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Abstract
Industrial wastewater frequently contains substances which inhibit activated sludge treatment processes. Inhibitory characteristics of different substances are usually evaluated based on testing the impact of respective
substance on activated sludge nitriﬁcation or oxygen uptake rates. However, denitriﬁcation is always before
aerobic processes in conventional activated sludge treatment plants and thereby more exposed to inhibitory
compounds. There is no easily applicable and validated method available for determination of denitriﬁcation
process efﬁciency and inhibition. In this study, a method for evaluation of inhibition on the activated
sludge denitriﬁcation process was developed and validated using 3,5-dichlorophenol (3,5-DCP) as a model
inhibitory compound and additionally controlled with real wastewater produced in the shale oil industry.
Average IC50 value (5.5 + 2.2 mg L1) for 3,5-DCP showed that denitriﬁers were less sensitive than nitriﬁers
(IC50 ¼ 2.9 + 0.7 mg L1) and more sensitive than aerobic heterotrophs (IC50 ¼ 7.2 + 2.4 mg L1). Methodological
aspects like accumulation of nitrite nitrogen, acclimatization of biomass and technical issues were discussed.
Achieved validation characteristics were similar with ISO Standards estimating activated sludge nitriﬁcation and
oxygen uptake rates, which proves the reliability of the method: standard deviation, 95.4% conﬁdence level,
relative standard deviation were calculated to be 2.2 mg L1, 1.2 … 9.8 mg L1 and 39.2%, respectively.
Key words: activated sludge denitriﬁcation, hazardous substances, industrial wastewater, inhibition, validation
of method

INTRODUCTION
Biological nitrogen removal from wastewater is conventionally performed via nitriﬁcation and denitriﬁcation processes. During nitriﬁcation, ammonium is biologically oxidized to nitrite (nitritation)
and then to nitrate (nitratation) with O2 as terminal electron acceptor. These processes are performed
by autotrophic bacteria – ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB),
respectively. Growth rate of nitrifying microorganisms is low, which makes the nitriﬁcation process
sensitive to unsuitable conditions (e.g. the presence of different toxic substances in the process)
(Philips et al. 2002; Haandel & Lubbe 2012).
In the denitriﬁcation process, nitrate is reduced stepwise to nitrite (NO2), nitric oxide (NO), nitrous
oxide (N2O) and molecular nitrogen (N2) (Equation (1)). Each oxidized nitrogen form is catalyzed by
a speciﬁc enzyme (NO3, NO2, NO or N2O reductase) and attends as an electron acceptor for the denitrifying bacteria respiration, coupled with biodegradable organic compound as electron donor for
energy generation. Organisms containing at least two or three of these speciﬁc enzymes and producing nitrous oxide or dinitrogen gas will be referred to as ‘denitriﬁers’. Nitric oxide is enclosed in
brackets in the description of this reaction mechanism because it is still uncertain whether NO is a
true intermediate in the process or a side product (Philips et al. 2002; Lin et al. 2009;
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Chen & Strous 2013).

2NO3– ! 2NO2– ! (2NO) ! N2 O ! N2

(1)

Contrary to the nitriﬁcation process, denitriﬁcation is accomplished by a relatively wide range of
microorganisms (prokaryotic microorganisms, chemoorgano-heterotrophs, chemo-litho-autotrophs).
Growth rate of anoxic denitrifying organisms is at the same level as for aerobic heterotrophic organisms, but much greater than for nitriﬁers. Thus, denitrifying organisms should be much more
resistant to different unsuitable environmental conditions than nitriﬁers (Gray 2004; Stasinakis
et al. 2008). However, in some cases denitriﬁers are more susceptible to the inhibitory effect of pollutants (e.g. copper), when compared with nitriﬁers. Furthermore, the anoxic denitriﬁcation tank is
conventionally located before the aerobic nitriﬁcation tank, which makes the denitriﬁcation process
more vulnerable to inhibitory substances in raw wastewater. Incomplete denitriﬁcation could be
caused by: (a) imbalances in the electron donor supply; (b) reactive radicals produced in biological
processes; (c) low/high pH; (d) presence of oxygen; (e) low/high temperature (Oh & Silverstein
1999; Ochoa-Herrera et al. 2009; Sun et al. 2016).
It has been shown that wastewater treatment processes could be inhibited by different hazardous
substances present in wastewater: heavy metals, cyanides, phenols, nanoparticles, different polar
and non-polar organic substances etc. (Çeçen et al. 2010; Kim et al. 2011; Sibag et al. 2015; Su
et al. 2015; Inglezakis et al. 2017a; Hernandez-Martinez et al. 2018) or by landﬁll leachate and
wastewaters originating from wood and oil industries (Klauson et al. 2014, 2015; Klein et al.
2017). In order to avoid reduction in treatment efﬁciency or to detect the origin of inhibitory wastewater, it is necessary to perform inhibition studies for each biological wastewater treatment process
separately. Today, several methods are used for this purpose: ISO 8192 for assessing inhibition of
oxygen consumption by activated sludge, ISO 9509 for assessing the inhibition on nitriﬁcation of
activated sludge microorganisms, ISO 9888 for evaluating the aerobic biodegradability of organic
compounds (ISO 8192; ISO 9509; ISO 9888). Nevertheless, there is no reliable and easily applicable method for measuring the impact of wastewater or hazardous compound on activated
sludge denitriﬁcation process.
Quantiﬁcation of denitriﬁcation substantially varies in different environments and at different
scales (Groffman et al. 2006). Denitriﬁcation potential in aquatic and terrestrial environments
has been measured applying different methods: acetylene inhibition method; 15N trace isotopes;
direct N2 quantiﬁcation; N2:Ar ratio quantiﬁcation; mass balance approaches; stoichiometric
approaches; in situ gradients with atmospheric environmental tracers and molecular approaches
(e.g. Illumina MiSeq sequencing) (Sun et al. 2016). Inhibition of denitriﬁcation of activated
sludge could be measured by few different techniques. Mostly, nitrogen isotope techniques and
acetylene inhibition method are used (Lin et al. 2009). Both methods need advanced instrumentation (gas chromatography, mass spectrometry, atomic emission spectrometry) which are not
available in many WWTPs and laboratories. Batch tests are described in some papers where
impact of hazardous substances on various activated sludge processes are studied (Ochoa-Herrera
et al. 2009; Inglezakis et al. 2017b), but there is lack of information about calculation of results and
validation parameters of the method. Therefore, comparing different denitriﬁcation inhibition
studies is complicated.
The aim of this study was to develop, validate and test an easily applicable and reliable method for
evaluation of activated sludge denitriﬁcation process. The method gives a possibility to measure the
inhibition of wastewater or hazardous substances on the activated sludge denitriﬁcation process
without advanced equipment.
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MATERIALS AND METHODS
Analytical methods

The standard colorimetric method (APHA, 2012) was used in order to determine the 7-day biochemical
oxygen demand (BOD7) and chemical oxygen demand (COD). pH was measured with an E6115 pH
meter (Evikon, Estonia) and concentration of dissolved oxygen with Marvet Junior 2000 portable
oxygen analyser (Elke Sensor, Estonia). NO3-N and NO2-N were determined by spectrophotometric
methods according to SFS 5752 and SFS 3029, respectively. Dissolved organic carbon (DOC) was
measured with Analytik Jena Multi N/C 3000 TOC analyser. NHþ
4 -N was determined using the HACHLange spectrophotometric method with Nessler reagent (ISO 7150-1). The concentration of phenols
was measured using a sodium nitrite method with HACH-Lange cuvette tests LCK 345. The results of
all the analyses were expressed as the mean with standard deviations of at least 3 parallel replicates.
Set-up of experiment

Activated sludge samples taken from a municipal WWTP (100 000 PE) were used as an inoculum
unless stated otherwise. Firstly, activated sludge was washed with tap water at least three times by
applying settling period and subsequent decanting. 500 mL activated sludge mixture contained
1 mL phosphate buffer, 1 mL MgSO4  7H2O, 1 mL CaCl2  7H2O, 1 mL FeCl3  6H2O, 50 mL
NaHCO3 solution (2.52 gL1) and 2 mL acidic microelements, 2 mL basic microelements. Recipes
of acidic and basic microelements were taken from Zhang et al. (2009).
Experiments were performed in 300 mL biochemical oxygen demand (BOD) bottles. 200 mgL1 Naacetate, 30 mgL1 NO3-N and 6 different concentrations of toxicant were added to the bottles. Seventh
bottle was a blank control and did not contain toxicant. Finally, 50 mL of adapted activated sludge mixture was added into each bottle. Continuous stirring was applied during the experiment. First samples
(starting point) were collected and centrifuged immediately after addition of inoculum. Bottles were
purged with N2 for 20–30 minutes and sealed air tightly. Concentration of dissolved oxygen and
value of pH were monitored during the process. Following samples were taken after 1 hour and 3
hours under anoxic conditions. Purging with N2 is required after every sampling to ensure anoxic conditions in test bottles. All samples were taken from fully-mixed samples to ensure that sampling would
–
–
not change the MLSS value. NHþ
4 -N, NO3-N, NO2-N, DOC and pH were analyzed from centrifuged
samples. DOC was measured to ensure that inhibiton was not resulted from carbon deﬁciency. Experiments were performed at ambient temperature. The percentance of inhibition of the denitriﬁcation is
estimated by comparison of the rate with that of a control mixture containing no inhibitor.
It is essential that denitriﬁcation process is viable in control, but it is also important that small concentration nitrate is left at the end of the test period to ensure that the substrate was not limiting the
process.
The percent of denitriﬁcation inhibition was calculated as following:
(C1, N  C3:N)
 Dt
MLSS

(2)

(Rd, 0  Rd:x)
 100%
Rd, 0

(3)

Rd ¼
Id ¼

Rd – denitriﬁcation rate (mgNOx-N  gMLSS1  h1)
Rd,0 – denitriﬁcation rate in the control vessel (mgNOx-N  gMLSS1  h1)
Rd,x – denitriﬁcation rate in the test vessel (mgNOx-N  gMLSS1  h1)
c1,N – total concentration of nitrate after one hour of test period (mgL1)
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c3,N – total concentration of nitrate after three hours of test period (mgL1)
MLSS – concentration of mixed liquid suspended solids (gL1)
Δt – duration of test (h)
Id – inhibition of denitriﬁcation (%)
Inhibition tests were done in seven parallel replicates during the control of the developed method;
in three parallel replicates when the method was used after the control and in three parallel replicates
when ISO Standards were applied. OriginPro 8.0 was used for dose-response analysis of data.
Characteristics of toxic compounds

Two different matrixes were used as toxicants to develop and control the method. Firstly, tests were
performed with 3,5-dichlorophenol (3,5-DCP) solution (1 gL1). 0–12.5 ml of 3,5-DCP solution was
added to achieve toxicant concentrations 0–50 mgL1. Chlorophenols and their derivates are persistent and highly toxic environmental pollutants which are used in the manufacture of several industrial
products. 3,5-dichlorophenols are formed via dehalogenation of polychlorophenols (Villemur 2013;
Arora & Bae 2014). Additionally, 3,5-DCP has been used as a reference compound in ISO 9509 (toxicity test for assessing the inhibition of nitriﬁcation of activated sludge microorganisms), ISO 8192
(test for inhibition of oxygen consumption by activated sludge) and by Milenkovski et al. (2010).
Secondly, real wastewater from the shale oil industry was tested. Wastewater samples were taken in September 2016 with its parameters shown in Table 1. The wastewater has a high content of organic
compounds (expressed as COD and BOD7), phenols and ammonium. However, the content of phosphorous was below the limit of detection and it was not required to add supplementary phosphorous because the
activated sludge mixture contained a phosphate buffer. The wastewater was highly inhibitory to the activated sludge nitriﬁcation rate and oxygen uptake rate. Inhibition of phenolic wastewater to wastewater
treatment processes could be caused by several aspects. Some metals that are present in wastewater can
catalyze the production of hydroxyl radicals and promote stress through redox cycling activity and
damage the cell membrane functions. Additionally, the presence of aromatic compounds could reduce
the afﬁnity of the microbial cells for the carbon source and change the structure of the cell (Chen et al. 2009).

RESULTS AND DISCUSSION
Effect of 3,5-dichlorophenol on nitriﬁcation and oxygen uptake rates

Addition of a toxic concentration of a test material results in a decrease in the wastewater treatment
process rate. 3,5-DCP is a test material that has been used for validation of tests for inhibition of
Table 1 | Parameters of the raw wastewater (n ¼ 3)
Parameter

Unit

Value

Standard deviation

BOD7

mg L1

6,425

378

COD

mg L1

11,050

340

BOD7/COD

–

0.58

0.05

Total phenols

mg L1

470

2

pH

–

6.0

0.1

NHþ
4 -N

mg L1

390

5

PO3
4 -P

1

mg L

,0.02

–

Inhibition on nitriﬁcation rate, IC50

%

0.7

0.1

Inhibition on oxygen uptake rate, IC50

%

4.5

0.2
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oxygen consumption by activated sludge (ISO 8192) and toxicity test for assessing the inhibition
of nitriﬁcation of activated sludge microorganisms (ISO 9509). According to the standards,
9.3 + 3.7 mgL1 of 3,5-DCP inhibits 50% of total respiration (ISO 8192) and 5.6 + 3.0 mgL1 of
3,5-DCP inhibits 50% of nitriﬁcation rate (ISO 9509). Based on tests performed during this study,
7.2 + 2.4 mgL1 of 3,5-DCP inhibited 50% of oxygen uptake rate (Figure 1). Average oxygen
uptake rate in the blank sample was 7.3 mgO2  gMLSS1  h1. 2.9 + 0.7 mgL1 of 3,5-DCP inhibited 50% of nitriﬁcation rate with an average nitriﬁcation rate of the blank sample 2.5 mgNO
3 -N 
1
1
gMLSS  h . Thus, activated sludge used in this study was suitable when compared with the
values and uncertainties given in respective standards.

Figure 1 | Inhibition test results for nitriﬁcation rate and total respiration by 3,5-diclorophenol (3,5-DCP). The dark lines show
the best dose-response ﬁtting and error bars show the standard deviation of parallel tests (n ¼ 3).

Effect of 3,5-dichlorophenol on denitriﬁcation rate

An inhibition test was developed in order to measure the impact of any compound or wastewater to
activated sludge denitriﬁcation process. Method of denitriﬁcation inhibition test is described in Section ‘Set-up of experiment’. Firstly, developed test was controlled by using 3,5-DCP as a model
inhibitory compound. Already 5.5 mgL1 of 3,5-DCP inhibited 50% of denitriﬁcation rate. Therefore,
3,5-DCP is inhibitory to denitriﬁcation process and is suitable for control of the method. Acetylene gas
method used in assessment of the 3,5-DCP inhibition for denitriﬁcation in wetland water and sediment has shown EC50 value of 34,8 mgL1 (Milenkovski et al. 2010).
In denitriﬁcation process, nitrate is ﬁrstly reduced to nitrite (NO2) and then to gaseous forms (NO,
N2O and N2). Based on legislations, it is commonly required to measure total nitrogen (TN) in the



efﬂuent of WWTP. TN contains organic nitrogen, NHþ
4 -N, NO2 -N and NO3 -N. Thus, NO2 -N
should also be removed from the wastewater in order to achieve required limits. Therefore, it was
tested whether it is necessary to measure NO
2 -N concentrations and add respective values to inhi
bition calculations. When NO2 -N concentration is included to calculations, rate of denitriﬁcation
process is lower and slope of inhibition curve may be higher. In this study, addition of NO
2 -N concentration to the inhibition calculations led to 52% lower value of IC50 and 20% lower average
denitriﬁcation rate in blank sample (Figure 2). Therefore, it is essential to consider values of NO2-N
in the estimation of denitriﬁcation inhibition. Inhibition of NO or N2O reductase and accumulation

of NO
2 -N could be unnoticed if only NO3 -N values were considered.
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Figure 2 | Test results of denitriﬁcation rate by 3,5-dichlorophenol (3,5-DCP) when inhibition calculations include concentration


of NO
3 -N, sum of NO3 -N and NO2 -N concentrations. The dark lines show the best dose-response ﬁtting and error bars show
the standard deviation of parallel tests (n ¼ 7).

The second aspect of calculating the potential inhibition of the denitriﬁcation rate is the selection of
suitable data points. Samples were taken similarly to ISO 9509 – an initial sample after the addition of
inoculum and samples after 1 hour and 3 hours of anoxic conditions. However, the denitriﬁcation rate
1
was unstable during the ﬁrst hour of the test period (1.2 + 1.0 mgNO
 h1), which led
x -N  gMLSS
to a lower mean denitriﬁcation rate and higher standard deviation of denitriﬁcation rates calculated
from 0–3 hours compared to results from 1–3 hours of the test period (Table 2). The ﬁrst hour of the
test period is an additional adaption phase for denitrifying microorganisms and causes inadequate ﬂuctuation of inhibition test results. Therefore, all inhibition calculations were made from the ﬁrst to the
third hour of the test period to achieve higher accuracy and better repeatability of the method.
Table 2 | Denitriﬁcation rates calculated based on NO
x -N values at 0–1 hours, 0–3 hours and 1–3 hours of test period (n ¼ 7)
Unit

Mean denitriﬁcation rate
Standard deviation

mg NO
x -N/gMLSS  h
mg

NO
x -N/gMLSS 

h

0–1 hours

0–3 hours

1–3 hours

1.2

1.6

1.9

1.0

1.0

0.8

Reliability of the method

In order to have comparable results, validation parameters were chosen based on ISO 8192 and ISO
9509 Standards. Validation parameters are shown in Table 3. The achieved average IC50 value shows
that activated sludge denitriﬁers are less sensitive than nitriﬁers (IC50 ¼ 2.9 + 0.7) and more sensitive
than heterotrophs (IC50 ¼ 7.2 + 2.4). ISO 8192 gives an IC50 value of 9.3 + 3 mg/L with 95.4% conﬁdence values from 7.1 to 11.3 mg/L. Furthermore, ISO 9509 gives an IC50 value of 5.6 + 3 mg/L for
3.5-DCP with 95.4% conﬁdence values from 0.7 to 9.6 mg/L. Thus, a high variation in activated
sludge experiments is common and should be considered. It is recommended not to make any ﬁnal
conclusions based on less than three parallel replicates. There are several aspects that could cause
higher variability of results in inhibition studies: (1) uncertainties from measurements (2) change of
the environment of activated sludge microorganisms (e.g. temperature change in winter months,
sludge wash); (3) different activity of activated sludge when tests are performed over long time periods
and different seasons. Relatively high uncertainty, which is characteristic of activated sludge

Downloaded from http://iwaponline.com/wpt/article-pdf/14/4/863/760060/wpt0140863.pdf
by guest

Water Practice & Technology Vol 14 No 4
doi: 10.2166/wpt.2019.069

869

Table 3 | Validation parameters of developed denitriﬁcation inhibition method
Validation characteristic

Unit

Value

Number of parallels

–

7

Average IC50 value

mg L1

5.5

Standard deviation

1

mg L

2.2

95.4% conﬁdence level, k ¼ 2

mg L1

1.2 … 9.8

Relative standard deviation

%

39.2

processes, should be considered when applying the activated sludge denitriﬁcation test as well as ISO
8192 and ISO 9509.
Effect of real industrial wastewater on denitriﬁcation rate

In addition to the model compound 3,5-DCP, the denitriﬁcation inhibition test was performed with
real wastewater from the shale oil industry. Characteristics of the wastewater are described in the section ‘Characteristics of toxicants’. Already, 2.6 + 0.7% of phenolic wastewater inhibited 50% of the
denitriﬁcation rate. Denitriﬁers were 1.7-fold more sensitive to phenolic wastewater than aerobic heterotrophic microorganisms (Table 1). Biomass adaption should be considered at the time of inoculum
selection because waste activated sludge is able to acclimate with inhibitory compounds. Acclimated
cultures can tolerate much higher concentrations of an inhibitory compound than non-acclimated
systems (Lin et al. 2009). The denitriﬁcation inhibition test with real industrial wastewater was
additionally performed with activated sludge originating from the region of oil shale industries
(200,000 PE, proportion of industrial inﬂow was 70%). Although the sludge should have been acclimated with a higher content of phenols, the studied wastewater showed the same IC50 value as tests
performed with activated sludge originating from a conventional municipal WWTP (Figure 3). There
could be different reasons behind the result. Firstly, the wastewater from the oil shale industry may
have been too toxic for any kind of activated sludge and less harmful solution should be used to
show the adaption effect. Secondly, activated sludge samples could have been taken when sludge
resistance had decreased because of a disturbance (difference in inﬂuent composition, changes in

Figure 3 | Test results of denitriﬁcation rate with real industrial wastewater from the oil shale industry with inoculum taken
from conventional municipal wastewater treatment plant (MWWTP) and from WWTP where activated sludge is acclimated with
phenols and error bars show the standard deviation of parallel tests (n ¼ 3).

Downloaded from http://iwaponline.com/wpt/article-pdf/14/4/863/760060/wpt0140863.pdf
by guest

870

Water Practice & Technology Vol 14 No 4
doi: 10.2166/wpt.2019.069

operation of the WWTP). The result would have been different from any other wastewater or sampling
period. Since the resistance of activated sludge in a WWTP could change, this method shows the
effect of used wastewater or toxic substances on the activated sludge process during the period
when the test was taken. Furthermore, although the requirement for NO
2 -N measurement was
studied in the section ‘Effect of 3.5-dichlorophenol on denitriﬁcation rate’, there was no difference
in IC50 values when calculations considered only the value of NO
3 -N. It demonstrates that the difference in IC50 values depends on the characteristics of the studied model compound or wastewater and
it would be incorrect to increase the value of IC50 by 52% without real measurements of NO
2 -N.

CONCLUSIONS
The inhibitory effect of hazardous substances on activated sludge oxygen consumption, nitriﬁcation
and denitriﬁcation processes differs due to different growth rates, resistance, and the process location
in WWTPs and should be evaluated separately. Although denitriﬁcation is an important but vulnerable process in wastewater treatment, there has been no good method available for evaluating the
inhibition of that process. In this study, an easily applicable method for measuring the inhibition of
the activated sludge denitriﬁcation process was developed and controlled. Validation of the
method was performed with model substance 3,5-diclorophenol (3,5-DCP) and real wastewater
from the shale oil industry. This method could be used for evaluation of inhibition caused by industrial
wastewater or for measuring the inhibitory characteristics of speciﬁc substances or mixtures. The
achieved validation parameters are in accordance with values given in ISO 8192 and ISO 9509
standards.
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