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Abstract

Biodegradation of settled COD isstudied by evaluating the associated OUR profile obtained in an aerated batch reactor. Hydrolysis
was selected, as in current modelling, as the rate-limiting step for O, consumption. Settled COD was found to incorporate a
significant fraction of active biomass that needs to be accounted for in the evaluation. The analysis of the OUR profile yielded a
significantly slower hydrolysis mechanism for settled COD, compared to its soluble slowly biodegradable counterpart.

Nomenclature

endogenous decay rate [d?]

influent total biodegradable COD [mg COD/I]
total biodegradable COD [mg COD/I]

influent total COD [mg COD/I]

inert fraction of endogenous biomass

maximum specific hydrolysisrate for soluble COD
components [d?]

maximum specific hydrolysisratefor particulate COD
components [d?]

half saturation constant for growth [mg COD/I]
hydrolysis half saturation constants for soluble COD
components [gCOD/gcelICOD]

hydrolysis half saturation constants for particulate
COD components [gCOD/gcellCOD]

influent rapidly hydrolysable COD [mg COD/I]
influent soluble inert COD [mg COD/I]

influent readily biodegradable COD [mg COD/I]
influent total soluble COD [mg COD/I]

suspended solids [mg/l]

volatile suspended solids [mg/I]

fixed solids [mg COD/I]

active heterotrophic biomass [mg COD/I]

influent particulate inert COD [mg COD/I]

slowly biodegradable particulate COD [mg COD/I]
slowly biodegradable settleable COD [mg COD/I]
total particulate COD [mg COD/I]

heterotrophic yield coefficient [gcel[COD/(gCOD)]
oxygen uptake rate [mg/I-h]

maximum heterotrophic growth rate [d]
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Introduction

Thesuccessof nutrient removal inactivated sludge systemsmainly
depends on the delicate balance between the organic carbon,
nitrogen and phosphoruscontent of thewastewater. I nthisbal ance,
the amount of organic carbon is only meaningful when it is
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expressed in terms of various fractionswith different mechanisms
and rates of biodegradation. In thisrespect, COD fractionation has
beenintroduced asavery useful tool for theeval uation of biological
treatment processes (Henze, 1992).

Significant COD removal isachievedinthe primary settling of
domestic sewage. The settled portion has been subject to a few
investigations. Hydrolysate dosing was found to improve the
removal efficiency of biological nitrogen removal, especialy for a
BNR system operated with low C/N and C/P ratios (Brinch et a.,
1994). Similarly, Andreasen et al. (1997) argued that low effluent
P concentrations could be attained by using primary sludge
hydrolysatein EBPR activated sludge systems. Itisnow acommon
understanding that this portion represents a potential additional
organic carbon source for nutrient removal, where needed. It was
also stated that limited fermentation of primary sludge, if properly
controlled, could increase this potential, by converting COD into
more easily biodegradable components (Hatziconstantinou et a.,
1996; Bannister and Pretorius, 1998; Moser-Engeler et al., 1998).
Process modificationswere suggested to use this COD fraction for
enhancing nutrient removal in multi-phased systems (Grady et al .,
1999; Pitman, 1995). Littleisknown, however, about the character
of thisfraction other than it usually undergoes a slower biological
breakdownthantherest of theorganic parti culatematter indomestic
sewage. Thereiscertainly aneed for additional information onthe
biodegradation of settleable organics, as compared to other
significant biodegradable COD fractions. Thisinformationisto be
derivedinthe same conceptual framework that today setsthebasis
for the kinetic evaluation of domestic sewage. The collected
information may then help to decide whether settleable COD may
be considered asan indistinguishable part of the particulate slowly
biodegradable COD, or else it needs to be identified as a new
parameter onthebasi sof markedly different kinetic characteristics.

The objective of the study isto explore the biodegradation of
settleable COD fraction in domestic sewage in away that can be
readily incorporated into current modelsasamodel component. In
thiscontext, thepaper intendsto cover characterisation of settleable
organics as a different COD fraction than the rest, based on its
biodegradation (hydrolysis) rate. This assessment is routinely
performed for other COD fractions under aerobic conditionsand a
correction factor is applied for anoxic conditions (Ekama et al.,
1986; Henze et al., 1987).

This type of an assessment, derived from the kinetic inter-
pretation of the oxygen uptake rate (OUR) data is also very
important for the biological nutrient removal (BNR) process,
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X71=305 mgCOD/I

VSS = 55 mgv'ssl

Materials and methods

Q=301 Qou=27.75011
— ¥ .
o CODGE: 2h e 5 —SettI:d o The experiments were conducted as part of a
ot emoved = () Settled Sewage . L. .
Raw Sewage C.= 220 CODII comprehensi vechargpterlsﬂl onsurvey ondomestic
Cr= 425 mgCOD/l Sr=120 mgCOD/I sewage at the Atakoy pl ant, a small wastewater
Sr;=120 mgCOD/I SS =85 mgs9/l treatment facility inlstanbul (Okutmanetal ., 2002).

A 30 | composite sample was collected from the
influent of thetreatment plant and subjectedtoa2 h
gravity settling in order to simulate the quality of
fresh settled sewage. A 2.25 | sample of the settled
sewagefractionwaswithdrawnfor further analysis.
This volume, although quite diluted compared to
full-scale operation, was required mainly for the
OUR tests.

SS = 240 mgSS/| Qy=2.2501 X7 =100 mgCOD/I
VSS =150 mgVSs/| Xg =30 mgCOD/I
COD/SS=1.77 Settled COD COD/SS=1.53
X¢= 110 mgCOD/| Cr= 2900 CODII
Xsr1=205 mgCOD/I Sr=120 mgCOD/I

X1=2780 mgCOD/I

SS=2175 mgSs/l

VSS = 1340 mgV'SS/

COD/SS=1.33

Figure 1

COD and solids mass balance for plain settling
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Figure 2
Model simulation for filtered sewage (F/M=0.05 gCOD/gVSS)
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Figure 3

Model simulation for filtered sewage (F/M=0.1 gCOD/gVSS)

becauseit givestheappropriateindication of how fast thesettleable
fraction of the incoming COD will consume electron acceptors
(nitrate) compared to the other fractionsand the potential impact of
its removal by primary settling to electron acceptor utilisation
under aerobic and anoxic conditions.
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All analyses for conventional characterisation
were performed as defined in Standard Methods,
1998. Soluble fraction was defined as thefiltrate of the sample by
vacuumfiltrationwith celluloseacetate, 0.45 um membranefilters.
The analytical survey also used Whatman GF/C glass-fibre filters
for suspended solids, (SS), and volatile suspended solids (VSS),
measurements. OUR measurements were conducted with a
Manotherm RA -1000 continuousrespirometer with PC connection.
In the experiments, pH waskept in therange of 7.0t0 8.0, suitable
for biological activity. The OUR experiments were used for the
assessment of thereadily biodegradable COD and theeval uation of
kinetic coefficients. The readily biodegradable COD fraction was
determined according to the method proposed by Ekama et al.,
(1986). Biomass was seeded from parallel fill-and-draw reactors
acclimatised to the same domestic sewage and operated at steady
state, at a sludge age of 15 d.

Testing of the experimental data was performed by means of
sensitivity analysis and model simulation, using the AQUASIM
computer program developed by the Swiss Federal Institute for
Environmental Science and Technology (Reichert, 1994; Reichert
etal., 1995). ASM1 (Henzeet al., 1987) modified for endogenous
decay (Orhon and Artan, 1994) was used for model evaluations.

Results and evaluation
Characterisation and mass balance

The evaluation was made on adaily-composite samplewith atotal
COD, (C,), of 425mg/1, atypical valuefor sewageat theinlet of the
Atakdy/lIstanbul treatment plant (Okutman et al., 2002). Further
analysisof the sampleyielded asoluble COD fraction, (S;) of 120
mg/I after filtration and aremaining particulate COD fraction (X,)
of 305mg/I. Thesuspended solids, (SS), concentrationwasmeasured
as 240 mg/l, with a volatile fraction (VSS) of 150mg/l, corres-
ponding to a X /VSS ratio of 2.03. These parameters are in
agreement with theaverage characteristicsof domestic wastewater
ascertained for Istanbul (Orhon et al., 1997).

A two-hour plain settling was observed to achieve around 48%
COD removal, reducing C, to 220 mg/l and X  to 100 mg/I. This
ratio, higher than the level commonly associated with the
performance of primary settlers, should only be evauated in
conjunctionwiththesampleanalysedinthestudy. An SSreduction
of 65% and a V' SS reduction of 63% accompanied COD removal.
Theseresultsfurther indicated that 205 mg/l of the COD intheraw
sewage was of settleable nature, so that its total particulate COD
content could be further subdivided into a suspended fraction of
100 mg/l and a settleable fraction of 205 mg/l. The sludgefraction
withdrawnfor further analysiswas 7.5% of thetotal settled sewage
volume, quite diluted compared to full- scale operation, mainly to
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TABLE 1

COD fractions of raw and settled sewage

COD component (mgCODI/l)

COD fraction (%)

Sample C, S X S S, S X X X |S S, S Xs X
Raw 425 120 305 42 68 10 180 8 40 |10 16 2 20 10
Settled sewage | 220 120 100 42 68 10 - 8 15|19 31 5 38 7
Settled COD 2900 120 2780 42 68 10 2450 - 330 | 1 2 1 - 12

facilitate handling under laboratory conditions. In this volume,
this fraction could be characterised with C_ = 2 900 mg/l and
X, =2780mg/l as S, remained unchanged during settling. Mass
balance of plain settling for parametersincluded in the evaluation

isillustrated in Fig. 1.
COD fractionation

The settled volume includes by definition
soluble COD fractionsidentical tothoseinthe
raw sewage and the settleable (settled) COD.
Inthiscontext, soluble COD componentswere
assessed by means of oxygen uptake, (OUR),
measurements on the filtered sample. Two
parallel tests (Runs 1 and 2) were carried out
with aninitial S; of 120 mg/l at two different
F/M ratios of 0.05 and 0.1 g COD/g VSS. A
readily biodegradable COD concentration,
(Sy), of 42 mg/l could be calculated from the
OUR profiles given in Figs. 2 and 3, in
accordancewiththemethod defined by Ekama
et a. (1986), using a'Y , value of 0.67 g cell
COD/g COD previously computed for the
same sewage.

Similarly, for the soluble (S)) and
particulate (X,) inert COD fractions, S/S, and
X IX ratiosof 0.08 and 0.15respectively were
adopted, as no specific measurements were
made in this study for this purpose (Orhon et
al.,1997). The soluble, (S,) and particulate,
(Xy),slowly biodegradableCOD fractionswere
calculated from mass balance. The resulting
COD fractionation, both for raw and settled

2% -
10%

16%

20%

42%

10%

sewage samplesisoutlined in Table 1.

These results, when compared with similar data also outlined
in the table, reflect a typical domestic sewage composition with
88% biodegradable COD, including 10% readily biodegradable,

16% soluble and 62% particulate slowly biodegradable fractions.
The experiments specifically indicated that around 180 mg/l of the
particul ate slowly biodegradable COD was of settleable nature.

Readily biodegredable, S|

Rapid hydrolysis, Sy

Slow hydrolysis
suspended, Xs

Slow hydrolysis
settleable, Xss

Particular inert, X,

Raw Wastewater

Solubleinert, S
T 5%
52%
19%
31%
031__
48%
38%
7%
Figure 4

Solubleinert, S

Readily biodegredable, Ss

Rapid hydrolysis, S4

Slow hydrolysis
settleable, Xs

Particular inert, X|

Settled Sewage

Schematic representation of COD fractionation for raw and settled sewage

OUR (mol. h

40
s

-0.05 0.05 0.15 0.25
Time (day)

o data

khx=0.5
khx=0.7
khx=0.9
khx=1.1

b 5 |
30 4
=
E‘, 25 -
o
3
‘ 5
0.45 -0.05
Figure 5

0 005 01 015 02 025 03 035 04 045 05

Time (day)

Calibration of the OUR profile in Run 3 (F/M ratio=0.06 gCOD/gVSS) for X_, = 2450 mg//; (a) K ,=1.1 (b) k,,= 0.2
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Calibration of the OUR profile in Run 4 (F/M ratio=0.15 gCOD/gVSS) for X = 2450 mg//; (a) k,,=1.1 (b) K,,=0.2
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Figure 7
Experimental assessment of particulate biodegradable COD (a) for Run 3, (b) for Run 4
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Figure 8
Model simulation of the OUR profile and biodegradable COD concentrations for Run 3 (a) OUR profile (b) biodegradable COD
concentrations

The COD fractions associated with both raw and settled sewage
samples aso show (as illustrated in Fig. 4), that 48% of the
biodegradable COD may potential ly beremoved by primary settling.
Characteristics of the settleable COD

The effect of primary settling on the electron acceptor utilisation
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potential of sewage much depends on the biodegradation
characteristics of the settleable COD. These characteristics, if any
different from the ones associated with the conventional slowly
biodegradable fraction, may be a significant attribute for the
recognition of the settleable COD as a new parameter in the
modelling of activated sludge systems.

In this context, the OUR of the settleable COD fraction was
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Model simulation of the OUR profile for Run 4

investigated on the settled sewage sample, with two consecutive
tests carried out at different F/M ratios of 0.06 and 0.15 g COD/g
VSS. These values were calculated on the assumption that the
entire particulate COD capable of consuming oxygen was slowly
biodegradable substrate only. In other words, the settled sewage
wasassumedto contai nno appreciabl eactiveheterotrophicbiomass,
X, From basic experimental data, the initial particulate
biodegradable COD of the sample in the first test (F/M = 0.06 g
COD/g V SS) was calculated as 2 450 mg/l. The second test with a
higher F/M ratio was started 2 d after the sample was taken. This
periodwasfoundto affect the COD content of thesampleby around
20%, dueto biological decomposition of substrateunder anaerobic
conditionsduring storageinthelaboratory. AsshowninFigs. 5and
6, both runs exhibit adescending OUR profile after anarrow peak
dueto consumption of the soluble COD. Themain part of the OUR
profile is to be evaluated in terms of a hydrolysis mechanism,
commonly accepted in the current modelling approach. As shown
in these figures, calibration of the experimental data was not
possiblewiththeadopted mode! structurefor awiderangeof k, and
K, values describing the hydrolysis kinetics. A closer inspection
indicated that the misfit between experimental data and model
simulation could largely be attributed to the fact that the initial
slowly biodegradable COD level of 2 450 mg/l adopted for the
evaluation was too high for calibration.

From aconceptua standpoint, the areaunder the OUR profile,
when continued long enough to reach the endogenous respiration
stage, yields the total biodegradable COD consumed in the
experiment. When analysed according to the same conceptual
approach used for the assessment of S, the total O, consumption
for the experiment with an F/M of 0.06 g COD/g V SS excluding
endogenousrespiration, correspondstoaninitial COD concentration
of 1020mg/l, excluding thesol ublebiodegradable COD components
(Fig. 7a). This analysis explains the discrepancy between
experimental data and model outputs and indicates the need for a
further segregation of the settled COD into slowly biodegradable
COD, X = 1020 mg/l and activeheterotrophicbiomass, X , = 1430
mg/l COD. The latter is often included as a model component, as
part of theinfluent COD (Solfrank and Gujer, 1991; Henze, 1992).
A similar evaluation for the second runyields, asshownin Fig.7b,
alower X level of 600 mg/l COD.

Model evaluation with the corrected initial X  and X, values,
provided good agreement with the experimental OUR profiles.
Figure 8 illustrates the model calibration secured for the first test,
forak,, of 0.7g COD/g COD.dand aK, of 0.05gCOD/g COD.
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Sensitivity analysis of the OUR profile for Run 3

The same figure also gives model outputs for the S, S, and X
profilesduring thetest. It should be noted that both S_and S, were
totally depleted, as could be predicted, after the OUR peak, within
thefirst 0.05 d of the experiment and X . totally controlled the rest
of the OUR profile, through hydrolysis as the rate limiting
mechanism. The model evaluation was validated, as shown in
Fig. 9, for practically the same kinetic coefficients (k , = 0.8 ¢
COD/g CODd; K, = 0.04 gCOD/g COD) for the OUR profile
characterising the second test.

Together with the simulation studies, asensitivity analysiswas
performed, in accordance with AQUASIM (Reichert, 1994), in
order to assesstheindividual effect of kinetic coefficientsdefining
hydrolysis of particulate COD. Figure 10 gives the results of the
analysisfor the OUR profileassociated with thefirst test on settled
sewage (Run 3). It should be first noted that the absolute relative
function used in the sensitivity analysis is structured to yield
variationsin OUR valuesinflicted by a100% changeinthesel ected
hydrolysisrate constants. Inthisframework both coefficientsexert
significant impact at the beginning of the experiment on theinitial
descending part of the OUR profile. A 100% increasein the value
of k selected as 0.7 d* for the evaluation is shown to affect the
initial OUR value by around 8 mg/l-h. An opposite impact of
2mg/l-hisobserved for K, . k. remains dominantly effective on
the entire profile with a negative effect after 0.13 d. since the
biodegradable substrate represented by the total area under the
OUR curve must stay constant. The lower impact of K, . becomes
gradually negligible after 0.3 d within the next OUR plateau.
Figure 8 a so indicates segments of the OUR profile which are not
appreciably affected by the coefficients. The analysis identifies
these segments as the portion of the experiment between 0.13 to
0.2d and after 0.6 d. Thelast segment may be explained by thefact
that no slowly biodegradable substrate remains after 0.6 d and the
hydrolysis rate equation presumably converges to zero. These
results are also applicable for the second test (Run 4).

The effect of X and X, was also tested by model simulation
with the same data used for calibration and validation. Figure 11
givestheresultsobtained for Run 3. Aspreviously evaluated, OUR
ishighly sensitiveto X , but X , hasarelatively minor effect onthe
overall OUR profile. Inother words, itisimperativetodifferentiate
settled particulate COD into its slowly biodegradable and active
heterotrophic biomass fractions, mainly for the assessment of the
real X level, but the resulting X, does not seem to be equally
critical for model evaluation. Thisresult may find abetter explanation
with the rate expression for hydrolysis, rearranged as below:
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The effect of X, and X, on the OUR profile for Run 3. (a) The effect of X, (b) The effect of X
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The effect of k,, and K, on the OUR profile for Run 3. (a) The effect of k , (b) The effect of K,

dXss _ Xss N

dt * Kxx.XH + Xss

This expression indicates that increasing X,, exerts adirect action
on the hydrolysis of X, but at the same time, it has a tampering
effect through a higher apparent half-saturation coefficient,
K X,y

Similarly, theresultsof the sensitivity analysiswerevisualised
for Run 3, by means of model simulation. The validity of the
selected k, of 0.7 g COD/g COD.d, within the set of tested values
varyinginthenarrow rangeof 0.3t01.0g COD/g COD-d, could be
easily depicted in Fig. 12a, from significant deviations from the
experimental data, especially onthedescending section of theOUR
profile. A similar confirmation could also be obtained, asgivenin
Fig. 12b, for K, = 0.05 emerging as the most appropriate value
among the tested range. The same validity evaluation proved
equally successful for Run 4.

The set of kinetic and stoi chiometric coefficientschosen asthe
appropriate values for the characterisation of settleable COD is
outlined in Table 2. The same table also includes similar values
associated with filtered COD, reflecting the properties of raw
wastewater. Aside from typical values for microbial growth, a
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significantly slower hydrolysis mechanism is defined for settled
COD, with ak,, value, less than half the level characterising the
hydrolysis of its soluble slowly biodegradable counterpart.

Conclusions

The following results may be outlined as the concluding remarks
of the study:

e Theanalysisof theOUR profileinan aerated batch reactor may
be recommended as areliable procedure for the experimental
assessment of the biodegradation characteristics of settleable
organics, in the same conceptual framework used for the
kinetic evaluation of domestic sewage.

¢ Model evaluation of the OUR profile should account for the
active heterotrophic biomass content that isfound to constitute
asignificant fraction of the settled COD.

e The experimental evaluation defines a significantly slower
mechanism for settled COD, less than half the level
characterisingthehydrolysisof theslowly biodegradable COD
commonly associated with domestic sewage. Thisobservation
may be used asan indication to highlight settleable COD asan
independent parameter for sewage, but it certainly requires
confirmation by further experimental support.
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TABLE 2
Kinetic and stoichiometric coefficient characterising filtered and settleable COD

COD fractions Kinetic and stoichiometric constants
RUN| F/M C, S, S, Xes | X Y, |fy Kq Kys ke | Koo | Ky | £
No | [gCOD/ | (mg/l) | (mg/l) | (mg/l) | (mg/l) | (mg/l) | [gcell | d? (mg/l) d? d* | [gCOD/|{[gCOD/ -
(gVS9)] COD/ (gcell | (gcell
(gCOD)] COD)] | COD)]
Filtered
1 0.05 120 42 68 - - 0.67 4.0 3 1.7 - - 0.05 0.2
2 0.1 120 42 68 - - 0.67 43 4 1.6 - - 0.07 0.2
Settled
3 0.06 | 1130 42 68 1020 | 1430 | 0.67 4.2 3 17 0.7 0.05 | 0.05 0.2
4 0.15 710 42 68 600 1430 | 0.67 4.2 3 16 0.8 0.04 | 0.07 0.2

* Heterotrophic biomass in the sewage
** Assumed
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