Environ. Sci. Technol. 2008, 42, 5828-5833

Removal of Oxide Nanoparticles in a
Model Wastewater Treatment Plant:
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The rapidly increasing production of engineered nanoparticles
has created a demand for particle removal from industrial

and communal wastewater streams. Efficient removal is
particularly important in view of increasing long-term persistence
and evidence for considerable ecotoxicity of specific
nanoparticles. The present work investigates the use of a
model wastewater treatment plant for removal of oxide
nanoparticles. While a majority of the nanoparticles could be
captured through adhesion to clearing sludge, a significant fraction
of the engineered nanoparticles escaped the wastewater
plant’s clearing system, and up to 6 wt % of the model compound
cerium oxide was found in the exit stream of the model

plant. Our study demonstrates a significant influence of surface
charge and the addition of dispersion stabilizing surfactants
as routinely used in the preparation of nanoparticle derived
products. A detailed investigation on the agglomeration of oxide
nanoparticles in wastewater streams revealed a high
stabilization of the particles against clearance (adsorption on
the bacteria from the sludge). This unexpected finding suggests
a need to investigate nanoparticle clearance in more detail
and demonstrates the complex interactions between dissolved
species and the nanoparticles within the continuously
changing environment of the clearing sludge.

Introduction

The rapid growth of nanotechnology has resulted in various
implementations of nanomaterials in advantageous products
or as process enhancers in manufacturing. As a result of the
increasing production, it is important to obtain a better insight
in possible risks related to these ultra small particles in the
environment (I-3). Of particular interest is the clearing
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efficiency of nanomaterials within sewage plants that could
avoid the propagation of nanoparticulate contamination into
the aquatic environment. Possible toxic effects for aquatic
species of insoluble carbon nanomaterials, such as carbon
nanotubes, have been recently investigated on larval zebrafish
(49 and Daphnia magna (5). Lovern et al. (6, 7) investigated
acute toxicity and physiological changes of D. magnaexposed
to titania nanoparticles, one of the industrially most im-
portant metal oxides nanoparticles. These studies demon-
strate a strong need to clarify possible entrances of nano-
particles into the aquatic environment.

However, little is known so far about the clearing efficiency
of nanomaterials in sewage treatment. Reijnders (8) supposes
that the standard wastewater treatment seems to be poorly
suited to the capture of nanomaterials, whereas Wiesner et
al. (9 did not support scenarios where containment of
nanoparticles in current water treatment infrastructure may
become problematic. Because of the present lack of experi-
mental data, the disposal of nanomaterials is not regulated.
This appears to be problematic because it is not clear what
happens when inorganic nanomaterials are dispersed in the
environment or brought into public sewage treatment plants.

The present work investigates the clearing of nanoparticles
out of a model wastewater stream using a scalable model
wastewater treatment according to guidelines of the Orga-
nization for Economic Co-operation and Development
(OECD). As a model compound, we chose the industrially
important cerium oxide which was already subject to
numerous toxicological studies. These nanoparticles are used
in the semiconductor manufacturing for chemomechanical
polishing of silicon wafers (10) and polishing of lenses. Little
is known about the influence and the behavior of cerium
and other oxide nanoparticles on the environment. First
indications can be taken from the existing few studies on the
interactions of nanoparticles with organisms. The uptake of
nanoparticles into a living cell was found to strongly depend
on the material’s agglomeration properties, making kinetic
measurements rather challenging (11). Cytotoxic response
of cerium and other oxide nanoparticles has been investigated
for Escherichia coli (12), human lung cancer cells (13) and
mesothelioma cells, and rodent fibroblasts (14). These studies
suggest a complex behavior of nanoparticles in a wastewater
treatment plant. Anumber of experimental studies (11, 15, 16)
have shown that nanoparticles can change their behavior
depending on the surrounding media in biological fluids, for
example, through protein adsorption, implying that ag-
glomeration, diffusion, and sedimentation of oxide particles
change drastically if particles are brought into wastewater if
compared to pure water (11, 17). Because most industrial
applications of nanoparticles involve the use of surfactants,
we investigated both pure oxide nanoparticle dispersions
and stabilized formulations based on two industrially promi-
nent surfactants.

The present investigation uses a setup according to OECD
guidelines for the testing of chemicals (18). Originally, this
setup was proposed to determine the elimination and the
biodegradation of water-soluble organic compounds by
aerobic microorganisms, (19) but it allows us to investigate
the behavior of a broad range of materials in sewage treatment
plants. This approach allows comparison of the present data
to existing data sets of chemical compounds.

Experimental Section

General Experimental Design. After detailed characterization
(see Supporting Information), both pure and surfactant
stabilized cerium oxide nanoparticle dispersions were fed
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into a pre-equilibrated model wastewater treatment plant
constructed according to OECD guidelines. This laboratory-
scale model is established for testing of chemicals (20) and
was adapted within this study to investigate nanoparticle
behavior during biological treatment in a sewage plant.
Additional treatment steps commonly used in sewage plants
were not investigated. The clearing sludge was taken from
the wastewater treatment plant of the city of Zurich,
Switzerland, and checked continuously for respiration rate
(viability) during all experiments. Particles were dispersed
with either anondegradable acryl polymer surfactant (Dispex
A40, Ciba Specialty Chemicals, Germany) or biodegradable
dodecyl benzyl sulfonic acid (Maranil, Cognis, Germany).
Particle behavior was first investigated in different media at
differentionic strengths and pH values. Selected suspensions
were fed continuously into the clearing unit with growing
sludge consisting of an aeration chamber followed by a
settling vessel (Supporting Information, Figure S1). The total
cerium oxide concentration at the outlet was measured by
aninductively coupled plasma-optical emission spectrometer
(ICP-OES). A centrifugation step allowed the unagglomerated
cerium oxide nanoparticles and larger, sludge-bound nano-
particles to be distinguished. At the end of an experiment,
the total cerium concentration was measured in the remain-
ing sludge to close the mass balance.

The material and methods discussion is presented in the
Supporting Information.

Results and Discussion

Physical Nanoparticle Properties. With the broad range of
now available nanoparticles, detailed characterization of
materials in their form of application is a prerequisite to
both toxicological and environmental studies (14, 21-28). All
studies have shown a dominating effect of surface charge
(C-potential) on the kinetics of agglomeration and, as a
consequence, on the physical behavior of the nanomaterials
(11, 15, 29). To offer comparable data and for consistence
with earlier studies on particle uptake (11, 30-32), cytotoxicity
(5,6, 12, 14, 33-36), and formation of reactive oxygen species
(37, 38), the here investigated material was prepared by flame
spray synthesis (39) using chloride-free precursors (40) and
consists of nearly spherical, crystalline nanoparticles of 20—50
nm diameter (Supporting Information, Figures S2 and S3).

Nanoparticle Dispersion Stability. The stability of the
here investigated cerium oxide dispersions was tested both
for increasing pH and ionic strength in the surrounding
medium. The addition of surfactants stabilizes the cerium
oxide dispersions in water from pH 3 to 12, while pure cerium
oxide precipitated around its isoelectric point at pH 8
(Supporting Information, Figure S4). As expected from its
amphiphilic behavior, the addition of surfactants resulted in
an improved dispersion stability even under high ionic
strength (Supporting Information, Figure S5) as encountered
in wastewater. Both pH and salts are strongly altering the
tendency of the oxide nanoparticle dispersion to agglomera-
tion and are consistent with earlier investigations on fullerene
nanocrystals (41) and titania (42). This agglomeration
behavior stays in line with a technically most important effect
during polymer synthesis using emulsion polymerization (43).
This production method proceeds in the form of a diluted
emulsion and results in micro to millimeter-sized polymer
spheres. To isolate the final polymer, the initially formed
charge-stabilized polymer spheres are destabilized through
the addition of salt, and the resulting aggregates (latex) can
be easily separated by sedimentation.

Model Sewage Clearing Plant. Treatment of chemically
contaminated wastewater has strongly profited from the
development of scale-up correlations for sewage treatment
plants. The present study applies exactly the same procedure,
experimental setup, and sludge from a large-scale plant

(Werdholzli, Zurich city, Switzerland) to provide a comparison
of nanoparticles to existing data on chemicals. Prior to
exposure to oxide nanoparticle dispersions, the sludge was
stabilized following the OECD guidelines (18). The content
of dissolved organics (see Supporting Information, Figure
S6) in the initiation period clearly demonstrated a reasonable
level of stabilization after 100 h. Nanoparticle concentrations
in the ranges of 100—1000 ppm were not acutely toxic for the
bacteria (see Supporting Information, Figure S7).

Particle Clearance Efficiency. Thoroughly characterized
cerium oxide dispersions (100 ppm, Supporting Information,
Figure S3—S5) were continuously fed into the central sludge
container. Treated water leaving the setup was analyzed using
two methods: (A) total cerium oxide content in the outflow
and (B) cerium oxide present as particles of less than 200 nm
hydrodynamic diameter. The discrimination was done by
selective centrifugation (11) prior to analysis and allowed
larger aggregates or nanoparticles bound to bacteria (see
Figure 3) and unagglomerated particles or very small ag-
gregates (agglomerates of few particles sticking together;
hydrodynamic aggregate diameter <200 nm) to be distin-
guished. Corresponding calculations and definitions are given
in the electronic Supporting Information (Supporting In-
formation, eq 4).

After an initial stabilization period, the total cerium oxide
content in the treated wastewater stayed at 2—5 ppm (Figure
1). To gain additional insight into technically important
sewage waters containing industrial tensides, we optionally
applied a sulfonic acid (dodecyl benzene sulfonic acid, BSA)
or a polyelectrolyte (poly acrylic acid, AP) with the oxide
nanoparticle feed. The time-dependent outflow of total
cerium oxide showed a steep increase for the first few hours
and later partially leveled off if no (left) or a nondegradable
surfactant (poly acrylic acid) was used to stabilize the particles
(middle). The addition of a stabilizing but biodegradable
tenside (right) promoted a longer increase of cerium oxide
content in the treated water. The influence of the surfactants
and the prolonged stabilization potential of the biodegradable
benzyl sulfonic acid (BSA, Figure 1c) is well visible for the
small particle fraction (<200 nm, Figure 1f). The different
profiles in Figure 1b and c can be explained on the basis of
the different biodegradation of the polyelectrolyte (acrylate;
not degradable) and the benzyl sulfonic acid (biodegradable).
The sludge can adapt to the presence of benzyl sulfonic acid
after about 50 h and starts digesting the benzyl sulfonic acid
thus destabilizing the cerium oxide dispersion. As a conse-
quence, less cerium oxide can leave the test unit (drop in
cerium oxide between 50 and 100 h). The degradation of the
benzyl sulfonic acid was experimentally confirmed by
measuring the dissolved organic content (Supporting In-
formation, Figure S6).

The pronounced differences in ceria concentrations before
(top graphs, Figure 1a—c) and after centrifugation (bottom
graphs, Figure 1d—f) shows that a significant portion of the
ceria is present as large aggregates or bound to bacteria. The
setup used here can not distinguish between large cerium
oxide aggregates or bacteria-bound particles. As a conse-
quence, electron microscopy investigations were carried out
on the sludge itself (see below) which confirmed the presence
of aggregated particles sticking to the bacteria (Figure 3).
The considerable fluctuations in cerium concentration of
out-flowing sludge reflect the dynamic structure and com-
position of a living sludge that continuously adapts to the
wastewater composition. This also alters the affinity of cerium
oxide nanoparticles to the bacteria surface and the degree
of flock (large aggregates of bacteria) formation. As a result,
the amount of nanoparticles in the outflow shows consider-
able variations (Figure 1a).

Stabilizing Effect of Wastewater. Ceria nanoparticles
should strongly agglomerate at experimental conditions (pH
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FIGURE 1. Oxide nanoparticle concentrations at the outlet of the activated sludge unit fed with model wastewater. Time-dependent
concentration profile for pure cerium oxide (a), cerium oxide with an acrylic polymer surfactant, (b) and cerium oxide with an alkyl
benzyl sulfonic acid surfactant (c). Small agglomerates and unagglomerated particles (dhys: < 200 nm) were distinguished through an
additional centrifugation step prior to analysis (d—f). Data represent individual runs. Error estimates are based on multiple

measurements at a given time.
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FIGURE 2. -Potentials of 1 wt % cerium oxide dispersions in
water and model wastewater as a function of acidity (pH).
Dispersions are relatively stable for absolute {-potentials larger
than 20 mV. The pronounced difference between wastewater
and pure water is related to adsorption of stabilizing
wastewater constituents, most probably peptides (see Sup-
porting Information).

8—8.5) based on preliminary stability measurements (effect
of salt addition and pH; see Supporting Information). To
better understand the unexpected high level of unagglom-
erated cerium oxide in treated water (Figure 1; bottom series
of graphs), a more detailed investigation on the {-potential
of cerium oxide nanoparticles was made both in pure water
and in model wastewater. The corresponding pH depending
C-potential curve (Figure 2) is shifted through the constituents
of wastewater by about 20 mV. The present findings on highly
stabilized nanoparticle dispersions through model waste-
water constituents (Figure 2) stays in agreement with earlier
studies by Rezwan et al. (44) who demonstrated significant
shifts in ¢-potential of colloids following adsorption of
proteins. The study acts in further agreement with a study
by Hyung et al. (45) that demonstrated carbon nanotubes
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stabilization by natural organic matter and with several
studies on protein adsorption (46-49). To determine which
component of the model wastewater contributed mostly to
the shift, {-potential measurements of cerium oxide disper-
sions together with all single components of the wastewater
were performed (Supporting Information, Figure S8). The
largest contribution could be attributed to peptone, a
component consisting of digested proteins, that is, small
peptides. The adsorption of these peptides may therefore be
linked to the enhanced stability of nanoparticles within the
model wastewater.

While the particles rapidly agglomerate at neutral pH in
water (low ¢-potential facilitates agglomeration), the con-
stituents of wastewater significantly stabilize the dispersion,
particularly at higher pH.

Nanoparticle Accumulation in the Sludge. Scanning
transmission electron micrographs of sludge after contact to
the cerium oxide dispersions showed aggregated nanopar-
ticles together with the microorganism (Figure 3). The mass
balance concerning cerium oxide inflow (100 ppm, total flow
rate = 8.3 mL/min) and outflow (2—5 ppm, flow rate = 8.3
mL/min) could be closed within an error of 5% since we
measured the nanoparticle accumulation in the sludge after
the end of the experiments. The cerium oxide outlet
concentration (Figure 1) was almost independent of the
cerium oxide concentration in the perfectly mixed aeration
chamber (Supporting Information, Figure S1) in spite of
significant cerium oxide accumulation in the sludge over the
time of an experiment (total duration = 100 h).

Residence Time Distribution. The residence time dis-
tribution of the model setup was measured in the aeration
chamber and at the outlet performing a concentration step
experiment (50) (Supporting Information, Figure S9). The
residence time distribution supports the assumption of a
continuously stirred tank reactor for the aeration chamber
and a connected plug flow reactor for the settling vessel
(Supporting Information, Figure S1). Both measured distri-

butions are consistent with calculated ideal model reactors



- 2 —

FIGURE 3. Scanning transmission electron micrograph of clearing sludge exposed to cerium oxide nanoparticles. In the Z-contrast
images, the high density cerium oxide nanoparticles are bright. No particles were found within bacteria, but a cumulative
appearance of cerium oxide around cells indicates preferred bonding to the sludge (bar size 500 nm).

known from chemical engineering (50). The medium resi-
dence time within the here used OECD setup was 8.03 h
which is similar to the sewage water treatment plant of Zurich,
Switzerland (ARA Werdholzli). Small, unagglomerated nano-
particles can leave the model plant because they sink slower
than the water current moving through the unit from bottom
to top. Larger agglomerates are retained in the unit because
they continuously sink to the bottom of the unit and stay
with the sludge. The critical aggregate radius could be
calculated by balancing the sinking velocity to the upward
fluid flow determined from the reactor geometry and
residence time distribution. Depending on the fractal di-
mension and the density of the agglomerate, the critical
aggregate radius was found to be 1—-1.1 um (see Supporting
Information for definitions and details on the calculations).
Because the majority of the aggregates observed by electron
microscopy (Figure 3) were of smaller size, nanoparticles
were predominantly cleared by adsorption to the sludge
(bacteria). Because the bacteria are much larger and relatively
heavy, such adsorbed particles stay in the unit and are
removed from the wastewater. If only physical agglomeration
of nanoparticles (no bacteria involved) were the dominating
clearing step, much larger agglomerates would have to
account for a considerably higher sinking speed.

Nanoparticle Breakthrough. Since earlier investigations
(11) have demonstrated that oxide nanoparticle dispersions
were relatively stable for {-potentials of at least 20 mV
(absolute values; both positive or negative charge can be
used to stabilize a dispersion), the observed high levels of
cerium oxide (small fraction, < 200 nm) in the outflow must
be a result from a low tendency of nanoparticles to ag-
glomerate with the bacteria in the sludge. This is an
unexpected finding because most oxide nanoparticle disper-
sions become instable if brought into the presence of high
ion concentrations (Figure S5) or complex organic solutions
(11). If the nanoparticles do not rapidly agglomerate and
stick to the bacteria of the sludge, some of them are free to
follow the water stream through the unit and eventually leave
it.

This behavior is a direct result of the fact that the sludge
is a living agglomerate of bacteria and subject to sludge
agglomerate breakup, adhesion of sludge to gas bubbles,
and occasional transfer of sludge into the outlet of the setup.
To account for oxide nanoparticles that left the clearing unit
in the form of adsorbed particles on sludge, a centrifugation
step assured differentiation between bacteria bound nano-

particles (removable by the here chosen centrifugation step)
and free (unbound) oxide nanoparticles. The location of oxide
nanoparticles bound to the outer membrane of bacteria
observed here was already observed by Thill et al. (12) during
toxicity measurements of oxide nanoparticles. Electron
microscopy combined with energy dispersive X-ray analysis
on control experiments with or without cerium oxide
confirmed the chemical identity and presence of the nano-
particles in the vicinity of bacteria (Figures S11 and S12).

Other Technically Important Oxide Nanoparticles. With
the present rapid growth of novel products containing a range
of different nanoparticles, we chose to further investigate
the {-potential of some of the largest volume materials (51)
in model wastewater (Figure 4). Similar to the behavior of
nanoparticles in biological fluids (11), the individual nano-
particles showed very different surface charge if dispersed
in pure water but displayed very similar -potentials in model
wastewater. This observation was consistent for all insoluble
nanoparticle samples, while soluble (ZnO 14, 52) or reactive
(calcium-phosphates Caz(PO4), 14, 53, 54) materials deviated
from this trends (Figure 4, right), suggesting better particle
clearance.

The later group (Fe,Os, ZnO, and Ca3(PO4),) represents
materials that undergo chemical transformations (dissolu-
tion, recrystallization). As a result, protein and ion adsorption
are expected to be different from the behavior of inert,
nonreactive materials (left, Figure 4). Further investigations,
however, will be required to elucidate the detailed behavior
of a broader sample of nanoparticles in wastewater units.

The present study has taken a first step in the direction
of investigating the clearing efficiency of sewage plants for
oxide nanoparticles using a laboratory-scale model unit.
Transfer of such findings to real-size plants can be subject
to errors because of the scale up and must be critically
reviewed. Additional experiments will be required for in-
depth studies on the detailed mechanism of nanoparticle
adsorption to sludge. The present results indicate a limited
capability of the biological treatment step to completely
remove oxide nanoparticles from wastewater. Separate
investigations will be necessary to test the suitability of
physical treatments (e.g., filtration) for improved oxide
nanoparticle removal. The dominant role of agglomeration
for nanoparticle mobility, diffusion, and even uptake into
living cells is a physical characteristic depending on the square
of the particle number concentration (11). The present study
used an oxide nanoparticle concentration of 100 ppm mass
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FIGURE 4. {-Potential measurements for different metal oxides
and calcium phosphate nanoparticles in both water (filled
symbols) and model wastewater (open symbols) showed a
similar surface charge for insoluble materials, suggesting a
similar clearance behavior of this group of materials. Slightly
soluble or reactive nanoparticles (right) are less stable in
wastewater and therefore expected to rapidly agglomerate and
sediment during wastewater treatment.

(1.7 x 10'? particles/mL, 3.2 m? nanoparticle surface/L of
liquid, or 1.3 x 1075 cm? of oxide/mL of liquid). The lower
concentrations expected in industrial wastewater disfavor
agglomeration, and subsequently, particle removal through
sedimentation. These findings motivate for detailed studies
on the individual components of nanoparticles clearance,
particularly in more dilute systems and eventually real-size
plants. The high mobility of oxide nanoparticles in wastewater
allows particles to spread over larger distances and makes
monitoring of environmental distribution an analytically
complex task.
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