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Abstract

In this dissertation, gadolinium-based contrasinggevere studied in the view
of their possible distribution in the aquatic eoviment. The ICP-MS and ICP-OES
methods were developed and validated for the da@tation of rare earth elements, in
particular gadolinium, in river and waste water &idorella kesslerialgae biomass
and selected sorbents. River and hospital wasterwiabm the surroundings of
Pardubice and Hradec Kralové were analyzed to etalihe contribution of
gadolinium of anthropogenic origin to the so-caligdiolinium anomaly. An increased
content of gadolinium of anthropogenic origin inspdal waste water has been
demonstrated. In laboratory experiments, the gbibt capture gadolinium contrast
agenst (Dotarem®, MultiHance®) and control Gd@){y viable algae oChlorella
kessleriand selected sorbents that may be present incqih@tia environment or are
usable for sewage treatment technologies was a&skeSgynificant differences were
found in the bioaccumulation of gadolinium composificbm real hospital waste water
and from defined laboratory experiments. It wasnfbuhat the adsorption ability
differs for the different forms of gadolinium as las for the individual sorbents that
were included in the study (dead biomas<hforella kessleriactive carbon, humic
acids, lake sediment).

Abstrakt

V ramci této diserténi prace byly studovany kontrastni latky na baziajaia
s ohledem na jejich moznéid&hi ve vodnim environmentu. Byly vyvinuty a
validovany metody ICP-MS a ICP-OES pro stanovewkjprvzacnych zemin, zejména
gadolinia ve vodachic¢nich a odpadnich a v biomasasy Chlorella kessleria
vybranych sorbentech. Byly analyzovatigni a nemocrini odpadni vody z okoli
Pardubic a Hradce Kralové s cilem vyhodnotiispivek gadolinia antropogenniho
puvodu k tzv. gadoliniové anomalii. ZvySeny obsahdaawk antropogennihotgyodu
v nemocnénich odpadnich vodach byl prokazan. V laboratornpdkusech byla
hodnocena schopnost vazat kontrastni latky (DotareMultiHance®) a kontrolni
Gd(NG;); Zivou fasou Chlorella kessleria vybranymi sorbenty, které se mohou
vyskytovat ve vodnim prosdi nebo jsou vyuzitelné v technologiichistiren
odpadnich vod. Byly nalezeny vyznamné rozdily \akiomulaci slotenin gadolinia
z realnych nemocaiich odpadnich vod a z definovanych laboratornimkupgi. Bylo
zjisténo, Ze schopnost adsorbovat se liSi przné formy gadolinia i pro jednotlivé
sorbenty, které byly zahrnuty do studie (mrtva kaggtasyChlorella kessleriaktivni
uhli, huminové kyseliny, jezerni sediment).
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Introduction

The environment is the space in which the orgarlises and is tied to by a
system of bonds representing all external natumdl @ultural influences which give
him favorable living conditions. The environmentfiemed of inanimate, living and
socio-economic influences and components which lsameously and continuously
cooperate and through negative feedback proteelf itsom adverse effects. Man
produces many chemicals to provide him a comfoetdibé but disrupt the natural
balance in the environment. Great attention shbelgpayed to heavy metals that have
negative health effects.

Rare earth elements (REE) seem less sigifnificanr fthis point of view, but
their importance for different technologies conéesuto grow. Gadolonium based
contrast agents (GdCASs) are widely used in medi@nostic methods, especially in
magnetic resonance imaging (MRI). The GdCAs havbeorery stable in the body.
Due to their high stability, they pass the patibody in an unmetabolized form
through a sewerage system into a waste water tesatnplant. Then still
untransformed, they are spread in the water enwiesn. In surface water, gadolinium
content is gradually increasing over the naturatkbeound. Gadolinium forms
disseminate to other environmental compartmentsesmer into food chains. Higher
concentrations of gadolinium of anthropogenic arigre recorded in drinking water
and it is not yet clear what the risks are to then&n population (Ersoy 2007),
(Kinnemeyer et al. 2009).

New analytical methods are developed for the detertion of gadolinium
forms in environmental and biological samples talédw following their fate. The
GdCAs can be monitored in the waste water treatnpeatess that can help to
optimize the cleaning process and remove them.meresting option in the waste
water treatment technology is the use of varioussdrbents including algae that
accumulate easily a relatively large amount of daxietals through biosorption and
bioaccumulation. Due to good sorption ability, widecessibility and financial
affordability, biosorbens are frequently used faoldgical and environmentally
friendly waste water treatment (Chojnacka 2010glé€quez and Dussan 2009).

The objectives of this work are:

(1) To develop and validate ICP-MS and ICP-OES mettodshe determination
of rare earth elements, in particular gadoliniumyiver and waste water and
Chlorella kessleralgae biomass and selected sorbents with as semgdenple
preparation as possible.

(i)  To evaluate the contribution of gadolinium of ao{hwgenic origin (the
gadolinium anomaly) for surface and hospital wastgter from the East
Bohemia region.

(i) To evaluate, in laboratory experiments, the ability capture gadolinium
contrast agenst (Dotarem®, MultiHance®) and cor@d{NG;); by fresh algae
of Chlorella kessleriand compare with capability to remove gadolinilomis
from hospital waste water.

(iv)  To test capability of selected sorbents that magresent in the aquatic
environment or are usable for sewage treatmenhtdobies was assessed (e.g.
dead biomass dEhlorella kessleriactive carbon, humic acids, river sediment)
to adsorb gadolinium compounds.
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1. Theoretical Part

1.1 Elements of rare earths and gadolinium in the envonment

Gadolinium is a member of lanthanidea group of 15 elements ranging from
lanthanum to lutetium with atomic numbers-571 (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb a Lu). Together with scandiand yttrium, a group of rare
earth elements (REE) is formed. All REEs exhibimitar chemical and physical
properties (Zawisza et al. 2011), (Lindner et &1%), (Kanazawa and Kamitani
2006), (Jordens et al. 2013). REE can be usedasn@ponent of catalyst mixtures,
polishing compounds for polishing glass, mirrors siicone chips, and from the
production of luminophores for compact discs (T@086), (Hatch 2012), (Mancheri
et al. 2013), (Liang et al. 2005).

Gadolinium has the atomic number 64 and is the ahiynent of the REE
family that is ferromagnetic at low temperaturesad@inium has interesting
metallurgical properties, improves the workabibiyd resistance of Cr, Fe and related
alloys at high temperatures. Gadolinium-yttriumrgaris used for the production of
magneto-optical films. Gadolinium doped Ce is thiy@rystal used as a scintillator in
medical imaging technology. Gadolinium in the fooh stable complexes plays a
significant role in medicine as contrast agentsnaging techniques (Ewa Bobrowska-
Grzesik 2013), (Ersoy 2007), (Li et al. 2014). Gadom and other lanthanides in
ionic forms can bind to S-transferase, dehydrogernkdease, ATPase, and glutathione
coenzyme enzymes and inhibit calcium ions in bidalg processes. They can
influence calcium channels, leading to adversecesfassociated with blood clotting,
contraction of muscles, nerve impulses, etc. (Rhmal al. 2016), (Rogosnitzky and
Branch 2016), (Sherry et al. 2009).

The most commonly used contrast agents (CAs) areh8ldtes, which must be
very stable to avoid the release of toxic®Gidns. After intravenous administration,
the gadolinium chelates, are eliminated from thdybom the renal pathway in the
range of 70- 90 minutes in the unchanged form. (Ersoy 2007)eflal. 2014). The
contrast agents are divided according to the straaif the chelate to linear and cyclic
and to ionic and nonionic. Linear chelates are \fyible, open chains that do not
provide a strong bond with &d Cyclic chelates, on the other hand, bind*Geery
strongly; the ion is closed in a circle resultimghigher stability of the complex and
less dissociation susceptibility. The non-ioniekhn GdCAs include OptiMARK® and
Omniscan®, the ionic linear GACAs are Magnevist® aviultiHance®. Another
group is the non-ionic cyclic GACA (Gadovist® antbiPance®). The only ionic
cyclic GACA is Dotarem® (Telgmann et al. 2013), g@snitzky and Branch 2016).

The stability of chelates can be influenced by emmental conditions, pH
values, the presence of other metal ions or ligaaad their concentrations, the
presence of ions such as ZnCuy* and C&" should be mentioned, because
transmetallation can occur, i. e. the binding @s#hions to the complex instead of the
free Gd* (Telgmann et al. 2013), (Cacheris et al. 1990)sd§ 2007). The toxic
potential of GACA and their risks have not yet bédly investigated (Lindner et al.
2015).



1.1.1 Gadolinium of anthropogenic origin

The spreading of rare earth elements in the Egdtem is largely affected by
anthropogenic influences. In contrast to the nataos of rare earth elements, the
gadolinium content is gradually increasing. Soeamlpositive gadolinium anomaly is
encountered not only in waste water treatment plasiirface and coastal areas of
developed countries but also in drinking water Z&8tle-Gonzéalez et al. 2017).
Positive gadolinium anomaly is described practcadll over the world. It is
associated with the use of contrast agents for gtaggresonance. After examination
of the patient, GACA is excreted in non-metaboliauin within a few hours into
hospital sewerage from where it enters the wastentieatment system and from here
into surface and groundwater (Lindner et al. 20{l3)dner et. al 2015), (Brinjes et
al. 2016), (Birka et al. 2016). For assessing apbgenic impacts on the propagation
of rare earth elements, it is common to relater tb@ntent to a standard that represents
the average composition of the earth's top cragtractice, the Australian shale PAAS
(Post-Archean Australian Shale) geological stangaadten used in this normalization
process (Piper and Bau 2013).

1.2 Removal of metals from waste waters

Conventional methods to remove heavy metals fragnetfivironment, such as
chemical precipitation, membrane separation, easjmor or ion exchange, are not
very effective, and can also be expensive and ennientally hazardous (Chojnacka
2010), (Edris et al. 2012).

An appropriate alternative to conventional techemjufor removing or
recovering metals from contaminated waste waterbeansing of biomass. Both live
and dead biomass cells capture toxic metals vdigiegitly through biosorption and
bioaccumulation (Chojnacka 2010), (Velasquez andsBuo 2009), (Kadukova and
Vir¢ikova 2005), (Gadd and Rome 1988), (Cho et al. 1994

1.2.1 Biosorption

In biosorption, a sorbate, e.g. pollutants (metad)ound on specific surface
sites of the material of biological origin, notaritving biomass. The sorbate captured
on the surface of the biological material is thegemerated, sorbate is obtainable with
the eluent and reused. It is very important to fcédlseselect a desorption agent whose
low volume removes all sorbate from the biomassilevpreserving the sorption
properties of the biosorbent. Biosorption is notabelic dependent, it occurs in dead
biomass and there are no problems with metabodidymts. Non-living biomass is not
affected by the toxic effects of metals, so biosorpmay take place over a wider
range of working conditions than would be apprapriar living cells. In comparison
with bioaccumulation, the biosorption is establéled a faster rate, ranging from a
few minutes to hours at optimum pressure and teatypey. Biomass can be used
repeatedly several times, is capable of concengyahe metal about 1000 times, and
has been described for use in biohydrometalurgy l@aodeochemistry (Mattuschka
and Straube 1993), (Volesky et al. 1993), (Ahlugvaland Goyal 2007),
(Vijayaraghavan and Yun 2008).

For the sorption of heavy metals, the use of naingi biomass of algae, ferns
and aquatic plants is used as a sorbent. Partige@tiective sorbents are, for example,
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various kinds of fungi, yeasts etdRKizopus Aspergillus Streptoverticiliumand
Saccharomyces) Bacteria have also a high sorption potenti@adjllus sp,
Pseudomonas Zoogloea, StreptomycesAmong the very good candidates for
biosorption process, marine photoautotrophic migganisms. whose sorptive activity
is comparable to the green algae of the gdbhlerella. These algae are excellent
metal sorbents, their easy availability and thesfigy of cultivation in laboratory
conditions is also an advantage (Volesky et al.3200Ahluwalia and Goyal 2007),
(Ahalya et al. 2003), (Chojnacka 2010), (Kadukornd ¥ircikova 2005).

1.2.2 Bioaccumulation

The mechanism of bioaccumulation is more complex thiosorption. It is an
active process dependent on the cellular metabatibiving cells. The activation
energy of bioaccumulation is about 63 kJ.Mmathich is about 3times higher than the
activation energy required for biosorption. Bioattlation takes place in two phases.
The first phase is fast and is identical to bioforp and in a subsequent slower phase
the sorbate is transported to the interior of tbkscln the intracellular space, metals
are bound to cytoplasmic ligands, phytochelatirs rmetallothioneins. In this process,
it is possible to achieve a lower concentratiorpoffutants because the cells provide
binding sites both on the surface and inside thie Bg bringing bio-accumulation of
some of the pollutants into the interior of thel,ctie binding sites present on the
surface are released so that other substancesectmound to the surface. Gradual
growth of biomass makes possible to bind even npmitutants. Bioaccumulation
allows a lower residual concentration of pollutants the environment than
biosorption. (Chojnacka 2010), (Posten and Chei6R01



2. Experimental Part

2.1 Chemicals and samples

All the reagents used were of analytical-reagenadgr Demineralized water
was further purified using the SG Ultra Clear syst¢SG Water, USA). 14.4 mot.|
HNO; (LachNer, Czech Republic) was distilled in sublibgi distillation equipment
(BSB 939 IR, Germany). A commercially available tralement stock standard
solution containing 100 mg-lof elements “A” (La, Ce, Nd and Pr) and 20 riigof
elements “B” (Dy, Er, Eu, Gd, Ho, Lu, Sc, Sm, Tbm,TY and Yb) (Analytika, the
Czech Republic) and single-element standard solfic000 + 0.002) gl of Gd (the
Analytika, Czech Republic) and In (SCP Science,ada) were used for instrument
calibration and sample spiking. Standard solutiomstaining Gd (inug.I™") 500, 100,
50, 20 and 10 for the ICP-OES determination and3a.@ 10, 15 and 20 for the ICP-
MS analysis were prepared. The ICP-OES standardskamks were acidified with
HNO; to final concentration 3.5 motl The ICP-MS multi-element standards
containing (all inug.I") 0.1, 1.0, 2.5, 5.0, 10 and @belements “A” and 0.02, 0.2, 0.5,
1.0, 2.0 and 5.0f elements “B” were used. Each of the ICP-MS bfardtandards,
spikes and samples contained an internal standaird the final concentration of 0.5
ng.I*and 0.14 molt HNOs. Injection solution of contrast agent Dotarem® ifAmn
gadotericum, 0.5 molY lot number: 13GD111B; Geubert, USA) and MultiHa®c
(Dimeglumine gadobenas, 0.5 md).llot number: S3P273A; Bracco Imaging,
Germany) were used together with Gd@¥® H,O (analytical-reagent grade, Sigma
Aldrich, Co., USA) in batch experiments. Analyticehgent grade NaNQ
CaCbh.2 H,0, MgSQ..7 H,0, K;HPO, NaCh, KH,PQ,, EDTA, KOH, FeSQ.7 H,0,
H:BOs;, MnCl,.4 H,O, MoG;, CuSQ.5 H,0O, Co(NQ),.6 H,O, H,SO, (96 %) (all
LachNer, the Czech Republic) were used for premaradf the Bold-Basal/Bristol
Medium (BBM) (Andersen 2005). Fresh water al@ddorella kessleriwere obtained
as a suspension in the growth medium from the Bgeohl Laboratory (University of
South BohemiaCeské Budjovice, the Czech Republic). Hospital waste wateese
sampled (2 | each) at the University Hospital ohttrc Kralové (the Czech Republic)
in the waste pipe of the magnetic resonance wotkp(®R) and in the waste water
treatment plant (WWTP) in January 2015 and March52®River water samples were
collected from rivers in Eastern Bohemia (in Mayl2010 places). Quality control
material METRANAL® 8 Green Algae (Analytika the @reRepublic) and certified
reference material (CRM) BCR®-670 Aquatic plantNIK, Belgium) were used for
validation of ICP-MS and ICP-OES methods. As salidsorbents, humic acids
prepared by acid precipitation of their Na salt Haam (Humatex, the Czech
Republic), the active carbon CHEZACARB 5H (Unipétithe Czech Republic), the
inactivated biomas€hlorella kessleriobtained in dried form (Institute of Botany of
the Czech Academy of Sciencesebai, the Czech Republic) and the lake sediment
(collected from the Matni Lake, Pardubice, the Czech Republic) were used.
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2.2 Preparation of samples

The algaeChlorella kessleriwere cultured in a sufficient amount for the
following experiments under artificial white ligh00 nm (Osram 18 W/840, Osram,
Germany) for 12 h a day (from 7 to 19 h) in theolabory at the room temperature in
a BBM containing essential nutrients. About 50 rhitlee algae suspension (about
4 x 10 cells mI') was inserted into the 500ml sterile Erlenmeyaskland made up to
the final volume of 200 ml with: (i) growth of BBNhedium; (ii) growth medium
BBM with addition of Gd as Gd(N£), Dotarem®, MultiHance® about
concentrations 2, 20, 1Q@.I'"; (iii) waste water from the building of a MR wollkge
from the Faculty Hospital in Hradec Kralové; (ivaste water from the WWTP from
the Faculty Hospital in Hradec Kralové. The algagencultivated under artificial light
(12-h period) for defined periods (0.5, 1, 2, 3,1D, 14, 21 and 33 days). After
cultivation, the algae samples were harvested usiadg=ppendorf Centrifuge 5804 R
(Eppendorf AG, Germany; 5 min, 10 °C, speed 3000, the rotor GH 3.2). The algae
was rewashed three times with DW and dried in arkiory oven UM 400 (Memmert,
Germany; 48 h, 70 °C). Dried algae (precisely abs@tmg) were inserted with
distillatively purified HNQ (6 ml) to the microwave oven SpeedwaveTM MWS-2
(vessels DAC-70S, 100 barr, 1450 W; Berghof, Gegpaleft in an open vessel
(30 min) and then decomposed (160 °C, 5 min, 80 @ower; 200 °C, 10 min 80 %
of power and 10 min without heating). The mineedisamples were filled up with
DW in 25ml volumetric flasks and stored in acid-Wwag polyethylene bottles at
-20 °C until analysis. The digested algae and sarbjainks were diluted tenfold with
DW and the internal standard In was added \{@.5") before for the ICP-MS analysis.
In the ICP-OES analysis, the samples were useaduititiurther dilution.

Hospital waste waters were sampled in January 201b March 2015. The
samples were filtered through filter paper K4 (Rapk PerStejn Keseg & Rathousky,
Pernstejn, the Czech Republic) and divided. Onewas used directly in the growth
experiment, the second part was acidifiédl4 mol.I* HNOs;) and stored in sterile,
acid-cleaned polyethylene bottles at -20 °C upnalysis. Samples of waste water
were decomposed using 20 ml of the sample togethkré ml of distilled nitric acid
and the same temperature program as for algaecddied decomposed samples were
transferred to volumetric flasks and made up torB0vith DW. The samples were
stored in acid washed polyethylene vials up to yammlat -20 °C, prior to analysis
diluted tenfold with DW and the internal standand Wwas added in the final
concentration of 0.5g.I™.

River water samples were collected from rivers iay\2015. The samples were
transported to the laboratory in a cooling box (gbé °C), filtered, acidified and
stored as detailed above. The river samples weaalyzad without digestion after the
addition of internal standard In (final concenwatof 0.5ug.I™).

As solid adsorbents, humic acids, the active carlio@ inactivated biomass
Chlorella kessleriobtained in dried form and the lake sediment wesed. The lake
sediment was more of a sandy character with a higineportion of inorganic
components and it was not characterized in termgsothemical composition. The
lake sediment was dried in a laboratory oven (Memn&ermany; 48 h, 105 °C) and
sieved (sieve 2 mm mesh). The 0.2 g of a solid rbdstw was weighed into 250ml
volumetric flasks and made up with 200 ml of Gdusiohs (final concentration of Gd
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2, 20, 100pug.I'") and inserted into a laboratory shaker (Vibram@0 Heidolph,
Germany) for time according to an experiment (@,52, 3, 6 and 12 h). The samples
were filtered through filter paper K4. Liquid pamsre acidified §.14 mol.I' HNOs)
and stored in acid-cleaned polyethylene bottle@@t’C up to analysis. The adsorbent
parts were dried at 70 °C in the laboratory ovenl® h. About 0.2 g of the solid
adsorbents with 6 ml distilled nitric acid weretlér 30 min in an open vessel and
then decomposed and treated in the same way asgdre samples.

About 0.3 g of the certified reference material BEER70 Aquatic plant or the
quality control material METRANAL® 8 Green Algae it 6 ml distilled nitric acid
was left for 30 min in an open vessel and then aposed and treated in the same
way as the algae samples. The METRANAL® 8 matewak spiked before the
decomposition with the Gd solution to a final camcation of 1ug.I'* and in one case
0.2ug.I™. In the ICP-OES analysis, the samples were useduiitturther dilution.

2.3 Instrumentation

The orthogonal time-of-flight ICP-MS spectrometemptithass 8000 (GBC
Scientific Equipment, Australia) equipped with tbencentric nebulizer MicroMist
(0.4 pl.min™) coupled with the 70 ml thermostaic (10 °C) cyatospray chamber
(both Glass expansion, West Melbourne, Australias wsed for analysis of Gd in
algae samples and all of REE in river and wasteewaamples. The operating
conditions of the ICP-MS analysis were adjustectdmpromise the sensitivity and
resolution of the instrument féf°U as well as to obtain the minimal L&0a" and
UO*/U* ratios (usually less than 4 %): sample flow-rae @l.min*; plasma power
1250 W; plasma, auxiliary and nebulizer gas flovesavere 12, 0.8 and 0.98 ml.min
! respectively, and multiplier gain 2400 V. The sigiwity of 50000 counts.s and
55000 counts:5for 1 pg.I* (mass integrated peak) and resolution of 1500 Jai%D
were attained fot**La and for**®U. The external calibration with the internal stardi
In was used for quantification. A peak area modes-$§econd data acquisition time
and ten replicates were used for measurement.t®dleawanted ranges of m/z were
excluded (10 — 44.5; 55 — 57 and 78 — 81) from dete using the device “smart
gate”. Working isotopes'{La", **°Ce", **'Pr", Nd"*, *'sm’, Eu’, PG, T,
%py*, 10", B, °Tm®, 12yb*, 1Lu*) were selected with regard to possible
isobaric overlaps of interfering ions with the samass (Krgjova et al. 2012). Their
selection was carried out using both a spectralaib integrated in equipment
software, and a mass spectrum of samples.

The analysis of Gd in mineralized samples of algas carried out with the
sequential, radially-viewed ICP-OES spectrometetedra XL (GBC Scientific
Equipment, Australia), equipped with a concentgbulizer and a glass cyclonic spray
chamber (both Glass Expansion, West Melbourne, rAlisf. The measurement
conditions were optimized based on Gd signal-td«gamund ratios. The analytic
emission was based on the difference between tiwsiem intensity measured on the
top of the peak and the background near the pdak.emission lines used were Gd |
336.223 nm and Gd | 342.247 nm. The operating tiomdi of the ICP-OES analysis
were as follows: plasma power 1000 W, sample flaterl.5 ml.miif, plasma,
auxiliary and nebulizer gas flow-rates were 10, &h6 0.65 ml.mifl, respectively,
photomultiplier voltage 600 V, view height of 6.5mmten replicated readings on-peak
1s and fixed point background correction.
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3. Results and discussion

Firstly, appropriate materials were prepared,fieshwater algae were cultivated
in the laboratory enriched in Gd in various wayke hext step was the development
and validation of ICP-OES and ICP-MS methods f@& tletermination of REES, in
particular Gd, and waste water atdhlorella kesslerialgae biomass and selected
sorbents with a simple sample preparation as pessib

3.1 Validation method

Applicability and validity of the ICP-MS and ICP-@Einstrumentations were
evaluated based on a limit of detection and quaatibn (LOD, LOQ), sample
blanks, analysis of reference materials and thevesy study. The LODs and LOQs
for ICP-MS determination were evaluated as the eotration of three times and ten
times, resp. the standard deviation of intensityasneed near the monitored ion peak
for the standard solution of ten replicates. TheDsOand LOQs of ICP-OES
determination were estimated as the concentratiaihree times and ten times, the
standard deviation of the intensity of the backgubuworrection measured for the
standard in ten replicates. These instrumentalegaluere multiplied by a dilution
factor related to the sample preparation steps fwianalysis. Depending on the single
REE, the procedural LOQs for the ICP-MS analysisrivér waters (all inug.I™)
ranged from 0.010 for Tm to 0.016 for Ce. The LAQsthe analysis of waste waters
(all in pg.I™) ranged from 0.026 for Tm to 0.040 for Ce. In tase of Gd in the algae
samples and sorbent (all in mggthe LOQ of 0.090 and 0.023 was achieved for the
ICP-MS resp. 8.7 for algae samples the ICP-OES4@i 2317 nm. Both the ICP-MS
and ICP-OES LOQs were suitable for the analysi&ofin the algae samples spiked
with Gd just prior to the mineralized step. In otloases, the less demanding and
readily operated ICP-OES was not suitable. The @demnts in sample blanks, which
included a calibration sample blank, a growth sanipénk (only the BBM medium
under the batch experiment condition) and a miretbn sample blank (only pure
HNO; treated with the decomposition step) were beloavt®D and confirmed the
absence of contamination risk in the process. TBE Bontents in the sample blanks
were determined below the corresponding LODs andfitoed the absence of
contamination risk in the process.

The ICP-MS and ICP-OES validation were performeadugh a recovery study
and repeatability (as a relative standard deviatiR8D) of calibration standards,
spiked algae samples and reference materials.

For the calibration standards of ICP-MS (Qg.I" and 1ug.I* of elements
“A”0.02 pg.I* and 0.2ug.I"* of elements “B”) analyzed randomly throughout the
study, recoveries 91.9 — 102 % and RSD 2.3 — 4\Be¥e obtained. The waste water
treatment plant, sample was spiked with REE (famalcentrations were Oig.I* and
1 pg.I* of elements “A” + 0.02ug.I'* and 0.2ug.I* of elements “B”), decomposed in
the microwave oven (n = 10) and recoveries weraddo be 91.7 — 103 %, RSD were
2.9 — 7.9 %. The recoveries for the Gd standardsaligae and biosorbents (1 and
10pug.I'*, n= 10) were 94.4 — 101 % and RSD 2.1 — 2.9 %chvivere analyzed
randomly throughout the study. The recovery foraalgcultivated only in the BBM
and enriched with Gd(N§;, the final concentration 1, 2 and {6.I", n = 10) were
96.9 % (RSD 3.1%), 93.6 % (RSD 4.2 %) and 94.8 %BOQRL.0 %). The quality
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control material METRANAL® 8 was spiked with Gd(N@(2 and 10ug.I™* ‘of Gd in
the final digests; n = 10), Dotarem® and MultiHa®c€0 pg.I* 'of Gd in the final
digests; n = 4) before the mineralization step. Trieeoveries were obtained
93.8 — 101%, RSD 1.2 — 7.6 %. The certified valoeGd in the certified reference
material BCR ®-670 Aquatic Plant was 0.098 + 0.068.kg* which was in good
agreement with the found value of 0.092 + 0.008kgigfor the ICP-MS analysis for
1%8Gd. The achieved recoveries, repeatabilities an®4.®ndorsed further use of the
method.

For the calibration standards of ICP-OES (0™ and 20ug.I" of Gd) analyzed
randomly throughout the study, recoveries 99.8 #ddl % and RSD 3.9 and 7.1 %
were obtained. The recovery for algae (cultivatety an the BBM and enriched with
Gd(NO;)s, the final concentration 10 and 26.I", n = 10) were 94.5 % (RSD 3.1%),
102 % (RSD 2.7 %). The quality control material MEANAL® 8 was spiked with
Gd(NO;); (10 and 20pg.I* 'of Gd in the final digests; n = 10), before the
mineralization step. The recoveries were obtaine@ % and 92.6 %, RSD 3.9 % and
6.2 %. The ICP-OES analysis of BCR®-670 did not éhav sufficient detection
capability. The achieved recoveries, repeatalslitiegether with the Ilimits of
detection.

3.2 Rare earth elements in hospital and river waters

Natural concentrations of REE in the river envir@min are related to the
geological composition of the bedrock and exhibitypical concentration pattern
(Weltje et al. 2002). Gd of anthropogenic originvidées from this pattern. The
amount of natural Gd can be estimated from theheigring elements, usually Sm
and Tb, by interpolation (Bau et al. 2006), (Morteat al. 2006), (Kulaksiz and Bau
2007). In the present study, various water sampksg analyzed in order to estimate
the ratio of natural and anthropogenic Gd. The Rfffacentrations found were
normalized to the post-Archean Australian Shale ABAgeological standard (Piper
and Bau 2013). A very simple equation was usedianomalies (Gdon): Gthnom=
GdDAAS—tota/ GdDAAS—naturaI: GdDAAS—tota/ (O-SSSmAAS + 0-67Tb’AAS), where GdAAS—naturaI
is the normalized natural background Gd concewoima@stimated by interpolation
between Sm and Tb, Gghs_ota IS the normalized total concentration found in the
samples, Seas and Thyaas are the normalized concentrations of the neighhgur
elements used for interpolation. The ratio Of pfad-total GOpaas-natural FeVeals the
presence of the anthropogenic Gd but also depend$he natural background Gd
concentration, the threshold for this ratio indiecgtthe Gd anomaly is 1.5 (Bau et al.
2006). Table 1 presents the results for Gd. In temdito the determined
concentrations, the content of natural and antlgepiz Gd, the percentage of natural
Gd and Gd anomalies are calculated. This table stibgvdifference in anthropogenic
Gd between waste water and river waters. The irmgfutanthropogenic Gd is
0.856— 1.510pg.I"* for waste water and 0.01390.0270ug.I"* for river waters. The
content of REE in the samples normalized to the BAgiandard, are depicted in
Figure 1 and shows differences in dependence fepitad wastes and river water.

For all samples analyzed, a Gd anomaly was foundilaa difference between
hospital waste water and river water. The highesues were found for water
collected directly in MR sewage pipes (126 and 195yhtly lower in waste water
treatment plants (140 and 146), where MR waste niatenixed with other waste
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water streams and the composition is also time ribigg@ on operation MR. When
compared to a threshold of 1.5, all river water glas showed a Gd anomaly. There
are two hospitals in the East Bohemian region ltage a workplace with MR (Hradec
Kralové and Pardubice). The highest ratio (3.37% whtained for samples from the
Elbe River in the Valy, which lies downstream oé tbity of Pardubice. The second
highest value was found on the Elbe in Kiice (3.14), located between Hradec
Kralové and Pardubice. Ratios from other samplitgss(on the river in front of
hospitals) ranged from 2.28 to 3.10. The Man-Whijthktest revealed a statistically
significant difference between the ratios for riveater sampled before and behind the
hospitals on the flow (p-value 0.0058).

Positive Gd anomaly found in waters in the Berlneaawas reported: Gd
concentrations of 0.01:31.069 ng.f were found in river waters, 0.1161.160 ng.f
in surface waters, 1.410 ng.lin waste water (Knappe et al. 2005). Higher
concentrations of Gd and Gd of anthropogenic origafi probably continue to
increase in waters after treatment in WWTPs, a$ agein surface waters, as currently
operated WWTP technologies are unable to purifytevaster from stable complexes
of GdCA.

Table 1: Results of Gd analysis in waste water and rivaerga

Gd GClantrop. GCtwatural Gd1atural Gdanomaly

Code Sampling place alt | gt Lol %
H MR, January 2015 3.99 0.856 0.007 0.79 126
H MR, March 2015 7.04 1.51 0.008 0.51 195
H WWTP, January 2015 431 0.926 0.007 0.71 140
H WWTP, March 2015 4.06 0.871 0.006 0.68 146
1 Se& dam 0.065 0.014 0.006 43.6 2.28
2 Chrudimka, Nemosice 0.071| 0.015 | 0.006 41.7 2.40
3 Chrudimka, Pardubice 0.120| 0.026 | 0.008 30.4 3.27

Confluence Elbe and Chrudimka,

4 Pardubice 0.094| 0.020 0.007 324 3.10
5 Louwind, P&éaply 0.091) 0.020 | 0.008 39.9 2.51
6 Orlice, Hradec Kralové 0.720| 0.015 | 0.007 43.7 2.28
7 Elbe, Pednetice 0.080| 0.017 0.008 45.6 2.19
8 Elbe, Hradec Krélové 0.110| 0.024 | 0.008 34.8 2.87
9 Elbe, Kurtice 0.105| 0.023 0.007 31.8 3.14
10 Elbe, Valy 0.126| 0.027 0.008 29.7 3.37

15



=== MR, January 2015

==@=MR,March 2015

15 e \WWTP, January 2015
, N x  WWTP, March 2015

== Sa& dam

=== Chrudimka, Nemosice

=== Chrudimka, Pardubice

== Confluence Elbe and

Chrudimka, Pardubice
Louena, Paaply

0,5 - === Orlice, Hradec Kralové
Elbe, Redmeiice

Elbe, Hradec Kralové

T
P

X aal ;
0 H% X X X X X X S % Elbe, Kurtice

La Ce Pr NdSm Eu Gd Th Dy Ho Er TmYb Lu
Rare earth elements

Figure 1: Content of REE in analyzed samples normalized t& A

The concentration of REE normalized to PAAS

Elbe, Valy

3.2.1 Rare earth elements in Maténi Lake

The lake sediment from Méti Lake was analyzed together with water
samples. Samples were taken by employees of Uitlerk Pardubice, Institute of
Environmental and Chemical Engineering. There wassampling from each specific
location. The content of REE normalized to the PA#t&ndard (chapter 3.2) for
samples from Matni Lake is shown in Figure 2. In addition to thetedmined
concentrations, the content of natural and antlgepiz Gd, the percentage of natural
Gd and Gd anomalies are calculated. The Gd corténthe lake sediment is
7.75— 11.7ug.kg" and in the lake water 0.1130.130pg.I", which correspond with
analysis of water taken from the Chrudimka Rivearniglaticni Lake as diseribed in
the previous section of 0.13@.I". The table shows the difference in Gd anomaly
between lake sediment (2:-12.6) and lake water (3:23.5). The Man-Whitney U-test
revealed a statistically significant differencevieegn the ratios for river water sampled
before and behind on the flow the hospitals (p-watd 0.0222). Based on these
different values, it can be assumed that the aptigenic Gd is present in a soluble
form in water rather than adsorbed on the sedinfadording to the observations, the
lake sediment is of a sandy nature and does nakicomore sludge and organic
matter, which could be adsorbed substances suGliGs.
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Table 2: Results of Gd analysis in lake sediment and la&&emw

Code Gd Gdintrop. Gdhatural Gdhatural Gd anomaly
sediment ung.kg %
sl 11.7 2.52 0.973 38.6 2.59
s2 10.6 2.27 0.935 41.2 2.43
s3 9.26 1.99 0.835 42.0 2.38
s4 7.75 1.66 0.813 48.9 2.05
s5 8.52 1.83 0.767 41.9 2.38
s6 9.75 2.09 0.964 46.1 2.17
s7 8.81 1.89 0.885 46.8 2.13
water pg.r* %
wil 0.121 0.026 0.008 31.6 3.16
w3 0.116 0.025 0.007 28.3 3.53
w6 0.130 0.028 0.008 29.6 3.38
w7 0.113 0.024 0.008 31.5 3.18
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Figure 2: Content of REE in samples from Mati Lake normalized to PAAS standard
(s1-s7 sediments, wl, 3, 6, 7 waters).
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3.3 Bioaccumulation of gadolinium forms inChlorella kessleri biomass

In the study, the cyclic ionic Dotarem® and linddultiHance®, the most
frequently applied and most stable Gd chelates$erihiy in thermodynamic stability
constants (MultiHance® 22.6, Dotarem® 28.8, More088), were used. Gd(NR
represents an ionic form of Gd. The ¥5dnd Gd agents differ significantly in their
structures and a dissimilar affinity to adsorberats be expected.

In biosorbent characterization or technologicaldsts, metal concentrations
ranged from milligrammes to grams per litre (Choke 2010). In the case of
bioconcentration studies, the initial concentratisas 100ug.I* of Gd (Hao et al.
1996), (Hao et al. 1997), (Hao et al. 1998), (Yatgal. 1999). Our study aims to
reflect the Gd concentration in hospital waste wéte to tens of mg) and surface
waters (belowug.I') (Morteani et al. 2006), (Kilnnemeyer et al. 200®esh algae
were spiked with 2, 20 or 1Q@y.I"of Gd.

The work was divided into two parts, which differedthe substance used, its
concentration and the time of cultivation of algéke aim of the first pilot phase was
to determine whether th@hlorella kesslerialgae were able to capture Gibns from
the solution. In a positive finding, thus detecéabimount of Gd in biomass, it was
possible to continue in the extended experimene &kperience gained in the pilot
phase further resulted in a workflow adjustmentalEation of experiments was based
on a bioconcentration factor (concentration of Gdiligae to concentration of Gd in
medium: BCF = ggae/ Gredium @nd on evaluation of sorption efficiency.

3.3.1 Pilot phase of bioaccumulation experiment

In the pilot phase of work algae were cultured iwve freplicates in BBM
medium with the addition of 100 pg.IGd in the form of Gd(Ng)s, next on in the
waste water from the MR sewage piping and in thetevavater from the WWTP
discharge in the University Hospital in Hradec krad.

The evaluations of the results were done with th@an concentration of Gd in
the medium at the beginning of the experiment anld the known content of the Gd
in the biomass in the end of the experiment. Thevgr medium in the end of the
experiment was not analysed. The results are suizgdan Table 3.

Different BCF values (all in 1.K§ were found in algae cultivated in BBM
medium with the addition with Gdof 100ug.I"(1100), in the MR (2300) and WWTP
waste water (4400). These differences can be infe@ by significantly different Gd
concentrations in the enriched BBM medium (100™) and approximately 2g.I" in
real waste water. The cause may also be the pres#rdifferent chemical forms of
Gd in the growth medium. In the case of enrichedvBBedium, it is only Gd(NG)s.
The original unchanged forms of contrast agentspaobably present in the waste
water from MR, but the Gd species spectrum may beemaried on the effluent from
the WWTP. At cleaning in WWTPs, waste water is satgd to physico-chemical and
biotransformation processes that can lead to clermianges in Gd species in waste
water (Telgmann et al. 2013). The presence of wilpeé Gd specimens including
possible original contrast agents is assumed. Haal. estudied the effect of REE
chemical species on the bioconcentration capaditgtdorella vulgarize beijerinck
and noted a high dependence on chemical specimeaesewhe presence of organic
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ligands resulted in reduced algal deposition. Tit@&s do not report a specific BCF
(Hao et al. 1997).

From the decrease concentration of Gd during thpemxent (G edium-decrease
(Cmedium-beforé Cmedium-afte) / Crmedium-before X lOO), it is clear that the algae was able to
remove 15 — 38 % of the present Gd regardlessdbrim (Table 3). From this pilot
phase bioaccumulation experiment, the followingatasions can be made: (i) in the
algae, such an amount of Gd was obtained thatnitbeareliably analyzed by ICP-
OES, in a laboratory-simpler way than ICP-MS, (measurable results were also
obtained in algae the cultivated in waste watei), tfie procedure for washing and
centrifuging of algae after cultivation has beevised and shortened

Table 3: AnaIyS|s of Gd in algae in the pllot phase ofﬁxperlment

Growth medlurﬁ C medlumlbefore C medlurrlafter C alga(::‘ BCF C medium-decreace
ug.l ug.l mg.kg* l.kg™ %

1 BBM + Gd 100 62.7+5,1 81.546,8 1210 37.3
2 BBM + Gd 100 83.2+7,2 84.748,1 1020 16.8
3 BBM + Gd 100 70.1+8,1 79.845,9 1140 29.9
4 BBM + Gd 100 68.35,9 75.2+5,9 1100 31.7
5 BBM + Gd 100 78.6x4,9 80.3+9,1 1020 21.4
MR, January 2015 2.10+0,21 2.02+0,19 5.22+0,59 | 2580 38.1
MR, March 2015 273+0,26 2.30+0,25 | 4.73+0,38 | 2060 15.8
WWTP, January 2015 164+0,16 1.32+0,11 | 5.23+0,53 | 5130 19.5
WWTP, March 2015| 143+0,12 0.93+0,10 | 3.49+0,33 | 3750 35.0

a) algae were cultured in: (i) BBM medium with Gtl1®0 pg."; (i) waste water from MR
workplaces; (iii) waste water from WWTP; b) Gd wadetermined in growth medium before

and after the experiment in algae; ghdanrdecreace= (Gnedium-befora Cmedium-afte) / Cmedium-beforeX
100.

3.3.2 Extended bioaccumulation experiment

After the successful pilot phase of the experimahg experiment was
expanded to include real gadolinium contrast meddlitional concentration levels
and shorter times. The algae suspension used fch kaperiments represented about
0.12 g of dry biomass or about 4 x°1tlls mI*. The algae was let to grow in the
BBM medium with an addition of Gd(N{}, Dotarem®, MultiHance® (the
concentration of Gd 100, 20,®8.I ") for defined periods (0.5, 1, 2, 3, 7, 10, 14, 21
and 33 days). The final weight of the harvestecd@lwas determined. The contact
time varied in a relatively wide range from 30 nin33 days to describe if and how
much the algae was influenced by the presence otddapounds compared to the
blank algae grown without any Gd chemicals. Oveetian increase of biomass about
twice the weight used at the beginning of the expent was noticed, as shown in
Figure 3. The graphs show that there are not togela@ifferences in the biomass
amounts obtained for each substance and for tifeareht concentrations. Compared
to the blank biomass experiment, the algae grosvibbut 20 % lower. The effect of
the different concentrations of Gd substances tsveoy significant and is probably
hidden in the reproducibility of the biomass growth
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Furthermore, the intake of Gd substances by liviindorella kessleribiomass

was investigated. The ability and effectivenesthefliving cells ofChlorella kessleri
to remove the Gd nitrate and two Gd contrast ageons artificial water solution have
been explored. The biomagnification process isuericed with more parameters
especially the starting metal / substance concemtraalgae dosage and contact time.
The algae are a living, dynamic system which grand dies during the contact time.
The harvested biomass includes both living and d&adrella cells. As the biomass
gradually grows, the metal captured on the celfaser or inside the cells bound is
spread into a large amount of biomass and conséyukinted during the experiment.

In the Figure 4 (a), there are concentrations ofitGthe biomass grown in the
Gd(NG;); and Gd-based contrast agents Dotarem® and Multiéf&in media
containing 10Qug.I"* of Gd in the beginning of the experiment. The @nation of
100 ug.I* was chosen to find more reliably Gd in the algaeamparison with lower
concentration levels. The concentration of Gd mltlomass may be considered as an
uptake capacity.

a) Blank biomass b) GA(NO,),
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0,30 - o © 0,30 -
© 0,25 - © 0,25 - A A
- 1 . - H
8020/ ® % 0,20 - AAQ A A
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@ 0,10 @ @ 0,10
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0 500 0 500
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c) Dotarem® d) Multihance®
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Figure 3: TheChlorella kesslerbiomass growth in the presence of Gd compounds.
The blank biomass growthe(-), i.e. Chlorella kesslericultivated in the pure BBM medium
(@) is presented together witBGhlorella kesslericultured in the BBM medium with
(b) GA(NQ); and Gd-based contrast agents (c) Dotarem® andM{d)iHance® in the
concentrations of Gd 10A- - 24- - A- - [{j.l
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a) Gd in Chlorella kesderi b) Bioconcentration process
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Figure 4: The uptake of Gd compound by livi@hlorella kesslerbiomass.
The concentrations (a) of Gd in harvest€thlorella kessleriand the corresponding
bioaccumulation factors (b) are presented for Gd{p(-m-), Dotarem® (¢-) and
MultiHance® (-A-) for the initial Gd concentration 100 [i§). The results are presented as
the average values from three repeated algae bsoamadysis from two growth experiments.
The relative standard deviations varied in the eaingm 10 to 15 %.

The final shape of the curves is given by mechasigrat may be contradictory
in results. Logically, the metal concentration ke tsolution decreases as the metal or
their compound are removed from the solution amnde@mses in th€hlorella kessleri
biomass. As the biomass grows, the captured netailuted” and the concentration
in the biomass decreases. In other words, at tlggnmieg, the uptake peak is
observable and then the decrease as the algaedsgrmaases through the individual
growth phases. Basically, it corresponds to thehbaystem, with varying amounts of
stacked biomass.

As shown in Figure 4 a), we found the maximal comeion of Gd
approximately after 24 — 48 h and reached (in my.kgpm 30 for Dotarem®, 35 for
MultiHance® up to 80 for Gd(N&k. The concentration decreased in the end of the
experiment to about half to one-third maximum valie., (in mg.kg) 11 for
Dotarem®, 21 for MultiHance® and 43 for Gd(j& Hao et al. (1997) have studied
the uptake of Gd, La and Y lghlorella vulgarizewithin 2 days. They have found an
increase in biomass concentration which has beeundr5 mg.g and stable after
10 — 20 h. The same trend in the curves as focdheentrations was observed for the
bioaccumulation factors as a function of time (d&gure 4 b). The maximal
bioconcentration factors (the concentration in alg@ the concentration in medium:
BCF = Gigae/ Cmedgium) Were found about after 24 — 48 h and reached.Kg") from
374 for Dotarem®, 454 for MultiHance® up to 1277 8d(NG;)s. Then, the values
decreased at the end of the experiment to aboltchahe-thirdy maximum value, i. e.

, (in 1.kg") 217 for Dotarem®, 354 for MultiHance ® and 101 53d(NQ)s. The
BCF values obtained for Gd(NJ corresponded with those found in the work,
1000 — 1200 1.Kg (Bendakovska et al. 2016).

For technological wastewater treatment purposesiick capture of metal on a
sorbent and a rapid equilibrium achievement is vienportant. In our case, the
maximal fixed Gd was reached approximately after 24However, in terms of
monitoring of the fate of substances in the envitent and their possible transition
entering to another trophic level in the food ch#mg-term information is important.
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In the case o€hlorella kessleriGd remained built in the algae even after a manth
was not released back into the solution.

3.4 Removal of gadolinium substances using other sorben

In addition to the capture of Gd substances ondi@hlorella kesslerbiomass,
the effectiveness of their sorption on four othéisa@bents inactivate€hlorella
kessleribiomass, humic acids, activated carbon and lakiememt was used. The
choice of sorbents and their content in the liquindise reflects their presence in the
aquatic environment or in technological applicasio@ompared to the experiment
with living Chlorella kessleribiomass, the experimental time was shortened th 12
due to the expected shorter course of sorptionowttthe need to monitor the growth
of algae biomass. The concentration of the Gd 1§0" was used to find more
reliably Gd in the adsorbents in comparison witldo concentration levels.

In Figure 5 for each tested sorbent (a) drigfdorella kessleribiomass, (b)
humic acids, (c) activated carbon and (d) lakersedt, the adsorption effectiveness
expressed in percentage of the adsorbed amounheofsiibstance are displayed.
Different sorption abilities of the tested sorbemtsre observed. The dry biomass
Chlorella kesslershowed the highest adsorption effect dependintheradsorbed Gd
substances from 30 (Dotarem®) to 91 % (Gd¢{NY The adsorption efficiency for
activated carbon was found in the range from 65 d¥ Dotarem® to 93 % for
Gd(NOs)s. Humic acid also showed the best capture of 89d% ®Bns from Gd(NQ)3
and the lowest for Dotarem® (39 %). The lake sedinaelsorbed about 51 % of &d
ions and 21 % for Dotarem® and 18 % for MultiHancd® the living Chlorella
kessleribiomass, 42 % of Gtlions from Gd(NQ)3, 17 % of MultiHance® and 11 %
of Dotarem® were captured after 12 h.

Significant differences in adsorbability of Gd comopds were revealed. The
highest adsorption efficiency was recorded for Ga{py from which Gd" ion was
captured on the sorbent surface by its functiomalgs. In the end of the 12 hours
experiment, from 51 to 91 % of nitrate was adsombekending on the adsorbent used.
The lowest adsorbed amount from 21 to 65 % wasreeddor Dotarem® that has a
cyclic structure, a non-ionic character, and is thest stable of all three of the
monitored substances. The adsorption efficiencynfd8 to 69 % for MultiHance®
with the linear structure was somewhere betweenNGgk and Dotarem®
efficiencies. The results obtained for each ofgdheve mentioned adsorbents together
with those for livingChlorella kesslerialgae in the end of the experiment after 12
hours are summarized in Table 4. Our results seebetcomparable with those of
Gonzélez et al. (Gonzalez et al. 2017). Accordingtliem, the adsorption of
Gd-contrast agents on activated carbon dependswetteod of carbon preparation but
also on a composition of solution from which adstels are removed. They have
found for Dotarem®, Magnevist® and Primovist® the#sarption effieciencies from
41 to 91 % in water solution and from 13 to 80 % d&dsorption from an artificial
urine.

The differences found in the results are relatedlyp&o the different chemical
compositions of the individual Gd substances andtly presence of different
functional groups on the surface of the adsorbes¢sl in the study. In the case of the
fresh algae, metabolic processes and growth plcaseglay a role.
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Figure 5: The absorption efficiency of Gd compounds on dettadsorbents.
The effectiveness of dri@hlorella kessleribiomass (a), humic acids (b), activated carbon (c)
and (d) lake sediment in removing of Gd({$(-m-), Dotarem® (¢-) and MultiHance®
(- A-) for the initial Gd concentration 100 pi§.lis presented. The results are presented as the
average values from three repeated experimentsteldgve standard deviations varied in the
range from 15 to 20%.

Table 4: The absorption efficiency of Gd compounds usihg@sorbents after 12 hours

Adsorption efficiency, %
Chlorella kesslerbiomass Biosorbents
Living Dry Humic acid| Active carbon| Lake sediment
Nitrate 42 91 85 93 51
MultiHance® 17 67 59 69 18
Dotarem® 11 30 39 65 21

The results are presented as the average valuestiiree repeated experiments for the dry
biomass, humic acids, active carbon and lake sedini@e living algae biomass analysis was
repeated three times and analysed algae came frongitowth experiments. The relative
standard deviations varied in the range from 180&.
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4. Conclusion

The GdCA were studied in the view of their disttibn in the aquatic
environment and their possible removal from theadiguenvironment. The ICP-MS
methods were developed for REEs in river and waster. Applicability and validity
of the ICP-MS and ICP-OES methods were evaluatsddan LODs, LOQs, sample
blanks, analysis of reference materials and thevesy study. The ICP-MS LOQs for
REE in river waters (0.010 — 0.016) and in WWTP twawsaters (0.026 — 0.040)
enabled to monitor REEs in both types of samplisn(ag.I™). Throughout the study,
the recoveries were found 91.7 — 103 % and RSD-ZI® %. Gd in theChlorella
kesslerialgae and sorbents was analyzed by ICP-MS andJE8-method. The ICP-
MS LOQs were found for fresh algae 0.090, for ogmbents 0.023 and the ICP-OES
LOQ for fresh algae 8.7 (all in mg.Ky Both methods were validated using of Gd
enriched algae and quality control material METRANMBAS; the recoveries were in
the range 93.6 — 105 % for ICP-MS and 92.6 — 102RACP-OES. The CRM BCR®-
670 was used for ICP-MS (93.9 %). RSDs were foundbibth methods less than
10 % through the study. Due to the very good ICPgdSsitivity, no preconcentration
step was necessary. The ICP-OES analysis of Glijae @ue to its suitable detection
ability and its lower analytical and time demandsswould be preferred.

The REEs were determined in the waters of East BahelThe Gd anomaly was
evaluated using the ratio of Gd of anthropogenit aatural origin. The anomaly was
detected in all collected samples: river water® 2:13.40, 126 and 195 for MR waste
water, 140 and 146 for WWTP effluent. Higher valoéshe ratio were found for the
water taken downstream of the anthropogenic Gdcsowand lower before the
anthropogenic Gd source. The anomaly was evaluatedr for the lake sediment
(2.05 — 2.59) than for lake water (3.16 —3.53). d8lasn these different values, the
anthropogenic Gd is probably present in dissoh@dhfrather than adsorbed on the
sediment.

The ability to capture GACA (Dotarem®, MultiHance@&@)d control Gd(Ng)3
by fresh algae oChlorella kessleriwas studied for algae cultivated in the medium
with Gd substances and in hospital waste waters.B®Fs (all in .kg) were found
approximately 1100 for the medium with Gd(§§) 220 for Dotarem®, 360 for
MultiHance®, 2300 for algae cultured in the MR veasiater and 4400 for the WWTP
effluent. The increase in algal biomass in the gmes Gd(N@);, Dotarem® and
MultiHance® was evaluated and no significantly nueable differences were not
found between Gd compounds. Compared to a blankerempnt, theChlorella
kessleribiomass growth was lower with addition the presesicGd compounds.

The efficiency of adsorption of Gd forms on seldcaelsorbents (dead biomass
of Chlorella kessleri active carbon, humic acids, river sediment) wesessed. The
sorption efficiencies decreased in the order Gd{pQ@12 — 93 %) > MultiHance®
(17 — 69 %) > Dotarem® (11 — 65 %) and, in casesaibents, actived carbon
(65 — 93 %) > dry algae biomass (30 — 91 %) > huauicls (39 — 85 %) > lake
sediment (18 — 51 %) > fresh algae biomass (11 %} &sp., for the substance used.
The differences found in the results are the camsece partly of the different
chemical compositions of the individual Gd subsesn@nd by the presence of
different functional groups on the surface of tlisabents used in the study. In the
case of the fresh algae, metabolic processes amdigphases can play a role.
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