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a b s t r a c t

Engineered nanoparticles (NPs) are often doped with other elements to improve their functionality and,
at times, physical and/or chemical stability. However, the effect of doping on the environmental impli-
cations of NPs is not well-understood. We investigated the colloidal stability and effects of CuO NPs
doped with Fe (0e10%). Colloidal stability of the Fe-doped CuO NPs in aqueous media, as determined by
critical coagulation concentrations of NaCl, decreased with increased Fe-doping. However, decrease in
the overall particle density led to slower sedimentation of Fe-doped CuO NPs than would have been
predicted from their aggregation behavior. Fe-doping significantly affected CuO dissolution (p< .001),
promoting Cu leaching out from the doped NPs due to increased reactivity at neutral pH and increased
surface area with Fe-doping. Fe-doping did not increase the toxicity of CuO to a marine phytoplankton,
Isochrysis galbana, despite promoting ionic Cu release. Total suspended Cu was dominated by dissolved
Cu complexes in seawater and particulate Cu in freshwater. Based on the abundance of different size
fractions analyzed in freshwater, the particles detected in water suspension were mostly (�50%) larger
than 200 nm in diameter. However, these large-sized particles are mainly composed of aggregated
nanosized particles held together by van der Waals attraction.

© 2017 Published by Elsevier Ltd.
1. Introduction

Several applications of engineered nanoparticles (NPs) require
that they are combined with other materials, which may be mere
matrices or co-primary ingredients. The use of these nano-
composites has been widely reported in the literature (Adeleye
et al., 2016b; De Volder et al., 2013; Wagner, 2007; Wang et al.,
2011a). In addition, the composition of NPs may be intentionally
modified to form nanohybrids, doped NPs or composites in order to
improve their functionality or reduce unwanted properties
(Fairbairn et al., 2011; Wang et al., 2011a; Xia et al., 2011). For
instance, one of the primary applications of copper NPs is in elec-
tronics and optics (Keller et al., 2013), and the incorporation of
small amounts of Fe enhances the applications of CuO in magnetic
ntal Science & Management,
d States.
.
ch Associate, Atlantic Ecology
gansett, Rhode Island, United
storage devices (Keller et al., 2013; Yin et al., 2010). Doped NPs have
wide applications in fields including medicine, biotechnology, en-
ergy, environmental science, etc.; and their uses include chemical
sensing/biological imaging, catalysis, and environmental remedia-
tion (Adeleye et al., 2016a; Chen et al., 2004; Thakar et al., 2007;
Wang et al., 2011a), However, doping may also influence the
physicochemical properties of the NPs, and thus, their environ-
mental implications (Fairbairn et al., 2011; Xia et al., 2011). For
instance, the dissolution and toxicity of ZnO NPs were significantly
reduced when they were doped with Fe (Fairbairn et al., 2011).

Recently, several studies focused on the environmental impli-
cations of copper-based NPs due to the toxicity of copper, and the
increasing application of copper NPs in consumer products
(Adeleye, 2015; Adeleye et al., 2016b; Ingle et al., 2014; Keller et al.,
2017; Midander et al., 2009; Wang et al., 2013; Zhao et al., 2016b).
Most of these studies, however, researched single elements (e.g. Cu
NPs) or common compounds of copper (e.g. CuO NPs). While these
studies provide knowledge useful for predicting the environmental
hazard of the basic NPs, a good understanding of the fate and
transformation of doped NPs, nanocomposites, and nanohybrids is
necessary since nanomaterials are often used and will be
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introduced into the environment in these forms. Studies investi-
gating the fate of doped NPs are currently rare.

In order to exhaustively investigate how the human health and
environmental implications of NPs may be influenced by doping
them, our research consortium synthesized CuO NPs doped with Fe
(0e10%) using flame spray pyrolysis techniques. The fate and effects
of the pure CuO and Fe-doped CuO NPs were then carefully studied
in the two important systemsdbiological and environmental. In a
recently published article summarizing the finding in biological
media, Naatz and coworkers reported that Fe-doping of CuO
reduced the release of toxic Cu ions in biological media (Naatz et al.,
2017). This article reports our findings on the environmental im-
plications of the same pure and Fe-doped CuO NPs. The aggrega-
tion, dissolution, and transformation of the NPs were thoroughly
investigated in both simple aqueous media and natural waters.
Furthermore, the NPs were exposed to an axenic marine phyto-
plankton culture in order to determine their potential toxicity to
this important class of organisms.

2. Experimental section

2.1. Nanoparticle synthesis

The synthesis of pure and Fe-doped CuO NPs was carried out
using in-house built flame spray pyrolysis (George et al., 2010;
Kemmler et al., 2013; Pokhrel et al., 2010). Copper naphthenate
(Strem Chemical, 99.9% pure) was used as a precursor, with or
without iron napthenate (12% Fe by metal, Strem, 99.9% pure). All
the precursors were diluted with xylene (Strem Chemicals, 99.95%
pure) to obtain a total metal concentration of 0.5M. To synthesize
the library of CuO doped with 0, 2, 6, and 10% Fe (hereafter referred
to as 0%Fe-CuO, 2%Fe-CuO, 6%Fe-CuO, and 10%Fe-CuO, respec-
tively), a 50mL portion of 0.5M copper naphthenatewas separately
mixed with 1.15e5.7mL of 0.5M iron naphthenate. Each liquid
precursor was delivered to the nozzle tip by a syringe pump at a
flow rate of 5mL/min by atomising the precursor solution with
dispersant O2 at a flow rate of 5mL/min, and maintaining a pres-
sure drop of 1.5 bar at the nozzle tip. Combustion of the dispersed
droplets was initiated by the co-delivery of CH4 and O2 (1.5 L/min,
3.2 L/min) to sustain a flame. The particles were collected from the
257mm glass filters placed at a distance of 60 cm from the nozzle.
Commercially-available CuO NPs (denoted CuO-SA) were obtained
from Sigma Aldrich to compare with the one synthesized in-house
(i.e. 0%Fe-CuO). In addition, Cu and Cu2O NPs (denoted nCu and
nCu2O), respectively) were obtained from US Nanomaterials
(Houston, TX) to understand how the fate of the synthesized library
of pure and Fe-doped CuO NPs compare with these other copper-
based NPs.

2.2. X-ray diffraction and BrunauereEmmeteTeller surface area
analyses

For the X-ray diffraction measurements, the NPs (0e10%Fe-
doped CuO) were loaded into a Bruker D8 diffracting system. The
diffractometer was configured in Bragg-Brentano geometry
equipped with a primary Johansson monochromator producing Ni-
filtered Cu-Ka (l¼ 0.154 nm) radiation. A ~0.1� fixed divergence, 4�

primary, 2.5� secondary soller slits, and LynxEye detector (position
sensitive in a range of 3� 2q with 192 channels, yielding a channel
width of 0.01563� 2q) was used (Dreyer et al., 2016; Pokhrel et al.,
2015). Continuous scans were applied with an integration step
width of ~0.03� 2q and 30 s per step. The determination of the
average crystallite sizes (dXRD) was achieved by the line-broadening
analysis during the Rietveld refinement of the x-ray patterns. The
instrumental contribution to the peak broadening was corrected
using LaB6 as an instrumental standard.
The adsorption-desorption isotherms of nitrogen Brunauer-

Emmett-Teller (BET) were measured at 77 K using a Quantach-
rome NOVA 4000e and Autosorb-1 gas sorption system as a func-
tion of relative pressure P/Po over the range of 0.01e0.99. Prior to
the measurement, the sample was outgassed at 200 �C under vac-
uum to determine the specific surface areas. The pore volume was
estimated from the nitrogen uptake at P/Po¼ 0.99. Data were ob-
tained by exposing or removing a known quantity of adsorbing gas
in or out of a sample cell containing the solid adsorbent maintained
at constant liquid nitrogen temperature.
2.3. Transmission electron microscopy

The NPs (2e5mg) were dispersed in absolute ethanol followed
by ultrasonication for 1 h. A drop from the resulting dispersion was
placed on a transmission electron microscopy (TEM) grid using an
eye dropper and dried at room temperature. High resolution
transmission electron microscopy images (HRTEM) were obtained
using a FEI Titan 80/300 microscope equipped with a Cs corrector
for the objective lens, high angle annular dark field detector
(HAADF), GATAN post-column imaging filter and a cold field
emission gun operated at an accelerating voltage of 300 kV.
2.4. Particle surface charge

The surface charge of the NPs was estimated by measuring their
zeta (z) potential using a Zetasizer ZS90 (Malvern, UK). For z po-
tential measurements, stocks of the particles were prepared in
deionized (DI) water (Barnstead Nanopure; 18.2MU cm). Aliquots
were taken from the stock to prepare samples (50mg/L) in fresh-
water (pH 7.1). The freshwater was made in accordance with EPA
method 1003.0 with 1mg-C/L Suwannee River natural organic
matter (SRNOM) (Adeleye and Keller, 2014; EPA, 2002). z potential
was notmeasured in seawater due to the high ionic strength, which
burns out zeta cells during measurements. Additional measure-
ments were carried out in DI water at several ionic strength con-
ditions (0, 10 and 50mM NaCl) at pH 5.5 (2mM acetate buffer) and
pH 8.2 (2mM carbonate buffer). The isoelectric point (IEP) of the
particles in 1mMNaCl was determined by adjusting pH with dilute
HCl and NaOH (0.01e0.1mM) and measuring z potential using the
Zetasizer. Multiple samples were used for titrations to different pH
values so as to minimized the amounts of titrants used, and thus,
changes in ionic strength of the nanoparticle suspensions.
2.5. Aggregation kinetics

The critical coagulation concentrations (CCC) of NaCl were
determined for the synthesized pure and Fe-doped CuO NPs as
described previously (Adeleye et al., 2014; Adeleye and Keller,
2014), and summarized in Supplementary Information (SI) sec-
tion A1. For the analyses, particle concentration was 50mg/L while
pH was held at either 5.5 (acetate buffer) or 8.2 (carbonate buffer),
with or without SRNOM (1mg-C/L). Aggregation was studied at
20 �C via time-resolved dynamic light scattering (DLS) using the
Zetasizer. Data were collected in triplicates at 30 s intervals for 1 h
or until the hydrodynamic diameter was double the initial value.
For comparison, the CCC of NaCl was also determined for CuO-SA
and nCu2O in similar conditions as the pure and Fe-doped CuO
NPs. The CCC of NaCl was not determined for nCu due to the par-
ticle's high polydispersity and poor stability in aqueous media
(Adeleye et al., 2014; Conway et al., 2015).
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2.6. Dissolution, sedimentation, and transformations

The dissolution of all the NPs was studied in conditions simu-
lating the surface of natural waters (14:10 light:dark, ~6000 Lux,
140 rpm) (Bennett et al., 2013). Temperature was held constant at
20 �C throughout the study, which was carried out at two initial
particle concentrationsdlow (500 mg/L) and high (5mg/L). Initial
volumewas 300mL, and all experimental conditions were tested in
triplicates. Aliquots for sampling were removed from the top 1 cm
of the aqueous phase; thus only dissolved ions and suspended
particles were collected for analyses. To reduce the possibility of
contamination from metal leaching, glassware was avoided in this
study and all pipette tips were acid-leached prior to use. Containers
were either certified metal-free (VWR International, Radnor, PA) or
acid-leached before use.

2.6.1. Low concentrations studies
These experiments were carried out to estimate the fate of the

NPs at concentrations similar to what is expected in the natural
waters (low ppb). Dissolved, 100 nm, and 200 nm Cu fractions
present in the aqueous phase were estimated similar to the method
used in a previous study (Adeleye et al., 2016b). In brief, dissolved
fractions were separated from the particulate fractions with Milli-
pore Amicon Ultra-4 3 kDa centrifugal filter tubes, which retains
particles greater than 1.5 nm. The 100 nm fraction
(diameter z 1e100 nm) was defined as the fraction that passed
through a 0.1 mm filter (Whatman, UK), accounting for the dissolved
fraction. 200 nm fractions (diameter z 100e200 nm) were deter-
mined by subtracting the dissolved and 100 nm fractions from the
fraction obtained by filtering with 0.2 mm filters (Thermo Scientific,
Waltham, MA). Particles greater than 200 nmwere defined as bulk.
In addition, aliquots weremeasured without filtration to determine
total suspended Cu (dissolved þ particulate). Cu was quantified via
inductively coupled plasma-mass spectrometry (ICP-MS) using an
Agilent 7900 ICP-MS (Santa Clara, CA). The detection limit ranged
from 0.005 mg/L in clean water to 0.96 mg/L in high salt matrix.
Dissolved Fewas not measured as preliminary studies conducted in
freshwater and seawater showed no significant leaching of Fe from
the Fe-doped CuO NPs at the concentrations tested. Single-particle
ICP-MS (spICP-MS) was also used to confirm the presence of
nanosized Cu fractions throughout the study using the Agilent 7900
ICP-MS (Adeleye et al., 2016b). sp-ICP-MS analyses were performed
in time resolved analysis (TRA) mode using an integration time of
0.1ms per point with no settling time between measurements.
NIST 8012 Au reference material (nominal diameter¼ 30 nm) was
employed for determination of plasma's nebulization efficiency. A
NIST-traceable Cu standard (concentration¼ 1 mg/L) was used to
determine the elemental response factor. Method setup and data
analyses were carried out in the Single Nanoparticle Application
Module ICP-MS MassHunter software (Agilent Technologies, Santa
Clara, CA). This studywas conducted for 14 d in both EPA freshwater
and seawater. Seawater was collected from the Pacific Ocean (at
Santa Barbara, CA) and filtered (0.2 mm) before use. Only 0%Fe-CuO
and 10%Fe-CuO were used for this study. Background Cu in fresh-
water and seawater was not detectable.

2.6.2. High concentration studies
This studywas carried out at the ppm range (5mg/L) to allow for

more precise detection of the different fractions (dissolved,100 nm,
and 200 nm) of Cu (from the NPs) via filtration techniques coupled
with ICP-MS as explained earlier. This study was conducted for 30 d
using the four synthesized pure and Fe-doped CuO NPs (0, 2, 6, and
10% Fe), and the three commercial NPs in EPA freshwater. Particles
in the aliquots collected from the supernatants of samples on Days
0 and 30 were visualized using a FEI Tecnai G2 Sphera 200 kV TEM
equipped with an Oxford INCA x-sight probe for energy-dispersive
X-ray spectroscopy (EDS).

2.7. Toxicity to marine phytoplankton

The influence of Fe-doping on the potential ecological effects of
CuO NPs was investigated by studying the toxicity of 0%Fe-CuO and
10%Fe-CuO to Isochrysis galbana. Phytoplankton are primary pro-
ducers in aquatic systems, and are typically used to evaluate the
environmental impacts of chemicals (including those that are
copper-based) in both freshwater and marine systems. Axenic
cultures were obtained from the National Center for Marine Algae
and Microbiota (Bigelow Laboratory for Ocean Sciences, East
Boothbay Harbor, ME), and were maintained in standard media (f/
2) made with 0.2 mm-filtered natural seawater as described previ-
ously (Adeleye et al., 2016b). Inoculants were cultured for 5e7 d
and initial cell density was kept at 2e3x104 cells/mL. All experi-
ments were conducted at 20 �C, 34 ppt salinity, under cool white
fluorescent lights (14∶10 light∶dark, ~6000 Lux) for 5 d. Cell den-
sities were measured every 24 h using a Trilogy fluorometer
(Turner Designs, Sunnyvale, CA), using in vivo chlorophyll fluores-
cence as a surrogate. In vivo chlorophyll fluorescencewas converted
to cell numbers using a calibration curve based on cell counts done
with a hemacytometer (Reichert, Buffalo NY). Experiments were
run in 125mL polycarbonate flasks, media volume 80mL, and were
mixed at 120 rpm on a rotary shaker (New Brunswick Scientific, NJ)
to allow for gas exchange through the filter-covered vents in flask
caps. Additional experiments were conducted using CuO-SA in or-
der to compare its effects with that of 0%Fe-CuO. Each particle was
tested in triplicate at 0, 0.05, 0.1, 1, 5, and 10mg/L exposure con-
centration. Adverse effects of the NPs were assessed via growth
inhibition and reactive oxygen species (ROS) production.

2.7.1. Growth inhibition
The average specific growth rate of the algae for the duration of

exposure was calculated according to the following logistic
equation:

mi�j ¼
ln Xi � ln Xj

ti � tj

�
day�1

�
(1)

where mi-j is the average specific growth rate from time i to j; Xi and
Xj are the cell densities at time i and j, respectively; and ti and tj are
the initial time of exposure and final time of exposure, respectively.
Percentage inhibition of growth was calculated as:

I ¼ mC � mT
mC

� 100 (2)

where I is the percent inhibition in average specific growth rate; mC
is the average specific growth rate in the control group, and mT is the
average specific growth rate for the treatment.

2.7.2. Cellular reactive oxygen species (ROS)
To investigate whether the cells of I. galbana were in oxidative

stress upon their exposure to the NPs, total ROS level was quantified
after 5 d. Total ROS produced in the organisms was assessed by
incubating the cells in black 96-well plates containing carboxy-
20,70-dichloro-dihydro-fluorescein diacetate (H2DCFDA) probe
(Invitrogen Molecular Probe, Eugene, OR) in the dark for 45min at
20 �C. H2DCFDA can diffuse freely across cells membranes, and is
popularly used as an indicator for ROS. ROS in the cells promote the
oxidation of H2DCFDA to yield the fluorescent product 20,70-
dichlorofluorescein (DCF) (Hong et al., 2009; Ivask et al., 2015). The
intensity of DCF fluorescence in the cells was measured at 485 nm
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(excitation) and 530 nm (emission) using a Synergy H1 microplate
reader (BioTek Instruments, Winooski, VT). The assay was per-
formed for each of the triplicates cultures with each culture
measured a minimum of four times. NP-only controls were also
measured. ROS levels were evaluated according to equation (3)
(Hong et al., 2009):

RR ¼ FT
FC

� 100 (3)

Where RR is relative ROS level (%), FT is the mean DCF fluores-
cence of NP-treated cells, and FC is the mean DCF fluorescence of
control cells.
3. Results and discussions

3.1. Nanoparticles synthesis and characterization

The specific surface areas and BET primary particle sizes (dBET) of
pure and Fe-doped CuO NPs ranged from 81 (±1.8) to 90 (±4.5) m2/
g and 10e12 nm, respectively (Fig. 1, Table 1). Fe-doping did not
have much influence on primary particle size and morphology. The
crystallite sizes extracted from Rietveld refinement of the XRD
patterns were in the range of 9e12 nm, reasonably agreeing with
the BET primary particle diameters (Table 1). The low resolution
TEM micrographs of pure and Fe doped CuO NPs showed spherical
particles. The crystal structure of the NPs was studied by probing a
single particle via HRTEM imaging. The images showed single
crystalline particles of 0e10%Fe-CuO NPs with well-developed
lattice fringes. The lattice plane distances of 0.2529 (±0.003),
0.2514 (±0.003), 0.2528 (±0.003), 0.2498 (±0.003) nm were
observed for 0, 2, 6, and 10% Fe-doped CuONPs, respectively (Fig.1).

The XRD patterns show sharp and well resolved reflections,
Fig. 1. TEM investigation of 0, 2, 6, and 10%Fe-CuO nanoparticles. Particles overview: HRTEM
row), 6% Fe-doped CuO (third row), and 10% Fe-doped CuO (fourth row).
indicating a monoclinic system (ICSD 69757) with a¼ 0.46927 nm,
b¼ 3.4283 nm, c¼ 5.1370 nm, a¼ g¼ 90�, and b¼ 99.546� (Naatz
et al., 2017; Torres-Duarte et al., 2016). Increasing Fe-loading
resulted in an increasing peak shift, indicating Fe-incorporation
into the CuO lattice (Fig. 2). A peak shift of 0.35� was observed
for 10% Fe-doped CuO across the entire 2q angles. The ionic radii of
Cu2þ is 0.71 Å in square planar geometry and it is not possible for
Fe2þ, with a much larger ionic radius (0.77Å), to substitute Cu2þ.
Fe3þ with a smaller ionic radius (0.63Å) can easily substitute Cu2þ

in the lattice. Hence the oxidation state of Fe in the doped CuO NPs
is most likely þ3. Raman spectroscopy and electron loss spectros-
copy (EELS) analyses confirmed the formation of CuFe2O4 in the Fe-
doped of CuO NPs (Naatz et al., 2017). The isoelectric point of
CuFe2O4 was reported as pH 4.1 in a previous study (Li et al., 2015).
The amount of Fe present in each of the Fe-CuO NPs was confirmed
via ICP-MS and energy-dispersive X-ray spectroscopy (Table A1).
Elemental mapping via energy-filtered transmission electron mi-
croscopy (EFTEM) showed that Fe and Cu appeared to be homo-
geneously distributed throughout the Fe-CuO NPs at all Fe loadings
(Naatz et al., 2017). The primary particle size of CuO-SA, nCu and
nCu2O was 50 nm, 40 nm, and 18 nm, respectively. The full char-
acterization of CuO-SA, nCu and nCu2O is presented in Table A2.
3.2. Surface charge measurements

At pH 5.5 the z potential of the 0e10% Fe-CuO NPs decreased in
magnitude (became less positive) as Fe-doping increased. For
instance, the z potential in 10mM NaCl decreased from
24.1± 0.8mV (represents mean± standard deviation throughout
the manuscript unless otherwise stated) for 2%Fe-CuO to
12.9± 0.6mV for 10%Fe-CuO (Fig. 3 and Fig. A1). The addition of
1mg-C/L of SRNOM reversed the z potential of the NPs from
and the single particle morphology of 0%Fe-CuO (first row), 2% Fe-doped CuO (second



Table 1
Primary Particle and crystallite size of pure and Fe-doped CuO nanoparticles.

Characteristic 0%Fe-CuO 2%Fe-CuO 6%Fe-CuO 10%Fe-CuO

Crystallite size, dXRD (nm) 8.9 (±1) 9.2(±1) 11.6(±1) 11.4(±1)
Particle size, dBET (nm) 11.8(±2) 12.3(±2) 10.3(±2) 10.7(±2)
Hydrodynamic size (nm)a 162.9± 3.5 145.1± 6.5 165.2± 11.9 157.7± 11.4
Zeta potential (mV) a, b �33.4± 0.9 �32.5± 0.6 �31.8± 1.0 �30.6± 0.3
Isoelectric point ~ pH 9.8 ~ pH 9.5 ~ pH 9.2 ~ pH 9.0
Specific surface area (m2/g) 80.9(±5) 77.6(±5) 92.9(±5) 90.4(±5)

a Analyses were carried out in the presence of 2mM carbonate buffer, pH 8.2.
b Measurements were carried out in the presence of 0.1mM NaCl.
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positive to negative at pH 5.5, suggesting a strong attractive inter-
action between the NPs and organic matter. In the presence of
SRNOM, the z potential of the Fe-CuO NPs also decreased in
magnitude with increased Fe-doping. But unlike in the absence of
SRNOM when z potential became less positive, z potential was
more positive with increased doping in the presence of SRNOM.
This behavior suggests the z potential of the doped NPs shifted
towards that of the dopant (CuFe2O4, z potential at pH 5.5¼ -
5.2mV) as the amount of the dopant increased, with or without
SRNOMpresent (Fig. 3). The Fe-CuO NPs were negatively charged in
EPA freshwater (pH 7.1) with 1mg-C/L SRNOM (Fig. A2). Similar to
our observation in simple aqueous media, the z potential shifted
towards that of CuFe2O4 (z potential¼ -8.5mV at pH 7) as Fe-
doping increasedddecreasing in magnitude from -24.1mV in 0%
Fe-CuO to -14.3mV in 10%Fe-CuO.

Dissolution of CuO NP should occur at pH 5.5, leading to the
release of Cu2þ. The adsorption of these positively charged ions
onto the surface of the NPs could play a role in the measured z
potential, but the influence of the dissolved Cu ions is probably
small due to the short z potential measurement time (3min). The
dopant in Fe-doped CuO, CuFe2O4, could be chemically unstable at
acidic/near-neutral pH conditions, forming CuFeO2 and Fe2O3 and
dissolved metals (Ding et al., 2013; Kuan et al., 2015) as shown in
equations (4) and (5):

CuFe2O4ðsÞ4Fe3þðaqÞ þ CuFeO2ðsÞ þ 4H2OðaqÞ þ 3e�ðaqÞ (4)

CuFe2O4ðsÞ þ 2Hþ4Cu2þðaqÞ þ Fe2O3ðsÞ þ H2OðaqÞ (5)

CuFeO2 and Fe2O3 could subsequently dissolve to form more Cu
Fig. 2. X-ray diffraction patterns of pure and Fe-doped CuO nanoparticles.
and Fe ions, as shown in equations (6)e(8):

CuFeO2ðsÞ þ 4HþðaqÞ4CuþðaqÞ þ Fe3þðaqÞ þ 2H2OðaqÞ (6)

Fe2O3ðsÞ42Fe2þðaqÞ þ 4e�ðaqÞ þ 1:5O2ðaqÞ (7)

Fe2O3ðsÞ þ 6HþðaqÞ42Fe3þðaqÞ þ 3H2OðaqÞ (8)

Like in pure CuO NPs, both the Cu and Fe ions produced by these
reactions can impart more positivity on surface of the Fe-doped
particles if the ions adsorbed onto the surface of the particles. As
shown in Fig. 3, however, the z potential of the Fe-doped NPs
became less positive with increased Fe-doping. This suggests that
the change in z potential due to Fe-doping was not driven by
release of Cu and Fe ions but by the presence of CuFe2O4 in the
particles. This is, again, probably due to the short timescale of z
potential measurements.

The NPs were negatively charged at pH 8.2, which is still below
their observed IEP (Table 1). The negative charge is likely due to the
adsorption of hydroxyl ion or carbonate ions from the buffer onto
the surface of the particles. Naatz et al. also reported negative
charges on the surface of the Fe-doped CuO NPs in biological media
(~pH 7.7) due to adsorption of serum albumin present in the media
(Naatz et al., 2017).We observed aminimal shift in the z potential of
the Fe-CuO NPs towards the z potential of CuFe2O4 at pH 8.2
(-12mV) with increased Fe doping. At 50mM NaCl for instance z
potential decreased in magnitude from -23.3± 1.8mV in 0%Fe-CuO
to -19.0± 0.5mV as Fe content increased to 10%. The impact of
1mg-C/L SRNOM on the z potential of the Fe-CuO NPs at pH 8.2 was
minimal as shown in Fig. 3, which is quite different than the
behavior at pH 5.5. This is probably due to similarities in the surface
charges of the NPs and the organic materials at pH 8.2, which leads
to weaker attraction than at pH 5.5 where they have opposite
charges. Regardless, the z potential of the NPs in the presence of
SRNOM at pH 8.2 also shifted towards that of CuFe2O4 with
increased Fe-doping.

CuO-SA (the commercial CuO NPs obtained from Sigma Aldrich)
was also positively charged at pH 5.5 (14.2± 1.9mV in 10mMNaCl)
and its charge was also inverted by 1mg-C/L SRNOM
(-34.7± 1.6mV in 10mM NaCl). At pH 8.2, CuO-SA was also nega-
tively charged but much more so than all the Fe-CuO NPs. nCu2O
and nCu were negatively charged at pH 5.5 and 8.2, with or without
SRNOM (summarized in Fig. A1). In general, the z potential of the
Fe-CuO NPs approached the z potential of the dopant (CuFe2O4)
with increased doping in both simple aqueous media and natural
water, although pH, ionic strength, and SRNOM also played
important roles in determining the surface charge of the doped
NPs. We hypothesized that this impact of doping on the surface
charge of doped-CuO NPs will be observed in other doped NPs,
especially if there is a clear difference in the surface charge of the
NPs and the dopant.



Fig. 3. Zeta potential of pure and Fe-doped CuO nanoparticles in the presence of NaCl (0, 10 and 50mM NaCl) and SRNOM (1mg-C/L) at pH 5.5 and pH 8.2.
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3.3. Aggregation kinetics

To determine how Fe-doping affects the colloidal stability of the
CuO NPs in aqueous media, the critical coagulation concentrations
(CCC) of NaCl for the particles were determined at pH 5.5 and 8.2
with or without 1mg-C/L SRNOM (summarized in Fig. 4). In
Fig. 4. (A) Typical aggregation kinetics data used to predict colloidal stability. Data was obta
NaCl concentrations in mM. (B) Comparison of critical coagulation concentrations (CCC, mM
(0e10%) Fe-doped CuO particles at pH 5.5 and 8.2 with and without 1mg-C/L SRNOM. (D)
general, the colloidal stability of the Fe-CuO NPs decreased with
increased Fe-doping at both pH conditions, regardless of the
presence of SRNOM. This agrees quite well with the trend observed
in the z potential of the particles (which decreased in magnitude as
Fe content increased). In the absence of NOM, the Fe-CuO NPs were
more stable at pH 8.2 (where they were negatively charged) than at
ined using 0%Fe-CuO at pH 5.5 in the presence of 1mg-C/L SRNOM. Legend represents
NaCl) with and without 1mg-C/L SRNOM at pH 5.5. (C) Summary of the CCC of NaCl for
CCC of NaCl for CuO-SA and nCu2O. RSD for repeated experiments was <10%.
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pH 5.5 (where they were positively charged). For instance, the CCC
of 2%Fe-CuO was 10mM NaCl at pH 5.5 and 70mM NaCl at pH 8.2.
Although the surfaces charges were opposite at the two pH values
(Fig. 3), the difference in colloidal stability is due to differences in
the magnitude of the charges. The z potential of the NPs exceeded
-30mV at most pH 8.2 conditions except in 50mM NaCl (The
typical threshold of colloidal stability is ±30mV (Everett, 1988).). In
addition, the reactivity of CuO and Fe-doped CuO in acidic condi-
tions (equations (4)e(8)), which leads to the production of dis-
solved and particulate Cu and Fe species, may have contributed to
the poor stability observed at pH 5.5. The presence of 1mg-C/L
SRNOM only led to slight increase in the CCC at pH 8.2 probably due
to the aforementioned weaker attractive interactions. At pH 5.5
however, the CCC increased by an order of magnitude in the pres-
ence of the same amount of SRNOM (Fig. 4c). In addition to
imparting electrostatic stability, NOM coating can also interfere
with the reactivity of the particles, making them more stable at pH
5.5.

As shown here, similar to pristine CuO, Fe-doped CuO NPs fol-
lowed the classic Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory of colloidal stability in the presence of NaCl. As ionic
strength increased, the electrostatic energy barrier was reduced
and the attachment efficiency of the Fe-doped NPs increased. The
role of Fe-doping on the colloidal stability of Fe-CuO NPs was
mainly a direct consequence of the effect of doping on the surface
charge of the doped NPs. Thus, like most pristine NPs, the colloidal
stability of doped NPs may be predictable from the effect of the
dopant on the surface charge of the doped NPs.

CuO-SA was much less stable than 0%Fe-CuO at all conditions
tested (Fig. 4c and d). In fact, CuO-SA was completely unstable
without SRNOM at pH 5.5. While the CCC of NaCl for CuO-SA at pH
5.5 was determined as 180mM NaCl when 1mg-C/L SRNOM was
Fig. 5. (A) Dissolved Cu (%), determined as dissolved Cu concentration normalized by initial
statistical grouping based on Tukey's test; (B) Relationship between elog10(kdiss) and Fe-do
particulate Cu detected over 30 d; and (D) Fractions of Cu found in the aqueous phase over 3
present, the presence of SRNOM did not stabilize nCu2O at pH 5.5
(Fig. 4d). Instability of nCu2O (and nCu) at pH 5.5 may be due to
rapid dissolution of the NPs at this pH condition. The stability of
CuO-SA and Cu2O improved at pH 8.2; and similar to the Fe-CuO
NPs, 1mg-C/L SRNOM only slightly improved their stability at this
pH condition.

3.4. Dissolution, sedimentation, and transformations

CuO NPs are not very soluble in natural waters (Adeleye, 2015;
Adeleye et al., 2014; Conway et al., 2015; Keller et al., 2017), and
this study was conducted to determine the influence of Fe-doping
(present as CuFe2O4) on the dissolution of CuO NPs. Although
both dissolved Cu and Fe species are typically produced during the
reactions of CuFe2O4 in aqueous media at acidic and near neutral
pH conditions (equations (4)e(8)), dissolved Fe was not detected in
our experiments as stated earlier. This is probably due to the low
amount of Fe in the doped NPs (10% or less), and more importantly,
the dissolution of Fe is more suppressed than the dissolution of Cu
from CuFe2O4 (Ding et al., 2013; Kuan et al., 2015).

This dissolution study was carried out at both relatively low
(500 mg/L) and relatively high (5mg/L) NP concentrations. The low
concentration study was conducted in both freshwater (pH 7.1) and
seawater (pH 8.1). Although a higher dissolution was expected in
the freshwater, which had a lower pH (Equation (5) (Adeleye et al.,
2014; Kuan et al., 2015),), the dissolved Cu detected in seawater
after 14 d was almost double what was found in freshwater. This
underscores the importance of complexation (with aqueous an-
ions) in CuO/Fe-doped CuO dissolution. The full result and discus-
sions for the low concentration experiment was provided in section
A2 and Fig. A3-A5 in appendix. In addition, the low concentration
study suggested that Fe-doping improved the dissolution of Fe-CuO
Cu content, on Days 1 and 30 from the 0e10% Fe-CuO nanoparticles. Letters represent
ping of CuO, where kdiss is the dissolution rate determined after 96 h; (C) Suspended
0 d. For all experiments, initial particle concentration¼ 5mg/L, and media¼ freshwater.
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NPs. To confirm this initial observation, additional studies were
carried out by exposing all the NPs into the EPA freshwater at
particle concentrations of 5mg/L to allow for clear observation of
trends.

In general, we found that dissolved Cu was significantly
dependent on Fe-doping (p< .001). Fig. 5a shows that increased Fe-
doping led to higher solubility of Fe-CuO NPs in water. Although
there was no significant difference between the dissolved Cu con-
centration detected in 0%Fe-CuO and 2%Fe-CuO after 24 h (p¼ .77),
6%Fe-CuO had a higher dissolved Cu concentration than 0%Fe-CuO
and 2%Fe-CuO (though not statistically significant with p¼ .56 and
.09, respectively). Dissolution of 10%Fe-CuO was significantly
higher than both 0%Fe-CuO and 2%Fe-CuO (p¼ .02 for both), as well
as 6%Fe-CuO (but not significantly, with p¼ .64). Average dissolved
Cu concentration (in mg/L) measured 24 h after exposing the NPs to
freshwater was 19.7± 5.6; 15.4± 0.9; 24.0± 0.6; and 27.9± 1.1 for
0%Fe-CuO, 2%Fe-CuO, 6%Fe-CuO, and 10%Fe-CuO, respectively. We
observed similar trends up to 30 d, with average dissolved Cu
concentration (in mg/L) of 25.2± 0.5; 23.5± 1.0; 33.1± 1.3; and
39.8± 2.3 for 0%Fe-CuO, 2%Fe-CuO, 6%Fe-CuO, and 10%Fe-CuO,
respectively. As shown in Fig. 5b, there was a linear relationship
between the % doping and elog10(kdiss), where kdiss was defined as
the dissolution rate after 96 h.

Naatz and coworkers recently reported very high dissolution
(up to 70% within 24 h) of Fe-doped CuO in cell media (Naatz et al.,
2017). In addition, they found decreased dissolution of CuO with
increased Fe-doping in cell media. The dissolution of the Fe-doped
CuO in the cell mediawere thought to be promoted by a decrease in
media pH that resulted from interactions between the NPs and
carbonate species present in media. In contrast, they also found
dissolved mass ranging from 0.08± 0.01% (for 0%Fe-CuO) to
1.03± 0.46% (for 10%Fe-CuO) over 24 h when the NPs were exposed
to DI water. Their observation in DI water agrees with this study,
conducted in environmental media, in which we found (1) low
dissolution of pure and Fe-doped CuO NPs: dissolved mass ranging
from 0.52± 0.15% (for 0%Fe-CuO) to 0.81± 0.03% (for 10%Fe-CuO) in
freshwater after 24 h; and (2) increased dissolution of Fe-doped
CuO with increased Fe-doping. The differences between the
dissolution kinetics of the Fe-CuO NPs in environmental and bio-
logical media emphasize the need to characterize nanomaterials
and their composites in the media of interest to properly predict
their fate and effects.

CuFe2O4 is somewhat unstable around pH 7 (Kuan et al., 2015),
which can promote leaching of ions, especially Cu, from the doped
CuO NPs (equations (4)e(6)). The promotion of Cu ion release is
enhanced with increase in the % Fe-doping of CuO (content of
CuFe2O4). We hypothesize that the redox activity of the Fe-doped
CuO NPs, coupled with increased specific surface area of the Fe-
CuO NPs with increased Fe-doping (Table 1) led to increased sol-
ubility of the Fe-CuO NPs in environmental media.

The in-house prepared CuO (0%Fe-CuO) was more soluble
(dissolved Cu after 24 h¼ 19.7± 5.6 mg/L) in freshwater than the
commercial CuO obtained from Sigma Aldrich, CuO-SA (dissolved
Cu after 24 h¼ 11.1± 1.0 mg/L) as shown in Fig. A6. Faster dissolu-
tion of 0%Fe-CuO is mainly due to its smaller size (12 nm compared
to ~50 nm for CuO-SA) and thus larger surface area (80.9m2/g
compared to 12.3m2/g for CuO-SA). In general, the (statistically
significant) trend of dissolution for the 7 NPs tested in this study-
dbased on dissolved Cu detected on Day 30 normalized by total Cu
in particledwas Cu> Cu2O> 10%Fe-CuO > 6%Fe-CuO> 2%Fe-CuO,
0%Fe-CuO, CuO-SA (Fig. A6). It is noteworthy that the dissolution
rate of the particles may have decreased over time due to satura-
tion, since the studies were carried out in a closed system. The
initial dissolution rate is useful for predicting the behavior in open
waters, and the trends observed here should be valid for natural
systems.
Colloidal stability studies showed that the Fe-doped CuO NPs

became less stable with increasing Fe-doping (Fig. 4) due to the
decreasing magnitude of z potential (Fig. 3). Additionally, dissolu-
tion increased with Fe-doping, which led to higher concentrations
of aqueous Cu2þ in 6%Fe-CuO and 10%Fe-CuO, and that could have
caused some subtle effects on the electrostatic double layers
around these particlesdfurther decreasing their colloidal stability
inwater. As such we expected particulate Cu suspended inwater to
decrease with increasing Fe-doping. However, we found more
suspended Cu in these highly doped CuO NPs compared to 0%Fe-
CuO and 2%Fe-CuO (Fig. 5c). We hypothesized that the observed
slower settling of 6%Fe-CuO and 10%Fe-CuO (than expected) is
probably due to decreases in the particle density upon doping with
Fe, since the density of CuFe2O4 can be 13e38% less than that of CuO
(Ali et al., 2011). The faster settling of 10%Fe-CuO than 6%Fe-CuO at
the early stage of the experiment suggests that other factors not
considered here also play a role in the settling of Fe-doped CuO, and
requires further investigation.

Based on the abundance of the different size fractions analyzed,
the particles detected in water suspensions were mostly (�50%)
larger than 200 nm in diameter (Fig. 5d). However, as shown in
Fig. 6, these large-sized particles are mainly made up of aggregated
nanosized particles held together by van der Waals attraction. TEM
analyses showed similar morphology of 0%Fe-CuO after initial
exposure to water and after 30 d (Fig. 6a and c). However, several
smaller-sized particles were observed in 10%Fe-CuO after 30 d
(Fig. 6b and d), in addition to aggregated particles with diameter
similar to the 0%Fe-CuO NPs. These smaller-sized particles suggest
disintegration of Fe-CuO NPs, or the recrystallization of dissolved
ions. Further studies are needed to confirm either of these hy-
potheses, but the atomic data obtained via EDS analyses (Fig. A7
and A8) suggest that Cu formed complexes with other anions in
water.

3.5. Toxicity to marine phytoplankton

The impact of 0%Fe-CuO, 10%Fe-CuO and CuO-SA (for compari-
son) on the growth of I. galbana was monitored for 5 d, when the
cells are in exponential growth phase. In general, all three particle
types had negligible effects on the growth of I. galbana (Fig. 7aec
and Fig. A9). Effects of NPs on algae was estimated as growth in-
hibition (I), which showed that the growth of I. galbana was either
enhanced or inhibited by less than an average of 4% at all the
concentrations considered (Fig. 7d). Statistically, while the NP type
(0%Fe-CuO, 10%Fe-CuO or CuO-SA) had a significant effect on 5-day
algal growth rate (p< .0001), NP concentration had no significant
effect (p¼ .16). More so, the interaction of NP type and NP con-
centration had no significantly influence on the growth rate of
algae in this study (p¼ .70), which explains our observation of no
serious effects at all the conditions studied.

The toxicity of CuO NPs has often been attributed to dissolved Cu
ions leaching out of the particles, intracellular dissolution of the
NPs upon uptake by cells or organisms, and oxidative stress (Gomes
et al., 2011; Gunawan et al., 2011; Ingle et al., 2014; Torres-Duarte
et al., 2016; Wang et al., 2011b; Zhao et al., 2016a). Uptake of CuO
NPs via endocytosis by microalgae is more common in freshwater
systems since rapid aggregation and subsequent sedimentation of
the NPs occur in marine systems (Perreault et al., 2012; Wang et al.,
2011b; Zhao et al., 2016a). We reported in a previous study that CuO
NPs (both commercial and in-house synthesized) aggregated to
micrometer-scale within minutes of releasing them into a natural
seawater, consequently leading to more than 60% settling out of
aqueous phase within a few hours (Torres-Duarte et al., 2016). We
therefore expected most of the toxicity to the organisms used in



Fig. 6. Transmission electron micrographs of pure and Fe-doped CuO nanomaterials after their exposure to freshwater. (A) and (B) are 0%Fe-CuO and 10%Fe-CuO, respectively, after
exposure to water for 2 h (C) and (D) are 0%Fe-CuO and 10%Fe-CuO, respectively, after exposure to water for 30 d. The scale bars represent 50 nm. The corresponding energy-
dispersive X-ray spectroscopy (EDS) data are shown in Fig. A7 and A8.
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this study to emanate from dissolved Cu, with 10%Fe-CuO having
more effects because of its higher dissolution rate.

ICP-MS analyses of aliquots of culture media carried out during
toxicity testing (on Days 1, 3, and 5) showed very low dissolved Cu
concentrations, although more dissolution occurred in the Fe-
doped CuO (similar to our finding in the dissolution studies). As
shown in Fig. A10a, dissolved Cu concentration was below 0.5mg/L
over 5 d at all the concentrations of the NPs tested (with dissolution
rate decreasing with increased particle concentration, Fig. A10b).
Dissolved Cu detected in the culture media are predicted to be
mostly complexed (Fig. A10c), based on modeling using Visual
MINTEQ 3.1; and complexed Cu tend to be less toxic and less cat-
alytic than free Cu ions (Gunawan et al., 2011; Wang et al., 2013).
Details on Visual MINTEQ modeling is provided in section A3 in the
appendix. Cu speciation modeling predicts less than 0.4% dissolved
Cu at 10mg/L NP concentration, and a much smaller fraction as
Cu2þ. ROS production by CuO NPs in aqueous media is primarily
caused by Fenton-like chemistry through the Cuþ/Cu2þ redox
couple induced by the dissolved Cu fraction (Kuan et al., 2015;
Wang et al., 2013). Similarly, Fe species produced by the Fe-doped
CuO NPs (equations (7) and (8)) can also lead to ROS production.
It is therefore not surprising that we did not observe elevation of
intracellular ROS production in the algal cells when exposed to pure
and Fe-doped CuO NPs (0e10mg/L) compared to the control con-
ditions (Fig. A11). Lack of toxicity to I. galbana by pure and Fe-doped
CuO NPs at concentrations up to 10mg/L is therefore adduced
mainly to slow dissolution and complexation of dissolved Cu ions in
natural waters. In acidic conditions or open waters, where more
dissolution may occur, Fe3þ produced by the Fe-doped CuO can
catalyze additional production of hydroxyl radical in the presence
of UV-light (equation (9)), which may increase the toxicity of the
Fe-doped CuO NPs.

Fe3þ þ H2O!hvFe2þ þ OH� þ Hþ (9)
4. Conclusions

Pure and Fe-doped CuO NPs were synthesized by incorporating
up to 10wt % Fe into the lattice of CuO using flame spray pyrolysis
(FSP). In order to predict the environmental implications of the NPs,
we studied their surface properties, colloidal stability, dissolution
and transformation in natural waters, as well as their potential
toxicity to phytoplankton. We found that:

� With increased doping, the surface charge of the Fe-CuO NPs in
aqueous media approached the surface charge of the dopant
(CuFe2O4), although pH, ionic strength, and SRNOM also played
important roles in determining the surface charge

� The colloidal stability of the Fe-CuO NPs decreased with
increased Fe-doping, with or without SRNOM. The presence of
SRNOM improved the stability of the Fe-CuO NPs much more at
pH 5.5 than at pH 8.2



Fig. 7. Effects of 10mg/L particle concentration of (A) 0%Fe-CuO, (B) 10%Fe-CuO, and (C) commercial CuO (CuO-SA) on the growth of Isochrysis galbana over 5 d. Data for particle
concentrations between 0 and 10mg/L is shown in the Appendix (Fig. A9). (D) Growth inhibition (%), of the three nanoparticles at exposure concentrations of 0, 0.05, 0.1, 1, and
10mg/L relative to control conditions. Growth of I. galbana was either enhanced (I is negative) or inhibited (I is positive) by less than an average of 4% at all concentrations
considered.
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� Fe doping promoted dissolution of Fe-CuO NPs. Dissolved mass
fraction was 0.52% and 0.81% after exposing 0%Fe-CuO and 10%
Fe-CuO into freshwater for 24 h. Dissolution decreased with
increased nanoparticle concentration

� There was minimal (less than 4% inhibition or enhancement)
change in the rate of growth of Isochrysis galbana cells exposed
to up to 10mg/L of pure CuO NPs or 10%Fe-doped CuO NPs. This
reflects the (1) relatively slow dissolution of Fe-doped CuO NPs
in the growth media, and (2) complexation of most dissolved Cu
present in the growth media, which reduces their toxicity.
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