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A B S T R AC T

In this study, three lab-scaled membrane bioreactors (MBRs) coupled with moving carriers 
(MC) were operated under different sludge retention times (SRTs = 10, 30 and 50 d) for the 
treatment of synthetic wastewater. The characteristics of soluble microbial products (SMP) at 
each SRT were examined. The concentration of SMP in the supernatant fi rstly decreased from 
around 31.5 to 24.3 mg l−1 when the SRT was increased from 10 to 30 d, and then showed a little 
increase as the SRT was further extended to 50 d. The profi le of the molecular weight distri-
bution (MWD) showed that the SMP had a wide spectrum of molecular weight. The domi-
nant fraction with molecular mass higher than 10 kDa increased from 55.9% to 63.8% with the 
increase of the SRT from 10 to 50 d, while the two other fractions (1 kDa <MW <10 kDa and 
MW<1 kDa) subtly decreased. The excitation–emission matrix fl uorescence spectroscopy (EEM) 
revealed that the SMP had three similar peak locations regardless of the SRT and the quenching 
effect of humic-like substance on protein should be considered. Response surface methodology 
was used to evaluate the effects of SRT, hydraulic retention time (HRT), temperature and aera-
tion rate on the SMP production. The optimal parameters were obtained at an SRT of 33 d, an 
HRT of 10 h, a temperature of 19°C and an aeration rate of 1.5 m3 h−1, giving rise to an SMP of 
23.9 mg l−1. These results may serve as a useful guide for optimizing the operational parameters 
of the MBR-MC system to minimize the SMP production, and accordingly, improve the perme-
ate quality and alleviate membrane fouling.
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1. Introduction

A conventional membrane bioreactor (MBR) is a sys-
tem incorporating conventional activated sludge and 
microfi ltration (or ultrafi ltration) to achieve a complete 
solid–liquid separation independent of the character-
istics of mixed liquor [1]. The advantages of an MBR 
over a conventional activated sludge (CAS) system have 

been well reported such as excellent permeate quality, 
compact footprint, more concentrated biomass, reduced 
sludge yield and fl exibility of operation [2]. Recently, 
an MBR coupled with moving carriers (MBR-MC) has 
been developed by several researchers [3,4], which was 
anticipated to achieve high simultaneous removal of 
nitrogen and to solve the poor settling problem of MBR. 
However, by their nature as fi lters, membrane fouling 
and its consequences in terms of operating costs limited 
the widespread application of MBR-MC.
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 In the application of MBR technology, soluble micro-
bial products (SMP) are generally admitted to be the key 
foulants responsible for the long-term irreversible mem-
brane fouling. It has been reported that SMP contributed 
26%–52% of membrane fouling depended on the experi-
mental conditions [5]. This tendency was confi rmed by 
Rosenerger et al. [6], who found that the composition of 
liquid phase affected the fi lterability of activated sludge: 
an increase of SMP reduced the fi ltration index. There-
fore, more detailed insights into the characteristics of 
SMP in MBRs were needed for understanding and con-
trolling the membrane fouling.

The presence of SMP is also considered to be one 
of the important factors in biological wastewater treat-
ment process, which affects the lower limit for treatment 
plants. Many experimental results also showed that only 
a small fraction of the soluble organic matter in the per-
meate was original infl uent substrate, while the major-
ity of the soluble organic matter was of microbial origin 
[7,8]. Although the contributions of SMP to the effi cient 
of the treatment [9] and the evolution of fouling in MBRs 
have been widely studied [10], few reports were avail-
able on the MBR-MC process.

The production of SMP involved a very complex 
process with many infl uential factors, such as sludge 
retention times (SRT), hydraulic retention time (HRT), 
temperature, dissolved oxygen (DO) concentra-
tion, substrate concentration, aeration rate etc. [4,7]. 
Therefore, it was necessary to select a criterion for the 
evaluation of the SMP production and to choose the 
optimum conditions. In conventional experiments, 
optimization was usually carried out by varying a sin-
gle factor while keeping other factors fi xed at a specifi c 
set of conditions. It was not only time-consuming, but 
also incapable of reaching the true optimal value due 
to ignoring the interactions among variables. Over the 
last decades, new techniques, such as response sur-
face methodology (RSM), back propagation-genetic 
algorithm (BP-GA) and adaptive neruo-fuzzy infer-
ence system (ANFIS), have been used as effi cient 
alternative tools for modeling of complex systems 
and widely used for forecasting. The use of RSM has 
been emphasized which is a combination of mathe-
matical and statistical techniques aimed at evaluating 
the effects of several factors and searching optimum 
conditions for desirable responses. Since many oper-
ating variables were involved in the SMP formation, 
RSM can be employed as an appropriate approach to 
analyze the SMP formation process by varying them 
simultaneously and performing a limited number of 
experiments.

The objective of this study was to investigate the 
changes of SMP characteristics caused by different SRTs 
(SRTs = 10, 30 and 50 d). Molecular weight distribution 

(MWD) and 3D excitation–emission matrix (EEM) fl uo-
rescence spectroscopy were applied to determine the 
characteristics of SMP, which could help to comprehend 
the production of SMP. Additionally, this study was also 
focused on the optimization of the SMP production with 
the RSM.

2. Materials and methods

2.1. Lab-scale setup and operation

Three laboratory-scale aerobic 150 l Plexiglass 
MBR-MC systems were used for the purpose of this 
study. Hollow-fi ber microfi ltration membranes with a 
pore size of 0.2 μm and a surface area of 1 m2 were 
used. The bio-cubes (2 × 2 × 2 cm3) were mixed with 
suspended microorganisms in the reactor at a packing 
ratio of 5%. The synthetic wastewater was continu-
ously introduced at an infl uent fl ow rate controlled 
by the liquid level in the reactor. The nutrient com-
position as the feed wastewater is listed in Table 1. 
The idle-fi ltration times switch ratio was set to 8 min: 
2 min. Gas was diffused into the reactor through the 
air diffuser installed beneath the membrane module 
to maintain desired DO concentration, to control 
membrane fouling by hydraulic shear force and to cir-
culate the porous media in the bioreactor. The sludge 
wasting volumes of each reactor corresponded to 15, 5, 
3 l d−1 for SRTs 10, 30, 50 d. In the different experi-
mental runs, the sludge in the MBR-MC system was 
maintained at a steady state for one to two SRTs. The 
operation was stopped when the TMP reached 45 kPa, 
and then chemical cleaning was applied using 5% 
chlorine solutions for 2–8 h.

Table 1
Composition of synthetic wastewater

Content Concentration (mg l−1)

Starch 171

Glucose 171

Urea 63.1

NaHCO3 254.4

MgSO4 42.9

CaCl2 13.1

Fe SO4 · 7H2O 4.2

MnCl2 · 4H2O 0.3

ZnSO4 · 7H2O 0.4

CuSO4 · 5H2O 0.4

CoCl2 · 6H2O 0.5
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2.2. Analytical methods

The infl uent, mixed liquor and permeate were sam-
pled three times per week and analyzed, evaluating 
mixed liquid volatile suspended solids (MLSS), COD, 
NH4

+–N, total nitrogen (TN) and SMP. Except SMP, other 
chemical analyses were carried out according to Stan-
dard Methods [11]. Analysis of SMP in biomass suspen-
sions collected from the MBR-MC was carried out after 
suspensions had been fi ltered with a 0.45 μm fi lter. The 
phenol-sulfuric acid method [12] and the Lowry method 
[13] were used to determine the concentrations of carbo-
hydrates and proteins, respectively. The concentration 
of SMP was calculated from the equation as follows [14]:

Total SMP (as COD) =  1.5 Proteins
+ 1.07 Carbohydrates (1)

The MWD of the organic matters in SMP was deter-
mined using a GPC (Agilent 1100, Agilent) with a refrac-
tive index detector. The EEM spectra (FP 6500, JASCO) 
were collected with corresponding scanning emission 
spectra from 220 to 600 nm at 2 nm increments by vary-
ing the excitation wavelength from 220 to 420 nm at 
5 nm sampling intervals. Particle size distribution of 
the mixed liquor was detected by a laser granulometer 
(Mastersizer 2000, Malvern).

2.3. Response surface methodology

The SRT, HRT, temperature and aeration rate were 
selected as independent factors, and the amount of SMP 
production was chosen as the response for the different 
processes. The range and levels used in the experiment 
were chosen taking into account our preliminary experi-
ments (Table 2), in which X1 denoted SRT, X2 HRT, X3 
temperature and X4 aeration rate, respectively. A sec-
ond-order polynomial model by the response surface 
regression procedure that identifi ed all of the possible 
interactions between the selected factors was as follows:

Y b b X b X X j
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i i
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where Y = the response variable; b0, bi and bij = the con-
stant regression coeffi cients of the equation.

Two statistical indices were used to evaluate sta-
tistically accurate and valid predictions: coeffi cient of 
determination R2 and adjusted R2 by Eqs. (3) and (4), 
respectively.
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where is the mean of the observed data, yi is the observed 
data, fi is the predicted value, p is the total number of 
regressors in the linear model (but not counting the con-
stant term) and n is the sample size.

The parameters of the response equations and cor-
responding analysis on variations were evaluated using 
Matlab 7.6 (The Math Work Inc., USA). The interactive 
effects of the independent variables on the dependent 
ones were illustrated by 3- and 2D contour plots.

3. Results and discussion

3.1. Performance of MBR-MC system under different SRTs

Table 3 shows the concentrations of COD, TN and 
NH4

+–N in the infl uent and permeate at different SRTs. 
The average infl uent COD and TN over the entire period 
of operation were 414.8 ± 80.2 and 36.3 ± 6.4 mg l−1,
respectively. Nearly 98% of the organic substrate was 
removed by the MBR-MC treatment regardless of the 
operated SRT. The concentration of NH4

+–N in the 
permeate was in the range of 0.6–1.6 mg l−1 during the 
experiment. The higher rate of nitrifi cation achieved at 
different SRTs can be attributed to the effective mem-
brane retention of slow-growing nitrifying bacteria and 
the bacteria adherence to MC. Thus, the MBR-MC sys-
tem was a reliable treatment process to realize the excel-
lent pollutant removal.

3.2. Characteristics of SMP under different SRTs

SMP accumulation in a membrane system was 
heavily dependent on the operational parameters and 
the membrane properties. Fig. 1(a) demonstrates the 
concentration of SMP in the supernatant and perme-
ate at different SRTs, which is indicated by Eq. (1). 
The concentration of SMP in the supernatant fi rstly 
decreased from around 31.5 to 24.3 mg l−1 when the 
SRT was increased from 10 to 30 d, and then showed 
a litter increase to 27.2 mg l−1 as the SRT was extended 
to 50 d. This result implied that the potential effect of 
SMP on system performances (e.g., membrane fouling) 
might be more striking at short and long SRTs. It was 
consistent with previous reports that there existed an 
optimum range of SRT for minimized the SMP produc-
tion [7,15]. It can also be found that the concentration 
of SMP in the supernatant was always higher than that 
in the permeate, suggesting that some components of 
SMP were retained by the membranes. The retained 
SMP were utilized by heterotrophy or accumulated in 
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 Table 2
Box-Behnken design matrix with four independent variables for the actual and predicted SMP production values

Run Independent variable Dependent variable

Coded values Actual values SMP production values (mg l−1)

X1 X2 X3 X4 X1

(d)
X2

(h)
X3

(°C)
X4

(m3 h−1)
Experiment Prediction

(unreduced
model)

Prediction
(reduced
model)

1 −1 −1 0 0 10 3 20 1.2 35.7 33.4 32.2

2 −1 1 0 0 10 13 20 1.2 32.8 30.8 32.2

3 1 −1 0 0 50 3 20 1.2 31.7 29.5 28.4

4 1 1 0 0 50 13 20 1.2 28.9 27.0 28.4

5 0 0 −1 −1 30 8 8 0.2 39.2 37.7 37.9

6 0 0 −1 1 30 8 8 2.2 36.2 33.0 32.6

7 0 0 1 −1 30 8 32 0.2 41.5 40.6 40.2

8 0 0 1 1 30 8 32 2.2 37.4 34.7 34.9

9 −1 0 0 −1 10 8 20 0.2 41.1 40.7 39.6

10 −1 0 0 1 10 8 20 2.2 31.5 33.3 34.3

11 1 0 0 −1 50 8 20 0.2 34.8 34.8 35.8

12 1 0 0 1 50 8 20 2.2 29.4 31.5 30.4

13 0 −1 −1 0 30 3 8 1.2 30.1 31.1 30.5

14 0 −1 1 0 30 3 32 1.2 33.8 34.6 32.8

15 0 1 −1 0 30 13 8 1.2 28.8 29.8 30.5

16 0 1 1 0 30 13 32 1.2 30.2 30.9 32.8

17 −1 0 −1 0 10 8 8 1.2 36.7 38.3 38.2

18 −1 0 1 0 10 8 32 1.2 39.2 40.5 40.5

19 1 0 −1 0 50 8 8 1.2 33.3 34.4 34.4

20 1 0 1 0 50 8 32 1.2 35.9 36.8 36.7

21 0 −1 0 −1 30 3 20 0.2 31.9 33.5 31.9

22 0 −1 0 1 30 3 20 2.2 26.2 27.3 26.6

23 0 1 0 −1 30 13 20 0.2 28.8 30.1 31.9

24 0 1 0 1 30 13 20 2.2 24.7 25.6 26.6

25 0 0 0 0 30 8 20 1.2 24.3 24.7 24.5

26 0 0 0 0 30 8 20 1.2 23.9 24.7 24.5

27 0 0 0 0 30 8 20 1.2 25.8 24.7 24.5

Table 3
COD and NH4

+–N concentration in MBR at different SRTs

SRT (d) Infl uent COD
(mg l−1)

Permeate COD
(mg l−1)

Infl uent TN
(mg l−1)

Permeate TN
(mg l−1)

Permeate NH4
+–N

(mg l−1)

10 16.4 ± (8.7) 21.4 ± (4.6) 1.6 ± (0.3)

30 414.8 ± (80.2)1 14.4 ± (7.5) 40.4 ± (6.4) 19.8 ± (4.4) 0.4 ± (0.2)

50  17.3 ± (9.7)  17.3 ± (3.4) 0.6 ± (0.3)
1Standard deviation given in parentheses.
Number of measurement for each SRT: n = 30.
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the cake layer and membrane pores, leading to a rela-
tive stable concentration of SMP in the bulk phase.

The measurements of two major components of 
SMP—carbohydrates and proteins—are conducted as 
shown in Fig. 1(b). The concentration of carbohydrates 
and proteins in the supernatant showed the same ten-
dency as that for SMP, which fi rstly decreased as the SRT 
was increased from 10 to 30 d and then increased with 
the further extension of SRT. Similarly, the concentration 
of carbohydrates and proteins in the supernatant was 
higher than that in the permeate, suggesting that car-
bohydrates and proteins were effectively intercepted by 
membrane and served as substrates for biomass growth. 
Additionally, the concentration of carbohydrates in the 
permeate increased from 6.9 to 8.5 mg l−1 as the SRT was 
increased from 10 to 50 d. The concentration of proteins 
in the permeate also increased subtly from 2.6 to 4.2 mg l−1

when the SRT was extended from 10 to 50 d. Except 
the membrane properties and SMP characteristics, the 
effect of interceptions on the carbohydrates and proteins 
was also closely associated with the feature of the cake 
layer on the membrane surface. The mean particle size 
of sludge at 30–50 d SRT (SRT = 30 d: D50 = 59.5 μm; 
SRT = 50 d: D50 = 62.4 μm) was larger than that at 10 d 
SRT (D50 = 39.9 μm). The cake layer constructed with 
large particles enabled to have a relative higher porosity 
than that with small particles [16], which might be a pos-
sible cause leading to a litter increase of carbohydrates 
and proteins in the permeate at 30–50 d SRT compared 
with 10 d SRT.

3.3. Molecular weight distribution of SMP at different SRTs

The molecular weight distribution of SMP was mea-
sured and compared under different SRTs, comprising
a variety of components with a broad spectrum of 
molecular weights. In order to better understand MW 
distributions, the fractionations of MW > 10 kDa, 1 kDa< 
MW<10 kDa and MW<1 kDa were calculated (Fig. 2). 
The dominant fraction of higher than 10 kDa increased 
from 55.9% to 63.8% with the increase of SRT from 10 to 
50 d, while the two other fractions subtly decreased. The 
SMP with a molecular weight lower than lower than 1 
kDa only constituted a small amount of SMP from 10.1% 
(SRT = 50 d) to 14.1% (SRT = 10 d). The MWD in the 
range between 1 kDa and 10 kDa constituted a second 
amount of SMP from 26.2% (SRT = 50 d) to 30.0% (SRT = 
10 d). This result was in consistent with previous study 
[17] focused on conventional MBR, which showed the 
apparent molecular weight distributions of MBR super-
natant at different SRTs and observed a smaller fraction 

Fig. 1. Concentration of SMP in the three MBR-MC systems. 
(a) Total concentration of SMP in the supernatant and perme-
ate at different SRTs. (b) Carbohydrates and proteins concen-
trations in the supernatant and permeate at different SRTs 
(HRT = 8 h; temperature = 20°C; aeration rate = 1.2 m3 h−1).

Fig. 2. Molecular weight distributions of SMP in the super-
natant at different SRTs.
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 of small molecules but larger fractions of intermediate 
and large molecules. Barker and Stuckey [7] also found 
that the molecular weight distribution of SMP was 
greatly affected by SRT with large molecular weight 
components became more evident at long SRTs.

SMP can be classifi ed into two groups based on the 
bacterial phase from which they are derived: the utili-
zation-associated products (UAP) associated with sub-
strate degradation and the biomass-associated products 
(BAP) generated in the endogenous phase. The UAP 
were found to be carbonaceous compounds with a 
MW lower than BAP which were mainly cellular mac-
romolecules with an MW in a range of 290–5000 kDa 
[18]. There was an increase in BAP concentration and a 
simultaneous decrease in UAP concentration as the SRT 
was extended [15], thus leading to an increment of large 
molecules fractions.

3.4. EEM fl uorescence spectra measured for SMP

Using consistent excitation and emission wavelength 
boundaries for EEM, fi ve regions could be defi ned based 
on previous literature [19], including simple aromatic 
proteins such as tyrosine, aromatic proteins such as 
tryptophan, soluble microbial byproduct, humic acid-
like materials and fulvic acid-like materials.

Measurements of the 3D EEM fl uorescence spectra 
of SMP under different SRTs (10, 30 and 50 d) are car-
ried out as shown in Fig. 3. In the three EEM maps, three 
main peak locations could be easily identifi ed in the 
three SMP samples with no difference, at the excitation/
emission wavelengths (Ex/Em) of 270/350, 340/420 
and 250/450 nm. The three peaks could be attributed to 
soluble microbial byproduct, humic acid-like and fulvic 
acid-like substances, respectively. However, no peak 
representing the tyrosine protein-like and tryptophan 
protein-like substances was appeared in the fl uores-
cence spectra of SMP at 10–50 d SRTs, which apparently 
suggested that the concentration of proteins in SMP 
was nearly zero. This result of fl uorescence observation 
was obviously contrasted with the experimental results 
(Fig. 1(b)), which might be related with the quenching 
effect. Quenching refers to any process which decreases 
the fl uorescence intensity of a given substance. In order 
to assess the extension of the quenching effect, the fl uo-
rescence spectra were obtained with commercial humic 
acids and a model protein (bovine serum albumin 
[BSA]). It seemed that the commercial humic acids had a 
strong quenching effect on the excitation-emission spec-
trum of BSA, reducing or even eliminating the protein 
peak in the 2D-fl uorescence map. This loss of fl uores-
cence intensity is called quenching and resulted from 
the interaction of the excited molecule of protein with 
the humic acids, whatever the nature of the competing 

Fig. 3. EEM fl uorescence spectra of SMP in MBR-MC system. 
SRT = (a) 10 d; (b) 30 d; (c) 50 d.
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intermolecular process. Previous study [20] also found 
that humic acids had a strong effect on the fl uorescence 
spectrum of BSA, reducing the aromatic protein-like 
substances peak in the fl uorescence map. These results 
suggested that quantitative determination of proteins in 
such complex media was not feasible with fl uorescence 
in view of the interference of other compounds likely 
to be present in the system, although this effect might 
have been amplifi ed by the fact that the humic acids 
concentration used in this experiment was much higher 
than it was likely to be present in real samples. Never-
theless, quenching effect in protein measurements, and 
peak overlapping in the humic-like compounds region 
has to be considered since it caused interferences in SMP 
analyses by fl uorescence.

To overcome this shortage, the principal compo-
nents analysis (PCA) and multivariate curve resolution 
method based on alternating least squares (MCR-ALS) 
can be used to determine the number of fl uorophores 
present in the SMP sample which some of them have 
binding site properties, their excitation and emission 
spectra and the corresponding quenching profi les. 
Alternatively, it was possible to use size exclusion chro-
matography to separate different fractions as a function 
of molecular weight and then apply 2D-fl uorescence to 
characterize each fraction [21]. The application of theses 
techniques enabled monitoring the proteins in a deter-
ministic way using fl uorescence, which was not dis-
cussed in this study and would be primary focus in the 
following research.

3.5. Application of RSM for SMP prediction

On the basis of RSM, an empirical relationship 
between the response and the independent variables is 
expressed by the following quadratic model:

SMP production ( ) .
.

Y X) . X
X−

1 0.. 2 0X − 032
1 7. 8

1 2. X0− 032
3 433 1 2 1 3

1

15 64 0 000 5 0 00010
0 052

− 15 64
+

.4 0 .
.

X X0 00025+4 .4 0+4 X X2 0 00010+ . X
X X1 4 244 3 2 4 3 4

1
2

0 0096 0 080 0 023
0 014

− +30 0096 −
−1

2+ 0 014
2 33

.
X X222 X X2 X X3

X 00 0083 0 050 4 682
2

3
2

4
2. .0083 02 X050X X0 0502

2 .02 X+3
2X0 050.0  

 (5)

The adequacy of the model was justifi ed through 
analysis of variance (ANOVA), and the ANOVA for the 
quadratic model is summarized in Table 4. There was 
a high correlation between the observed and predicted 
value as shown by closeness between R2 (0.905) and 
adjusted R2 (0.794), indicating that the regression model 
provided an excellent explanation of the relationship 
between the independent variables and the response. 
The F statistic of 8.159 was found much greater than 
the F0.005,14.16 (4.02), and the low p-value (0.000) also con-
fi rmed the adequacy of the model.

Simultaneously, the signifi cance of each coeffi cient 
was determined by applying t-test, wherein larger
t-values and smaller p-values indicated a greater level. 
In this case, signifi cant factors for the response SMP were 
linear terms of SRT (X1), temperature (X3) and aeration 
rate (X4), with p-values of 0.000, 0.000 and 0.002, respec-
tively. All above-mentioned factors showed synergistic

Table 4
Coded coeffi cients of quadratic models for the SMP production and the ANOVA evaluation of the unreduced models

Source Value Degree of freedom Standard deviation t value p value

Intersection 70.42 1 8.475 8.310 0.0001

X1 −1.02 1 0.216 −4.728 0.0001

X2 −0.032 1 0.882 −0.036 0.972

X3 −1.78 1 0.373 −4.781 0.0001

X4 −15.64 1 4.056 −3.857 0.0021

X12 0.00025 1 0.012 0.022 0.983

X13 0.00010 1 0.005 0.022 0.983

X14 0.052 1 0.058 0.906 0.383

X23 −0.0096 1 0.019 −0.496 0.629

X24 0.08 1 0.232 0.345 0.736

X34 −0.023 1 0.097 −0.237 0.817

X11 0.014 1 0.003 5.694 0.0001

X22 −0.0083 1 0.040 −0.207 0.839

X33 0.050 1 0.007 7.100 0.0001

X44 4.68 1 1.004 4.660 0.0011

R2 = 0.905, Adj-R2 = 0.794, F = 8.159, p = 0.000.
1Means highly signifi cant.
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 effect in the minimization of SMP production. Addi-
tionally, the quadratic terms of SRT (X1), temperature 
(X3) and aeration rate (X4) had positive effect on SMP 
response (p-values of 0.000, 0.000 and 0.001). Although 
the fi rst order effect showed that increase in these vari-
ables, X1, X3 and X4, was adverse for SMP minimization. 
The simultaneous increase in X1

2, X3
2 and X4

2 favored 
for the SMP production, as shown by the second-order 
effect of the last term in the polynomial expression. The 
interaction effect of other independent variables had no 
signifi cant (p > 0.05) infl uence on the SMP production, 
indicating that the effect of these terms on the response 
model was not statistically signifi cant at the 95% con-
fi dence level. The insignifi cant model terms were 
removed to ultimately produce a new and improved 
experimental model as given in Eq. (6).

SMP production ( ) .
.

Y X) . X
X X

−X
+X

50 0 9.. 6 1X − 90
14 06 14 0 0. 5

1 3. XX1− 90

4 1. X. X.0 014 2 0 400 4 753
2

4
2X4 75. (6)

The ANOVA analysis of the reduced model equa-
tion after eliminating the insignifi cant terms for SMP 
production is shown in Table 5. The R2 and adjusted R2 
were 0.866 and 0.826 respectively, indicating an excel-
lent agreement between the experimental and predicted 
SMP production. In addition, the model resulted in an 
F-value of 21.61 with an extremely low p-value (0.000) 
for SMP production, implying that the model is highly 
signifi cant and adequate for the response variables.

Using the reduced quadratic model, response sur-
face graphs were plotted with one variable kept con-
stant at the zero-level value, and the other two allowed 
varying over the experimental ranges. Fig. 4 shows the 
response contour of the effect with different parame-
ters combinations, namely SRT, temperature and aera-
tion rate on the SMP content, in order to gain a better 
understanding of the interaction effect of those fl ota-
tion variables. A circular contour plot showed that the 

interactions between the corresponding variables were 
negligible, whereas an elliptical or saddle pattern indi-
cated signifi cant interactions.

Fig. 4(a) shows the 3D response surface relationship 
between SRT and temperature on the SMP production at 
the centre level of aeration rater (X4).The SMP produc-
tion decreased as the temperature increased from 8°C to 
21.6°C, whereas the production increased as the temper-
ature values increasing from 21.6°C to 32°C. At low tem-
perature, the biomass was under stress and produced 
more SMP to protect cells, and the bacterial metabolism 
slowed down, which led to a slower rate of substrate 
and SMP degradation. Additionally, more SMP was 
observed at high temperature because of the increase 
metabolic activity of microbes. Fig. 4(b) displays the 3D 
and contour plot between SRT and aeration intensity at 
temperature (20°C). From Fig. 4(b), it can be conjectured 
that the best operational conditions were likely around 
the center levels of SRT and aeration intensity. The sen-
sitive response to the reaction SRT was likely associ-
ated with the concentration of UAP and BAP produced 
in the MBR system. The UAP concentration decreased 
as the SRT was increased, while the BAP concentration 
increased as the SRT was extended [15]. Hence, a mini-
mum SMP concentration was existed for an optimal SRT 
which was about 34 d for this model results.

Fig. 4(c) demonstrates the 3D response surface 
which is constructed to show the most important two 
variables (temperature and aeration rate) in the pro-
duction of SMP with the SRT set at 30 d. The trend for 
temperature was the same as in Fig. 4(a). Increasing the 
aeration rate from 0.2 to 1.5 m3 h−1 decreased the SMP 
production, and after aeration rate of 1.5 m3 h−1, the SMP 
production increased. At low aeration rate, a lower DO 
concentration was generated, suggesting the shortage of 
DO as an oxygen source for mineralization of SMP. The 
subtle increase of the SMP concentration in response 
to increased aeration rate from 1.5 to 2.2 m3 h−1 can be 
explained by the erosion of fl oc-associated EPS coupled 

Table 5
Coded coeffi cients of quadratic models for the SMP production and the ANOVA evaluation of the reduced models

Source Value Degree of freedom Standard deviation t value p value

Intersection 68.50 1 3.618 18.934 0.0001

X1 −0.96 1 0.134 −7.194 0.0001

X3 −1.90 1 0.247 −7.715 0.0001

X4 −14.06 1 2.175 −6.462 0.0001

X11 0.014 1 0.002 6.656 0.0001

X33 0.050 1 0.006 8.281 0.0001

X44 4.75 1 0.869 5.462 0.0001

R2 = 0.866, Adj-R2 =0.826, F =21.61, p =0.000.
1Means highly signifi cant.
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with relative slow degradation of the released soluble 
SMP. That was possibly why there was an optimum at 
around aeration rate 1.5 m3 h−1.

One of the main aims in this study was to fi nd the 
optimum process parameters to minimize the SMP pro-
duction form the developed mathematical model equa-
tion. The quadratic model equation was optimized by 
setting the partial derivatives of Eq. (6) to zero with 
respect to the corresponding variables, obtaining the 
optimal parameters of SRT, temperature and aeration 
intensity. Regarding the effect of HRT, the SMP produc-
tion reached a minimum at the longest time of 13 h which 
was the upper limit of HRT designed in this study and 
might result in a little lower production with an even 
longer time. However, the higher HRT surely resulted in 
severe energy consumption and promoted the release of 

colloids and solutes from the microbial fl ocs to the bulk 
solution which might increase the SMP production and 
thus intensify the membrane fouling. Incorporated with 
the simulation results of the unreduced model (Eq. (5)), 
an optimum HRT of 10 h was suggested from the SMP 
production and economic point of view. Therefore, the 
optimum SMP production conditions were obtained at 
33 d of SRT, 10 h of HRT, 20°C of temperature, 1.4 m3 h−1 of 
aeration rate with a predicted SMP production of 24.0 mg 
l−1. In order to confi rm these results, three independent, 
complementary experiments were carried out under the 
optimal condition. From the presented data (Table 6), the 
obtained experimental SMP production was very close to 
the predicted value estimated (23.6 ± 1.3 mg l−1). There-
fore, the model was useful for predicting SMP production 
as well as optimization of the experimental conditions.

Fig. 4. (a) 3D response surface: interactive effects of varied SRT and temperature at aeration intensity 1.2 m3 h−1; (b) 3D response 
surface: interactive effects of varied SRT and aeration intensity at temperature 20°C; (c) 3D response surface: interactive effects of 
varied temperature and aeration intensity at SRT 30 d.
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4. Conclusions

Three identical submerged MBR-MCs were operated 
with synthetic wastewater to investigate differences in 
characteristics of SMP at different SRTs. Accumulation 
of SMP in the MBR-MCs was more pronounced at short 
and long SRTs. The profi le of the MWD showed that the 
SMP had a wide spectrum of molecular weight and the 
SMP with a MW higher than 10 kDa accounted for the 
highest amount. As the SRT was extended from 10 to 
50 d, the percentage of higher MW (>10 kDa) obviously 
increased companied by a decrease in the percentage of 
low MW. The excitation–emission matrix fl uorescence 
spectroscopy showed that SMP had three similar peak 
locations regardless of SRT and the quenching effect of 
humic-like substance on protein could not be neglected. 
The response surface methodology design was used to 
determine the effects of SRT, HRT, temperature and aer-
ation rate on SMP generation, and to optimize the best 
operating conditions for SMP production. Satisfactory 
predicted equations were developed and the production 
of SMP could be minimized (23.9 mg l−1) under the fol-
lowing conditions: an SRT of 33 d, an HRT of 10 h, a 
temperature of 19°C and an aeration rate of 1.5 m3 h−1, 
respectively.
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