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Abstract

Nanoremediation with iron (Fe) nanomaterials opeae® doors for treating
contaminated soil and groundwater, but is also mgamied by new potential
risks as large quantities of engineered nanomaseaige introduced into the
environment. In this study, we have assessed th&oeicity of four

engineered Fe nanomaterials, specifically, Nanotkte Trap-Ox Fe-

zeolites, Carbo-Iroh and FerMEG12, developed within the European FP7
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Box 100, SE-405 30 Gothenburg, Sweden
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project NanoRem for sub-surface remediation towamalstest battery
consisting of eight ecotoxicity tests on bacteNa fisheri, E. col), algae P.
subcapitata Chlamydomonasp.), crustacean®( magng, worms E. fetida

L. variegatu$ and plantsR. sativusL. multiflorum). The tested materials are
commercially available and include Fe oxide andas@ale zero valent iron
(nZVI), but also hybrid products with Fe loadedard matrix. All but one
material, a ball milled nzVI (FerMEG12), showed maxicity in the test
battery when tested in concentrations up to 100Lmghich is the cutoff for
hazard labeling in chemicals regulation in Europ®wever it should be
noted that Fe nanomaterials proved challengingsb adequately due to their
turbidity, aggregation and sedimentation behavioragueous media. This
paper provides a number of recommendations conugriniture testing of Fe
nanomaterials and discusses environmental risksasgnt considerations

related to these.

Keywords: Nanoremediation, Iron nanomaterials, EcotoxicglogqZVI,

Environmental Risk Assessment, NanoRem

1 Introduction

Innovation in nanotechnology introduces new treaimeoptions for
environmental remediation of organic compounds ghbt chlorinated

solvents) and heavy metals in soil and groundwdkarn et al., 2009;

2
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Mueller et al., 2012). Especially iron (Fe) baseshomaterials have shown a
potential for remediation due to a larger speciBarface area and
corresponding increased reactivity compared to oagmale and larger Fe
materials traditionally used for remediation of taiminated sites (Wang and
Zhang, 1997). Nanoscale zerovalent iron (nZVI) heseived most of the
attention as it is highly reactive compared to Iidk ZVI used in permeable
reactive barriers (Henderson and Demond, 2007).eRigation with nZVI has
been claimed to represent a faster, cheaper armtemtmlly more effective
treatment option than curreek situandin situ methods (Yan et al., 2013).
However, nanomaterials engineered to remediate uggall soil and
groundwater may constitute a risk to the environhasnthey are injected into
the subsurface in large quantities (Grieger et2010). As such this could
represent a worst case scenario when consideringsille negative
environmental effects of manufactured nanomateriblanoremediation in
general seems associated with high uncertainty imotélation to its potential
environmental risks, but also towards its fieldlscefficacy (Grieger et al.,
2015). Uncertainty with regards to the potentiadiemnmental impacts of Fe
nanomaterials hampers their use and has partly lbeenreason for the
limited implementation of Fe nanomaterials in remédn (Bardos et al.,
2014), although no major environmental impacts hbgen reported in the
first decade of field deployments with Fe nanomatsr (Mueller et al.,

2012).
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Several publications in recent years have evaludledecotoxicity of Fe
nanomaterials, particular nzZVI materials, withn NANBR STAR,
NANOFER 25 and 25s being the most common comméyciavailable
particles. In these publications the focus has bmeraquatic and terrestrial
ecotoxicity (Keller et al., 2012; Marsalek et &Q12; Sacca et al., 2014; EI-
Temsah et al., 2016) and in general effect conaéintis as low as 0.5 mg/L
to above 2.5 g/L have been reported, demonstratimgiderable variation in

ecological response to Fe nanomaterials.

A range of Fe nanomaterials has been developéedeifcuropean FP7 project
NanoRem (Taking Nanotechnological Remediation Pssese from Lab Scale
to End User Applications for the Restoration of eah Environment, for
more information see nanorem.eu) in order to exténe spectrum of
treatable soil and groundwater contaminants frotodenated organics to
non-halogenated substances and non-reducible mé&al#rary to the three
materials mentioned above, the potential ecotoxicif the materials
developed in NanoRem have not previously been deStkese materials are
currently available on the international markede(Sable 1). Common for all
materials is that if they are to be used in fietdde remediation, their
production volume will easily reach 1 metric tonrpear (Mueller et al.,
2012). In this case, they will have to be regisdetender the European
chemical legislation REACH, which will be accompaai with data

requirements on ecotoxicity. The data generated f@#dd into the general
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hazard identification of the nanomaterials and fdima basis for a generic
risk assessment (i.e. a hazard classification aocgrto the classification,
labeling and packaging (CLP) regulation). It is onfant to emphasize that
this risk assessment does not directly relate & dafety of injecting said
material into an aquifer or a contaminated soilclsa task is done in a site-

specific risk assessment, which is outside the sadghis study.

Test organisms and endpoints in the ecotoxicoleagy battery were chosen
to include representatives for both terrestrial agdatic environments as Fe
nanomaterials may spread, in worst case scenaoboth terrestrial and
aquatic habitats (Grieger et al.,, 2010). The edottx tests were also
selected to include standardized tests to ensurergkregulatory acceptance
of test results as well as non-standardized testgdaden the test basis with
respect to modes of exposure and modes of actind, ta enhance the
likelihood of seeing biological responses withire trange of particles and
concentrations tested. The aim of the paper isrowide ecotoxicity data for
four newly developed Fe nanomaterials and the pajser highlights current
challenges in doing adequate hazard identificaow environmental risk
assessment of Fe nanomaterials. Finally, recommemsa for future

ecotoxicity testing of Fe nanomaterials are proside
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2 Materials and Methods

2.1 Nanomaterials

Samples of Fe nanomaterials for ecotoxicity testiveye obtained directly
from the manufacturers within the NanoRem projeat. full list and

characterization of the nanomaterials is seen ind &.

2.1.1 Dispersion of nanomaterials for toxicity testing

Dispersions of powder Fe nanomaterials were madeording to the
description provided by the manufactures. Due ttitg constraints (e.g.
infeasibility to degas exposure media) for the aguatandard tests (oW.
fischeri P. subcapitataand D. magng, all nanomaterial powders were

dispersed as described for magnetite.

Carbo-Iron® For 100 mL of a stock suspension at 10 g/L, 20cfla 10 g/L
carboxymethyl cellulose (CMC) solution was adde@®omL of test medium
and degassed with,Nor an hour. Then, 1 g of test material was adibethe
solution under M flow, and mixed for 10 min with a high-shear mixer
Dilution series were prepared under regular aerobiuditions and used right

away.

Trap-Ox Fe-zeoliteA stock suspension with a zeolite concentration26f
g/L was prepared by dissolving 2.5 g CMC in 50 mgiothized water by

heating the mixture to 70°C with stirring for anunoThen, 2.5 g Fe-zeolite

6
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in 50 mL deionized water was sonicated for 15 nmad édhe CMC solution

and zeolite suspension were mixed and sonicateddditional 15 min.

MagnetiteMagnetite, received as powder, was suspendedionided water
and mixed for 10 minutes with a high-shear mixeub&quent dilutions

series in exposure media were prepared and usktaveay.

SuspensionfNano-Goethite was provided as a stable suspermsinuh was
diluted directly from the sample into the exposunedia. However, the

FerMEG12 were additionally sonicated for 15 minudeg to sedimentation.

2.2 Characterization of stock suspensions

Dynamic Light Scattering (DLS) measurements of agse suspensions
(deionized water) from 10 mg/L to 10 g/L test makwere performed on a
Malvern Zetasizer ZS (Malvern instruments Ltd, Wastershire, UK)
equipped with a laser source at a wavelength of 688 Zeta-averaged
hydrodynamic diameters and size distributions weetermined using the
“multiple narrow modes (high resolution)” algorithsupplied by Malvern.
Measurements were done in triplicates of 5 runshwéutocorrelation
functions of 10 seconds. The same instrument wad t& the measurements
of electrophoretic mobility and the Smoluchowskipegximation was used
for determining zeta-potentials. Three measuremenith 5 runs per

measurement were obtained.
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Nanoparticle Tracking Analysis (NTA) measurementstiee hydrodynamic
diameter of individual particles suspended in deed water at a
concentration of 10 mg/L to 10 g/L were done on anbskight LM10

(NanoSight Ltd, Amesbury, UK).
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Table 1 Characterization of the pristine Fe nanomateriklagnetite is not used for remediation in NanoRermas chosen as a
control in this study. The listed information istaimed from the manufacturer.

Name Description Development Mode  of Form Chemical Average Specific surface
Status remediation composition primary area (M/g)
particle size
(nm)
FerMEG12 Zero-valent Fe Field tested Reduction  Suspension 15-30% Fe - 12-18
mechanically and 70-85 %
ground through commercially monoethylene
ball milling available glycol
Carbo-Iror? Composite of  Field tested Adsorption Powder 30.3% kg 1344020 594
activated and + 20.5% F8&
carbon and commercially Reduction 13.1 % FegO,
zero-valent Fe available 55+1% Gt
Magnetite Fe oxides Precursor for - Powder FeO, - -
(Fes04) NANOFER
STAR
Nano- Fe oxides Field tested Adsorption Suspension ‘pure’ FeOOH 220+20 140
Goethite stabilized with and + with organic
humic acids commercially  Oxidation coating
available
Trap-Ox Fe- Nanoporous Premarket Adsorption Powder 4 % Al 1000 600
zeolites aluminosilicate + 92 % Si
loaded with Oxidation 3 % Fe
Fe(ll)
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The light source was a solid-state, single-moderlai$ode (radiation output
max power <5(W, 635nm continuous wave, max power < 35mW). The
standard camera Marlin F-033B (Allied Vision Teclogpes GmbH,
Stadtroda, Germany) was used. All data were andlymeng the instrument
software (NanoSight™ version 2.2). The analysishwNfTA was done on 7
videos with 1 min length each. The solution oxidatreduction potential and
pH were measured in all exposure suspensions abegening and the end
of the tests. Total Fe concentration in stock sosmas was measured by
ICP-OES (Perkin Elmer, Optima 5300 DV) following crowave assisted

digestion under acidic conditions (3.7 % HCI).

2.3 Ecotoxicological test battery

A test battery of eight tests (see Table 2) waduseassess and rank the
nanomaterials listed in Table 1. Dilutions seriesrev made from stock
suspensions and tested in concentrations up td..1Fgr some tests, higher
concentrations were assessed, including the raoigaktion test with radish
Raphanus sativusryegrass Lolium multiflorum (up to 10 g/L) and the
earthworm mortality test withEisenia fetida(up to 25 g/L). Full tests

protocols are enclosed in the supplementary inftiona

10
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Table 2 Organisms and testing endpoints of the eight edoittyxtests in the test
battery.

Organism Species DuratiorEndpoint Reference

Bacteria Vibrio fischeri 15 min Decrease in
bioluminescence
Bacteria Escherichia coli 6h/24 h  Growth/Cell viability -

1ISO11348-3

Algae Pseudoklrchnerl 48 h 'Gr.ov.vt'h rate OECD 201
ella subcapitata inhibition
Algae Chlamydomonas 48 h Photosynthesis -
sp. efficiency
Crustacean Daphnia magna 48 h Immobilization OECD 202
Earthworm Eisenia fetida 48 h Mortality OECD 207
Oligochaete Lumbriculus 96 h Mortality OECD 22%
variegatus
Plant Raphanus 6d Root elongation OECD 208
sativus, Lolium
multiflorum

®modified to short term water-phase exposure

3 Results

3.1 Characterization

Table 3 provides an overview of the characterizabd the Fe nanomaterials
in deionized water. Differences in size distribatiere observed, with NTA
generally finding a lower average size than DLSsd&hon zeta potential
measurements, Nano-Goethite and Trap-Ox Fe-zeolgleswed higher

aqueous stability than FerMEG12 and Carbo-frdiowever sedimentation of
the Trap-Ox Fe-zeolites was also observed. In tbeensomplex aquatic test
media, DLS measurements proved difficult due totipker sedimentation of

all tested materials. This violates the principlehimd DLS for size

11
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distribution measurements as the particles arectdte by gravitational
movement and not just Brownian movement and naalpédi estimation of
size distribution could be made. Characterizatioth WLS also revealed that
all particle suspensions had a very broad sizeidigton with polydispersity
indexes around 1, which also undermines the usBL8 measurements to

characterize the suspensions.

3.2 Ecotoxicity

Almost all of the tests conducted showed no toyicif the tested Fe
nanomaterials at concentrations up to 100 mg/L cig the cutoff value for
hazard labeling in the EU. Only FerMEG12 gave rige toxicity at
concentrations below 100 mg/L. Effects were seentha 6 h growth
inhibition test withE. coli (Figure 1), the 6 d root elongation test wkh

sativus(Figure 2) and 96 h mortality test with variegatus(Figure 3).

The growth rate () of Gram-negativeE. coli was not significantly affected
in the presence of Carbo-IrfBnNano-Goethite and Trap-Ox Fe-zeolites at
any of the tested concentrations (Figure 1). A ifigant effect onE. coli
growth rate was observed for FerMEG12, from conegins as low as 50
mg/L (P < 0.001), and for magnetite at the higloestcentration tested (1000

mg/L, P < 0.05).

12
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Table 3 Characterization of the four tested nanomateria¢peatsed in deionized
water at 100 mg/L. Samples were characterized 21a%dh after dispersion and
analyzed by DLS for hydrodynamic diameter and zmitential. NTA analysis was
performed in samples 2 h after dispersion.

Nanomaterial

DLS Hydrodynamic
diameter

Zeta-potential (mV)

NTA Average siz
(mode average;

(z-average; nm) nm)
2h 144 h 2h 144 h
FerMEG12 480 720 12 1.5 210
Carbo-Irorf 1300 500 -15 -17 120
Nano-Goethite 230 270 -41 -44 -
Trap-Ox 780* 780* -65 -60 250
Fe-zeolites
-- No data

*. sedimentation after suspension in deionized wateurred

04 1 0g/L 50 mg/LL. B 500 mg/L M 1000 mg/L
| 1] .
0.3+ [ ] 1 [ I
E *
]
s
S 027 | %
B -
=
&)
*
0.1+ -
*
*
*
0.0 - . : .
[ x& x@ S
\@b, ¢§:& oé'&& 60.\*&
N QO 45
@\ Q‘Zrio %\‘b o'C> Qe
<&

Figure 1 Growth rate ofE. coli after 6h exposure to FerMEG12, Carbo-ftpn
magnetite, Nano-Goethite and Trap-Ox Fe-zeolite®,a0, 500 and 1000 mg/L.
Asterisks indicate treatments that differ signifidg from controls (ANOVA and
Dunnett’s test, n=3). Significance levels were &eP<0.05 (*), P < 0.001 (**) and
P < 0.0001 (***).

13
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Raphanus sativus Lolium multiflorum

8 4
3 4
* * * *
6 4

0 T T T ¥ * 0 T T T ;

0 0.01 0.05 0.1 1 5 10 0 0.01 0.05 0.1 1 5 10

Root length (cm)

Concentration (g/L) Concentration (g/L)

Figure 2 Root length of radish Raphanus sativysand ryegrass LOlium
multiflorum) exposed to various nominal Fe concentrations freerMEG12
particles for 6 d. Asterisks indicate treatmentst ttiffer significantly from controls
(Holm-Sidak, n=3, P<0.05 (*), P<0.001 (**)).

The root elongation oR. sativuswas reduced by 33 % by FerMEG12
particles at a nominal Fe concentration as low @snf/L. Root elongation
was increasingly reduced in a concentration-depeindmanner and
completely inhibited at 10 g/L (Figure 2, left). &hroot elongation ot.
multiflorum was significantly reduced at nominal Fe concerdret >1 g/L,
and completely inhibited at 10 g/L (Figure 2, righthe pH of the exposure
suspensions at the beginning of the experiment@@s: 0.5 over the whole
concentration range. In contrast, the oxidationuotidn potential, measured
in exposure suspensions at the beginning of thergxgnt, was dramatically
different among concentrations and ranged from +H280(control), +50 mV

(0.01-0.1 g/L), to -590 mV (5 and 10 g/L).

14
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9
(7))
(7]
=] -e- 24h
_ 8 48h
S\/ g - 72h
2 S -¥- 96h
T 3
= ’CG) ~- DO 0h
= - DO 96h
3
0- T T T -0 =
1 5 10 50 100 &

Concentration (mg/L)

Figure 3 Mortality of L.variegatusafter 24-96 h exposure to FerMEG12 (left axis)
and dissolved oxygen (DO) concentration in teskbemafter 0-96 h (right axis).
For theL. variegatustest, no toxicity was observed at 1 mg/L, howevere
than 50 % mortality was observed at 5 mg/L and #0at 10 mg/L. Mortality
was observed already after 24 h, together with @idralecrease in the
dissolved oxygen concentration in test beakers ainmg FerMEG12 (see

Figure 3).

3.3 Technical challenges of ecotoxicity testing of

Fe nanomaterials

The higher concentrations of Fe nanomaterials dideveral cases influence
the measurement principles or assumptions behiadtdbts. Especially the

turbidity of the suspensions caused issues withtdidnlight transmission

15
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through the suspensions. In the fischeritest, the quantification of the
bioluminescence could be influenced by quenchinthefemitted light before
it reaches the detector. This can easily be medsuara double vial setup that
ensures no actual bacterial exposure to the sugpensith the inner vial
containing the bacteria. A way to account for thss by spiking the
suspension withy. fischeriemitting a known amount of bioluminescence. In
this way, the added bacteria can act as an intetaaldard and the effect of
quenching can be estimated and corrected for. Uilsgmethod, it was clear
that the tested materials did quench light emiss@gwing rise to potential

erroneous conclusions if unaccounted for.

For the algal growth inhibition, issues with the aqtification of algal
biomass also started to appear at higher concemsa{>100 mg/L). At high
Fe concentrations the fluorescence spectrum wasedltsignificantly and
obfuscated the presence and the size of the cHiglopeak. During the
testing, the turbidity can also prevent the alga®lbtain sufficient light for
exponential growth, a shading effect that can bigicdit to account for

(Hjorth et al., 2015).

In the tests withD. magna and L. variegatus oxidation, aggregation,
precipitation and ultimately sedimentation of Fesuked in a change of
exposure route (which was intended to be through water phase alone)
directly affecting the mobility of D. magna Due to the described

stratification of Fe particlesl.. variegatuswas exposed to an increased

16
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concentration, as both the particles and the ohgeta stay at the bottom of

the beaker.

4 Discussion

4.1 Ecotoxicity of Fe nhanomaterials

Based on the performed ecotoxicity tests in thesgmé study, only the
FerMEG12 particles would be classified as toxicaiguatic organisms in
accordance to the CLP regulation. As none of theemttested materials
showed toxicity below 100 mg/L, none of them wouldceive any
environmental hazard classification. The highesidity of the FerMEG12
particles was observed towards the oligochaketavariegatus However
particle sedimentation during the test consequeeiyosed.. variegatusto
higher Fe concentrations than what was initiallgpairsed, which could
explain why toxicity was observed fdr. variegatusand not e.g. foD.
magnawhich spends more time in the water column. Agehmegparticles for
1 h in media alleviated the toxicity, which is igraement with an earlier
study on milled particles reporting low toxicitytaf oxidation (Kéber et al.,
2014). Similarly, a recent study on zebrafish foudadverse effects of aged

Carbo-Iroff (Weil et al., 2015).
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The FerMEG12 particles were also tested in thedsteth algal test withP.
subcapitatawith acute effects evidenced by a decrease inrdélsence right
after the onset of the test (data not shown). Hawreduring the incubation
period the algal population recovered and exhibgeawth rates similar (or
higher) than the non-exposed controls. As the anéterial out of the four
tested, FerMEG12 was dispersed in a solvent (etleytdycol) and although
ethylene glycol in itself showed no toxicity wheested, it seems to have
preserved the reactivity of FerMEG12's elementahirOther studies confirm
the toxicity of freshly prepared, non-oxidized nZ\Hor instance, Keller et
al. (2012) studied the response of microalgae Bndmagnaexposed to
NANOFER STAR and 253D. magnaproved the most sensitive with LOEC
values of 0.5 mg/L for the NANOFER STAR and NANOFRRBs, compared
to a LOEC of 1 mg/L for F&. Whereas the growth of the marine microalga
galbanawas inhibited after exposure to NANOFER 25s shartat 3 mg/L
(Keller et al., 2012), no effect was observed foANNDFER STAR at
concentrations up to 100 mg/L and effects fromalissd Fe did not occur at
concentrations lower than 50 mg/L. For the freskewamicroalgae,P.
subcapitata F€* exposure proved the most toxic with a LOEC valdie&so
mg/L, which was lower than for any of the particles F€* (Keller et al.,

2012).

NANOFER 25s has also been found to affect the gnositthe nematod€.

elegans at 0.5 mg/L, whereas at 5 mg/L a decrease in wafvand

18
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341

reproduction occurred. However, when tested in,sod toxicity to C.
eleganswas observed for NANOFER 25s at concentrationdaufa7 mg/g.
On the contrary, their growth and reproduction @ased (Sacca et al., 2014).
Similarly, the survival of the earthworrk, fetidg was not affected by nZVI
even at 3 g/kg, although DNA damage and lipid otala was observed

(Yirsaw et al., 2016).

Chen et al. (2011) investigated continuous exposofecarboxymethyl
cellulose stabilized nzVI (CMC-nzVI) towards medaKksh larvae and
concluded that the toxicity was caused by hypoki; toxicity, and ROS-
mediated oxidative damage. In their experimerff peoved the most acutely
toxic with 100 % mortality at 75 mg/L. In a similatudy, Chen et al. (2012)
reported F& being the most toxic form of Fe tested, followey GMC-
nZVI, nZVI and lastly the aged nZVI. Yet in Chenat (2013) CMC-nzZVI

had a higher acute toxicity than both*Fand aged nZVI.

Marsalek et al. (2012) have reported low aquaticity for NANOFER 25
with EGo> 1 g/L for D. magnaand >2.5 g/L for fish R. reticulatg and
similar values for willows $. albg, duckweedI(. minor), and microalgael}.
subspicatus Effects on the cyanobacterM. aeruginosawere observed at
the lowest concentrations in the test battery ariith @n EGg-value of 50

mg/L.

Although there are signs of increased ecotoxicity®VI compared to Fg,

which seems rational due to the additional oxidatdapacity of F& the
19



342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

opposite is also sometimes the case. However ndniheo studies in the
scientific literature on Fe nanomaterials have reggba higher toxicity than
what has been shown for dissolved Fe (Johnson.,e2@D7). It seems likely
that varying, and generally lower, bioavailabiliby nZVI in media has the

potential to offset any increase in toxicity comgaito dissolved Fe.

4.2 Environmental risk assessment of Fe in surface

water

Whereas hazard and risk assessment of Fe nanoalatesria novel task, the
toxic effects of Fe and Fe salts on aquatic lifewisll described. F& is
generally considered bioavailable and can inducgiciy in aquatic
organisms, whereas when oxidized tc'Feé hydrolyses and precipitates out
of solution as hydroxides at normal pH, which tloam give rise to indirect,
physical effects (Vuori, 1995). Ecotoxicity testimj Fe has traditionally
made a distinction between total Fe and dissolvedideally signifying F&,
however in practice meaning anything that passesuth a 0.45 um filter,
which includes colloidal Fe(lll) stabilized mostby organic material (Vuori,
1995) and Fe(lll) complexed by organic ligandsthis way, many tests have
already, indirectly, assessed the toxicity of smsieel Fe in the nano range.

Even for Fe, hazard and risk assessment as welsetisng appropriate
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environmental quality standards (EQS) has beencditffor decades due to

this redox cycling, inorganic speciation, complesatand precipitation.

As an example, the company American Electric Poi@&P) argued in 1983
that the USEPA water quality standard of 1 mg/L Ferwas too low, stating
that field data showed that Fe concentrations “rieelde far over 1 mg/L to
adversely affect” aquatic life, and that toxicigsting is not fit to assess Fe
toxicity (Loeffelman et al., 1985). AEP also callémt a use of F&, and not
total Fe, as the foundation for setting the watealdy standard, based on the

fact that F&' is the bioavailable fraction of Fe.

More recently, Linton et al. (2007) acknowledgedttithe USEPA “metal
policy” generally is to derive “aquatic life critaf based on the dissolved
metal and therefore Fe should be regulated baseBeontoxicity. Yet, it

makes sense to use field data on total Fe, asdabebtoxicity testing of Fe is
poor at assessing colloidal and indirect effectehsas the impact on
respiration and food consumption. With referenceataeview by Vouri

(1995) who states “the effect of Fe on aquatic atémand their habitats are
mainly indirect”, Linton et al. (2007) argue tha¢lfl studies therefore would
do a better job of assessing the overall envirortelemrmpact of Fe.

Accordingly, the assessment still has a foundaitiofield observations partly
due to this issue of indirect effects (Linton et &007). Based on additional

field data, Linton et al. (2007) however proposedeav and differentiated
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EQS of 0.21 mg/L for sensitive groups and 1.74 migiL"“slight to moderate

changes” in the aguatic community.

In Europe, the Environment Agency in England prauba new EQS for Fe
in 2007 under the Water Framework Directive (Jolmebal., 2007). A long
term PNEC of 16 pg/L was derived, based on a NORBevof 0.16 mg/L
obtained in a 21-d study dd. magna Similarly, a 96 h study on brook trout
(S. fontinalig with a LG value of 0.41 mg/L gave rise to a short term PNEC
of 41 ug/L. They rationalized the use of the coasibly lower PNEC values
with the emergence of new data as well as the tizat the old EQS was

based on field data and not on standardized tgxiests.

In response to this, Crane et al. (2007) statet 16gqug/L was “substantially
below concentrations associated with impaired itelmate assemblages in
the field”. Based on their analysis of data from32&tes in England and
Wales, Crane et al. (2007) proposed an EQS betw8e260 ug/L based on
dissolved Fe. In 2012, the UK Technical AdvisoryoGp proposed an EQS
of 0.73 mg/L total Fe, based on field data, in ayvlorough review (Peters
et al., 2012). The suggested EQS from the Environimgency of 16 ug/L

was described as well below background levels ddefore “not adopted

for regulatory use”.

In accordance with Linton et al. (2007), Petersakt(2012) state that the
effects of Fe are difficult to isolate and, in c@dt to most metals, we cannot

just focus on the dissolved fraction as there $® @& physical effect from the
22
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total Fe, which perhaps could even be dominatirigs Tine of reasoning also
advocates for the use of total Fe as the dose enkiriecotoxicity studies on

Fe nanomaterials.

4.3 Applicability of standardized ecotoxicity tests

for hazard identification of Fe nanomaterials

As shown above, the current consensus seems to mwa§y from using
standardized ecotoxicity tests on Fe for risk assesnt purposes; rather the
use of field data and mesocosm studies are encedrd&eters et al. (2012)
point towards the issue of Fe solubility as wellthe issue with assessing
physical effects as the key points against usiranddrdized ecotoxicity
testing of Fe. Wess (2015) also questions the atggaf ecotoxicity tests on
Fe to inform risk assessment as they fail to uphaddious criteria for
assessing causation, e.g. issues with establistosg response relationships
and incoherence with field datH these ecotoxicity tests are not suitable for
Fe salts due to precipitation and exposure comgsales, then clearly they are
not suitable to assess Fe nanomaterials, whichelipiion are not dissolved

entities.

However, having the test limitations and challengesind, such as the ones
mentioned in section 3.3, as well as the genersting considerations in

nanoecotoxicology (Petersen et al., 2014; Skjoldihgl., 2016) and indirect
23



426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

physical effects (Sgrensen et al.,, 2015), standaddiecotoxicity tests can
still provide valuable information, as a screenargl ranking tool for hazard
identification. Trying to overcome these limitat®mwill sometimes result in
deviations from the standard tests, which at tiraes necessary to obtain
meaningful data. Additionally, the information geaed from standardized
ecotoxicity tests is still required by regulatorgeacies to achieve market

access.

On the other hand, as shown for Fe salts, starmzgtdecotoxicity tests are
challenged in terms of their usefulness and acgui@csite-specific and case
oriented risk assessments, and it is recommendedlyomore on field data
when assessing the environmental impact of Fe @Q1). The relevance of
standard organisms for site-specific risk assessm&nquestionable for
remediation cases, as the extrapolation value fiiti@se organisms to
ecosystems may be low. In addition, the transforonatof the pristine

material to the oxidized form expected in the eomment and the
corresponding change in toxicity is also bettereased in the field. As such,
it makes sense to rely less on laboratory ecotbxitesting and instead
incorporate mesocosm and field data into site-$§medsk assessment of Fe

nanomaterials.
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445 5 Conclusion and recommendations

446 Ecotoxicity testing of four nanomaterials enginekeréor sub-surface
447 remediation revealed low toxicity for all Fe oxidesaterials as well as
448 Carbo-lroff, and the results do not lead to any hazard ciassion
449 according to current EU regulation. FerMEG12 wag tbnly material
450 exhibiting toxicity towards bacteria and plantsb@tmg/L and oligochaetes at
451 5 mg/L. Standard ecotoxicity testing of nanopaeschas in general proven
452 technically difficult and it may be questioned wihet proper hazard
453 identification of engineered nanoparticles needed énvironmental risk
454 assessment is currently feasible. Aggregation, aggtation, sedimentation,
455 shading, and other physical effects are known tofamend the measuring
456 principles behind the tests and these interferemaae also observed for the
457 tested particles. This was pronounced for testsatgae, bacteria, and
458 crustaceans and requires inclusion of additionaltrods to ensure a correct
459 data interpretation. While Beanomaterials have the potential to be toxic at
460 low concentrations, a potential environmental inipdownstream of the
461 injection of Fe nanomaterials seems more likelytminate from the large
462 amount of Fe injected im-situ remediation, than from novel particle related
463 effects, especially since Fe is abundant in nafageparticulate matter. In

464 conclusion we recommend:
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Testing concentrations up to 100 mg/L is relevamtHazard identification
and classification purposes. Testing Fe nanopestiat higher concentrations
not only decreases the environmental relevance, dig increases the
influence of physical effects such as turbidity ammhcentration-dependent
agglomeration. Therefore, the main focus in testisgould be on
concentrations <100 mg/L, and care should be takéen conducting

ecotoxicological testing of Fe nanomaterials ahbrgconcentrations.

For Fe nanomaterials, agglomeration and sedimentatiallenge the validity
of the standard test setups for which a constgmv®xe during incubation is
required. These issues are currently under scrutinlge OECD WPMN and
in several EU projects (Lynch, 2016). We recomm#reduse of these tests
for hazard identification and ranking, where thessts still provide valuable

information.

We recommend studying the effects of Fe nanomdderia more
environmentally realistic conditions to support esspecific hazard
assessment. E.g. through testing of relevant osgemi media and more
complex testing systems closer related to the fields the scope of
standardized ecotoxicity testing is limited and deisigned to assess the

indirect effects of Fe exposure.
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Highlights

» This study summarizes the outcome of nanoecotoxicity testing in NanoRem.

» Weassessed four novel engineered nanomaterials in an ecotoxicological test battery.
* Only one of the tested materials gave rise to toxicity below 100 mg/L.

e Standardized testing is inadequate to inform site-specific risk assessment.



