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Abstract

Spanjers H. (1993) Respirometry in Activated Sludge. Doctoral thesis, Wageningen Agricultural
University, Wageningen, the Netherlands. 199 pages, 2 appendices.

The purpose of the study was (1) to develop a respiration meter capable of continuously measuring,
using different procedures, the oxygen uptake rate of activated sludge and (2) to expand knowledge
about respiration related characteristics of wastewater and activated sludge.

A newly-developed respiration meter is described. The meter consists of a closed, completely mixed
respiration chamber of 0.5 to 1 litre through which activated sludge is continuously pumped. The
characteristic feature of this meter is that the dissolved oxygen concentration in the sludge entering
the chamber and in the sludge leaving the chamber is measured with one single probe, located at one
opening. This is realised by changing the direction of the flow through the chamber. The respiration
rate is calculated from the dissolved oxygen mass balance over the respiration chamber. Because the
derivative of the mass balance is included in this calculation, the respiration rate can also be calculated
during dynamic conditions. An improved method for calculating the respiration rate is described,
which accounts for the time lag of the DO probe, An additional result of this improvement is that it
yields the time constant of the probe response, which provides a diagnosis of the probe condition.

Experimental research was performed using a continuous pilot activated sludge plant with a complet-
ely mixed aeration tank of 0.475 m3, fed with domestic wastewater, and a batch reactor with an
aeration tank of 1.5 to 2 litres.

A strategy is described for measuring four types of respiration rate of the same sludge under different
conditions: endogenous, instantaneous, actual and maximum respiration rate. Emphasis is given to
the actwal respiration rate. The actual respiration rate is defined as the oxygen uptake rate of the
sludge in the aeration tank. It is demonstrated that this rate is measured if the respiration chamber and
the aeration tank are equally loaded with wastewater. An improved method is described which does
not involve addition of wastewater to the respiration chamber. Instead, the transient respiration rate
during two modes of operation which are alternately executed is used to calculate the actual respir-
ation rate,

The measurement of the maximum respiration rate is discussed in some detail with emphasis on the
partition of readily biodegradable matter into two components. The maximum respiration rate is
measured if wastewater is continuously fed into the respiration chamber so that the loading exceeds
a certain critical loading. Batch respirometric tests are used to verify the continuous measurement of
this maximum rate. An application of the developed measurement is described in which the effect of
the influent flow rate on the maximum respiration rate of nitcifying sludge was investigated.

Methods are described for continuous estimation of the short-term biochemical oxygen demand
(BOD,,} of influent and effluent by using respirometry. BOD,, values of the influent are verified with
batch measurements. The BOD,, of the examined wastewater appears to be mainly caused by
ammonium being oxidized by nitrifiers.

Batch respiration measurements have been used for identifying a mathematical nitrification model. The
investigation was focused on finding an optimal experimental design and a good model validation
method.

Keywords: activated sludge, biochemical oxygen demand, process control, dissolved oxygen,
dissplved oxygen probe, endogenous respiration rate, experimental design, fouling, kinetics,
maximum respiration rate, modelling, monitoring, Monod, nitrification, nonlinear regression, oxygen
uptake rate, respiration meter, respiration rate, respicometry, wastewater
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Stellingen

De aanbeveling van de American Public Health Association om na de
bemonstering van het aktiefslib vit de beluchtingtank de respiratiemeting zo
snel mogelijk te beginnen impliceert dat de meting van de aktuele
respiratiesnelheid op deze manier principieel onjuist is.

APHA (1989) Standard Methods for the Examination of Water and Wastewater, 17th edition.
American Public Health Association, Washington, D.C.

Sherrard cum suis konkluderen dat de respiratiesnelheid geen geschikte
variabele is voor de regeling van het aktiefslibproces. Deze konklusie is niet
gerechtvaardigd want zij is gebaseerd op foutieve metingen van de aktuele
respiratiesnelheid.

Sherrard J.H. (1980) Communication: oxygen uptake rate as an activated sludge control
parameter. J. Wat. Pollut. Control Fed. 52, 2033.

Sollfrank en Gujer houden er bij de bestudering van de nitrifikatiekinetiek ten
onrechte geen rekening mee dat de vorming en oxidatie van nitriet een rol

speelt.

Sollfrank U. and Gujer W. (1990) Simultaneous determination of oxygen vptake rate and
oxygen transfer coefficient in activated sludge methods by an on-line method. Wat. Res. 24,
725-732.

De bedenkelijke gewoonte om parameters van een niet-lineair model te
schatien na een linearisatie kan worden afgeschaft nu programmatuur voor
niet-lineaire regressie in ruime mate verkrijgbaar is.

De in de literatuur veel voorkomende gewoonte om een kinetiekvergelijking
in een differentiaatvergelijking op te nemen is principieel fout omdat kinetiek
een stationaire situatie veronderstelt.

Het opleidingsnivo van de moeder is de meest bepalende faktor voor de
gebitsgezondheid van een kind.

De verspreiding van tuberculose via het huishoudelijke rioolwater is een reéel
gevaar.




10,

11.

12.

Het toepassen van echt rioolwater bij zuiveringstechnologisch onderzoek
vergroot de kans op serendipiteuze vondsten.

Het noemen van het principe van een instrument in een wetenschappelijke
publikatie moet worden beschouwd als het citeren van de bedenker van dat

principe.

Door de overmaat aan wielerwedstrijden in Nederland op een kort en bochtig
parcours (de zogenoemde ’rondjes rond de kerk’) wordt het aanwezige
wielertalent niet volledig ontwikkeld.

Als we in Nederland alle honden als varkens in stallen zouden huisvesten dan
hadden we er een mestprobleem bij.

Om misverstanden over de goede werking van het zuiveringsproces te
voorkomen verdient het aanbeveling de tussen-s in het woord
"beluchtingstank” weg te laten,

Stellingen bij het proefschrift "Respirometry in activated sludge” van Henri Spanjers
Wageningen, 29 oktober 1993
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General introduction

1.1 Purpose of this study

Respirometry is the measurement and application of respiration rate, a key variable in the
activated sludge process. The respiration rate can be used to increase our understanding of
the process, which is essential for good control. The purpose of this study is to (1) develop
a respiration meter capable of continuously measuring, using different procedures, the oxygen
uptake rate of activated sludge and (2) expand knowledge about respiration related
characteristics of wastewater and activated sludge.

1.2 Background of respiration

The activated sludge process is a widely used biological method of wastewater treatment. In
this process the wastewater is brought in contact with an aerated suspensicn of activated
sludge. Activated sludge is a flocculent mixture of an aerobic heterogenous population of
micro-organisms and particulate organic .aterials, This sludge removes soluble and
particulate matter from the wastewater. The activated sludge is separated from the treated
wastewater by sedimentation and in this way retained in the system, Because the amount of
sludge increases as a result of biomass growth and entrapment of particulate materials,
surplus sludge is discharged from the system.

Although also non-biodegradable material is removed in the activated sludge process, this
study was restricted to the removal of biodegradable material. The biodegradation process
is performed by a mixed population of micro-organisms degrading multiple substrates along
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several reaction pathways. The incoming wastewater is characterised by a varying substrate
composition and concentration and varying flow rate. This means that the properties of the
biomass and the wastewater, and the kinetics of the activated sludge process are difficult to
identify. There is clearly a need for measurement procedures that provide information about
the wastewater and biomass properties and the process kinetics for two reasons:

First, the information can be used to extend fundamental knowledge, for instance by
identifying mathematical models of the activated process. Second, the information is in the
public interest because it can be used for monitoring and controlling the process, thereby
saving energy costs.

In characterising the process, the biodegradable matter plays a dominant role. However,
because of its heterogeneous constitution, the concentration of this material can only be
expressed by a general varable. Oxidation is the main mechanism of removal of
biodegradable matter. Therefore, the oxygen uptake per unit of volume and unit of time, or
respiration rate, is the key variable that characterises the process and the associated removal
and degradation of the biodegradable matter. Dold ez al. (1980) identify the respiration rate
as a most sensitive variable on the basis of which the activated sludge process theory can be
validated.

1.3 Measurement of the respiration rate

Measurement of the respiration rate of activated sludge has been the subject of many studies.
Three methods can be distinguished:

- estimator method,
- exhaust gas method and
- instrumental method.

The estimator method, based on a model of the dissolved oxygen (DQO) dynamics in a
completely mixed aeration tank, uses on-line measurements of the DO concentration and the
air flow rate to calculate the respiration rate (Holmberg, 1982; Howell er al., 1984; Goto and
Andrews, 1985; Howell and Sopido, 1985; Bocken et al., 1989; Hamamoto ef al., 1990;
Holmberg, 1990). The exhaust gas method is based on measuring the difference between the
oxygen concentrations in the air entering and the air leaving the acration tank (Kubota et al.,
1981; Redmon er al., 1983; Boyle et al., 1989; Stenstrom e al., 1989). The instrumental
method uses a respiration chamber where the oxygen uptake takes place and some device
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intended to measure the uptake of DO. This work deals with the latter category. The
combination of respiration chamber and device for measuring the DO uptake is called
respirometer or respiration meter.

Various respiration meters have been described in literature. They can be divided into two
categories: manometric meters and meters using an electrochemical DO sensor (DO probe).
The manometric technique measures the volume of oxygen used by the bacteria
(Montgomery, 1967; Jenkins, 1960; Umbreit, 1972; Tebbut and Berkun, 1976; Huang and
Cheng, 1984). A special version is a respiration meter which replenishes the oxygen used by
the bacteria. This oxygen can be supplied from a tank (Cadena et al., 1989; Jacquez ef al.,
1990) or can be generated by electrolysis (Clark, 1960; Hickey and Nagels, 1985; Tabak ez
al., 1990; Hill, 1991). Most manometric respiration meters are primarily designed for
determination of the biochemical oxygen demand (BOD) of wastewater or other substrates,
although certain meters are capable of measuring the respiration rate itself as well (Therien
and Ilhan, 1983; Huang and Cheng, 1984; Mueller and Stensel, 1990).

At present, most meters use a DO probe which measures the dissolved oxygen concentration,
The respiration rate is then calculated from changes in the DO, The meter developed in this
study is an example of this technique. Therefore, it will be considered further in this section.
Two types of meters using a DO-probe can be distinguished: the batch respiration meter and
the continuous flow-through respiration meter,

Batch meters can be either closed or open. The closed respiration meter is operated by with-
drawing a sample of activated studge from a plant, transferring it into a small vessel, aerating
it, ceasing the aeration and then monitoring the decline of DO concentration with time. The
respiration rate is derived from the slope of the DO decline (Lamb er al., 1964; Eye and
Ritchie, 1966; Vernimmen er al., 1967; and others). One type of open respiration meter is
operated in the same manner (Farkas, 1969; Takamatsu er al., 1981; Randall et al., 1991),
however, this type requires prevention of the entry of oxygen from the air. Other open
respiration meters are continuously aerated (Blok, 1974; Ros er al., 1988a; Vanrolleghem
et al., 1990). They have the advantage that higher sludge concentrations can be used, because
there is a continuous input of oxygen. Using this approach, the aeration coefficient and the
saturation DO concentration under the operating condtions have to be known to calculate the
respiration rate. This applies as well to a type of open batch respiration meter proposed by
Ciaccio (1992). This meter consists of an aerated vessel with water and a closed reactor
containing a microbial population on a carrier. It is evident thai this meter cannot be used
to determine the respiration rate of a particular activated sludge suspension. Although batch
respiration meters are inherently discontinuous, they can be automated to operate in a semi-
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continuous way (Fujimoto ef ¢l., 1981; Takamatsu et al., 1981; Kaneko et al., 19835; Sekine
et al., 1968a; Randall er al., 1991),

"Continuous flow-through meters measure the DO concentration at the inlet and at the outlet
of a closed respiration chamber through which sludge is pumped continuously. The respir-
ation rate is calculated from the difference of the two DO measurements and the residence
time. The device developed in this study is a flow-through meter of this type. Edeline ef al.
(1978) described a respiration meter consisting of a coiled tube and two DO probes at both
ends of the tube. Activated sludge is pumped through the tube and the respiration rate is
calculated from the DQ difference. This method is in fact a plug flow version of the closed
batch respiration meter described above. Other meters use a completely mixed respiration
chamber through which the sludge is continuously pumped (Reynolds, 1969; Clarke et al.,
1978; Chen ez al., 1980; Hisset et gl., 1982; Sollfrank and Gujer, 1990). In all these cases
one DO probe is placed in the aeration basin while the other is located at the outlet of the
respiration chamber. In the calculation of the respiration rate steady state with respect to the
DO concentration is assumed. Heckershoff and Wiesmann (1386) suggested a method using
two parallel respiration chambers with a closed aeration system, which are both supplied with
activated sludge from an aeration tank. Additionally, one is fed with wastewater while the
other is fed with tap water. The respiration rate is calculated from mass balances of oxygen
over the chambers. The authors claim that this technique also allows the calculation of the
wastewater BOD.

Some continuous flow-through respiration meters are not particularly designed for measuring
the oxygen uptake rate. Siepmann and Teutscher (1984) proposed a meter restricted to the
measurement of BOD. In this meter wastewater is continuously diluted with tap water and
the mixture is led through a chamber with immobilised micro-organisms. The DO difference
over the chamber is kept constant by manipulating the dilution ratio. Afler calibration with
a standard of known BOD, this ratio is used as a measure for the wastewater BOD (Riegler,
1984; Kalte, 1990). Several continuous toxicity meters are based on the change in respiration
rate but do not provide respiration rate values (Solyom er al., 1976; Pagga and Ginther,
1981},

From the literature it was concluded that only a continuous flow-through respiration meter
is capable of real-time monitoring the rate of oxygen uptake of activated sludge in an aeration
tank. Only continuous flow-through meters can be useful for state estimation and control of
the activated sludge process (Holmberg, 1982). Therefore, in this study the attention was
restricted to the development of such a meter.
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1.4 Newly-developed respiration meter

The respiration meter developed in this study consists of a closed, completely mixed chamber
of 0.5 to one litre through which the activated sludge is continuously pumped (Figure 1). The
characteristic feature of this meter is that the DO concentration in the sludge entering the
chamber and in the sludge leaving the chamber is measured with one single probe, located
at one opening. This is realised by changing the flow direction through the chamber.
Initially, two probes were used and the flow direction was not changed (Spanjers, 1983;
Spanjers and Klapwijk, 1987). This version, however, was unreliable, because when the
probe sensitivities changed and there was a small difference between the two signals,
relatively great errors resulted. The flow direction is changed using four solenoid valves
excited, two by two,

Figure 1. Design of the respiration meter.

Two problems are associated with this strategy. First, the DO concentration can only be
measured when the signal of the DO meter, after changing the flow direction, has reached
its end value. With the DO meter employed, it takes about 10 - 30 seconds to attain 95% of
the full response, This means that the measuring frequency for the DO concentrations is
limited by the response time of the DO meter. For accurate continuous measurement of the
respiration rate this frequency must be increased. Therefore, a method is needed to find the
end value, even when the full response has not been attained. Chapter 6 of this thesis
describes a method for estimating the end value by fitling a response model of the probe to
the DO measurements. The second problem is that at a specific time instant only one
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measurement is available: either the DO concentration of the sludge entering the chamber or
the DO concentration of the sludge leaving the chamber. Hence, in the calculation of the
respiration rate the missing DO concentration at that time instant has to be estimated as well.
For this an interpolation method is vsed. -

The respiration rate is calculated on the basis of the DO mass balance over the respiration
chamber:

de
= = glc-0)-r L
a(c,-c)

where a=the dilution rate (time!). Given the discrete time measurements of the DO
concentration, equation {1} has to be approximated by a difference equation. In this study,
two numerical approximations of (1) were applied: an analytical method and the trapezoidal
rule (Appendix A). Generally, with flow-through meters, steady state is assumed and the
derivative is assumed to be zero. In this study, the derivative in (1) is determined so that the
respiration rate can also be calculated during dynamic conditions.

1.5 Different respiration rates

Actual respiration rate -

Reviewing the literature reveals that there is general consensus on the validity of using respir-
ation rate for supervision and control of the activated sludge process (Benefield et al., 1974;
Haas, 1979; Holmberg, 1982; Allsop et al., 1990; Tur et al., 1990). However, there has
been some opposition as to the utility of the respiration rate in controlling the activated
sludge process, notably pursued by Sherrard’s group (Sherrard, 1980; Khararjian, 1980;
Edwards and Sherrard, 1982; Chandra e ai, 1987). In my opinion this controversy is partly
due to an inadequate technique used by Sherrard’s group for measuring the respiration rate
of the activated sludge in the aeration tank, in this work denoted as the actual respiration
rate. Their technique, the BOD bottle method as recommended in *Standard methods’, is not
suitable for measuring the actual respiration rate in an aeration tank, because it tends to
underestimate this rate. In *Standard Methods’ (APHA, 1989) this notion is reflected in the
statement that the determination of the respiration rate (using, for example, the BOD bottle
technique) 'is sensitive to the time lag between sample collection and test initiation’. It is
therefore recommended to start the measurement “immediately’ after sampling the activated
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sludge suspension. Moreover, it is stated that "because test conditions are not necessarily
identical to conditions at the sampling site, the observed measurement may not be identical
with actual oxygen consumption rate’. Several workers reported this inaccuracy of the batch
technique in determining the actual respiration rate (Allsop et al., 1950; Mueller and Boyle,
1990; Mueller and Stensel, 1990). Pfeffer er al. (1968) reported a significant decline in
oxygen uptake of mixed liquor samples as the time lag between sampling and initiation of
the measurement increases. Several workers using the batch technique were aware of this
change in respiration rate and stated that the measurement should start as quickly as possible
after sludge collection (Reinnarth and Riiffer, 1983; Suschka and Ferreira, 1986; Chandra
et al., 1987; Tur et gl., 1990). Yet some results are doubtful because of the delay between
sampling and measurement (Duggan and Cleasby, 1976; Chandra et a/., 1987). Duggan and
Cleasby, for example, reported that there is a direct response of the DO concentration to load
variations, while there is a dampening of the mixed liquor oxygen uptake response.

The actual respiration rate in the aeration tank (r,.) is a function of the concentration of
biodegradable matter. The concentration of biodegradable matter in the aeration tank is the
net result of the inflow of biodegradable compounds and the biodegradation and outflow of
these compounds. When a sample of sludge is collected from the aeration basin, only the
biodegradation continues, resulting in a decreasing concentration of biodegradable matter.
Hence, the observed rate will be lower than 7. Sampling of sludge from the aeration tank
is, in this regard, comparable to terminating the influent flow: Dold et al. (1980) observed
a precipitous decrease in respiration rate at the instant of feed termination. Hence, the batch
technique results in erroncous r,., values, even when the measurement is started
*immediately” after sampling as stated in Standard Methods (APHA, 1989). The same holds
for continuous flow techniques: the loading of biodegradable matter from the influent fatls
off when the sludge flows through the respiration chamber. The difference between the
measured rate and 7, depends on the kinetics and mean hydraulic residence time in the

acr
chamber.

In this work the condition is derived which makes it possible to measure r,, in one
completely mixed aeration tank, using a continuous flow respiration meter. To obtain a
respiration rate in the chamber equal to the rate in the aeration tank, the chamber has to be
loaded with the same wastewater, It is demonstrated (Appendix B) that the respiration rate
in the chamber equals the actual rate in the aeration tank if simultaneously with the studge,
a sample of influent is continuously led into the chamber in such a way that the ratio of
sample flow rate and chamber volume equals the ratio of influent flow and aeration tank
volume.
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Endogenous respiration rate

The endogenous respiration rate (r,,,) has generated some interest as a variable for
characterising the activated sludge process. It is considered to be 2 measure for the active
biomass concentration (Brouzes, 1979; Arthur, 1982; Allsop et al., 1990; Young, 1931;
Jgrgensen ef al., 1992). Weddie and Jenkins (1971) stated that r,,, divided by the volatile
suspended solids concentration reflects the viable organisms content. Vandebroek (1986) used
r..q as an indicator for toxicity. Kappler and Gujer (1992) reported a coefficient for the
production of inert COD, derived from r,,,. In order to determine the respiration rate due
to the oxidation of soluble substrate, r,,; has to be subtracted from the measured rate
(Dietrich and Burris, 1967; Hartmann, 1968). In some publications dealing with substrate
respiration rate, the results can be questioned because r,,.; was not subtracted (Takamatsu ef
al., 1981; Huang et al., 1985; Chandra et al., 1987). Duggan and Cleasby (1976} reported
that the endogenous respiration rate is not useful for monitoring the effect of influent loading,
because it responds only gradually to changes in waste loading.

There is little consensus in literature as to the definition of the endogenous respiration rate.
In microbiological literawre r,, ; is defined in terms of maintenance: endogenous respiration
occurs when there is no observed substrate consumption and when maintenance ATP is
obtained from biomass degradation (Herbert, 1958). One definition in the wastewater
literature is: 'metabolic respiration of a living cell using the contents of the cell as a
substrate; occurs usually when there is an absence of any other substrates® (Patry and
Chapman, 1989). Another is: ’the amount of oxygen utilized per unit of MLVSS in the
reactor in the absence of exogenous substrate’ (Suschka & Ferreira, 1986). Bhatla ef al.
(1966) stated that r,, , is related to the auto-oxidation of cell material and is not related to
substrate from the wastewater. A residual substrate concentration remains that is due to the
endogenous reaction in which end products of cell lysis become substrate again and are
available for the synthesis of new cell material. However these definitions are not entirely
satisfactorily because they do not clearly say what is meant with substrate in this context.
Dold et al. (1980) formulated the 'death regeneration hypothesis’ as opposed to the classical
endogenous respiration concept. This hypothesis implies that maintenance energy per se
(oxygen requirement for maintenance) is considered to be so small that it can be lumped
with, and completely swamped by, the oxygen demand for the synthesis of new cell mass
from the lysed substrate.

As a result of the different concepls of endogenous respiration, the opinions of how to
measure 7,,, are also different. Several workers observed that r,,, as measured is not
constant (Suschka and Ferreira, 1986; Ros er al., 1988a) but depends on the loading
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conditions (Bucksteeg, 1969} and on the sludge age (Holmberg and Ranta, 1982). Dietrich
and Burris (1967) showed that r,,; does not necessarily stays constant when substrate is
added to a seed, and concluded that the usual practice of subtracting the oxygen consumption
of the seed from that of the test suspension may not always be valid.

Most workers reported that the respiration rate approaches a more or less constant value
(7., a certain aeration time after feed termination (continuous or batch). Authors reported
various aeration times: 30 min (Mueller and Stensel, 1990; Stenstrom and Song, 1991), 1
hour (Cech er al., 1984; Jgrgensen ef al., 1992), 2 hours (Heckershoff and Wiesmann,
1986), 4 hours (Suschka and Ferreira, 1986), 5 hours (Dold et al., 1980). Sometimes the
achievement of the endogenous respiration state was determined only qualitatively by
observing a sharply decreasing rate followed by a more or less constant level (Bhatla et al.,
1966; Lijklema, 1971; Therien and Tthan, 1983; Vasel ef al., 1991, Drtil et al., 1993). In
case of continuous operation the respiration rate of return sludge (Arthur, 1982; Therien and
Tlhan, 1983) or even, during low loading, of mixed liquor in the aeration tank (Brouzes,
1979; Stephenson er ai., 1983) was considered to approach 7.

|
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Figure 2: Respiration rate after sampling activated sludge from the aeration basin. Readily
biodegradable matter was still present in the sludge at the start of the measurement.

In this study the operational definition of r,,; is: the oxygen uptake per unit of volume and
unit of time in the absence of readily biodegradable matter in the solution. It is assumed that
the rate is associated with the oxidation of readily biodegradable matter produced by (1)
hydrolysis of slowly biodegradable matter, (2) lysis of dead cells and, (3) the release of
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substrate for maintenance. In the next chapter the readily biodegradable matter will be
specified further. In case of continuous operation the measurement of r,; is realised by
measuring the rate of sludge from an unfed bypass tank through which the sludge is
continuously recirculated. In case of batch operation r,,,, is measured by determining the rate
after the sharp decrease which is typically observed as soon as the readily biodegradable
matter has been oxidised. After this moment the respiration rate continues to decrease
gradually. This is illustrated in Figure 2.

Maximum respiration rate

Measuring the maximum respiration rate can be useful for monitoring, control (Takamatsu
et al., 1981}, assessing toxicity (Temmink et al., 1993), estimation of biomass concentration
and viability (Takamatsu et @l., 1981; Huang et al., 1985; Vargas-lopez, 1988) and
determination of maximum aeration capacity (Huang et al., 1985). There is reasonable
consensus that the maximum respiration rate is to be measured in the presence of excess
substrate. However there seems to be limited understanding of the conditions under which
an excess of substrate is attained. In this thesis the measurement of the maximum respiration
rate is explicitly discussed in some detail with special emphasis on the partition of readily
biodegradable matter into several components.

1.6 Short-term biochemical oxygen demand

History

The biochemical oxygen demand (BOD) is a widely used and important test in the
measurement of organic pollution. Rather arbitrarily an incubation period of 5 days was
adopted as the time required for oxidation of most of the organic material (Leblanc, 1974).
Initially the BOD; test was designed to assess the effect of pollutants on the oxygen content
of receiving waters. Later its use was extended to the design and control of treatment plants.
Because of its arbitrary character the BOD, test represents a varying part of the ultimate
BOD of different wastewaters. This observation and the fact that a period of five days is
unsuitable for activated sludge process operation purposes have led to efforts to develop a
quicker BOD test. In evaluating various rapid BOD test methods, Leblanc (1974) concluded
that a short-term BOD test would be useful for controlling treatment plant operation.
Vernimmen e al. (1967) introduced the concept of short-term biochemical oxygen demand.
Short-term biochemical oxygen demand will be denoted as BOD,, in this work. Much
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attention has been payed to BOD, in relation to process dynamics, modelling and control.

BOD,, as opposed to BOD;

Contrary to the BODs method, the BOD,, test uses the same micro-organisms and biomass
concentration as those of the activated sludge plant under consideration. The BOD,,,
therefore, shows better the effect of wastewater on an activated sludge plant. Moreover, the
BCD,, represents the oxygen demand within the time limits of the process, so that it is more
amenable to implementation in control strategies than the BODs. The BOD; test is known
to give unreliable results. Kohne er al. (1986), comparing BOD,, with the BODy method,
concluded that the first has a better reproducibility.

Several authors tried to correlate BODg and a short-term BOD with varying success
(Vernimmen, 1967; Arthur and Hursta, 1968; LeBlanc, 1974; Farkas, 1981; Therien and
Ilhan, 1983; Arthur, 1984; Harita e al., 1985; Vandebroek, 1986; Suschka and Ferreira,
1986; Ciaccio, 1992). The goodness of correlation often appeared to be dependent on the
type of wastewater. Vernimmen et al. (1967) admitted that their technique would be of
doubtful value for accurate BOD prediction of wasles such as certain sewages, containing
varying proportions of rapidly and slowly oxidizable substrates. Correlation was employed
in the application of BOD-meters, such as the BOD probe, which thus need to be calibrated
against standards with known BOD, (Strand and Carlson, 1984; Riegler, 1984; Riedel et al.,
1988; Lenk et al., 1990; Princz and Olah, 1990),

I do not consider it useful to investigate possible relationships between BOD; and BOD,,,
because the BOD,, itself provides valuable information for the regulation of the activated
sludge process.

Definition and nature of BOD,

In the literature there is inconsistency as to the definition of BOD,, One definition is: amount
of oxygen that is consumed until all the substrate of a waste sample is converted into
bacterial mass (Farkas, 1981). Another is: total amount of oxygen utilized for the bio-
oxidation of substrate (Suschka and Ferreira, 1986). Vemnimmen et al. (1967) defined the
BOD,, in operational terms as the amount of oxygen utilised in addition to the endogenous
oxygen consumption after introduction of a limited volume of a sample into a batch respir-
ation meter containing activated studge. The latter definition depends strongly on the
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endogenous respiration rate. However, the authors did not specify r,, ;.

In this thesis BOD,, is defined in a similar operational way, but irrespective of the respiration
meter: the BOD,, is the amount of oxygen utilised in addition to the endogenous oxygen
consumption. Since in this thesis r,,; is defined as the oxygen uptake per unit of volume and
unit of time in the absence of readily biodegradable matter, the BOD,, is due to the oxidation
of readily biodegradable matter. In this study, nitrification, if occurring, is considered to be
included in the BOD,,. Henze (1992) found that the readily biodegradable matter includes
acetic acid (42%), higher volatile fatty acids, lower amino acids, simple carbohydrates (each
17%) and alcohols (8 %}. However, he excluded ammonium,

The definition given above is in agreement with the approach of Dold et al. (1980). The
authors suggested to make a distinction, based on biological response, not on physical
separation, between readily and slowly biodegradable organic matter. They hypothesized that
readily biodegradable substrate consists of small simple soluble molecules that can pass
through the cell wall. Slowly biodegradable substrate consists of larger complex molecules
and particulate matter that cannot pass the cell wall but are adsorbed and hydrolysed into
readily biodegradable substrate that passes directly to the organisms. The hydrolysis is slow
and rate limiting.

Respirometric methods for the determination of BOD,,

In most cases batch BOD,; tests use the same biomass concentration as that of the activated
sludge plant. Because the tests imply higher oxygen demands, there are special requirements
for the oxygen supply and hence the BOD botlle technique generally does not satisfy.
Respirometric BOD tests were reviewed by Jenkins (1960), Montgomery (1967), LeBlanc
(1974) and Vasel et al. (1991). Because of inconsistency, as mentioned before, these tests
do not yield comparable BOD values at all. In some cases a “rapidly determined BOD;" is
meant, in other cases the BOD, is considered to be an individual measure of waste
concentration, in agreement with my own viewpoint.

Ekama er al. (1986) described three methods for estimating the readily biodegradable
chemical oxygen demand. The first method involves feed termination in a flow-through
activated sludge process and subsequent monitoring of the respiration rate. Knowledge of
several stoichiometric constants is required to calculate the BOD,,. The second method
consists of mixing wastewater and sludge and subsequently monitoring the respiration rate
in a batch reactor. The readily biodegradable chemical oxygen demand is then calculated
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from the area between endogenous and substrate respiration rate. The third method, also
described by Kristensen er al. (1992), is identical to the second except for the utilisation of
nitrate as electron acceptor instead of oxygen.

The second method has been used by far most frequently (see section *Measurement of the
respiration rate’) and it is also used in this work. Other methods are based on a continuous
flow-through respiration meters and BOD probes as described above. Additionally, in this
work, a method is developed for measuring on-line the influent BOD,,.

Wastewater utilised in this study

All results (except one) of this study are based on the operation with presettled domestic
wastewater from the village of Bennekom and activated sludge grown on this wastewater.
The major fraction of the wastewater is of domestic origin; a small portion (7%) originates
from a hospital, Compared with the COD, the BOD,; of this wastewater is relatively high.
This is illustrated in Table 1, where a comparison is made with data from literature. The
oxygen needed for nitrification is responsible for the high ratio found in this study.

Table 1: Ratio of BOD, to total wastewater COD (readily biodegradable marter expressed
as a percentage of total COD). Data in this work represent averages of duplicate
measurements. References refer to BOD,, tests with suppressed nitrification.

type of wastewater % BOD,, reference
municipal 14 Sollfrank & Gujer (1991)
municipal and domestic Henze (1992)
raw 7-32
primary 16-33
pre-precipitated 56
presettled domestic 26! this work

(nitrification included)
562

lwet weather conditions: low COD (236 mg 1) and N-Kjeldahl (28 mg 1'1)
Zaverage weather conditions: medium COD (312 mg 1"!) and N-Kjeldahl (60 mg 1'1)
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The BOD,, of the wastewater utilised in this study originates from soluble matter. This is
illustrated in Figure 3, where the analysis results in relation to various filtrates of the
wastewater are compared. The BOD,, turned out to be independent of filtration: the raw
wastewater and the 0.45 um filtrate had equal BOD,,. Assuming that the 0.45 pm filtrate
only contained dissolved matter (Gujer, 1980), it is concluded that the readily biodegradable
matter in the wastewater used consisted of dissolved substrate. This is in agreement with the
conclusions of others (Dold er al., 1980, 1986; Henze et al., 1987).

300

200

mg/l

100

o &
unfiltered  Red Ribbon 1.2um 0.45,m
&3 BODst Ccoo Nk] NH4

Figure 3: BOD,, (mgO,I'l}, COD (mgO,I""), N-Kjeldahl (mgN I'') and ammonium (mg NI'')
of various filtrates of the presettled wastewater. Filters used {all Schleicher & Schuell): Red
Ribbon 589°, membrane ME 28 1.2 um and membrane BA 85 0.45 um.

1.7 Outline of this thesis

The chapters in this thesis are all presented as publications (published or to be published),
each of which can be read independently. Necessarily this involves some repetition of
theories and methods. They do not follow the chronological order of the publications but are
arranged so that they form a systematic structure.

The experimental research described in chapters 2, 3, 4 and 5 was performed using a pilot
plant with one single completely mixed acration tank of 475 m®. Next lo the experiments
described in these chapters batch experiments were performed using an aerator of 1.5 to 2
litre. The batch reactor was used exclusively in the research described in chapters 6 and 7.
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Chapter 2 presents the respiration meter used along with measuring procedures for obtaining
information on the activated sludge process in one single completely mixed tank. The
procedures consist of on-line measurement of four types of respiration rate of the same
sludge under different conditions: endogenous, instantaneous, actual and maximum respir-
ation rate. A method is presented for monitoring the influent and effluent BOD,,. It uses
three of the four rates mentioned above. The importance of nitrification as part of the BOD,,
is discussed. Control schemes, based on the different types of respiration rate, are suggested.

In chapter 3 an improved method for measuring the actual respiration rate is introduced. In
contrast to the method in chapter 2, this method also makes it possible to measure the actual
respiration rate in the second compartment of a plug flow reactor or further downstream. The
method involves the measurement of the transient respiration rate during two different modes
of operation of the measuring system, which are alternately executed. The BOD,, in the
completely mixed aeration tank is estimated by choosing predetermined boundary conditions.
The measured respiration rate and the estimated BOD, in the respiration chamber are used
to find the kinetic relationship between these two variables, Finally, this relationship is used
to calculate the actual respiration rate. The result of this procedure is compared with the
actual respiration rate as measured according to the method presented in chapter 2.

Chapter 4 describes muzatis mutandis a technique and estimation algorithm similar to those
described in chapter 3, to estimate the influent BOD,, on-line. In order to verify the estimated
values, the BOD,, is also independently determined in batch tests.

In chapter 5 the measurement of the maximum respiration rate as described in chapter 2 is
explained in some detail. Especially the conditions under which this rate needs to be
measured are discussed. An application of the measurement is described. It concerns the
effect of the influent flow on the maximum respiration rate.

Chapter 6 describes an improvement of the evaluation of the respiration meter results which
accounts for the time lag of the DO probe. The real DO concentration at the end of each
response is estimated by fitting the DO measurements to a first-order response model of the
probe. An additional result of this strategy is that it yields the time constant of the probe
response, which provides a diagnosis of the probe condition.

Chapier 7 is an application of using the respiration rate for identifying a mathematical modei
of a subprocess in the activated sludge. Nitrification is chosen because there is need for a
better model of this process including both nitrification steps (Grady, 1989). Since
nitrification involves a high uptake of oxygen, respiration rate is a useful variable for
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identifying this process. Because an optimal experimental design and a good model validation
method are needed, the investigation described in this chapter was focused on these items.
The batch experimental procedure described in chapters 2, 4 and 5 was used in this
investigation.

1.8 References

Allsop P.J., Moo-Young M. and Sullivan G.R. (1990) The dynamics and control of substrate
inhibition in activated sludge. Critical Reviews in Environmental Control 20, 115-167.
APHA (1989) Standard Methods for the Examination of Water and Wastewater, 17th edition.

American Public Health Association, Washington, D.C.

Arthur R, M, (1982) Activated sludge process controi series. Volume 1: New concepts and
practices in activated sludge process control. Arthur Technology Inc.

Arthur R.M. and Hursta W.N. (1968} Short term BOD using the automatic respirometer.
23th Purdue Ind. Waste Conf. Proc., 242-250.

Arthur R.M. (1984) Twenty years of respirometry, 39%th Purdue Ind. Waste Conf. Proc.,
861-874,

Arthur R.M. (1984) Discussion: measurement and validity of oxygen uptake rate as an
activated sludge control parameter. J. War. Pollut. Control Fed. 56, 1, 111.

Benefield L.D., Randall C.W. and King P.H. (1974) Process conirol by oxygen uptake and
solids analysis. J. War. Pollut. Control Fed. 47, 2498,

Bhatla M.N., Stack V.T. and Weston R.F. (1966) Design of wastewater treatment plants
from laboratory data. J. War. Pollut. Control Fed. 38, 601-613.

Blok J. (1974) Respirometric measurements on activated sludge. Waz. Res 8, 11-18.

Bocken S.M., Braae M. and Dold P.L. (1989) Dissolved oxygen control and oxygen
utilization rate estimation: extension of the Holmberg/Olsson method. War. Sci. Technol.
21, 1197-1208.

Boyle W.C., Hellstrom B.G. and Ewing L. (1989) Oxygen transfer efficiency measurements
using off gas techniques. War. Sci. Technol. 21, 10/11, 1295-1300.

Brouzes P.H, (1979) Monitoring and controlling activated studge plants in connection with
aeration. Prog. Wat. Tech. 11, (3), 193-200.

Bucksteeg W. (1969) Discussion of; Physical and biochemical aspects of B.0.D. kinetics
(Hartmann L. and Wilderer P.). 4th Int. Conf. on Water Pollut. Control Res., Prague.
Adv. Water Pollut., 253-254.

Cadena F., Drohobyczer A., Beach M.I. and Bames D. (1989) A novel approach to
simplified respirometric oxygen demand determinations. 43rd Purdue Ind. Waste Conf.
Proc., 459-467.



References 17

Cech 1.8., Chudoba J. and Grau P. (1984) Determination of kinetic constants of activated
sludge microorganisms. War. Sci. Technol. 17, 259-272.

Chandra S., Mines R.O. and Sherrard J.H. (1987) Evaluation of oxygen uptake rate as an
activated sludge control parameter. J. Wat. Pollut. Control Fed. 59, 1009-1016.

Chen C.Y., Roth J.A. and Eckenfelder W.W. (1980) Response of dissolved oxygen to
changes in influent organic loading to activated sludge systems. Wat. Res. 14, 1449-1457,

Ciaccio L.L. (1992) Instrumental determination of the energy oxygen and BODS5. Wat. Sci.
Technol. 26, No, 5-6, 1345-1353.

Clark J.W, (1960) War. Sewage Wks 107, 140-145.

Clarke A.N., Eckenfelder W, W, and McMullen E.D. (1978) Development of a continuous
respirometer. Wat. Res. 12, 799-804,

Dietrich $.M.C. and Burris R.H. (1967) J. Bact. 93, 1467-1470.

Dold P.L., Ekama G.A, and Marais G.v.R (1980) A general model for the activated sludge
process. Prog. Wat. Tech. 12, (6), 47-77.

Dold P.L. and Marais G.v.R. {1986) Evaluation of the general activated sludge model
proposed by the IAWPRC Task Group. War. Sci. Technol. 18, 63-89.

Drtil M., Németh P. and Bodik 1. (1993) Kinetic constants of nitrification. Wat. Res. 27,
35-39.

Duggan J.B. and Cleasby J.L. (1976) Effect of variable loading on oxygen uptake. J. Wat.
Pollut. Control Fed. 48, 40-550.

Edeline F., Lambert G. and Sueiras F. (1978} Un respirométre continu simple pour le
contréle des boues activées. La tribune du Cebedeau 414, 211-215,

Edwards G.L. and Sherrard J.H. (1982) Measurement and validity of oxygen uptake rate as
an activated sludge process control parameter. J. War. Pollut. Control Fed. 54,
1546-1552.

Ekama G.A., Dold P.L. and Marais G.v.R. (1986) Procedures for determining influent COD
fractions and the maximum specific growth rate of heterotrophs in activated sludge
systems. Wae. Sci. Technol. 18, (6), 21-114,

Eye 1.C. and Ritchie C.C. (1966) Measuring BOD with a membrane electrode system. J.
Wat. Pollut. Control Fed. 38, 1430-1440,

Farkas P. {1969) Method for measuring aerobic decomposition activity of activated sludge
in an open system. 4th Inr. Conf. on Water Pollut. Control Res., Prague. Adv. Water
Pollut., 309-317.

Farkas P.A. (1981) The use of respirography in biological treatment plant control. Waz. Sci.
Technol, 13, 125-131 (Munich).

Fujimoto E., Iwahori K. and Sato N. (1981) Automatic measurement device of the respir-
ation rate and experimental investigalion on the constant DO control by using the device
for the activated sludge process. War. Sci. Technol. 13, 193-198 (Munich).




18 Introduction

Goto M. and Andrews J.F. {1985) On-line estimation of oxygen uptake rate in the activated
sludge process. In Proc. 4th IAWPRC Workshop on Instrumentation and Control of Water
and Wastewater Trearment and Transport Systems, 27 April - 4 May. Houston and
Denver, U.5.A., pp. 465-472,

Grady, C.P.L. Jr. (1989) Dynamic modeling of suspended growth biological wastewater
treatment processes. in: Patry & Chapman (eds.} Dynamic Modeling and Expert Systems
in Wastewater Engineering. Lewis Publishers, Inc. 1-38,

Gujer W. (1980) The effect of particulate organic material on activated sludge yield and
oxygen requirement. Wer. Sci. Technol. 13 (1, Toroato), 79-95.

Haas C.N. (1979) Oxygen uptake rate as an activated sludge control parameter. J. Wat.
Pollyt. Control Fed. 51, 938-943.

Hamamoto Y., Ideshita Y. and Nonaka H. (1990} Application of a system with automatic
control of aeration time to the intermittent-aeration activated sludge process in an existing
wastewater treatment plant. In Proc. 4th IAWPRC Workshop on Instrumeniation and
Control of Water and Wastewater Treatment and Transport Systems, 26 July - 3 August,
Yokohama and Kyoto, Japan, pp. 103-112.

Harita K., Otani Y., Hikuma M. and Yasuda T. (1985) BOD quick estimating system
utilizing a microbial electrode. In Proc. 4th IAWPRC Workshop on Instrumentation and
Control of Water and Wastewater Treatment and Transport Systems, 27 April - 4 May.
Houston and Denver, U.S.A., pp. 529-332.

Hartmann L. (1968) Toxicity measurements in activated sludge. Journal San. Eng. Proc.
Am. Soc. Civil Engr. 94, SA2, 247.

Heckershoff H. and Wiesmann U, (1986) Ein neues MeBgerit fiir die Betriebskontrolle und
Reglung von Belebtschlammanlagen. Teil 1: Messung der Substratkonzentration.
Korrespond, Abwass. 33, 6, 508-513.

Heckershoff H. and Wiesmann U. {1986) Ein neues Mefgerit fir die Betriebskontrolle und
Reglung von Belebtschlammanlagen. Teil 2: Messungen zur Atmungsaklivitit von
Belebtschlimmen und zur reaktionskinetik. Korrespond. Abwass. 33, 7, 600-606.

Henze M., Grady C.P.L. Jr., Gujer W., Marais G.v.R. and Matsuo T. (1987) IAWPRC
Task Group on Mathematical Modelling for Design and Operation of Biological
Wastewater Treatment, Activated Sludge Model No. I, Scientific and Technical Reports
No. 1, IAWPRC, London, England.

Henze M. and Gujer W. (eds.) (1992) Interactions of wastewater, biomass and reactor
configurations in biological treatment plants. War. Sci. Technol. 25, No 6.

Henze M. (1992) Characterization of wastewater for modelling of activated sludge processes.
War. Sci. Technol, 25, No 6, 1-15,

Herbert D. (1958) Some principles of continuous culture. In Recent Progress in Microbiology -
3, 381-396. G. Tunevall, Ed. (Almquist and Wiksell, Stockholm) VII Intern. Congr. for



References 19

Microbiology.

Hickey C.W. and Nagels J.W. (1985) Modifications to electrolytic respirometer systems for
precise determination of BOD exertion kinetics in receiving waters. War. Res. 19,
463-470.

Hill 1.B., Bleam R.D., Zitrides T.G. and McDowell C.8. (1991) Advanced measurement
cells for automated quantification of biodegradative microbial oxygen uptake in fluid,
semi-solid and solid media. 45th Purdue Ind. Waste Conf. Proc., 491-499.

Hissett E., Deans A and Evans M.R. (1982) Oxygen consumption during batch aeration of
piggery slurry at temperatures between 5 and 50 C. Agricultural Wastes 4, 477-487,
Holmberg A. (1982) Modelling of the activated sludge process for microprocessor-based state

estimation and control. War, Res. 16, 1233-1246.

Holmberg A. and Ranta J. (1982) Procedures for parameter and state estimation of microbial
growth process models. Auromatica 18, 181.

Holmberg U. (1990) On identification of dissolved oxygen concentration dynamics. In Proc.
4th IAWPRC Workshop on Instrumentation and Cowtrol of Water and Wastewater
Treatment and Transport Systems, 26 July - 3 August, Yokohama and Kyoto, Japan, pp.
113-119.

Howell J.A., Yust L.J. and Reilly P.J. (1984) On-line measurement of respiration and mass
transfer rates in an activated sludge aeration tank. J. Wat. Pollut. Control Fed. 56,
319-324,

Howell J.A. and Sopide B.O. (1985) On-line respirometry and estimation of aeration
efficiencies in an activated sludge aeration basin from dissolved oxygen measurements.
IFAC symp. Modelling and Control of Biotechnological Processes, Noordwijk, The
Netherlands.

Huang J.Y.C. and Cheng M.D. (1984) Measurement and new applications of oxygen uptake
rates in activated sludge processes. J. Wat. Pollut. Control Fed, 56, 259-265.

Huang J.Y.C., Cheng M.D. and Mueller I.T. (1985) Oxygen uptake rates for determining
microbial activity and application, War. Res. 19, 373-381.

Jacquez R.B., Cadena F., Prabhakar S. and Beach, M.L (1990) 46. gas transfer limitations
in environmental respirometry. 44th Purdue Ind. Waste Conf. Proc., 425-433,

Jenkins D. (1960) The use of manometric methods in the study of sewage and trade wastes.
Waste Treatment, Pergamon Press, New York, 99.

J¢rgensen P.E., Eriksen T. and Jensen B.K. (1992) Estimation of viable biomass in
wastewater and activated sludge by determination of ATP, oxygen utilization rate and
FDA hydrolysis. War. Res. 26, 1495-1501.

Kalte P. (1990) The continuous measurement of short-time BOD. In Proc. 4th IAWPRC
Workshop on Instrumentation and Control of Warer and Wastewater Treatment and
Transport Systems, 26 July - 3 August, Yokohama and Kyoto, Japan, pp. 59-65.




20 Introduction

Kaneko M., Kawachi K. and Matsumoto A. (1585) Evaluation of oxygen uptake rate
analyzer in wastewater treatment plants. In Proc. 4th IAWPRC Workshop on
Instrumentation and Control of Water and Wastewater Treatment and Transport Systems,
27 April - 4 May. Houston and Denver, U.S.A., pp. 521-524,

Kappeler J. and Gujer W. (1992) Estimation of kinetic parameters of heterotrophic biomass
under aerobic conditions and characterization of wastewater for activated sludge
modelling. Wae. Sci. Technol. 25, No 6, 125-139.

Khararjian H.A. (1980) Communication: Oxygen uptake rate as a control parameter. J.
Water Pollut. Control Fed. 52, 823-824,

Kohne M., Siepmann F.W. and Te Heesen D. (1986) Der BSBs und der kontinuierliche
Kurzzeit-BSB (BSB-M3) im Vergleich. Korrespond. Abwass. 33, 787-793.

Kristensen G.H., Jorgensen P.E. and Henze M. (1992) Characterization of functional
microorganism groups and substrate in activated sludge and wastewater by AUR, NUR
and QUR. War. Sci. Technol. 25, (6), 43-57.

Kubota H., Fujie K. and Kasakura T. (1981) Automatic monitoring of exhaust gas analysis
in activated sludge wastewater treatment process. Wat. Sci. Technol. 13, 159-164,

Lamb J.C., Westgarth W.C., Rogers J.L. and Vernimmen A.P. (1964) A technique for
evaluating the biological treatability of industrial wastes, J. Wat. Poliut. Control Fed. 36,
1263-1284.

Leblanc P.J. (1574) Review of rapid BOD test methods. J. War. Pollut. Control Fed. 46,
2202-2208.

Lenk S., Peukert V. and Bier T. (1990) ProzeBanalyse und -steuerung bialogischer Reini-
gungsstufen mit einem Plateau-BSB-MeRBgerit. Wasserwirtschaft Wassertechnik 40, 4-7.

Lijklema L. (1971) Factors affecting pH change in aikaline wastewater treatment - II Carbon
dioxide production. War. Res. 5, 123-142,

Montgomery H.A.C. (1967) The determination of biochemical oxygen demand by
respirometric methods. War, Res. 1, 631-662.

Mueller J.A. and Boyle W.C. (1988) Oxygen transfer under process conditions. J. Wat.
Pollut. Control Fed. 60, 332-341.

Mueller J.S. and Stensel H.D. (1990) Biologically enhanced oxygen transfer in the activated
sludge process. J. War. Pollut, Control Fed. 62, 193-203.

Pagga U. and Giinthner W. (1981) The BASF toximeter - a helpful instrument to control and
monitor biological wastewater treatment plants. War. Sci. Technol. 13, 233-238.

Patry G.G. and Chapman D. (eds.) (1989) Dynamic modelling and expert-systems in
wastewater engineering. Lewis Publishers, Inc,

Pfeffer J.T. et al. (1968) Field evaluation of aerators in activated sludge systems. 23rd
Purdue Ind. Waste Conf. Proc., 183-194.

Princz P. and Olah J. (1990) BOD measurement of non-toxic wastewaters with an improved




References 21

microbial probe. In Proc. 4th IAWPRC Workshop on Instrumentation and Control of Water
and Wastewarer Treatment and Transport Systems, 26 July - 3 August, Yokohama and
Kyoto, Japan, pp. 79-87.

Randall E.-W., Wilkinson A. and Ekama G.A. (1991) An instrument for the direct
determination of oxygen uptake rate. Warer SA 17, 11-18.

Redmon D., Boyle W.C. and Ewing L. (1983) Oxygen transfer efficiency measurements in
mixed liquor using off gas techniques. J. War. Pollut. Control Fed. 55, 1338-.

Reinnarth G. and Riiffer H. (1983) Bestimmung der Sauerstoffverbrauchsraten von
Belebtschlamm. Vom Wasser 60, 223-235.

Reynolds L.F. (1969) Discussion: Farkas P., method for measuring aerobic decomposition
activity of activated sludge in an open system. 4th Int. Conf. on Water Pollut. Res.,
Prague. Adv. Water Pollut. Res.

Riedel K., Renneberg R., Kiihn M. and Scheller F. (1988) A fast estimation of biochemical
oxygen demand using microbial sensors. Appl. Microbiol. Biotechnol. 28, 316-318.

Riegler G. (1984) Kontinuierliche Kurzzeit-BSB-Messung. Korrespond. Abwass 31, 369-377,

Ros M., Dular M. and Farkas P.A. (1988a) Measurement of respiration of activated sludge.
Wat. Res. 22, 1405-1411.

Ros M., Dular M. and Farkas P. (19838b} An improved method using respirography for the
design of activated sludge aeration systems. War. Res. 22, 1483-1489.

Sekine T., Sato S., Furuya N. and Sunuhara H. (1988a) Supervision and control of the
activated sludge process utilising the respiration rate activity. Env. Technol. Lest. 9,
1317-1327.

Sekine T., Tsugura H., Urushibara §., Furuya N. and Matsui S. (1988b) Evaluation of
settleability and separation characteristics of activated sludge by a turbidity meter -
incorporating SVI meter. Env. Technol. Lest. 9, 647-654.

Sherrard J.H. (1980) Communication: oxygen uptake rate as an activated sludge control
parameter. J. Wat. Pollut. Control Fed. 52, 2033.

Siepmann F. and Teutscher M. (1984) AbschluBbericht zum F+E-Vorhaben 102--WA 161
Bau und Erprobung eines Mefgeriteprototyp zur kontinuierlichen Kurzzeit-BSB- und
Toxizititsmessung. BMFT Abt, Umweltforschung.

Sollfrank U. (1988) Bedeutung Organische Fraktionen in Kommunalem Abwasser im
Hinblick auf die mathematische Modellierung von Belebtschlammsystemen, Ph.D, Thesis,
ETH, Zirich.

Sollfrank U. and Gujer W. (1990) Simultaneous determination of oxygen uptake rate and
oxygen transfer coefficient in activated sludge methods by an on-line method. War. Res.
24, 725-732.

Sollfrank U. and Gujer W. (1991) Characterisation of domestic wastewater for mathematical
modelling of the activated sludge process. Wat, Sci. Technol. 23, 1057-1066.



22 Introduction

Solyom P., Boman B. and Bjorndal H. (1976) Continuous monitoring of acute - toxic
substances in wastewater. Prog. Wat. Tech. 8, 417-422.

Spanjers H. (1983) Regelen van een aktiefslibinrichting d.m.v. een digitaal meet- en
regelsysteem. M.Sc. Thesis, Department Water Pollution Control, Wageningen
Agricultural University, The Netherlands,

Spanjers H. and Klapwijk A. (1987) The Wazu-respiration meter. A breakthrough in
automation and control of a wastewater treatment plant. 10th Symposium on Wastewater
trearment, November 1987, Montréal, Québec, Canada.

Stenstrom M.K., Kido W., Shanks R.F. and Mulkerin M. (1989) Estimating oxygen transfer
capacity of a full-scale pure oxygen activated sludge plant. J. War. Pollut. Control Fed.
61, 208-220.

Stenstrom M.K. and Song S.S. (1991} Effects of oxygen transport limitation on nitrification
in the activated sludge process. J. Wat. Pollut. Control Fed. 63, 208-219.

Stephenson J.P., Monaghan B.A. and Yust L.J. (1983) Pilot scale investigation of
computerized control of the activated sludge process. Report SCAT-12, Environmental
Protection Service, Environment Canada, O.

Strand S.E. and Carlson D.A. (1984) Rapid BOD measurement for municipal wastewater
samples using a biofilm electrode. J. Wat. Pollut. Control Fed. 56, 464-467.

Suschka J. and Ferreira E. (1986) Activated sludge respirometric measurements. Wat. Res.
20, 137-144.

Tabak H.H., Desai S. and Govind R. (1990) Determination of biodegradability kinetics of
RCRA compounds using respirometry for structure-activity relationships. 44k Purdue Ind.
Waste Conf. Proc., 405-423.

Takamatsu T., Shioya S., Yokoyama K., Kurome Y. and Morisaki K. (1981) On-line
monitoring and control of biochemical reaction processes. proc. 8th IFAC World
Congress, Kyoto, Preprints Vol XXII, 146-151.

Tebbut T.H.Y. and Berkun M. (1976) Respirometric determination of BOD. Wat. Res. 10,
613-617.

Temmink H,, Vanrolleghem P., Klapwijk A, and Verstraete W, (1993) Biological early
warning systems for toxicity based on activated sludge respirometry. Accepted for
publication, 6th IAWQ Workshop on Instrumentation, Control and Automation of Water
& Wastewater Trearment and Transport Systems. June 17-25, Banff and Hamilton,
Canada.

Therien N. and Ilhan F. (1983) Relating BOD3 with on-line oxygen uptake rate measure-
ments using automatic respirometers in view of process monitoring and control. In:
Procedures and Practices in Activated Sludge Process Control (R.M. Arthur, ed.), Ann
Arbor Science, Ann Arbor, MI, 113-129,

Tur M, Tseng L., Chou M., Fang H. and Hsia J. (1990) Application of oxygen uptake rate




References 23

in managing an activated sludge process for treating refinery wastewater. 44th Purdue Ind.
Waste Conf. Proc., 695-701.

Umbreit W.W,, Buris R.H. and Stauffer J.F. (1964) Manometric methods. 4th edition,
Bargess, Minneapolis,

Vandebroek R. (1986) Study and development of a microcomputer controlled sensor for the
determination of the biodegradability and the toxicity of wastewaters: Ph.D. thesis,
University of Ghent, Belgium.

Vanrolleghem P., Dries D. and Verstracte W. (1990) RODTOX: biosensor for rapid
determination of the biochemical oxygen demand and the on-line monitoring of the toxicity
of wastewaters. In Proceedings Fifth European Congress on Biotechnology. 8-13 July,
Copenhagen, Denmark, Vol 1, pp 161-164.

Vargas-Lopes C.E. (1988) The relationship between respiration rate and microbial activity
and kinetic modelling of the activated sludge extended aeration process. Ph.D. thesis,
Department of Civil Engineering, The University of Leeds, England.

Vasel I.L., Warnier P., Jupsin H. and Schrobiligen P. (1991) Automatisation et comparaison
de différentes méthodes respirométriques d’estimation rapide de la DBO. Revue des
Sciences de I'Eau 4, 415-435,

Vernimmen A.P., Henken E.R, and Lamb J.C. (1967) A short-term biochemical oxygen
demand test, J. War. Pollut. Control Fed. 39, 1006-1020.

Weddle C.L. and Jenkins D, (1971) The viability and activity of activated sludge. Wat. Res.
5, 621-640.

Young J.C. (1981) Specific oxygen demand as an operating parameter for activated sludge
processes. Wat. Sci. Technol. 13, 397-403.




On-line meter for respiration rate and
short-term biochemical oxygen demand in the
control of the activated sludge process

2.1 Abstract

A meter, based on a novel principle, is described for monitoring of the respiration rate of
activated sludge and, as a derivative, the short-term biochemical oxygen demand (BODy,).
Operational implications and reliability are discussed. A method is presented for measur-
ing four respiration rates of the same sludge under different conditions, These rates are:
the endogenous, the instantancous, the actual and the maximum respiration rate.
Theoretical and experimental conditions for the measurement of the different rates are
discussed. It is shown that the BODy, of both influent and effluent can be calculated from
three of the four respiration rates. The method is applied to a completely mixed
continuous-flow activated sludge pilot plant. Results from two experimental set-ups are
shown and discussed. There is some evidence that the maximum respiration rate is
dependent on the loading. It is concluded that the measurements provide relevant
information on the activated sludge process and in addition that the influent and effluent
BOD,, can also be calculated. The BOD, of the examined wastewater appears to be
predominantly caused by ammonium being oxidized by nitrifiers. The measurements can
be used to control activated sludge plants with respect to sludge loading, dissolved oxygen
concentration and sludge balance. Control schemes are suggested.

Published as: Spanjers H. and Klapwijk A. (1990) On-line meter for respiration rate and short-term
biochemical oxygen demand in the control of the activated sludge process. In Advances in Water Poliution
Control, Proc. 5th IAWFRC Workshop, 26 July-3 August, Yokohama and Kyoto, Japan.







