
* Corresponding author.

Presented at the 13th Conference on Microcontaminants in Human Environment, 4–6 December 2017, Czestochowa, Poland.
1944-3994/1944-3986 © 2018 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2018.22011

117 (2018) 42–48
June

Effects of selected nanoparticles on aquatic plants

Nina Doskocz*, Monika Załęska-Radziwiłł, Katarzyna Affek, Maria Łebkowska
Warsaw University of Technology, Faculty of Building Services, Hydro and Environmental Engineering, Nowowiejska 20, 00-653  
Warsaw, Poland, emails: nina.doskocz@pw.edu.pl (N. Doskocz), monika.radziwill@pw.edu.pl (M. Załęska-Radziwiłł),  
katarzyna.affek@pw.edu.pl (K. Affek), maria.lebkowska@pw.edu.pl (M. Łebkowska)

Received 20 December 2017; Accepted 6 February 2018

a b s t r a c t
This paper presents results of ecotoxicological assessment of nano-Al2O3 and nano-ZrO2 in relation to 
cyanobacteria, algae and higher plants. Bioindicators showed diverse sensitivity to nanocompounds. 
EC50 values were in the ranges: for nano-Al2O3 from 5.3 mg/L (Desmodesmus quadricauda) to 457.9 mg/L 
(Scenedesmus obliquus), for nano-ZrO2 from 19.6 mg/L (D. quadricauda) to 277 mg/L (Lemna minor). 
According to EU criteria, nano-Al2O3 proved to be toxic to D. quadricauda, harmful to Raphidocelis sub-
capitata and Microcystis aeruginosa and non-toxic for other species of algae and L. minor. Nano-ZrO2 
was harmful to D. quadricauda and non-toxic to other tested species. Calculated predicted no effect 
concentration (PNEC) in the environment values were 0.0395 mg/L for nano-Al2O3 and 0.0416 mg/L for 
nano-ZrO2. The risk assessment, conducted on the basis of the predicted environmental concentration 
(PEC)/PNEC quotient, showed a low risk in relation to aquatic plants caused by the presence of nano-
Al2O3 when PEC were calculated using the statistical extrapolation model of Aldenberg–Jaworska. 
Nanoparticles proved to be more toxic to tested bioindicators than their bulk counterparts. This indi-
cates that the nano-form of a given substance may pose a greater hazard for the environment than the 
same substance in the large form.
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1. Introduction

Currently, the scope of use of nanomaterials is rapidly 
expanding. Nanoparticles (NPs) have become intensively 
used in agriculture, industrial products and in medicine 
[1–3]. They are added to cosmetics, paints (TiO2, SiO2 and 
ZnO), coatings (TiO2, Al2O3 and ZnO) and as catalysts (CeO2) 
in fuel [4]. Factors such as concentration, type, size, surface 
area, chemical composition, stability of NPs, and species 
sensitivity influence the uptake, translocation and accumula-
tion of NPs in living organisms. The interaction of NPs with 
organisms can cause various physiological and biochemi-
cal changes, both positive and negative [5]. Given the rapid 
development of nanotechnology, there is an increased risk of 
exposure of humans and the environment to nanotechnolo-
gy-based materials. There are some data on the ecotoxicity 

of NPs in relation to bacteria, fish or zooplankton, but little 
is known about the effects and toxic mechanisms of NPs on 
aquatic plants [6–9]. 

Plants are essential elements of all ecosystems acting as 
producers in a food chain. They are widespread and sensi-
tive organisms characterized by high capacity of bioaccumu-
lation due to their high surface of contact. Because of their 
properties they play a vital role in the fate and transport of 
NPs in the environment. Therefore, knowledge concerning 
the effects of NPs on physiological processes of plants is very 
important for assessing the safety of nanomaterials [10–12]. 

The purpose of this study was to assess the influence of 
aluminium and zirconium oxide NPs on cyanobacteria, algae 
and higher plants. Where possible, ecotoxicological effect esti-
mators, including half maximal effective concentration (EC50) 
and no observed effect concentrations (NOECs). Predicted no 
effect concentrations (PNECs) for the aquatic environment 
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were derived according to the Guidance document for the 
implementation of REACH [13,14]. Furthermore, in this 
paper the preliminary risk assessment aluminium oxide NPs 
were conducted by comparing the predicted environmental 
concentration (PEC) to the PNEC. The risks emanating from 
NP are determined by their potential hazards (such as tox-
icity), as well as by the extent the material will come into 
contact with an organism. The basis for a sound risk assess-
ment of a possibly hazardous substance is thus a comparison 
between the exposure (concentration in the  environment) 
and the toxic effects of the substance (concentration–response 
relationship). So far, no measurements of engineered NP in 
the environment have been available due to the absence of 
analytical methods able to quantify trace concentrations of 
NP [13,14]. Hence, in this work in order to carried out first 
assessment of the potential risk posed by Al2O3 NPs used 
data from statistical models available in literature [15]. 

Aluminium oxide NPs, an important kind of metal oxide 
NPs, are used by the military and commercial industries 
in many applications including coatings and propellants, 
whereas the zirconium oxide NPs are commonly used in den-
tistry and as drug carriers, such as insulin. With such wide 
applications, nano-Al2O3 and nano-ZrO2 can be released into 
the environment and reach water bodies through wastewa-
ter and urban runoff. Considering this fact, understanding 
the hazards related to exposure of aquatic ecosystems to NPs 
seems to be essential in environmental risk assessment of 
these emerging contaminants.

In this study, the effect of activity of nano-Al2O3 and nano-
ZrO2 on aquatic plants was compared with their bulk coun-
terparts (compounds of the macro-form – Al2O3 and ZrO2).

2. Materials and methods

2.1. Chemicals 

Aluminium oxide NPs (nano-Al2O3), nanopowder 
<50 nm with a specific surface area >40 m2/g, zirconium oxide 
NPs (nano-ZrO2), nanopowder <100 nm with a specific sur-
face area ≥25 m2/g and aluminium and zirconium oxides of 
purity over 98% were obtained from Sigma-Aldrich (Poland). 
CAS no. of compounds containing Al2O3 is 1344-28-1 and 
ZrO2 is 1314-23-4. The stock solutions of nanocompounds 
and oxides with a concentration of 500 mg/L were prepared 
in deionized water. To avoid formation of the aggregates, 
the stock dispersion was sonicated (0.4 kW, 20 kHz) for 
30 min before being diluted to the exposure concentrations. 
The stock solutions were diluted (using the medium with 
respect to the procedures of tests) in descending order with 
a geometric series of quotient q = 2 to obtain final concentra-
tions of 500–0.19 mg/L.

2.2. Ecotoxicological tests

Growth tests were performed on cyanobacteria, algae 
and higher plants. Microcystis aeruginosa (CCALA 796), 
Desmodesmus quadricauda (CCALA 463) and Raphidocelis 
subcapitata (CCALA 433) were obtained from the Institute 
of Botany, Academy of Science in the Czech Republic. 
Scenedesmus obliquus, Chlorella vulgaris (green algae) and 
Lemna minor (higher plants) came from the laboratory culture 

owned by the Department of Biology, Faculty of Building 
Services, Hydro and Environmental Engineering, Warsaw 
University of Technology.

2.2.1. Growth test using cyanobacteria and algae 

Growth tests with cyanobacteria and algae were per-
formed according to PN-EN ISO 8692:2012 methodology 
[16]. The inhibition of growth of organisms was calculated 
on the basis of cell concentration measurement after 72 h of 
exposure to tested compounds in mineral medium.

2.2.2. Lemna minor growth inhibition test

The L. minor growth test was performed according to 
PN-EN ISO 20079:2004 methodology [17]. Growth inhibi-
tion assessments were performed on the basis of surface area 
measurement and number of leaves count at the beginning 
and at the end of a 7-d test. Measurements were made using 
UTHSCSA ImageTool digital image analysis software ver-
sion 3.0.

2.3. Calculation procedures

2.3.1. Inhibition of growth of cyanobacteria, algae and higher 
plants 

Growth rate of cyanobacteria, algae and higher plants 
was determined by the formula: 

µ =
N N
t

n

n

ln ln 0−
 (1)

where μ is the growth rate; N0 is the number of cells in 
1 mL/number of leaves/leaf surface at time t0; Nn is the 
number of cells in 1 mL/number of leaves/leaf surface at 
time t; tn is the time (t – t0).

Inhibition of growth was calculated according to the 
formula:
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where Iμi is the percentage of inhibition; μi is the average 
growth rate of cyanobacteria, algae, plants in the test concen-
tration; μc is the average growth rate of cyanobacteria, algae, 
plants in the control sample.

2.3.2. Calculation of EC50 and NOEC 

Effective concentrations (EC50) in acute and chronic tests 
were calculated using probit analysis, determining 95% con-
fidence intervals [18]. NOECs were determined using single 
factor analysis of variance (ANOVA; p < 0.05) and Tukey’s 
test [19]. 

2.4. Toxicity assessment of compounds 

The assessment of toxicity of the test NPs and oxides in 
relation to aquatic bioindicators was performed on the basis 
of the European Union criteria—Directive 93/67/EEC [20].
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2.5. Acute-to-chronic ratio determination

The relationship between acute and chronic toxicities is 
expressed as the ACR (acute-to-chronic ratio) and one of the 
aims of the study was to investigate whether experimental 
ACRs are close to 10 – a value accepted by the European 
Union (EU) and the organisation for economic co-operation 
and development (OECD). ACRs were obtained on the basis 
of chronic tests in which acute effects (expressed as EC50) and 
chronic ecotoxicity (expressed as NOEC) were derived simul-
taneously, according to the formula:

ACR
EC

NOEC
50=  (3)

where EC50 is the effective concentrations for 50% of the indi-
viduals of the species determined in the acute test; NOEC is 
the no observed effect concentration for individuals of the 
species determined in chronic tests.

2.6. Risk assessment

RQ was calculated for predicted or measured concen-
trations of PEC of aluminium oxide NPs according to the 
formula:

RQ PEC
PNEC

=  (4)

where PEC is the predicted (or measured) environmental 
concentration; PNEC is the predicted no effect concentration 
in the environment.

The results were interpreted according to the following 
criteria: RQ 1 – high risk, RQ < 1 – low risk.

PNEC was calculated on the basis of chronic toxicity 
data (NOEC) using the statistical extrapolation model of 
Aldenberg–Jaworska [21]. 

The PEC (only for nano-Al2O3) values were chosen on 
the basis of full literature search, and derived from statistical 
models (Table 1). 

3. Results 

The results of acute tests revealed diversified sensitivity 
of organisms to the tested compounds. Toxicity profiles are 
enriched with ACRs. In most of the cases, ACRs were higher 
than 10 – a value accepted by the EU and the OECD. 

In the case of aluminium oxide NPs (Table 2) the EC50 
values for cyanobacteria and algae ranged from 5.3 mg/L for 
D. quadricauda to 457.9 mg/L for S. obliquus. This compound 
also limited the growth of L. minor in relation to the surface 
area – EC50 after 7 d was 180 mg/L (Table 2). 

Assessment of toxicity with respect to the acute effects 
according to EU criteria showed that the nano-Al2O3 
were toxic to D. quadricauda, harmful to R. subcapitata and  
M. aeruginosa. NOEC (showing chronic effects) was 0.9 mg/L 
for these organisms. The test compound was non-toxic to 
other species of algae and L. minor. NOEC was 3.12 mg/L  
(S. obliquus), 1.56 mg/L (C. vulgaris), 6.24 mg/L (L. minor num-
ber of leaves) and 0.9 mg/L (L. minor – surface area; Table 2). 

Zirconium oxide NPs were less harmful than aluminium 
oxide NPs for all bioindicators. EC50 obtained in the studies 
ranged from 19.60 mg/L for D. quadricauda to 277 mg/L for  
L. minor (surface area). For other bioindicators, the EC50 value 
was >500 mg/L (Table 3). 

According to EU criteria, zirconium oxide NPs were 
harmful only to D. quadricauda and they were not toxic for 
other bioindicators (Table 3). 

The risk assessment was applied the risk quotient (PEC/
PNEC), when PEC was calculated using the statistical extrap-
olation model of Aldenberg–Jaworska and was 0.0395 and 
0.0416 mg/L for nano-Al2O3 and for nano-ZrO2, respectively 
(Table 4). Risk in this work was performed only for alumin-
ium oxide NPs, because in the literature there are no data 
about PEC in water for nano-ZrO2 and their bulk counter-
parts. The preliminary risk assessment due to the presence 
of the investigated nano-Al2O3 in relation to aquatic plants 
revealed a low risk, when PNEC was calculated according 
to the Aldenberg–Jaworska model with assumptions of 95% 
protected species and 95% probability (Table 4). 

4. Discussion 

Results obtained in this work as well as literature data 
show that producers in aquatic ecosystems are sensitive to 
Al2O3 NPs. There is, however, not many reports concerning 
potential harmfulness of zirconium oxide NPs in relation to 
aquatic autotrophs. The EC50 values of Al2O3 NPs for R. sub-
capitata are consistent with the results of Aruoja et al. [22]. 
Depending on the size of the Al2O3 NPs the EC50 was in the 
range of 10–100 mg/L. In contrast, in research of Griffitt et al. 
[23] EC50 was lower and equalled 8.3 mg/L. Sadiq et al. [24] 
reported the inhibitory effects of aluminium oxide NPs on 
Chlorella sp. and Scenedesmus sp. The EC50 values were 45.4 
and 39.35 mg/L, respectively, and were higher than those 
obtained in this work. There are no data in the literature on 
the influence of the aluminium oxide NPs on cyanobacteria. 
The inhibition of M. aeruginosa growth was observed only in 
the study of Wang et al. [25] in the presence of nano-CuO, 
where a decrease in chlorophyll contents (a, b) and carot-
enoids were additionally observed. Among all producers’ 
representatives, L. minor was the least sensitive to nano-Al2O3 

Table 1
Predicted concentrations in surface water for aluminium oxide 
nanoparticles that are being used or could be used in cosmetics 
and personal care products and coatings

Compound PEC in surface waters (mg/L) Reference

Nano-Al2O3 0.0000002a [15]
0.0000012b

0.0000025c

Note: Predictions are presented for market penetration factors of 
0.1, 0.5 and 1.0.
aThe situation where 10% of a product type contains the engi-
neered nano-Al2O3 (0.1).
bThe situation where half of a product type contains the engi-
neered nano-Al2O3 (0.5).
cThe situation where all of a product type contains the engi-
neered nano-Al2O3 (1.0).
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(EC50-168h > 500 mg/L – number of leaves). Additionally, 
Al2O3-NPs stimulated the growth of the plant. Similar results 
were obtained by Lee et al. [26]. They observed that the 
concentration of 2,000 mg/L aluminium oxide NPs did not 
inhibit the growth of the root of Arabidopsis thaliana. Likewise, 
our previous study on NPs’ influence the growth of Sorgo 

saccharatum, Lepidium sativum, Sinapis alba showed inhibitory 
effects of nano-Al2O3 and nano-ZrO2 in higher concentrations 
and stimulation of the growth in lower concentrations [27]. 

In order to assess the risk, in this study standard test con-
ditions were applied, despite the recent concerns raised about 
the relevance of these methods for assessing the risks of NPs 

Table 2
Toxicity profile for nano-Al2O3 and Al2O3

Bioindicators Nano-Al2O3 Al2O3

EC50  
(95% confidence  
intervals; mg/L)

NOEC 
(mg/L)

ACR Toxicity 
assessment 
UE Directive 
93/67/EEC

EC50  
(95% confidence  
intervals; mg/L)

NOEC 
(mg/L)

ACR Toxicity 
assessment 
UE Directive 
93/67/EEC

L. minor >500 6.24 – Non-toxic >500 – nd Non-toxic
S. obliquus 457.90 (355.62–529.69) 3.12 146.7 >500 – nd
C. vulgaris 233.30 (142.76–331.64) 1.56 149.5 >500 – nd
L. minor 180.0 (123.68–254.71) 0.9 200.0 >500 – nd
R. subcapitata 96.30 (77.29–151.01) 0.9 107.0 Harmful >500 1.9 –
M. aeruginosa 30.40 (22.73–36.77) 0.9  33.7 >500 1.9 –
D. quadricauda 5.30 (2.68–7.98) 0.9   5.8 Toxic >500 1.9 –

nd, Not defined.

Table 3
Toxicity profile for nano-ZrO2 and ZrO2 

Bioindicators Nano-ZrO2 ZrO2

EC50  
(95% confidence 
intervals; mg/L)

NOEC 
(mg/L)

ACR Toxicity 
assessment 
UE Directive 
93/67/EEC

EC50  
(95% confidence 
intervals; mg/L)

NOEC 
(mg/L)

ACR Toxicity 
assessment 
UE Directive 
93/67/EEC

L. minor >500 – nd Non-toxic >500 – nd Non-toxic
S. obliquus >500 – nd >500 – nd
C. vulgaris >500 – nd >500 – nd
L. minor >500 – nd >500 – nd
R. subcapitata >500 1.9 – >500 – nd
M. aeruginosa 277.00 (244.54–364.77) 1.9 145.8 >500 – Nd
D. quadricauda 19.60 (16.44–19.83) 1.9 10.3 Harmful >500 6.25 –

nd, Not defined.

Table 4
Risk assessment for tested compounds in relation to algae, cyanobacteria and higher plants

Compounds PNEC (mg/L) PEC in surface waters (mg/L) RQ (PEC/PNEC) Risk assessment

Nano-Al2O3 0.0395 0.0000002a 0.00000506 Low risk
0.0000012b 0.00003037
0.0000025c 0.00000632

Al2O3 0.113 – – –
Nano-ZrO2 0.0416 – – –
ZrO2 0.258 – – –

aThe situation where 10% of a product type contains the engineered aluminium oxide nanoparticles. 
bThe situation where half of a product type contains the engineered aluminium oxide nanoparticles. 
cThe situation where all of a product type contains the engineered aluminium oxide nanoparticles. 
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[14]. The preliminary assessment of the potential risk posed 
by the nano-Al2O3 was carried out for water by compari-
son with the PEC (derived from statistical models available 
in literature) to the PNEC. Special algorithms were used to 
estimate potential concentrations of a range of NPs in water 
arising from use. These assessments focused on cosmetics 
and personal care products and paints as data were avail-
able on concentrations of a range of ENPs in these products. 
As only limited data were available on the fraction of each 
market comprised of ENP-containing products, three hypo-
thetical scenarios were modelled: (1) the situation where 10% 
of a product type contains the engineered NP, (2) the situ-
ation where half of a product type contains the engineered 
NP and (3) the situation where all of a product type contains 
the engineered NP [15]. Based on this data, in this work we 
have shown that the RQ factor for tested NPs was 0.00000506, 
0.00003037 and 0.00000632 mg/L, respectively.

Data concerning PEC (and also PNEC) of NPs are hardly 
found in literature. This is due to the fact that measurement 
or prediction of environmental concentrations of engineered 
NPs is still hampered by many difficulties, including detec-
tion, differentiation between natural forms of the material 
and engineered or nanoscale formats [14] which currently 
impedes progress in understanding the relevant exposure 
pattern. Furthermore, no data are available on the relevance 
of the extrapolation factors used for calculating PNECs. 
Current knowledge on NPs’ specific interactions with the 
aqueous environment is limited. The PNEC and PEC results 
obtained in this paper can be considered as preliminary [15]. 
All data about PEC and RQ available in the literature are 
derived from statistical modelling (Table 5) [15,28].

The results of our own research have allowed us to 
pre-estimate the risks posed by the presence of certain NPs 
in the environment. However, this assessment must be crit-
ically analyzed and should only be the initial stage of the 
whole procedure. The risk quotients obtained in this work 
and in other authors’ work not necessarily mean that the 
environment is risk-free. The values of PEC, PNEC and RQ 
available in the literature for different NPs vary consider-
ably. This is primarily due to the difference in the method 
used and the material used. Therefore, many studies should 
not be compared. It is also necessary to accurately character-
ize the NPs used, each type of particle should be analyzed 
separately [29].

The obtained results also showed that the studied com-
pounds in bulk counterparts are less toxic than the same 
compounds in the NP forms (Tables 2–4). This fact con-
firms the reports from the literature that the nano forms of 
a given substance may constitute a far greater danger to the 
environment than the same substances in the large form. 
Song et al. [3] proved that CuO NPs are more harmful to 
L. minor in comparison with the effects of bulk CuO. Also, 
the research of Załęska-Radziwiłł and Doskocz [30,31] 
proved that zirconium oxide and aluminium oxide have 
significantly smaller influence on P. putida and A. hydroph-
ila and aquatic invertebrates than the NP form of these 
compounds. 

Greater toxic effect of NPs on plants, it might be a result 
of many different properties of these compounds such as 
high surface to volume ratio, high chemical reactivity, 
the ability to form aggregates, diffusivity and mechanical 
strength. NPs have greater specific surface area, and there-
fore greater reactivity and potential for generating reactive 
oxygen species than their bulk counterparts, and thus their 
expected inhibition of activity should be greater. Moreover, 
NPs due to their small size (1–100 nm) can penetrate into 
the inside of an organism more easily than their bulk coun-
terparts, where they can cause various types of dysfunction 
[32–33].

5. Conclusions 

The conducted studies concerning the ecotoxicity of 
aluminium and zirconium oxide NPs and aluminium and 
zirconium oxides towards M. aeruginosa, D. quadricauda, 
R. subcapitata, S. obliquus and L. minor made it possible to 
formulate the following conclusions:

• Aluminium and zirconium oxide NPs triggered harmful 
effects in aquatic cyanobacteria, algae and plants; nano-
Al2O3 proved to be more toxic.

• D. quadricauda was most sensitive to the influence of the 
tested NPs.

• NOEC values calculated from chronic tests for nano-
Al2O3 and nano-ZrO2 were significantly lower than EC50 
values. Therefore, extrapolation of NOEC values with 
EC50 is impossible with the use of commonly accepted 
ACR factor = 10. 

Table 5
Predicted concentrations (PEC) for a range of engineered nanoparticles and calculation of the risk quotient (PEC/PNEC) for water, 
soil and air

Particle type PEC RQ (PEC/PNEC) References
Water (μg/L) Soil (μg/kg) Air (μg/m3) Water Soil Air

Nano-CeO2 <0.0001 <0.01 – – – – [15]
Nano-Au 0.14 5.99 – – – – [15]
Nano-SiO2 0.007 0.03 – – – – [15]
Nano-ZnO 76 3,194 – – – – [15]
CNT 0.005 0.01 0.0015  0.005 nd 0.000015 [28]
Nano-Ag 0.03 0.02 0.0017  0.0008 nd nd [28]
Nano-TiO2 0.70 0.40 0.0015 >0.7 nd 0.0015 [28]

nd, Not determined due to lack of ecotoxicological data.



47N. Doskocz et al. / Desalination and Water Treatment 117 (2018) 42–48

• Calculated PNEC values, parameters essential for risk 
assessment, of tested NPs in relation to the producers in 
aquatic ecosystems equalled 0.0395 mg/L for nano-Al2O3 
and 0.0416 mg/L for nano-ZrO2.

• The conducted assessment revealed low risk to aquatic 
plants. 

• Toxicity of Al2O3 and ZrO2 in macro forms was definitely 
lower than in the case of the nano forms.

This work confirms literature data and proves that the 
presence of NPs in aquatic ecosystems may adversely affect 
the aquatic flora. Therefore, there is a necessity for ecotox-
icity studies of NPs in relation to producers. The study also 
shows that the currently available ecotoxicity data concern-
ing compounds in bulk counterparts cannot be used to assess 
the harmfulness of their nano-form counterparts. REACH 
regulation for chemical compounds seems to be insufficient 
to assess the potential danger and the risk to aquatic environ-
ment caused by NPs [34].

Increasing production of NPs leads to their accumula-
tion in the environment, for example, in bottom sediments. 
If released, they may trigger effects in aquatic plants that 
play beneficial role in the environment. Negative conse-
quences may concern plant growth inhibition or stimu-
lation [25]. Furthermore, NPs may accumulate and move 
in plant tissues, and therefore, the plants as the major all 
ecosystems must be considered in the overall assessment 
of the fate and transport and exposure of the NPs in the 
environment. There is also a constant need for further stud-
ies, including not only conventional but also multispecies, 
chronic and molecular tests in order to explain the mech-
anisms of NPs’ influence on physiological processes of 
plants. It seems necessary to develop novel methods of risk 
assessment dealing with the presence of NPs in aquatic eco-
systems. So far assessment of the risk due to the presence 
of active substances in surface waters in relation to aquatic 
organisms was based on the PEC/PNEC ratio, where PEC 
stands for predicted or measured environmental concentra-
tion, but due to their specific properties, the main challenge 
is to accurately determine the exposure of ecosystems to 
nanocompounds. Currently, there are no analytical meth-
ods suitable for detection of trace concentrations of NPs. 
Therefore, expected concentrations have to be predicted by 
extrapolations and analogies [28,35]. It is only by collecting 
all these data that quantitative environmental risk assess-
ment of NPs can be made. 

References
[1] R.J. Aitken, M.Q. Chaudhry, A.B.A. Boxall, M. Hull, Manufacture 

and use of nanomaterials: current status in the UK and global 
trends, Occup. Med., 56 (2006) 300–306.

[2] J. Xia, H.Z. Zhao, G.H. Lu, Effects of selected metal oxide 
nanoparticles on multiple biomarkers in Carassius auratus, 
Biomed. Environ. Sci., 26 (2013) 742–749.

[3] G. Song, W. Hou, Y. Gao, Y. Wang, L. Lin, Z. Zhang, Q. Niu, R. 
Ma, L. Mu, H. Wang, Effects of CuO nanoparticles on Lemna 
minor, Bot. Stud., 57 (2016). DOI: 10.1186/s40529-016-0118-x.

[4] N. Doskocz, K. Affek, M. Załęska-Radziwiłł, Effects of 
Aluminium Oxide Nanoparticles on Bacterial Growth, E3S Web 
of Conferences, Vol. 17, 2017. DOI: 10.1051/e3sconf/20171700019.

[5] N. Mykhaylenko, E.K. Zolotareva, The effect of copper and 
selenium nanocarboxylates on biomass accumulation and 

photosynthetic energy transduction efficiency of the green 
algae Chlorella vulgaris, Nanoscale Res. Lett.,12 (2017) 147. DOI 
10.1186/s11671-017-1914-2.

[6] A. Kahru, H.C. Dubourguier, From ecotoxicology to 
nanoecotoxicology, Toxicology, 269 (2010) 105–119. 

[7] C. Gunawan, W.Y. Teoh, C.P. Marquis, R. Amal, Cytotoxic origin 
of copper(II) oxide nanoparticles: comparative studies with 
micron-sized particles, leachate, and metal salts, ACS Nano, 5 
(2011) 7214–7225.

[8] J. Zhao, Z. Wang, X. Liu, X. Xie, K. Zhang, B. Xing, Distribution 
of CuO nanoparticles in juvenile carp (Cyprinus carpio) and their 
potential toxicity, J. Hazard. Mater., 197 (2011) 304–310.

[9] Y. Li, W. Zhang, J. Niu, Y. Chen, Mechanism of photogenerated 
reactive oxygen species and correlation with the antibacterial 
properties of engineered metal-oxide nanoparticles, ACS Nano, 
6 (2012) 5164–5173.

[10] B. R. Langerud, M. Sandvik, Development of containerized 
Picea abies (L.) Karst seedlings grown with heavy watering on 
various peat, perlite and mineral wool mixtures, New Forests, 1 
(1987) 89–99.

[11] M. Łebkowska, M. Załęska-Radziwiłł, Ecotoxicity of 
nanoparticles, Och. Śr., 33 (2011) 23–26.

[12] A. Oukarroum, S. Bras, F. Perreault, R. Popovic, Inhibitory 
effects of silver nanoparticles in two green algae, Chlorella 
vulgaris and Dunaliella tertiolecta, Ecotoxicol. Environ. Saf., 78 
(2012) 80–85.

[13] Guidance for the Implementation of REACH, Guidance on 
Information Requirements and Chemical Safety Assessment, 
Chapter R.10: Characterisation of Dose [Concentration], 
Response for Environment; ECHA, Brussels, Belgium, 2008. 
Available at: http://reach.jrc.it/docs/guidance_document/
information_requirements_r10_en.pdf

[14] K. Van Hoecke, J.T.K. Quik, J. Mankiewicz-Boczek, K.A.C. De 
Schamphelaere, A. Elsaesser, P. Van der Meeren, C. Barnes, 
G. McKerr, C.V. Howard, D. Van De Meent, K. Rydzyński, 
K.A. Dawson, A. Salvati, A. Lesniak, I. Lynch, G. Silversmit,  
B. De Samber, L. Vincze, C.R. Janssen, Fate and effects of CeO2 
nanoparticles in aquatic ecotoxicity tests, Environ. Sci. Technol., 
43 (2009) 4537–4546.

[15] A. Boxall, Q. Chaudhry, A. Jones, B. Jefferson, C. Watts, Current 
and Future Predicted Environmental Exposure to Engineered 
Nanoparticles, Central Science Laboratory, York, UK, 2007.

[16] PN-EN ISO 8692, Water Quality — Fresh water algal Growth 
Inhibition Test with Unicellular Green Algae, 2012.

[17] PN-EN ISO 20079, Water Quality – Determination of the Toxic 
Effect of Water Constituents and Waste Water to Duckweed 
(Lemna minor) – Duckweed Growth Inhibition Test, International 
Organisation for Standardisation, 2004.

[18] E. Weber, Grundniss der biologischen Statistok für Naturwissen 
schaftler, Landwirte und Medizimer, Veb. Fischer Verlag. Jena, 
1972.

[19] P.M. Berthouex, L.C. Brown, Statistic for Environmental 
Engineers, Lewis Publishers, C.R.C. Press Inc., Boca Raton, 
1994.

[20] Commission of the European Communities: Technical Guidance 
Document in Support of Commission Directive 93/67/EEC on 
Risk Assessment for Existing Substances, Part II-Environmental 
Risk Assessment, Brusssels, Belgium, 1996.

[21] T. Aldenberg, J.S. Jaworska, Uncertainty of the hazardous 
concentration and fraction affected for normal species 
sensitivity distributions, Ecotoxicol. Environ. Saf., 46 (2000) 
1–18.

[22] V. Aruoja, S. Pokhrel, M. Sihtmäe, M. Mortimer, L. Mädlerb, 
A. Kahru, Toxicity of 12 metal-based nanoparticles to algae, 
bacteria and protozoa, Environ. Sci. Nano, 2 (2015) 630–644.

[23] R.J. Griffitt, J. Luo, J. Gao, J.C. Bonzongo, D.S. Barber, Effects 
of particle composition and species on toxicity of metallic 
nanomaterials in aquatic organisms, Environ. Toxicol. Chem., 
27 (2008) 1972–1978.

[24] M. Sadiq, S. Pakrashi, N. Chandrasekaran, A. Mukherjee, 
Studies on toxicity of aluminium oxide (Al2O3) nanoparticles 
to microalgae species: Scenedesmus sp. and Chlorella sp.,  
J. Nanopart. Res., 13 (2010) 3287–3299.



N. Doskocz et al. / Desalination and Water Treatment 117 (2018) 42–4848

[25] Z. Wang, J. Li, J. Zhao, B. Xing, Toxicity and internalization of 
CuO nanoparticles to prokaryotic alga Microcystis aeruginosa as 
affected by dissolved organic matter, Environ. Sci. Technol., 45 
(2011) 6032–6040.

[26] C.W. Lee, S. Mahendra, K. Zodrow, D. Li, Y.C. Tsai, J. Braam, 
P.J. Alvarez, Developmental phytotoxicity of metal oxide 
nanoparticles to Arabidopsis thaliana, Environ. Toxicol. Chem., 
29 (2010) 669–675.

[27] N. Chrzanowska, M. Załęska-Radziwiłł, Impact of selected 
nanoparticles on higher plants, Inter. Issues Eng. Environ. Prot., 
2 (2012) 111–122.

[28] N.C. Mueller, B. Nowack, Exposure modeling of engineered 
nanoparticles in the environment, Environ. Sci. Technol., 15 
(2008) 4447–4453.

[29] B. Nowack, T.D. Bucheli, Occurrence, behavior and effects of 
nanoparticles in the environment, Environ. Pollut., 150 (2007) 
5–22.

[30] M. Załęska-Radziwiłł, N. Doskocz, DNA changes in Pseudomonas 
putida induced by aluminium oxide nanoparticles using RAPD 
analysis, Desal. Wat. Treat., 57 (2016) 1573–1581.

[31] M. Załęska-Radziwiłł, N. Doskocz, Ecotoxicity of zirconium 
oxide nanoparticles in relation to aquatic invertebrates, Desal. 
Wat. Treat., 57 (2016) 1443–1450.

[32] B. Asadishad, S. Chahal, V. Cianciarelli, K. Zhou, N. Tufenkji, 
Effect of gold nanoparticles on extracellular nutrient-cycling 
enzyme activity and bacterial community in soil slurries: role 
of nanoparticle size and surface coating, Environ. Sci. Nano, 4 
(2017) 907–918.

[33] R. Dinesh, M. Anandaraj, V. Srinivasan, S. Hamza, Engineered 
nanoparticles in the soil and their potential implications to 
microbial activity, Geoderma, 173–174 (2012) 19–27. 

[34] Regulation (EC) No 1907/2006 of the European Parliament and 
of the Council of 18 December 2006 Concerning the Registration, 
Evaluation, Authorisation and Restriction of Chemicals 
(REACH), Establishing a European Chemicals Agency.

[35] ECB, Technical Guidance Document on Risk Assessment; 
European Chemicals Bureau, 2003.


