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Abstract Nanoparticles (NPs) entering water systems are an
emerging concern as NPs are more frequently manufactured
and used. Single particle inductively coupled plasma-mass
spectrometry (SP-ICP-MS) methods were validated to detect
Zn- and Ce-containing NPs in surface and drinking water
using a short dwell time of 0.1 ms or lower, ensuring precision
in single particle detection while eliminating the need for sam-
ple preparation. Using this technique, information regarding
NP size, size distribution, particle concentration, and dis-
solved ion concentrations was obtained simultaneously. The
fates of Zn- and Ce-NPs, including those found in river water
and added engineered NPs, were evaluated by simulating a
typical drinking water treatment process. Lime softening, al-
um coagulation, powdered activated carbon sorption, and dis-
infection by free chlorine were simulated sequentially using
river water. Lime softening removed 38–53 % of Zn-
containing and ZnO NPs and >99 % of Ce-containing and

CeO2 NPs. Zn-containing and ZnO NP removal increased to
61–74 % and 77–79 % after alum coagulation and disinfec-
tion, respectively. Source and drinking water samples were
collected from three large drinking water treatment facilities
and analyzed for Zn- and Ce-containing NPs. Each facility
had these types of NPs present. In all cases, particle concen-
trations were reduced by a minimum of 60 % and most were
reduced by >95 % from source water to finished drinking
water. This study concludes that uncoated ZnO and CeO2

NPs may be effectively removed by conventional drinking
water treatments including lime softening and alum
coagulation.
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Introduction

As nanoparticles (NPs) are increasingly incorporated into
commercial products, the risk of environmental exposure in-
creases [1]. Zinc oxide (ZnO) and cerium dioxide (CeO2) are
among the most commonly used NPs with applications in
personal care products, paints, and catalysts that will lead to
their release via wastewater or runoff into natural water bod-
ies. Studies have suggested that ZnO NPs have a relatively
high acute toxicity and result in oxidative stress and oxidative
damage [2, 3]. Uptake of CeO2 NPs has been demonstrated by
human intestinal epithelial cells [4] by diverse biological sys-
tems, and to be toxic to these different systems [5], including
human peripheral blood monocytes and human lung cancer
cells [4–6]. CeO2 NPs have been shown in an in vivo study to
induce oxidative stress in Caenorhabditis elegans at environ-
mentally relevant concentrations [7]. Another study, however,
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suggested that ZnO induced toxicity inmammalian cells while
CeO2 suppressed reactive oxygen species (ROS) production
and even protected the cell [8]. Given the uncertainty of hu-
man and environmental toxicity of ZnO and CeO2 NPs, it is
imperative to analyze their fate and transport through water
treatment processes. Work has been done to evaluate the fate
of ZnO and CeO2 NPs during wastewater treatment, reporting
up to 8 % of Zn in influent wastewater left in the effluent [9,
10] and 6 % of the initial CeO2 NPs left in the effluent [11,
12]. There are many interactions that dictate the behavior of
NPs during wastewater treatment, including sorption onto de-
bris and particles, dissolution, settling, and interactions with
microorganisms [13]. Among the most important consider-
ations for NP stability in aqueous media are aggregation and
dissolution.

Major factors affecting NP aggregation and dissolution in
aqueous solution include ionic strength, pH, and organic mat-
ter in the system. Low ionic strength and high organic matter
content are associated with increased NP stability in water [14,
15]. Natural organic matter (NOM) plays a major role in NP
stability. It has been shown that NOM can prevent the disso-
lution of ZnO NPs in aquatic matrices as well as prevent
aggregation [16] and has been demonstrated to keep up to
88 % initially added CeO2 NPs in suspension after 12 d of
settling [17]. With typical fresh water NOM concentrations
between 0.1 and 20 mg/L, it is likely that NPs released into
water systems will not aggregate or dissolve significantly, in-
dicating that humans, mammals, and aquatic life may be ex-
posed to these NPs [18]. Furthermore, if the exposed water
system is used as source water for drinking water treatment it
will be a direct route for human consumption of NPs if they
are not removed during drinking water treatment processes.

While several studies have been conducted evaluating the
fate of NPs during drinking water treatment, there exists a
significant research gap regarding specific processes and NP
types. CeO2 and ZnO NP removal by filtration processes
alone (sand filtration, microfiltration, and/or ultrafiltration)
have been studied by several research groups [19–22]. The
results of these studies indicated that typical filtration process-
es efficiently remove uncoated (non-surface functionalized)
NPs. Alum coagulation has been shown to result in between
40 and 99 % removal of ZnO under typical conditions, with
the highest removal observed using sweep floc dosages in
buffered nanopure water [22, 23]. No published papers have
been found onCeO2 NPs removal during coagulative drinking
water treatments, whereas ZnO NP removal has been evalu-
ated in two studies. In both of these studies, the NP detection
methods have only been indirect. Specifically, NP content in
effluent water was detected by acid digestion followed by
inductively coupled plasma-mass spectrometry (ICP-MS) or
graphite furnace atomic absorption (GFAA) resulting in loss
of information regarding NP size and aggregation state after
treatment. On the other hand, single particle ICP-MS (SP-ICP-

MS) has more recently proven to be an emerging and reliable
technique for monitoring NPs in aquatic matrices [24–26],
including applications to monitor removal of Ag, Au, and
TiO2 NPs during typical drinking water treatments [27]. The
key advantages of SP-ICP-MS include high sensitivity for
environmentally relevant concentrations and simultaneous da-
ta acquisition regarding NP size, size distribution, and dis-
solved element concentration. SP-ICP-MS coupled with an
ion exchange resin (IEC) has been used to monitor ZnO NPs
in water using a dwell time of 0.5 ms [28]. Using the IEC
improved NP signals by removing high background levels
of Zn, which was demonstrated in previous work [29].
However, reducing the analysis dwell time has also been
shown to improve the resolution between NP signals and dis-
solved background [30].

In this study, the fate of ZnO and CeO2 NPs during con-
ventional drinking water treatments were evaluated. SP-ICP-
MS methods were developed using short dwell times of
0.1 ms to monitor the NPs throughout drinking water treat-
ment process to provide increased resolution between the dis-
solved background and NP signals without the use of ion
exchange resins or columns for potentially high dissolved
background element. NP removal was evaluated after lime
softening, alum coagulation with simultaneous powdered ac-
tivated carbon (PAC) sorption, and disinfection by free chlo-
rine. Filtration was not simulated because it has been studied
in detail and published for the selected NPs [19, 22]. Water
samples were collected from three drinking water treatment
facilities (DWTFs) and monitored for Zn- and Ce-containing
NPs using the developed SP-ICP-MS method. The removal
efficiencies were compared with the simulation results to eval-
uate the efficacy of the treatments on bench and full scales.

Materials and methods

Materials and instrumentation

CeO2 NPs (30–50 nm diameter, 40 wt% CeO2 dispersed in
water, stock no. US7120) and ZnONPs (80–200 nm diameter,
nanopowder, stock no. US3555) were purchased from US
Research Nanomaterials, Inc. (Houston, TX, USA). These
nanoparticles were selected for this study because the size
distributions were all or partially in the nanoscale range
(≤100 nm) and they were larger than the particle size detection
limits of the SP-ICP-MS. A dilute CeO2 solution was prepared
by diluting the stock solution 1000 times into ultra-pure water.
A dilute stock solution of ZnO NPs was prepared by dispers-
ing a known amount of nanopowder in ultra-pure water.
Particle concentrations were calculated using the density,
mass, and particle size range of NPs suspended and the vol-
ume of ultra-pure water used. The working particle concentra-
tions were determined by averaging calculated particle
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concentrations for several sizes over the manufacturer size
range. Size calibration standard Au NPs (citrate-capped, 50,
80, and 100 nm diameter) suspended in 2 mM sodium citrate
were obtained from nanoComposix, Inc. (San Diego, CA,
USA). All purchased NPs were characterized by both scan-
ning electron microscopy (SEM) and SP-ICP-MS. An S-4700
model field emission scanning electron microscope (FESEM)
with energy-dispersive X-ray spectroscopy (EDS) capability
(Hitachi, Tokyo, Japan) was used to image and confirm ele-
mental composition of NPs. The NPs purchased were original
materials without surface modification.

Dissolved Ce and Zn standards (PerkinElmer,
Waltham, MA, USA) were used for dissolved element
calibrations. Sodium hydroxide (caustic), aluminum
sulfate (Al2(SO4)3·14.3H2O), and trace metal grade ni-
tr ic acid, were purchased from Thermo Fisher
Scientific Inc. (Pittsburgh, PA, USA). Hydrodarco B
(HDB) powdered activated carbon (PAC) was product
of Cabot (Marshall, TX, USA). Sodium hypochlorite
solutions and trace metal grade sulfuric acid were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). A
Simplicity185 water purification system from Millipore
was used to generate ultra-pure water. Dissolved organ-
ic carbon (DOC) was monitored with a TOC-L analyz-
er with ASI-L liquid autosampler from Shimadzu
Scientific Instruments (Columbia, MD, USA) and tur-
bidity was tested using a TB200 Portable Turbidimeter
(Orbeco-Hellige, Sarasota, FL, USA). The pH of the
water samples was monitored at each step of the sim-
ulation treatment.

Single particle ICP-MS methods

A PerkinElmer (Shelton, CT, USA) NexION 300D/350
ICP-MS equipped with Syngistix Nano Application
module operating in single particle mode was used.
The instrument parameters were optimized for detection
of ZnO and CeO2 NPs as well as their corresponding
ions. The system was equipped with a concentric nebu-
lizer, cyclonic spray chamber, and platinum sampler and
skimmer cones. The rf power was set to 1600 W to
ensure complete atomization of NPs. Parameters opti-
mized daily included sample flow rate (between 0.26
and 0.29 mL/min) and the transport efficiency (between
7.5 and 8.5 %). Masses of 140Ce and 67Zn were moni-
tored with a dwell time of 100 μs over a 100 s sam-
pling time. 67Zn was monitored to avoid 50Ti16O inter-
ferences that occur with the higher abundance 66Zn iso-
tope. Water collected from the Missouri River used in
this and our previous study have had high Ti concen-
trations, rendering the isotope selection necessary [27].
The instrument was calibrated with a filtered matrix blank and
three dissolved Ce and Zn matrix spikes (0–20 μg/L spikes).

In most cases Ce and Zn were present in the matrix; therefore,
a blank subtraction was used. This calibration was used for
both dissolved ions and NP sizing.

Water sample collection and water quality parameter
measurement

Three DWTFs (referred to as Facilities 1, 2, and 3) were se-
lected for this study. Facility 1 uses a blend of ground water
and Missouri River water as source water and the other two
DWTFs use Missouri River water as source water. The water
samples were collected in duplicate from each facility. Each
DWTF employed lime softening, ferric coagulation, PAC
sorption, and chlorine/chloramine disinfection treatments.
Detailed treatment information can be found in the
Supplementary Material of our recent publication [27].
Samples were collected in pre-cleaned 125 mL polypropylene
bottles without additives or filtration, and immediately
brought back to our laboratory for SP-ICP-MS analysis within
8 h to minimize NP transformations after collection. The other
key water quality parameters were also measured for the water
samples by using the same methods as those in our recent
publication [27]. Missouri River water was collected during
the cold season for simulated treatments. The collected water
was allowed to settle for at least 24 h before use to remove any
noncolloidal materials.

Drinking water treatment simulations

A six-gang stirrer system (Phipps and Bird, Richmond, VA,
USA) was used to simulate several major drinking water treat-
ment steps in sequence. Lime softening, alum coagulation
with PAC sorption, and disinfection were simulated with and
without added CeO2 and ZnO in Missouri River water using
six-gang stirrers. The river water was analyzed for Ce- and Zn-
containing NPs, dissolved ions, DOC, turbidity, and pH be-
fore use in jar tests and after each treatment step during the
simulation. NPs (30–50 nm CeO2 and 80–200 nm ZnO) were
added to 2-L of Missouri River water at 1×106 particles/mL
(mass concentrations of ~7 μg/L ZnO and ~4 μg/L CeO2) and
dispersed by stirring at 100 rpm for 1 min. Lime was dosed
with 260 mg/L as Ca(OH)2 to reach pH 11 before rapid
mixing (300 rpm for 30 s), flocculation (10 min each at 58,
42, and 28 rpm), and sedimentation (0 rpm for 180 min). The
clear supernatant was decanted into a clean 2-L square beaker,
leaving only solids behind. Alum coagulation (60 mg/L as
Al2(SO4)3·14.3H2O, Zone 4 coagulation at pH 7–8) with si-
multaneous PAC sorption by HDB (20 mg/L) was simulated
on the softened water using the same stirring parameters as
softening. After alum addition, the pH was quickly ad-
justed to pH 8 using trace metal grade sulfuric acid
during flocculation. After settling, 1-L of the clear su-
pernatant was transferred to a clean 2-L square beaker
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for disinfection. Sodium hypochlorite solution was
added to obtain a residual concentration of 2 to 4 mg/
L as Cl2 (stirred at 28 rpm for 60 min). The water
samples were taken before and after each treatment step,
and were analyzed by SP-ICP-MS immediately after the
simulation treatments were completed.

Results and discussion

Nanoparticle characterization

ZnO and CeO2 NPs used for the drinking water treatment
simulations were characterized by SP-ICP-MS and SEM im-
aging before use. Representative SP-ICP-MS size distribution
histograms and SEM images can be seen in Fig. 1. In each
case, the NPs were suspended in ultra-pure water and sonicat-
ed to reduce aggregation before analysis for SP-ICP-MS char-
acterization. ZnO NPs were diluted to 70 μg/L total mass
concentration and the CeO2 NPs were diluted to 40 μg/L total
mass concentration. The ZnO NPs used (80–200 nm diameter
specification by the manufacturer) had irregular shapes and
sizes (Fig. 1b), contributing to the wide size distribution

histogram obtained by SP-ICP-MS (Fig. 1a). The detected
particle concentration for the ZnO NPs was 2.16 × 104

particles/mL and a detected dissolved concentration of
16.4 μg/L. The CeO2 NPs used (30–50 nm diameter specifi-
cation by the manufacturer) are more regularly shaped and
relatively spherical (Fig. 1d), which is also reflected in the
SP-ICP-MS size distribution histogram (Fig. 1c), thoughmore
large sizes were observed due to aggregation. The detected
particle concentration for the CeO2 NPs was 4.83 × 104

particles/mL and the detected dissolved concentration was
below the method detection limit.

SP-ICP-MS method performance

Methods for ZnO and CeO2 were developed and validated for
simultaneous analysis of dissolved ion and NPs by SP-ICP-
MS. The instrument was calibrated using 0.45 μm nylon-
membrane-filtered matrix water over 0 to 20 μg/L dissolved
Zn and Ce using a blank subtraction when the ions were pres-
ent in the matrix water. Transport efficiency, density, mass
fraction, ionization efficiency, and other parameters can be
seen in Table 1. The dissolved calibration curve was used to
convert NP signals to diameter based on the mass fraction and

Fig 1 SP-ICP-MS and SEM characterizations of NPs. (a) SP-ICP-MS
size distribution histogram of ZnO with 70 μg/L total mass concentration
(56 μg/L Zn), (b) SEM image of ZnO NP, (c) SP-ICP-MS size

distribution histogram of CeO2 with 40 μg/L total mass concentration
(33 μg/L Ce), (d) SEM image of CeO2 NP
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density of the material using calculations described elsewhere
[24, 31]. The NP detection limits (DLs) were determined to be
five times the standard deviation above the background inten-
sity in ultrapure water when analyzed against the dissolved
calibration curve in the matrix [32]. This was calculated to
be 35 to 40 nm for ZnO and 18 to 20 nm for CeO2, depending
on daily instrument optimization. The ZnO DL is similar to
previously reported values, but the CeO2 DL is ~10 nm higher
than previously reported values, most likely due to differences
in instrument optimization and matrix effects when calibrating
in the sample matrix [32]. DLs of dissolved ion were deter-
mined to be 0.20 and 0.10 μg/L for Zn and Ce, respectively.
These detection limits were determined in ultra-pure water
and validated in calibrations in the sample matrix. Dissolved
DLs were higher than traditional ICP-MS because of the short
dwell times used.

Fate of ZnO and CeO2 NPs during simulated drinking
water treatments

Three typical drinking water treatment steps (lime softening,
alum coagulation with PAC sorption, and disinfection by free
chlorine) were simulated sequentially to determine the fate of
ZnO and CeO2 NPs. DOC, pH, turbidity, NP concentration,
and size distribution were characterized at each treatment step
to ensure the treatments were effective and to monitor NP
status. The changes in pH, DOC, and turbidity after each
treatment step are summarized in Table 2. The river water used

had initial DOC, pH, and turbidity of 2.38 mg/L±0.25, 8.31
±0.02, and 4.04 NTU±0.29, respectively, after aliquoted into
six samples at room temperature [n=6, relative standard de-
viation (RSD)]. DOC and turbidity were on the low range for
river water because they were collected during the cold
season when turbidity and organic content are low. After lime
softening, the pH increased to 11.35±0.04 (RSD) and DOC
and turbidity decreased to 16 % and 61 % of the original
value, respectively. After alum and PAC treatment, the pH
decreased to 8.23±0.08 (RSD), and DOC and turbidity de-
creased to 51 % and 93 % of the original value, respectively.
The pH was 8.21±0.09 (RSD) after sodium hypochlorite dis-
infection, with no significant change from the pH before dis-
infection [8.23±0.08 (RSD)]. DOC and turbidity were un-
changed after disinfection. At the pH of each step (pH be-
tween 8 and 12), it has been reported that dissolved Zn2+

and Ce3+ exist as ionic oxides [33], indicating that dissolved
constituents would not result in NP signals during analysis as
the pH increased. If, however, these dissolved constituents
would form colloidal hydroxides at high pH, the resulting
colloidal materials would be formed during drinking water
treatment that would be effected by the treatment process.

Fate of Zn-containing NP without ZnO NP addition

Zn-containing NPs were present in the river water initially.
The real form of the Zn-containing NPs could not be deter-
mined by SP-ICP-MS. It was assumed that the NPs were
present as ZnO NPs, and measured size was calculated by
ZnO NPs. The most frequent ZnO NP sizes were centered
on 75 nm with a wide particle size distribution arranged from
DL to several hundred nanometers, as shown in Fig. 2a.
Dissolved Zn (or ZnO NP at size smaller than the particle
sized detection limit) was also found in the river water at a
concentration of 1.11 μg/L. It has been demonstrated that ZnO
NPs are toxic [2, 3]. If the real forms of the Zn-containing NPs
are present as ZnO NPs, the health risk deserved to be evalu-
ated if it not removed during water treatment process
Therefore, their fate and removal were evaluated by simulated
drinking water treatment first without the addition of the ZnO
NPs. Control tests were performed in parallel with the treat-
ment tests by adding NPs but not adding treatment materials.
The size distribution and concentration of the spiked ZnONPs
in the control samples did not change in the time period of the
simulated treatment and until analysis. This indicated that the
ZnO NPs in the selected surface water were stable during 12 h
for experiment, presumably stabilized by the water matrix.
When the river water was treated by excess lime softening to
pH 11, the Zn-containing NPs exhibited a shift in size distri-
bution to the most frequent size of 35 nm as ZnO and the
particle concentration (particles/mL) was reduced by 38 %
(Fig. 2a, BAfter lime softening^). This indicated that the
ZnO NPs may have been partially dissolved during the

Table 1 SP-ICP-MS instrument and method parameters for ZnO and
CeO2 NP and dissolved element analysis

Instrument parameter Operation setting

Nebulizer Meinhard

Spray chamber Cyclonic

Sampler cone Platinum

Skimmer cone Platinum

RF Power (W) 1600

Nebulizer gas flow (L/min)a 1.02–1.06

Auxiliary gas flow (L/min) 1.2

Plasma gas flow (L/min) 18

Sample flow rate (mL/min)a 0.26–0.29

RPq 0.5

Dwell rime (ms) 0.1

Sample rime (s) 100

Transport efficiency (%)a 7.5–8.5

Method parameters Zn Ce

Isotope (amu) 67 140

Density (g/cm3) 5.61 7.13

Mass fraction (%) 80.31 81.41

Ionization efficiency (%) 100 100

a Parameter optimized daily
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treatment, that the larger NPs were removed but smaller ZnO
NPs were remained in suspension after softening, or that the
formerly soluble zinc in solution transformed into insoluble
colloids as the pH increased. After lime softening, the dis-
solved Zn concentration was reduced from 1.11 μg/L±0.08
(n=6, RSD) to 0.43 μg/L±0.08 (n=3, RSD), so dissolution
or aggregation could not be confirmed by dissolved concen-
tration and NP results. Alum coagulation with PAC sorption
was performed on the softened water and resulted in a particle
concentration decrease of 74 % relative to the original con-
centration while maintaining a similar size distribution, indi-
cating that the NPs were not physically changed during this
step of treatment but were removed during this step of treat-
ment. The dissolved Zn content was also not significantly
changed during this treatment step (0.48 μg/L±0.02, n=3,
RSD). Minimal dissolution of ZnO was observed after disin-
fection by free chlorine as evidenced by further reduction in
frequency in the size distribution histogram and particle con-
centration reduction to 77 % of the original concentration in

the water (Fig. 2a BAfter disinfection^) and the dissolved Zn
concentration (0.52 μg/L±0.08, n=3, RSD). Overall, disin-
fection had little effect on the Zn-containing NP distribution
and dissolved Zn content.

Fate of ZnO NPs with ZnO NP addition

To evaluate the removal of engineered ZnO NPs during drink-
ing water treatments, 80 to 200 nm diameter ZnO NPs were
added to the river water and subjected to the same treatments
previously mentioned. The change in size distribution histo-
grams for the ZnO NPs can be seen in Fig. 2b. After the NPs
were added, the size distribution shifted to the most frequent
size of 120 nm and the dissolved Zn concentration increased
from 1.11 μg/L ± 0.08 (n= 6, RSD) to 16.45 μg/L ± 0.83
[n=2, relative percent difference (RPD)], indicating either
the smaller (smaller than the size detection limit) ZnO NPs
were detected as Bdissolved^ Zn, the NPs partially dissolved
after addition to the water, or insoluble colloids formed from

Table 2 pH, DOC, and turbidity after each treatment step during the simulated drinking water treatment process (value±standard deviation, n= 6)

Water parameter Missouri River Water After NP spike After lime softening After alum+PAC After disinfection

pH 8.31± 0.02 8.24 ± 0.10 11.35 ± 0.04 8.23 ± 0.08 8.21 ± 0.09

DOC (mg/L) 2.38 ± 0.13 2.41 ± 0.16 1.99 ± 0.25 1.17 ± 0.09 1.21 ± 0.10

Turbidity (NTU) 4.04± 0.29 4.12 ± 0.33 1.59 ± 0.34 0.29 ± 0.21 0.16 ± 0.06

Fig 2 Change in size distribution histograms after sequential simulated
drinking water treatments in Missouri River water for (a) ZnO without
NP addition (n= 2), (b) ZnOwith 80–200 nm ZnO addition (7 μg/L mass

concentration) (n = 2), (c) CeO2 without NP addition (n = 2), and (d)
CeO2 with 30–50 nm CeO2 addition (4 μg/L mass concentration) (n= 2)
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the dissolved zinc ions in solution. This result is similar to
dissolved concentration when added to ultra-pure water
(16.38 μg/L). The water was then treated by lime softening
to pH 11, which resulted in a reduction in size distribution to
around 50 nm, total particle concentration reduction by 53 %
and dissolved Zn to 0.36 μg/L±0.95 (n=2, RPD). Again, the
NPs may have dissolved during lime softening, but was not
confirmed due to the reduction in dissolved Zn. The softened
water was then treated with alum and PAC, and resulted in a
further reduction in NP concentration by 79 % of the original
value (Fig. 2b BAfter alum+PAC^) and in dissolved Zn con-
centration of 0.46 μg/L±6.38 (n=2, RPD). No further chang-
es were observed after disinfection. Overall, the behavior of
the added engineered ZnO NPs was similar to the Zn-
containing NPs in the river water.

Fate of Ce-containing NP without NP addition

Ce-containing NPs were also present in the river water col-
lected for the removal experiments and were studied without
the addition of engineered CeO2 NPs. The actual form of the
CeO2-containing NPs could also not be determined by SP-
ICP-MS. It was assumed that the NPs were present as CeO2

NPs, and measured size was calculated as CeO2 NPs. The
water contained a size distribution histogramwith a maximum
at 24 nm assumed as CeO2 with a particle size distribution
arranged from DL to ~60 nm, as shown in Fig. 2c. The dis-
solved concentration of Ce was close or bellow detection limit
(0.10 μg/L). The fate and removal of CeO2 NPs during the
water treatment are also important because of the toxicity of
this type of NPs. For the duration of the simulation treatment
experiments, the dissolved Ce levels were below the DL. After
lime softening to pH 11, over 99 % of the particles were
removed from the water. Because the Ce-containing particle
content was below the DL after lime softening, no changes
were observed after alum coagulation and PAC sorption.

Fate of CeO2 NP with CeO2 NP addition

To determine the behavior of engineered CeO2 NPs under the
same treatment conditions, 30 to 50-nm diameter CeO2 NPs
were added to the river water and subjected to the same treat-
ments. After NP addition, the size distribution histogram
showed most frequent size at 38 nm and size distribution from
detection limit to about 60 nm (Fig. 2d). The dissolved Ce
content was still below the DL after the NPs were added,
which indicated that the NPs were not dissolving. Like the
Ce-containing NPs, the CeO2 NPs were completely (>99 %)
removed after lime softening. No changes were observed in
subsequent treatments. The CeO2 results were similar to those
from our previous study of TiO2, Ag, and Au NPs removal
during the simulated drinking water treatment process [27].
CeO2, Ag, Au, and TiO2 NPs had removal after lime softening

higher than 90 % without showing significant dissolution.
ZnONPs were significantly reduced after lime softening treat-
ment (38–53 %) but not completely removed. After alum co-
agulation and PAC sorption, ZnO removal increased to 61–
79 %. Zeta potentials for similar uncoated NPs were negative
in previous reports [34, 35], indicating stabilization due to a
negative surface charge at high pH for both NPs. Under these
conditions, the cations added during lime softening may neu-
tralize the surface charge on the NPs, causing them to settle
during sedimentation. These two studies suggest that lime
softening is effective in removing the selected NPs from sur-
face water. Other studies have shown that alum coagulation
can remove up to 99 % of ZnO NPs [22] and up to 70 % of
TiO2 and/or Ag NPs depending on treatment conditions with-
out preceding lime softening treatment [22, 23, 36]. Thus,
with a combination of lime softening and coagulation, it is
likely that most uncoated CeO2 NPs at low concentrations in
source water of drinking water would be removed based on
the results of this work.

ZnO and CeO2 NP occurrence in water from three
drinking water treatment facilities

Samples were taken from three large DWTFs from source
water and drinking water to evaluate the occurrence of Zn-
and Ce-containing NPs and their fate after full-scale drinking
water treatments. DOC, pH, and turbidity measured for each
water sample are presented in Table 3. The NP and dissolved
ion detection results are presented in Table 4. All field blanks

Table 3 General water quality parameters for Facilities 1–3

Facility and sample DOC (mg/L) pH Turbidity (NTU)

Facility 1:

Field blank <MDL – 0.02

Source water 3.93 8.57 22.90

Source water duplicate 4.23 8.50 22.75

Drinking water 2.14 9.83 0.35

Drinking water duplicate 2.15 9.89 0.28

Facility 2:

Field blank <MDL – 0.04

Source water 4.34 8.39 43.36

Source water duplicate 4.42 8.37 47.59

Drinking water 3.17 9.20 0.02

Drinking water duplicate 3.28 9.32 0.02

Facility 3:

Field blank <MDL – 0.03

Source water 4.03 8.51 43.89

Source water duplicate 4.56 8.43 40.53

Drinking water 3.17 9.34 0.00

Drinking water duplicate 3.44 9.32 0.01
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were below the DLs for each analyte and all dissolved element
spike recoveries were between 76 and 123 % and the repro-
ducibility of duplicated samples was good, indicating good
method performance in the collected samples. Zn-containing
NPs and dissolved Zn ions were present in the source water
from each facility with concentrations at around 1.5 × 105

particles/mL for NPs and 5.49, 5.36, and 32.2 μg/L Zn ions
at Facilities 1, 2, and 3, respectively. Ce-containing NPs were
present in source water from each facility at around 5.5×105

particles/mL and Ce ions were present between 0.16 and
0.75 μg/L at the three facilities. Facility 1 source water had
87 nm Zn-containing NPs (as ZnO) at ~105 particles/mL.
After treatment, the size increased to 114 nm as ZnO, but
the particle concentration decreased to ~104 particles/mL. It
is likely that some of the particles were removed and that the
remaining particles aggregated resulting in the size increase.
Ce-containing NPs were in Facility 1 source water at ~5×105

particles/mL and 30 nm as CeO2. After treatment, these parti-
cles were removed to below the DL. Facility 2 had Zn- and
Ce-containing NPs in source water. Zn-containing NPs were
reduced from 81 nm at ~105 particles/mL to 60 nm at ~5×105

particles/mL during treatment. Ce-containing NPs were re-
duced from 44 nm at ~5 × 105 particles/mL to 17 nm at
~5× 104 particles/mL. For this facility, it is likely that the
NPs were partially dissolved during treatment. Facility 3 had
Zn-containing NPs at 114 nm and ~105 particles/mL as ZnO
and Ce-containing NPs at 41 nm and ~5×105 particles/mL as
CeO2. After treatment, Zn-containing NPs were reduced to
54 nm and ~104 particles/mL and Ce-containing NPs were
reduced to below the DL. The results showed that the

treatment combination in each facility was effective in remov-
ing Zn- and Ce-containing NPs from surface water using a
combination of softening and ferric coagulation. Although
further study is needed under other conditions, these results
suggest the protective nature of combined softening and ferric
coagulation for general control of uncoated CeO2 and ZnO
NPs in drinking water treatment systems.
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