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ABSTRACT IN ENGLISH

Removal of nitrogen compounds and organic pollutants from wastewater is one of the essential
issues in wastewater treatment. Commonly applied for this treatment step is the activated-sludge
process. To guarantee a proper operation of this process, it is necessary to monitor the inhibitory
effect of toxic substances on activated-sludge bacteria. This is commonly done by the activatedsludge respiration-inhibition test. But there is still a lack of knowledge, which parameters have an
influence on the stability and sensitivity of the biological test. In the literature, the inhibitory effects
of single toxicants on activated sludge may vary up to three orders of magnitudes.
The aim of the study is to increase the sensitivity of toxicants on the activated-sludge respiration
test to create an adjustable biosensor. To this end, the research question is as follows: Which
parameters have an influence on the sensitivity of the activated-sludge respiration-inhibitions test?
The research question is answered through experiments using the international standardised
activated-sludge respiration-inhibition test and the two online-respirometers NitriTox and
Biomonitor of LAR Process Analysers AG. To influence the sensitivity of these bio assays
following parameters were investigated pH, temperature, oxygen concentration in the fermenter,
incubation time, nutrient limitation and biomass concentration. These experiments were realised
with using Zn(II), Cu(II), Cr(VI) and 3,5 DCP as toxicants. A series of experiments are described
with this objective, and showed in each case, that the sensitivity of the bioassay could be varied by
the investigated parameters.
The sensitisation of the test organisms can be explained by altering the activity of the bacteria and
also the speciation of the toxicants in the presence of the nutrient solution and its biological
degradation products. It is, therefore, possible to detect toxic pollutants in lower concentrations,
which have an inhibiting effect on activated-sludge bacteria. I expect that this new approach is
applied to detect inhibiting substances in wastewater in lower concentrations to protect activatedsludge bacteria in a wastewater treatment plant more efficiently.
Additionally, a mobile laboratory was developed and assembled to conduct wastewater monitoring
in seven industrial zones across the country Vietnam with toxicity as a critical parameter. The aim
of the monitoring campaigns was to apply the online respiration inhibition respirometer NitriTox to
do a case study in which extend the activated-sludge process of industrial wastewater treatment
plant are inhibited by toxic wastewaters in Vietnam. The high necessity of monitoring the toxicity
of industrial wastewater can be proved that toxic wastewater occurred in five of the seven tested
industrial zones. In conclusion, the NitriTox was applied successfully in the frame of the
measurement campaigns in seven industrial zones in Vietnam.
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B-II

ABSTRACT IN GERMAN - "KURZBESCHREIBUNG"

Die Entfernung von Stickstoffverbindungen und organischen Schadstoffen aus dem Abwasser ist eines
der wesentlichen Themen in der Abwasserbehandlung. Üblicherweise wird für diesen
Behandlungsschritt das Belebtschlamm-Verfahren eingesetzt. Um einen ordnungsgemäßen Ablauf
dieses Prozesses zu gewährleisten, ist es notwendig, die hemmende Wirkung von toxischen Substanzen
auf Belebtschlamm-Bakterien zu überwachen. Dies geschieht in der Regel durch den BelebtschlammAtmungshemmungstest. Es fehlt jedoch noch das Wissen, welche Parameter die Stabilität und
Empfindlichkeit des biologischen Tests beeinflussen. In der Literatur kann die hemmende Wirkung
einzelner Giftstoffe auf Belebtschlamm um bis zu drei Größenordnungen variieren.
Ziel der Studie ist es, die Sensitivität von Giftstoffen im Belebtschlamm-Atmungstest zu erhöhen, um
einen einstellbaren Biosensor zu schaffen. Zu diesem Zweck stellt sich die Forschungsfrage wie folgt:
Welche
Parameter
haben
Einfluss
auf
die
Empfindlichkeit
des
BelebtschlammAtmungshemmungstests?
Die Forschungsfrage wird durch Experimente mit dem international standardisierten BelebtschlammAtmungshemmungstest und den beiden Online-Respirometern NitriTox und Biomonitor der LAR
Process Analysers AG beantwortet. Um die Empfindlichkeit dieser Bioassays zu beeinflussen, wurden
folgende Parameter untersucht: pH-Wert, Temperatur, Sauerstoffkonzentration im Fermenter,
Inkubationszeit, Nährstoffbegrenzung und Biomassekonzentration. Diese Experimente wurden mit
Zn(II), Cu(II), Cr(VI) und 3,5 DCP als Giftstoffe durchgeführt. Eine Reihe von Experimenten mit
gleichem Ziel wurde beschrieben und zeigte jeweils, dass die Empfindlichkeit des Bioassays durch die
untersuchten Parameter variiert werden kann.
Die Sensibilisierung der Testorganismen lässt sich durch die Veränderung der Bakterien-Aktivität und
auch der Speziation der Giftstoffe in Gegenwart der Nährlösung und ihrer biologischen Abbauprodukte
erklären. So ist es möglich, toxische Schadstoffe, die eine hemmende Wirkung auf BelebtschlammBakterien haben, bereits in geringeren Konzentrationen nachzuweisen. Ich gehe davon aus, dass mit
diesem neuen Ansatz Hemmstoffe im Abwasser in geringeren Konzentrationen nachgewiesen werden
können, um Belebtschlamm-Bakterien in einer Kläranlage effizienter zu schützen.

Zusätzlich wurde ein mobiles Labor entwickelt und aufgebaut, um die Abwasserüberwachung in
sieben Industriezonen des ganzen Landes mit Toxizität als kritischem Parameter durchzuführen.
Ziel der Überwachungskampagnen war es, mit dem Online-Atmungshemmer NitriTox eine
Fallstudie durchzuführen, in der der Belebtschlamm-Prozess von industriellen Kläranlagen durch
giftige Abwässer in Vietnam gehemmt wird. Die starke Notwendigkeit der Überwachung von
Industrieabwässern auf ihre Toxizität konnte alleine schon dadurch nachgewiesen werden, dass in
fünf der sieben untersuchten Industriezonen toxische Abwässer aufgetreten sind. Abschließend
wurde das NitriTox im Rahmen der Messkampagnen in sieben Industriegebieten in Vietnam
erfolgreich eingesetzt.
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B-III

ABSTRACT IN VIETNAMESE - "TÓM TẮT"

Việc loại bỏ các hợp chất nitơ và chất gây ô nhiễm hữu cơ ra khỏi nước thải là một trong những vấn
đề quan trọng trong xử lý nước thải. Thông thường quá trình bùn hoạt tính được áp dụng cho bước
xử lý này. Để đảm bảo hoạt động thích hợp của quá trình này, cần phải theo dõi hiệu quả ức chế của
các chất độc hại đối với vi khuẩn bùn hoạt tính. Điều này thường được thực hiện bằng thí nghiệm
ức chế hô hấp hoạt tính. Nhưng kiến thức, tài liệu về những thông số ảnh hưởng đến sự ổn định và
độ nhạy của phép thử sinh học vẫn còn hạn chế. Trong các tài liệu, tác động ức chế của các chất độc
đơn trên bùn hoạt tính có thể thay đổi đến ba cấp bậc theo độ lớn.
Mục đích của nghiên cứu là làm tăng độ nhạy của các chất độc hại trên phép thử hô hấp bùn hoạt
tính để tạo ra một cảm biến sinh học có thể điều chỉnh được. Để đạt được điều này, câu hỏi nghiên
cứu đặt ra như sau: Những thông số nào có ảnh hưởng đến độ nhạy của thí nghiệm ức chế hô hấp
bùn hoạt tính?
Câu hỏi nghiên cứu được trả lời thông qua các thử nghiệm bằng cách sử dụng thí nghiệm ức chế hô
hấp nhân tạo đã được chuẩn hóa theo tiêu chuẩn quốc tế và hai phương tiện đo hô hấp trực tuyến
NitriTox và Biomonitor của công ty LAR Process Analyzers AG. Để làm ảnh hưởng đến độ nhạy
của các phân tích sinh học này, các thông số được xem xét, nghiên cứu như pH, nhiệt độ, nồng độ
oxy trong bình nuôi cấy, thời gian ủ, giới hạn dinh dưỡng và nồng độ sinh khối. Những thí nghiệm
này đã được thực hiện bằng cách sử dụng Zn (II), Cu (II), Cr (VI) và 3,5 DCP làm các chất gây độc.
Một loạt các thí nghiệm được mô tả với mục tiêu này và cho thấy trong mỗi trường hợp, độ nhạy
của phép thử sinh học có thể khác nhau theo các thông số điều tra.
Sự nhạy cảm của các sinh vật thí nghiệm có thể được giải thích bằng cách thay đổi hoạt động của vi
khuẩn và cũng như tính đặc hiệu của các chất độc hiện diện trong dung dịch dinh dưỡng và các sản
phẩm phân hủy sinh học. Do đó, có thể phát hiện chất gây ô nhiễm độc hại ở nồng độ thấp hơn, có
tác dụng ức chế hoạt tính bùn. Hy vọng rằng cách tiếp cận mới này được áp dụng để phát hiện các
chất ức chế trong nước thải ở nồng độ thấp hơn để bảo vệ vi khuẩn bùn hoạt tính trong nhà máy xử
lý nước thải hiệu quả hơn.
Bên cạnh đó, một phòng thí nghiệm di động đã được xây dựng và phát triển để tiến hành giám sát
nước thải tại 7 khu công nghiệp trên cả nước với phép kiểm tra độc tính như là một thông số quan
trọng. Mục tiêu của các chiến dịch giám sát là áp dụng phương pháp đo trực tuyến sự ức chế hô hấp
bằng hô hấp kế NitriTox để làm một nghiên cứu điển hình trong quy trình bùn hoạt tính của nhà
máy xử lý nước thải công nghiệp đang bị ức chế bởi các chất độc hại ở Việt Nam. Sự cần thiết phải
theo dõi mức độ độc hại của nước thải công nghiệp có thể được chứng minh qua kết quả nước thải
độc hại được tìm thấy ở 5 trong số 7 khu công nghiệp đã quan trắc giám sát. Tóm lại, phương tiện
đo hô hấp trực tuyến NitriTox đã được áp dụng thành công trong khuôn khổ các chiến dịch đo
lường tại bảy khu công nghiệp ở Việt Nam.
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INTRODUCTION
1.

Reasons for selecting the research topic

The activated-sludge process is a commonly used process to remove organic pollutants from
wastewater. Additionally, the nitrogen removal process, the nitrification step in which ammonia in
wastewater is oxidized to nitrate by autotrophic nitrifiers is essential. A significant indicator for the
biological activity of aerobic bacteria is respiration. For this reason, respiration can be used to evaluate
the toxic effect of pollutants, such as heavy metals or toxic organic compounds in wastewater to the
biological wastewater treatment. Based on the respiration of activated sludge bacteria the activatedsludge respiration-inhibition test was developed, which is an appropriate method for determining the
inhibition by pollutants, as this method uses microorganisms directly from the WWTP. The procedure
of this biological test is described in ISO 8192 [1], OECD 209 [2] and TCVN 6226 [3] due to its
necessity in determining the inhibition of pollutants to activated-sludge bacteria. This method is
fundamental for the two online respiration analysers the NitriTox and the Bio-monitor of LAR Process
Analysers AG, which were used for the research in this thesis. Generally, there is a lack of knowledge
which parameters have an influence on the toxicity measurements to create an adjustable bio detector
and to increase the sensitivity of this biological test. This is the first reason for selecting the research
topic.
Additionally, to my knowledge activated-sludge respiration-inhibition has not been applied in Vietnam
to detect the occurrence of toxic wastewater in Vietnam. For this reason, I conducted a toxicity
measurement campaign in seven industrial zones in Vietnam.

2.

Statement of the problems

The high importance of monitoring the nitrification-respiration inhibition at wastewater treatment
plants (WWTPs) can be justified by the detection of toxic pollution compounds themselves, which are
not biologically degradable and are discharged from the WWTP outlet into the environment.
Additionally, according to the standard A QCVN 40/2011/BTNMT the legal limit values for total
nitrogen and NH4 are 20 mg L-1 and 5 mg L-1. Due to the discharge of toxic wastewater from the
factories to the wastewater treatment plant the nitrification process might be inhibited and hence the
legal limit values for total nitrogen and NH4 are exceeded. Furthermore, activated sludge has been used
for agricultural purposes over a long time, so a contamination of the activated-sludge with toxic
compounds obviates any further use as e.g. fertilizer. Monitoring the nitrification inhibition at the
WWTP effluent is relevant for WWTP operators because exceeding the legal limits of NH4 or total
nitrogen caused by inhibiting compounds, can lead to penalties or fines being imposed. Nitrifying
bacteria are characterized by a high sensitivity to toxic compounds and a slow growth rate so the
protection of these bacteria is of immense importance [4].
3.

Objective

Increasing the sensitivity of activated-sludge respiration-inhibition tests ensures the detection of toxic
pollutants and contaminants in lower concentrations. This procedure enables the protection of the
microorganisms within the activated-sludge process at the WWTP and hence renders the biological
degradation of contaminants more efficiently.
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To monitor the inhibiting effect of wastewater discharged into a WWTP, the sensitivity of the test
organisms should be higher than that of the microorganisms used for the treatment process to create an
early-warning system.
For this reason, the objective to increase the sensitivity of the activated-sludge respiration-inhibition
test is of high relevance. In addition, neither the online nor the standard activated-sludge respirationtest, to my knowledge, has been used to assess the wastewater quality in Vietnam’s industrial zones.
Hence, the objectives of this thesis are as follows:
• To develop a new application for the online respirometer Biomonitor to an online-activated-sludge
respiration-inhibition analyser.
• To increase the sensitivity of the activated-sludge respiration-inhibition test.
• To validate the online respirometers, Biomonitor and NitriTox.
• To apply the NitriTox system for wastewater monitoring in seven industrial zones across Vietnam.
4.

Research scope

The parameters to create an adjustable bio detector were nutrient solution, pH, temperature, biomass
concentration, incubation time and oxygen concentration in the fermenter.
The NitriTox was applied for a toxicity screening in the following industrial zones:
• southern region of Vietnam: industrial zone Tra Noc and industrial zone Thot Not
• central region of Vietnam: industrial zone Hoa Khanh, industrial zone Hoa Cam and company
Groz-Beckert
• northern region of Vietnam: industrial zone Nam Sach and industrial zone Cau Dien.
5.

Hypothesis

•

Improving the sensitivity of activated sludge respiration inhibition tests would ensure the
detection of toxic pollutants and contaminants in lower concentrations, this allows protecting
microorganisms within the activated sludge process at the WWTP and hence makes the biological
degradation of contaminants more efficient.

•

In Vietnam the number of industrial zones continues to rise. However, most of these do not have
sustainable wastewater treatment systems. The consequences might be highly polluted
wastewaters with toxic contaminants, which are discharged from factories directly into the
environment or to a centralized WWTP. In order to conduct a case study concerning the
wastewater situation in Vietnam, a monitoring campaign was undertaken in several industrial
zones in Vietnam.
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6.

The new points of the dissertation
1.

The sensitivity of activated-sludge respiration-inhibition testing can be increased by varying
the nutrient solution, pH, temperature, biomass concentration, incubation time, and oxygen
concentration in the fermenter.

2.

Replacement of the synthetic-wastewater nutrient solution with sodium acetate increases
toxicity. This can be explained by the formation of complexes of heavy metals with
ingredients in the synthetic wastewater, especially peptone. The heavy metal- peptone
complex has a lower toxicity than the heavy metal speciation in the presence of sodium
acetate.

3.

An online system for monitoring the toxicity of wastewater has been applied in Vietnam for
the first time. A measurement campaign in seven industrial zones across the country has
been conducted. The monitoring shows that toxicities to nitrificants have occurred in five of
the investigated industrial zones.
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CHAPTER 1

OVERVIEW OF TOXICITY MEASUREMENTS

In chapter 1, the basics of toxicity, toxicity measurements on activated sludge bacteria and influencing
factors will be introduces.

1.1
Definition of Toxicity
Toxicity is the degree to which a substance can harm an organism such as humans, animals or
microorganisms. The toxic effect depends on the concentration of the substance and the organisms.
1.2
Activated Sludge Process
Activated-sludge systems handle wastewaters that contain high concentrations of organic compounds.
They have been important wastewater processing systems for many decades. Activated sludge is a
suspended-growth process that relies on natural bio-oxidation mechanisms. Organic contaminants
within the waste stream exhibit rapid biodegradability. The activated sludge converts organic matter to
H2O, CO2, energy and new cellular material. The standard activated-sludge process is mainly aerobic.
An external source of air or oxygen and mechanical mixing are needed to help artificially replenish
dissolved oxygen levels that have been depleted in the bio-oxidation reaction.
1.3
Nitrification
Nitrification is necessary, because it is the conventional process by which ammonia is removed in
waste-treatment systems (by being converted to nitrate). Nitrification is the bacterial oxidation of NH4 to
NO3.
Nitrifiers are some of the most sensitive bacteria found in activated-sludge processes. Nitrifiers are
autotrophs because they derive their carbon source from the HCO3 in the water instead of from BOD in
the waste. They get their energy from the oxidation of ammonia and are also notoriously slow growing,
requiring 8-12 h for a single replication. Heterotrophic bacteria (BOD degraders) can divide in 20-30
min [5].

1.4
Inhibition and Toxicity on Activated-Sludge Bacteria
Inhibitory and toxic substances can affect the microorganisms responsible for removing the organic and
nitrogen compound contaminants. If toxic wastewater is discharged into a WWTP, it will inhibit the
biological removal of these contaminants. Toxic substances are rarely present in municipal sewage to
any significant extent, but they can be a major concern in industrial wastewater. Contaminants of
concern in this regard include acids/bases, oil, metals, fluoride, sulphides, high levels of salt, certain
amines and phenols, and many halogenated hydrocarbons.
1.5

Toxicity Assessment Methods to Determine the Inhibition of Pollutants on
Activated Sludge Bacteria

Offline Respiration Inhibition Measurements
The activated-sludge respiration-inhibition test is fundamental to this study. The biological test most
commonly used to determine the inhibiting effect of wastewater on the biological treatment is the
activated-sludge respiration-inhibition test. It is an appropriate method for determining the inhibition by
pollutants, as it uses microorganisms directly from the WWTP. The activated-sludge respirationinhibition test is based on the dissolved oxygen uptake rate (DOUR). It was developed as a method for
assessing the potential impact of chemicals on wastewater-treatment systems.
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Because it is necessary for determining the inhibition of pollutants to activated-sludge bacteria, the
procedure of this biological test is described in DIN ISO 8192 [1], OECD 209 [2] and TCVN 6226 [3].
The respiration rate is primarily caused by the biological oxidation of the organic pollutant through the
activated-sludge heterotrophs and the nitrifying autotrophs for ammonia removal, which requires
oxygen. If the biological oxidation is inhibited, the respiration rate decreases. This relationship enables
the determination of the toxicants' inhibiting effect on activated-sludge bacteria by measuring the
respiration rate of reference water and the toxic sample. The oxygen consumption of activated-sludge
bacteria in the presence of reference water is set to the toxicity of 0%. 100% toxicity means no
respiration.
Online Respiration Inhibition Measurements
The importance of process automation at WWTP has increased significantly. The process control
requires sensors and analytical instruments for continuous online measurements. Due to the long
response time (incubation takes five days at 20 °C), the traditional method for determining biological
oxygen demand (BOD) cannot be used for online toxicity measurements of wastewater treatment plants
and is merely a long-term performance evaluation instrument. Therefore, online measurement devices
are based on respiration measurements, which allow a measurement interval of 15 min.
Online analysers for respirometric measurements usually consist of following main parts: a fermenter to
produce the biomass, a measurement cell in which a dissolved oxygen (DO) electrode is installed for
respiration measurements and a data-processing unit.

1.6
Influencing Factors to Nitrification Respiration Inhibition Test
There is much conflicting data in the literature regarding the EC 50 values of the activated-sludge
respiration-inhibition tests. But this fact is used in the frame of this work to improve the sensitivity of
this biological test. Therefore, the primary aim of this study is to investigate factors that influence the
activated-sludge respiration-inhibition test. For the experiments, it was assumed that factors influencing
the nitrification rate are directly related to the nitrification-respiration inhibition-test. In the literature, it
is known that the factors influencing the nitrification rate include parameters such as pH [6-8],
temperature [9], type of nutrient [10] and the DO level in the fermenter [11]. But little is known about
the influences of these factors on the nitrification inhibition. For this reason, this relationship was
investigated systematically.
Apart from parameters such as temperature and pH, which can obviously affect the toxicity of heavy
metals, the chemical composition significantly affects the biological actions of heavy metals. The
quantity [12] and type of substrate [13], the presence of specific chemical substances [14] and the
heavy-metal speciation [15], [16] can all influence the microbial system. Another significant factor in
the nitrification-inhibition test is the community structure of the biomass.
These investigations were done in the frame of this study with the international standardized activatedsludge respiration-inhibition test and the two online respirometers, NitriTox and Biomonitor from LAR
Process Analysers AG.

1.7
Directions for future research
The future research will focus on the cultivation of more sensitive bacteria cultures for activated-sludge
respiration-inhibition testing.
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CHAPTER 2

METHODOLOGY FOR TOXICITY MEASUREMENTS

2.1
Activated Sludge-Respiration Inhibition-Test
The activated-sludge respiration-test was done according to DIN IOS 8192 [1] but with varying the
nutrient solution. To prepare the test mixture, 250 mL activated-sludge (total suspended solids of 3 g L1
) was given into a 500 mL Erlenmeyer flask, a defined volume of the stock toxicant solution and 16 mL
of the nutrient solution (synthetic wastewater or sodium acetate) were added. This solution was filled up
to 500 mL in the Erlenmeyer flask and was aerated for incubation for 30 min. Afterwards, the
respiration was measured at a constant temperature of 20 - 22 °C with an optical oxygen sensor. The
oxygen concentration was measured every minute while stirring until a concentration < 1 mg L-1 was
reached. The respiration rate was then calculated based on the oxygen consumption.
2.2
NitriTox
The NitriTox is an online respirometer that is used to determine the inhibition of pollutants on nitrifiers,
which are the most sensitive micro-organisms used in activated sludge.
The respirometer consists primarily of 5 L fermenter, a measurement cell, a biomass return unit and a
computer. The biomass necessary for the measurement process is cultivated in a fermenter, which is part
of the analyser. The fermenter is equipped with aeration and a pH sensor. The dosing rate of the nutrient
solution (ammonia bicarbonate) is calculated [17] based on the pH value. The pH value is altered by the
acidifying ammonia oxidation and is kept constant at 7.6 by adding ammonia bicarbonate automatically.
For optimal growth conditions, a heating element keeps the temperature at 28 °C. This temperature was
chosen because 28 °C is an optimum condition for the LAR nitrifiers. Other unwanted bacteria cultures
are therefore suppressed.

Figure 2-1: Set up of NitriTox

Wastewater and the biomass are pumped into the measurement cell, where the oxygen consumption of
the nitrifiers is measured while vortexing slowly with a magnetic stirrer. The measured respiration is
shown directly on the screen of the analyser, and the recorded measurement curve can be divided into
two steps, as shown in Figure 2-2: Step 1) In the first measurement phase, the sample is pumped into the
measurement cell, and the respiration of the sample is measured. This is important if microorganisms or
oxygen-consuming substances are present in the sample, which cause oxygen consumption without
nitrification.
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Step 2) The toxicity measurement starts in Pump Phase 2, in which a few nitrifiers are added from the
fermenter to the measurement cell. The toxicity of the sample can be calculated based on the course of
the measurement curve. A decrease of the respiration activity of the microorganisms causes less use of
oxygen in the measurement cell and indicates a toxic event.
The range of toxicity is calculated by the respiration of the nitrifiers of the reference water and the
respiration of oxygen in the toxic sample. The oxygen consumption of the nitrifiers in the presence of
the reference water is set to a toxicity of 0 %. A toxicity of 100 % means no respiration. The advantages
of the NitriTox compared to the activated-sludge inhibition test are a shortened measurement time from
60 min to 15 min, a consistent bacterial culture and a lower workload.

Figure 2-2: Respirogram of NitriTox measurements; for a toxic and a non-toxic event

2.3

Biomonitor

The Biomonitor is an online analyser that is used to measure the biological oxygen consumption (BOC).
In the course of this study, a new application was developed to measure the activated-sludge respiration
inhibition with this online analyser. Figure 2-3 shows a picture and the schematic setup.

Figure 2-3: The Biomonitor a) Picture; b) Schematic set up
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The Biomonitor is mainly divided into three parts. The first part is the sludge recycling unit, which
works like a miniature WWTP to produce the activated sludge for the measurement method. If an
activated sludge source is available at the WWTP, the biomass can also be taken directly from the
aeration basis with the patented LAR AG flow sample taker. The second part is the cascade, where the
activated sludge, sewage, and air are pumped in using known discharge volumes [18]. Compared to a
vessel with just one reaction vessel, the Biomonitor is a two-stream respirometer with a fast degradation
of the organic pollutants. With the multi-step construction, even difficult degradable substances are
decomposed. Due to the high temperature of 33 °C in the cascade, the biological degradation of the
organic pollutants is faster, which results in a reduced measurement time. So the benefit of this multistep system is the fast, precise and continuous determination of BOC. In a fourth vessel of the cascade,
an O2 sensor is installed for measuring the respiration rate in the gaseous phase. The measurement of the
endogenous respiration is established by pumping activated sludge and air into the second cascade
(reference cascade). The oxygen consumption in the reference cascade depends only on the bacteria in
this cascade. The Biomonitor determines the oxygen consumption of the activated sludge per volume
and time. This parameter is called activated-sludge respiration (ASR). The endogenous respiration is the
best indicator of sludge activity, and it can also detect toxic effects like heavy-metal poisoning since the
respiration rate decreases in case of a toxic event.
The oxygen consumption for the biological degradation of the water ingredients is determined by
subtracting the oxygen consumption in the measurement cascade (drain cascade) from that in the
reference cascade. The parameter measured with the Biomonitor is BOC, which can be correlated with
BOD5.
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CHAPTER 3

RESULT AND DISCUSSION

3.1

Sensitisation of Activated-Sludge Respiration-Inhibition Testing by
Varying Nutrient Solutions
The preliminary studies obtained experimental results and their evaluation proved that activated-sludge
respiration-inhibition testing can be sensitised by varying the nutrient solution. The effective
concentration (EC) 50 value using sodium acetate as a nutrient solution was up to 7.7 times lower
compared to synthetic wastewater. This effect can be explained by the sensitisation of the activated
sludge bacteria by sodium acetate (NaAc) and the heavy metal speciation due to the compounds of the
nutrient. It is therefore possible to detect toxic pollutants in lower concentrations, which have an
inhibiting effect on activated sludge bacteria. In addition, I succeeded to verify the obtained results with
using an oxidation reduction potential electrode (ORP).
50

-1

EC50 (mg L )

40

O2 electrode - NaAc
ORP electrode - NaAc
O2 Electrode - Synthetic wastewater
ORP electrode - Synthetic wastewater

30

20

10

0
Cr(VI)

Cu(II)

3,5 DCP

Zn(II)

Figure 3-1: Comparison of EC 50 values for the toxicants: Cr(VI), Cu(II), 3.5 DCP and Zn(II) measuring the
respiration with an oxygen sensor and an ORP electrode using synthetic wastewater or NaAc as a
nutrient solution. The results are presented with standard deviation.

3.2
Activated-Sludge Respiration-Inhibition with the Online Respirometer Biomonitor
This chapter describes experiments conducted to develop an activated-sludge respiration-inhibition
analyser for the online respirometer, Biomonitor. The Biomonitor measures the parameter BOC, which
can be correlated with BOD5. To develop the new application, activated-sludge respiration-inhibition
experiments were done with the Biomonitor. Toxicants Zn(II), Cu(II), Cr(VI) and 3.5 DCP were
selected as samples to study the inhibiting effects.
The influences of the total suspended solids (TSS) concentration and the nutrient solution were
investigated on the bacterial growth curve. In addition, we investigated the influence the biomass
concentration in the cascade, the ASR value and the nutrient solution have on toxicity measurements.
To study the impact of the nutrient solution, sodium acetate and synthetic wastewater were selected.
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These tests were done to examine the influence of the measurement stability and the sensitivity of the
measurement procedure. The most significant results are listed below:
• The results show that it is possible to do toxicity measurements with the Biomonitor with a
coefficient of variation (CV) of 6-14%
• The EC 50 values of the Biomonitor measurements are higher than the DIN ISO 8192 method. The
correlation factors were ranging from 1.08 - 5.38 for Cr(VI) and 3.5 DCP. Hence, the toxicities of
the two methods cannot be correlated, and it is accordingly difficult to classify the results of the
Biomonitor.
• For the development of an adjustable bio-detector, the influence of the nutrient solution, the TSS
concentrations and the ASR value were investigated. The experiments showed that there is no
influence of the ASR value on the toxicity measurements and the influence of the TSS
concentration is negligible.
In contrast it was possible to sensitize the measurement method by varying the nutrient solution. The
highest factor of sensitisation was determined for Cu(II) with a value of 4.3 while using NaAc as a
nutrient solution.
In conclusion the Biomonitor can be used to measure the activated sludge respiration inhibition and it
was possible to sensitise the measurement procedure to create an adjustable bio detector.

3.3

Activated-Sludge Respiration-Inhibition with the Online Respirometer NitriTox

Validation of NitriTox measurements
The validation of the NitriTox was performed to determine the reliability and consistency of the
analytical method. In the course of the validation, a round-robin test was done, which is an interlaboratory test. A sample with a known concentration was sent to different laboratories and was
analysed independently with the NitriTox. The results of the different laboratories were compared to
produce a statement about the accuracy and reproducibility of the analyser. In the next step of the
validation, the analytical results of the NitriTox were validated over a period of four years to determine
the stability, sensitivity, and the measurement behavior of the NitriTox. To assess and classify the
sensitivity of the NitriTox, the measurement results were compared with those of 13 different toxicity
assessment methods. Finally, it was determined whether the measurement procedure can be standardised
to obtain similar results compared to the activated-sludge respiration-inhibition test according to DIN
ISO 8192 [1]. This validation step is essential to creating measurement results and recognised tests that
can be compared to an international standard.
Round-robin test:
In frame of the round-robin test the measured EC 50 values for Zn(II), Cu(II), thiourea (TU) and 2.4
DCP varied by factors of 1 to 8.4 for each standard. This result was expected, as it is reported in the
literature that the EC 50 values for heavy metals determined by activated- sludge respiration-inhibition
can vary up to one order of magnitude.
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Validation over a period of four years:
The EC 50 values increased significantly from 2013 to 2014 by a factor of up to 18 times for Zn(II).
Because of this high factor, it is improbable that this alteration was caused by factors influencing the
nitrification rate or the equilibrium of the chemical speciation. A more probable reason is an alteration
of the bacterial community structure.
NitriTox measurements according to DIN ISO 8192:
NitriTox measurements were conducted following the procedure according to DIN ISO 8192. It can be
concluded that the NitriTox measurements and the DIN ISO 8192 are similar. Hence, it was possible to
obtain results according to international standardised activated-sludge respiration-inhibition tests in
accordance with DIN ISO 8192.
Influencing Factors to Nitritox Measurements
To increase the sensitivity for NitriTox measurements, the nutrient solution, temperature, incubation
time, retention time in measurement phase II, biomass concentration, airflow in the fermenter and pH
value were altered. To give an overview of the results, the conditions resulting in the highest and lowest
sensitivity for NitriTox measurements are summarised in Table 3-1, which also shows averages of the
sensitisation factors. In addition, the obtained EC 50 values of the toxicity measurements are illustrated
in Figure 3-2 to Figure 3-5. The highest sensitisation factor of 4.0 was achieved for altering the nutrient
solution. Moderate sensitisation factors of 2.2 to 1.7 were obtained for the parameters temperature,
incubation time, retention time and biomass concentration. The lowest sensitisation factors were
obtained for the airflow of the fermenter and the pH value. In conclusion all investigated parameters
have an influence on the NitriTox measurements. The results showed that unfavourable conditions for
the microorganism are leading to a higher sensitivity to toxicants. Furthermore, toxicity measurements
by NitriTox or Biomonitor can be sensitised by appropriately varying the parameters to obtain toxicant
specifications with a high bioavailability. In conclusion, it is succeeded for the first time to create an
adjustable biosensor for detecting a lower concentration of toxic contaminants in wastewater and due to
the research results explanations for the sensitisation were given.
Table 3-1:

Overview of the investigated parameters and the determined sensitisation factors (average)
Variation
Parameter

Sensitivity

Microorganisms

High

Low

Factor of
Sensitisation

Nutrient solution

nitrifiers

Ammonia
bicarbonate

Nutrient solution

activated sludge

Sodium acetate

Temperature

nitrifiers

40 °C

Synthetic
wastewater
Synthetic
wastewater
10 °C

Incubation time
retention time measurement
phase 2
incubation time

activated sludge

30 min

0 min

2.0

nitrifiers

420 s

180 s

1.9

nitrifiers

30 min

0 min

1.7

Biomass concentration

nitrifiers

5%

15%

1.7

Airflow of aeration for fermenter

nitrifiers

5 L min

pH value Cr(VI) is not included

nitrifiers

5
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4.0
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200
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-1

EC 50 (mg L )
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0.8 g/L - 5 % Biomass
0.8 g/L - 10 % Biomass
0.8 g/L - 15 % Biomass
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Figure 3-2: l) Influence of Nutrients to NitriTox measurement using LAR nitrifies or activated sludge
as nutrient solution;
r) Influence of the biomass concentration
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Figure 3-3: l) Influence of the pH value;
r) Influence of the temperature on the EC 50 values of Zn(II), Cu(II) and Cr(VI)
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Figure 3-4: Influence of the incubation time in the measurement cell;
(l) activated sludge, (r) nitrifiers
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Figure 3-5: Influence of exposure time in the measurement phase II;
respirogram of reference water and Cu(II) 20 ppm;
r) Influence of the aeration rate in the fermenter

3.4
Application of NitriTox to monitor Industrial Wastewater
The monitoring of nitrification inhibition in seven industrial zones in Vietnam was conducted with the
mobile laboratory. The study showed that toxicities to nitrifiers occur in five of the industrial zones
investigated.
In conclusion, the NitriTox was used to conduct a successful case study of the wastewater situation in
Vietnam's industrial zones. Additional to this, relevant information was gained about the measurement
behaviour with the NitriTox in the frame of a field test in seven industrial zones across Vietnam. The
results are summarised in Table 3-2.
Table 3-2:

Industrial
Zone

Summarised results of the monitoring campaigns to identify the occurrence of nitrification
inhibition in seven industrial zones
Centralised WWTP

Sewage System

The centralised WWTP in Tra Noc did not
receive toxic wastewater at the investigated time.

Nitrification inhibition occurred at two of six
investigated measurement points. It was caused by
Cr and Zn pollution of the wastewater.

Nam Sac

Biological degradation of the organic pollutants
by the activated-sludge process was hindered for
three days due to toxic wastewater.

Eight representative measurement points showed
toxicities > 20% at three measurement points.

Hoa Cam

High loads of toxic wastewater, with high total One of four tested representative measurement points
organic carbon (TOC) concentrations which led of the sewage system of the industrial zone showed
to nitrification inhibition.
toxicities.

Tra Noc

Hoa Khanh

Groz
Beckert

Toxicities up to 35%. Simultaneous TOC
measurement demonstrated a relationship
between high TOC concentrations and toxicities.

The monitoring of nine representative measurement
points showed toxicities up to 34% at three
measurement points.

NitriTox was used as an application to assess
heavy-metal removal by the chemical WWTP.

Online monitoring of the influent and effluent of the
biological treatment plant did not show any
inhibition of nitrifiers.
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CONCLUSIONS AND RECOMMENDATIONS

In the introduction of this study, four main objectives were presented. On the basis of this study, the
following conclusions can be drawn.
For the online BOC analyser Biomonitor, a new application was developed for successfully measuring
activated-sludge respiration-inhibition. Hence, it was possible to increase the range of applications for
Biomonitor, which is of economic importance to LAR process analysers, as this new development
promises a positive effect on sales figures.
The two analytical devices, NitriTox and Biomonitor were validated. The validation of the NitriTox
analyser revealed that the sensitivity of the test organisms decreased over the years. Hence, in a long
term view the analyser showed a relatively poor reproducibility. Anyway, the obtained NitriTox results
are in the validity range according to the international standard norms. The results proved that it is
important to investigate factors that influence the activated-sludge respiration-inhibition test. The most
gratifying result was that I succeeded in obtaining results with the NitriTox that are similar to that of the
internationally standardised activated-sludge respiration-inhibition test. I also verified inhibition by
replacing the DO sensor with an ORP electrode, which is another novel result. In the frame of this
study, the activated-sludge respiration-inhibition test was conducted with using an ORP electrode for the
first time. A prerequisite for the unrestricted application of an OPR electrode is the absence of
predominant redox-active species in the sample.
This study succeeded in increasing the sensitivity of the activated respiration-inhibition test by using
three different analytical methods: the international standardised activated-sludge respiration-inhibition
test and the two online respirometers: NitriTox and Biomonitor. This improvement is very relevant to
the development of an early-warning system that can detect toxic influents at the WWTP earlier and in
lower concentrations. In general, the sensitivity of the test organisms should be higher than that of the
microorganisms used for the treatment process. This can be realized by the findings of this study.
Of the study's conducted experiments to improve the sensitivity of the activated-sludge respirationinhibition test, the most remarkable results were obtained by altering the nutrient solution. The
sensitivity of the biological test was increased by a factor of 7.7. In addition, a detailed and novel
scientific discussion was introduced to justify the results. Another noteworthy and novel result is the
vanishing toxic effect of Cr(VI) obtained by using nitrifiers as test organisms after adjusting the pH
value from 7 to 9. For the first time, this effect is associated with the chromate-dichromate equilibrium.
In summary, the nutrient solution, the temperature, the pH, the O2 concentration in the fermenter, the
biomass concentration and the incubation time influence the sensitivity of the activated-sludge
respiration-inhibition test. The results allow me to offer the following novel statement: The more stable
a system is, the higher the level of any potential toxin it can tolerate. On the other hand, the more
stressed a system is due to non-optimum conditions, the lower the level of any toxin it can tolerate.
Another significant influence on the sensitivity and stability of the activated-sludge respirationinhibition test is the community structure of the test organisms. A concept that can improve the stability
of the community structure is thus provided in this study.
The online respirometer, NitriTox, was successfully applied to a wastewater-monitoring campaign in
seven industrial zones in Vietnam. The results reveal the high occurrence of toxic wastewater in the
investigated industrial zones. In conclusion, the monitoring of nitrification inhibition revealed the
occurrence of toxic substances in five of seven investigated industrial zones.
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EINLEITUNG
1.

Gründe für die Wahl des Forschungsthemas

Das Belebtschlamm-Verfahren ist ein gängiges Verfahren zur Entfernung von organischen
Schadstoffen aus dem Abwasser. Zusätzlich ist der Stickstoffabbauprozess, der Nitrifikationsschritt,
bei dem Ammoniak im Abwasser durch autotrophe Nitrifikatoren zu Nitrat oxidiert wird, unerlässlich.
Ein wichtiger Indikator für die biologische Aktivität von aeroben Bakterien ist die Atmung. Aus
diesem Grund kann die Atmung genutzt werden, die toxische Wirkung von Schadstoffen wie
Schwermetallen oder toxischen organischen Verbindungen im Abwasser zur biologischen
Abwasserreinigung zu bewerten. Basierend auf der Atmung von Belebtschlamm-Bakterien wurde der
Belebtschlamm-Atmungshemmungstest entwickelt, der eine geeignete Methode zur Bestimmung der
Inhibition durch Schadstoffe darstellt, da bei diesem Verfahren Mikroorganismen direkt aus der
Kläranlage verwendet werden. Die Vorgehensweise bei diesem biologischen Test wird in ISO 8192
[1], OECD 209 [2] und TCVN 6226 [3] beschrieben, wegen seiner Notwendigkeit, die Hemmung von
Schadstoffen für Belebtschlamm-Bakterien zu bestimmen. Diese Methode ist grundlegend für die
beiden Online-Atmungsanalysatoren NitriTox und Bio-monitor der LAR Process Analysers AG, die
für die Forschung in dieser Arbeit verwendet wurden. Generell ist nicht bekannt, welche Parameter
einen Einfluss auf die Toxizitätsmessungen haben, um einen einstellbaren Bio-Detektor zu schaffen
und die Empfindlichkeit dieses biologischen Tests zu erhöhen. Dies ist der erste Grund für die Wahl
des Forschungsthemas.
Außerdem wurde meinem Wissen nach in Vietnam keine Belebtschlamm-Atmungshemmung
angewendet, um das Auftreten von toxischen Abwässern in Vietnam nachzuweisen. Aus diesem Grund
habe ich eine Toxizitätsmessung in sieben Industriezonen in Vietnam durchgeführt.

2.

Darstellung der Probleme

Die hohe Bedeutung der Überwachung von Nitrifikations-Respirationshemmung in Kläranlagen kann
durch den Nachweis von toxischen Schadstoffen, die nicht biologisch abbaubar sind und aus der
Kläranlage in die Umwelt eingeleitet werden, begründet werden. Zusätzlich sind nach der Norm A
QCVN 40/2011/BTNMT die gesetzlichen Grenzwerte für Gesamtstickstoff und NH4 20 mg L-1 und 5
mg L-1. Durch die Einleitung von giftigem Abwasser aus den Fabriken in die Kläranlage kann der
Nitrifikationsprozess behindert und damit die gesetzlichen Grenzwerte für Gesamtstickstoff und NH4
überschritten werden. Darüber hinaus wird Belebtschlamm seit langem landwirtschaftlich genutzt, eine
Kontamination des Belebtschlamms mit toxischen Verbindungen verhindert jedoch jede weitere
Verwendung als z. B. Dünger.
Des Weiteren ist die Überwachung der Nitrifikationshemmung im Abwasser einer Kläranlage ist für
Kläranlagenbetreiber relevant, da die Überschreitung der gesetzlichen Grenzwerte für NH4 oder
Gesamtstickstoff durch Hemmstoffe zu Strafen oder Geldbußen führen kann. Nitrifizierende Bakterien
zeichnen sich durch eine hohe Empfindlichkeit gegenüber toxischen Verbindungen und eine langsame
Wachstumsrate aus und daher ist der Schutz dieser Bakterien von großer Bedeutung. [4].
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3.

Zielsetzung

Die Erhöhung der Empfindlichkeit von Belebtschlamm-Atmungshemmungstests gewährleistet den
Nachweis von toxischen Schadstoffen und Verunreinigungen in geringeren Konzentrationen. Dieses
Verfahren ermöglicht den Schutz von Mikroorganismen innerhalb des Belebtschlamm-Prozesses in der
Kläranlage und macht damit den biologischen Abbau von Schadstoffen effizienter. Um die hemmende
Wirkung von Abwasser, das in eine Kläranlage eingeleitet wird, zu überwachen, sollte die
Empfindlichkeit der Testorganismen höher sein als die des Mikroorganismus, der für den
Behandlungsprozess verwendet wird, um ein Frühwarnsystem zu schaffen. Aus diesem Grund ist das
Ziel, die Empfindlichkeit des Belebtschlamm-Atmungshemmungstests zu erhöhen, von hoher
Relevanz. Außerdem wurden meines Wissens weder der Online- noch der Standard-BelebtschlammAtmungstest zur Beurteilung der Abwasserqualität in den Industriegebieten Vietnams verwendet.
Daher sind die Ziele dieser Arbeit wie folgt:
• Entwicklung einer neuen Anwendung für den Online-Respirometer Biomonitor zu einem
Analysegerät für die Online-Belebtschlamm-Respirationshemmungsanalyse.
• Erhöhung der Empfindlichkeit des Belebtschlamm-Atmungshemmungstests.
• Validierung der Online-Respirometer, des Biomonitor und NitriTox.
• Einsatz des NitriTox-Systems zur Abwasserüberwachung in sieben Industriegebieten verteilt über
ganz Vietnam.

4.

Forschungsumfang

Die Parameter zur Erstellung eines einstellbaren Bio-Detektors waren Nährlösung, pH-Wert,
Temperatur, Biomassekonzentration, Inkubationszeit und Sauerstoffkonzentration im Fermenter.
Das NitriTox wurde für ein Toxizitätsscreening in folgenden Industriegebieten eingesetzt:
• südliche Region Vietnams: Industriezonen Tra Noc und Thot Not
• Vietnam, Zentralregion: Industriezonen Hoa Khanh und Hoa Cam sowie das Unternehmen GrozBeckert
• nördliche Region Vietnams: Industriezonen Nam Sach und Cau Dien

5.

Hypothese

• Die Verbesserung der Empfindlichkeit von Belebtschlamm-Atmungshemmungstests würde den
Nachweis von toxischen Schadstoffen und Verunreinigungen in niedrigeren Konzentrationen
gewährleisten, was den Schutz von Mikroorganismen innerhalb des Belebtschlamm-Prozesses in
der Kläranlage ermöglicht und somit den biologischen Abbau von Verunreinigungen effizienter
macht.
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• In Vietnam steigt die Zahl der Industriegebiete weiter an. Die meisten von ihnen verfügen jedoch
nicht über eine nachhaltige Abwasserbehandlung. Die Folgen können hoch belastete Abwässer mit
toxischen Schadstoffen sein, die aus Fabriken direkt in die Umwelt oder in eine zentrale Kläranlage
eingeleitet werden. Um eine Fallstudie zur Abwassersituation in Vietnam durchzuführen, wurde
eine Monitoring-Kampagne in mehreren Industriegebieten Vietnams durchgeführt.

6.

Die neuen Punkte der Dissertation
1. Die Empfindlichkeit der Belebtschlamm-Atmungshemmungs-tests kann durch Variation von
Nährlösung, pH-Wert, Temperatur, Biomassekonzentration, Inkubationszeit und
Sauerstoffkonzentration im Fermenter erhöht werden.
2. Der Ersatz der synthetischen Abwasser-Nährlösung durch Natriumacetat erhöht die Toxizität.
Dies lässt sich durch die Bildung von Schwermetallkomplexen mit Inhaltsstoffen im
synthetischen Abwasser, insbesondere Pepton, erklären. Der Schwermetall-Pepton-Komplex
hat eine geringere Toxizität als die Schwermetallspezies in Gegenwart von Natriumacetat.
3. In Vietnam wurde erstmals ein Online-System zur Überwachung der Toxizität von Abwasser

eingesetzt. Es wurde eine Messkampagne in sieben Industriegebieten im ganzen Land
durchgeführt. Das Monitoring zeigt, dass in fünf der untersuchten Industriegebiete Toxizitäten
für Nitrifikanten aufgetreten sind.
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KAPITEL 1

ÜBERSICHT DER TOXIZITÄTSMESSUNGEN

In Kapitel 1 werden die Grundlagen der Toxizität, Toxizitätsmessungen an Belebtschlammbakterien und
Einflussfaktoren vorgestellt.

1.1
Definition von Toxizität
Toxizität ist der Grad, zu dem ein Stoff einen Organismus wie Menschen, Tiere oder Mikroorganismen
schädigen kann. Die toxische Wirkung hängt von der Konzentration des Stoffes und der Organismen ab.
1.2
Belebtschlamm-Prozess
Belebtschlamm-Systeme verarbeiten Abwässer, die hohe Konzentrationen an organischen
Verbindungen enthalten. Sie sind seit vielen Jahrzehnten wichtige Abwasseraufbereitungsanlagen.
Belebtschlamm ist ein suspendierter Wachstumsprozess, der auf natürlichen Biooxidationsmechanismen
beruht. Organische Verunreinigungen im Abfallstrom weisen eine schnelle biologische Abbaubarkeit
auf. Der Belebtschlamm wandelt organische Stoffe in H2O, CO2, Energie und neues Zellmaterial um.
Das Standard-Belebtschlamm-Verfahren ist hauptsächlich aerob. Eine externe Quelle für Luft oder
Sauerstoff und mechanisches Mischen sind notwendig, um die in der Biooxidationsreaktion
verbrauchten gelösten Sauerstoffmengen künstlich wieder aufzufüllen.
1.3
Nitrifikation
Die Nitrifikation ist notwendig, da es sich um das konventionelle Verfahren handelt, bei dem
Ammoniak in Abfallbehandlungsanlagen (durch Umwandlung in Nitrat) entfernt wird. Die Nitrifikation
ist die bakterielle Oxidation von NH4 zu NO3.
Nitrifikatoren gehören zu den empfindlichsten Bakterien in Belebtschlamm-Prozessen. Nitrifikanten
sind autotroph, weil sie ihre Kohlenstoffquelle aus HCO3- im Wasser beziehen, statt aus BOD im Abfall.
Sie erhalten ihre Energie aus der Oxidation von Ammonium. Sie wachsen auch notorisch langsam und
benötigen 8-12 Stunden für eine einzige Replikation. Heterotrophe Bakterien (BSB-Abbauprodukte)
können sich in 20-30 Minuten teilen. [5].

1.4
Hemmung und Toxizität von Aktivschlamm-Bakterien
Hemmende und toxische Substanzen können die Mikroorganismen beeinflussen, die für die Entfernung
der organischen und stickstoffhaltigen Verunreinigungen verantwortlich sind. Wenn giftiges Abwasser
in eine Kläranlage eingeleitet wird, hemmt es die biologische Entfernung dieser Schadstoffe. Giftige
Stoffe sind in kommunalen Abwässern selten in nennenswertem Umfang vorhanden, können aber in
industriellen Abwässern ein großes Problem darstellen. Besorgniserregende Verunreinigungen in dieser
Hinsicht sind Säuren/Basen, Öl, Metalle, Fluoride, Sulfide, hohe Salzgehalte, bestimmte Amine und
Phenole sowie viele halogenierte Kohlenwasserstoffe.
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1.5

Toxizitätsbewertungsverfahren zur Bestimmung der Schadstoffhemmung von
Belebtschlamm-Bakterien

Offline Messungen der Atmungshemmung
Der Belebtschlamm-Atmungshemmungstest ist von grundlegender Bedeutung für diese Studie. Er ist
der am häufigsten verwendete biologische Test zur Bestimmung der hemmenden Wirkung von
Abwasser auf die biologische Behandlung. Dieser Test ist deshalb eine geeignete Methode zur
Bestimmung der Hemmung durch Schadstoffe, da er Mikroorganismen direkt aus der Kläranlage
verwendet.
Der Test basiert auf der gelösten Sauerstoffaufnahme (DOUR) und wurde als Methode zur Bewertung
der möglichen Auswirkungen von Chemikalien auf Abwasserbehandlungssysteme entwickelt. Da er zur
Bestimmung der Schadstoffinhibierung von Belebtschlamm-Bakterien notwendig ist, ist das Verfahren
dieser biologischen Prüfung in der DIN ISO 8192[1], der OECD 209 [2] und in den TCVN 6226 [3]
beschrieben.
Die Respirationsrate wird hauptsächlich durch die biologische Oxidation des organischen Schadstoffes
durch
die
Belebtschlamm-Heterotrophen
und
die
nitrifizierenden
Autotrophen
zur
Ammoniakbeseitigung, die Sauerstoff benötigen, verursacht. Wird die biologische Oxidation gehemmt,
sinkt die Atemfrequenz.
Dieser Zusammenhang ermöglicht es, die hemmende Wirkung von Giftstoffen auf BelebtschlammBakterien durch Messung der Atmungsrate von Referenzwasser und der toxischen Probe zu bestimmen.
Der Sauerstoffverbrauch von Belebtschlamm-Bakterien in Gegenwart von Referenzwasser wird auf die
Toxizität von 0% eingestellt. 100% Toxizität bedeutet keine Atmung.
Online Messungen der Atmungshemmung

Die Bedeutung der Prozessautomatisierung in der Kläranlage hat deutlich zugenommen. Die
Prozesssteuerung erfordert Sensoren und Analysegeräte für kontinuierliche Online-Messungen.
Aufgrund der langen Ansprechzeit (Inkubation dauert fünf Tage bei 20°C) kann die traditionelle
Methode zur Bestimmung des biologischen Sauerstoffbedarfs (BSB) nicht für die OnlineToxizitätsmessungen von Kläranlagen verwendet werden und ist lediglich ein Instrument zur
langfristigen Leistungsbewertung. Online-Messgeräte basieren daher auf Beatmungsmessungen, die ein
Messintervall von 15 min erlauben.
Online-Analysatoren für respirometrische Messungen bestehen in der Regel aus folgenden Hauptteilen:
einem Fermenter zur Herstellung der Biomasse, einer Messzelle, in der eine Elektrode aus gelöstem
Sauerstoff (DO) für Atemmessungen installiert ist, und einer Datenverarbeitungseinheit.

1.6
Einflussfaktoren auf den Nitrifikation-Atmungshemmungstest
In der Literatur gibt es viele widersprüchliche Daten zu den EC 50-Werten der BelebtschlammAtmungshemmungstests. Aber diese Tatsache wird im Rahmen dieser Arbeit genutzt, um die
Empfindlichkeit dieses biologischen Tests zu verbessern. Das Hauptziel dieser Studie ist es daher,
Faktoren zu untersuchen, die den Belebtschlamm-Atmungshemmungstest beeinflussen.
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Für die Experimente wurde angenommen, dass Faktoren, die die Nitrifikationsrate beeinflussen, in
direktem Zusammenhang mit dem Nitrifikations-Atmungshemmungstest stehen. In der Literatur ist
zwar bekannt, dass die Faktoren, die die Nitrifikationsrate beeinflussen, Parameter wie der pH-Wert [68], die Temperatur [9], die Nährstoffart [10] und die DO-Ebene im Fermenter [11] sind. Jedoch ist nur
wenig bekannt über den Einfluss dieser Faktoren auf die Nitrifikationshemmung. Aus diesem Grund
wurde dieser Zusammenhang systematisch untersucht.
Abgesehen von Parametern wie Temperatur und pH-Wert, die offensichtlich die Toxizität von
Schwermetallen beeinflussen können, hat auch ihre chemische Zusammensetzung einen erheblichen
Einfluss auf ihre biologische Wirkung. Die Menge [12] und die Art des Substrates [13], das
Vorhandensein von spezifischen chemischen Substanzen [14] und die Schwermetallspezies [15], [16]
können alle das mikrobielle System beeinflussen. Ein weiterer signifikanter Faktor im
Nitrifikationshemmungstest ist die Gemeinschaftsstruktur der Biomasse.
Diese Untersuchungen wurden im Rahmen dieser Studie mit dem international standardisierten
Belebtschlamm-Atmungshemmungstest und den beiden Online-Respirometern NitriTox und
Biomonitor der LAR Process Analysers AG durchgeführt.

1.7
Wegweiser für die zukünftige Forschung
Die zukünftige Forschung wird sich auf die Kultivierung von empfindlicheren Bakterienkulturen für
Belebtschlamm-Atmungshemmungstests fokussieren.
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KAPITEL 2

METHODIK VON TOXIZITÄTS-MESSUNGEN

2.1
Der Belebtschlamm Atmungshemmungstest
Der Belebtschlamm Respirationstest wurde gemäß DIN IOS 8192 [1] durchgeführt, jedoch mit
Varianten der Nährlösung. Um die Testmischung vorzubereiten wurden 250 mL Belebtschlamm
(Gesamtschwebstoffgehalt von 3 g L-1) in einen 500 mL Erlenmeier-Kolben gegeben, ein definiertes
Volumen der gelagerten Toxiklösung und 16 mL der Nährlösung (synthetisches Abwasser oder
Natriumacetat) wurden hinzugefügt. Diese Lösung wurde auf bis zu 500 mL in den Erlenmeyerkolben
aufgefüllt und für die Inkubation 30 min belüftet. Danach wurde die Respiration bei einer konstanten
Temperatur von 20 - 22 °C mit Hilfe eines optischen Sauerstoffsensors gemessen. Die
Sauerstoffkonzentration wurde unter Rühren minütlich kontrolliert, bis zum Erreichen einer
Konzentration von < 1 mg L-1. Die Respirationsrate wurde dann auf Basis des Sauerstoff-Verbrauchs
berechnet.
2.2
NitriTox
Das NitriTox ist ein Online-Respirometer zur Bestimmung der Schadstoffinhibierung von
Nitrifikatoren, den empfindlichsten Mikroorganismen im Belebtschlamm.
Das Respirometer besteht im Wesentlichen aus einem 5-Liter-Fermenter, einer Messzelle, einer
Biomasse-Rückführeinheit und einem Computer. Die für den Messvorgang notwendige Biomasse wird
in einem Fermenter kultiviert, der Teil des Analysators ist. Der Fermenter ist mit einer Belüftung und
einem pH-Sensor ausgestattet. Die Dosierrate der Nährlösung (Ammoniakbikarbonat) wird auf Basis
des pH-Wertes berechnet [17]. Da sich der pH-Wert wird durch die ansäuernde Ammoniakoxidation
verändert, wird er durch die automatische Zugabe von Ammoniumbikarbonat auf 7,6 konstant gehalten.
Für optimale Wachstumsbedingungen hält ein Heizelement die Temperatur bei 28 °C. Diese Temperatur
wurde gewählt, weil 28 °C die optimale Bedingung für die LAR-Nitrifikatoren ist. Andere
unerwünschte Bakterienkulturen werden somit unterdrückt.

Abbildung 2-1: Aufbau des NitriTox

Das Abwasser und die Biomasse werden in die Messzelle gepumpt, wo der Sauerstoffverbrauch der
Nitrifikatoren bei langsamer Verwirbelung mit einem Magnetrührer gemessen wird.
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Die gemessene Atmung wird direkt auf dem Bildschirm des Analysators angezeigt, und die
aufgezeichnete Messkurve kann in zwei Schritte unterteilt werden, wie in Abbildung 2-2 gezeigt:
Schritt 1)

In der ersten Messphase wird die Probe in die Messzelle gepumpt und die Atmung der
Probe gemessen. Dies ist wichtig, wenn Mikroorganismen oder sauerstoffverbrauchende
Substanzen in der Probe vorhanden sind, die den Sauerstoffverbrauch ohne Nitrifikation
verursachen.

Schritt 2)

Die Toxizitätsmessung beginnt in der Pumpenphase 2, in der einige Nitrifikatoren aus dem
Fermenter in die Messzelle gegeben werden. Die Toxizität der Probe kann anhand des
Verlaufs der Messkurve berechnet werden.

Eine Abnahme der Atmungsaktivität der Mikroorganismen führt zu einem geringeren
Sauerstoffverbrauch in der Messzelle und deutet auf ein toxisches Ereignis hin. Der Toxizitätsbereich
wird durch die Respiration der Nitrifikatoren im Referenzwasser und die Atmung von Sauerstoff in der
toxischen Probe berechnet.
Der Sauerstoffverbrauch der Nitrifikatoren im Referenzwasser wird auf eine Toxizität von 0 % gesetzt.
Eine Toxizität von 100 % bedeutet, dass keine Respiration stattfindet. Die Vorteile des NitriTox
gegenüber dem Belebtschlamm-Hemmungstest sind eine verkürzte Messzeit von 60 min auf 15 min,
eine konstante Bakterienkultur und eine geringere Arbeitsbelastung.

Abbildung 2-2:

Respirogramm der NitriTox-Messungen; für einen toxischen und einen nicht-toxischen
Vorfall
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2.3
Biomonitor
Der Biomonitor ist ein Online Analysegerät zur Messung des biologischen Sauerstoffverbrauchs (BSV).
Im Rahmen dieser Studie wurde eine neue Anwendung zur Messung der BelebtschlammRespirationshemmung mit diesem Online-Analysator entwickelt. Abbildung 2-3 zeigt ein Foto und den
schematischen Aufbau.

Abbildung 2-3:

Biomonitor: a) Bild, b) Schematischer Aufbau

Der Biomonitor ist im Wesentlichen in drei Teile gegliedert. Der erste Teil ist die
Schlammrecyclinganlage, die wie eine Miniaturkläranlage den Belebtschlamm für das Messverfahren
erzeugt. Steht in der Kläranlage eine Belebtschlamm-Quelle zur Verfügung, kann die Biomasse auch
direkt aus der Belüftungsbasis mit dem patentierten LAR AG Fließprobenehmer entnommen werden.
Der zweite Teil ist die Kaskade, in der der Belebtschlamm, das Abwasser und die Luft mit bekannten
Abflussmengen gepumpt werden. [18]. Im Vergleich zu einem Behälter mit nur einem Reaktionsgefäß
ist der Biomonitor ein Zwei-Strom-Respirometer mit einem schnellen Abbau der organischen
Schadstoffe.
Durch den mehrstufigen Aufbau werden auch schwer abbaubare Stoffe zersetzt. Die die hohe
Temperatur von 33 °C in der Kaskade sorgt für einen beschleunigten biologischen Abbau der
organischen Schadstoffe, was zu einer verkürzten Messzeit führt. Somit ist der Vorteil des mehrstufigen
Systems mit einer Betriebstemperatur von 33 °C die schnelle, präzise und kontinuierliche Bestimmung
des BOC. In einem vierten Gefäß der Kaskade ist ein O2 Sensor zur Messung der Respirationsrate in der
Gasphase installiert. Die Messung der endogenen Atmung erfolgt dadurch, dass Belebtschlamm und
Luft in die zweite Kaskade (Referenzkaskade) gepumpt werden. Der Sauerstoffverbrauch in der
Referenzkaskade hängt nur von den Bakterien in dieser Kaskade ab, wobei der Biomonitor den
Sauerstoffverbrauch des Belebtschlamms pro Volumen und Zeit ermittelt. Dieser Parameter wird als
Belebtschlamm-Atmung (ASR) bezeichnet.
Die endogene Atmung ist der beste Indikator für die Schlammaktivität und kann auch toxische Effekte
wie Schwermetallvergiftungen erkennen, da die Atmungsrate im Falle eines toxischen Ereignisses
abnimmt. Der Sauerstoffverbrauch für den biologischen Abbau der Wasserinhaltsstoffe wird durch
Subtraktion des Sauerstoffverbrauchs in der Messkaskade (Drainagekaskade) von dem in der
Referenzkaskade ermittelt. Der mit dem Biomonitor gemessene Parameter ist BOC, der in Beziehung
gesetzt werden kann mit BOD5.
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KAPITEL 3
3.1

ERGEBNIS UND DISKUSSION

Sensibilisierung von Aktivschlamm-Atmungshemmungstests durch
unterschiedliche Nährstofflösungen

Die Voruntersuchungen erbrachten experimentelle Ergebnisse, deren Auswertung bewies, dass die
Belebtschlamm-Atmungshemmungstests durch Variation der Nährlösung sensibilisiert werden können.
Die effektive Konzentration (EC) mit Wert 50 unter Verwendung von Natriumacetat als Nährlösung war
bis zu 7,7-mal niedriger als bei synthetischem Abwasser. Dieser Effekt lässt sich mit der
Sensibilisierung der Belebtschlamm-Bakterien durch Natriumacetat (NaAc) und der SchwermetallSpeziation durch die Verbindungen des Nährstoffes erklären. Damit ist es möglich, toxische Schadstoffe
in geringeren Konzentrationen nachzuweisen, die eine hemmende Wirkung auf BelebtschlammBakterien haben. Zusätzlich ist es mir gelungen, die erzielten Ergebnisse mit einer
Oxidationsreduktionspotential-Elektrode (ORP) zu verifizieren.
50

-1

EC50 (mg L )

40

O2 electrode - NaAc
ORP electrode - NaAc
O2 Electrode - Synthetic wastewater
ORP electrode - Synthetic wastewater

30

20

10

0
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Abbildung 3-1:

3.2

Cu(II)

3,5 DCP

Zn(II)

Vergleich der EC 50 Werte für die Giftstoffe: Cr(VI), Cu(II), 3.5 DCP und Zn(II) bei
Messung der Atmung mit einem Sauerstoffsensor und einer ORP-Elektrode unter
Verwendung von synthetischem Abwasser oder NaAc als Nährlösung. Die Ergebnisse
werden mit Standardabweichung dargestellt.

Belebtschlamm-Atmungshemmung mit dem Online Respirometer Biomonitor

Dieses
Kapitel
beschreibt
Experimente
zur
Entwicklung
eines
AktivschlammRespirationsinhibitionsanalysators für das Online-Respirometer Biomonitor. Der Biomonitor misst den
Parameter BOC, der mit BOD5 in Beziehung gesetzt werden kann. Für die Entwicklung der neuen
Anwendung wurden Belebtschlamm-Atmungshemmungsexperimente mit dem Biomonitor
durchgeführt. Als Proben wurden die Giftstoffe Zn(II), Cu(II), Cr(VI) und 3,5 DCP als Beispiele
ausgewählt, um die hemmende Wirkung zu untersuchen.
Die Einflüsse der Gesamtkonzentration an Schwebstoffen (TSS) sowie der Nährlösung wurden anhand
der Wachstumskurve der Bakterien untersucht. Zusätzlich wurde der Einfluss der
Biomassekonzentration in der Kaskade, des ASR-Wertes und der Nährlösung auf die
Toxizitätsmessungen untersucht. Um die Wirkung der Nährlösung zu untersuchen, wurden
Natriumacetat und synthetisches Abwasser ausgewählt.

C-II - 11

Diese Tests wurden durchgeführt, um den Einfluss der Messstabilität und die Empfindlichkeit des
Messverfahrens zu untersuchen. Die signifikantesten Ergebnisse sind im Folgenden aufgeführt:
• Die Ergebnisse zeigen, dass es möglich ist, Toxizitätsmessungen mit dem Biomonitor bei einem
Variationskoeffizienten (CV) von 6-14 % durchzuführen.
• Die EC 50 Werte der Biomonitor Messungen sind höher als bei der DIN ISO 8192 Methode. Die
Korrelations-Faktoren rangierten von 1,08 bis 5,38 bei Cr(VI) und 3,5 DCP. Somit können die
Toxizitäten der beiden Methoden nicht korreliert werden und es ist daher schwierig, die Ergebnisse
des Biomonitors zu klassifizieren.
• Für die Entwicklung eines einstellbaren Bio-Detektors wurde der Einfluss der Nährlösung, der
TSS-Konzentrationen und des ASR-Wertes untersucht. Die Experimente zeigten, dass es keinen
Einfluss des ASR-Wertes auf die Toxizitätsmessungen gibt und der Einfluss der TSSKonzentration vernachlässigbar ist.
Im Gegensatz dazu konnte die Messmethode durch Variation der Nährlösung sensibilisiert werden. Der
höchste Sensibilisierungsfaktor wurde für Cu(II) mit einem Wert von 4,3 festgelegt, während als
Nährlösung NaAc genutzt wurde.
Im Ergebnis kann der Biomonitor zur Messung der Belebtschlamm-Atmungshemmung eingesetzt
werden und es war möglich, das Messverfahren zu sensibilisieren, um einen einstellbaren Bio-Detektor
zu schaffen.

3.3

Belebtschlamm-Atmungshemmung mit dem Online Respirometer NitriTox

Validierung der NitriTox Messungen
Die Validierung des NitriTox wurde durchgeführt, um die Zuverlässigkeit und die Kohärenz der
Analysemethode zu bestimmen. Im Zuge der Validierung wurde ein Ringversuch vorgenommen, bei
dem es sich um einen laborübergreifenden Test handelt. Eine Probe mit bekannter Konzentration wurde
an verschiedene Laboratorien geschickt und unabhängig mit dem NitriTox analysiert. Die Ergebnisse
der verschiedenen Laboratorien wurden verglichen, um eine Aussage über die Genauigkeit und
Reproduzierbarkeit des Analysemittels zu erhalten. Im nächsten Schritt der Validierung wurden die
Analyseergebnisse des NitriTox über einen Zeitraum von vier Jahren validiert, um die Stabilität,
Empfindlichkeit und das Messverhalten des NitriTox zu bestimmen. Zur Beurteilung und
Klassifizierung der Empfindlichkeit des NitriTox wurden die Messergebnisse mit denen von 13
verschiedenen Toxizitätsbewertungsmethoden verglichen. Schließlich wurde festgestellt, ob das
Messverfahren standardisiert werden kann, um ähnliche Ergebnisse zu erzielen wie der BelebtschlammAtmungshemmungstest gemäß DIN ISO 8192 [1]. Dieser Validierungsschritt ist unerlässlich, um
Messergebnisse und anerkannte Tests zu erstellen, die mit einem internationalen Standard verglichen
werden können.
Ringversuch:
Im Rahmen des Ringversuchs wurden die gemessenen EC 50-Werte für Zn(II), Cu(II), Thioharnstoff
(TU) und 2,4 DCP um Faktoren von 1 - 8,4 pro Norm variiert. Dieses Ergebnis wurde erwartet, da in der
Literaturberichtet wird, dass die EC 50-Werte für Schwermetalle, die durch BelebtschlammRespirations-Inhibition festgelegt werden, bis zu einer Größenordnung variieren können.
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Validierung über einen Zeitraum von vier Jahren:
Die EC 50-Werte stiegen von 2013 bis 2014 für Zn(II) um das bis zu 18-fache. Aufgrund dieses hohen
Faktors ist es unwahrscheinlich, dass diese Veränderung durch Faktoren verursacht wurde, die die
Nitrifikationsrate oder das Gleichgewicht der chemischen Speziation beeinflussen. Ein
wahrscheinlicherer Grund ist eine Veränderung der bakteriellen Gemeinschaftsstruktur.
NitriTox Messungen gemäß DIN ISO 8192:
Die NitriTox-Messungen wurden nach dem Verfahren der DIN ISO 8192 durchgeführt. Es kann
gefolgert werden, dass die NitriTox-Messungen und die DIN ISO 8192 ähnlich sind. So konnten
Ergebnisse nach international genormten Belebtschlamm-Atmungshemmungstests im Einklang mit DIN
ISO 8192 erzielt werden.
Einflussfaktoren auf NitriTox-Messungen
Zur Erhöhung der Empfindlichkeit von NitriTox-Messungen, wurden Nährlösung, Temperatur,
Inkubationszeit, Verweilzeit in der Messphase II, Biomassekonzentration, Luftstrom im Fermenter und
pH-Wert verändert. Um einen Überblick über die Ergebnisse zu geben, sind die Bedingungen, die zu der
höchsten und niedrigsten Empfindlichkeit für NitriTox-Messungen führen, in Tabelle 3-1
zusammengefasst, die auch die Durchschnittswerte der Sensibilisierungsfaktoren enthält. Zusätzlich sind
die erhaltenen EC 50-Werte der Toxizitätsmessungen in Abbildung 3-2 bis Abbildung 3-5 dargestellt.
Die höchsten Sensibilisierungsfaktoren von 4,0 wurden bei Veränderung der Nährlösung erreicht. Eher
moderate Sensibilisierungsfaktoren von 2,2 bis 1,7 erreichten die Parameter Temperatur,
Inkubationszeit, Retentionszeit und Biomasse-Konzentration. Die niedrigsten Sensibilisierungsfaktoren
waren der Luftstrom im Fermenter und der pH-Wert. Insgesamt haben alle untersuchten Parameter
einen Einfluss auf die NitriTox-Messungen. Die Ergebnisse zeigten, dass ungünstige Bedingungen für
den Mikroorganismus zu einer höheren Empfindlichkeit gegenüber Schadstoffen führen. Darüber hinaus
können Toxizitätsmessungen mit NitriTox oder Biomonitor durch entsprechende Variation der
Parameter sensibilisiert werden, um eine Toxizitätsspezifikation mit hoher Bioverfügbarkeit zu erhalten.
Abschließend ist es erstmals gelungen, einen einstellbaren Biosensor zu schaffen, der eine geringere
Konzentration toxischer Verunreinigungen im Abwasser nachweist und aufgrund der
Forschungsergebnisse Erklärungen für die Sensibilisierung liefert.
Tabelle 3-1:

Übersicht der untersuchten Parameter und der ermittelten Sensibilisierungsfaktoren
(Durchschnitt)

VariationsParameter

MikroOrganismen

Nährlösung

Sensitivität

SensibilisierungsFaktor

Hoch

Niedrig

Nitrifikanten

Ammonium Bikarbonat

Synthetisches Abwasser

4.0

Nährlösung

Belebtschlamm

Natriumacetat

Synthetisches Abwasser

2.6

Temperatur

Nitrifikanten

40 °C

10 °C

2.2

Inkubationszeit
Verweildauer
Messphase 2
Inkubationszeit
Biomasse
Konzentration
Luftstrom der
Fermenter-Belüftung
pH-Wert Cr(VI)
nicht eingeschlossen

Belebtschlamm

30 min

0 min

2.0

Nitrifikanten

420 s

180 s

1.9

Nitrifikanten

30 min

0 min

1.7

Nitrifikanten

5%

15%

1.7

Nitrifikanten

5 L min-1

50 min-1

1.5

Nitrifikanten

5

11

1.2
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Activated Sludge - Sodium Acetate
Activated Sludge - Synthetic Wastewater (DIN ISO 8192)
Nitrifiers - Ammonia Bicarbonate
Nitrifiers - Synthetic Wastewater (DIN ISO 8192)

200
180
160

120

100

EC 50 (mg L )

80

-1

-1

EC 50 (mg L )

140
120
100
80
60

1.5 g/L - 5 % Biomass
1.5 g/L - 10 % Biomass
1.5 g/L - 15 % Biomass
0.8 g/L - 5 % Biomass
0.8 g/L - 10 % Biomass
0.8 g/L - 15 % Biomass

60

40

40
20

20
0

0

Zn

Abbildung 3-2:

Cu

Zn

3,5 DCP

450

80
70

-1

EC 50 (mg L )

-1

60
50
40

10 °C
25 °C
40 °C

30

40
30
20
10

0

0

Zn

Abbildung 3-3:

Cu

Cr

3,5 DCP

Zn

Cu

Cr

3,5 DCP

l) Einfluss des pH-Wertes; r) Einfluss der Temperatur
auf die EC-50 Werte von Zn(II), Cu(II) und Cr(VI)
90

0 min Incubation Time
30 min Incubation Time

80

160

0 min incubation time
30 min incubation time

70

140

60
-1

EC 50 (mg L )

-1

3,5 DCP

50

10

EC 50 (mg L )

Cr

60

70

20

180

Cu

l) Einfluss von Nährstoffen auf die NitriTox-Messung bei Benutzung von
LAR-Nitrifikanten oder Belebtschlamm als Nährlösung;
r) Einfluss der Biomasse-Konzentration

pH 5
pH 7
pH 9
pH 11

500

EC 50 (mg L )

Cr

120
100
80
60

50
40
30
20

40

10

20

0
Zn

Abbildung 3-4:

Cu

Cr

Zn

3.5 DCP

Einfluss der Inkubationszeit in der Messzelle;
(l) Belebtschlamm, (r) Nitrifikanten
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Cu

Cr

3,5 DCP

50

Measurement Phase II: 180 s
Measurement Phase II: 300 s
Measurement Phase II: 420 s

70

Aeration rate: 50 L/h
Aeration rate: 5 L/h

60

40

-1

EC 50 (mg L )

-1

EC 50 (mg L )

50

30

20

40
30
20

10
10

0

0

Zn

Abbildung 3-5:

3.4

Cu

Cr

3,5 DCP

Cu

Cr

Zn

3,5 DCP

Einfluss der Einwirkzeit in der Messphase II;
Respirogramm des Referenzwassers und Cu(II) 20 ppm;
r) Einfluss der Belüftungsrate im Fermenter

Anwendung von NitriTox zur Überwachung industrieller Abwässer

Die Überwachung der Nitrifikationshemmung in sieben Industriezonen in Vietnam wurde mit dem
mobilen Labor durchgeführt. Die Studie zeigte, dass in fünf der untersuchten Industriegebiete
Toxizitäten für Nitrifikanten auftreten.
Abschließend wurde mit dem NitriTox eine erfolgreiche Fallstudie über die Abwassersituation in den
Industriegebieten Vietnams durchgeführt. Darüber hinaus wurden im Rahmen eines Feldversuchs in
sieben Industriegebieten Vietnams relevante Informationen über das Messverhalten mit dem NitriTox
gewonnen. Die Ergebnisse sind in Tabelle 3-2 zusammengefasst.
Tabelle 3-2:

Zusammengefasste Ergebnisse der Monitoring-Kampagnen um das Auftreten von
Nitrifikationshemmung in sieben Industriezonen zu identifizieren

Industriegebiet

Zentrale Kläranlage

Abwassersystem

Tra Noc

Die zentrale Kläranlage in Tra Noc erhielt zum
Untersuchungszeitpunkt kein giftiges
Abwasser.

Die Nitrifikationshemmung trat an zwei von sechs
untersuchten Messpunkten auf. Sie wurde durch Crund Zn-Verschmutzung des Abwassers verursacht.

Nam Sac

Der biologische Abbau der organischen
Schadstoffe durch das BelebtschlammVerfahren wurde drei Tage lang durch giftige
Abwässer behindert.

Acht repräsentative Messpunkte zeigten Toxizitäten
> 20% an drei Messpunkten.

Hoa Cam

Hohe Mengen an toxischen Abwässern mit
hohen Gesamtkonzentrationen an organischem
Kohlenstoff (TOC), die zu einer
Nitrifikationshemmung führten.

Eine von vier getesteten repräsentativen Messstellen
des Abwassersystems der Industriezone zeigte
Toxizitäten.

Hoa Khanh

Toxizität bis zu 35%. Die simultane TOCMessung zeigte einen Zusammenhang zwischen
hohen TOC-Konzentrationen und Toxizitäten.

Die Überwachung von neun repräsentativen
Messstellen zeigte Toxizitäten von bis zu 34% an
drei Messstellen.

Groz Beckert NitriTox wurde als Anwendung zur Beurteilung

der Schwermetallentfernung durch die
chemische Kläranlage eingesetzt.
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Die Online-Überwachung des Zu- und Ablaufs der
biologischen Kläranlage zeigte keine Hemmung von
Nitrifikatoren.

SCHLUSSFOLGERUNGEN UND EMPFEHLUNGEN

In der Einleitung dieser Studie wurden vier Hauptziele vorgestellt. Auf der Grundlage dieser Studie
lassen sich folgende Schlussfolgerungen ziehen:
Für den Online-BOC-Analysator Biomonitor wurde eine neue Anwendung zur erfolgreichen Messung
der Belebtschlamm-Atmungshemmung entwickelt. Damit konnte das für LAR-Prozessanalysatoren
wirtschaftlich wichtige Einsatzspektrum des Biomonitors erweitert werden, da diese Neuentwicklung
einen positiven Effekt auf die Verkaufszahlen verspricht.
Die beiden Analysegeräte NitriTox und Biomonitor wurden validiert. Die Validierung des NitriToxAnalysators ergab, dass die Empfindlichkeit der Testorganismen im Laufe der Jahre abnahm. Daher
zeigte der Analysator auf lange Sicht eine relativ schlechte Reproduzierbarkeit. Die erhaltenen NitriToxErgebnisse liegen jedoch im Gültigkeitsbereich der internationalen Standardnormen. Die Ergebnisse
zeigten, dass es wichtig ist, Faktoren zu untersuchen, die den Belebtschlamm-Atmungshemmungstest
beeinflussen. Das erfreulichste Ergebnis war, dass es mir gelungen ist, mit dem NitriTox Ergebnisse zu
erzielen, die denen des international standardisierten Belebtschlamm-Atmungshemmungstests ähnlich
sind. Ich habe auch die Hemmung verifiziert, indem ich den DO-Sensor durch eine ORP-Elektrode
ersetzt habe, was ein weiteres neuartiges Ergebnis ist.
Im Rahmen dieser Studie wurde der Belebtschlamm-Atmungshemmungstest erstmals mit einer ORPElektrode durchgeführt. Voraussetzung für den uneingeschränkten Einsatz einer OPR-Elektrode ist das
Fehlen vorherrschender redox-aktiver Spezies in der Probe.
In dieser Studie ist es gelungen, die Sensitivität des aktivierten Atmungshemmungstests mit drei
verschiedenen Analysemethoden zu erhöhen: dem international standardisierten BelebtschlammAtmungshemmungstest und den beiden Online-Respirometern: NitriTox und Biomonitor. Diese
Verbesserung ist sehr wichtig für die Entwicklung eines Frühwarnsystems, das toxische Einflüsse in der
Kläranlage früher und in niedrigeren Konzentrationen erkennen kann. Generell sollte die Sensibilität der
Test-Organismen höher sein als die der Mikroorganismen, die für den Behandlungsprozess eingesetzt
werden. Dies kann durch die Ergebnisse dieser Studie realisiert werden.
Von den in der Studie durchgeführten Experimenten zur Verbesserung der Empfindlichkeit des
Belebtschlamm-Atmungshemmungstests wurden die bemerkenswertesten Ergebnisse durch
Veränderung der Nährlösung erzielt. Die Empfindlichkeit des biologischen Tests wurde um den Faktor
7,7 erhöht. Darüber hinaus wurde eine ausführliche und neuartige wissenschaftliche Diskussion
angestoßen, um die Ergebnisse zu rechtfertigen. Ein weiteres bemerkenswertes und neuartiges Ergebnis
ist die verschwindende toxische Wirkung von Cr(VI), die durch die Verwendung von Nitrifikatoren als
Testorganismen und nach Einstellung des pH-Wertes auf einen Wert von 7 bis 9 erzielt wird. Dieser
Effekt ist erstmals mit dem Chromat-Dichromat-Gleichgewicht assoziiert.
Zusammengefasst beeinflussen Nährlösung, Temperatur, pH-Wert, O2-Konzentration im Fermenter,
Biomassekonzentration
und
Inkubationszeit
die
Empfindlichkeit
des
BelebtschlammAtmungshemmungstests. Die Ergebnisse erlauben es mir, die folgende neue Aussage zu treffen: Je
stabiler ein System ist, desto höher ist der Gehalt an potentiellen Toxinen, die es verträgt. Auf der
anderen Seite, je stärker ein System durch nicht optimale Bedingungen belastet wird, desto geringer ist
der Gehalt an Giftstoffen, die es verträgt. Ein weiterer wesentlicher Einfluss auf die Sensitivität und
Stabilität des Belebtschlamm-Atmungshemmungstests ist die Gemeinschaftsstruktur der
Testorganismen. Ein Konzept, das die Stabilität der Gemeinschaftsstruktur verbessern kann, wird daher
in dieser Studie vorgestellt.
Das Online-Respirometer NitriTox wurde in sieben Industriezonen Vietnams erfolgreich für eine
Abwasserüberwachungskampagne eingesetzt. Die Ergebnisse zeigen das hohe Auftreten von toxischen
Abwässern in den untersuchten Industriegebieten. Abschließend ergab die Überwachung der
Nitrifikationshemmung, das Auftreten toxischer Stoffe in fünf von sieben untersuchten
Industriegebieten.
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MỞ ĐẦU

1.

Lý do lựa chọn đề tài

Phương pháp xử lý dùng bùn hoạt tính là một phương pháp thường được sử dụng để loại bỏ các chất ô
nhiễm hữu cơ trong nước thải. Ngoài ra, trong quá trình loại bỏ các hợp chất Nitơ, giai đoạn nitrat hóa
trong đó amonia trong nước thải được oxy hóa thành nitrat bởi vi khuẩn nitrat hóa tự dưỡng đóng vai
trò quan trọng. Một chỉ số quan trọng cho hoạt động sinh học của vi khuẩn hiếu khí đó là hô hấp. Vì lý
do này, hô hấp có thể sử dụng để đánh giá độc tính tác động của các chất gây ô nhiễm đến quá trình xử
lý nước thải bằng phương pháp sinh học, chẳng hạn như kim loại nặng hay chất hữu cơ độc hại trong
nước thải. Dựa trên quá trình hô hấp của vi khuẩn trong bùn hoạt tính, thí nghiệm ức chế hô hấp của
bùn hoạt tính được xây dựng, đây là phương pháp thích hợp để xác định sự ức chế của các chất ô
nhiễm, phương pháp này sử dụng trực tiếp vi sinh vật từ hệ thống xử lý nước thải. Quy trình tiến hành
của thí nghiệm sinh học được mô tả trong ISO [1], OECD [2] và TCVN [3] và nó rất cần thiết trong
việc xác định sự ức chế của các chất ô nhiễm đến vi khuẩn bùn hoạt tính. Phương pháp này là nguyên
tắc cho hai thiết bị phân tích trực tuyến sự hô hấp Nitritox và Biomonitor của công ty LAR Process
Analysers AG được sử dụng cho các nghiên cứu trong luận án này. Nhìn chung, thông tin về các yếu tố
gây ảnh hưởng đến phép đo độc tính còn hạn chế để phát triển thiết bị đo có thể điều chỉnh sinh học và
tăng độ nhạy cho phân tích độc học này. Đó chính là lý do đầu tiên lựa chọn đề tài nghiên cứu.
Ngoài ra, ứng dụng phép thử sự ức chế khả năng tiêu thụ oxy của bùn hoạt hóa dùng để oxy hóa các
hợp chất cacbon và amoni chưa được áp dụng ở Việt Nam để đánh giá sự xuất hiện của nước thải độc
hại vì vậy chương trình quan trắc xác định độc tính của nước thải ở bảy khu công nghiệp ở Việt Nam
được tiến hành.

2.

Trình bày vấn đề

Tầm quan trọng chính của việc giám sát sự ức chế hô hấp của vi khuẩn nitrat hóa tại các hệ thống xử lý
nước thải có thể được chứng minh bằng việc tìm ra độc tính từ bản thân các hợp chất ô nhiễm, những
chất không phân hủy sinh học và được thải ra môi trường từ đầu ra của các hệ thống xử lý nước thải.
Bên cạnh đó, theo QCVN 40:2011/BTNMT cột A, giá trị cho phép của Nitơ tổng và amonia là 20
mg/L và 5 mg/L. Do việc xả nước thải độc hại từ các nhà máy vào hệ thống xử lý nước thải tập trung,
quá trình nitrat hóa có thể bị ức chế, do đó các chỉ tiêu Nitơ tổng và amonia vượt quá giá trị giới hạn
cho phép. Hơn nữa, bùn hoạt tính đã được sử dụng cho mục đích nông nghiệp trong thời gian dài, nếu
tiếp tục dùng bùn hoạt tính chứa các hợp chất độc hại để sử dụng ví dụ như phân bón là không thể.
Kiểm tra sự ức chế quá trình nitrat hóa tại các dòng thải đầu ra của nhà máy xử lý nước thải có liên
quan đến việc vận hành HTXLNT, vì giá trị Nitơ và amonia vượt ngưỡng cho phép là do các hợp chất
gây ức chế, các thông số vượt ngưỡng có thể dẫn tới việc bị phạt hay xử phạt hành chính do vấn đề xả
thải vào môi trường. Đặc điểm của vi khuẩn nitrat là rất nhạy cảm với các hợp chất độc hại và tốc độ
tăng trưởng rất chậm, do đó việc bảo vệ chủng vi khuẩn này là quan trọng hàng đầu [4].
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3.

Mục tiêu nghiên cứu

Tăng độ nhạy của các thử nghiệm ức chế hô hấp bùn hoạt hóa đảm bảo phát hiện các chất ô nhiễm độc
hại và chất gây ô nhiễm ở nồng độ thấp hơn. Quy trình này cho phép bảo vệ các vi sinh vật trong
phương pháp xử lý dùng bùn hoạt tính tại hệ thống xử lý nước thải, do đó làm quá trình phân huỷ sinh
học các chất gây ô nhiễm hiệu quả hơn. Để theo dõi ảnh hường, ức chế của nước thải thải vào hệ thống
xử lý nước thải, độ nhạy của các sinh vật thử nghiệm phải cao hơn so với các vi sinh vật được sử dụng
cho quá trình xử lý để tạo ra một hệ thống cảnh báo sớm. Vì lý do này, mục tiêu tăng độ nhạy của xét
nghiệm ức chế hô hấp bùn hoạt tính có mức độ liên quan mật thiết. Ngoài ra, cả kiểm tra hô hấp và bùn
hoạt tính tiêu chuẩn cũng như trực tuyến, theo nghiên cứu, được sử dụng để đánh giá chất lượng nước
thải tại các khu công nghiệp của Việt Nam.
Do đó, các mục tiêu của luận án này như sau:
• Phát triển một ứng dụng mới cho phân tích sự hô hấp trực tuyến Biomonitor cho một máy đo trực
tuyến sự ức chế hô hấp bùn hoạt tính.
• Tăng độ nhạy của thử nghiệm ức chế hô hấp bùn hoạt tính.
• Công nhận thiết bị đo trực tuyến hô hấp, Biomonitor và NitriTox.
• Ứng dụng hệ thống NitriTox để quan trắc nước thải tại bảy khu công nghiệp ở Việt Nam.
4.

Phạm vi nghiên cứu

Các thông số để xây dựng thiết bị phân tích trực tuyến sinh học có thể hiệu chỉnh gồm: dung dịch dinh
dưỡng, pH, nhiệt độ, nồng độ sinh khối, thời gian nuôi cấy và nồng độ oxy trong thiết bị nuôi cấy.
NitriTox được ứng dụng để kiểm tra độc tính cho một số khu công nghiệp sau đây:
• Miền Nam Việt Nam: Khu công nghiệp Trà Nóc, khu công nghiệp Thốt Nốt
• Miền Trung Việt Nam: Khu công nghiệp Hòa Khánh, khu công nghiệp Hòa Cầm, công ty GrozBeckert.
• Miền Bắc Việt Nam: Khu công nghiệp Nam Sách và khu công nghiệp Cầu Diễn.
5.

Giả thuyết

•

Cải thiện độ nhạy của thí nghiệm ức chế tiêu thụ oxy của bùn hoạt tính sẽ đảm bảo việc phát hiện
các chất ô nhiễm độc hại và các chất gây ô nhiễm ở nồng độ thấp hơn, quy trình này cho phép bảo
vệ các vi sinh vật trong phương pháp xử lý dùng bùn hoạt tính tại hệ thống xử lý nước thải cần, do
đó làm quá trình phân hủy sinh học của các chất ô nhiễm hiệu quả hơn,.

•

Tại Việt Nam, số lượng các khu công nghiệp hình thành ngày càng tăng. Tuy nhiên, phần lớn các
khu công nghiệp đều không có hệ thống xử lý nước thải tập trung. Nước thải chứa các chất ô độc
hại có thể gây ô nhiễm môi trường nặng nề, nước thải này từ các nhà máy được thải trực tiếp ra
môi trường hoặc vào các hệ thống xử lý nước thải tập trung. Để tiến hành nghiên cứu điển hình
liên quan đến tình hình nước thải tại Việt Nam, một chương trình quan trắc, giám sát được thực
hiện tại một số khu công nghiệp trên địa bàn cả nước.
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6.

Điểm mới của luận án

1.

Độ nhạy của thử nghiệm ức chế hô hấp bùn hoạt tính có thể được tăng lên bằng cách thay đổi
dung dịch dinh dưỡng, pH, nhiệt độ, nồng độ sinh khối, thời gian nuôi cấy và nồng độ oxy trong
thiết bị nuôi cấy.

2.

Thay thế dung dịch dinh dưỡng nước thải – tổng hợp bằng sodium acetate làm tăng độc tính. Điều
này có thể được giải thích bằng sự hình thành phức chất của các kim loại nặng với các thành phần
trong nước thải tổng hợp, đặc biệt là peptone. Phức chất của kim loại nặng – pepton có độc tính
thấp hơn phức kim loại nặng với sự hiện diện của natri axetat.

3.

Hệ thiết bị trực tuyến để theo dõi độc tính của nước thải lần đầu tiên được ứng dụng tại Việt Nam.
Một chương trình quan trắc, giám sát được tiến hành tại bảy khu công nghiệp trên địa bàn cả
nước. Kết quả khảo sát thu được cho thấy độc tính ảnh hưởng đến vi sinh vật nitrat hóa được tìm
thấy ở năm khu công nghiệp trong số bảy khu công nghiệp được quan trắc.
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CHƯƠNG I

TỔNG QUAN VỀ PHÉP ĐO ĐỘC TÍNH

Trong chương I, những thông tin cơ bản về độc tính, phép đo độc tính trên vi khuẩn của bùn hoạt tính và
các nhân tố ảnh hưởng được sẽ được giới thiệu.

1.1

Định nghĩa độc tính

Độc tính là mức độ của một chất có thể gây hại cho sinh vật như con người, động vật hay vi sinh vật.
Ảnh hưởng của độc tính phụ thuộc vào nồng độ các chất và các sinh vật.

1.2
Quy trình bùn hoạt tính
Hệ thống bùn hoạt tính xử lý nước thải có hàm lượng hợp chất hữu cơ cao. Quy trình xử lý nước thải
này được sử dụng và có vai trò quan trọng trong nhiều thập kỷ qua. Quá trình gia tăng tạo thành sinh
khối tể bào mới trong bùn hoạt tính dựa trên cơ chế oxy hóa sinh học tự nhiên. Đó là quá trình phân hủy
sinh học nhanh chóng các chất hữu cơ ô nhiễm trong dòng thải. Bùn hoạt tính chuyển hóa chất hữu cơ
thành H2O, CO2, năng lượng và vật liệu tế bào mới. Phương pháp xử lý dùng bùn hoạt tính tiêu chuẩn
chủ yếu là quá trình hiếu khí. Để bổ sung đủ lượng oxy hòa tan cho phản ứng oxy hóa sinh học cần sự
cung cấp nguồn oxy từ bên ngoài và thiết bị sục khí cơ học.
1.3

Quá trình nitrat hóa

Nitrat hóa rất quan trọng vì đó là quá trình chủ yếu loại bỏ amonia trong hệ thống xử lý nước thải (được
chuyển hóa sang dạng nitrat). Nitrat hóa là quá trình vi khuẩn oxy hóa amonia chuyển thành nitrat.
Vi khuẩn nitrat hóa là một trong những loại vi khuẩn nhạy cảm nhất được tìm thấy trong quy trình bùn
hoạt tính. Vi khuẩn nitrat hóa là vi khuẩn tự dưỡng bởi vì chúng sử dụng nguồn carbon từ HCO3- trong
nước thải thay vì BOD trong chất thải. Chúng lấy năng lượng từ quá trình oxy hóa của amonia. Quá
trình tăng trưởng của vi khuẩn này cũng rất chậm, cần từ 8 – 12 giờ cho một đơn vị sinh khối. Vi khuẩn
dị dưỡng (chuyển hóa BOD) có thể phân chia tế bào trong 20 – 30 phút [5].

1.4

Sự ức chế và độc tính trên vi khuẩn bùn hoạt tính

Các chất ức chế và độc hại có thể ảnh hưởng đến những vi sinh vật có khả năng loại bỏ các chất hữu cơ
ô nhiễm và hợp chất Nitơ. Nếu nước thải độc hại được thải vào hệ thống xử lý nước thải sẽ ức chế quá
trình sinh học loại bỏ các chất gây ô nhiễm này. Những chất độc hại này hiếm khi tồn tại với mức độ
đáng kể trong nước thải đô thị, nhưng đáng quan tâm trong nước thải công nghiệp. Các chất ô nhiễm
liên quan đến vấn đề này bao gồm axit / bazơ, dầu, kim loại, florua, sulfide, muối nồng độ cao, các amin
và phenol nhất định, và nhiều dẫn xuất halogen của các hydrocarbon.

1.5

Phương pháp đánh giá độc tính để xác định sự ức chế của các chất ô nhiễm đến
vi khuẩn trong bùn hoạt tính

Phép đo ức chế hô hấp ngoại tuyến
Thí nghiệm ức chế hô hấp của bùn hoạt tính là nền tảng cho nghiên cứu luận án tiến sĩ này. Thí nghiệm
ức chế hô hấp của bùn hoạt tính là những thử nghiệm sinh học phổ biến nhất để xác định sự ảnh hưởng
ức chế của nước thải vào quá trình xử lý sinh học.
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Đây là một phương pháp thích hợp để xác định sự ức chế của các chất gây ô nhiễm, vì phương pháp này
sử dụng trực tiếp các vi sinh vật từ HTXLNT. Thí nghiệm ức chế hô hấp của bùn hoạt tính được dựa
trên tỷ lệ hấp thu oxy hòa tan (DOUR) và được phát triển như là một phương pháp để đánh giá các tác
động của hóa chất có khả năng ảnh hưởng đến các hệ thống xử lý nước thải.
Quy trình tiến hành thí nghiệm sinh học này được thể hiện cụ thể trong ISO [1], OECD [2] và TCVN
[3] vì nó rất cần thiết trong việc xác định sự ức chế của các chất ô nhiễm với vi khuẩn của bùn hoạt tính.
Tốc độ hô hấp chủ yếu gây ra bởi quá trình oxy hóa sinh học của các chất hữu cơ bởi các vi khuẩn dị
dưỡng trong bùn hoạt tính và vi khuẩn nitrat tự dưỡng để chuyển hóa amonia, quá trình đòi hỏi sự có
mặt của oxy. Tỷ lệ hô hấp sẽ giảm do quá trình ức chế oxy hóa sinh học.
Mối quan hệ này cho phép xác định các ức chế của chất độc hại ảnh hưởng đến vi khuẩn bùn hoạt tính
bằng cách đo nhịp hô hấp của nước đối chứng (mẫu trắng) và các mẫu độc hại. Việc tiêu thụ oxy của vi
khuẩn bùn hoạt tính thực tế trong mẫu đối chứng được thiết lập là 0% và độc tính của mẫu là 100% có
nghĩa là không có sự hô hấp.
Phép đo ức chế hô hấp trực tuyến
Tầm quan trọng của quá trình tự động hóa tại trạm xử lý nước thải đã gia tăng đáng kể. Việc kiểm soát
quá trình cần thiết bị cảm biến và phân tích cho các phép đo trực tuyến thực hiện liên tục. Do thời gian
phản ứng dài (ủ mẫu trong 5 ngày ở 20 ° C), các phương pháp truyền thống để xác định nhu cầu oxy
sinh học (BOD) không thể được sử dụng cho phép đo trực tuyến độc tính của các nhà máy xử lý nước
thải và chỉ đơn thuần là một công cụ đánh giá hiệu suất dài hạn. Vì vậy, các thiết bị đo lường trực tuyến
dựa trên các phép đo hô hấp với khoảng thời gian đo có thể giảm tới 15 phút.
Phương pháp đo trực tuyến quá trình hô hấp thường bao gồm một bình nuôi cấy để sản sinh sinh khối
mà cụ thể là bùn hoạt tính từ trạm xử lý nước thải được sử dụng trực tiếp, dầu dò oxy hòa tan (DO) được
lắp đặt trong một ống phân tích nhỏ và một bộ phận xử lý dữ liệu.

1.6.

Yếu tố ảnh hưởng đến thí nghiệm ức chế hô hấp quá trình nitrat hóa

Có rất nhiều dữ liệu tương phản trong tài liệu liên quan đến các giá trị EC 50 của các thử nghiệm ức chế
hô hấp bùn hoạt tính. Nhưng thực tế chúng được sử dụng trong khung công việc để cải thiện độ nhạy
của thử nghiệm sinh học này. Vì vậy, mục đích chính của luận án này là để điều tra các yếu tố ảnh
hưởng đến thử nghiệm ức chế hô hấp bùn hoạt tính.
Trong các thí nghiệm cho thấy rằng các yếu tố ảnh hưởng đến tốc độ nitrat hóa có mối quan hệ trực tiếp
đến thí nghiệm ức chế hô hấp quá trình nitrat hóa. Trong tài liệu cho thấy rằng các yếu tố ảnh hưởng đến
tốc độ nitrat hóa bao gồm các thông số như pH [6-8], nhiệt độ [9], loại chất dinh dưỡng [10] và nồng độ
DO trong bình nuôi cấy [11]. Nhưng ít được biết về ảnh hưởng của những yếu tố này trên sự ức chế hô
hấp quá trình nitrat hóa. Vì lý do trên, mối quan hệ này đã được nghiên cứu một cách có hệ thống.
Ngoài các thông số vật lý, chẳng hạn như nhiệt độ và pH, có khả năng ảnh hưởng nghiêm trọng đến độc
tính của các kim loại nặng, hóa chất nền thường gây ảnh hưởng đáng kể đến hoạt động sinh học của các
kim loại nặng. Lượng [12] và loại chất nền [13], sự hiện diện của các chất hóa học cụ thể [14] và kim
loại nặng hình thành [15], [16] có khả năng ảnh hưởng đáng kể đến hệ thống vi sinh vật. Một yếu tố
quan trọng khác trong thử nghiệm ức chế hô hấp quá trình nitrat hóa là cấu trúc mật độ của sinh khối.
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Đề tài nghiên cứu này đã được thực hiện trong khuôn khổ luận án tiến sĩ với thí nghiệm ức chế hô hấp
bùn hoạt tính tiêu chuẩn hóa quốc tế và hai thiết bị đo trực tuyến sự hô hấp, máy NitriTox và
Biomonitor của công ty LAR Process Analysers AG.

1.7

Hướng nghiên cứu trong tương lai

Các nghiên cứu trong tương lai sẽ tập trung vào việc nuôi cấy vi khuẩn nhạy cảm hơn đối với thử
nghiệm ức chế hô hấp của bùn hoạt tính.
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CHƯƠNG II

PHƯƠNG PHÁP ĐO LƯỜNG ĐỘC TÍNH

2.1
Thí nghiệm ức chế quá trình hô hấp của bùn hoạt tính
Thứ nghiệm quá trình hô hấp của bùn hoạt tính được thực hiện theo tiêu chuẩn DIN ISO 8192 [1] nhưng
với sự thay đổi của các dung dịch dinh dưỡng. Hỗn hợp thí nghiệm được chuẩn bị với 250 mL bùn hoạt
tính (với tổng rắn lơ tửng TSS là 3 g L-1) được cho vào bình tam giác 500 mL, thêm vào một thể tích
xác định của dung dịch chứa độc chất và 16 mL dung dịch dinh dưỡng (nước thải tổng hợp hoặc sodium
acetate). Dung dịch này được dịnh mức đến 500 mL trong bình tam giác được sục khí và ủ trong vòng
30 phút. Sau đó, sự hô hấp được đo ở nhiệt độ ổn định từ 20 - 22°C với một bộ cảm biến oxy quang học.
Dung dịch được khuấy đảo liên tục và đo nồng độ oxy sau mỗi phút cho đến khi nồng độ này giảm
xuống <1 mg L-1. Tốc độ hô hấp được tính toán dựa trên mức tiêu thụ oxy.
2.2

Nitritox

Nitritox là thiết bị đo quá trình hô hấp trực tuyến để xác định sự ức chế của các chất ô nhiễm lên vi
khuẩn nitrat hóa, đó là những vi sinh vật nhạy cảm nhất được sử dụng trong bùn hoạt tính.
Thiết bị đo hô hấp cơ bản bao gồm một bình nuôi cấy dung tích 5L, ống phân tích nhỏ, hệ thống hoàn
lưu sinh khối và máy tính. Sinh khối vi sinh vật cho thử nghiệm sinh học này được sản sinh ra trong
bình nuôi cấy được trang bị hệ thống sục khí cùng đầu dò pH. Tốc độ bổ sung dung dịch dinh dưỡng
(ammonia bicarbonate) được tính toán [17] dựa vào giá trị pH. Giá trị pH được giữ ổn định ở 7.6 bằng
cách bổ sung ammonia bicarbonate tự động. Để tạo điều kiện phát triển tối ưu nhất, nhiệt độ ủ cần được
duy trì ở 28 °C. Nhiệt độ này được chọn vì 28 °C là điều kiện tối ưu cho các LAR nitrifiers. Do đó, các
vi khuẩn nuôi cấy không mong muốn khác bị lấn át.

Hình 2-1: Cài đặt máy Nitritox

Nước thải và sinh khối vi sinh vật được bơm vào ống phân tích nhỏ, tại đây cũng lúc dung dịch sẽ được
khuấy trộn từ từ với máy khuấy từ và tiến hành đo lượng oxy tiêu thụ bởi vi khuẩn nitrat hóa. Quá trình
hô hấp đo được hiển thị trực tiếp trên màn hình của thiết bị phân tích và đường cong trong quá trình đo
được ghi nhận và chia thành 2 giai đoạn như Hình 2-2:
Giai đoạn 1:

Trong giai đoạn phân tích đầu tiên, mẫu được bơm vào ống phân tích và tiến hành đo
quá trình hô hấp của mẫu. Điều này rất quan trọng nếu vi sinh vật hay các thành phần
tiêu thụ oxy hiện diện trong mẫu, chúng sẽ sử dụng oxy mà không phải do quá trình
nitrat hóa.
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Giai đoạn 2:

Phép đo độc tính bắt đầu trong giai đoạn bơm thứ 2, tại đây một lượng nhỏ vi khuẩn
nitrat hóa được bổ sung từ bình nuôi cấy vào ống phân tích. Kết quả phân tích độc tính
được tính toán dựa vào quá trình diễn tiến của đường cong đo được.Độc tính xảy ra được
dự báo khi gây ra sự suy giảm hoạt động hô hấp của vi sinh vật dẫn đến quá trình tiêu
thụ rất ít tại ống phân tích.

Ngưỡng phân tích độc tính được tính toán dựa trên quá trình hô hấp của vi khuẩn nitrat hóa với mẫu đối
chứng và quá trình tiêu thụ oxy của mẫu độc. Lượng oxy tiêu thụ của vi khuẩn nitrat hóa thực tế trong
mẫu đối chứng được thiết lập là 0%. Độc tính của mẫu là 100% có nghĩa là không có sự hô hấp. Ưu
điểm của NitriTox so với thử nghiệm ức chế bùn hoạt tính là thời gian đo rút ngắn từ 60 phút còn 15
phút, một phương pháp nuôi cấy vi khuẩn phù hợp và khối lượng công việc thấp hơn.

Hình 2-2:

2.3

Đường diễn tiến quá trình hô hấp của phép phân tích Nitritox;
với mẫu có độc tính và không độc tính được ghi nhận.

Biomonitor

Biomonitor là một thiết bị phân tích trực tuyến đế phân tích chỉ số oxy sinh hóa tiêu thụ (BOC). Trong
quá trình nghiên cứu này, một ứng dụng mới đã được phát triển để đo lường sự ức chế hô hấp bùn hoạt
tính với thiết bị phân tích trực tuyến này. Hình ảnh và sơ đồ thiết lập được thể hiện trong Hình 2-3.

Hình 2-3:

a) Hình ảnh của máy Biomonitor;
b) Sơ đồ thiết lập máy Biomonitor

C-III - 9

Máy Biomonitor được chia thành ba phần chính. Phần đầu tiền là hệ thống hoàn lưu bùn và hoạt động
như một hệ thống xử lý nước thải thu nhỏ để sản sinh bùn hoạt tính cho phương pháp phân tích. Nếu
nguồn bùn hoạt tính tại nhà máy xử lý nước thải có sẵn, sinh khối vi sinh vật có thể được lấy trực tiếp từ
hệ thống sục khí với sáng chế của công ty LAR AG thiết bị lấy mẫu định lượng. Phần thứ hai là hệ
thống bình nối tiếp, tại đây bùn hoạt tính, nước thải và khí được bơm vào với lưu lượng xả được biết
trước [18]. So với một bình chứa chỉ có một bình phản ứng, Biomonitor là một thiết bị đo hô hấp hai
dòng với sự phân hủy nhanh chóng các chất ô nhiễm hữu cơ. Với việc xây dựng nhiều bước, ngay cả
các chất phân hủy khó phân hủy cũng bị phân hủy. Do nhiệt độ cao của 33 ° C trong hệ bình, sự phân
hủy sinh học của các chất ô nhiễm hữu cơ nhanh hơn, dẫn đến thời gian đo giảm. Vì vậy, lợi ích của hệ
thống đa bước này là xác định nhanh chóng, chính xác và liên tục BOC. Trong bình thứ tư nối tiếp được
cài đặt thiết bị oxy cảm biến để đo tốc độ hô hấp ở pha khí. Phép đo hô hấp nội sinh được thiết lập bằng
cách bơm bùn hoạt tính và không khí vào các bình thông nhau thứ hai (bình tham khảo). Oxy tiêu thụ
trong hệ thống bình tham khảo chỉ phụ thuộc vào vi khuẩn trong bình này. Biomonitor xác định mức
tiêu thụ oxy của bùn hoạt tính trên mỗi đơn vị khối lượng và thời gian. Thông số này được gọi là hô hấp
trong bùn hoạt tính (ASR). Hô hấp nội sinh là các chỉ số dự báo tốt nhất hoạt động của bùn và cũng có
thể phát hiện ảnh hưởng độc hại như ngộ độc kim loại nặng, vì tốc độ hô hấp sẽ giảm trong trường hợp
hiện diện yếu tố gây độc.
Trừ đi lượng oxy tiêu thụ trong phép đo bình thông nhau (bình mẫu) và oxy tiêu thụ trong bình đối
chứng chỉ duy nhất lượng oxy tiêu thụ cho quá trình phân hủy sinh học của các thành phần nước được
xác định. Thông số đo được với Biomonitor được gọi là BOC (Oxy sinh hóa tiêu thụ), và có thể tương
quan với chỉ số BOD5.
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CHƯƠNG III
3.1

KẾT QUẢ VÀ THẢO LUẬN

Nghiên cứu sơ bộ với thí nghiệm hô hấp bùn hoạt tính, kiểm tra độ nhạy ức chế hô
hấp của bùn hoạt tính với sự thay đổi dung dịch dinh dưỡng

Kết quả thí nghiệm thu được từ các nghiên cứu sơ bộ và đánh giá có thể chứng minh rằng sự thay đổi
của các dung dịch dinh dưỡng có ảnh hưởng đến độ nhạy với thử nghiệm ức chế hô hấp của bùn hoạt
tính. Giá trị EC 50 sử dụng natri acetate như dung dịch dinh dưỡng thấp hơn 7.7 lần so với nước thải
tổng hợp. Ảnh hưởng này có thể được giải thích do sự nhạy cảm của vi khuẩn bùn hoạt tính với natri
acetate và sự hình thành kim loại nặng do các hợp chất của chất dinh dưỡng. Vì vậy các chất gây ô
nhiễm độc hại ở nồng độ thấp hơn có thể được phát hiện với ảnh hướng ức chế với vi khuẩn của bùn
hoạt tính. Ngoài ra, tôi đã thành công để xác minh các kết quả thu được bằng cách sử dụng điện cực đo
khả năng oxy hóa khử (ORP).
50

-1

EC50 (mg L )

40

O2 electrode - NaAc
ORP electrode - NaAc
O2 Electrode - Synthetic wastewater
ORP electrode - Synthetic wastewater

30

20

10

0
Cr(VI)

Cu(II)

3,5 DCP

Zn(II)

Hình 3-1:

So sánh các giá trị của EC 50 giữa các chất độc hại: Cr(VI), Cu(II), 3,5 DCP and Zn(II) sử dụng
nước thải tổng hợp hoặc NaAc như dung dịch dinh dưỡng, phân tích quá trình hô hấp bằng đầu dò
oxy và khả năng oxy hóa khử. Kết quả và độ lệch chuẩn được thể hiện trên đồ thị.

3.2

Ức chế hô hấp của bùn hoạt tính với thiết bị đo trực tuyến quá trình hô hấp
Biomonitor

Chương này mô tả các thí nghiệm được tiến hành để phát triển một thiết bị phân tích ức chế hô hấp bùn
hoạt tính cho máy hô hấp trực tuyến, Biomonitor. Máy biomonitor phân tích thông số BOC, có thể
tương quan với chỉ số BOD5. Để phát triển ứng dụng mới, các thí nghiệm ức chế hô hấp bùn hoạt tính
được thực hiện với Biomonitor. Các chất độc Zn(II), Cu(II), Cr(VI) và 3,5 DCP được chọn làm các mẫu
để nghiên cứu các tác dụng ức chế.
Những ảnh hưởng của tổng chất rắn lơ lửng (TSS) và dung dịch dinh dưỡng đã được nghiên cứu trên
đường cong phát triển của vi khuẩn. Ngoài ra, chúng tôi đã nghiên cứu ảnh hưởng của nồng độ sinh khối
trong bình, giá trị ASR và dung dịch dinh dưỡng có trên các phép đo độc tính. Để nghiên cứu ảnh hưởng
của dung dịch dinh dưỡng, natri axetat và nước thải tổng hợp được lựa chọn. Các thử nghiệm này được
thực hiện để kiểm tra ảnh hưởng của độ ổn định đo và độ nhạy của quy trình đo.

C-III - 11

Các kết quả quan trọng nhất được liệt kê dưới đây:
• Kết quả cho thấy có thể thực hiện các phép đo độc tính với máy Biomonitor với hệ số biến thiên
(CV) từ 6-14 %
• Các giá trị EC 50 của phép đo Biomonitor cao hơn phương pháp DIN ISO 8192. Các hệ số tương
quan dao động từ 1,08 - 5,38 đối với Cr (VI) và 3,5 DCP. Do đó, độc tính của hai phương pháp phân
tích không có sự tương quan với nhau, và do đó rất khó khăn để phân loại các kết quả của
Biomonitor.
• Đối với sự phát triển một thiết bị cảm biến sinh học có thể hiệu chỉnh, ảnh hưởng của dung dịch dinh
dưỡng, nồng độ TSS và giá trị ASR đã được tiến hành khảo sát. Các thí nghiệm cho thấy không có
ảnh hưởng của giá trị ASR với các phép đo độc tính và ảnh hưởng của nồng độ TSS cũng không
đáng kể.
Ngược lại, có thể nhạy hoá với phương pháp đo bằng cách thay đổi dung dịch dinh dưỡng. Yếu tố nhạy
cảm cao nhất được xác định cho Cu (II) với giá trị 4,3 trong khi sử dụng NaAc như một dung dịch dinh
dưỡng.
Kết luận: máy Biomonitor có thể được sử dụng để đo sự ức chế hô hấp của bùn hoạt tính và có thể nhạy
hóa quy trình phân tích để tạo ra một đầu dò sinh học có thể hiệu chỉnh.

3.3

Ức chế hô hấp của bùn hoạt tính với thiết bị đo trực tuyến quá trình hô hấp
Nitritox

Công nhận các phép đo NitriTox
Việc công nhận phép đo với máy NitriTox được thực hiện để xác định độ tin cậy và tính nhất quán của
phương pháp phân tích. Trong quá trình xác nhận, một thử nghiệm luân chuyển theo vòng tròn đã được
thực hiện, đó là một thử nghiệm liên phòng thí nghiệm. Một mẫu có nồng độ đã biết được gửi đến các
phòng thí nghiệm khác nhau và được phân tích độc lập với NitriTox. Kết quả của các phòng thí nghiệm
khác nhau được so sánh để đưa ra một kết luận về tính chính xác và khả năng tái lập của máy phân tích.
Trong bước tiếp theo của quá trình xác nhận, kết quả phân tích của NitriTox đã được xác nhận trong
khoảng thời gian bốn năm để xác định tính ổn định, độ nhạy và chế độ đo lường của NitriTox. Để đánh
giá và phân loại độ nhạy của NitriTox, kết quả đo được so sánh với 13 phương pháp đánh giá độc tính
khác nhau. Cuối cùng, nó đã được xác định liệu các thủ tục đo lường có thể được tiêu chuẩn hóa để có
được kết quả tương tự so với các thử nghiệm ức chế hô hấp bùn hoạt hóa theo DIN hưởng của giá trị
ASR với các phép đo độc tính và ảnh hưởng của nồng độ TSS cũng không đáng kể. Ngược lại, có thể
nhạy hoá với phương pháp đo bằng cách thay đổi dung dịch dinh dưỡng. Yếu tố nhạy cảm cao nhất
được xác định cho Cu (II) với giá trị 4,3 trong khi sử dụng NaAc như một dung dịch dinh dưỡng.
Kết luận: máy Biomonitor có thể được sử dụng để đo sự ức chế hô hấp của bùn hoạt tính và có thể nhạy
hóa quy trình phân tích để tạo ra một đầu dò sinh học có thể hiệu chỉnh.
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Ức chế hô hấp của bùn hoạt tính với thiết bị đo trực tuyến quá trình hô hấp Nitritox
Công nhận các phép đo NitriTox
Việc công nhận phép đo với máy NitriTox được thực hiện để xác định độ tin cậy và tính nhất quán của
phương pháp phân tích. Trong quá trình xác nhận, một thử nghiệm luân chuyển theo vòng tròn đã được
thực hiện, đó là một thử nghiệm liên phòng thí nghiệm. Một mẫu có nồng độ đã biết được gửi đến các
phòng thí nghiệm khác nhau và được phân tích độc lập với NitriTox. Kết quả của các phòng thí nghiệm
khác nhau được so sánh để đưa ra một kết luận về tính chính xác và khả năng tái lập của máy phân tích.
Trong bước tiếp theo của quá trình xác nhận, kết quả phân tích của NitriTox đã được xác nhận trong
khoảng thời gian bốn năm để xác định tính ổn định, độ nhạy và chế độ đo lường của NitriTox. Để đánh
giá và phân loại độ nhạy của NitriTox, kết quả đo được so sánh với 13 phương pháp đánh giá độc tính
khác nhau. Cuối cùng, nó đã được xác định liệu các thủ tục đo lường có thể được tiêu chuẩn hóa để có
được kết quả tương tự so với các thử nghiệm ức chế hô hấp bùn hoạt hóa theo DIN ISO 8192 [1]. Bước
xác nhận này là điều cần thiết để tạo ra kết quả đo lường và kiểm tra được công nhận có thể được so
sánh với một tiêu chuẩn quốc tế.
Kiểm tra luân chuyển vòng tròn:
Trong khung kiểm tra vòng tròn, các giá trị EC 50 đo được cho Zn (II), Cu (II), thiourea (TU) và 2,4
DCP thay đổi theo các hệ số từ 1 đến 8,4 cho mỗi phép chuẩn. Kết quả này được mong đợi, vì nó được
báo cáo trong tài liệu rằng giá trị EC 50 đối với kim loại nặng được xác định bởi ức chế hô hấp bùn hoạt
tính có thể thay đổi theo thứ tự độ lớn.
Xác định công nhận trong thời hạn bốn năm:
Giá trị EC 50 tăng đáng kể từ năm 2013 đến năm 2014 với hệ số lên tới 18 lần đối với Zn (II). Vì yếu tố
cao này, không thể xảy ra sự thay đổi này là do các yếu tố ảnh hưởng đến tốc độ nitrat hóa hoặc trạng
thái cân bằng của sự biệt hoá hóa học. Một lý do có thể xảy ra nhiều hơn là sự thay đổi cấu trúc mật độ
vi khuẩn.
Các phép đo NitriTox theo tiêu chuẩn DIN ISO 8192:
Phép đo NitriTox được thực hiện theo quy trình theo tiêu chuẩn DIN ISO 8192. Có thể kết luận rằng các
phép đo NitriTox và DIN ISO 8192 tương tự nhau. Do đó, có thể thu được kết quả theo các thử nghiệm
ức chế hô hấp bùn hoạt tính tiêu chuẩn hóa quốc tế phù hợp với tiêu chuẩn DIN ISO 8192.

Yếu tố ảnh hưởng đến phép đo với máy Nitritox
Để tăng độ nhạy cho phép đo Nitritox dung dịch dinh dưỡng, nhiệt độ, thời gian ủ, thời gian duy trì
trong pha đo II, nồng độ sinh khối của vi sinh vật, dòng khí trong bình nuôi cấy và giá trị pH đã được
lần lượt thay đổi. Để đưa ra tổng quan về kết quả, các điều kiện dẫn đến độ nhạy cao nhất và thấp nhất
cho các phép đo NitriTox được tóm tắt ở Table, hệ số trung bình của các yếu tố nhạy cảm cũng được
tổng hợp. Ngoài ra, các giá trị EC 50 thu được của các phép đo độc tính được minh họa trong Hình 3-2
đến Hình 3-5. Hệ số nhạy cao nhất đạt được là 4.0 khi thay đổi các dung dịch dinh dưỡng. Hệ số nhạy
trung bình thu được từ 2.2 – 1.7 khi thay đổi các thông số nhiệt độ, thời gian ủ, thời gian duy trì và nồng
độ sinh khối vi sinh vật. Hệ số nhạy thấp nhất được ghi nhận khi thay đổi dòng khí trong bình nuôi cấy
và giá trị pH. Kết luận được rằng tất cả các thông số trong nghiên cứu đều có ảnh hưởng đến phép đo
với máy Nitritox. Kết quả cho thấy các điều kiện bất lợi cho các vi sinh vật ảnh hưởng cao đến độ nhạy
của vi sinh vật với các chất độc hại.
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Hơn nữa, các phép đo độc tính với máy Nitritox và Biomonitor có thể được nhạy hóa bằng cách thay đổi
một cách hợp lý các thông số khác nhau để thu được đặc tính gây độc với khả năng sinh học cao. Kết
luận đây là thành công đầu tiên để tạo ra một cảm biến sinh học có thể hiệu chỉnh phát hiện các chất ô
nhiễm độc hại trong nước thải ở nồng độ thấp hơn và chứng minh được nhờ vào kết quả nghiên cứu độ
nhạy đã được thực hiện.
Bảng 3-1:

Tổng quan về các thông số nghiên cứu và xác định các hệ số nhạy cảm (giá trị trung bình)
Các thông số

Nhạy cảm

Vi sinh vật

Hệ số
trung bình

Cao

Thấp

Dung dịch dinh dưỡng

Vi khuẩn nitrat hóa

Ammonia bicarbonate

Nước thải tổng hợp

4.0

Dung dịch dinh dưỡng

Bùn hoạt tính

Natri acetate

Nước thải tổng hợp

Vi khuẩn nitrat hóa

40 °C
30 phút
420 giây
30 phút
5%
5 L phút-1
5

10 °C
0 phút
180 giây
0 phút
15%
50 phút-1
11

2.6
2.2
2.0
1.9
1.7
1.7
1.5
1.2

Nhiệt độ
Thời gian ủ

Bùn hoạt tính

Thời gian duy trì pha II

Vi khuẩn nitrat hóa

Thời gian ủ

Vi khuẩn nitrat hóa

Nồng độ sinh khối VSV

Vi khuẩn nitrat hóa

Dòng sục khí vào trong bình nuôi cấy

Vi khuẩn nitrat hóa

Giá trị pH – Không bao gồm Cr(VI)

Vi khuẩn nitrat hóa

200
180
160

Activated Sludge - Sodium Acetate
Activated Sludge - Synthetic Wastewater (DIN ISO 8192)
Nitrifiers - Ammonia Bicarbonate
Nitrifiers - Synthetic Wastewater (DIN ISO 8192)

120

100

-1

EC 50 (mg L )

-1

EC 50 (mg L )

140
120
100
80
60

1.5 g/L - 5 % Biomass
1.5 g/L - 10 % Biomass
1.5 g/L - 15 % Biomass
0.8 g/L - 5 % Biomass
0.8 g/L - 10 % Biomass
0.8 g/L - 15 % Biomass

80

60

40

40
20

20
0

0

Zn

Hình 3-2:

Cr

Cu

Zn

3,5 DCP

Cu

Cr

3,5 DCP

Trái) Ảnh hưởng của các chất dinh dưỡng đến phép đo Nitritox, sử dụng vi khuẩn nitrat hóa LAR
hoặc bùn hoạt tính như là dung dịch dinh dưỡng;
Phải) Ảnh hưởng của nồng độ sinh khối vi sinh vật
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500
450

pH 5
pH 7
pH 9
pH 11

80
70
60
-1

EC 50 (mg L )

-1

EC 50 (mg L )

70
60
50
40
30

50
40
30
20

20

10

10
0

0

Zn

Hình 3-3:

Cu

Cr

3,5 DCP

Zn

Cu

Cr

3,5 DCP

Trái) Ảnh hưởng của giá trị pH;
Phải) Ảnh hưởng của nhiệt độ đến kết quả EC 50 của Zn(II), Cu(II) và Cr(VI)
90

180

10 °C
25 °C
40 °C

0 min Incubation Time
30 min Incubation Time

80

0 min incubation time
30 min incubation time

160

70
140

EC 50 (mg L )

-1

-1

EC 50 (mg L )

60
120
100
80
60

50
40
30

40

20

20

10
0
Zn

Hình 3-4:

50

Cu

Cr

3.5 DCP

Zn

Cu

Cr

3,5 DCP

Ảnh hưởng của thời gian ủ trong ống phân tích; (trái) bùn hoạt tính, (phải) vi khuẩn nitrat hóa

70

Measurement Phase II: 180 s
Measurement Phase II: 300 s
Measurement Phase II: 420 s

Aeration rate: 50 L/h
Aeration rate: 5 L/h

60

40

EC 50 (mg L )

30

-1

-1

EC 50 (mg L )

50

20

40
30
20

10
10

0

0

Zn

Hình 3-5:

Cu

Cr

3,5 DCP

Cu

Cr

Zn

3,5 DCP

Ảnh hưởng của thời gian tiếp xúc trong giai đoạn đo pha II, hô hấp của mẫu nước đối chứng (mẫu
trắng) và Cu(II) 20 ppm;
Phải) Ảnh hưởng của tốc độ sục khí trong bình nuôi cấy.
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3.4

Ứng dụng máy Nitritox cho giám sát nước thải công nghiệp

Việc giám sát sự ức chế quá trình nitrat hóa trong bảy khu công nghiệp ở Việt Nam cho thấy độc tính
cho vi khuẩn nitrat hóa ghi nhận được tại năm khu công nghiệp được khảo sát.
Kết luận: Nitritox đã được sử dụng thành công trong việc thực hiện nghiên cứu về tình hình nước thải
tại các khu công nghiệp ở Việt Nam. Ngoài ra, trong khuôn khổ thí nghiệm ở bảy khu công nghiệp trên
khắp Việt Nam thu được những thông tin quan trọng về cách thức phân tích với Nitritox. Kết quả được
tóm tắt ở bảng 3-2.

Bảng 3-2:

Tóm tắt kết quả của các cuộc giám sát ở bảy khu công nghiệp để xác định sự xảy ra ức chế
quá trình nitrat hóa.

Khu công
nghiệp
Trà Nóc

Hệ thống xử lý nước thải tập trung
Hệ thống xử lý nước thải tập trung tại Trà Nóc đã
không tiếp nhận nước thải độc hại tại thời điểm
khảo sát.

Hệ thống cống thải
Sự ức chế quá trình nitrat hóa xảy ra tại hai
trong số sáu điểm đo khảo sát do Cr và Zn
trong nước thải ô nhiễm.

Nam Sách

Quá trình phân hủy sinh học của các chất hữu cơ ô Trong tám điểm phân tích đại diện cho thấy
nhiễm bằng công nghệ bùn hoạt tính bị cản trở độc tính> 20% tại ba điểm đo.
trong ba ngày do nước thải độc hại.

Hòa Cầm

Tải lượng cao của nước thải độc hại, với nồng độ Một trong bốn điểm đại diện thí nghiệm phân
tổng carbon hữu cơ TOC cao dẫn đến sự ức chế tích của hệ thống xử lý nước thải ở khu công
quá trình nitrat hóa.
nghiệp cho thấy độc tính.

Hòa Khánh

Độc tính lên đến 35%. Đồng thời kết quả TOC đo Việc khảo sát trong chín điểm đại diện phân
được cho thấy mối quan hệ giữa TOC với nồng độ tích độc tính, kết quả thu được lên đến 34%
cao và độc tính.
tại ba điểm đo.

Groz Beckert

Nitritox đã được sử dụng như một ứng dụng để Việc giám sát trực tuyến trong dòng vào và
đánh giá việc loại bỏ kim loại nặng bằng hệ thống dòng thải của trạm xử lý sinh học không cho
xử lý nước thải bằng phương pháp hóa học.
thấy bất kỳ sự ức chế đến vi khuẩn nitrat hóa.
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CHƯƠNG IV KẾT LUẬN VÀ KIẾN NGHỊ

Trong phần giới thiệu của nghiên cứu này, bốn mục tiêu chính đã được trình bày. Trên cơ sở nghiên cứu
của luận án tiến sĩ này, có thể rút ra các kết luận sau đây.
Đối với máy phân tích BOC Biomonitor trực tuyến, một ứng dụng mới được phát triển để đo thành công
sự ức chế hô hấp bùn hoạt tính. Do đó, có thể tăng phạm vi ứng dụng cho Biomonitor, có tầm quan
trọng kinh tế đối với các máy phân tích quá trình của LAR, vì sự phát triển mới này hứa hẹn một tác
động tích cực đến các số liệu bán hàng.
Hai thiết bị phân tích, NitriTox và Biomonitor đã được công nhận. Việc công nhận của máy phân tích
NitriTox cho thấy độ nhạy của các sinh vật thử nghiệm giảm trong những năm qua. Do đó, trong một
thời gian dài, máy phân tích cho thấy khả năng tái tạo tương đối kém. Dù sao, các kết quả NitriTox thu
được nằm trong phạm vi hiệu lực theo các tiêu chuẩn tiêu chuẩn quốc tế. Kết quả đã chứng minh rằng
điều quan trọng là phải nghiên cứu các yếu tố ảnh hưởng đến thí nghiệm ức chế hô hấp bùn hoạt tính.
Kết quả hài lòng nhất là tôi đã thành công trong việc thu được kết quả với NitriTox tương tự như kết
quả của thử nghiệm ức chế hô hấp bùn hoạt tính tiêu chuẩn quốc tế. Tôi cũng đã xác minh sự ức chế
bằng cách thay thế cảm biến DO bằng điện cực ORP, đó là một kết quả mới lạ. Trong khuôn khổ của
nghiên cứu này, thử nghiệm ức chế hô hấp bùn hoạt hóa được tiến hành với lần đầu tiên sử dụng điện
cực ORP. Một điều kiện tiên quyết cho việc ứng dụng không hạn chế điện cực OPR là sự vắng mặt của
các loại có hoạt tính oxi hóa mạnh trong mẫu.
Nghiên cứu này đã thành công trong việc tăng độ nhạy của thử nghiệm ức chế hô hấp hoạt tính bằng
cách sử dụng ba phương pháp phân tích khác nhau: thử nghiệm ức chế hô hấp bùn hoạt tính tiêu chuẩn
hóa quốc tế và hai thiết bị đo sự hô hấp trực tuyến: NitriTox và Biomonitor. Cải tiến này rất phù hợp với
sự phát triển của một hệ thống cảnh báo sớm có thể phát hiện các ảnh hưởng độc hại ở hệ thống xử lý
nước thải sớm hơn và ở nồng độ thấp hơn. Nói chung, độ nhạy của các sinh vật thử nghiệm phải cao
hơn so với các vi sinh vật được sử dụng cho quá trình xử lý. Điều đó có thể được thực hiện bằng những
phát hiện của nghiên cứu này.
Trong nghiên cứu đã tiến hành các thí nghiệm để cải thiện độ nhạy của thử nghiệm ức chế hô hấp bùn
hoạt tính, kết quả đáng chú ý nhất thu được bằng cách thay đổi dung dịch dinh dưỡng. Độ nhạy của xét
nghiệm sinh học được tăng lên theo hệ số 7,7. Ngoài ra, một cuộc thảo luận khoa học chi tiết và mới
được giới thiệu để chứng minh cho kết quả. Một kết quả khác đáng chú ý và mới lạ là ảnh hưởng độc
hại của Cr (VI) biến mất, thu được bằng cách sử dụng nitrifiers như các sinh vật thử nghiệm sau khi
điều chỉnh giá trị pH từ 7 đến 9. Lần đầu tiên, ảnh hưởng này được kết hợp với cân bằng cromatdicromat.
Tóm lại, dung dịch dinh dưỡng, nhiệt độ, độ pH, nồng độ oxy trong bình nuôi cấy, nồng độ sinh khối vi
sinh vật và thời gian ủ ảnh hưởng đến độ nhạy của phép thử ức chế hô hấp bùn hoạt tính. Kết quả cho
phép tôi đưa ra tuyên bố mới sau: Hệ thống càng ổn định, mức độ độc tố tiềm ẩn càng cao thì khả năng
chịu đựng càng cao. Mặt khác, hệ thống càng bị áp lực hơn là do các điều kiện không tối ưu, mức độ
của bất kỳ độc tố nào mà nó có thể chịu được càng thấp. Một ảnh hưởng đáng kể khác đối với độ nhạy
và độ ổn định của phép thử ức chế hô hấp bùn hoạt tính là cấu trúc mật độ của các sinh vật thử nghiệm.
Do vậy một khái niệm có thể cải thiện sự ổn định của cấu trúc mật độ được cung cấp trong nghiên cứu
này.
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Máy đo hô hấp trực tuyến, NitriTox, đã được ứng dụng thành công cho một chương trình quan trắc,
giám sát nước thải tại bảy khu công nghiệp ở Việt Nam. Kết quả cho thấy sự xuất hiện tần suất cao của
nước thải độc hại trong các khu công nghiệp được giám sát. Tóm lại, việc giám sát sự ức chế nitrat hóa
cho thấy sự xuất hiện của các chất độc hại ở năm trong số bảy khu công nghiệp được điều tra.
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INTRODUCTION

1.

The Importance of the Topic

The number of industrial zones continues to increase in Vietnam. In July of 2015, there
were 299 industrial parks, the majority of which lack sustainable wastewater treatment. The
consequences are highly polluted and toxic wastewaters, which are discharged from
factories directly into the environment or to a centralised wastewater-treatment plant
(WWTP). One method to determine the toxicity of wastewater is the activated-sludge
respiration-inhibition.
The monitoring of activated-sludge and nitrification respiration-inhibition at WWTPs can be
justified by detection of toxic pollution compounds, which are not biologically degradable
and are discharged from the WWTP outlet into the environment. In addition, according to
the standard A QCVN 40/2011/BTNMT, the legal limit values for total nitrogen and NH4
are 20 mg L-1 and 5 mg L-1, respectively. Due to the discharge of toxic wastewater from the
factories to the wastewater treatment plant, the nitrification process might be inhibited, in
which case the legal limit values for total nitrogen and NH4 are exceeded. Furthermore,
because activated sludge has been used for agricultural purposes over a long time,
contamination of the activated sludge with toxic compounds makes further use (e.g., as
fertiliser) impossible. Monitoring of the nitrification inhibition at WWTP effluent is relevant
for WWTP operators, because exceeding the legal limits of NH4 or total nitrogen caused by
inhibiting compounds can lead to penalties or fines. A high sensitivity to toxic compounds
and a slow growth rate characterises nitrifying bacteria; hence, the protection of these
bacteria is of high importance [1].
Because it is needed to determine the inhibition of pollutants to activated-sludge bacteria,
the procedure of the activated-sludge respiration-inhibition test is described in ISO 8192 [2],
OECD 209 [3] and TCVN 6226 [4]. This method is fundamental to the two online
respiration analysers made by LAR Process Analysers AG, which were used for the
research in this thesis. The field of activated-sludge respiration-inhibition testing suffers
from large gaps in the understanding of how to increase the sensitivity of the measurement
procedure and of which factors influence the result. One of the most important variables for
improving monitoring involves improving the sensitivity of the test organisms [5].
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2.

Objectives

Increasing the sensitivity of activated-sludge respiration-inhibition tests ensures the
detection of toxic pollutants and contaminants in lower concentrations; this procedure
makes it possible to protect microorganisms within the activated-sludge process at the
WWTP and hence renders the biological degradation of contaminants more efficient. To
monitor the inhibiting effect of wastewater discharged into a WWTP, the sensitivity of the
test organisms should be higher than that of the microorganism used for the treatment
process to create an early-warning system. For this reason, the objective to increase the
sensitivity of the activated-sludge respiration-inhibitions test is of high relevance.
In addition, neither the online nor the standard activated-sludge respiration-test has, to my
knowledge, been used to assess the wastewater quality in Vietnam’s industrial zones.
Hence, the objectives of this thesis are as follows:
• To develop a new application for the online respirometer Biomonitor to an onlineactivated-sludge respiration-inhibition analyser.
• To increase the sensitivity of the activated-sludge respiration-inhibition test.
• To validate the online respirometers, Biomonitor and NitriTox.
• To apply the NitriTox system for wastewater monitoring in seven industrial zones
across Vietnam.

3.

The new Points of this Dissertation

1) The sensitivity of activated-sludge respiration-inhibition testing can be increased by
varying the nutrient solution, pH, temperature, biomass concentration, incubation time,
and oxygen concentration in the fermenter.
2) Replacement of the synthetic-wastewater nutrient solution with sodium acetate
increases toxicity. This can be explained by the formation of complexes of heavy metals
with ingredients in the synthetic wastewater, especially peptone. The heavy metal –
peptone complex has a lower toxicity than the heavy metal speciation in the presence of
sodium acetate.
3) An online system for monitoring the toxicity of wastewater has been applied in Vietnam
for the first time. A measurement campaign in seven industrial zones across the country
has been conducted. The monitoring shows that toxicities to nitrificants have occurred
in five of the investigated industrial zones.
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CHAPTER 1 LITERATURE REVIEW

1.1

Wastewater Treatment Plant Overview

The purpose of wastewater treatment is to remove pollutants that can harm the aquatic
environment if they are discharged into it. Because of the harmful effects of low dissolved
oxygen (DO) concentrations in waters, wastewater-treatment engineers have historically
focused on the removal of pollutants that would cause depletion of the DO concentration in
the aquatic system. These demanding oxygen pollutants exert their effects by serving as a
food source for microorganisms, which consume oxygen for biological oxidation. Most
oxygen-demanding pollutants are organic compounds; ammonia and nitrate are important
inorganic ones. Hence, WWTPs are designed to remove these organic and inorganic
contaminants. Another problem with discharging nutrients such as nitrogen compounds into
the receiving water bodies is eutrophication, which is the accelerated aging of a lake due to
enhanced algae growth. WWTP operators have become concerned about the discharge of
toxic chemicals into the treatment plant that would inhibit the biological degradation of the
organic and inorganic pollutants [6].
Before focusing on activated-sludge- or more specifically nitrification-inhibition, it is
important to have a general idea of the complete process undertaken by a "standard"
WWTP. The basic scheme of a WWTP consists of the following three main steps:
Primary treatment
In primary treatment, sedimentation and skimming typically remove 40 % to 70 % of
suspended solids. The BOD (Biological Oxygen Demand) removals by the primary
treatment normally range from 15 % to 70 %. Primary treatment reduces the load on the
secondary treatment system and allows the microorganisms to work on the dissolved
pollutants.
The primary treatment consists of a series of separation processes that are destined to reduce
the total suspended solids. As the sewage enters a WWTP, it flows through a screen to
remove large, floating objects such as cloth and sticks that might block pipes. After the
sewage has been screened, it flows into a grit chamber, where cinders, sand, and small
stones settle down to the bottom. This treated wastewater still contains suspended solids,
and a sedimentation tank can remove them from the sewage [7].
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Secondary treatment
Secondary wastewater treatment is also called biological wastewater treatment because it
uses living microorganisms to degrade or oxidise residual contaminants: primarily soluble
organic compounds. Microbes achieve this by consuming the organic matter as food, and
converting it to water, carbon dioxide, and energy for their reproduction and growth. At the
biological-treatment stage, the sewage leaves the settling tank and is pumped into an
aeration tank. After being mixed with activated sludge, it is aerated for several hours.
During this time, the bacteria break down the organic matter into harmless by-products. The
activated sludge is returned to the aeration tank for mixing with new sludge during aeration.
It can be reused. After treatment in the aeration tank, the pre-treated sewage is pumped to a
subsequent sedimentation tank to remove excess bacteria [7]. The secondary treatment can
remove up to 85 % BOD and suspended solids. Environmental conditions within treatment
systems can have a profound impact on the diversity and complexity of the bacterial
population. Factors that affect microbial growth and survival have been studied extensively.
They include temperature, pH, oxygen concentration, organic loading and specific toxicants.
In addition to the removal of organic compounds, the secondary treatment is responsible for
the microbial elimination of nitrogen (N) by nitrification and denitrification. This thesis
mainly focuses on the inhibition of nitrifiers. The nitrification process is described in detail
in Chapter 1: "1.1.2 Nitrification".
Tertiary treatment
Tertiary treatment provides a final step of wastewater treatment to increase the effluent’s
quality before it is discharged into the receiving body of water. The technologies applied in
the tertiary treatment are filtration, ultrafiltration and activated-carbon filtration. To reduce
the number of micro-organisms in the water, disinfection is always the final treatment step.
Methods commonly used for disinfection include chlorination, ultraviolet light, and ozone.
In addition, lagoons and constructed wetlands belong to the tertiary treatment [7].

1.1.1

Activated-Sludge Process

Activated-sludge systems handle wastewaters that contain high concentrations of BOD and
COD (Chemical Oxygen Demand). They have been important wastewater processing
systems for many decades. Activated sludge is a suspended-growth process that relies on
natural bio-oxidation mechanisms. Organic contaminants within the waste stream exhibit
rapid biodegradability. The activated sludge converts organic matter to energy and new
cellular material, as shown in the formula below:
Organics (BOD) + O2 + Nutrients ⎯t,⎯
⎯→ CO2 + H2O + Microbes + Energy .
pH, T
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(1)

Other aerobic and anaerobic by-products of these systems include water, inert materials, and
gasses (e.g., carbon dioxide, methane, hydrogen sulfide, nitrogen, etc.). The standard
activated-sludge process is mainly aerobic. An external source of air or oxygen and
mechanical mixing are needed to help artificially replenish dissolved oxygen levels that
have been depleted in the bio-oxidation reaction. The microorganisms found in the aeration
basin can be comprised of the primary groups.
This study is restricted to various active, metabolising bacteria:
• active, metabolising bacteria that are primarily responsible for metabolising soluble
wastes
• filamentous bacteria that are mainly responsible for providing structural support to
growing colonies of bacteria (referred to as flock)
• protozoans that assist in metabolising wastes, reducing effluent turbidity, and building
bacterial flocks.
1.1.2

Nitrification

Nitrification is necessary, because it is the conventional process by which ammonia is
removed in waste-treatment systems (by being converted to nitrate). Nitrification is the
bacterial oxidation of NH4 to NO3. It can be described by the following equation.
In the first sub-reaction, NH4 is oxidised to NO2 by the bacteria Nitrosomonas:
2 NH 4+ + 3O2 ⎯
⎯→ 2 NO2− + 4 H + + 2 H 2O .
(2)
In the second sub-reaction, NO2 is oxidised to NO3 by the bacteria Nitrobacter:
1
NO2− + O2 ⎯
⎯→ NO3− .
2

(3)

Nitrifiers are some of the most sensitive bacteria found in activated-sludge processes.
Nitrifiers are autotrophs because they derive their carbon source from HCO3- in the water
instead of from BOD in the waste. They get their energy from the oxidation of ammonia.
They are also notoriously slow growing, requiring 8-12 h for a single replication.
Heterotrophic bacteria (BOD degraders) can divide in 20-30 min [8].
Nitrifiers are extremely sensitive to certain organics in low concentrations, including
phenols, thiourea, methanol, aniline compounds, isothiocyanate compounds, carbamates,
cyanide and many others. Sensitivity to heavy metals in low concentrations is typical,
including Cr(VI), Cr(III), Hg, Cu, Ni, Zn (at > 0.25 mg L-1) and Pb (at > 0.5 mg L-1).
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Grady [9] reported that the most potent and specific inhibitors of nitrification are
compounds that chelate metals and contain amine groups, some of which are capable of
decreasing the nitrification rate by 50% at concentrations of less than 1.0 mg L-1.
Halogenated hydrocarbons are also believed to be mainly inhibitory.

1.2

Toxicity Monitoring

1.2.1

Inhibition and Toxicity

Toxicity is the degree to which a substance can harm an organism such as humans, animals or
microorganisms. The toxic effect depends on the concentration of the substance and the test
bodies. This thesis focuses on the toxicity of activated-sludge bacteria, including nitrifiers.
Inhibitory and toxic substances can affect the microorganisms responsible for removing the
organic and nitrogen compound contaminants. If toxic wastewater is discharged into a WWTP, it
will inhibit the biological removal of these contaminants. Toxic substances are rarely present in
municipal sewage to any significant extent, but they can be a major concern in industrial
wastewater. Contaminants of concern in this regard include acids/bases, oil, metals, fluoride,
sulphides, high levels of salt, certain amines and phenols, and many halogenated hydrocarbons.
Acute toxicity events often exhibit one or more of the following characteristics:
• an initial flagellate bloom, followed by subsequent complete die-off of protozoa and
higher life forms (diagnosed with routine microscopic examination);
• significant reduction in respiration rate, or specific oxygen uptake rate (activated-sludge
respiration-inhibition test);
• increase in reactor-dissolved oxygen levels (online DO monitoring, preferably with logging);
• increase in extracellular ATP (special testing needed);
• biomass deflocculation, often accompanied by foaming and high effluent TSS (microscopic,
visual and water quality monitoring);
• loss of BOD removal in extreme cases (water quality monitoring); and
• filamentous bulking upon process recovery (microscopic and settle ability observations).
Deciding whether toxicity exists in a system can involve extensive detective work. Toxicity is an
indicator of inhibiting substances. If a toxic event is detected, a subsequent analysis via
inductively coupled plasma (ICP), high-performance liquid chromatography (HPLC) or
mass spectrometry (MS) is needed to detect the individual compound. The composition of
the wastewater needs to be known to draw a conclusion about further treatment. Common
treatments for detoxification of organic pollutants include advanced oxidation processes
(AOP) and, for heavy metals, flocculation and precipitation.
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Monitoring methods that can contribute to determining the presence of toxicity or inhibition
include dissolved oxygen trends, sludge settling ability, treatability testing, microscopy, oxygen
uptake or proprietary methods such as MicroToxTm or others based on ATP. Some of these are
discussed in Chapter 1: "1.2.5 Toxicity Assessment Methods to determine the Inhibition of
Pollutants on activated-sludge Bacteria".

1.2.2

Necessity of Toxicity Monitoring

In order to protect water bodies from algae blooms, authorities have imposed strict
regulations on the water quality of WWTP effluents, especially for nitrogen compounds.
Commonly, centralised WWTPs process industrial wastewater in industrial zones. The
common treatment of industrial wastewater and domestic wastewater is also practiced in
urban areas. As a consequence, there is a possible threat that inhibiting substances including
organic compounds, heavy metals, nanoparticles, and high salt loads are discharged from a
factory to a WWTP [10]. The discharge of toxic wastewater to a WWTP is a general
problem.
The need to monitor the inhibition of toxic wastewater to activated sludge can be seen in the
fact that 45 of 109 tested municipal wastewater treatment plants have received inhibiting
wastewater [11]. In addition, it has been reported that the inhibition of nitrification has been
experienced at several Swedish wastewater treatment plants that were performing nitrogen
removal [12], and a study of 38 Danish municipal wastewater types showed that about onethird were inhibitory to nitrification to a considerable extent [13]. Another example is
reported by Grau et al. [14]. He states that wastewater with a high load of phenol hindered a
wastewater treatment in Brazil for six months. The latest incident occurred in 2016, where a
mass death of fish occurred along the central coasts of Vietnam associated with toxic
industrial wastewater discharges, thereby proving once more the growing importance of
industrial wastewater monitoring in Vietnam.
The protection of nitrifying bacteria is especially relevant because two distinct properties
characterise them: sensitivity to inhibitory substances and slow growth rates [1]. Therefore,
if the nitrifiers are exposed to inhibitory compounds, their ability to oxidise ammonia will
decrease. Moreover, due to the slow growth rate of the autotrophic bacteria, it takes
considerable time to return them to their normal activity compared to heterotrophic bacteria.
However, when toxic substances are added to the wastewater, they can inhibit the biological
activity and effectiveness of the cleaning. Measuring of the toxicity in the influent could
help prevent this. If a WWTP receives toxic wastewater, the feed can be redirected.
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Since little was known about the conditions in Vietnam, there was a need for a similar
investigation in Vietnam Therefore, the toxicity measurement campaigns were carried out
with the mobile laboratory in seven industrial zones in Vietnam, with toxicity as a critical
parameter.
1.2.3

Sum-Parameters in Water Monitoring

A large number of chemical substances are present in every water body. Due to a large
number of chemical compounds, a quantitative determination of each compound is not
possible. This reason makes it easy to understand why wastewater technology requires
analytical methods, such as sum parameters, that are easy to use. For this purpose, costeffective methods for COD, BOD5, TOC (Total Organic Carbon) and toxicity were
developed to cover a large number of chemical compounds with one analytical method. The
analytical method provides data about a particular property of the analysed samples. For
example, TOC and COD offer information about the pollution of the wastewater with
organic compounds. A toximeter measures the inhibition of a sample on an appropriate
organism. Therefore, it is not necessary to analyse each compound, which is timeconsuming and expensive.
The method most often used to analyse the inhibition of toxicants to activated-sludge is the
activated-sludge respiration-inhibition test. It provides direct information about the rate of
biodegradation by activated-sludge bacteria. Toxic wastes inhibit both respiration and
biodegradation. The respiration rate provides information about the toxicity of the
wastewater, and it is also important to process optimisation.

1.2.4

Sources of Heavy Metal Pollution

The occurrence of heavy metals in water bodies can be from anthropogenic or natural
sources. Excessive metal levels in surface water are harmful to humans and to the
environment. Arsenic, which occurs in many minerals, is an example of a natural
contaminant [15]. The natural pollution of a water body by Arsenic (As) happens due to the
natural presence of As in the bedrock, which is a widespread problem around the world:
e.g., in West Bengal, regions of China and in northern regions of Vietnam. The As can be
released into the environment by erosion or pH changes. In Bangladesh, the groundwater of
a population of 120 million people is contaminated with natural As. Mining constitutes an
anthropogenic source of As pollution.
The anthropogenic sources can be distinguished into point and nonpoint sources. Point
sources are industrial effluents, chemical or petroleum spills, and dumps and smokestacks.
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Non-point sources include common agrochemicals (pesticides and fertilisers), cars,
atmospheric deposition, and desorption or leaching from large areas. The presence of toxic
heavy metals in industrial effluents is one of the most serious threats to the environment.
Primary sources of heavy-metal pollutants include atmospheric pollution from the
petroleum of motor vehicles, the combustion of fossil fuels, agricultural fertilisers and
pesticides organic manures, urban and industrial wastes, metallurgical industries, mining
and smelting of non-ferrous metals. Heavy metals such as Cadmium, Chromium, Lead,
Nickel, Zinc, Mercury, Copper and Arsenic are found in the effluents of foundries,
electroplating plants, petrochemical plants, battery manufacturers, tanneries, fertiliser plants,
dying factories, textile factories, metallurgical and metal-finishing plants [16]. Table 1-1
provides an overview of the emission of heavy metals (Cu(II), Zn(II), and Cr(VI)) in plants
associated with various industries that are relevant to this thesis.

Table 1-1:

Emission of heavy metals from industrial branches [17]

Industry

Cr

Cu

Zn

Paper
Petro-Chemistry
Fertiliser
Petroleum Refinery
Steel Works
Automobile
Glass, Cement, Ceramics
Leather

x
x
x
x
x
x
x
x

x

x
x
x
x
x
x

1.2.5

x
x
x
x

Toxicity Assessment Methods to determine the Inhibition of Pollutants on
Activated-Sludge Bacteria

The analysis of toxic substances/pollutants of wastewater or water bodies is a matter of high
interest. This analysis is not only of heavy metals but also of organic pollutants, such as
pesticides and pharmaceuticals. In the 1970s, numerous analytical methods for
characterising the toxicity were developed by using different biological-chemical basics.
These methods are described in this chapter.
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International Standard ISO 8192, 2007. Water-quality test for inhibition of oxygen
consumption by activated sludge for carbonaceous and ammonium oxidation (ISO 8192)
This method was specifically designed to assess the total inhibition effect of a given
substance over the respiration rate of the activated-sludge microorganisms. The respiration
rate of reference water is set to a toxicity of 0 %, and the total inhibition of the respiration
rate to 100 %. The nitrification inhibition can be calculated by subtracting the heterotrophic
respiration-inhibition (obtained by specifically inhibiting all nitrification through the
addition of ATU) from the total respiration inhibition.

International Standard ISO 11348-3, 2007. Water-quality determination of the inhibitory
effect of water samples on the light emission of Vibrio fischeri (Luminescent bacteria test) Method using freeze-dried bacteria (ISO 11348-3):
Determination of the inhibitory effect of water samples on the light emission of Vibrio
fischeri is used to determine the inhibiting effect of wastewater, according to DIN EN ISO
11348. Thus, the ability of bacteria to emit light is used. The light intensity is measured
before the addition of the wastewater samples and 30 minutes after the addition of the test
substance. The intensity of the emitted light is a grade of the inhibiting effect.

International Standard ISO 9509, 2006. Water-quality toxicity test for assessing the
inhibition of nitrification of activated-sludge microorganisms (ISO 9509):
The percentage of nitrification inhibition is determined by measuring the biological
degradation products of ammonia by the nitrification process. The nitrifiers convert
ammonia to nitrite and nitrate. If the nitrification is inhibited, the biological degradation of
ammonia to nitrite and nitrate is also inhibited. The nitrite and nitrate salts that are
consequently formed are determined after an incubation of four hours under standardised
conditions. The concentrations of the oxidised nitrogen compounds are determined with and
without nitrogen inhibitor to calculate the percentage of inhibition. This calculation can also
be done by measuring the levels of ammonia concentrations before and after incubation.
The disadvantages of this method are the long incubation time and the time-consuming
chemical analysis of nitrate and nitrite.
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Determination of the inhibitory effect of water samples on the ATP (Adenosine
triphosphate) luminescence of activated-sludge bacteria.
The method is based on ATP (a measure of active biomass) reduction by the effect on the
toxicant. Toxicants are added to domestic activated sludge, and the sample is incubated for
30 min. After the incubation, the ATP concentration is determined with a luminometer.

Comparison of toxicity assessment methods
Table 1-2:

Comparison of toxicity-assessment methods

Method

Incubation Time

Test Organisms

[min]

DIN ISO 8192

30, 180

DIN ISO 11348
ISO 9509

30
240

ATP
Luminescence

30

1.2.6

Measurement
principle

activated-sludge
bacteria
Vibrio fischeri
activated-sludge
bacteria
activated-sludge
bacteria

respiration
luminescent
photometric
determination of
Nitrate and Nitrite
determination of ATP
concentration

Activated-Sludge Respiration-Inhibition Test

1.2.6.1
Offline Respiration-Inhibition Measurements
The activated-sludge respiration-inhibition test is fundamental to this study. The biological
test most commonly used to determine the inhibiting effect of wastewater on the biological
treatment is the activated-sludge respiration-inhibition test. It is an appropriate method for
determining the inhibition by pollutants, as it uses microorganisms directly from the
WWTP.
The activated-sludge respiration-inhibition test is based on the dissolved oxygen uptake rate
(DOUR). It was developed as a method for assessing the potential impact of chemicals on
wastewater-treatment systems. Because it is necessary for determining the inhibition of
pollutants to activated-sludge bacteria, the procedure of this biological test is described in
DIN ISO 8192 [2] and OECD 209 [3]. The respiration rate is primarily caused by the
biological oxidation of the organic pollutant by the activated-sludge heterotrophs and the
nitrifying autotrophs for ammonia removal, which requires oxygen. If the biological
oxidation is inhibited, the respiration rate decreases.
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This relationship makes it possible to determine the inhibiting effect of toxicants on
activated-sludge bacteria by measuring the respiration rate of reference water and the toxic
sample. The oxygen consumption of activated-sludge bacteria in the presence of reference
water is set to the toxicity of 0 %. 100 % toxicity means no respiration.

1.2.6.2
Online Respiration-inhibition Measurements
The importance of process automation at WWTP has increased significantly. The process
control requires sensors and analytical instruments for continuous online measurements.
Due to the long response time (incubation takes five days at 20 °C), the traditional method
for determining biological oxygen demand (BOD) cannot be used for online toxicity
measurements of wastewater treatment plants and is merely a long-term performance
evaluation instrument. Therefore, online measurement devices are based on respiration
measurements, which allow a measurement interval of 15 min. Several respirometers were
developed between 1970 and 1990.
They can be classified in accord with two criteria:
1) measurement of the respiration in the liquid or the gaseous phase, and
2) the flow regime of the liquid and gaseous phase (either flowing or static).
Table 1-3 summarises the characteristics of some of the devices described in the literature.
Online analysers for respirometric measurements usually consist of following main parts:
• a fermenter to produce the biomass,
• a measurement cell in which a DO electrode is installed for respiration measurements,
and
• a data-processing unit.
Different approaches have been developed to measure the decrease of DO during respiration
measurements. One type is a stopped-flow batch-wise procedure, in which the biomass and
the sample are added to a measurement cell and the oxygen consumption is recorded to
calculate the respiration rate [18-20]. The other type is based on a continuous flow
approach, in which the biomass and the sample are delivered continuously to the
measurement cell and the respiration rate is calculated by the difference of two DO readings
at a particular retention time [21-23]. The disadvantage of this method for toxicity
measurements is that activated sludge is used continuously for analysis and cannot be
returned to the fermenter in the case of toxic samples. To do so would cause the poisoning
of the total biomass. For a continuous flow regime, the online analyser needs to be provided
with activated sludge directly from the WWTP.
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Table 1-3:

Existing respirometer used in WWTP and the characteristics of the flow regime

Reference

Flow regime
Batch

Continues

Clarke [21]

X

Könne [22]

X

Sollfrank [23]

X

Vernimmen [24]

X

Aidun [18]

X

Sekine [20]

X

Drtil [19]

X

Blok [25]

X

Hayes [26]

X

The online analysers used in the context of this study are the NitriTox and the Biomonitor.
NitriTox measurements are based on the stopped-flow batch-wise procedure. The novelty of
the NitriTox is that is uses a nitrifier culture, which is characterised by a high sensitivity to
the toxin and a high measurement stability. Using the NitriTox analysis procedure, we have
for the first time succeeded in developing an online respiration-inhibition analyser that
yields stable and reproducible results over a specified time. The other novelty is the
technical implementation of the online analyser. The analyser comes equipped with modern
technology, which allows for operation via touch screen.
The Biomonitor is based on a continuous-flow procedure. The novelty of the Biomonitor is
that it uses a measurement cell for respiration measurement and a cascade consisting of four
vessels that allow a faster biodegradation of the organic pollution by the activated-sludge
bacteria.
In contrast to the NitriTox measurements, the respiration is measured in the gaseous phase
and not in the liquid phase. A detailed description of the Biomonitor and NitriTox analysers
is given in Chapter 2: “2.2 Online Respiration-Inhibition Measurements”.
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1.2.7

Comparison of the Toxicity-Assessment Methods used to determine the
Inhibition of Pollutants on Activated-sludge Bacteria

Dalzell [27] compared five toxicity assessment methods for determining the inhibition of
pollutants on activated sludge. The authors determined the EC 50 values for toxicity tests
using the toxicants Cr, Cu, Zn and 3,5 DCP with following biological tests: nitrification
inhibition (similar to ISO 9509), vibrio fishery (ISO 11348-3), respirometry (ISO 8192),
ATP luminescence (according to Arretexe [28]) and enzyme inhibition. The results of the
study are shown in Figure 1-1.
Each test was ranked for sensitivity by the authors, as shown in Table 1-4. (A score of one
was given to the most sensitive, and five to the least sensitive. Therefore, the lower the
ranked score "R", the more sensitive the test.)
The test with the highest sensitivity is the Vibrio Fischeri bioassay. Nitrification inhibition
is the test with the highest sensitivity to toxicants, as it uses activated-sludge bacteria for the
biological test. These test organisms are also used for the online respirometer NitriTox,
which was used for the experiments in this study. ATP luminescence and enzyme inhibition
are the bioassays with the lowest sensitivity.

100000

10000

Nitrification Inhibition
Respirometry
ATP Luminescence
Vibrio Fisheri
Enzyme Inhibition

EC 50 (ppm)

1000

100

10

1

0,1
Cd

Figure 1-1:

Cr

Cu

Zn

Comparison of toxicity data for Cd, Cr, Cu and Zn using five rapid toxicity bioassays.
Values presented are EC values after 15 min (Enzyme inhibition), 30 min (ATP luminescence, V.
fischeri), 2 h (Nitrification inhibition) and 3 h (Respirometry) exposure to the pollutant [27].

Furthermore, Table 1-4 compares each test with regard to cost of investment, cost per test,
working time, relevance, and ease of use.
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In general, Vibrio fischeri is the test with the highest sensitivity. It can be therefore used as a
screening test to highlight possible problem areas. But it does not give information about a
potential effect of an unknown toxicant on activated sludge, because the inhibitory effect of
an unknown substance might be completely different from that of activated-sludge bacteria.
Thus, it might be that the Vibrio fischeri test shows a wastewater toxicity of 100% but that
the substance does not have an inhibiting effect on the wastewater treatment with activatedsludge bacteria. In conclusion, due to the high sensitivity of the Vibrio fischeri test, the
result could overestimate the possible inhibiting effect of the tested sample.

Table 1-4:

Comparison of bioassay sensitivity, cost, duration and relevance [27]

Nitrification
Inhibition

Parameter

Rank of Sensitivity
Cost of investment (€)
Cost per test (€)
Working time (h)
Relevant?

2.66
921
139
4
Yes

Respirometry

3.20
20046
21.60
1b
Yes

ATP
luminescence

3.24
39834a
120
2.5
Yes

V. fischeri

1.64
17612
49
1.75
No

Enzyme
Inhibition

4.26
5112.9
30.10
2.5
Yes

a) Includes software package and automatic dispensing system.
b) Time for sludge exposure (30 min) not included, as a worker is not required during this period.

1.2.8

Comparison of EC 50 Values of Activated-Sludge Inhibition-Test

Much conflicting data has been published on EC 50 values measured by the activatedsludge respiration-inhibition test. Inhibitory data from different studies for the same
compounds can range over three orders of magnitude or more, making it difficult to predict
what will be inhibitory in any particular system.
This chapter summarises published data for 3.5 DCP, Zn(II), Cu(II) and Cr(VI). These
compounds were also chosen for the experiments of this study. In any case, with respect to
the summarised EC 50 values in this chapter, note that the respiration was performed under
different conditions by the several authors.
Relevant parameters of the activated-sludge respiration test such as biomass, incubation
time, and the ratio of sludge, nutrients solution and sample differ in the published studies,
which makes it difficult to compare the results of several studies.
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1.2.8.1
Copper
There are several reports in the literature about the effect of Cu(II) on activated-sludge
bacteria. Published values vary up to three orders of magnitudes. The lowest EC 50 value of
1.6 mg L-1 was determined by Hayes [26] using the online Amtox analyser with nitrifying
sludge as biomass. The highest EC 50 value for Cu(II) of 4414 mg L-1, which is approx.
2700 times greater than the value reported by Hayes [26], was published by Tzoris [29].
Also, Hartmann [30] determined a very high EC 50 value of 625 mg L-1.
The authors followed the procedure according to DIN ISO 8192 by using the Strathtox
respirometer. Dalzell [27] used the same method according to DIN ISO 8192 but
determined a much lower EC 50 value of 28 mg L-1.
This shows once again how large the variation of the activated-sludge respiration-inhibition
test can be. Ochoa-Herrera et al. [31] published an EC 50 value of 4.6 mg L-1 of the
degradation of glucose by activated sludge heterotrophs. The aim of the studies of OchoaHerrera et al. is to investigate the inhibition effect of Cu(II) on the removal of nutrients in
wastewater by several microbial trophic groups. Other EC 50 values of 32.07, 59.9 and 8.17
were published by Gutiérrez [32], Madoni [33] and Çeçen [34].

Table 1-5:

Inhibitory effects of Cu(II) on activated-sludge bacteria

EC 50
[mg L-1]

Biomass

Incubation
Time

Offline /
Online

625

activated sludge

-

offline

32.07

activated sludge

3h

offline

1h

offline

3h

offline

Analyser

Reference

Strathtox Respirometer based
Hartmann
on ISO 8192
[30]
Electrolytic respirometer Model
Gutiérrez
BI-1000 Biosciences
[32]
respiration measurements 5 L
Madoni [33]
batch
activated sludge ISO 8192
Dalzell [27]
automated Economical
Respirometer: Oxymax-ER 10
Çeçen [34]
Gas Respirometer by Columbus
Instruments (USA)

28

activated sludge
nitrifying sludge
activated sludge

8.17

nitrifying sludge

4h

offline

4414

activated sludge
pseudomonas
putida

10 min

offline

Baroxymeter

Tzoris [29]

1.6

nitrifying sludge

32 min

online

Amtox TM

4.6

activated sludge

-

offline

-

Hayes [26]
OchoaHerrera [31]

59.9
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1.2.8.2
Zinc
Table 1-6 summarises published EC 50 values for Zn(II) of activated sludge and
nitrification-inhibition testing. These values also vary up to an order of magnitude. The
lowest EC 50 value was determined by Çeçen [34]. The authors used nitrifying sludge as a
test organism and determined an EC 50 value of 4.31 mg L-1 after an incubation time of 4 h.
Madoni [33], Gutiérrez [32] and Dalzell [27] published higher EC 50 values of 13.9, 55.79
and 61 mg L-1. Hayes [26] uses the online respiration-inhibition analyser, Amtox, to
determine an EC 50 value of 4.31 mg L-1 using nitrifying sludge as biomass.
Table 1-6:

EC 50
[mg L-1]

55.79
13.9
61

Inhibitory effects of Zn(II) on activated-sludge bacteria

Biomass

activated sludge
activated sludge
nitrifying sludge
activated sludge

Incubation Offline /
Time
Online

3h

offline

1h

offline

3h

offline

Analyser

Reference

Electrolytic respirometer Model
BI-1000 Biosciences, Inc.,
Bethlehem, PA,

Gutiérrez
[32]

respiration measurements 5 L
batch
activated sludge ISO 8192

4.31

nitrifying sludge

4h

offline

automated Economical
Respirometer: Oxymax-ER 10
Gas Respirometer by Columbus
Instruments (USA)

33.9

nitrifying sludge

32 min

online

Amtox TM

Madoni [33]
Dalzell [27]
Çeçen [34]
Hayes [26]

1.2.8.3
Chromium
As summarised in Table 1-7, the results of microbial-respiration inhibition vary in the
literature. Vaňková [35] reports EC 50 values of 40-201 mg L-1 depending on the SS
concentration after one hour incubation time for non-acclimated sludge. Almanza [36]
reports an EC 50 value of 33 mg L-1. Dalzell [27] reports 14.5 - 27.3 mg L-1, and Gutierrez
[37] reports 19.36 after 3h of the addition of the toxicant. An EC 50 value of 60 mg L-1 after
an incubation time of 30 min to acclimatised activated sludge is reported by Cokgor [38].
As expected, this finding is controversial, as acclimatised activated sludge should indicate a
higher tolerance to chromium addition compared to non-acclimatised activated sludge.
Cheng [39] reports that 5 mg L-1 Cr(VI) decreased the efficiency of NH4 removal from 97%
to 58% and of COD from 93% to 76%. Cokgor et al. [38] used the OECD 209 nutrient
solution with an incubation time of 30 min to determine an EC 50 value of 60 mg L-1.
Hartmann [30] used the Strathtox respirometer following the procedure according to DIN
ISO 8192 to determine an EC 50 value of 45 mg L-1. Other EC 50 values of 258 mg L-1 and
39 mg L-1 have been determined by Madoni [33] and Çeçen [40], respectively.
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Table 1-7:

EC 50
(mg L-1)

Inhibitory effects of Cr(VI) on activated-sludge bacteria

Biomass

Incubation Offline /
Time
Online

Analyser

Reference

45

activated sludge

-

offline

Strathtox Respirometer based on
ISO 8192

Hartmann
[30]

40 - 201

activated sludge

60 min

offline

DIN ISO 8192

Vaňková
[35]

60

activated sludge

30

offline

DIN ISO 8192

Cokgor
[38]

33

activated sludge

30 min

offline

fed-batch reactor

Almanza
[36]

19.36

activated sludge

3h

offline

Electrolytic respirometer Model
BI-1000 Biosciences

Gutiérrez
[32]

258

activated sludge +
nitrifying sludge

1h

offline

respiration measurements in a 5
L batch

Madoni
[33]

23

activated sludge

3h

offline

activated sludge ISO 8192

39

nitrifying sludge

4h

offline

automated Economical
Respirometer: Oxymax-ER 10
Gas Respirometer by Columbus
Instruments (USA)

Dalzell
[27]
Çeçen
[40]

1.2.8.4 3.5 Dichlorophenol
One of the standards most commonly used to evaluate the activated-sludge inhibition test is
3.5 DCP. According to the ISO 8192 [2], the range of validity is an EC 50 value of 20.3 mg
L-1 with a standard deviation of 8.6 mg L-1. This value is based on a round-robin test to
which 20 laboratories participated. Gendig et al. [41] could increase the sensitivity by
increasing the incubation time from 30 min to 180 min. Under standard conditions, the EC
50 value for 3,5 DCP was 8.2 mg L-1 and was decreased to a value of 5.0 mg L-1 by
increasing the incubation time to 180 min. Gutiérrez [32], and Tzoris [29] published EC 50
values of 12.97 and 30.2 mg L-1, respectively using activated sludge as biomass.
Hayes [26] used nitrifying sludge for the online respirometer Amtox to yield a measured EC
50 value of 3.6 mg L-1. This value is in good agreement with the EC 50 value of 4.4 of DIN
ISO 8192. The variation in the individual values seems to be lower compared to that of the
heavy metals: Zn(II), Cu(II) and Cr(VI). This may be because 3.5 DCP, unlike the heavy
metals, is not present in several chemical species during respiration inhibition testing.
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Table 1-8:

Inhibitory effects of 3.5 DCP on activated-sludge bacteria

EC 50
(mg L-1)

Biomass

12.97

Incubation
Time

Offline /
Online

Analyser

Reference

activated sludge

3h

offline

Electrolytic respirometer
Gutiérrez
Model BI-1000 Biosciences
[32]

30.2

activated sludge pseudomonas
putida

5 min

offline

Baroxymeter

Tzoris
[29]

8.2

activated sludge

30 min

offline

DIN ISO 8192

Gendig
[41]

20.3

activated sludge

30 min

offline

DIN ISO 8192

ISO8192
[2]

4.4

nitrifying sludge

30 min

offline

DIN ISO 8192

ISO8192
[2]

3.6

nitrifying sludge

0 min

online

Amtox TM

1.3

Influencing Factors on Nitrification-Respiration Inhibition-Test

Hayes
[26]

As described in the chapter above, there is much conflicting data in the literature regarding
the EC 50 values of the activated-sludge respiration-inhibition tests. But this fact is used in
the frame of this work to improve the sensitivity of this biological test. Therefore, the
primary aim of this study is to investigate factors that influence the nitrification-respiration
inhibition-test with the following two sub-objectives. The first sub-objective is to create an
adjustable bioreactor to improve the sensitivity of the toxicants to the nitrifiers. The second
sub-objective is to improve the stability of the measurement methods, as the published EC
50 values of toxicity measurements vary over up to three orders of magnitude.
For the experiments, it was assumed that factors influencing the nitrification rate are directly
related to the nitrification-respiration inhibition-test. In the literature, it is known that the
factors influencing the nitrification rate include parameters such as pH [42-44], temperature
[45], type of nutrient [46] and the DO level in the fermenter [47]. But little is known about
the influences these factors have on nitrification inhibition. For this reason, this relationship
was investigated systematically.
Apart from parameters such as temperature and pH, which can obviously affect the toxicity
of heavy metals, the chemical composition significantly affects the biological actions of
heavy metals. The quantity [48] and type of substrate [38], the presence of specific chemical
substances [49] and the heavy-metal speciation [50, 51] can all influence the microbial
system. Another significant factor in the nitrification-inhibition test is the community
structure of the biomass.
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These investigations were done in the frame of this study with the international standardised
activated-sludge respiration-inhibition test and the two online respirometers, NitriTox and
Biomonitor, from LAR Process Analysers AG.

1.3.1

Nutrient Solution

The influence of the nutrient solution on the activated-sludge respiration-inhibition test is
rarely understood. In the literature, it is known that sodium acetate enhances the maximum
growth rate of activated-sludge bacteria [25]. But the influence of increased growth rate on
activated-sludge respiration testing has not been studied. Çeçen [52] reports that peptone
diminishes the inhibitory effect of Ag+ on activated sludge due to the formation of less
toxic complexes.

1.3.2

pH Value

The pH dependence of the toxicity of environmental contaminants to micro-organisms has
been known for a long time and is well studied [53]. The pH value must be considered
carefully while doing toxicity measurements on activated-sludge bacteria such as nitrifiers.
In general, the nitrification rate is highly dependent on the pH value. The optimum growth
for nitrifiers is obtained at pH values of 7.5-8.0, but the range quoted by different
researchers ranges from 7.0-9.3 [42-44]. Strauss et al. report an optimum pH value for
nitrification of 7.5, which is the effect of several pH values from 5.9 – 8.7 on the
nitrification, as shown in Figure 1-2 [54].
There is a consensus that nitrification is very unstable below pH 6.5 and above about 8.59.0. However, the upper range is not sharply defined. Indeed, most plants operate
successfully in the 7-8 range because of the natural pH depression that occurs due to
alkalinity reduction and increased levels of oxidised, acidic by-products. One reason higher
pH values are believed to be better for nitrification is the recent discovery that
Nitrosomonas use the non-ionised form of ammonia instead of the ammonium ion. An
equilibrium concentration exists between the two species, with increasing pH resulting in
more of the ammonia present as non-ionised NH3.
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Influence of pH on the nitrification rate [54]

Moreover, the importance of pH the toxic effect is due to the fact that pH influences
complex formation, sorption equilibrium and dissociation of acids and thereby affects the
bio-availability of the pollutants. Due to the different modes of the effect of the pH, the
impact cannot be predicted [55]. In general, it can be assumed that acidification leads to an
increase in the toxicity of heavy metals on microorganisms [56].

1.3.3

Temperature

Another important parameter for the nitrification rate is temperature [57, 58]. The
temperature can affect the toxicity biologically by influencing the toxicant uptake [59] or
chemically by changing the chemical properties [60] (sorption abilities, chemical
equilibrium).
The nitrification rate is a linear function of temperature within the range of 0 to 35 °C [61];
the maximum rate occurs at approximately 40 °C. An increase of 1 °C in this temperature
range can cause an up to 10 % increase of the nitrification rate, assuming that substrate and
all other essential macro- and micro-nutrients are available in sufficient amounts. The
optimum temperature is 25 - 30 °C, but nitrification can occur down to about 8 - 10 °C and
up to about 35 °C [62]. Another relationship is identified by Painter [63], who report a
monotonically increasing function in the temperature range of 15 - 25 °C.
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Temperature influences the effect of numerous toxins due to water-chemical equilibria (e.g.,
complex formation, sorption equilibriums and dissociation of acids/bases). Other influences
include the temperature dependence of almost all biological processes and the physiological
state (e.g., metabolic activity). However, the effect of temperature is complicated, and it is
difficult to predict accurately [55].

1.3.4

Incubation Time

Toxicants exhibit their effects on bacteria during a prolonged incubation time. The effect of
the incubation time is described in DIN ISO 8192, in which the inhibitory effect of 3.5 DCP
was tested after an incubation time of 30 min and 180 min. The measured EC 50 values are
9.8 mg L-1 and 9.3 mg L-1 [2], respectively. Gendig [41] reports a stronger influence of the
incubation time with EC 50 values of 8.2 mg L-1 and 5.0 mg L-1 (for 30 min and 180 min
incubation time, respectively). Therefore, it also can be concluded that the values of
different laboratories, even according to the procedure described in DIN ISO 8192, cannot
be compared.

1.3.5

Formation of Toxicant Speciation

Water-quality testing studies often mention that the speciation of toxicants is modified by
the characteristic of water [34, 40, 52, 64]. As a consequence, the bio-availability and
mobility of the toxicant alters, which has a direct effect on the toxicity measurement.
Important factors of the toxicants influenced by the water characteristic are the oxidation
state and also ionic and covalent interactions such as the formation of organic and inorganic
complexes. Heavy metals such as Cu, Pb, Cd and Hg have high bonding capacity to organic
compounds in water and wastewater such as amines and carboxylic acids. Inorganic
complexes can be formed with Cl- or OH-. In general, the toxicity of complexed heavy
metals is less than that of heavy metals in free ionic form.
The effect of organic substrate on Ag is investigated in the studies of Çeçen [52]. The
authors state that the inhibitory effect of Ag diminishes due to complexation with peptone.
The author also assumes that the primary factor of inhibition is the distribution of metals
among their speciation. Secondary factors are the toxicant by itself [40].
In case of the nitrification-respiration inhibition-test, synthetic wastewater, which is used as
a nutrient solution for this biological test, consists of peptone, meat extract, urea, NaCl,
CaCl, MgSO4 and K2HPO4.
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Hence, it can be expected that the tested heavy metals are not in their free speciation state
but occur as less toxic inorganic (OH, SO4 or HPO4) complexes and as organic complexes
with yeast extract, peptone or urea. This assumption is investigated in the frame of this
study.
For example, chromium was selected to present the complexity of heavy-metal speciation.
The chromium species most likely to be found in aqueous solution are Cr2O72-, CrO42-,
H2CrO4, and HCrO4, the relative distribution of which depends on the solution pH, the
Cr(VI) concentration and the redox potential [65]. However, none of these Cr(VI) species
form insoluble precipitates.
Figure 1-3 presents the theoretical distribution of the predominant chemical species of
Cr(VI). The Cr(VI) species show both pH and redox potential dependence. It should be
pointed out in the predominance zone diagrams above that Cr(VI) does not exhibit any
insoluble species despite pH variations. On the other hand, the trivalent state of Cr(III) does
form insoluble species within the pH range. To form Cr(III), it is necessary to lower the
ORP of the sample. Thereby, a lower reduction potential is needed for the reduction of
Cr(VI) in an alkaline solution.

Figure 1-3:

The theoretical distribution of the predominant chemical species of Cr [65],
pH dependent chromate-dichromate equilibrium [66]

In addition, literature indicates that Cr(VI) has a pH-dependent equilibrium between
chromate and dichromate in aqueous solution. In acidic solutions, the equilibrium is shifted
to orange dichromate. As sodium hydroxide is added to the orange dichromate solution, the
colour turns into that of the yellow chromate ion.
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1.3.6

Oxygen Concentration

Oxygen is also among the most significant factors when monitoring the nitrification rate
[47]. Moreover, the community structure of nitrifying bacteria depends on the oxygen
concentration [67]. It can be assumed that the nitrification rate and the community structure
influence the nitrification-respiration inhibition-testing.
At a WWTP, dissolved oxygen levels should be maintained at 1.5 mg L-1 or above (2.0 to
4.0 is the preferred range). However, the reported DO concentrations needed to achieve
maximum nitrification rates range from 0.5 – 4 mg L-1 [68]. DO levels are critical in
nitrification, as 4.32 kg of oxygen is required for every kg of NH3-N oxidised to NO2/NO3.
Therefore, the nitrification rate decreases with lower DO levels, and the nitrifiers thus
oxidise less N-NH3.

1.3.7

Growth State of Microorganisms

Each cell is known to have a limited life and to run through different phases of the cell
cycle, each stage exhibiting a different sensitivity to toxins. It is also known that
antimicrobial agents act mainly on dividing cells. The growth phase is the most sensitive
state in the life cycle of a cell. For this reason, it is best to use cells of the exponential
growth phase for sensitive biosensors [55, 69, 70]. This effect is mainly due to a change in
metabolic activity in response to an altered substrate supply.
The bacterial growth in substrate consumption continues until a growth factor gets into a
minimum and starts limiting the growth. No nutrients are added during the entire process
nor are any metabolic products removed.

Figure 1-4:

Typical bacterial growth curve [71]
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Several different growth phases that are more or less pronounced can be distinguished in a
diagram with a logarithmic scale applying the cell number versus time:
• The start-up or (lag) phase is the period from the inoculation of the broth with bacteria
to the maximum growth rate. The duration is depends mainly on the seed and the
suitability of the nutrient.
• The maximum rate of division depends on how quickly the bacteria can induce the
enzyme required for the degradation of the substrate. The faster the bacteria induce, the
sooner the maximum rate of the division is reached.
• The exponential or logarithmic phase is characterised by a relatively constant maximum
growth rate, mmax. This maximum growth phase is a distinct value for each bacterial
strain.
• The (lg) phase gradually goes into the so-called stationary phase, in which the growth of
the bacteria eventually comes to a standstill. This effect may be due to the decreasing
concentration of substrate, to a high population density, to an oxygen partial pressure
noticeable lack of nutrients or to the accumulation of toxic metabolites in the samples.
• In the last phase, the so-called death phase, the cells dissolve themselves (autolysis) and
die. The exact causes of this have not received much attention [71].

1.3.8

Nutrient Limitation

Little is known in the literature about the influence of nutrient limitation on the sensitivity
of the nitrification-respiration inhibition-test. It has been noted that under abrupt nutrient
limitation conditions, the sensitivity to toxicants can be changed fundamentally, which may
cause a higher pollutant resistance of the bacteria [72, 73]. This effect can be explained with
reference to the fact that bacteria must be able to change and adapt their physiology and
"lifestyle" quickly to constantly changing and often harmful environmental conditions. A
variety of stress conditions have the result that hundreds of genes have regulated up or
down, which leads to a reduction in growth for multiple stress resistance. It can be assumed
that a lower growth of microorganisms leads to a decrease of sensitivity to toxins.
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1.3.9

Concentration of the Biomass and Toxins

Pollutant concentration and biomass are two of the most obvious parameters for the toxic
effect of a toxicant on the test organisms. Usually, with an increase of the biomass, the toxic
effect of a pollutant decreases.
Larson [74] reported that the EC 50 value and the activated-sludge concentration exhibit a
linear relationship. Vankova et al. confirm this linear relationship, as shown in Figure 1-5.
They report that, “the inhibition of respiration rate by chromium decreases gently with
increasing concentration of activated sludge” [35]. The reason why the inhibition of
toxicants decreases has been reported by van Beelen and Doelman. The authors conclude
that biomass growth rate is lower at higher biomass concentrations, which leads to lower
cell sensitivity to toxins [75, 76].

Figure 1-5:

Influence of suspended solids in activated sludge on respiration rate inhibition (I) [35]

1.3.10

Adaption and Alteration of the Community Structure of Nitrifiers

The community structure of the biomass used for the nitrification-inhibition test has been
neglected in most of the published data. It must be considered that nitrifying bacteria is a
comprehensive term for bacteria which can oxidise ammonia to nitrite and nitrate.
Therefore, a distinction has to be made between two groups of autotrophic bacteria named
ammonia-oxidising bacteria (AOB) and nitrite-oxidising bacteria (NOB). The best known
and most common nitrifier subgroups at a WWTP are Nitrosomonas (ammonia-oxidising
bacteria) and Nitrobacter (nitrite-oxidising bacteria), but the nitrifying bacteria community
structure at a WWTP consists of a large variety of nitrifying bacteria such as Proteobacteria,
Pseudomonas, Achromobacter, Nitrosospira and Nitrosolobus, etc.
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These sub-groups are categorised in different species. Common Nitrosomonas species
include Nitrosomonas marina, N. eutropha, N. europaea and N. stercoris [77]. This
community structure of nitrifying bacteria is highly dependent on pH value, temperature,
oxygen concentration and substrate [67]. Another effect which has an influence on the
community structure is the presence of toxicants in the bacterial culture. Zheng [78] states
that a bacterial community shifts in activated sludge after long exposure of 60 days to TiO2
nanoparticles. For example, the presence of 50 mg L-1 TiO2 NP (nanoparticles) washed out
Nitrosomonas, but Stenotrophomonas was able to resist the high heavy-metal concentration.
In conclusion, the microorganisms in the community structure of nitrifiers exhibit wide
variety, and the composition of the community structure alters due to environmental
parameters. It can be assumed that other nitrifying bacteria species can also affect the
sensitivity of a toxin on the microorganism. From this point of view, an attempt to compare
the results of the nitrification-respiration inhibition-test from different laboratories seems to
be hopeless, as the composition of the community structure in most of the published data is
unknown.

1.3.11

Matrix Effects

Matrix effects are chemical and physical properties of the sample which may influence the
result of the measurement. In the case of the nitrification-respiration inhibition-test,
parameters that have an impact on the nitrification rate (such as the temperature and pH
value of the sample) have an influence on the result. Furthermore, as described in Chapter 1:
"1.3.5 Formation of Toxicant Speciation", the factors that influence water chemical
equilibria have a strong influence on the results of the respiration-inhibition experiments, as
the degree of the toxicant inhibition depends on its speciation.
In addition to the previously described matrix effects, also particles, oxygen consuming and
producing substances and substances which are changing the pH value of sample, are of
importance and are described in this chapter.

1.3.11.1 Oxygen-Producing and Oxygen-Consuming Substances
The DOUR is measured for respiration experiments because substances that produce or
consume oxygen interfere with respiration measurements. Two examples commonly used in
chemical wastewater treatment for heavy-metal removal are the strong reduction agents
H2O2 and Na2SO3. In the course of this study, sample preparation techniques were
developed to remove these interfering substances to the DOUR.
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Hydrogen peroxide decomposes to water and oxygen, as described with the following
equation:
H 2O2 → H 2O + 1 O2 .
2

(4)

The reduction agent, sodium sulphite, decomposes in aqueous solution in the presence of
oxygen to sodium sulfate and sodium hydroxide, as shown in the following equation:
2 Na 2 SO3 + O2 → 2 Na 2 SO4 .

(5)

1.3.11.2 pH Change of Substances under Aeration
For toxicity measurements with the online respirometer NitriTox, the samples have to be
aerated to achieve oxygen saturation. During aeration, the carbonate forms bicarbonate,
which consumes H+ ions to create carbonic acid, which causes an increase in the pH value.
The reaction of this process can be described by the following equation:
During aeration, aqueous CO2 becomes CO2 gas and leaves the water
CO2(aq) → CO2(gas),
Carbonic acid (H2CO3) in water creates CO2 according to the following reaction:
H2CO3 → CO2 + H2O,
In water, bicarbonate (HCO3-), which originates from the ammonia bicarbonate
nutrient solution used for the NitriTox, creates carbonic acid (H2CO3):
HCO3- + H+ → H2CO3, and
H+ is consumed, which causes an increase of pH.
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CHAPTER 2 MATERIALS AND METHODS

2.1

Offline Respiration-Inhibition Measurements

2.1.1

International Standard ISO 8192, 2007. Water-Quality test for Inhibition of
Oxygen Consumption by Activated-Sludge for Carbonaceous and
Ammonium Oxidation (ISO 8192)

This test is described and standardised in DIN ISO 8192 [2]
Equipment needed:
•
•
•
•

Dissolved oxygen meter with BOD bottle probe
Standard (300 mL) BOD bottles
250 mL graduated cylinder
Magnetic stirrer

Chemicals needed for synthetic wastewater
•
•
•
•
•
•
•
•

16 g peptone
11 g meat extract
0.7 g NaCl
3 g urea CO(NH2)2
0.4 g CaCl2 * 2 H2O
0.2 g MgSO4 * 7 H20
2.8 g K2HPO4
1 L water

Procedure:
• Collect activated sludge from the WWTP.
• Add 250 mL activated sludge (TSS, 3 g L-1), 16 mL nutrient solution (synthetic
wastewater or sodium acetate) and a defined volume of the stock toxicant solution to the
BOD bottle, and top this solution to 500 mL.
• Aerate the sample for 30 min by bubbling air into the sample until a DO concentration
of 7 mg L-1 is reached.
• Put the bottle on the magnetic stirrer (with a stirring bar inside) and insert the O2 Probe.
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• Measure the respiration at a constant temperature of 20 – 22°C with an optical oxygen
sensor at 1 min intervals for about 10 mins or until the rate of change is constant. If
plotted on a graph, it will be shown as a linear function. Data < 1 mg L-1 DO are not
considered for evaluation.
• Calculate the respiration rate (mgO2 L-1 min-1) of the mixed liquor for reference water
and the investigated sample.
• Calculate the respiration rate for reference water and the examined sample/
• Calculate the respiration inhibition.
Calculations:
The respiration rate or specific oxygen uptake rate (SOUR) is calculated using the following
formula:

R=

(DO

y min

− DOmin ) ⋅

MLVSS
1000

60
Δt
,

(6)

with:
R
DOYmin
DOXmin
Δt
MLVSS
60

respiration rate,
initial dissolved oxygen concentration after the uptake rate stabilises,
final dissolved oxygen concentration after x minutes of stable uptake,
times interval between these two measurements (min),
mixed liquor volatile suspended solids (mg L-1). This term has to be divided
by 1000 to obtain the unit g L-1, and
60 is divided by Dt (min) to obtain the respiration rate in mg per L per hour.

The calculation of the inhibition percentage for the activated-sludge inhibition test is
calculated using following formula:
⎡ ⎛ R − RTA ⎞⎤
⎟⎟⎥ ⋅100 ,
I = ⎢1 − ⎜⎜ T
R
TB
⎠⎦
⎣ ⎝

with:
I
RT
RTA
RTB

percentage inhibition,
the total respiration of the tested substance,
the total respiration of the abiotic process, and
the total respiration of the blank.
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(7)

2.1.2

International Standard ISO 11348-3, 2007. Water-Quality Determination by
the Inhibitory Effect of Water Samples on the Light Emission of Vibrio
fischeri (Luminescent bacteria test) - Method using Freeze-Dried Bacteria

This test is described and standardised in DIN ISO 1134-3 [79].
Reagents:
• Test bacteria: BioFix Lumi, luminescent freeze-dried bacteria were used.
• Reconstitution solution: Also from BioFix Lumi, the reconstitution solution was used
just before the performance of the test to reactivate the bacteria.
• Deionised water.
• Dilution solution: 20 g sodium chloride (NaCl), 2.035 g magnesium chloride
hexahydrate (MgCl2 · 6 H2O), and 0.30 g of potassium chloride (KCl) were dissolved in
distilled water to make up to 1 L.
• Sodium chloride solution: 20 g of NaCl were dissolved in distilled water and were filled
up to 1 L.
Equipment:
• A freezer was used to keep the bacteria between -18 and -20 °C.
• Test apparatus: A DR Lange LUMIStox luminometer was used for the analysis of the
inhibition. A LUMIStherm incubation block was used to ensure a constant temperature
of 15 ± 1 °C during the whole incubation process.
• Preparation: A dilution series was prepared for the studied sample using 10 test tubes. A
blank was kept for control with no addition of the sample. The dilution series was
placed on the LUMIStherm incubation block to stabilise it at 15 °C.
Procedure:
• A freeze-dried bacteria vial was taken from the freezer, and 1 ml of reconstitution
solution was added (4 ± 3 °C). The vial was shaken for the bacteria to be dissolved. The
bacterial solution was kept refrigerated for five minutes to give the bacteria time to
stabilise.
• 12.25 mL of dilution solution were added to a beaker together with 0.25 mL of bacteria
solution, creating a bacteria suspension. 0.5 ml of this new suspension were added to
each one of the remaining 20 test tubes. After 15 minutes of conditioning time, the
luminescence intensity of each test tube was measured with the luminometer, in
intervals of 15 seconds.
D - 45

• The 20 tubes were coupled from 1 to 10, and right after the measurement of the
luminescence intensity, 0.5 ml of the corresponding tube from the "sample dilution
series" were added to each one of them.
• Incubation: All samples from the dilution series were kept at 15 ± 1 °C during 30
minutes in the LUMIStherm incubation block.
• Measurement: Each sample's final luminescence intensity was measured with the
luminometer.
Calculations:
• No further calculation was required for this particular method. The LUMIStox
luminometer used the recorded initial and final intensity values of the blanks to correct
and determinate the inhibition inflicted by each sample dilution on the luminescence of
the bacteria. Each value was recorded and later analysed.

2.1.3

International Standard ISO 9509, 2006. Water-Quality - Toxicity Test for
Assessing the Inhibition of Nitrification on Activated-Sludge
Microorganisms

This standard method was designed specifically to evaluate inhibitory effects of substances
in the water on nitrifying bacteria in activated sludge. This test is described and standardised
in DIN ISO 9509 [80].
Reagents:
• Nitrifying sludge: For this trial, LAR nitrifiers were used. The sludge was centrifuged
for 10 minutes at 4,500 rpm. The supernatant liquid was discarded, and the settled solids
were washed with tap water. The procedure was repeated two more times to clean the
sludge and to ensure that any inhibitors and nitrates present were removed. Afterward,
the settled sludge was re-suspended. The final TSS concentration was 3-4 g L-1.
• Nutrient solution: 5.04 g of sodium hydrogen carbonate (NaCHO3) and 2.65 g of
ammonium sulfate ((NH4)2SO4) were dissolved in 1 liter of deionised water.
• Reference inhibitor: 1.16 g of N-allylthiourea (ATU) were dissolved in 1 L of deionised
water. 2.5 mL of this solution in a 250 ml sample preparation gives a final ATU
concentration of 11.6 mg L-1.
• Sample: Before any sample was used, its pH value was adjusted to 7.6 using HCl and
NaOH solutions.
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Equipment:
• Reaction vessels: 8 x 300 ml Erlenmeyer flasks.
• Air supply: An air compressor was connected to each reaction vessel through a rubber
hose and a Pasteur pipette at the end.
• Temperature controlled bath: For the duration of the reaction, a constant temperature of
22 ± 2 °C was provided by a temperature-controlled bath.
• Nitrate and nitrite cuvette tests: The cuvette tests, Nanocolour Ammonium 10 and
Nanocolour Nitrite 4 from Machery-Nagel, were used for the final analysis of the
reacted/filtered samples.
Procedure:
• For a final volume of 250 mL, 25 mL of medium solution and 125 ml of washed sludge
were added to each reaction vessel. For the blank, 100 ml of water was added. For the
reference, 2.5 mL of the above-mentioned reference inhibitor solution was added,
together with 97.5 ml of water. Finally, for the dilution series, different amounts of
sample were added. The vessels were then filled with water to reach 250 ml of total
volume.
• Incubation: The reaction vessels were incubated for four hours in a dark room at
constant temperature (22 ± 2 °C) under aerated conditions to keep dissolved oxygen
concentration above 4 mg L-1.
• Measurement: The quick cuvette tests from Machery-Nagel were used, and each
sample dilution, including the reference and the blank samples, were tested for different
ranges of concentration of both nitrate and nitrite. Finally, after the reaction time for the
cuvette test was completed, each sample was measured with the photometer. Final
values were recorded for the determination of nitrification inhibition.
Calculation and expression of results
The following equation was used for the determination of the nitrification-inhibition
percentage of each sample dilution:
I=

where
ρb
ρs
ρr

( ρb − ρs )
( ρb − ρr ) ⋅ 100 ,

(8)

is concentration of oxidised nitrogen (NO2 + NO3) in the blank vessel, mg L-1;
is the concentration of oxidised nitrogen in the sample (1-6) vessel, mg L-1;
is the concentration of oxidised nitrogen in the reference vessel, mg L-1.
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2.2

Online Respiration-Inhibition Measurements

2.2.1

NitriTox

The NitriTox is an online respirometer that is used to determine the inhibition of pollutants
on nitrifiers, which are the most sensitive microorganisms used in activated sludge. The
analyser is characterised by the following features:
• A fast measurement interval of five min.
• The test bacteria are self-producing, which means that there are enough bacteria at all
times for each new measurement.
• It has robust and sensitive test organisms. The bacteria are extremely sensitive to a
multitude of toxins. Toxicity can be reliably determined through their reaction to the
harmful substances in the water sample.
The respirometer consists primarily of 5 L fermenter, measurement cell, biomass return unit
and a computer. The biomass necessary for the measurement process is cultivated in a
fermenter, which is part of the analyser. The fermenter is equipped with aeration and a pH
sensor. The dosing rate of the nutrient solution (ammonia bicarbonate) is calculated [81]
based on the pH value using the following formula:

D = n ⋅ Vn ⋅

60
20

,

(9)

with:
D
n

Vn

Dosing rate (mL),
Due to the aeration of the nitrifiers in the presence of ammonia bicarbonate, the
pH value is decreasing. If a pH value lower than 7.6 is reached, the pump for
the nutrient solution gets a signal to pump one dosing unit. In conclusion, n is
the number of dosing units to keep the pH value at 7.6 in 20 min, and
Volume of one dosing unit of the nutrient solution pump, under standard
conditions 2 mL.

The pH value is altered by the acidifying ammonia oxidation, as described in Chapter 1:
"1.1 Wastewater Treatment Plant Overview". The pH is kept constant at 7.6 by adding
ammonia bicarbonate automatically. For optimal growth conditions, a heating element
keeps the temperature at 28 °C. This temperature was chosen because 28 °C is an optimum
condition for the LAR nitrifiers. Other unwanted bacteria cultures are therefore suppressed.
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Figure 2-6:

Schematic setup of NitriTox

Wastewater and the biomass are pumped into the measurement cell, where the oxygen
consumption of the nitrifiers is measured while vortexing slowly with a magnetic stirrer.
The measured respiration is shown directly on the screen of the analyser, and the recorded
measurement curve can be divided into two steps, as shown Figure 2-7:
Step 1:

Step 2:

In the first measurement phase, the sample is pumped into the measurement
cell, and the respiration of the sample is measured. This is important if
microorganisms or oxygen-consuming substances are present in the sample,
which cause oxygen consumption without nitrification.
The toxicity measurement starts in Pump Phase 2, in which a few nitrifiers are
added from the fermenter to the measurement cell. The toxicity of the sample
can be calculated based on the course of the measurement curve.

A decrease of the respiration activity of the microorganisms causes less use of oxygen in the
measurement cell and indicates a toxic event. The range of toxicity is calculated by the
respiration of the nitrifiers of reference water and the respiration of oxygen in the toxic
sample. The toxicity is calculated according to DIN ISO 8192 using following formula:
⎡ ⎛ R − RTA ⎞⎤
⎟⎟⎥ ⋅100
I = ⎢1 − ⎜⎜ T
R
TB
⎠⎦
⎣ ⎝

with
I
RT
RTA
RTB

,

percentage inhibition,
the total respiration of the tested substance,
the total respiration of the abiotic process, and
the total respiration of the blank.
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(10)

The oxygen consumption of the nitrifiers in the presence of the reference water is set to a
toxicity of 0%. A toxicity of 100% means no respiration. Toxicity higher than 20% must be
regarded as a critical value. The toxicities of the NitriTox are classified as follows:
• 0-20 % non-toxic
• 0-70 % toxic
• 0-100 % very toxic
The advantages of the NitriTox compared to the activated-sludge inhibition test are a
shortened measurement time from 60 min to 15 min, a consistent bacterial culture and a
lower workload.

Figure 2-7:

Respirogram of NitriTox measurements, for a toxic and a nontoxic event.

D - 50

2.2.2

Biomonitor

The Biomonitor is an online analyser that is used to measure biological oxygen
consumption (BOC). In the course of this study, a new application was developed to
measure the activated-sludge respiration inhibition with this online analyser. Figure 2-8
shows a picture and the schematic setup.

Figure 2-8:

a) Picture of the Biomonitor;
b) Schematic setup of a Biomonitor online measurement.

The Biomonitor is mainly divided into three parts. The first part is the sludge recycling unit,
which works like a miniature WWTP to produce the activated sludge for the measurement
method. If an activated sludge source is available at the WWTP, the biomass can also be
taken directly from the aeration basis with the patented LAR AG flow sample taker. The
second part is the cascade, where the activated sludge, sewage, and air are pumped in (as
shown in Figure 2-9) using known discharge volumes [82].
Compared to a vessel with just one reaction vessel, the Biomonitor is a two-stream
respirometer with a fast degradation of the organic pollutants. With the multi-step
construction, even difficult degradable substances are decomposed.
Due to the high temperature of 33 °C in the cascade, the biological degradation of the
organic pollutants is faster, which results in a reduced measurement time. The benefit of the
multi-step system with an operation temperature of 33 °C is the fast, precise and continuous
determination of BOC.
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In a fourth vessel of the cascade, an O2 sensor is installed for measuring the respiration rate
in the gaseous phase. The measurement of the endogenous respiration is established by
pumping activated sludge and air into the second cascade (reference cascade). The oxygen
consumption in the reference cascade depends only on the bacteria in this cascade. The Biomonitor determines the oxygen consumption of the activated sludge per volume and time.
This parameter is called activated-sludge respiration (ASR). The endogenous respiration is
the best indicator of sludge activity, and it can also detect toxic effects like heavy-metal
poisoning since the respiration rate decreases in case of a toxic event.
The oxygen consumption for the biological degradation of the water ingredients is
determined by subtracting the oxygen consumption in the measurement cascade (drain
cascade) from that in the reference cascade. The parameter measured with the Biomonitor is
BOC, which can be correlated with BOD5.

Figure 2-9:

Schematic setup of the cascade of the Biomonitor
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2.3

Analytical Standard Methods

The standard methods and laboratory procedures were performed according to the following
Vietnamese standardised procedures (TCVN):
• BOD5: - TCVN 6001-1:2008 (ISO 5815-1:2003), Water quality – Determination of
Biochemical Oxygen Demand after days (BODn) – Part 1: Dilution and seeding method
with addition of Allylthiourea;
• COD: - TCVN 6491:1999 (ISO 6060:1989) Water quality – Determination of Chemical
Oxygen Demand (COD) and
• Heavy metals: - TCVN 6665:2011 (ISO 11885:2007) Water quality – Determination of
selected elements by inductively coupled plasma optical emission spectrometry (ICPOES).
• Suspended solids - TCVN 6625:2000 (ISO 11923:1997) Water quality – Determination
of suspended solids through glass filters.
• Cr(VI) - TCVN 6658:2000 Water quality – Determination of Crom (VI) –
Spectrometric method using 1.5 diphenyl carbaside

In addition to the method according to TCVN 6491:1999 (ISO 6060:1989), COD
measurements were done by the thermal-combustion method, as described below:
• Based on the American standard method for determining the total oxygen demand
(TOD) (ASTM D6238-98), the LAR Process Analysers AG developed a COD
measurement device for use in the laboratory: the QuickCODlab. The water sample is
injected into the furnace of the analyser. In the furnace, the sample is oxidised at
1200°C with a carrier gas. The carrier gas is a mixture of nitrogen and air. The
automatic carrier gas supply unit ensures a correct O2 concentration for oxidation. This
is a relationship with the expected oxygen demand of the sample, and it can be adjusted
with the software. A detailed description of the QuickCODlab was published by
Friedrichs [83].
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The online analyses conducted with the MobiLab were done with following measurement
devices of LAR Process Analysers AG:
• combined online measurement of TOC and TNb and correlated COD (five minute
intervals)
• The analysis of total organic carbon (TOC) follows the regulation of EN 1484:1997,
ISO 8245:1999, and EPA 415.1. The analysis for total bound nitrogen (TNb) follows
DIN 38409-27:1992-07, EN 12260:2003 and ISO-TR11905-2. The thermal oxidation is
realised at a temperature of 1,200 °C without using catalysts. The carrier gas transports
the CO2 to the infrared detector (NDIR) and the NO to the electro chemical detector
(ECD) for nitrogen. Based on the signals of the sensor, the operation software calculates
the TOC and TNb concentration in the wastewater. The advantage of this method is that
particle-bound contents are totally considered. This system makes it possible to use
carrier gas produced from the ambient air; hence, bottled gas is not required.
Furthermore, the COD can be calculated based on correlations with TOC.
• Measurement of ammonium (10 minute intervals)
• Ammonium was determined with the Ammonitor of the LAR AG. The measurement
principle is based on an NH3 ion selective electrode using the standard-addition method
(standard is added by a burette).
• Online measurement of pH, conductivity, ORP potential (continuously)
• The measurements of pH, conductivity, and ORP in the mobile monitoring unit are
effected by passive electrodes, which are assembled in a sample receiver. The data is
transferred to the server unit via a measuring amplifier.
• Online measurement of TSS
• The measurement principle of the TSS sensor is that a monochromatic light beam with a
wavelength of 860 nm, as described in ISO 7027 / EN 27027, is sent through the sample
and is scattered by particles. The scattered light is detected by four light receivers of the
TSS sensor.

D - 54

2.4

Toxicity Testing on Real Samples and Standard Solutions

2.4.1

Activated Sludge

The activated sludge for testing was taken directly from the recycle line of the industrial
WWTP at the “Mekong” seafood factory in the Tra Noc industrial zone, Can Tho City,
Vietnam. The biomass was stored in a 20 L, laboratory-size, batch activated-sludge reactor
while being aerated and fed with 50 mL synthetic wastewater every day. After two weeks,
the sludge was discarded and new activated sludge was taken from the same plant. For
quality assurance, the activated sludge was characterised by measuring pH, total suspended
solids. The pH of the activated sludge used for the activated-sludge inhibition test ranged
from 7-8, and the concentration of suspended solids was 2.8-3.2 g L-1.
In addition, the EC 50 values of 3.5 DCP and Cu(II) were determined each measurement
day in order to prove that the activated-sludge respiration-inhibition test provides
reproducible results. 3.5 DCP was chosen because it is widely used as a reference material
to evaluate the activated-sludge respiration-inhibition tests (DIN ISO 8192, OECD 209 and
TCVN 6226). Cu(II) was chosen as a representative heavy metal. If the coefficient of
variation of the determined EC 50 values was higher than 10%, the activated sludge was
discarded.

2.4.2

Developed Procedure for Toxicity Measurement with the Biomonitor

The procedure for toxicity measurements with the Biomonitor was developed in the frame
of this study and has to be done as described in this chapter. Initially, the sludge was fed by
adding 100 mL nutrient solution directly into the sludge-recycling unit to reach a suitable
activity of > 1 mg L-1/min. After 30 to 60 min, when the stationary phase of the bacterial
growth was reached, the toxicity measurement was started by pumping the sample into the
cascade, and the respiration inhibition was recorded. After a measurement time of 30 min
(measurement time = retention time in the cascade), the sample supply was stopped, and the
decreasing sludge activity was recorded for another 15 min to observe the delayed effect of
the toxicant on the activated sludge. Figure 2-10 constitutes an example of a measurement
curve. Based on the measurement curve, the perceptual inhibition for the activated-sludge
inhibition is calculated as follows:
⎛ R − R2
I = ⎜⎜ 1
⎝ R1

⎞
⎟⎟ ⋅ 100
⎠

(11)

Where I is percentage inhibition, R1 is the ASR value before the toxicant was added and R2
is the ASR value after a retention time of 30 min.
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During toxicity measurement, the sludge cannot be delivered back to the sludge recycling of
the Biomonitor because it would poison the remaining sludge. Therefore, the sludge from
the outlet of the cascade is collected in a waste container. After each measurement, the
cascade needs to be rinsed with water. Since the toxicity measurement consequently
consumes activated sludge, the sludge recycling unit has to be filled up with tap water. The
sludge can be used for a maximum of four measurements because of the high dilution. After
four measurements, the sludge has to be discarded, and the sludge recycler has to be refilled
with new activated sludge. To obtain reliable results with the Biomonitor, the TR (dry
residue) concentration of the activated sludge should be between 0.75 and 2.0 g L-1. For
each measurement, tap water was measured as a reference to exclude dilution or other
disturbing effects. Also, each concentration was three-fold determined.
The sludge recycling unit and all hoses were cleaned every two weeks. Also, the ventilation
tube for the activated sludge should be re-pierced every two weeks, as the danger exists that
ventilation holes get stocked with activated sludge and that the activity of the biomass
consequently decreases and toxicity measurement becomes impossible. Besides, at least
every four weeks the Biomonitor needs to be completely cleaned, including the sludgerecycling unit and cascades.

Figure 2-10: The Biomonitor measurement curve is a toxicity measurement with the measurement phase:
1) addition of the toxicant,
2) begin of respiration inhibition and
3) replacing sample with water
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2.4.3

Factors Influencing the Activated-Sludge Respiration-Inhibition Test

The synthetic wastewater was prepared by dissolving the following compounds in one litre
of water: 16 g peptone, 11 g meat extract, 3 g urea, 0.7 g sodium chloride, 0.4 g calcium
chloride dihydrate, 0.2 g magnesium sulphate heptahydrate, 2.8 g dipotassium hydrogen
phosphate.
The sodium acetate solution used as a nutrient for the activated-sludge inhibition test was
prepared with the same COD concentration as the synthetic-wastewater nutrient solution.
The determined concentration of the sodium acetate solution was 30 g L-1.

2.4.4

Influencing Factors to Biomonitor Measurements

2.4.4.1 Influence of Nutrient Solution on Biomonitor Measurements
Three different nutrient solutions were prepared with following compounds:

• Peptone: The concentration of the peptone solution was 100 g L-1
• Synthetic wastewater: 100 g peptone, 54 g disodium hydrogen phosphate, 178.3 g
ammonium chloride, 41.7 g sodium acetate, 10.2 g sodium chloride, 2.57 g calcium
chloride dihydrate and 3.55 g magnesium chloride dihydrate. The components were
dissolved in 1 L water.
• Sodium acetate: The sodium acetate solution used as a nutrient for the activated-sludge
respiration-inhibition test was prepared with the same chemical oxygen demand (COD)
concentration as the synthetic-wastewater nutrient solution, which was 150 g L-1.

2.4.4.2
Influence of the sludge concentration on Biomonitor Measurements
• The activated-sludge was diluted with water to achieve the following activated sludge
concentration: 0.5, 0.8, 1.3 and 2.8 g L-1.

• The TSS concentration was determined according to the Vietnamese standardised
procedure TCVN 6625:2000 (ISO 11923:1997).
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2.4.4.3

Influence of the ASR value on Biomonitor Measurements
• Toxicant: a Zn(II) solution with a concentration of 175 mg L-1 was prepared.

• Nutrient solution: a peptone solution with a concentration of 100 g L-1 was
prepared. To achieve the appropriate ASR value following volumes of the
nutrient solution were given into the sludge recycling of the Biomonitor: 50,
75, 100 and 150 mL.

2.4.5

Influencing Factors to NitriTox Measurements

2.4.5.1
NitriTox Measurement According to DIN ISO 8192
The LAR Nitrifiers were replaced with activated sludge from a WWTP, and the TSS
concentration was kept constant at 3 g L-1. An aeration unit was development for the
measurement cell which allows for aeration of the sample for 30 min. Synthetic wastewater
was used as a nutrient solution with a dosing rate of 150 mL h-1, and the ratio of the sample
in the measurement Phase II was set from 85 % to 50 %.
2.4.5.2
Influence of Nutrient Solution on NitriTox Measurements
For activated sludge, the two different nutrient solutions were prepared with following
compounds:

• Synthetic wastewater: peptone 16 g L-1, meat extract 11 g L-1, urea 3 g L-1, NaCl 0.7 g
L-1, CaCl2·3H2O 0.4 g L-1, MgSO4·7H2O 0.2 g L-1, K2HPO4 2.8 g L-1 dissolved in 1 L
water. This solution was added to the fermenter with a dosing rate of 50 mL h-1. The pH
value in the fermenter was kept at pH 7.6 by adding NaOH (0.1 M) into the fermenter.
• Sodium acetate: The sodium acetate solution used as a nutrient for the activated-sludge
respiration-inhibition test was prepared with the same chemical oxygen demand (COD)
concentration as the synthetic-wastewater nutrient solution, which was 30 g L-1. The
dosing rate was 50 mL h-1. The pH values of the biomass in the fermenter were
increasing adjusted by adding NaOH (0.1 M) to a pH value of 7.6.
For nitrifiers, the two different nutrient solutions were prepared with following compounds:
• Synthetic wastewater: the same procedure was used as for activated sludge.
• Ammonia bicarbonate: a solution with a concentration of 30 g L-1 was prepared, and the
dosing rate was calculated automatically by the NitriTox software: 100-120 mL h-1.
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2.4.5.3
Influence of pH on Inhibition
Reference water and the tested toxicants were measured at pH 5, 7, 9 and 11. The pH values
were adjusted by adding NaOH (0.1 M) and HCl (0.1 M).
2.4.5.4
Influence of Temperature on Inhibition
Reference water and the tested toxicants were measured at 10, 15, 20, 25, 30, 35 and 40°C.
The temperature was measured in the measurement cell of the NitriTox.
2.4.5.5
Influence of Biomass Concentration on Inhibition
The EC 50 values for Zn(II), Cu(II), Cr(VI) and 3.5 DCP were determined with TSS
concentrations of 0.8 and 1.5 g L-1 in the fermenter of the NitriTox. The ratio of the biomass
which is added to the measurement cell after the measurement Phase I was set to 5, 10 and
15% with the NitriTox software.
2.4.5.6
Influence of Incubation Time in the Measurement Cell on Inhibition
The respiration inhibition of Zn(II), Cu(II), Cr(VI) and 3,5 DCP on activated sludge and for
nitrifiers was determined with an incubation time of 0 min and 30 min.
2.4.5.7
Influence of Incubation Time at the Measurement Phase II on Inhibition
The EC 50 values for Zn(II), Cu(II), Cr(VI) and 3.5 DCP were determined after the
following retention times of the measurement Phase II: 180 s, 300 s and 420 s. The slopes of
the measurement phase II were calculated for reference water and also the standard solution
measurements. The linear fits for the appropriate times of measurement phase II were done
with the same measurement curve. For each EC 50 value, a threefold determination was
performed.
2.4.5.8 Influence of O2 Concentration in the Fermenter on Inhibition
The aeration rate for the fermenter was set to 50 L h-1 and 5 L h-1.
2.4.5.9 Influence of the Sample Matrix Nutrients on Inhibition
Several nutrients PO43-, NH4+, SO42-, synthetic wastewater, glucose and nutrifloc were tested
at concentrations of 10, 50, 200 and 500 mg L-1. The pH value was adjusted to pH 7 and
was monitored and kept at pH 7 during aeration.
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2.4.6

Toxicants and Standard Solutions

The chemicals used as toxicants for the activated-sludge respiration-inhibition test were all
analytical grade. The standards used for the inhibition experiment were the toxicants
3.5 DCP, Zn(II), Cu(II) and Cr(VI). All solutions were prepared with deionised water. The
initial concentration of the single standards was 1000 mg L-1 and was diluted to the
appropriate concentrations for the experiments with distilled water.
The toxicants were selected for following reasons. 3.5 DCP is widely used as a reference
material to evaluate the activated-sludge respiration-inhibition tests. For example, it is
described in the DIN ISO 8192 of the German institute for standardisation and in OECD
209 and TCVN 6226 by using the standard for a round-robin test, in which 20 laboratories
participated. Moreover, it was used as a toxicant by several researchers as described in
Chapter 1.2.8.4: "3.5 Dichlorphenol".
The heavy metals Zn(II), Cu(II) and Cr(VI) were initially selected for two reasons. The
monitoring of industrial wastewater in the open storm-water canal of the Tra Noc industrial
zone showed the occurrence of these heavy metals at several measurement points.
Additionally, a significant number of researchers used Zn(II), Cu(II) and Cr(VI) for
activated-sludge respiration-inhibition testing, as described in Chapter 1: "1.2.8 Comparison
of EC 50 Values of Activated-Sludge Inhibition-Test".

2.4.7

Reference Water

Reversed osmosis filtration was used to purify the reference water. Afterward, the pH value
was adjusted to seven. The reference water was conditioned to room temperature before
measurement. The inhibitory effect of reference water is 0 %.

2.5

Calculation of Theoretical Heavy-Metal Speciation by using MINTEQ 3.1

The theoretical heavy-metal speciation and complexation reactions were calculated with the
program MINTEQ 3.1. These calculations were done for NitriTox and for the preliminary
studies in an Erlenmeyer flask. As input data, the concentrations of the heavy metal or
toxicant and components of the nutrient solutions were selected. These calculations were
done to determine which heavy-metal speciation and complexes are formed in the presence
of sodium acetate and the biological degradation product of ammonia bicarbonate, as heavymetal speciation has a strong effect on the toxicity of the test substance.
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Test conditions for preliminary studies
The theoretical heavy-metal speciation was calculated with the chemical equilibrium
software MINTEQ 3.1. The calculations for the heavy-metal speciation were carried out for
NaAc (960 mg L-1) and synthetic wastewater as nutrients with the following chemical
compounds and concentrations: NaCl 22.4 mg L-1, CaCl·3H2O 12.8 mg L-1, MgSO4·7H2O
6.4 mg L-1 and K2HPO4 89 mg L-1. The programme MINTEQ 3.1 does not provide a model
for peptone and meat extract, as both bacterial growth media consist of undefined amino
acids and peptides. Instead of using peptone and meat extract, the amino acid glycine was
selected as a model for the chemical speciation calculation with a concentration of 864 mg
L-1. These values are the levels of the total test mixtures for the activated-sludge respirationinhibition test; glycine is the sum of the concentrations of peptone and meat extract. Urea
was disregarded in chemical speciation calculations, as MINTEQ 3.1 does not give
information about this model. The chosen heavy-metal concentrations were the measured
EC 50 values of Zn(II), Cu(II) and Cr(VI).
Test conditions for NitriTox measurements
The theoretically heavy metal for using synthetic wastewater was calculated as described
above with the software MINTEQ 3.1. Ammonia bicarbonate was used as a nutrient for
NitriTox measurements, which is biologically degraded to nitrite and nitrate by the nitrifiers
in the analyser's fermenter. In conclusion, the educts ammonia and carbonate, and the
products nitrite and nitrate are present in the fermenter. Therefore, for using ammonia
bicarbonate as a nutrient solution, the following chemical compounds and concentrations
were used for the theoretically calculated heavy-metal speciation: NO2- 220 mg L-1, NO3+
8.5 mg L-1, NH4 280 mg L-1 and CO32- 520 mg L-1. These concentrations of the nutrient
solution were determined directly from the fermenter of the NitriTox, using photometric
methods.

2.6

Technical Introduction of the Mobile Laboratory

The mobile laboratory was designed to be placed in any relevant spot for wastewater
monitoring. The analyses are realised by pumping the water to be analysed by the hydraulic
system of the mobile laboratory, where a sample taking system is installed. This setup
allows for an automatic sample supply to the online measurement devices, where following
parameters are analysed: TOC, TNb, COD, NH4, TSS, pH, conductivity, ORP, and toxicity.
The online data are transmitted in real time via GPRS to a computer. An automatic sample
taker can be programmed to take time-proportional or event-driven reference samples.
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These samples can be analysed offline with the previously described measurement methods
and with a commercially available cuvette test with the photometer of the mobile laboratory
or in an external lab. In addition to the online analysers and the laboratory facilities, the
mobile laboratory is equipped with an uninterruptable power supply, a storage tank, a
supply unit for distilled water, a meteorological station, and a refrigerator and a freezer for
sample storage.
The first and second generation of the mobile laboratory was developed by LAR Process
Analysers AG. These mobile monitoring units were used for one year and six months for
monitoring activities in the industrial zones Tra Noc and Nam Sac in the northern province
Hai Duong. Based on these experiences, the third generation of the MobiLab was developed
in the frame of this study.
The most significant enhancements of the MobiLab of the third generation are the
following:
• The MobiLab of the first and second generation were assembled in a trailer.
Unexpectedly, the transportation of a trailer posed a significant problem, since use of a
trailer is prohibited in Vietnam. For this reason, the MobiLab of the third generation
was designed and assembled in a truck.
• Power outages and over-voltages caused the shutdown of the instrumentation in the
MobiLab and damaged the electronic parts of the analyses, which significantly
increased the maintenance effort. For this reason, an uninterruptible power supply was
developed for the MobiLab which can bridge a power failure for 24 hours and to
stabilise the supply voltage.
• The sample delivery system of the MobiLab was improved. In previous measurement
campaigns, the pump and the hydraulic system was vulnerable to suspended solid
concentration higher than 200 mg L-1. Depending on their character, these particles
cause clogging of these facilities or, in the worst case, damage the pump. Consequently,
a new pumping and filtration unit was developed to remove these disturbing suspended
solids. This filtration unit is based on a centrifugal pump with a subsequent cross-flow
membrane filtration.
• The equipment of the MobiLab was enhanced with an online COD analyser, an optical
TSS sensor, and a multi-parameter measurement device with a pH, ORP, DO and
conductivity probe and a 10 m long cable, to analyse deeper waters.
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2.7

Inoculum - Nitrosomonas stercoris

The bacterial population of the nitrifiers cultivated by LAR Process Analysers AG was
identified and characterised in cooperation with the Technical University of Berlin. It was
determined that the bacterial community structure is a result of the unique conditions of the
fermenter. The population consists of a new bacterial genus of Nitrosomonas, which is
closely related to Nitrosomonas stercoris (99 % genetic similarity). Nitrite-oxidising
bacteria were not detected. In addition to the nitrifiers are approximately 20-30%
heterotrophic bacteria, which are adapted to the high nitrite and ammonia concentration in
the fermenter.
The primary strain used belongs to the species Nitrosomonas stercoris, which is an
ammonia-oxidising bacterium that converts ammonia to nitrite. Nitrosomonas stercoris are
gram negative, rod to pear shaped with a length of 0.7 to 1.2 μm and a width of 03. to 0.7
µm. The cells are characterised by a high tolerance for high salt, nitrite and ammonia
concentrations like those found in the fermenter of the NitriTox. The optimum growth
conditions are 25 °C with a pH value of 8.0 [84].

2.8

Software

The calculation of theoretical chemical speciation of Cu, Zn and Cr were calculated using
the program MINTEQ 3.1 [85]. MINTEQ 3.1 is a program for modelling chemical
equilibrium for the calculation of metal speciation, which describes complexation reactions.

2.9

Calculations

2.9.1

EC 50

Commonly, the inhibiting effect of a toxicant is expressed as an EC 50 value. The EC 50
value is the half-maximal effective concentration referring to the concentration of a toxicant.
Therefore, the EC 50 value represents the concentration of a toxicant, where 50 % of its
maximal inhibition is observed [86]. To determine the EC 50 value, the inhibitory effects of
a toxicant are measured at several concentrations. The toxicant concentrations on the x-axis
are entered in the logarithmic form, and the y-axis presents the responding inhibitory effect.
The consequent measurement curve describes a typical sigmoidal dose-response
relationship. The EC 50 value is the toxicant concentration for y halfway between the
minimum and maximum inhibition.
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Figure 2-11: Sigmoidal dose response curve for determination of the EC 50 value.

2.9.2

Respiration Inhibition

The calculation of the inhibition percentage for the activated-sludge inhibition test is
described in DIN ISO 8192 [2] and was calculated as follows:
⎡ ⎛ R − RTA ⎞⎤
⎟⎟⎥ ⋅ 100
I = ⎢1 − ⎜⎜ T
R
TB
⎠⎦
⎣ ⎝
,

(12)

where I is percentage inhibition, RT is the total respiration of the tested substance, RTA is the
total respiration of the abiotic process and RTB is the total respiration of the blank. This
equation, used to calculate the percentage inhibition, is also applied to NitriTox
measurements. Toxicity is an umbrella term for respiration inhibition. Therefore, the terms
respiration inhibition and toxicity are used as synonyms in this thesis.

2.9.3

Activated-Sludge Respiration

The Biomonitor determines the oxygen consumption of the activated sludge per volume and
time. This parameter is called activated-sludge respiration (ASR) and was calculated as
follows:
ASR =

RR
Vcascade ,

(13)
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The respiration rate is calculated by the following equation:

⎛
⎛ 1 − 1.49 ⋅ CO2 air ⎞ ⎞
⎟⎟ ⎟ ,
RR = ρair ⋅ Vcascade ⋅ ⎜⎜ CO2 air − CO2 cascade ⋅ ⎜⎜
⎟
−
⋅
1
1
.
49
CO
2
cascade
⎝
⎠⎠
⎝

(14)

with:
V
RR

ρLuft

CO2 air
CO2 cascade

2.9.4

0.5 L
respiration rate
1.33 mg L-1
0.201%
determined O2 concentration in cascades

Rank Scores of Sensitivity

The inhibitory test with the highest sensitivity is rated with the rank score (R) of 1. The least
sensitive test is rated with the rank score of 5 (in case of 5 to be compared tests). The rank
scores (R) of the individual inhibition tests were added together and divided by the number
of toxicants tested (n) to give a mean rank score. This relationship can be expressed by the
following equation [27]:
Rank Score of Sensitivity = ∑ R

2.9.5

n

(15)

Factor of Sensitisation

The factors of sensitisation of the individual tests are the obtained EC 50 values under
standard conditions divided by the EC 50 values of the sensitised bio assay.

2.9.6

Statistics

Standard deviation
The definition of the StdDev (standard deviation) is the variation or deviation of a data set
from its mean value. It is calculated as the square root of the variance, which is calculated
by the variation between each data point and the mean value.
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The StdDev is calculated by the following equation:

∑ (x − x )

2

StdDev =

(n − 1)

,

(16)

with:
StdDev
x
x
n

standard deviation
value of the data set
mean value
number of data points

Coefficient of Variation
The coefficient of variation (CV) is the dividend of the StdDev and the mean value. The CV
is calculated to compare the data sets of different test series.
The CV is calculated by the following equation:
CV =

StdDev
.
x

2.10

Industrial Zones

2.10.1

Tra Noc - Industrial Zone

(17)

The Tra Noc industrial zone is located in the Mekong Delta about 10 km northwest of Can
Tho City at the Hau River. The total area of 290 ha is divided into two industrial zones, Tra
Noc I and Tra Noc II. There are 148 companies in the Tra Noc industrial zone, 112 in Tra
Noc I and 36 in Tra Noc II. A map of the Tra Noc industrial zone is shown in Figure 2-12.
Several types of industries are located in Tra Noc industrial zone: fish processing; food and
beverage production; construction; animal feed production; pharmacy; pesticide; bio
fertiliser; chemistry; cosmetics; plastic, metal and steel processing; textile; carton and
packaging; oil station and mineral oil storage. The characteristics of the wastewater of the
Tra Noc industrial zone was published by Rudolph [87]. The author monitored the
parameters TN, NH4, TP and BOD5 and states that threshold values defined in Vietnamese
standard QCVN 40:2011 were not met in many cases.
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In August 2015, the construction of the centralised WWTP was completed with a capacity
for 8000 m3 wastewater. All factories in the industrial zone are requested to pre-treat the
wastewater to achieve the legal limit values according to QCVN 40:2011, Column B.
Currently, only six seafood factories of the total number of 148 companies of Tra Noc 2 are
connected to the WWTP; thus, the utilisation is only 25 %. The receiving wastewater will
be treated at the WWTP to achieve the better quality of the wastewater according to QCVN
40:2011, Column A. The remaining factories discharge the wastewater into an open stormwater canal or the receiving water bodies after pre-treatment or without any treatment. The
collected wastewater in the storm-water canal is discharged by 14 outlets into the
environment.

Figure 2-12: Map of the Tra Noc industrial zone and the representative measurement point of the open storm water
system (1 – 6 white) and measurement points of the outlets of the open storm-water canal leading into the
environment (1 – 6 grey)

2.10.2

Nam Sach - Industrial Zone

The mobile lab was installed at the centralised WWTP in the Nam Sach industrial zone.
This industrial zone is located in the northern Vietnamese province Hai Duong, which is
located approximately 70 km east of the capital of Hanoi. The centralised WWTP was built
in 2008 and is designed to achieve the legal limit values for WWTP effluent, according to
Standard B QCVN 40/2011/BTNMT, with a capacity of 3000 m3/day. Currently, 18
companies are located in the Nam Sach industrial zone that discharge up to 1000 m3 pretreated and untreated wastewater to the centralized WWTP. At eight of the 18 factories,
samples were taken at the outlets of the factories to the sewage system of the industrial
zone. The sampling points are shown in the map of Figure 2-13, and the names of the
companies of the appropriate measurement points are summarised in Table 2-9.
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Figure 2-13: Map of the Nam Sach industrial zone and the representative measurement point of the sewage canal

Table 2-9: Measurement points in IZ Nam Sach

No.

Sampling Point

Types of Production

4

Tinh Lợi Garment Co., Ltd.
AP Packaging Co., Ltd.
Green Environment Production and Trade
Services Co., Ltd.
An Phat Plastic Joint-stock Company

Textile production
Packaging
Treatment, disposal, recycle of
hazardous waste
Plastic production

5
6
7
8

Hong Gia Joint-stock Company
Vina Okamoto Co., Ltd.
Hai Vina Co., Ltd.
Viet Nam Toyo Denso Co., Ltd.

Textile, Dyeing, shaped bed nets
Plastic shoe production
Textile production
Motorbike parts production

1
2
3
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2.10.3

Hoa Cam - Industrial Zone

The Hoa Cam industrial zone is located in the northwest of the city Da Nang. Currently, the
industrial zone has 59 factories which are required to treat the wastewater to comply the
threshold values according to Standard B QCVN 40/2011/BTNMT. The supposed pretreated wastewater is discharged to a sewer system which is separated from the storm-water
sewer. Finally, the wastewater is treated at a centralised WWTP which was built in 2011.
The capacity of the sewage plant is 2000 m3/day. The amount of wastewater received daily
is 650 – 700 m3; hence, the use of capabilities is 35 %. At the WWTP, the wastewater shall
be treated as specified by environmental quality standards of Vietnam (QCVN 40:2011,
column A) before being released into the sewage system.

Figure 2-14: Map of the Hoa Cam industrial zone and the representative measurement point of the wastewater canal
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2.10.4

Hoa Khanh - Industrial Zone

The Hoa Khanh industrial zone is located in the Quang Nam province in the north of Da
Nang. The location of the industrial zone is shown in Figure 2-15. Industrial and domestic
wastewater is treated at the centralised WWTP in the industrial zone, which was built in
2006. The capacity of the sewage plant is 5000 m3/day. The daily amount of wastewater
received from the factories is 3000 to 3500 m3. The requirement of the WWTP is to treat the
wastewater as specified by environmental quality standards of Vietnam (QCVN 40:2011,
column B).

Figure 2-15: Map of the Hoa Khanh industrial zone and the representative measurement point of the wastewater canal
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2.10.5

Company Groz-Beckert

Groz-Beckert is a world-leading company that provides industrial needles, precision
components, fine tools and systems and services for the production and joining of textile
surfaces. At the production site in Quang Nam, Vietnam, the company has a needleproduction site. The production of needles includes chemical milling and galvanisation. The
wastewater from this manufacturing process requires a chemical WWTP, which is done at
Groz-Beckert with a state-of-the-art treatment plant. In addition, the domestic wastewater is
treated at an SBR WWTP and afterward by a constructed wetland.
The effluent of both WWTPs is collected in a lagoon, and the treated wastewater is used for
irrigation. Groz-Beckert is asked to achieve the wastewater quality according to QCVN
40:2011, Column B. The total volume of the treated wastewater is 50 m3 d-1, approximately
35 m3/d, of which are processed by the chemical WWTP and 15 m3 d-1 by the SBR WWTP
and the constructed wetland.

2.11

Sampling Description

2.11.1

Tra Noc - Industrial Zone

The influent and effluent of the WWTP in Tra Noc were monitored online with the online
respirometer NitriTox in December of 2015. The measurement interval was one hour. In
January of 2013, grab samples were taken at six representative nodes of the open stormwater canal with a sampling interval of four hours and one hour. Furthermore, grab samples
were taken at 7 am, 12 pm, 3 pm and 7 pm from 25.03.14 – 27.03.14 at the outlets of the
open storm-water canals to the environment. The samples from the representative nodes and
the outlets were analysed offline with the NitriTox.

2.11.2

Nam Sach - Industrial Zone

In the Nam Sach industrial zone, the mobile laboratory was set up in January of 2015 at the
centralised WWTP, and the effluent of the WWT was monitored online with the NitriTox.
In addition, qualified grab samples were taken on 15.04.15 and 23.04.15 at the influent and
effluent of the WWTP at 8:00, 10:00, 12:00 and 14:00.
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These samples were analysed offline with the NitriTox. The sampling period of each
qualified grab sample was 20 min with a sampling interval of 5 min. The monitoring of the
wastewater canal was done at eight representative measurement points on April 16 and
April 21. On each sampling day, qualified grab samples were taken at 10 am with a
sampling period of one hour and an interval of 20 min.

2.11.3

Hoa Cam - Industrial Zone

In the Hoa Cam industrial zone, the mobile laboratory was installed at the influent of the
centralised WWTP and toxicity was monitored online with the NitriTox. In the wastewater
canal, grab samples were taken at four representative measurement points. These samples
were analysed offline with the NitriTox.

2.11.4

Hoa Khanh - Industrial Zone

For this measurement campaign, the influent and effluent of the centralised WWTP were
monitored by the mobile lab with the NitriTox as a critical parameter. Additionally, offline
toxicity monitoring was done in the sewage system of the industrial zone by taking grab
samples. To select the appropriate nodes of the sewage system, a technician of the WWTP
was consulted. Furthermore, offline monitoring of the WWTP inlet was carried out by
preparing 4 h and 24 h mixed samples with a sampling interval of 1 h.

2.11.5

Company Groz Beckert

Another monitoring strategy was implemented for the chemical WWTP by taking grab
samples before and after treatment to investigate the removal of heavy metals. The
efficiency of heavy-metal removal was analysed by the NitriTox of the mobile laboratory,
as toxicity is an indicating parameter for heavy metals. For assessment of the toxicity,
samples were sent to the stationary AKIZ laboratory for heavy-metal analysis by ICP.
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CHAPTER 3 RESULTS AND DISCUSSION

3.1

Studies with the Activated-Sludge Respiration Test Sensitisation by
Varying Nutrient Solutions

3.1.1

Sensitisation of Activated-Sludge Respiration-Inhibition Testing by Varying
Nutrient Solutions

To enhance the sensitivity of activated-sludge respiration-inhibition testing, toxicities were
determined after using synthetic wastewater and sodium acetate as nutrient solutions. The
results were obtained by measuring oxygen respiration. In this study, the EC 50 values of
Cr(VI), Cu(II), 3,5 DCP and Zn(II) were determined. The results are shown in Figure 3-16.
The results indicate that, compared to synthetic wastewater sodium acetate increased the
sensitivity of activated-sludge inhibition testing.
As described in Chapter 1.2.8.4: "3.5 Dichlorophenol", one of the most common standards
used to evaluate activated-sludge respiration-inhibition testing is 3.5 DCP. In this study, an
EC 50 value for 3.5 DCP of 20.8 mg L-1 was obtained under standard conditions by using
synthetic wastewater as a nutrient solution, and it was decreased by using sodium acetate
with a concentration of 6.2 mg L-1. This corresponds to a calculated sensitisation factor of
3.4. The result using synthetic wastewater was very good compared with the range of
validity according to DIN ISO 9182 [2], in which 20 laboratories participated in a roundrobin test and reported an EC 50 value of 20.3 mg L-1 (σ = 8.6 mg L-1). In the work of
Gendig [41], the sensitisation was realised by increasing the incubation time from 30 min to
180 min. The factor of sensitisation was only 1.64.
The most significant decrease of the EC 50 value was obtained with Cu(II), resulting in a
sensitisation factor of 7.7. The EC 50 value under standard conditions was 25.5 mg L-1. It
was determined using sodium acetate at the low concentration of 3.3 mg L-1. Also, for
Cu(II), there are several reports about the effect of Cu(II) on activated-sludge bacteria. For
example, Ochoa-Herrera [31] published an EC 50 value of 4.6 mg L-1 using glucose as a
nutrient.
For Zn(II) as a toxicant, the high factor of 6.6 was determined. The EC 50 value for using
synthetic wastewater as a nutrient solution was 39.2 mg L-1 and 6.5 mg L-1 for NaAc. In
comparison with the other tested toxicants, Cr(VI) showed the lowest factor of sensitisation
with a value of only 1.8. The EC 50 value with synthetic wastewater as a nutrient solution
was 37 mg L-1 and 20 mg L-1 with sodium acetate.
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Besides, the effect of Cr(VI) on activated-sludge bacteria is described in numerous literature
reports. The EC 50 values for Cr(VI) range from 40 to 90 mg L-1 in literature [35, 38].
50

Activated sludge respiration test: synthetic wastewater
Activated sludge respiration test: sodium acetate
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Figure 3-16: Influence of Nutrients on EC 50 values of activated-sludge respiration-inhibition test for Zn(II), Cu(II),
Cr(VI) and 3,5 DCP; using synthetic wastewater and sodium acetate as nutrient solutions.

One reason for the sensitisation of the activated-sludge bacteria to toxins is that sodium
acetate enhances the maximum growth rate of the activated-sludge bacteria. The effect of
the nutrient solution on the maximum growth rate is reported by Blok [25]. The literature
also suggests that sodium acetate is a readily degradable nutrient solution when compared to
synthetic wastewater, which results in a higher growth rate. Curless [88] and Ryan [89]
report that cloned gene expression is greater at high growth rates. Due to the increased
growth rates, the cells focus on the production of genes which is necessary for cell division.
The cell division of slowly growing cells is much more proficient compared to that of fastgrowing cells. Therefore, the higher growth rate induced by sodium acetate as a nutrient
solution could be one reason for the sensitisation of activated-sludge respiration-inhibition
testing.
Another impact on activated sludge is its decreased sensitivity after storing and feeding it
with synthetic wastewater, as reported by Gendig [41]. This effect can be excluded from the
results of this work, as the toxicities for 3.5 DCP 21 mg L-1 and Cu(II) 25 mg L-1 were
measured every day. Also, the adaptation of the microorganisms to the nutrient solution is
an important issue that affects their resistance to toxicants. In comparison to the results of
this work, Cokgor [38] reports a decrease in the sensitivity of activated-sludge inhibition
testing for Ni(II) and Cr(VI) with a sludge age of 10 days and feeding the activated sludge
with glucose and a starch/acetic-acid mixture.
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3.1.2

Influence of the Nutrient Solution on Heavy-Metal Speciation

Another factor related to the sensitivity of the activated-sludge respiration-inhibition test is
the influence of the nutrient solution on heavy-metal speciation. As shown in Table 3-10,
the theoretically calculated speciation of Cu(II) is highly dependent on the nutrient solution.
For the chemical speciation calculations using synthetic wastewater as a nutrient solution,
the amino acid glycine was selected as a model for peptone and meat extract. On the
assumption that the different amino acids of both bacterial growth media behave similarly to
form complexes, it is most likely that 100 % of the total Cu(II) forms species with the amino
acids of peptone and meat extract. The formation of Cu(II) complexes with amino acids is
reported by Li [90], and the diminishing inhibition of the heavy metal Ag+ due to the
formation of strong complexes with peptone is reported by Çeçen [52]. The author supposes
that the diminishing effect can be explained by the hindered sorption or/and diffusion of the
Ag-peptone complex in cells.
In contrast, for sodium acetate as a nutrient solution, 37 % is present as the free Cu(II) ion
and 51.2 % is present in the form of weak Cu-(Acetate) complexes (Log K = 2.21–3.94).
Hence, the high factor of sensitisation of 7.7 for Cu(II) using NaAc as a nutrient can be
explained, because Cu(II) in the presence of synthetic wastewater forms complexes with the
amino acids of peptone and meat extract up to 100 %. While using NaAc as a nutrient
solution, 37 % Cu(II) is present as the free from, which is more toxic than the Cu(II)
complexes of the amino acids derived from peptone and meat extract.

Table 3-10:

Theoretical Cu(II) speciation under initial conditions

Synthetic wastewater

NaAc

% of total
Cu species

Cu - Glycine

+

Cu - (Glycine) 2 (aq)

concentration

% of total
Log K

0.423

8,56

99.577

15.7

Cu species

concentration

Log K

Cu
Cu - (Actetate)-3

37.03

-

0.26

3.94

CuOH+

8.46

-7.50

Cu(OH)2 (aq)

0.14

-16.23

Cu2 (OH)

2+
2

2.93

-10.49

Cu3 (OH)

2+
4

0.28

-20.79

44.53

2.21

6.36

3.4

2+

Cu - Actetate

+

Cu - (Actetate)2 (aq)
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The calculation of the Zn(II) species in synthetic wastewater shows that only 63.45%
formed Zn-Glycine complexes. In contrast to Cu(II), the concentration of the free ion for
Zn(II) ion using synthetic wastewater as a nutrient increased to 23.95 %, and the percentage
of the strong HPO 24+ complex increased to 12.45 %. In this relation, it can be explained that
the factor of sensitisation decreased to a value of 6.6, since 23.95 % of free Zn(II) is present
when using synthetic wastewater as a nutrient, which has a higher toxicity than the strong
ZnHPO4 complex.

Table 3-11:

Theoretical Zn(II) speciation under initial conditions

Synthetic wastewater

NaAc

% of total
Zn species

% of total

concentration

Log K

Zn species

Zn2+

23.95

-

ZnOH+

0.201

-8.99

Zn2+
Zn - (Acetate) 2 (aq)
ZnOH

concentration

Log K

77.594

-

0.431

1.91

0.56

-8.997

Zn(OH) 2 (aq)

0.024

-16.89

ZnSO 4 (aq)

0.08

2.34

Zn(OH)2 (aq)

0.063

-16.89

12.245

15.69

Zn - Acetate

21.35

1.57

50.153

5.38

13.296

9.81

ZnHPO 4 (aq)
Zn - Glycine

+

Zn - (Glycine) 2 (aq)

+

+

The lowest factor of sensitisation was achieved for Cr(VI). After calculation of the
theoretical Cr(VI) speciation, the reason for the relatively weak effect became clear. In
contrast to Cu(II) and Zn(II), Cr(VI) does not form any cationic complexes with the
chemical compounds of synthetic wastewater in significant concentrations, as shown in
Table 3-12. For both synthetic wastewater and sodium acetate, Cr(VI) was present as
CrO 24− species or as anionic complexes with a percentage of the total Cr(VI) concentration
>99 %.
The difference in behaviour between Cr(VI) and the other tested heavy metals can be
explained as due to the negative charge of CrO 24− and its anionic complexes, since the
surface of activated sludge is negatively charged and the CrO 24− might not be absorbed by
the usually negative charged surface of activated sludge [40]. The authors could prove that
that Cr(VI) in a mixed liquor with activated sludge is not absorbed onto the biomass and
remains in the soluble phase.
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Table 3-12:

Theoretical Cr speciation under initial conditions

Synthetic wastewater

NaAc

% of total
Cr species

CrO

concentration

% of total
Log K

Cr species

-

CrO

0.70

HCrO

0.57

Cr2 O

19.89

6.51

NaCrO

0.13

15.32

CaCrO 4 (aq)

1.63

14.56

CrO3HPO

0.16

26.68

2−
4

77.9

NaCrO
KCrO

0.19

−
4

HCrO
Cr2O

−
4

0.21

−
4

2−
7

2−
4

2−
4
−
4

2−
7

−
4

concentration

Log K

78.81

-

18.18

6.51

0.11

14.56

2.90

0.70

In conclusion, higher toxicities for Cu(II) and Zn(II) were found because sodium acetate
forms fewer complexes with these heavy metals than with synthetic wastewater. This effect
can be explained by the fact that the free ion concentration is higher when sodium acetate is
used as a nutrient solution because the free form of a heavy metal exerts the highest toxicity.
In addition, Cu(II) and Zn(II) form weak acetate complexes with stability constants (log K)
of 2.21 and 1.57, respectively, which indicate a high bio-availability and hence a higher
inhibiting effect of the toxicants. When synthetic wastewater was used as a nutrient
solution, the mixed organic matter and the inorganic salts formed heavy metal complexes
and the concentration of the free ion was reduced. But a sensitisation of the activated-sludge
respiration-inhibition test was also achieved for 3.5 DCP. This organic reference material
was selected because it does not form complexes with compounds of the nutrient solution.
However, a sensitisation factor of 3.4 was obtained for 3.5 DCP while using sodium acetate
as a nutrient solution. This is evidence that the sensitisation is not only influenced by the
speciation of the toxicant but also by the increased growth rate of the activated-sludge
bacteria due to sodium acetate as a nutrient solution.

3.1.3

Verifying the Results of Activated-Sludge Respiration-Inhibition Testing
using an ORP Electrode

In order to find an alternative sensor and to verify the results for the inhibition of activated
sludge, respiration experiments were carried out using an additional oxidation reduction
potential (ORP) electrode. A measurement curve of the activated-sludge respirationinhibition test is shown in Figure 3-17 r) for reference water and for 3.5 DCP (20 mg L-1)
using an oxygen sensor and an ORP electrode simultaneously. Notably, the ORP is still
increasing at oxygen depletion.
D - 77

The relationship of ORP and oxygen concentrations and the effect that the oxygen
concentration stabilises quickly at low values while the ORP is decreasing slowly in an
activated sludge reactor was reported by Heduit [91].

O2 electrode - NaAc

7

ORP electrode - NaAc
O2 electrode - Synthetic wastewater

O2 electrode - 3,5 DCP (20 mg L )
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Figure 3-17: l) Comparison of EC 50 values for the toxicants: Cr(VI), Cu(II), 3.5 DCP and Zn(II) measuring the
respiration with an oxygen sensor and an ORP electrode using synthetic wastewater or NaAc as a nutrient
solution. The results are presented with standard deviation.
r) Comparison of respiration for reference water and 3.5 DCP (20 mg L-1) with an oxygen sensor and an
ORP Electrode using synthetic wastewater as a nutrient solution.

Figure 3-17 l) compares the EC 50 values obtained with the activated-sludge respirationinhibition test using an oxygen sensor and an ORP electrode. Due to the high conformity of
the results, it was possible to prove that the ORP electrode can be used as an alternative tool
instead of the oxygen sensor to verify the effect of the nutrient on the activated-sludge
respiration-inhibition test.

The standard deviation of the EC 50 values of the oxygen sensor and the ORP electrode for
both tested nutrient solutions is between 0.6 mg L-1 and 1.5 mg L-1. This variation of the
results can be considered a deviation of the activated-sludge inhibition test. No significant
difference of the two different sensors and the tested nutrient solutions was observed.
The relationship of ORP and oxygen concentration in activated-sludge respiration-inhibition
testing originates from the oxidation of carbon sources by the activated sludge heterotrophs,
which consumes oxygen. Heduit [91] conducted tests in a full-scale WWTP to define an
empirical equation for the dissolved oxygen concentration and the ORP. The authors report
that the relationship obeys a Nernst equation. The ORP in activated-sludge inhibition testing
might also be influenced by heavy metals or the ORP ammonia relationship, but these
factors have a minor significance. The high dependence and consistency between the results
obtained when using an oxygen sensor and an ORP electrode can be explained. Thus, we
have succeeded for the first time in conducting activated-sludge respiration-inhibition tests
with an ORP electrode while obtaining similar results using an O2 sensor.
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Anyway, it needs to be considered that the ORP is sensitive to any kind of redox-active
species in the sample, e.g. hydrogen peroxide, sulfite, chlorine and heavy metals. These
compounds can interfere the biological oxidation of the carbon sources by activated sludge
heterotrophs. The ORP is a nonspecific measurement, i.e. the measured potential is
reflective of combination effects of all the dissolved species in the medium.
In order to set a statement about the redox-active species in the sample an abiotic
measurement should be conducted. Any ORP change arising from abiotic processes may be
detected by determining the rate in test mixtures of the toxicant, synthetic waste water and
water, but without activated-sludge. To assess the impact of redox-active species in the
sample further, activated-sludge respiration-inhibition tests using an OPR electrode have to
be carried out.
In an ideal case, the abiotic OPR change can be subtracted from the biotic one to calculate
the toxicity, as it is described in DIN ISO 8192 using following formula:
⎡ ⎛ R − RTA ⎞⎤
⎟⎟⎥ ⋅100
I = ⎢1 − ⎜⎜ T
R
TB
⎠⎦
⎣ ⎝

,

(18)

with:
I
RT
RTA
RTB

percentage inhibition,
the total respiration of the tested substance,
the total respiration of the abiotic process, and
the total respiration of the blank.

Therefore, an ORP electrode can be used as an additional sensor to verify the results. At
least for limited applications the DO sensor can even be replaced by an ORP electrode. The
prerequisite for the unrestricted application of an OPR electrode is the absence of
predominant redox-active species. Also respiration measurements using an ORP electrode
were conducted with using LAR nitrifiers but without obtaining reproducible results. This
can be explained by clogging the pored of the diaphragm with the nitrifiers. In further
experiment an ORP electrode with a ring diaphragm will be used.
The advantage of the ORP electrode over an optical oxygen sensor is its higher cost
efficiency. For online respiration measurements, the inexpensive membrane oxygen sensor
cannot be used, as the activated-sludge bacteria form a biofilm on the membrane, which
increases the maintenance effort. Therefore, the fact that an optical oxygen sensor can be
replaced by an ORP electrode is very valuable to manufactures of online respirometers who
wish to reduce production costs.
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3.2

Activated-Sludge Respiration Inhibition with the Online Respirometer
Biomonitor

This chapter describes experiments conducted to develop an activated-sludge respirationinhibition analyser for the online respirometer, Biomonitor. The Biomonitor measures the
parameter BOC, which can be correlated with BOD5.
To develop the new application, activated sludge respiration-inhibition experiments were
done with the Biomonitor. Toxicants Zn(II), Cu(II), Cr(VI) and 3,5 DCP were selected as
samples to study the inhibiting effects. The influences of TSS concentration and nutrient
solution were investigated on the bacterial growth curve. In addition, we investigated the
influence of the biomass concentration in the cascade, the ASR value and the nutrient
solution have on toxicity measurements. To study the impact of the nutrient solution,
sodium acetate and synthetic wastewater were selected. These tests were done to examine
the influence of the measurement stability and the sensitivity of the measurement procedure.

3.2.1

Nutrient Solution

In general, activated-sludge bacteria need a nutrient source to ensure the survival of the
microorganism. The first experiments determined which dosing rate and what kind of
nutrient solution are needed for toxicity measurements with the Biomonitor.
To use the activated sludge unit for the experiment in the frame of this study, the activated
sludge had to be fed as described below [82]:
The BOD5 value of the tested wastewater has to be higher than 200 mg L-1 to guarantee a
sufficient ASR value of about 1.0 mg L-1 min-1. If the ASR value is lower than 1.0 mg L1
min-1, the feeding of the activated sludge is accomplished with a nutrient solution with a
dosing rate of 10 mL h-1. The nutrient solution is prepared according to the following recipe:
200 g L-1 peptone from casein, 10 g L-1 magnesium sulfate heptahydrate and 25 mL L-1
phosphoric acid (85%).
The first experiments with the Biomonitor showed that the nutrient solution used according
to this procedure was insufficient. Using a dosing rate of the above-mentioned nutrient
solution of 10 mL h-1 resulted in an ASR value of only 0.1 – 0.2 mg L h-1. Hence the activity
of the sludge was too low for respiration-inhibition experiments. Therefore, for toxicity
measurements, the nutrient solution was altered, and synthetic wastewater was used, as
described in Chapter 2: "2.2.2 Biomonitor". The dose was increased from a continuous dose
of 10 mL h-1 to a single dose of 200 mL.
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Due to the alteration of the nutrient solution and the increase of the dosing rate, the ASR
value was increased from 0.1 to 3 mg L-1 min-1. Therefore, a sufficient ASR value for
activated sludge respiration-inhibition experiments was reached.

3.2.2

Growth Curve

The investigation regarding the bacterial growth curve had three objectives:
• to investigated whether the growth of the microorganisms is reproducible,
• to determine the influence of the dilution rate of the biomass concentration in the sludge
recycling on the curve progression; and
• to investigate the influence of the nutrient solution by itself.
In this way, we selected the nutrient solutions peptone and sodium acetate. In the first
experiments, the influence of the biomass concentration on the growth curve was
investigated, as toxicity measurements are influenced by the form and shape of the growth
curve [55, 69, 70].
The chosen dilution factor and the measured TSS values can be found in Table 3-13. Hence
it can be assumed that the dilution rate has a minor influence on toxicity measurements.
The corresponding growth curves are illustrated in Figure 3-18 l). For the experiments, the
nutrient solution (peptone, 150 g L-1, 100 mL) was added to the sludge-recycling unit at t=0
min, and the respirogram was recorded. To compare the several growth curves, the
maximum of the growth curve was normalised to a value of one. This was done because the
maximum growth rate is not relevant to this investigation but the course of the growth curve
is relevant. For all dilution factors, the lag phase was finished after 50 min and the following
exponential phase took 175 min. In conclusion, it can be clearly seen that the course of the
growth curve can be compared with the investigated TSS concentrations. Hence, it can be
assumed that the dilution rate has a minor influence on toxicity measurements.
Table 3-13:

Dilution factor and TSS concentrations

Dilution factor

TSS (g L-1)

1:1
1:2
1:4
1:8

2.15
1.12
0.56
0.26
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Peptone and sodium acetate were selected to study the influence of the nutrient solution.
The impact of the nutrient solution is shown in Figure 3-18 r). The TSS concentration for
both experiments was 1.2 g L-1, and the COD of the peptone and sodium acetate was 180 g
L-1. The nutrient solution was added by a single dose with a volume of 150 mL. When using
peptone as a nutrient solution, the exponential phase started 60 min after the nutrient
solution was added.
In contrast, when using sodium acetate as a nutrient solution, the lag phase was reduced to
10 min. This can be explained by the ready biodegradability of sodium acetate. In
conclusion, different nutrient solutions influence the shape of the growth curve. This point
is used to affect the sensitivity of toxicity measurements in the experiments described in
what follows, since an increased growth rate of the microorganism can be used to increase
the sensitivity to inhibiting substances, as discussed in Chapter 3: "3.1 Studies with the
Activated-Sludge Respiration Test Sensitisation by varying Nutrient Solutions".

Undiluted Sludge
Dilution: 1:2
Dilution: 1:4
Dilution: 1:8

ASR (mg/L/min)

1,0
0,8
0,6
0,4
0,2
0,0
0

50

100
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200
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Figure 3-18: l) Influence of the dilution of the sludge:
green) undiluted sludge; red) dilution 1:2; magenta) 1:4; cyan: 1:8;
r) Influence of the nutrient solution: red) Sodium acetate; blue) Peptone

3.2.3

Validation of Biomonitor Measurements

This chapter determines the comparability of the toxicity measurements with the
Biomonitor and the activated-sludge respiration-inhibitions test according to DIN ISO 8192.
This is necessary to compare the results to an international standardised test.
The most significant difference between both methods is that, to use the Biomonitor as
analyser, the sample is delivered continuously over 30 min into a cascade filled with
activated sludge and the respiration is measured in the gas phase.
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In contrast, the activated-sludge respiration-inhibitions test according to DIN ISO 8192, is
done in an Erlenmeyer flask as a batch experiment. The sample and the activated sludge are
placed into an Erlenmeyer flask with a volume-based ratio of 1:2, and the respiration is
measured in the liquid phase. The results achieved with the Biomonitor and the activatedsludge respiration-inhibitions test according to DIN ISO 8192 are compared and correlated
in this chapter. The relevant parameters according to which both methods differ are
summarised in Table 3-14.
Table 3-14:

Important parameters for activated-sludge respiration test according to DIN ISO 9182 and Biomonitor.

DIN ISO 9182

Biomonitor

-1

TSS concentration
Incubation time
Dosing of Sample
Nutrient Solution
Biomass
Ratio of Sample
Measurement of
respiration
Measurement cell

3gL
30 min
Single dose
Synthetic wastewater
Activated Sludge
50%
Liquid phase

Is not controlled 0.5 – 3 g L-1
30 min
Continuous dosing t = 30 min
Synthetic wastewater
Activated Sludge
Changing due to continuous dosing of sample
Gas phase

Measurement cell

Cascade

Figure 3-19 compares the activated-sludge respiration inhibition (following the DIN ISO
8192) with the results of the Biomonitor. The EC 50 values of the Biomonitor
measurements are higher than the DIN ISO 8192 method. The correlation factors were
ranging from 1.08 - 5.38 for Cr(VI) and 3,5 DCP. Hence, the toxicities of the two methods
cannot be correlated, and it is accordingly difficult to classify the results of the Biominitor.

Furthermore, the calculated CV of both methods shows that the Biomonitor has a higher
deviation from the determined EC 50 values compared to those of DIN ISO 8192. The CV
values for the Biomonitor and the DIN ISO 8192 range from 8.9 – 12.3 and 2.2 – 5.9.
140

Biomonitor - According to DIN ISO 8192
DIN ISO 8192

130
120
110

-1

EC 50 (mg L )
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Figure 3-19: Toxicity measurements of activated sludge:
grey) according to DIN ISO 8192, white) Biomonitor measurement
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With the exception of Cr(VI), the results of the activated-sludge respiration-inhibition test
performed with Biomonitor in accordance with DIN ISO 8192 do not show comparable
results. The correlation factors range from 1.08 and 5.38. This result was expected, as the
measurement procedures of both methods differ significantly, as described above. The most
plausible reason for the lower sensitivity of the Biomonitor (by a factor of up to 5.38) is that
the sample is delivered continuously. This means that at the beginning of the measurement
no sample is in the cascade and is increasing slowly during the measurement time of 30
min. In contrast to the DIN ISO 8192 method, the sample is added by a single dose to the
activated sludge, and the maximum concentration of the toxicant in the sample is reached at
the beginning of the measurement.
Due to the low sensitivity of the Biomonitor measurement compared to that of the DIN ISO
8192 method, the activated-sludge bacteria will be sensitised by altering the nutrient
solution in the following chapter.

3.2.4

Influencing factors of respiration inhibition with the Biomonitor

3.2.4.1 Influence of Nutrients in the Fermenter
For toxicity measurements with the Biomonitor, two specific nutrient solutions were
selected with the aim of sensitising the biological-respiration test. The selected nutrient
solutions are synthetic wastewater (according to DIN ISO 9182) and sodium acetate.
Moreover, the retention of the toxicant in the cascade of the Biomonitor was investigated for
both nutrients by calculating the EC 50 values after a retention time of 30 min and 45 min.

The heavy metals studied for toxicity measurements are Cu(II), Zn(II), Cr(VI). 3.5 DCP was
selected as an organic standard. The measured EC 50 values of this measurement series are
shown in Figure 3-21.
For comparing the nutrient-solution effect on toxicity measurements, a respirogram was
recorded for synthetic wastewater and sodium acetate as a nutrient solution. The toxicities
for both nutrient solutions (of a Zn(II) standard (120 mg L-1) as a toxicant) are shown in
Figure 3-20. The graph clearly shows that the ASR value is more strongly inhibited by
Zn(II) when sodium acetate is used as a nutrient solution compared to synthetic wastewater.
After a retention time of 45 min, the ASR decreased from 1 mg L-1 min-1 to 0.51 mg L-1
min-1 using synthetic wastewater as nutrient. Compared to sodium acetate, the ASR value
reduced to a value of 0.17 mg L-1 min-1.
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Figure 3-20: Respirogram: blue) peptone as nutrient solution, red) Sodium acetate as nutrient solution

Subsequent experiments calculated the percentage inhibition based on the ASR and
determined the EC 50 values for Zn(II), Cu(II), Cr(VI) and 3,5 DCP. The results show that
it is possible to do toxicity measurements with the Biomonitor with a CV of 6-14%, which
is in an expected deviation for a biological test. In addition, it was possible to sensitise the
measurement method by varying the nutrient solution. The highest factor of sensitisation
was determined for Cu(II) with a value of 4.3 after a retention time of 45 min. The lowest
factor of sensitisation was determined for Zn(II) with a sensitisation factor of 2.66.
Another important parameter for the toxicity measurement is the retention time. After a
measurement time of 30 min, the delivery of the sample into the cascade was stopped. The
percentage inhibition was calculated at 30 min and again after 45. This was done to
investigate the delayed effect of the toxicant on the activated sludge. As expected for all
measurements, the EC 50 values increase after a measurement time of 45 min, whereas this
effect is stronger for sodium acetate as a nutrient.
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Figure 3-21: Influence of Nutrients to Biomonitor measurements

The knowledge of the preliminary test using the activated-sludge respiration-inhibition tests
according to DIN ISO 9182 was applied successfully to the Biomonitor. The effect of the
nutrient solutions, synthetic wastewater and sodium acetate, is discussed in Chapter 3: "3.1
Studies with the Activated-Sludge Respiration Test Sensitisation by varying Nutrient
Solutions".

3.2.4.2 Influence of Sludge Concentrations
The effect of activated-sludge concentration on the bacterial growth curve is investigated in
Chapter 3: “3.2.2 Growth Curve”. The influence of the biomass concentration on toxicity
measurements is considered in this chapter. These experiments were done with the
following objectives:

• to determine a valid biomass concentration range for toxicity measurements,
• to achieve sensitisation by altering the biomass concentration, and
• to measure stability regarding the biomass concentration variation.
Therefore, to study the influence of the TSS concentrations on the sensitivity of the
measurement procedure, the EC 50 values for Zn(II) were measured.
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Table 3-15 summarises the dilution factors with the corresponding TSS concentrations and
the determined EC 50 values.
Table 3-15:

Dilution factors, corresponding TSS concentration and the results of the investigation of the
TSS concentrations on respiration inhibition using Biomonitor

Dilution Factor

TSS

EC 50

StDev

CV

[mg L-1]

[mg L-1]

[mg L-1]

[%]

2.8
1.3
0.8
0.5

123
112
108
105

12.792
10.752
13.5
8.715

10.4
9.6
12.5
8.3

1:1
1:2
1:4
1:8

As shown in Figure 3-22, reliable results were obtained for TSS concentrations of 0.5 - 2.8
mg L-1; hence, this can be considered a valid biomass concentration for toxicity
measurement with the Biomonitor. The TSS concentration and respiration-inhibition
relationship are related by a linear function with a slope of 7.8 mg L g-1 and an r2 value of
0.995. In conclusion, the EC 50 values increased gently by 7.8 mg L-1 per 1 g TSS. First,
due to this low influence of the TSS concentration and the high CV of up to 12.5%, the
sensitisation of the measurement procedure is negligible. Secondly, the Biomonitor shows a
high measurement stability regarding the variation of the biomass concentration. This result
can be confirmed by the findings of Vaňková [35] and Larson [74].
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Figure 3-22: Influence of TSS concentration on respiration inhibition using Biomonitor
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3.2.4.3 Influence of the ASR value on the respiration inhibition
The following experiment investigates the influence of the ASR value on respiration
inhibition. For these investigations, a 175 mg L-1 standard Zn(II) was used as a toxicant and
peptone (100 g L-1) was used as a nutrient solution. The appropriate ASR values were
achieved by varying the amount of nutrient solution passed into the sludge recycling of the
Biomonitor, as shown in Table 3-16.
Table 3-16:

Volume of nutrient solution, corresponding ASR values.

Volume nutrient solution

ASRmax
[mg L-1 min-1]

Toxicity
[%]

150

1.9

68.2

100
75

1.68
1.3

71.5
72.6

50

1.05

67.8

The respirograms of the experiments used to investigate the influence of the ASR value on
respiration inhibition are shown in Figure 3-23 l). For a better comparison, the maxima of
the measurement curves were normalised to an ASR value of 1 mg/L/min.
Figure 3-23 r) shows that the normalised respirograms have a similar course; hence, the
volume of the added nutrient solution in the investigated range and the ASR value have no
influence on the respiration-inhibition experiments with the Biomonitor. The determined
toxicity of Zn(II) 175 mg L-1 range from 68 – 73% for all tested ASR values.
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Figure 3-23: Influence of TSS concentration on respiration inhibition using Biomonitor
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3.3

Activated-Sludge Respiration-Inhibition with the Online Respirometer
NitriTox

3.3.1

Validation of NitriTox Measurements

The validation of the NitriTox was performed to determine the reliability and consistency of
the analytical method. In general, analytical equipment has to be validated before its release
to the market and routine use. In section 211.165 (e), the U.S. FDA CGMP [92] requests
that methods validated: "The accuracy, sensitivity, specificity, and reproducibility of test
methods employed by the firm shall be established and documented". This task is
considered in this chapter. In the course of the validation, a round-robin test was done,
which is an inter-laboratory test. A sample with a known concentration was sent to different
laboratories and was analysed independently with the NitriTox. The results of the different
laboratories were compared to produce a statement about the accuracy and reproducibility
of the analyser. In the next step of the validation, the analytical results of the NitriTox were
validated over a period of four years to determine the stability, sensitivity, and the
measurement behaviour of the NitriTox. To assess and classify the sensitivity of the
NitriTox, the measurement results were compared with those of 13 different toxicity
assessment methods. Finally, it was determined whether the measurement procedure can be
standardised to obtain similar results compared to the activated-sludge respiration-inhibition
test according to DIN ISO 8192 [2]. This validation step is essential to creating
measurement results and recognised tests that can be compared to an international standard.
3.3.1.1 NitriTox in-House Round-Robin Test
For validation of NitriTox measurements, an in-house round-robin test was organised in
2013. Thereby, the EC 50 values for Zn(II), Cu(II), 2,4 DCP and TU (Thiourea) were
determined with the NitriTox analysers at LAR AG in Berlin, University Stuttgart and the
AKIZ laboratory. The results of the in-house round-robin test are shown in
Figure 3-24 and summarised in Table 3-17. The measured EC 50 values for Zn(II), Cu(II)
and TU varied by factors of 1 - 2.5. This result was expected, as it is reported in the
literature that the EC 50 values for heavy metals determined by activated-sludge respirationinhibition can vary up to one order of magnitude. For 2.4 DCP, a variation factor of 8.4 was
determined for the results of LAR AG and University Stuttgart. In the literature, the poor
reproducibility of the activated-sludge respiration is known, and a deviation of an order of
magnitude is not uncommon. Therefore, the high variation factor of 8.4 is still within an
acceptable range. In any case this large deviation makes it difficult to predict the influence
of the toxin on activated sludge removal and needs to be improved.
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Figure 3-24: NitriTox results of an in-house round-robin test

Therefore, to reduce and understand this variation, the influencing effects of NitriTox
measurement are investigated in Chapter 3: "3.3.2 Influencing Factors to NitriTox
Measurements".
The variables that can influence NitriTox measurements are parameters which have an
impact on the nitrification rate (activity) of microorganisms such as pH, T, oxygen
concentration in the fermenter, nutrient limitation, and biomass concentration. Furthermore,
we investigated parameters that influence the water chemical equilibrium of the tested
toxicants in the presence of the nutrient solution and their biological degradation product.

Table 3-17:

Results of a NitriTox in-house round-robin test conducted by LAR AG,
University Stuttgart and the AKIZ Laboratory

Zn(II)
Cu(II)
2,4 DCP
TU

LAR AG

University Stuttgart

AKIZ Laboratory

EC 50

EC 50

EC 50

-1

-1

[mg L ]

[mg L ]

[mg L-1]

3
2
2
0.7

1.5
4.9
16.7
0.6

1
4.8
8.5
0.4
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3.3.1.2 Stability of Results over four Years
For validating the NitriTox measurements over a period of four years, EC 50 values of
Zn(II), Cr(VI), Cu(II) and 3,5 DCP were determined in 2013, 2014, 2015 and 2016. The
results of this investigation are shown in
Figure 3-25. It can clearly be seen that the EC 50 values increased significantly from 2013 to
2014 by a factor up to 18 times for Zn(II).

Because of this high factor, it is improbable that this alteration was caused by factors
influencing the nitrification rate or the equilibrium of the chemical speciation. A more
probable reason is an alteration of the bacterial community structure. It needs to be
considered that, during the testing period from 2013 – 2014, in the context of this study the
nutrient solution and the oxygen flow rate were modified. In the case of switching of the
analyser, the biomass was stored in the fridge for weeks.
The alteration of the community structure of nitrifiers due to the modification of pH, O2 and
nutrient solution is described by [67]. Moreover, it turns out that, due to maintenance or
modifications at the water plant, the chlorine concentrations of the tap water increased. This
tap water was used for the nutrient solution; hence, it might have been added into the
fermenter of the NitriTox. In the case of the contamination of the nitrifiers in the fermenter
by chlorine (an inhibition substance), a shift of the bacterial community structure could
occur. An increase of the resistance of inhibiting substances on the nitrifiers could result.
The long-term effect of toxicants and the adaptation of activated-sludge bacteria is
described by Zheng [78] and den Blanken [93].
For this reason, the bacterial culture might have changed during the studies with the
NitriTox. Due to the above-described factors, the results of the individual chapters cannot be
compared. As a consequence of the finding, the investigations of one series of experiments
were performed on one measurement day to exclude effects due to modification of the
bacterial culture.
It must be emphasised that the stability of the fermenter must be ensured. Deviation in the
pH value, temperature, oxygen flow rate and nutrient solution causes a shift of the bacterial
community structure and hence in the sensitivity of the analyser.
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Figure 3-25: Validation of NitriTox results over a period of 4 years

Anyway, the obtained EC 50 values were approximately one order of magnitude higher in
2014 compared to 2013. According to DIN ISO 8192, OECD 209 and TCVN 6226, the
validity range of the nitrification respiration-inhibition test is defined as 0.1 – 10 mg L-1 for
3.5 DCP, hence two orders of magnitude. Placing this deviation in relation to the obtained
NitriTox results, it is obvious that the NitriTox results are in the validity range according to
the international standard norms. In this perspective, it can be stated that the NitriTox results
are scientifically valid results according to DIN ISO 8192. The specified validity range is a
concession to the poor comparability of the activated-sludge respiration-inhibition test. This
fact is not surprising, since the community structure of the heterotrophic and autotrophic
activated-sludge bacteria differs according to the source and is additionally altering over
time. The same reasoning also applies to the Biomonitor.

3.3.1.3

Comparison of Toxicity-Assessment Methods to Determine the Inhibition
of Pollutants on Activated-Sludge Bacteria with the Results of the NitriTox
Analyser
In this chapter, the results of NitriTox measurements were compared with four DIN ISO
methods and with the results of the Biomonitor to determine the inhibition of toxicants on
activated sludge. For comparison, the following biological tests were selected: V. fischerie,
nitrification inhibition (ISO 9509), activated-sludge respiration inhibition (ISO 8192) and
nitrification-respiration inhibition (ISO 8192).
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All results were determined in the frame of this study. The determined EC 50 values for
toxicity testing for Zn(II), Cu(II), Cr(VI) and 3,5 DCP are summarised in Figure 3-26, and
the ranks of sensitivity are presented in Table 3-18, with 1 being the most sensitive and 5
the least sensitive.
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Figure 3-26: Comparison of toxicity EC 50 values for 3.5 DCP, Zn(II), Cr(VI) and Cu(II) of NitriTox and Biomonitor
measurements with the standard methods V. fischeri, nitrification inhibition (ISO 9509), activated-sludge
respiration inhibition (ISO 8192) and nitrification respiration inhibition (ISO 8192)

As described in Chapter 1.2.7, the test with the highest sensitivity is the Vibrio fischeri
bioassay; hence, the statement of Dalzell [27] is confirmed. The bioassay with the second
largest sensitivity is the nitrification-respiration-inhibition test, which is closely followed by
NitriTox measurements. The higher sensitivity of the nitrification-respiration inhibition-test
compared to NitriTox can be explained with reference to the incubation time of the toxicant
with the biomass. This value is 30 min for the nitrification-respiration inhibition-test and
0 min for NitriTox measurements. It needs to be considered that LAR nitrifiers were used
for NitriTox and nitrification-respiration inhibition-test measurements. The Biomonitor
clearly showed the lowest sensitivity of all investigated bioassays.
Table 3-18:

Comparison of bioassay sensitivity

Parameter

Rank of sensitivity

V. fischeri
Respiration inhibition - nitrifiers
NitriTox
Respiration inhibition - activated sludge
Nitrification inhibition
Biomonitor

1.75
2
2.25
4.25
5
5.75
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3.3.1.4

Comparison of EC 50 Values of Activated-Sludge Inhibition-Test from
Literature with NitriTox Measurements
This chapter compares the EC 50 values for 3.5 DCP, Zn(II), Cu(II) and Cr(VI) of NitriTox
measurements with results of activated sludge and nitrification-inhibition testing reported in
the literature. A detailed description of published EC 50 values was done in Chapter 1:
"1.2.8 Comparison of EC 50 Values of Activated-Sludge Inhibition Test". As shown in
Figure 3-26 to Figure 3-30, the EC 50 values of the NitriTox measurements were
compared with the results of AMTOX TM [26], DIN ISO 8192 [1, 41, 27], Oxymx-ER 10
[34], BI-1000 Bioscience [32], Fed-Batch Reactor [36], 5 L Batch Reactor [33], Strathtox
[30] and Baroxymeter [29]. The sensitivity and the incubation time are summarised in
Table 3-19. Each test was ranked 1-7, where 1 indicates the most sensitive test and 7 the
least sensitive. As shown in Table 3-19, NitriTox of LAR Process Analysers AG is the most
sensitive bioassay. The results of NitriTox measurements exhibit the highest sensitivity for
Zn(II) and Cr(VI). The rank score for Cu(II) and 3,5 DCP were 2 and 3, respectively. This is
a remarkable result, since the NitriTox analyser works with the shortest incubation time of 0
min compared to the other bioassays. Hence, the NitriTox is not only the most sensitive
analyser but also the fastest one. It is also noticeable that the published EC 50 value for
Cu(II) of the Baroxymeter is three orders of magnitude higher than the value obtained by the
NitriTox. This summary of published EC 50 values shows that the results of different
respiration-inhibition analysers cannot be compared. The reasons for the high sensitivity
with the low incubation time of 0 min of the NitriTox are the cultivated nitrifiers by LAR
AG. As described in Chapter 2: "2.7 Inoculum - Nitrosomonas stercoris", the LAR nitrifiers
contain a large population of Nitrosomonas stercoris.

Table 3-19:

No.

1
2
3
4
5
6
7
8
9

Comparison of bioassay sensitivity and incubation time

Analytical Method

Rank of Sensitivity

Incubation Time

1.8
2.0
3.3
3.7
3.8
4.0
5.3
6.5
6.5

0
32
30-180
240
180
30
60
5

NitriTox
AMTOX TM
DIN ISO 8192 - Activated Sludge
Oxymax-ER 10
BI-1000 Bioscience
Fed-Batch-Reactor
5 L Batch
Strathtox
Baroxymeter
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Figure 3-27: Comparison of toxicity EC 50 values for 3.5 DCP of the NitriTox measurements with results of BI-1000
Bioscience [32], Baroxymeter [29], Amtox TM [26], Activated-sludge respiration-inhibition test
according to DIN ISO 8192 – using activated sludge and nitrifiers as biomass [1], [41].
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Figure 3-28: Comparison of toxicity EC 50 values for Zn(II) of the NitriTox measurements with results of BI-1000
Bioscience [32], Activated-sludge respiration-inhibition test according to DIN ISO 8192 – using activated
sludge as biomass [27], 5 L Batch Reactor [33] and Oxymax-ER 10 [34]
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Figure 3-29: Comparison of toxicity EC 50 values for Cu(II) of the NitriTox measurements with results of BI-1000
Bioscience [32], Baroxymeter [29], Amtox TM [26], Activated-sludge respiration-inhibition test
according to DIN ISO 8192 – using activated sludge as biomass [27], Strathtox [30], 5 L Batch Reactor
[33] and Oxymax-ER 10 [34]
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Figure 3-30: Comparison of toxicity EC 50 values for Cu(II) of the NitriTox measurements with results of BI-1000
Bioscience [32], Strathox [30], 5 L Batch Reactor [33], Activated-sludge respiration-inhibition test
according to DIN ISO 8192 – using activated sludge as biomass DIN ISO 8192 [38], [27], Baroxymeter
[29], Oxymax-ER 10 [34] and Fed Batch Reactor [36]
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3.3.1.5
NitriTox Measurement according to DIN ISO 8192
Before starting the experiment to influence the results of NitriTox measurements, this
section describes whether it is possible do NitriTox measurement according to DIN ISO
8192. The NitriTox was developed as an online measurement device with the advantages of
a short measurement interval of 15 min and an automatic dosing unit for the nutrient
solution. The dosing rate is calculated by the decreasing pH value of the aerated nitrifiers
and is kept at pH 7.6 by adding the basic nutrient solution, ammonia bicarbonate. The
disadvantage of this application is that the results are not comparable with the results
according to DIN ISO 8192. For this reason, a measurement procedure for the NitriTox that
relies on DIN ISO 8192 was developed for this study.

The activated-sludge inhibition test has four important constants which are different for
NitriTox measurements:
Table 3-20:

Important parameters for activated-sludge respiration test according to DIN ISO 8192 and NitriTox.

DIN ISO 8192

NitriTox

TSS concentration

3 g L-1

Is not controlled 0.5 – 3 g L-1

Incubation time

30 min

0 min

Nutrient Solution

Synthetic wastewater

Ammonium bicarbonate

Biomass

Activated Sludge

LAR nitrifiers

Ratio of Sample

50 %

85 % / 92 %

These five essential values of the procedure of DIN ISO 8192 were transferred to the
NitriTox measurement.
The NitriTox measurements following the DIN ISO 8192 and the results of DIN ISO 8192
are shown in Figure 3-31. The results of the NitriTox measurements are slightly lower than
the results of the standard test. The correlation factor of the NitriTox measurements and the
DIN ISO 8192 varies from the very low values of 1.03 – 1.08; hence, the CV is lower than
the critical value of 10 %. These positive results are expected, since the critical variables of
the activated-sludge respiration-inhibition test such as TSS concentration, incubation time,
composition and concentration of the nutrient solution, inoculum and ratio of the sample
were transferred to the NitriTox measurements.
It can be concluded that the NitriTox measurements and the DIN ISO 8192 are similar.
Hence, it was possible to obtain results according to international standardised activatedsludge respiration-inhibition tests in accord with DIN ISO 8192.
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Figure 3-31: Toxicity measurements to activated sludge: white) according to DIN ISO 8192,
grey) NitriTox measurement according to DIN ISO 8192

In addition, the standard deviations and the CV values were calculated for both methods.
The CV values for the DIN ISO 8192 test vary from 3.6 – 4.2 %, whereas for the NitriTox
measurements they are higher with values from 5.2 - 7.2 %. Hence, the deviation of the
NitriTox measurement is slightly higher but still under 10 %, which is a relatively small
deviation for a biological test.

3.3.2

Influencing Factors to NitriTox Measurements

3.3.2.1
Influence of Nutrient Solution in the Fermenter
The preliminary tests in an Erlenmeyer flask as described in Chapter 3: "3.1 Studies with the
Activated-Sludge Respiration Test Sensitisation by varying Nutrient Solutions" showed a
significant influence of the nutrient solution to the activated-sludge respiration-inhibition
test. For this chapter, these results were transferred to the online-measurement device,
NitriTox. The objective was to increase the sensitivity of the short-time toximeter. The tests
were done using the LAR Nitrifiers and activated sludge. The nutrient solutions investigated
for the LAR Nitrifiers are, in accord with DIN ISO 8192, the standard LAR nutrient
solutions ammonia bicarbonate and synthetic wastewater. Sodium acetate and synthetic
wastewater were used for activated sludge. The results obtained regarding the influence of
the nutrient to NitriTox measurement using LAR Nitrifiers and activated sludge as biomass
are shown in Figure 3-32.
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In this study, it was possible to increase the sensitivity of activated sludge as biomass by
replacing synthetic wastewater with sodium acetate as a nutrient solution. It was determined
in the preliminary study with the activated-sludge respiration-inhibition test according to
DIN ISO 8192.
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Figure 3-32: Influence of Nutrients on NitriTox measurement using
a) LAR Nitrifiers as biomass and ammonia bicarbonate and synthetic wastewater as nutrients;
b) activated sludge as biomass and sodium acetate and synthetic wastewater as a nutrient.

In addition, with the results of the activated-sludge respiration-inhibition test according to
DIN ISO 8192 confirmed, the most significant increase of the sensitivity was obtained for
Cu(II). The high sensitisation factor of 5.4 was determined by using sodium acetate instead
of synthetic wastewater. The EC 50 values were 12.2 mg L-1 and 2.3 mg L-1 using synthetic
wastewater and sodium acetate as nutrient solutions. Sodium acetate also resulted in lower
EC 50 values for Zn(II), Cr(VI) and 3.5 DCP. The sensitisation factors obtained are 2.2, 1.2
and 1.5. This effect is discussed in Chapter 3: "3.1 Studies with the Activated-Sludge
Respiration Test Sensitisation by varying Nutrient Solutions".
In subsequent experiments, the activated sludge was replaced by the LAR Nitrifiers to study
the influence of the nutrients to the sensitivity. Figure 3-32 shows that use of ammonia
bicarbonate led to a lowering of EC 50 values compared to synthetic wastewater. It is
evident that the sensitisation for the LAR Nitrifiers is even higher than it is when using
activated sludge as test organisms, except for Cu(II). The greatest factors of sensitization
were achieved for Zn(II) and Cu(II) with values of 7.2 and 5.0, respectively. As already
determined for activated sludge, lower sensitisation factors for Cr(VI) and 3,5 DCP were
obtained. The values are 1.7 and 1.9.
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Also, sensitisation using nitrifiers can be explained by two effects. The first effect is that
ammonia bicarbonate enhances the maximum growth rate of the nitrifiers [25, 89, 94]. The
second effect is the formation of heavy-metal speciation in the presence of the nutrient
solution [34, 40, 52]. The heavy-metal modifications were calculated for Cu(II). Table 3-10
summarises the theoretically calculated speciation of Cu(II) in the presence of synthetic
wastewater, ammonia bicarbonate and their biological degradation products.
While using synthetic wastewater as a nutrient solution, approximately 99.6 % of the total
Cu(II) concentration exists as the strong complex Cu-(Glycine)2 (Log K = 15.7). Glycine is
a model for peptone, since calculations with peptone cannot be done with the program
MINTEQ. In contrast, for ammonia bicarbonate as a nutrient solution, 52 % is present as
Cu(CO 3 ) 22 − complex (Log k = 10.2) and 38 % as CuHCO 3+ complex (Log K = 6.77). The
remaining Cu is present in several Cu(NH3) modifications.
Hence, the high factor of sensitisation of 5 for Cu(II) using ammonia bicarbonate as a
nutrient can be explained. Cu(II) in the presence of synthetic wastewater forms strong
complexes with the amino acids of peptone. In contrast, the biological degradation products
of ammonia bicarbonate form weaker complexes which are less toxic. The high sensitisation
factor for Zn(II) can also be explained by the same scientific issue. Cr(VI) and 3.5 DCP do
not form any complexes with the compounds of synthetic wastewater or the biological
degradation products of ammonia bicarbonate. Therefore, the low sensitisation factor of 1.71.9 can be explained by the fact that the sensitisation is caused only by the increased growth
rate using ammonia bicarbonate as a nutrient.

Table 3-21:

Theoretical Cu(II) speciation under initial conditions

Synthetic wastewater

Ammonia Bicarbonate

% of total
concentration

Log K

Cu - Glycine +

0.423

8.56

Cu - (Glycine) 2 (aq)

99.577

15.7

Cu species

% of total
concentration

Log K

Cu(CO3 )2

51.79

10.2

Cu(NH3 )2

3.24

-17.5

Cu(

1.70

-11.09

CuCO3 (aq)

38.33

6.8

CuHCO3+ (aq )

1.31

-12.1

Cu3NH23 +

1.70

-15.9

Cu species
2−

3+

)

2+
NH3 2
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3.3.2.2
Influence of pH
The pH value is fundamental to improving the sensitivity of the activated-sludge
respiration-inhibition test. First, the impact of the pH value on the respiration rate of the
nitrifiers was investigated. These experiments were done since the respiration rate is directly
related to the activity of the nitrifiers, which is assumed to affect the sensitivity of the
nitrifiers to toxicants. Secondly, the pH dependent toxicity of the standards 3.5 DCP, Zn(II),
Cu(II) and Cr(VI) were investigated.

The initial fundamental experiments investigated the influence of the pH value in the range
of pH 3-11 on the respiration rate of the Nitrifiers. The results of this measurement series
are shown in Figure 3-33. The diagram shows a linear relationship between the pH value
and the respiration rate with a slope of -0.226 mg L-1 min-1 with an r2 of 0.996. At pH 3, the
Gradient II was 0.332 mg L-1 min-1, and it increased almost one order of magnitude to a
value of 2.15 mg L-1 min-1 at pH 11. As described in Chapter 1: "1.3.2 pH Value", according
to the literature, the optimum conditions for nitrifiers are obtained at pH values of 7 – 9.3
[42-44]. In contrast, the optimum conditions of the LAR nitrifiers (Nitrosomonas stercoris)
are increasing from pH 3 to 11. This derogation can be explained by the fact that
Nitrosomonas stercoris is a bacterial culture which was cultivated at high concentrations of
NH4 and a C:N ratio of 1:1. Thus, differences of optimal growth conditions compared to
Nitrosomonas from a WWTP are to be expected.

Gradient II dependet on pH
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Figure 3-33: Influence of the pH value on the respiration rate
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In succeeding tests, the EC 50 values for Zn(II), Cu(II), Cr(VI) and 3,5 DCP were
determined at the pH values 5, 7, 9 and 11 the results are shown in Figure 3-34. It can be
concluded that toxicities of the heavy metals are decreasing at higher pH values, as was
assumed by van Beelen [56]. The strongest effect was measured for Cr (VI). On the one
hand, EC 50 values of 12.3 mg L-1 and 17.8 mg L-1 were measured at pH 5 and pH 7. On the
other hand, a prompt decrease in inhibition at pH 9 was observed. At this pH value, a 500
mg L-1 Cr(VI) standard did not show an inhibiting effect on the nitrification respiration.
Also for Zn(II), the EC 50 values decreased at lower pH values. Interestingly, there was a
prompt reduction in the EC 50 value observed at pH 7 and pH 9. The corresponding EC 50
values are 40.4 mg L-1 to 60.7 mg L-1. The investigation of the pH value on the inhibiting
effect of Cu(II) and of 3,5 DCP on respiration inhibition also reveal a decrease of the EC 50
value at lower pH values. In both cases, the pH dependence on the EC 50 values exhibits a
linear relationship.
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Figure 3-34: Influence of pH on EC 50 values of NitriTox measurement for Zn(II), Cu(II), Cr(VI) and 3,5 DCP;
with pH values of 5, 7, 9 and 11

As assumed above, the decrease of the toxicity at lower pH values can be explained by
reference to the influence of the pH on the respiration rate (activity) of the nitrifiers and by
reference to the dependence of heavy-metal speciation in the biological test. In general, it
can be assumed that unfavourable conditions such as low pH values lead to an increase of
the sensitivity of toxicants on nitrifiers. For example, the decrease of the EC 50 value for
Cr(VI) from pH 7 to pH 5 can be explained by this effect. However, it was proven with
respect to the strong oxidation ability of Cr(VI) that Cr(VI) was not reduced to Cr(III) in the
measurement cell of the NitriTox at pH 5.
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This can be explained in three ways. First, the colour of the orange dichromate solution did
not change after adjusting the pH to a value of 5. The trivalent Cr(III) forms a green
precipitate at pH 5, as described in Chapter 1: “1.3.5 Formation of Toxicant Speciation”.
Second, the reduction of Cr(VI) to Cr(III) releases oxygen. The abiotic respiration of
chromium at pH 5 was recorded with the NitriTox, and no change of the respiration rate was
detected. Third, Cr(III) is known to be less toxic than Cr(VI) [95, 96]. Hence, Cr(VI) was
not reduced to the less toxic Cr(III) at pH 5.
Another effect to the sensitivity of NitriTox measurements is the dependence of the pH
value on the heavy-metal speciation. This statement can be proven by the immediate
decrease in the toxicity of Cr(VI) from pH 7 – pH 9.
First of all, it was assumed that this phenomenon can be explained by the reduction of
Cr(VI) in an alkaline solution. In the literature, it is known that Cr(III) is less toxic to
nitrifiers [95, 96]. Based on following statements, the reduction of Cr(VI) to Cr(III) in an
alkaline solution can be excluded:
 pH depended colour of the sample
Figure 3-35 shows two Cr(VI) solutions at pH 7 and pH 9 after adding 10% filtered
biomass from the fermenter of the NitriTox. It can be clearly seen that the Cr(VI) solution at
pH 7 is orange and at pH 9 is yellow. The literature describes the fact that the hexavalent
chromium is in a pH-dependent equilibrium in aqueous solution, the orange dichromate and
the yellow chromate. In acidic solutions, the equilibrium is shifted to the orange dichromate.
As sodium hydroxide is added to the orange dichromate solution, the colour turns to that of
the yellow chromate ion. This description agrees completely with the Cr(VI) solutions, as
shown in Figure 3-35. In contrast, Cr(III) would form a green precipitate in an alkaline
solution. This is evidence that the Cr(VI) solution used for NitriTox measurements did not
change the oxidation state.

1

2

Figure 3-35: 1) orange dichromate solution at pH 7; 2) yellow chromate solution at pH 9
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 Determination of the chromate/dichromate equilibrium by UV/VIS spectroscopy
To prove the statement of the influence of the chromate/dichromate equilibrium on the
respiration inhibition to nitrifiers, UV/VIS measurements were done. As shown in Figure
3-36 the UV/VIS spectrums of Cr(VI) in present of the nutrients solution from the NitriTox
fermenter shows two peaks at 360 – 370 nm and at 275 – 265 nm. The sensitivity of both
peaks was decreasing with a lower pH values - additionally, the maxima of the peaks were
shifting to lower wavelength at lower pH values. Hence it was possible to prove that the pH
values under the appropriate conditions have an influence on the Cr speciation. The UV/VIS
spectrum of Cr(VI) at the investigated pH values were compared with the literature and
could prove the effect of the pH value to the chromate/dichromate equilibrium [100].
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pH 8
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Figure 3-36: UV/VIS spectrum of Cr(VI) at pH 6, 6.5, 7, 7.5, 8
in presence of the biological degradation products of ammonia bicarbonate.

 Determination of the Cr(VI) concentration of the standard
The concentrations of Cr(VI) (10 ppm) standards were determined by the diphenyl
carbaside method at pH 7 and pH 9 after adding 10 % of LAR nitrifiers directly from the
fermenter. The diphenyl carbaside is a colourimetric method which is specific for Cr(VI).
Other oxidation states are not detected. In both cases, the measured Cr(VI) concentrations
were 10 mg L-1. Thus, the conversion of Cr(VI) to Cr(III) can be excluded.
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• The theoretical distribution of the predominant chemical species of Cr(VI)
As described in Chapter 1:"1.3.5 Formation of toxicant Speciation", for the reduction of
Cr(VI) to Cr(III) in an alkaline solution, it is necessary to lower the ORP of the sample,
which was not done in these experiments. Hence, a reduction of the Cr(VI) standard in an
alkaline solution is unlikely. In addition, Cr(III) is not soluble in an alkaline solution and
forms a green precipitate [65]. As shown in Figure 3-35, the solution at pH 9 is clear and
yellow. For these reasons, the change of the oxidation state in an alkaline solution can be
excluded.
In conclusion, it was proven by three independent methods that Cr(VI) does not change its
oxidation state in an alkaline solution. A more likely reason for the vanishing toxicity of
Cr(VI) in an alkaline solution is the chromate-dichromate equilibrium, as described in
Chapter 1: "1.3.5 Formation of toxicant Speciation". To my knowledge, this is the first time
that a vanishing toxicity of Cr(VI) in an alkaline solution on nitrifying bacteria has been
reported. Another novelty is that this effect was associated with the chromate-dichromate
equilibrium.
This information can be applied to the nitrification process of wastewater that is highly
polluted with Cr(VI). Biological nitrogen removal would be inhibited at a neutral pH, but it
would not be affected at a pH of 9. This makes nitrification of wastewater with high Cr(VI)
concentrations possible.

3.3.2.3
Influence of Temperature
Another crucial parameter that affects the results of the NitriTox is temperature [57, 58].
First, we investigated the influence of the temperature on the nitrification rate in the range
of 10 °C – 40 °C and hence the activity of the nitrifiers. As illustrated in Figure 3-37, the
relationship of temperature and nitrification can be expressed as a linear function in the
investigated temperature range. The slope is -0.0538 (mg L-1 min-1) T-1 with an r2 of 0.997.
At 10 °C, Gradient II was -0.369 mg L-1 min-1. It increased to a value of -2.15 mg L-1 min-1
at a temperature of 40 °C.

This result is in a good agreement with the finding of Groeneweg [61], the authors
published a linear function of the temperature in the range of 0 – 35 °C.
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Figure 3-37: Influence of the temperature on the respiration rate - simultaneous online measurement curve of
temperature and the respiration rate at the inlet of the WWTP in the IZ Hoa Khanh

Subsequent experiments investigated the influence of the temperature on the inhibition of
3.5 DCP, Zn(II), Cu(II) and Cr(VI). As shown in Figure 3-38, the results trend to lower EC
50 values at higher temperatures for the studied heavy metals. For the organic standard 3.5
DCP, however, exactly the opposite effect was determined.
The strongest effect of the temperature on NitriTox measurements was determined for
Cu(II). The factor of sensitisation from 10 °C to 40 °C was 3.2, and the corresponding EC
50 values are 31.7 and 12.5. The factors of sensitisation from 10 °C to 40 °C for Zn(II) and
Cr(VI) were 2.6 and 1.5, respectively. The associated EC 50 values for Zn(II) are 25.1 and
9.6. For Cr(VI), they are 70.3 and 47.9. In contrast, the organic standard 3.5 DCP did not
exhibit a sensitisation of the nitrification inhibition at higher temperatures. The EC 50
values of 10 °C to 40 °C increased from a value of 17.9 to 25.5. The factor of sensitisation
was 0.7.
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Figure 3-38: Influence of temperature on EC 50 values of NitriTox measurements
for Zn(II), Cu(II), Cr(VI) and 3,5 DCP¸ with temperatures of 10, 25 and 40 °C

As already noted in the case of the influence of pH on NitriTox measurement, the effect of
the temperature can be explained by two factors. The first is the influence of temperature on
the nitrification rate [59]. The second is the dependence of the heavy-metal speciation on
temperature [60]. Increasing temperature results in a higher respiration rate of the nitrifiers
and hence in higher biological activity. It can be assumed that the sensitivity of the nitrifiers
increases at lower temperatures, since unfavourable conditions for the nitrifiers usually lead
to a higher sensitivity of toxicants. Thus, the sensitivity of 3.5 DCP decreases at higher
temperatures. In contrast, the sensitivity of the investigated heavy metals increases at lower
temperatures; hence, the activity of the nitrifiers, influenced by the temperature, has a minor
effect.
A greater impact on the sensitivity of the nitrification inhibition might be caused by the
influence of temperature on heavy-metal speciation. For all tested heavy metals, a more
toxic speciation was formed at higher temperatures. With the program MINTEQ 1.2, the
influence of the temperature on the chromate/dichromate equilibrium was calculated for
10°C, 25 °C and 40 °C. As shown in Figure 3-39, the concentration of the non-toxic
chromate on nitrifiers decreases at higher temperatures. The toxic dichromate increases.
Therefore, the sensitisation of the nitrification inhibition by Cr(VI) at higher concentrations
can be explained.
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Cr Species Distribution (%)

Also, the heavy-metal speciation of Cu(II) and Zn(II) in the presence of the biological
degradation products of ammonia bicarbonate was calculated at the appropriate
temperatures, but without clear results. Therefore, the results are not shown. But also for the
Cu(II) and Zn(II) measurements, it can be assumed that the concentrations of the free heavymetal ions or more toxic speciation is higher at increased temperatures. In conclusion, it is
possible to increase the sensitivity of the NitriTox by increasing the temperature for the
investigated heavy metals.
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Figure 3-39: Dependence of temperature on chromate/dichromate equilibrium

3.3.2.4
Influence of Biomass Concentration
The biomass concentration is another important parameter for the inhibiting effect of a
toxicant on the test organisms.
The experiments were done with a TSS concentration of 0.8 g L -1 and 1.5 g L-1 in the
fermenter. In addition, the ratio of biomass/sample in the measurement cell was set to 5 %,
10 % and 15 %. The resulting EC 50 values characterising the influence of the TSS
concentration on the respiration inhibition are shown in Figure 3-40. First, I will focus on
the effect of the biomass ratio in the measurement cell for a TSS concentration of 0.9 g L-1.
It is evident that the sensitivity of the NitriTox decreases with higher ratios of biomass in
the measurement cell. This effect is more noticeable for Cr(VI) than for the other tested
toxicants.
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The EC 50 values were 39.4, and 95.8 mg L-1 with the biomass ratios of 5 and 15 %,
respectively. The calculated factor of sensitisation was 2.4. A relatively high influence of
the biomass ratio on the respiration inhibition was found for Cu(II) with a factor of
sensitisation of 1.8. The EC 50 value decreased from 25 to 13.8 mg L-1. Weak effects of the
biomass concentration on the toxicity test were found for Zn(II) and 3.5 DCP with a factor
of sensitisation of < 1.25.
The same trend shows the results with a TSS concentration of 1.5 g L-1, as shown in Figure
3-40. The factors of sensitisation for Cr(VI), Cu(II), Zn(II) and 3,5 DCP were 2.0, 1.4, 1.25
and 1.22, respectively.
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Figure 3-40: Influence of biomass concentration in the fermenter and the measurement cell on EC 50 values of
NitriTox measurements for Zn(II), Cu(II), Cr(VI) and 3,5 DCP:
a) with a TSS concentration of 1.5 g L-1 in the fermenter and the ratios of 5, 10, 15% biomass in the
measurement cell;
b) with a TSS concentration of 0.8 g L-1 in the fermenter and the ratios of 5, 10, 15% biomass in the
measurement cell.

The results of this study show that biomass concentration has an effect on the respiration
inhibition. This finding confirms the results of Vaňková [35], who also found that the EC 50
value decreases at lower TSS concentrations.
But this effect is subordinated for Cr(VI) to other effects.
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A stronger effect for Cr(VI) is the pH change of the sample due to the addition of the
biomass from the fermenter into the measurement cell. The pH value of the sample was 7
and the pH of the biomass 7.6. The pH values of the Cr(VI) standard in the measurement
cell after adding 0, 5, 10 and 15 % biomass are summarised in Table 3-22. This
investigation shows that the pH value increases from pH 7 to 7.5 after 15 % biomass is
added into the measurement cell. As described in Chapter 3: "3.3.2.2 Influence of pH", the
pH value is an essential parameter for the Cr(VI) measurement due to the pH-dependent
chromate-dichromate equilibrium in this pH range. The previous chapter notes that the
Cr(VI) was toxic at pH 7 but that the inhibitory effect vanished at pH 9.
Table 3-22:

pH values in the measurement cell with 0, 5, 10 and 15 % Biomass

Ratio Biomass [%]

pH in the measurement cell

0

6.98

5

7.22

10

7.34

15

7.48

3.3.2.5
Influence of Incubation Time in the Measurement Cell
The literature reports that an increase of incubation time leads to a higher inhibition of the
toxin with respect to the test organisms [2, 41]. This chapter applies this knowledge to the
online respirometer NitriTox using LAR nitrifiers and activated sludge as test organisms.
For this study, the EC 50 values for Zn(II), Cu(II), Cr(VI) and 3,5 DCP were determined
with incubation times of 0 and 30 min. The incubation time of 0 min is the standard setting
of the NitriTox. The results are shown in Figure 3-41. It can be concluded that an increase
of the incubation time in the measurement cell of the NitriTox results in a decrease of the
EC 50 value for activated sludge and nitrifiers. Therefore, the claim of the literature that
sensitisation of the biological test can be achieved by increasing the incubation time is
confirmed.

For activated sludge as biomass, the highest factor of sensitisation was obtained for 3.5 DCP
with a factor of sensitisation of 2.7. The heavy metals tested showed a high comparability of
the factor of sensitisation with a factor of 1.8 for Zn(II), Cu(II) and Cr(VI). This fact renders
the results very plausible.
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For nitrifiers as test organisms, the highest factor of sensitisation was obtained for Zn(II)
with a factor of 2.2. The other factors of sensitisation for 3,5 DCP, Cu(II) and Cr(VI) were
1.8, 1.6 and 1.3, respectively. The factors of sensitisation for activated sludge and nitrifiers
are comparable.
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Figure 3-41: Influence of the incubation time in the measurement cell on EC 50 values of NitriTox measurements for
Zn(II), Cu(II), Cr(VI) and 3.5 DCP; with an incubation time of 0 and 30 min;
l) activated sludge, r) nitrifiers

The EC 50 value characterising the toxicity of a test substance is substantially influenced by
the time during which the toxic substance acts on microorganisms. As expected, a longer
incubation time results in a lower EC 50 value.
Compared to the other heavy metals tested, the high factor of sensitisation of 3.5 DCP of 2.7
for activated sludge can be explained by appealing to the absorption effect of the toxicants
with the biomass. The lower sensitisation factors for the investigated heavy metals might be
due to precipitation of the heavy metals as oxides due to aeration. Alternately, it might be
due to the formation of less toxic heavy-metal speciation. Another effect which needs to be
considered is the pH change of the sample during the 30 min incubation during aeration. As
described in Chapter 0, aeration of the sample causes the carbonates to form bicarbonate,
which consumes H+ ions to create carbonic acid, which causes an increase in the pH value.
The effect of the pH value for nitrifiers as biomass is described in Chapter 3: "3.3.2.2
Influence of pH". It was concluded that an increase in the pH value results in a higher EC 50
value. In conclusion, there are two contradictory effects:
• decrease of the EC 50 value due to a longer incubation time, and
• increase of the EC 50 value due to aeration during the incubation and increase of the pH
value.
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Thus, the second factor is less important, as a longer incubation time cause sensitisation. In
conclusion, the sensitivity of the NitriTox is improved by increasing the incubation time
from 0 min to 30 min. Therefore, it must be considered whether a fast measurement
response or a higher sensitivity is desired.

3.3.2.6
Influence of Incubation Time during the Respiration Measurement
The EC 50 value characterising the toxicity of a test substance is substantially influenced by
the time during which the toxic substance acts on the microorganisms.
The experiments were performed to determine the influence of incubation time during the
respiration measurement. The respiration measurement starts after the addition of the
biomass from the fermenter into the measurement cell and the respiration rate is recorded.
For NitriTox measurements, the respiration measurement is called Measurement Phase II
(MP2). The hypothesis is that a higher residence time gives the inhibitor more time to
"react" and, hence, that an increase in the sensitivity is to be expected.
The influence of retention time was examined in the MP2 on toxicities for Zn(II), Cu(II),
Cr(VI) and 3.5 DCP. Figure 3-42 illustrates the EC 50 values of the tested substances with
exposure times of 180 s, 300 s and 420 s. The exposure time of 180 s is the standard setting
for the NitriTox. The resulting EC 50 values for the organic substance 3.5 DCP and Cr(VI)
show that there is a minor effect after a retention time of 420 s. The factor of sensitisation
for both substances is < 1.05. Zn(II) also shows a low factor of sensitisation of 1.15 after a
retention time of 420 s.
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Figure 3-42: l) Influence of exposure time during the measurement Phase II on EC 50 values of NitriTox
measurements for Zn(II), Cu(II), Cr(VI) and 3,5 DCP
with a period of measurement Phase II of 180, 300 and 420 s;
r) respirogram of NitriTox measurements for reference water and Cu(II) 10 mg L -1
with a period of measurement Phase II of 420 s.
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Interestingly, there was a strong effect of the exposure time for Cu(II). While a toxicity of
0% was measured for a 10 mg L-1 standard at 180 s, the toxicity increased to 35 % after
300 s. For Cu(II), the largest differences were obtained between EC 50 values of exposure
times 180 and 420. The factor of sensitisation was 4.23. For visualisation of the exposure
time to the toxicity measurement, the respirogram of Cu(II) and reference water are shown
in Figure 3-42. The figure clearly shows that reference water and Cu(II) 10 mg L-1 are
roughly parallel until a measurement time of 400 s (exposure time in measurement Phase II
190). After this period, Cu(II) 10 mg L-1 has an inhibiting effect on the nitrifiers in the
measurement cell. With the standard setting of the NitriTox with the exposure time of 180 s,
a Cr(II) 20 mg L-1 is not toxic.
In conclusion, contrary to expectations, the increase of the retention time from 180 s to 420
s results in a minor increase of nitrification inhibition for Cr(VI), Cu(II) and 3,5 DCP. The
low factors of sensitisation range from 1.03 to 1.15. This effect can probably be explained
by the fact that a higher residence time gives the inhibitor more time to affect the nitrifiers.
The high factor of sensitisation for Cu(II) must be a second influence on the retention time
of the toxicity measurement. As described in Chapter 3: "3.1 Studies with the ActivatedSludge Respiration Test Sensitisation by varying Nutrient Solutions", Cu(II) forms
carbonate and ammonia complexes after biomass is added. One reason for the delayed
inhibiting effect of Cu(II) on nitrifiers could be that the Cu(II) speciation yields more toxic
species during the measurement. Therefore, for specific applications such as Cu(II), the
sensitivity is highly influenced by the exposure time during the respiration measurement. To
strengthen this hypothesis the heavy speciation for Zn(II) and Cu(II) were calculated in
presence of the biological degradation products of ammonia bicarbonate using the program
MINTEQ 3.1. The results of the calculation are shown in Table 3-23. It can be clearly seen
that the main portion of Cu(II) forms complexes with ammonia and carbonate. Only 2 % of
Cu(II) is present as the free ion, which is the most toxic speciation.
In contrast, the percentage of the complexed Zn(II) speciation is only 13.1 % and of the free
ion 76.9 %. As described in Chapter 3: "3.3.2.2 Influence of pH", Cr(VI) is present as
dichromate at pH 7 and does not form any speciation with the biological degradation
products of ammonia bicarbonate.
Therefore, it can be assumed that the delayed inhibiting effect for Cu(II) is caused by the
high proportion of the ammonia and carbonate complexes, which form the more toxic Cu2+
species during the measurement. This effect has a minor significance for Zn(II) and Cr(VI),
since these heavy metals are present in a high proportion as the free ion already. So, for
specific applications such as Cu(II), the sensitivity is highly influenced by the exposure time
during the respiration measurement.
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Table 3-23:

Theoretical Cu(II) and Zn(II) speciation under initial conditions

Zn-speciation
Zn species

Zn 2 +
ZnHCO 3+
ZnCO 3 (aq )

% of total
concentration

Cu-speciation
Log K

Cu species

Cu 2+

76.9

Log K

2.0

7.2

4.76

ZnNH

2+
3

1.2

-20.9

)
)
Cu(
2+
Cu(NH3 )2

ZnNO

+
2

4.1

0.78

CuCO3 (aq )

38.33

6.8

CuHCO3+ (aq)

1.31

-12.1

Cu3NH23 +

1.70

-15.9

9.8

11.8

Cu(

% of total
concentration

2−
CO3 2
3+
NH3 2

51.79

10.2

3.24

-17.5

1.70

-11.09

3.3.2.7
Influence of the O2 Concentration in the Fermenter
This chapter investigates the sensitivity of the measurement method and the DO
concentration in the fermenter regarding the dosing rate of the nutrient solution.

Oxygen concentration is an important control on nitrification rate [47] and should be
maintained at 0.5 – 4 mg L-1 for optimum nitrification rates [68]. As described above, the
nitrification rate influences the sensitivity of the activated-sludge respiration tests. The first
experiment investigated the influence of the DO concentration in the fermenter on the
dosing rate of the nutrient solution ammonia bicarbonate nitrification rate. The dosing rate
of the nutrient solution is in direct relationship with the nitrification rate. The aeration rates
for the fermenter were set to 50 L h-1 and 5 L h-1. The corresponding DO concentrations
were 2.6 mg L-1 and 0.1 mg L-1 and the dosing rates were 150 mL h-1 and 8 mL h-1. This
suggests that the nitrification is under optimum conditions while using an aeration rate of 50
mL h-1 and that conditions are not optimal at 5 L h-1, compared to the data from literature
[68]. In addition, the airflow rate of the fermenter has a strong influence on the DO
concentration and hence on the nutrient solution dosing rate. The nutrient solution
consumption is 19 times lower with a lower air flow rate, which is more cost and resource
efficient for the analyser’s operation. To increase the cost and resource efficiency of the
NitriTox, the DO concentration should be reduced to 1.5 mg L-1. It must be considered that
a lower flow rate leads to a reduced biomass produced in the fermenter. Moreover, the
community structure of nitrifying bacteria depends on the oxygen concentration [67], which
has an influence on toxicity measurements.
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Table 3-24:

Air flow rates, the corresponding O2 concentrations in the fermenter
and the dosing rates of the ammonia bicarbonate solution

Air Flow rate for Fermenter
-1

O2 concentration fermenter
-1

Dosing Rate Nutrient solution

50 L h

2.6 mg L

150 mL h-1

5 L h-1

0.1 mg L-1

8 mL h-1

The next experiment concerns the influence of the aeration rate on the sensitivity of toxicity
measurements. For this study, the toxicants 3.5 DCP, Zn(II), Cu(II) and Cr(VI) were
selected. The results are shown in Figure 3-43. The resulting EC 50 values indicate that a
clear increase in the sensitivity of the nitrifying bacteria can be achieved by using a lower
aeration rate for the fermenter.
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Figure 3-43: Influence of the aeration rate in the fermenter on EC 50 values of NitriTox measurements
for Zn(II), Cu(II), Cr(VI) and 3.5 DCP - with an aeration rate of 5 L h-1 and of 50 L h-1.

The highest influence was determined for the toxicant Zn(II) with a factor of sensitisation of
1.8. The EC 50 value decreased from 41 mg L-1 to 23 mg L-1 with an aeration rate of 50 mL
h-1 and 5 mL h-1, respectively. The factors of sensitisation for Cu(II) and Cr(VI) were quite
similar: 1.4 and 1.3. The EC 50 value for Cu(II) decreased due to a lower aeration rate from
50 mg L-1 to 36 mg L-1 and for Cr(VI) from 33 mg L-1 to 26 mg L-1. The variation of the CV
of the individual EC 50 values is negligible.
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O2 reduction and hence also nutrient solution limitation sensitised the NitriTox
measurements by a factor of 1.3 to 1.8. This result is in contrast to that reported in the
literature, according to which a nutrient deficiency might lead to a decrease in sensitivity
[72, 73] due to the reduction of the growth rate of the microorganisms. However, the
previous results of this study indicate that unfavourable conditions for the nitrifiers usually
results in a higher sensitivity to toxins. The sensitisation of the NitriTox measurements can
thus be explained.
In summary, the decrease of the aeration rate of the fermenter achieved remarkable results.
Due to the DO limitation, the dosing rate of the nutrient solution was decreased by a factor
of 19, and the sensitivity was increased by a factor of 1.8.
3.3.2.8
Adaption and Alteration of the Community Structure of Nitrifiers
As described before, the community structure of nitrifying bacteria depends on the pH
value, temperature, oxygen concentration and substrate [67, 77]. To ensure a defined
nitrifiers inoculum in the fermenter of the NitriTox, these parameters are maintained at a
constant level for the standard measurement procedure (pH 7.6, T 28°C, oxygen flow rate
50 L h-1, substrate ammonia bicarbonate). Fluorescent in-situ hybridisation testing proved
that the Nitrosomonas stercoris is the main species in the nitrifying community of the LAR
AG nitrifiers. This community structure was stable under standard conditions over the tested
period of three years at LAR Process Analysers AG in Berlin. Additionally, for quality
assurance, the standards ATU 0.25 mg L-1 and Zn 1.5 mg L-1 must be analysed to prove that
NitriTox measurements provide reproducible results. These concentrations were selected to
achieve the EC 50 values of the appropriate standard. If the coefficient of variation is higher
than 10 %, the activated sludge should be discarded and new biomass from LAR AG should
be obtained.

In the frame of this study during the experiment in Vietnam, the oxygen concentration, the
substrate, and the pH value were modified; hence, an alteration of the community structure
of the nitrifiers in the fermenter of the NitriTox is highly probable. Since a change of the
community structure influences the toxicity measurement, the measurement results of the
individual chapters cannot be compared.
3.3.2.9
Optimum Conditions for the Sensitisation of NitriTox Measurements
To increase the sensitivity for NitriTox measurements, the nutrient solution, temperature,
incubation time, retention time in measurement Phase II, biomass concentration, airflow in
the fermenter and pH value were altered.
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To give an overview of the results, the conditions resulting the highest and lowest
sensitivity for NitriTox measurements are summarised in Table 3-25, which also shows
averages of the sensitisation factors. It can be summarised, that under optimum conditions
for the microorganism, higher levels of toxicants can be tolerated. Under non-optimum
conditions the microorganisms were more sensitive to the investigated toxicants.

Table 3-25:

Optimum and non-optimum conditions for NitriTox measurements

Variation Parameter

Microorganisms

Factor of

Sensitivity
High

Sensitisation
Low

Nutrient solution

nitrifiers

Ammonia
bicarbonate

Nutrient solution

activated sludge

Sodium acetate

Synthetic wastewater

2.6

nitrifiers

40 °C

10 °C

2.2

activated sludge

30 min

0 min

2.0

Retention time MP 2

nitrifiers

420 s

180 s

1.9

Incubation time

nitrifiers

30 min

0 min

1.7

Biomass concentration

nitrifiers

5%

15%

1.7

Temperature
Incubation time

4.0
Synthetic wastewater

Airflow of aeration for
fermenter

nitrifiers

5 L min

50 min

pH value (Cr(VI) is not
included)

nitrifiers

5
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3.3.3

-1

-1

1.5
1.2

Influence of Sample Matrix

3.3.3.1
Influence of Nutrients
For the stability of the measurement method of the NitriTox, it is important to understand
what factors influence the activity of the LAR Nitrifiers in the measurement cell. Online
measurements of real samples show an increase of activity up to 20 %. I first supposed that
nutrients would increase the activity of the nitrifiers. For this reason, I investigated the
influence of the nutrients PO4, NH4, SO4, synthetic wastewater, glucose, nutrifloc and CO3
at concentrations of 1 mg L-1 – 1000 mg L-1 and with different C:N of the nutrients. In this
way, I considered the influence of the nutrients on the activity of the nitrifiers and hence the
respiration rates. In addition, I investigated whether SO4 has in influence on the toxicity
measurements of the standards Zn(II), Cu(II), Cr(VI) and 3.5 DCP.
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None of the tested nutrients show an activating function of the biomass in the measurement
cell during the measurement procedure; hence, they have no influence on the stability of the
NitriTox measurement regarding an increase of the activation of the respiration of the
Nitrifiers.
In addition, the experiments that investigated the influence of SO4 on the toxicities of the
standards Zn(II), Cu(II), Cr(VI) and 3,5 DCP show no influence of the nutrients on the
toxicities.
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Figure 3-44: Influence of SO4 concentrations in the sample on EC 50 values of NitriTox measurements
for Zn(II), Cu(II), Cr(VI) and 3,5 DCP - with 0 and 1000 mg L-1 SO43-.

This result was unexpected, because, in general, tested wastewater samples neutralised at
pH 7 exhibited a higher Gradient In measurement Phase II than reference water. Based on
these results, however, the possibility can be excluded that activation occurs due to the
presence of nutrients. There must be another reason for it. As described in Chapter 3:
"3.3.2.2 Influence of pH", the pH value has a significant influence on the activity of the
nitrifiers. For this reason, this parameter was monitored during aeration in the presence of
nutrients. The first experiments were done with a wastewater sample from the effluence of
the WWTP of a seafood factory. It was noticed that, due to the aeration of the sample, the
pH value increases from pH 6.95 – 7.63 after an aeration of 30 min, as shown in Figure
3-45. This caused an increase of Gradient II from 0.462 to – 0.84 mg L-1 min-1. Further
experiments proved that the wastewater sample of the seafood factory had a high content of
275 mg L-1 inorganic carbon, which increases the pH value by the reactions as described in
Chapter 1: "1.3.11.2 pH Change of Substances under Aeration".
D - 118

This has a great practical relevance, because, in general, samples need to be aerated before
toxicity measurements. The shortest measurement interval is 15 min, and for offline samples
a threefold determination is necessary, which gives an aeration time of 45 min. As shown in
Figure 3-45, during an aeration time of 45 min, the pH value would have increased from pH
7 to pH 7.8, which results in an increase of Gradient II from 0.462 to – 1.1 mg L-1 min-1. In
this case, toxicities up to 58% at pH 7.8 cannot be detected because the activating effect of
the high pH value and the inhibition of a toxin would cancel each other.
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Figure 3-45: Influence of aeration of the sample on the pH value and the Gradient II (l), simultaneous online
measurement curve of pH (black) and the respiration rate (blue) at the inlet of the WWTP in the IZ Hoa
Khanh

3.3.3.2
Influence of Particles and Filtration
This chapter considers the influence of particles on the NitriTox measurements. It was
assumed initially that particles could have an activating effect on nitrifiers, which would
increase the respiration rate and reduce the toxicity. The second assumption was that the
suspended particles absorb toxicants and that the particles form a thin layer on the filter
paper during the high-pressure filtration and would therefore absorb the toxicant.
Therefore, the EC 50 values of the chosen toxicants were determined before the addition of
Kaolin, after the addition of Kaolin, and after pressure filtration of the sample.
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Figure 3-46: Influence of particles and filtration of the sample on NitriTox measurements on EC 50 values
of NitriTox measurements for Zn(II), Cu(II), Cr(VI) and 3,5 DCP;
a) without kaolin;
b) with 0.5 g L-1 kaolin before filtration;
c) with 0.5 g L-1 kaolin after filtration

The influence of particles and filtration was determined for Zn(II), Cu(II), Cr(VI) and 3.5
DCP. As a model substance for particles, the insoluble mineral Kaolin was chosen and
suspended in the samples with a concentration of 0.5 g L-1. The results of the toxicity
measurements are shown in Figure 3-46. It can be concluded that suspended solids in the
form of kaolin have no effect on the results. The particles do not have an activating effect on
the nitrifiers in the measurement cell. Also, the absorption of the toxicant on the particles
plays a minor role. In contrast to the samples with suspended kaolin, the EC 50 values of the
filtered samples increased due to the formation of a Kaolin layer on the filter paper, which
absorbs the toxicants. Hence, the EC 50 values increased by factors of 1.1 to 1.5 after the
filtration.
3.3.3.3 Influence of H2O2 and Sulfite
The NitriTox measurement is based on the respiration of nitrifiers. Since H2O2 decomposes
to H2O and O2, it interferes with respiration measurements. H2O2 is commonly used in the
chemical wastewater treatment (advanced oxidation processes) to remove heavy metals
from the wastewater [97]. Therefore, a procedure was developed to remove H2O2 from the
sample without reducing and precipitating the toxic heavy metals of the wastewater.
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Many standard methods of H2O2 composition are based on the reduction of H202 (e.g.,
KMnO4, sulfite) and are not suitable for sample preparation for NitriTox measurements,
because these reduction agents would also reduce and precipitate the dissolved toxic heavy
metals. For this reason, MnO2 was chosen for H2O2 removal, which is based on a catalytic
H2O2 decomposition and hence does not reduce the heavy metals in the sample [98].
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Figure 3-47: NitriTox measurement of a real sample in the presence of H 2O2;
a) reference water, b) sample before H2O2 sample with 0 % biomass,
c) sample before H2O2 sample with 15 % biomass, d) sample after H2O2 removal

During the measurement campaign with the mobile laboratory at Groz-Beckert, samples
were taken after the chemical treatment of the wastewater of the galvanisation. The
chemical treatment of wastewater contaminated with heavy metals is done with H2O2.
Respirograms of the treated and untreated wastewater were recorded with the NitriTox, as
shown in Figure 3-47. The respirograms of the sample before H2O2 removal show an
increase of oxygen concentration up to 10.3 mg L-1 and a decrease after 120 s before the
biomass is added. To investigate the respiration of H2O2, a respiration measurement of the
sample was done without adding biomass. This behaviour is typical for a H 2O2contaminated sample. Respiration measurement is thus not possible; therefore, the H2O2
needs to be removed. A respirogram of the sample after the H2O2 removal was compared
with reference water. As shown in Figure 3-47, both curves have the same shape, which is
evidence that H2O2 removal succeeded.
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Another common chemical used for advanced oxidation processes is the strong reduction
agent sulfite, which is used for heavy-metal precipitation in wastewater treatment. As
described in Chapter 1: "1.3.11.1 Oxygen-Producing and Oxygen-Consuming Substances",
sulfite is an oxygen-consuming compound and hence interferes with the respiration
measurements of the NitriTox. The sample preparation of sulfite-containing samples was
applied for the wastewater of the company Groz-Beckert. The heavy-metal-containing
wastewater at Groz-Beckert is purified by sulfite precipitation. For this reason, the treated
wastewater is contaminated with sulfite, which makes respiration measurement impossible.

Respiration Rate Abiotic (mg/L/min)

To analyse the toxicity of the sulfite-containing samples, a procedure was developed to
remove this oxygen-consuming compound by aeration of the sample at pH 2 for 60 min
followed by neutralisation.
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Figure 3-48: NitriTox measurement of a sample with a high sulfite concentration; abiotic respiration rate due to sulfite,
while aeration at pH 2.

During sulfite removal by aeration, the abiotic respiration rates were determined for 50 min
every 10 – 15 min with the NitriTox. The corresponding respiration rates are shown in
Figure 3-48. The respiration rate of the not pre-treated (t=0 min) sample shows an abiotic
respiration rate of -0.98 mg L-1 min-1. It was reduced during aeration of the sample to a
respiration rate of 0.0 mg L-1 min-1. The relationship of the aeration time to the abiotic
respiration follows a linear function. It can be concluded that a sample contaminated with
sulfite was successfully prepared by aeration of the sample at pH 2 for 60 min.
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This information concerning H2O2 and sulfite removal was applied for toxicity measurement
to assess the wastewater-treatment plant at Groz-Beckert. Without pre-treatment of the
sample, a respiration inhibition analysis would not have been possible.
After sample preparation by H2O2 and sulfite removal, I succeeded in measuring the
toxicities before and after chemical treatment. The wastewater analysis of the chemical
WWTP revealed a toxicity of 76 % that decreased to 0 % after treatment. In a further
investigation, ICP analysis revealed that the heavy metals were removed to concentrations
lower than the legal limit as defined by QCVN 40:2011, column A. The results are shown
Figure 3-49.
It can therefore be demonstrated that a sample-perpetration procedure for H2O2 and sulfitecontaining samples was developed in frame of this study. This allows for the novel
application of the NitriTox to determine the efficiency of a chemical WWTP to indicate
heavy-metal pollution.
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Figure 3-49: Heavy-metal concentrations and legal-limit values before and after chemical treatment
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3.4

Application of NitriTox
Tra Noc Industrial Zone

to

Monitor

Industrial

Wastewater

in

A monitoring campaign was implemented in seven industrial zones in Vietnam to evaluate
the suitability of the online toximeter NitriTox for a monitoring survey with toxicity as a
critical parameter. The detailed results for the industrial zones Tra Noc and a summary of
the data collected from all industrial zones are presented in this chapter.
The detailed results of the remaining six industrial zones are presented in the appendix.

3.4.1

Tra Noc Industrial Zone

3.4.1.1
Monitoring of Wastewater Canal
In the initial monitoring campaign, the storm-water canal was monitored by taking grab
samples at six representative measurements points from January through February of 2014.
Two of the six measurement points showed an inhibition of nitrifying bacteria. At
measurement point 5, grab samples were taken every four hours and analysed with the
NitriTox and Biomonitor.

All samples analysed from this measurement point exhibited toxicity ranging from 48 % 81 % for NitriTox and 18 % - 53 % for Biomonitor, as illustrated in Figure 3-50. An
additional ICP analysis of these samples would prove that the toxicities were caused by Cr
and Zn with concentrations up to 82 mg L-1 and 187 mg L-1 in the wastewater.
A relationship of the heavy-metal concentrations and the inhibition effect on the nitrification
respiration was not observed, perhaps because further toxicants were present in the sample
which were not recognised by ICP measurements (e.g., toxic organic pollutants or various
heavy-metal species).
The contamination source could be found, and is located between measurement points 4 and
5. The direct discharger was a nail-varnish factory which is discharging wastewater into the
open storm water canal in the industrial zone.
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Figure 3-50: Nitrification inhibition determined for measurement Point 5 of the open stormwater canal system
in the Tra Noc industrial zone - the corresponding Cr and Zn concentrations.

At measurement Point 6, grab samples were taken with a sampling interval of one hour. As
shown in Figure 3-51, the highest toxicities were measured from 9 am to 11 am and ranged
from 67 % – 92 %.
In addition, toxicities of 20 % – 55 % were measured at 5 am, 12 pm, 5 pm, and 7 pm. For
samples with toxicities higher than 60 %, a heavy-metal analysis with an ICP was done in a
stationary lab.
This analysis proved that the samples were contaminated with high concentrations of Cr and
Zn (up to 35 mg L-1 and 1.3 mg L-1 per filtered sample), which caused the high toxicity of
the samples.
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Figure 3-51: Nitrification respiration inhibition determined for measurement Point 6 of the open stormwater canal
system in the Tra Noc industrial zone and the corresponding Cr and Zn concentrations.

Figure 3-52: Identified direct dischargers in Tra Noc I;
left: catchment area of measurement Point 5,
right: catchment area of measurement Point 6

In conclusion, based on the nitrification inhibition screening, two factories were identified
in the catchment areas of measurement points 5 and 6 which were discharging toxic
wastewater into the environment.
Figure 3-52 shows pictures of the sewage pipes leading from the two identified factories into
the open storm-water canal. The two direct dischargers belonged to the cosmetics and the
packaging industry.
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3.4.1.2
Monitoring of Wastewater Canal Outlets to Hau River
Monitoring of the six wastewater outlets at the open storm-water canal, which lead from the
industrial zone directly into the Hau River, revealed toxicities at three of the tested
measurement points. As illustrated in Figure 3-53, the highest toxicities at measurement
points S 3, S 5 and S 6 ranged with moderate toxicities from 30 to 42 %.
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Figure 3-53: Nitrification respiration inhibition determined for the outlets of the open storm-water canal system
leading to the environment in the Tra Noc industrial zone.

The highest toxicities at the measurement points occurred at 7 pm, when production at the
factories was closed. An additional heavy-metal screening with an ICP proved that the
wastewater was not contaminated with heavy metals. Hence, it can be concluded that
organic substances caused the toxicities. Other inhibiting effects on nitrification respiration
inhibition can be excluded. Because the pH values of the samples were adjusted to a value
of 7, the samples were aerated to reach oxygen saturation. The conductivity of the samples
was monitored. It was lower than the critical value of 7500 μS cm-1. The corresponding salt
concentrations do not have an inhibiting effect on nitrifiers. All samples were tempered to
room temperature.
As shown in Figure 3-53, the NitriTox results could be confirmed by calculating the
BOD5/COD ratio. In the case of a toxic event, a decrease of the BOD5/COD ratio indicates
that the biological degradation of the organic pollutants is inhibited. The COD and BOD5
concentration at the three measurement points ranged from 72 mg L-1 - 4289 mg L-1 and 35
mg L-1 – 2487 mg L-1.
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3.4.1.3
Monitoring of Centralised Wastewater Treatment Plant
The mobile laboratory was installed at the centralised WWTP of the Tra Noc industrial zone
in December of 2015. The influent and effluent of the WWTP were monitored online for
two weeks with a continuously running NitriTox respirometer. Monitoring showed that the
influent and effluent of the WWTP do not inhibit nitrifying bacteria. This result was to be
expected, since only seafood factories are connected to the WWTP. Furthermore, the NH4
concentrations of the inlet and outlet of the WWTP were monitored online at the appropriate
time. The NH4 concentrations of the inlet ranged from 35 mg L-1 – 185 mg L-1. After the
wastewater treatment, the NH4 concentrations were reduced to 0.4 mg L-1 – 1.9 mg L-1,
which is lower than the legal limit of 5 mg L-1, according to QCVN 40:2011, Column A.
Therefore, the results of the nitrification-respiration monitoring can be confirmed, since
nitrogen removal was not inhibited.

3.4.2

Summary of Data Collected During Toxicity Monitoring in Industrial Zones

The monitoring of nitrification inhibition in seven industrial zones in Vietnam shows that
toxicities to nitrifiers occur in five of the industrial zones investigated.
In conclusion, the NitriTox was used to conduct a successful case study of the wastewater
situation in Vietnam's industrial zones. In addition, in the frame of a field test in seven
industrial zones across Vietnam, relevant information was gained about measurement
behaviour with the NitriTox.
Table 3-37: Conclusion of the toxicity monitoring results
Industrial Zone

Tra Noc

Centralised WWTP

Sewage System

The centralised WWTP in Tra Noc did not
receive toxic wastewater at the investigated
time.

Nitrification inhibition occurred at two of six
investigated measurement points. It was caused by
Cr and Zn pollution of the wastewater.

Nam Sach

Biological degradation of the organic pollutants Eight representative measurement points showed
by the activated-sludge process was hindered
toxicities > 20% at three measurement points.
for three days due to toxic wastewater.

Hoa Cam

High loads of toxic wastewater, with high TOC One of four tested representative measurement
concentrations which led to nitrification
points of the sewage system of the industrial zone
inhibition.
showed toxicities.

Hoa Khanh

Toxicities up to 35%. Simultaneous TOC
measurement demonstrated a relationship
between high TOC concentrations and
toxicities.

Groz Beckert NitriTox was used as an application to assess
heavy-metal removal by the chemical WWTP.
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The monitoring of nine representative
measurement points showed toxicities up to 34% at
three measurement points.
Online monitoring of the influent and effluent of
the biological treatment plant did not show any
inhibition of nitrifiers.

CONCLUSIONS AND RECOMMENDATIONS

In the introduction of this study, the following four main objectives were presented:
• to develop a new application for the online respirometer, Biomonitor, for an online
activated sludge respiration-inhibition analyser;
• to increase the sensitivity of the activated-sludge respiration-inhibition test;
• to validate the online respirometers, Biomonitor and NitriTox; and
• to apply the NitriTox system for wastewater monitoring in seven industrial zones across
Vietnam.

On the basis of this study, the following conclusions can be drawn. For the online BOC
analyser Biomonitor, a new application was developed for successfully measuring activatedsludge respiration-inhibition. Hence, it was possible to increase the range of applications for
Biomonitor, which is of economic importance to LAR process analysers, as this new
development promises a positive effect on sales figures.
The two analytical devices, NitriTox and Biomonitor were validated. Validation of the
Nitritox analyser revealed that the sensitivity of the test organisms decreased over the years.
Hence, in a long term view the analyser showed a relatively poor reproducibility. The
obtained EC 50 was approximately one order of magnitude higher in 2014 compared to
2013. Anyway, according to DIN ISO 8192, OECD 209 and TCVN 6226, the obtained
results are in the validity range of the nitrification respiration-inhibition test and hence the
results are scientifically valid.
The results proved that it is important to investigate factors that influence the activatedsludge respiration-inhibition test. The most gratifying result was that I succeeded in
obtaining results with the NitriTox that are similar to that of the internationally standardised
activated-sludge respiration-inhibition test. I also verified inhibition by replacing the DO
sensor with an ORP electrode, which is another novel result. In the frame of this study, the
activated-sludge respiration-inhibition test was conducted with using an ORP electrode for
the first time. A prerequisite for the unrestricted application of an OPR electrode is the
absence of predominant redox-active species in the sample.
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This study succeeded in increasing the sensitivity of the activated respiration-inhibition test
by using three different analytical methods: the international standardised activated-sludge
respiration-inhibition test and the two online respirometers: NitriTox and Biomonitor. This
improvement is very relevant to the development of an early-warning system that can detect
toxic influents at the WWTP earlier and in lower concentrations.
In general, the sensitivity of the test organisms should be higher than that of the
microorganisms used for the treatment process. The can be realised by the findings of this
study.
Of the studies conducted experiments to improve the sensitivity of the activated-sludge
respiration-inhibition test, the most remarkable results were obtained by altering the nutrient
solution. The sensitivity of the biological test was increased by a factor of 7.7. In addition, a
detailed and novel scientific discussion was conducted to justify the results. Another
noteworthy and novel result is the vanishing toxic effect of Cr(VI) obtained by using
nitrifiers as test organisms after adjusting the pH value from 7 to 9. For the first time, this
effect is associated with the chromate-dichromate equilibrium.
In summary, the nutrient solution, temperature, pH, O2 concentration in the fermenter,
biomass concentration, and incubation time influence the sensitivity of the activated-sludge
respiration-inhibition test. The results allow me to offer the following novel statement: The
more stable a system is, the higher the level of any potential toxin it can tolerate. On the other hand, the
more stressed a system is due to non-optimum conditions, the lower the level of any toxin it can tolerate.
Another significant influence on the sensitivity and stability of the activated-sludge respirationinhibition test is the community structure of the test organisms. A concept that can improve
the stability of the community structure is thus provided in this study.
The online respirometer, NitriTox, was successfully applied to a wastewater-monitoring
campaign in seven industrial zones in Vietnam. The results reveal the high occurrence of
toxic wastewater in the investigated industrial zones. In conclusion, the monitoring of
nitrification inhibition revealed the occurrence of toxic substances in five of seven
investigated industrial zones.
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VI.

ANNEXES

NAM SACH INDUSTRIAL ZONE

Monitoring of Centralized Wastewater Treatment Plant
Online toxicity monitoring with the mobile laboratory of the wastewater treatment plant's
effluent showed that the treated wastewater was toxic up to 73 % from 25.01.15 – 29.01.15.
Using the mobile laboratory, it was possible to monitor online the TOC concentrations
simultaneous to the toxicity. As shown in Figure Annex 1 (left), on 27.01.15 the toxicity
increased to a value of 73 %, and at the same time, the TOC concentration rose from
approximately 35 mg L-1 to 90 mg L-1. This suggests that the biological degradation of the
organic compounds at the wastewater treatment plant was hindered due to the discharge of
toxic wastewater to the WWTP.
On 15.04.2015 and 23.04.15 qualified grab samples were taken from the influent and
effluent at the wastewater treatment plant. As shown in Figure Annex 1 (right) the
toxicities were ranging up to 71 % at the influent and were decreased to a value of 19 % at
the effluent. A decline of the toxicities at the WWTP effluent can be explained with the
absorption of the toxicants by the activated sludge, biodegradation of the toxicants or the
formation of less toxic speciation of the pollutants [34].
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Monitoring of Wastewater Canal
In the Nam Sach industrial zone, wastewater samples were taken at eight representative
nodes of the sewage system, pictures of the sampling are shown in Figure Annex 3, and the
results are shown in Figure Annex 2.
The results of this monitoring demonstrated that high toxicities of the wastewater in the
sewage system occurred. Only 2 of 8 tested samples had toxicities lower than 10 %. Four
samples showed low toxicities between 10 – 20 %. The wastewater of the measurement
point 8 had a moderate toxicity of 33 %. The highest toxicity was found at measurement
Point 5 with a value of 86 %.
On the other hand, the results of the monitoring on 21.04.2015 showed that 6 of 8 samples
had a lower toxicity of 10 %. The wastewater at measurement Point 5 had a high toxicity
again with a value of 94 %. This time a factory at measurement Point 5 discharged
wastewater with a moderate toxicity of 47 % to the sewage canal system.
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8

Figure Annex 3:

Sampling of the Sewage System at the Nam Sach industrial zone

The toxicity monitoring of the centralised WWTP in the Nam Sach industrial zone showed
that the biological degradation of the organic pollutants by the activated-sludge process was
hindered for three day due to toxic wastewater. Furthermore, the toxicity monitoring of the
wastewater canal at eight representative measurement points showed toxicities > 20% at
three measurement points.
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HOA CAM INDUSTRIAL ZONE

Monitoring of Centralised Wastewater Treatment Plant
The online monitoring of the WWTP influent from 20.11.2015 – 24.11.2015 showed peak
values which were indicating that the WWTP receives inhibiting wastewater to the nitrifiers.
The peaks of the NitriTox measurement were ranging from 19 % - 87 % toxicity. Besides,
the online TOC measurements would prove a relationship between toxicity and TOC as
shown in Figure Annex 4, by the increase of TOC values up to 150 mg L-1 at toxic events.
Thus the simultaneous online TOC and toxicity measurements indicate that toxic organic
wastewater was discharged to the WWTP. An ICP analysis would prove that the inhibition
was not caused by heavy metals. Additionally, the WWTP effluent was monitored from
11.11.2015 – 16.11.2016 and did not show any toxicities.
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Monitoring of Wastewater Canal
On 16.11.15 grab samples were taken at four representative nodes of the wastewater canal
of the industrial zone. Three of the investigated measurement points did not show inhibiting
effects to nitrifiers. In contrast, the sample that was collected at the node 1.2 showed a
toxicity of 84 %. Additionally, COD and BOD5 were monitored and the concentrations at
the measurement Point 1.2 were much higher than the threshold values referred to Standard
B QCVN 40/2011/BTNMT. The COD value of this sample was 2080 mg L-1, which is 28
times greater than the legal limit value B of 75 mg L-1. Also, the BOD5 concentration was
six times higher with a concentration of 298 ppm than the legal limit value B. A significant
value to make a prediction for the biodegradability of a sample is the BOD5/COD ratio since
the BOD5 value is decreased by toxicants [99]. Commonly, the BOD5/COD ratio in the Hoa
Cam industrial zone was 0.55 – 0.70 for not toxic samples but for the sample at node 1.2 the
ratio increased to a value of 0.14, this suggests that the BOD5 degradation was hindered by
the toxic compounds of the sample which decreases biodegradability.
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Toxicity (%)

0,6

HOA KANH INDUSTRIAL ZONE

Monitoring of Centralised Wastewater Treatment Plant
First of all the mobile laboratory was installed at the WWTP effluent to monitor online the
toxicity with the NitriTox. The monitoring showed toxicities up to 35 % of the treated
wastewater on 31.10.2015. The simultaneous TOC measurements revealed that the toxic
events were indicated by an increase in the TOC concentrations. As shown in Figure
Annex 6, the toxicity increased up to a value of 35 %, and at the same time, the TOC
concentration increased from 23 mg L-1 to a concentration of 55 mg L-1 on 31.10.2015. This
can, therefore, deduced that the biological degradation of the organic compounds at the
wastewater treatment plant was hindered due to the discharge of toxic wastewater to the
WWTP.
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Figure Annex 6:

Nitrification inhibition determined online with NitriTox
for the influent of the WWTP and the corresponding TOC concentrations

In further monitoring activities, the inlet of the WWTP was investigated regarding the
toxicity, the results are summarised. The obtained results are summarised in Table Annex 1
and shows that five of seven samples have moderate toxicities up to 24 %.
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Table Annex 1:

Summarised results of the Inlet of the WWTP in Hoa Khanh industrial zone

Sample

Toxicity

Date - Time

[%]

Inlet 1

4 h mixed sample

09.11.2015 - 17h50-20h50

0

Inlet 2

4 h mixed sample

10.11.2015 - 21h50-00h50

9.6

Inlet 3

4 h mixed sample

10.11.2015 - 01h50-04h50

0

Inlet 4

4 h mixed sample

10.11.2015 - 05h50-08h50

24.3

Inlet 5

4 h mixed sample

10.11.2015 - 09h50-12h50

13.6

Inlet 6

4 h mixed sample

10.11.2015 - 13h50-16h50

15

Inlet 7

24 h mixed sample

09-10.11.2015 - 17h50-16h50

15.4

Monitoring of Wastewater Canal
Moreover, I will present the monitoring results of the sewer system in the Hoa Khanh
industrial zone. The collected sample at the measurement points 1, 2, 3 and 9 in the northwest of the industrial zone and also 7 and 8 in the south-west didn't show any toxicities. On
the other hand at the measurement points 4, 5 and 6 moderate toxicities up to 34% were
measured. In order to make an assessment of the influence of the toxicity to the
biodegradability of the organic pollutant of the samples the ratio of COD/BOD5 were
calculated, the results are shown in Figure Annex 7. For the non-toxic sample, the
COD/BOD5 ratio is 0.6 and 0.63 at the nodes 1 and 3. On the other hand, the COD/BOD5
ratio decreased to values of 0.49 and 0.43 for the toxic sample from the measurement Point
5 and 6. This higher ratio is an indicator for the inhibition of the biodegradation of the
organic pollutants of the sample.
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Figure Annex 7:

Nitrification inhibition determined for representative measurement points
of the wastewater canal system in the Hoa Khanh industrial zone with the corresponding
BOD5/COD ration
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COMPANY GROZ-BECKERT

Monitoring of Chemical WWTP
The online monitoring of the influent and effluent of the constructed wetland did not show
any toxicity. But the NitriTox analyser proved to be a successful application for the offline
monitoring of the chemical WWTP, where the heavy metals of the process water are
removed by precipitation and flocculation.
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FOOTAGES OF THE MOBILE LABORATORY

Figure Annex 8:

Interior view of the mobile laboratory;
1) Ammonitor: ammonium measurement, 2) WaterSam: automatic sample taker
3) ELOX: E-COD measurement, 4) Quick TOC Ultra: TOC and TNb measurement,
5) NitriTox: toxicity measurement, 6) refrigerator

Figure Annex 9:

Interior view of the mobile laboratory;
1) pure water supply system, 2) uninterruptable power supply,
3) laboratory bench with a balance, high pressure filtration, photometer and cuvette tests,
4) metrological weather station.
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TABLES

Table Annex 2:

Comparison results DIN ISO 8182 using synthetic wastewater and
Sodium acetate as nutrient solution

StDev

CV

-1

[mg L ]

[%]

Factor of
Sensitisation

4

1.1

3.0

1.8

20.2

4

0.7

3.6

Synthetic
wastewater

25.5

4

1.5

5.9

Cu

Sodium acetate

3.3

4

0.6

18.8

Zn

Synthetic
wastewater

39.2

4

0.9

2.4

Zn

Sodium acetate

6.5

4

1.1

16.4

3.5 DCP

Synthetic
wastewater

20.8

4

0.5

2.2

3.5 DCP

Sodium acetate

6.2

4

0.7

11.8

Compound

Nutrient
Solution

EC 50
[mg L-1]

N

Cr

Synthetic
wastewater

37.1

Cr

Sodium acetate

Cu

Table Annex 3:

7.7

6.0

3.4

Comparison Biomonitor and DIN method

Nutrient

EC 50

SdtDev

CV

Factor of

Solution

[mg L-1]

[mg L-1]

[%]

Sensitisation

Zn

Biomonitor

120.4

14.81

12.30

3.07

Zn

DIN ISO 81 92

39.2

0.9

2.4

Cu

Biomonitor

65.4

7.59

11.60

Cu

DIN ISO 81 92

25.5

1.5

5.9

Cr

Biomonitor

40.15

3.57

8.9

Cr

DIN ISO 81 92

37.1

1.1

3

3.5 DCP

Biomonitor

112

11.65

10.4

3.5 DCP

DIN ISO 81 92

20.8

0.5

2.2

Standard

D - 150

2.56
1.08
5.38

Table Annex 4:

Influence of Nutrients on Biomonitor measurements

EC 50

SdtDev

CV

Factor of

[mg L-1]

[mg L-1]

[%]

Sensitisation

120.4

14.8

12.3

102.3

13.8

13.5

30

73.3

5.6

7.7

1.64

Sodium acetate

45

45.3

4.5

10.1

2.66

Cu

Synthetic
Wastewater

30

65.4

7.5

11.6

Cu

Synthetic
Wastewater

45

62.4

8.5

13.7

Cu

Sodium acetate

30

24.22

2.5

10.5

2.70

Cu

Sodium acetate

45

15.3

0.9

6.3

4.27

Cr

Synthetic
Wastewater

30

40.15

3.5

8.9

Cr

Synthetic
Wastewater

45

38.5

4.6

12.1

Cr

Sodium acetate

30

17.39

1.4

8.4

2.31

Cr

Sodium acetate

45

12.45

0.9

7.6

3.22

3.5 DCP

Synthetic
Wastewater

30

112

11.6

10.4

3.5 DCP

Synthetic
Wastewater

45

109.7

8.9

8.2

3.5 DCP

Sodium acetate

30

74

8.2

11.2

1.51

3.5 DCP

Sodium acetate

45

34.5

3.2

9.4

3.25

Standard

Nutrient Solution

Incubation Time

Zn

Synthetic
Wastewater

30

Zn

Synthetic
Wastewater

45

Zn

Sodium acetate

Zn
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1.18

1.05

1.04

1.02

Table Annex 5:

Toxicity measurements to activated sludge: according to DIN ISO 8192 and
NitriTox measurement according to DIN ISO 8192

EC 50

SdtDev

CV

Factor of

[mg L-1]

[mg L-1]

[%]

Sensitisation

27

1.1

4.2

1.08

DIN ISO 8192

25

1.3

5.2

DIN ISO 8192

53

1.6

3.2

DIN ISO 8192

49

3.5

7.2

DIN ISO 8192

57

2.6

3.5

DIN ISO 8192

55

5.5

7.4

DIN ISO 8192

36

1.2

3.6

34

1.8

5.4

Standard

Cu
Cu
Cr
Cr
Zn
Zn
3.5 DCP
3.5 DCP

Table Annex 6:

Standard

Method

DIN ISO 8192
NitriTox according

1.08

NitriTox according

1.03

NitriTox according

1.06

NitriTox according
DIN ISO 8192

NitriTox Measurement according to DIN ISO 8192; Chapter 3.1 and Chapter 3.3.1.3

Method

EC 50

Factor of

[mg L-1]

Sensitisation

1.04

Cu

DIN ISO 8192 - chapter 0

27

Cu

DIN ISO 8192 - chapter 3.1

26

Cr

DIN ISO 8192 - chapter 0

53

Cr

DIN ISO 8192 - chapter 3.1

37

Zn

DIN ISO 8192 – chapter 0

57

Zn

DIN ISO 8192 - chapter 3.1

39.2

3.5 DCP

DIN ISO 8192 - chapter 0

3.5 DCP

DIN ISO 8192 - chapter 3.1

36
20.8

D - 152

1.43

1.45

1.73

Table Annex 7:

Influence of Nutrients on NitriTox measurement
using activated sludge as nutrient solution

EC 50

StdDev

CV

Factor of

[mg L-1]

[mg L-1]

[%]

Sensitisation

Sodium acetate

51.0

6.4

3.3

2.2

Zn

Synthetic Wastewater

110.8

4.9

5.4

Cr

Sodium acetate

121.0

4.7

5.7

Cr

Synthetic Wastewater

142.9

6.3

9.0

Cu

Sodium acetate

2.3

6.2

0.1

Cu

Synthetic Wastewater

12.2

3.4

0.4

3.5 DCP

Sodium acetate

29.8

5.7

1.7

3.5 DCP

Synthetic Wastewater

43.2

4.7

2.0

EC 50

StdDev

CV

Factor of

[mg L-1]

[mg L-1]

[%]

Sensitisation

7.2

Standard

Nutrient Solution

Zn

Table Annex 8:

1.2

5.4

1.5

Influence of Nutrients on NitriTox measurement
using LAR nitrifiers as nutrient solution

Standard

Nutrient Solution

Zn

Ammonia Bicarbonate

6.4

8.1

0.5

Zn

Synthetic Wastewater

46

4.9

2.2

Cr

Ammonia Bicarbonate

34

7.5

2.6

Cr

Synthetic Wastewater

59

4.6

2.7

Cu

Ammonia Bicarbonate

13

7.3

0.9

Cu

Synthetic Wastewater

65

6.7

4.3

3.5 DCP

Ammonia Bicarbonate

12.4

6.9

0.8

3.5 DCP

Synthetic Wastewater

24

4.2

1.0
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1.7

5.0

1.9

Table Annex 9:

Influence of the pH value on the EC 50 values of Zn(II), Cu(II) and Cr(VI)

EC 50

SdtDev

CV

-1

-1

[mg L ]

[mg L ]

[%]

Factor of
Sensitisation

5

37.5

1.4

3.6

1.65

Zn

7

40.4

2.1

5.2

Zn

9

60.7

3.2

5.3

Zn

11

61.7

2.2

3.6

Cr

5

12.3

0.4

3.2

Cr

7

17.8

0.7

4.1

Cr

9

500

-

-

Cr

11

500

-

-

Cu

5

35.4

1.5

4.2

Cu

7

37.5

2.5

6.7

Cu

9

39.3

2.5

6.3

Cu

11

42.5

1.8

4.2

3.5 DCP

5

62.5

3.3

5.3

3.5 DCP

7

65.5

3.1

4.8

3.5 DCP

9

61.5

3.6

5.8

3.5 DCP

11

41

2.5

6.2

Standard

pH

Zn

Table Annex 10:

40.65

1.20

0.66

Influence of the Temperature on the EC 50 values of Zn(II), Cu(II) and Cr(VI)

T

Standard

[°C]

EC 50

SdtDev

CV

-1

-1

[%]

[mg L ]

[mg L ]

Factor of
Sensitisation

Zn

10

25.1

1.33

4.2

Zn

25

15.3

1.15

7.5

1.64

Zn

40

9.6

0.70

7.3

2.63

Cu

10

40.4

3.43

8.5

Cu

25

31.7

2.18

6.9

1.28

Cu

40

12.5

1.05

8.4

3.23

Cr

10

70.3

5.27

7.5

Cr

25

56.3

4.84

8.6

1.25

Cr

40

47.9

2.54

5.3

1.47

3.5 DCP

10

17.9

1.52

8.5

3.5 DCP

25

22.1

2.56

11.6

0.81

3.5 DCP

40

25.5

1.99

7.8

0.70
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Table Annex 11:

Influence of the biomass concentration on the EC 50 values of Zn(II), Cu(II) and Cr(VI)

c TSS Fermenter
[g L-1]

Ration
Biomass
[%]

Zn

1.5

Zn

EC 50

SdtDev

CV

-1

-1

[mg L ]

[mg L ]

[%]

Factor of
Sensitisation

5

12.2

1.0

8.3

1.25

1.5

10

7013.8

1.2

9.2

1.10

Zn

1.5

15

15.2

0.8

5.3

Zn

0.8

5

13.9

1.0

6.9

1.08

Zn

0.8

10

14.2

0.8

6.3

1.06

Zn

0.8

15

15

0.6

4.6

Cu

1.5

5

15.3

1.1

7.3

1.36

Cu

1.5

10

17.3

1.0

6.3

1.20

Cu

1.5

15

20.76

1.3

6.3

Cu

0.8

5

13.75

1.0

7.3

1.82

Cu

0.8

10

15.5

0.8

5.3

1.61

Cu

0.8

15

25

2.1

8.4

Cr

1.5

5

52.6

3.0

5.8

2.03

Cr

1.5

10

79.7

5.8

7.4

1.34

Cr

1.5

15

106.6

8.7

8.2

Cr

0.8

5

39.4

3.2

8.3

2.43

Cr

0.8

10

68.2

5.3

7.8

1.40

Cr

0.8

15

95.8

5.7

6

3.5 DCP

1.5

5

19.61

1.5

7.8

1.22

3.5 DCP

1.5

10

21.875

1.7

8.2

1.09

3.5 DCP

1.5

15

23.9

1.6

6.9

3.5 DCP

0.8

5

20

1.4

7.4

1.25

3.5 DCP

0.8

10

22

1.3

6.1

1.14

3.5 DCP

0.8

15

25

2.1

8.7

Standard
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Table Annex 12:

Influence of the incubation time on the EC 50 values of
Zn(II), Cu(II) and Cr(VI) for activated sludge

EC 50

SdtDev

CV

Factor of

[mg L-1]

[mg L-1]

[%]

Sensitisation

0 min

131

11.0

8.4

1.8

Zn

30 min

72

3.4

4.7

Cu

0 min

42

3.9

9.2

Cu

30 min

23

1.9

8.2

Cr

0 min

90

5.1

5.7

Cr

30 min

49

4.3

8.8

3.5 DCP

0 min

90

5.6

6.2

3.5 DCP

30 min

33

1.7

5.3

Standard

Incubation Time

Zn

Table Annex 13:

1.8

1.8

2.7

Influence of the incubation time on the EC 50 values of
Zn(II), Cu(II) and Cr(VI) for nitrifiers

Standard

Incubation Time

Zn

EC 50

SdtDev

CV

Factor of

-1

-1

Sensitisation

[mg L ]

[mg L ]

[%]

0 min

44.4

3.7

8.4

Zn

30 min

20.3

1.8

8.7

Cu

0 min

70.3

4.9

6.9

Cu

30 min

45.2

4.2

9.3

Cr

0 min

70.2

5.5

7.8

Cr

30 min

53.2

5.6

10.5

3.5 DCP

0 min

56.4

4.1

7.3

3.5 DCP

30 min

30.6

2.2

7.2
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2.2
1.6
1.3
1.8

Table Annex 14:

Influence of the exposure time in measurement Phase II

EC 50

SdtDev

CV

Factor of

-1

-1

[mg L ]

[%]

Sensitisation

30.4

1.8

6.2

300

26.7

2.0

7.5

1.14

Zn

420

26.5

1.5

5.8

1.15

Cr

180

32.7

1.86

5.7

Cr

300

31.2

1.84

5.9

1.05

Cr

420

31.4

2.13

6.8

1.04

Cu

180

37.2

2.71

7.3

Cu

300

29.7

2.49

8.4

1.25

Cu

420

8.8

0.62

7.1

4.23

3.5 DCP

180

17.9

1.36

7.6

3.5 DCP

300

17.8

1.40

7.9

1.01

3,5 DCP

420

17.4

1.46

8.4

1.03

Standard

Time - Measurement
Phase II s

[mg L ]

Zn

180

Zn

Table Annex 15:

Influence of the aeration rate for the fermenter on the toxicities for 3.5 DCP, Zn, Cu and Cr

Aeration Rate

EC 50

SdtDev

CV

Factor of

[L h-1]

[mg L-1]

[mg L-1]

[%]

Sensitisation

Cu

50

50

3.2

6.4

1.4

Cu

5

36

2

5.6

Cr

50

33

2

6.1

Cr

5

26

1.5

5.8

Zn

50

41

3.7

9.0

Zn

5

23

2.6

9.3

3.5 DCP

50

53

3.5 DCP

5

34

Standard

D - 157

1.3

1.8

Table Annex 16:

Influence of SO4 on NitriTox measurements

c(SO4)

EC 50

SdtDev

CV

-1

-1

-1

[mg L ]

[mg L ]

[mg L ]

[%]

Factor of
Sensitisation

3.5 DCP

0

24

2.7

11.8

0.92

3.5 DCP

1000

26

2.1

8.4

Zn

0

37

2.4

6.7

Zn

1000

36

2.9

8.3

Cr

0

29

2.7

9.6

Cr

1000

31

2.2

7.2

Cu

0

43

3.5

8.3

Cu

1000

43

3.9

9.3

Standard

Table Annex 17:

1.03
0.94
1.00

Influence of Koalin and filtration - Chapter 3.3.3.2

Standard

Sample

EC 50

SdtDev

CV

Factor of

[mg L-1]

[mg L-1]

[%]

Sensitisation

Zn

0 g L-1 Kaolin

3.8

0.3

8.3

Zn

0.5 g L-1 Kaolin before filtration

4.1

0.1

4.7

1.08

Zn

0.5 g L-1 Kaolin after filtration

4.9

0.2

4.8

1.29

Cu

0 g L-1 Kaolin

2.5

0.1

5.2

Cu

0.5 g L-1 Kaolin before filtration

2.3

0.1

6.4

0.92

3.7

0.2

6.4

1.48

Cu
Cr

-1

0.5 g L Kaolin after filtration
-1

18.3

1.2

6.6

-1

17.9

1.3

7.3

0.98

-1

20.1

1.6

8.3

1.10

3.5 DCP 0 g L-1 Kaolin

5.3

0.4

9.4

3.5 DCP 0.5 g L-1 Kaolin before filtration

5.5

0.3

5.8

1.04

3.5 DCP 0.5 g L-1 Kaolin after filtration

6.8

0.5

7.9

1.28

Cr
Cr

0 g L Kaolin
0.5 g L Kaolin before filtration
0.5 g L Kaolin after filtration
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Table Annex 18:

Monitoring results
Biomonitor, NitriTox, Heavy metals

Toxicity
Cr

Cr(VI)

Cu

Ni

Pb

Zn

Sampling
Date/Time

NitriTox
[%]

Biomonitor
[%]

[mg L ]

[mg L ]

[mg L ]

[mg L ]

[mg L ]

[mg L-1]

23.01.14
10 am

79

51

12.98

9.84

0

0.009

0

107

23.01.14 2
pm

81

53

7.73

2.28

0.053

0.021

0

120.1

27.02.14
11 am

58

24

8.3

0.013

0.031

0.328

90.63

27.02.14 2
pm

48

23

17.65

0.047

0.079

0.675

135.5

27.02.14 4
pm

60

48

33.14

0.099

0.053

0.470

85.85

28.02.14
3:15 pm

56

18

81.61

0.848

0.094

1.523

186.73

-1

-1
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-1

-1

-1

Table Annex 19:

Date

Summary of acquired data with NitriTox
during monitoring campaigns of industrial wastewater in Vietnam

Time

Measurement Point (MP)

Toxicity
[%]

January 2015

08:00

Tra Noc – open storm-water canal - MP 5

79

January 2015

12:00

Tra Noc – open storm-water canal - MP 5

81

January 2015

16:00

Tra Noc – open storm-water canal - MP 5

58

January 2015

20:00

Tra Noc – open storm-water canal - MP 5

48

January 2014

00:00

Tra Noc – open storm-water canal - MP 5

60

January 2014

04:00

Tra Noc – open storm-water canal - MP 5

56

January 2014

05:00

Tra Noc – open storm-water canal - MP 6

24

January 2014

09:00

Tra Noc – open storm-water canal - MP 6

67

January 2014

10:00

Tra Noc – open storm-water canal - MP 6

92

January 2014

11:00

Tra Noc – open storm-water canal - MP 6

68

January 2014

12:00

Tra Noc – open storm-water canal - MP 6

52

January 2014

17:00

Tra Noc – open storm-water canal - MP 6

54

January 2014

19:00

Tra Noc – open storm-water canal - MP 6

20

March 2015

19:00

Tra Noc - outlet 3

23

March 2015

19:00

Tra Noc - outlet 3

31

March 2015

19:00

Tra Noc - outlet 5

43

March 2015

07:00

Tra Noc - outlet 5

8

March 2015

12:00

Tra Noc - outlet 5

19

March 2015

15:00

Tra Noc - outlet 5

20

March 2015

19:00

Tra Noc - outlet 5

22

March 2015

07:00

Tra Noc - outlet 6

25

March 2015

19:00

Tra Noc - outlet 6

39

March 2015

07:00

Tra Noc - outlet 6

24
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Table Annex 20:

Date

Summary of gained data during monitoring campaigns of industrial wastewater in Vietnam

Time

Measurement Point (MP)

Toxicity
[%]

January 2015

08:00

Nam Sac - WWTP inlet

12

January 2015

10:00

Nam Sac - WWTP inlet

30

January 2015

12:00

Nam Sac - WWTP inlet

32

January 2015

14:00

Nam Sac - WWTP inlet

31

January 2015

12:00

Nam Sac - WWTP outlet

19

January 2015

14:00

Nam Sac - WWTP outlet

10

January 2015

10:00

Nam Sac - WWTP inlet

65

January 2015

12:00

Nam Sac - WWTP inlet

71

January 2015

14:00

Nam Sac - WWTP inlet

31

January 2015

08:00

Nam Sac - WWTP outlet

10

January 2015

12:00

Nam Sac - WWTP outlet

13

April 2015

14:00

Nam Sac - wastewater canal - MP 1

12

April 2015

14:00

Nam Sac - wastewater canal - MP 1

4

April 2015

14:00

Nam Sac - wastewater canal - MP 2

12

April 2015

14:00

Nam Sac - wastewater canal - MP 4

5

April2015

14:00

Nam Sac - wastewater canal - MP 4

5

April 2015

14:00

Nam Sac - wastewater canal - MP 5

15

April 2015

14:00

Nam Sac - wastewater canal - MP 5

47

April 2015

14:00

Nam Sac - wastewater canal - MP 6

86

April 2015

14:00

Nam Sac - wastewater canal - MP 6

94

April 2015

14:00

Nam Sac - wastewater canal - MP 7

12

April 2015

14:00

Nam Sac - wastewater canal - MP 8

33

Sept 2015

10:00

Groz Beckert -chemical WWTP inlet

76

Nov 2015

09:00

Hoa Cam - wastewater canal - MP 1.2

85

Nov 2015

21:50

Hoa Khanh - WWTP - inlet

10

Nov 2015

05:50

Hoa Khanh - WWTP - inlet

24

Nov 2015

09:50

Hoa Khanh - WWTP - inlet

14

Nov 2015

13:50

Hoa Khanh - WWTP - inlet

15

Nov 2015

17:50

Hoa Khanh - WWTP - inlet

15

Nov 2015

14:00

Hoa Khanh - wastewater canal - MP 4

25

Nov 2015

14:20

Hoa Khanh - wastewater canal - MP 4

29

Nov 2015

14:40

Hoa Khanh - wastewater canal - MP 4

34
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IN DER SCHRIFTENREIHE "WASSER UND UMWELT"
SIND BISHER FOLGENDE BÄNDE ERSCHIENEN:
Band 1

Projektbewertung von Talsperren
- Vorträge zum Statusseminar am 30. November 1987 in Witten mit Beiträgen von B. Strack, I. Giesecke, R.F. Schmidtke, G. Salveter,
G. Klingebiel, K.-U. Rudolph, G.A. Schultz, G. Rincke, K. Buchwald,
E. von Helmolt, J. Schaller, W. Pflügner, H.F. Kaltenbrunner und J. Kühling
ISBN 3-927 112-00-3

Band 2

März 1988

€ 24,50

Entwicklung eines Modells zur Beschreibung der mikrobiellen Geruchsstoffbildung in
Abwasserbelebungsbecken sowie seine Überprüfung auf Praxisanlagen
Naturwissenschaftliche Dissertation von Dipl.-Ing. Karl-Erich Köppke
ISBN 3-927 112-01-1

Band 3

Febr. 1989

€ 24,50

Kostenprobleme der kommunalen Abwasserbeseitigung
- Vorträge zur Jahrestagung der Bundesarbeitsgemeinschaft der kommunalen Finanz-,
Kassen- und Rechnungsbeamten sowie des Fachverbandes der Kämmerer
Niedersachsen e.V. am 13. September 1990 in Osnabrück mit Beiträgen von Zillich, W. Kuhl, M. Gellert, K.-P. Lütcke, K.-U. Rudolph, M.
Dinnendahl, B. Lorenz, H.-B. Löhmann, H. Engstler und H.-H. Greßhöner
ISBN 3-927 112-02-X

Band 4

Okt. 1990

€ 24,50

Kostensenkungspotentiale in der kommunalen Abwasserbeseitigung unter besonderer
Berücksichtigung der Organisationsform
Wirtschaftswissenschaftliche Dissertation von Dipl.-Kfm. Dipl.-Ing. M. Gellert
ISBN 3-927 112-03-8

Band 5

Febr. 1991

- vergriffen -

Leistungs- und Kostenvergleich von Deponiesickerwasserreinigungsanlagen nach
derzeitigem Stand der Technik II
- Ergänzungen zum BMFT-Statusbericht vom Okt. 1988
Abschlußbericht 02-WA 8721/0 im Auftrage des Bundesministers für Forschung und
Technologie
von K.-U. Rudolph und Th. Nelle
mit Beiträgen von H. Hapke, R. Günther, G. Schlüter, K.-E. Köppke, P. Lüchtenborg
und R. Schumann
ISBN 3-927 112-04-6

Band 6

Mai 1991

- vergriffen -

Entwicklung eines Bewertungsverfahrens zur Frage der zentralen oder dezentralen
Abwasserreinigung im ländlichen Raum
Ingenieurwissenschaftliche Dissertation von Dipl.-Ing. G. Fehr
ISBN 3-927 112-05-4

Band 7

Febr. 1992

€ 24,50

Technische und wirtschaftliche Optimierung der weitergehenden Abwasserreinigung
am Beispiel einer Kläranlage mit 50 % Textilabwasseranteil
Ingenieurwissenschaftliche Dissertation von Dipl.-Ing. P. Geis
ISBN 3-927 112-06-2

Mai 1992
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€ 34,50

Band 8

RegenwasserBEWIRTSCHAFTUNG statt Regenwasser-ENTSORGUNG
- Vorträge zum Workshop am 26.08.1993 in Schönow Workshop anläßlich der Fertigstellung der Pilot- und Demonstrationsanlage MuldenRigolen-System Schönerlinde/Wiesenstraße, Schönow, Landkreis Bernau
mit Beiträgen von Angelika Stuke, Friedhelm Sieker, Frank Panning, Armin Stecker, Ralf
Diekmann, Klaus Möller u.a.
ISBN 3-927112-07-0

Band 9

Febr. 1994

€ 34,50

Umweltprüflisten nach den Richtlinien der Europäischen Union
- mit Checklisten für die Betriebspraxis mit einem Umweltmanagement-Konzept der Steilmann Gruppe, Bochum-Wattenscheid
von Prof. Dr. Wolf D. Hartmann,
in Zusammenarbeit mit dem Klaus Steilmann-Institut (KSI), Bochum-Wattenscheid
ISBN 3-927112-08-9

Febr. 1994

€ 24,50

Band 10 Volkswirtschaftliche Effekte privatwirtschaftlich organisierter öffentlicher Investitionen
im Bereich der Abwasserentsorgung

Gutachten für den Verband privater Abwasserentsorger e.V. - VpA von Prof. Dr. H. Karl und Prof. Dr. P. Klemmer
ISBN 3-927112-09-7

März 1994

€ 24,50

Band 11 Abwasserdesinfektion mit UV-Licht und Ozon unter Einbeziehung der vorgeschalteten
Reinigungsstufen

Ingenieurwissenschaftliche Dissertation von Dipl.-Ing. Th. Nelle
ISBN 3-927112-10-0

Dez. 1994

€ 34,50

Band 12 Teilreinigung von Abwässern mit hohem Stickstoffgehalt durch Separation und
biologische Behandlung mit schwimmenden Scheibentauchkörpern

Ingenieurwissenschaftliche Dissertation von Dipl.-Ing. Eckehard Büscher
ISBN 3-927112-11-9

Jan. 1995

€ 34,50

Band 13 Desinfektion von biologisch gereinigtem Abwasser mit UV-Licht und Ozon und ihre
Nebenwirkungen

Naturwissenschaftliche Dissertation von Dipl.-Biologin Ch. Oberg
ISBN 3-927112-12-7

Juni 1995

€ 34,50

Band 14 Untersuchungen zur Entwicklung amperometrischer mediatormodifizierter
Enzymsensoren zur Bestimmung von Nitrat und Nitrit

Ingenieurwissenschaftliche Dissertation von Dipl.-Ing. Beate Strehlitz
ISBN 3-927112-13-5

Aug. 1996
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€ 34,50

Band 15 Die Bildung von Rückstellungen für Rekultivierung, Sanierung und Nachsorge bei
oberirdischen Deponien nach Handels- und Steuerrecht

Wirtschaftswissenschaftliche Dissertation von Dipl.-Kfm. Ralf Ossendot
ISBN 3-927112-14-3

Okt. 1996

€ 34,50

Band 16 Das Ozon/Festbettkatalysator-Verfahren bei der Sickerwasserbehandlung
- Überprüfung verschiedener Anwendungsfälle und Vergleich zu konkurrierenden
Verfahren

Ingenieurwissenschaftliche Dissertation von Dipl.-Ing. Joachim Korbach
ISBN 3-927112-15-1

März 1997

€ 34,50

Band 17 Recyling von Verkaufsverpackungen: Das Duale System Deutschland im internationalen
Systemvergleich und daraus resultierende Gestaltungsmodifikationen

Wirtschaftswissenschaftliche Dissertation von Dip.-Wirtsch. -Phys. Carl-Peter de Bakker
ISBN 3-927112-16-X

Juni 1997

€ 34,50

Band 18 Mulden-Rinnen-Systeme
Entwicklung und Optimierung eines naturnahen und kostengünstigen
Regenwasserbewirtschaftungsverfahrens für Siedlungsgebiete

Inaugural-Dissertation zur Erlangung des Doktorgrades der Naturwissenschaftlichen
Fakultät der Universität Witten/Herdecke von Udo Sämann
ISBN 3-927112-17-8

Sept. 1997

€ 24,50

Band 19 Leistungssteigerung der dezentralen Abwasserreinigung durch Optimierung der Biologie
in Abwasserteichen

- Vorträge zum Workshop am 11. und 12. 03.1997 in Witten ISBN 3-927112-18-6

Aug. 1997

€ 24,50

Band 20 Wissenschaftliche Untersuchung zur Qualität des Trinkwassers an den
Verkaufsstandorten der Spinnrad GmbH

Wissenschaftliche Untersuchungen zur Qualität von Leitungswasser als Lebensmittel
Im Auftrag der Spinnrad GmbH
ISBN 3-927112-19-4

April 1999

€ 24,50

Band 21 Zur ökologischen Produktbewertung in der Textil- und Bekleidungsindustrie –
theoretische Grundlagen und praktische Umsetzung

Inaugural-Dissertation zur Erlangung des Doktorgrades für Ingenieur-wissenschaften an
der Fakultät für Umweltwissenschaften der UniversitätWitten/Herdecke vorgelegt von
Karen Schmidt
ISBN 3-927112-20-8

Feb. 1999
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€ 34,50

Band 22 Technik- und Innovationsbewertung für die Textil- und Bekleidungsindustrie
untersucht am Beispiel "Wearables"

Inaugural-Dissertation zur Erlangung des Doktorgrades für Ingenieur-wissenschaften an
der Fakultät für Umweltwissenschaften der Universität Witten/Herdecke vorgelegt von
Astrid Ullsperger
ISBN 3-927112-21-6

Feb. 1999

€ 34,50

Band 23 Absorptive und biochemische Abbauprozesse in einem Biofilter am Beispiel der
Prozessabluft der Laserstrahlbearbeitung organischer Werkstoffe

Inaugural-Dissertation zur Erlangung des Doktorgrades für Ingenieurwissenschaften an
der Fakultät Umweltwissenschaften der Universität Witten/Herdecke vorgelegt von Dipl.Ing. Franz-Josef Zimmer
ISBN 3-934898-22-X

März 2000

€ 24,50

Band 24 Chancen und Grenzen des Projektmanagements bei Vorhaben der öffentlichen Hand dargestellt am Beispiel der Gemeinschaftskläranlage Wittenberg-Piesteritz

Inaugural-Dissertation zur Erlangung des Grades eines Doktors für
Ingenieurwissenschaften an der Naturwissenschaftlichen Fakultät der Universität
Witten/Herdecke, vorgelegt von Dipl.-Ing. Wolfhardt V. Schroedter
ISBN 3-934898-23-8

Juli 2000

€ 24,50

Band 25 Untersuchungen zur Aufbereitung und Verwertung von Shredderleichtfraktion aus der
Behandlung von Altkarossen in Shredderanlagen

Inaugural-Dissertation zur Erlangung des Doktorgrades der Ingenieur-wissenschaften der
Naturwissenschaftlichen Fakultät der Universität Witten/Herdecke, vorgelegt von Dipl.Chem. Torsten Paßvoß
ISBN 3-934898-24-6

Mai 2001

€ 24,50

Band 26 Definition und exemplarische Anwendung von Kennzahlen zur Beschreibung und
Optimierung des Klärwerkbetriebes

Inaugural-Dissertation zur Erlangung des Doktorgrades der Ingenieurwissenschaften der
Naturwissenschaftlichen Fakultät der Universität Witten/Herdecke, vorgelegt von Dipl.Ing. Carsten Haneke
ISBN 3-934898-29-7

Dezember 2001

€ 30,00

Band 27 Untersuchung und Bewertung der technischen und wirtschaftlichen Treiber für die
Entwicklung im Wasser- und Abwassersektor unter besonderer Berücksichtigung der
Entflechtung von Querverbundsunternehmen

Inaugural-Dissertation zur Erlangung des Grades eines Doktors der
Ingenieurwissenschaften an der Fakultät für Biowissenschaften der Universität
Witten/Herdecke, vorgelegt von Dipl.-Ing. Dirk Waider
ISBN 3-934898-30-0

Mai 2007
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€ 30,00

Band 28 Implications of European Water Sector Experiences for Innovative PSP Concepts - The
Franchising Approach and its Prospective Application to Peru

Diplomarbeit an der Wirtschaftsuniversität Wien und dem Institut für Umwelttechnik und
Management an der Universität Witten/Herdecke gGmbH, vorgelegt von Herrn Jörg
Gmeinbauer
ISBN 978-3-934898-31-8

Dezember 2007

€ 30,00

Band 29 Franchising im Wassersektor Ableitung und Beschreibung eines alternativen
Geschäftsmodells für Dienstleistungen der Wasserver- und Abwasserentsorgung

Inauguraldissertation zur Erlangung des Grades eines Doktors der
Wirtschaftswissenschaft der Private Universität Witten/Herdecke gGmbH im Bereich der
Wirtschaftswissenschaft, vorgelegt von Herrn Dipl.-Vw. Michael Harbach
ISBN 978-3-95404-014-8

Februar 2012

€ 30,00

Band 30 UV-Irradiation to Reduce Pathogenic Risks from Different Wastewaters for Irrigation

Inauguraldissertation zur Erlangung des Grades eines Doktors der Naturwissenschaften
der Private Universität Witten/Herdecke gGmbH an der Fakultät für Gesundheit,
vorgelegt von Frau Dipl.-Biologin Rim Soud
ISBN 978-3-00-040769-7

Februar 2013

€ 30,00

Band 31 Allokation von Wasserressourcen durch Integration ökonomischer Aspekte im IWRM am
Beispiel des Einzugsgebietes "Mittlerer Olifants", Südafrika

Inauguraldissertation zur Erlangung des Grades eines Doktors der
Ingenieurwissenschaften der Ruhr-Universität Bochum Fakultät für Bau- und
Umweltingenieurwissenschaften, vorgelegt von Herrn Dipl.-Ingenieur Markus Bombeck
ISSN 2367-4202

Februar 2013

€ 30,00

Band 32 Anwendung und Potenziale von Abwasserteichsystemen im internationalen Kontext

Inauguraldissertation zur Erlangung des akademischen Grades Doktor der
Ingenieurwissenschaften (Dr.-Ing.), Fachbereich Bauingenieurwesen und Geodäsie der
Technischen Universität Darmstadt vorgelegt von Herrn Dipl.-Ing. Tim Fuhrmann
ISBN 978-3-00-045434-9

März 2014

€ 30,00

Band 33 Finanzierung von Unternehmen im Wassersektor:
Eine Analyse des Finanzierungsinstrumentes PPP-Forfaitierung in Deutschland und
daraus resultierende Implikationen für Projekte in Schwellen- und Entwicklungsländern

Inauguraldissertation zur Erlangung des Grades eines Doktors der
Wirtschaftswissenschaften der privaten Universität Witten/Herdecke gGmbH im Bereich
Wirtschaftswissenschaften, vorgelegt von Max Ferdinand Hermann
ISBN 978-3-00-050093-0

Juli 2015
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€ 30,00

Band 34 MOSA
Integrated Water Resources Management in the “Middle Olifants” river basin, South
Africa
- Phase II Summary Report -

ISBN 978-3-9818108-0-6

Mai 2016

€ 30,00

Band 35 Zur Bedeutung kostenorientierter Entgelte für die Finanzierung und Funktionsfähigkeit
von Abwassersystemen am Beispiel von Industrieparks in Vietnam

Inauguraldissertation zur Erlangung des Grades eines Doktors der
Wirtschaftswissenschaft der Private Universität Witten/Herdecke gGmbH im Bereich der
Wirtschaftswissenschaft, vorgelegt von Frau Sandra Kreuter
ISBN 978-3-9818108-1-3

Februar 2018

€ 30,00

Band 36 AKIZ/TAKIZ "Best Practise Guide" Contributions to Online Measurement Systems for
the Investigation of Wastewater Toxicity on Activated Sludge

Inauguraldissertation zur Erlangung des Grades eines Doktors an der Fakultät für
"Environmental Chemistry" der VNU University of Science, Hanoi, Vietnam, vorgelegt
von Herrn Ferdinand Friedrichs
ISBN 978-3-9818108-2-0

Juli 2018
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€ 35,00

