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Abstract. The commonly  application of nanoparticles (NPs) in commercial and industrial products 
inevitably increases their release into the natural environment which poses a threat to human health and 
ecosystems. A recent study of nanoparticles in wastewater treatment showed that most NPs are retained in 
the equipment used for biological wastewater treatment. The aim of the study was to determine the effects of 
silver nanoparticles (Ag NPs) on wastewater treatment in the SBR bioreactor. The effluent from the SBRs 
was analyzed for total organic carbon (TOC), suspended solids (SS), pH and total silver. Microbial 
observations of activated sludge were made and, on this basis, the Madonia biotic index was specified. After 
nanoparticles were added, the composition of microorganism communities of the activated sludge changed, 
and the largest community was the one of creeping ciliates. The efficiency of the effluent treatment 
measured by the concentration of TOC removal showed that Ag NPs were found to have remarkable effects 
on TOC removal in the SBR. The obtained results showed that purified wastewater included a low 
concentration of Ag nanoparticles. The main removal pathway of Ag NPs was via sorption as well as 
possible aggregation and sedimentation onto the sludge. 

1  Introduction 

Nowadays, due to various physical and chemical 
properties of AgNPs silver nanoparticles, there is 
growing interest in utilizing them in commercial 
products; they have become the most widely used 
nanomaterial (435 products) [1]. The world production 
of AgNPs oscillated between 300 and 1000 tons in 2015 
[2]. Such a ubiquitous use of  AgNPs is a serious hazard 
to the natural environment. Silver nanoparticles may be 
released into sewage through: antimicrobial agents and 
coatings, personal care products, soft goods, paints, 
varnishes as well as domestic appliances [2, 3, 4]. 

Obviously, all the processes which enable NPs 
removal from sewage, such as aggregation, 
sedimentation and biosorption through biomass lead to 
their agglomeration in activated sludge during the 
treatment process [5, 6]. Silver nanoparticles seriously 
affect microorganisms living in activated sludge and play 
an essential role in the proper wastewater treatment since 
they restrain their activity and significantly reduce their 
number. Metal nanoparticles in aquatic environments 
may generate reactive oxygen species such as OH-, O2 
and H+. As a result of electrostatic forces, positively 
charged nanoparticles may engage in interaction with 
negatively charged bacterial cell walls. Antimicrobial 
metal ions may be formed due to the presence  of 

radicals [7, 8]. The research by Zapór [9] proved that the 
most toxic silver nanoparticles are the ones with the size 
of less than 10 nm. Nanoparticles AgNPs can stunt the 
production of bacterial enzymes which are responsible 
for metabolism and the cell cycle and cause change the 
structure of the activated sludge flocs [10]. The 
nanoparticals bactericidal activity  is the more efficient 
the smaller the size of the nanoparticles [11]. As a result, 
nanoparticles may negatively affect the sewage treatment 
process [12]. Zhang and others concluded that the 
concentration of up to 0.10 mg/L did not have any  
impact on the efficiency of sewage treatment because of 
the fact that activated sludge was capable of reducing 
toxicity of nanosilver through adsorption or precipitation 
of AgNPs and (Ag+) silver ions. However, they observed 
that at the exposure of 10 mg/L of AgNPs the biomass  
significantly decreased and the cell membrane was 
damaged. A big number of  AgNPs  agglomerated on the 
surface of cells and even inside of them [13]. 

In his studies, Kaegi obtained 95 % removal of silver 
nanoparticles, which penetrated into sewage sludge, 
were removed during the sewage treatment process. It 
was assessed that the remaining 5 % was  retained in the 
purified sewage [14]. The research proved that the 
majority of silver nanoparticles migrated to the sludge 
during sewage treatment in the form of Ag2S [15, 16], 
which may remain in the sludge for a long time and be a 
source of toxic silver ions [14, 15, 16]. Ag nanoparticles 
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present in soft goods can be transformed into AgCl and 
in this form reach the sewage works. They are likely to 
remain in this form in the sludge, which is quite 
important as AgCl is only slightly soluble  and much less 
reactive than Ag [17]. 

Sewage sludge can be burnt or used as fertiliser in 
agriculture, and it is therefore a major source of exposure 
of ecosystem to silver nanoparticles [18, 19]. Thus, 
further managing  sewage sludge may bring about 
serious risk to the natural environment by both the soil 
and water contamination and their negative effect on 
plants and bacteria in the rhizosphere [20]. 

The aim of the study was to determine what effect 
AgNPs silver nanoparticles had on the efficiency of 
treatment of sewage in the SRB bioreactor.  

2 Materials and methods 

2.1 Waste water 

Synthetic sewage was used, prepared in accordance with 
slightly modified Gu procedure [21]. The sewage was 
prepared as glucose-based solution supplied with the 
following trace elements: NH4Cl – 4.5 g/L,  K2HPO4 – 
4.5 g/L, MgSO4  – 1.95 g/L, NaCl - 9 g/L, CaCl2 – 0.45 
g/L and K2HPO3 –4.5 g/L.  

2.2 Silver nanoparticles 

In the research, two types of silver nanoparticles were 
used. The first type was in the form of nanopowder, 
where the nanoparticle size was < 100 nm; PVP 
(Polyvinylpyrrolidone) was applied as a dispergator. The 
second type of silver nanoparticles was in the colloidal 
nanocrystal form with the nominal silver content of 10 % 
v/v and the nanoparticle size <20 nm. They are in the 
form of aqueous dispersion of nano-Silver with 
stabilizing agents, consisting of 4% w/w % each of 
Polyoxyethylene Glycerol Trioleate and Polyoxyethylene 
(20) Sorbitan mono-Laurat (Tween 20). The nanoparticle 
suspension was under ultrasound treatment for 1 hour, 
the ultrasound machine was Sonics Vibra-Cell VCX 134 
(power 134 W, frequency 40kHz). The silver 
nanoparticles with the concentration of 2 mg/L were 
added to the sewage starting from the 30th day of the 
research. 

2.3 Sequencing batch reactor 

The experiment was conducted in three parallel SBR 
bioreactors, each with the working volume of 3.5 L 
(SBR1- testing bioreactor, SBR2– bioreactor with 
AgNPs  < 100nm, SBR3– bioreactor with AgNPs < 
20nm). The reactors were equipped with paddles having 
rotational speed regulation (50 rpm) and aeration control. 
The air was provided by diffusers at the bottom of the 
tank. During aeration, the dissolved oxygen was 
maintained at the level of 5 mg/L. One of the bioreactors 
served as a testing one, and no nanoparticles were 
supplemented into it. The sludge used in the study was 

taken from the municipal sewage works in Czestochowa. 
It was acclimated to synthetic sewage. The study was 
carried out at room temperature.  

The SBRs were operated in a 12 h cycle mode. Each 
cycle consisted of the five following phases: I - filling 
and mixing, II - mixing and aeration, III - mixing, IV - 
settling and decanting, V - stopping zone. The duration 
of each phase is listed in Table 1.  

Table. 1 The duration of each phase of the reactor formation 

Phase Time, h 

filling and mixing 1.0 

mixing and aeration 8.5 

mixing 1.0 

settling and decanting 1.0 

stopping zone 0.5 

 
The bioreactors worked with a sludge retention time 

(SRT) equalling 12 h and HRT (hydraulic retention time) 
equalling 4 h respectively. The experiment lasted 40 
days.  

2.4 Analitytical method 

The measurement of contaminants in the sewage 
covered: organic carbon (TOC), suspended solids (SS), 
volatile suspended solids (VSS), pH and total silver. 
TOC was analysed with the use of the multi N/C 3100 as 
the organic carbon remaining in an acidified sample after 
purging the sample with gas. SS, VSS and pH were 
measured in compliance with APHA [22]. 

Silver concentration was evaluated by means of the 
atomic absorption spectrometry method using  
SpectroAcros ICP-OES.  

In the experiment the researchers observed sludge 
which was microbiologically activated and, on this basis, 
they calculated the Sludge Biotic Index (SBI) proposed 
by Madoni [23]. Microscopic pbservations were carried 
out using an Olympus BX 41 microscope at 100x 
magnification. The index showed varying protozoa 
sensitivities to the environmental conditions of the 
activated sludge. The Sludge Biotic Index ranges from 0 
to 10. The SBI values are grouped into four quality 
classes: Class I including SBI values: 10, 9 and 8; Class 
II including 7 and 6; Class III including 5 and 4; Class 
IV including the remaining values. The observations 
were made with the use of the appropriate diagnostic 
values [23]. 

3 Results and discussion 

The study was carried out in three bioreactors SBR1, 
SBR2, and SBR3, which were formed for 30 days. The 
initial value of TOC concentration was 150 mg/L. The 
obtained efficiency of removing TOC was more than 90 
%. Next, the bioreactors were supplemented with proper 
silver nanoparticles with the concentration of 2 mg/L for 
the period of 10 days. Figures 1-3 show the results of 
removing TOC in the analysed bioreactors.  
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Fig. 1. The changes in TOC removal in the testing sequencing 
batch reactor (SBR1) 

 

 

* The time of AgNPs  dosing 

Fig. 2. The effect of AgNPs 100 on TOC removal  
in the sequencing batch reactor (SBR2) 

 

* The time of AgNPs  dosing 

Fig. 3. The effect of AgNPs 20 on TOC removal in the 
sequencing batch reactor (SBR3) 

 
Figure 2 presents the results of removing TOC in 

bioreactor SBR2 which was supplied with silver 
nanoparticles in the form of nanopowder with the size of 
less than 100 nm. The study showed the decrease of 
efficiency in the removal of TOC to 88.48%. Slightly 
better results were observed in the case of smaller 
nanoparticles – the efficiency of removing TOC dropped 
to 89.56% (Figure 3). In the case of the testing bioreactor 
(SBR1), the removal of TOC in the compared period 
oscillated between 90.27 to 92.80% (Figure 1). Thus, 
AgNPs seems to have no special effect on the removal of 
TOC from sewage. Qiu [24] also proved that using 
concentration of nanoparticles of 1.0 mg/L had a very 
slight impact on the decrease of  COD (decrease of a few 
percent). The research undertaken by Xu and others [25] 
showed that concentrations of nanoparticles ranging 
from 2 to 30 mg/L only slightly diminished the 
efficiency of removing pollutants. 

Figure 4 presents changes in the suspended solids 
(SS) and volatile suspended solids (VSS) in the analysed 
bioreactors during sewage treatment. There was 
observed a distinct growth of SS and VSS till the 10th 
day, then, while the bioreactor was being formed, the 
values started to fluctuate. After nanoparticles were 
added to bioreactors SBR2 and SBR3, there were no 
significant changes in the values, however in bioreactor 
SBR3 a slight decrease of SS and VSS values was 
observed. In bioreactor SBR1, the concentrations of SS 
and VSS remained similar till the end of the experiment. 
It seems that the presence of nanoparticles in sewage 
reduces the speed of removing pollutants during the 
process – the lower SS value becomes, the bigger 
organic load on sludge flocs is, which translates to a less 
effective reduction of pollutants from sewage. 
 

 

Fig. 4. The effect of different AgNPs on suspended solids and 
volatile suspended solids in the SBR effluents 

 
During the experiment, pH values of sewage in 

reactors SBR1, SBR2 and SBR3 (Figure 5) changed. 
The initial pH values ranged between 6.45 – 6.82, in the 
course of 30 days of the activated sludge acclimating to 
become synthetic sewage. pH values fluctuated and a 
slight drop was observed in them. On the 30th day, before 
AgNPs were added, pH values in the bioreactors were 
similar and amounted to about 6.37. After silver 
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nanoparticles were supplied, there was a drop in the pH 
and then an increase up to the initial value on the 38th 
day of the experiment. However, similar dependence 
occurred in the testing bioreactor SBR1, therefore it 
would be unjustifiable to claim that the change in pH 
values was caused by the exposure to nanoparticles. 

 

 

Fig. 5. The changes in pH value during the experiment  
in the bioreactors 

Based on the microscopic observation of the 
activated sludge after AgNPs nanoparticles were 
supplied, one may conclude that the number of microbes 
underwent a change. The calculated SBI values as well 
as the activated  sludge class are listed in Table 2. The 
changes in the dominant microorganism communities 
which are responsible for the proper functioning of the 
activated sludge caused a decrease in the SBI value [26, 
27]. The obtained SBI values enabled classification of 
the activated sludge. 

Table 2. Sludge Biotic Index and class for the activated sludge 
in individual SBRs depending on the added nanoparticles to 
wastewater 

Marking 
Operations time 

30 31 34 38 40 

the Sludge 

Biotic Index  

(SBI) 

SBR1 9 9 9 9 8 

SBR2 8 8 8 9 8 

SBR3 8 9 8 8 8 

The class of 

the activated 

sludge 

SBR1 I I I I I 

SBR2 I I I I I 

SBR3 I I I I I 

 
Microscopic analysis of the sludge showed (Figure 6) 

that testate amoebae constituted 40.57%, attache ciliates 
– 23.53% and free swimming ciliates – 23.73% of the 
dominant communities of protozoa in the testing 
bioreactor SBR1. The dominant communities in SBR2 
and SBR3 were creeping ciliates amounting to 56.68% 
and 57.36% respectively. In both reactors, the number of 
attache ciliates and testate amoebae decreased. Protozoa 
are necessary to reduce pollutants in sewage. As long as 
the sludge load is not very big, protozoa are present in 
the activated sludge and constitute a few percent of the 

total biomass [28]. The largest community of amoebae in 
the experiment was testate amoebae. The presence of 
ciliates and testate amoebae testifies that the sludge was 
old enough and well aerated. The characteristic feature 
of the sludge containing those microorganisms is that it 
has little loading [28]. 

 

 

Fig. 6 The dominant structure of ciliate communities in the 
activated sludge in the bioreactors 

 
During the experiment, the SBI value in all the three 

bioreactors equalled 8 – 9, reaching Class I according to 
Madoni (Table 2); the activated sludge was stable and 
properly colonised. 

The results of removing the above-mentioned two 
types of nanoparticles from sewage in bioreactors SBR2 
and SBR3 are presented in Figure 7. After silver 
nanoparticles with the concentration of 2 mg/L of 
AgNPs were added to the bioreactors, they were found in 
case of SRB2 in the amount of 0.0076 mg/L in the 
purified sewage only on the 5th day of the experiment, 
while in case of SRB3 the total silver concentration 
equalled 0.00347 mg/L on the 4th day.  In studies 
obtained 99% removal of AgNPs through the activated 
sludge within 24 hours using the concentration of 1 
mg/L of AgNPs [29]. As it may easily be seen in the 
graph, silver nanoparticles of the bigger size 
(AgNPs<100 nm) were more effectively removed from 
sewage than smaller nanoparticles (AgNPs<20 nm). This 
may result from the better antimicrobial properties of 
silver nanoparticles of smaller sizes [30]. 

 

Fig. 7. The changes in the total silver concentration in the 
purified sewage from the bioreactors 

During the study, the concentrations of silver 
nanoparticles were calculated (in the form of total silver) 
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in sewage, whose acceptable value for silver is 0.1 mg of 
Ag/L (under the Regulation of the Minister of the 
Environment of 18 November 2014 on the conditions to 
be met as regards the release of sewage into water or 
onto land and on the substances that are particularly 
harmful to the aquatic environment). The silver 
concentration was exceeded in the case of reactor SBR3 
on the 36th day, and in the case of SBR2 on the 39th day 
of the experiment (Figure 7). That is why, one cannot 
assume that silver nanoparticles, which may pose a real 
threat to the aquatic environment, are definitely not 
present in the purified sewage. 

4 Conclusions 

In this study, the researchers examined what influence 
various AgNPs silver nanoparticles with the 
concentration of 2 mg/L  had on the biological process of 
sewage treatment in the SBR reactor. This concentration 
of nanoparticles in sewage did not influence the removal 
of TOC during sewage treatment in the SBR very much.  
The lowest degree of TOC removal in case of SRB2 and 
SRB3 amounted to 88.48% and 89.45% respectively. No 
significant changes were observed to the activated 
sludge formation during exposure to silver nanoparticles 
with the concentration of 2.0 mg/L. However, after 
nanoparticles were added, the composition of 
microorganism communities of the activated sludge 
changed, and the largest community was the one of 
creeping ciliates. Thanks to the presence of attache, 
creeping, free swimming ciliates as well as testate 
amoebae the activated sludge was stable, properly 
aerated and with little loading. 

Silver nanoparticles were effectively removed from 
sewage during the first days of the process. However, at 
the end of the study, a major part of AgNPs with the 
concentration of 0.0137 mg/L and 0.0504 mg/L remained 
in the purified sewage. Therefore, one cannot assume 
that silver nanoparticles, which may pose a real threat to 
the aquatic environment, are definitely not present in the 
purified sewage. 
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