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ABSTRACT

Municipal wastewater treatment suffers the general problems of poor denitrification and
low phosphorus removal caused by insufficient carbon sources. Thus, a baffled reactor was
developed to provide additional carbon by hydrolysis and acidification of the primary
sludge in the A2/O process in order to treat low C/N ratio wastewater. The effects on deni-
trification and phosphorus removal were evaluated. The results showed that CTN, CTP,
CCOD, and CNHþ

4
-N in the effluent were concentrated at 17, 0.5, 30, and 1.6mg/L, respec-

tively, while the removal efficiencies rose to 69.6, 92.5, 88, and 96.7%, respectively, while
dosing acidified primary sedimentation sludge. Compared with control groups that did not
receive acidification liquid, CTN, CTP, and CNHþ

4
-N of the effluent were decreased by 8.7, 1.3,

and 0.7mg/L, respectively, and the removal efficiencies were correspondingly increased by
15.6, 22.5, and 1.7%, respectively. These data demonstrated that adding acidified primary
sludge effectively improved the removal of nitrogen and phosphorus nutrients.

Keywords: Primary sludge; Hydrolysis acidification; A2/O process; Denitrification and
phosphorus removal

1. Introduction

Because organic content is insufficient in low C/N
sewage, carbon sources fail to meet the requirements
of denitrification, causing difficulties for the traditional
biological denitrification process [1–4]. Thus, adding
methanol, acetic acid, or other carbon sources (wheat
straw, rice straw, or other cellulose) is recommended

when soluble chemical oxygen demand (SCOD) con-
tent is very low [5,6]. Recycling the sludge as a carbon
source has been attracting wide attention because of
the increasing difficulty of sludge disposal and the
technological advances in the use of volatile fatty acid
(VFA) extraction from sludge after hydrolytic acidifi-
cation. Compared with external commercial carbon
dosing, sludge recycling can make use of most carbon
available in a wastewater treatment plant to supple-
ment the influent SCOD, which has been considered
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one of the most suitable carbon sources for biological
nutrient removal processes. This process is also sus-
tainable and environmentally friendly. Some wastewa-
ter treatment plants have begun to use the method of
hydrolytic acidification of excess sludge and primary
sludge to supplement the influent carbon [7,8].
Recently, some Nordic countries such as Denmark
and Sweden have successfully developed sidestream
processes for the hydrolysis of activated sludge [9,10].
A great deal of research has been conducted in this
field; for example, Gao et al. added excess sludge fer-
mentation broth to the A2/O system as the supple-
mental carbon source for biological nitrogen and
phosphorus removal [11]; Lingqin Yu combined the
A/O shortcut nitrification and denitrification process
with the anaerobic hydrolysis of sludge, and added
the sludge hydrolysis fermentation products to the
anoxic zone of the A/O process as the carbon source
for denitrification [12]. Primary sludge, which is rich
in fatty acids with an organic matter content above
60%, is an ideal carbon resource [13–15]. Means of
avoiding serious nitrogen and phosphorus release
problems associated with the disposal of residual
sludge has become an important field of research. In
this study, primary sludge was chosen as the research
object with a baffled reactor as the sludge fermenta-
tion unit for the hydrolytic fermentation of carbon
sources. The baffled reactor had a continuous-flow
configuration, composed of a multi-cell compartment.
This arrangement has the advantages of both an up-
flow sludge bed reactor and a plug-flow reactor. The
reactor volume was smaller than that of a CSTR reac-
tor at the same substrate conversion rate, with a high
transfer efficiency and without the need of stirring.
The problem of a carbon source shortage can be better
solved by making use of the organic carbon source in
primary sludge by hydrolysis acidification, which
combines sludge hydrolysis acidification with an
improved biological treatment process, eventually
realizing sludge resource use and stabilization.

2. Test device and method

2.1. Test device

The effective volume of the baffled reactor was 30
L. It was composed of four compartments, including
two up-flow compartments and two down-flow com-
partments with a volume ratio of 1:4. The baffle plates
were placed at a 45˚ angle to the bottom of the
down-flow zone, and the effluent baffle in each com-
partment was 10mm shorter than the prior one. The
water bath surrounded the reactor peripherals, and

the temperature was thermostatically controlled at
30˚C. The operating conditions were as follows: the
volumetric load was 24 kg chemical oxygen demand
(COD)/(m3d), the hydraulic retention time (HRT) was
24 h, and the sludge retention time (SRT) was 3d. The
reactor was made of plexiglass, and the test device
configuration is shown in Fig. 1.

The A2/O process is shown in Fig. 2 with the reac-
tor’s effective volume of 180 L, including the anaerobic
tank, anoxic tank, and oxic tank with a volume ratio
of 1:1:2. The effective volume of the secondary sedi-
mentation tank was 40 L.

2.2. The quality of raw water

The raw water of A2/O was sampled from a pri-
mary sedimentation tank effluent of a municipal sew-
age treatment plant of Beijing. The raw water quality is
shown in Table 1. The C/N value of the sewage was
3.7–3.75, within the range of typical carbon-deficient
wastewater. Electron donors from the substrate can
only remove nitrogen or phosphorus individually
rather than simultaneously.

The primary sludge was sampled from a primary
sludge sedimentation tank of a municipal sewage
treatment plant of Beijing. The pH value of the sludge
was 6.8–7.5, the SCODcr was 300–350mg/L, the VFA
(acetic acid) concentration was 100–150mg/L, TOC
was 57–92mg/L, carbonate alkalinity was 450–600
mg/L, TCODcr was 21.3–25.0 g/L, and NH3-N was
84.9–95.6 mg/L.

2.3. Analysis method

The tested parameters and methods are shown in
Table 2. The influent sludge was in a continuous-flow
regime, in the test, and was taken from a primary sed-
imentation tank of a large urban sewage treatment
plant.

3. Results and discussion

3.1. Nitrogen and phosphorus removal of the A2/O process

In this test, the optimum operating conditions were
set as follows: the water flow was 540 L/d, the water
temperature was 20–25˚C, the sludge reflux ratio was
65–70%, the internal reflux ratio was 200%, the HRT
was 8 h, the SRT was 13–14d, the dissolved oxygen of
the aerobic stage was approximately 1.5–2mg/L, and
the sludge concentration of the aeration tank was
2,800–3,000mg/L. As shown in Fig. 3, when the sys-
tem was stable, the COD of effluent was approxi-
mately 25mg/L and the NHþ

4 -N of effluent was less
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than 2mg/L. This means that the organic removal in
the system was exceptional and the nitrifying bacteria
performed well. However, the effluent TN was
approximately 25mg/L, which means the denitrifica-
tion effect of the system was poor. In addition, the TP

was 2mg/L, indicating the dephosphorization effect
of the system was poor, as well.

The nitrate in the return sludge increased the
nitrate concentration of the inflow mixture. The nitri-
fying backflow increased the nitrate-nitrogen concen-
tration and decreased the CNHþ

4
-N of the anaerobic

stage. The anaerobic stage did not perform well
because of the sludge reflux of the A2/O process. The
denitrifying bacteria utilized carbon resources, result-
ing in the nitrate-nitrogen of the inflow mixture being
denitrified in the anaerobic stage, which was then
carried back from the return sludge. The anaerobic
stage was actually operated in an anoxic environment
rather than an anaerobic environment until the nitrate-
nitrogen was completely denitrified. This led to a
release of a phosphorus-deficient material in the
anaerobic stage, which weakened the subsequent

Fig. 1. ABR primary sludge fermentation unit.

Fig. 2. Flow diagram of A2/O process.

Table 1
Raw water quality (mg/L)

Parameter Range

CCOD 200–210
CNO�

3
-N 0–0.5

CNHþ
4
-N 43–45

CTN 54–56
CTP 6
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absorption of phosphorus during the aerobic period.
In the anoxic stage, the total phosphorus concentration
decreased slightly, which may have been caused by
the removal of denitrifying phosphorus [16].

All the performance indicators for the effluent are
shown in Fig. 4, when the A2/O process ran at steady
state. The average effluent COD was 25mg/L, the
average effluent NHþ

4 -N was 2.25mg/L, the average
TN was 25.7mg/L, the average TP was 1.8 mg/L, and
the removal efficiencies were 87.8, 95, 54, and 70%,
respectively.

3.2. Efficiency of denitrification and phosphorus removal
after dosing the acidification liquid

3.2.1. The quality of acidified liquid

In this test, the sludge acidizing fluid obtained
from the baffled primary sludge acidizing technology
was added in the A2/O process to promote denitrifica-
tion and phosphorus removal. When the baffled pri-
mary sludge hydrolytic acidification system was
stable, the acidizing fluid water quality is shown in
Table 3.

The dosing flow rate of sludge acidizing fluid was
18 L/d. After the sludge acidification liquid was
dosed, the CCOD of the influent was 240–252mg/L,
CNHþ

4
-N was 45–48mg/L, and CTP was 6.5–6.9 mg/L.

3.2.2. Dosage of acidified liquid

The purpose of the baffled primary sludge acid
hydrolysis process was to provide a ready source of
biodegradable carbon for biological nitrogen and

Table 2
Test items and methods

Parameter Method Parameter Method

Chemical oxygen demand
(CODCr)

Potassium dichromate method Ammonia
nitrogen

Nessler’s reagents
spectrophotometer

TN Persulfate oxidation—UV
spectrophotometry

Nitrate-nitrogen Thymol spectrophotometry
method

pH values Glass electrode method SCOD Spectrophotometry method
VFAs Gas chromatography and

five point pH method
Temperature Water temperature meter
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Fig. 3. Characteristic diagram of A2/O process before add-
ing acidizing fluid.
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Fig. 4. Effluent diagram of A2/O process before adding
acidizing fluid.

Table 3
The acidizing fluid water quality (mg/L)

Parameter Range

CSCOD 1,500
CVFAs 800
CNHþ

4
-N 150

CTP 15
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phosphorus removal, thus solving the problem of car-
bon deficiency in the influent wastewater. The SCOD
concentration of the baffled primary sludge hydrolysis
and acidification solution was approximately 1,500
mg/L, of which the VFA concentration was approxi-
mately 800mg/L. The effective volume of the A2/O
reactor was 180 L. The effect that the acidified solution
had on enhancing nitrogen and phosphorus removal
was investigated when the dosage was 9, 18, 27, 36,
and 45 L/d, respectively.

As shown in Figs. 5 and 6, the concentrations of
TN, TP, and NHþ

4 -N in the A2/O reactor effluent were
significantly reduced because the acidified fluid car-
ried some refractory organics which increased COD.
When the dosage was 18 L/d, the effluent TN, TP,
and NHþ

4 -N concentrations were 17.56, 0.42, and 1.48
mg/L, respectively. When the dosing was increased
the TN, TP, and NHþ

4 -N concentrations ceased to
decrease but instead showed a slight increase. These
results showed that when the dosage of acidification
liquid was 18 L/d, the VFAs could meet the require-
ment for the carbon source for nitrogen and phospho-
rus removal. With higher dosing, the effluent
concentrations actually increased because of the nitro-
gen and phosphorus carried by the acidified fluid
itself. Therefore, the appropriate dosage of acidified
liquid was determined to be 18 L/d in the test.

3.2.3. Enhanced effect of nitrogen and phosphorus
removal

After a certain period of cultivation and acclima-
tion, the microbial populations in the A2/O process
achieved a new equilibrium and the process indicators
gradually became stable. At this time, the reactor
maintained an average sludge concentration of

approximately 3,500mg/L. Fig. 7 shows the character-
istic curve of enhanced nitrogen and phosphorus
removal of the A2/O process after the system reached
the new steady state with the acidified fluid dosage.

After dosing with the acidified fluid, the nitrogen
and phosphorus in the sludge were also released in
dissolved forms. Then, both carbon source and nitro-
gen and phosphorus content were increased in the
influent of the A2/O biological denitrification and
dephosphorization process. The sludge acidification
liquid provided a large amount of readily biodegrad-
able organics and also carried nitrogen and phospho-
rus, increasing influent COD, CNHþ

4
-N, and CTP by 45,

3.0, and 0.8mg/L, respectively.
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The CVFAs of the carbon sources obtained by the
hydrolytic acidification system accounted for approx-
imately 50% of CSCOD. The VFAs came from the
readily biodegradable organics, providing sufficient
electron donors for the oxidation-reduction reaction
in the biological nutrient removal system [17]. When
dosing with acidified fluid, the change of effluent
quality of the nutrient removal process is as shown
in Fig. 8. The results showed that adding the hydro-
lyzed primary sludge could improve the removal of
nitrogen and phosphorus nutrients. The average TN
value of effluent reached 17mg/L, the average TP
was 0.5 mg/L, the average COD was 30mg/L, the
average NHþ

4 -N was 1.6mg/L, and the removal effi-
ciencies were 69.6, 92.5, 88, and 96.7%, respectively.
The effluent quality could meet the national water
quality standard’s A standards “Discharge standard
of pollutants for municipal wastewater treatment
plan” (GB 18918-2002).

3.3. Comparison of nitrogen and phosphorus removal before
and after acidizing fluid dosing

The change in the quality of the effluent before
and after dosing with the acidizing liquid is shown in
Figs. 9 and 10. As shown in the figures, after dosing
with acidizing fluid, the TN, NHþ

4 -N and TP all
decreased but to a different extent. However, the COD
illustrated an increasing trend. As shown in Fig. 9, the
COD rose to 30mg/L, indicating that a part of the
refractory organics from the acidizing fluid were diffi-
cult to remove in conventional biological treatment
systems.

After dosing with the acidified liquid, the TN,
NHþ

4 -N, and TP were significantly reduced while the
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Fig. 8. Effluent diagram of A2/O process after adding acidizing fluid.
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removal efficiencies increased correspondingly. This
phenomenon can be explained as follows: the acidiz-
ing fluid provided an abundant carbon source for the
A2/O process. After dosing with acidizing fluid, the
nitrate which was carried back through the reflux
sludge to the anaerobic stage used the high quality
carbon source as an electron donor, which can remove
nitrate ions quickly, and eliminate the anoxic environ-
ment. This flow into the anaerobic zone changed to
the anaerobic state quickly, providing conditions for
polyphosphate accumulation organisms (PAO) to fully
release phosphorus. In the anoxic section, the nitrate-
nitrogen of the digester fluid backflow was removed
by denitrification in the presence of an excess carbon.
As it entered the oxic section, NHþ

4 -N was oxidized
into nitrate-nitrogen by nitrifying bacteria. This was
the main source of effluent nitrate-nitrogen. Because
PAO fully released phosphorus and synthesized PHB
in the anaerobic section, and then fully accumulated
phosphorus in the oxic section, CTP of effluent
decreased to approximately 0.5 mg/L.

Table 4 compares the changes of water quality and
the removal efficiency before and after dosing acidi-
fied fluid.

3.4. Comparison with similar processes

As shown in Table 5, the TN and TP average
removal efficiencies were up to 69.6 and 92.5%, which
was an increase of 15.6 and 22.5%, respectively, com-

pared with those without adding the acidified liquid.
Many scholars, in China and internationally, had con-
ducted research on enhancing nitrogen and phospho-
rus removal by developing alternative carbon sources
[18–21]. Table 5 shows the effects on nitrogen and
phosphorus removal by different carbon sources. As
shown in the table, the baffled primary sludge hydro-
lytic acidification reactor was most effective for TN
and TP removal.

4. Conclusions

(1) Before dosing with the acidizing fluid, the
average COD of the effluent was 25mg/L,
the average NHþ

4 -N of the effluent was
2.25 mg/L, the average TN of the effluent was
25.7 mg/L, the average TP of the effluent was
1.8 mg/L, and the removal efficiencies for
these species were 87.8, 95, 54, and 70%,
respectively. The results showed that the
organic matter removal was effective, denitri-
fying bacteria nitrification was improved, but
the denitrification and phosphorus removal
effects were relatively small.

(2) After dosing with acidified primary sedimen-
tation sludge (18 L/d), the effluent CTN was
17mg/L, effluent CTP was 0.5 mg/L, effluent
CCOD was 30mg/L, effluent CNHþ

4
-N was 1.6

mg/L, and removal efficiencies for these
species were up to 69.6, 92.5, 88, and 96.7%,

Table 4
Effluent quality comparison before and after dosing with the acidizing fluid

Item

Before dosing the acidizing fluid After dosing the acidizing fluid Water quality changes

Average value
(mg/L)

Average removal
efficiency (%)

Average value
(mg/L)

Average removal
efficiency (%)

Reduction
value (mg/L)

Increased
removal (%)

TN 25.7 54.0 17.0 69.6 8.7 15.6
TP 1.8 70.0 0.5 92.5 1.3 22.5
COD 25.0 87.8 30.0 88.0 −5.0 0.2
NHþ

4 -N 2.3 95.0 1.6 96.7 0.7 1.7

Table 5
Comparison with similar processes

Technology
Improve TN
removal (%)

Improve TP
removal (%)

Methanol dosing technology 12.5 15.6
Adding acetic acid process 10.8 13.5
The process of excess sludge hydrolysis acidification 13.5 20.5
The technology of primary sludge hydrolysis acidification by vertical flow reactor 14.5 21.6
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respectively. Compared with those without
dosing with acidification liquid, the CTN, CTP,
and CNHþ

4
-N in the effluent were reduced by

8.7, 1.3, and 0.7mg/L, respectively; and the
removal was increased by 15.6, 22.5, and 1.7%,
respectively. The results showed that adding
primary sludge acidizing fluid improved the
effective removal of nitrogen and phosphorus
nutrients.
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