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Abstract: Yttrium is an element of critical importance for industry and technology. Cyanobacte-
ria Arthrospira platensis was employed for Y(III) recovery from contaminated wastewater through
biosorption and bioaccumulation processes. The effect of pH of a solution, contact time, temperature,
and initial Y(III) concentration on the adsorption behaviour of Arthrospira platensis were studied.
The maximum adsorption capacity of 719.8 mg/g was attained at a pH of 3, temperature of 20 ◦C, and
adsorption time of 3 min. The Langmuir and Freundlich isotherm models were suitable to describe
the equilibrium of the biosorption, while kinetic of the process followed the pseudo-first-order model.
Thermodynamic parameters showed that the biosorption process was spontaneous and exothermic
in nature. In bioaccumulation experiments, Arthrospira platensis was able to remove up to 70% of
Y(III) from the solution. Beside biomass uptake capacity, the toxic effect of Y(III) on the biomass
productivity and biochemical composition was assessed. Thus, Y(III) in concentration of 10–30 mg/L
led to a decrease in the content of proteins, carbohydrates, and phycobiliproteins in the biomass and
had no significant negative impact on productivity and photosynthetic pigments content. Experi-
ments performed using Arthrospira platensis showed that biological objects have a great potential to
be applied for the recovery of rare earth elements from wastewater.

Keywords: yttrium; bioremediation; cyanobacteria; pollution

1. Introduction

Rare earth elements, because of their excellent physical and chemical properties, are
widely used in various fields of industry, specifically in global clean energy technology devel-
opment and consumer products [1,2]. Today, rare earth elements are defined as the “industrial
vitamin” [2]. Yttrium, along with the other four elements Dy, Eu, Nd, and Tb amount up
to ~ 85% of the total weight of rare earth elements in final products [2,3]. Yttrium has been
widely used as a catalyst in a wide array of industries, as a deoxidizer for non-ferrous
metals, in fiber optics, and in making fireproof bricks [2,4].

Today, Y(III) released from mining activity, processing, and the disposal of wastes
contaminate objects of the environment [5]. For, example, it was reported that concen-
trations of rare earth elements downstream of the river and wastewater of mining and
refining factories can range from 1 to 200 mg/L [3]. The discharge of waste containing rare
earth elements, including Y(III), in the environment not only causes the loss of rare earth
resources but also negatively affect humans and other living organisms [3].

Information regarding Y(III) toxicity is very controversial. Thus, Ding and co-authors [6]
demonstrated that YCl3 treatment greatly promoted neuron cells’ death in rats. Among
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the three freshwater organisms Daphnia magna, Chironomus riparius, and Oncorhynchus
mykiss, only Chironomus riparius showed toxicity at Y(III) exposure concentrations close
to environmental ones [5]. In the study of Nakamura et al. [7], Y(III) in rats was mainly
accumulated in the liver, spleen, and bones, but it did not provoke any visible toxic effects.

Recovery of the rare earth elements from wastewater, in which their concentrations
range from 1 to 100 mg/L is a key concern for the economy and environmental protec-
tion. Various techniques have been designed to ensure the efficient recovery of rare earth
elements, including chemical precipitation, filtration, solvent extraction, membrane technol-
ogy, and adsorption [2]. However, conventional methods applied for industrial wastewater
treatment are considered inefficient for diluted effluents, are relatively expensive, and
require a high energy and chemical consumption. Some of these methods generate large
volumes of waste and consequently can lead to secondary environmental pollution, while
others have limited applications [8,9].

The cyanobacterium Arthrospira platensis (spirulina) is a well-known model object
used in bioremediation studies to elaborate effective procedures of pollutant removal
from aquatic environments [10–16]. Spirulina application in bioremediation studies is
explained by the fact that cyanobacteria are polyextremophile organisms able to cope with
high alkalinity, temperature, salt concentration, and the presence of different pollutants
in culture media. Moreover, spirulina can accumulate a large amount of biomass under
these conditions. Similarly, spirulina is a technologically convenient object, being easy to
handle under both laboratory and industrial conditions, which significantly facilitates the
implementation of the developed bioremediation technology [17].

Microbial bioremediation of metal-polluted industrial effluents is considered one of
the most effective eco-friendly tools to combat pollution [8]. Biological pathways of metal
removal from wastewater are low-cost, ecologically viable, and safe for the environment [9].
It is suggested that biological objects possess high uptake capacities and tolerances toward
rare earth elements.

In the present study, the biosorption and bioaccumulation capacity of Arthrospira platen-
sis (A. platensis) toward Y(III) was tested. Biomass biosorption capacity was investigated
regarding the influence of pH, contact time, initial Y(III) ions concentration, and temper-
ature. The sorption process was described using well-known kinetics, equilibrium, and
thermodynamics models. The effect of the Y(III) in different concentrations on the spirulina
accumulation capacity, productivity, and biochemical parameters (proteins, carbohydrates,
lipids, pigments) was assessed.

2. Materials and Methods
2.1. Chemicals

All the chemical reagents of analytical grade used in the study were purchased from
Sigma-Aldrich (Darmstadt, Germany).

2.2. Object of Study

The biosorption and bioaccumulation experiments were carried out with the cyanobac-
terium Arthrospira platensis (spirulina) CNMN-CB-02 from the collection of non-pathogenic
microorganisms (Institute Microbiology and Biotechnology, Chisinau, Moldova). The com-
position of the cultivation medium and conditions of biomass growth are presented in [10].
Spirulina biomass was used as biosorbent after the full cultivation cycle was separated from
the medium by filtration, dried at 105 ◦C, and homogenized. The conditions of biomass
growth in bioaccumulation experiments are presented in Section 2.4.

2.3. Biosorption

Biosorption experiments were performed in a 50-milileter Erlenmeyer flask containing
20 mL of yttrium solution and 100 mg of biomass. Single-factor experiments were performed
in order to reveal the effect of pH (2.0–6.0), yttrium initial concentration (10–100 mg/L),
contact time (2–120 min), and temperature (20–50 ◦C). Studying the effect of parameters,
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except time, experiments lasted for 30 min, then the solution was filtrated and yttrium
concentration was determined using ICP-OES PlasmaQuant PQ 9000 Elite spectrometer
(Analytik Jena, Jena, Germany). Results are presented as average values obtained from the
triplicate analysis. The removal efficiency and adsorption capacity of the spirulina were
calculated according to Equations (1) and (2):

q =
V(Ci − Cf)

m
(1)

E =
Ci − Cf

Ci
× 100 (2)

where V is the volume of the solution, ml; Ci and Cf are the initial and final metal concen-
trations in mg/L, and m is the mass of sorbent in g.

2.4. Bioaccumulation

In order to assess the bioaccumulation capacity of spirulina biomass Y(III) in concentra-
tions of 10–30 mg/L, metal was added to the cultivation medium on the first day of biomass
growth. Then, biomass was cultivated for six days at a temperature of 25–28 ◦C, illumina-
tion ~37 µM photons/m2/s, and pH 8–9. At the end of the cultivation cycle, the spirulina
biomass was separated from the culture liquid by filtration. The amount of biomass, ex-
pressed in g/L, was determined spectrophotometrically based on the calibration curve. The
samples were standardized to the concentration of 10 mg/mL of distilled water. For the
biochemical tests, the biomass was subjected to the repeated freezing–thawing procedure.
The concentration of Y(III) in experimental solutions was determined by ICP-OES.

Served as a control in both types of experiments, spirulina biomass was cultivated in
the medium without the addition of Y(III).

2.5. Biochemical Tests

Protein content was determined based on the Lowry method in samples of 10 mg/mL
biomass. Biomass was processed with 0.1N NaOH solution for 30 min. Then, reagent (49 parts
of 2% Na2CO3 solution in 0.1N NaOH and 1 part of 0.5% CuSO4 solution in 1.0% Na3C6H5O7)
and 0.2 mL of Folin–Ciocalteu reagent (Sigma Aldrich, Darmstadt, Germany) were added
to 0.2 mL of basic extract. The absorbance at 750 nm was recorded through 30 min. The
amount of protein was calculated based on the calibration curve plotted for bovine serum
albumin [18].

Carbohydrates content was determined using Anthracene-9(10H)-one. The reaction
mixture consisted of 2.5 mg of biomass and 2.5 mL of 0.5% Antron reagent (Sigma Aldrich,
Darmstadt, Germany) solution in 66% H2SO4. The obtained samples were boiled on a
water bath for 30 min. After cooling and incubation in the dark for 30 min, the absorbance
of the samples was recorded at 620 nm. The quantitative calculation was performed based
on the calibration curve plotted for glucose [12].

Quantitative determination of lipids was performed using the phosphovanillin reagent
(Sigma Aldrich, Darmstadt, Germany). The lipid extract from the spirulina biomass was
obtained by adding 1 mL of a mixture of chloroform and ethanol in a ratio of 9:1 (v:v) to
10 mg of biomass. The extraction was carried out by continuous stirring for 2 h at room
temperature. The lipid extract underwent hydrolysis with sulfuric acid. The reaction
mixture consisted of 0.1 mL of hydrolyzate and 2.9 mL of phosphovanillin reagent. After
30 min, the absorbance at 560 nm was recorded. The quantitative calculation was performed
based on the calibration curve constructed for oleic acid [19].

The content of phycobiliproteins in the biomass was calculated using formulas based
on molar coefficients for pigments. The hydrous extract of phycobiliproteins was obtained
as a result of applying the procedure of repeated freezing–thawing of standardized biomass
with distilled water. The absorbance of the extract at 620 nm was recorded for phycocyanin
and at 650 nm for allophycocyanin [20].
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The content of chlorophyll α and β-carotene in the biomass was determined using ethano-
lic extracts. The mixture of 10 mg of biomass with 1.0 mL of 96% ethyl alcohol was prepared.
The pigments extraction was performed by continuous stirring at room temperature for
12 h. Chlorophyll content was determined at an absorbance of 665 nm, and β-carotene
at an absorbance of 450 nm. The quantitative calculation was performed based on the
calibration curves.

The determination of the content of malonic dialdehyde (MDA) in the biomass was
carried out based on the reactive substances of thiobarbituric acid (TBA). Three milliliters
of 0.76% TBA solution in 20% C2HCl3O2 were added to 10 mg of biomass. The obtained
mixture was boiled on a water bath at 95 ◦C for 20 min, then the mixture was cooled and
the absorbance was recorded at wavelengths of 532 nm and 600 nm. The content of MDA
in samples was calculated using the extinction coefficient of the complex product of the
MDA-TBA [21].

2.6. Antioxidant Activity

The antioxidant activity of the ethanolic and water extracts was determined using the
radical cation ABTS (2,2 azinobis 3-ethylbenzothiazoline-6-sulfonic acid) [22]. The ethanolic
extract from the biomass was obtained in a similar way to the extract for the determination
of pigments. The water extract was obtained identically to the extracts for the determination
of phycobiliproteins. ABTS radical cation was obtained by oxidation with potassium
persulfate. ABTS stock solution was prepared by mixing 7 mM ABTS in deionized water
with 2.45 mM K2S2O8 in a 1:1 ratio. The ABTS oxidation process took place in the dark
at room temperature for 12–16 h. The working radical ABTS solution had an absorbance
value of 0.700 ± 0.020 at 734 nm. The samples were obtained by mixing 0.3 mL of biomass
extract and 2.7 mL of ABTS solution. The absorbance of the samples was measured after
6 min. The % of inhibition was calculated relative to the absorbance of the ABTS reagent.

2.7. Statistical Analysis

The values in the manuscript are presented as an average of three experiments ±
standard deviation. One-way analysis of variance (ANOVA) was performed using Stu-
dent’s t-test.

3. Results and Discussion
3.1. Yttrium Removal by Biosorption

The effect of pH, Y(III) concentration, contact time, and temperature on the biosorption
capacity of A. platensis is shown in Figure 1.

The pH of the solution plays an important role in adsorption experiments affecting
the charge of the adsorbent surface and the chemical state of the metal. The spirulina
biosorption capacity increased from 55 to 78% with a rise in the pH from 2.0 to 3.0, and at a
further increase in pH, a decline in the sorption was noticed (Figure 1a). At a pH of 2.0,
relatively low biomass removal efficiency (55%) can be associated with the predominance of
H+ in the solution and their competition with Y(III) for binding sites. At a pH of 4.0–6.0, the
removal efficiency of spirulina significantly decreased (up to 20%), which can be explained
by the increase in the concentration of OH groups in the solution and Y(III) precipitation
in the form of Y(OH)3 [2]. According to [23], Y(III) at a pH range of 2.0–5.5 is present in
the solution in the form of Y3+, and at higher pH values, Y(OH)3 is formed. Thus, further
experiments were performed at a pH of 3.0. For a comparison maximum, Y(III) biosorption
on Serratia marcescens was achieved at a pH of 5.5 [2]. The process of Y(III) sorption on
bacteria Microbacterium sp., Curtobacterium sp., Bacillus subtilis, Pseudomonas putida, and
Bacillus pumilis better proceeded at a pH of 4 [24].
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tration on the biosorption capacity of spirulina biomass.

An increase in temperature from 20 to 50 ◦C resulted in a decrease in the spirulina
adsorption capacity from 76 to 55 % (Figure 1b). The decrease in biomass sorption capacity
occurred with the temperature point at the exothermic character of Y(III) biosorption.
The result is opposite to that reported by [2], which showed that Y(III) sorption on Serratia
marcescens was an endothermic process. At the same time, the results are in line with [25],
which reported that a temperature increase produced a decrease in Y(III) sorption by
microbial biomass.

The process of Y(III) biosorption was very rapid; the maximum metal removal was
achieved in 3 min of interaction when 76% of ions were removed from the solution. An in-
crease in the time of biosorption up to 120 min has no noticeable impact on the A. platensis
adsorption efficiency. Rapid Y(III) adsorption in the first minutes of sorbent interaction
with the sorbate is explained by a large number of unoccupied biosorption sites. Reduction
in the rate of Y(III) sorption and equilibrium achievement is associated with the occupation
of binding sites. The highest sorption rate for Y(III) was registered during the first 10 min
for Microbacterium sp., Bacillus pumilis, and Pseudomonas putida strains, while the highest
sorption rate for Curtobacterium sp. and Bacillus subtilis strains was detected after 35 min of
the experiment [24].

Y(III) initial concentration in the solution was directly proportional to its sorption on
the spirulina; the adsorption capacity of 1.6 mg/g recorded at a Y(III) concentration of
10 mg/L increased to 16.7 mg/g at a metal concentration of 100 mg/L. Spirulina biosorption
capacity rapidly increased at a Y(III) concentration range of 10–75 mg/L, which is in
agreement with [2], and then the rise was less pronounced.

Experimentally obtained data were used to describe equilibrium, kinetics, and thermo-
dynamics of Y(III) biosorption on A. platensis biomass. Pseudo-first- and pseudo-second-
order, as well as Elovich models, have been employed to assess the adsorption reaction
mechanism (see Equations (3)–(5)):

q = qe

(
1 − e−k1t

)
(3)
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q =
q2

ek2t
1 + qek2t

(4)

qt =
1
β

ln(1 + αβt) (5)

where qe and qt are the content of metal (mg/g) adsorbed at equilibrium and at t time, k2
(g/mg·min) and k1 (1/min) are rates constant of pseudo-first-order and pseudo-second-
order, and α (g/mg·min) and β (g/mg) are the Elovich equation constants.

In addition to the coefficient of determination, the applicability of applied models
was assessed using the sum of error squares (SSE, %) and nonlinear chi-square test (χ2)-te,
given by Equations (6) and (7):

SSE =
n

∑
i=1

(
qe, cal − qe, exp

)2
(6)

χ2 =
n

∑
i=1

(
qe, cal − qe, exp

)2

qe, exp
(7)

where n is the number of data points.
The graphical presentation of the data is illustrated in Figure 2a and the parameters of

the applied models are listed in Table 1. According to coefficient of determination values,
all three models can be considered applicable for the description of experimental data.
Values of SSE and χ2 , 0.006 and 0.003, respectively (the same values for both models
were obtained), showed that the pseudo-first model and pseudo-second-order model were
suitable to satisfactorily describe Y(III) biosorption. However, extremely high values of α
in the Elovich model and a negative value of k2 in the pseudo-second model exclude the
possibility of their use for the description of experimental findings. Additionally, the Akaike
Information Criterion (AIC) test was applied to emphasize which model best describes
the experimentally obtained values. According to the AIC test, the pseudo-first-order
model better describes Y(III) biosorption on spirulina biomass. The applicability of the
pseudo-first-order model suggests that the process of Y(III) sorption is physical, with the
formation of a monolayer on a heterogeneous surface [26–28].
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Table 1. Parameters of the kinetics and isotherm of Y(III) sorption on A. platensis.

Kinetics

Model Parameters Y(III)

Isotherms

Model Parameters Y(III)

Pseudo-First-Order

qe 1.53

Langmuir

qm 719.8
k1 1.79

b 0.0002R2 0.99
SSE 0.006

R2 0.97
χ2 0.003

Pseudo-Second-Order

qe 1.5

Freundlich

KF 0.17k2 –2.54
R2 0.99 n 0.99SSE 0.006
χ2 0.003 R2 0.97

Elovich

α 1.15·1043

Temkin

bT 0.53
β 69.4
R2 0.99 aT 0.2SSE 32286
χ2 21054 R2 0.75

Equilibrium sorption data were modelled using Langmuir, Freundlich, and Temkin
sorption isotherms (Figure 2b).

qe =
qm bCe

1 + bCe
(8)

where Ce is Y(III) concentration at equilibrium in mg/L, qe and qm are amount of metal
adsorbed at equilibrium and maximum adsorption capacity in mg/g, and b is Langmuir
constant in L/mg.

qe = KFC
1
n (9)

where KF and n are Freundlich constants.
The Temkin isotherm model takes into account the effects of indirect adsorbate/adsorbate

interactions on the adsorption process [13]:

qe =
RT
bT

ln(aTCe) (10)

1/bT indicates the sorption potential of the sorbent, aT is the Temkin constant, R is the
universal gas constant (8.314 J K−1 mol−1), and T is the temperature (K).

The calculated isotherm constants are given in Table 1. Langmuir and Freundlich
models well-represented the data for the Y(III) biosorption on A. platensis since the de-
termination coefficients for both models were 0.97. The coefficient of determination for
the Temkin model was significantly lower. The maximum adsorption capacity calculated
by the Langmuir model was 719.8 mg/g, and it was considerably higher than the values
obtained for the other sorbents (Table 2). Application of the Langmuir models supports the
sorption on homogenous sites, facilitating chemisorption [29], while the Freundlich model
is suitable for heterogeneous surfaces with a non-uniform distribution of active adsorption
sites. Since both models fit well with the experimental data, it can be suggested that Y(III)
biosorption by A. platensis follows an intermediate behaviour between mono- and multi-
layer adsorption mechanisms [30]. According to the AIC test, the Langmuir model was
more applicable for the description of experimental data. The Freundlich isotherm model
better described the adsorption of Y(III) on magnetic nitrogen functionalized mesoporous
expanded perlite [31].
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Table 2. Comparison of maximum sorption capacity for Y(III) achieved in the present study with the
literature data.

Sorbent pH qmax, mg/g Reference

A. platensis 3 719.8 Present study
Serratia marcescens 5.5 123.65 [2]

Nano-thorium (IV) Oxide 6.9 10.5 [4]
Nano-zirconium (IV) Oxide 6.9 18 [4]

3-Amino-5-Hydroxypyrazole
Impregnated Bleaching Clay 6.0 172.41 [32]

Magnetic Nitrogen Functionalized
Mesoporous Expanded Perlite 5.5 383.2 [31]

The three thermodynamic parameters, the Gibbs free energy (∆G◦), enthalpy (∆H◦),
and entropy (∆S◦) were obtained by using Equations (11) to (13) [26,27].

lnKd =
∆S

◦

R
− ∆H

◦

RT
(11)

∆G
◦
= ∆H

◦ − T∆S
◦

(12)

Kd =
(C0 − Ce)V

mCe
(13)

where Kd is the distribution coefficient, R is the gas constant, and T is the absolute temperature.
The thermodynamic parameters evaluated by plotting lnKd versus 1/T are presented

in Figure A1, and the thermodynamic parameters are listed in Table 3.

Table 3. Thermodynamics parameters for Y(III) sorption on A. platensis.

Temperature, K ∆G◦, kJ/mol ∆H◦, kJ/mol ∆S◦, J/mol·K
293 −12.1 −2.1 34.1
303 −12.5
313 −12.8
323 −13.2

The values of the ∆G◦ ranging from −13.2 to −12.1 kJ/mol indicate the feasibility and
spontaneity of the biosorption process. The negative value of ∆H◦ indicates the exothermic
nature, and the positive value of ∆S◦ points to the randomness at the solid and solution
interface. Since ∆H◦ was less than ◦25 kJ/mol, the sorption can be considered physical.
Since the value of ∆S◦ was higher than −10 J/mol·K, it can be suggested that the adsorption
reaction complies with a dissociative mechanism [33].

Biological sorbents, such as other types of sorbents, are characterized by the possibility
of their regeneration and multiple use. Thus, using 0.2 M HCl/0.5 M CaCl2, the elution of
rare earth elements from new phosphorylated hydrogel (algal biomass/PEI) was complete
and remarkably stable for the five cycles [34]. A number of sulphate and chloride salts
were successfully used for rare earth elements desorption and the desorption efficiency of
the sulphates was higher compared with chloride [35].

3.2. Yttrium Removal by Bioaccumulation

In bioaccumulation experiments, when spirulina was exposed to 10–30 mg/L of Y(III),
the lowest rate of Y(III) removal of 29% was observed at the initial Y(III) concentration of
10 mg/L. At higher concentrations, the efficiency of Y(III) removal was approximately two
times higher (on the level of 60–70%). Microalgae Ulva lactuca was able to remove 70–80% of
Y(III) from the solutions containing 10–500 µg/L of metal, Gracilaria sp. contributed to the
removal of 50–65% of Y(III), while removal efficiency of Ulva intestinalis, Fucus spiralis, Fucus
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vesiculosus, and Osmundea pinnatifida was not higher than 20–30% [36]. Fungus Penicillium
sp. ZD28 accumulated up to 99% of Y(III) at all applied metal concentrations [1].

One of the main indicators of the toxicity of different chemical compounds for mi-
croorganisms is the ability to grow and multiply cells, which is expressed as the amount of
biomass accumulated in a unit or per a period of time. The accumulation of cyanobacterium
A. platensis biomass in a cycle of cultivation in a closed system was monitored both under
standard conditions (control) and under the application of Y(III). According to results pre-
sented in Figure 3, at a Y(III) concentration of 10 mg/L, no difference between the control
and the experimental values of biomass productivity was observed. The concentration of
20 mg/L caused a veridical increase in the amount of biomass by 9.3% compared to control
(p = 0.0011) and that of 30 mg/L—a decrease by 4.6% (p = 0.0076).
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samples and control).

At the same time, it should be mentioned that from a biotechnological point of view, the
amount of biomass in both control and experimental samples was within the physiological
norm characteristic for spirulina. Thus, the amount of biomass at the end of the cultivation
cycle was 0.927–1.071 g/L.

The stimulating effect of rare earth elements on spirulina productivity was reported in
other studies as well. For example, dysprosium in concentrations of 10–30 mg/L stimulated
biomass accumulation by 19.3% compared to the control and lanthanum—by 18.1% [37].
A pattern revealed for Y(III) was also observed in the case of Yb, when a metal concentration
of 20 mg/L led to a slight increase in the amount of biomass and a concentration of 30 mg/L
resulted in its decrease by 26.8% [38]. Such response of spirulina biomass is probably an
expression of the phenomenon of hormesis, when the dose-response effect is biphasic,
with stimulation at low doses and inhibition at higher doses. The stimulation of certain
processes at low doses of xenobiotics is generated by an overcompensation reaction of
the culture.

At the same time, spirulina appears to be much more resistant to Y(III) compared to
other cyanobacteria. Thus, the growth of the Microcystis aeruginosa culture was inhibited by
0.3 mg/L of Y(III) and the amplitude of the effect depended on the amount of phosphorus
in the medium [38]. In the case of stress caused by lead, the concentration of Y(III) of up to
0.5 mg/L stimulated the growth of the Microcystis aeruginosa culture, while concentrations
of 5 and 10 mg/L enhanced the negative effect provoked by lead [39]. Other rare earth ele-
ments applied in concentrations similar to those used in the present study caused inhibitory
effects in other cyanobacteria. For example, lanthanum at a concentration of 72 µmol/L
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(10 mg/L) had a strong inhibitory effect on the cyanobacterium Microcystis aeruginosa [40],
and cerium at a concentration of 5 mg/L on the cyanobacterium Anabaena flosaquae [41].
Concentrations of Nd 5 and 10 mg/L significantly inhibited the growth of Microcystis
aeruginosa by reducing the amount of accumulated biomass two times. The stationary
phase occurred more rapidly, was shorter, and was followed by a very pronounced biomass
decline [42]. Thus, according to the obtained results, spirulina is a cyanobacterium with
a high tolerance to rare earth elements, in particular to Y(III), with mild toxic effects on
biomass accumulation being observed only at metal concentration of 30 mg/L.

Although applied Y(III) concentrations led to different responses of the spirulina
culture in terms of the amount of biomass, changes in the protein content in the biomass
indicate a similar effect at all concentrations (Figure 4). The content of proteins decreased
in all experimental variants, which denoted an impairment of physiological processes in
the presence of Y(III). The content of proteins in the control biomass was 63.65% of the
dry biomass and in the experimental variants 54.4–60.05%, corresponding to a decrease of
5.714.5% compared to control. At a Y(III) concentration of 10 mg/L, a slight but statistically
veridical decrease (p = 0.0269) in protein content was observed. At concentrations of 20 and
30 mg/L, the amount of protein decreased by 11.1 and 14.5%, respectively, compared to the
control (p = 0.0013 and p = 0.0002).
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A slight decrease in the content of protein was observed for other rare earth elements
applied in the same range of concentrations. Thus, the concentration of Nd, Tb, and Sm of
30 mg/L caused a statistically significant decrease in the content of protein in the spirulina
biomass. The most pronounced inhibitory effect was provoked by Sm at a concentration of
30 mg/L, when the content of proteins in the biomass decreased by 16% compared to the
control [37]. Eu(III) also had a negative effect on protein content, reducing it by 10.2% at an
Eu(III) concentration of 20 mg/L and by 17.7% at a concentration of 30 mg/L [10].

The decrease in the amount of protein in spirulina biomass under conditions of stress
is already a proven fact and it can be caused by both physical and chemical factors [11–13].
At the addition of Y(III) in concentrations of 10–30 mg/L in a cultivation medium, the
content of protein has not decreased below 54% of dry biomass, which ensures an adequate
adaptation of the culture to the created conditions of growth.
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The content of carbohydrates in the spirulina biomass in the present study varied
between 13.18 and 11.03%. The highest level of this parameter was determined in the
control sample and in experimental variants its content decreased by 17–16.25%. At Y(III)
concentrations of 10 and 20 mg/L, the decrease in the content of carbohydrates is statistically
significant (p = 0.013 and p = 0.016, respectively), while at the concentration of 30 mg/L, it
only can be said regarding a decreasing trend.

It was previously shown that rare earth elements can differently affect the content of
carbohydrates in spirulina biomass. Thus, in the presence of Sm, Tb, La, and Dy in the
cultivation medium, the content of carbohydrates increased by up to 48% compared to the
control, the increase being dependent on the element and its concentration. On the other
hand, Nd and Yb significantly reduced the content of carbohydrates in spirulina—up to
21.9% compared to the control [37]. In the case of Eu, only a concentration of 30 mg/L led
to a decrease in carbohydrates content by 27.4% with respect to the control [10].

Phycobiliproteins in cyanobacterial cells have a dual function. Firstly, there are secondary
photosynthetic pigments, which absorb solar energy with a wavelength of 495–650 nm
and transfer it to chlorophyll in the reactive centres of the photosynthetic apparatus, thus
increasing the efficiency of the photosynthesis process. Secondly, these molecules have
the function of antioxidant protection. As effective antioxidants, phycobiliproteins mani-
fest themselves in the process of neutralizing free radicals. Thus, it was established that
these compounds eliminate oxyl, hydroxyl, and peroxyl radicals. Their protective effect is
expressed by the protection of physiologically active membranes from the peroxidation
process [43]. Spirulina cells contain two phycobilin pigments—phycocyanin and allo-
phycocyanin. The change in their content in Y-loaded spirulina biomass is presented in
Figure 5.
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the control—the content of phycobiliproteins).

The content of phycocyanin in the control biomass was 9.64 ± 0.72% of the dry
biomass, and of allophycocyanin 0.76 ± 0.41%. The sum of phycobiliproteins in the control
biomass was 17.41 ± 1.14%, very close to values of 17.93 ± 0.65% obtained at the addition of
10 mg/L of Y(III) in the cultivation medium. In this case, the difference between control and
experimental samples was statistically insignificant. Instead, the other two applied Y(III)
concentrations reduced the phycobilin content by 18.17% at a concentration of 20 mg/L
(p = 0.0059) and by 27.44% at a concentration of 30 mg/L (p = 0.0015). It is known that
phycobiliproteins react very quickly to changes in the state of the spirulina culture, and
intense or moderate stress can result in a very pronounced decrease in their content.
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In the case of other rare earth elements, the same pattern was observed. Thus, concen-
trations of 30 mg/L of Nd and Yb caused a reduction in the content of phycobiliproteins
by 10.7–19.0% compared to the control, and the same concentration of La, Dy, Sm, and Tb
reduced the content of phycobiliproteins twice [37]. In the present study, the reduction in
the content of phycobiliproteins in the biomass at Y(III) concentrations of 20 and 30 mg/L
could be associated with the decrease in the efficiency of photosynthesis (which is most
likely valid only for the concentration of 30 mg/L at which the amount of biomass was
reduced) and with a decrease in the antioxidant capacity of the spirulina biomass.

The change in the content of basic photosynthetic pigments under the action of Y(III)
is illustrated in Figure 6.
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In the control biomass, the amount of α-chlorophyll was 1.07 ± 0.021% and of β-carotene
0.24 ± 0.01%. The ratio of chlorophyll α/β–carotene, a parameter that can be considered
as an indicator of photosynthetic activity, was also taken into account. The content of
β-carotene in the experimental samples was very close to control values and felt within
the limits of 0.22–0.27% of the biomass, which are characteristic physiological values
for spirulina.

Similar results were obtained for other rare earth elements—Sm, La, Dy, Nd, and
Yb—in concentrations similar to those applied in the present study ensured in most cases
the maintenance of the amount of β-carotene at the control level or a moderately high
one [37]. Only Eu in a concentration of 30 mg/L led to a slight decrease in the content of
β-carotene [10].

The content of α-chlorophyll in the experimental samples varied between 1.05 and
1.28% of the dry spirulina biomass. Y(III) concentrations of 10 and 20 mg/L caused an
increase in the content of this pigment by 19.92 and 13.34, respectively. Cultivation of
spirulina in the presence of other rare earth elements did not influence significantly the
content of α-chlorophyll, except for Sm (concentrations 10–30 mg/L) and Eu (concentration
30 mg/L), when a significant decrease in the content of α-chlorophyll in the biomass was
observed [10,37].

The chlorophyll α/β-carotene ratio indicates not only photosynthetic activity but also
a possible state of stress. A decrease in the ratio is usually associated with stress. According
to values in Figure 7, the ratio did not change significantly in the presence of Y(III) in
the medium, which also correlates with the results obtained for the amount of biomass
accumulated during the spirulina growth.
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Thus, the results obtained for primary and secondary photosynthetic pigments in the
spirulina biomass show that they remained at a level characteristic of the good physiological
state of the culture, which allowed maintaining the productivity of the cyanobacterium at a
level acceptable for spirulina.

The content of lipids in the biomass and the level of malonic dialdehyde—a product of
the oxidative degradation of lipids—are two parameters that can indicate a state of stress
caused by different types of factors on the spirulina culture. The results obtained for these
parameters are shown in Figure 7.

The content of lipids in the control sample was 4.27 ± 0.20% of the dry biomass and
in experimental variants, at Y(III) concentrations of 10 and 20 mg/L, it was almost on the
same level (4.04 ± 0.43 and 4.42 ± 0.16%, respectively). The concentration of 30 mg/L of
Y(III) led to an increase in the content of lipids in the biomass of up to 5.58 ± 0.29% of the
dry biomass, which is 30.69% higher compared to the control.

The data obtained for other rare earth elements showed that inhibition of lipid ac-
cumulation occurred more often compared to the stimulation effect. Thus, Tb, Dy, Yb,
and Eu, in concentrations similar to those applied in the present study, led to a decrease
in lipid content in spirulina biomass by up to 35% compared to the control. Some of the
rare earth elements, for example, Sm and Nd, did not affect the content of lipids in the
biomass. A lipid-enhancing effect was observed at La concentrations of 20 and 30 mg/L,
when lipids content in the dry spirulina biomass was 14.7 and 29.1% higher compared to
the control [10,37–42].

The amount of MDA in the control biomass was 9.35 ± 1.48 nM per gram of dry
biomass, and in the experimental variants the amount of this marker of oxidative stress
was 1.78–2.38 times higher. The amount of MDA increased proportionally to the increase
in the Y(III) concentration in the medium. In this case, a clear dose-effect type dependence
was obtained, which proved the toxic action of Y(III) toward spirulina.

An increase in the level of MDA in spirulina biomass grown on a medium with the
addition of rare earth elements is a common phenomenon. Thus, La, Dy, Sm, Nd, Yb, and
Eu in concentrations of 10–30 mg/L provoked a moderate to a very pronounced increase
in the MDA level [10,37]. In the case of other cyanobacteria, the doubling of the MDA
content under the influence of rare earth elements occurred at much lower concentrations.
For example, in the case of Microcystis aeruginosa, the concentration of 1 mg/L of Y(III)
increased the MDA content in biomass two times [38].
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The activity of the ethanolic and water extracts from spirulina biomass grown on a
medium with the addition of Y(III) can be seen in Figure 8. In the experimental variants, the
water and ethanolic extracts had a higher activity compared to those obtained for control
samples. Thus, the water extract obtained from the biomass grown on the medium with
10 mg/L of Y(III) was 19.97% more active compared to the control, for a concentration of
20 mg/L—36.62% more active—and at the concentration of 30 mg /L—41.61% more active.
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The ethanolic extracts in the experimental variants were 10.63–25.53% more active
compared to the control.

In previously performed studies, it was also observed a pronounced change in the
level of activity of the water and ethanolic extracts obtained from spirulina biomass grown
on media with the addition of rare earth elements in concentrations of 10–30 mg/L. The an-
tioxidant activity of the extracts from Eu-loaded spirulina increased by 10–30% compared to
the control [10]. Similarly, an increase in the antioxidant activity of the water and ethanolic
extracts was observed when La, Dy, Sm, and Tb were added to the cultivation medium
in the range of concentrations applied in the present study. Nd and Yb, on the contrary,
caused a considerable decrease in the inhibition activity of the ABTS radical [37].

4. Conclusions

The potential of A. platensis to recover Y(III) by applying biosorption and bioaccumula-
tion was shown. The process of Y(III) biosorption was dependent on the pH of the solution,
adsorption time, Y(III) concentration, and temperature. A maximum theoretical sorption
capacity of 719.8 mg/g can be achieved at a pH of 3, temperature of 20 ◦C, and adsorption
time of 3 min. The equilibrium of the biosorption was described using the Langmuir and
Freundlich isotherm models, while the kinetic of the biosorption was better presented by
the pseudo-first-order model. From the thermodynamic point of view, Y(III) biosorption
was a spontaneous and exothermic process. The interaction of Y(III) with living biomass
in bioaccumulation experiments resulted in the removal of up to 70% of Y(III) from the
media. At applied concentrations, Y(III) caused serious changes in the composition of the
spirulina biomass. Thus, in all experimental variants, a decrease in the content of proteins,
phycobiliproteins, and carbohydrates, and an increase in MDA content and antioxidant
activity were observed. An adequate level of spirulina productivity in Y-loaded biomass
was ensured by maintaining the content of photosynthetic pigments and the chlorophyll
α/β-carotene ratio on the level characteristic for the control biomass. According to high
values of spirulina adsorption capacity, biosorption seems to be a more efficient process



Metals 2022, 12, 1465 15 of 17

for the Y(III) removal from wastewater. The sorption of Y(III) on dead spirulina biomass
showed to be more efficient in acidic environments, while Y(III) is prone to hydrother-
mal mobilization in alkaline solutions. Thus, depending on the experimental conditions,
both processes are promising to be realized. The results obtained using the cyanobacteria
Arthrospira platensis can serve as a basis for further research using other cyanobacteria with
higher productivity and lower biotechnological values, thus making it possible to reduce
considerably the costs of bioremediation technologies.

A study of the Y(III) effect on the biomass composition allows for the consideration of
the present work also as a study of the toxic effects produced by yttrium ions in the aquatic
environment.
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