisms for the detoxification of heavy metals. Enzymatic
reduction is one such mechanism, whereby toxic metal ions are reduced to less toxic ions
by specific enzymes. For instance, copper ions (Cu2+) can be reduced to Cu+, which
is less toxic and easier for the algal cells to handle. Another vital mechanism involves
precipitation, where metals like Cd or Cu precipitate as insoluble compounds, i.e., CdS or
CuS, that become trapped in the cells or are released, thereby reducing their toxic effect
on cellular structures [41,42]. These processes aid in the long-term sequestration of heavy
metals in aquatic and terrestrial environments [43].

Several studies have examined C. vulgaris removal efficiency for mono-metal-treated
(MT) cultures [24–26,44–47]. In contrast, although mixtures of metals better reflect real-
world scenarios in ecosystems and wastewater, studies on multi-MT cultures remain limited,
not only in the case of C. vulgaris [3,14,17] but also regarding other microalgae, such as
Spirulina platensis [14,48–50] and Desmodesmus multivariabilis [51]. Mono-MT cultures cannot
always be used for the prediction of multi-MT cultures because of the simultaneous syner-
gistic or antagonistic effects that may occur [37]. Most natural ecosystems have a complex
mixture of different metals, creating rivalries for binding sites and hence complicating the
removal process.

The present study investigates the heavy metal bioremediation efficiency of C. vulgaris
in multi-MT cultures under controlled laboratory conditions, as the microalga’s uptake
ability during multi-metal presence remains less explored. This covers both (a) the use of
live C. vulgaris cultures and (b) the efficiency of C. vulgaris as a sorbent for metal mixtures.
The hypothesis tested concerns the fact that the simultaneous presence of multiple metals
could influence their removal due to antagonistic or synergistic effects, thus leading to
different removal efficiencies between mono- and multi-MT conditions. Atomic absorption
spectroscopy (AAS), optical microscopy, UV-Vis spectrophotometry, and Fourier transform
infrared (FTIR) spectroscopy were the methods performed to check the metal removal effi-
ciency of C. vulgaris, the effect of the induced heavy metal stress, and the changes induced
in the microalga cultures to assess the possibility of using them for other applications after
bioremediation in a circular economy framework [52].

2. Materials and Methods
2.1. Microalga Cultivation

C. vulgaris (strain NIVA-CHL 108) was purchased by NORCCA (Oslo, Norway) and
cultivated using Bold’s Basal Medium (BBM) [53], as described in [54]. In brief, BBM is
composed of ten (10) stock solutions (SLs) (Table 1) that are mixed with distilled water for
a final volume of 1 L. All the BBM ingredients were procured from Sigma-Aldrich, Carl
Roth, Honeywell/Fluka, Merck, and PanReac Applichem. BBM presented pH (pH-GL21
m, Crison Instruments, Barcelona, Spain) and electrical conductivity (Orion Star™ A212,
Thermo Fisher Scientific, Waltham, MA, USA) values of 6.7 ± 0.1 and 1.35 ± 0.05 mS·cm−1,
respectively, in accordance with the literature [54].
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Table 1. Bold’s Basal Medium (BBM) composition [53,54].

Stock Solutions
(SLs)

Volume
(mL) Component Concentration

in SL

1 10 NaNO3 2.50 g·100 mL−1

2 10 MgSO4·7H2O 0.75 g·100 mL−1

3 10 NaCl 0.25 g·100 mL−1

4 10 K2HPO4 0.75 g·100 mL−1

5 10 KH2PO4 1.75 g·100 mL−1

6 10 CaCl2·2H2O 0.25 g·100 mL−1

7 1

ZnSO4·7H2O 8.82 g·L−1

MnCl2·4H2O 1.44 g·L−1

MoO3 0.71 g·L−1

CuSO4·5H2O 1.57 g·L−1

Co(NO3)2·6H2O 0.49 g·L−1

8 1 H3BO3 1.14 g·100 mL−1

9 1
Na2EDTA·2H2O 5.00 g·100 mL−1

KOH 3.10 g·100 mL−1

10 1
FeSO4·7H2O 4.98 g·L−1

H2SO4 (conc.) 1 ml

The microalga, as an initial stock culture, was axenically cultivated using the produced
BBM at 20 ± 0.5 ◦C using a water bath, with the illumination of ~160 µmol photons m−2s−1

of photosynthetically active radiation (PAR) over successive 12 h light/12 h dark periods
(full spectrum LED array ATTIS 200 W, LUMATEK, London United Kingdom). Finally, the
culture was treated with a continuous aeration of ~1 L/min.

2.2. Single- and Multi-Metal Treatment of C. vulgaris

Solutions of heavy metals were prepared in distilled water using the following nitrate
salts of each metal: Pb(NO3)2, Carl Roth; Cu(NO3)2·3H2O, Sigma-Aldrich; Zn(NO3)2·4H2O,
Chem-Lab NV; Ni(NO3)2·6H2O, Sigma-Aldrich; and Cd(NO3)2·4H2O, Thermo Scientific.

For the single- and multi-metal in vivo treatment of C. vulgaris, 250 mL of the initial
microalga stock culture, with a cell concentration of (12.0 ± 0.5) × 105 cells/mL, was
introduced to 19 Erlenmeyer flasks of 500 mL, and 50 mL of BBM was added.

The heavy metal treatment followed the same concentrations as in Malletzidou
et al. [50]. In particular, 1, 5, and 10 ppm of each metal were used for the mono-MT
cultures, while for the multi-MT cultures, three flasks contained all metals in concentrations
of 1 ppm (Mix 1), 5 ppm (Mix 5), and 10 ppm (Mix 10) of each metal. Additionally, one of
the flasks was prepared without metal treatment, acting as the Control culture.

Finally, after the introduction of the initial culture, the BBM, and the heavy metal
solution, each flask was filled with distilled water up to a final volume of 0.5 L.

All C. vulgaris cultures (metal-treated and Control) were cultivated with the same tem-
perature, aeration, and illumination conditions for 7 days, as described in Section 2.1 [3,27].
All measurements were performed twice, and the results are presented as their correspond-
ing averages.

2.3. Estimation of Culture Biomass

The estimation of the microalga cell concentration and the daily examining of the cells’
health state, in terms of morphology, were performed in an improved Neubauer counting
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chamber using a microscope equipped with a digital camera (CX43RF microscope and EP50
camera, Olympus Corporation, Tokyo, Japan). Samples (1 mL) were collected and diluted
with distilled water (1:10) before the measurements, where 10 µL of the diluted cultures
were placed on an improved Neubauer hemocytometer after applying a cover glass [53].
Images were collected using 10× and 60× objective lenses. The C. vulgaris cell counts were
performed with the online counting tool at http://chaos.athenarc.gr:31304/index (accessed
on 10 October 2024), which uses the microalga datasets created by Pistolas et al. [53].

2.4. Pigment Content Estimation

C. vulgaris contains chlorophylls-a and -b as its major photosynthetic pigments [55],
together with carotenoids [56]. The pigment content of the microalga was estimated using
a UV-Vis spectrophotometer (Perkin Elmer Lambda 25, Waltham, MA, USA) by applying
60 nm/min scan speed at 400–800 nm. Culture samples of 4 mL were gathered on Days
0, 3, and 7 of cultivation. They were centrifuged for 5 min at 4000 rpm (servo spin NECT
centrifuge); their supernatant was removed, and 10 mL of methanol was added. They
remained in a vortex for 1 min, which was followed by 10 min in an ultrasound bath at
90 ◦C. After a final centrifugation for 5 min at 4000 rpm, the supernatant was measured
using a QG 10 mm cuvette (3 mL). Methanol, which was placed in a similar cuvette, was
used as the blank.

When methanol is used as the extraction solvent, chlorophyll-a and -b present their
absorption maxima at 665.2 and 652.4 nm, respectively [57], and the equations for determin-
ing the contents of chlorophyll-a (Chl.a), chlorophyll-b (Chl.b), total chlorophylls (Chl.tot),
and total carotenoids (Chl.x) in µg/mL are [57]:

Chl.a = 16.72A665.2 − 9.16A652.4 (1)

Chl.b = 34.09A652.4 − 15.28A665.2 (2)

Chl.tot = 1.44A665.2 + 24.93A652.4 (3)

Chl.x =
1000A470 − 1.63Chl.a − 104.96Chl.b

221
(4)

where A represents the measured absorbance values at different wavelengths, after the
subtraction of the reading at 750 nm to eliminate turbidity [58].

2.5. Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy in attenuated total reflectance (ATR)
mode was applied to the dried microalga biomass to assess any functional group differenti-
ations induced in cells by the heavy metals. For this reason, a diamond ATR accessory (45◦

angle of incidence), model GladiATR, PIKE Technologies (Madison, WI, USA), attached
to a Cary 670 FTIR spectroscope (Agilent Technologies Inc., Palo Alto, CA, USA) was
used, and the measurements were applied with 32 accumulative scans at a resolution of
4 cm−1 in the spectral area from 4000 to 400 cm−1. Microalga culture volumes (50 mL)
were collected on Day 7 of cultivation, centrifuged (5 min at 5000 rpm) with Multifuge
X1 Pro-MD (Thermo Fisher Scientific, Waltham, MA, USA), and left to dry in a desiccant
before the measurements.

2.6. Atomic Absorption Spectroscopy (AAS)

The microalga’s removal efficiency on Days 3 and 7 of cultivation was evaluated
from the metals’ residual concentration in each culture medium using atomic absorption
spectroscopy (AAS) (AAnalyst 800, Perkin–Elmer, Waltham, MA, USA). For this reason,

http://chaos.athenarc.gr:31304/index
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10 mL from each culture was centrifuged (5 min at 5000 rpm); the supernatant was used
for the AAS measurements. The removal was estimated in terms of removal efficiency (R):

R(%) =
C0 − Ct

C0
× 100, (5)

where C0 is the initial metal concentration at Day 0 and Ct is the metal concentration at
time t during cultivation.

The spectroscope was configured to analyze the heavy metals under study by selecting
the appropriate wavelength for each one (213.9 nm for zinc, 283.3 nm for lead, 324.8 nm for
copper, 232.0 nm for nickel, and 228.8 nm for cadmium). Finally, the flame (air–acetylene)
was fine-tuned to optimize the atomization of the sample, ensuring precise detection.

2.7. Application of the Langmuir Isotherm Model to Mono- and Multi-MT Cultures

The Langmuir isotherm two-parameter model was applied to the mono- and multi-MT
cultures to describe the metal removal process by C. Vulgaris. Although the adsorption
isotherms can be approached by various models, such as those introduced by Langmuir,
Freundlich, and Temkin [18,51,59–62], the Langmuir isotherm model was used in the
present study as an attempt to describe the metal removal process by C. Vulgaris; since
it is a simple model, it is frequently used as a basis for microalgae sorption capacity
definition [18,60]. According to the Langmuir isotherm model for single components, it is
assumed that the biosorbent is homogenous and has sites with equal affinity for the sorbate,
and a monolayer is created upon saturation [14,26,60,63,64]. According to the model, the
equation that describes the metal biosorption capacity and concentration at equilibrium is

qe = qm
KLCe

1 + KLCe
, (6)

where qe is the amount of the adsorbed metal at equilibrium (mg/g), qm is the maximum
adsorbed metal capacity (mg/g), KL is the Langmuir adsorption constant (L/mg), and Ce

is the metal concentration in the culture (mg/L) [65]. In order to express the microalga
biomass in terms of cells instead of mass, the population was used (N, cells/L). Following
this, the amount of the adsorbed metal (q′e) is now expressed as

q′e =
(C0 − Ce)·V

N·V =
C0 − Ce

N
(

mg
cell

), (7)

The modified Langmuir equation is now expressed as

q′e = q′m
KLCe

1 + KLCe
, (8)

where q′e and q′m are the amount of the absorbed metal at equilibrium and the maxi-
mum metal uptake, respectively, now expressed in mg/cell. Following this, the modified
Langmuir equation has the linearized form of

Ce

q′e
=

1
q′m

Ce +
1

KLq′m
⇔ 1

q′e
=

1
q′m

+
1

KLq′m
· 1
Ce

(9)

By plotting 1/q′e versus 1/Ce and applying linear regression, the slope results in the
calculation of KL and q’m for every metal in the mono-MT cultures.
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To assess the multiple MT cultures, the multi-component non-modified Langmuir
isotherm was applied [14,66]. To calculate the sorption capacity of every sorbate/metal qe,i

(mg/cell) at equilibrium, the following equation was applied:

qe,i =
q′m,iKL,iCe,i

1 + ∑n
j=1 KL,jCe,j

(10)

This multi-component model uses the q′m,i and KL,i parameters, as derived from
the single Langmuir isotherm model for every metal, as all cultures/experiments were
performed under the same conditions.

3. Results and Discussion
3.1. Cultures’ Monitoring During Cultivation

Figure 1 presents the normalized population growth curves of the mono- and multi-
MT cultures of C. vulgaris, depicting the concentration toxicity profile depending on the
specific metal and its concentration.
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Figure 1. Normalized population growth curves of C. vulgaris cultures after the treatment of (a) copper-
MT, (b) cadmium-MT, (c) nickel-MT, (d) lead-MT, (e) zinc-MT, and (f) multi-MT. Normalization is
performed at Day 0 of cultivation for minor differences in the initially used biomass. Each value
represents the mean of two separate measurements, with each one having an uncertainty of less
than 2.5%.

In the case of Cu (Figure 1a), the population of C. vulgaris exhibits the most significant
decline at 1 ppm, indicating a higher toxicity effect compared to 5 and 10 ppm. Interestingly,
the population at 10 ppm remains relatively low, while the 5 ppm condition shows results
similar to the Control culture. This suggests a potential hormetic response, where low
concentrations of a stressor can have more detrimental effects than moderate levels. Copper
can create oxidative stress in cells by inducing reactive oxygen species (ROS), which
damage cellular components such as lipids, proteins, and DNA [21]. While C. vulgaris can
trigger antioxidant defenses, like superoxide dismutase (SOD) and catalase (CAT) [67],
high concentrations of Cu overwhelm these protective mechanisms, leading to reduced cell
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viability. Copper also disrupts the photosynthetic machinery by replacing essential metal
cofactors in enzymes, further inhibiting cell growth [68].

Cd (Figure 1b) concentrations of 5 and 10 ppm follow similar behavior with the Con-
trol sample; the exponential phase lasts up to Days 4–5, after which the decline phase
follows. On the other hand, 1 ppm presents a very short exponential phase, and its decline
seems to start between Days 2–3. This behavior of high toxicity effects of low doses could
be attributed to the self-protective mechanisms of the microalga against high doses, where
it adapts against damage; in this scenario, low doses do not trigger such mechanisms [69].
The observed increase in C. vulgaris population at 5 and 10 ppm of Cd can be attributed
to the hormesis effect. Hormesis refers to a biphasic dose–response where low to mod-
erate exposure to a stressor can stimulate growth, while higher concentrations become
inhibitory [70]. This phenomenon has been previously documented in algae exposed to
Cd, where sublethal concentrations enhance growth by inducing antioxidant responses,
activating stress-related enzymes, and promoting nutrient uptake. Furthermore, C. vulgaris
has effective detoxification mechanisms, including the binding of Cd to phytochelatins
and metallothioneins, which mitigate the toxic effects of the metal [41]. This adaptive
response of C. vulgaris at higher Cd concentrations contrasts with its reaction to other
metals, where no such growth enhancement is observed at similar levels. This response
difference can be attributed to specific metal uptake, sequestration, and detoxification
pathways, as previously reported in microalgae under heavy metal stress. A study on
the toxicity of cadmium to C. vulgaris found that high concentrations of cadmium could
stimulate certain photosynthetic parameters, while lower concentrations led to inhibition,
indicating a complex dose–response relationship [71].

The growth of C. vulgaris under varying Ni (Figure 1c) concentrations exhibits distinct
patterns. At concentration of 5 ppm, the population experiences significant growth that
surpasses the Control culture until Day 5, after which it declines sharply. At 1 ppm, growth
remains below the level of the Control culture, though some development is observed. In
contrast, at 10 ppm, the population is reduced from the outset. The toxicity induced by Ni
can be attributed to its capacity to substitute essential metals in metalloenzymes, disrupting
metabolic pathways. At specific concentrations, this disruption may initially stimulate
certain physiological processes, leading to temporary growth enhancement, followed by a
decline as toxicity effects accumulate [37].

The phenomenon of hormesis could be used to explain why low concentrations of Pb
stimulate the growth of C. vulgaris (Figure 1d). It is a biphasic dose–response relationship
wherein a toxic substance at a low concentration exerts a stimulatory effect but becomes in-
hibitory at higher levels. In microalgae, low doses of Pb may stimulate cellular metabolism
by inducing antioxidant defenses, enhancing photosynthetic efficiency, or increasing en-
zyme activity responsible for nutrient uptake [72]. Some studies have suggested that at
low levels, Pb may also induce stress responses that enhance algal adaptation mechanisms,
leading to temporary growth stimulation [69]. However, with increasing Pb concentra-
tions beyond the threshold level, the aforementioned benefits are outweighed by oxidative
damage, enzyme inhibition, and membrane disruption, culminating in toxicity and growth
inhibition [68]. This hormetic response clearly underlines the intricacy of metal–microalgae
interaction and justifies the relevance of concentration-dependent toxicity assessments.

Regarding the effects of Zn (Figure 1e) on the growth of microalga at 1 ppm, a decline is
observed from Day 1. At 10 ppm, growth increases until Day 4, followed by a sharp decrease.
At 5 ppm, growth is closer to the Control culture, but all three Zn-MT cultures remain
below the level of the Control culture. Low concentrations can cause immediate toxic
effects, while moderate concentrations may initially stimulate growth due to zinc’s role as
an essential micronutrient before toxicity effects dominate over time. Higher concentrations
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tend to be toxic from the outset, leading to reduced growth. Studies have shown that low
zinc concentrations can enhance growth and metabolic activity in microalgae, whereas
higher concentrations exhibit inhibitory effects [73].

The microalga exposed to a mixture of heavy metals during cultivation (Figure 1f)
exhibits distinct patterns: at 1 ppm, there is an increase until Day 4, followed by a sharp
decline to levels lower than all other treatments; at 5 ppm, a very slight increase is observed
before a decrease; and at 10 ppm, a reduction occurs from the beginning of the cultivation.
These responses could be ascribed to the combined effects of heavy metals, which can inter-
act synergistically or antagonistically, influencing algal growth. Low concentrations might
initially stimulate growth due to a hormetic effect, but as exposure continues, the cumula-
tive toxicity leads to a sharp decline. Higher concentrations likely impose immediate stress,
inhibiting growth from the outset. The toxicity of a specific metal is influenced not just by
its chemical speciation, as other chemical compounds and biological interactions also have
a significant impact in the final toxicity. The multi-MT cultures present the highest growth
reduction, thus indicating synergistic toxicity, wherein the combined effects of multiple
metals exceed their individual toxicities. This may be due to enhanced oxidative stress,
competition for cellular uptake, and the cumulative disruption of essential biochemical
pathways [74]. These observations also point out the complexity of heavy metal toxicity in
microalgae, where low doses of some metals may give rise to hormetic effects, while others
are potent growth inhibitors.

Figure 2 shows representative images captured using optical microscopy on Day 7
of cultivation, illustrating the qualitative effects of heavy metal exposure (Cu, Cd, Ni, Pb,
and Zn mono- and multi-MT cultures) on C. vulgaris. The influence of heavy metals on the
growth of the microalga is noticeable, showing a decrease in cell density, the formation of
cell aggregates, and morphological changes compared to the Control culture. During the
cultivation of the Control culture, the cells show normal morphology, intact cell membrane,
tightly packed pigmentation, and typical green color from healthy photosynthesis. In the
Zn-MT of 5 ppm, cell number slightly decreases, which may be due to the inhibitory effect
of zinc on C. vulgaris metabolism, as it inhibits the photosynthesis progress and protein
synthesis [75]. Also, some cells are more transparent, which may suggest cellular stress
and structural damage, possibly due to increased membrane penetrability and the damage
of intracellular components [68]. In the Pb-MT culture of 10 ppm, cell density decreases
far more, indicating increased lead toxicity, which triggers oxidative stress, cell membrane
damage, and photosynthesis progress inhibition. Regarding the multi-MT cultures, a dose-
dependent decrease in cell density appears, suggesting synergistic toxicity of the metals to
the cells. This effect results from mechanisms such as reduced production of ROS through
photosynthesis, leading to oxidative stress, and the interference of cell division, which
affects the growth rate [76]. The presence of more transparent cells in the multi-metal
treatments supports the hypothesis of severe cellular damage. Heavy metal exposure
promotes the growth of cell aggregates, a common stress response in microalgae, possible
as a protection mechanism to reduce metal exposure [77]. Generally, the results show that
C. vulgaris cells are sensitive to heavy metals. The observed effects include damage to key
cellular structures such as the cell wall, chloroplasts, and mitochondria; an increase in cell
aggregates; and the presence of transparent cells, verifying the negative effect of metals on
the cells [7,69,75,78].
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Figure 2. Optical microscopy images of representative cultures on Day 7 of cultivation; images were
captured with a 60× objective lens. The samples were diluted with distilled water before observation.

3.2. Pigments

The chlorophyll and carotenoid contents of microalga serve as key indicators of photo-
synthetic efficiency, plant health, and responses to environmental stress, as the induction
of oxidative stress through the membrane inhibits damage to various photosynthetic pig-
ments [79]. Changes in chlorophyll levels reflect the ability of microalgae to adapt to
diverse environmental conditions, including exposure to heavy metals [80]. Heavy metals
can disrupt chlorophyll synthesis, ultimately reducing biomass production [78]. Moni-
toring chlorophyll content helps assess the impact of pollutants on C. vulgaris cells [81].
Carotenoids, on the other hand, are included in the factors that prevent degenerative stress
due to their photoprotective role against high ROS levels [79].

Figure 3 shows the photosynthetic pigment content of all cultures on Days 0 and
7 of cultivation, calculated using Equations (1)–(4). Specifically, the first column bar of
each graph represents the pigment levels at Day 0, showing that all cultures begin with
the same initial pigment level. The chlorophyll and carotenoid contents of C. vulgaris
are significantly affected by exposure to heavy metals [77]. As observed, all calculated
pigment concentrations exhibit comparable trends, indicating that any of them can be
used to describe pigment behavior under metal exposure. Copper at lower concentrations
appears to enhance all the photosynthetic pigment contents under examination due to
its role as a cofactor in photosynthetic enzymes [82]. At higher Cu concentrations (5 and
10 ppm), pigment levels decrease, indicating damage to the photosynthesis process [67].
Similar trends, where increasing concentrations reduce the pigment content, are observed
for cadmium and lead, with pigment degradation due to metal-induced stress [80]. Nickel
enhances pigment synthesis, but higher concentrations are harmful, disrupting essential
metabolic pathways [81]. Zinc treatments show a smaller effect on the pigment content
due to its role in stabilizing photosynthetic proteins. The multi-MT cultures (Mix) result in
a pronounced reduction in pigments, reflecting collective toxicity effects. These findings
highlight the dual role of heavy metals as both essential micronutrients and potential
toxicants, depending on the heavy metal concentration. The apparent discrepancy be-
tween population growth (Figure 1) and the photosynthetic pigment content (Figure 3)
in the Ni-treated C. vulgaris cultures results in the varied physiological responses that
these parameters represent. While Figure 1 represents total population growth, which
includes cellular division and metabolic activity function, Figure 3 represents the content
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of photosynthetic pigments, which is an indicator of the algal cells’ ability to carry out
photosynthesis. For Ni exposure, the high level of photosynthetic pigments in Figure 3
reflects an initial adaptive response where C. vulgaris increases its photosynthetic machinery
to overcome nickel-stressed conditions. However, although there is this temporary increase
in pigment synthesis, the overall growth of the population in Figure 1 is compromised
since nickel still has an inhibitory effect on cell division and metabolic processes in the long
term. This highlights the complexity of heavy metal stress in microalgae, with short-term
physiological effects, such as increased pigment production, not converting into long-term
population increase.
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Figure 3. Photosynthetic pigment content of mono- and multi-MT cultures on Days 0 (of all cultures)
and 7 of cultivation; (a) Chlorophyll-a, (b) chlorophyll-b, (c) total chlorophyll, and (d) total carotenoid
contents. Day 0 of cultivation of all cultures and the Control at Day 7 are highlighted for comparative
reasons. Each value represents the mean of two separate measurements, with each one having an
uncertainty of less than 5%.

3.3. Fourier Transform Infrared Analysis

ATR-FTIR analysis was performed on the dry microalga biomass that was collected
on Day 7 of cultivation from all cultures to identify any spectral changes induced by heavy
metal interactions. These changes would be associated with particular functional groups
that are involved in metal bioremediation [26]. In Figure 4, the ATR-FTIR spectrum of
the Control culture from the biomass collected on Day 7 of cultivation is presented. All
characteristic bands are presented in Table 2, together with their attributions.
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Figure 4. ATR-FTIR spectrum of the C. vulgaris Control culture on Day 7 of cultivation. All character-
istic bands are noted.

The band at 1743 cm−1 that is attributed to C=O groups is often absent, or of low
intensity, in C. vulgaris cultures [24,83–85]. Its occurrence is associated with the presence of
lipids in the cell wall of C. Vulgaris [25] and soluble polysaccharides that contain uronic
acids (compounds derived from the oxidation of sugars CH2OH → COOH), sulfates and
peptides [86], esters [87], and cellulose fatty acids [83]. As the thickness of the cell wall
increases, the band at 1743 cm−1 also increases in intensity, which is always in relation to a
simultaneous increase in the intensity of the band at ~3300 cm−1. In the latter band, apart
from the -OH and -NH bands of proteins, the -OH band of the carboxyl groups of fatty
acids also participates. The increase in the 1743 cm−1 band is also related to the increase in
the bands at 3000–2800 cm−1 of aliphatic chains, as there are more aliphatic groups due
to the elevated fatty acids [25]. The bands at 3000–2800 cm−1 are usually of low intensity
in cultivations with low nutrient content [25,86,87]. Furthermore, the high intensity of the
1743 cm−1 band has also been related with cultivations of reduced nitrogen, where the cells
produce more lipids and carbohydrates as an adaption for survival [25].

Figure 5 shows the collected ATR-FTIR spectra of C. vulgaris biomass on Day 7 of
cultivation. In general, and in comparison to the Control spectrum, the mono- and multi-
MT spectra present only slight differentiations and only regarding the intensity of bands,
while no band shifting is observed. These differentiations are more obvious in the Mix
10 ppm spectrum, where a total decrease in the bands’ intensity is noted, while the relative
intensity of the 1743 cm−1 band of lipids is the most decreased one, followed by the one
at 1646 cm−1 of amide I. Other bands affected in terms of relative intensity decrease are
those in the spectral area of 1100–950 cm−1, which are associated with the carbohydrate,
phosphate, and CO groups; this is mostly observed in the spectra of Cu and Zn at 10 ppm
and Pb and Mix at 5 and 10 ppm. Such differentiations in band intensities have also been
observed in mono-MT cultures of Ni, Zn, Pb [26], and Cu [24] and in multi-MT cultures [14].
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Table 2. Characteristic FTIR bands of C. vulgaris and their attribution to functional groups.

Wavenumber
(cm−1) Attribution References

3293 Hydroxyl and amino groups -OH, -NH, and
-OH from carboxyl groups of lipid origin [25]

3008 C-H stretching [34]
2922 and 2852 C-H asymmetric and symmetric stretching [25,34]

1743 C=O of esters [25,83,86,87]
1646 C=O amide I [25,88]
1545 C-N, N-H amide II [25,88]
1454 CH3 asymmetric stretching or CH2 scissoring [87,88]

1378

OH symmetric stretch of mono-, di-, and
tri-glycerides,

CH2 and CH3 proteins, the COO− of
carboxylates, and the N(CH3)3 of lipids

[83,86–88]

1245 C-O stretch of COOH, PO, or OCO [26,89]
1150 C-O-C of polysaccharides

1075
C-O stretching and C-O-C,

P=O, nucleic acid, or other phosphates and
stretching of phosphodiesters

[83,86–88]

1042 C-O-C ether of polysaccharides [25–83]
1017 C-H [25]
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radation or protein loss under metal-induced stress. Pb appears to have moderate 
changes in comparison to Cu and Cd. 
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Figure 5. ATR-FTIR spectra of the microalga. All measurements were performed on biomass collected
on Day 7 of cultivation: (a) copper-MT; (b) cadmium-MT; (c) nickel-MT; (d) lead-MT; (e) zinc-MT;
(f) multi-MT. The spectrum of the Control culture is included for comparison. The bands at 1743
(C=O of lipids), 1646 (C=O of amide I), and 1100–950 cm−1 are highlighted.

Since the spectra of all MT cultures show only slight variations, the I1646/I1743 ratio
(amide I to lipid C=O band intensity) was calculated, as shown in Figure 6, to enhance
spectral differences [26]. This ratio relies on the basis that lipids, i.e., the 1743 cm−1

band, remain stable in intensity, unaffected under heavy metal exposure [26]. Specifically,
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Rodrigues et al. [14] and Ferreira et al. [26] have observed that in mono-MT cultures, the
1743 cm−1 band remains intact, suggesting that the lipids are not significantly altered,
while in multi-MT cultures, the authors have observed a decrease in the same band. By
combining the results presented in Figures 5 and 6, the following are observed:

• Cu-, Cd- and Pb-MT cultures: The amide I/lipid ratio increases at 5 ppm, followed
by a slight decrease at the 10 ppm concentration. This behavior is indicative of lipid
degradation or protein loss under metal-induced stress. Pb appears to have moderate
changes in comparison to Cu and Cd.

• Zn-MT and Mix (multi-MT) cultures: The ratio decreases slightly up to the 5 ppm
concentration. This is followed by an increase up to 10 ppm, while Mix increases
sharper than that of the Zn-MT culture. Both cases present similar spectral behavior,
as shown in Figure 6. The overall increase in the amide I/lipid ratio suggests a
cumulative effect of both protein and lipid changes.

• Ni-MT culture: in this case, the steady upward trend of the amide I/lipid ratio over the
metal concentration suggests that structural changes increase with the concentration
of metals.
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Figure 6. The I1646/I1743 ratio, which represents the amide I-to-lipid ratio under the metal exposure
of all cultures on Day 7 of cultivation.

The calculation of the amide I/lipid ratio in the present study could be considered as in-
conclusive; although it has been previously supported that the C=O band at 1743 cm−1 [26]
remains stable in mono-MT cultures, Figure 5 shows that both this and the amide I band
at 1646 cm−1 present changes. In particular, the changes in the 1743 cm−1 and 1646 cm−1

bands show that both ester groups of lipids and -COO− of amide I are involved during
the interaction of metals with the microalga, while the slight changes in the 1100–950 cm−1

bands suggest that the C-O, C-C, and P=O functional groups also participate [14,26].

3.4. Removal Efficiency of C. vulgaris

The results, as presented in Figure 7, highlight the complex interactions involved
in using C. vulgaris to remove heavy metals, particularly the differences between single-
and multi-MT cultures. In single-MT conditions, metals like Cu, Ni, and Zn tend to have
higher removal rates because they can easily access functional groups on the algal cell
wall. However, in multi-MT systems, competition between metals affects adsorption and
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biosorption, leading to variations in removal efficiency [14]. For Pb, lower removal rates in
some cases are likely due to pH constraints. Pb adsorption is most effective at pH 6, but
during cultivation, the pH often rises due to photosynthesis [50,85]. This effect is noticeable
in single-MT systems at 1 ppm, where Pb removal increased from 71% on Day 3 to 92% by
Day 7, indicating strong biosorption over time. In contrast, in multi-MT cultures at 1 ppm,
removal was significantly lower (49% on Day 3, increasing to 62% on Day 7), likely due to
competition with Cu, Zn, and Ni for binding sites, presenting an antagonistic behavior. At
higher concentrations, Pb removal improves significantly (93% of 5 ppm culture and 96%
for 10 ppm on Day 3), possibly due to the greater availability of binding sites at elevated
metal levels [14].
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uncertainty of less than 5%.

The primary removal mechanism is biosorption, a passive process where metal ions
bind to functional groups such as carboxyl, hydroxyl, amino, and phosphate through
ion exchange, chelation, and complexation [2,90,91]. In ion exchange, metal ions like Pb
or Cd replace naturally associated cations on the algal surface [17,92,93]. Chelation and
complexation further stabilize metal attachment, particularly for Ni and Cu, which form
coordination bonds with amino groups. Cu has the highest removal efficiency, staying
above 89% across all concentrations and conditions, likely due to its strong affinity for
adsorption sites and stable chelation. Even in multi-MT cultures, Cu removal remained
consistently high: 99% at 1 ppm, 96% at 5 ppm, and 93% at 10 ppm on Day 7, demonstrating
its competitive advantage in adsorption interactions [93].

Electrostatic interactions and van der Waals forces also contribute to metal adsorption,
as metals bind to negatively charged sites on the algal surface. For example, in mono-MT
cultures, Zn removal remains stable, indicating stronger biosorption [93].

Unlike biosorption, bioaccumulation is an active process where living C. vulgaris cells
transport metals into the cytoplasm and organelles, storing them in vacuoles or binding
them to intracellular proteins like metallothioneins [1,94,95]. This mechanism could be
particularly effective for Cd, which presents high removal rates under all conditions. In
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multi-MT cultures at 10 ppm, Cd removal reaches 95% on Day 3 and 96% on Day 7,
demonstrating strong intracellular retention and lower desorption compared to Zn and Ni.

Metal competition plays a major role in removal efficiency, with Cu and Pb often
dominating due to their strong affinity for the amino and carboxyl groups. This leads to
the displacement of Ni and Zn, reducing their removal efficiency [13,27]. For instance,
Ni removal is high in mono-MT cultures (~98–99%) but drops significantly in multi-MT
cultures, particularly at 10 ppm (68% on Day 7), likely because Cu forms stronger chelation
bonds, thereby outcompeting Ni for binding sites. As C. vulgaris photosynthesizes, it
consumes CO2, deprotonating functional groups, which enhances biosorption [4,17,96].
Interestingly, Cd remains stable even in multi-MT cultures at 10 ppm, likely due to its strong
binding with the carboxyl and phosphate groups. Unlike Ni and Zn, Cd is less affected
by competition from Cu or Pb, maintaining high removal efficiency even in complex
multi-metal environments [2,16,17].

Overall, metals like Cu and Cd benefit from higher biosorption affinity, while Ni re-
moval efficiency drops due to competition and solubility effects. These findings emphasize
the importance of ion competition and multi-metal interactions in optimizing heavy metal
removal using C. vulgaris. The removal efficiencies achieved in the present study, for both
mono- and multi-MT cultures, are comparable to, or even exceed, the removal efficiencies
of mono-MT systems, as reported in previous studies. The recorded removal efficiencies
of Cu, Cd, Ni, Pb, and Zn are in the ranges of 39–95, 57–96, 32–99, 48–99, and 51–98%,
respectively [14,17,27,97,98]. Nevertheless, it should be taken into consideration that these
previous studies were conducted under varying conditions that may differ significantly
in comparison with our work. Such variations include different cultivation conditions,
varying metal concentrations and their combination (if multi-MT systems were applied),
and the use of pretreated or dried microalga biomass; however, in one case, the removal of
Cu from mine wastewater was examined.

3.5. Biosorption Analysis

Biosorption analysis using the Langmuir isotherm two-parameter model was used
as an initial step to estimate the maximum adsorption ability (qm) and the metal affinity
(expressed by the Langmuir constant KL) of C. vulgaris towards heavy metal bioremedi-
ation [63]. The model was applied to data collected on Day 3 of cultivation, which is
considered an equilibrium state, as previous studies have shown that microalgae species
reach equilibrium after less than 10 h of metal exposure [59]

Table 3 presents the calculated Langmuir isotherm model parameters of the mono-MT
cultures, i.e., the maximum adsorption capacity (qm) and the Langmuir adsorption constant
(KL) for each metal. For the mono-MT cultures, the cells present varying adsorption
efficiencies of the metals under study. Pb was the one with the highest adsorption capacity.
This shows that the cells were very efficient in adsorbing Pb ions. Cu was also efficient,
with high adsorption capacity and moderate affinity, which shows the extent to which
the metal ions are attracted to the adsorption sites on the cells. The high R2 values for
Cu and Pb indicate the good fit of the Langmuir model; therefore, the adsorption process
is well explained by the applied isotherm model. Cd presents lower adsorption capacity
compared to Cu but higher affinity, which reflects the effective capture of Cd ions. Zn
presents moderate adsorption capacity with high affinity, reflecting the effective capture
of zinc ions by the microalga. Both Cd and Zn provided high R2 values, which reflects
that their adsorption is also well described by the isotherm model. Ni, however, presents
the highest affinity but the least adsorption capacity, which means that the cells had high
attraction towards nickel ions but were not effective in capturing them. The low R2 value
for nickel also indicates that there are other factors involved in its adsorption process,



Clean Technol. 2025, 7, 35 17 of 24

meaning that the Langmuir isotherm model is not adequate to explain the dynamics of
nickel adsorption.

Table 3. The derived Langmuir isotherm model parameters of C. vulgaris for mono-MT cultures.

Metal qm
(×10−8 mg/cell)

KL
(L/mg) R2

Cu 3.84 ± 0.59 0.35 ± 0.05 0.995
Cd 1.55 ± 0.11 0.72 ± 0.06 0.987
Ni (6.50 ± 0.83) × 10−2 11.05 ± 0.18 0.488
Pb 7.93 ± 1.21 0.04 ± 0.01 0.996
Zn 1.16 ± 0.21 0.77 ± 0.17 0.999

The results of the multi-component non-modified Langmuir model, as applied to the
multi-MT cultures (Table 4), indicate that Cu was absorbed mostly in the 5 ppm culture,
as its qe,i is higher in comparison to the ones of the 1 ppm and 10 ppm cultures. Qe,Cd

presents its peak absorption in the 5 ppm culture. The adsorption capacity of Ni has a
consistent increase in absorption as the initial metal concentration increases. Pb uptake is
the highest in the 1 ppm culture and decreases with increasing concentrations. Zn uptake
is the highest in the 5 ppm culture. These findings suggest that the absorption profile of
each metal varies with the concentration and possibly provide insights into the adsorption
processes involved according to the Langmuir model.

Table 4. Adsorption capacity of C. vulgaris at equilibrium (qe,i) for multi-MT cultures.

Metal

qe,i (×10−10 mg/cell)

1 ppm Multi-MT
Culture

5 ppm Multi-MT
Culture

10 ppm Multi-MT
Culture

Cu 0.64 ± 0.06 10.3 ± 1.80 3.48 ± 0.92
Cd 6.90 ± 0.44 19.3 ± 1.30 3.51 ± 1.06
Ni 2.92 ± 0.39 3.86 ± 0.35 5.78 ± 0.69
Pb 7.67 ± 0.63 2.54 ± 0.29 0.67 ± 0.08
Zn 1.97 ± 0.22 5.32 ± 1.09 1.80 ± 0.48

The difference in adsorption capacity between the mono- and the multi-MT systems
suggests that the adsorption efficiency and properties of metals both vary significantly in
terms of the availability and concentration of the rest of the metals that are present. In
the mono-MT cultures, the highest adsorption capacity is observed in Cu and Pb, which
suggests good adsorption, while Ni possesses the greatest affinity but the lowest adsorption
capacity. The Langmuir isotherm model is well fitted for Cu, Cd, Pb, and Zn, which means
that their adsorption is well-explained by the model. The model does not fit for Ni, which
suggests that other mechanisms may be involved in its adsorption process [63]. Cu and Cd
present good adsorption at moderate concentrations in the multi-MT systems, while Ni is
more adsorbed at higher concentrations. These findings suggest that the adsorption curve
of every metal is concentration-dependent, which explains the competitive adsorption
processes involved, as implied by the AAS results in Section 3.4.

4. Conclusions
In the present study, the living microalga biomass of C. vulgaris was experimented

towards its removal efficiency of mono- and multi-MT systems during its cultivation with
BBM in laboratory-controlled conditions.
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In both mono- and multi-MT cultures, significant removal was achieved, which ex-
ceeds 80%, apart from Pb and Ni, the latter in the case of the multi-MT culture, and only
on Day 7 of cultivation. Lead presents lower removal efficiency in the case of the mono-
MT culture and the multi-MT culture, with the latter occurring on Day 7 of cultivation.
Regarding the other metals in the multi-MT cultures, the slight differentiations observed,
as presented in Table 5, are attributed to synergistic or antagonistic interactions among
them. Nevertheless, it should be emphasized that these differences are minimal. The
effect of antagonistic and synergistic interactions is also supported by the cell population
measurements, as well as the Langmuir isotherm model that was applied to both the mono-
and multi-MT cultures. It should be noted that the model fitted well in the case of Cu,
Cd, Pb, and Zn (qm between 1.55 and 7.93 × 10−8 mg/cell) for the mono-MT cultures,
but Ni showed poor fitting, indicating that the Langmuir model is not the appropriate
model to describe its adsorption. By comparing the qe,i values of the multi-MT cultures,
Cu, Cd, and Zn present their highest adsorption capacity in the 5 ppm cultures, while Pb
adsorption capacity decreases. This supports the presence of an antagonistic interaction of
Pb to the other participating metals. The low qe,i values of all metals in the lowest multi-MT
system concentration, the one at 1 ppm, suggest that the C. vulgaris cells are adapting to
this low metal intoxication. The decrease of qe,i values of Cu, Cd, Pb, and Zn in the 10 ppm
multi-MT cultures indicates that the metals compete between each other to cover the same
binding sites. However, it should be noted that although the Langmuir isotherm model
is widely accepted for describing biosorption capacity, future work should incorporate
more experiments with a wider range of variables, leading to extended datasets that would
allow for the implementation of other models, such as Freundlich and Temkin, for a more
comprehensive approach of the adsorption processes, sites, and the interaction between
metals in multi-MT systems.

Table 5. Removal efficiency order of all metals for mono- and multi-MT cultures.

Concentration
(ppm)

Mono-MT Cultures

Day 3 Day 7

1 Ni > Cu > Zn = Cd > Pb Ni > Pb > Cu > Cd > Zn
5 Ni > Cu > Zn > Cd > Pb Ni > Zn > Cu > Cd > Pb
10 Ni > Zn > Cu > Cd > Pb Ni > Zn > Cu > Cd > Pb

Multi-MT Cultures

Day 3 Day 7

1 Cu > Zn > Ni > Cd > Pb Cu > Zn > Cd > Ni > Pb
5 Zn = Ni > Pb > Cu > Cd Zn > Cu > Ni > Cd > Pb
10 Zn = Pb > Cu > Cd > Ni Cd > Cu > Zn > Pb > Ni

Chlorophyll-a, chlorophyll-b, total chlorophyl, and total carotenoid contents were
calculated. It was displayed that all calculated pigment concentrations can be used to
track the pigment content overall trend, as they follow the same pattern. The chlorophyll
concentration indicated that certain metals affect the pigment content of the microalga,
having a negative impact over photosynthesis and consequently over cell health. These
findings agree with the collected optical microscopy images during cultivation, in terms of
cell transparency and aggregate formation in affected and unhealthy cultures. FTIR spec-
troscopy, in general, showed slight spectral differentiations among the cultures. However,
the analysis supports that certain cell functional groups participate in metal interaction.

The study supports that C. vulgaris can effectively be used for the removal of heavy
metals from affected cultures, even in the case of multi-metal conditions, and for short
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treatment periods, i.e., 3 days. Since the lipid, protein, and carbohydrate contents of the
microalga are not dramatically affected during bioremediation, the biomass of the intoxi-
cated microalgal cells could be used for several applications, such as biofuel production,
biogas, and catalysts, supporting a circular economy, while using CO2 and releasing oxy-
gen through photosynthesis [20,47]. Future research should explore the possibility of such
applications. Finally, while the present study demonstrates the efficiency of C. vulgaris
in removing heavy metal mixtures during cultivation and under controlled laboratory
conditions, scale-up experiments are required. Although our results are in accordance
with previous studies over heavy metal bioremediation using microalgae and during their
cultivation, most studies are focused on laboratory experiments. Pilot-scale and large-scale
experiments and applications are scarce and require further research; key factors such as
biomass production, wastewater treatment without additional nutrients, and microalgae
viability in real conditions must be explored before industrial implementation. To inves-
tigate this, future research should be focused on scaling up the experiments by testing C.
vulgaris and other microalgae in pilot-scale bioreactors and large-scale systems, such as
open pond ones. This will determine the feasibility of this approach towards real-world
perspectives, including economic and environmental aspects, such as cultivation yield
and heavy metal removal capacity. Towards this, initial pilot-scale experiments using real
wastewater and non-laboratory conditions are indeed in progress to further evaluate the
large-scale feasibility of this approach.
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