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Abstract

Seasonal temperature variations significantly impact biological wastewater treatment per-
formance, particularly affecting extracellular polymeric substance (EPS) composition and
sludge settling characteristics in activated sludge systems. This study investigated the
temperature-induced EPS response mechanisms and their effects on nitrogen removal
efficiency in a full-scale modified Bardenpho wastewater treatment plant, combined with
laboratory-scale evaluation of EPS-optimizing microbial agents for performance enhance-
ment. Nine-month seasonal monitoring revealed that when the wastewater temperature
dropped below 15 °C, the total nitrogen (TN) removal efficiency decreased from 86.5% to
80.6%, with a trend of significantly increasing polysaccharides (PS) in dissolved organic
matter (DOM) and loosely-bound EPS (LB-EPS) and markedly decreasing tightly-bound
EPS (TB-EPS). During the low-temperature periods, when the sludge volume index (SVI)
exceeded 150 mL/g, deteriorated settling performance could primarily be attributed to
the reduced TB-EPS content and increased LB-EPS accumulation. Microbial community
analysis showed that EPS secretion-promoting genera of Trichococcus, Terrimonas, and Deflu-
viimonas increased during the temperature recovery phase rather than initial temperature
decline phase. Laboratory-scale experiments demonstrated that EPS-optimizing micro-
bial agents dominated by Mesorhizobium (54.2%) effectively reduced protein (PN) and PS
contents in LB-EPS by 70.2% and 54.5%, respectively, while maintaining stable nutrient
removal efficiency. These findings provide mechanistic insights into temperature-EPS
interactions and offer practical technology for improving winter operation of biological
wastewater treatment systems.

Keywords: activated sludge; extracellular polymeric substances; temperature effects;
nitrogen removal; sludge settling

1. Introduction

Biological wastewater treatment has become the predominant approach for municipal
wastewater management worldwide, with activated sludge processes accounting for ap-
proximately 80% of wastewater treatment plants (WWTPs) globally [1]. These systems rely
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on complex microbial communities to degrade organic pollutants and remove nutrients
through biochemical processes [2,3]. Among various biological treatment technologies,
the activated sludge process, including variations such as the A/B process, sequencing
batch reactor (SBR), and oxidation ditch systems, has gained widespread adoption due to
its technological maturity and proven effectiveness. The fundamental principle involves
creating optimal conditions for microorganisms to metabolize organic matter, convert
complex pollutants into simpler compounds, and achieve water quality standards.

The operational performance of activated sludge systems is significantly influenced by
environmental factors, particularly by temperature [4]. In northern regions characterized by
continental climates, seasonal temperature variations pose substantial challenges to WWTP
operations [5]. Low-temperature impacts on WWTPs manifest as various operational prob-
lems. Research has shown that over 50% of WWTPs experience sludge bulking phenomena
during winter [6]. Winter temperatures (below —15 °C) create adverse conditions that
significantly impact microbial physiology and biochemical processes. The relationship
between settling performance, temperature effects, and functional microbial response mech-
anisms at temperatures below 15 °C remains poorly understood, particularly in full-scale
operational environments [7]. These temperature fluctuations affect multiple operational
parameters, including dissolved oxygen, nutrient availability, pH stability, and microbial
metabolic activity. Lower temperatures generally inhibit microbial activity and result in
decreased contaminant removal efficiency [8]. These challenges are compounded by the
need to maintain consistent effluent quality standards regardless of seasonal variations.

Extracellular polymeric substances (EPS) play a crucial role in activated sludge pro-
cesses, representing 60-80% of total sludge composition and serving as the primary factor
maintaining sludge stability and physical properties [9]. EPS consist of proteins (PN),
polysaccharides (PS), nucleic acids, and lipids secreted by microorganisms, forming a
complex matrix that binds cells together in floc structures. These substances are essential
for nitrogen removal processes, influencing critical operations including sludge settling,
dewatering, and drying [10]. Sludge settling and dewaterability parameters are intrinsi-
cally linked to EPS composition and distribution. The sludge volume index (SVI), capillary
suction time, and specific resistance to filtration are directly influenced by the protein-
to-polysaccharide ratio in different EPS fractions [11,12]. Tightly-bound EPS (TB-EPS)
contribute to floc stability and enhanced settling, while excessive loosely-bound EPS (LB-
EPS) can deteriorate solid-liquid separation through increased sludge hydrophilicity and
reduced floc density [13].

Beyond their structural role, EPS undergo complex fate and transformation pro-
cesses that significantly impact treatment performance. Soluble microbial products (SMP),
consisting of biomass-associated products released during substrate metabolism and
biomass decay, interact closely with EPS components and contribute to effluent quality
variations [14,15]. The fate of EPS involves multiple pathways including enzymatic hydrol-
ysis by extracellular enzymes, biological uptake and utilization by heterotrophic bacteria,
and physical entrapment within sludge flocs [16]. These transformation processes are par-
ticularly sensitive to temperature variations, with hydrolysis rates decreasing exponentially
at temperatures below 15 °C [17]. Under nutrient-limited conditions, EPS serves as an
energy storage mechanism, providing carbon and energy sources for microbial metabolism
during periods of substrate scarcity [18]. Temperature variations significantly affect both
EPS production and composition [19]. During low-temperature periods, microorganisms
alter their EPS secretion patterns as an adaptive response to environmental stress. This
temperature-induced EPS modification directly impacts sludge settling characteristics
and overall system performance. When sludge return ratios are increased to maintain
adequate biomass concentrations in biological reactors, the resulting decrease in food-to-
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microorganism ratios (F/M) can trigger excessive filamentous bacterial growth, leading to
sludge bulking and poor solid-liquid separation in secondary clarifiers [20]. Additionally,
increased sludge reflux ratios reduce waste sludge production, extend sludge age and
further promote filamentous growth and sludge aging phenomena. Full-scale WWTPs
present complex operational challenges with dynamic microbial community structures
that respond to multiple environmental variables simultaneously [21]. Limited research
exists on EPS temperature response mechanisms and their effects on sludge performance
in actual treatment facilities, hindering comprehensive understanding of seasonal perfor-
mance variations. This knowledge gap impedes the development of effective operational
strategies for maintaining consistent treatment performance throughout the year. Some
studies have investigated the effects of temperature and climate change on the nitrogen
removal performance of WWTPs [22], but there is a lack of in-depth understanding of
the EPS response mechanism. Current research on the response mechanism of EPS to
temperature in full-scale treatment facilities and its effect on sludge performance is limited.
Particularly, the inner connection of microbial communities, EPS, and nitrogen removal
under seasonal temperature variations remains unclear. This hinders a comprehensive
understanding of seasonal performance fluctuations and impedes the development of
effective operational strategies to maintain stable year-round operation of WWTPs.

This research addresses critical knowledge gaps in understanding EPS-mediated tem-
perature effects on full-scale wastewater treatment performance. The study objectives
include comprehensive monitoring of seasonal variations in pollutant removal efficiency,
detailed characterization of EPS composition and production patterns, analysis of microbial
community structure changes, and evaluation of potential enhancement strategies using
specialized microbial agents. Through combined field monitoring and laboratory-scale re-
actor studies, this work aims to elucidate the fundamental mechanisms governing seasonal
performance variations and develop practical solutions for improving winter operation of
biological wastewater treatment systems.

2. Methodology

2.1. Full-Scale and Lab-Scale Wastewater Treatment Process
2.1.1. Full-Scale Wastewater Treatment Process

The study conducted experiments at a full-scale WWTP based on the modified Barden-
pho process (Figure 1a). This process builds on the Anaerobic-Anoxic-Oxic (A2 /O) process
by adding a post-anoxic tank and a post-oxic tank at the end of the oxic tank to enhance the
diversity of the treatment process. This modification allows functional microorganisms to
further utilize nutrients in the effluent from the conventional oxic tank, achieving the goal
of optimizing the traditional process and improving treatment efficiency.

During the monitoring period, the daily wastewater treatment capacity of the plant
ranged from 47,275 m3/d to 110,899 m3/d (Table 1). Of the influent to the biochemical
tanks, 30% entered the pre-anoxic tank, while the remaining 70% entered the anoxic tank.
The sludge retention time (SRT) of the WWTP was controlled at approximately 16 days.
The reflux ratio of nitrification (internal reflux ratio) ranged from 250% to 300%, and the
return activated sludge (RAS) ratio (external reflux ratio) ranged from 80% to 100%. The
external reflux ratio could be directed to both the pre-anoxic tank and the anaerobic tank.
An external carbon source, sodium acetate, was supplemented at the front of the anoxic
tank. The dosage of sodium acetate was adjusted according to the influent TN concentration,
with a typical dosage of 50-80 mg/L (as COD) to maintain the anoxic zone C/N ratio above 8.
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Figure 1. Process flow diagram of the WWTP (a) and A20 reactor in laboratory scale (b).

Table 1. Operational parameters comparison between full-scale WWTP and laboratory reactor.

Parameter Full-Scale WWTP Laboratory Reactor

Total volume ~15,000 m3 180.3 L

Treatment capacity 47,275-110,899 m?/d 72L/d
Anaerobic HRT (h) 4.5 2.0
Anoxic HRT (h) 8.0 10.6
Oxic HRT (h) 12.0 12.9
SRT (h) ~16 ~15
Internal reflux ratio (%) 250-300 300
External reflux ratio (%) 80-100 100

Temperature (°C) 12-25 18-22

2.1.2. Lab-Scale Wastewater Treatment Process

A lab-scale experiment was conducted to test the optimization of EPS microbial
agents. The experiment utilized a customized A% /O reactor with a total volume of 180.3 L,
consisting of an anaerobic zone with one corridor (volume of 14.9 L), an anoxic zone
with five corridors (each with a volume of 14.9 L, totaling 74.3 L), and an oxic zone with
six corridors (each with a volume of 15.2 L, totaling 91.1 L). The influent was sourced
from the inlet wastewater of the fine screen at a certain WWTP. Activated sludge was
inoculated from the reflux sludge of the WWTP, with the external reflux ratio controlled at
a ratio of 100%. Nitrification reflux was managed using three peristaltic pumps, with the
internal reflux ratio adjusted to a ratio of 300%. The discharge rate of excess sludge was
approximately 5%. The hydraulic retention times (HRT) of the reactor were approximately
2 h for the anaerobic zone, 10.6 h for the anoxic zone, and 12.9 h for the oxic zone. A
schematic diagram of the reactor is provided in Figure 1b. The laboratory reactor was
operated at controlled conditions: temperature 20 &+ 2 °C using external heating, and pH
maintained at 7.0-7.6 through automatic control. Specifically, a pH controller connected
to two peristaltic pumps was employed. When the pH dropped below 7.0, 0.1 mol/L
sodium hydroxide (NaOH) solution was dosed to raise the pH; when the pH exceeded 7.6,
0.1 mol/L hydrochloric acid (HCl) solution was added to lower the pH. Dissolved oxygen
in the oxic zone was maintained at 3-5 mg/L using fine bubble aeration, anoxic zones were
maintained at <0.5 mg/L, and the anaerobic zone at <0.2 mg/L.



Fermentation 2025, 11, 532

50f 20

The experimental operation was divided into three stages: the commissioning stage
(days 1 to 9 of reactor operation), the stable operation stage (days 10 to 15 of reactor
operation), and the microbial agent dosing stage (days 16 to 21 of reactor operation). During
each stage, the concentrations of relevant pollutants, activated sludge characteristics, and
changes in the microbial community structure of the sludge in each zone of the reactor
were monitored and analyzed. The microbial agents used in this study were cultivated
through autonomous domestication, with a dosage of 2000 g/m?.

2.2. Chemical Analysis

The experimental period lasted approximately 9 months, with a sampling frequency
of once per week. The experimental tests included pollutants such as chemical oxygen
demand (COD), ammonia nitrogen (NH,*-N), total nitrogen (TN), total phosphorus (TP),
and five-day biochemical oxygen demand (BODs) in the total influent and effluent of the
WWTP [23]. Water quality parameters were analyzed according to standard methods
for the examination of water and wastewater [24]. The total influent sampling point
was located at the treatment unit after primary treatment, while the total effluent was
collected from the end of the secondary sedimentation tank. The units between influent
and effluent included all biological treatment stages. The experiment simultaneously tested
the reflux activated sludge samples from the WWTP, with sampling times consistent with
pollutant testing. The main parameters measured were mixed liquor suspended solids
(MLSS), mixed liquor volatile suspended solids (MLVSS), and SVI. MLSS and MLVSS
were determined gravimetrically following standard methods [24]. SVI was measured by
settling 1 L of mixed liquor in an Imhoff cone for 30 min at 20 °C = 2 °C, calculated as
SVI (mL/g) = (settled sludge volume in mL x 1000)/MLSS (mg/L). Samples with typical
temperature differences, specifically the reflux activated sludge from before, during, and
after the winter cold wave period, were selected for microbial community testing. The
functional relationship analysis of related parameters was conducted using SPSS R26 and
Origin 2024.

The heat extraction method was used to extract different forms of EPS [18], including
dissolved organic matter (DOM), LB-EPS, and TB-EPS. Briefly, sludge samples were cen-
trifuged at 4000 rpm for 15 min, and the supernatant was collected as DOM. The pellet
was resuspended in 0.05% NaCl solution and heated at 70 °C for 30 min, then centrifuged
at 4000 rpm for 15 min to obtain LB-EPS. The remaining pellet was resuspended in 0.05%
NaCl and heated at 60 °C for 30 min, followed by centrifugation at 12,000 rpm for 20 min
to extract TB-EPS.

The fluorescence characteristics of the EPS samples were determined using a fluores-
cence spectrophotometer. The experiment set the excitation wavelength (Ex) range from
200 to 450 nm, with data collection intervals of 5 nm; the emission wavelength (Em) range
was from 200 to 600 nm, with a data collection interval of 2 nm. Simultaneously, the slit
width was set to 5 nm, and the scanning speed was 6000 nm/min. To eliminate Raman
scattering interference, distilled water was used as a blank reference, and Matlab R2020b
was employed to correct Raman and Rayleigh scattering. The relative fluorescence intensity
(RFU) was used as the normalization unit for fluorescence data. The PN and PS values in
EPS were determined according to Bian, et al. [25].

2.3. Metagenomic Sequencing

High-throughput 165 rRNA gene amplicon sequencing was performed using primers
338F (5'-ACTCCTACGGGAGGCAGCAG-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3')
targeting the V3-V4 hypervariable regions. Operational taxonomic units (OTUs) were
clustered at 97% sequence similarity using the UPARSE algorithm in QIIME 2. Although
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amplicon sequence variants (ASVs) represent the current best practice, OTU clustering at
97% similarity was selected to enable comparison with the existing literature data from
similar wastewater treatment systems and to maintain consistency with our laboratory’s
historical datasets. The specific sampling dates are shown in Table S1.

3. Results and Discussion

3.1. Removal Efficiency of Nutrients
3.1.1. Seasonal Nutrients Removal Performance

The effluent indicators of the wastewater treatment plant were relatively stable,
with annual average effluent concentrations of COD, NH4*-N, TN, and TP being
24.57 +3.21 mg/L,0.28 £0.05mg/L, 8.85 £1.12mg/L, and 0.31 & 0.04 mg/L, respectively.
Table 2 shows the maximum and minimum values of various effluent indicators throughout
the year. Due to the WWTP location in a mid-to-high latitude region, annual wastewater
temperature variations were significant. Starting from day 50 of this experimental testing,
a continuous declining trend was observed, with water temperature gradually decreasing
from 20 °C to 12.5 °C. Water temperature began to rise again from day 154 of testing. By
day 225 of testing, the wastewater temperature had recovered to 20 °C, indicating that
the WWTP experienced 104 days of relatively low-temperature conditions, and exhibiting
a distinct pattern of initial cooling followed by warming. The period from day 125 to
day 155 represented the coldest winter period, with an average temperature of 12.6 °C.

Table 2. Maximum and minimum values of effluent indicators.

Indicators pH SS COD BODs NH;*-N TN TP

Max (mg/L) ! 7.6 8.0 46.0 6.1 4.39 14.24 0.59

Min (mg/L) ! 6.3 2.0 12.0 1.1 0.02 2.30 0.02
Effluent limit 2 (mg/L) 6-9 10 50 10 5 15 0.5
Compliance rate 3 (%) 100 100 100 100 100 98 99

! Values represent daily measurements over the 9-month monitoring period; 2 Based on the “Discharge Standard
of Pollutants for Municipal Wastewater Treatment Plants” (GB 18918-2002, China, Grade A) [26]; 3 Percentage of
daily samples meeting the Grade A effluent limit during the 9-month monitoring period.

3.1.2. Seasonal Effects of Nutrients Removal Performance

The impact of wastewater temperature variations on nutrient removal efficiency in
the biochemical tank is illustrated in Figure 2. Throughout the 9-month monitoring period,
the highest monthly average temperature in the biochemical tank occurred in August at
25.4 + 1.2 °C, while the lowest monthly average temperature was recorded in January at
12.4 £ 0.8 °C. During January, when the monthly average wastewater temperature was at
its minimum, the monthly average TN removal efficiency was 83.2 &= 2.1%. Subsequently, as
wastewater temperature gradually increased, TN removal efficiency also improved progres-
sively, reaching the highest annual monthly average TN removal efficiency of 86.5 &+ 1.8%
in March when the average wastewater temperature reached 14.6 °C. This finding is con-
sistent with results reported in other studies [27]. As the biochemical tank wastewater
temperature continued to rise thereafter, TN removal efficiency remained relatively stable,
consistently maintaining levels above the January average level. Temperature elevation
may influence dissolved oxygen and microbial community dynamics in aerobic biological
treatment processes [22]. When wastewater temperature first declined in September, TN
removal efficiency experienced a significant drop to 80.6 & 2.7%, representing the lowest
annual monthly average efficiency. This indicates that nitrifying and denitrifying bacte-
ria are highly sensitive to temperature fluctuations, exhibiting stress-like responses [28].
Furthermore, under low-temperature conditions, the growth rate of nitrite-oxidizing bac-
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Figure 2. Annual variation of nutrients removal efficiency (a), wastewater temperature, and influent
C/N ratio (b).

The biochemical tank consistently demonstrated excellent TP removal performance,
maintaining removal efficiencies above 95% throughout the year. Treatment effectiveness
remained at satisfactory levels even during periods of lower wastewater temperatures.
However, decreased TP removal efficiency was observed during the higher temperature
months of August and September. Therefore, it is hypothesized that TP removal efficiency
is not significantly influenced by wastewater temperature.

The impact of C/N ratio variations on nutrient removal efficiency is presented in

Figure 2b. During the annual monitoring period, the highest monthly average influent
C/N ratio occurred in December at 11.6, while the lowest was recorded in February at 5.0.
Throughout most of the year, the influent C/N ratio remained within the 6.0-9.0 range,
which represents the optimal C/N ratio range for wastewater treatment. During January
through March, the influent C/N ratio remained stable while the TN removal efficiency
increased. From March to May, the C/N ratio continuously increased while the TN removal
efficiency exhibited a declining trend, confirming that changes in influent C/N ratio were
not the primary factor influencing TN removal efficiency variations. This is attributed
to the fact that the influent C/N ratio consistently remained within a relatively suitable
range that does not impede the denitrification process. TP removal efficiency maintained
relatively stable levels during the January—-May monitoring period, while the influent C/N
ratio significantly increased during this timeframe. From May to September, TP removal
efficiency exhibited considerable fluctuations with overall deteriorated performance, fol-
lowed by rapid recovery and stabilization from September to December, concurrent with
a gradual increase in influent C/N ratio. Overall, changes in influent C/N ratio did not
significantly influence TP removal efficiency. Under seasonal temperature variations, the
system consistently maintained effective COD removal, benefiting from robust bacterial
adhesion and energy storage capabilities within the system [30].



Fermentation 2025, 11, 532 8 of 20

3.2. Components and Characteristics of EPS
3.2.1. Changes in EPS Components During Temperature Fluctuations

Under low-temperature conditions of 15 °C, the PS in DOM and LB-EPS of activated
sludge both exhibited an upward trend with decreasing temperature, while TB-EPS demon-
strated the opposite trend (Figure 3). Compared to PN, the overall PS was relatively low,
whereas most conventional A% /O processes exhibit higher PS in EPS [31]. This phenomenon
is primarily attributed to the high COD utilization efficiency of the WWTP, particularly
due to the modified process incorporating additional post-anoxic and post-oxic tanks,
which enables recovery of recalcitrant organic matter and carbon sources from deceased
microorganisms in the effluent activated sludge from the oxic section. Through endogenous
denitrification processes, nutrients required for microbial growth and metabolism are fully
utilized, while the efficiency and rate of microbial conversion of dissolved organic carbon
to extracellular PN are lower than those for PS conversion [18]. During the monitoring
period, both PS in DOM and LB-EPS showed significant increases on day 141, reaching
2.4 £ 0.3 mg/gVSSand 6.7 + 0.5 mg/gVSS, respectively, when the wastewater temperature
was 12.5 °C. However, PS in TB-EPS changes were not pronounced. In the anoxic tank, PS
exhibited notable increases in DOM and LB-EPS during early February when temperatures
were lowest, while TB-EPS showed a significant decline, reaching a minimum value of
18.01 £ 1.42 mg/gVSS before rapidly recovering to normal levels. The PS in DOM and
LB-EPS of the oxic tank increased similarly to the anoxic zone under low-temperature
conditions, while TB-EPS remained relatively unaffected by low temperatures and
maintained stable levels.
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Figure 3. PN composition (a) and PS (b) composition in the selection, anoxic, and oxic tanks.

TB-EPS consistently exhibited the highest PN content among all components (Figure 3).
When wastewater temperature dropped below 15 °C, PN in TB-EPS of the selector, anoxic
tank, and oxic tank decreased significantly with declining temperature, while PN in DOM
and LB-EPS showed increasing trends. For example, in the selector tank, PN in TB-EPS
decreased from 44.1 mg/gVSS to 30.9 mg/gVSS when temperature dropped below 15 °C.
The addition of post-anoxic and post-oxic sections enhanced COD utilization efficiency,
resulting in relatively low carbon, nitrogen, and phosphorus content in the selector, anoxic,
and oxic zones. Consequently, the microbial EPS synthesis process was minimally affected
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and demonstrated strong adaptability to adverse low-temperature environments, with
relatively subtle change patterns. Therefore, the efficiency and rate of microbial conversion
of dissolved organic carbon to extracellular PN remained lower than those for PS conversion.
Research indicates that the optimal temperature for EPS production is approximately
25-31 °C, while conditions below 15 °C inhibit the EPS biosynthesis process [32]. When the
temperatures dropped below 15 °C, PN accumulated substantially across all components,
but a significant increase of PN in LB-EPS was only detected during the lowest temperatures.
The variation trends of PN in the anoxic tank indicate that when the temperature first
dropped below 15 °C, PN accumulated substantially across all EPS components. During
the lowest water temperatures, PN in DOM and LB-EPS accumulated extensively, while
TB-EPS showed marked decreases.

3.2.2. Effect of PS on Nutrients Removal Efficiency

To minimize the influence of temperature variations, the changes in PS content and
nutrients concentrations during the monitoring period from day 125 to day 155 were
analyzed (Figure 4). During various stages, PS in DOM and LB-EPS increased significantly,
while PS in TB-EPS decreased markedly. Related influent parameters showed minimal
variation, but corresponding effluent indicators exhibited notable fluctuations. The effluent
of NH;*-N and COD demonstrated considerable changes, while TN effluent showed no
significant fluctuations, indicating that changes in PS had certain effects on effluent NH; *-N
and COD. The increase in PS in DOM and LB-EPS and the significant decrease in PS in
TB-EPS may have influenced the nitrification process, but showed no apparent impact on
the denitrification process in the anoxic tank. The abnormal increase in effluent COD may
result from deteriorated sludge adsorption capacity for COD due to changes in PS across
various EPS components, leading to elevated effluent COD concentrations. PS, serving
as microbial reserve resources, can enhance adhesion performance and influence COD
removal efficiency [25]. Furthermore, changes in PS across various sludge EPS components
showed no significant impact on TP removal efficiency.
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Figure 4. Nutrients concentration in influent (a) and effluent (b), and COD concentration and
wastewater temperature (T.) of the WWTP (c).

3.2.3. EPS and Sludge Settleability

The characteristics of activated sludge were assessed through monitoring indicators
including MLSS and MLVSS (Figure 5). The SVI exhibited notable variations with tem-
perature changes. When wastewater temperature dropped below 20 °C (days 50-154),
SVI values consistently exceeded 150.0 mL/g, averaging 159.2 & 12.4 mL /g, indicating
that deteriorated sludge settleability was primarily attributed to significant temperature
reduction. Although the total quantity of excess sludge was relatively low, effluent quality
consistently met discharge standards. This performance is mainly related to the modified
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process configuration incorporating pre-anoxic tanks, post-anoxic tanks, and post-oxic
tanks, which enhanced removal efficiency of nutrients through extended process flow.
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Figure 5. The MLSS, MLVSS, and MLSS/MLVSS of the return sludge.

To analyze the impact of EPS variations on nutrient removal performance, two periods
with relatively stable temperatures were selected: days 85-120 and days 125-155, with
average wastewater temperatures of 13.7 °C and 12.6 °C, respectively. The choice relied on
three factors, not just temperature stability. These periods represent “mild” and “severe”
low-temperature stages (critical < 15 °C threshold for microbial activity /EPS secretion). The
stable temperatures within each period avoid erratic shift interference. Additionally, they
exhibit synchronous trends between temperature, nutrient removal, and sludge settleability.
This synchrony focuses analysis on EPS as the key mediator between temperature and
system performance. The operational parameters remained stable across both periods, with
no abnormal adjustments. This eliminates operational confounders, ensuring that EPS and
performance changes trace to temperature.

During the initial stage when wastewater temperature dropped just below 15 °C
(days 85-120), SVI showed minimal fluctuation, indicating that biochemical tank sludge
settling performance remained relatively stable. MLSS and MLVSS values began to increase
gradually. Within optimal temperature ranges, microorganisms can more effectively de-
compose organic matter. However, microbial growth and metabolism is inhibited under
low-temperature conditions, which led to the organic matter becoming adsorbed by acti-
vated sludge, not being metabolized promptly by microorganisms. As a result, an increased
organic matter content and elevated excess sludge quantities were observed. During this
period, PS and PN in all components of EPS increased, enhancing organic matter content
in the activated sludge and causing the MLSS/MLVSS ratio to increase significantly from
51.4 £ 3.2% to 61.2 £ 4.1%.

During the coldest winter phase (days 125-155), MLSS and MLVSS values gradually
decreased, indicating that excess sludge quantities were synchronously reduced due to
declining temperatures. Influent organic matter content showed no significant changes.
It is hypothesized that microbial activity was substantially weakened during this period,
resulting in markedly reduced excess sludge production. The satisfactory effluent quality
was attributed to the lower sludge loading, which effectively adsorbed and degraded
most organic matter. Notably, the MLSS/MLVSS ratio exhibited minimal fluctuations
during this period. Component analysis revealed significant increases in PS and PN in
DOM and LB-EPS, while PS and PN in TB-EPS decreased markedly. LB-EPS and TB-EPS
possess strong binding and flocculation capabilities, which contribute to the retention of
dominant bacterial genera [25]. Under these extreme low-temperature conditions, SVI
increased significantly, reaching a maximum of 198 mL/g. Research has demonstrated that
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excessive LB-EPS can weaken floc structure and impair sludge-water separation [33]. It
is hypothesized that the decrease in TB-EPS under low-temperature conditions, coupled
with increased DOM and LB-EPS, further reduces sludge floc density, representing the
primary cause of deteriorated sludge settling performance. Pearson correlation analysis
revealed significant negative correlation between TB-EPS content and SVI (r = —0.72,
p < 0.01), while LB-EPS showed a positive correlation with SVI (r = 0.68, p < 0.01). These
results confirm that the decrease in TB-EPS and increase in LB-EPS are the key factors
leading to deteriorated sludge settling performance. However, we acknowledge that direct
floc structure measurements (microscopy, particle size analysis) would strengthen these
correlations and represent an area for future investigation.

3.3. Structure of Microbial Community
3.3.1. Overall Analysis of Illumina Sequence Data

The rarefaction curves for the diversity index Sobs (observed richness) all approached
a plateau, indicating that the sequencing data volume was reasonable. The Coverage
index (community coverage) for all sequencing samples was 0.99, and an increase in this
value indicates enhanced probability of sequence detection in samples while reducing the
likelihood of undetected sequences. This demonstrates that the current sequencing covered
most OTUs, with relatively complete representation of microbial information, providing
relatively accurate reflection of sequencing and analytical results while offering strong
support for the rationality of the sequencing work [34].

Most samples with wastewater temperatures below 15 °C exhibited Sobs values lower
than 2000, indicating that temperature has a pronounced impact on the number of microbial
community species in the biochemical tank. Conversely, when temperatures exceeded
15 °C, the biochemical tank maintained higher microbial biomass, which contributes to
enhanced microbial degradation capacity for nutrients. The Shannon index serves as one of
the important indicators for estimating microbial diversity in samples. Higher index values
indicate greater community diversity. It was revealed that sludge community diversity was
relatively lower during the cold water temperature period from November 2023 to March
2024 compared to other timeframes. Both the Chao index and ACE index are commonly
used indices for evaluating OTU numbers in samples. When wastewater temperature first
dropped below 15 °C but remained above 13 °C, the total species count in the biochemical
tank initially showed a significant decline followed by subsequent recovery. However, after
temperature dropped below 13 °C, the total species count in the biochemical tank decreased
again, followed by gradual recovery to relatively stable levels. This demonstrates that
significant temperature reduction or the initial decline to a critical threshold below 15 °C
directly results in decreased total species count in the biochemical tank, but after a period of
time, the species count recovers to relatively stable levels. This indicates that the microbial
community in the biochemical tank possesses excellent low-temperature adaptability and
can rapidly mitigate the adverse effects of low temperatures.

At the phylum level, the microbial community primarily comprised seven major phyla:
Pseudomonadota, Bacteroidota, Chloroflexota, Bacillota, Actinomycetota, Patescibacteria,
and Acidobacteriota, all of which exhibited notable variations throughout the sludge
samples (Figure 6). Pseudomonadota, with Pseudomonas as its type genus, represents a
renamed classification following the removal of Epsilonproteobacteria, Deltaproteobacte-
ria, and Oligoflexia from the former Proteobacteria phylum, and occupies an absolutely
dominant position in activated sludge within oxic tanks. This phylum contains numerous
aerobic bacteria which can efficiently utilize organic matter to synthesize polyhydrox-
yalkanoates (PHA) and significantly reduce COD in wastewater [35]. Bacteroidota can
enhance the degradation capacity of macromolecular organic compounds and serves as
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the phylum for denitrifying bacteria, promoting nitrogen cycling. Chloroflexota con-
sists predominantly of filamentous bacteria, with some species capable of performing
anaerobic photosynthesis [36]. Actinomycetota is frequently associated with sludge
bulking phenomena.
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Figure 6. Changes in microbial structure at the phylum level.

3.3.2. Microbial Structure at the Genus Level Under Cold Waves

Wastewater temperature variations significantly affect activated sludge performance
and nutrients removal efficiency. Samples B4 (day 63, pre-cold wave), B5 (day 77, during
cold wave), and B6 (day 91, post-cold wave) were selected for functional classification
of major bacterial genera to analyze the impact of low temperatures on major functional
microbial communities at the genus level. The test results for major functional microbial
communities at the genus level are presented in Figure 7a. The functional bacterial primarily
include EPS secretion-promoting genera [37,38], polyphosphate-accumulating organisms
(PAOs) [39,40], filamentous bacteria (FB) [41], denitrifying polyphosphate-accumulating or-
ganisms (DPAOs) [42], nitrifying bacteria (NB) [43], and denitrifying bacteria (DNB) [44,45].
EPS secretion-promoting genera are primarily associated with the capacity to promote
microbial secretion and production of EPS-related components.

The abundance of Trichococcus did not directly increase with temperature decline,
but significantly increased during the late cold wave period when temperatures began to
recover, rising dramatically from 3.56% in B5 to 6.04% in sample B6. Trichococcus facili-
tates denitrification processes under cold conditions [30]. Trichococcus can degrade various
carbohydrates and possesses a large number of cold shock domains (CSD), enabling it to
maintain normal metabolic activities at low temperatures [46]. Furthermore, three other
genera of Terrimonas, Defluviimonas, and Ferruginibacter all exhibited similar variation trends
to Trichococcus, and their abundances increased from 2.45%, 1.04%, and 0.73% in B5 to 2.98%,
1.14%, and 0.89% in B6, respectively. The EPS secretion bacteria of Terrimonas increased in
association with improved reactor performance, indicating its crucial role in resisting cold
wave impacts [47]. This microbial community analysis conclusion is consistent with EPS
composition findings, namely that increased EPS secretion by microorganisms in sludge oc-
curs during temperature recovery following low-temperature exposure. This phenomenon
is attributed to the modified process configuration with relatively abundant biological
treatment units, which not only enhances nutrient removal efficiency but also mitigates
the impact of low temperatures on activated sludge. Additionally, FB in sludge samples
exhibited similar variation trends, with bacterial species not immediately increasing with
temperature decline; however, their abundances increased from 2.24% in B5 to 4.02% in B6
when temperatures began to recover, further validating the EPS analysis conclusions.
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Figure 7. Major functional microbial communities at the genus level (a) and ecological correlation
network diagram (b).

By calculating correlation coefficients among various bacterial genera and connect-
ing significantly correlated genera nodes, a network analysis diagram was constructed
(Figure 7b). The number of connections between different bacterial genera indicates the
closeness of relationships between the current genus and other genera within the microbial
community, while the thickness of connections represents the strength of correlations be-
tween different genera. Red connections represent positive correlations, while blue connec-
tions represent negative correlations. Candidatus_Microthrix (belonging to FB bacteria) and
norank_f__PHOS-HE36 (belonging to DNB bacteria) serve as hub genera, exhibiting the clos-
est relationships with other bacterial genera. Notably, Candidatus_Microthrix demonstrated
extremely strong positive correlations with EPS secretion-promoting genera Trichococcus
and Defluviimonas, indicating distinct mutualistic symbiotic relationships between FB bac-
teria and EPS secretion-promoting genera. Conversely, norank_f__PHOS-HE36 exhibited
extremely strong negative correlations with FB bacterium Candidatus_Microthrix and EPS
secretion-promoting genus Defluviimonas, suggesting significant competitive relationships
between certain denitrifying bacteria and FB bacteria as well as EPS secretion-promoting
genera. Therefore, it is hypothesized that appropriately enhancing the abundance of DNB
bacterium norank_f PHOS-HE36 in sludge could mitigate the accumulation of sludge
LB-EPS and DOM, reduce SVI, and improve the settling performance of activated sludge
in biological treatment units during low-temperature periods to some extent.
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3.4. Effect of the EPS-Optimizing Microbial Agents on Temperature Shock Resistance
3.4.1. Effect of the Microbial Agents on Nutrients Removal Efficiency

Excessive EPS under low-temperature conditions reduces sludge settling performance.
To improve sludge settling performance in winter, a novel sludge reduction microbial
agent was applied to reduce excess sludge concentration and lower sludge treatment costs.
INlumina sequence results revealed that the dominant genera in the microbial agent were
Mesorhizobium (54.2%) and norank_f__norank_o__Chloroplast (25.1%), both typical organic
matter-degrading bacteria [48,49]. Experiments were conducted using an A%/O reactor,
with nitrogen removal efficiency shown in Figure 8. The denitrification efficiency in the
anoxic tank consistently remained at relatively low levels. During operation, the removal
efficiency of NO3 ~-N from the recirculated nitrified liquid in the anoxic tank ranged from
5% to 30%. No external carbon source was added throughout reactor operation, relying
solely on influent COD to provide carbon sources. The hydraulic retention time in the
anoxic tank section reached 10.6 h, satisfying the theoretical time requirements for biological
denitrification. Therefore, the poor denitrification performance in the anoxic tank was
attributed to insufficient influent carbon sources.
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Figure 8. Effect of microbial agents on NO3; ~-N removal performance in the anoxic tank (a), NHs*-N
in the oxic tank (b), and COD removal performance (c).
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After adding the EPS-optimizing microbial agent, the nitrogen removal efficiency
gradually improved after a short period, indicating that the addition of EPS-optimizing
microbial agents does not significantly impact the nitrogen removal performance. During
the initial reactor operation phase, NH;*-N removal efficiency in the oxic tank was highly
unstable. After stable operation, NH;"-N removal efficiency maintained approximately
98 £ 1.2%, indicating good nitrification performance in the oxic tank. After adding the
EPS-optimizing microbial agents, NH4*-N removal efficiency in the oxic tank exhibited
notable short-term fluctuations. Effluent NH;"-N exceeded 2 mg/L, and the removal
efficiency temporarily decreased to 93 + 2.1%. However, the removal efficiency recovered
to above 96% within 4 days.

COD removal efficiency is shown in Figure 8c. On day 18, the reactor influent COD
concentration reached its maximum at 264 mg/L, while the minimum of 87 mg/L occurred
the following day, which was related to heavy rainfall during the initial reactor operation
period. The lowest COD removal efficiency was less than 75% during the initial operation
phase, and stabilized at approximately 90% after 10 days operation. Following the addition
of EPS-optimizing microbial agents, COD removal efficiency remained at 90%, indicating
that the addition of EPS-optimizing microbial agents does not affect microbial adsorption,
degradation, and utilization of COD.

3.4.2. Variation of EPS Components

The PN and PS in EPS from different tanks were monitored before and after the
addition of EPS-optimizing microbial agents (Figure 9). The PN in DOM of the anaerobic
tank showed minimal changes, while the PN in LB-EPS and TB-EPS exhibited significant
variations. During the pre-addition operation period, PN in LB-EPS and TB-EPS increased
from 23.7 mg/gVSS and 59.4 mg/gVSS to 39.3 mg/gVSS and 78.9 mg/gVSS, respectively,
representing increases of 65.8% and 32.8%. Following the addition of EPS-optimizing
microbial agents, PN in LB-EPS and TB-EPS decreased to 11.7 mg/gVSS and 58.1 mg/gVSS,
respectively, with reductions of 70.2% and 26.4%. The changes in PS in LB-EPS and TB-EPS
were also notable. During the pre-addition operation period, PS contents increased from
1.74 mg/gVSS and 9.36 mg/gVSS to 3.01 mg/gVSS and 13.38 mg/gVSS, respectively,
representing increases of 72.9% and 42.95%. After microbial agent addition, PS in LB-EPS
and TB-EPS significantly decreased to 1.37 mg/gVSS and 7.11 mg/gVSS, with reductions
of 54.5% and 46.9%, respectively.
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Figure 9. Changes in EPS content in anaerobic zone (a), anoxic zone (b), and oxic zone (c) before and
after dosing microbial agents.
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During operation, PN in LB-EPS and TB-EPS in the anoxic tank increased from
27.05 mg/gVSS and 55.45 mg/gVSS to 34.87 mg/gVSS and 67.35 mg/gVSS, respectively,
representing increases of 28.9% and 21.5%. PN contents decreased to 16.46 mg/gVSS and
62.33 mg/gVSS, respectively, followed by an addition of microbial agent. After microbial
agent addition, PS in LB-EPS and TB-EPS decreased to 1.53 mg/gVSS and 7.48 mg/gVSS,
with reductions of 52.5% and 30.4%, respectively. Similarly, the overall changes in PN
and PS contents in DOM of the oxic tank were minimal, while PN and PS in LB-EPS and
TB-EPS showed significant changes before and after microbial agent addition. PN and PS in
LB-EPS and TB-EPS decreased to 14.95 mg/gVSS and 2.28 mg/gVSS after microbial agent
addition, with reductions of 39.9% and 23.0%, respectively. In conclusion, the addition of
EPS-optimizing microbial agents can significantly reduce PN and PS in LB-EPS of all tanks,
while having minimal effect on DOM contents in all tanks.

Figure 10 presents the three-dimensional fluorescence spectra of sludge EPS in the
anoxic tank before and after the addition of EPS-optimizing microbial agents. It can
be used to investigate protein-like substances, fulvic acids, and humic substances, and
evaluate the biodegradability and utilization difficulty of various EPS components by
microorganisms [50,51]. The regional fluorescence intensity proportions of extracellular
polymeric substances in various regions of the anoxic tank were similar during the reactor
stabilization period and on the day of microbial agent addition. Following microbial agent
addition, the regional fluorescence intensities of various EPS regions exhibited considerable
changes. Compared to pre-addition conditions, the fluorescence intensities of regions I,
II, and III in DOM (protein-like substances and fulvic acid-like substances) significantly
decreased after microbial agent addition. Regions IV and V (soluble microbial metabolic
products and humic-like substances) showed notable increases. The fluorescence intensities
of regions I and II (protein-like substances) in LB-EPS and TB-EPS decreased, while regions
IIT and V (fulvic acids and humic-like substances) increased. This demonstrates that the
addition of this microbial agent significantly affects the fluorescent substances in EPS.
Except for the increases in regions III and V (fulvic acids and humic-like substances) of
TB-EPS in the anoxic tank before and after microbial agent addition, all other proportions of
protein-like substances decreased. Tyrosine, tryptophan, and soluble microbial metabolic
products were utilized by microorganisms after microbial agent addition, with protein-like
substances showing relatively high microbial utilization rates. Therefore, it can be inferred
that adding this type of microbial agent during winter can reduce the accumulation of
protein components in sludge EPS, thereby improving sludge settling performance.

The economic feasibility of EPS-optimizing microbial agents represents a critical
factor for practical implementation. Based on our laboratory-scale results using a dosage
of 2000 g/m?, the estimated treatment cost would be approximately $20/m? of treated
wastewater. This cost must be weighed against the operational benefits, including reduced
sludge handling costs due to improved settling performance, decreased chemical coagulant
requirements, and potential energy savings from improved process stability. The microbial
agents can be produced through standard fermentation processes, making scale-up feasible
for most WWTPs. Further economic analysis and pilot-scale studies are recommended to
optimize dosage strategies and reduce implementation costs.
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Figure 10. Fluorescence intensity (FI) changes of EPS in anoxic tank of reactor before and after dosing
microbial agents.

4. Conclusions

This study elucidated the temperature-EPS interaction mechanisms affecting nitrogen
removal performance in full-scale wastewater treatment systems. Water temperature
variations significantly influenced nitrification and denitrification processes, with TB-EPS
content decreasing substantially when temperatures dropped below 15 °C while DOM
and LB-EPS increased, representing the primary cause of deteriorated sludge settling
performance. The modified Bardenpho process demonstrated resilience to temperature
fluctuations through enhanced substrate utilization efficiency. EPS-optimizing microbial
agents effectively reduced PN component accumulation in sludge EPS without affecting
COD removal efficiency, thereby improving sludge settling performance during cold wave
impacts. These findings provide a fundamental understanding of seasonal performance
variations and practical solutions for maintaining stable year-round operation of biological
wastewater treatment systems under challenging temperature conditions.
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