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a b s t r a c t
In this work the impact of aluminium oxide nanoparticles (Al2O3 NPs) and aluminium oxide micro-
particles (Al2O3 MPs) on three functional groups of activated sludge microorganisms, that is, het-
erotrophic bacteria (HET), ammonium oxidizing bacteria (AOB) and nitrite-oxidizing bacteria 
(NOB), was studied. In order to describe it quantitatively, the degree of inhibition was calculated. 
Additionally, the values of Monod kinetic parameters and stoichiometric yield coefficients (YHET) 
were determined for HET. Neither the biochemical activity nor specific growth rate of HET was 
inhibited by Al2O3 NPs or MPs in the activated sludge system. The degree of inhibition of the bio-
chemical activity of HET did not usually exceed 20%. At the same time, the biochemical activity of 
nitrifying microorganisms was significantly inhibited by both Al2O3 NPs and MPs that was con-
firmed by the values of degrees of inhibition in the range from 42.6% to 84.3%. Out of the nitrifying 
microorganisms, the AOB were affected stronger than NOB. Al2O3 NPs inhibited the biochemical 
activity of HET and nitrifying microorganisms, particularly AOB, to a higher extent than Al2O3 MPs 
did. The lower values of YHET in the tests with Al2O3 NPs or MPs than in those without their addition 
indicated that the presence of Al2O3 NPs or MPs contributed to the decrease of the activated sludge 
biomass concentration.
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1. Introduction

The interest and application of mineral nano- and micro-
materials in different areas of industry is still increasing. 
In parallel, these materials are extensively studied towards 
their fate and behavior in the environment as well as their 
effect on aquatic and terrestrial organisms. Due to the fact 
that wastewater treatment plants (WWTPs) are believed to 
be the main route of the release of nanoparticles (NPs) and 
microparticles (MPs) to the environment, many studies 
have focused on the impact of these particles on activated 
sludge systems.

A variety of engineered nanoparticles have been stud-
ied so far. These were metals (e.g. Ag, Cu, Fe), metal oxides 

(e.g. TiO2, ZnO, Al2O3), carbon compounds (e.g. graphene, 
fullerene) and other ones (e.g. silica, quantum dots) [1]. On 
one hand mineral, NPs/MPs were perceived as pollutants 
that might have an impact on activated sludge microorgan-
isms and, as a consequence, on the efficiency of wastewa-
ter treatment processes. On the other hand, some of them 
(CeO2 NPs, magnetite mineral MPs, keramsite MPs) were 
intentionally added to activated sludge systems in order to 
improve their operation, for example, sludge settleability, 
heavy metals or organic pollutants removal [2–7].

With regard to the microparticles, their effect on acti-
vated sludge systems has not been thoroughly studied so 
far, as it was made in the case of NPs. The previous stud-
ies focused on the intentional application of microparticles 
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in activated sludge systems aiming at the improvement of 
their operation and efficiency. For example, Xiao et al. [6] 
tested the applicability and chemical stability of magne-
tite mineral microparticles of average particle size equal to 
34 μm for phosphorus removal and recovery from the sec-
ondary effluent of WWTPs. At the same time, Maslon et al. 
[7] checked, whether the efficiency of activated sludge sys-
tems increased, if microparticles of keramsite (predominate 
fractions below 50 μm) were added.

The studies concerning the influence of engineered NPs 
on activated sludge systems, particularly on the removal of 
carbon, nitrogen and phosphorus compounds, revealed that 
it depended on the chemical composition and concentration 
of NPs tested. At low concentrations of NPs in wastewater, 
that is, below 10  mg  L–1, the influence of NPs on the effi-
ciency of COD, nitrogen and phosphorus removal was usu-
ally negligible [8–13]. It was observed for the nanomaterials 
of different chemical composition. Wang et al. [9] compared 
the effect of silver nanoparticles (Ag NPs), titanium dioxide 
nanoparticles (TiO2 NPs), fullerene nanoparticles (C60 NPs) 
on the removal of organic compounds expressed as COD. 
It occurred that in the range of concentrations from 0.5 to 
2.5 mg L–1 the effect of the abovementioned nanomaterials 
on the biodegradation of organic matter in an activated 
sludge system was negligible [9]. Qiu et al. [11] found that 
Ag NPs at concentrations up to 5 mg L–1 did not significantly 
influence either organic matter removal or nitrification or 
denitrification processes of wastewater treatment in the 
sequencing batch reactor (SBR). It was confirmed by Zhou 
and Xu [13], who showed that the addition of Ag NPs to 
wastewater at concentrations from 0.1 to 10  mg  L–1 exhib-
ited no significant effect on COD, nitrogen and phosphorus 
removal.

It was found that zinc oxide nanoparticles (ZnO NPs) 
at concentrations up to 5 mg L–1 had no effect on nutrients 
removal from wastewater [10]. However, the addition of 
ZnO NPs at concentrations from 10 to 60 mg L–1 decreased 
the removal of COD, nitrogen and phosphorus [10]. At the 
same time in the other work, the deterioration of efficiency 
of nutrients removal even at the concentration of ZnO 
NPs equal to 1  mg  L–1 was observed [14]. These contradic-
tive results were found although in both cases wastewater 
treatment processes were performed in the similar con-
ditions in the same type of bioreactor, that is, sequencing 
batch reactor (SBR). Cervantes-Avilés et al. [15] observed the 
decrease of ammonium nitrogen removal from wastewater 
for all concentrations of ZnO NPs from 450 to 2,000 mg L–1. 
Simultaneously, the addition of ZnO NPs at the same doses 
contributed to the improvement of phosphorus removal [15].

Regarding aluminium oxide nanoparticles (Al2O3 NPs) 
one of few works was published by Chen et al. [16], who 
showed that Al2O3 NPs at the concentrations from 1 to 
50 mg L–1 induced a marginal influence on the efficiency of 
nitrification, denitrification and phosphorus removal during 
the short-term exposure experiments. However, the pro-
longed exposure of activated sludge biomass to Al2O3 NPs 
at the concentration of 50 mg L–1 caused to the decrease of 
total nitrogen removal from 80.4% to 62.5% but biological 
phosphorus removal was not affected.

Due to the shortage of data concerning the influ-
ence of aluminium oxide nanoparticles (Al2O3 NPs) and 

aluminium oxide microparticles (Al2O3 MPs) on activated 
sludge biomass these mineral materials were selected to be 
studied in this work. Simultaneously, it is worth noticing 
that Al2O3 NPs are considered as one of the most common 
nanomaterials entering the WWTPs [17]. Lazareva et al. [17] 
elaborated an environmental release model that allowed for 
the prediction of NPs concentration in the effluent and bio-
solids removed from a WWTPs. The model was formulated 
upon the global production of NPs calculated with the use 
of market production estimates of nanomaterials exclud-
ing carbon black. The predicted masses of NPs entering the 
WWTPs (expressed as g person–1 year–1) were the highest 
for the following nanomaterials: TiO2, ZnO, Fe+FeOx, Al2O3 
and SiO2 [17]. Some of them (e.g. ZnO) were thoroughly 
investigated with regard to their effect on activated sludge 
systems, whereas other ones (e.g. Al2O3) were hardly tested. 
At the same time, the predicted mass of Al2O3 NPs entering 
the WWTPs was between 0.82 and 3.69 g person–1 y–1 [17].

The aim of this work was to describe quantitatively the 
influence of aluminium oxide nanoparticles (Al2O3 NPs) and 
aluminium oxide microparticles (Al2O3 MPs) on three func-
tional groups of activated sludge microorganisms, that is, 
heterotrophic bacteria (HET), ammonium oxidizing bacteria 
(AOB) and nitrite-oxidizing bacteria (NOB). The description 
comprises the calculation of the degrees of inhibition for each 
group of microorganisms studied and the determination 
of the values of kinetic and stoichiometric parameters used 
in the activated sludge models for heterotrophic bacteria. 
It is one of the first studies, in which the effects of mineral 
nano- and microparticles on biochemical activity of activated 
sludge microorganisms were compared.

2. Materials and methods

2.1. Aluminium oxide particles

Al2O3 NPs were purchased from Sigma Aldrich 
(Germany), while Al2O3 MPs was obtained from Fluka (USA). 
According to the manufacturer data, the particle size of Al2O3 
NPs was less than 50 mm, whereas the particle size of Al2O3 
MPs did not exceed on average 10 mm. The purity of both 
materials was at the level of 99.5%.

2.2. Oxygen uptake rate tests

The metabolic activity of different functional groups of 
activated sludge microorganisms and the values of growth 
kinetic parameters of HET were determined with the use 
of two OUR tests of different methodology. In the first type 
of tests (subsection 2.2.1) the changes of dissolved oxygen 
(DO) concentration in time was only recorded, whereas in 
the second type of tests (subsection 2.2.2) the changes of 
OUR in time were recorded so as to determine the kinetic 
parameters.

2.2.1. Evaluation of biochemical activity of AOB, 
NOB, and HET

In order to evaluate the biochemical activity of AOB, 
NOB, and HET the first type of OUR tests were conducted. 
They were made according to the procedure described 
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in [18]. The methodology of this test was based upon the 
determination of N–NH4

+ and N–NO2
– oxidation rates by 

measuring the OUR of activated sludge samples before and 
after addition of the selective nitrification inhibitors. Apart 
from the tested compound, in this case, Al2O3 NPs or MPs, 
no external substrate was added. The concentration of Al2O3 
NPs or MPs in these tests varied from 50 to 1,000  mg  L–1. 
This range of concentrations was selected taking the results 
obtained for Al2O3 NPs by Chen et al. [16] into account.  
Each test was performed in a cylindrical, tightly closed vessel 
of working volume equal to 100 ml. The vessel was equipped 
with the optical DO meter ProODOTM (YSI Environmental, 
USA) that was connected with the computer to register the 
changes of DO concentration and temperature. The tests 
ran at ambient temperature 22°C  ±  1°C and agitation was 
assured by a magnetic stirrer. Activated sludge was taken 
from the aeration chamber of the Combined Wastewater 
Treatment Plant in Lodz (Poland) operating in University of 
Cape Town mode. Activated sludge had typical properties, 
that is, the content of total suspended solids (TSS) and vola-
tile suspended solids (VSS) were 3.6 ± 0.2 and 2.1 ± 0.1 g L–1, 
respectively. Sludge volume index (SVI) was at the level of 
112 ± 8 ml g TSS–1. Soluble COD and ammonium nitrogen 
were at the levels of 46 ± 5 mg O2 L–1 and 1.27 ± 0.22 mg N L–1, 
respectively. Al2O3 NPs or MPs were mixed with activated 
sludge biomass at the appropriate concentration and then 
the suspension was transferred to the reaction vessel. It was 
saturated with oxygen by the intensive agitation and then 
the agitation speed was kept constant at 150  rpm, and the 
consumption of DO was observed.

First, the total OUR was determined. No sooner had 
DO concentration decreased to approximately 3 mg O2 L–1, 
than sodium chlorate (NaClO3), a selective inhibitor of 
nitrites oxidation, was added to inhibit NOB [18]. The dif-
ference between the total OUR and the OUR measured in 
the presence of NaClO3 was regarded as the oxygen uptake 
necessary for nitrites oxidation, that is, associated with NOB 
activity. Next, a selective inhibitor of ammonium, nitrogen 
oxidation, that is, allylthiourea (ATU), was added to the 
reaction vessel in order to inhibit AOB [18]. The difference 
between the OUR measured after the addition of NaClO3 
and the OUR measured in the presence of both inhibitors 
(NaClO3, ATU) represented the oxygen uptake necessary 
for ammonium nitrogen oxidation corresponding with the 
activity of AOB. The OUR for HET was measured as the 
remaining oxygen uptake after the addition of both selective 
inhibitors (NaClO3 and ATU). At the same time, the OUR for 
all nitrifying microorganisms (together AOB and NOB) was 
calculated as the difference between the total OUR and OUR 
measured for heterotrophs. The selective inhibitors were 
freshly prepared stock solutions of ATU (125  mg  L–1) and 
NaClO3 (0.5 M) [18].

Each time, the OUR was determined as the slope of the 
linear part of the DO concentration curve and expressed in 
mg  O2  L–1  h–1. Then, it was related to VSS and finally, the 
activity of each functional group of activated sludge bio-
mass was expressed as mg O2 g VSS–1 h–1. The OUR test for 
each concentration of Al2O3 NPs or MPs was made in trip-
licate. It also concerned the control OUR tests without the 
addition of Al2O3 NPs or MPs to activated sludge micro-
organisms that were performed in parallel. The difference 

between the biochemical activity of the selected group of 
microorganisms without the addition of Al2O3 NPs or MPs 
(A0) and with the addition of Al2O3 NPs or MPs (ANP/MP) 
related to the biochemical activity of the selected group 
of microorganisms without the addition of Al2O3 NPs or 
MPs (A0) multiplied by 100% was defined as the degree of 
inhibition (%).

2.2.2. Determination of the kinetic parameters and 
stoichiometric coefficient for HET

For the determination of the kinetic parameters for the 
growth of HET taking part in the biological treatment of 
wastewater, the second type of OUR tests in a 4 L work-
ing volume batch bioreactor equipped with the control 
and measurement devices were performed. The tests were 
carried out at a constant temperature of 20°C. The meth-
odology of these OUR tests was described elsewhere [19]. 
The tests were performed with the addition of Al2O3 NPs 
or MPs or without the addition of these particles (control 
tests). The concentration of Al2O3 NPs or MPs was equal to 
250 mg L–1. Each of the tests, including the control runs, was 
performed in triplicate. Firstly, synthetic municipal waste-
water of the model composition: 300  mg peptone, 100  mg 
sodium acetate, 50  mg potassium monophosphate, 50  mg 
sodium hydrocarbonate, 50  mg ammonium hydrophos-
phate, 5 mg magnesium sulphate and 5 mg sodium chloride 
per litre [19] was introduced into the bioreactor. Chemical 
oxygen demand (COD) was at the level of 420 ± 5 mg L–1, 
while total Kjeldahl nitrogen (TKN) was 49.5 ± 1.2 mg L–1. 
Then, activated sludge suspension was mixed with the 
appropriate amount of Al2O3 NPs or MPs and added to the 
bioreactor. ATU was added in order to inhibit nitrification. 
After that DO and OUR was immediately measured with 
an optical DO meter ProODOTM (YSI Environmental, USA) 
and controlled with the help of software (Bioreactor 1.0; © 
Jakub Mielczarek, 2010). The biomass used in all OUR tests 
came from the laboratory activated sludge system and was 
acclimated to the synthetic municipal wastewater that was 
used in the OUR tests as it was described in [19].

On the basis of the changes of OUR in time (Fig. S1), 
the maximum specific growth rate of HET (μmax,HET) and the 
half-saturation constant (KS) were determined. The values of 
μmax,HET were calculated as it was described in [20], whereas 
the value of KS was calculated according to the method pro-
posed in [19]. Yield coefficient for the ordinary heterotrophs 
(YHET) was calculated as the ratio of biomass concentration 
change (expressed as VSS) to substrate concentration change 
(expressed as COD soluble). VSS and COD were determined 
at the beginning and at the end of OUR tests [19].

2.3. Physicochemical analysis

The following physicochemical analyses were made: 
COD, TSS, VSS, SVI, TKN and ammonium nitrogen. They 
were performed in agreement with the standard methodol-
ogies [21].

2.4. Statistical elaboration of the results

The basic statistical elaboration of results of the tests 
performed including the calculation of mean values and 
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standard deviation (s) was made with the use of MS Excel. 
One-way analysis of variance (ANOVA) was applied to 
estimate if the values of the biochemical activity of the appro-
priate group of microorganisms exposed to Al2O3 NPs or 
MPs and the biochemical activity of the appropriate group 
of microorganisms not exposed to Al2O3 NPs or MPs (con-
trol tests) were statistically equal. The null hypothesis stating 
that they were equal was assumed. ANOVA implemented 
in MS Excel (Analysis ToolPak) software was used. The 
confidence level of 95% was assumed. Kinetic parameters 
(mmax,HET, KS) were determined with the help of OriginPro 
9.0 (OriginLab Corporation, USA).

3. Results and discussion

3.1. Effect of Al2O3 NPs and MPs on the activity of 
AOB, NOB, and HET

The presence of Al2O3 NPs or MPs in the activated 
sludge system at the concentration of 50 mg L–1 or higher 
caused to the decrease of the biochemical activity of each 
functional group of microorganisms studied. However, 
this effect of Al2O3 NPs or MPs on microbial activity dif-
fered significantly and depended on the group of micro-
organisms. HET that made up the majority of the bacterial 
community in activated sludge biomass were affected to 
a low extent. In spite of this, the differences between the 
biochemical activity of HET exposed and not exposed to 
Al2O3 NPs or MPs were statistically significant (Table 1). 
Hence, the degrees of inhibition were calculated. They 
varied from 9.3% to 11.1% in the case of the exposure of 
HET on Al2O3 NPs, whereas they were from 13.3% to 22.5%, 
when Al2O3 MPs were added to the activated sludge sys-
tem. These values of the degree of inhibition indicated that 
the mineral particles of larger size (10 mm) had a stronger 
impact on the biochemical activity of HET than the smaller 
ones (≤50  nm). What is more, the degree of inhibition of 
the biochemical activity of HET usually increased with the 
increase of the concentration of nano- or microparticles in 
the system (Fig. 1). It was particularly visible when Al2O3 
MPs was added. At the same time in the case of the addition 
of Al2O3 NPs to the activated sludge system, the degrees of 
inhibition only slightly varied. They were actually indepen-
dent of particles concentration and remained, on average, 
at the level of 10.2% ± 0.7%. It proves that the response of 
microbial activity on the chemical or material added to the 
system may vary and is often non-linear [22].

The biochemical activity of the autotrophic bacteria 
responsible for nitrogen removal from wastewater was 
significantly stronger affected than it was observed for 

the HET (compare Fig. 1 and S2) and obviously the values 
of biochemical activity of the nitrifying microorganisms 
exposed and not exposed to Al2O3 NPs or MPs were sta-
tistically different (Table 1). It resulted from the difference 
between the metabolism of autotrophic and heterotrophic 
microorganisms and the kinetics of their growth. Nitrifying 
bacteria are more sensitive to the changes of temperature, 
pH or toxic substances than the HET that consume biode-
gradable organic carbon [23,24]. However, the results pre-
sented in many studies revealed that the effect of mineral 
nanoparticles on nitrification was negligible at the con-
centration of NPs up to 10  mg  L–1 [9,11,13,25]. For exam-
ple, Wang et al. [25] determined the effect of CeO2 NPs on 
the activity of enzymes responsible for nitrification, that 
is, ammonia monooxygenase and nitrite oxidoreductase. 
It occurred that the activity of these enzymes was not sig-
nificantly inhibited at CeO2 NPs concentration equal to 
1 mg L–1, even at the long-term exposure.

In this work, the degree of inhibition determined for the 
biochemical activity of nitrifying microorganisms was (with 
the one exception) higher than 50% that indicated on the 
significant effect of Al2O3 NPs or MPs on nitrifiers [26,27]. 
In the case of Al2O3 NPs it varied from 42.6% to 75.1%, while 
in the case of Al2O3 MPs it changed in the range from 64.1% 
to 84.3% dependent on the concentration of Al2O3 NPs or 
MPs (Fig. S2). From the practical point of view, the pres-
ence of Al2O3 NPs or MPs in the biological part of WWTPs at 

Table 1
Statistical evaluation of the differences between the biochemical activity of the selected groups of activated sludge microorganisms 
exposed and not exposed (control tests) to Al2O3 MPs or NPs. The evaluation was based upon the p-value (one-way ANOVA)

Group of  
microorganisms

HET All nitrifying 
microorganisms

AOB NOB

Type of Al2O3 particles NPs MPs NPs MPs NPs MPs NPs MPs

p-value 4.3 × 10–3 2.7 × 10–3 1.8 × 10–5 1.0 × 10–6 2.6 × 10–5 1.1 × 10–7 2.7 × 10–3 6.7 × 10–2
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Fig. 1. Effect of Al2O3 MPs or NPs on the biochemical activity of 
heterotrophic bacteria.
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the concentrations of 50 mg L–1 and higher may deteriorate 
the removal of nitrogen from wastewater. The most probable 
reason for the inhibition of nitrifying bacteria by Al2O3 NPs 
or MPs was the inactivation of the enzymes catalysing the 
transformation of ammonium nitrogen to nitrite, and then 
to nitrate.

Although Chen et al. [16] found that Al2O3 NPs at the 
concentrations from 1 to 50  mg  L–1 induced a marginal 
influence on the efficiency of nitrification and denitrifica-
tion during the short-term exposure experiments, it cannot 
be excluded that any inhibition of the biochemical activity 
of nitrifiers might have appeared at Al2O3 NPs or MPs con-
centrations lower than 50 mg L–1. It should be checked and 
confirmed in future studies.

The high values of the degree of inhibition determined 
for the nitrifiers exposed to Al2O3 NPs or MPs confirmed 
that the autotrophic microorganisms were more sensitive 
to the presence of chemicals (including the mineral micro- 
and nanomaterials) in activated sludge systems than the 
heterotrophic microorganisms. Similarly, as for heterotro-
phic bacteria, the microparticles of Al2O3 stronger inhibited 
the activity of nitrifiers than the nanoparticles of Al2O3 did 
(Fig. S2). In the case of both types of Al2O3 mineral parti-
cles studied the degree of inhibition increased with the 
increase of their concentration in the activated sludge sys-
tem (Fig. S2).

Nitrification consists of two steps and for each of 
them, a different bacterial group is responsible. Thus, in 
Fig. 2 the effect of Al2O3 NPs or MPs on the biochemical activ-
ity of two functional groups of nitrifying microorganisms, 

namely AOB and NOB, is depicted. It is well seen that the 
addition of Al2O3 NPs or MPs to the activated sludge system 
stronger inhibited the metabolic activity of AOB compared 
to NOB. In the case of AOB, the degree of inhibition varied 
from 40.4% to 87.3%, whereas for NOB it varied from 11.8% 
to 69.2%. It is most probably connected with the differences 
in the metabolism and sensitivity of AOB and NOB to inhib-
itors that might have influenced the kinetics of their growth. 
Generally, the specific growth rate of NOB is at the same 
level or higher than that of AOB [23,24]. Hence, there is no 
accumulation of nitrite and the growth rate of AOB usually 
controls the overall nitrification process [23,24,28].

Analysing, the effect of the size of particles added on 
the degree of inhibition, it is seen that the Al2O3 MPs influ-
enced on the activity of AOB to a higher extent than it was 
in the case of Al2O3 NPs (Fig. 2a). It is in agreement with 
the previous observations concerning the inhibition of the 
biochemical activity of HET (Fig. 1) as well as the inhibition 
of the biochemical activity of nitrifying microorganisms 
regarded together, that is, AOB and NOB (Fig. S2). Taking 
into account that the chemical composition of both materi-
als was the same (aluminum oxide), the most probable rea-
son of this phenomenon was that the microparticles of Al2O3 
stronger inactivated the enzymes catalysing the transforma-
tion of carbon and nitrogen compounds in wastewater than 
it usually happened in the case of nanoparticles of Al2O3. 
It indicated that the application of mineral particles, partic-
ularly microparticles, to improve settling properties of acti-
vated sludge that was suggested in other works [7], should 
be carefully studied before their use on the industrial scale. 
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Fig. 2. Effect of Al2O3 MPs or NPs on the biochemical activity of nitrifying microorganisms: (a) AOB and (b) NOB.
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However, the differences between the degrees of inhibition 
of AOB activity determined in the presence of Al2O3 MPs 
in comparison to their activity in the presence of Al2O3 NPs 
were usually lower than it was found for the HET (com-
pare Fig. 1 and  Fig. 2a). At the same time in the case of 
NOB, the smaller particles, that is, Al2O3 NPs at their lower 
concentrations from 50 to 250 mg L–1, inhibited stronger the 
metabolic activity of this group of microorganisms than 
Al2O3 MPs did (Fig. 2b). At the higher concentrations of 
Al2O3 NPs or MPs (500 and 1,000  mg  L–1) the differences 
between the degrees of inhibition of NOB activity exposed 
either to Al2O3 NPs or to Al2O3 MPs were not statistically 
significant (p = 0.522 ≥ 0.05). It indicates that in the case of 
the biochemical activity of NOB exposed to Al2O3 NPs or 
MPs it is difficult to unequivocally state, what type of Al2O3 
particles, that is, NPs or MPs, influenced stronger on their 
activity.

3.2. Growth kinetics of HET

Growth kinetics of HET in the activated sludge sys-
tems is usually described with the use of Monod equation 
[23]. Thus, in this work, the values of the parameters of 
Monod kinetics, the maximum specific growth rate of HET 
(μmax,HET) and the half-saturation constant (KS), were deter-
mined. Additionally, the values of the yield coefficients for 
the biomass of HET (YHET) were estimated. This parameter 
(YHET) is necessary for the mathematical description of the 
growth of microorganisms and belongs to one of the most 
sensitive parameters of activated sludge models [29,30]. 
The values of all determined parameters describing the 
growth kinetics of HET are presented in Table 2.

The presence of Al2O3 NPs or MPs in the activated sludge 
system at the concentration of 250 mg L–1 did not contrib-
ute to the decrease of the growth rate of HET. The values of 
μmax,HET were higher in the tests with Al2O3 NPs or MPs than 
in the control tests (Table 2). Also, the values of KS indicated 
that the addition of the nano- or microparticles of Al2O3 did 
not influence on the affinity of the HET to the organic sub-
strate. The values of KS in the presence of Al2O3 NPs or MPs 
were slightly lower (14.9 and 14.2 mg O2 L–1) in comparison 
to ones obtained in the tests without the addition of these 
particles, in which the mean KS was equal to 15.5 mg O2 L–1. 
It is consistent with the results of the biochemical activity 
of HET that were inhibited by Al2O3 NPs or MPs to a low 
extent. This inhibition did not exceed 11.1% in the case of 
Al2O3 NPs and 22.5% in the case of Al2O3 MPs.

At the same time, the presence of Al2O3 NPs or MPs in 
the activated sludge system influenced the values of YHET 

and contributed to their decrease. The values of YHET were 
on average twice or more lower in the tests with Al2O3 NPs 
or MPs than it was found in the control tests (Table 2). It 
indicated that the addition of Al2O3 NPs or MPs affected 
the anabolic processes and resulted in the reduction of the 
synthesis of the biomass of HET. The effect of Al2O3 NPs or 
MPs on the synthesis of activated sludge biomass should be 
deeper analysed in the future because there is a possibility 
to use the mineral NPs or MPs for the reduction of the excess 
sludge released from the WWTPs. Moreover, all the values 
of determined parameters, particularly the stoichiometric 
coefficients, might be used in modelling and simulation of 
biological wastewater treatment processes, in which Al2O3 
NPs or MPs are added to the activated sludge system.

4. Conclusions

The addition of Al2O3 NPs or MPs to the activated sludge 
system influences on the biochemical activity and growth 
kinetics of the functional group of microorganisms as it was 
summarized below.

•	 In the activated sludge system the biochemical activity of 
HET is inhibited to a low extent even at high concentra-
tions of Al2O3 NPs or MPs up to 1,000 mg L–1. The degree 
of inhibition does not usually exceed 20%. Aluminium 
oxide NPs or MPs do not decrease the specific growth 
rate of HET either.

•	 The biochemical activity of the nitrifying microorgan-
isms significantly decreases in the presence of Al2O3 
NPs or MPs in the activated sludge system. The degree 
of inhibition varied from 42.6% to 84.3% and usually 
increased with the increase of the concentration of 
Al2O3 NPs or MPs in the activated sludge system. Out 
of all the nitrifying microorganisms, the group of AOB 
is affected stronger by Al2O3 NPs or MPs than the group 
of NOB.

•	 The particles of smaller size, that is, Al2O3 NPs, inhibit 
the biochemical activity of HET and nitrifying microor-
ganisms, particularly AOB, to a higher extent than Al2O3 
MPs do.

•	 The presence of Al2O3 NPs or MPs contributes to the 
reduction of the synthesis of activated sludge biomass. 
It indicates on the potential use of these materials to 
decrease the amount of the excess sludge in the activated 
sludge systems. Due to the inhibition of nitrifying organ-
isms by Al2O3 NPs or MPs, the concentration of these 
micro- or nanoparticles should be carefully selected 
before their application in the full-scale WWTPs.

Table 2
Mean values and standard deviations of Monod equation parameters (mmax,HET and KS) and yield coefficients (YHET) for ordinary het-
erotrophic organisms of activated sludge exposed and not exposed (control) to Al2O3 NPs or MPs

Tested compound Mean  
mmax,HET (h–1)

R2 for mmax,HET  

determination (–)
Mean KS  

(mg O2 L–1)
Mean YHET 

(mg VSS mg COD–1)

Al2O3 NPs 0.856 ± 0.085 0.898 14.2 ± 3.3 0.122 ± 0.024
Al2O3 MPs 0.865 ± 0.069 0.980 14.9 ± 3.2 0.152 ± 0.010
None (control test) 0.727 ± 0.041 0.956 15.5 ± 4.6 0.295 ± 0.052
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Fig. S1. Example of the changes of OUR in time obtained in the 
second type of OUR tests.
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Fig. S2. Effect of Al2O3 NPs or MPs on the biochemical activity 
of nitrifying microorganisms.


