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Abstract: The biosorption and bioaccumulation of gadolinium by Arthospira platensis in batch experi-
ments was examined. In biosorption experiments, the influence of pH, gadolinium concentration,
time of contact and temperature on Arthospira platensis sorption capacity was investigated. The
maximum biosorption capacity of 101 mg/g was attained at a pH of 3.0 and temperature of 20 °C.
A pseudo-first-order model was applicable to describe the kinetics of the biosorption and the Fre-
undlich model to explain the equilibrium of the process. In bioaccumulation experiments, besides
the examination of the gadolinium uptake by Arthospira platensis, its effect on biomass productivity
as well as the content of proteins, lipids, carbohydrates and pigments was assessed. The addition
of gadolinium in the cultivation medium resulted in the increase in biomass productivity and the
content of MDA and, at the same time, in the reduction in the amount of proteins and carbohydrates.
The content of other monitored parameters did not change significantly. The water extracts obtained
from Arthospira platensis showed a higher antiradical activity against the ABTS cation radical in
comparison with ethanolic extracts. Arthospira platensis is of interest for the development of the
technology of gadolinium-contaminated wastewater remediation.
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1. Introduction

In recent years, the recovery of rare earth elements has gained special attention due to
their wide application in different areas of industry and medicine and their high price [1,2].
Gadolinium compounds are extensively applied in nuclear technologies, nuclear medicine,
ceramics, metallurgy, in luminescent material, magnet and superconductor production,
and in magnetic resonance imaging [1-3]. Gadolinium, due to its high thermal neutron ab-
sorption cross-section, is used in reactors as neutron poison during start up and shutdown,
as well as for neutron flux management during reactor operation [4].

As result of this extensive usage, gadolinium in stable and radioactive forms is released
in the environment, affecting the quality of water. The toxicity of gadolinium for living
organisms is mainly due to its chemical similarity with calcium; therefore, it can act as an
inorganic blocker to several voltage-channel gates [5]. It was reported that gadolinium
ions may exhibit toxicity towards different organs through the inhibition of sarcoplasmic
reticulum activities in skeletal muscles and damage to DNA [5,6]. Consequently, the
removal of gadolinium from spent nuclear fuel and biomedical waste is critically important
due to environmental concerns [7].
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Commonly applied wastewater treatment technologies, cloud point extraction, solvent ex-
traction, nanofiltrations and solid —liquid extraction are not very efficient for gadolinium ions’
removal owing to their good water solubility and tendency to form stable complexes [2]. There-
fore, biological techniques can be regarded as a new opportunity in gadolinium ion removal.

Among the mechanisms of microorganisms’ interaction with metal ions and radionu-
clides, biosorption, bioaccumulation and biotransformation can be highlighted [8]. Biosorp-
tion is more attractive for industrial application due to the use of dead biomass. Non-living
biomass does not require nutrients and is not affected by metals’ toxicity. In addition, it can
be stored for long periods, reused for several cycles and allows work on a greater range of
environmental variables [9-11]. Bioaccumulation, which combines both biosorption and
intracellular uptake, is a process mainly occurring in nature. In the case of its application
for industrial purposes, it is necessary to ensure conditions for microorganisms’ growth,
which would raise the cost of the process. It is also important to select microbial species
that are resistant to high concentrations of pollutants and do not possess mechanisms
protecting them from the excessive accumulation of xenobiotics inside the cell [12]. At the
same time, the selection of resistant strains allows the biotransformation or biodegradation
of pollutants, increasing their removal from the environmental objects [11].

According to Dev and co-authors’ review [13], microorganisms have mainly been ap-
plied for lanthanum and cerium removal, whereas information about gadolinium recovery
from waste using biological objects is very scarce. Thus, Breuker et al. [9] applied bacteria,
yeast, fungi and alga for lanthanum, cerium, neodymium, gadolinium, dysprosium, erbium,
ytterbium and lutetium biosorption removal in acidic conditions. Wet microorganisms,
Bacillus subtilis, Pseudomonas aeruginosa, Ralstonia metallidurans CH34, Mycobacterium smeg-
matis and Saccharomyces cerevisiae, were applied for gadolinium biosorption at a fixed pH
value [8]. The impact of gadolinium compounds on Nitrosomonas europaea activity, bioaccu-
mulation capacity and growth was reported in [14]. Three living marine macroalgae, Ulva
lactuca, Fucus spiralis and Gracilaria sp., showed high gadolinium uptake capacity—up to
85% of metal ions were removed from the solution [15]—while dry baker’s yeast was able
to remove no more than 60% of gadolinium ions from the solution [16]. According to our
current knowledge, there are no studies devoted to cyanobacteria application for gadolin-
ium removal from wastewater, though they are actively used for heavy metal removal from
batch solutions and real wastewater [17-20].

Previously, cyanobacteria Arthospira platensis was applied for europium, erbium and
yttrium removal from batch systems [21-23]. The Arthospira platensis biosorption and
bioaccumulation capacity toward the studied rare earth elements changed in the following
order Eu (80-99%) >Y (60-80%) > Er (45-78%). We can hypothesize that Arthospira platensis
will show high removal capacity toward gadolinium ions as well. It should be mentioned
that the sorption capacity of inorganic sorbents applied for gadolinium ion removal usually
is not very high [2,24,25].

Considering the increasing application of gadolinium in technological processes, and
the presence of this element in the environment, including its radioactive form, the present
study aimed to examine the removal capacity of cyanobacteria Arthospira platensis toward
gadolinium ions, both in biosorption and bioaccumulation experiments. For the first time,
the effect of several parameters, such as pH, metal concentration, time of contact and
temperature, on gadolinium biosorption was assessed, and the kinetics, thermodynamics
and equilibrium of the biosorption were evaluated. In the bioaccumulation experiments,
the effect of gadolinium on biomass amount and its accumulation capacity, as well as the
content of main biomolecules and antioxidant activity, was evaluated.

2. Materials and Methods
2.1. Object of Study

Arthospira platensis CNMN-CB-02 (A. platensis, spirulina) obtained from the collection
of non-pathogenic microorganisms (IMB TU, Chisinau, Moldova) was grown in the cultiva-
tion medium described in [26]. The amount of inoculum was 0.4-0.45 g/L. The biomass
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was cultivated at temperature 28-32 °C, pH—9-10 and with continuous illumination of
approximately 7 uM photons/m?/s. For biosorption experiments, biomass was grown for
six days, then separated from the cultivation medium, dried and homogenized.

2.2. Biosorption Experiment

To prepare the gadolinium solutions, GA(NO3)3-6H0 (Sigma Aldrich, Darmstadt,
Germany) was dissolved in distillated water. Experiments were carried out in Erlenmeyer
flasks of 50 mL volume, where 20 mL of gadolinium solution of the desired concentration
was mixed with 0.1 g of spirulina biomass. The solutions with different pHs ranging
from 2.0 to 6.0 were prepared using 0.1 mol HCI or NaOH. Kinetic parameters of the
biosorption were collected with the contact time of 3-120 min. Adsorption isotherms were
obtained with gadolinium concentrations of 10-100 mg/L. In order to understand the
nature of the biosorption process, experiments were conducted by varying the temperature
of the solution from 20 to 50 °C. Gadolinium concentrations in the initial solutions and
solutions after biosorption were determined using an ICP-OES PlasmaQuant PQ 9000 Elite
spectrometer (Analytik Jena, Jena, Germany). All experiments were carried out in triplicate.

The sorption capacity of A. platensis q (mg/g) and efficiency of gadolinium removal R
(%) were evaluated using Equations (1) and (2):

V(G —-C
q- (m )

= Cl%lcf x 100 )

where V is the volume of the gadolinium solution in ml, C; and Cg are the initial and final
gadolinium concentrations in mg/L and m is the mass of spirulina in g.

)

2.3. Bioaccumulation Experiment

In the bioaccumulation experiment, gadolinium in concentrations of 10-30 mg/L
by metal was added to the cultivation medium described in Section 2.1 on the first day
of biomass cultivation. Biomass cultivation in gadolinium-supplemented medium was
performed in Erlenmeyer flasks with a working volume of 100 mL for six days. Biomass
obtained after the experiment was used for biochemical tests, while the concentration of
gadolinium in the medium was determined using ICP-OES. Biomass cultivated in the
standard conditions described in Section 2.1 was used as a control.

2.4. Biomass Productivity and Biochemical Tests

The biomass productivity, in g/L, was determined according to [26]. The content of
protein was determined according to the Lowry method and that of carbohydrates was de-
termined spectrophotometrically based on the formation of hydroxymethylfurfural through
the interaction of carbohydrates with the Anthon reagent (C14H;¢O) in acid medium. In the
case of phycobiliproteins, the absorbance of the water extract obtained from biomass was
measured at 620 nm for c-phycocyanin and 650 nm for allophycocyanin. The lipid content
was determined spectrophotometrically using phosphovanilinic reagent. The degree of
lipid oxidation was determined based on the reactive products of thiobarbituric acid. The
absorbance of chlorophyll a was determined at 665 nm with the extinction coefficient
0.8 x 10° M1 ecm™1, and that of [3-carotene was determined at 450 nm with the extinction
coefficient 1.5 x 10> M~! cm~!. More details about biochemical parameter determination
can be found in [22,23].

2.5. Antioxidant Activity

The antioxidative activity of the ethanolic and water extracts was determined through the
application of non-biological tests with radicals ABTS (2.2'-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid) [27].
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2.6. Statistical Analysis

All experiments were performed in triplicate, and values are presented as the mean of
three experiments + standard deviation. To elucidate the difference between experimental
and control values, Student’s t-test was applied.

3. Results and Discussion
3.1. Biosorption of Gadolinium on A. platensis

The pH of the solution significantly influenced the adsorption capacity of different
sorbents. Gadolinium biosorption on spirulina was shown to be a pH-dependent process
(Figure 1a). The increase in the pH from 2.0 to 3.0 resulted in the increase in the spirulina
removal capacity from 45 to 63% and achievement of the maximum gadolinium ion removal.
A further increase in pH value led to a decrease in gadolinium removal to 26% at pH 6.0.
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Figure 1. Impact of (a) pH, (b) time, (c) gadolinium concentration and (d) temperature on gadolinium

biosorption by A. platensis.

The process of gadolinium removal was studied in the pH range 2.0-6.0 since gadolin-
ium precipitates at pH values higher than 6.5 [4]. At pHs 1.0-4.0, gadolinium is present in
solution in the form of Gd®*, and at pHs above 5, the formation of hydroxo complex species
such as Gd(OH)?**, Gd(OH)*; and Gd(OH),* starts [1]. The highest gadolinium sorption
at pH 3.0 can be explained by the creation of optimal conditions for sorption, since at low
pHs, gadolinium ions compete with H* for binding sites and at pHs above 4.0, competition
with OH groups may take place [21].

The pH 3.0 was found to be optimal for europium, erbium and yttrium sorption
on spirulina biomass [21-23]. The gadolinium removal using Dowex HCR-S/S resin
was not dependent on the pH of the solution [1]. Gadolinium biosorption by Bacillus
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subtilis, Pseudomonas aeruginosa, Ralstonia metallidurans CH34, Mycobacterium smegmatis and
Saccharomyces cerevisiae was studied at pH 5.0 [8]. Gadolinium sorption on multi-walled
carbon nanotubes was studied at pH 5-5.5. The highest gadolinium biosorption on Pichia
sp. was achieved at pH 3.0 [9].

The equilibrium time played an important role in the adsorption process. Gadolinium
removal was shown to be a very quick process; three minutes was enough for maximum
metal removal (66%), and then equilibrium was achieved (Figure 1b). The process of
gadolinium sorption occurred in two stages: fast sorption in the first 3 min of sorbate
interaction with sorbent, explained by a large number of unoccupied binding sites, re-
placed by a slow stage and equilibrium attainment. In the case of gadolinium removal
with Dowex-HCR S/§S resin, equilibrium was achieved in 40 min [1]. Andres et al. [8]
reported equilibrium attainment in 2 h when microorganisms were used for gadolinium
removal. Gadolinium sorption on multi-walled carbon nanotubes reached saturation in
approximately 60 min [2].

The increase in gadolinium concentration in solution was accompanied by the increase
in biosorption capacity: from 1.6 mg/g at a gadolinium concentration of 10 mg/L to
20 mg/g at a concentration of 100 mg/L (Figure 1c). It was reported that the affinity of the
metal ions to biomass shows a tendency to increase with an increase in the maximum metal
uptake [28].

The effect of temperature on the biosorption process was studied in order to under-
stand the thermodynamics of the process. The increase in the temperature of solutions
from 20 to 50 °C was associated with the decrease in biomass sorption capacity from 60
to 36% (Figure 1d). This behavior proved the exothermic nature of the biosorption. In
contrast, gadolinium removal with Dowex-HCR S/S resin increased with the temperature
increase [1]. The same pattern was noted when manganese oxide nanoparticles were used
for gadolinium sorption [24].

3.2. Equilibrium, Kinetics and Thermodynamic Studies

Equilibrium and kinetic data provide essential physicochemical data for the estimation
of the applicability of a sorption process [2]. They were described using well-known models:
Pseudo-first-order model:

a=q, (1-e™) ©)
Pseudo-second-order models:
2kot
q= i @
Jekat

where ge and g are the content of gadolinium (mg/g) and k; (g/mg-min) and k; (1/min)
are the pseudo-first-order and pseudo-second-order constants, respectively.
Langmuir equilibrium model:

_ qm bCe
%= 14C, ©)
Freundlich equilibrium model:
1
qe = KgCn (6)

where qe and qp, are the content of gadolinium adsorbed at equilibrium and maximum
adsorption capacity in mg/g and b, Kp and n are the Langmuir and Freundlich constants,
respectively.

The non-linear fitting of the applied models is illustrated in Figure 2, and parameters
are given in Table 1.
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Figure 2. (a) Kinetics and (b) isotherms of gadolinium biosorption on A. platensis biomass.

Table 1. Values of the kinetics and isotherm parameters related to gadolinium biosorption on
A. platensis.

Kinetics
Pseudo-First-Order Pseudo-Second-Order

Parameters Qe kg R? Qe 9 R?

Gd(I11) 1.24 19.8 0.98 1.24 —0.6 0.97

Isotherms

Model Langmuir Freundlich
Parameters qm b R? Kr n R?

Gd(III) 101 0.0081 0.08 0.09 0.84 0.98

In case the of kinetic studies, for both models, the values of the calculated and experi-
mentally obtained sorption capacity matched well (Table 1). However, the negative value
of the rate constant of the pseudo-second-order model indicates its inapplicability for the
explanation of the experimental data. Gadolinium biosorption fitted the pseudo-first-order
model better, suggesting the physical nature of biosorption [23]. The Akaike Information
Criterion test proved the applicability of the pseudo-first-order model for the description
of kinetic data.

According to the coefficient of determination values, the pseudo-second-order kinetic
model was shown to be more adequate for the description of GA(III) sorption on multi-
walled carbon nanotubes [2].

Regarding equilibrium studies, the coefficient of determination for the Freundlich
model was higher than that for the Langmuir one (Table 1), indicating its suitability for the
explanation of the process. The Freundlich model is usually applicable for the description
of sorption on a heterogeneous surface. Spirulina surfaces include a wide number of
functional groups, C=0, C-C, C-O-C, P=0O, COO- (v45(COO-) and s(COO-)), CH; and
NHC(O)amiq, which may participate in gadolinium ion binding [29]. According to the
modelling studies, gadolinium biosorption is equally good with carboxyl or phosphate
sites [9].

The maximum sorption capacity of A. platensis was compared with the values obtained
for other sorbents (Table 2). As can be seen, A. platensis has the highest sorption capacity
toward gadolinium ions compared to other sorbents.
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Table 2. Comparison of A. platensis sorption capacity with the literature data.

Sorbent q, mg/g Reference
A. platensis 101 Present study
Multi-walled carbon nanotubes 13.21 [2]
Dibenzo crown ether 1.83 [7]
Dicyclo hexano crown ether 2.02 [7]
Manganese oxide nanoparticles 12.6 [24]
Zirconium silico antimonate 27.2 [25]

To describe the thermodynamics of the biosorption process, the Gibbs energy (AG®),
enthalpy (AH®) and entropy (AS°) changes were calculated (Equations (7)—(9)). The values
of AS® and AH® were obtained from the slope and intercept of the plot of In K4 vs. t1/Tr
(Figure S1).

AS®  AH?
K= "R @)
AG = AH —TAS’ 8)
where Kj is the distribution coefficient:
(Cp—Ce)V
Kg=-—2 /%
d e, 9

Negative values of AG° (Table 3) indicate the spontaneous nature of the biosorption
process, while the negative AH® values of —14.1 k] /mol indicate the exothermic character
of the biosorption. The negative values of AS°® (—7.8 ]/mol-K) suggest a reduction in the
randomness at the solid/solution interface during the biosorption of gadolinium on A.
platensis [30].

Table 3. Thermodynamics parameters for gadolinium biosorption on A. platensis.

Temperature, K AG°®, kJ/mol AH®, kJ/mol AS°, J/mol-K
293 —11.81 —14.1 -78
303 —-11.73
313 —11.65
323 —11.57

3.3. Gadolinium Bioaccumulation Using A. platensis and Assessment of Biochemical Changes
in Biomass

Gadolinium in concentrations of 10, 20 and 30 mg/L did not inhibit A. platensis biomass
accumulation but, on the contrary, even intensified its growth (Figure 3).

Thus, at the addition of 10 mg/L gadolinium, the amount of spirulina biomass was
1.22 g/L, which is 23.4% higher than the control (0.99 g/L). With the increase in gadolinium
concentration in the cultivation medium, the amount of accumulated biomass decreased,
but still remained significantly higher than in the control. Thus, at a gadolinium concen-
tration of 20 mg/L, the biomass increased by 13.9%, and at its concentration of 30 mg/L,
it increased by 10.5% compared to the control. It should be mentioned that A. platensis
accumulated 96-98% of gadolinium ions present in the cultivation medium.

It has been demonstrated that rare earth elements (REEs) can have various effects on
spirulina culture. In the majority of cases, the presence of REEs did not significantly modify
the amount of biomass. At the same time, some of the REEs can ensure an increase in the
values of this parameter. Thus, as was shown previously, Dy and La, depending on the
applied concentration, can ensure an increase in the amount of biomass by up to 19.3%
compared to the control, mainly at a metal concentration of 30 mg/L [31]. Additionally,
Y at a concentration of 20 mg/L provoked a statistically significant increase (by 9.3%) in
biomass with respect to the control [23].
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Figure 3. The effect of gadolinium applied in concentrations of 10, 20 and 30 mg/L on the Arthrospira
platensis biomass (a—p < 0.0005 for difference between sample and control, 1 = 3).

The effect of gadolinium on other photosynthetic microorganisms has also been stud-
ied. For example, in the case of Dunaliella salina, gadolinium in the form of Gd,O3 nanopar-
ticles in concentrations up to 1 mg/L led to a slight decrease in the amount of biomass
during the first 15 days of cultivation, after which a significant increase in biomass pro-
ductivity followed [32]. Additionally, the element’s uptake and biomass productivity can
be influenced by growing conditions. Thus, light intensity modified the effects caused
by REEs, including gadolinium, on the microalgae Trachydiscus minutus and Parachlorella
kessleri [33]. At the same time, the concentration of gadolinium nitrate 30 uM caused a 50%
reduction in the growth rate of the microalga Skeletonema costatum [34]. Thus, the effects
generated by the presence of gadolinium in the cultivation medium can differ depending
on the species of microorganism, concentration of the element and other cultivation factors.

The biochemical composition of the spirulina biomass was subjected to changes under
the influence of gadolinium ions. In Figure 4, data related to the amount of protein and
carbohydrates in biomass grown under standard conditions and in the medium containing
gadolinium ions at different concentrations are shown.
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Figure 4. The effect of gadolinium applied in concentrations of 10, 20 and 30 mg/L on the amount of
proteins and carbohydrates in Arthrospira platensis biomass (a—p < 0.0005, c—p < 0.05; for difference
between sample and control in case of carbohydrates, nn = 3).
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In the case of the first two concentrations of gadolinium, a slight increase in the content
of protein in the biomass was observed—from 66.1% of the dry biomass in the control to
70.2 and 69.3%, respectively, at concentrations of 10 and 20 mg/L. However, at a gadolinium
concentration of 30 mg/L, the protein amount significantly decreased, by 14.4% compared
to the control, and constituted 56.6% of the dry biomass. The phenomenon of the decrease
in the content of proteins in spirulina biomass was also observed in the case of other REEs:
by 16% for Nd [31], by 14.5% for Y [23] and by 17.7% for Eu [22].

The change in the content of carbohydrates is presented in Figure 4. At all applied
concentrations, their content was 19.4-22.0% lower than in the control. However, there
were no statistically significant difference between the experimental variants.

Other REEs also provoking a reduction in the carbohydrate content in Arthrospira
platensis biomass was also observed in the presence of Thus. At the same concentrations of
Y, the content of carbohydrates in A. platensis biomass decreased by up to 16.25% compared
to the control [23]; in the presence of Eu, the reduction was by approximately 27% [22];
in the presence of Er, by 36.7% [21] and in the case of Nd and Yb, by 15.8-21.9% [31]. In
contrast, Sm, Tb, La and Dy stimulated an increase in carbohydrate content in biomass [31].

The change in the content of pigment under the influence of gadolinium is shown in
Figure 5. The content of total phycobiliproteins in the control dry biomass was 14.2%, and
in the experimental variants, this value significantly decreased. The observed effect was
strongly dose-dependent; the amount of phycobiliproteins decreased progressively with
the increase in the concentration of gadolinium in the medium: by 11.2% at a concentration
of 10 mg/L and by 27.9% at a concentration of 30 mg/L.
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Figure 5. The effect of gadolinium applied in concentrations of 10, 20 and 30 mg/L on the amount
of phycobiliproteins, chlorophyll & and B-carotene in Arthrospira platensis biomass. (a—p < 0.0005,
b—p < 0.001, c—p < 0.05 for difference between sample and control, 1 = 3).

The reduction in phycobiliprotein content in spirulina in the presence of an REE is a
common phenomenon. It is well known that a decrease in the amount of phycobiliproteins
in the biomass of cyanobacteria is an indicator of stress, and the presence of an REE seems
to be a stress factor for the spirulina culture, even if often no inhibition of the culture
growth process is observed. Thus, Nd and Yb in a concentration of 30 mg/L reduced the
content of phycobiliproteins by 10.7-19.0% [31], and Y by 18.2-27.5% depending on its
concentration in the medium [23]. In the presence of 30 mg/L of La, Dy, Sm and Tb, the
content of phycobiliproteins was reduced by 50% with respect to the control. Only some
REEs applied in concentrations up to 30 mg/L, for example, Eu and Er, did not provoke a
decrease in the pigment in the spirulina biomass [21,22].
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The amount of chlorophyll « in the spirulina biomass did not change in the presence
of gadolinium, and the value of this parameter was in the range of 0.98-1.0% of the dry
biomass. The constant level of chlorophyll « is characteristic for spirulina biomass grown
in the presence of an REE, and only some of them can significantly modify it. Thus, in the
presence of Y in concentrations of 10 and 20 mg/L, the amount of this pigment increased
by 13.34 and 19.92%, respectively [31]. Supplementation of biomass with Sm [31] and Eu
led to a considerable decrease in the content of chlorophyll « in the biomass [22].

The content of 3-carotene in the control biomass and experimental variants was 0.25%
and 0.24-0.29%, respectively. At gadolinium concentrations of 20 and 30 mg/L, the amount
of 3-carotene increased compared to the control by 10.7 and 14.9%, respectively. Among
REEs, only Eu in high concentrations provoked a slight decrease in the amount of (3-
carotene [22], while other elements, such as Sm, La, Dy, Nd, Yb, Y and Er, did not modify
it [21,23,31].

The effect of gadolinium on photosynthetic pigments in Trachydiscus minutus and
Parachlorella kessleri was studied by Goecke et al. [33]. They established that under the
influence of gadolinium, the content of chlorophyll « in Trachydiscus minutus increased,
and in Parachlorella kessleri, the proportion of carotenoids changed significantly in favor of
oxy forms. The increase in carotenoid content under the influence of gadolinium oxide
nanoparticles was also observed in Dunaliella salina [32].

The modification of the content of lipids and MDA under gadolinium influence is
presented in Figure 6. The content of lipids in the biomass grown in the presence of 10 and
20 mg/L of gadolinium did not differ significantly from that in the control samples, where
the lipid content was 4.80 = 0.13% of dry biomass. A gadolinium concentration of 30 mg/L
caused an increase in the content of lipids in the biomass up to the level of 5.42 & 0.17% of
the dry biomass, which was 112.89% higher.
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Figure 6. The effect of gadolinium applied in concentrations of 10, 20 and 30 mg/L on the amount of
lipids and MDA in Arthrospira platensis biomass. (a—p < 0.0005, b—p < 0.001 for difference between
sample and control, n = 3).

The comparison of the obtained results with those reported for other REEs showed a
good correlation between the obtained data and data reported for La and Y. Only in the
case of these two REEs was an increase in the content of lipids observed (in the case of
La, by up to, 29.1%, and in the case of Y up to 30.7% compared to the control) [23,31]. An
increase in total lipid content under the influence of gadolinium oxide nanoparticles was
also observed in the microalga Dunaliella salina [32].

Most of the REEs caused a reduction in the content of lipids in the spirulina biomass
or did not change it significantly. Thus, Tb, Dy, Yb and Eu were able to reduce lipid content
in spirulina biomass by up to 35%, while Sm and Nd did not affect it [22,31]. A decrease in
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the content of lipids from 27.3 to 21.1% in Trachydiscus minutus and from 15.7 to 14.0% in
Parachlorella kessleri under gadolinium influence was reported in [33].

The content of MDA experimental variants was 58.0-79.0% higher than in the con-
trol. It increased with the increase in gadolinium concentration in the medium, but the
dependence was not directly proportional—at concentrations of 20 and 30 mg/L, the MDA
values were very close, but significantly higher than at a concentration of 10 mg/L.

The increase in the content of MDA in spirulina biomass grown in the presence of
an REE was reported in other studies. Thus, the content of MDA in spirulina biomass
increased upon the addition of La, Dy, Sm, Nd, Yb, Eu, Er and Y to the medium [21-23,31].
The most significant increase—more than two times—was observed under the influence
of Er and Y, and the values obtained for gadolinium were the closest to those reported for
Eu [21-23].

The MDA values obtained for gadolinium and other REEs support the high adaptation
capacity of A. platensis compared to other species of cyanobacteria, for which the doubling
of the content of MDA occurred under the influence of REEs at much lower concentrations.
AtaY concentration of 1 mg/L, the MDA content in Microcystis aeruginosa doubled [35].

The activity of extracts (ethanolic and water) from spirulina biomass grown on
gadolinium-supplemented medium can be seen in Figure 7. The water extracts obtained
from the spirulina biomass, both the experimental and control samples, showed a higher
antiradical activity against the ABTS cation radical compared to the ethanolic extracts.
The extracts of both types obtained from experimental biomass were more active than
those from the control biomass. The highest increase in the activity of the water extract
compared to the control was observed at a gadolinium concentration of 10 mg/L (57.2%
higher compared to the control) and for the ethanolic extract, at 30 mg/L (32.1% compared
to the control).
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Figure 7. The effect of gadolinium applied in concentrations of 10, 20 and 30 mg/L on the antioxidant
activity of Arthrospira platensis biomass. (a—p < 0.0005, b—p < 0.001, c—p < 0.05 for difference between
sample and control, n = 3).

In the previously performed research, the addition of Y into the cultivation medium
resulted in the increase in water extract activity by up to 41.6%, and in the ethanolic one
by 25.5% [23]. Extracts from spirulina biomass grown on Eu-supplemented medium had
activity 37.9% higher than in the control [22]. Additionally, La, Dy, Sm and Tb increased the
antioxidant activity of extracts from spirulina biomass. However, some of the REEs, such as
Nd and Yb, cause a significant reduction in the inhibition activity of the ABTS radical [31].
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4. Conclusions

For the first time, cyanobacteria, namely Arthrospira platensis, were applied for gadolin-
ium ion removal from batch solutions. In biosorption experiments, the effect of the most
important parameters, such as gadolinium concentration, time, pH and temperature, on the
biomass biosorption capacity was investigated. The maximum biosorption of gadolinium
of 101 mg/g was attained at pH 3.0, and it was significantly higher than the values reported
in the literature. The kinetics of the biosorption was better described by pseudo-first-order
kinetic model, while equilibrium data were better presented by the Freundlich model,
suggesting biosorption on the heterogeneous surface. From a thermodynamic point of
view, the process of gadolinium biosorption was spontaneous and exothermic in nature.

In the bioaccumulation experiments, gadolinium ions were almost completely accu-
mulated from the cultivation medium and stimulated biomass growth. The accumulation
of gadolinium in biomass resulted in the decrease in the content of phycobiliproteins and
carbohydrates in biomass, but did not affect the content of chlorophyll « and 3-carotene.
The content of proteins and lipids in biomass changed only at a gadolinium concentration
of 30 mg/L; the changes were expressed by the decrease in the content of proteins and
increase in the content of lipids. Maintaining an adequate level of biomass productivity
was ensured by maintaining the physiological level of photosynthetic pigments and high
level of antioxidant activity of the biomass.

The obtained data showed that cyanobacteria Arthrospira platensis can be applied
for gadolinium removal from wastewater through biosorption and/or bioaccumulation
processes. The accumulated information, along with the data obtained for other rare earth
elements, can be used for the development of the technology for the efficient treatment of
effluents containing several rare earth elements.

Data obtained for stable gadolinium ions can also serve as an analogue for the treat-
ment of radioactive curium.
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