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Abstract

In this study we found that the oxygen uptake rate (OUR) response from activated sludge to the addition of a single strgéaic sub
can be divided into two phases. The first phase reflects the primary metabolism of the added substrate, while the seabhd presum
originates from metabolism of stored polymers like polyhydroxyalkanoate (PHA) and/or glycogen produced during the
metabolism of the exogenous substrate. This shift is due to the depletion of exogenous substrate. The obtained yieldfon acetate
0.71 g COD/g COD caorrelates very well with experimental results in literature where addition of excess acetate to a @ure cultur
led to extensive formation of polyhydroxybutyrate (PHB). Furthermore the highest obtained yield on glucose of 0.91 g COD/g COD
is very close to the theoretical yield for formation of glycogen from glucose (0.96 g COD/g COD). This indicates thattbe respo

of activated sludge to a substrate addition is to store the substrate instead of an immediate growth response.

Introduction

The use of oxygen uptake rate (OUR) measurements for control
purposes and as an experimental tool is rapidly increasing (Brouwer T
et al. 1994; Spanjers and Vanrolleghem, 1995; Smolders et air |
1997). By using it we can get more information on the biological©
wastewater treatment processes and the wastewater (Henzg;—
1992). The direct registration of the oxygen consumption rate iny
a biological process allows us to get a first insight into theg T
metabolism of the micro-organisms. The consumption rate of the L
electron donor has for many years been the primary objective of

Exogenous
respiration

these measurements, but a more detailed analysis of the data| External Er’;goigrgrt‘ig‘r“s
obtained allows us to extract more information from the OUR , Substrate ‘ ‘p ‘ ‘ ‘ ‘ ‘
measurements. The coupling between oxygen and substrate T qime
consumption can be used to calculate the amount of substrate
consumed. A key question in this calculation of the substrate .

Figure 1

consumption is the conversion factor, normally called the yield
coefficient. If the yield coefficient used in the calculation is

incorrect, then the calculated substrate consumption is false.
Since many OUR experiments expose the biomass to significant
substrate dynamics, the metabolic response need not be the

traditional growth and oxidation only. There is thus a need fora . . T .
spiration from the measured respiration in order to determine

more detailed analysis of OUR curves and the associated yie ﬁs . - : S
. . . € true yield coefficient. In this work the endogenous respiration
in order to learn more details of the fate of the substrate in t

e
metabolic process. This paper analyses the yield of activate

aed in all experiments is the original start respiration, the one
sludge from full-scale treatment plants being subjected to O easured in the sludge sample just before substrate is added.
experiments with pure substrates.

Example of a respirogram, where a pulse of organic

Substrate is added. If certain experimental conditions

are met, the peak Phase (l) and the tail Phase (Il)
will be seen.

It is obvious that the operation and design of the wastewater
treatment plant (WWTP), including the composition of incoming
wastewater and sludge age from where the activated sludge
sample is taken, must play an important role for the experimental
rwsults obtained. This is demonstrated in Fig. 2 where the change
in the endogenous respiration over time in the activated sludge
used in an experiment is shown. The figure shows that the time
Before a relatively constant level of respiration is reached is very

Respirometric measurements

Empirically an OUR curve for a batch culture, to which an amou
of substrate is added, can look like the one shown in Fig. 1.

When interpreting the OUR curve it is essential to know th
respiration du_e o the _blor_nass itself, called the endogeno itferent for the two types of sludges investigated.
respiration. This respiration is normally assumed to be caused

maintenance of the biomass. The concept is then to subtract this ”. th_e endogengus respiration is known then the exogenous
reSpiration, which is due to added substrate, can be calculated.

The amount of added substrate expressed as COD, which has been
* To whom all correspondence should be addressed. oxidised, is then equal to the white area in Fig. 1. In Fig. 1 the first
@ +45 4525 1477; fax +45 4593 2850; e-mail mh@imt.dtu.dk part of the curve the peak (Phase I) has a similar shape to what has
Received 20 February 1998; accepted in revised form 17 June 1998. peen reported in Kong et al., 1996. The OUR curve can then
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Measurements

Kirkeskoven
Respiration was measured in an experimental set-up consisting of
Frederikssund an open aeration batch reactor (volume 1.06fudge) and a
closed measuring batch reactor (volume 186Iodge), as shown
in Fig. 3. The system was kept at a temperature of 20°€ @uxd
mixing was obtained by magnetic stirring. Oxygen was measured
every 6 s in the measuring batch with an oxygen electrode
(TriOxmatic 300 connected to Oxi 539 oxygen measuring unit
from WTW). When the oxygen level dropped below 2 my &
0 1 1 | the measuring period lasted more than 13 min the sludge in the
0 5 10 15 20 measurement batch was replaced by pumping aerated sludge
Time [h] from the aeration batch into the measuring batch for 2 min (~300
m¢/min). At the same time the sludge in the measuring batch was
recycled back to the aeration batch. Oxygen measurements were
Figure 2 logged by a computer and respiration rates were then calculated
Example of the endogenous respiration of the activated by linear regression of all the obtained dissolved oxygen (DO)
sludges from two different full-scale treatment plants data.
(Kirkeskoven- and Frederikssund WWTP)
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according to the results presented in this paper, have a seconda&QXYGEN ELECTRODE

phase i.e. the tail phase (defined as Phase Il in Fig. 1) before the

e Co . COMPUTER
original level of endogenous respiration is reached. This second LOGGING AND
phase could be the result of adsorption to the activated sludge, but CONTROL
it is presumably caused by a metabolic shift to a more “slowly”
readily biodegradable COD (RBCOD) (Xu and Hasselblad, 1996).

This more “slowly” RBCOD could be a storage polymer like PUMP
polyhydroxyalkanoate (PHA) or/and glycogen produced from AERATION
the added substrate. BATCH
Materials and methods AIR —>» <
Sludge
Figure 3

The activated sludge was obtained from the aeration tanks of two
different wastewater treatment plants in Denmark. Frederikssund
WWTP, Frederikssund Municipality, has a sludge retention time

(SRT) of 16 d without preclarification. The plant operates accor@rganic substrate

ing to the BIODENITRO-system, with alternating nitrification-

denitrification treatment of the wastewater without an anaerob@®rganic substrate was added to the sludge in the form of dissolved
tank in order to enhance biological removal (more system detagedium acetate, D-glucose or 96 vol. % ethanol.

can be found in Henze et al., 1995). Kirkeskoven WWTP,

Sgllerad Municipality, has an SRT of 7 d and presettling witResults and discussion

addition of FeCl The plant operates solely for the aerobic

Principle of the OUR measuring system

removal of COD without nitrification. All the obtained values for the yield coefficients are summarised
in Table 1 and the unit of the yield coefficient throughout this
Sludge preparation paper is g biomass COD/g substrate COD.

The substrates used, acetate, glucose and ethanol are all
The sludge was settled and the supernatant was then replaced withsidered as belonging to the RBCOD fraction (Henze, 1992).
tap water in order to reduce the initial concentration of RBCOD
in the sludge. This washing procedure was repeated until t#JR of acetate
theoretical concentration of soluble matter was reduced by more

than 95%. The OUR response by adding acetate (53.5 mg Ac g0/
The following nutrients were added to the sludge in order tshown in Fig. 4.
avoid any nutrient limitation: MgS{Q166 mg/, FeCl: 2.3 mgL, At first the OUR measurement gives a very fast response and

CaCl;: 412 mg/, NH,CI-N: 6.8 mgf and phosphate buffer (pH then after a short period, the respiration rate levels off. The first
7.24) - HPQ;: 90 mgl, HPQ;: 410 mg/. To inhibit nitrification  increase of the OUR curve can be explained by the adaptation of
N-allylthiourea was added to a concentration of 12(mfie the organisms to this sudden much higher concentration of
sludge was then aerated for at least 24 h at room temperatorganic substrate or it could be caused by growth of the biomass.
before it was used for experiments. Then the curve exhibits a sudden drop, indicating that the added
substrate has been removed from the water phase. The sudden
drop of the OUR curve is then followed by a constantly decreasing
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Figure 4

Exogenous oxygen response when adding acetate to sludge from WWTP Kirkeskoven (a) and WWTP
Frederikssund (b) (53.5 mg acetate COD// is added to both). Area below the curve is divided into Area | and II.
Endogenous respiration has been subtracted from the original measurement.
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Figure 5

Total OC,, vs. the start concentration of acetate
(sludge from WWTP Kirkeskoven). The oxygen
consumption is calculated from the areas I, Il and
I + I, related to the principle shown in Fig. 1. The
linear regression of the data is shown and is forced

to go through (0,0).
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respiration (Phase Il). The respiration in Phase Il is probably due
to the transformation of a secondary substrate (maybe a storage
polymer like PHA or glycogen) or it could be due to more difficult
access to the remaining primary substrate caused by an accumu-
lation of the substrate in the flocs.

The maximum respiration rate on a certain amount of acetate
in Phase 1 is highest in the sludge from Kirkeskoven, also when
expressed per grams VSS. This indicates, with reservation for the
fact that grams of VSS is not equal to grams of living biomass,
that there is a higher activity per g of VSS of micro-organisms
capable of oxidising acetate in the sludge from Kirkeskoven than
in the one from Frederikssund.

The accumulated exogenous oxygen consumption @it
Phases I, Il and | + Il as function of the start concentration of
substrate used, is shown in Fig. 5 (with sludge from WWTP
Kirkeskoven). According to the theory used, O@ust be zero
when there is no substrate added. The regression lines for the OC
as a function of the start concentration of substrate are therefore
forced through (0,0).

The yields can then be calculated fré@¢C_ = (1 - Y,)-S
meaning that the Y is 1 minus the slope of one of the lines in
Fig. 5. This procedure means that one yield coefficient is assumed

(b) Frederikssund WWTP
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Figure 6

Exogenous oxygen response when adding glucose to sludge from WWTP Kirkeskoven (a) and WWTP
Frederikssund (b) (107 mg glucose COD/¢ is added to both). Area below the curve is divided into the Areas | and Il.
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TABLE 1

THE YIELD COEFFICIENTS

Yield [g biomass COD/g
substrate COD]
Substrate Acetate Glucose Ethanol Reference
Yo 0.71 0.79 0.66 WWTP Kirkeskoven
i 0.72 0.91 0.67 WWTP Frederikssund
0.71 Xuand Hasselblad (1996)
0.71 VanNiel et al. (1995)
Yo 0.48 0.71 0.55 WWTP Kirkeskoven
Yo 0.52 0.82 0.55 WWTP Frederikssund
f 0.5 { Loosdrecht et al. (1996)*
0.65 0.88 Chuboda et al. (1985) SE
0.60 0.76 Chuboda et al. (1985) CM

SE - Selector system
CM - Completely-mixed system
* valid for a wide range of substrates

to be valid for the whole area of examined substrate concentra-

tions. The values can be found in Table 1.

N
o

The vyield coefficients for acetate for the activated sludge

from WWTP Frederikssund are similar to the ones of WWTP

Kirkeskoven (see Table 1).

The yield coefficient for acetate regarding Phase | is in good
agreement with what can be calculated from the analytical work
of Xu and Hasselblad (1996) and Van Niel et al. (1995) of Y.

te

OCex [mg OZ/I]

=0.71. In the latter the addition of excess acetaldiosphaera
pantotrophaled to rapid and massive formation of polyhydroxy-
butyrate (PHB) of 42% of the dry mass (Van Niel et al., 1995).

The value of the yield coefficient regarding both phases of
0.5 g COD/g COD seems to agree well with the value of 0.5 valid
for biomass growth without substrate storage (Van Loosdrecht et
al., 1997). This indicates that the part of the added acetate that was
not oxidised after Phase Il has been used for growth only.

OUR of glucose

The OUR response of activated sludge from Kirkeskoven and
Frederikssund after the addition of glucose (107 mg glucose

COD#¥) is shown in Fig. 6.

As seen in Fig. 6 the OUR response on glucose has a similar
look as the OUR response on acetate. First a slow increase, then

OCex [Mmg O]

a fast decrease and after this a slow levelling out until the
endogenous respiration level is reached again. Figure 6 also
demonstrates the difference between the two activated sludges
examined. This can be seen in and understood by the different
areas below the two OUR curves and the difference in the
maximum respiration rate on glucose.
The accumulated QCfor Phases |, Il and | + Il as a function
of different concentration levels of substrate is shown in Fig. 7.

The high values of the yield coefficients (Table 1) indicate
that glucose is stored in the sludge singe ¥ much higher than
the expected growth yield of 0.5 of Van Loosdrecht et al. (1997).

The higher values for the yield on glucose in proportion to the
yield on acetate is in good correlation with the results of Chudoba

et al. (1985).
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Figure 7

Total OC, vs. the start concentration of glucose
(sludge from WWTP Kirkeskoven(a) and WWTP
Frederikssund(b)). The oxygen consumption is

calculated from the Areas I, Il and | + Il
related to the principle show in Fig. 1.
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Figure 8

Exogenous oxygen response when adding ethanol to sludge from WWTP Kirkeskoven( a) (80 mg ethanol
COD/¢ added) and WWTP Frederikssund (b) (48 mg ethanol COD/¢ added). Area below the curve is divided into
the Areas | and .

The highest level of storage is found in the sludge from S0 *
Frederikssund. This is presumably caused by the presence of a 40 + ! A
fruit juice production company in the catchment area of the £ O
WWTP. Thus the raw wastewater could have a high content of O 30 1 Al+ll A
carbohydrates, which then is causing a selection for micro- ?
organisms specialised in metabolising carbohydrates. This hy- E 20 L
pothesis is supported by the fact that the activated sludge from8
Frederikssund has higher respiration rates in Phase | comparedto 19 -+ D/U/E
the sludge from Kirkeskoven when the activated sludge is respir- ]
ing on glucose. This indicates that the activity of micro-organ- 0 1 1 1 1
isms per g VSS capable of oxidising glucose is higher in the 0 20 40 60 80 100
sludge from Frederikssund than in the one from Kirkeskoven, s [mg ethanol CODII]
where the highest activity of micro-organisms capable of oxidis- Ethanol [MY
ing acetate per g of VSS was observed.

Figure 9

OUR of ethanol Total OC,, vs. the start concentration of ethanol (sludge

from WWTP Kirkeskoven). The oxygen consumption is

The OUR response of activated sludge from Kirkeskoven and calculated from the Areas I, Il and | + Il related to the
Frederikssund upon the addition of ethanol is shown in Fig. 8. principle show in Fig. 1.

The OUR response for ethanol has an almost linear increase
after the first rapid increase (this phenomenon was observed
repeatedly after the addition of ethanol to the same sludg®ase |i in the case of ethanol is very small<(R.13). This is
sample). This differs from the OUR responses of the othgfesumably caused by the fact that the addition of ethanol can
examined substrates and could be due to induction of enzymgfect the endogenous respiration negatively either by inhibiting

If, however, the phenomenon is due to selected growth of the even by poisoning certain bacterial species. This will espe-
biomass it would mean that the biomass respiring on acetate gy influence the accuracy in the determination of Phase II.
a doubling time of approximately 2 h and that its growth is linear, Thjs examination shows that if a wastewater containing
which is not very likely for micro-organisms from a wastewatefonocarbohydrates is tested with the OUR method using sludge
treatment plant. The difference between ethanol and acetate in fhn WWTP Frederikssund or WWTP Kirkeskoven the obtained
yield regarding Phases | and Il together is approximately 10%c_ will differ. The determination of the RBCOD fraction will
similar to the difference in the free energy of the combustion @pnsequently also differ if the same yield coefficient is applied.
ethanol and acetate which corresponds very well with the theofyjs result is not correct according to the definition of Wanner
presented by McCarty (1972). This means that the yield ext994) which reads “Readily biodegradable substrates are or-
pressed as (g biomass COD formed)/(substrate energy utilisedyiic compounds with small and simple molecules which can be
the same for acetate and ethanol. The phenomenon is probafsctly metabolised inside the cells”, but for modelling purposes
caused by the fact that the metabolism of ethanol starts with tgs not necessarily wrong. It all comes down to the choice
conversion of the ethanol into acetaldehyde (Alderete et ahetween a definition of the RBCOD fraction that can be measured
1993). Itis therefore expected that the yield on ethanol is highghalytically or a definition of the fraction of the COD that will
than the yield on acetate due to the release of extra energy frgile a certain response according to a model of the biological
the oxidation of ethanol. This has also been observed in exp&iipcesses in the WWTP.
ments with denitrification (Constantin and Fick, 1997).

Figure 9 shows that the precision in the determination of
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