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Abstract   

This paper deals with the observation and assessment of the impact of TiO2, SiO2 and ZrO2 nanoparticles on 

microorganisms in activated sludge. These nanoparticles were tested in three different concentrations – 

100 mg/L, 300 mg/L and 500 mg/L. The influence of the nanoparticles was assessed especially through 

respirometric measurements and fluorescence microscopy using a Live/Dead Cells Kit, which allowed the 

observation of the activity (O2 consumption) and viability of the microorganisms in the tested activated 

sludge. In addition, the morphology of the activated sludge was observed using Gram staining under optical 

microscopy. The acute toxicity of nanoparticles was evaluated; however, no significant toxic effects for most 

of the tested nanoparticles were observed. The impact of the tested nanoparticles depends on their type and 

concentration. The most significant decrease in respiration measurements was observed in a sample 

containing nanoparticles of zirconium dioxide at a concentration of 500 mg/L, whereby the respiration was 

reduced by 45.3 % compared to the control sample. In contrast, respiration of samples containing 

nanoparticles of SiO2 (300 mg/L and 500 mg/L), TiO2 (500 mg/L) and ZrO2 (300 mg/L) was almost the same 

as the control sample. 
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1. INTRODUCTION 

The increasing use of engineered nanoparticles (NPs) in consumer products and industrial applications 

leads to the fact that they are released into the natural environment where they may threaten human health 

and ecosystems [1]. It is already apparent that the release of waste NPs into wastewater treatment plants 

will sharply increase [2]. Therefore, an understanding of the fate of NPs during wastewater treatment is 

needed as our knowledge of the environmental risks of nanomaterials is still limited. Wastewater treatment 

processes may play an important role in determining the environmental pathways and the disposal of the 

NPs that are incorporated into various different products [1,3]. 

SiO2 NPs are some of the most commonly used nanomaterials [4]. They are utilized in many different sectors 

as construction materials, biomedical applications, filler materials in food packaging and as abrasives [1]. 

TiO2 NPs have received increasing interests due to their widespread industrial and medical application. TiO2 

NPs are used in solar cell technologies, self-cleaning surfaces of facades, paints, sunscreens, food additives 

and in environmental remediation [5,6]. ZrO2 nanoparticles show photocatalytic activity compared to 

commercial TiO2 powders [7]. Precisely because the use of these nanoparticles is still growing, their 

concentration in wastewater is also increasing [4,8]. 

The risk of NPs consists in their size, shape, reactivity and other properties. While the size of NPs is critical 

for maintaining the cell membrane in its original condition, their shape may play a significant role as a contact 

surface between the NPs and the cell cytoplasmic membrane [9]. Bacteria are a good model organism for 
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studying the toxicity of NPs because it is possible to observe how they affect the cell but also the entire 

function of the organism [10] and bacteria in activated sludge are not only a model but a good real sample. 

This work is focused on an evaluation of the influence of SiO2, TiO2 and ZrO2 NPs on the respiration and 

viability of microorganisms in activated sludge. TiO2 and SiO2 NPs were selected because of their 

widespread use in commercial products and a high risk of their potential release into the environment [1]. We 

used a mixed culture of microorganisms of activated sludge from a real wastewater treatment plant in the 

Czech Republic. SiO2, TiO2 and ZrO2 NPs were tested in three concentrations: 500 mg/L, 300 mg/L and 100 

mg/L. The aim of these experiments was to test the effects of different types of NPs and to find out how 

much their effects depend on their concentration. 

2. MATERIALS AND METHODS 

2.1. Nanoparticles (NPs) 

All three types of the tested NPs were supplied by ‘SkySpring Nanomaterials’, Inc., Houston, USA. The 

characteristics of the NPs are as follows: Titanium dioxide NPs (TiO2, anatase, 99.5%, Product #: 7910DL), 

size 10 – 25 nm, white nanopowder, specific surface area 50 – 150 m2/g, morphology: flat texture of the 

surface with smooth edges; Silicon dioxide NPs (SiO2, 99.5%, product #: 6807NM), size 15 – 20 nm, porous 

white nanopowder, specific surface area 640 m2/g, morphology: porous and nearly spherical; Zirconium 

dioxide (ZrO2, 99.9 %, Product #: 8512QI), size 20 – 30 nm, white nanopowder, specific surface area > 

35m2/g, morphology: spherical. 

2.2. Sample preparation 

Activated sludge from a real wastewater treatment plant in the Czech Republic was used for testing the 

toxicity of the NPs. The NPs were prepared in a commercial solution for machining. Generally it is assumed 

that the solution reduces the formation of large agglomerates of NPs. The stock solution was prepared for 

each type of NP in a concentration of 25 g/L, mixed well and sonicated. The sample for measurement 

contained 96 mL of activated sludge (dry matter 1 g/L), 2 mL of the concentrated solution with NPs (final 

concentration 500 mg/L of NPs), and 2 mL of phosphate-buffered saline (PBS) and nutrients – acetate was 

added at a concentration of 100 mg/L. The stock solution of NPs was subsequently diluted for final 

concentration of NPs 300 mg/L and 100 mg/L. The amount of solution with NPs added to the sample was the 

same. A control sample was prepared in the same way but instead of the solution of NPs a clear stabilized 

solution (no NPs) was added into the sample of activated sludge. 

2.3. Respirometry 

Respirometry allows the monitoring of a bacterial metabolism by measuring the oxygen consumption and 

carbon dioxide production. The respiration activity of microorganisms in activated sludge was measured 

using a Micro-Oxymax respirometer (Columbus Instruments International, USA) according to the standard 

methodology of EN ISO 9408, using inorganic nanoparticles instead of organic compounds. The acute 

toxicity of the NPs was observed through respirometry, whereby the samples prepared according to Section 

2.2 were measured continuously for 40 hours. 

2.4. LIVE/DEAD fluorescence analysis 

Fluorescence microscopic assessment of the samples was performed using a ZEISS Axio Imager.M2 

fluorescent microscope fitted with an AxioCamICc1 camera with a Colibri.2 fluorescent lamp. The 

microscope settings matched those of the 62HE B/G/HR filter, i.e. wavelengths of 365 nm, 470 nm and 590 

nm. Cell viability was assessed using a LIVE/DEAD® BacLight™ Bacterial Viability Kit, which allows 

observation and comparison of both living and dead cells (cells with damaged membranes [i.e. dead or 
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dying] turn red while cells with intact membranes turn green). Fluorescence microscopy of the samples was 

performed on the first day and 40 hours after the end of the respirometric measurements. 

2.5. Gram staining 

Gram staining (the modified Hücker’s method) allows the structure and morphology of the microorganisms in 

the activated sludge to be observed as well as the creation the flakes, and it shows the representation 

of gram positive and gram negative microorganisms. 

3. RESULTS AND DISCUSION 

The toxic effect of TiO2, SiO2 and ZrO2 NPs was observed using respirometric measurement, which showed 

the influence of the NPs on the cumulative oxygen consumption of the microorganisms in the activated 

sludge. The results of the respiration test showed that the toxic effect of NPs depends on their concentration. 

The most significant difference is shown in the results in Figure 1. The cumulative oxygen consumption 

of the samples with ZrO2 NPs at concentrations of 100 mg/L and 300 mg/L is almost the same as the control 

sample, and no toxic effect of the NPs was observed. On the contrary, the most significant toxic effect 

of these experiments was observed in the sample with ZrO2 NPs at a concentration of 500 mg/L. The 

respiration was reduced by 45.3 % comported to the control sample. The SiO2 and TiO2 NPs at 

concentrations of 500 mg/L showed no decrease in the respiration of the microorganisms. The cumulative 

oxygen consumption is almost the same as in the control sample, as is shown in Figure 1 and Table 1.  

A)  B)  

C)  

Fig. 1 Cumulative oxygen consumption of microorganisms in activated sludge with 3 different concentrations 

of NPs (A) 100 mg/L NPs, (B) 300 mg/L NPs and (C) 500 mg/L NPs  

It was found that the lower concentration of TiO2 NPs has a greater toxic effect on the microorganisms. The 

maximum cumulative oxygen consumption is 100.4 % in the sample with a concentration of 500 mg/L of TiO2 

NPs (Table 1). When the lower concentration of 300 mg/L was used then the maximum respiration was 
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reduced by 13.2 %. In the sample with the lowest tested concentration of 100 mg/L of TiO2 NPs respiration 

was reduced by 33.3 %. SiO2 NPs had an effect on the microorganisms only at a concentration of 100 mg/L, 

and the cumulative oxygen consumption was approximately 28.1 % lower than in the control sample. 

Table 1 Comparison of maximum respiration of activated sludge with NPs at three different concentrations 

 Maximum respiration (%) for each concentration 

Sample/Concentration of NPs 100 mg/L 300 mg/L 500 mg/L 

Control (no NPs) 100  100  100  

TiO2 66.7  86.8  100.4  

SiO2 71.9  100.4  98.1  

ZrO2 94.5  99.1  54.7  

 

Figure 2 shows the viability of the microorganisms from the fluorescence analysis of live/dead cells from the 

first day at time zero and then after 40 hours of exposure to the NPs. The results obtained from the 

fluorescence microscopy tend to correspond with the respirometry data. According to the fluorescence 

analysis the ZrO2 NPs are the most toxic at a concentration of 500 mg/L and the most significant effect from 

all of the tested NPs was observed in the samples with ZrO2. 

 

Fig. 2 Viability (%) of microorganisms from fluorescence analysis 

The evaluation of the structure of the activated sludge through Gram staining showed no significant effect of 

TiO2 and SiO2 NPs on the structure of activated sludge flakes. In samples with ZrO2 a slight effect of the NPs 

was observed, whereby the sludge flakes were not as compact as in the control sample. 

 

Fig. 3 Gram staining of activated sludge (A) control sample, (B) TiO2 500 mg/L, (C) SiO2 500 mg/L, (D) 

ZrO2 500 mg/L 
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4. CONCLUSION 

The toxicity of NPs highly depends on their concentration. The results indicate that nanoparticles of TiO2 

(500 mg/L), SiO2 (300 mg/L; 500 mg/L) and ZrO2 (100 mg/L; 300 mg/L) have almost no toxic effect 

on microorganisms in activated sludge. The most significant toxic effect was observed in a sample with the 

highest concentration of ZrO2 (500 mg/L), whereby respiration was reduced by 45.3 %. A reverse trend was 

observed in the samples with TiO2 NPs. The lower the concentration of TiO2 NPs (100 mg/L) the more 

pronounced the decrease in respiration of microorganisms in the activated sludge. Both methods 

(respirometry and fluorescence microscopy) confirmed that ZrO2 NPs at a concentration of 500 mg/L were 

the most toxic. 
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