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Abstract. Sudden changes in influent organic carbon (OC) and ammonia nitrogen (AN) concentrations
were performed to evaluate the resistance of A’O process against shock loadings. The influent organic
loading rate was increased from 11 gCOD/(gMLSS-d) to 48 gCOD/(gMLSS-d) with low OC shocking
loading and to 125 g COD/(gMLSS-d) with high OC shock loading. The influent NH,"-N was increased
from 55 mg/L to 110 mg/L as AN shock loading. The results showed that the augmented OC
concentration was beneficial for nitrogen removal and high AN concentration had slight influences on
COD removal, but was detrimental to nitrogen removal in the A%O system. The performance of the A0
system restored rapidly from the shock loadings once the normal influent conditions were provided. The
loosely bound extracellular polymeric substances (LB-EPS) and total extracellular polymeric substances
(EPS) increased at the initial stage of shock loadings and then declined with the prolonged shock loading,
whereas the tightly bound EPS (TB-EPS) experienced smaller variations. The SVI value varied in a
similar trend with LB-EPS and total EPS and their low values indicated a good settleability of the
activated sludge. In conclusion, the A%0 process produced high-quality effluents once the shock loading
ceased.

Keywords: activated sludge, denitrification rate, nitrification rate, flocculation, settleability, dissolved
oxygen

Abbreviations: A?0: Anaerobic-anoxic-oxic, OLR: Organic loading rate, EPS: Extracellular polymeric
substances, LB-EPS: Loosely bound EPS, TB-EPS: Tightly bound EPS, DO: Dissolved oxygen, ORP:
Oxidation-reduction potential, COD: Chemical oxygen demand, BOD: Biochemical oxygen demand,
MLSS: Mixed liquid suspended solids, NH,*-N: Ammonia-nitrogen, NO,-N: Nitrite nitrogen, NOz-N:
Nitrate nitrogen, TN: Total nitrogen, HRT: Hydraulic retention time, SVI: Sludge volume index

Introduction

Excessive nitrogen inflow from industrial and municipal wastewater is strictly
controlled due to severe eutrophication and environmental pollution (Chang et al., 2006;
Yang et al., 2008; Chen et al., 2011). A variety of nitrogen removal processes had been
developed and extensive researches have been conducted on the nitrogen removal
mechanisms. Over the past several decades, biological nitrification-denitrification
processes have been widely applied for their cost-effective and eco-friendly features
compared with chemical treatment methods (Guo et al., 2005; Bassin et al., 2012; Seifi
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and Fazaelipoor, 2012; Tanabene et al., 2018). The biological nitrogen removal
processes developed include the five-stage Bardenpho process, the University of Cape
Town (UCT) process, the sequencing batch reactor (SBR) and the anaerobic—anoxic—
oxic (A%0) process, etc. (Peng et al., 2006; Chen et al., 2011). Based on these biological
processes, strategies for realizing short-cut nitrification denitrification, anaerobic
ammonium oxidation (ANAMMOX) and simultaneous nitrification and denitrification
(SND) were widely investigated in order to lower the construction investment and
energy requirements (Zhang et al., 2008; Walters et al., 2009; Park et al., 2010; Yong et
al., 2017). The most commonly used process was the anaerobic-anoxic-oXxic process
(A%O process) due to its convenient operation and management and high biological
nitrogen removal efficiency (Pai et al., 2010). The A*O process is a sludge suspended
growth system incorporating separate anaerobic, anoxic and aerobic stages in sequence
to satisfy the requirement of oxygen in the nitrification and the absence of oxygen in the
denitrification. Under aerobic stages, NH4"-N was oxidized, first to NO,-N and then, to
NO3-N. Furthermore, the residual NO,-N and NOsz-N in the reflux were then
denitrified to gaseous nitrogen compounds under the anaerobic and anoxic conditions.

The nitrogen removal performances of the A%0 process under various environmental
conditions were widely investigated in the previous literature. Ma et al. (2006) indicated
that the nitrogen removal efficiency increased when the dissolved oxygen (DO)
concentration in the aerobic stage rose from 2 mg/L to 3 mg/L, and almost no
improvement was observed when the DO was further enhanced to 4 mg/L. The reflux
ratio of the mixed liquid and carbon source type could also influence the performance of
A0 process (Xu et al., 2009; Zhu et al., 2014). However, a very limited number of
investigations were reported in terms of the performances of the A%0 process under
shock loadings. The sudden changes of influent constituents or shock loading could
eventually destabilize the performance of the biological treatment system (Wang et al.,
2006). As the biological systems were frequently under shock loadings as a result of
wastewater quantity and quality fluctuations, it is necessary to understand the
performance of the A%0 process under shock loadings.

In the biological wastewater treatment reactors, the bio-flocculated microbial
aggregates, known as activated sludge flocs, are the essential components of the
process. It is, therefore, an undisputed fact that the physicochemical characteristics of
activated sludge flocs play an important role in the performance of the process (Ye et
al., 2011). Indeed, almost all the performances of the activated sludge process are
related to or dependent on the physicochemical properties of the flocs, including
flocculation, sludge settling and sludge dewatering. Extracellular polymeric substances
(EPS) are one of the representative components of the flocs and are considered to have
significant influences on the physicochemical properties of microbial aggregates,
including structure, surface charge, flocculation, settling properties, dewatering
properties, and adsorption ability (Sheng et al., 2008; Shou et al., 2018). They came
from molecules in wastewater or from cell lyses, which consisted of various organic
substances mainly including polysaccharides, proteins, and nucleic acid, etc. (Li et al.,
2008). EPS in sludge flocs could be stratified into loosely bound EPS (LB-EPS) and
tightly bound EPS (TB—EPS) based on the extraction methodology (Zhang and Wang,
2014). LB-EPS could diffuse into mixed liquid and had a loose structure at the outer
layer of EPS. However, TB-EPS had a stable structure between LB-EPS and cell. And
TB-EPS could be tightly combined with the cell surface and stick to the cell wall
(Sheng et al., 2008). EPS are involved in the formation of microbial aggregates and are
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closely connected to their mass transfer, surface charge, adhesion ability, flocculation
ability, settleability and stability (Sheng et al., 2010). The nature and content of EPS are
sensitive to the operational and environmental conditions (Ye et al., 2011). However,
few data were available concerning the effects of the organic loading rate (OLR) on the
EPS. The resistant ability to shock loading and nitrogen removal properties can be
comprehensively understood when the characterization of EPS was comprehended
under different OLRs in the activated sludge of the A%O process.

The shock loadings were carried out by varying the influent sodium acetate as the
carbon source and the influent ammonia chloride as the nitrogen source in synthetic
municipal wastewater of the A?0 process. The carbon and nitrogen removal efficiency
were evaluated under organic carbon (OC) and ammonia nitrogen (AN) shock loadings.
Meanwhile, the variations of EPS and sludge volume index (SVI) were also investigated
under various levels of OC and AN shock loadings. The objective of this study is to
investigate the ability of the A%O process to withstand the shock loadings that were
applied to the reactors and to evaluate the corresponding characteristics of the activated
sludge represented by EPS amount and SVI value. The results obtained in this study
could provide guidance for the operation of the A?0 process encountering shock
loadings; for example, whether the system could survive the shock loadings without
additional installations or measures should be performed to alleviate the passive
influences of the shock loadings.

Materials and methods
Operation of the reactor

A bench-scale anaerobic-anoxic-oxic (A%0) reactor with a working volume of 60 L
was used in this study (Fig. 1) and it was constructed refer to the reference (Zeng et al.,
2010; Li et al., 2014; Zhang et al., 2017). A%0 reactor was operated from April 2016 to
November 2017 in the waste treatment lab of Northeast Electric Power University, Jilin,
China. There were eight zones in the reactor, separated by baffles to achieve
anaerobic/anoxic and aerobic conditions. The first two zones were typically operated as
anaerobic reactors, and the following two zones as anoxic reactors, while the remaining
four as aerobic zones with separate aeration facilities. The raw wastewater and the
recycled sludge flowed into the first zone of the anaerobic reactor and the mixed nitrate
liquid was recycled from the last zone of the aerobic reactor to the first zone of the
anoxic reactor. The flow rates of the influent, recycled sludge and nitrate recirculation
were controlled together by peristaltic pump and regulating valve and the regulating
valve was located at the outlet of the influent water tank. Internal recycle was the
recycle of nitrification liquid to anoxic stage and external recycle was the recycle of
sludge to anaerobic stage.

Recycle ratios of internal recycle and external recycle were 100% and 80%,
respectively, with an influent flow rate of 43.44 L/d. Stirrers provided the mixture of
sludge in the anaerobic and anoxic zones and kept the biomass in suspension. Aeration
was provided in each aerobic zone when the pressurized air passed through long stone
diffusers. The diffusers used in the lab-scale A0 system were stone material with
micro pores that could transfer the compressed air into the mixed liquid. The treated
wastewater was settled in a vertical sedimentation basin with a total volume of 5 L. The
design and operational parameters of the A%0 configuration are listed in Table 1.
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Figure 1. Schematic diagram of the A0 process. 1-Feed; 2-Tank; 3-Peristaltic pump; 4-
Anerobic 1; 5-Anerobic 2; 6-Anoxic 1; 7-Anoxic 2; 8-Aerobic 1; 9-Aerobic 2; 10-Aerobic 3; 11-
Aerobic 4; 12-Settling tank; 13-Stirrer; 14-Air compressor; 15-Internal recycle; 16-Sludge

recycle; 17-Effluent; 18-Excess sludge

Table 1. The design and operational parameters of A%0 reactor
Design parameters
Stage Number Volume (L) HRT (h)
Anaerobic zone 2 15 4.34
Anoxic zone 2 15 4.34
Aerobic zone 4 30 8.70
Total 8 60 17.38
Settler 1 5 2.48
Operational parameters
Qinfiuent (L/d) 43.44
Internal recycling ratio (%) 80
External recycling ratio (%) 100
Anoxic reactor <1
DO (mg/L) Oxic reactor 5-7
ORP in the anaerobic reactor <-100 mv
T (°C) 1542
pH 7.0-8.0
MLSS (mg/L) 1500+200

During the start-up period, the system was operated and fed with the synthetic
wastewater with chemical oxygen demand (COD) of approximately 400 mg/L and
NH,4"-N of approximately 55 mg/L. Samples were collected regularly from the influent
and different zones of the reactor in order to analyze NH;"-N, NO,-N, NO3™-N, total
nitrogen (TN), COD and mixed liquid suspended solids (MLSS), respectively.
Temperature, DO, ORP and pH were measured online. After two-month operation, the
removal efficiency of COD, NH,"-N and TN were respectively higher than 95%, 95%
and 85%, which could indicate the successful start-up of the A?0 system and
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achievement of the steady-state as the effluent water quality meet the Level | (B) criteria
of the Discharge Standard of Pollutants for Municipal Wastewater Treatment Plant
(GB18918-2002) of China. COD, NH;*-N and TN were lower than 60 mg/L, 15 mg/L
and 20 mg/L, respectively, in the Discharge Standard of Pollutants for Municipal
Wastewater Treatment Plant (GB18918-2002). And then the operation of the A*O
process was divided into four different phases to investigate the influences of the OC
and AN shock loadings on the performance of the system and the variations of the EPS
and SVI. The arrangement of the organic and nitrogen shock loading experiment was
illustrated in Table 2.

Table 2. The arrangement of the shock loading experiments

Operation Influent conditions Days
Phase | Organic loading rate of 11 gCOD/(gMLSS-d); 0-60
(Normal operation) NH,*-N concentration of 55 mg/L
Organic loading rate increased from 11 gCOD/(gMLSS-d)
Phase Il (3 days) to 48 gCOD/(gMLSS-d) (7 days) and then recovered to 61-75
(Low OC shock loading) 11 gCOD/(gMLSS-d) influent (5 days);
NH,*-N concentration of 55 mg/L
Organic loading rate increased from 11 gCOD/(gMLSS-d)
Phase IlI (3 days) to 125 gCOD/(gMLSS-d) (7 days) and then recovered to 76-90
(High OC shock loading) 11 gCOD/(gMLSS-d) (5 days);

NH,*-N concentration of 55 mg/L

Organic loading rate is 11 gCOD/(gMLSS-d);
NH,*-N concentration increased from 55 mg/L to 110 mg/L 91-110
(10 days) and then recovered to 55 mg/L (10 days)

Phase IV
(High AN shock loading)

Synthetic wastewater and sludge

The bench-scale A%O reactor was fed with synthetic wastewater when sodium acetate
was used as carbon source. The synthetic wastewater was prepared as follows (per
liter): CH3COONa, 0.48-4.8 g; NH4Cl, 0.2+0.02 g; K,HPO,, 0.03 g; MgSO,47H,0,
0.05 g; CaCl,-2H,0, 0.01 g. The pH was controlled at 7.0-8.0 by adding NaHCO3 and
HCI solution. Excess sludge, which collected from the secondary settling tank of a
municipal wastewater plant located in Jilin, China, was used as inoculum. The major
influent characteristics are shown in Table 3.

Table 3. The major characteristics of the influent

Parameters (mg/L) Min/Max
CoD 3604300
NH,"-N 55-110
NO,-N 0-2
NO;-N 0
TN 53-59
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Analytical methods

COD, BOD, MLSS, NH;"-N, NO>-N, NO3s-N and TN were measured according to
the Standard Methods for the Examination of Water and Wastewater (APHA, 1998).
Temperature, pH, ORP and DO were analyzed online with a WTW pH/ORP sensor
(WTW, pH 3310) and a DO sensor (WTW, OXi340i). 50 mL of activated sludge
collected from Aerobic 4 of the A%O reactor was used to analyze the EPS amount. The
extraction and quantification of LB-EPS and TB-EPS were performed according to the
protocol described by Liang et al. (2010).

Results
The influences of OC shock loading on COD removal performance

Unexpected industrial wastewater was often discharged into the sewage and resulted
in the high COD surge of the municipal wastewater treatment plant. In addition, the
biological wastewater system often experienced higher pollutants surge when there was
an equipment failure. In order to investigate the effects of high COD surge on the
performance of the municipal wastewater treatment plant, high OLRs of
48 gCOD/(gMLSS-d) and 125 gCOD/(gMLSS-d) were applied.

The COD removal performances under OC shock loading were shown in Figure 2.
The effluent COD was below 60 mg/L and more than 95% of COD was removed in the
first 3 days when the influent OLR was elevated from 11 gCOD/(gMLSS-d) to
48 gCOD/(gMLSS-d). The effluent COD was higher than 100 mg/L when the low OC
shock loading continued. An average of 95% COD removal efficiency was achieved
though the effluent COD concentration was higher than 100 mg/L, which indicated that
the A%O system could remove more organic carbon at higher OLR. When the influent
OLR returned to 11 gCOD/(gMLSS-d) on the 71" day, the effluent COD concentration
was stable and below 30 mg/L. It is suggested that the A*O process had strong resistant
ability to low organic shock loading and the system could restore rapidly when the
organic shock loading stopped.
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Figure 2. The COD removal under OC shock loadings
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The effluent COD concentration was greater than 100 mg/L and then increased to
more than 500 mg/L when there was a sudden increase of OLR from
11 gCOD/(gMLSS-d) to 125 gCOD/(gMLSS-d). However, when the influent OLR
declined to 11 gCOD/(gMLSS-d), the effluent COD concentration dropped rapidly and
restored to the original level, which demonstrated that the A?O system could remove
high loads of carbon and recover low carbon concentration in the effluent after high
shock loading.

The influences of OC shock loading on nitrogen removal performance

The nitrogen removal performances of the A0 process under organic shock loading
were plotted in Figure 3. As the influent OLR increased sharply from
11 gCOD/(gMLSS-d) to 48 gCOD/(gMLSS-d), negligible variations of the NH4'-N
removal efficiency and the effluent NH;"-N concentration were detected and their
average values were 96.57% and 1.93 mg/L, respectively. Satisfactory TN removal was
also achieved when the influent OLR increased. And meanwhile, NO3-N concentration
in the effluent reduced compared with that under normal OC feeding condition. The
effluent NO3™ was between 14.50 mg/L and 15.45 mg/L and the average value was
14.86 mg/L under normal OC feeding condition, however, the effluent NO3-N was
between 11.13 mg/L and 13.15 mg/L and the average value was 12.19 mg/L when
influent OLR increased. In the aerobic zones, NH,"-N was converted into NOs-N by
nitrifiers with the presence of DO. Nitrifiers are autotrophic microorganisms and
efficient nitrogen removal could be achieved if there is enough hydraulic retention time
and sufficient DO. The total nitrogen (TN) removal efficiency was up to 91% with an
effluent TN concentration of 4.6 mg/L, which was improved when the A?0 system
encountered low organic shock loading. The TN removal efficiency declined with an
effluent concentration of 10 mg/L when the influent OLR was recovered from
48 gCOD/(gMLSS-d) to 11 gCOD/(gMLSS-d). Since variations of effluent NH4"-N and
the corresponding NH4*-N removal efficiency under low organic carbon surge were
small under low organic carbon surge when compared with that of the TN, the improved
TN removal efficiency was thus attributed to the instantaneous improvement of
denitrification rate when the system encountered OC surges.

During the high OC shock loading, the NH,"-N concentration in effluent ranged from
1.68 mg/L to 3.87 mg/L with an average value of 2.53 mg/L, which was comparable to
that before shock loading. The removal efficiencies of TN exceeded 85% with an
average effluent TN concentration of 10.5 mg/L. The removal efficiencies of TN
decreased when the OLR returned from high value to low value because of the absence
of carbon sources.

Nitrification and denitrification rate were two key indexes for the evaluation of the
nitrogen removal efficiency. The variation of NH,*-N concentration between influent
and effluent was used to calculate the nitrification rate (Mino et al., 1995; Li and Irvin,
2007). The equation was as follows (Eg. 1):

dCNH;—N (mg -N

r., =
N dt L.h

) (Eq.1)
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Figure 3. Nitrogen removal under OC shock loadings

The variations of nitrification rate under different OLR were shown in Figure 4.
Initially, the nitrification rate showed an arising trend when the OLR of influent
increased from 11 gCOD/(gMLSS-d) to 48 gCOD/(gMLSS-d) and then declined as the
shock loading continued. The figure increased to the original level at the end of the
shock loading. The nitrification rate increased from 1.20 mg/(L-h) to 1.26 mg/(L-h) and
then slightly reduced to 1.25 mg/(L-h) when the A%O system was subjected to a OLR of
125 gCOD/(gMLSS-d). The variation of the nitrification rate was small when the A0
system suffered high OLR.

Two steps are involved in the denitrification process, of which NO3™-N is reduced to
NO,-N and then NO,-N is further reduced to N,. The difference between the sum of
influent NH,*-N, NO,-N and NOs5 -N in the anoxic zones and the sum of effluent
NH;*-N, NOy-N and NOs™-N was utilized to calculate the denitrification rate (Liu et al.,
2014; Shen et al., 2016). The calculation equation was as follows (Eqg. 2):

d(c

nH;-n T Cnoyn T CNog—N) (mg . N)

r., =
N dt L.h

(Eq.2)

As shown in Figure 4, the denitrification rate was improved with the increase of
influent COD concentration. The denitrification rate increased from 1.17 mg-N/(L-h) to
2.11 mg-N/(L-h) when the influent OLR ascended from 11 gCOD/(gMLSS-d) to
125 gCOD/(gMLSS-d). Consequently, OLR increases were beneficial for the
denitrification process by providing sufficient carbon source.

The influences of AN shock loading on the COD removal performance

As shown in Figure 5, the effluent COD concentration was below 30 mg/L and the
corresponding removal efficiency was greater than 95% when high influent AN
concentration (110 mg/L) was provided. The COD removal performance of the A*0
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system was not influenced by the increase of influent NH4'-N concentration as
sufficient HRT was provided and the influent OLR was 11 gCOD/(gMLSS-d). It is
indicated that in the biological system, the removal of organic pollutants was started
ahead of the nitrification process as the nitrification reaction was slower and more
sensitive to environmental conditions than carbon oxidation by heterotrophs in the
biological system (Liang et al., 2010). Hence, the influence of NH;"-N concentration
variation on the COD removal of the A?0 process was very small and could be
neglected under the condition of a relative high AN concentration in the A0 process.
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Figure 5. COD removal performance under AN shock loading
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The influences of AN shock loading on the nitrogen removal performance

As shown in Figure 6, the nitrogen removal efficiency of the A%O process under high
influent NH;*-N concentration (110 mg/L) was evaluated by the removal performance
of NH4"-N and TN. The effluent NH,"-N concentration was below 5 mg/L with a
removal efficiency of 95% on the first day. The effluent NH4*-N concentration began to
increase along with the duration of the AN shock loading and was higher than 60 mg/L
at the end of the AN shock loading. It was assumed that at the initial stage of the AN
surge, high NH;*-N concentration was buffered by the remaining reactor contents
within the range that the nitrifiers could effectively convert NH;*-N to NO,-N and NO3”
-N. Gradually, the effluent NH,;*-N concentration increased as the continuous feed of
excessive NH4*-N exceeded the nitrifying ability of the microorganisms in the A0
process. The effluent NH,;*-N concentration declined to 29 mg/L when the AN shock
loading ceased. Then the effluent NH,"-N concentration gradually returned to the
original level before the occurrence of AN shock loading.

The removal performance of TN was similar to that of NH,"-N. The effluent TN was
8 mg/L and 90% removal efficiency was obtained on the first day of the AN shock
loading. The effluent TN concentration increased to more than 70 mg/L at the end of the
AN shock loading possibly due to the accumulation of nitrite and nitrate.
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Figure 6. Nitrogen removal performance under AN shock loading

As shown in Figure 7, the nitrification rate ranged from 1.36 mg-N/(L-h) to
0.58 mg-N/(L-h) under the AN shock loading, whereas the denitrification rate varied in
a range between 0.57 mg-N/(L-h) and 2.46 mg-N/(L-h). It was demonstrated that high
nitrogen-loading rate can provoke the inhibition of nitrification and consequently the
BNR instability (Jubany et al., 2008; Tora et al., 2011). In the present study, the
variation of the denitrification rate were more remarkable than that of the nitrification
rate, indicating that the AN shock loading interference with the nitrification process and
the denitrification process was further influenced as the former provided the reaction
source for the latter.
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The influences of shock loading on EPS amount and SVI value

The daily variations of LB-EPS, TB-EPS, the total EPS amounts and effluent COD
were observed during OC and AN surges in the discharged mixed liquid from the last
aerobic zone (shown in Fig. 8). The average values of different types of EPS, VSS
(Volatile Suspended Solids) and SVI were summarized in Table 4.

Table 4. EPS amounts and SVI values during different shock loadings

Experiment | LB (mg/L) | TB (mg/L) | EPS (mg/L) | SVI (mL/g) | VSS (mg/L) ag;;‘f;rr‘]tce
Phase | 161.8 2521 413.9 100 1210 Clean
Phase Il 99.4 297.9 397.3 87 1176 Clean
Phase 111 1945 278.7 473.2 200 1290 Turbid
Phase IV 83.4 231.0 3145 80 1105 Clean

During the low OC shock loading, the LB-EPS amount showed a dramatic reduction
and then stabilized at approximately 60 mg/L, whereas the variations of TB-EPS
amount fluctuated at a range of 265.1-343.2 mg/L with an average value of 297.9 mg/L.
The amount of total EPS increased in the first 3 days and then dropped in the following
days. Meanwhile, the effluent COD increased when there was an influent OC shock
loading at the initial stage and then decreased with prolonged shock loading, which
might be due to the acclimation of microorganisms to shock loadings. VSS was
decreased from 1201 mg/L to 1176 mg/L, and furthermore, the sludge volume index
(SVI) descended from 100 mL/g to 87 mL/g and the effluent quality was affected as
indicated by the variations of effluent NH;"-N, TN and COD concentrations. Gentle
variations of the LB-EPS amount were observed when the influent OLR increased
sharply from 11 gCOD/(gMLSS-d) to 125 gCOD/(gMLSS-d). The TB-EPS amount
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increased to an average value of 297.9 mg/L and then became constant with the
proceeding of high OC shock loading. The total EPS amount and VSS were up to
473.2mg/L and 1290 mg/L, respectively, which were much higher than situation
without shock loading. An average SVI value of 200 mL/g was obtained when the A0
system suffered high OC shock loading. During AN shock loading, the LB-EPS amount
increased to 167.2 mg/L and then showed a sharp reduction from the 3 day. The TB-
EPS and LB-EPS amounts showed a similar trend. The average SVI value and VSS
were 80 mL/g and 1105 mg/L, respectively, and the effluent had a clean appearance.
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Figure 8. Variations of LB-EPS, TB-EPS and the total EPS amounts

It is indicated that low OC shock loading could lead to the temporary increase of the
EPS amount, whereas the LB-EPS amount and VSS declined when the low OC shock
loading continued. When the A%0 process was subjected to high OC shock loading, the
amount of LB-EPS and VSS showed a milder variation compared with TB-EPS. The
total EPS amount and VSS during high OC shock loading were the highest among all
operational conditions. All types of EPS amount and VSS declined in the long-term
operation when the A%0 process experienced the AN shock loading.

In this work, the SVI values were in good agreement with the LB-EPS (or total EPS)
concentration and VSS. It is indicated that the LB-EPS had a negative effect on sludge
flocculation and excessive EPS in the form of LB-EPS could weaken cell attachment
and result in poor flocculation (Xu et al., 2016). Along with the increase of LB-EPS
concentration and VSS, the presence of a large number of fine flocs significantly
reduced the effluent quality and the activated sludge settleability. Zhang and Yang
(2015) also found that LB-EPS had a negative effect on the sludge settleability as an
increase in LB-EPS content might bring more bound water into the aggregates, and
therefore produced highly porous flocs with a low density.

Discussion

As a widely applied biological wastewater treatment process, the A0 process was
resistant to all the shock loadings and produced high quality effluents once the shock
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loading ceased. However, the effluent deteriorated when the system was subjected to
high-strength or prolonged shock loadings. The use of real-time control systems were
thus proposed to optimize processes under various effluent and environmental
conditions (Li et al., 2016). The A%O system was capable of removing more organic
carbon at higher OLR and the elevated carbon source supply was beneficial for the
removal of nitrogen compounds.

The heterotrophic microorganisms showed fast proliferation and became dominant in
the anaerobic zones owing to the sufficient organic compounds in the influent. In the
anoxic zones, heterotrophic facultative denitrifying bacteria could utilize the NO,-N as
the electron acceptor and the denitrification rate was higher under a relative high
influent OC. In the aerobic zones, the growth of heterotrophic microorganisms was
restricted due to the low organic compounds from the anoxic zones and nitrifying
bacteria became the dominant bacteria under sufficient DO. The COD in aerobic and
anoxic zones was lower than 50 mg/L when the influent COD was 414 mg/L. The
difference between effluent COD in aerobic zone and effluent COD in anoxic zone was
slight. Therefore, a large portion of the organic substrate was consumed in the anaerobic
and anoxic reactors of the A%0 process. Low concentration of organic compounds could
not meet the demand of the growth of heterotrophic microorganisms in the aerobic
zones. Previous literature indicated that the increase of COD concentration would
induce the competition of the heterotrophic microorganisms and the nitrifiers for DO,
nutrients, space or other ecological factors (Zhu and Chen, 2001; Tsuno et al., 2002).
Ling and Chen (2005) also reported that the decrease of nitrification rate with the
addition of OC and the nitrification rate was lower when the OC was higher. In this
study, a large portion of organic substrate was already consumed in the anaerobic and
anoxic zones of the multistage A”O process. The level of COD in the aerobic zones was
thus below the concentration to induce the competition between the heterotrophic
microorganisms and the nitrifiers since sufficient HRT and DO concentration were
provided for the growth and reproduction of heterotrophs and nitrifiers.

On the contrary, the denitrifiers in the anoxic zones demand external carbon source
for denitrification. The denitrification step reduces nitrate to nitrogen gas by many
species of heterotrophic facultative bacteria and require biodegradable organic carbon to
perform metabolic processes. Enough carbon must be available for the complete
denitrification of nitrate formed during the nitrification (Wunderlich et al., 2012; Xie et
al., 2012; Xu et al., 2018). In our study, similar results were obtained and denitrification
efficiency was improved in the anaerobic zones under high influent OLR. However,
compared with high OLR shock loading, denitrification efficiency was lower in the
anaerobic zones under the low OLR shock loading. An external carbon source addition
was proposed to raise the denitrification rate when needed to compensate for high
nitrogen loads or low seasonal temperatures (Han et al., 2010). The external COD
addition was known as a feasible and flexible strategy to increase the denitrification rate
when the COD concentration was low and could not cope with the current nitrogen load
(Majumder et al., 2008). However, at a high C/N ratio, Michaud (Michaud et al., 2006)
reported that heterotrophic bacteria outcompeted nitrifiers for available oxygen and
space in the biofilter media, which deteriorated the nitrification process and led to
nitrate deficiency for the denitrification. The present study showed that the majority of
organic compounds were consumed in the anaerobic and anoxic zones. Therefore, the
COD concentration was relative low in the aerobic zones, which resulted in low
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multiplication rate of heterotrophic bacteria and high multiplication rate of nitrifiers in
the aerobic zones. Consequently, the nitrification rate was high in the aerobic zones.

High AN concentration had slight influences on COD removal, but was detrimental
to the removal of nitrogen compounds. Greater fluctuations were observed on the
denitrification rate than the nitrification rate when the A’0O was subjected to shock
loadings. It was reported that the COD/N ratio of 5-15 in the bioreactor was suitable for
nitrification and denitrification reaction (Ding et al., 2011). The deficiency of carbon
substrate resulted in the unbalance of nitrification and denitrification reactions and
finally led to low overall nitrogen removal.

The nature and content of EPS are sensitive to the operational and environmental
conditions. The LB-EPS, TB-EPS and total EPS amount showed an increase at the
initial stage of the shock loadings and then declined with the prolonged shock loading.
The characteristics of EPS in the activated sludge were closely connected with its
resistant ability to shock loading and pollutants removal properties. SVI was widely
used for characterizing sludge settleability and SVI values below 100 mL/g were
considered as an indication of good settling properties of the sludge (Satyawalia and
Balakrishnan, 2009). The SVI value was changed in a similar trend with the variation of
average LB-EPS and total EPS amounts. The amount of LB-EPS had great influences
on the SVI value and VSS, and SVI increased with the increasing content of LB-EPS
and VSS because LB-EPS was not bound tightly to the cell. Meanwhile, LB-EPS had
open and loose structure, high moisture content, low density and large volume around
the cell, which could result in the larger volume and smaller density of sludge flocs and
furthermore weaken the compressibility of sludge flocs. On the contrary, the effect of
the change of TB-EPS on the volume of sludge flocs was relative small because TB-
EPS was bound tightly to the cell and had tight structure, low moisture content and high
density (Ruan et al., 2013). A long-term high shock loading leads to high LB-EPS and
total EPS, which could influence the settleability of sludge and SVI increased. Substrate
type and concentration, bacterial growth phase, the presence of toxic substances, shear
rate of the bioreactor and other external conditions could influence the quantity and
nature of EPS (Badireddy et al., 2008; Janus and Ulanicki, 2010; Li et al., 2015). At the
initial state of each shock loading, the amounts of all types of EPS were elevated to a
different level and SVI was increased with the increasing EPS. The temporary increase
of EPS could be consequence of the necessity to acclimate to the new conditions.
Moreover, a decline tendency was observed with the prolonged shock loadings. On the
one hand, the bacterial cells tended to produce more EPS to protect themselves against
unfavorable conditions (Sheng et al., 2008), which could be a possible reason for the
temporary increase of EPS at the initial stage of the shock loading (Laspidou and
Rittmann, 2002). On the other hand, the microorganisms could not adapt to the
prolonged high organic loadings. The activity of microorganisms decreased and their
cells could not autolyze when there was high substrate concentration. Therefore, less
EPS was released when the system was under long-term high organic loadings (Shao et
al., 2017). However, the EPS production rate is not necessary proportional to the
substrate consumption rate. Laspidou and Rittmann (2002) demonstrated that the
relationship between EPS production and substrate consumption rate depended on the
kind of microorganisms involved and the system conditions. Consequently, the EPS
variation could be an indication of the flocculation in microbial community of the A0
system. The LB-EPS amount declined dramatically during the low OC and AN shock
loading, which was in accordance with the previous literatures that LB-EPS functioned
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as the primary surface for cell interaction and attachment (Sheng et al., 2008). The LB-
EPS increased initially when the biological system was under high OC loading and then
its amount decreased. The temporarily increased LB-EPS may cover the surface or fill
the interior of the activated sludge flocs. As a result, the mass transfer of the substrates
and the export of metabolic products were significantly prevented as described in the
previous literature (Mu et al., 2006; Zheng and Yu, 2007). Consequently, a high level of
EPS was not beneficial for biodegradation, which could be the reason for the effluent
deterioration during the high OC shock loading. The highest EPS amount was
accompanied by elevated effluent COD concentration and turbidity. Therefore, the
composition of the activated sludge flocs changed, followed by the alteration of the
physiochemical characteristics of the activated sludge as a result of shock loading.

Conclusion

The A?0 process successfully withstood all the shock loadings and restored its
performance once the shock loading ceased. The enhanced carbon source concentration
was beneficial for the removal of nitrogen compounds in the A%0 system. High AN
concentration had slight influences on COD removal, but was detrimental to the
removal of nitrogen compounds. Greater fluctuations were observed on the
denitrification rate than the nitrification rate when the A?0 was subjected to shock
loadings. The LB-EPS, TB-EPS and total EPS amount showed an increase at the initial
stage of the shock loadings and then declined with the prolonged shock loading. The
SVI value varied in a similar trend with the variation of average LB-EPS and total EPS
amounts. Smaller concentrations of LB-EPS and total EPS indicated a good settleability
of the activated sludge.
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