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ABSTRACT

The study evaluated the role of endogenous decay and microbial activity in aerobic stabiliza-
tion of biological sludge. Biomass acclimated to acetate in a fill and draw reactor operated at
a sludge age of 8 d was subjected to aerobic stabilization with no external substrate for a
period of 70days. Achieved volatile suspended solids reduction remained limited to around
43% after 30days. The magnitude of endogenous decay, presumably responsible for
stabilization, was quite different with bH values of 0.21/d and 0.06/d depending on the
implemented respirometric procedure. Model profiles simulated with these values could not
predict the observed VSS profile, mainly due to the accumulation of particulate metabolic
products and residual organic cellular debris of disintegrated biomass during the process
providing conclusive evidence that the total organic content of the stabilized biomass cannot
be reduced below a critical level by means of biological processes.
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1. Introduction

Excess activated sludge generated in the course of
biological treatment of wastewaters is a complex mix-
ture of different particulate components. It embodies
aside from active microbial community, inorganic mat-
ter either introduced with the wastewater or generated
as cellular residues, inert particulate organics of influ-
ent origin, remaining fraction of the particulate slowly
biodegradable substrate entrapped in biomass and

residual particulate microbial products generated in
the course of metabolic reactions [1–3]. Consequently,
the overall endogenous decay actually reflects different
mechanisms such as maintenance energy require-
ments, decay of cells, endogenous respiration, grazing
by higher trophic level microorganisms, inhibitory and
toxic conditions affecting inactivation and lysis of cells
[4]. Traditionally, activated sludge has been loosely
defined in terms collective parameters such as total
suspended solids (TSS) or volatile suspended solids
(VSS); they could only be associated with an equally
empirical rate coefficient, kd, for endogenous decay,*Corresponding author.
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which merely indicated the observed overall decrease
in the VSS content. A value of 0.05/d was commonly
adopted for this coefficient [5].

Recent developments in the understanding of the
activated sludge process have solved to a great extent
the inconvenience and inability of the VSS parameter
to differentiate between active biomass, particulate
inert matter and particulate metabolic products pre-
sumably generated with endogenous decay, mainly
because all these parameters were accounted for and
included as components in activated sludge models
[6–8]. These models defined a new endogenous decay
coefficient, bH, solely associated with active heterotro-
phic biomass and methods have been defined for its
experimental assessment.

Sludge management is one of the most critical
issues in environmental protection. Different protec-
tive measures and required characteristics are defined
in detail, both by international and local authorities
for safe disposal of the generated excess sludge in
wastewater treatment plants [9,10]. Requirements
include feasible stabilization conditioning processes
before the disposal. One of the possible option is aero-
bic stabilization process [11,12]. It is implemented
either as a separate process or as part of the biological
treatment system operated as extended aeration
scheme. While the fate of TSS is significant for assess-
ing the achievable dry solids content, it is imperative
to understand appropriate mechanisms during stabil-
ization and this inevitably involves the undergoing
endogenous decay process.

In this context, the main purpose of the study was
to evaluate the extent of endogenous decay during
aerobic stabilization of biological sludge, i.e. excess
sludge generated in the biological part of the treat-
ment scheme. The evaluation involved respirometric
procedures and included two different procedures
based on decrease of endogenous respiration and loss
of activity in microbial biomass. The results obtained
were evaluated in relation to the expected efficiency
of the aerobic stabilization process.

2. Materials and methods

2.1. Sludge sampling and acclimation

Sludge sample was taken from a municipal waste-
water treatment plant with a capacity of 4.550m3/d
and a sludge retention time of 14 days. The treatment
plant includes physical and activated sludge treatment
processes. The excess sludge of the plant is sent to the
thickening unit and then sent to the belt filter press.

The collected sludge was cultivated in two
laboratory-scale fill-and-draw reactors with a working

volume of 12 or 6 L. The reactors were operated in
aerobic conditions with a sludge age of 8 days and a
hydraulic retention time of one day. These reactors
were fed with 400mg COD/L sodium acetate acting
as readily biodegradable organic matter. All other
macro and micronutrients were also added in suffi-
cient quantities for biological growth. The temperature
of the systems was kept constant at 20 ± 0.5˚C. The
dissolved O2 concentration in the reactors was kept
above 2mg/L using air stones. The pH of the reactors
was maintained at 7 ± 0.5.

2.2. Sludge stabilization

Two glass cylinder reactors with a working
volume of 3 and 6L were used for aerobic stabiliza-
tion of sludge at 20 ± 0.5˚C and were mixed with a
mechanical mixer. pH was kept at 7 ± 0.5. During the
aerobic stabilization period, the dissolved O2 concen-
tration in the reactors was kept above 2mg/L using
air stones. Evaporation losses were made up with
distilled water every day.

2.3. Respirometric assessment of endogenous decay

Respirometric assessment of endogenous decay
rate, bH was conducted in accordance with a proce-
dure proposed by [13]. In this method, the endoge-
nous respiration rate, bH, is determined by monitoring
changes in the oxygen uptake rate (OUR) profile of a
continuously aerated sludge sample without any addi-
tion of external substrate. Relevant basis for evalua-
tion may be defined as follows: The decrease in active
heterotrophic biomass, XH, with time is expressed as
in Eq. (1):

XH ¼ XH0e
�bHt ð1Þ

On the other hand, OUR corresponding to endoge-
nous decay monitored in the experiment may be
assessed by Eq. (2):

OUR ¼ ð1� fEÞbHXH ð2Þ

where fE is the total endogenous residue, i.e. soluble
and particulate microbial products released during
endogenous decay. A relationship between ln OURt

and bH given in Eq. (3) may be obtained by rearrang-
ing expressions 1 and 2:

ln OURt ¼ In½ð1� fEÞbHXH0� � bHt ð3Þ

S. Özdemir et al. / Desalination and Water Treatment 52 (2014) 6356–6362 6357



Consequently, by plotting ln OUR vs. time, the
slope of the OUR curve yields the value of the
endogenous decay coefficient, bH.

2.4. Respirometric assessment of microbial activity

The study also utilized another respirometric
procedure, which evaluates endogenous decay based
on loss of activity and viability of heterogenic biomass
in the sludge based on the method defined by [14].
The method relies on assessing change in the mea-
sured OUR values as a function of lHXH, which deter-
mines the magnitude of the initial OUR level. The
method is designed to maintain a constant level for
lH and this way, it allows calculating the variation of
XH with time during aerobic stabilization. Related
evaluation is based on the assumption that the initial
OUR in a batch reactor operated with sufficient/
excess substrate sustains maximum growth conditions.
A constant amount of readily biodegradable substrate
is added in successive intervals and corresponding
initial OUR plateaus are defined by Eq. (4):

OURt ¼ 1� yH
YH

l̂H þ ð1� fEÞbH
� �

XH0e
�bHt ð4Þ

Linearized version of the above equation (see
Eq. (5)), yields the corresponding bH value, as the
slope of the ln OUR plot.

lnOURt ¼ ln
1� yH
YH

l̂H þ ð1� fEÞbH
� �

XH0 � bHt ð5Þ

2.5. Respirometric measurements

According to the method proposed by [14],
400mg/L VSS sample were transferred from the
aerobic stabilization reactor to respirometric reactor
with a total volume of 2 L. OUR measurements were
started prior to the feeding of the carbon source in
order to obtain the OUR profile of the culture. After
the constant endogenous decay rate level (bH) in terms
of respiration was maintained, 100mg COD/L acetate
was added into the respirometric reactor. The OUR
data were collected with RA-Combo continuous respi-
rometer (Applitek, NV, SA). For the assessment of bH,

according to the method proposed by [13], sludge
samples were withdrawn at 5-min daily intervals from
the aerobic stabilization reactor and the oxygen elec-
trode was directly placed in the measurement flasks.

These measurements were conducted using WTW
type oxygenmeter. Nitrification inhibitor (Formula
2533TM-Hach Company, USA) was added in order to
prevent nitrification activity in the all respirometric
experiments.

2.6. Analytical measurements

Liquid samples were periodically taken to monitor
TSS, VSS, soluble chemical oxygen demand (COD)
and pH. For soluble COD determination, samples
were filtered through 0.45lm membrane filters. All
analyses were conducted as defined in Standard
Methods [15].

3. Results and discussion

3.1. Acclimation experiments

The two fill and draw reactors used for the accli-
mation of biomass with acetate feeding as the sole
organic carbon source were observed to reach steady-
state conditions after 20 d of operation—a period of
around three times the selected sludge age of 8 d. Fol-
lowing an initial decrease within the first 10 d, TSS
and VSS concentration stabilized around average val-
ues of 1,698 ± 85 and 1,054 ± 50mg/L, respectively, as
plotted in Fig. 1. The reactors were quite effective as
the daily COD removal efficiencies varied in the range
of 92–95% suggesting that all the available substrate
was utilized and generated residual soluble metabolic
products [2].

3.2. Stabilization experiments

After acclimation, biomass in the reactors was
transferred to stabilization reactors after thickening so

Fig. 1. TSS and VSS profiles during the acclimation period.
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that the stabilization experiments were started with
initial TSS and VSS concentrations of 3,800 ± 78 and
2,400± 21mg/L, respectively. The corresponding

VSS/TSS ratio could be calculated as 0.63mg VSS/mg
TSS, quite in agreement with the level previously
reported for the municipal sludge [16,17]. As
shown in Fig. 2, the experiment continued for more
than 70 d; however, effective decrease in TSS and VSS
level could only be observed within the first 30 d. At
the end of this period, TSS and VSS profiles exhibited
a decrease down to 2,970 and 1,370mg/L, respec-
tively, yielding a final VSS/TSS ratio of 0.46mg VSS/
mg/TSS; the VSS removal efficiency was calculated as
43% on the thirtieth day of stabilization.

3.3. Respirometric experiments

Respirometric assessment of heterotrophic biomass
activity in the course of stabilization yielded, as
expected, variable OUR profiles as a function of time.
As shown in Fig. 3, the value of the initial OUR
plateaus starting from 105mg O2/Lh level at the
beginning of the experiment, exhibited a gradual
decrease to around 80mg O2/Lh after two days and
finally to 40mg/Lh at the end of 20 d. Manipulation
of the OUR data as indicated in Eq. (5), produced a
linear relationship with R2 = 0.9812 with a slope which
defined by a bH value of 0.06/d (Fig. 4). This value,
while lower than the commonly accepted bH range of
0.15–0.24/d, is in agreement with the slightly higher
bH of 0.09/d determined similarly for acetate as the
organic substrate and biomass acclimated to a sludge
age of 15 d [14].

Conversely, application of the method proposed
by [13] based on successive measurements of descend-
ing OUR levels in the course of sludge stabilization
yielded a significantly higher bH value of 0.21/d, with
an equally reliable statistical confidence reflected by
R2 = 0.985 as plotted in Fig. 5. This value is quite typi-
cal for the activated sludge treatment of domestic

Fig. 2. TSS and VSS concentration profiles during aerobic
stabilization.

Fig. 3. OUR profiles obtained with pulse feeding of acetate
along the stabilization period.

Fig. 4. Assessment of the endogenous decay coefficient based on biomass activity.
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sewage, close to the default value of 0.24/d suggested
in activated sludge models [6] and within the range of
values determined on the basis of similar studies
(Table 1). It should be noted that monitoring could be
pursued with the 30 days of stabilization; beyond this
period, observed OUR values were too low to allow a
reliable evaluation.

3.4. Discussion

Two observations seem to merit further emphasis
in correlating experimentally assessed endogenous
decay with sludge stabilization. The first one is the
discrepancy between bH values determined by means
of two different experimental procedures. The
methods originally prescribed by [5] rely solely on
measured OURs, which cannot differentiate between
endogenous respiration and biodegradation of particu-

late matter either adsorbed onto biomass or stored as
intracellular biopolymers. Selection of acetate as a sim-
ple substrate avoided the interference of particulate
matter adsorption but favours polyhydroxybutyrate
storage, which may lead, at least in the early phases
of the experiment assessment, to higher rates. Further-
more, stabilization is likely to result in cellular death
and lysis yielding organic microbial residues which
may serve as additional endogenous substrate for the
remaining viable biomass. Consequently, this mecha-
nism would be better interpreted in terms of a death/
regeneration model recently used for this purpose
[11]. In this context, the high bH value of 0.21/d may
be partly due to regeneration, i.e growth on cellular
organic residues. On the other hand, loss of viability
as ascertained by the method of [14] would indeed
reduce the level of endogenous respiration associated
with the remaining fraction of viable biomass, but

Fig. 5. Assessment of the endogenous decay coefficient based on successive OUR values.

Table 1
Reported values for the endogenous decay coefficient using the respirometric procedure of [5]

Wastewater type Temperature (˚C) Endogenous decay rate, bH (day�1) References

Acetate (hx= 8 d) 20 0.21 This study

Domestic 20 0.24 [18]

Domestic (SRT= 10 d) 22 0.40 [19]

Domestic 20 0.40 [7]

Domestic 15 0.11 [20]

Domestic (SRT= 10 d) 22 0.24 [21]

Domestic 20 0.18 [22]

Domestic 20 0.20 [23]

Domestic (SRT= 17 d) 20 0.10 [12]

Domestic (SRT= 18 d) 20 0.07 [16]

Domestic (SRT= 18 d) 20 0.20 [17]
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inactivation/death does not necessarily mean cellular
decay and lysis and hence a lower bH value.

The second significant observation is the failure of
endogenous decay defined by both methods in pre-
dicting the efficiency of stabilization in terms of
achievable VSS removal. As shown in Fig. 6, the
observed VSS reduction during stabilization remained
substantially lower than the levels predicted by the bH
values experimentally determined in the study; in
other words, simulated VSS profiles based on bH val-
ues of 0.21/d and 0.06/d indicate significantly higher
reduction performances with respect to the evolution
of the observed VSS profile. This is obviously due to
the accumulation of particulate metabolic products
and residual organic cellular debris of disintegrated
biomass during the process providing conclusive evi-
dence that the total organic content of the stabilized
biomass cannot be reduced below a critical level by
means of biological processes.

4. Conclusions

Stabilization of activated sludge acclimated to
acetate, as the sole organic carbon source, provided a
limited VSS reduction of around 43% after a period of
30days confirming similar results reported for
domestic sewage.

Different values were obtained for the endogenous
respiration rate, obviously the major mechanism in
aerobic sludge stabilization depended on the respiro-
metric methodologies implemented for its assessment.

Experimental results suggested that endogenous
respiration, while quite significant in biological
systems for substrate removal, has no predictive value
alone due to parallel biochemical reaction such as
microbial death and lysis, growth on cellular residues,
etc., which interfere with the experimental assessment.

Accumulation of residual particulate matter and
metabolic product should be evaluated as decisive
parameters for the efficiency of stabilization and the
decrease of the total organic carbon, below the desired
level.
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Nomenclature

XH — active heterotrophic biomass concentration (M
COD/L3)

—

XH0 — initial active heterotrophic biomass
concentration (M COD/L3)

YH — heterotrophic yield coefficient (M COD/
MCOD)

l̂H — maximum heterotrophic growth rate (1/T)

bH — heterotrophic endogenous decay rate
coefficient (1/T)

fE — inert biomass fraction

OUR — oxygen uptake rate (M O2/L
3 T)

OURt — initial OUR value after time t (M O2/L
3.T)
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