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ABSTRACT: Engineered nanomaterials (ENMs) are used to enhance the properties
of many manufactured products and technologies. Increased use of ENMs will
inevitably lead to their release into the environment. An important route of exposure
is through the waste stream, where ENMs will enter wastewater treatment plants
(WWTPs), undergo transformations, and be discharged with treated eﬄuent or
biosolids. To better understand the fate of a common ENM in WWTPs, experiments
with laboratory-scale activated sludge reactors and pristine and citrate-functionalized
CeO2 nanoparticles (NPs) were conducted. Greater than 90% of the CeO2 introduced
was observed to associate with biosolids. This association was accompanied by
reduction of the Ce(IV) NPs to Ce(III). After 5 weeks in the reactor, 44 ± 4%
reduction was observed for the pristine NPs and 31 ± 3% for the citrate-functionalized
NPs, illustrating surface functionality dependence. Thermodynamic arguments suggest
that the likely Ce(III) phase generated would be Ce2S3. This study indicates that the
majority of CeO2 NPs (>90% by mass) entering WWTPs will be associated with the solid phase, and a signiﬁcant portion will be
present as Ce(III). At maximum, 10% of the CeO2 will remain in the eﬄuent and be discharged as a Ce(IV) phase, governed by
cerianite (CeO2).

1. INTRODUCTION
The unique properties of engineered nanomaterials (ENMs)
are exploited to enhance a variety of technologies and
consumer products.1 The mounting growth of applications of
ENMs will inevitably result in their release into the environment.2,3 One of the primary routes of environmental exposure
of many metallic nanoparticles (NPs) is through wastewater
treatment plants (WWTPs).4 To understand the possible fate
of ENMs, their distribution and transformations during
wastewater treatment must be considered. ENMs may undergo
multiple transformations, and the kinetics of these reactions can
be altered over time.5,6 Transformations of metal-containing
NPs may include redox reactions, dissolution, adsorption (i.e.,
physisorption, ion exchange, chemisorption), desorption,
precipitation of new phases, and aggregation (homoaggregation
with other NPs or heteroaggregation with background
© XXXX American Chemical Society

particles). Environmental factors that may aﬀect ENM
transformations include pH, redox potential, and the quantity
and composition of natural organic matter.6 Many ENM
transformations are irreversible and will be the primary
determinants of ENM fate, transport, and toxicity.7 Transformations mediated by microorganisms can alter the core
ENM as well as surface functionality, the latter leading to
possible changes in surface composition, aggregation state,
reactivity, and toxicity potential.6,8,9
It has been shown that silver NPs entering WWTPs primarily
associate with the biosolids and, regardless of surface
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(Rhodia, France) crystallites of cerianite with diameters of 3−4
nm, as viewed by transmission electron microscopy (TEM; see
Supporting Information, Figure S1), where the Ce exists in the
4+ oxidation state. TEM images were obtained using a JEOL
2010F instrument operating at 200 kV. Sample preparation
involved placing a droplet of the stock suspension on a carboncoated copper grid and allowing it to evaporate at room
temperature. The average hydrodynamic diameter in the stock
suspension as measured by dynamic light scattering (DLS) for
pristine CeO2 was approximately 8 ± 2 nm. The zeta (ζ)
potential calculated from electrophoretic mobility measurements (Zetasizer, Malvern, UK) for pristine CeO2 NPs
approached 0 in the stock suspension at environmentally
relevant pH values.23 Citrate-functionalized CeO2 NPs were
provided in a liquid stock by Byk-Gardner GMBH (Geretsried,
Germany). They were also made of 3−4 nm crystallites of
cerianite with an average hydrodynamic diameter reported by
the supplier to be 10 nm. The ζ potential was relatively
constant at −45 ± 5 mV over a pH range from 3 to 10 due to
the negatively charged citrate coating.23 Citrate-functionalized
CeO2 NPs are used for UV absorbance applications in ﬂoor and
furniture wood coatings for long-term protection with high
transparency. The diﬀerences in surface functionalization and ζ
potential between these two variants were hypothesized to
aﬀect the colloidal stability of these particles in environmental
media, thus impacting the NPs’ fate, transport, and aﬃnity for
attachment to bacterial surfaces.
Activated sludge was sampled from the aeration basin of an
urban WWTP in Aix-en-Provence, France (165,000 inh eq.).
The sludge was concentrated to 10 g/L, which was maintained
over the 6-week life of the two reactors. Aeration within the 10
L reactor was maintained at 200 L/h, which provided a
dissolved oxygen content between 1 and 2.5 mg/L, which is
within the 1−3 mg/L range of typical activated sludge
operation.24 Recycle was simulated by pumping 9% of the
sludge matrix from the base of the reactor and reintroducing it
at the top to maintain homogeneity. The solids’ residence time
was maintained at 20 days by withdrawing 500 mL of the
suspension daily. The sludge was fed with a synthetic substrate,
which was composed of 77% sucrose and 23% liquid meat
extract (Viandox, Knorr-Unilever, Rueil-Malmaison, France), at
a constant mass loading rate equal to 0.25 g COD (Chemical
Oxygen Demand) g−1 TSS day−1 in order to maintain the TS
concentration.25 One gram of sucrose was equivalent to one
gram of COD, and one gram of Viandox was equivalent to 0.25
g of COD. Viandox addition was adjusted, as necessary, to
decrease the nitrogen input and maintain the ﬁlamentous
bacterial communities at a minimum level.
A concentration of 100 μg/L of pristine or citratefunctionalized CeO2 NPs was added to the two separate
reactors three times weekly to achieve a ﬁnal concentration of
approximately 1.5 mg/L after 6 weeks. This rate of addition was
chosen to mimic CeO2 maximum concentrations expected in
wastewater inﬂuent, which was determined on the basis of
maximal case scenario estimates of CeO2 NP production in the
amount of 700 tons per year published by Hendren et al.26 A
worst-case scenario (maximum concentration) of 100 μg/L
three times weekly was calculated, assuming that approximately
half of the CeO2 NPs produced would be released from
products and exposed to wastewaters. The semichronic
addition method was employed in an eﬀort to better resemble
realistic scenarios of CeO2 NPs release to the waste stream,
which would be continuous.

functionality, undergo oxysulﬁdation prior to release in eﬄuent
and biosolids.10−13 This sulﬁdation results in changes in
reactivity with respect to dissolution potential, in addition to
changes in mobility and bioavailability of the NPs, ultimately
impacting their environmental risks.13−15
ZnO NPs also undergo critical transformations in wastewater
treatment and subsequent sludge composting.16 Speciation data
indicate that ZnO is transformed rapidly into ZnS during
wastewater treatment; however, the ZnS is lost during
composting, and most of the Zn is associated with phosphorus
and iron hydroxides during aerobic composting. It is these ﬁnal
transformation products that will be present in biosolids
entering landﬁlls or incinerators or applied to land, while ZnS is
anticipated to be the dominant species of Zn in wastewater
eﬄuents. As with Ag, these transformations of Zn will greatly
impact exposure and hazard potential in the environment.
The current work considers the transformation of another
common inorganic ENM that will likely be released to
WWTPs, CeO2. Transformations of two varieties of CeO2
NPs, pristine and citrate-functionalized, were followed in an
aerobic bioreactor simulating wastewater treatment by conventional activated sludge. CeO2 is an ENM used in a variety of
consumer, industrial, and medical applications. It is commonly
used in vehicle exhaust systems as a catalytic fuel additive to
promote combustion.17 CeO2 can further be utilized as a
chemical and mechanical polishing agent in the semiconductor
industry, a UV light absorber, and a fuel cell electrolyte, and it
has also been found to possess antioxidant properties, which
could lead to applications in the medical ﬁeld for cell protection
against radiation, oxidative stress, and inﬂammation.18 Environmental exposure to CeO2 NPs is anticipated from several
possible pathways. In addition to direct discharge to wastewater, atmospheric releases of CeO2 have been documented by
Park et al. in the form of particulate matter generated from
nano-CeO2-enhanced fuel additives for diesel engines.19 They
observed that the release resulted in slightly increased
concentrations of CeO2 in the soils immediately surrounding
roadways in the UK. As in WWTPs, there is the possibility for
redox transformation in soils. Further transformation and
subsequent exposure to aquatic environments via erosion and
runoﬀ are likely. The complex redox chemistry of CeO2
combined with its small size and associated reactivity are
anticipated to aﬀect the fate and transport of CeO2 NPs.20
In addition, previous studies have shown CeO2 toxicity to
microbial communities associated with the reduction of cerium
from Ce(IV) to Ce(III). 21,22 Pristine CeO 2 NPs are
characterized at neutral pH by a near-neutral net surface
charge, which allows for favorable interaction with the
negatively charged surface of bacteria. Direct contact between
pristine CeO2 NPs and bacterial membranes is thought to favor
Ce reduction and oxidation of the cell membrane.21,22 Thus, in
addition to changing the subsequent toxicity of the CeO2 NPs,
reductive transformation of CeO2 NPs in the presence of
activated sludge bacteria might be anticipated to provoke
changes in the microbial community within activated sludge
units. However, in the current work we focus uniquely on
possible transformations to the CeO2 NPs that may occur in
the presence of aerobic bacteria under highly aerated conditions
representative of those present in activated sludge basins.

2. EXPERIMENTAL SECTION
2.1. Materials. The pristine (no speciﬁc surface treatment)
CeO2 NPs used in this work were commercially available
B
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Distribution of Ce in the Bioreactor. The time-dependent
aﬃnity of CeO2 NPs for the liquid and solid phases of the
sludge within the aerobic reactors was monitored by ICP-OES.
Weekly sampled sludge was centrifuged at 4000g for 15 min to
separate the phases. The liquid phase was subsequently
acidiﬁed with 5% trace metal grade HNO3, and the solids
were oven-dried. In most cases, the concentration of CeO2
associated with the solid phase was determined by mass
balance. However, to conﬁrm mass balance, a few of the solid
samples were digested using EPA Method 200.7.28 Following
measurement of Ce in the supernatant (also considered in
association with free EPS), Ce was measured in association with
bound EPS upon separation.25 In this study, the more strongly
linked EPS, or the “bound” phase of EPS, is more speciﬁcally
deﬁned as those small molecular weight proteins and
substances that are liberated through short sonication of the
centrifuged solids resuspended in nanopure water.25 The
measured Ce concentration in each phase was then normalized
by the total organic carbon (TOC) in the “free” and “bound”
phases, respectively. TOC was measured on a Shimadzu TOCL analyzer for each phase.
In addition, the colloidal stability of the NPs was assessed in
the environmental matrix of WWTP supernatant to observe the
interactions between stable stock NP suspensions and the
suspended solids in wastewater. The supernatant was separated
from activated sludge using gravity settling, mimicking liquid−
solid separation in WWTPs. The particle size distribution of the
suspended solids in simulated eﬄuent was monitored using a
Malvern Mastersizer 3000 particle size analyzer and the
refractive index of carbon. Size measurements were conducted
at 10 s intervals, and obscuration was maintained in the correct
range for optimal measurement. Pristine and functionalized
CeO2 NPs were spiked into the supernatant at diﬀerent
concentrations between 1 and 50 mg/L, and the evolution of
the diameter of suspended solids was tracked.
Transformation of CeO2. Transformations of CeO2 NPs in
wastewater were monitored by following the cerium L3-edge Xray absorption near-edge structure (XANES) spectra collected
on the X-ray absorption ﬁne structure (XAFS) bending magnet
beamline (11.1) at the Elettra-Trieste Synchrotron Light
Source (Italy) using a Si(111) monochromator. Samples were
collected from each bioreactor after 5 weeks of incubation. The
liquid and solid phases were separated via centrifugation at
4000g for 15 min, freeze-dried, pressed into 13 mm pellets, and
analyzed at room temperature in ﬂuorescence mode. Potential
beam damage due to the analysis at room temperature was
checked. XANES spectra acquired at 15−20 °C or in a liquid
nitrogen cryostat were then compared. No change in the
position or shape of the spectra was observed, evidencing the
absence of beam damage. In addition to measurements on the
bioreactor samples, Ce(IV) and Ce(III) references powders
were diluted in PVP, pressed into 13 mm pellets, and measured
in transmission mode. The Ce(IV) references included the
NPs, pristine and citrate-functionalized, along with Ce(III)
carbonate, Ce(III) sulfate, and Ce(III) oxalate. The spectra
presented are the sums of 3−5 scans. The energy was calibrated
using a macroscopic CeO2 reference compound. XANES
spectra were pre-edge subtracted and normalized using
IFEFFIT software.29 Least-squares optimization of linear
combination ﬁtting (LCF) was also performed using IFEFFIT.
The precision of LCF is estimated to be ±10%.
Kinetics of Transformation. For assessment of the kinetics
of the CeO2 transformations, a spike experiment was performed

2.2. Analysis. Reactor Analysis. The initial state (after a
start-up period of 4−6 weeks but prior to CeO2 NPs addition)
of the reactors was analyzed to conﬁrm that both reactors were
compositionally similar prior to amendment with CeO2 NPs.
Sludge was sampled, freeze-dried, and analyzed by powder Xray diﬀraction (XRD) and micro-X-ray ﬂuorescence (μXRF) to
determine the mineralogical and elemental composition
(Supporting Information). The X-ray diﬀractometer (Panalytical X’Pert Pro MPD) was equipped for Co Kα radiation (1.79
Å) and operated at 40 kV and 40 mA current. A counting time
of 400 s per 0.03° step was used for the 2θ range of 10−70°.
The X-ray ﬂuorescence microscope (XGT 7000, Horiba Jobin
Yvon) was equipped with an X-ray guide tube that produced a
ﬁnely focused beam with a 100 μm spot size (Rh X-ray tube, 30
kV, 1 mA equipped with an EDX detector).
13
C NMR spectroscopy was employed for compositional
analysis of bacterially generated extracellular polymeric
substances (EPSs) (Supporting Information). EPSs are
known to exist in two major phases, freely suspended in
solution and more tightly associated with the surface of the
bacterial ﬂoc. The method for separation of free EPS and
bound EPS from the bacteria was detailed by Akkache et al.25
Following this separation, the two samples from both reactors
were freeze-dried for 13C NMR analysis. Solid-state 13C−1H
cross-polarization magic angle spinning (CP-MAS) NMR
analyses were carried out at a frequency of 101.6 MHz on a
Bruker AvanceWB 400 MHz spectrometer. Samples were
packed into a 4 mm zirconia rotor and spun at 10 kHz in a
MAS probe. Cross-polarization was performed with a ramped
1H pulse to circumvent the Hartmann−Hahn mismatches. All
spectra were obtained with a 2 ms contact time and 2 s
recycling time. To improve the resolution, dipolar decoupling
was applied on protons during acquisition. Chemical shifts were
referenced to tetramethylsilane.
Finally, the microbial community structure was investigated
to ensure that the starting communities in the two reactors
matched. One milliliter of the bioreactor sludge was centrifuged
at 16110g for 15 min. DNA was extracted from the solid phase
using the Fast DNA spin kit for soil and an MP Bio FastPrep
according to the manufacturer’s protocol. Extracted DNA (100
μL) was quantiﬁed using a Nanovue spectrophotometer. SSU
rRNA gene ampliﬁcation was performed with barcoded primers
for the V1−V3 regions. The 16S universal eubacterial primers
27Fmod (5′-AGRGTTTGATCMTGGCTCAG) and 519R
(5′-GTNTTACNGCGGCKGCTG) were used for amplifying
the ∼500 bp region of the 16S rRNA genes. The 454 Titanium
sequencing run was performed on a 70675 GS PicoTiterPlate
by using a Genome Sequencer FLX System (Roche, Nutley,
NJ). Sequences were depleted of barcodes and primers, short
sequences <200 bp were removed, sequences with ambiguous
base calls were removed, and sequences with homopolymer
runs exceeding 6 bp were removed. Sequences were then
denoised, and chimeras were removed. Operational taxonomic
units (OTUs) were deﬁned after removal of singleton
sequences, clustering at 3% divergence (97% similarity).27
OTUs were then taxonomically classiﬁed using RPD Classiﬁer
(Ribosomal Database Project, http://rdp.cme.msu.edu/
classiﬁer/classiﬁer.jsp) and compiled at each taxonomic level
into both “counts” and “percentage” ﬁles. The R software
(http://www.r-project.org) was used to calculate the αdiversity indices (Shannon−Wiener index) and β-diversity
index (Bray−Curtis similarity index). Statgraphics Centurion
XVI was used to perform statistical analyses.
C
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with 0.4 mg Ce/30 mg sludge to optimize the Δμ during
XANES analysis at the Ce L3-edge analysis. Wastewater sludge
not yet contaminated with CeO2 was sampled from the
bioreactor and mixed with either pristine or citrate-functionalized NPs for multiple time periods between 1 h and 1 day.
Samples were prepared in the same manner. The samples were
then measured in transmission mode, and LCF was completed
for data analysis with the same reference compounds.

3. RESULTS AND DISCUSSION
3.1. Bioreactor Initial Analysis. Initial characterization of
the sludge from the two reactors by XRD and μXRF indicated
the presence of three dominant mineral phasesquartz, halite,
and calciteand a number of dominant elements, all listed in
Table S1. The diﬀractograms and elemental composition for
the two reactors were in good agreement, suggesting similar
mineral and chemical composition of the sludge prior to spiking
with CeO2 NPs.
The 13C NMR spectra (Figure S2) for the bound and free
phases of EPS were observed to be similar. The majority of the
EPS molecules consisted of proteins and polysaccharides (45−
65 ppm and >110 ppm, as shown in Figure 2 in the next
section), which is in agreement with previous studies.30−32 At
the initial time point, the bound EPS was compositionally
diﬀerent from the free EPS, meaning the types of proteins and
carbohydrates varied depending on the phase of EPS analyzed.
However, the two phases, bound and free EPS, from reactor 1
(prior to addition of pristine CeO2 NPs) matched the same
respective fractions in reactor 2 (prior to addition of citratefunctionalized CeO2 NPs). Major peaks corresponding to
carbohydrates and proteins are detailed in Table S2. The
spectra measured for the EPS generated by the sampled
wastewater sludge in these reactors suggested strong similarities
in the diﬀerent regions with spectra from other isolated EPS
fractions.33
Finally, the similarity of the two reactors before ENM
addition was assessed in terms of microbial community
composition by 16S rRNA gene pyrosequencing. Table S3
shows the diﬀerent indices characterizing the α-diversity
(Richness and Shannon−Wiener indices) and β-diversity
(Bray−Curtis dissimilarity) of samples. Minor variations in
the α-diversity of microbial communities present in each sludge
were observed. Bray−Curtis dissimilarity between two samples
varies in the 0−1 range, where two communities that share no
OTUs have a maximum Bray−Curtis dissimilarity of 1, while 0
means the samples are exactly the same. A dissimilarity of 0.32
thus indicated good agreement between the compositions in
the two reactors.
As shown in Figure 1, the microbial community structures on
the phylum level were alike in terms of dominant phyla and in
the content of each phylum.34 Based on the sign and signed
rank test, comparison of microbial populations in the two
reactors (paired samples) at the phylum level showed no
signiﬁcant diﬀerences between the two data samples (p > 0.05).
The most predominant phyla, Proteobacteria, Bacteroidetes, and
Actinobacteria, have been previously identiﬁed as major phyla in
activated sludges.34 In summary, these data show that the
elemental, mineralogical, EPS, and microbial compositions are
similar in the two bioreactors prior to addition of NPs (t0).
3.2. Ce Distribution. Distribution experiments indicated a
high aﬃnity of the CeO2 NPs for the solids relative to the liquid
phase regardless of surface treatment, with >90% of the
particles retained in the solid matrix. As can be seen in Figure

Figure 1. Bacterial community structures in the two bioreactors prior
to addition of pristine CeO2 (reactor 1, white bars) or citratefunctionalized CeO2 (reactor 2, dark bars) NPs. The abundance is
presented as % of the total eﬀective bacterial sequences using RDP
Classiﬁer at 97% similarity.

2A, after 6 weeks in the bioreactors and addition of 1.5 mg/L
NPs, ∼23 μg/L of pristine CeO2 remained in the eﬄuent,
relative to ∼27 μg/L of the functionalized NPs. Other inorganic
NPs, including Ag and TiO2, have been shown to behave
similarly, with strong aﬃnities for the solids.35,36 It has been
reported that NPs in complex matrices like sludge will interact
with a variety of surface functional groups like acids and
hydroxyls, which can improve the aﬃnity for the solid phase,
leading to high removal.14 Figure 2B shows the concentration
of NPs associated with the solid phase relative to the
concentration added to the experiment. These results conﬁrm
that the majority (∼90%) of the CeO2 NPs interact with the
solids. Similar ﬁndings were reported where CeO2 eﬄuent
concentrations ranged from 6% to 11% of the total introduced
to wastewater.20,37
In addition, to investigate colloidal stability imparted by
surface functionalization as a function of NP concentration, the
eﬀective size of suspended solids in wastewater eﬄuent was
analyzed before and after addition of NPs. It was observed that
citrate-functionalized particles did not alter the size distribution
of eﬄuent-suspended material, which remained constant with a
dv50, or median diameter, of 50 μm ± 1%. However, upon
addition of the pristine CeO2 NPs at or greater than 10 mg/L,
the hydrodynamic diameter was observed to rapidly increase
from 50 μm ± 1% to 130 μm ± 1%. This suggested that the
pristine NPs act as a coagulant at higher concentrations and
cause suspended solids to aggregate. The increased colloidal
stability of the citrate-functionalized NPs in the supernatant
explains decreased removal to the solids with concentrations in
excess of 10 mg/L.
The Ce associated with the free and bound EPS phases was
also analyzed. It was observed that a higher amount of the
functionalized CeO2 NPs associated with both fractions of EPS
(Figure 3). It is important to note that the concentration of Ce
measured in the EPS did not exceed 15% of the added amount,
meaning that the highest portion of the CeO2 added remained
well associated with the intact solids. These results do suggest,
though, that the functionalized CeO2 may be associated to a
greater extent with the EPSs that are more loosely arranged in
the matrix and therefore liberated, while the pristine CeO2 may
have a higher aﬃnity for the remaining solids composed mostly
of bacterial ﬂocs.
3.3. Transformations of CeO2 NPs in Activated Sludge
Bioreactors. The speciation of Ce within the solid phase of
each bioreactor after 5 weeks was analyzed using XANES to
D
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Figure 2. (A) Supernatant-phase Ce concentration (μg/L) over the lifetime of the reactors (∼5 weeks). (B) Solid-phase Ce concentration (μg/L)
relative to the added concentration.

Figure 3. Concentration of Ce from pristine and functionalized CeO2 amendments associated with (A) the bound fraction and (B) the free fraction
of EPS. The data are normalized by the mass of total organic carbon.

Figure 4. Experimental XANES spectra at the Ce L3-edge of the Ce present after 5 weeks in the bioreactors contaminated with pristine and citratefunctionalized CeO2 NPs. XANES spectra of the initial pristine and functionalized NPs as well as the Ce(III) oxalate are provided for reference. The
ﬁtted spectra and the results of the LCF are given. R is the ﬁt residue. LCF energy ranges from −6.4 to 18.8 eV around the edge.

E
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Figure 5. (A) XANES spectra obtained from the solids of a spike experiment with pristine and functionalized CeO2 NPs and activated sludge where
the particles and sludge were mixed for 8 h and 1 day and the Ce XANES spectra were subsequently probed. (B) XANES spectra from the
supernatant spike experiment following 1 day of mixing with activated sludge.

however, it was important to observe the transformation and
changes in the rate over time. Figure 5A illustrates the increased
reduction of Ce(IV) to Ce(III) as a function of mixing time for
pristine and functionalized CeO2 NPs in contact with the solid
phase of activated sludge. Within the ﬁrst hour, signiﬁcant
reduction (27 ± 3% of Ce(III)) was observed for pristine
CeO2. With mixing times between 1 h and 1 day, the reduction
of the pristine CeO2 did not signiﬁcantly increase. Comparing
the pristine to the citrate-functionalized NPs, the results
suggested slowed transformation kinetics, with only about half
as much reduction (12 ± 1% of Ce(III)) measured at 8 h and 1
day for the citrate-functionalized CeO2. Consequently, at 8 h
(typical solids residence time in an activated sludge reactor),
the functionalized CeO2 is anticipated to be more chemically
stable than the pristine CeO2 (Figure 5 and Table 1). It has
been shown that direct contact with the bacterial membrane is
necessary for the reduction to occur and that organics on the
surface of microorganisms could limit this reduction by either
forming a protective barrier or reducing the aﬃnity for
interaction.22 It can thus be concluded, in agreement with

determine transformations (Figure 4). The diﬀerence in
XANES spectra for Ce(IV) versus Ce(III) is easily distinguishable, as Ce(IV) has two absorption peaks at 5733 and 5740 eV,
while Ce(III) has one absorption peak at 5729 eV. LCF of the
XANES spectra of the initial NP and Ce(III) references
(Ce(III) carbonate, oxalate, and sulfate) was used to estimate
the percentage of Ce(IV) and Ce(III) in our experimental
spectra. The most appropriate Ce(III) reference was
determined to be Ce(III) oxalate, which generated the lowest
R factors.
XANES analysis of the Ce in the bioreactors indicated
reduction of the Ce(IV) NPs to a Ce(III) phase. Comparing
the two bioreactors, the pristine CeO2 was reduced more
rapidly (44 ± 4% of Ce(III)) relative to the citratefunctionalized CeO2 (31 ± 3% of Ce(III)) after a period of 5
weeks (Figure 4). The limited rate of reduction of functionalized CeO2 was likely due to diﬀerences in aﬃnity for the
bacterial surface, which this work (see Figure 5B in the next
section) and another study indicate are necessary for
reduction.22 The citrate functionalization, when present, likely
acted as a barrier against interaction with the bacterial surface,
limiting the rate of reduction. Previous research indicates that
NP aging results in degradation of the citrate coating over time,
possibly by changes in chemical equilibrium or bacterial
presence.23 In this study, a chronic input of citrate-functionalized NPs over the life of the reactor would impact the overall
rate of reduction, as there would be gradients in citrate
degradation.
In this experiment, the reduction occurred in an aerobic or
oxidizing system. Therefore, CeO2 NPs must come into contact
with microreducing zones generated by bacterial sludge ﬂocs
for Ce reduction to occur. Within microbial ﬂocs, these
reducing environments occur as the result of microbial
metabolism that depletes the oxygen present, allowing for
reduction mechanisms to take place.38 Thill and Zeyons and
co-workers observed such a reduction of CeO2 NPs to Ce(III)
in contact with the membranes of pristine cultures of Gramnegative E. coli and Synechocystis bacteria.21,22
3.4. Kinetics of CeO2 NPs Transformation. The kinetics
of the Ce(IV) reduction were more closely analyzed by XANES
following a spike addition of CeO2 NPs at a higher
concentration (0.4 mg Ce/30 mg sludge) added in batch and
mixed with sludge for 1 h, 8 h, and 1 day. It is important to note
that, when comparing with bioreactor results, changing the NPto-bacterial surface ratio will impact the rate of transformation;

Table 1. Summary of LCF Results (±10%) of the XANES
Spectra in Figure 5 for CeO2 in the Solid and Liquid Phases
of the Spike Experiments with Pristine and CitrateFunctionalized CeO2 as a Function of Mixing Timea
sample

mixing time

pristine

1h
8h
1 day

functionalized

8h
1 day

pristine

1h
8h
1 day

functionalized

8h
1 day

% Ce(IV)
Solid Phase
73
67
68
89
89

Liquid Phase
>90
>90
>90
>90
>90

% Ce(III)

R factor

27
33
33

0.000 270
0.000 281
0.000 317

11
12

0.000 249
0.000 139

<10
<10
<10

0.000 123
0.000 106
0.000 067

<10
<10

0.000 268
0.000 149

a

Fits were generated with reference spectra for the added nanoparticles, either pristine or citrate-functionalized, and Ce(III) oxalate.

F
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bioreactor results, that the citrate treatment may reduce direct
nanoparticle−bacteria contacts and therefore reduce the rate of
reduction of the citrate CeO2 NPs. The transformations of
CeO2 NPs were also investigated in the liquid phase of the
spiked samples (Figure 5, Table 1). Both pristine and
functionalized CeO2 NPs were present in the Ce(IV) phase
after 8 h and 1 d in contact with the liquid phase at >90% of the
total. It is possible either that those NPs were never reduced or
that reoxidation from Ce(III) to Ce(IV) occurred in the
oxidizing supernatant. The absence of a Ce(III) phase in the
supernatant of the experiment suggests that the solids or
bacteria in wastewater are necessary to stimulate reduction of
CeO2 NPs.
3.5. Transformation Products of CeO2 Reduction in a
WWTP. Upon reduction by bacteria in the activated sludge, the
Ce(III) is most likely complexed in the solid phase, given the
large concentrations of ligands available. If the Ce(III)
distributes back to the supernatant, then reoxidation occurs
because Ce(III) is not observed in the supernatant, and
oxidation is favorable due to the aerobic environment.
Typically, EXAFS spectra provide information on the metal
binding environment to determine the Ce(III) complex
formed; however, interference in the EXAFS region renders
this technique unsuitable for Ce. As such, the formation of a
Ce(III) complex can be hypothesized on the basis of
thermodynamics. The argument for the Ce(III) complexes
formed in this system required the investigation of the solidphase speciation and mineral activity of Ce minerals in
wastewater sludge provided in Essington and Mattigod
(1985).39 These authors used mineral activity ratios to analyze
the stability of Ce minerals in oxidizing and reducing sludge
environments. Their results indicated that, in the oxidizing
environment of sewage sludge where the concentration of
sulfur is high, Ce2(SO4)3·8H2O would control Ce3+ activity.
With increasingly oxidizing conditions, cerianite (CeO2) would
be expected to control Ce3+ speciation. In addition, the authors
found that, under reducing conditions, similar to what is
observed in anaerobic digesters, Ce2S3 would be the stable solid
phase. This would suggest that CeO2 NPs that undergo
reduction in activated sludge result in the formation of
Ce2(SO4)3·8H2O that is later transformed to Ce2S3 in
anaerobic digestion. Another possible metastable phase of
cerium is monazite (CePO4), which has been observed in soil
environments.17 This could suggest that further transformation
of reduced Ce2S3 upon removal from the anaerobic digester to
aerobic compositing prior to recycling or disposal of biosolids
would be possible.
The results of this work suggest that a signiﬁcant portion of
nanoparticulate (∼10 nm) CeO2 released to WWTPs would
associate with the solids where reduction would occur in the
activated sludge tank. The presence of an organic coating was
observed to slow the kinetics of this reduction. The remaining
(<10%) CeO2 NPs in the liquid phase would be discharged in
eﬄuent as CeO2, which is the mineral phase that governs Ce4+
speciation in aerobic environments. These results are of critical
importance for predicting concentrations of CeO2 in the
environment following release to the waste stream and indicate
that Ce(III) complexes could be of importance to analyze
further.
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