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 Enhanced performance of the STAD

for WAS under the presence of CAPB
was found.
 CAPB markedly promote the removal
of VSS and TCOD of WAS by the STAD
system.
 CAPB aroused rapid release and
gradual decreases of SCOD, PO3
4 -P,
NHþ
4 -N and TN.
 CAPB was also biodegraded by the
system, and the removal rate at 24 h
was 91.2%.
 Removal route contained
extracellular adsorption/desorption,
and biodegradation.
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a b s t r a c t
Short-time aerobic digestion (STAD) is a promising technique for waste activated sludge (WAS) stabilization. As a widely used surfactant, cocoamidopropyl betaine (CAPB) could enter wastewater treatment
system and influence the WAS properties. It is of big significance to ascertain its influences on the
STAD of WAS. CAPB was found to promote the fast removal of organics in WAS. Within 24 h, the removal
rate of VSS was up to 28.3%, while no more than 20% was reported in previous studies. The biodegradation rate constants of both VSS and TCOD were increased over 65%. Due to special features of surfactant,
þ
CAPB aroused rapid releases of SCOD, PO3
4 -P, NH4 -N and TN within 2 h, and then their values gradually
decreased under the aerobic digestion. CAPB was also biodegraded by the system, and the removal rate at
24 h was 91.2%. The biodegradation route contained extracellular adsorption/desorption and aerobic
biodegradation. Biodegradable CAPB could lead to a promising performance of the STAD process for
WAS and resulted in zero waste discharge from the treatment system.
Ó 2017 Elsevier B.V. All rights reserved.

1. Introduction
Aerobic digestion is a significant technique for the stabilization
of waste activated sludge (WAS) in which aerobic organisms con⇑ Corresponding author.
E-mail address: siqingxia@tongji.edu.cn (S. Xia).
http://dx.doi.org/10.1016/j.cej.2017.03.065
1385-8947/Ó 2017 Elsevier B.V. All rights reserved.

sume the biodegradable organic matters, resulting in the reduction
of both sludge volume and mass [1–5]. According to the reaction
temperature, aerobic digestion can be divided into ambient temperature aerobic digestion and thermophilic aerobic digestion [6].
Bernard and Gray [1] studied the feasibility of ambient temperature aerobic digestion for pharmaceutical sludge and domestic
sludge. When the temperatures varied between 16.5 and 22 °C
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during the 35 d aerobic digestion of activated sludge, aerobic
digestion performance achieved the reduction of 42–53% mixed
liquor suspended solid (MLSS), 53–64% mixed liquor volatile suspended solids (MLVSS), 53–81% settled sludge volume and full stabilization for domestic sludge. For pharmaceutical sludge,
reductions of 4–18% MLSS and 6–25% MLVSS were achieved with
full stabilization. Liu et al. [2] studied the autothermal thermophilic aerobic digestion (ATAD) of the sewage sludge, and the
digestion system achieved rapid degradation of the organic substrate at 55 °C. The MLVSS was removed by up to 45.3% and
50.4% at 9 d and 11d, respectively, while NHþ
4 -N, chemical oxidation demand (COD) and total organic carbon (TOC) in the supernatant as well as total nitrogen (TN) didn’t exhibit obvious
declines after 7 d.
With its low capital investment, few operational problems,
short sludge retention time, efficient pathogen inactivation and
fast degradation rate, aerobic digestion is typically applied in
medium-sized and small sized wastewater treatment plants
(WWTPs) [2,7]. According to the Ministry of Environment Protection, China, 4436 WWTPs were in operation in China by the end
of 2015, and over 70% of them were medium- and small-size plants
with the processing capacities of wastewater lower than 10 thousand tons per day [8]. Thus, aerobic digestion could be an attractive
and better choice for the treatment of WAS in China due to its
economy and practicability. However, most of the previous studies
focused on the long-time aerobic digestion, which led to high treatment cost due to consuming higher oxygen demand. Our previous
study showed that short-time aerobic digestion (STAD) could
achieve better flocculability and dewaterability of sludge than
the prolonged aerobic digestion [7], which provided some theoretical evidences for the STAD application to the sludge treatment.
Surfactants are widely used in household detergents, industrial
and institutional cleaners, personal care products, flotation and
petroleum production, and cosmetics all over the world [9,10]. As
a commonly used amphoteric synthetic surfactant in personal care
products and surface cleaners, cocoamidopropyl betaine (CAPB)
could help to formulate products which are mild to the skin and
eyes [11], and most of them were discarded into the municipal
sewer systems after use and afterwards were converged at
WWTPs. The biodegradable surfactant could be removed by a combination of biosorption and biodegradation by the activated sludge
in the wastewater treatment process [12]. However, the residual
surfactant would influence the properties of WAS, which might
further influence the stabilization performance of WAS in the aerobic digestion process. CAPB has a non-polar linear hydrocarbon
group which can form micelles and then increase aqueous solubility, thus accelerate the solubilization of macromolecular organic
matters in WAS into aqueous solution [13]. Zhou et al. [14] suggested that both cetyl trimethyl ammonium bromide (CTAB) and
linear alkylbenzene sulfonate (LAS) were effective to promote the
extraction of biopolymers from activated sludge. CTAB was prominent in increasing the concentration of proteins, and LAS was
prominent in increasing the concentrations of both polysaccharides and nucleic acids. Jiang et al. [15] also mentioned that upon
sludge fermentation the nitrogen and phosphorus have been
observed to release from activated sludge after adding anionic surfactant due to the biopolymer solubilization and even cell disruption. Thus, CAPB might influence the release of the biopolymers
from the WAS and further influence the aerobic digestion of WAS.
Despite the extensive application of CAPB, little is known about
how the CAPB influences the WAS digestion in the aerobic digestion system. This study systematically evaluated the influencing
characteristics of CAPB on the STAD process of WAS, containing
the removal of VSS and TCOD, and the variation of SCOD. The
change of phosphorus (PO3
4 -P), pH value, ammonia nitrogen

(NHþ
4 -N) and total nitrogen (TN) in sludge supernatant were also
studied. The distribution of CAPB in aqueous and sludge phase during the STAD process and its biodegradation mechanisms were also
evaluated.
2. Materials and methods
2.1. Chemicals and sludge samples
WAS used in this study was obtained from the secondary settling tank of a full-scale municipal WWTP in Shanghai, China.
Sludge samples were subsequently screened through a 1.2 mm
sieve to remove grit and then concentrated by settling at 4 °C for
2 h. Table 1 shows the main parameters of concentrated sludge.
CAPB surfactant (C19H38N2O3), with a molecular weight of
342.52 g/mol, was obtained from Shanghai Chem. Co. Ltd., China.
2.2. Batch aerobic digestion tests
Experiments of CAPB effect on the STAD of WAS were carried
out in two identical reactors, which were made of plastic cylindrical with the volume of 6.0 L (U12 cm  53 cm) and placed on an
accurate strengthen electronic stirrer (JJ-1, Changzhou, China) with
blades for mixing the samples at 350 rpm (Fig. S1). The liquid volume of each reactor was 4.0 L. The experiments were carried out
under room temperature (25 ± 2 °C), and the dissolved oxygen
(DO) was maintained at 2–3 mg/L using a microporous aeration
disk at the bottom of the reactor. CAPB was added to one reactor
with the dosage of 0.08 g/g dry sludge according to our former
optimization experimental results, and the other reactor without
adding CAPB was used as the control. We collected 200 mL samples
each time – with the effluent tube at different aerobic digestion
times.
2.3. Chemical analyses
After sampling, part of the digested sludge was directly used for
the analyses of TCOD and pH value. Part of the sample was immediately centrifuged at 4000g for 20 min at 4 °C using a high-speed
freezing centrifuge (Heraeus Multifuge X1R, Thermo Scientific,
Germany). The supernatant was stored at 4 °C and further centrifuged at 12000g for 10 min to further remove particles prior to
þ
analyzing the SCOD, PO3
4 -P, NH4 -N, TN and CAPB concentration
in aqueous phase. The filter was assayed for VSS, total suspended
solids (TSS) and solid phase CAPB.
CAPB concentration was determined using the Orange II colorimetric method [16]. CAPB in aqueous and solid phases were separated using centrifugation at 4000 rpm for 20 min. 50 ml of
aqueous sample mixed with 10 ml buffer solution (consisting of
97 ml of 0.2 M HCl, 50 ml of 0.2 M KCl and 53 ml deionized water,

Table 1
Physico-chemical properties of WAS used in this
study.
Parameters

Value

VSS (g/L)
TSS (g/L)
TCOD (mg/L)
SCOD (mg/L)
pH value

6.07 ± 0.12
8.37 ± 0.41
10371.5 ± 226.5
96.9 ± 8.5
6.8 ± 0.3
7.53 ± 0.78

PO3
4 -PSupernatant (mg P/L)
NHþ
4 -NSupernatant (mg N/L)
TNSupernatant (mg N/L)
CAPBSupernatant (mg/L)
CAPBslugde cake (mg/L)

2.54 ± 0.85
4.19 ± 1.5
2.48 ± 0.17
6.83 ± 0.41
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pH = 1.0), 3 ml of acid orange II/deionized water (0.1:100, mass/mass) and 20 ml of chloroform were added into a 200-mL separating funnel. The mixed sample was shook for 3 min and then let
stand for 15 min. The extraction of CAPB in the aqueous phase
was repeated two times and all of the chloroform were collected
in a volumetric flask and diluted to 50 ml using chloroform.
50 ml of deionized water was substituted for the aqueous sample
as the control. Sludge cake was dried at 105 °C until obtained a
constant weight. The dry cake was smashed initially and Soxhlet
extracted method was performed to extract CAPB from sludge cake
using 50 ml ethanol for 12 h. In order to purify the CAPB extracted
from sludge cake, the ethanol was evaporated to dryness and then
redissolved to 50 ml of deionized water. CAPB in solid phase was
re-dissolved into aqueous phase, and the extraction of CAPB in
the aqueous phase was described as above. CAPB quantification
was performed using a UV–vis spectrophotometry (UV2600, Shimadzu, Japan) with the wavelength of 485 nm. A seven-point standard calibration curve was made with the concentration levels
between 0 and 12 mg/L (Fig. S2), and the recoveries of CAPB ranged
between 86% and 97%.
The pH and dissolved oxygen (DO) of WAS in STAD system were
measured with a pH & DO meter (HQ40d, HACH, USA). TCOD,
þ
SCOD, TSS and VSS of WAS, and PO3
4 -P, NH4 -N in the supernatant
were analyzed following the standard methods [17]. Total nitrogen
(TN) in supernatant was analyzed using a TOC/TN analyzer (TOC-V
CSH, Shimadzu, Japan). Since the residual CAPB could be part of
VSS, TCOD and SCOD, the VSS, TCOD and SCOD of WAS could be
calculated using the Eqs. (1)–(3), respectively.

VSSWAS ¼ VSSTotal  CCAPB-sludge

ð1Þ

TCODWAS ¼ TCODTotal  ðCODCAPB-aqueous þ CODCAPB-sludge Þ

ð2Þ

SCODWAS ¼ SCODTotal  CODCAPB-aqueous

ð3Þ

where VSSWAS, TCODWAS and SCODWAS represented the concentration of VSS, TCOD and SCOD of WAS; VSSTotal, TCODTotal and
SCODTotal represented the total concentration of VSS, TCOD and
SCOD of the mixed culture; CCAPB-sludge represented the residual
concentration of CAPB in sludge phase; CODCAPB-aqueous and CODCAPB-sludge represented the residual concentration of CAPB as COD
format in aqueous and sludge phase, respectively. The conversion
factor of CAPB equivalents to COD is 2.38 mg COD/mg CAPB, and
the calculate processes were shown in the Supporting Information.
The rate of biodegradable organic components was approximated as a first order biochemical degradation kinetics [18]:

ds
¼ KS
dt

ð4Þ

where S is the concentration of biodegradable organic components
(mg/L), t is the aerobic digestion time (h) and K is the biodegradation rate constant (h1).
3. Results and discussion
3.1. Influence of CAPB on VSS removal of WAS by the STAD process
The removal of VSS is a crucial indicator for WAS digestion [19].
Fig. 1 shows the influence of CAPB on the concentration and
removal rate of VSS, and Table 1 shows the biodegradation rate
constant without and with adding CAPB during the STAD process.
Without adding CAPB, the VSS concentration decreased from 6.07
to 4.95 g/L, and the VSS removal rate was 18.5% as the sludge
digested for 24 h. With adding CAPB, the VSS concentration dramatically decreased to 4.28 g/L, and the VSS removal rate rose to
28.3% after 24 h. Previous studies showed that without adding

Fig. 1. Concentration of VSS and its removal rate without and with adding CAPB
during the STAD process (dot: measured data; line: simulated).

CAPB, the removal rate of VSS was no more than 20% as the sludge
aerobic digested for 24 h [2,3].
As shown in Table 2, the first order biochemical degradation
kinetics fit well for the biodegradation of VSS as the correlation
coefficients (R2) for both experiments were above 0.98. Compared
with the control experiment, the biodegradation rate constant
(KVSS) with adding CAPB increased by 65.9% (from 0.0085 to
0.0141 h1). Benedek et al. [18] also reported that under the temperature of 28 °C, the KVSS of activated sludge was 0.20 d1
(0.0083 h1) in an aerobic stabilization reactor. Results showed
that the STAD process with adding CAPB in this study considerably
improved the removal rate and efficiency of sludge VSS.
3.2. Influence of CAPB on TCOD and SCOD of WAS by the STAD process
The influence of CAPB on TCOD and SCOD of WAS by the STAD
process was also investigated. In Fig. 2, the TCOD of WAS gradually
declined during the aerobic digestion process no matter whether
CAPB was added or not. Without adding CAPB, TCOD decreased
from 10371.2 to 8452.9 mg/L after 24 h. However, TCOD decreased
to 7319.9 mg/L with adding CAPB. The first order biochemical
degradation kinetics also fitting well for the TCOD removal without
and with adding CAPB as the correlation coefficients (R2) for both
experiments were above 0.98. Compared with the control experiment, the biodegradation rate constant (KTCOD) with adding CAPB
was increased 65.9% (from 0.0082 to 0.0136 h1).
Without adding CAPB, SCOD decreased from 96.9 to 80.6 mg/L
as the sludge digested for 8 h, and then increased to 92.8 mg/L after
24 h. The decrease of SCOD in the initial stage may be consumed by
heterotrophic bacteria, since soluble organic matter could be the
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Table 2
Biodegradation rate constants of VSS and TCOD using the first order biochemical
degradation kinetics without and with adding CAPB during the STAD process.
VSS

Control
CAPB

TCOD

KVSS (h1)

R2

KTCOD (h1)

R2

0.0085
0.0141

0.9859
0.9887

0.0082
0.0136

0.9863
0.9910

11000

Control (data)
CAPB (data)
Control (model)
CAPB (model)

Control
CAPB

20
15
10
5
0
0

5
10
15
20
Aerobic digestion time (h)

25

b
8000

Control
CAPB

420
360
SCOD (mg/L)

a

9000

300

100

- P (mg P/L)
Variation of PO34

TCOD (mg/L)

10000

Concentrationof PO3- P (mg P/L)
4
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Fig. 3. (a) Change of PO3
4 -P in supernatant without and with adding CAPB during
the STAD process and (b) the relationship between the variation of SCOD and PO3
4 .
A represents the increase of SCOD and PO3
4 from 12 to 24 h without adding CAPB; B
represents the increase of SCOD and PO3
after adding CAPB; C represents the
4
increase of SCOD and PO3
4 after the WAS digested for 2 h with adding CAPB.

Aerobic digestion time (h)
Fig. 2. Variations of TCOD and SCOD of WAS without and with adding CAPB during
the STAD process (dot: measured data; line: simulated).

proper carbon sources [20]. Once no more electron-donor substrates in supernatant support the growth of heterotrophic bacteria
in the later stage of the STAD process, biopolymers might be
released to the supernatant via hydrolysis [3]. This was responsible
for the SCOD increase in the later stage of the STAD process. With
adding CAPB, SCOD dramatically increased from 96.9 to 372.7 mg/L
after mixing for 10 min, and further rose to 415.1 mg/L after 2 h.
CAPB promoted the solubilization of macromolecule organic matters [13] which had been subsequently degraded by hydrolytic
enzymes produced by the active biomass in the waste activated
sludge [15]. Ponti et al. [21] also reported that the released
enzymes in the organic matter solubilization or cell lysis process
could enhance the degradation of activated sludge.

3.3. Influence of CAPB on
process

PO3
4 -P

in supernatant of WAS by the STAD

The influence of CAPB on PO3
4 -P in supernatant of WAS by the
STAD process was shown in Fig. 3a. Without adding CAPB, the

PO3
4 -P concentration in the supernatant decreased from 7.53 to
0.11 mg/L from 0 to 8 h, but slightly increased in the latter stage.
With adding CAPB, the PO3
4 -P concentration in the supernatant
dramatically increased, and reached to 21.12 mg/L after 2 h, but
then rapidly decreased to 0.35 mg/L after 24 h.
Phosphorus-accumulating organisms (PAOs) in WAS are considered to be the key microorganisms in the biological phosphorus
removal process in wastewater treatment plant [22]. In the initial
stage of STAD without CAPB, PAOs used the stored poly-bhydroxyalkanoates (PHAs) as an energy source for the uptake of
3
PO3
4 -P [22,23], resulted in the decrease of observed PO4 -P concentration. As a major component of sludge flocs, EPS are usually
present on the surface of cells. These substance contain large number of functional groups, such as carboxyl, phosphoryl, and quaternary ammonium groups, which complex with negatively charged

phosphate [24,25]. Binding of PO3
4 -P by the functional groups in
EPS resulted in the accumulation of PO3
4 -P on the surface of activated sludge [22,25]. Previous study [26] also suggested that EPS
is an important extracellular phosphate pool. In the latter stage
of STAD without CAPB, the solubilization of EPS is accompanied
by the release of PO3
4 -P, which resulted in the slightly increase
of observed PO3
4 -P concentration.
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3
and PO3
4 -P. A represents the increase of SCOD and PO4 -P from
12 to 24 h without adding CAPB; B represents the increase of SCOD

and PO3
4 -P with adding CAPB; C represents the increase of SCOD
PO3
4 -P

after the WAS digested for 2 h with adding CAPB.
and
Results showed the good linear relationship (R2 = 0.998) between
3
the increase of SCOD and PO3
4 -P, and the proportion of PO4 -P in

SCOD is 42.2 mg-P/g-SCOD. The dramatically decrease of PO3
4 -P
in the latter stage should be resulted from the accumulating of
3
PO3
4 -P by PAOs, and the remained concentration of PO4 -P in the
supernatant was almost the same compared with that of without
adding CAPB after 12 h.

a

900

Total concentration

Removal rate

Aqueous phase

Sludge phase

100
80

600
60
40

300

20

Removal rate of CAPB (%)

With adding CAPB, the increase of PO3
4 -P in the first 2 h should
be resulted from the improved solubilization of EPS from the cells.
Fig. 3b also shows the relationship between the change of SCOD

Concentration of CAPB (mg/L)
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3.4. Influence of CAPB on pH value, NHþ
4 -N and TN in supernatant of
WAS by the STAD process
The variations of sludge pH value, NHþ
4 -N and TN in supernatant
without and with adding CAPB are shown in Fig. 4. The pH value of
WAS increased dramatically within the first 2 h no matter whether
CAPB was added or not (Fig. 5a), but decreased after 12 h. The pH
value in STAD system tended to be alkalescence, which was consistent with the previous studies [3,27].
Without adding CAPB, the NHþ
4 -N concentration in the supernatant decreased from 2.54 to 0.04 mg/L after 24 h. The TN concentration in the supernatant also decreased in the first 8 h, but
showed a slight increase in the latter stage. NHþ
4 -N could be oxidized to NO
2 -N by the ammonia oxidizing bacteria in activated

a

Fig. 5. (a) The concentration of CAPB in aqueous and sludge phase and its
biodegradation during the STAD process, and (b) current metabolic model for the
biodegradation of CAPB (above) and supposed metabolic model for the biodegradation of CAPB with a consideration of the roles of EPS (below). Process I represents
the adsorption of CAPB by EPS; process II represents desorption of CAPB from EPS
and released into solution; and process III represents the biodegradation of CAPB by
the aerobic microorganisms in WAS during the STAD process.

pH value

7.5
7.2
Control
CAPB

6.9

Concentration of N (mg N/L)

6.6
24

b

16

NH+4-N-Control
NH+4-N-CAPB
TN-Control
TN-CAPB

8

0
0

5

10

15

20

25

Aerobic digestion time (h)
Fig. 4. Variations of (a) sludge pH value and (b) concentration of nitrogen species in
supernatant without and with adding CAPB during the STAD process.

sludge [28], which resulted in the decrease of NHþ
4 -N concentration. As an essential nutrient for the growth of bacteria, nitrogen
could be used for the anabolism [29], which resulted in the
decrease of TN in the initial stage. The increase of TN in the supernatant in the later stage should be resulted from the solubilization
of biopolymers as nitrogen exists in protein, lipid and nucleic acid
[29].
With adding CAPB, both of the concentrations of NHþ
4 -N and TN
in the supernatant increased in the first 2 h, but decreased gradually in the latter stage. Since the negative charges of biopolymers
on the surface of sludge flocs, NHþ
4 -N could be adsorbed and stored
on these polymers [30,31]. The solubilization of biopolymers
resulted in the release of NHþ
4 -N and nitrogen containing organic
compounds, and the concentrations of NHþ
4 -N and TN in supernatant increased in the initial stage. The decrease of NHþ
4 -N and
TN in the later stage could be resulted from the autotrophic nitrification [32]. As endogenous decay is largely predominant over
heterotrophic growth, the uptake of nitrogen for synthesis is largely overcome by the release of kjeldahl nitrogen due to the decay
of dead biomass. The process of ammonification and subsequent
nitrification of ammonium nitrogen explains the decrease of
ammonium nitrogen over time. In addition, with the gradually
increasing of pH value from 7.20 to 7.58 from 2 to 24 h, NHþ
4 -N
could be continually stripped under the aeration of activated
sludge [2,33], which also resulted in the decrease of the observed
concentration of NHþ
4 -N and TN in supernatant.
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3.5. Biodegradation of CAPB in the STAD system
Some surfactants including CAPB could be biodegraded under
aerobic conditions [12,34]. The biodegradation of CAPB in the STAD
process system was investigated. Fig. 5a shows the changes of
CAPB in aqueous and sludge phase during the STAD process. The
CAPB concentration in aqueous phase decreased steadily from
759.6 to 27.5 mg/L as the sludge digested for 24 h. The CAPB concentration in the sludge phase increased from 9.83 to 349.74 mg/L
after 4 h, but which gradually decreased to 38.85 mg/L after 24 h.
The total concentration of CAPB in the STAD system slightly decreased from 768.4 to 619.8 mg/L in the initial 4 h, but dramatically decreased in the latter stage. After digested for 24 h, the
total concentration of CAPB was decreased to 66.4 mg/L, and the
removal efficiency of CAPB was 91.4%.
The variation of CAPB in sludge phase could be resulted from
the adsorption and desorption of EPS on the surface of sludge.
EPS contain large amounts of carboxyl, hydroxyl, amine and
phosphoric groups [35], and CAPB with the polar head
of –N+(CH2)2CH2COO could be adsorbed by the activated sludge
due to the interactions between the functional groups in sludge
and the polar head of CAPB [12], resulted in the fast accumulation
of CAPB in the sludge phase in the initial 4 h. However, as CAPB in
aqueous phase dramatically decreased, CAPB in sludge phase also
began to release into the aqueous phase due to the concentration
gradient and EPS hydrolysis.
Biodegradation of CAPB could be the predominant in the latter
stage of the STAD process as the total concentration of CAPB dramatically decreased. So far, two intracellular enzymes responsible
for CAPB dealkylation have been identified. Tetradecyl trimethyl
ammonium bromide monooxygenase (TTABMO) identified in P.
putida ATCC 12633 is a typical flavoprotein that utilizes NADPH
and FAD as cofactor [36]. On the other hand, the enzyme responsible for dealkylating CAPB by Pseudomonas nitroreducens was identified as a FAD-using amine oxidase [37]. Thus, CAPB could be
biodegraded by the intracellular enzymes but not by EPS.
Thus, the degradation process and extracellular reaction processes were different and relatively independent, and the current
widely accepted CAPB metabolic model was improved with a consideration of EPS (Fig. 5b). Process I represents the adsorption of
CAPB by EPS, process II represents desorption of CAPB from EPS
and released into solution, and process III represents the biodegradation of CAPB by the aerobic microorganisms in WAS during the
STAD process. Thus, when we fit the first order degradation kinetics of CAPB, the decrease of CAPB in aqueous phase should be consisting of adsorption, desorption and degradation processes, but
not only the degradation kinetics.
4. Conclusions
The property effects of CAPB on the STAD of WAS were evaluated in the present study. CAPB was found to markedly promote
the removal of VSS and TCOD of WAS by the STAD system. Due
to special features of surfactant, CAPB led to rapid releases of SCOD,
þ
PO3
4 -P, NH4 -N and TN within 2 h, and then their values gradually
decreased under the aerobic digestion. Most of CAPB could be
biodegraded by the system. Biodegradable CAPB could lead to a
promising performance of the STAD process for WAS and resulted
in zero waste discharge from the treatment system.

Acknowledgements
This work was supported by the Foundation of State Key Laboratory of Pollution Control and Resource Reuse (Tongji University),
China (No. PCRRE16019), China Scholarship Council (No.

499

201506260022), National Natural Science Foundation of China
(Nos. 51678422 and 51378368), Sheng Yun-Fei College Students
Scientific and Technological Innovation Fund, and the higher
school innovative engineering plan (111 Project).

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2017.03.065.
References
[1] S. Bernard, N.F. Gray, Aerobic digestion of pharmaceutical and domestic
wastewater sludges at ambient temperature, Water. Res. 34 (2000) 725–734.
[2] S. Liu, F. Song, N. Zhu, H. Yuan, J. Cheng, Chemical and microbial changes
during autothermal thermophilic aerobic digestion (ATAD) of sewage sludge,
Bioresour. Technol. 101 (2010) 9438–9444.
[3] S. Liu, N. Zhu, L.Y. Li, The one-stage autothermal thermophilic aerobic digestion
for sewage sludge treatment, Chem. Eng. J. 174 (2011) 564–570.
[4] S. Bahar, A.S. Ciggin, A simple kinetic modeling approach for aerobic
stabilization of real waste activated sludge, Chem. Eng. J. 303 (2016) 194–201.
[5] X. Zhu, W. Yuan, Z. Wu, X. Wang, X. Zhang, New insight into sludge digestion
mechanism for simultaneous sludge thickening and reduction using flat-sheet
membrane-coupled aerobic digesters, Chem. Eng. J. 309 (2017) 41–48.
[6] J. Chen, T.B. Chen, D. Gao, J. Li, J. Zhang, G.D. Zheng, H.T. Liu, Current status and
countermeasures of aerobic fermentation technologies for sewage sludge
treatment in China, China Water Wastewater 28 (2012) 105–108.
[7] Z.Q. Zhang, Y. Zhou, J. Zhang, S.Q. Xia, S.W. Hermanowicz, Effects of short-time
aerobic digestion on extracellular polymeric substances and sludge features of
waste activated sludge, Chem. Eng. J. 299 (2016) 177–183.
[8] China National Information Infrastructure (CNII), 2015–2020 Chinese
Activated Sludge Treatment Equipment Forecast Report About Market
Dynamics and Development Prospects, 2016.
[9] I. Nicander, I. Rantanen, B.L. Rozell, E. Söderling, S. Ollmar, The ability of
betaine to reduce the irritating effects of detergents assessed visually,
histologically and by bioengineering methods, Skin. Res. Technol. 9 (2003)
50–58.
[10] S. González, D. Barceló, M. Petrovic, Advanced liquid chromatography-mass
spectrometry (LC-MS) methods applied to wastewater removal and the fate of
surfactants in the environment, TrAC Trends Anal. Chem. 26 (2007) 116–124.
[11] S.E. Jacob, S. Amini, Cocamidopropyl betaine, Dermatitis 19 (2008) 157–160.
[12] A.F. Cirelli, C. Ojeda, M.J.L. Castro, M. Salgot, Surfactants in sludge-amended
agricultural soils: a review, Environ. Chem. Lett. 6 (2008) 135–148.
[13] D. Attwood, Surfactant Systems: Their Chemistry, Pharmacy and Biology,
Springer Science & Business Media, 2012.
[14] Y. Zhou, Z.Q. Zhang, J. Zhang, S.Q. Xia, Understanding key constituents and
feature of the biopolymer in activated sludge responsible for binding heavy
metals, Chem. Eng. J. 304 (2016) 527–532.
[15] S. Jiang, Y. Chen, Q. Zhou, Influence of alkyl sulfates on waste activated sludge
fermentation at ambient temperature, J. Hazard. Mater. 148 (2007) 110–115.
[16] Y. Wu, W. Ding, Y. Jiang, Research progress of the content determination of
effective substance of amphoteric surfactants, J. Chem. Ind. Eng. 1 (2014) 025.
[17] A. American Public Health, A. American Water Works, F. Water Pollution
Control, F. Water Environment, Standard Methods for the Examination of
Water and Wastewater, American Public Health Association, 1915.
[18] P. Benedek, P. Farkas, P. Literathy, Kinetics of aerobic sludge stabilization,
Water. Res. 6 (1972) 91–97.
[19] N.M. Layden, D.S. Mavinic, H.G. Kelly, R. Moles, J. Bartlett, Autothermal
thermophilic aerobic digestion (ATAD)-Part I: review of origins, design, and
process operation, J. Environ. Eng. Sci. 6 (2007) 665–678.
[20] A.S. Zevin, T. Nam, B. Rittmann, R. Krajmalnik-Brown, Effects of phosphate
limitation on soluble microbial products and microbial community structure
in semi-continuous Synechocystis-based photobioreactors, Biotechnol. Bioeng.
(2015).
[21] C. Ponti, B. Sonnleitner, A. Fiechter, Aerobic thermophilic treatment of sewage
sludge at pilot plant scale. 1. Operating conditions, J. Biotechnol. 38 (1995)
173–182.
[22] H.L. Zhang, W. Fang, Y.P. Wang, G.P. Sheng, R.J. Zeng, W.W. Li, H.Q. Yu,
Phosphorus removal in an enhanced biological phosphorus removal process:
roles of extracellular polymeric substances, Environ. Sci. Technol. 47 (2013)
11482–11489.
[23] T. Mino, M.C.M. Van Loosdrecht, J.J. Heijnen, Microbiology and biochemistry of
the enhanced biological phosphate removal process, Water. Res. 32 (1998)
3193–3207.
[24] Y. Zhou, Z.Q. Zhang, J. Zhang, S.Q. Xia, New insight into adsorption
characteristics and mechanisms of the biosorbent from waste activated
sludge for heavy metals, J. Environ. Sci. 45 (2016) 248–256.
[25] R.P. Deo, W. Songkasiri, B.E. Rittmann, D.T. Reed, Surface complexation of
neptunium (V) onto whole cells and cell components of Shewanella alga:
modeling and experimental study, Environ. Sci. Technol. 44 (2010) 4930–
4935.

500

Y. Zhou et al. / Chemical Engineering Journal 320 (2017) 494–500

[26] D. Li, Y. Lv, H. Zeng, J. Zhang, Enhanced biological phosphorus removal using
granules in continuous-flow reactor, Chem. Eng. J. 298 (2016) 107–116.
[27] W.J. Jewell, R.M. Kabrick, Autoheated aerobic thermophilic digestion with
aeration, Water Pollut. Control Fed. (1980) 512–523.
[28] I. Schmidt, O. Sliekers, M. Schmid, E. Bock, J. Fuerst, J.G. Kuenen, M.S.M. Jetten,
M. Strous, New concepts of microbial treatment processes for the nitrogen
removal in wastewater, FEMS Microbiol. Rev. 27 (2003) 481–492.
[29] P.S. Barker, P.L. Dold, COD and nitrogen mass balances in activated sludge
systems, Water. Res. 29 (1995) 633–643.
[30] P. Schwitalla, A. Mennerich, U. Austermann-Haun, A. Müller, C. Dorninger, H.
Daims, N.C. Holm, S.G.E. Rönner-Holm, NH+4 ad-/desorption in sequencing
batch reactors: simulation, laboratory and full-scale studies, Water. Sci.
Technol. 58 (2008) 345–350.
[31] H. Temmink, A. Klapwijk, K.F. De Korte, Feasibility of the BIOFIX-process for
treatment of municipal wastewater, Water. Sci. Technol. 43 (2001) 241–249.
[32] A.C. van Haandel, P.F.C. Catunda, L.d.S. Araujo, Biological sludge stabilisation
Part 1: kinetics of aerobic sludge digestion, Water SA 24 (1998) 223–230.

[33] R.B. Hartman, D.G. Smith, E.R. Bennett, K.D. Linstedt, Sludge stabilization
through aerobic digestion, Water Pollut. Control Fed. (1979) 2353–2365.
[34] S. Gheorghe, I. Lucaciu, I. Paun, C. Stoica, E. Stanescu, Ecotoxicological Behavior
of some Cationic and Amphoteric Surfactants (Biodegradation, Toxicity and
Risk Assessment), Biodegradation-Life of Science, 2013, pp. 83–114.
[35] Y. Zhou, S.Q. Xia, J. Zhang, Z.Q. Zhang, S.W. Hermanowicz, Adsorption
characterizations of biosorbent extracted from waste activated sludge for Pb
(II) and Zn (II), Desalin. Water. Treat. 57 (2016) 9343–9353.
[36] A.S. Liffourrena, G.I. Lucchesi, Identification, cloning and biochemical
characterization of Pseudomonas putida A (ATCC 12633) monooxygenase
enzyme necessary for the metabolism of tetradecyltrimethylammonium
bromide, Appl. Biochem. Biotechnol. 173 (2014) 552–561.
[37] S. Oh, Z. Kurt, D. Tsementzi, M.R. Weigand, M. Kim, J.K. Hatt, M. Tandukar, S.G.
Pavlostathis, J.C. Spain, K.T. Konstantinidis, Microbial community degradation
of widely used quaternary ammonium disinfectants, Appl. Environ. Microbiol.
80 (2014) 5892–5900.

