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Abstract


Sludge bulking is a phenomenon that seriously affects the operation of activated sludge wastewater treatment plants (WWTPs). In this study, synthetic wastewater and a sequencing batch reactor (SBR) were employed to investigate the control of freeze–thaw on sludge bulking and the changes in sludge flora. The results observed that an imbalanced carbon–nitrogen–phosphorus ratio (C:N:P) in wastewater significantly increased the relative abundance of Thiothrix from 0.04% to 26.00%, while the sludge volume index (SVI) rose from 61 to 228 mL/g, leading to filamentous bulking. The bulking sludge was frozen at −40 °C for 7 days and then naturally thawed. After being reintroduced into the reactor, the relative abundance of Thiothrix rapidly decreased to 0.18%, and the sludge settling performance temporarily returned to normal, but it could not operate stably. Six days later, severe non-filamentous sludge bulking recurred. The relative abundance of Zoogloea increased markedly from 12.96% to 62.26%, and the SVI reached 260 mL/g. When the carbon source was replaced with glucose, the settling performance of the sludge eventually recovered. Studies have shown that the higher the content of extracellular polymer substances (EPSs) is, the worse the settling performance of sludge is. This study provides new technical ideas for the control of sludge bulking.
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1. Introduction


The activated sludge process is the most commonly used biological wastewater treatment technology due to its low cost and stable performance [1,2]. However, sludge bulking remains a major bottleneck restricting the stable operation of this process [3,4]. Once sludge bulking occurs in wastewater treatment plants (WWTPs), it leads to deteriorated sludge settling properties and poor effluent quality. It is reported that more than half of WWTPs worldwide operating with the activated sludge process have experienced sludge bulking problems [5,6]. Sludge bulking is typically categorized into filamentous and non-filamentous types [7]. The former is caused by the excessive growth of filamentous bacteria, whereas the latter results from the overproduction of highly hydrophilic and viscous extracellular polymeric substances (EPSs) by floc-forming bacteria [8,9]. Most bulking cases are filamentous in nature, while non-filamentous bulking occurs less frequently [10]. The causes of sludge bulking are multifactorial and mainly associated with influent characteristics, process configuration, and environmental conditions [11,12].



To control sludge bulking, various physical, chemical and biological methods have been proposed [13,14,15]. Freeze–thaw was a physical treatment technique that involves cyclic freezing at low temperature and thawing at ambient temperature [16]. As a physical approach, freeze–thaw offered several advantages. It eliminated the need for chemical additives and prevented secondary metal pollution from Fe3+/Al3+ salts, making it an economical and environmentally sustainable method [17,18,19]. When sludge is frozen, water within the sludge pores and flocs freeze to form ice crystals [18]. The growing ice crystals promote the aggregation of dispersed colloidal particles into larger flocs [20]. EPSs are macromolecular substances released by activated sludge into the extracellular environment, mainly composed of proteins, polysaccharides, lipids, and nucleic acids [21]. The EPS of sludge can be disrupted during the growth of ice crystals, leading to the release of bound water and a consequent compaction of the floc structure [22,23]. These two effects facilitate the transformation of sludge flocs from a loose to a dense structure, fundamentally improving their settling performance [24,25].



The freeze–thaw process not only has a notable impact on sludge settling behavior but also influences microbial communities. Low temperatures suppress microbial enzyme activity and respiration as well as electron transport, causing microorganisms to enter dormant or low-metabolic states [26]. The number of microorganisms in can sludge decrease significantly; Chu et al. [27] reported that the bacterial population in sludge was reduced by approximately 67% after freeze–thaw treatment. The abundance of Actinobacteria was significantly reduced after freezing, indicating that low-temperature stress had a pronounced inhibitory effect on microorganisms that are not cold-tolerant [28]. Cold-tolerant taxa such as Clostridium and Porphyromonadaceae exhibited increased relative abundances and became dominant after the freeze–thaw process [29]. Different freeze–thaw intensities could also significantly affect the structure of microbial communities [30]. Under the strong freezing conditions (−15 °C), the relative abundance of Euryarchaeota increased markedly, while that of Proteobacteria decreased from 49.5% to 7.6%. Under the mild freezing conditions (−5 °C), the abundance of Firmicutes increased by 15.9%. In areas such as Xinjiang and Heilongjiang in China, the average temperature remains below 0 °C from November to the following March [31,32], providing realistic feasibility for applying freeze–thaw processes.



Previous research on freeze–thaw treatment has primarily emphasized its physical mechanisms on sludge flocs. However, the associated microbial community dynamics and the long-term stability of sludge bulking control under freeze–thaw conditions remain insufficiently explored. This study constructed a sequencing batch reactor (SBR) fed with synthetic wastewater and subjected the activated sludge to freezing at −40 °C for 7 days. The objectives of this study were: (1) to examine the efficiency and long-term stability of freeze–thaw treatment for controlling sludge bulking; (2) to investigate the dynamic variations in microbial community composition during the freeze–thaw process; and (3) to explore the changes in EPS composition and content, and to clarify the relationship between EPS and sludge settling performance. The findings provide theoretical insights and practical implications for the development of efficient and sustainable sludge bulking control strategies in wastewater treatment systems.




2. Materials and Methods


2.1. Experimental Equipment and Operation Mode


In this study, an SBR made of plexiglass with an effective volume of 10 L was used, as shown in Figure 1. The experiments were operated at room temperature (18–23 °C). The reactor was run in two cycles per day, with each cycle including 10 min of influent feeding, 420 min of aeration, 260 min of settling, 10 min of effluent withdrawal, and 20 min of idle time. To maintain stable operational performance, excess sludge was removed once a day by withdrawing 100 mL of mixed liquor from the reactor during the aeration stage of the first operational cycle. The sludge age was approximately 27 days. The F/M ratio during the experimental period remained within the range of 0.12–0.19 kg COD/(kgMLSS·d).




2.2. Synthetic Wastewater and Experimental Process


The experiment lasted for 240 days. Synthetic wastewater was used as the influent, in which sodium acetate or glucose, NH4Cl, and KH2PO4 served as the sources of chemical oxygen demand (COD), total nitrogen, and total phosphorus, respectively. The influent also contained NaHCO3 (500 mg/L), MgSO4 (25 mg/L), and CaCl2 (30 mg/L). NaHCO3 was included to maintain the pH within the range of 6.0–8.5. MgSO4, CaCl2 and KH2PO4 supplied the essential nutrients (Mg2+, Ca2+, PO43− and K+) required for the metabolism and growth of bacteria. In addition, a trace element stock solution was added at 1 mL/L, and its composition is listed in Table 1. To induce sludge bulking, from day 1 to day 54, synthetic wastewater with an unbalanced ratio of carbon, nitrogen and phosphorus was adopted, with COD at 500 mg/L, total nitrogen at 50 mg/L and total phosphorus at 5 mg/L. The classical C:N:P ratio required for normal microbial growth in aerobic biological treatment is 100:5:1. The C:N:P ratio of 100:10:1 was selected in this study to induce sludge bulking, based on previous research indicating that an imbalance in the C:N:P ratio is a key factor triggering sludge bulking [33]. To control sludge bulking, between days 55 and 233, the influent total nitrogen concentration was reduced to 25 mg/L, and the carbon–nitrogen–phosphorus ratio (C:N:P) was adjusted to 100:5:1, as required for aerobic activated sludge [34]. However, the sludge bulking condition did not improve. On day 69, after the experimental operation was stopped, the entire sludge slurry inside the reactor was removed using a siphon and transferred into a sealed plastic bag. The sample was then placed in a −40 °C freezer and frozen for 7 days. After freezing, the samples were placed on the laboratory bench and allowed to thaw naturally at room temperature (21 °C) and standard atmospheric pressure for 10 h. Subsequently, the thawed mixture was poured back into the reactor to initiate the subsequent experiments. After freeze–thaw, the settling performance of the sludge improved rapidly, and the sludge volume index (SVI) dropped to 72 mL/g. But this state only lasted for a short 6 days. Starting from day 106, sludge bulking reoccurred and became more severe, with the SVI increasing to 176 mL/g. This bulking persisted for 69 days. To control sludge bulking, the carbon source was switched from sodium acetate to glucose on day 175, with the COD concentration remaining unchanged. Subsequently, the sludge settleability gradually began to improve. On day 195, the sludge settling performance returned to normal and remained stable for the subsequent 38 days of operation.




2.3. Sample Collection


To investigate the microbial community dynamics during the sludge bulking and control process, a total of six sludge samples were collected. The specific sampling information is summarized in Table 2. For each labeled sludge sample, three independent subsamples were randomly collected from different spatial locations within the reactor. These subsamples were subsequently combined into a single composite sample for further analysis. The seed sludge F1 was obtained from a well-operated oxidation ditch process municipal WWTP in Altay City, Xinjiang. The mixed liquor suspended solid (MLSS) concentration was 4236 mg/L, with an SVI of 99 mL/g, indicating excellent settleability. Samples F2, F3 and F4 were bulking sludge samples, while F5 and F6 were sludge samples with good settleability.




2.4. Water Quality Analysis Methods


COD was measured using the rapid digestion spectrophotometric method with a Hach DRB200 digester (Loveland, CO, USA). Ammonium nitrogen (NH4+-N) was analyzed using the Nessler reagent spectrophotometric method with a Hach DR6000 spectrophotometer (Loveland, CO, USA). The water temperature was measured using a mercury thermometer. DO was measured with a portable DO analyser (Sima AR8406, Guangdong, China). MLSS were measured using the gravimetric method. SVI was calculated as the ratio of the sludge volume, after allowing 1 L of mixture to settle for 30 min in a measuring cylinder, to the MLSS.




2.5. EPS Extraction Methods and Component Analysis Methods


EPSs are classified into three fractions, soluble EPS (S-EPS), loosely bound EPS (LB-EPS), and tightly bound EPS (TB-EPS) [35]. A mixed liquor sample of activated sludge was centrifuged at 5500 rpm for 10 min at 4 °C, and the supernatant was collected as S-EPS. The residual sludge in the centrifuge tube was resuspended in deionized water and centrifuged at 5500 rpm for 20 min at 4 °C, and the supernatant was collected as LB-EPS. The residual sludge pellet was re-suspended in an equal volume (1:1, v/v) of deionized water and 2% EDTA solution and incubated at room temperature for 3 h. Subsequently, the mixture was centrifuged at 12,300 rpm for 20 min at 4 °C to collect TB-EPS. All extracted EPS fractions were filtered through 0.22 μm membranes and stored at 4 °C until analysis.



The contents of polysaccharides and proteins in the EPS were quantified. The polysaccharides content was measured by the anthrone-sulfuric acid method using glucose as the standard [36]. The contents of proteins were measured by the Lowry method using bovine serum albumin as the standard [37]. Both polysaccharides and proteins concentrations were expressed as milligrams per gram of MLSS (mg/g MLSS).




2.6. DNA Extraction, PCR Amplification, and Illumina Sequencing


Microbial DNA was extracted from sludge samples using the E.Z.N.A. Soil DNA Kit (Omega Bio-tek, Norcross, GA, USA). The final DNA concentration and purification were determined by NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA), and the quality was verified by 1% agarose gel electrophoresis.



The V4–V5 hypervariable regions of the bacteria 16S rRNA gene was amplified for all samples with primers 515F (5′-GTGCCAGCMGCCGCGG-3′) and 907R (5′-CCGTCAATTCMTTTRAGTTT-3′) [38]. In addition, the fungal 18S rRNA gene was amplified for samples F1, F2, and F5 with primers SSU0817F (5′-TTAGCATGGAATAATRRAATAGGA-3′) and 1196R (5′-TCTGGACCTGGTGAGTTTCC-3′) [39]. The PCR reactions were conducted under the following program: 3 min of denaturation at 95 °C, 27 cycles of 30 s at 95 °C, 30 s for annealing at 55 °C, and 45 s for extension at 72 °C, and a final extension at 72 °C for 10 min. The PCR products were extracted from 2% agarose gels and further purified using the AxyPrep DNA Gel Extraction Kit (Axygen, Union City, CA, USA). Then, the products were quantified using a QuantiFluor (Promega, Madison, WI, USA).



The raw sequences obtained from the Illumina platform were subjected to quality filtering to generate high-quality reads. Operational taxonomic units (OTUs) were clustered at a 97% sequence similarity, and representative sequences from each OTU were compared against the SILVA database for taxonomic annotation. The raw sequencing data were deposited into the NCBI Sequence Read Archive (SRA) database under the accession number SRP127293.




2.7. Data Analysis


Figures and charts were generated using OriginPro 2024. The Chao, Shannon, and Coverage indices were calculated with the Mothur program (v.1.30.1). Relative abundance was calculated as the number of reads assigned to a given taxon divided by the total number of valid reads per sample. Correlation analyses were performed in R software (v.4.2.1).





3. Results and Discussion


3.1. Performance of the Reactor


To ensure the engineering applicability of the sludge bulking control strategy, this study continuously monitored the effluent COD and NH4+-N concentrations during reactor operation. As nationally controlled indicators for water pollution control in China, compliance with discharge standards for these parameters is a fundamental prerequisite for evaluating the effectiveness of the bulking control approach. The effluent COD and NH4+-N concentrations of the reactor consistently met the Class I-A discharge standard specified in the Chinese National Standard Discharge Standard of Pollutants for Municipal Wastewater Treatment Plants (GB 18918-2002) [40]. The COD effluent concentration should not exceed 50 mg/L, and the NH4+-N effluent concentration should not exceed 5 mg/L.



The influent COD fluctuated between 452.1 and 588.7 mg/L, slightly deviating from the designed value of 500 mg/L (Figure 2a). The effluent COD concentration ranged from 3.1 to 49.7 mg/L, corresponding to an average removal efficiency of 94.0%. In addition to COD removal, NH4+-N was also investigated to further assess the performance of the reactor. From days 1 to 54, the influent NH4+-N concentration was maintained at 47.3–58.9 mg/L, and the average effluent concentration was 4.8 mg/L, achieving an average removal efficiency of 90.9% (Figure 2b). During days 55–233, the influent C:N:P was adjusted, with influent NH4+-N concentrations varying between 20.5 and 30.6 mg/L. The effluent NH4+-N concentration was maintained between 0.4 and 4.8 mg/L, indicating a stable nitrogen removal rate of 92.2%. These results confirm that the system consistently maintained excellent pollutant removal performance.




3.2. Microscopic Examination of Sludge


In this study, optical microscopy was employed to examine the morphological characteristics of the activated sludge. This classical and direct technique allows clear characterization of floc structure as well as the abundance and morphology of filamentous bacteria. These observations provide essential morphological evidence for the rapid diagnosis of the type and severity of sludge bulking. The structural characteristics of sludge flocs were observed under an optical microscope, as presented in Figure 3. In seed sludge F1, the flocs appeared relatively large and compact with well-defined edges. Filamentous bacteria were present in moderate abundance and distribution, providing structural support. The sludge sample F2 exhibited a substantial proliferation of filamentous bacteria, with an SVI of 228 mL/g. This proliferation disrupted the compact structure of the flocs, resulting in a severe filamentous bulking.



After 7 days of freeze–thaw treatment, the sludge sample F3 exhibited numerous dense and dark microbial aggregates. These aggregates exhibited irregular finger-like extensions at the floc edges, a structural feature similar to those reported for Zoogloea-dominated flocs [41]. In sludge sample F4, the flocs appeared looser and more irregular in size compared with sludge sample F3. The abundance of filamentous bacteria surrounding the flocs was markedly reduced in both F3 and F4, while the SVI remained relatively high at 260 mL/g, indicating that filamentous bulking had shifted to non-filamentous bulking.



In sludge samples F5 and F6 where glucose was supplied as the carbon source, the flocs were compact with clearly defined edges and protozoa such as Vorticella and rotifers were observed. These protozoa are widely recognized as indicator organisms of good treatment performance, mature sludge systems, and stable microbial communities [42,43]. In contrast, protozoa were not detected when sodium acetate served as the carbon source. This phenomenon may be associated with bacterial growth patterns, which are regulated by the molecular characteristics of different carbon sources. The metabolism of glucose promotes dispersed bacterial growth and the production of numerous free cells, which provide abundant food resources for protozoan growth and reproduction [44]. In comparison, sodium acetate, a simple and readily utilized small-molecule organic acid [45], facilitates the rapid formation of dense microbial flocs, which suppresses the release of free bacteria. The lack of food resources consequently prevents protozoa from establishing effective populations in the acetate-fed system. During the experimental period, the DO was maintained within the range of 2.4–5.7 mg/L, and the pH was effectively maintained between 6.0 and 8.5 through the addition of NaHCO3. Since both DO and pH were excluded as potential factors affecting protozoa, the observed recurrence can be primarily attributed to the change in carbon source. Although protozoa are not the major contributors to pollutant removal, their occurrence is generally considered indicative of improved effluent quality.




3.3. Structure of the Bacterial and Fungal Community


This study employed high-throughput sequencing, a technique widely used in environmental microbiology, to elucidate the mechanisms of sludge bulking by characterizing the microbial community structure of activated sludge. High-throughput sequencing analyses were performed across different bulking and recovery stages.



3.3.1. Bacterial Community Diversity


The bacterial diversity indices from 16S rDNA for all samples were presented in Table 3. The coverage index of all six samples was greater than 0.990, demonstrating that the vast majority of bacteria in the sludge were detected. The Chao, Shannon, and Heip indices represent microbial community richness, diversity, and evenness, respectively [46]. As shown by these indices, the seed sludge F1 exhibited the highest bacterial richness, diversity, and evenness, whereas the non-filamentous bulking sludge F3 had the lowest values for these indices. After sludge bulking occurred, the Chao, Shannon, and Heip indices of the sludge all exhibited a decline. When the sludge settling performance returned to normal, the microbial diversity increased again.




3.3.2. Bacterial Community Composition at the Phylum Level


Twenty-eight bacterial phyla were identified in all sludge samples, among which the top ten phyla were presented in Figure 4. In all sludge samples, Proteobacteria and Bacteroidetes were the most abundant phyla, which was consistent with earlier studies [47,48]. The relative abundance of Proteobacteria ranged from 39.94% to 81.91%. Proteobacteria are widely recognized as the dominant phylum responsible for nitrogen and phosphorus removal as well as organic matter degradation, and Proteobacteria are essential for the stable operation of activated sludge systems in WWTPs [49]. The relative abundance of Bacteroidetes ranged from 13.92% to 28.19%, and this phylum plays a vital role in nutrient metabolism and the degradation of complex compounds [50].



Chloroflexi existed within the floc structure of activated sludge and promoted flocculation of the sludge [51]. The relative abundance of Chloroflexi was 12.60% in seed sludge sample F1. It markedly declined to 1.77% in the filamentous bulking sample F2 and further decreased to only 0.12% and 0.49% in the non-filamentous bulking samples F3 and F4, respectively. When the sludge settling performance recovered in samples F5 and F6, the relative abundance of Chloroflexi increased to 1.21% and 4.15%, respectively, indicating that Chloroflexi plays an important role in maintaining good sludge settleability.




3.3.3. Bacterial Community Composition at the Genus Level


A total of 355 bacterial genera were observed in all sludge samples, of which the top 20 genera are shown in Figure 5. In seed sludge F1, the relative abundance of Thiothrix was only 0.04%, but it increased sharply to 26.00% in filamentous bulking sludge F2. When sodium acetate was used as the carbon source, Thiothrix proliferation was associated with filamentous sludge bulking. This observation agreed well with the results reported by Gao et al. [52], who operated an SBR under laboratory conditions and found that Thiothrix was the dominant genus responsible for sludge bulking, with its relative abundance rising significantly from 0.01% to 12.69%. Thiothrix has also been reported in bulking sludge from both municipal and industrial WWTPs [53,54]. After the freeze–thaw treatment, the relative abundance of Thiothrix reduced to 0.18% and 0.01% in the non-filamentous bulking sludge samples F3 and F4, respectively. Thiothrix was not detected in sludge samples F5 and F6, where its relative abundance was 0.00%, suggesting that the freeze–thaw treatment effectively suppressed filamentous bulking caused by Thiothrix.



The relative abundance of Zoogloea during the reactor operation varies significantly. In seed sludge F1, Zoogloea accounted for only 0.28%, but its proportion markedly increased to 12.96% in sludge sample F2, where filamentous sludge bulking occurred. After the freeze–thaw treatment, the relative abundance further increased to 66.26% in sludge sample F3 and 40.64% in sludge sample F4, suggesting that the proliferation of Zoogloea contributed to the occurrence of non-filamentous sludge bulking. When sludge settleability recovered, the relative abundance decreased to 24.39% in sludge sample F5 and further decreased to 10.04% in sludge sample F6 as the system reached stable operation. Zoogloea is an aerobic bacterium that plays a representative role in the formation of activated sludge flocs [55]. It is reported that Zoogloea could proliferate extensively even at temperatures below 5 °C, and its ability to form microbial aggregates provides protection against environmental stress [56]. Moreover, Zoogloea is commonly found in activated sludge from WWTPs, where it plays an important role in floc formation by secreting EPS to promote sludge aggregation [9]. However, excessive proliferation of Zoogloea and the subsequent accumulation of viscous polysaccharides can lead to non-filamentous sludge bulking [54].



Freeze–thaw treatment selectively promotes Zoogloea growth, likely due to its unique physiological resistance and the ecological niche vacated after freeze–thaw treatment. The severe freeze–thaw process imposes strong selective pressure on the microbial community. Zoogloea exhibits higher survival rates due to its ability to secrete abundant capsules and EPS, effectively buffering physical damage from ice crystals and activating stress response mechanisms like cold shock to withstand low-temperature stress [57,58]. In addition, competition is reduced within the weakened community after thawing. Surviving Zoogloea rapidly occupies the dominant ecological niche by leveraging its rapid proliferation and viscous EPS secretion. The excessive EPS ultimately leads to the formation of large, highly hydrated flocs, resulting in viscous non-filamentous sludge bulking.




3.3.4. Fungal Community Composition at the Phylum and Genus Levels


The fungal diversity indices for three samples were presented in Table 4. The coverage index of three samples was 0.999, demonstrating that the vast majority of fungi in the sludge were detected. The Chao, Shannon, and Heip indices were substantially lower than those obtained for bacteria, suggesting that fungal diversity and richness in the sludge were much lower, which is consistent with the findings of Wei et al. [59].



A total of thirteen fungal phyla were observed in samples F1, F2, and F5, and the results are presented in Figure 6a. The predominant phyla in the three sludge samples were Ichthyosporea, Ascomycota, and Basidiomycota. Ichthyosporea, a phylum commonly reported from diverse marine-associated environments [60], was the predominant fungal phylum in seed sludge F1, with a relative abundance of 97.94%. Ascomycota is among the most prevalent and abundant fungal phyla in activated sludge systems, which are considered the major fungal groups from municipal WWTPs [61,62]. The relative abundance of Ascomycota was only 0.66% in seed sludge F1 but increased to 40.44% in filamentous bulking sludge F2 and then declined to 11.63% in well-settling sludge F5. These results suggest that Ascomycota may have contributed to filamentous sludge bulking, consistent with the findings of Feng et al. [63].



A total of 33 fungal genera were detected at the genus level, and their relative abundances are shown in Figure 6b. Only a small portion of the fungal sequences could be taxonomically assigned to known genera in the database, while the majority were classified as norank or unclassified [64,65]. In seed sludge F1, norank_o_Rhinosporideacae was the dominant genus with a relative abundance of 97.94%, while unclassified_o_Pleosporales was the most abundant genus in bulked sludge F2, with a relative abundance of 28.69%.



It is reported that Trichosporon [66] and Penicillium [67] could cause sludge bulking. In well-settling sludge F5, Trichosporon became the dominant genus with a relative abundance of 86.38%, whereas its abundance in filamentous bulking sludge F2 was only 5.54%. This observation contrasts with previous reports suggesting that Trichosporon impairs sludge settleability. The freeze–thaw treatment likely altered the fungal habitat within the sludge, and these changes may have affected the physiological activity of Trichosporon. The contribution of fungal biomass to the microbial community was minimal. Consequently, despite the dominance of Trichosporon within the fungal community, the settling performance of sludge was ultimately governed by the bacterial community.





3.4. Changes in EPS Composition


EPSs are widely recognized as key factors influencing sludge settleability and stability [68]. Accordingly, this study systematically analyzed the composition and content of EPS in different sludge samples. The primary objective was to clarify the quantitative relationship between EPS and settleability performance indicators such as the SVI, thereby providing a microscopic explanation for the causes of sludge bulking. Among EPS constituents, proteins and polysaccharides are the predominant components [69]. In this study, proteins concentrations varied between 37.64 and 142.04 mg/g MLSS, while polysaccharides concentrations ranged from 0.63 to 15.46 mg/g MLSS. As shown in Figure 7a, the protein content in EPS was significantly higher than polysaccharides, which is consistent with previous studies [70,71]. The changes in the components within EPS can be divided into two stages. Before freeze–thaw treatment (days 1–96, Stage I), the protein concentration remained within 37.64–67.21 mg/g MLSS. After the freeze–thaw process (days 97–233, Stage II), the protein content increased markedly, showing a rapid rise to 142.04 mg/g MLSS at the beginning of the treatment and then stabilizing in the range of 59.84–99.38 mg/g MLSS. In contrast, the variation in polysaccharide content was relatively small. These results indicate that the freeze–thaw process had a more pronounced effect on the protein fraction of EPS. The formation of ice crystals during freezing caused mechanical disruption of microbial cell membranes, resulting in cell lysis and the release of intracellular proteins. During thawing, these soluble proteins were incorporated into the EPS matrix, thereby increasing the overall protein content.



Furthermore, the contents of different EPS fractions were analyzed. The concentrations of S-EPS, LB-EPS, and TB-EPS ranged from 0–5.04, 0.30–7.98, and 42.03–143.83 mg/g MLSS, respectively. As illustrated in Figure 7b, TB-EPS accounted for the largest proportion of EPS, followed by LB-EPS, while S-EPS was the least abundant. This finding agrees with the conclusion of Basuvaraj et al. [72], who reported that TB-EPS is typically the dominant fraction in activated sludge. Before the freeze–thaw treatment (Stage I), TB-EPS was the predominant component, with concentrations ranging from 42.03 to 71.24 mg/g MLSS. After freeze–thaw (Stage II), TB-EPS exhibited a similar trend to that of proteins, showing a rapid increase to 143.83 mg/g MLSS at the initial stage and then remaining within 62.60–106.18 mg/g MLSS. The freeze–thaw process likely caused cell rupture, releasing intracellular macromolecules such as proteins and polysaccharides. During the thawing phase, these substances may have been re-adsorbed within the sludge floc matrix, forming a new tightly bound layer, which led to an increase in the TB-EPS content.



Correlation analysis demonstrated a significant positive association between total EPS content and SVI (r = 0.51, p = 0.002). The higher the content of EPS, the worse the settling performance of sludge. A similar trend was reported in earlier studies [73,74], where it was suggested that excessive EPS accumulation might disrupt the sludge floc structure and consequently deteriorate sludge settleability. Liu et al. [75] investigated EPS in four different types of sludge and demonstrated that excessive proteins may lead to overexposure of hydrophobic clusters, increasing floc surface roughness and bound water content, thereby elevating SVI.





4. Conclusions


This study employed an SBR to investigate the effects of freeze–thaw treatment on sludge bulking control and microbial community dynamics. 16S rDNA high-throughput sequencing revealed that the use of sodium acetate as the carbon source under an imbalanced C:N:P led to excessive proliferation of Thiothrix. Its relative abundance increased from 0.04% to 26.00%, thereby inducing filamentous sludge bulking. The bacterial community structure shifted markedly after freeze–thaw treatment, with Thiothrix abundance declining from 26.00% to 0.18% and sludge settleability temporarily restored. However, the relative abundance of Zoogloea increased from 12.96% to 66.26%, causing non-filamentous sludge bulking. When the carbon source was switched to glucose, the abundance of Zoogloea decreased to 10.03% and sludge settleability was recovered. The results indicated that freeze–thaw treatment effectively suppressed filamentous bulking, but it concurrently promoted the enrichment of Zoogloea, which resulted in non-filamentous bulking. The protein content in EPS was markedly higher than that of polysaccharides, and the TB-EPS fraction represented the dominant component. Correlation analysis demonstrated a significant positive relationship between total EPS and SVI (r = 0.51, p = 0.002), suggesting that excessive EPS accumulation may deteriorate sludge settleability. In conclusion, although freeze–thaw treatment can temporarily alleviate sludge bulking, its control effectiveness is not sustainable under long-term operation. This study provides important insights for developing stable and effective bulking control strategies in activated sludge systems.



However, limitations also exist in our study. For example, the research employed a time-series design in which samples were collected at six key nodes corresponding to the critical shifts in sludge settling performance. This sampling strategy may have resulted in the loss of some continuous information during transitional periods. In addition, the findings were obtained from a specific sludge source under defined experimental conditions, and thus the generalizability of the conclusions remains to be validated. Future studies could increase the sampling frequency at critical stages and incorporate sludge samples from diverse sources, which would allow a more comprehensive characterization of microbial community succession and facilitate verification of the universality of the observed patterns.
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Figure 1. Schematic of the reactor. 
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Figure 2. Removal performance of the reactor. (a) Concentrations and removal rates of COD. (b) Concentrations and removal rates of NH4+-N. 
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Figure 3. Microscopic examination of sludge (100×). (F1) Sludge on day 1; (F2) Sludge on day 69; (F3) Sludge on day 110; (F4) Sludge on day 150; (F5) Sludge on day 197; (F6) Sludge on day 222. 
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Figure 4. The bacterial community at the phylum level. 
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Figure 5. The bacterial community at the genus level. 
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Figure 6. Variation in relative abundance of fungal community. (a) The fungal community at the phylum levels. (b) The fungal community at the genus levels. 
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Figure 7. Variation in the EPS during the experimental period. (a) Changes in protein and polysaccharide concentrations. (b) Changes in S-EPS, LB-EPS, and TB-EPS concentrations. 
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Table 1. The composition of the trace element solution.
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	Chemical Composition
	Weighing Dosage (mg/L)





	FeSO4·7H2O
	20



	Na2MoO4·2H2O
	10



	CaCl2·6H2O
	50



	CuSO4·5H2O
	50



	H3BO3
	50










 





Table 2. Sampling time, sludge performance and water temperature of the operation.
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	Sample
	Days of Operation (d)
	SV (%)
	SVI (mL·g−1)
	MLSS (mg·L−1)
	Carbon Source
	DO (mg·L−1)
	Water Temperature (°C)





	F1
	1
	26
	99
	5652
	sodium acetate
	-
	19



	F2
	69
	91
	228
	3984
	sodium acetate
	4.2
	19



	F3
	110
	35
	169
	2070
	sodium acetate
	5.7
	18



	F4
	150
	81
	260
	3109
	sodium acetate
	4.2
	21



	F5
	197
	35
	78
	4079
	glucose
	2.4
	22



	F6
	222
	30
	76
	2639
	glucose
	3.5
	23







Note: “-” indicates no measurement.













 





Table 3. Diversity of the bacterial communities.
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	Sample
	Sequences
	OUTs
	Coverage
	Chao
	Shannon
	Heip





	F1
	31,717
	565
	0.997
	604
	4.988
	0.258



	F2
	42,819
	517
	0.996
	537
	3.762
	0.083



	F3
	42,006
	225
	0.996
	315
	1.783
	0.022



	F4
	41,104
	355
	0.996
	418
	2.867
	0.047



	F5
	42,377
	331
	0.997
	396
	3.581
	0.105



	F6
	42,889
	356
	0.997
	379
	4.330
	0.213










 





Table 4. Diversity of the fungal communities.
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	Scheme
	Sequences
	OUTs
	Coverage
	Chao
	Shannon
	Heip





	F1
	31,238
	44
	0.999
	44
	0.161
	0.004



	F2
	30,958
	52
	0.999
	52
	2.023
	0.131



	F5
	39,396
	16
	0.999
	17
	0.619
	0.057
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