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a b s t r a c t

The purpose of this study was to assess the ecotoxic potential of a new zero-valent iron nanomaterial
produced for the elimination of chlorinated pollutants at contaminated sites. Abiotic dechlorination
through the newly developed nanoscale zero-valent iron material and its effects on dechlorinating
bacteria were investigated in anaerobic batch and column experiments. The aged, i.e. oxidized, iron
material was characterization with dynamic light scattering, transmission electron microscopy and en-
ergy dispersive x-ray analysis, x-ray diffractometry and cell-free reactive oxygen measurements.
Furthermore, it was evaluated in aerobic ecotoxicological test systems with algae, crustacean, and fish,
and also applied in a mechanism specific test for mutagenicity. The anaerobic column experiments
showed co-occurrence of abiotic and biological dechlorination of the common groundwater contaminant
perchloroethene. No prolonged toxicity of the nanomaterial (measured for up to 300 days) towards the
investigated dechlorinating microorganism was observed. The nanomaterial has a flake like appearance
and an inhomogeneous size distribution. The toxicity to crustacean and fish was calculated and the
obtained EC50 values were 163 mg/L and 458 mg/L, respectively. The nanomaterial showed no muta-
genicity. It physically interacted with algae, which had implications for further testing and the evaluation
of the results. Thus, the newly developed iron nanomaterial was slightly toxic in its reduced state but no
prolonged toxicity was recorded. The aquatic tests revealed a low toxicity with EC50 values � 163 mg/L.
These concentrations are unlikely to be reached in the aquatic environment. Hence, this nanomaterial is
probably of no environmental concern not prohibiting its application for groundwater remediation.

© 2016 Published by Elsevier Ltd.
e by B. Nowack.
al Research, ABBt e Aachen
ty, Worringerweg 1, Aachen

de (H. Hollert).
1. Introduction

In environmental technology, engineered nanomaterials
(ENMs) are increasingly applied in water treatment and remedia-
tion technologies (Bhawana and Fulekar, 2012; Karn et al., 2009;
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O’Carroll et al., 2013; Patil et al., 2016). For example, nanoscaled
zero-valent iron (NZVI) is used (Chang et al., 2005; K€ober et al.,
2014; Mueller and Nowack, 2010; Tratnyek and Johnson, 2006;
Wang and Zhang, 1997; Zhang, 2003). Like its micro scale coun-
terparts, NZVI is applied for remediation purposes to transform
various environmental contaminants (Cantrell et al., 1995; Gillham
and O’Hannesin, 1994; Wang and Zhang, 1997). Two example ap-
plications are the transformation of heavy metals (e.g. chromium)
or organic compounds (e.g. chlorinated hydrocarbons (CHCs)) to
non-mobile or non-toxic compounds in aquifers (Ponder et al.,
2000; Zhang, 2003). Due to their huge surface nanomaterials
possess an increased reactivity compared to their micro scale
counterparts (Comba et al., 2011; Lowry and Johnson, 2004; Wang
and Zhang, 1997; Zhang, 2003).

Besides the intended pollutant transformation, anaerobic ZVI
corrosion leads to the formation of hydrogen, which may result in
gas clogging and consequently limited hydraulic permeability of
the aquifer. On the other hand, hydrogen is consumed by hydro-
genotrophic bacteria, acting as a sink for hydrogen and mitigating
the problem of gas clogging. Moreover, hydrogen is an excellent
electron donor for supporting biological reductive dechlorination
(Bruton et al., 2015; Lohner et al., 2011; Lohner and Tiehm, 2009;
Velimirovic et al., 2015). Biological reductive dechlorination rep-
resents an environmental friendly, sustainable and cost-efficient
option for removal of e.g. chlorinated compounds (Tiehm and
Schmidt, 2011). The formulation ingredients (coatings, suspend-
ing agents, stabilization materials) of NZVI preparations can also
serve as a source of electron donors supporting biological dechlo-
rination (He et al., 2010; Kirschling et al., 2010; Su et al., 2012; Wei
et al., 2012). Despite toxic effects of NZVI on natural microflora and
dechlorinating microorganisms (Barnes et al., 2010; Bruton et al.,
2015; Kumar et al., 2014b; Velimirovic et al., 2015; Xiu et al.,
2010a, 2010b), the combined use of abiotic dechlorination with
NZVI and biological dechlorination can result in synergetic effects,
positive for the remediation process (Bruton et al., 2015; He et al.,
2010; Kocur et al., 2015; Su et al., 2012). High pH conditions
developing during anaerobic ZVI corrosion as well as acidification
due to fermentation of formulation ingredients being unfavourable
for biological processes have to be taken into account during field
applications (Bruton et al., 2015; Velimirovic et al., 2015).

The innovative aspect of the application of NZVI is the remedi-
ation of contaminants in areas where classic remediation technol-
ogies cannot be applied due to difficulties to reach the subsurface
contamination (Li et al., 2006). It is possible to inject the NZVI in situ
directly into the source of contamination (Kanel et al., 2005). This
approach can reduce the remediation duration as well as its costs
(Li et al., 2006; Mueller et al., 2012).

There are two main problems concerning the possible use of
NZVI for remediation purposes: 1) this material is not sufficiently
tested for its safety, and 2) varying forms of NZVI are produced and
their environmental behaviour and effects cannot directly be
compared. The aim of this studywas to assess the ecotoxic potential
of a new NZVI and to evaluate its efficiency in eliminating chlori-
nated pollutants at contaminated sites. The newly developed NZVI
used in this study were produced in a cost effective top down
process by milling micro scale iron rawmaterial to micrometre and
nanometre scale (K€ober et al., 2014). It has been applied at a pilot
site and injected as a slurry with 10 g/L (K€ober et al., 2014).

In this study, both reduced and oxidized (referred to as “aged”;SI
1) materials were tested. A commercial product of reduced NZVI
was tested in anaerobic batch experiments and the newly devel-
oped reduced NZVI was investigated in column studies to assess its
toxic potential onto selected dechlorinating microorganisms as
well as synergies between abiotic and biological dechlorination of
the model contaminant perchloroethene (PCE). Newly developed
aged NZVI was tested in an ecotoxical test battery including
methods to investigate its safety at different biological levels (cell
tests & organisms).

2. Material and methods

2.1. Effect on anaerobic-reductive biological dechlorination

Batch and column studies were performed under anaerobic
conditions to study the interplay between abiotic dechlorination
through reduced NZVI and anaerobic-reductive biological dechlo-
rination. The response of the most important anaerobic-reductively
dechlorinating microbial groups Dehalococcoides sp., Desulfito-
bacterium sp., Desulfomonile tiedjei, Dehalobacter sp., and Desulfur-
omonas sp. was monitored by nested polymerase chain reaction
(PCR) with the method described in Kranzioch et al. (2013). The
occurrence of these organohalide-respiring microorganisms can be
taken as an indicator for the existence of biological dechlorination
(Schmidt et al., 2006). Furthermore, the presence of the gene se-
quences coding for the four reductively dechlorinating enzymes
(dehalogenases) pceA, tceA, bvcA and vcrA fromDehalococcoides sp.
was assessed by PCR using the primers described in Behrens et al.
(2008).

Batch experiments (with commercial NZVI) were conducted
under anaerobic conditions in 2L bottles filled with a carbonate
buffered mineral mediumwith 10 mg/L PCE. As reactive agents, the
batch assays obtained either 0.5 g/L reduced NZVI Nanofer 25
(NANO IRON, Rajhrad, Czech Republic) or an actively dechlorinating
laboratory microbial culture or NZVI plus microbial culture. Each
batch assay was sampled for chloroethene analysis (PCE and its
degradation products) via gas chromatography (measured as
described in Lohner and Tiehm (2009)) at several points in time as
well as for analysis of anaerobic-reductively dechlorinating mi-
croorganisms and enzymes by PCR at the start and the end (day 64)
of the experiment.

Column experiments (with the newly developed NZVI material)
were conducted under anaerobic conditions with sediment and
groundwater containing the natural site microflora from a model
site in Braunschweig, Germany (K€ober et al., 2014). Groundwater
with PCE as primary contaminant was obtained at several sampling
dates and stored anaerobically at 3 �C. Due to the ongoing NZVI
injection at the field site (K€ober et al., 2014) the individual
groundwater samples differed in their chloroethene composition as
well as in their hydrochemical properties (e.g. pH). The column set-
up consisted of two parallel column systems (A and B) with two
sequentially connected sediment columns (0.05 m diameter, 0.4 m
height of packed bed), each. The flow-through of 0.34 L/d of
groundwater was upwards from the columns A1 and B1 to the
columns A2 and B2. The four columns were filled with a 1:1
mixture of field sediment (sandy material also containing fine
grains smaller than 0.1 mm) and sand (Dorsilit 0.1e0.5 mm)
resulting in a porosity of 0.4. The first columns additionally con-
tained a 10 cm layer of pure sand at the inflow.

Column A1 was supplied with the newly developed NZVI ma-
terial as anaerobic NZVI suspension prepared as described (Code
MMA01 e B5) in K€ober et al. (2014). At day 82 10 g NZVI suspended
in 1 L groundwater were injected into column A1 at an injection
rate of 6.9 L/d. At day 110 20 g NZVI suspended in 1 L groundwater
were injected into column A1 at an injection rate of 12 L/d. For the
third delivery at day 236 a gravel-packed pre-column filled with
18 g NZVI in suspension was connected to the inflow of column A1.
Column B1 was supplied with the same amounts of suspension
without NZVI.

The transport of the NZVI through the column was assessed
visually. During the injection with higher flow rate an uneven
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distribution of the NZVI was clearly visible in column A1 (Fig. SI 2).
No further spreading of NZVI was observed during the column
experiment with the normal flow rate. At a later stage of the
experiment the column was blackened due to the precipitation of
iron sulphide thus masking the location of the NZVI. During 300
days test duration the influent of the whole column system as well
as the effluents of each sediment column were regularly analysed
for the concentrations of chloroethenes (PCE and its degradation
products) and for the presence of anaerobic-reductively dechlori-
nating microorganisms and enzymes. Results are shown for the
influent as well as for the effluents of the second sediment columns
(A2 and B2).

2.2. Sample preparation for characterization and ecotoxicity testing

To prepare oxidized referred to as “aged” NZVI, an aliquot of the
reduced newly developed NZVI nanomaterial in its original sus-
pension prepared as described (Code MMA01 e B5) in K€ober et al.
(2014) was transferred into a glass vessel and dried in an oxygen
atmosphere at 80 �C in an oven over night. For the characterization
and the aquatic toxicity tests, the air dried iron powder was ground
as thematerial covered the glass surface and formed a homogenous
layer. Each dilution of the aged NZVI in 100 mL ultrapure water or
corresponding test medium was weighed individually on an ultra-
balance XP6U (Mettler-Toledo GmbH, Gieben, Germany). Then, the
samples were sonicated with a HD 2200 ultrasonic probe with a
VS70T tip (Bandelin, Berlin, Germany; 200 W; 0.80 0/0.200 pulse/
pause; 5 min; 100% power) inserted into the liquid approx. 1 cm
above the bottom of the beaker (250 mL, short form). After soni-
cation, the suspension was introduced in the subsequent test
without delay.

2.3. Characterization of aged NZVI

2.3.1. Transmission electron microscopy (TEM) and energy
dispersive x-ray analysis (EDX)

For the TEM investigations a suspension in ultrapure water with
a concentration of 100 mg/L was prepared and 3 mL of this sus-
pension were transferred onto a carbon coated copper TEM grid
(Plano, Wetzlar, Germany). Following, it was air dried for storage
and analysis. Subsequently, the nanomaterial was investigated with
a Philips CM 20 FEG (Philips electronics, Eindhoven, Netherlands)
transmission electron microscope operated at 200 kV using a Phi-
lips double-tilt sample holder. The images were collected with a
GATAN CCD camera (Gatan Inc., Pleasanton, CA, USA). Selected
objects were tilted with respect to the electron beam and a series of
images was collected to estimate the three-dimensional shape and
thickness of these objects. Additionally, for selected objects an EDX
analysis was conducted using a connected EDAX spectrometer
(EDAX Inc., Mahwah, NJ, USA).

2.3.2. X-ray diffractometry (XRD)
The XRD investigations were conducted with the aged NZVI

with a MC 9300 (HUBER Diffraktionstechnik GmbH & Co. KG,
Rimsting, Germany) using Co Ka-radiation produced at 45 kV and
35 mA. The angles were from 20� to 135�. Quantitative phase
analysis was performed by Rietveld refinement. The resulting data
were analysed with BGMN software 5.1.3.

2.4. Cell free reactive oxygen species (ROS) detection

A cell free reactive oxygen species (ROS) detection was con-
ducted according to the procedure by Simon et al. (2014) and
Rushton et al. (2010). This assay quantifies the amount of ROS in the
mediumwhereas other assaysmeasure the ROSwithin animal cells.
The preparation is detailed in SI 3. The reaction mix was incubated
with sonicated aged NZVI suspensions at 10,100, 450 and 1000mg/
L and sonicated medium as a process control. As a positive control
H2O2 was applied at concentrations of 1, 2, 5, 10, 20 and 40 mM.
Unsonicated medium was used as blank. The samples were incu-
bated in darkness at 37 �C for 15 min in technical triplicates in 6-
well plates (TPP Techno Plastic Products AG, Trasadingen,
Switzerland). The formation of the fluorescent product was
detected by excitation at 485 nm and emission at 530 nm with a
plate reader Infinite M200 (Tecan Group Ltd., M€annedorf,
Switzerland).

2.5. Ecotoxical test battery of aged NZVI

2.5.1. Algae growth inhibition test
The algae growth inhibition test with Desmodesmus subspicatus

was conducted based on the OECD guideline 201 (OECD, 2011),
Hafner et al. (2015) and Altenburger et al. (2008). The triplicate test
suspensions (0, 6, 11, 23, 45, 90 mg/L) were prepared in a 24-well
plate by sonicating separately weighed aged NZVI in ultrapure
water before the addition of the algae. Afterwards, 10-fold
concentrated growth medium was added to obtain a 1-fold
concentrated growth medium with the nutrients necessary for
the algae. Before the start of the test, the chlorophyll fluorescence of
the preculture was determined. The excitation of light with a
wavelength of 465 nm and the emission of light with a wavelength
of 685 nmwere measured with a plate reader Infinite M200 (Tecan
Group Ltd., M€annedorf, Switzerland). The fluorescence is correlated
to algal cell numberwhichwas calibrated in advance. The initial cell
density in all wells was calculated to be 5000 cells/mL in a volume
of 2 mL. Every 24 h, the chlorophyll fluorescence was determined
with the plate reader, the cell number was derived, and the growth
rate was calculated and compared to the control. Additionally, a
microscopic viability evaluation of the algae cells was conducted for
selected samples after 72 h. Therefore, the algae were transferred
from the selected wells onto a cover glass and microscopically
evaluated with a 1000-fold magnification by oil immersion mi-
croscopy. A fluorescent light illumination in combination with fil-
ters for 485 nm excitation and 685 nm emission were applied.

2.5.2. Daphnia acute immobilisation test
The acute crustacean immobilisation test with Daphnia magna

was conducted based on OECD guideline 202 (OECD, 2004) and
Wyrwoll et al. (2016). The setup consisted of four replicates per
concentration with five daphnids in each test beaker (10 mL; 20 �C
in darkness). The aged NZVI were evaluated at 10, 25, 50, 100, 500
and 1000 mg/L. Additionally, a negative control (NC) with only the
artificial water or a sonication treatment control (TC) without aged
NZVI was included. After 24 h and 48 h, the number of immobile
animals was noted. The percentage of immobile daphnids was
calculated and effect concentrations (EC) were determined using
probit analysis of the data using the ToxRat software package
(ToxRat Solutions GmbH, Alsdorf, Germany).

2.5.3. Fish embryo toxicity test
The assay with zebrafish (Danio rerio) was carried out based on

OECD guideline 236 (OECD, 2013) with modifications given by
Peddinghaus et al. (2012) and Schiwy et al. (2015). The nano-
materials were tested in duplicates in seven concentrations (16, 31,
63, 125, 250, 500 and 1000 mg/L) prepared with artificial water
with a static test design. 3,4-dichloroaniline (SigmaeAldrich
GmbH, Steinheim, Germany; 3.7 mg/L) served as a positive control,
artificial water as a negative control, and sonicated artificial water
as a treatment control (TC). To each test concentration, ten eggs
that reached the 8-cell stadium were added. Then, each egg was
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transferred into a volume of 2 mL on a well of a 24-well plate. Each
plate was covered with a gas-permeable foil (Renner, Darmstadt,
Germany) and incubated at 26 ± 1 �C for the exposure period of
96 h post fertilization (hpf). Evaluation of the test was carried out
with an inverted microscope at 40-fold and a 100-fold magnifica-
tions. Every 24 hpf, the lethal endpoints (coagulation of the em-
bryo, non-detachment of the tail, non-detection of the heartbeat,
and lack of somites) were recorded. As an additional endpoint, the
hatching of the embryos was included. The percentage of effect was
calculated and an EC50 was determined using Graphpad Prism 6
with least square fit analysis.

2.5.4. Ames fluctuation test
For measurement of the mutagenic potential, a modification of

the standard Ames assay was conducted according to ISO guideline
11350 (ISO, 2012), Reifferscheid et al. (2012) and Heger et al. (2012).
Mutagenicity was investigated using the Salmonella typhimurium
strains TA98 and TA100 with the Ames fluctuation test (with and
without the metabolic activation S9 mix). Detection of the reverse
mutationwas realized by using a pH indicator dye in the test media
and counting the number of positive wells (wells with revertant
growth). Prior to seeding into a 24-well test plate, optical density
(OD) was measured photometrically at a wave length of 595 nm.
The concentration and absorption relationship of the reference
compound formazine called Formazine Attenuation Units (FAU)
was used as an estimate for bacterial density. The bacterial density
was adjusted to 450 FAU. For exposure, either sample or controls
were added to a 24-well plate. Positive controls were inserted ac-
cording to the guidelines, the negative control consisted of ultra-
pure water, and validity criteria were checked. The investigated
aged NZVI was sonicated in ultrapure water and added to 10�
medium. Finally, the bacteria in exposuremediumwere added. Test
concentrations investigated were 5, 10, 20, 40, 50 and 100 mg/L.
After 100 min, exposure was terminated by adding the reverse
indicator medium to each well. Subsequently, 50 mL of each test
concentration with the added reverse indicator medium were
added to 48-wells of a 384-well plate and incubated at 30 �C in
darkness for 48 h.

3. Results

3.1. Effect on anaerobic-reductive biological dechlorination

Anaerobic batch studies showed a removal of 28%, 7.7% and 24%
of the initial PCE concentration after 64 days for the assays with
reduced NZVI, with microbial culture and with reduced NZVI plus
microbial culture, respectively (Table 1, Fig. SI 7). In view of possible
Table 1
Anaerobic batch studies - PCR detection of DNA sequences of Dehalococcoides sp. and its fo
(64 days) of the batch studies (-: not detected; þ: detected).

Batch Dehalococcoides sp

NZVI
start -

end -

microbial culture
start +

end +

NZVI + microbial culture
start -

end +
variability of the batch assays as well as the unavoidable measuring
error the assays with reduced NZVI and with reduced NZVI plus
microbial culture performed equally. These results demonstrated
that due to the lack of electron donors, the microbial culture alone
was hardly able to perform anaerobic-reductive dechlorination
despite of the presence of Dehalococcoides sp. The other dechlori-
nating organisms Desulfitobacterium sp., Desulfomonile tiedjei,
Dehalobacter sp., and Desulfuromonas sp. were not detected. The
needed electron donors were provided by the addition of reduced
NZVI. From the formation of cDCE (Fig. SI 7) and the increase of the
number of detected dechlorinating enzymes of Dehalococcoides sp.
(Table 1) at the end of the experiment in the batch with reduced
NZVI plus microbial culture it can be concluded that i) NZVI was not
inhibiting Dehalococcoides sp. ii) the dechlorinating microorgan-
isms were proliferating and iii) the microorganisms contributed to
the reductive dechlorination observed.

During the first 100 days of the anaerobic column experiment
the effluents showed only minor dechlorination (SI 4) and a lower
or equal number of detected groups of dechlorinating microor-
ganisms compared to the influent (Fig. 1). Due to biodegradation of
the organic suspending agents pH values at the field site (influent
between day 70 and day 100) as well as in the columns (measurable
in the effluents after the NZVI injection at day 110 and 236) drop-
ped (Fig. SI 5). This acidification and the formation of ethanol and
methanol indicated fermentation processes (Fig. SI 5 & Fig. SI 6). A
pH increase caused by anaerobic ZVI corrosion was not measured.
After the acidification declined, biological dechlorination was
observed (sampling dates 180, 244 and 294 in SI 4). A corre-
sponding increase of the number of PCR detected DNA sequences of
dechlorinating microorganisms and enzymes in the effluents
compared to the influent was then observed as well (Fig. 1).

Due to the changing chloroethene concentrations within the
groundwater sampled at different days all effluent results need to
be compared to the corresponding influent concentrations as it is
done in Fig. SI 4. In both column systems, the metabolites tri-
chloroethene and cis-1,2-dichloroethene were formed. Further
degradation to vinyl chloride and ethene was not observed. Except
for the last sampling date, showing a higher degree of dechlori-
nation for the column A with NZVI, there was no significant dif-
ference in dechlorination between the columns with and without
NZVI. There was no significant difference in the amount of PCR
detected DNA sequences of dechlorinating microorganisms and
enzymes between the column system with and without NZVI,
neither. Corresponding to the results of the batch studies, the col-
umn studies again demonstrated that NZVI did not exert a
measurable inhibition of the microbial activity being relevant for
biological dechlorination in the subsurface environment.
ur enzymes and percent of perchloroethene (PCE) degraded at the start and the end

. pceA tceA bvcA vcrA
PCE 

degraded [%]

- - - - -

- - - - 28

- - - + -

- - - + 7.7

- - - + -

+ + - + 24



Fig. 1. Anaerobic column experiments - Number of different anaerobic-reductively dechlorinating microbial groups detected with PCR (five in total tested) in the influent and in the
effluents of columns without and with NZVI treatment (left). Number of DNA sequences encoding different anaerobic-reductively dechlorinating enzymes of Dehalococcoides sp.
detected with PCR (four in total tested) in the influent and in the effluents of columns without and with NZVI treatment (right).

Fig. 2. ROS detection - Fluorescence response of the cell free ROS 20 ,70-dichlorodihy-
drofluorescin diacetate (DCFDA) assay with the aged NZVI and H2O2 as reference. The
whiskers represent the standard deviation on the mean of three technical replicates.
(RFU: Relative fluorescence units; TC: Treatment control; Blank: Untreated control;
NZVI: Nanoscale zero-valent iron).
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3.2. Characterization of aged NZVI

3.2.1. Transmission electron microscopy (TEM) and energy
dispersive x-ray analysis (EDX)

The results show various particle sizes between some tens of
nanometres and some micrometres for the aged nanomaterial (SI
8). No statistical analysis was conducted due to the heterogeneity
and no uniform morphology of the aged NZVI. To estimate the
thickness of a selected particle, the sample was tilted stepwise and
a series of micrographs was subsequently taken (SI 9). The analysis
revealed a sample thickness below 100 nm. The composition of the
particle was analysed by EDX and the presence of iron was verified
(SI 9).

3.2.2. X-ray diffractometry (XRD)
The results of the XRD measurement indicate that the aged

nanomaterial consist mainly of the allotrope a-Fe (ferrite) with a
percentage of over 81% and the remaining part of 19% g-Fe
(austenite). Besides these both modifications no additional phases
were detected. The broad peaks indicated both size and strain
contributions. From the size term mean coherence lengths of
62 ± 22 nm were calculated, which corresponds well with the
particle dimensions determined by TEM.

3.3. Cell free reactive oxygen species (ROS) detection

The results of the cell free ROS measurement showed a dose
response for the positive control H2O2 and the aged NZVI (Fig. 2).
The results indicate that high concentrations of the aged NZVI are
correlated with the formation of ROS. The treatment control with
sonicated medium as well as the aged NZVI concentrations of
10 mg/L and 100 mg/L showed a response comparable to the blank.
The response of 450 mg/L and 1000 mg/L NZVI was approximately
4-fold higher.

3.4. Ecotoxicity testing of aged NZVI

3.4.1. Algae growth inhibition test
The algae growth inhibition test did not show any evaluable

results (data not shown). No growth could be recorded for the aged
nanomaterial dilutions by measuring the chlorophyll fluorescence
with a plate reader. The nanomaterial associated to algae and
sedimented within 20 min forming a settled layer in the middle of
the well plate. A microscopic investigation of the sample showed
that the algae were viable (Fig. 3) and incorporated in a cluster of
aged NZVI.

3.4.2. Daphnia acute immobilisation test
The results of the Daphnia tests showed a dose response rela-

tionship between exposure to the aged NZVI and daphnid immo-
bility. The EC50 value of the pooled tests was determined and
amounted to 163 mg/L (Fig. 4). The dissolved oxygen levels at the
beginning and end of the tests showed a trend dependent on the
aged NZVI concentration (SI 10). The higher the nanomaterial
concentration the lower the oxygen levels recorded indicating that
the nanomaterial was not fully oxidized. Similarly to the algae test,
the nanomaterial sedimented visibly within 20 min. Some of the
Daphnia were coated with the material and their movement was
impaired. After molting, some of the Daphnia shed their carapax
free of the associated nanomaterial and could move again without
any impairment.



Fig. 3. Algae growth inhibition - Algae cells associated with clusters of aged NZVI made visible with oil immersion microscopy (1000-fold magnification) with fluorescence filters.
Viable algae cells are indicated in green.

Fig. 4. Crustacean immobilisation - Percentage immobility of Daphnia magna after
exposure to aged iron nanomaterial at concentrations of 10, 25, 50, 100, 500 and
1000 mg/L for 48 h. The 95% confidence interval is indicated (dashed lines).
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3.4.3. Fish embryo toxicity test
A dose dependent effect on the fish embryos was observed upon
Fig. 5. Fish embryo toxicity - Percentage mortality of zebrafish (Danio rerio) embryos
after exposure to aged iron nanomaterial at concentrations of 16, 31, 63, 125, 250, 500
and 1000 mg/L at 96 hpf. The 95% confidence interval is indicated (dashed lines). TC:
sonication treatment control; PC: positive control treatment with 3.7 mg/L 3,4-
Dichloranilin; NC: negative control untreated control.
exposure to the aged NZVI. An EC50 of 458 mg/L 96 hpf was
calculated (Fig. 5). Again, the nanomaterial sedimented quickly and
covered the fish eggs (Fig. 6). The eggs showed an increasing as-
sociation with the aged iron nanomaterial throughout the experi-
ment. At concentrations higher than 62 mg/L the bottom of the
wells was completely covered and hinderedmicroscopic evaluation
of the heart beat and blood circulation during the first 48 hpf. With
the help of an additional light source the investigation could be
partially conducted (Fig. 6).
3.4.4. Ames fluctuation test
The results of the Ames fluctuation assays showed a bacterial

toxicity in the TA 100 strain at aged NZVI concentrations higher
than 50 mg/L. The assay did not indicate any mutagenic potential of
the aged NZVI with or without the S9 mix with both tester strains
(TA 98 and TA 100).
4. Discussion

4.1. Effect on anaerobic-reductive biological dechlorination

The anaerobic laboratory studies showed that biological
dechlorination of chloroethenes was stimulated due to the micro-
bial degradation of the suspending agents of NZVI. Long term
inhibitory or toxic effects of NZVI on dechlorinating microorgan-
isms were not observed. These findings were corroborated by the
results of a field test published by K€ober et al. (2014): PCR results as
well asmetabolite formation pointed to the occurrence of biological
dechlorination in the aquifer after NZVI injection despite transient
unfavourable pH values due to the fermentation of the suspending
agents.

Toxic effects of NZVI on dechlorinating microorganisms were
observed in some laboratory studies (Tilston et al., 2013; Zabetakis
et al., 2015). Field applications of NZVI did not show any prolonged
negative effects on the microbial activity but even a stimulation of
biological dechlorination (He et al., 2010; Kocur et al., 2015; Su
et al., 2012; Wei et al., 2012) supporting the results of our study.
Aging of NZVI as well as interaction with natural organic matter
was shown to mitigate the toxicity of the NZVI (Baalousha, 2009;
Bruton et al., 2015; Jang et al., 2014; Phenrat et al., 2009).

In order to benefit from synergies between the abiotic and biotic
processes, biological processes (biodegradation as well as hydrogen
consumption) should be considered during field application of
NZVI materials. Transient toxic effects as well as unfavourable pH-
effects of abiotic and biotic processes have to be taken into account.



Fig. 6. Fish embryo toxicity - Association of the aged NZVI to the chorion and larvae. The upper row depicts the developmental stages of the negative control (NC) at the time points
of 24 h (A), 48 h (B) and 72 h (C). The lower row depicts the association of the aged NZVI to the chorion (D,E) and to the larvae (F) at the same time points.
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4.2. Material characterization of aged NZVI

The physical characterization of the aged NZVI was an important
aspect of the study, since the physical state of the nanomaterial may
have an impact on its behaviour in the aquatic environment. The
characterization was conducted with dynamic light scattering (SI
11), transmission electron microscopy (TEM e 3.2 & SI 8e9) with
energy dispersive x-ray analysis (EDX), and X-ray diffractometry
(XRD). The investigation by TEM shows an inhomogeneous size
distribution of the material consisting of particles and agglomer-
ates in the nanometre unto the micrometre range (SI 8). This het-
erogeneous size distribution is a result of themilling process (K€ober
et al., 2014). The results of the XRD measurement showed that the
aged material consisted of ferrite (81%) and austenite (19%). The
aged NZVI investigated were air dried and hence an iron oxide layer
was expected. However, none was detected by XRD. A possible
explanation is that the iron oxide layer is too thin for detection as it
was reported to be as thin as 3 nme5 nm (Efecan et al., 2009;
Kumar et al., 2014a). The aspect of production, composition and
the stability in suspension are discussed in detail in SI 12. Since we
dealt with limitations in the conducted characterization tech-
niques, we used the nominal NZVI concentrations.
4.3. Ecotoxicity testing of aged NZVI

4.3.1. Algae test
The algae growth inhibition test was not applicable for testing

the iron nanomaterials as the material associated with the algae.
The formation of clusters of the material occurred as a result of the
particles morphology as well as the salt concentration of the me-
dium. These clusters incorporated the algae and sedimented onto
the bottom of the vessel. Thus, the effects on algal growth in our
study were rather based on the sedimentation and shading than on
a toxic mode of action. In this study, no EC50 values could be
calculated. In the study by Keller et al. (2012), the uncoated NZVI
Nanofer25 showed a similar agglomerating and sedimenting
behaviour and was excluded from their investigation with algae. In
other studies e.g. with titanium dioxide nanoparticles, the effect of
shading by the nanomaterials or change of light quality could be
excluded (Aruoja et al., 2009; Hartmann et al., 2010; Hund-Rinke
and Simon, 2006). Hence, a validation of the test system for the
nanomaterial of interest is crucial to distinguish between physical
interaction and toxic effects.
4.3.2. Daphnia acute immobilisation test
The results of our test with daphnids indicate a toxicity of the

aged NZVI with a calculated EC50 of 163 mg/L. The toxicity recor-
ded was higher than the toxicity to Daphnia magna reported by
Marsalek et al. (2012) who calculated an EC50 for NZVI higher than
1000 mg/L. A study that compared the toxicity of uncoated and
coated NZVI to aquatic organism showed that the crustacean
Daphnia magnawas more sensitive to the NZVI that the fish (Keller
et al., 2012). These results are in accordance with our study as
Daphnia magna showed to be approx. 3-fold more sensitive to aged
NZVI than the fish Danio rerio.
4.3.3. Fish embryo toxicity test
The presented results of the fish embryo toxicity test were

comparable to results from former studies with fish and iron
nanomaterials. Especially, for oxidized iron nanomaterials Weil
et al. (2015) showed no toxicity to the fish Danio rerio in a con-
centration up to 100 mg/L. This results is comparable to our
research. In our study, the aged NZVI was more toxic to Danio rerio
with an EC50 of 458 mg/L than in the study by Marsalek et al.
(2012) to the fish Poecilia reticulate with an EC50 of 2500 mg/L. In
another study with medaka, 40% mortality was reported for an iron
nanomaterial at a nominal concentration of 100 mg/L (Chen et al.,
2012). Li et al. (2009) reported for the same fish and iron nano-
material deleterious effects on gills and intestine in histological
investigations at a concentration of 5 mg/L. These studies reported
a comparably quick agglomerating and sedimenting behaviour of
the nanomaterials. Our evaluation of various endpoints in the fish
embryo toxicity test indicates that for this nanomaterial the
hatching rate after 72 hpf (EC50 337 mg/L, data not shown) is a
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more sensitive endpoint than mortality (EC50 458 mg/L). However,
more scattering in the hatching data compared to mortality data
was observed. This is a consequence of the association of the
nanomaterials with the chorion of the embryos. As the embryos
were covered, no effects on the embryo could be recorded until the
end of the experiment. The average time point of hatching at 72 hpf
is 24 h earlier than the end of the test at 96 hpf.

4.3.4. Ames fluctuation test
The Ames fluctuation test did not show any mutagenicity of

NZVI, which is consistent with the results of the study from Barzan
et al. (2014). The possible mode of action for NZVI to trigger
mutagenicity would be due to incorporation in cells and its ROS
generating properties (Fu et al., 2014). However, as shown in Fig. 2,
the concentrations to produce ROS and elucidate toxicity were
higher than 450 mg/L. Hence, any negative ROS effects of the NZVI
would act before the onset of mutagenicity.

4.3.5. Modes of NZVI toxicity
The factors influencing NZVI toxicity are size as well as the re-

actions of the iron nanomaterial including corrosion and trans-
formation processes, ferrous ions release, oxygen consumption and
generation of reactive oxygen species (Scown et al., 2010; Zhu et al.,
2012)., The production of oxidation enhancing entities such as
hydroxides, carbonates and sulfates is facilitated (Liu et al., 2015;
Stumm and Morgan, 2012). Next to oxygen depletion, ferrous ions
might be responsible for toxicity as was shown in various studies
(Chen et al., 2012; Keenan et al., 2009; Keller et al., 2012; Vuori,
1995). Reactive oxygen species (ROS) can also be the cause of
toxic effects. It is known that transition metals participating in one-
electron oxidation-reduction reactions like iron lead to the for-
mation of ROS (Schrand et al., 2010; Yan et al., 2013; Yin et al., 2012).
In our study, acute toxicity was detected at 50 mg/L of aged NZVI
exposure. At this concentration, no elevated ROS signals levels were
recorded. However, various studies reported deleterious effects to
organisms originating in direct contact to NZVI or ROS generated by
engineered nanomaterials (Chen et al., 2012, 2013; Li et al., 2009;
Ma et al., 2013). We believe that the combination of oxygen
depletion, ferrous ion toxicity, ROS-related toxicity and nano-
material specific toxicity contribute to the observed toxicity.

5. Conclusion

Regarding environmental risk assessment of NZVI applied for
groundwater remediation, this nanomaterial will be applied at high
(effective) concentrations only in limited areas. Thus, the NZVI will
reach a wider environment only at low concentrations that have
only transient toxic and pH effects with no prolonged conse-
quences according to our study. Hence, this nanomaterial is prob-
ably of no environmental concern not prohibiting its application for
groundwater remediation. During field application synergetic ef-
fects of abiotic dechlorination and biological dechlorination as well
as microbial hydrogen consumption can enhance the efficiency of
NZVI groundwater remediation. The results of our investigations
can be used in the international discussion on the use of standard
test procedures for the testing of nanomaterials.
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