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ABSTRACT

The production of excess sludge in the conventional activated sludge (CAS) process is an
important aspect of the operation of wastewater treatment plants. The oxic-settling-anaerobic
(OSA) process is one of the most promising strategies among those to achieve a reduction
in the excess sludge produced. Cell decay occurs at a low oxidation–reduction potential
and subsequent degradation reactions seem to be the major causes of sludge reduction in
the OSA process. As a consequence of previous exposure of the sludge to anaerobic condi-
tions in the sludge holding tank, an increase of enzymatic and microbiological activity in
the aeration reactor could enhance the degradation of the released material. In this study,
the results of a pilot plant running sequentially as a CAS and a CAS-OSA system are
shown not only in the terms of the crucial aspect of excess sludge reduction, but also in
terms of enzymatic and microbiological activities in the sludge from the aeration tank.
Specifically, the application of the OSA strategy with a sludge anaerobic exposure time
(SAET) of 5.5 h achieved a 33.6% reduction of the produced sludge in comparison with the
CAS approach. Similarly, this system showed an average increase of 23.2, 22.6 and 7.59%
in the specific oxygen uptake rate (SOUR), dehydrogenase, and protease activity, respec-
tively, and a negligible change in glucosidase activity compared to the conventional
process. At the same way, the OSA process with a SAET of 8 h led to a reduction of 38.9%
of produced sludge and an average increase of 27.9, 11.31, 28.7 and 26.57% in SOUR,
dehydrogenase, protease, and glucosidase activity, respectively, compared to control unit.

Keywords: Sludge reduction; OSA; Activated sludge; Enzymatic activities; Dehydrogenase

*Corresponding author.

Presented at the International Congress on Water, Waste and Energy Management
16–18 July 2014, Porto, Portugal.

1944-3994/1944-3986 � 2015 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment 57 (2016) 2719–2725

Februarywww.deswater.com

doi: 10.1080/19443994.2015.1040852

mailto:pablo.romero@uca.es
mailto:josemaria.quiroga@uca.es
mailto:dolores.coello@uca.es
mailto:areal@centa.es
mailto:caragon@centa.es
http://dx.doi.org/10.1080/19443994.2015.1040852


1. Introduction

The activated sludge process is the most widely
used wastewater treatment being the core process at
about 90% [1] of the municipal wastewater treatment
plants (WWTP). The main drawback of this technol-
ogy is the generation of excess sludge. The costs
associated with sludge management account for up to
65% of the total operative costs of a typical WWTP [2].
The minimization of excess sludge production in the
water line of the wastewater treatment process, rather
than post-treatments of the produced sludge, is the
most preferable way to deal with the problem. To
date, several strategies addressing this objective have
been presented in the literature [3]. These strategies
have been classified in the literature in four groups:
cell lysis-cryptic growth, endogenous metabolism,
uncoupled metabolism, and microbial predation [2,4].
Westgarth et al. [5] suggested the OSA (oxic-settling-
anaerobic) process as a technique for reducing sludge
production. The invention consists of insertion of an
anaerobic tank in the recirculation line resulting in an
economical method, which requires neither addition
of chemical products, nor application of physical treat-
ment. A general layout of OSA process is shown in
Fig. 1.

Yet, a clear explanation of the sludge reduction
mechanism in the OSA process has not been estab-
lished [6]. Initially, the mechanism of uncoupling
metabolism was proposed as the predominant mecha-
nism in sludge reduction in the OSA process [7,8].
Later studies pointed to sludge decay, sludge hydroly-
sis in the anaerobic tank, and subsequent metabolic
reactions in the anaerobic environment as the main
causes for the reduction of produced sludge [9,10].
The influence of slow grower organisms is reported
not to be relevant for the sludge reduction in the OSA

process [9]. The redox potential (ORP) in the anaerobic
tank is a key parameter for evaluating the degree of
anaerobiosis in the unit, being a useful indicator for
the expected reduction of produced sludge [11,12]. A
pool of OSA experiences has been already reported,
which points to a reduction of produced sludge
between 15 and 65%, depending chiefly on the values
of sludge anaerobic exposure time (SAET), ORP, and
temperature [6]. The OSA process does not affect the
performance of the WWTP and improves, in the most
cases, the chemical oxygen demand (COD) removal
and sludge settleability [10,12,13]. The denitrification
process and phosphorous removal are also enhanced
in the OSA process [13,14], although it is important to
highlight the absence of a supply of an external sub-
strate in the anaerobic tank unlike in the typical
anoxic-denitrification tank.

Despite a certain increase of dehydrogenase activ-
ity (DHA) and specific oxygen uptake rate (SOUR) in
OSA process has been reported [6], specific data on
changes in enzymatic and microbial activity are diffi-
cult to be found [3]. The goal of this study was to
study changes in enzymatic and metabolic activity of
a pilot plant which has shifted from a CAS process to
a CAS-OSA process scheme, with an emphasis on the
reduction of the produced sludge achieved and on
COD removal rate.

2. Materials and methods

The pilot plant used in this study is made of
methacrylate. The aerobic reactor, settling unit, and
anaerobic tank (OSA) have a volume of 13.2, 6, and
14 l, respectively. All the units are equipped with
agitators to avoid scumming and biofouling. A pro-
grammable logic controller (PLC, Schneider SR2B202B)
was used to impose operating conditions (SAET and
influent flow rate). Also, the agitator of settling unit
was timely controlled not to damage the settling pro-
cess, 15 s of activation for every 8 min, prior to the
operation of the recirculation pump. A smartphone
application (IPCam Viewer Pro by Robert Chou) is
used for 24 h visual control.

Prior to the phases of study, a first stage was
operated to achieve the stabilization of the pilot plant
during 20 d. Inoculum of sludge from WWTP of Jerez
de La Frontera was taken to seed the system. After
this period, the pilot plant worked in CAS mode and
after 70 d of steady operation, the unit configuration
was set as a CAS-OSA process by inserting an inter-
mediate anaerobic tank in the recirculation line. In
addition, two stages could be distinguished during the
OSA period: a SAET of 5.5 h was set during the firstFig. 1. Oxic-settling-anaerobic (OSA) process.
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stage (60 d long) and a SAET of 8 h during the second
one (50 d long). The solid concentration in the aeration
reactor and the anaerobic tank (OSA process only)
was kept around 3.0 and 6.5 g/l, respectively,
throughout study. Specifically, the values of MLSS
concentration were 2.84 g/l ± 0.17 in the aerobic tank
and 6.37 g/l ± 0.24 in the anaerobic tank. Dissolved
oxygen was kept at 2.5 mg O2/l throughout the study
by monitoring DO display with the 24 h IPCam. Six
diffuser stones were fixed with plastic bridles in the
bottom of the aerobic reactor to assure the homoge-
neous air diffusion, paying special attention to the cor-
ners. The sludge withdrawal was carried out every
two days, and considered as excess sludge produced.

TSS, VSS, MLSS, MLVSS, and COD were measured
every two days according to the Standard Methods [15].
The SOUR test was carried out according to Awong
et al. [16]. The DHA was tested using the method
described by Hongwei et al. [17]. The α-glucosidase and
protease activities were measured following the meth-
ods described by Goel et al. [18] and Cadoret et al. [19],
respectively. Previous works have employed these
enzymatic activities, SOUR, and DHA for characteriza-
tion of the activated sludge [20–23]. These measure-
ments were carried out twice a week on sludge from
the aeration reactor. SOUR test was done every time the
plant was fed (5–6 d a week). Also ORP was measured
using an ORP probe provided with a SD memory card
for continuous data recording.

The influent of the process was composed by 90%
synthetic wastewater (recipe according to [24] with
extra 70 mg/l glucose) and 10% real wastewater taken

from the WWTP of Jerez de la Frontera. The hydraulic
residence time (HRT) was kept at 9 h throughout the
study, with an imposed influent flow rate of 1.47 l/h.
The influent was characterized every week, and
average values and standard deviation obtained were
247.15 ± 19.61 mg O2/l, 9.24 ± 1.16 mg P/l, 39.15
± 3.41 mg N/l, 28.64 ± 2.97 mg N/l, and 23.46
± 1.34 mg TSS/l in terms of COD, TP, TN, NH4-N,
and TSS, respectively. The average value of F/M was
0.45 d−1.

3. Results and discussion

3.1. Reduction of excess sludge produced and ORP values

The mass balance carried out, including the solid
loss in effluent, pointed to a reduction of sludge
production of 33.6 and 38.9% compared to CAS sys-
tem when the OSA process is operating with a SAET
of 5.5 and 8 h, respectively. The values of accumula-
tive sludge produced led to a solid retention time in
the plant of 64, 95, and 103 d for the conventional
process and OSA system with 5.5 and 8 h SAET,
respectively. The values of the reduced sludge
obtained are in agreement with those from the bibli-
ography [4] and follow the general trend of higher
sludge reduction at higher SAET [6]. The ORP value
in the anaerobic tank is inversely proportional to
value of SAET (when solid concentration is stable). In
fact, average values of ORP during OSA process were
200.9 ± 10.9 mV for stage with SAET of 5.5 h and
−245.5 ± 14.8 mV when a SAET of 8 h is imposed.

Fig. 2. Evolution of ORP in the anaerobic tank during the OSA stages.
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During OSA stages, the ORP values showed a fairly
stable trend without the need of a nitrogen gas sup-
ply, as proposed by Saby et al. [12]. Fig. 2 shows the
continuous values of ORP in the anaerobic tank
recorded throughout study.

3.2. COD removal

The rate of COD removal improved slightly after
the addition of the anaerobic tank. During the initial
CAS process, the average COD removal rate was
89.7%. During the stages of CAS-OSA process, this
rate increased to 94.2% for a SAET of 5.5 h and to
94.0% for a SAET of 8 h. The variation between these
values is negligible, even though some authors [25]
relate the increase in SAET with a slightly worse COD
removal rate under a certain value. It is concluded
from that study that ORP values below 100 mV in the
anaerobic tank lead to sludge decay and a slight
increase in COD in the medium. This phenomenon is
linked to the sludge reduction, as this extra COD is
used in endogenous maintenance and in biochemical
reactions in the anaerobic tank, which lead to sludge
reduction [9].

3.3. Biomass activity: SOUR and DHA

The results of SOUR and DHA tests are depicted
in Fig. 3.

During the CAS process, the average value of
SOUR was 146.8 mg O2/(d g VSS) ± 15.1, while during
OSA, this parameter increased to 180.9 mg O2/(d g
VSS) ± 8.7 and 187.7 mg O2/(d g VSS) ± 7.4 for a SAET
of 5.5 and 8 h, respectively, thus implying an increase
in 23.23 and 27.86%. A similar increase of SOUR was
observed in the previous work [14]. This enhancement
in the aerobic activity is also linked to the higher COD
removal rate [26], as the active biomass shows an
enhanced ability to substrate assimilation after being
submitted to starvation conditions in the anaerobic
tank.

The DHA test quantifies the activity through meta-
bolic pathways using both oxygen and non-oxygen as
the last electron acceptor. As in the case of SOUR, an
increase in DHA was registered after the plant started
to operate in the OSA mode. During CAS process, an
average value of DHA of 32.6 mg O2/(gVSS d) ± 1.50
was measured, increasing to the average values of
40.01 and 36.31 mg O2/(gVSS d) during the OSA
stages of SAET of 5.5 and 8 h, respectively (SD: 2.31
and 1.12). The increase is of 22.6 and 11.3%, respec-
tively, compared to CAS. The higher value of DHA
activity for 5.5 h is related to the pronounced increase
of the activity occurred after changing the pilot plant
configuration to the OSA mode with a maximum mea-
surement of 43.5 mg O2/(gVSS d) for a few days after
including the anaerobic tank. After that, the DHA
value stabilized to around 38 mg O2/(gVSS d). An
increase of DHA was also observed when sludge

Fig. 3. Biomass activity measured SOUR (dotted line) and DHA tests (solid line) during study.
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taken from an anoxic–aerobic system was submitted
to anaerobic incubation [18].

3.4. Enzymatic Activities: α-Glucosidase and protease

Glucosidase enzymes are responsible for the
degradation of such important components of
wastewater as glycogen and cellulose. Protease activity
is directly related to the degradation of proteins. The
results of α-glucosidase and protease activity tests are
depicted in Fig. 4

The average value of the glucosidase activity is the
same for the both operation modes: CAS mode and
OSA mode with a 5.5 h SAET (0.94 p-nitrof/
(min gVSS), and SD of 0.08 and 0.11, respectively).
However, when the SAET was set to 8 h, the glucosi-
dase activity was by 28.7% higher, reaching a value of
1.21 μmol p-nitrof/(min gVSS) ± 0.10.

This could be explained by the fact that the
degradation of the internal glycogen reserves as an
energy source is not so intense for shorter anaerobic
exposures as for longer SAET [27], because of the
shorter anaerobic exposure period itself and low abun-
dance of the organisms capable of using glycogen as
an internal reserve (GAO). Another reason is that the
release of carbohydrates under anaerobic conditions is
not as extreme as for proteins at short SAET [28]. The
correlation between concentration of carbohydrates
and α-glucosidase has been reported by Yu et al. [29].

Furthermore, higher sludge decay itself under longer
SAET could also increase the presence of bulk
enzymes.

In contrast to the results of the glucosidase activity,
protease activity of the sludge from the stage running
OSA process with shorter SAET (5.5 h) is higher than
the protease in the sludge from CAS mode.
Specifically, the average activity was higher by 7.59%,
increasing the average values from 7.64 ABS/
(g VSS min) ± 0.13 to 8.22 ABS/(g VSS min) ± 0.18.
When SAET was set to 8 h, protease activity was
26.57% higher than in CAS mode, reaching 9.67 ABS/
(gVSS min) ± 0.27. Under alternating aerobic–anaerobic
conditions, sludge decay is associated with a higher
presence of lipases and protease-segregating bacteria
[30], related also to the breakage of the floc matrix [18]
after the reduction of the iron ion, from Fe3+ to Fe2+,
which acts as bond in the matrix.

4. Conclusions

A 33.6% reduction in produced sludge is achieved
when operating in OSA mode with a SAET of 5.5 h.
For a SAET of 8 h, the reduction reaches 38.9% with
respect to CAS operation. Low and stable ORP levels
are achieved in both OSA periods without the need for
a nitrogen supply. Longer SAET during the OSA pro-
cess results in an increase in enzymatic activity. Differ-
ent steps can be distinguished in the enhancement of

Fig. 4. Measured activities during study (dotted line—α-Glucosidase activity; solid line—Protease activity).
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enzymatic activity during the OSA process, as glucosi-
dase shows a similar value in CAS mode and in OSA
with lower SAET. Sludge decay is the main cause of
sludge reduction. However, the more intensive this
phenomenon is, the greater enzyme release is
observed, both being, concomitant effects promoting
sludge reduction.
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Poyatos, J. González-López, B. Rodelas, Comparative
analysis of the enzyme activities and the bacterial
community structure based on the aeration source
supplied to an MBR to treat urban wastewater, J.
Environ. Manage. 128 (2013) 471–479.
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