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h i g h l i g h t s

� A new activated primary tank (APT)
was developed to recover carbon
source from sludge.

� APT was beneficial for the breeding of
fermentative bacteria and maximised
VFAs yield.

� Mechanical elutriation significantly
promoted the release of fermentation
products.

� APT was applied in a sewage
treatment plant and recovered carbon
source successfully.
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Ruminococcaceae_uncultured 1.051 0.421
Streptococcus 0.757 0.027
Peptostreptococcaceae 0.561 0.406
Eubacteriaceae_uncultured 0.278 0.161
Veillonellaceae_uncultured 0.235 0.352
Bacteroidetes_unclassified 0.192 0.100
Others 0.778 0.426
Total 9.711 4.447
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A novel activated primary tank process (APT) was developed for recovering carbon source by fermenta-
tion and elutriation of primary sludge. The effects of solids retention time (SRT), elutriation intensity (G)
and return sludge ratio (RSR) on this recovery were evaluated in a pilot scale reactor. Results indicated
that SRT significantly influenced carbon source recovery, and mechanical elutriation could promote
soluble COD (SCOD) and VFA yields. The optimal conditions of APT were SRT = 5 d, G = 152 s�1 and
RSR = 10%, SCOD and VFA production were 57.0 mg/L and 21.7 mg/L. Particulate organic matter in sludge
was converted into SCOD and VFAs as fermentative bacteria were significantly enriched in APT.
Moreover, the APT process was applied in a wastewater treatment plant to solve the problem of insuffi-
cient carbon source. The outcomes demonstrated that influent SCOD of biological tank increased by
31.1%, which improved the efficiency of removing nitrogen and phosphorus.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The activated sludge biological treatment process has been
extensively used in urban wastewater treatment plants (WWTP).
In this process, both biological denitrification and phosphorus
removal depend on the available biodegradable carbon. For the
wastewater treatment plants with sufficient carbon source, the
removal of nutrients is strongly affected by the operating condi-
tions of biological system, especially the recycling ratios from aer-
obic tank to anoxic tank. However, for the wastewater treatment
plants with low carbon source, by optimising the recycling ratios,
it was difficult to solve the problem of insufficient carbon source,
and removal of nitrogen and phosphorus was not ideal. The
content of carbon source directly influences the efficiency of deni-
trification and phosphorus removal, especially in wastewater
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treatment plants with low C/N and C/P ratios (Li et al., 2008; Wang
et al., 2010). As the standards for the effluent quality of wastewater
treatment plants become more stringent, the insufficient carbon
source has become the dominant factor limiting the efficiency of
biological denitrification and phosphorus removal in wastewater
treatment plants. Thus, the problem of carbon source shortages
needs to be solved urgently.

Adding an external carbon source such as acetate, glucose,
methanol and ethanol increases the operational costs in wastewa-
ter treatment plants (Gao et al., 2011). Therefore, employing an
internal carbon source produced by hydrolysis and acidification
of primary and secondary sludge, in recent years has been recog-
nised as the main method for solving the problem of insufficient
carbon source (Peng et al., 2012; Zhang et al., 2013). Large amount
of VFAs can be produced from the hydrolysis and fermentation of
sludge, which not only offers carbon source for biological systems
but also significantly improves the efficiency of nitrogen and phos-
phorus removal (Liu et al., 2012a). To improve the efficiency of
sludge hydrolysis and fermentation, the effects on sludge fermen-
tation were studied, such as solids retention time (SRT) (Yuan et al.,
2009), temperature (Luo et al., 2014) and pH (Wu et al., 2009; Feng
et al., 2009). Meanwhile the sludge fermentation conditions were
optimised. However, in practice, the application of the method
can hardly be accomplished in certain wastewater treatment
plants due to limitation of site area. Although it is allowed to have
larger site area in some wastewater treatment plants, the cost of
setting up and operating fermenters is high. Furthermore, it is
not flexible for the fermenters to accommodate the modifications
of the flows, retention times (Munch and Koch, 1999). The previous
studies have shown that 40% to 60% of the carbon source in the
influent consists of particulate organic matter in urban wastewater
treatment plants in China (Wang et al., 2007). A large amount of
particulate carbon source is lost with suspended solid removal by
sedimentation in traditional primary settling tanks, which further
exacerbates the shortage of carbon source for biological nitrogen
and phosphorus removal. However, withdrawal of the primary
sedimentation tank will significantly increase the loading of the
biological system and hinder the operation. Therefore, the acti-
vated primary tank process is developed comprising: (1) allowing
settled raw sludge solids to accumulate in the bottom of the pri-
mary settler tanks; (2) partially recycling this sludge to elutriate
the fermentation products out of the sludge (Chanona et al.,
2006; Bouzas et al., 2007; Ahn and Speece, 2006).

A good sludge fermentation outcome was recorded in the acti-
vated primary tank, but the release of fermentation products out of
the sludge was incomplete. Some fermentation products were
adsorbed by the primary sludge, this portion of the carbon source
is difficult to elutriate (Peng et al., 2012), which hinders the release
and recovery of carbon sources. In this study, a novel activated pri-
mary tank process equipped with a mechanical elutriation function
is developed. The mechanical elutriation unit is installed in front of
the traditional primary sedimentation tank to elutriate the return
sludge and convert fermentation products into water. The aim of
the analysis was to suggest a new activated primary tank so that
carbon source recovery from primary sludge could be improved.
The modification proposed of the primary tank for recovering car-
bon source could be needed for plants designed for biological
nutrients removal (like AAO) probably not for conventional acti-
vated sludge plants designed only for carbon removal and nitrifica-
tion. The new activated primary tank process was operated at the
front of the biological treatment system, and it will not interfere
with the operation of biological treatment system (especially the
recycling ratios). Under the biological system optimal operation
conditions, the APT could recover the carbon source from primary
sludge and increase the SCOD concentration of sewage. The APT
can solve the problem of insufficient carbon source in the wastew-
ater treatment plants, and enhanced the nitrogen and phosphorus
removal of biological system. The optimal operating conditions of
the system were established, and an examination of the microbial
community in the system was conducted by high-throughput
pyrosequencing. Additionally, the activated primary tank was
utilised in a wastewater treatment plant to verify the technology’s
feasibility and good outcomes. This study proposed a novel acti-
vated primary tank process to do two things: firstly, realise carbon
source recovery; and secondly, solve the problem of insufficient
carbon source in wastewater treatment plants.
2. Methods

2.1. Activated primary tank pilot scale reactor and its application

The pilot scale experimental device is shown in Fig. 1a. A
mechanical elutriation unit was installed in front of a traditional
horizontal-flow primary sedimentation tank. A stirrer with adjus-
table stirring intensity was installed in the elutriation unit. A per-
forated wall separated the sludge elutriation unit and the
sedimentation area to prevent interference from the flow fields
of the two units. The volume of the sludge bucket in the primary
sedimentation tank and the solid retention time were extended
to improve the effects of the sludge hydrolysis and fermentation.
A return sludge system was positioned between the sludge bucket
and the mechanical elutriation unit so that primary sludge from
the sludge bucket could be returned to the mechanical elutriation
unit. The mechanical stirring device adequately mixed the sludge
with the influent, whereby the fermentation products were elutri-
ated into the influent. The treatment capacity of the activated pri-
mary tank was 0.5 m3/h, the hydraulic retention time (HRT) of the
elutriation unit and sedimentation zone was 0.4 h and 1.5 h,
respectively.

The activated primary tank process was applied in Xi’an No. 4
Wastewater Treatment Plant (WWTP); the traditional primary sed-
imentation tank was transformed into an activated primary tank
(Fig. 1b). Section 2.4 describes the wastewater treatment plant.

2.2. Operating conditions of the pilot scale reactor

The APT was installed at Xi’an No. 4 wastewater treatment
plant. The influent of the reactor is the grit chamber effluent of this
plant. The solids retention time (SRT) of the primary sludge was
controlled at 1, 3, 5 and 7 d according to the sludge height in the
sludge bucket. The stirring blades’ rotation speeds in the mechan-
ical elutriation unit varied at 0, 20, 40, 60 and 80 rpm, with the cor-
responding stirring velocity gradients (G) being 0, 29, 83, 152, and
233 s�1, respectively. The return sludge ratios (the ratio of return
sludge flow to influent flow) were 0%, 5%, 10% and 15%, respec-
tively. The reactor was the traditional primary settling tank when
the return sludge ratio (RSR) was 0%. Water quality analysis was
conducted for 21 days under each operational condition.

2.3. The batch experiments

To analyse the effect of velocity gradient on sludge sizes, the
batch fermentation experiments were conducted in two identical
reactors with working volume of 2 L. The primary sludge was taken
from the primary sedimentation tank of the Xi’an No. 4 Wastewa-
ter Treatment Plant. The two reactors were stirred with velocity
gradient of 31 s�1 and 160 s�1, respectively. The changes of sludge
size during the process of sludge fermentation with different veloc-
ity gradient were analysed.

The trial experiments were conducted to analyze the function of
mechanical elutriation in promoting SCOD release from sludge.



Fig. 1. (a) Schematic diagram of the activated primary tank (APT) and (b) application of the APT in a wastewater treatment plant.
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600 mL of sludge was taken from the sludge bucket of APT with
SRT = 5 d, RSR = 10% and G = 152 s�1, and was divided into six bea-
kers equally. Because the return sludge of APT was mixed with
sewage (1:10) in the elutriation unit when the RSR was 10%. There-
fore, 1000 mL of ultrapure water was added to each beaker, and
then the sludge was elutriated for 10 minutes with different veloc-
ity gradient by MY3000-6N stirrer (MeiYu, China). The SCOD con-
centration was measured after mechanical elutriation.

2.4. Wastewater treatment plant description and the full scale APT

An AAO process with a treatment capacity of 250,000 m3/d was
employed by Xi’an No. 4 Wastewater Treatment Plant (WWTP),
China. Ten parallel traditional horizontal primary sedimentation
tanks were used in the WWTP, and the hydraulic retention time
was 1.5 h. Our previous studies showed that the C/N and C/P ratios
in the influent of the WWTP were low, and 33% COD was lost in the
traditional primary sedimentation tank (TPT). The operational
effect of the AAO process was seriously compromised by the insuf-
ficient carbon source. In fact the TN and TP concentrations in the
effluent were 15.6 ± 1.8 mg/L and 0.63 ± 0.23 mg/L, respectively,
which cannot meet China’s current discharge standards (Table 1).

To solve the problem of insufficient carbon source for the AAO
process in Xi’an No. 4 Wastewater Treatment Plant caused by
low COD in the influent and carbon source loss in the primary sed-
imentation tank, the activated primary tank process was applied.
The primary sedimentation tank in Xi’an No. 4 Wastewater Treat-
ment Plant was transformed into the activated primary tank
(Fig. 1b). The solids retention time of the primary sludge in the
Table 1
Influent and effluent characteristics of the Xi’an No. 4 wastewater treatment plant. (The d

Parameter BOD5 (mg/L) COD (mg/L) SCOD (mg/L)

Influent of WWTP 180 ± 42 342 ± 32 149 ± 24
Effluent of TPT 172 ± 31 228 ± 24 142 ± 21
Effluent of WWTP 7.2 ± 1.2 21.2 ± 2.9 19.4 ± 2.4
Discharge standard 10 50 –
sludge bucket rose to 5 d, and a return sludge system with
RSR = 5% was positioned between the sludge bucket and the distri-
bution channel. A stirrer with a stirring velocity gradient of 160 s�1

was installed in the distribution channel to elutriate the fermenta-
tion products derived from sludge.
2.5. Chemical analysis

The total chemical oxygen demand (TCOD), soluble chemical
oxygen demand (SCOD), total phosphorus (TP), total nitrogen
(TN), nitrate, phosphate, and suspended solids (SS) were measured
according to standard methods (APHA, 1998). The particulate
chemical oxygen demand (PCOD) was calculated as the difference
between the TCOD and SCOD. The particle size of sludge was mea-
sured by LS320/SVM + Laser particle size distribution analyser
(Beckman-Coulter, USA).

VFAs composition was determined using an Agilent 6890N GC
with a flame ionisation detector and DB-WAXETR column
(30 m � 1.0 lm � 0.53 mm). Nitrogen was the carrier gas, and
the flux was 20 mL/min. The injection port and detector were
maintained at 230 �C and 250 �C, respectively. The oven of the
GC was programmed to remain at 100 �C for 2 min, then to
increase at a rate of 6 �C/min to 200 �C, and to be maintained at
200 �C for an additional 2 min. The filtrate was collected in a
1.5 mL gas chromatograph (GC) vial and acidified with 3% H3PO4

to pH 4.0. The sample injection volume was 1.0 ll. The VFAs con-
centration was converted into the COD concentration using the fol-
lowing conversion factors: 1.07 for acetic acid, 1.51 for propionic
ata represent the averages and standard deviations, number of samples (n) P 200.)

TN (mg/L) NH4
+-N (mg/L) TP (mg/L) SS (mg/L)

41.4 ± 2.6 28.7 ± 2.1 3.9 ± 0.5 241 ± 43
37.2 ± 2.3 27.6 ± 1.8 3.6 ± 0.4 152 ± 36
15.6 ± 1.8 0.52 ± 0.32 0.63 ± 0.23 8.1 ± 1.1
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acid, 1.82 for n-butyric and iso-butyric acid, and 2.04 for n-valeric
and iso-valeric acid.

Readily biodegradable organic matter (SS) and slowly
biodegradable organic matter (XS) were analysed via respirometric
assessment. Biomass (2000 mL) from the aerobic tank of the Xi’an
No. 4 wastewater treatment plant was elutriated three times and
precipitated to 1 L. The biomass was aerated for 12 h, after which
it was in the endogenous respiration stage. The biomass was
placed into a hermetic reactor, and an influent or effluent volume
of 1000 mL from the APT was added. The sludge was maintained
in suspension by a magnetic stirrer and kept at 20 ± 1 �C. ATU
reagent was added to inhibit nitrification, and the pH was adjusted
to neutral with a phosphate buffer solution. The dissolved oxygen
(DO) in the reactor was monitored online with a DO meter
(Hamilton Bonaduz AG ARC120, Bonaduz, Switzerland). The reac-
tor was aerated until DO reached 6 mg/L; then, DO change was
monitored on-line. The aeration was repeated when the DO in
the reactor was reduced by 2 mg/L. This procedure was repeated
to monitor the oxygen uptake rate (OUR) of the hermetic reactor.
SS and XS concentrations were calculated using Matlab software
and correlation formulas and inert organic matter (I) was calcu-
lated as the difference between TCOD and the SS and Xs.

The nitrogen and phosphorus removal performance of the car-
bon source were represented by the maximum specific denitrifica-
tion rate and phosphorus release rate of the activated sludge when
the reactor’s effluent served as carbon source. The following
method was used: 1000 mL of biomass from the wastewater treat-
ment plant was placed into two beakers (2000 mL each) and main-
tained at 25 �C. Potassium nitrate was added to one beaker to
obtain an initial nitrate concentration of 20 mg/L. An effluent
volume of 1000 mL from the reactor was added to each beaker as
a carbon source. Eight samples were taken over time to measure
the maximum specific denitrification rate, which was based on
the consumption of nitrate (linear correlation coefficient
R2 > 0.97), and the maximum specific phosphorus release rate. This
was based on the increase in the amount of phosphate (linear
correlation coefficient R2 > 0.95).
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2.6. DNA extraction and PCR amplification

Sludge samples from the traditional primary sedimentation
tank (TPT) in the Xi’an No. 4 wastewater treatment plant and the
activated primary tank reactor (SRT = 5 d, G = 152 s�1, RSR = 10%)
were taken for DNA extraction with a Power Soil DNA Isolation
Kit (MO Biomedicals, USA). The V4-V5 regions of the bacterial
16S ribosomal RNA gene were amplified by PCR (95 �C for 3 min,
followed by 27 cycles at 95 �C for 30 s, 55 �C for 30 s, and 72 �C
for 45 s and a final extension at 72 �C for 10 min) using primers
338F (50-barcode-ACTCCTACGGGAGGCAGCA-30) and 806R (50-GG
ACTACHVGGGTWTCTAAT-30) (Dennis et al., 2013). Here the bar-
code is an eight-base sequence unique to each sample. PCR reac-
tions were done in triplicate 20 lL mixtures containing 4 lL of
5� FastPfu Buffer, 2 lL of 2.5 mM dNTPs, 0.8 lL of each primer
(5 lM), 0.4 lL of FastPfu Polymerase, and 10 ng of template DNA.
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Fig. 2. Effect of SRT on (a) SCOD and (b) VFA production in activated primary tank
with RSR = 5% and G = 233 s�1.
2.7. Illumina MiSeq sequencing

Amplicons were extracted from 2% agarose gels, purified using
the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, U.S.A.) according to the manufacturer’s instructions,
and quantified using QuantiFluorTM-ST (Promega, U.S.A.).
Purified amplicons were pooled in equimolar and paired-end
sequenced (2 � 250) on an Illumina MiSeq platform according to
the standard protocols.
2.8. Processing of sequencing data

Raw fastq files were demultiplexed and quality-filtered using
QIIME (version 1.17) with the following criteria: (i) the 250 bp
reads were truncated at any site receiving an average quality score
<20 over a 10 bp sliding window, discarding the truncated reads
that were shorter than 50 bp; (ii) exact barcode matching,
2 nucleotide mismatches in primer matching, and reads containing
ambiguous characters were removed; and (iii) only sequences with
overlaps longer than 10 bp were assembled according to their
overlap sequence. Reads that could not be assembled were
discarded.

Operational units (OTUs) were clustered with a 97% similarity
cut off using UPARSE (version 7.1 http://drive5.com/uparse/), and
chimeric sequences were identified and removed using UCHIME.
3. Results and discussion

3.1. Factors that influence carbon source recovery in pilot reactor

3.1.1. Effect of the SRT on carbon source recovery
The solids retention time is an important factor influencing the

hydrolysis and fermentation of primary sludge. As shown in Fig. 2,
when the stirring velocity gradient (G) and RSR were 233 s�1 and
5%, increases of the SCOD and VFA (4SCOD and 4VFA) in the reac-
tor’s effluent with SRT = 1 d were 11 mg/L and 3 mg/L, respectively.
When the SRT was increased to 3 d and 5 d, the 4SCOD and 4VFA
in the effluent of the reactor were significantly increased (Fig. 2).
The 4SCOD of the reactor effluent increased to 33 mg/L and
53 mg/L, respectively, and the 4VFA were 12.3 mg/L and
18.8 mg/L, respectively. By increasing the SRT, the amount of

http://drive5.com/uparse/


726 P. Jin et al. / Bioresource Technology 200 (2016) 722–730
carbon source recovery was enhanced significantly, which is accor-
dance with other researches (Bouzas et al., 2007). When the
SRT = 1, 3, and 5 d, the organic contents in the sludge (VSS/SS) in
the reactor were 0.556, 0.532, and 0.501, respectively. The VSS/SS
of the sludge reduction indicated that the particulate organic mat-
ter in the primary sludge was gradually hydrolysed into soluble
substance. However, when SRT increased to 7 d, the SCOD and
VFAs yields slightly increased. The SCOD and VFAs yields were
57.8 mg/L and 19.9 mg/L, which were not significantly higher that
at SRT = 5d. Miron et al. (2000) analysed the role of solids retention
time in the hydrolysis and acidification of lipids, carbohydrates and
proteins during digestion of primary sludge. They found that diges-
tion of sludge at 25 �C resulted in methanogenic conditions for SRT
over 8 days. In addition, the other studies have also revealed that
SCOD and VFAs yields decreased with a longer SRT during the
primary sludge fermentation (Wu et al., 2009; Ji et al., 2010).
Meanwhile, the longer SRT, the larger volume of sludge bucket is
required, which increased the cost of ATP. Therefore, the optimal
SRT for the APT is 5 d. Ahn and Speece (2006) obtained identical
results in that most of the SCOD (78–84%) was produced within
the initial 5 d during the primary sludge fermentation, and the
soluble carbon source increased slowly when SRT was extended
beyond 5 d.
3.1.2. Effect of mechanical elutriation on carbon source recovery
Fig. 3 shows the effect of mechanical elutriation on the reactor’

carbon source recovery when the RSR = 5% and SRT = 5 d. The
4SCOD and 4VFA in the reactor’s effluent were 32 mg/L and
12.1 mg/L, respectively, when only the sludge return did not
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Fig. 3. Effect of the elutriation velocity gradient on (a) SCOD and VFA and (b) SCOD/
TN and SCOD/TP increase in the activated primary tank with RSR = 5% and SRT = 5 d.
(The data represent the average and standard deviations, number of samples (n)
= 21.)
undergo mechanical elutriation (G = 0 s�1), indicating that a small
amount of carbon source can be recovered. At a mechanical elutri-
ation intensity of 29 s�1, the 4SCOD and 4VFA in the effluent of
the reactor were 42 mg/L and 15.9 mg/L, respectively, which were
30% higher than those of the reactor without mechanical elutria-
tion. When the mechanical elutriation intensity rose to 83 s�1,
152 s�1 and 233 s�1, the 4SCOD of the reactor effluent were
47 mg/L, 51 mg/L and 53 mg/L, respectively (Fig. 3a). Compared
to the effluent of the reactor without mechanical elutriation, the
4VFA of the reactor effluent was increased by 47.1%, 57.9% and
55.4%, respectively.

Mechanical elutriation significantly improved the activated pri-
mary tank’s carbon source recovery. However, there is a limit to
which the carbon source recovery through mechanical elutriation
can be done, i.e., at a velocity gradient of 152 s�1, above which
the carbon source recovery from the reactor is difficult to improve
significantly. Therefore, the optimal elutriation intensity for ATP
was 152 s�1. The power of the stirrer could be calculated by the
velocity gradient, and it was about 4.5 � 10�3 KW. The treatment
capacity of the APT was 0.5 m3/h, so the additional energy of
elutriation unit need for the operation of the APT was about
9 � 10�3 KW h/m3.

The functional mechanisms of mechanical elutriation in
improving carbon source recovery can be analysed with reference
to three issues. First, the sludge sizes of the APT were analysed, the
results showed that particle size of sludge in the APT with G = 0 s�1

and G = 152 s�1 were 55.2 ± 2.3 lm and 47.0 ± 2.5 lm. The particle
size of sludge in the APT with G = 152 s�1 was smaller than that
with G = 0 s�1, which indicated that some large-particle organic
matter were broken into small particles through mechanical stir-
ring. Table 2a showed the changes of sludge size during the process
of primary sludge fermentation in the batch reactors with different
velocity gradient (G = 31 s�1 and G = 160 s�1). It can be seen, the
sludge size in the reactor with G = 160 s�1 decreased significantly
during the process of fermentation, but decreased slightly in the
reactor with G = 31 s�1. This also elucidates the function that
higher velocity gradient facilitates the decomposition of particles.
The small particle size benefitted the hydrolysis and fermentation
of the particulate organic matter. Second, some hydrolysis and fer-
mentation products were adsorbed by the sludge during fermenta-
tion (Peng et al., 2012). The shear force of the mechanical
elutriation can enhance the release of fermentation products into
water. In order to analyze the function of mechanical elutriation
in promoting SCOD release from sludge, the trial experiments were
conducted to verify the assumption. The sludge taken from APT
was diluted and elutriated with different velocity gradient, the
SCOD concentration was shown in Table 2b. When the velocity gra-
dient increased from 28.2 s�1 to 152.7 s�1, the SCOD concentration
increased from 71.3 mg/L to 77.9 mg/L, which indicated that the
mechanical elutriation can enhance the SCOD release into water.
When the velocity gradient was greater than 182.8 s�1, the SCOD
concentration slightly increased. This indicated that it was difficult
to improve the SCOD release by increase the velocity gradient,
when the velocity gradient was above 182.8 s�1. Third, according
to the studies of Leslie Grady et al. (1999) and Bouzas et al.
(2007), the acetogenesis step can only take place at low hydrogen
partial pressures and when the hydrogen partial pressure is high,
this conversion will not proceed. Therefore, fermentation might
be further enhanced with the decrease of the SCOD, VFA and
hydrogen partial pressure on the surface of the sludge.

With the increase of the mechanical elutriation intensity, the
removal efficiency of the TN and TP in the reactor decreased. When
the velocity gradient increased from 0 s�1 to 233 s�1, the TN
removal efficiency in the APT decreased from 13% to 10%, and TP
removal efficiency decreased from 15% to 10%. This occurred
because some ammonia nitrogen and phosphate were released



Table 2
The changes of sludge size with different velocity gradient, and the effect of velocity gradient on SCOD release.

Time 0 d 1 d 2 d 3 d 4 d 5 d 6 d

a. The changes of sludge size with different velocity gradient
Sludge size (lm) G = 31 s�1 53.4 ± 1.1 53.8 ± 1.2 52.9 ± 0.9 53.1 ± 0.8 52.6 ± 0.9 53.1 ± 1.1 52.5 ± 0.8
Sludge size G = 160 s�1 53.4 ± 1.3 49.2 ± 0.7 47.7 ± 1.0 46.9 ± 1.1 45.7 ± 0.7 45.2 ± 0.8 44.6 ± 1.1
b. The effect of velocity gradient on SCOD release
Velocity gradient (s-1) 28.3 72.0 124.2 182.8 246.8 315.5
SCOD (mg/L) 71.3 ± 6.4 73.9 ± 8.3 77.5 ± 5.5 78.2 ± 7.8 79.1 ± 6.3 78.5 ± 8.2
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during the sludge fermentation, which is inevitable during the pro-
cess of sludge fermentation. Meanwhile, according to the particle
size changes of sludge in APT with G = 0 s�1 and G = 152 s�1, it
can be seen that the large suspended solids were broken into smal-
ler particles by the mechanical stirrer, and proved to be more dif-
ficult to remove by precipitation. Some smaller suspended
nutrients were discharged from the reactor, which decreased the
nutrient removal efficiencies. Although the TN and TP removal effi-
ciencies decreased in the APT with the increase of mechanical
intensity, the TN and TP concentration in the effluent of APT
increased slightly. When the APT was operated with SRT = 5 d
and G = 152 s�1, the release of TN and TP in APT was less than
2 mg/L and 0.3 mg/L, which would consume about 10 mg/L SCOD
and 3 mg/L VFAs in the biological systems. However, the SCOD
and VFAs yields of the APT were 51 mg/L and 19 mg/L, which were
much higher than that needed for removing the TN and TP released
from sludge. Fig. 3b illustrates the increase of the SCOD/TN and
SCOD/TP (4SCOD/TN and4SCOD/TP) in the reactor’s effluent com-
pared to the influent at different velocity gradient. It can be
observed in Fig. 3b, although the removal efficiencies of TN and
TP decreased, the 4SCOD/TN and 4SCOD/TP in the effluent of
the reactor increased by 1.7–2.0 and 18–21, respectively.
3.1.3. Effect of the return sludge ratio on the carbon source recovery
Fig. 4 shows the SCOD, VFA, SCOD/TN and SCOD/TP in the influ-

ent and effluent of the reactor with different return sludge ratios
(RSR = 5%, 10%, and 15%) at a mechanical elutriation intensity of
152 s�1 and SRT of 5 d. When the return sludge ratio (RSR)
increased from 5% to 10%, the4SCOD of the reactor increased from
50.8 mg/L to 57.0 mg/L, and the 4VFA increased from 19.1 mg/L to
21.7 mg/L. With the increase of the RSR, the SCOD and VFAs yields
of APT were improved. By increasing the return sludge ratio, the
soluble organic matter and VFAs produced by the sludge fermenta-
tion could be released into the water instantly through elutriation.
Moreover, with the increase of return sludge ratio, the fermenta-
tion bacteria at the bottom of the reactor and the particulate
organic matter in the influent were well mixed. Consequently,
inoculating fermentation was formed, which improved the
fermentation.

However, when the return sludge ratio increased from 10% to
15%, the SCOD and VFAs yields were 57.4 mg/L and 22.3 mg/L,
the improvement of the SCOD and VFAs yields in the reactor efflu-
ent was negligible. When the return sludge ratio increased from
10% to 15%, the sludge concentration at the bottom of the APT
decreased from 36,400 ± 3200 mg/L to 29,600 ± 4300 mg/L. This
indicted that an excessive return sludge ratio resulted in the lower
sludge concentration at the sludge bucket, which might compro-
mise the SCOD and VFAs yields. Meanwhile, the study by
Chanona et al. (2006) showed that an excessive return sludge flow
rate could lead to lower effluent VFAs concentration due to the
lower solids thickening in the bottom of the settler at high return
sludge flow rate. Furthermore, with the increase of RSR, although
there was a fluctuant of 4SCOD/TN and 4SCOD/TP in the effluent,
no significant increase was observed (Fig. 4b). Because a high RSR
increases the reactor’s energy consumption, so the appropriate RSR
of the reactor was controlled within a range of 5–10%.

In order to analyze the actual effect of SCOD and VFAs produc-
tion, the SCOD and VFAs concentration in the sludge recycle line of
APT with SRT = 5 d, RSR = 10% and G = 152 s�1 were measured. The
results showed that the SCOD and VFAs concentration in the sludge
recycle line were 742 ± 82 mg/L and 252 ± 33 mg/L, which indi-
cated that lots of soluble organic matters were produced by the
primary sludge fermentation in the sludge bucket. The SCOD and
VFAs concentration in influent of APT were 134.7 ± 18.5 mg/L and
24.5 ± 2.2 mg/L, and the return sludge and the sewage were mixed
(1:10) in the elutriation unit. According to the theoretical calcula-
tion, the SCOD and VFAs concentration in sewage could increase
55.2 mg/L and 20.7 mg/L, which were basically similar with the
actual SCOD and VFAs yields (57.0 mg/L and 21.7 mg/L) in APT
with SRT = 5 d, RSR = 10% and G = 152 s�1.
3.2. Transformation of carbon source composition in pilot reactor

The composition of the carbon source is an important factor
that affects biological nitrogen and phosphorus removal. Therefore,
it is necessary to analyse the composition of the carbon source in
the influent and effluent of the reactor. Fig. 5 depicts the composi-
tion of the carbon source in the reactor’s influent and effluent with
the SRT = 5 d, G = 152 s�1, and RSR = 10%. The carbon source in the
reactor influent existed mainly in the particle state, and the partic-
ulate COD constituted 61.1% of the total COD. Analysis of the car-
bon source’s biodegradability indicated that the slowly
biodegradable organic matter (XS) formed the majority (56.0%) of
the organic matter in the reactor influent. The readily biodegrad-
able organic matter (SS) accounted for only 12.1% of the total
COD; the remainder was inert organic matter (I). However, most
of the organic matter in the APT effluent existed in dissolved state,
of which the SCOD content formed 71.6% of the total COD, and the
content of the readily biodegradable organic matter increased to
34.5%. The above finding demonstrates that the type of carbon
source in sewage can be significantly improved by the hydrolysis
and fermentation in the reactor. The particulate organic matter
was hydrolysed into dissolved matter, and the slowly biodegrad-
able organic matter was converted into readily biodegradable
organic matter under microbial fermentation.

It has been reported that the content and composition of VFAs
in wastewater affects the biological phosphorus removal
(Li et al., 2008). It is agreed that acetic acid is the best carbon
source for the biological removal of phosphorus, followed by
propionic acid (Oehmen et al., 2004). The VFA compositions in
the APT effluent were analysed, and results showed that the
compositions of VFAs in the APT effluent under different operation
conditions are basically similar. Acetic acid was the major compo-
nent of VFAs, in the 75–85% range, followed by propionic acid at
10–15%, and C4–C5 acids at approximately 10%. These results are
basically consistent with the studies of Bouzas et al. (2007). The
high content of acetic acid in the system effluent is conducive to
enhancing biological phosphorus removal. At a return sludge
ratio of 0%, the reactor functioned as a traditional primary



0

15

30

45

60

75

0

50

100

150

200

250

300

SC
O

D
 a

nd
V

FA
 in

cr
ea

se
(m

g/
L

)

SC
O

D
 a

nd
 V

FA
 c

on
ce

nt
ra

tio
n 

(m
g/

L
)

SCOD in influent SCOD in effluent VFA in influent
VFA in effluent SCOD increase VFA increase

RSR=5%

RSR=10%

RSR=15%

(a)

0

15

30

45

60

0

50

100

150

200

250

SC
O

D
 a

nd
V

FA
 in

cr
ea

se
(m

g/
L

)

SC
O

D
 a

nd
 V

FA
 c

on
ce

nt
ra

tio
n 

(m
g/

L
)

0

15

30

45

60

0

50

100

150

200

250

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

S
C

O
D

 a
nd

V
FA

 in
cr

ea
se

(m
g/

L
)

SC
O

D
 a

nd
 V

FA
 c

on
ce

nt
ra

tio
n 

(m
g/

L
)

Time (d)

RSR=5%

RSR=10%

RSR=15%

(b)

0

5

10

15

20

25

30

0

15

30

45

60

75

90

SC
O

D
/T

N
 a

nd
 S

C
O

D
/T

P 
in

cr
ea

se

SC
O

D
/T

N
 a

nd
 S

C
O

D
/T

P

SCOD/TN in influent SCOD/TN in effluent SCOD/TP in influent
SCOD/TP in effluent SCOD/TP increase SCOD/TN increase

0

5

10

15

20

25

0

15

30

45

60

75

SC
O

D
/T

N
 a

nd
 S

C
O

D
/T

P 
in

cr
ea

se

SC
O

D
/T

N
 a

nd
 S

C
O

D
/T

P

0

5

10

15

20

25

0

15

30

45

60

75

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

SC
O

D
/T

N
 a

nd
 S

C
O

D
/T

P 
in

cr
ea

se

SC
O

D
/T

N
 a

nd
 S

C
O

D
/T

P

Time (d)

Fig. 4. Effect of the RSR on (a) SCOD and VFAs yields and (b) SCOD/TN and SCOD/TP increase in the activated primary tank with G = 152 s�1and SRT = 5 d.
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sedimentation tank. The maximum specific denitrification and
phosphorus release rates were 6.12 ± 0.54 mgNO3

�-N/gVSS�h and
2.21 ± 0.23 mgPO4

3�-P/gVSS�h when using the effluent of the tradi-
tional primary sedimentation tank as the carbon source. When the
effluent of the APT (RSR = 10%, SRT = 5 d and G = 152 s�1) was uti-
lised as carbon source, the maximum specific denitrification and
phosphorus release rates were 8.62 ± 0.78 mgNO3

�-N/gVSS�h and
2.81 ± 0.27 mgPO4

3�-P/gVSS�h. The rates were increased by 41%
and 27%, respectively. This finding demonstrated that the removal
of biological nitrogen and phosphorus was significantly improved,
due to transformation of the carbon source types in APT.

3.3. Enhancement of fermentative bacteria by the APT

Pyrosequencing of the samples from the traditional primary
sedimentation tank (TPT) and the activated primary tank (APT)
yielded 26,114 and 25,499 effective sequence reads, respectively.
For the sequences determined from pyrosequencing, 1246 and
1326 operational taxonomic units (OTUs) were identified at the
3% cutoff for the TPT and APT, respectively. Fig. 6 displays the rel-
ative abundance of bacterial community at the phylum level for
the TPT and APT. The phyla with relative abundance higher than
1% are presented. Proteobacteria, Chloroflexi and Bacteroidetes were
the three most abundant phyla in the two systems. However,
the relative abundance of the three phyla and other phyla were
quite different. Proteobacteria, which plays a crucial role in the
hydrolysis and acetogenesis stages (Jaenicke et al., 2011), was
the most abundant phyla in the APT, and its relative abundance
(34.2%) was significantly higher than that in the TPT (26.3%). The
relative abundances of Firmicutes and Bacteroidetes in the APT were
higher than those in the TPT, and these bacteria may convert
the proteins and carbohydrates into propionate and acetate
(Ueki et al., 2006; Yu et al., 2010). This outcome indicates two
things: firstly, that the overall distribution of microbial communi-
ties was significantly changed by the activated primary tank pro-
cess; and secondly, the change in the bacterial community was
beneficial for the hydrolysis and fermentation of primary sludge.

Table 3 summarises the fermentative bacteria communities in
the APT and TPT. The relative abundance of the fermentative bac-
teria in the APT was 9.519%, which was significantly higher than
that in the TPT (4.347%). Paludibacter, Macellibacteroides and
Ruminococcaceae were the most abundant fermentative bacteria
in the two systems. The relative abundances of the three bacteria
in the APT were 3.671%, 2.188% and 1.051%, respectively, and only
1.976%, 0.578% and 0.421%, respectively, in the TPT. Streptococcus,
with a relative abundance of 0.757%, was another important fer-
mentative bacteria in the ATP. However, the relative abundance
of Streptococcus was extremely low at only 0.027% in the TPT. This
finding indicated that there were significant differences in the
fermentative bacteria communities in the two systems. The solid
retention time (SRT) of primary sludge in traditional primary sed-
imentation tank is only several hours. It is not conducive to the
breeding and enrichment of the fermentative bacteria in sludge
bucket with short SRT and small amounts of sludge. However,
the volume of the sludge bucket was extended and the SRT
increased to 5 d in the activated primary tank, lots of sludge was
accumulation in the sludge bucket for a long time, which provides
the sufficient nutrition medium and time for the growth and repro-
duction of the fermentative bacteria. Therefore, compared to the
traditional primary sedimentation tank, the APT was beneficial
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Table 3
Fermentative bacterial community composition at genus level by pyrosequencing.

Fermentative bacteria References APT TPT

Reads % Reads %

Paludibacter Maspolim
et al. (2015)

936 3.671 516 1.976

Macellibacteroides Jabari et al.
(2012)

558 2.188 151 0.578

Ruminococcaceae_uncultured Xing (2006) 268 1.051 110 0.421
Streptococcus Flythe and

Andries
(2009)

193 0.757 7 0.027

Peptostreptococcaceae Flythe and
Andries
(2009)

143 0.561 106 0.406
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for the breeding of fermentative bacteria. More fermentative
bacteria were enrichment in the APT. Consequently, the particulate
carbon source can be converted into soluble organic matter and
volatile fatty acids by fermentative bacteria to recover the carbon
source successfully from primary sludge.
Eubacteriaceae_uncultured Xing (2006) 71 0.278 42 0.161
Veillonellaceae_uncultured Liu et al.

(2012b)
60 0.235 92 0.352

Bacteroides Xing (2006) 35 0.137 5 0.019
Clostridium Xing (2006) 32 0.125 46 0.176
Parabacteroides Maspolim

et al. (2015)
28 0.110 0 0
3.4. The application of the APT in the full scale WWTP

The influent and effluent characteristics of the full scale acti-
vated primary tank and No. 4 wastewater treatment plant after
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Fig. 6. Bacterial community composition at phylum level revealed by
pyrosequencing.
transformation are shown in Table 4. The table shows that the effi-
ciency in removing the SS in the full scale activated primary tank
was approximately 28.7%, which indicated that the activated pri-
mary tank proved to be effective in removing the SS. Compared
to the traditional primary sedimentation tank before transforma-
tion, the carbon source loss in the activated primary tank was less
obvious; approximately 19.4% of the TCOD in the influent was
removed by the activated primary tank. The SCOD concentration
in the activated primary tank effluent was significantly increased
(approximately 31.1%), and the 4SCOD in the full scale activated
primary tank was 47 mg/L. The SCOD/TN and SCOD/TP of the acti-
vated primary tank effluent rose by 37.6% and 38.4%, respectively.
Due to the soluble carbon source increase and carbon source type
transformation in the effluent of the full scale activated primary
tank, the ability to denitrify and remove phosphorus in the AAO
process was enhanced. The TN and TP in the effluent of the WWTP
decreased to 13.2 ± 1.2 mg/L and 0.41 ± 0.14 mg/L, respectively,
which could meet the discharge standards.

4. Conclusions

A novel activated primary tank with mechanical elutriation
function was developed to recover carbon source from primary
sludge. Compared to the TPT, the APT was beneficial for the breed-
ing of fermentative bacteria and lots of fermentative bacteria were
Zymomonas Yamashita
et al. (2008)

27 0.106 9 0.034

Smithella Schink
(1997)

19 0.075 12 0.046

Lachnospiraceae Xing (2006) 9 0.035 1 0.004
Lachnospiraceae_unclassified Xing (2006) 8 0.031 1 0.004
Petrimonas Maspolim

et al. (2015)
7 0.027 6 0.023

Lachnospiraceae_uncultured Xing (2006) 6 0.024 2 0.008
Acetobacterium Drake et al.

(2002)
5 0.020 2 0.008

Veillonella Xing (2006) 5 0.020 0 0
Syntrophomonas Xing (2006) 4 0.016 2 0.008
Proteiniphilum Maspolim

et al. (2015)
4 0.016 2 0.008

Treponema Wang, 2013 3 0.012 5 0.019
Enterobacter Lu et al.

(2011)
3 0.012 0 0

Caldisericum Maspolim
et al. (2015)

3 0.012 10 0.038

Levilinea Maspolim
et al. (2015)

0 0 8 0.031

Total 2427 9.519 1135 4.347



Table 4
Influent and effluent characteristics of full scale activated primary tank (APT) and wastewater treatment plant after transformation. (The data represent the averages and standard
deviations, number of samples (n) P 90.)

Parameter COD (mg/L) SCOD (mg/L) TN (mg/L) NH4
- -N (mg/L) TP (mg/L) SS (mg/L)

Influent of WWTP 351 ± 27 151 ± 21 40.1 ± 2.1 27.2 ± 2.4 3.8 ± 0.8 254 ± 37
Effluent of APT 283 ± 24 198 ± 18 38.2 ± 1.9 26.4 ± 2.1 3.6 ± 0.5 181 ± 31
Effluent of WWTP 22.5 ± 1.6 18.4 ± 1.4 13.2 ± 1.2 0.68 ± 0.29 0.41 ± 0.14 7.9 ± 1.4
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enrichment in the APT to convert the primary sludge into soluble
COD. Mechanical elutriation significantly promoted the recovery
of carbon source by releasing fermentation products out of the
sludge. The APT recovered the carbon source from primary sludge
and significantly transformed the composition of carbon source in
the sewage, which enhanced the performance of biological nitro-
gen and phosphorus removal.
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