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ABSTRACT

Activated sludge (AS) bulking is a thorny problem which leads to serious issues in municipal sewage
treatment plant (MSTP). An approach based on the margin of safety (MOS) was proposed to alarm
AS bulking. Chemical oxygen demand (COD) serving as a representative chemical index for efflu-
ent was introduced to obtain the MOS. It was shown that the area of observation was divided into
safety, alarm, and risk zones by the MOS with a range of COD between 25.63 and 50.00 mg L.
The MOS of invertase under the influence of bisphenol A and triclosan was 534.40~902.59 mg L
and 904.91~1,870.81 mg L7, respectively. The goodness of fit to the practical situations for the MOS
of COD in several MSTPs was further certified. The MOS-based method using different types of
indicators to predict AS bulking demonstrated many advantages of precision, ease-of-use, and fea-
sibility in complex situations. The findings in this work are valuable to evaluate the environmental
risks of emerging organic contaminants and the disturbance risks of sewage treatment processes.
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1. Introduction

Activated sludge (AS) bulking is a challenging prob-
lem in municipal sewage treatment plants (MSTP) due to
its poor sedimentary properties or sometimes even system
collapse. Especially in Northern China, in more than 50%
of AS municipal sewage treatment plants, this phenome-
non was observed every year because of the complex influ-
ent compositions, unstable pH, climate, and many other
factors [1,2]. AS bulking will directly affect the secondary
sedimentation with the characteristics of occurring fre-
quently, hard to control and long recovery time, that is, it
is difficult to separate the AS from the effluent water [3,4].

It is important to take urgent measurements to recover
the normal state of AS to avoid any potential outbreak of

* Corresponding author.

AS bulking. The MSTP has to artificially improve the set-
tlement ability of AS in order to maintain a high bacterial
concentration in a reactor for effective removal of biolog-
ical pollutants [5]. However, the process will increase not
only the workload but also the cost of the MSTP which
may lead to a huge economic loss. In addition to pH and
temperature, other factors affecting AS bulking include
sludge load, chemical and biological indicators, types of
sewage, and unbalance nutrients, etc. [6]. The MSTP process
indexes such as sludge volume index (SVI), chemical oxy-
gen demand (COD), total organic carbon (TOC), dissolved
oxygen (DO), and functional enzymes can be used as the
indicators to alarm sludge bulking including filamentous
and non-filamentous bulking [2,7]. The DO is used to char-
acterize the self-purification ability of water bodies, which
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is one of the important indicators to measure the water
quality and to reflect the status of organic compounds
[8]. The low DO concentration has long been regarded as
one of the main factors that cause filamentous bulking.
The COD has a significant negative correlation with the
DO; the greater the COD concentration, the more serious
the water is contaminated by organic substances [9]. TOC,
an important indicator for assessing the degree of con-
tamination, indicates the organic carbon content in water.
Since there is a significant positive correlation between the
COD and the TOC, using the margin of safety (MOS) of the
COD will be the main research focus in this paper [10,11].

There are also many functional enzymes in the AS
treatment of sewage, in which urease (URE) is a hydro-
lase that promotes the hydrolysis of nitrogen-containing
organic compounds. The urea is hydrolyzed specifically
to ammonia and carbon dioxide by urease, which is of
great significance for the decomposition of nitrogen-
containing organic matters in wastewater [12]. And inver-
tase (INVERT), a hydrolase, which can increase the solu-
ble nutrients in AS, plays an important role in the carbon
cycle in AS [13]. These two enzymes are all responsible for
purifying sewage. Research has shown that the responses
of microorganisms to sludge settlement performance may
be more direct. For example, filamentous bulking occurs in
most cases caused by some types of filamentous bacteria
overgrowth [14]. Some of our studies found that enzymes
were more sensitive than conventional chemical indica-
tors, therefore, susceptible functional enzymes serving as
the crucial indicators would have practical significance in
sludge bulking multivariate alarming in the future.

The margin of safety (MOS) is mainly caused by the
uncertainties between the pollution load and the capacity
of the water body. The mathematical modeling and calcu-
lations were often included in the MOS to reduce energy
costs during combined design operations [15]. Based on the
spectrum norm and the singular value analysis, the mathe-
matical basis of the safety margin is expounded [16]. In the
field of food safety, Esposito et al. [17] assessed the dietary
intake of acrylamide across six groups of consumers to eval-
uate the margin of exposure related to neurotoxic and car-
cinogenic critical endpoints. Nugraha et al. [18] gathered
all available occurrence data of Aflatoxin Bl in maize and
peanut originating from Indonesia to evaluate the risk of
exposure to Aflatoxin B1 using the margin of exposure and
the established quantitative liver cancer risk approaches.

In the environmental field, the MOS was applied to
evaluate the risk-based phosphorus of total maximum
daily load (TMDL, which is the maximum amount of pol-
lutant that a water body can assimilate without violating
water quality standards and the allocation of that amount
to contributing sources of the pollutant plus a margin of
safety) in lakes and the non-point source contamination
of TMDL, and to assess the effectiveness of uncertainty in
watershed phosphorus load and reservoir phosphorus con-
centration [19-21]. Patil and Deng [22] used the Bayesian
approach to estimate the MOS for TMDL development as
well. The MOS also was used to calculate the total amount
of pollutants by TMDL for monitoring the water quality
in rivers and lakes, point source, and non-point source
pollution control [23,24]. Jordan et al. [25] studied the risk

quotients, the values of margin of safety of 10% (MOS10)
calculated by using runoff water concentrations were used
to estimate risk indicating that the MOS10 values were
more sensitive than risk quotients in estimating risk. Our
research work was focused on comparing with the sen-
sitivity of chemical and biological indicators in order to
make functional enzymes become potential sensitive indi-
cators to alarm AS bulking.

According to the investigations, the MSTP process indi-
cators-based sludge bulking monitoring was not explored
sufficiently. Nevertheless, there were still a few studies and
applications of the relationship between the MOS and the
MSTP process indicators. Developing a comprehensive
approach for predicting the state of activated sludge will
be a promising idea in this direction. The objective of this
study was to develop a MSTP process indicators-based,
using the margin of safety aiming to fill up the gap of the
existing technology and to predict the evolution of chemical
and biological indicators as well as further control sludge
bulking in an earlier stage.

The MOS was first proposed by analyzing the relation-
ship between the MOS and the MSTP process indicators in
predicting sludge bulking. Secondly, due to the uncertainty
and instability of a single variable prediction result, the
multidimensional and multivariate integrating strategies
were explored to avoid abnormal situations. The SVI is an
empirical measurement would be combined with other
indices to characterize the sludge bulking [26]. Lastly, in
order to find more sensitive alternative indicators than the
COD, the biological indicator-enzyme was considered to
propose MOS_  based on the existing research. Due to
the limited utilized data in situ, further studies are needed
to test the validation of the MOS stemming from functional
enzymes. The results of this study can not only contribute
to the new usage of the MOS but also serve as the scientific
basis to provide a process-index-based strategy for AS bulk-
ing control. The introduction of the MOS has a remarkable
and great prospect in reducing and alarming the occurrence
of uncertain events in the sewage treatment process.

2. Materials and methods
2.1. Methods
2.1.1. Method of urease determination

The urease activity was determined by the sodium
phenol colorimetric method [27]. 5 mL of sludge suspen-
sion was mixed with 1 mL of toluene in a 50 mL volumet-
ric flask, shaken at 200 rpm for 20 min, added with 1 mL
of 10% urea solution and 4 mL of citric acid buffer solution
(pH 6.7), and cultured in a 37°C incubator for 24 h. Remove
the solution from the incubator, waved fully, and filter the
mixture with filter paper into a clean tube. 3 mL of the fil-
trate was transferred to a 50 mL volumetric flask with 4 mL
of 0.28 mol L™ sodium phenolate and 3 mL of 1% sodium
hypochlorite. The solution was well mixed and allowed to
stand for 20 min to appeared indigo-blue. Finally, it was
diluted to 50 mL of the scoreline and its absorbance was
measured at 578 nm. Urease activity is represented as the
mass of NH,-N produced by the sludge per 1 g dry weight
within 24 h.
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URE =" (1)
m

where the letter a is the mass of NH -N calculated from the

absorbance value of the sample; V is the volume of chro-

mogenic solution (mL); n is the ratio of the sample filtrate

volume/the aspirated filtrate volume; m is the mass of dried

sludge (g).

2.1.2. Method of invertase determination

Invertase activity was determined by 3,5-dinitrosali-
cylic acid method [28]. 5 mL of phosphate citric acid buf-
fer solution (pH 5.5), 15 mL of 10% sucrose matrix solution
and 0.2 mL of toluene were added to 4 mL of the sludge
suspension, and the mixture was placed in a 37°C incu-
bator for 24 h. After filtering the mixture, a little filtrate
was taken into a 50 mL volumetric flask, 2 mL of 3,5-dini-
trosalicylic acid solution was added, which was heated
in a boiling water bath for 5 min, diluting the solution to
50 mL after cooling and measure the absorbance at 540 nm.
The invertase activity is represented as the mass of glucose
formation per 1 g of dried sludge after 24 h.

INVERT = " @)
m

where the letter b is the mass of glucose calculated from the
absorbance value of the sample; n is the ratio of the sam-
ple filtrate volume/the aspirated filtrate volume; m is the
mass of dried sludge (g).

2.1.3. Method of TOC determination

The TOC was determined using a multi-N/C 3100 TOC
assay analyzer. The calculation of the analytical results is
based on a calculated calibration function of total carbon
(TC) and inorganic carbon (IC).

C C

toc =Cre —Cic 3)
where C . is the calculated calibration function of TC;

C,. is the calculation calibration function of IC.

2.2. Data sources

The determined data in Tables 3-5 and Fig. 3 were
obtained from a municipal sewage treatment plant in
Dalian, the reported data were obtained from Wuhu and
Tianjin which have been cited and marked [29,30]. All data
were obtained by the anaerobic/anoxic/oxic (A%O) process.

2.3. MOS determination

Mathematically, MOS can be defined as the differ-
ence between the load associated with a maximum lim-
iting concentration with the predefined MSTP standard
(LC,,,) and the load associated with a critical concentration
(LC_.i.) [31]. A failure event is defined as an event in which
the MSTP process specification exceeds the system design

limit. The indicators of MSTP include chemical indicators:
COD, TOC, and biochemical oxygen demand, DO, etc.
and biological indicators, that is, functional enzymes.

MOS = LCmax - LCcritical (4)

The variable W is defined as the ratio of the concentra-
tion of the MSTP process indicator N to the established lim-
iting standard LC__, the success event (the system meets
the standard) and the failure event (the system does not
meet the standard) can be expressed as W <1 and W>1,
respectively.

N
— 5
LCmax ( )
Sludge bulking is a failure event, that is, W > 1,
defined as in Eq. (6),

P(W>1)= f P(W)dW (6)

w-1

where P(W) is the probability density function of W, and
W is a normal distribution [19]. The critical value LC_,, |
can be considered as the difference between the maxi-
mum limit value LC__ and MOS. When the MSTPs pro-
cess indicator is normally distributed, the calculation
can be performed by Eq. (7),

MOS=LC,, -(LC,, ~Z.,S )=Z

X risk S* (7)

risk

where S" is the standard deviation related to the process

. Z(xi - E)Z
indicator of the MSTPs, S = e (1 £i < n), where

x, is the value of the i-th process indicator, xis the average
value of i measurements, i is the number of measurements
and 7 is the maximum number of measurements; Z _, is
the standard normal quantile for any given acceptable
level of risk.

2.4. Approach procedure

Proposed approach frame of alarming AS bulking
through MOS by the following steps shown in Fig. 1. The
chemical indicators and biological indicators of MSTP were
screened, taking COD, urease and invertase as the research
objectives. This paper first determined that the MOS of
COD was used to warn the sludge bulking, and then further
research and comparison found that the biological index
was more sensitive than the chemical index. It was also
proposed to use MOS of a sensitive functional enzyme to
predict sludge bulking may be more valid.

3. Results and discussion
3.1. Development of a predicted method for the MOS of COD

The COD of the system designed was 50.00 mg L, that
is, 50.00 mg L™ was LC__ of the normal effluent COD in
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MSTP. The removal rate of the effluent COD given in most
literature was over 60.0% for MSTP. The MSTP system has
no obvious effect on the removal of organic compounds
when the COD removal rate is less than 60.0%. The COD
removal rate of this plant was between 62.3% and 97.0%,
so the effect of sewage treatment was stable. The mea-
sured mean value of effluent COD within 10 samples was
33.6 mg L7, S* was 12.955. The failure event is expressed
as W>1 and W* = 9.70, so the interval of W is set to (1,
10) (Table 1, Eq. (5)). The value of P(W > 1) calculated by
Eq. (6) was 0.97, Z_, obtained by the standard normal
quantile table was 1.88079. Finally, it could be deduced
that MOS_,, was 24.37 mg L™ according to Eq. (7).

3.2. Verification the observed MOS of COD

Based on the calculations in Section 3.1, the LC . of
COD calculated by Eq. (4) was 25.63 mg L. Therefore, the
alarm zone suggested that close attention should be paid to
analyze the condition of the process to prevent unsystematic
risk when the MOS_ | was between 25.63 and 50.00 mg L.
The safety zone has shown that the MSTP system was sta-
ble and the treatment effect meets the requirement of
sludge condition when COD was less than 25.63 mg L™
The area enclosed by the dotted line, abscissa and normal
distribution curve was the risk zone (Fig. 2) when the COD
was higher than 50.00 mg L™ implied that the possibility
of sludge bulking.

The sedimentation performance of AS is related to
many factors, including SVI, pH, nitrogen and phospho-
rus concentration, DO, temperature, etc., which may con-
tribute to filamentous or non-filamentous bulking due to
the uncertainty of these indicators [32]. The goodness of fit
to the practical situations for the MOS of COD in several
MSTPs was further certified. Although the COD during the
non-bulking period was within the risk and alarm zone, the

This approach was reasonable and accurate to predict the
sludge bulking by MOS, but it cannot distinguish the bulk-
ing types. Prediction of filamentous and non-filamentous
bulking still needs to be improved. Liu et al. [33] proposed
integration of image analysis with enhanced Multi-output
Gaussian Processes Regression model. Though the present
research could handle the above problem to some degree,
the application of MOS will be more extensive. Future work
should be aimed to test and validate this method in MSTPs.

3.3. Comparison of the sensitivity of chemical and
biological indicators

At present, the environmental monitor still uses chem-
ical indicators. The lack of fusion methods using chemical
and biological indicators was the bottleneck for monitor-
ing the ecological impacts effectively when the complex
component wastewater treatment systems were evaluated.
Predicting the impact of emerging organic contaminants
(EOCs) on MSTP, screening sensitive indicators affect-
ing the AS ecological functions and evaluating poten-
tial risks of MSTP scientifically were helpful to warn the
change of sludge activity in MSTP timely.

The dynamic variation rate emphasizes the change in
the interval between adjacent detecting points.

E E
:%xloo% (n>2) ®)

0

AR

E

where AR, is the dynamic rate of enzyme activity; A" is
enzyme activity of the measuring point; Af | is enzyme activ-
ity at the last measuring point; Al is the enzyme activity
value of the blank control, that is, the exposure concentra-
tion is 0. The activity of urease and invertase were calculated
by Egs. (1) and (2), respectively.

CToc _ cToc
-_— n

values between bulking and non-bulking periods changed AR, = L x100% (n > 2) ©)
very sharply (Table 2) that suggested giving more attention. G,
Table 1
COD and corresponding W measured
from 10 samplings of a MSTP
COD, (mg L) COD* (mg L) W* COD, (mg L) W Removal rate, %
336 201.6 4.03 48 0.96 85.7
168 100.8 2.02 48 0.96 71.4
208 124.8 2.50 32 0.64 84.6
172 103.2 2.06 8 0.16 95.4
106 63.6 1.27 40 0.80 62.3
568 340.8 6.82 48 0.96 91.6
432 259.2 5.18 32 0.64 92.6
200 120.0 2.40 24 0.48 88.0
260 156.0 3.12 32 0.64 87.7
808 484.8 9.70 24 0.48 97.0

Notice: (1) The COD data of inlet and outlet water comes from the study of Qian et al. [29] on the effects of inlet wastewater quality on
the diversity of bacterial communities in aero-tank of the wastewater treatment plant. (2) COD, was influent COD, COD, was effluent
COD. According to Eq. (5), W and W* were obtained in Table 1. COD* was COD with a removal rate of 60.0%; W* was W corresponding

to COD* removal rate of 60.0%.
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Fig. 1. Proposed approach frame of early warning AS bulking
through MOS.

Table 2
COD comparison between bulking and non-bulking periods in
different treatment processes

Treatment process COD (mg L)

Non-bulking Bulking period

period
Pre-anoxic tank + A?/O + filler 25 27
A?/O + filler 32 34
A%/O 44 46

Notice: The data comes from the study of Gao et al. [30] on the effect
of denitrification and phosphorus removal microorganisms in
activated sludge bulking caused by filamentous bacteria.

where AR, . is the degradation rate of TOC; C° is the con-
centration of TOC at measuring point; C ' is the concen-
tration of TOC at the last measuring point; C]°¢ is the TOC
of the blank control, that is, the exposure concentration
is zero. The values of TOC were calculated by Eq. (3).

The concentration of bisphenol A (BPA) was 4.0 ug L™,
although the difference among indicators was insignifi-
cant, the relative change rate of enzyme activity was higher
than TOC. The concentration of BPA was 5.0 pg L7, the
dynamic rate of enzyme activity was significantly higher
than TOC (Table 3, Egs. (8) and (9)). The decrease of ure-
ase and invertase activity will affect nitrogen removal
and sucrose decomposition, which may cause poor efflu-
ent quality. Therefore, it is important to alarm the state of
sludge in the AS process by monitoring the enzyme activity.

Biological indicators were generally superior to chem-
ical indicators [34]. Some differences in the sensitivity
among various biological indicators due to the different
types of pollutants and action mechanism. Urease can facil-
itate the hydrolysis of the nitrogenous organic matter; the
activity of hydrolase such as urease might be decreased
when there were toxic substances in AS. The increase of
invertase activity provided sufficient carbon source for

Frequency/ftimes

Risk zone

CODMing/L

Fig. 2. Normal distribution curve of COD has been measured by
10 samples.

denitrifying bacteria to supply nitrate reductase for bio-
logical nitrogen removal, therefore, there were some
differences in functional enzyme responses.

3.4. Development of a predicted method for the MOS of enzyme

Since the precision and accuracy of TOC were better
than COD, we determined the value of TOC [35]. Based on
the linear correlation between TOC and COD, COD can be
calculated and listed in Tables 4 and 5, which was used to
explore the relationship between biological and chemical
indicators [36].

Eight unary linear regression equations were obtained
according to Fig. 3, among which four were COD under
the influence of triclosan, and the pollutant concentration
corresponding to the MOS_,, was obtained according to
these equations (Figs. 3a and c). Finally, the enzyme activity
corresponding to pollutant concentration can be deduced,
that is, the MOS of enzymes were obtained based on the
other four linear equations: the MOS ... under the influ-
ence of BPA and triclosan was 534.40~902.59 mg L and
904.91~1,870.81 mg L™ (Fig. 3b), the MOS, ;. under the
influence of BPA and triclosan was 27.06~32.33 mg L~ and
15.94~19.64 mg L™ (Fig. 3d). Although the MOS of these two
enzymes observed in this study were stable, the invertase
was much more sensitive than urease. Further research is
needed to verify these findings to ensure veracity. What
should be noticed is the composition of wastewater will
fluctuate with the influent or other factors, so the equation
was not unique in Fig. 3 which needs to be corrected by the
actual situation.

Some studies have proved that the magnitude of
enzyme activity sometimes shows opposite effects, inhib-
itory or facilitating in the ecosystems. Taking urease
existing in various organisms as an example, on the one
hand, it catalyzes the hydrolysis of urea and helps MSTP
denitrification; On the other hand, it leads to an increase in
pH value, which has a negative impact on human health
and agriculture, just like the urea hydrolysis reaction
shown in the chemical Eq. (10) [37].
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Fig. 3. The effect of BPA and triclosan on process indicators of MSTP. Effect of BPA and triclosan on (a) COD (exposure time
is 0.5 h), (b) invertase (exposure time is 0.5 h), (c) COD (exposure time is 5 h) and (d) urease (exposure time is 5 h).

Table 3
Effects of different concentrations of bisphenol A (BPA) and tri-
closan on biological and chemical indicators

Concentration (ug L™) AR . (%) AR (%) AR per (%)
4 9. . .
oA 0 9.90 10.95 2248
5.0 261 54.08 3431
Triclos 0.4 ~0.99 3333 0
Il n
% 05 1.62 —27.77 34.09
E +3H,0 = 2NHs" + HCO; + OH (10)

HN" TSNH,

We considered the enzyme is a kind of paradoxi-
cal enzyme, which is combined with MOS to monitor the

Table 4

operation state of wastewater treatment system by con-
trolling enzyme activity. The interaction between EOCs and
AS functional enzymes was studied in order to obtain the
risk data of their impact on system function, which laid the
foundation for characterizing the performance of AS, evalu-
ating the stability of AS and preventing the risk of MSTP.

4. Conclusions

In this paper, the MOS was firstly introduced in predict-
ing sludge bulking. Verified by actual situation analysis,
the MOS based approach using different types of indicators
to predict sludge bulking demonstrated the advantages of
precision, ease-of-use, and feasibility. The proposed method
can track and predict the variations of the COD or enzymes
combined with other indicators, which can overcome the
limitations of sludge bulking in MSTP to a certain extent. It
has been confirmed that the biological indicators are more

Calculation of COD under the influence of BPA and triclosan by TOC (exposure time 0.5 h)

Cypn (Mg L) TOC (mg L) COD (mg L) Cpron (ME L) TOC (mg L) COD (mg L)
0 34.82 68.43 0 34.82 68.43
2.0 18.99 30.60 0.2 23.38 41.09
4.0 23.36 41.04 0.4 23.78 42.04
5.0 19.68 32.25 0.5 23.54 4147
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Table 5

Calculation of COD under the influence of BPA and triclosan by TOC (exposure time 5 h)

Cypa (Mg L) TOC (mg L) COD (mg L) Coictosan (M L) TOC (mg L) COD (mg L)
0 36.95 86.64 0 36.95 86.64

2 17.08 39.15 0.2 20.28 46.80

4 17.64 40.49 0.4 20.71 47.83

5 17.67 40.56 0.5 20.02 46.18
sensitive than chemical indicators and further studies are  [13] Y. Li, RJ. Chrost, Microbial enzymatic activities in aerobic

needed in biological indicators in order to provide basic
data for risk assessment of wastewater biochemical treat-
ment processes.
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