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Abstract: Wastewater treatment is one of the main end-of-life scenarios, as well as a possible reentry
point into the environment, for anthropogenic nanoparticles (NP). These can be released from
consumer products such as sunscreen or antibacterial clothing, from health-related applications
or from manufacturing processes such as the use of polishing materials (nCeO2) or paints (nTiO2).
The use of NP has dramatically increased over recent years and initial studies have examined the
possibility of toxic or environmentally hazardous effects of these particles, as well as their behavior
when released. This study focuses on the fate of nTiO2 and nCeO2 during the wastewater treatment
process using lab scale wastewater treatment systems to simulate the NP mass flow in the wastewater
treatment process. The feasibility of single particle mass spectroscopy (sp-ICP-MS) was tested to
determine the NP load. The results show that nTiO2 and nCeO2 are adsorbed to at least 90 percent
of the sludge. Furthermore, the results indicate that there are processes during the passage of the
treatment system that lead to a modification of the NP shape in the effluent, as NP are observed to
be partially smaller in effluent than in the added solution. This observation was made particularly
for nCeO2 and might be due to dissolution processes or sedimentation of larger particles during the
passage of the treatment system.

Keywords: synthetic nanoparticles; nTiO2 and nCeO2; waste water treatment; sp-ICP-MS
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1. Introduction

Recent global challenges, such as climate change adaptation and the transition to green energy,
can only be overcome using innovative new technologies such as nanotechnology. At the same
time, research on risks of these new materials for humans and the environment must be promoted.
The advancing development of synthetic nanoparticles (NP) continuously produces new types of
materials. NP are materials in which 50 percent or more of the particles have one or more dimensions
between 1 nm and 100 nm, often exhibiting vastly different properties than bulk materials. These NPs
can be divided into various groups according to their origin and respective properties. For example,
there are carbon NPs (fullerenes, carbon nanotubes), metal NPs (Ag, Au), metal oxide NPs (TiO2, CeO2),
and polymeric NPs [1]. Because of their special antibacterial, photocatalytic, mechanical, electronic and
biological properties, NPs made of silver (nAg), titanium dioxide (nTiO2), zinc oxide (nZnO) and cerium
oxide (nCeO2) are used as substantial components of personal care products, pharmaceuticals, paints,
electronic devices, energy storage, coatings and new environmental engineering technologies [2–4].

Water 2020, 12, 2509; doi:10.3390/w12092509 www.mdpi.com/journal/water

http://www.mdpi.com/journal/water
http://www.mdpi.com
https://orcid.org/0000-0001-7489-9192
http://www.mdpi.com/2073-4441/12/9/2509?type=check_update&version=1
http://dx.doi.org/10.3390/w12092509
http://www.mdpi.com/journal/water


Water 2020, 12, 2509 2 of 16

The widespread use of such NPs leads to their inevitable arrival in domestic sewage treatment plants [5].
It is predicted that wastewater treatment (WWT) serves as an important sink for NPs released from
consumer products. Therefore, wastewater treatment plants (WWTPs) are key factors controlling entry
paths of NPs into the environment and the food chain. The distribution of NPs between the WWTP
effluents, sludge and cleared water, determines the NP mass flow and thus controls the expected dose to
the environment and humans. The need for the investigation of NP behavior and properties in sewage
sludge lead to various research efforts on the topic. For example, Brar et al. [6] investigated NP behavior
in different WWTP process stages and ultimately also in sewage sludge, but at the same time, found
that no methodological studies were carried out to determine the NP presence and removal during
various WWT processes or their presence in wastewater at all. Furthermore, DiSalvo et al. [7] addressed
the knowledge gap on NP behavior in the sewer network and in wastewater treatment. Brar et al. [6]
and Yamaguchi [8] gave a general overview of the origin of various NP types and their source products.
More recent studies went beyond just looking at the source products and were related to the NM life
cycle [5]. Some authors go further and, in addition to the manufacturing mechanism, consider the
regeneration and reusability of NM in wastewater treatment [9,10] to exploit their positive effects during
treatment [11,12]. However, other authors also describe cumulative and/or combination effects of NP in
the wastewater-sewage sludge pathway [13]. The impairment of COD and ammonium degradation by
stabilized silver NP in sewage treatment plants was investigated by Hou et al. [14] and Jarvie et al. [15],
for example, with silicon NP in waste water. Kim et al. [16,17] and Gartiser et al. [18] considered
nTiO2. Limbach et al. [19] and Yang et al. [20] dealt with the degradation of oxidic NP in model sewage
treatment plants. Oleszczuk et al. [21] focused on the effects of applied sewage sludge on different
types of plants. Soils and sediments act as a NM sink in the environment [22,23], whereby an essential
NM entry path consists of the agricultural use of sewage sludge [18,24–28]. Fundamental for the
understanding of the interaction of NM are reactivity and bioavailability [29–34]. Various experimental
approaches attempt to determine key parameters such as surface charge, degradation, geochemical
milieu, interaction with natural colloids, parameters influencing hydrodynamic conditions (e.g., pore
size, roughness, flow velocity), and to derive statements on mobility and bioavailability [23,35–45].

Besides the emerging risks of NPs released through WWTP effluents, the effects of NPs on the
WWT itself are reason for concern. Most municipal WWTPs depend on an activated sludge process that
degrades waste water components with the help of microorganisms [46]. Activated sludge contains
microbial eukaryotes, including protozoa, fungi and metazoans, and various types of bacteria that
are responsible for metabolic functions, e.g., the oxidation of organic compounds, the removal of
nitrogenous pollutants and phosphates. Several authors refer to toxic effects of different NPs on
different microorganisms which may pose potential environmental hazards and effect the effectiveness
of WWT. It was shown that Ag-NPs penetrate the membrane wall of Escherichia coli and other
gram-negative bacteria. In addition, growth experiments with nitrifying bacteria showed a strong
inhibition caused by Ag-NPs [47–49]. NPs show toxicity to many species, including bacteria, algae,
invertebrates and vertebrates [22,50–55]. While studies have shown that NPs are toxic to single species,
the complexity of an activated sludge community might not respond to NPs in the same way as single
species systems. Therefore, little is known about the impact of NPs on complex microbial communities
that are effective in degrading waste in the activated sludge, or if microorganisms are able to remove
them [56]. A sudden increase in the NP concentration in the feed water (shock load) poses a toxicity risk
even for the beneficial microorganisms contained in the sludge, and it might take months to recover
the performance of the treatment plant [56,57]. Furthermore, the availability of the organic substances
to microorganisms can decrease due to competitive adsorption, and thus organic substances might
remain untreated by the microorganisms [58,59]. This might lead to a reduced treatment efficiency of
the sewage treatment plant, which consequently poses the risk of potentially pathogenic microbes
remaining in the treated water.

The ecological risks that are expected with increasing NP use cannot yet be adequately assessed
in many areas [60,61]. Although previous research shows that initial fears that NM are an inherent
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risk to humans and the environment have not been confirmed, long-term, low-dose and interaction
effects have not yet been adequately investigated. The low expected environmental NP concentrations
ranging from ng/L to µg/L (water) or µg/kg (soils) [26] make the investigation of the consequences of
an environmental impact considerably more difficult, because of the challenge of sensitive detection.
Furthermore, the complexity of the matrices involved leads to a considerable experimental effort [62],
leading, for example, to a considerable uncertainty regarding NP behavior in soils, although soil is one
of the main sinks for released NP [63]. A resulting trend towards studies with high concentrations
and a lack of characterization can actually lead to a significant reduction in the informative value of
this work up to the complete meaninglessness of the results [64]. The main entry path for the control
of the entry of synthetic NM in soils is the waste water purification process, which is considered a
preliminary NM sink, and at the same time represents their release into the environment via sewage
sludge from sewage treatment plants [26]. While the water clarification process is the main entry path
for such NM into the environment, the subsequent main exposure path for humans is the potential NP
absorption introduced into the soil through their absorption in plants and thus their entry into the
food chain [60]. So far, there is no country yet that has comprehensive legislation to deal with NM,
particularly in wastewater treatment processes.

Here, we report on our studies concerning the fate nTiO2 and nCeO2, both widely used in
consumer products, in WWT. In light of the studies referenced above, the main goal was to investigate
the influence of the NP on the effectiveness of the WWT process, to gain valuable information on the
distribution of the NP between the WWTP effluents, and to establish single-particle mass spectroscopy
(ICP-MS) [65] as a measurement modality to gain a detailed insight in the fate of the NP. Only few
studies exist that applied sp-ICP-MS as determination approach for NP in water or wastewater
treatment samples, particularly for nCeO2 [66], nTiO2 [67,68], and nAg NP, that are indicators for
medical NP residues in wastewater samples [67–70]. Thus, the scope of the present study was to
further investigate the feasibility of the sp-ICP-MS for the determination of nCe and nTi in wastewater,
and to suggest recommendations for the monitoring of municipal wastewater samples.

2. Materials and Methods

2.1. NM Measuring Technique

Conventional ICP-MS can be used to determine element concentrations with very high sensitivity.
In general, samples are digested and transformed into a homogenous solution. This solution is injected
into an inductively coupled plasma that ionizes the dissolved species which are then analyzed by the
mass spectrometry. The uniform distribution of ions in the analyzed solution results in a constant MS
signal, which is recorded at specified intervals (“dwell times”) at a specified frequency. In contrast to
that, in sp-ICP-MS, the solution is diluted to such a degree and the dwell time of the measurements
is reduced, such that only a single particle is measured at each step. NP enter the MS individually
as a cluster of ions from the plasma. This results in a time-resolved accumulation of detected ions
giving rise to peaks, which provide information about the concentration (peak frequency), size (peak
height) and the type of nanoparticles (mass-charge ratio). Ions which originated from non-NP-species
still reach the detector when these transient signals are recorded and contribute to the background
signal. The height of this element characteristic background signal has a significant influence on the
detection limit for the nanoparticles. The relevant factor for detecting single particles is the speed:
for sp-ICP-MS analysis, continuous data acquisition at a dwell time is substantially smaller than for
conventional ICP-MC, and the fundamental instrumental requirement for NP counting and sizing.
For the NP measurements in the present investigation, we used an Elan DRCII ICP-MS (PerkinElmer,
Waltham, MA, USA). The assessment of the ICP-MS results was done through the Single Particle
Calculation tool (SPC) that was developed by the Food Safety Research group from Wageningen,
The Netherlands [71,72].
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2.2. Experimental Setup

The investigation workflow is illustrated in Figure 1. Two behrotest® KLD4N/SR (behr
Labor-Technik GmbH, Düsseldorf, Germany) two-stage lab-scale wastewater treatment systems
(three tanks: denitrification, activation and post-treatment, see Figure 2) were operated according to
OECD TG 312 [23]. Both were inoculated with activated sludge from a municipal sewage treatment
plant in Chemnitz-Heinersdorf (Chemnitz, Germany) and fed with standardized, synthetic wastewater.
Synthetic wastewater was generated according to OECD Test 303A. The system has a total volume of
10.5 L. The operating parameters were set to hydraulic retention time between 4 to 5 h and a sludge age
of around 12 days. The oxygen content in the aeration tank was controlled in real time between 1.5 and
2.0 mg/L. The feed was pumped from the feed tank (1) into the denitrification vessel (3) by a peristaltic
pump. From there, the sludge reached the activation tank (2) via an overflow, which was aerated by an
air pump and a frit at the bottom of the tank (4). The activated sludge reached the clarifier via a settling
pipe (5). The sludge recirculation pumped the sludge back into the denitrification vessel. Clarified
water flowed into the drain tank via an overflow. Fresh sludge from the Chemnitz sewage treatment
plant was used for each inoculation, and background concentrations of the relevant elements, and the
media used (activated sludge, wastewater, cleared water) were determined. The mass-charge ratio
m/z = 48 was used for titanium dioxide and m/z = 139 for cerium dioxide.
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The monitoring of the performance included the daily measurement of the pH value in the
aeration tank and the acid capacity in the secondary clarifier. With each change of feed, the parameters
electrical conductivity, pH, carbon, nitrogen and phosphorus content in the inlet and outlet were
determined. The dry matter content in the aeration and secondary clarification was monitored every
working day. Two NP experiments were carried out with different concentrations using a single NP
addition and one experiment using continuous particle addition, was performed. Cerium dioxide
was added at 3 mg or 380 µg once and 3.95 µg/day continuously. Titanium dioxide was added at
50 mg or 63 mg once and 1 mg/day continuously. The sludge and drainage samples were taken on
a weekly basis, digested using acid-assisted microwaves, and then measured using ICP-MS on the
m/z 48 for titanium and 139 for cerium. The measurement results were converted into daily loads and
summed up. In addition, selected run-off samples were analyzed without digestion using sp-ICP-MS
to compare the particle size and number with the initial suspension.

2.3. Operational Setting of the Lab-Scale Wastewater Treatment System

To establish the optimal operational setting and to enhance the treatment efficiency of the
lab-scale wastewater treatment system, the first test runs were performed using the wastewater of
the Chemnitz-Heinersdorf municipal WWTP. Chemnitz has approx. 246,000 inhabitants. The sewage
treatment plant has a total size of 400,000 population equivalents. The daily wastewater volume
averages 71,400 m3/day. The canal system has a length of around 1000 km; more than 600 km are
mixed wastewater and rain water, more than 190 km are wastewater and approximately 160 km are
rainwater. The connection to the sewage treatment plant is 96.6 percent. Beside residential areas,
commercial centers are also connected to the treatment plant. The plant is operated as anaerobic sludge
stabilization and the biological cleaning as denitrification with subsequent nitrification. The inlet to the
sewage treatment plant is characterized by an average COD content of around 398 mg/L, an average
BOD5 of 196 mg/L, and a total Kjeldahl nitrogen of 38 mg/L. In the outlet, there is an average of only
21 mg/L COD. Fresh sludge from the Chemnitz sewage treatment plant was used for the inoculation
of the lab-scale wastewater treatment system. On the 9th (system 1) and 3rd trial day (system 2),
the performance of both recirculation pumps was increased to 100 percent, in order to improve the
denitrification performance and thus raise the pH in the activation vessel. The final operating settings
and sludge retention times are shown in Table 1.

Table 1. Operational parameters of the lab-scale sewage treatment systems.

Operational Parameter System 1 System 2

Hydraulic retention time 3.0 h 2.4 h
Volume flow inlet pump 0.5 L/h 0.5 L/h

Volume flow recirculation pump 1.7 L/h 2.4 L/h
Volume flow draw-back pump 0.5 L/h 0.4 L/h

The return pumps (7) were operated in batch mode (8 min on, 32 min off). This setting was made
together with the increase in performance of the pumps (previously 8 min on, 22 min off). Less sludge
with a low pH should be pumped back in order to prevent a further drop in the pH in the aeration.
A sludge age of 12 days was targeted for both systems. For this purpose, excess sludge was removed
daily via the return pump. In both systems, an oxygen content of approx. 1.5–2 mg/L was set up in the
aeration tank. The lower limit of the automatic oxygen control (6) was set to 1.3 mg/L, the upper limit
to 1.4 mg/L. The diaphragm pump flow rate was set to approx. 20 L/h (11). The performance of the
stirrer motors (8) was reduced to 10 percent in the denitrification and in the activation vessel. With this
setting, the targeted carbon removal rate on average of minimum 90 percent for dissolved organic
carbon (DOC) and total organic carbon (TOC) was achieved in both lab-scale wastewater treatment
systems. The obtained optimized operational setting was used for the further operation of the lab-scale
wastewater treatment system with synthetic wastewater, based on the OECD guideline 303.
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2.4. Input: Synthetic Wastewater

Synthetic wastewater based on the OECD guideline 303 served as the inlet into the lab-scale
systems. Moreover, 8 g peptone from casein, 5.5 g meat extract, 1.5 g urea, 1.4 g dipotassium
hydrogen phosphate, 0.35 g sodium chloride, 2 g CaCl2·2 H2O and 0.1 g MgSO4·7 H2O were used.
The components were dissolved in 1 L of ultrapure water (≥18.2 MΩ/cm, Evoqua Water Technologies).
This concentrate was divided into two fillings, since 500 mL of concentrate were diluted with 25 L of
deionized water in the feed tank. 10 mL of methanol were added to each replenishment. The feed tank
was emptied, cleaned and refilled after two days. The dry matter was determined daily from activated
sludge and excess sludge from day 1. The sample of the old feed (rest of the two-day-old feed) and the
sample of the new feed were withdrawn via the feed hose. The drain sample was withdrawn using
a pipette on the water surface of the secondary clarifier. Furthermore, the pH value in the aeration
tank was determined every day according to DIN EN 38404-5:2009-07, and the acid capacity in the
drain according to DIN 38409-7:2005-12. 50 mL of sample were used to measure the acid capacity.
With each change of inlet, the parameters pH value, TOC/DOC/TNb according to DIN EN 1484:1997-08
and total phosphorus according to DIN EN ISO 6878:2004-09 were determined for the inlet and outlet.
These series of measurements started with the first change of inflow on the second day.

2.5. NM Investigation Methodology

Endurance tests were then carried out with nTiO2 and nCeO2 from ready-to-use suspensions
(US Research Nanoparticles Inc., Houston, TX, USA, each 30–50 nm). Two types of particle addition
were used:

Single NP addition: To determine the blank value levels, the inoculum was sampled twice and the
system (sludge and drain) 7 times in 4 days and averaged. On the fifth day after test start, 62.7 mg
of titanium dioxide (anatase, 15 wt%, particle size 30 to 50 nm; US Research Nanomaterials Inc.,
Houston, TX, USA) and 380 µg of the cerium dioxide NP (NM-212, particle size 28.4 ± 10.4 nm, Joint
Research Center, Institute for Health and Consumer Protection, Ispra, Italy) were added as a pure
water suspension in the denitrification basin. The suspensions were ultrasonicated with ice cooling for
30 min and shaken vigorously before the addition in order to destroy agglomerates.

Continuous NP addition: To determine the blank value level, the inoculum was sampled twice
and the system (sludge and drain) 11 times in 10 days. From day 13 after commissioning the system,
approx. 1 mg/day nTiO2 was added to the denitrification basin as a pure water suspension. This was
achieved by adding approximately 1.9 mg of nTiO2 suspension to each new feed. The suspension was
ultrasonicated with ice cooling before the addition, in order to destroy agglomerates. A sample of the
stock solution was taken once a week immediately after the addition to check the concentration. At the
same time, two solutions for two future inlets were taken.

2.6. Sampling and Analysis

To determine the titanium load in the sludge, 10 mL of excess sludge was removed every week
via return pump. The sludge was dried in a ceramic dish at 105 ◦C and then acidified with 5 mL of
nitric acid (67 percent, suprapur; Merck KGaA, Darmstadt, Germany). This solution was transferred to
a microwave vessel and mixed with 5 mL of nitric acid and 2 mL of hydrochloric acid. For sampling,
50 mL of sample were removed from the water surface of the secondary clarifier every week. From the
digestion, 10 mL of sample with 3 mL of nitric acid and 2 mL of hydrogen peroxide (30 percent,
e.g., Merck KGaA) were subjected to a microwave treatment. The isotope Titan 48 (47.948 amu) was
examined. Rhodium (10 µg/L; 102.905 amu) was used as the internal standard. The device settings of
the Elan DRC II (PerkinElmer) used can be found in Table 2.

Data evaluation: the measured values were converted into a solid concentration through the dry
substance weight. The activated sludge mass was calculated using the dry substance and the total
volume of the activated sludge and denitrification vessel. The secondary clarifier sludge mass was
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calculated using the dry matter of the excess sludge and the sludge volume of the secondary clarifier.
The titanium load was calculated using those figures and the solids concentration. The accumulated
masses of NP in aeration, recirculation, clarifier and sludge return resulted in the daily NP load (mg).

Table 2. Mass spectroscopy (ICP-MS) settings.

Parameter Setting

Injection tube 2 mm, quartz
Sprayer concentric

Sprayer chamber type cyclone
Scan mode Peak hopping
Dwell time 150 ms

Sweeps 20
Readings 1
Replicates 3

Detector mode Pulse
Nebulizer Gas Flow 0.76 L/min Ar
Auxiliary Gas Flow 1.2 L/min Ar

Plasma Gas Flow 16 L/min Ar

3. Results

3.1. Operational Monitoring of the Lab-Scale Sewage Treatment Systems

The structure of the sludge changed from coarse-flaky dark brown to fine-flaky ocher in the
course of the experiments. As this change was observed with every system run, it can be assumed
that the sludge adapted to the changed composition of the standardized wastewater. Organic carbon
degradation was always higher than 90 percent. The removal of nitrogen fluctuated in the range
of 40 to 80 percent. Since the experimental set-up did not contain phosphorous removal processes,
phosphorus degradation was only possible biochemically.

3.2. Discharge Loads of Titanium NP-Spike Particle Addition

The series of measurements of the singe particle addition of nTiO2 began five days after the system
was commissioned. The mean blank level before addition was 635.8 mg/kg in the sludge and 36.6 µg/L
in the aqueous phase. The blank value of the deionized water was 0.6 µg/L. The experiment was
terminated after 37 days because the titanium concentration in the excess sludge fell below the blank
value level (618.0 mg/kg). In Figure 3, the titanium loads are plotted against the test days. The first
vertical line marks the day of the NP addition; the second vertical line marks the day of the undershoot.
Until the NP addition, the titanium load in the sludge steadily dropped to 12.9 mg, while the load in
the aqueous phase remained almost constant. After the particle addition, the load in the excess sludge
increased to a maximum of 71.6 mg on the 7th day of the experiment. An increase in the titanium load
in the aqueous phase was also observed, but a maximum of 4.5 mg was reached on the 6th day of
the experiment. In the following test days, the titanium load in the excess sludge fell continuously
until day 14 and then fluctuated between 40.5 mg and 17.9 mg by the 28th test day. Until the test end,
the values decreased continuously to 6.8 mg. After the maximum load in the aqueous phase, the values
decreased to 0.4 mg by the 19th day of the experiment, and fluctuated between 0.2 mg and 1.3 mg by
the last day of the experiment. The titanium load in the aqueous phase was almost constant. From the
first to the 33rd day of the trial, 74.0 mg of titanium left the system via excess sludge and drainage.
As expected, the load in the sludge and in the aqueous phase reached its maximum after the addition.
The load in the sludge sank as the trial days progressed, as titanium was removed from the system by
removing excess sludge. The load in the aqueous phase decreased faster when the water retention
time was shorter than that of the sludge. This load consequently left the system faster. The small
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fluctuations in the aqueous phase are due to an almost homogeneous particle distribution in the water.
The NPs are not homogeneously distributed in the sludge.
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Figure 3. Discharge loads of titanium nanoparticles (NP) after single particle addition on test day 5.
(a) Titanium load over experiment duration, (b) correlation between titanium load in water and sludge.

Compared to Gartiser et al. [18] with R2 = 0.84, there was a lower correlation of R2 = 0.68.
The adsorption was determined with 90 percent in the sludge and 9 to 10 percent in the aqueous phase,
compared to 95 percent in the sludge and 3 to 4 percent in the aqueous phase in Gartiser et al. [18].
The reason for the lower correlation were the different test procedures. Gartiser et al. [18] metered
constant titanium dioxide into the system (similar to system 2), and the loads increased in the course
of the experiment. With the single particle addition, the loads decreased steadily due to washing,
which brought the sludge load closer to the water load. Calculating the adsorption ratio from the
absolute mass gave a ratio of 96 percent in the sludge and 4 percent in the aqueous phase. In principle,
this experiment confirms the fractionation processes observed in the literature.

3.3. Discharge Loads of Titanium NP-Continuous Particle Addition

The titanium load in the excess sludge and in the aqueous phase are shown in Figure 4, as well as
the cumulative NP addition. The vertical line marks the beginning of the continuous NP addition.
Before the particle addition, the sludge loads fluctuated between 8.9 mg and 24.8 mg (σ = 5.9 mg),
while the loads in the aqueous phase remained almost constant. After the addition, there were minor
fluctuations in the sludge, from 7.3 mg to 17.1 mg (σ = 2.4 mg). The constancy in the aqueous phase
remained. Up to the last day of the test, approximately 26 mg of nTiO2 was added to the system.Water 2020, 12, x FOR PEER REVIEW 9 of 16 
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3.4. nTiO2 Characteristics of Added NP Suspension and Effluent

Furthermore, we analyzed the nTiO2 scan of the added NP suspension and the effluent. The height
of the peaks corresponds to the size of the particles and the frequency to the quantity. Even if a direct
comparison is not possible due to different dilutions, it can be concluded that the particles are both
smaller and fewer in the effluent. The background level of the ionic non-NP-species value is in the
range from 0 to approx. 30,000 cps. Most of the individual peaks end in a range from 100,000 cps to
280,000 cps. Two peaks exceeded this range. This observation is an indication of processes during
wastewater treatment that contribute to the partial or complete dissolution of the NP.

3.5. Discharge Loads of Cerium NP-Spike Particle Addition

Figure 5 shows the cerium load in the sludge and the outlet within the test period. The cerium
load of sludge increases at the 5th day of the experiment. A short-term increase in cerium load to
over 300 µg was found at day 6 and 7. The loads then fell until day 12. The loads fluctuated between
90 and 220 µg between day 13 and day 27. From trial day 28, the loads dropped continuously to a
value of 30 µg. The discharge loads are approximately constant between 1 and 35 µg over the test
period. All loads are well below 50 µg. The discharge loads were always lower than the mud loads.
The concentration of the sludge blank value is 1.79 mg/kg; the blank value of the drain was 0.15 µg/L.Water 2020, 12, x FOR PEER REVIEW 10 of 16 
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Figure 5. Discharge loads of cerium NP after single particle addition on test day 5. (a) Cerium load
over experiment duration, (b) correlation between cerium load in water and sludge.

The maximum concentration was reached immediately after the NP addition, since at this point,
all the particles were in the system and hardly any sludge has been removed. In the following test
days, the nCeO2 load in the sludge decreased more and more. This was done by taking daily samples
to determine the dry matter of the excess sludge and by withdrawing excess sludge to maintain the
sludge age. The significant drop in sludge loads from test day 7 to 12 could be due to the fact that
excess sludge was withdrawn on test days 7, 8 and 9. This relationship was also observed from day 20
to 22. The blank level was reached both in the sludge and in the effluent at day 34. It can be concluded
that the cerium dioxide NP were removed from the system by daily sampling, the removal of excess
sludge and by the water running off. As a result, it was found that 5 percent of the nCeO2 was in the
effluent and thus 95 percent was accumulated in the sludge. When comparing the results with other
studies carried out, it was found that similar results were achieved.



Water 2020, 12, 2509 10 of 16

3.6. Discharge Loads of Cerium NP-Continuous Particle Addition

Figure 6 shows both the cerium load in the sludge and in the effluent. It is noticeable that the
cerium load in sludge fluctuated between 280 and 410 µg by the seventh day of the experiment.
Then, there was a drop to 125 µg. No trend can be seen between days 8 and 34; the loads fluctuated
between 45 and 200 µg. An increase in cerium load can be observed after day 35 with one exception.
The loads in the effluent fluctuated between 1 and 30 µg up to day 17. The discharge loads were almost
constant between 0.5 and 7 µg after day 20.
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Figure 6. Discharge loads of cerium NP after continuous particle addition.

The concentration of the sludge blank value was 8.81 mg/kg, the blank value of the drain is
1.02 µg/L. The sludge loads decreased despite the addition of the nanoparticles by the 35th day of the
experiment. The reason for this is that the cerium load that leaves the lab-scale wastewater treatment
system via the effluent, by removing excess sludge and taking daily samples, is higher than the 3.95 µg
added per day. The fluctuations between test days 0 and 13 are more pronounced than the fluctuations
between test days 14 and 35. As a result, it was found that 4 percent of the nCeO2 remained in the
effluent and thus 96 percent in the sludge.

3.7. nCeO2 Characteristics of Added NP Suspension and Effluent, Particle Size Distribution

The NP characteristic is shown in Figure 7 as the nCeO2 scan of the added NP suspension and the
effluent. Figure 7a shows the intensity of the stock solution of the nCeO2 before they are added to
the lab-scale sewage treatment systems. The time used is given in seconds and the intensity in cps.
The background contributes to the intensity range 0 to 80,000 cps. The majority of the particles are
detected between 100,000 and 300,000 cps. Four peaks have an intensity in the range of 350,000 to
600,000 cps. Figure 7b shows the intensity of the nCeO2 in the course of experiment day 33. The time
is again given in seconds and the intensity in cps. Signals in the range 0 to 2000 cps are formed by
the non-NP-background. The majority of the particles are between 3000 and 10,000 cps. Six peaks
are above an intensity of 20,000 cps. The nCeO2 used for the test can be detected in the effluent after
addition. As is visible from Figure 7, from left (stock solution) to right (effluent), the particle number
concentration decreases (expressed through the decreased number of peaks), and the particle size
decreases (expressed through a significantly smaller scale of intensity). This leads to the conclusion
that after the addition to the system, the NPs are observed to be significantly smaller than in the stock
solution (before the addition of Figure 7). The implications for dissolution processes in the course of
wastewater treatment are even clearer than for nTiO2.
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Since the background level of cerium is negligible in contrast to that of titanium, this comparison
points to dissolution processes during the passage through the system leading to an increase in
the baseline.

4. Discussion and Conclusions

Scope of the investigation was to investigate the fate of synthetic NP on the pathway
wastewater-sewage sludge exemplified by nTiO2 and nCeO2. Furthermore, the feasibility of sp-ICP-MS
as standard operation procedure for NP tracking in wastewater was investigated. Even though there is
still room for further development, as was stated by Mozhayeva and Engelhardt [73], the present study
confirmed the feasibility of the procedure. In this context, the investigation approach is of fundamental
and application-oriented importance for research and industry, since the results provide fundamental
knowledge for consulting in wastewater disposal. Particularly in the area of municipal wastewater
treatment, the topic is met with great interest. This applies to both information on the operating
modes of the wastewater treatment systems that contain NPs and the possibilities of verifying NPs
in wastewater. In addition, the results obtained can be used to draw conclusions about expected
procedural adjustments to WWTPs.

The investigation results show that both nTiO2 and nCeO2, are adsorbed, to a substantial extent,
in the sludge. For both NM, the experiments resulted in an adsorption ratio of at least 90 percent
in the sludge. The results for nTiO2 show that the adsorption ratio in the sludge during a single
particle addition is even higher; up to 96 percent. Thus, 4 percent of the NP remained in the aqueous
phase. In case of continuous particle additions, 90 percent of the added nTiO2 were adsorbed to the
sludge, while 9 to 10 percent remained in the aqueous phase. The adsorption process mechanism
of the different application procedures is subject to future investigations. For example, it might be
assumed that the adsorption efficiency is higher during a single particle application. Thus, the available
adsorption capacity might be used more comprehensively. The results also indicate that during a
continuous particle addition, the maximum adsorption capacity is reached sooner. For the practical
wastewater treatment, it can be concluded that a permanent nTiO2 presence in the wastewater might
reduce the NP adsorption capacity over time. In such a case, the remaining nTiO2 could pass the
wastewater treatment process. However, for nCeO2 NP, a difference in the adsorption capacity during
single or continuous application was not observed. This may be due to the much lower concentration
used in the CeO2 experiments. Independently from the type of nCeO2 addition, 4 to 5 percent of the
nCeO2 remained mobile in the effluent, while 96 percent were accumulated in the sludge. In case of
the application of such sludge in agriculture, agglomerated metal concentrations might accumulate
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in crops. Investigations by the Bavarian State Office for the Environment (LfU) [74] and by the ETH
Zurich [75] gave comparable results using a Hitachi S300N scanning electron microscope and X-ray
diffraction and IR diffuse reflectance spectrum as NP detection methodology, respectively. Both studies
can be considered as validation for the applicability of the sp-ICP-MS approach for NP detection in
wastewater. Even though the scope of the respective studies was similar, the investigation approach for
NP detection was different. Generally speaking, if sp-ICP-MS is further developed and comprehensively
applied, it could become a standard method for NP monitoring in communal wastewater systems,
particularly as the majority of monitoring labs are usually already equipped with ICP-MS technology.
The further development of the sp-ICP-MS methodology might enable them to perform NP monitoring
in wastewater with an acceptable affordability, once real wastewater samples can be determined in a
reliable way. The lab-scale investigations with synthetic wastewater are a first step in that direction.
Future investigations will have to look also on radio-labelled NPs to identify the process behavior of
NPs in real wastewater. A further question in the beginning of the investigations was if nTiO2 and
nCeO2 might have a negative impact on the microbial community and lead to disturbances of the
wastewater treatment performance. Even though microbiological measurements were not performed
during the lab-scale tests, it can be implicitly concluded that this is not the case, as a decrease of the
degradation of organic carbon or the removal of nitrogen was not observed during the experiments.
No negative effects on the microbial sludge degradation behavior due to nTiO2 and nCeO2 presence
were observed. This confirms literature observations [64,74], which refers to the photocatalytic activity
of nTiO2 only to UV light [76]. They are not toxic in the opaque sludge dispersion of the lab-scale
sewage treatment systems. However, due to the lower pH value, the constantly higher temperature
and the synthetic wastewater, there are different conditions in the lab-scale sewage treatment systems
than in the Chemnitz WWTP. The study of the Bavarian State Office for the Environment (LfU) [74]
also showed that NP (nAg, nZnO, nCuO, nTiO2) have no significant influence on the performance of
microbiology in activated sludge.

Furthermore, the results indicate that there are processes that lead to a modification of the NP
shape in the effluent, as NP are observed to be significantly smaller than in the stock solution before
the addition. Two mechanisms can be assumed to play a role in the shift towards smaller particle size
distributions during WWT. First, a slow dissolution of the particles, which should be more pronounced
for CeO2 than for the relatively inert TiO2, and second, a preferential sedimentation of larger particles
in the final clarifier. This has further implications for the risk assessment of consequent NP release,
considering that smaller size NP (which pose the highest risks) might not be cleared from waste water
to the same extent as larger particles.
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