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ABSTRACT
Increased use of engineered nanoparticles (ENPs) has resulted in their entry into municipal wastewater treatment plants 
(WWTPs) as their final sinks. However, the adverse impact of ENPs on the bacterial activity in the activated sludge 
WWTPs is not yet well understood, despite their increased release into such systems. In this study, the impacts on WWTPS 
associated with the disposal of zinc oxide (ZnO) ENPs was investigated using a simulated WWTP developed as per the 
prescribed Organization for Economic Co-operation and Development (OECD 303A) specifications. Analyses were done 
to determine zinc concentrations at various stages of the setup, mainly in the raw wastewater and treated effluent, using 
inductively coupled plasma optical emission spectrometry (ICP-OES). The results obtained indicated low levels of zinc 
residue (about 50–200 µg/L) in the treated effluent compared to relatively high concentrations of Zn in the sludge (about 3 
000 mg/kg). Results reported herein imply precipitation of ZnO ENPs during wastewater treatment processes and hence its 
high levels in the sludge. The presence of solid Zn in the sludge was determined using X-ray diffraction spectroscopy (XRD).  
Overall, no significant impact of ZnO ENPs on the performance of the simulated WWTP was observed, in terms of the 
removal levels of chemical oxygen demand (COD) during the treatment process
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INTRODUCTION

Biological wastewater treatment processes employ a consortium 
of heterotrophic and autotrophic bacteria, essentially to degrade 
organic matter present in wastewater. Generally, the activated 
sludge process treats biodegradable organic material in domestic 
sewage as well as effluents from other sources such as pulp and 
paper mills, food industries, abattoirs, textile mills, edible oils, 
coal gasification wastes, petrochemical wastes, and oil refinery 
wastes (Henze et al., 2002; Metcalf and Eddy, 2002). The sorp-
tion of pollutants on activated sludge is among the fundamental 
processes for the removal of toxic substances including metals, 
synthetic organic chemicals, suspended solids, and pathogens in 
wastewater (Dobbs et al., 1989; Musee et al., 2007; Sheng et al., 
2008). However, the sorption process may be ineffective as the 
bacteria used for wastewater treatment can be inhibited by toxic 
substances, e.g., heavy metals (Çeçen et al., 2010), thus adversely 
impacting the biologically-based treatment processes. 

The advent of nanotechnology has resulted in fast produc-
tion and wide usage of engineered nanoparticles (ENPs) in 
consumer products and industrial applications.  This has led 
to unintended release of ENPs into environmental systems at 
different stages of their product life cycles (e.g. manufactur-
ing, use, etc.) (Koehler et al., 2008; Musee, 2011). For instance, 
zinc oxide (ZnO) ENPs are incorporated in numerous products 
including sunscreens, paints, cosmetics, dye-synthesized cells, 
plastic additives, catalysts and electronics (Woodrow Wilson, 
2009; BCC Research, 2012; Piccinno et al., 2012); which in turn 
could lead to their release into natural and technical systems, 
e.g., wastewater treatment plants (WWTPs).   

For example, ENPs released into wastewater from vari-
ous sources eventually enter WWTPs (Kiser et al., 2009), and 
currently ENPs are considered among the rapidly emerging 
contaminants in municipal wastewater systems (Brar et al., 
2010; Musee et al., 2011). Therefore, WWTPs are likely poten-
tial major point sources of ENP release into the environment, 
due to broad-scale and increasing usage of nanoproducts 
(Woodrow Wilson, 2015; BCC Research, 2012; Piccinno et 
al., 2012). Among the likely pathways of ENP release into 
the environment from WWTPs are water systems, soils, and 
air, through treated effluent, bio-solids, and plant-generated 
aerosols, respectively, (Limbach et al., 2008; Kiser et al., 2010; 
Musee, 2011; Westerhoff et al., 2011). 

The effects of ZnO ENPs on aquatic organisms such as 
bacteria in different media have been investigated, and the 
observed toxicity was attributed to either soluble (dissolved) 
Zn2+ species, ZnO particulates, or both forms (Jiang et al., 
2009; Wong et al., 2010; Thwala et al., 2013). Padmavathy 
and Vijayaraghavan (2008), using the disk diffusion method, 
and Premanathan et al. (2011), using the resazurin incorpo-
ration method, found the minimum inhibitory concentra-
tion (MIC) of nano ZnO against Escherichia coli to be 400 
and 500 μg/mL, respectively. Moreover, Premanathan et al. 
(2011) indicated that the inhibitory activity was due to the 
generation of reactive oxygen species (ROS) which, in turn, 
induced apoptosis. However, a study by Liu et al. (2011) indi-
cated that ZnO ENP toxicity to the biological populations 
in activated sludge (i.e. endogenous respiration, BOD bio-
degradation and nitrification) was solely due to soluble Zn2+ 
generated upon ZnO ENP dissolution. This finding points 
to the role of ENP dissolution for the generation of toxic 
effects on activated sludge bacterial communities. However, 
Musee and co-workers (2014) reported limited dissolution 
and impact of ZnO ENPs on bacterial viability under typical 
wastewater conditions. 
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 In aqueous environments, natural organic matter (NOM) 
and other biomass can adsorb onto ENP surfaces (Zhang et al., 
2009) and, in turn, enhance their stability, even at high ionic 
strength (Keller et al., 2010; Zhou and Keller, 2010). It has been 
reported that, for example, typical environmental concentra-
tions of humic acids are sufficiently high to stabilize even high 
ZnO ENP concentrations, of up to 100 mg/L (Omar et al., 2014). 
However, the impacts of metal oxide ENPs on the treatment 
efficiency of WWTPs are largely unknown, and therefore, not 
adequately quantified (Brar et al., 2010). Moreover, there is 
evident discord in the published literature regarding the fate and 
behaviour of ZnO ENPs (Musee et al., 2014) as well as how this 
influences their toxicity (Liu et al., 2011). 

The main goal of this study was to elucidate the fate and 
behaviour of ZnO ENPs in a simulated WWTP, developed as 
prescribed by the Organization for Economic Co-operation and 
Development (OECD) guideline 303A (OECD 303A, 2001). To 
achieve this goal, three specific objectives were set:

i.  To establish if  transformation of ZnO ENPs occurred 
during  the wastewater treatment process through char-
acterization of ENP physicochemical parameters – e.g., 
morphology, formation of mineral phases, and association  
with organic matter – using XRD, transmission electron 
microscopy (TEM), and ultraviolet and visible spectroscopy 
(UV-Vis), before and after ZnO ENPs were dosed into influ-
ent wastewater

ii.  Quantify the effect of ZnO ENPs on wastewater treatment 
processes by monitoring COD removal following the intro-
duction of ENPs

iii.  Through objectives (i) to (ii), establish the efficiency of the 
OECD WWTP model in the removal of COD and organic 
matter

MATERIALS AND METHODS 

Collection and characterization of wastewater 

Raw wastewater was withdrawn from a WWTP in Johannesburg 
(Johannesburg Water, Northern Wastewater Treatment Works; 
Gauteng, South Africa) that mainly collects and treats domestic 
sewage. The wastewater was stored at 4°C before use.  Wastewater 
physical and chemical characteristics, namely, dissolved oxy-
gen (DO) and chemical oxygen demand (COD) were measured 
using an oxygen meter (HANNA Instruments, Portugal), and a 
photometer (HACH, DR 3900, USA), respectively. The pH and 
conductivity were determined using pH meter and conductivity 
meters (METTLER TOLEDO Technologies, USA). All wastewa-
ter parameters were characterized as per the Standard Methods 
for the Examination of Water and Wastewater (Eaton et al., 
2005). The wastewater physicochemical characteristics were con-
tinuously monitored (every 12 h for 77 d) in the influent as well 
as aeration chamber and effluent, before and after the ZnO ENPs 
were dosed into the simulated WWTP. 

Zinc oxide nanoparticle suspensions

Non-coated ZnO ENPs (#544906) were obtained from Sigma 
(Johannesburg, South Africa). TEM (JEOL Model JEM – 
2100F, Japan) and XRD (Philips, X’Pert PRO MPD, mineral 
powder diffraction) analyses of ZnO ENPs were carried out to 
establish their morphology and chemical state, respectively. 
XRD used to analyse ZnO ENP morphology and size in the 
sludge was equipped with monochromatic Cu Kα radiation 

(λ = 0.15406 nm). Diffraction patterns were recorded in the 2θ 
angular range from 10−80° with step sizes of 0.02°, at 40 kV 
and 40 A. Additional solid state analysis of the sludge was done 
using UV-Vis spectrophotometry (UV-2450 UV-Vis spectro-
photometer, Shimadzu, Japan) coupled with UV-Probe and the 
patterns were collected for the 250 to 700 nm electromagnetic 
spectrum region using BaSO4 as the reference material. 

Three suspensions of ZnO ENPs with concentrations of 
5, 10, and 20 mg/L were prepared by adding 0.1250, 0.2500, 
and 0.5000 g, respectively, of ZnO nanopowder to 1 L deion-
ized water. Using a sonicator (Model 2000U, Ultrasonic Power 
Corp.) the suspensions were sonicated at 20 KHz for 30 min to 
break the aggregates before each suspension was added to the 
wastewater in the holding container. Each set concentration 
(5, 10, or 20 mg/L) was achieved by making the volume to 25 L 
using wastewater. Ice was added into the sonicator to minimize 
the possibility of ZnO ENP dissolution due to heat generated 
during the sonication process. 

Simulated activated sludge wastewater treatment plant setup

The simulated activated sludge wastewater treatment plant 
(SAS WWTP) was constructed following the Organization for 
Economic Co-operation and Development (OECD 303A, 2001) 
specifications. The tests were conducted in aerobic digesters 
each designed to hold 3 L of activated sludge. Each model unit 
comprised of: influent holding container (25 L), a stirred and 
aerated tank reactor (aeration chamber), and a clarifier (set-
tling vessel) simulating biological treatment using an activated 
sludge system (see supporting information in Appendix 1: 
Figs A1 and A2; schematic diagram and photograph of the 
simulated wastewater treatment plant), respectively.

Aeration chambers

Each aeration chamber (3 L) was continuously stirred using 
IKA RW 16 basic stirrer to ensure thorough mixing of the 
substrate, essentially to mimic actual WWTP operational 
conditions. The aeration chamber was aerated at a flow rate 
of 0.29 L/min to maintain the dissolved oxygen above 2 mg/L 
using compressed air through a glass frit. In this study, 2 model 
units were used as test and control units. Both units (test and 
control) were fed with wastewater spiked with ZnO ENPs using 
Watson–Marlow (Falmouth, Cornwall, UK) 120S/DV pumps 
at 29 r/min. Deionized water was used as the control expo-
sure media to offer a baseline comparison with the complex 
wastewater, and particularly to account for the ENP removal 
mechanism(s).

For the test unit, the influent wastewater was spiked with 
ZnO ENPs (at varied concentrations of: 5, 10, 20 mg/L) in 25 L 
containers and continuously stirred using IKA RW 20 digital 
stirrer at 1 800 r/min to keep the ENPs well dispersed in sus-
pension.  The use of ZnO ENPs in suspension was an attempt to 
mimic their actual pathway introduction into the WWTPs, and 
also to enhance reproducibility of the test conditions. Settling 
vessels of 1.5 L were used to separate treated effluent from the 
activated sludge. In accordance to standard practice, a por-
tion of the sludge from the settling vessel was re-introduced 
as return activated sludge (RAS) into the aeration chamber to 
replenish the biomass, and to maintain the total suspended 
solids (TSS) in the range of 2 to 3 g/L of dry sludge. The aera-
tion chamber with hydraulic retention time (HRT) of 6 h was 
designed to maintain nitrifying conditions, and the influent 
was introduced at feed flow rate of 0.50 L/h using peristaltic 
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pumps. The study lasted for 77 d to establish the long-term 
effects of ZnO ENPs on the removal of organic matter from 
WWTPs, where COD removal was monitored continuously as a 
surrogate parameter, as previously reported (Musee et al., 2014).  

Simulated activated sludge WWTP operation

Using 425 µm stainless steel mesh the raw wastewater was 
filtered before it was pumped into the operating units to remove 
big particulates, and to avoid clogging the tubing system. This 
operation mimicked the screening process of raw wastewater 
used in large-scale WWTPs. The simulated WWTP was accli-
matized, stabilized, and optimized during the first 14 days fol-
lowed by dosing with ZnO ENPs over 21 days for each concen-
tration (5, 10, or 20 mg/L). Continuous sampling was carried 
out at the influent holding container, aeration chamber, settling 
vessel, and waste activated sludge chamber in order to monitor 
various wastewater physicochemical parameters. The effluent 
samples from the aeration chamber were filtered using 0.45 µm 
polyvinylidene difluoride (PVDF) syringe filter before perform-
ing COD and zinc analyses. On the other hand, the analysed 
influent samples were collected directly from the influent 
container. A similar procedure was followed in operating the 
control unit and analysing samples for the COD.

Determination of ZnO ENP dissolution 

To determine the dissolution of ZnO ENPs in wastewater, 
the influent and effluent wastewater were continuously col-
lected after every 12 h for 77 d from the set up and acidified 
with 10 M HNO3 to pH < 2, before being stored at 4°C until 
analysis. Additionally, the sludge was also continuously with-
drawn, filtered (Whatman 41 filter paper), dried in the oven at 
103–105°C, ground with mortar and pestle, and then stored in 
dry powder form before analysis. In this study, the digestion 
method used followed the procedure of Martin et al. (1994). 

Zinc dissolution was evaluated using inductively coupled 
plasma optical emission spectrometry (ICP-OES) (SPECTRO 
ARCOS, Analytical Instruments GmbH, Germany) by meas-
uring the concentration of zinc in the raw wastewater. First, 

the background zinc concentration in the blank solution was 
determined and subtracted from the concentration of Zn2+ in 
the wastewater dosed with ZnO ENP at 3 different concentra-
tions. The ICP-OES was operated under forward power of 1 400 
W, plasma argon flow rate of 13 L/ min, auxiliary argon flow rate 
of 2.00 L/min, and nebulizer argon flow rate of 0.95 L/min.  

Aliquots from the test and control units were collected peri-
odically to monitor the ZnO ENPs dissolution with time. The 
influence of ZnO ENP concentration on the wastewater treatment 
process was investigated as a function of COD removal efficiency.

The organic matter removal in the SAS WWTP was assessed 
through monitoring of COD removal after dosing ZnO ENP 
into the test unit containing influent wastewater and the control 
unit containing deionized water. Four ZnO ENP concentrations 
values were used in the study: 0, 5, 10, and 20 mg/L.

RESULTS AND DISCUSSION 

Simulated activated sludge wastewater treatment plant 
performance

Physical parameters of commercial ZnO ENPs

The raw wastewater characteristics were monitored over time 
and yielded the following results: total dissolved solids (TDS) 
344 ± 43 mg/L, pH 7 ± 0.4, chemical oxygen demand (COD) 543 
± 159 mg/L, conductivity 715 ± 52 µS/cm, salinity 0.3 ± 0.1 psu, 
and total suspended solids (TSS) 588 ± 39 mg/L. DO in the raw 
wastewater was 4 ± 0.4 mg/L, and was maintained above 2 mg/L 
in the aeration chamber throughout the experiment using com-
pressed air to provide the bacteria with adequate oxygen supply.

Zinc oxide ENP suspensions

XRD results for commercial ZnO ENPs (Fig. 1) confirmed that 
they were in pure phase, as evidenced by narrow spectral peaks 
with high intensity and hexagonal Wurtzite crystal structure. 
TEM images showed a size distribution for the ENPs in the 
range 10 to 130 nm (Fig. 2), consisting of a heterogeneous mix-
ture of rods, cubes, regular, and irregular spheres.

Figure 1
XRD pattern of ZnO ENPs (as purchased) prior to dosing into the effluent 

wastewater

Figure 2
Transmission electron microscope (TEM) image of ZnO ENPs as 

purchased
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Effect of ZnO ENPs on COD removal 

As observed in Fig. 3, organic matter removal reached a steady 
state at about 50 mg/L COD in the effluent, irrespective of 
its initial concentration in the influent and ZnO ENP dosing 
concentration. The results in Fig. 3 further indicate efficient 
organic matter removal with the average COD in the effluent 
ranging from 60–100 mg/L. Therefore, our results point to 
efficient removal of ZnO ENPs in the secondary treatment stage 
of WWTPs (cf. Sonune and Ghate, 2004). The average removal 
efficiency of COD observed was 91% in the test chamber; hence 
the simulated WWTP met the validity criteria as outlined in 
the OECD 303 A guidelines (OECD 303A, 2001). The COD 
removal results also suggest that dosing the influent with ZnO 
ENPs had no significant adverse impacts on the overall treat-
ment efficiency of the stimulated WWTP, which is in agree-
ment with earlier studies (Hou et al., 2013; Tan et al., 2015), 
especially at low dosing concentrations.

In light of our results and currently predicted relevant 
environmental concentrations of ZnO ENPs of around 
24–300 µg/ L, where removal efficiency was assumed to be 
about 93% (Sun et al., 2014), it is unlikely that ZnO nanoparti-
cles will impact on COD removal in WWTPs. However, as the 
production and use of ZnO ENPs increases their environmental 
concentrations will also increase with the possibility of caus-
ing potentially adverse effects. For example, Musee et al. (2014) 
reported negative impacts of ZnO ENPs at higher concentra-
tions (100 mg/L): a 3-L bioreactor (simulated WWTP) with 
hydraulic residence time (HRT) of 6 h at a dose rate of  
0.83 mg/min for 240 h yielded a mean COD removal efficiency 
of 71 ± 7%, which was much lower than that for the control 
(80 ± 5%). Similar inhibition of COD removal due to ZnO ENPs 
has also been reported for a batch membrane bioreactor, espe-
cially at high dose concentrations (Huang et al., 2013). 

Notably, in the present study, though the simulated WWTP 
was exposed to high concentrations of ZnO ENPs, of up to 
20 mg/L (levels unlikely to be found in actual treatment sys-
tems), the COD removal remained high. On the other hand, 
earlier toxicity studies showed that 10 mg/L of ZnO ENPs could 

induce significant growth inhibition of up to 90% and 20%, 
respectively, for Bacillus subtilis and E. coli (Adams et al., 2006). 
Thus, a number of reasons may account for high COD removal 
as the activated sludge in WWTPs entails large consortia of 
bacteria species; therefore, the potential impact of ZnO NPs 
on activated sludge based on the toxicity of ZnO NPs for pure 
bacteria is inadequate to account for these results.

Firstly, following ZnO ENP dissolution, cationic species 
could form complexes with natural organic matter, such as 
humic acid which is ubiquitous in wastewater and contains 
functional groups such as carboxylic (-COO-) and phenolic 
(-ArO-). These functional groups are known for their high 
complexation capacity with metal ions (Zhang et al., 2009). 
Thus, humic acid may cause the removal of zinc through pro-
cesses such as: complexation, precipitation of zinc (e.g. through 
formation of insoluble Zn(OH)+), and/or sorption of particulate 
ZnO ENPs (Applerot et al., 2009; Musee et al., 2014).  In addi-
tion, neither ionic nor pure particulate forms of ZnO ENPs 
were present at high enough levels in the wastewater to cause 
adverse impacts by altering the microbial function in COD 
removal. 

Secondly, ZnO ENPs may have agglomerated after being 
introduced into the influent as the dispersion of ENPs in 
wastewater is influenced by solution chemistry parameters, 
such as pH, ionic strength, and dissolved organic carbon. 
Kang et al. (2009) showed that higher conductivity and diva-
lent cation concentrations (e.g., Mg2+ and Ca2+) in wastewater 
effluents caused the ENPs be more aggregated than in fresh-
water systems, thereby influencing their plausible interactions 
with microbial populations. In this study, high conductivity 
of wastewater was observed. Agglomeration may have led to a 
drastic reduction in the bioavailable forms of ENPs (ionic and/
or particulate forms) essential to influence COD removal. For 
instance, it is likely that once the ENPs underwent agglomera-
tion several processes could result, namely: (i) reduction in 
surface area essential for biointerfaces with bacteria (as evi-
denced by the increasing hydrodynamic size), (ii) reduction in 
the number of particles, and (iii) reduction in interfacial free 
energy (Oberdörster et al., 2005; Pettibone et al., 2008; Lowry et 
al., 2012). However, it should be noted that, to date, it is unclear 
as to the degree to which each of these potential mechanisms 
(i-iii) accounts for the diminished impact of ZnO ENPs on 
COD removal. Thus the mechanisms that may explain why the 
ZnO ENPs had minimal impact on the removal of COD in this 
study merit further investigation. 

ZnO ENP removal and plausible mechanisms during  
SAS WWTP processes 

Residual zinc concentration in the effluent was 50–150 µg/L at 
5 mg/L dosing concentration of ZnO ENPs (Fig. 4a). In the deion-
ized water (control unit) residual Zn2+ was found to be approxi-
mately 6 times higher (~ 1 mg/L; Fig. 4b) than in the test unit. 
Dissolution of ENPs is dependent on the media chemistry (e.g. pH, 
organic matter, ionic strength, etc.) and inherent physicochemical 
properties (size, coating, surface chemistry, etc.) (Xia et al., 2008; 
Bian et al., 2011; Peralta-Videa et al., 2011).

Results indicate that the organic matter played an impor-
tant role in accounting for the significant differences (based 
on ANOVA statistical test at p = 0.05) in the amounts of zinc 
released by both the test and control media. As an example, the 
organic matter may have inhibited the chemical and physical 
‘speciation’ of the ZnO ENPs through complexation processes 

Figure 3
COD analysis for influent and effluent in the simulated wastewater 

treatment plant (test and control units) with continuous dosage of: a) 0 
mg/L (bare sludge), b) 5 mg/L, c) 10 mg/L and d) 20 mg/L of ZnO ENPs
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and, in turn, led to a limited release of ionic species. In addi-
tion, the organic matter, through binding processes, may have 
adsorbed the solubilized metal species, causing a reduction in 
the quantities of metal ions observed in the effluent relative to 
the influent. Such scenarios point to different removal pathways 
of ZnO ENPs from the influent wastewater and the deionized 
water. For instance, as deionized water is devoid of organic 
matter, the ENP removal mechanism was possibly governed by 
other forms of abiotic factors, namely, pH and ionic strength, as 
adsorption was not feasible. 

Effect of concentration on ZnO ENP removal 

High levels of ENP removal from the wastewater could not 
be wholly linked to the influence of pH and ionic strength, 
although earlier findings have indicated that ZnO ENP stability 
is dependent on pH and ionic strength of wastewater (Chaúque 
et al., 2014). Additional influencing factors on ENP stabil-
ity in aqueous media include natural organic matter (NOM). 
NOM is composed of humic substances (Becker et al., 2004), 
highly ubiquitous in wastewater, and offers a large surface 
area for contaminant adsorption (Metcalf and Eddy, 2002). 
Furthermore, NOM has been shown to enhance ENP stabil-
ity in wastewater (Keller et al., 2010; Mu and Chen, 2011), and 
is therefore a significant factor influencing their removal in 
wastewater (Kiser et al., 2010). 

For instance, NOM is known to stabilize ZnO ENPs (Bian 
et al., 2011) and, in turn, retard the dissolution rate. For ZnO 
ENPs in wastewater, it has been suggested that the retardation 
of dissolution was due to the hydrophobic nature of capric/
caprylic triglyceride dispersion formation (Lombi et al., 2012). 
Moreover, Liu et al. (2011) observed low zinc releases from 
wastewater due to the adsorption of Zn2+ ions onto the acti-
vated sludge immediately after their release from ZnO ENPs. 
To date, it is unclear which of the two mechanisms dominantly 
influences the fate and behaviour of ENPs as contaminants in 
wastewater, and/or whether they act concurrently in an antago-
nistic or synergistic fashion.

In this study, considering that the activated sludge 
pH was at 7 ± 0.4, the biomass was kept in the range 
of 2 000–3 000  mg/L of TSS – which is within the 

limits of typical WWTPs with biomass concentrations of 
1 000–5 000 mg/L of TSS (Metcalf and Eddy, 2002) – and an 
average sludge retention time (SRT) of 6 d, provided favoura-
ble conditions for enhanced stabilization of ZnO ENPs by the 
NOM. The most plausible explanation is that the NOM played 
a dominant role in removing zinc ions from the influent 
wastewater. This is because humic acid is known to stabilize 
ZnO ENPs even at high concentrations (Omar et al., 2014), in 
addition to its ability to counteract the influence of high ionic 
strength, expressed as salinity (0.3 ± 0.1 psu) for the wastewa-
ter investigated in this study.

Low zinc concentrations (less than 3%) in the eff luent, 
as shown in Fig. 4a, yielded similar observations to those 
of other researchers; e.g. Bolyard et al. (2013) and Mu and 
Chen (2011). These workers reported zinc release into the 
treated eff luent as less than 2%, which accounted for the 
large percentages of zinc found in the activated sludge. 
Our findings suggest that the digestion process in the test 
chamber was responsible for the high percentage removal of 
ZnO ENPs, as confirmed by the observed low concentration 
of Zn2+ in the eff luent. Furthermore, our results indicate 
that the release of zinc ions into the treated eff luent exhib-
ited a linear increase as the dosing ZnO ENPs concentration 
increased. Nevertheless, the Zn2+ released into the eff luent 
was not high enough to adversely impact the organic mat-
ter removal, as ZnO ENP concentration was increased from 
5 mg/L to 20 mg/L (Figs 5 and 6). 

Spiking the influent with increasing concentrations of 
ZnO ENPs showed a substantial increase in the released Zn2+. 
In this study, lower dosing concentrations exhibited higher 
ZnO NP dissolution compared to higher concentrations. 
The average concentrations of the released zinc ions were, 
respectively, 0.105 (2.1% of nominal ZnO), 0.150 (1.52%), and 
0.270 (1.35%) mg/L at ZnO NPs concentrations of 5, 10, and 
20 mg/L (Fig. 5). Our results were similar to those reported 
elsewhere for ZnO ENPs, e.g. Mu and Chen (2011), Xiong et 
al. (2011), and Thwala et al. (2013), whereas the dosing concen-
tration increase led to enhanced aggregation (Maximova and 
Dahl, 2006), which is expected because of a higher probability 
of particle collisions – which ultimately leads to a decline in 
the dissolution rate (Xiong et al., 2011; Thwala et al., 2013). 

Figure 4
Effect of zinc release as a function of time after a dosage of 5 mg/L ZnO ENPs in: (a) wastewater and (b) deionized water

(a) (b)
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Figure 6 shows biomass removal during wastewater treat-
ment at different ZnO ENP dosing concentrations. The change 
in percentage biomass removal as the concentration of ZnO 
ENPs increased was found to be minimal. We had postulated 
that the ZnO ENP adsorption to the activated sludge would 
largely account for the removal mechanism. However, this does 
not appear to entirely account for these results. Our findings 
are, in some cases, in close agreement with that reported in the 
literature by various workers, while in other cases they differ. A 
few examples of studies related to biomass removal and release of 
Zn2+ ions into the treated effluent are discussed here to illustrate 
this observation: 

Kiser et al. (2009) reported the sorption of titanium from 
TiO2 ENPs by biomass during wastewater treatment; however, 
10–100 μg/L Ti remained in the effluent. Limbach and colleagues 
(2008) observed the presence of 2–5 mg/L of cerium oxide in 
the effluent following exposure to 100 mg/L of CeO2 ENPs in a 
model wastewater treatment process. Mu and Chen (2011) illus-
trated that a large amount of ZnO ENPs were adsorbed on the 
surface of activated sludge after a long-term exposure.  Moreover, 
Liu and colleagues (2011) indicated that both the zinc ions and 
ZnO ENPs were adsorbed on activated sludge. 

Studies by Klaine et al. (2008), Keller et al., (2010) and Bian 
et al. (2011) also showed that the removal of ENPs from aque-
ous media was dictated by chemical composition of the testing 

media chemistry (e.g. pH, organic matter, and ionic strength). 
Keller and co-workers (2010) reported enhanced stability of 
metal-oxides such as ZnO, TiO2 and CeO2 ENPs with organic 
matter adsorption to the particle surface providing a form of 
barrier to aggregation. 

Analysis of ZnO ENPs in the sludge

In the previous section, results indicated that a large amount of 
the ZnO ENPs spiked into the influent were adsorbed onto the 
activated sludge, and removed from the effluent (Figs 4a and 
5). Therefore, only a small fraction of the ENPs was likely to be 
released into the treated effluent. However, the second route for 
the transport of the ZnO ENPs into the environment is via the 
sludge. The characteristics of ENPs in the sludge were therefore 
analysed using XRD (Fig. 7), and UV-Vis spectrophotometer 
coupled with UV-Probe (Fig. 8).

Figure 6
Biomass removal during the wastewater treatment exposed to different 

ZnO ENPs concentrations

Figure 5 
Comparitive zinc release in the effluent for the control (deionized  water)  
and test (wastewater) after dosing with 5, 10, and 20 mg/L of ZnO ENPs

Figure 8
UV-Vis absorbance spectra of the sludge exposed to (a) 5 mg/L ZnO ENPs 

and (b) 10 mg/L ZnO ENPs; compared to the spectrum of (c) ZnO ENPs 
before they were introduced into the wastewater

Figure 7
XRD for the ZnO ENPs in activated sludge after dosing influent at 

concentrations of (a) 0 mg/L (bare sludge), (b) 5 mg/L, (c) 10 mg/L, and 
(d) 20 mg/L
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From the XRD spectra (Fig. 7, line b), no signal was 
detected in the sludge for the ZnO ENPs at low concentration of 
5 mg/L, and this observation was confirmed by UV-Vis results 
(Fig. 8, line a). However, the XRD pattern showed marginal 
peaks after the dosage was increased to 10 mg/L and was 
characterized by low intensities (Fig. 7, line c), collaborated by 
UV-Vis results (Fig. 8, line b). For the UV-Vis, at 10 mg/L ZnO 
ENPs, an excitonic absorption peak at 368 nm was observed 
(Fig. 8, line b), though not as distinctive as in the case of ENPs 
before they were dosed into the influent (Fig. 1). Clear XRD 
patterns were observed at a dosage of 20 mg/L, and the peaks 
corresponded to characteristic polycrystalline hexagonal 
Wurtzite structure – signifying that the ZnO ENPs were in 
pure phase. The size distribution of ZnO ENPs in the sludge 
was computed based on XRD analysis and modified Scherrer’s 
formula (Monshi et al., 2012):

=
  

 (1)

where: L represents mean size of the particle distribution (nm), 
K is geometric factor (generally K = 0.9), λ is the wavelength of 
Cu Kα radiation (λ = 0.15406 nm), θ is the Bragg angle of dif-
fraction, and β is the full width at half maximum (FWHM) of 
the diffraction main peak at 2θ. The computed mean crystallite 
size distribution of sludge, determined for the influent dosed 
with 10 and 20 mg/L, was approximately 29.22 ± 2.47 nm. 

In earlier work (Musee et al., 2014), where a high ZnO 
ENP concentration of 100 mg/L was used, sharper peaks were 
observed including the 002 diffraction peak – which signified 
one-dimensional nano-rod formation of ZnO ENPs. In the 
current study similar observation of sharp peaks was made at a 
relatively lower dosage of 20 mg/L ZnO ENPs. 

Two key aspects merit highlighting. First, from our study, 
it was found to not be possible to detect very low concentra-
tions of ZnO ENPs using the current analytical techniques, 
in this case ICP-OES, for determining zinc ions (Fig. 4) in 
complex matrixes such as wastewater, or XRD for determin-
ing zinc phases in the sludge (Fig. 7). Secondly, a comparison 
of XRD pattern results for ZnO ENPs (summarized in Figs 1 
and 7, respectively), before being introduced into influent and 
after dosed in the influent, shows that their morphology did not 
change despite possible adsorption of the ENPs onto the sludge 
matrix.

Moreover, we observed a high efficiency of removal of ZnO 
ENPs (> 96%) from effluent wastewater. Therefore, the low con-
centrations of ZnO ENPs detected in the treated effluent indi-
cated that it is unlikely that there is significant release and dis-
persion of ENPs into aquatic systems resulting from WWTPs as 
point sources. Furthermore, the low quantities of ENPs likely to 
be released through treated effluent into the environment can 
be further reduced by incorporating additional treatment steps 
such as the use of membranes. 

Thirdly, it is important to take caution when generalizing 
findings about the fate and behaviour of ENPs, for example, 
based on studies on the same or other types of nanoparticles 
in  in WWTPs. This is because increasing reports have shown 
that WWTPs exhibit non-uniformity of removal efficiencies for 
diverse types and forms of ENPs: e.g., 94% of CeO2 (Limbach 
et al., 2008); 75–85% of TiO2 (Kiser et al., 2009); 94% of CeO2 
(Gómez-Rivera et al., 2012); 97% of TiO2; 95% of nC60; and 88% 
of Ag (Wang et al., 2012); >95% of TiO2 (Gartiser et al., 2013). 
These differences can be linked to the ENP type (e.g. surface 
properties and chemistry), and the nature of wastewater physi-
cal and chemical properties – where the latter varies widely due 

to the constituent components. 
Due to elevated concentrations of ZnO ENPs in the sludge 

caution should be taken in utilizing such sludge for agricul-
tural purposes or during disposal phase. As such, this calls 
for adoption of additional treatment steps to mitigate against 
possible dispersion of ENPs from various disposal mechanisms 
such as landfilling or incineration, as well as in agricultural 
applications. This has significant relevance in a country like 
South Africa, for instance, where over 80% to 97% of sludge 
from WWTPs (Musee, 2011) is used for agricultural purposes, 
and the rest disposed of through landfilling. Recent studies 
(Lombi et al., 2012; Wang et al., 2012) have also highlighted the 
likelihood of increased transfer of ENPs into the environment 
from WWTPs via different pathways, for instance, leaching 
from landfills – and therefore call for the adoption of mitiga-
tive approaches to guard against unknown long-term adverse 
effects of ENPs in aquatic systems. 

Nitrification is an important process in numerous WWTPs 
and, therefore, likely to be sensitive to toxic effects of ENMs. 
Thus, to ensure the simulated wastewater treatment system 
results provide representative findings, both nitrification and 
denitrification processes will be considered in future work.  

CONCLUSIONS

In this study, we carried out experiments to: (i) determine the 
fate and behaviour of ENPs in a simulated WWTP system 
following the OECD 303 A guideline, (ii) investigate plausible 
transformation of ZnO ENPs after entry into wastewater up to 
the point of discharge of the treated effluent, and (iii) examine 
the effect of increasing concentration of ZnO ENPs on the effi-
ciency of organic matter removal from wastewater. The follow-
ing observations were made and inferences have been drawn: 

•	 	ZnO	ENPs	were	efficiently	removed	from	wastewater	with	
an insignificant portion being released into the environ-
ment through the treated effluent. A large percentage of the 
ENPs settled out into the sludge. However, the fraction of 
unreacted ENPs in the effluent may potentially be released 
into the environment. In order to mitigate any possible 
release of nanoparticles into the environment, additional 
removal methods may need to be put in place. Further 
investigations are necessary to collect more data on these 
processes.

•	 	Under	wastewater	conditions	most	ENPs	aggregated	and	
were attached to the biomass and, therefore, were removed 
from influent through adsorption processes, for all of the 
concentration levels investigated.

•	 	The	currently	available	techniques	for	detection	and	quan-
tification of metal-based ENPs, such as XRD and UV-Vis, 
were found to be inadequate since they could not detect 
ZnO ENPs in the sludge even after the influent was dosed 
with concentrations as high as 5 mg/L and above. Yet, a 
concentration of 5 mg/L ZnO ENPs is many times above the 
expected actual concentrations of metal-based nanoparticles 
in the environment (Musee, 2011; Gottschalk et al., 2013). 
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APPENDIX 1

Figure A1
Schematic representation of the simulated activated sludge wastewater treatment plant (AS WWTP

Figure A2
Simulated activated sludge wastewater treatment plant
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