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-GDA approach to evaluate the
production kinetics of loosely bound and tightly
bound extracellular polymeric substances in
biological phosphorus removal process†

Hai Cui,a Shan-Shan Yang, *a Ji-Wei Pang,a Hai-Rong Mi,b Chen-Chen Nuerb

and Jie Dinga

This study established an extended activated sludge model no. 2 (ASM2) for providing a new recognition of

the contributions of both loosely-bound EPS (LB-EPS) and tightly-bound EPS (TB-EPS) into phosphorus (P)

removal by incorporating their formation and degradation processes during the anaerobic–aerobic cycle.

For determining the best-fit values for the new model parameters (kh,TB-EPS, kh,LB-EPS, fPP,TB-EPS, and fPP,LB-

EPS) in this extended ASM2, a novel and convenient gradient descent algorithm (GDA) based ASM (ASM-

GDA) method was developed. Sensitivity analysis of fPP,TB-EPS, fPP,LB-EPS, kh,TB-EPS, and kh,LB-EPS on the

model target outputs of SPO4
, XTB-EPS, XLB-EPS, and XPP proved the accuracy of the chosen parameters.

Eight batch experiments conducted under different influential chemical oxygen demand (COD) and P

conditions were quantitatively and qualitatively analyzed. Respectively, 9.37–9.64% and 4.17–4.29% of P

removal by TB-EPS and LB-EPS were achieved. Self-Organizing Map (SOM) has shown its high

performance for visualization and abstraction for exhibiting the high correlations of the influential COD/P

concentrations and the P% removal by TB-EPS (and LB-EPS). Comprehensive analyses of the influences

of influential COD and P concentration on the biological phosphorus removal process help us in

successfully establishing the mechanism kinetics of production and degradation of P in a dynamic P

biological-treatment model.
1. Introduction

Biological phosphorus removal (BPR) plays an important role
in controlling the eutrophication of a water body.1 The
success of the BPR process relies mainly on a group of
selectively enriched polyphosphate accumulating organisms
(PAOs) with phosphorus uptake ability.2,3 It is conventionally
considered that the accumulated P by PAOs is transformed to
polyphosphate (polyP) and stored inside the cells.4 However,
recent studies reveal that microbial cells embedded in their
surrounding matrix of EPS collectively form a semi-solid
structure and exhibit an important role in biological waste-
water treatment processes.5–7 As a complex high-molecular-
weight mixture of polymers, the accepted consensus for EPS
classication in the literature contains the tightly bound EPS
(TB-EPS) forming the inner layer, the loosely bound EPS (LB-
EPS) diffusing in the outer layer, and soluble EPS originating
rce and Environment, Harbin Institute of

ail: shanshanyang@hit.edu.cn

, Harbin Engineering University, Harbin

tion (ESI) available. See DOI:

f Chemistry 2020
from EPS hydrolysis.8,9 As an inevitable transportation
pathway of P between bulk solution and PAOs cell, both TB-
EPS and LB-EPS are regarded as the P reservoirs, and hence
pose signicantly inuences on the uptake and release of P in
BPR processes. More recently, some studies have already
provided a new recognition of the contribution of both the
LB-EPS and TB-EPS into P removal by proposing a new BPR
metabolic model.10 Thereby, it is of great important to learn
the roles of LB-EPS, TB-EPS and microbial cells in the
contribution and dynamics of P removal in the BPR
processes.

Mathematical modeling has proven to be essential for
understanding the reaction mechanism and kinetics of the
complex biological wastewater treatment processes.11 Estab-
lished earlier by the International Water Association (IWA),
popularly used activated sludge models (ASMs) have provided
researchers and practitioners with a standardized set of the
mechanism model for the biological treatment processes.12–15

Although researches on ASMs mathematical models have
contributed to increasing knowledge in the BPR eld,16,17 the
reaction mechanism by incorporating and exploring the roles
of TB-EPS and LB-EPS in BPR process in ASM models were not
presented in literatures. To gain a better understanding of the
RSC Adv., 2020, 10, 2495–2506 | 2495
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Fig. 1 Schematic representation of the lab-scale anaerobic/aerobic
SBR system.
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View Article Online
role of EPS in the transformation and transportation of P in
a dynamic biological-treatment model, kinetics model of the
formation and hydrolysis of XTB-EPS and XLB-EPS being accom-
panied by new model parameters (new kinetic and stoichio-
metric parameters) are established in an improved ASM2 in
this study. The quantitative determination of the contents and
species of P in the formation and hydrolysis of LB-EPS and TB-
EPS as well as their kinetics in BPR processes are compre-
hensively studied.

But what is strikingly noticeable is that, the focus on the
applications of ASMs in wastewater treatment and on related
research has been on the extension or improvement of tradi-
tional ASMs,18–21 comparatively little attention has been paid to
develop a convenient and applicable methodology for deter-
mining the model parameters of these Monod-based equations,
even though this aspect is equally important to the models
development. Traditional methods for the evaluation of kinetic
parameters require representative data and linearized tting
methods to t the nonlinear kinetic equations to the data.22

However, there are deciencies in the use of applying linearized
tting methods to the nonlinear kinetic equations in ASMs
which have been recognized for many years, as discussed
repeatedly in literatures.22 Additionally, some available
measurements for model parameters are oen estimated using
trial and error methods, and no parameter condence interval
is given, and no independent model validation is provided.23

Therefore, other than the complicated chemical methods or
complex models, the importance of developing an effective and
convenient methodology for determining the model parameters
in the new established LB-EPS and TB-EPS kinetic models is
highly emphasized.

Pertaining to machine learning algorithms, a gradient
descent algorithm (GDA), which can be used to tune the
parameters to best t a training set of input–output pairs, is
a signicant general algorithm for experiential learning.24 A
GDA is also a quick and effective method for searching extreme
values via large, or even innite sample spaces.25 Possessing
signicant advantages over traditional methods in the domain
of biological wastewater treatment, an improved GDA using the
method of ASMs for determining the model coefficients can be
applied to any databases and experimental/environmental
conditions; meanwhile, it requires no restriction conditions
(e.g., temperature, reactor conguration, sewage type, weather,
climate, etc.) while establishing the model. In this paper, we
develop a novel method for determining the best-t values for
the model parameters in ASMs using an improved GDA based
ASM (ASM-GDA) method. To the best of our knowledge, this
novel ASM-GDA method with the effective and convenient
features is for the rst time developed to determine the best-t
values for the model parameters in the improved or extended
ASMs in this study.

The objective of this study is to elucidate the relationship
between the variations in TB-EPS, LB-EPS, and P components
in the anaerobic–aerobic process. An extended ASM2 kinetic
modeling by incorporating three new components of XTB-EPS,
XLB-EPS, and SEPS is established to better understand the
dynamics and their important roles in the BPR process.
2496 | RSC Adv., 2020, 10, 2495–2506
Another signicant contribution of this work is the develop-
ment of an effective and convenient ASM-GDA approach to
determine the best-t values of the new model parameters.
Then experimental data are used to validate this approach.
Finally, eight batch experiments conducted under different
inuential chemical oxygen demand (COD) and P were
compared to quantitatively and qualitatively describe the
kinetics of LB-EPS and TB-EPS by Self-Organizing Map (SOM)
and GDA model.
2. Materials and methods
2.1. Experimental setup and operation

Two parent bench-scale sequencing batch reactors (SBRs) were
used in the present work with a diameter of 15 cm, a height of
35 cm and a working volume of 5.0 L, as congured in Fig. 1.
Each SBR was seeded to maintain a mixed liquor suspended
solids (MLSS) of 3500 � 500 mg L�1 with activated sludge from
a municipal wastewater treatment plant in Harbin. Two SBRs
were individually operated under 10.0 � 0.5 �C (SBR#1) and
20.0 � 0.5 �C (SBR#2). The constant temperature for the SBRs
was maintained by a precision thermostatic bath circulator
with the digital temperature controller (Ningbo Tianheng
Instrument factory, Ningbo, China). Air was supplied from the
bottom of the reactor by aerators and the dissolved oxygen
(DO) concentration was maintained at 3.0 mg L�1 during
aerobic phase. The DO concentration in each SBR was
measured and controlled precisely by a DO probe with a DO
industrial intelligent controller (SUP-DM2800, Hangzhou
Sinomeasure automation Technology Co., LTd, China). Elec-
tric mechanical stirrer was performed to prevent sludge
settling, which were run constantly except the time for settling,
feeding and decanting. The detailed time schedules for the
two SBRs were operated as follows: instantaneous lling, a 2 h
of anaerobic period, 3 h of aerobic period, 40 min of sludge
settling period, 15 min of decanting period, and 5 min of
idling idle phase, making a complete 6 h per cycle. Each SBR
was operated for 4 cycles per day. During operation, the pH
was maintained at 7.50 � 0.05 by two automatic titration units
This journal is © The Royal Society of Chemistry 2020
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(SC-200A, ChangSha Sichen Instrument Technology Co., LTd,
China) dosing 1 M HCl and NaOH to avoid the phosphate
precipitation. During testing, the synthetic wastewater used as
the inuent of the two SBRs contained: 256.4 mg L�1 sodium
acetate (in chemical oxygen demand), 38.2 mg L�1 NH4Cl,
43.9 mg L�1 KH2PO4, 40 mg L�1 CaCl2, 75 mg L�1 MgSO4 and
a trace element solution was further added as described by.26

Aer about 2 months' cultivation, the sludge characteristics
and effluent concentrations in the two SBRs were maintained
in steady states. Each measurement was performed in
triplicate.

To further quantitatively and qualitatively describe the
roles of TB-EPS and LB-EPS in the BPR process, eight batch
experiments conducted under different inuential chemical
oxygen demand (COD) concentrations varied from 150 to
300 mg L�1 and inuential P concentrations varied from 6 to
15 mg L�1 were conducted: COD and P ¼ 150 and 6 mg L�1

(#1); 150 and 7.5 mg L�1 (#2); 200 and 8 mg L�1 (#3); 200 and
10 mg L�1 (#4); 250 and 10 mg L�1 (#5); 250 and 12.5 mg L�1

(#6); 300 and 12 mg L�1 (#7); 300 and 15 mg L�1 (#8). The
COD/P ratios between 20 and 25 recommended for enhanced
BPR processes based on previous researches were
adopted.27,28
2.2. Model development

2.2.1. Kinetics of formation and hydrolysis of EPS. An
extended ASM2 model for evaluating the role of the formation
and degradation processes of LB-EPS, TB-EPS, and P in acti-
vated sludge and liquid phase is established in this work.

The kinetic rates expressions (ri) of the extended ASM2 are
shown in Table S1 (ESI).† The values of the kinetic and stoi-
chiometric parameters together with their denitions are
shown in Table S2.† The stoichiometric matrixes of the
extended ASM2 are shown in Table S3.†

In this extended ASM2 model, EPS is subdivided into three
major fractions: the tightly bound EPS (TB-EPS,XTB-EPS) forming
inner layer, the loosely bound EPS (LB-EPS,XLB-EPS) diffusing in
outer layer, and the soluble EPS (SEPS) which is also called
soluble microbial products (SMP), are weakly bound with the
microbial cells or dissolved into bulk solution as the biomass-
associated products (BAP).9,29–31

The production and degradation processes of LB-EPS using
a Monod-based kinetics were described as proportional to the
production of XLB-EPS with a stoichiometric parameter of kLB-EPS/
YH. The anaerobic and aerobic hydrolysis processes of LB-EPS
convert it to SEPS with stoichiometric parameters of kh,LB-EPS.
The third term is the storage and decomposing of XPP with
a stoichiometric parameter of fPP,LB-EPS. Eqn (1) and (2) express
the kinetic model description of XLB-EPS under anaerobic and
aerobic processes:

dXLB-EPS

dt
¼ �r4 þ fPP;LB-EPS � r8 (1)

dXLB-EPS

dt
¼ kLB-EPS

YH

� r1 � r4 þ fPP;LB-EPSðr6 þ r8Þ (2)
This journal is © The Royal Society of Chemistry 2020
Similarly, eqn (3) and (4) describe the kinetic equation for
the model description of XTB-EPS under anaerobic and aerobic
processes:

dXTB-EPS

dt
¼ �r3 þ fPP;TB-EPS � r8 (3)

dXTB�EPS

dt
¼ kTB�EPS

YH

r1 þ r3 þ fPP;TB�EPSðr6 þ r8Þ (4)

2.2.2. Kinetics of production and degradation of P. In this
extended ASM2 model, LB-EPS and TB-EPS acted as the P
reservoirs with respective stoichiometric parameters of fPP,LB-EPS
and fPP,TB-EPS. Regarding the roles of LB-EPS and TB-EPS in the
contribution and dynamics of P removal under alternating
anaerobic/aerobic process, the aerobic storage of XPP describes
the degradation of SPO4

with a stoichiometric parameter 1 �
fPP,TB-EPS � fPP,LB-EPS. Eqn (5) and (6) describe the kinetics of the
production and degradation of SPO4

under anaerobic and
aerobic processes:

dSPO4

dt
¼ v3;PO4

� r3 þ v4;PO4
� r4 þ YPO4

� r5 þ
�
1� fPP;TB-EPS

� fPP;LB-EPS
�
r8 þ v10;PO4

� r10 þ v11;PO4
� r11 (5)

dSPO4

dt
¼ �

�
iP;XTB-EPS

� kTB-EPS

YH

þ iP;XLB-EPS
� kLB-EPS

YH

þ iP;BM

�ð1� kTB-EPS � kLB-EPSÞ
�
r1 þ v2;PO4

� r2 þ v3;PO4
� r3

þv4;PO4
� r4 þ YPO4

� r5 � r6 þ
�
1� fPP;TB-EPS � fPP;LB-EPS

�
�r8 � iP;BM � r9 þ v10;PO4

� r10 þ v11;PO4
� r11 (6)
2.3. A novel ASM-GDA method for the determination of
kinetic and stoichiometric parameters coefficients

First, we suppose the size of the sample space of the inuent–
effluent qualities is m, the space of the kinetic coefficient is n,
and that j is the sampling set, i is the components in ASMs,
Xout

i(j) represents the predictive effluent quality, and Yout
i(j)

represents the actual effluent quality.
According to the ordered pairs of the predictive-actual effluent

quality, the tting of these n kinetic coefficients is conducted in
m sample spaces. The tting function is dened as eqn (7):

Jð$Þ ¼
Xm
j¼1

(Xm
i¼1

1

2

�
Xout

iðjÞ � Yout
iðjÞ�2

)
(7)

The GDA is adopted for its minimum value points (eqn (8)),

kiðrþ 1Þ ¼ kiðrÞ � a
vJð$Þ
vki

(8)

where ki is the ith kinetic and stoichiometric parameters. We
suppose that the initial values of ki are the typical values of the ASM
RSC Adv., 2020, 10, 2495–2506 | 2497
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model at 20 �C, that a is the step length of the descending gradient,
and that ki (r + 1) and ki (r) are the recursive transfer modes.

Thus, to nd the partial derivative of eqn (7) on each
dynamic coefficient, eqn (9) shows:

vJð$Þ
vki

¼
Xm
j¼1

(Xn

i¼1

�
Xout

iðjÞ � Yout
iðjÞ�� v

�
Xout

iðjÞ � Yout
iðjÞ�

vki

)

¼
Xm
j¼1

(Xn

i¼1

�
Xout

iðjÞ � Yout
iðjÞ�� vXout

iðjÞ
vki

)

(9)

Also, according to the ASM model, we have (eqn (10)),

dXi

dt
¼ fiðX1.XnÞ (10)

where Xi is the concentration of the transient value of the ith
component, and the function fi(X1.Xn) is the expression of the
transient value of the concentrations of the components in the
ASMs. Eqn (10) can be expressed as follows:

Xout
iðjÞ � Xin

iðjÞ ¼
ðT
0

fiðXi.XnÞdt (11)

where T is the reaction period corresponding to the hydraulic
retention time (HRT).

Thus, eqn (11) can be expressed as follows:

Xout
iðjÞ � Xin

iðjÞ ¼
ðT
0

fiðX1.XnÞdt ¼
Xh

t¼1

f1
�
X1

t.Xn
t
�
Dt (12)

where Xi
t is the concentration of the transient value of the ith

component at time t. The numerical solution of eqn (10) can be

obtained via the Runge–Kuttamethod;Dt ¼ T
h
is the step length

of the Runge–Kutta method. Therefore,

Xout
iðjÞ ¼

Xh

t¼1

fi
�
X1

t.Xn
t
�
Dtþ Xin

iðjÞ (13)

Thus,

vXout
iðjÞ

vki
¼

v

�Ph
t¼1

fi
�
X1

t.Xn
t
�
Dtþ Xin

iðjÞ
�

vki

¼
v

�Ph
t¼1

fi
�
X1

t.Xn
t
�
Dt

�
vki

¼
Xh

t¼1

Dt
vfi

�
X1

t.Xn
t
�

vki

(14)

where,

vfi
�
X1

t.Xn
t
�

vki
¼ fiðX1.Xn; k1.knÞ

vki
(15)

Furthermore, as can be seen from the ASM model, the
function fi($) can be expressed as a function of Xi

t, as well as
a function of ki. Thus, bringing eqn (14) into eqn (9), eqn (9) can
be expressed using the following equation:
2498 | RSC Adv., 2020, 10, 2495–2506
vJð$Þ
vki

¼
Xm
j¼1

(Xn

i¼1

�
Xout

iðjÞ � Yout
iðjÞ��

"Xh

t¼1

Dt
vfi

�
X1

t.Xn
t
�

vki

#)

¼ Dt
Xm
j¼1

(Xn

i¼1

�
Xout

iðjÞ � Yout
iðjÞ��

"Xh

t¼1

vfi
�
X1

t.Xn
t
�

vki

#)

(16)

Additionally, bringing eqn (16) into eqn (8), eqn (8) can be
expressed using the following:

kiðrþ 1Þ ¼ kiðrÞ � aDt
Xm
j¼1

(Xn

i¼1

�
Xout

iðjÞ � Yout
iðjÞ�

�
"Xh

t¼1

vfi
�
X1

t.Xn
t
�

vki

#)
(17)

Therefore, to conduct the programming based on eqn (17),
the optimal tting kinetic coefficient n in a particular sample
space is obtained through the comprehensive consideration of
ASMs and the actual inuent–effluent qualities of the numeri-
cally ordered pairs.
2.4. Analytical methods

2.4.1. EPS extractions and analyses. Both the LB-EPS and
TB-EPS of the aerobic and anaerobic sludge samples were
extracted using a modied heat extraction method.30 Extrac-
tions of LB-EPS and TB-EPS were ltrated through 0.45 mm
acetate cellulose membranes. The contents of LB-EPS and TB-
EPS extractions were analysed for total organic carbon (TOC),
proteins, carbohydrates, and humic-like substances, respec-
tively.30 COD, soluble COD (SCOD), ammonia nitrogen (NH4

+-
N), total phosphate (TP), phosphate (PO4

3�-P), TP in bulk
solution (TP solution), TP in LB-EPS (TPLB-EPS), TP in TB-EPS
(TPTB-EPS), MLSS, MLVSS, and sludge volume index (SVI) were
measured in accordance with the standard methods.32 The
carbohydrates was measured by anthrone-sulfuric acid method.
The protein was measured with a low concentration proteins kit
(Shanghai Lida Biotech CO., LTD, China). Humic substances
was analyzed according to.30 The concentration of TOC was
analysed by a TOC analyzer (SHIMADZU TOC-VCPN Total
Organic Carbon analyzer, USA). The polyP in activated sludge
was measured according to the method in the study of.33

Measurement of poly(b-hydroxybutyrate) (PHB) was performed
as described in the study of ref. 34.
3. Results and discussion
3.1. Overall performance of two SBRs

Two lab-scale SBRs performed under 10 � 0.5 and 20 � 0.5 �C
generally reached steady-state aer 1 month inoculation. As
shown in Fig. 2a, the MLVSS/MLSS ratio in the two SBRs grad-
ually increased from 55% at the beginning of inoculation up to
92–93% at the steady state, suggesting the well enrichment of
biomass during the acclimation period. Fig. 2b shows the
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Variations of (a) MLVSS/MLSS ratio, (b) SVI, (c) COD, and (d) PO4
3�-P in SBR#1 and SBR#2 under 10.0 � 0.5 and 20.0 � 0.5 �C.
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observed values of SVI in SBR1# and SBR2# during 60 day steady
operation. It can be clearly observed that good SVI values
around 31–44 mL g�1 in SBR1# and SBR2# indicated that SBRs
operated under 10 �C and 20 �C had no distinguished differ-
ences in their settling abilities.

The alternating anaerobic–aerobic cycle behaviors of COD
and P in the effluents of the two SBRs over 60 day steady state
were given in Fig. 2c and d. By inoculating an average inuent
COD concentration of 200 � 6.85 mg L�1, average effluent COD
concentrations in SBR1# and SBR2# were respective 25.19 � 0.77
and 20.11 � 1.01 mg L�1, corresponding to the COD removal
efficiencies were 87.38 � 0.82 and 89.91 � 0.85%, respectively
(Fig. 2c). In terms of P removal, the effluent PO4

3�-P concen-
trations in the effluent were respective 0.43 � 0.10 and 0.37 �
0.11 mg L�1 for SBR1# and SBR2# (Fig. 2d). By comparison,
average PO4

3�-P removal efficiencies of 95.71 � 0.98 and 96.36
� 1.09% in SBR1# and SBR2# were observed. Compared with
SBR#1 operated under 10 � 0.5 �C, better COD and P removal
abilities in SBR#2 can be observed over 60 days operation period.
3.2. Changes in contents of P, LB-EPS and TB-EPS of two
SBRs

The proles of the LB-EPS and TB-EPS contents in SBR#1 and
SBR#2 were showed in Fig. 3a and b. Aer about 2 months'
cultivation, activated sludge under 10 �C reaction had an initial
TB-EPS and LB-EPS contents of 116.38 � 4.91 and 16.19 �
0.66 mg g�1 MLSS, while differentiated initial TB-EPS and LB-
EPS contents of 130.34 � 5.73 and 20.65 � 0.85 mg g�1 MLSS
were observed under 20 �C reaction period, suggesting that the
This journal is © The Royal Society of Chemistry 2020
contents of LB-EPS and TB-EPS were obviously inuenced by the
operational temperature. For both the SBRs, the contents of TB-
EPS in activated sludge were much higher than those of LB-EPS.
Obvious increases in contents of TB-EPS and LB-EPS were
observed during external substrate consumption. Aer the
external substrate was completely depleted, both LB-EPS and
TB-EPS concentrations did not change signicantly, indicating
that the formation of both the TB-EPS and LB-EPS mainly
occurred during the external substrate consumption period,
which this observation was in accordance with the unied
theory for EPS production proposed by ref. 29.

The operational temperature was also found has signicant
inuences on the contents of carbohydrates, proteins, and
humic substances in LB-EPS and TB-EPS (Fig. 3c and d). For the
contents of TB-EPS and LB-EPS formed at 10 �C (Fig. 3c),
proteins were the predominant component at quantities of
42.45–48.98%, followed by carbohydrates at 32.32–38.84%,
while the contents of humic substances accounted for a relative
smaller proportion of the TB-EPS and LB-EPS (13.93–20.48%).
The predominance of protein contents in the LB-EPS and TB-
EPS might be induced by the formation of a large quantity of
exoenzymes due to the easy degradation and uptake of readily
biodegradable organic acetate, as suggested by previous
studies.30,35 While for SBR#2 as shown in Fig. 3d, the predomi-
nant content contained in TB-EPS and LB-EPS was carbohy-
drates. Higher carbohydrates contained in both TB-EPS and LB-
EPS in SBR#2 by comparing those of SBR#1 might be induced by
their different environmental and operational conditions, as
well as their different microbial communities formed during 60
RSC Adv., 2020, 10, 2495–2506 | 2499
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Fig. 3 Variations in (a and b) the LB-EPS and TB-EPS contents and (c and d) the carbohydrates, proteins, and humic substances contents in the
TB-EPS and LB-EPS during the anaerobic–aerobic cycle under 10.0 � 0.5 and 20.0 � 0.5 �C.
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day steady operation.30,36 According to previous investiga-
tions,2,37 higher carbohydrates content in EPS was found bene-
cial for EPS phosphorus removal. Combined with analyses of
operation observation in Fig. 2, higher carbohydrates content
contained in TB-EPS and LB-EPS might have helped in
improving the performance of P removal in SBR#2. The results
obtained from the analyses of the carbohydrates, proteins, and
humic substances contents in LB-EPS and TB-EPS could provide
a better explanation of why the effluent quality from SBR#2 (20
�C) systems was better than that from SBR#1 operated under
10 �C.

Table 1 showed the increased P contents in TB-EPS and LB-
EPS from SBR#1 and SBR#2 at the end of aerobic adsorption.
Operated under 20 �C in one cycle, up to 3.08� 0.12 mg L�1 and
1.37 � 0.06 mg L�1 of P increased in TB-EPS and LB-EPS had
been observed in SBR#2, which respective 9.52� 0.37% and 4.23
� 0.19% of P removal by TB-EPS and LB-EPS were found aer
3 h aerobic reaction. Compared with SBR#1, increased P
contents in TB-EPS and LB-EPS were relatively lower than those
from SBR#2 operated under 20 �C, thus might explain better
performance of P removal in SBR#2. Results indicated that TB-
EPS played a more important role than LB-EPS. To better
understand the dynamics and the important roles of TB-EPS
2500 | RSC Adv., 2020, 10, 2495–2506
and LB-EPS in BPR process, the data set from SBR#2 operated
under 20 �C was chosen for investigations on the extended
ASM2 development in the following section.
3.3. Application of ASM-GDA method

The values of the kinetic and stoichiometric parameters are
shown in Table S2.† New parameters of kh,TB-EPS, kh,LB-EPS, fPP,TB-
EPS, and fPP,LB-EPS to elucidate the relationship between the vari-
ations in TB-EPS, LB-EPS, and P components in the anaerobic–
aerobic process are determined based on eqn (11)–(19). Fig. 4
expresses the three-dimensional display of ve-dimensional
spaces: 3-D plots represent the 3Error convergence curves under
the four new parameters by using the proposed ASM-GDA
method. In this study, the data set in Fig. 3 (operated under 20
�C) is applied to estimate the kinetic parameters, then the red
curves represented the gradient descent direction, are described
to determine these new parameters, kh,TB-EPS, kh,LB-EPS, fPP,TB-EPS,
and fPP,LB-EPS (Fig. 4). As shown in Fig. 4, at the terminal of red
curve, the extreme point, that is, the nal value of the parameter
can be found. The partial derivative matrixes of the four param-
eters derived in eqn (18) and (19) are built to get the optimal
values under respective anaerobic and aerobic reactions.
This journal is © The Royal Society of Chemistry 2020
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Table 1 Contents of components in activated sludge from SBR#1 and SBR#2 during the anaerobic–aerobic cycle under 10.0� 0.5 and 20.0� 0.5
�C

Components

10 �C 20 �C

Initiala Finalb Initiala Finalb

MLSS (mg L�1) 3583 � 117 3486 � 126 3583 � 117 3448 � 139
TB-EPS content (mg g�1 MLSS) 116.38 � 4.91 118.91 � 5.23 130.34 � 5.73 140.49 � 6.18
LB-EPS content (mg g�1 MLSS) 16.19 � 0.66 19.88 � 0.82 20.65 � 0.85 28.40 � 1.16
Protein in TB-EPS (mg g�1 MLSS) 57.00 � 2.51 54.53 � 2.40 45.51 � 2.00 48.22 � 2.12
Protein in LB-EPS (mg g�1 MLSS) 6.87 � 0.28 8.92 � 0.37 7.79 � 0.32 8.78 � 0.36
Carbohydrates in TB-EPS (mg g�1 MLSS) 37.61 � 1.66 41.42 � 1.82 63.76 � 2.81 67.18 � 2.96
Carbohydrates in LB-EPS (mg g�1 MLSS) 6.10 � 0.25 6.89 � 0.28 8.85 � 0.36 10.46 � 0.43
Humic substances in TB-EPS (mg g�1 MLSS) 21.76 � 0.96 22.93 � 1.01 21.06 � 0.93 25.09 � 1.10
Humic substances in LB-EPS (mg g�1 MLSS) 3.22 � 0.13 4.07 � 0.17 4.01 � 0.16 9.16 � 0.38
Increased P content in TB-EPS (mg L�1) — 2.67 � 0.09 — 3.08 � 0.12
Increased P content in LB-EPS (mg L�1) — 0.98 � 0.03 — 1.37 � 0.06
Increased P content in TB-EPS (%) — 8.64 � 0.28 — 9.52 � 0.37
Increased P content in LB-EPS (%) — 3.17 � 0.10 — 4.23 � 0.19

a Represents the contents of components in activated sludge from SBR#1 and SBR#2 at the beginning of anaerobic reaction. b Represents the
contents of components in activated sludge from SBR#1 and SBR#2 at the end of aerobic reaction.
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where x1, x2, x3, x5, x6, x7, x8, x12, x13, and x14 represent SO, SS,
SPO4

, SALK, SEPS, XTB-EPS, XLB-EPS, XPAO, XPP, and XPHA in the
extended ASM2 model (Table S3†). j represents kh,TB-EPS, kh,LB-
EPS, fPP,TB-EPS, and fPP,LB-EPS, respectively. To computing the
partial derivatives of the four new parameters, the anaerobic
and aerobic matrixes of 4 � 4 are obtained in eqn (18) and (19).
The error convergence curve (3Error) and a are set as 10�4 and
0.1, respectively.

Based on the derived partial derivative matrixes, the three-
dimensional display of the ve-dimensional space, including
3Error, kh,TB-EPS, kh,LB-EPS, fPP,TB-EPS, and fPP,LB-EPS, is depicted in
This journal is © The Royal Society of Chemistry 2020
Fig. 4. In our work, one experiment was conducted to estimate
the initial values. Aer 50 156 iterations by the proposed ASM-
GDA, the kh,TB-EPS, kh,LB-EPS, fPP,TB-EPS, and fPP,LB-EPS, values
were calculated as 0.228 d�1, 0.4 d�1, 0.09 SPO4

per gXTB-EPS, and
0.04 SPO4

per gXLB-EPS, respectively. To evaluate the extent to
whether the new parameters used in the extended ASM2 can
inuence the target output variables (SPO4

, XTB-EPS, XLB-EPS, and
XPP), the coefficients di,j of the four new parameters are calcu-
lated (eqn (S1)†). According to the sensitivity analysis in ESI,†
a 50% increase in the input variable is applied for calculating
the normalised sensitivity coefficient (di,j) in this study. Fig. 5
displays the sensitivity analysis of fPP,TB-EPS, fPP,LB-EPS, kh,TB-EPS,
and kh,LB-EPS on the model outputs of SPO4

, XTB-EPS, XLB-EPS, and
XPP. The sequence of the four parameters inuencing the
effluent PO4

3�-P concentrations was fPP,TB-EPS < kh,LB-EPS < fPP,LB-
EPS < kh,TB-EPS. Overall, as for the four target output variables, the
coefficient di,j for all the parameters were below 0.5, indicating
that the chosen parameters have no signicant inuences on
the four model output variables.

For this proposed novel ASM-GDA approach, few or even one
data set was needed to obtain the accuratemodel parameters, as
RSC Adv., 2020, 10, 2495–2506 | 2501
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Fig. 4 Three-dimensional display of five-dimensional spaces: 3-D plots represent the 3Error convergence curves under the four new parameters
(kh,TB-EPS, kh,LB-EPS, fPP,TB-EPS, and fPP,LB-EPS) by using the proposed ASM-GDA method.
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demonstrated in this work. Results indicated that the proposed
ASM-GDA model provided a rapid, accurate, and convenient
method to determine the model parameters by using any
databases. The convenience and accuracy of this method are
very attractive for biological wastewater treatment processes,
which are typically characterized by their complexity, low
repeatability, time-consumption, and the variation of uncer-
tainty in their practical applications.
3.4. Model verication

To further evaluate the role of the formation and degradation
processes of LB-EPS, TB-EPS, and P in activated sludge and
liquid, model verication is conducted through comparing the
2502 | RSC Adv., 2020, 10, 2495–2506
measured results and the simulated data from batch experi-
ments conducted under different substrate concentrations.
Fig. 6a and b compare the variations of the extended ASM2
model simulations and the experimental results of SPO4

, XPP,
XTB-EPS, and XLB-EPS, with an inuential COD of 250 mg L�1 and
P of 10 mg L�1. Being accompanied by the release and uptake
processes of SPO4

during the alternating anaerobic/aerobic
reaction (Fig. 6a), the concentrations of XPP in activated
sludge changed rst decreased at anaerobic process and then
an upward trend at the subsequent aerobic process, while
became slightly uctuation when SPO4

was completely
consumed. As shown in Fig. 6a, high correlation analyses values
(R2 ¼ 0.987 for SPO4

and R2 ¼ 0.977 for XPP) of measured results
and simulated data indicated that the model outputs from the
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Sensitivity analysis of fPP,TB-EPS, fPP,LB-EPS, kh,TB-EPS, and kh,LB-EPS on the model outputs: (a) SPO4
, (b) XTB-EPS, (c) XLB-EPS, and (d) XPP.
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extended ASM2 captured the experimental trends for this
experiment in terms of the production and degradation of P
under anaerobic/aerobic processes.

Observed in Fig. 6b, new components of XTB-EPS and XLB-EPS
introduced in this extended ASM2 showed a good agreement
between the model outputs and the experimental data.
Compared with the simulation data, the maximum differences
observed in the measured values of TB-EPS and LB-EPS was 6%,
and 95% of the results had a difference of less than 5%, proving
the validity of the extended ASM2 with the estimated kinetic
parameters. As shown in Fig. 6b, the production of TB-EPS and
LB-EPS occurred during substrate consumption period, once the
substrate was completely consumed, no further increases in TB-
EPS and LB-EPS contents were observed in the modelling and
experimental results. Under anaerobic and the latter aerobic
processes aer the depletion of the external substrate, the slow
downward trends in TB-EPS and LB-EPS in activated sludge were
attributed to the hydrolysis of EPS or microbial decay.

To evaluate the roles of LB-EPS and TB-EPS in P removal in
BPR process, the variations of P components in polyP, TB-EPS,
LB-EPS were further calculated. Although 81.15% of P in the
liquid was removed through the aerobic storage process of XPP

during aerobic reaction, respective 9.49% and 4.22% of P
removal by XTB-EPS and XLB-EPS can be observed at the end of P
aerobic absorption process. The results further conrmed that
This journal is © The Royal Society of Chemistry 2020
TB-EPS played a more important role in P removal than LB-EPS.
The contributions of both the TB-EPS and LB-EPS pose signi-
cantly inuences on the dynamics of anaerobic P-release/
aerobic P-uptake in BPR process.
3.5. Inuence of inuential COD and P on the roles of TB-
EPS and LB-EPS in BPR

It is noticed that the process of BPR under alternating anaerobic
and aerobic process was dependent upon the initial COD and P
concentrations in previous studies.38–40 In order to better under-
standing the roles of TB-EPS and LB-EPS in the transformation
and transportation of P in a dynamic biological-treatment model,
eight batch experiments (numbered as #1, #2, ., #8) conducted
under different inuential COD concentrations varied from 150
to 300 mg L�1 and inuential P concentrations varied from 6 to
15 mg L�1 were tested. To analyse the correlation between the
inuential COD/P concentrations and the P% removal by TB-EPS
(and LB-EPS) at the end of aerobic stage, a Self-Organizing Map
(SOM), an unsupervised articial neural network learning algo-
rithm, is applied and details are described in ESI.† Fig. 6c
displays the component planes of the intrinsic relationships of
the four input data sets obtained from the eight batch experi-
ments. Clustering by SOM, each input data set can be mapped
into 25 output neurons being represented by hexagon in the
subgraph (Fig. 6c). SOM can extract the eigenvalues of the
RSC Adv., 2020, 10, 2495–2506 | 2503

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06845g


Fig. 6 The experimental data and the extended ASM2 model simulations of (a) SPO4
and XPP, (b) XTB-EPS and XLB-EPS; (c) abstract visualization of

the relationships between influential COD concentration, influential P concentration, P% removal by TB-EPS, and P% removal by LB-EPS using an
SOMmodel; (d) influence analyses of the effects of initial COD and P concentrations on P removal by respective (e) TB-EPS and (f) LB-EPS using
the GDA model.
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original input data. The extracted eigenvalues are the output
neurons in the SOM.41 In this study, 25 output neurons are used
as the feature matrix of the original data, that is, each hexagon in
the graph represents a neuron in the output layer, while the
number of neurons does not affect the result analysis. The weight
of each eigenvalue (neuron) is represented by color.41 Darker
color represents higher correlation between each input param-
eter and the corresponding output neurons. Closer colors of the
same intermediate parameters in different subgraphs suggest the
stronger correlation between the two inputs. It can be seen from
Fig. 6c, there were signicantly high correlations between the 4
inputs data sets and the 25 output neurons (r > 0.65). Besides,
2504 | RSC Adv., 2020, 10, 2495–2506
closer colors (value of chromatism < 0.2) of the corresponding
output neurons sites between the inuential COD (and P) and the
P% removal by TB-EPS (and LB-EPS) demonstrated their stronger
correlation, indicating that the SOM has shown its high perfor-
mance for visualization and abstraction for exhibiting the high
correlations of the inuential COD/P concentrations and the P%
removal by TB-EPS (and LB-EPS) during the BPR process.

Further quantitatively analyses of the effects of initial COD
and P concentrations on P removal by respective TB-EPS and LB-
EPS are showed in Fig. 6d and e. By inoculating with different
initial COD and P concentrations, 9.37–9.64% of P removal by
TB-EPS (Fig. 6d) and 4.17–4.29% of P removal by LB-EPS
This journal is © The Royal Society of Chemistry 2020
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(Fig. 6e) were achieved. Through the GDA model, two linear
models to explain the relationship between the inuential COD
and P concentrations with P removal by LB-EPS and TB-EPS at
the end of aerobic reaction were obtained: P% removal by TB-
EPS ¼ 9.839 � 0.0005795P � 0.02023COD; P% removal by LB-
EPS ¼ 4.276 � 0.0002833P � 0.0008372COD. A better under-
standing of the inuence of inuential COD and P on BPR
processes helps us establishing a comprehensive reference for
the mechanism of biological P removal by incorporating the
roles of TB-EPS and LB-EPS in BPR process.
4. Conclusions

Experimental data operated under 10 �C and 20 �C were
compared to discuss the roles of TB-EPS and LB-EPS in the
transformation and transportation of P under an anaerobic–
aerobic process. Operational temperature was proved imposes
signicant inuence on the contents of carbohydrates, proteins,
and humic substances in LB-EPS and TB-EPS, as well as the
capability of P removal in a BPR process.

An extended ASM2 kinetic modeling by introducing three
new components of XTB-EPS, XLB-EPS, and SEPS was established.
An effective and convenient ASM-GDA approach was developed
to determine the best-t values of the new model parameters.
Sensitivity analyses indicated that the inuencing sequence of
the four new parameters for the effluent SPO4

was fPP,TB-EPS <
kh,LB-EPS < fPP,LB-EPS < kh,TB-EPS. The model simulations matched
the experimental measurements and provided a new recogni-
tion into the dynamics reaction mechanism of P by incorpo-
rating the roles of LB-EPS and TB-EPS in BPR process.

Eight batch experiments conducted under different inu-
ential COD and P were quantitatively and qualitatively analyzed.
SOM has shown its high performance for visualization and
abstraction for exhibiting the high correlations of the inuen-
tial COD/P concentrations and the P% removal by TB-EPS (and
LB-EPS) during BPR process. Through the GDA model, two
linear models were obtained: P% removal by TB-EPS ¼ 9.839 �
0.0005795P � 0.02023COD; P% removal by LB-EPS ¼ 4.276 �
0.0002833P � 0.0008372COD. Results demonstrated that there
are 9.37–9.64% of P was removed by TB-EPS and 4.17–4.29% of
P was removed by LB-EPS under different inuential COD
concentrations varied from 150 to 300 mg L�1 and inuential P
concentrations varied from 6 to 15 mg L�1.
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