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Effect of polyethylene 
terephthalate particles 
on filamentous bacteria involved 
in activated sludge bulking 
and improvement in sludge 
settleability
Su Wei 1*, Ziyang Huang 1, Yongjiong Ni 1, Zengrui Pan 2, Hongbo Feng 2, Xiaoyu Cheng 2, 
Zuchao Huang 2, Hanglei Liao 2 & Jun Li 2

Excessive proliferation of filamentous bacteria within activated sludge leads to sludge structural 
instability and diminished settling properties, which is a prevalent issue in tannery wastewater 
treatment. Based on available information, there is a lack of research on the impact of particle 
addition on filamentous bacteria in activated sludge, specifically with respect to a reduction in sludge 
bulking. Therefore, polyethylene terephthalate (PET) was selected as the test material to elucidate 
the effect of particles on sludge bulking. The results illustrate that particles measuring 0.1 mm 
in diameter have a profound influence on both the quantity and morphological characteristics of 
filamentous bacteria in activated sludge. In an anaerobic-aoxic-oxic (AAO) reactor, the use of 4000 
particles/L led to a significant decrease in the sludge volume index (SVI), reducing it from 358 mg/L 
to 198 mg/L. The results offer significant insights for resolving sludge bulking problems in tannery 
wastewaters. Moreover, the results are significant as a reference point for future investigations on the 
efficacy of incorporating diverse particulate materials to ameliorate issues associated with activated 
sludge bulking.

The application of the activated sludge process is extensive in wastewater treatment plants, included in over 90% 
of municipal wastewater treatment and approximately 50% of industrial wastewater treatment1. Due to the high 
prevalence and time-consuming nature of activated sludge bulking, it has persisted as a formidable challenge in 
the realm of operational management and control2,3. Filamentous bacterial expansion results in an increase in 
sludge volume due to excessive bacterial propagation within the activated sludge floc, and previous research has 
shown that it is the primary cause of activated sludge bulking, accounting for more than 90% of occurrences4–6. 
Typically, the growth rate of bacterial micelles is higher than that of filamentous bacteria, and this reduces the 
possibility of the excessive proliferation of filamentous bacteria. Nonetheless, when environmental conditions 
within an activated sludge system deteriorate, e.g., the temperature shifts from its typical range to lower or slightly 
elevated levels, filamentous bacteria, which have larger surface areas relative to bacterial flocs, exhibit a height-
ened capacity to adapt to these alterations7,8. Under such circumstances, the abundance of filamentous bacteria 
can exceed the population of bacterial flocs, leading to sludge bulking. Palm et al.9 demonstrated that a volume 
fraction of filamentous bacteria within a range of 1–20% can induce sludge bulking. Notably, Kaewpipat et al.10 
suggested that it is possible for the concentration of filamentous bacteria to be below a detectable limit during 
sludge bulking. This suggests that even though filamentous bacteria are not the dominant flora in wastewater 
treatment plants, they can still cause sludge bulking11.

The activated sludge treatment process has favourable sedimentation performance, with a water content of 
approximately 99% during normal operation12. However, when sludge bulking occurs (total length of filamentous 
bacteria ≥ 104 m/g), the activated sludge structure becomes loose and expands, causing a rapid increase in the 
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sludge volume index (SVI) and a subsequent decrease in sludge settling performance. This results in a reduced 
concentration of returned sludge and poses challenges for solid‒liquid separation within secondary sedimenta-
tion tanks13,14. In the middle and late stages, a large number of bubbles of biological origins are produced, and it 
is difficult to maintain normal biochemical treatment performance; when the SVI reaches more than 300 mL/g, 
activated sludge losses lead to a turbid effluent, a high content of suspended solids (SS), and poor effluent quality, 
which strongly affects the stable operation of wastewater treatment plants15,16. Mao et al.17 found that the sludge 
settling velocity (SV) in wastewater treatment plants where activated sludge bulking occurred reached more than 
60%; if the SVI exceeded 200 mL/g, the wastewater treatment process almost completely stagnated. In addition, 
the large amount of bulked activated sludge present increased the maintenance and operation cost of sludge 
treatment equipment, which adversely affected the circular economy. Sludge bulking poses a significant challenge 
to the operation and management of wastewater treatment plants because it is inherently difficult to control and 
requires additional time to address. Therefore, it has become an urgent issue to be addressed within this field18.

Researchers have carried out many studies on the identification of sludge bulking to reduce incidences of 
sludge bulking. Wang et al.19 used fluorescence in situ hybridization (FISH) technology to optimize hybridiza-
tion time and other aspects of FISH to address the low probe permeability and poor FISH results caused by the 
physiological characteristics of filamentous bacteria, and the accuracy of filamentous bacteria identification was 
improved. Scholars also proposed a series of methods to inhibit sludge bulking by exploring the characteristics 
and operation process of urban wastewater treatment. The addition of agents and changes in operating conditions 
(e.g., increasing aeration time to inhibit filamentous growth) to rapidly control filamentous growth in activated 
sludge are common solutions in current wastewater treatment plants20,21. Vijay et al.22,23 studied the composition 
of extracellular polymer substances (EPS) and the characteristics of microbial flocs. Their findings confirmed that 
in situ sludge minimization for industrial wastewater can be effectively carried out. This research is significant for 
enhancing our understanding of the behaviour of activated sludge. Peng et al.24 discovered that by maintaining 
typical operating and environmental conditions while specifically decreasing the level of dissolved oxygen, it is 
possible to mitigate the extent and rate of sludge bulking. In their study, Bai et al.25 proposed a modification to 
the anaerobic-oxic-oxic (AAO) process, replacing it with an anaerobic-oxic (AO) process. This modification is 
suggested as a means to effectively regulate the proliferation of filamentous bacteria.

In addition to sludge, large amounts of particles are found in municipal wastewater treatment plants in 
recent years26. To solve the carbon source problem, an increasing number of wastewater treatment plants have 
eliminated primary sedimentation tanks; as a result, more particles enter the biochemical tanks of wastewater 
treatment plants. Therefore, wastewater treatment plant effluent has a wide variety of particle sources, and most of 
these particles are difficult to degrade27–30. Current studies on the effect of particles on activated sludge are more 
focused on inorganic particles and less on other particles, and studies mainly assess sludge settleability31, acti-
vated sludge microbial activity28, and activated sludge granularity32. An exploration of the relationship between 
particles and sludge bulking is lacking33. Therefore, in this study, the effect of particles on filamentous bacteria 
and activated sludge bulking was analysed through the addition of PET particles of different sizes. The particles 
suppressed and reduced activated sludge bulking to some extent.

Material and methods
Materials
Polyethylene terephthalate (PET), one of the most widely occurring microplastics in wastewater treatment 
plant effluent34–37, was selected as the experimental particle. Polyethylene terephthalate particle raw materials 
were purchased from a plastic raw material company in Dongguan, China, and three different particle of sizes 
0.075–0.15 mm (PET-1), 0.3–0.6 mm (PET-2), and 0.6–1.18 mm (PET-3) were obtained through screening, 
rinsing and drying. The density of the PET particles was found to be 1.38 g/cm3. Particle size was measured by a 
laser particle size analyser (Yishite, LAP-W2000H, China). Table 1 displays the three particle sizes for the PET.

Activated sludge was taken from an oxidation pond of a wastewater treatment plant in Hangzhou. To mini-
mize the influence of other particles in activated sludge, the sludge was screened with a metal screen with a 
diameter of 0.3 mm. The biological activity and sedimentation of sludge were deemed satisfactory, with the mixed 
liquid suspended solid (MLSS) and SVI measuring 5095 mg/L and 115 mL/g, respectively.

Batch (shaking flask) experiment
The effect of PET particles on sludge bulked with filamentous bacteria was investigated in a comparative shaking 
bed experiment using 250 mL conical glass flasks, which was achieved using the same method as Liu et al.38. A 
volume of 100 mL of filament-bulked activated sludge was introduced into each conical flask. Subsequently, 2000 
particles of PET-1, PET-2, and PET-3 were added to the flasks, with a blank for comparison. The conical flasks 
were placed in a thermostatic oscillator (Yiheng, THZ-98AB, China) for oscillation at a rate of 200 rpm and a 

Table 1.   Particle size distribution of the different PET particles.

Sample number
Cumulative 10% particle 
size (μm)

Cumulative 50% particle 
size (μm)

Cumulative 97% particle 
size (μm) Specific surface area (m2/kg)

Average particle mass (g/
piece)

PET-1 73.73 111.61 152.65 72.79 0.769 × 10–5

PET-2 354.27 450.22 674.46 10.07 0.298 × 10–3

PET-3 641.97 936.49 1346.99 6.83 0.920 × 10–3
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temperature of 20 °C. The conical flasks underwent agitation for 24 h, with a 45-min pause in each cycle. The 
aim of this experimental procedure was to assess the rate of sedimentation of the sludge, observe the biological 
phase, and replenish the carbon source at a rate of 30% replacement. Bulked activated sludge was obtained from 
a laboratory AAO reactor with an MLSS of 2240 mg/L, SVI of 348 mL/g, and poor sludge settling performance, 
with a filamentous bacteria abundance of grade E. The filamentous bacteria were identified by natriuretic staining 
as predominantly natriuretic-negative bacteria, with straight mycelia, cells with diaphragms, and no adherent 
growth, and the predominant strain was Type 0803 bacteria.

AAO continuous‑flow experiment
To study the effect of the addition of PET particles on sludge bulking, two sets of AAO experimental reactors 
with the same specifications were designed39. The AAO experimental reactor was made of stainless steel, with a 
total volume of 21.8 L, of which the volume ratio of the anaerobic tank, anoxic tank, aerobic tank, and vertical 
sedimentation tank was approximately 1:1:4:2 (as shown in Fig. 1). The effluent, nitration liquid, and sludge reflux 
of each AAO unit were individually controlled by a peristaltic pump. The pump pipe was made of a food-grade 
silicone tube, and the sludge remaining in the system was regularly discharged manually. The AAO reactor was 
operated in continuous flow mode with a treatment flow of 1.5 L/h. The dissolved oxygen content in the aerobic 
section was set to 2–4 mg/L, and that in the anoxic section was approximately 0.2 mg/L. The first stage of the 
reactor operation caused filamentous bacterial expansion in the activated sludge; the second stage was a compara-
tive experiment in which one set of anaerobic tanks was supplemented with PET particles and the other set was 
not supplemented with any particles. The amount of PET particles to be added was determined by evaluating 
the results of the oscillation batch test (shown in Sect. “Batch (shaking flask) experiment”). The experiment was 
run continuously for 20 days after the addition of PET particles, and the quantity of PET particles in the effluent 
and the quality of influent and effluent, SV, and SVI of activated sludge were measured at the same time. It is 
worth mentioning that two AAO reactors were tested with sodium acetate, ammonium chloride, and potassium 
dihydrogen phosphate as influent feed, and the water quality is shown in Table 2.

A- Anaerobic pool 
B- Anoxic pond 
C- Aerobic tank 
D- Settling basin 
E- Influent box 
F- Nitrification reflux 
G- Sludge reflux 
H- Stir 
M- Aerator pipe 
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Figure 1.   AAO reactor.

Table 2.   Water quality of influent.

COD (mg/L) NH3-N (mg/L) TP (mg/L)

900–1200 30–50 3–5



4

Vol:.(1234567890)

Scientific Reports |        (2023) 13:20762  | https://doi.org/10.1038/s41598-023-48257-4

www.nature.com/scientificreports/

Analytical methods
Sedimentation rate of activated sludge
A 100 mL glass cylinder was used to measure out 100 mL of deionized water. One drop of the activated sludge 
mixture was dropped onto the surface of the liquid in the measuring cylinder using a glass dropper with a plastic 
head. When the activated sludge settled to the 50 mL (88 mm) line on the scale, the settling time was recorded 
with a stopwatch, the rate of settling was calculated, and three parallel measurements were carried out.

Quantity of PET particles
A volume of 20–30 mL activated sludge was placed in a 100 mL beaker (the wall-attached sludge was rinsed with 
distilled or pure water and transferred), and then the beaker was placed in a 60 °C oven to dry. Polyethylene 
terephthalate particle analysis in the AAO reactor effluent was conducted after filtration. The effluent (1 L) was 
subjected to filtration using metal screens with mesh sizes of 150 and 500. The particles captured by the screens 
were then rinsed with pure water into a 100 mL beaker, with an approximate volume of 20 mL. For subsequent 
digestion and density separation, refer to the methods of Wei et al.40. In this study, a key distinction was the use 
of a separation solution containing 50% CaCl2, which has a higher density, approximately 1.5 g/cm3. Due to the 
known sizes of the PET particles used in this experiment, glass fibre filter paper 47 mm in diameter with 1.0 μm 
apertures (Whatman, GF/B1821-047, UK) was dried and placed directly under a stereomicroscope (Olympus, 
SZ61, Japan) for observation and counting.

Identification and evaluation of filamentous bacteria
Identification of dominant filamentous bacteria was conducted based on morphological observations and micro-
biological staining (Gram and Neisser) techniques as described in earlier works41,42. The filamentous index (FI), 
a method of subjective scoring of filamentous bacterial abundance suggested by Eikelboom42, was applied to 
evaluate the abundance of filamentous bacteria present in the samples.

Other methods
The sludge settling velocity (SV) was measured using a canning method. The mixed liquid suspended solid 
(MLSS) was obtained using a drying and weighing method. Other water quality indices, such as chemical oxy-
gen demand (CODCr), ammonia nitrogen (NH3-N), and total phosphorus (TP), were determined according to 
standard analysis methods (APHA, 2005)43.

Results and discussion
Extended filament control in the batch experiment
Given the limited quantity of activated sludge utilized in the batch experiments, the sedimentation rate of the 
activated sludge was employed as an assessment metric to evaluate the impact of PET particles on sludge set-
tleability. The results are shown in Fig. 2. It can be seen from the figure that the sedimentation rate of blank 
activated sludge was improved, but the effect was not obvious. After the addition of PET particles, the three 
kinds of particles increased the sedimentation rate, but their effect on the activated sludge sedimentation rate 
was different. The error in the PET-1 test was large, which may have been caused by the particles of size 0.1 mm, 
which easily adsorb to activated sludge, and by the inclusion of particles in the sludge.

Figure 2 shows a significant improvement in the settling rate within 24 h of the introduction of particles. It 
was also observed that the sedimentation rate was directly proportional to the size of the particles, indicating 
that larger particles resulted in a higher sedimentation rate. The sedimentation rate of the activated sludge sup-
plemented with PET-3 and PET-2 particles reached its peak on Day 2 and Day 3, after which it began to gradually 
decrease. The sedimentation rate of activated sludge supplemented with PET-1 particles decreased steadily over 
4 days before increasing significantly. After 6 days, the sedimentation rate of activated sludge containing PET-2 
and PET-3 particles remained stable at 3 mm/s. While the effect of PET-1 particles on the sedimentation rate of 
activated sludge persisted, the sedimentation rate eventually reached 4 mm/s after 8 days. The impact and disrup-
tion effect of the particles on activated sludge varied due to the differing masses of the three types of particles, 
even when the sludge was subjected to the same rotation speed. The PET-3 particles have the largest size, followed 
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Figure 2.   Effect of inert particles on the sedimentation rate of activated sludge on a shaking table.
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by the PET-2 particles, while the PET-1 particles have the smallest size. The introduction of particles into bulked 
sludge results in a disruption and destruction of the initial activated sludge structure, primarily due to impact 
and disruption. It is worth noting that the degree of impact becomes more pronounced as the particle size and 
mass increase. Lin et al.44 found that PET particles have an enduring effect on activated sludge, leading to the 
inhibition of EPS. This inhibition negatively affects the flocculation process in activated sludge and compromises 
its settling performance. With PET-2 and PET-3 particles, the sedimentation rate of activated sludge exhibited 
a reduction of approximately 3 mm/s, which aligned with the established conclusions.

Figure 3 shows images of the activated sludge subjected to the Neisser staining technique during the 6th 
day of the oscillating batch test. In comparison to the initial bulked sludge, oscillation and stirring resulted in a 
decrease in filamentous bacteria. However, the introduction of particles led to a notable reduction in both the 
density and length of filamentous bacteria compared to the control samples. The addition of PET-1 particles 
facilitated the growth of filamentous bacteria, whereas the presence of PET-2 and PET-3 particles resulted in a 
decrease in the abundance of filamentous bacteria within the activated sludge. Based on an examination of the 
growth pattern of filamentous bacteria, it was observed that the blank filamentous bacteria predominantly grew 
through the extension of activated sludge flocs. With PET-1 addition, the filamentous bacteria primarily grew 
intracellularly. The reduction in filamentous bacteria observed can be primarily attributed to the influence of 
particles, with the degree of reduction becoming more pronounced as the particle size increases.

The morphology of filamentous bacteria is closely tied to their genera, with common forms including straight, 
smooth, curved, spiral, and irregular shapes13. The original bulked sludge primarily exhibited straight filamentous 
bacterial forms. As illustrated in Fig. 3, when subjected to oscillating conditions, the blank samples showed a 
decrease in filamentous bacterial numbers, but the predominantly straight form of the bacteria was maintained. 
Figure 3 shows a comparison of filamentous bacterial morphology between the blank sample and the other three 
groups to which different particles were added and reveals distinct characteristics. Specifically, the filamentous 
bacteria displayed a more curved and inwards-growing morphology when PET-1 particles were added. In con-
trast, the filamentous bacteria in the other two particle groups appeared shorter and less abundant.

As mentioned earlier, PET-1 particles are easily adsorbed by activated sludge. On the 7th day of this experi-
ment, it was found that many PET-1 particles adsorbed in activated sludge were "captured" by bell worms, 
indicating that biofilms had grown on the surface of PET particles, as shown in Fig. 4. Under the influence of 
hydraulic shear forces, filamentous bacteria exhibit the ability to bend and grow, firmly wrapping themselves 
around the branches of filamentous bacteria. This enables the smaller bacterial flocs to amalgamate into larger 
bacterial flocs. As shear forces persist and EPS continue to be secreted and accumulate, the bacterial flocs grow in 
size and density, eventually coalescing into granular bacterial flocs. Figure 4 provides additional visual evidence 
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Figure 3.   Effect of inert particles on filamentous bacteria in activated sludge.



6

Vol:.(1234567890)

Scientific Reports |        (2023) 13:20762  | https://doi.org/10.1038/s41598-023-48257-4

www.nature.com/scientificreports/

that the particles are enclosed within the granular bacterial flocs. It is worth mentioning that the PET particles 
in the remaining two particle grades exhibited higher levels of kinetic energy, a phenomenon that was not 
observed in the batch test. This observation provides clarifies the role of late-stage PET-1 particles in augmenting 
the sedimentation rate of activated sludge. This observation provides evidence in favour of the crystal nucleus 
theory for the development of granular sludge45.

AAO experiment
The processing capacity of the AAO experimental reactor was 1.5 L/h. After 7 days of stable operation, PET 
particles were added exclusively to Group 1. In contrast, no particles were added to the second group, referred 
to as the blank group. Based on the findings of the oscillation batch test, the PET-1 particles were chosen for 
dosing, with an observed abundance of 10,000 particles/L. The system’s particle recharge was determined by 
assessing the abundance of PET particles and the quantity of sludge discharged to sustain the desired particle 
count within the activated sludge in the system. Simultaneously, various parameters were assessed, including 
the concentration of PET-1 particles in the effluent, the characteristics of the incoming and outgoing water, and 
the SV and SVI of the activated sludge. The microbial properties were studied.

Based on analysis, the concentration of PET particles in the effluent of the device was between 2 and 5/L, 
demonstrating that a large proportion of the added particles were retained within the AAO system. However, the 
particle content found within the sludge ultimately stabilized at approximately 4000/L, which was significantly 
below the intended dosage of 10,000/L. Based on observations, the particles adhered to the system pool wall, 
the mixing rod, and the sludge. A portion was adsorbed on bubbles and may have exited the system when the 
bubbles burst, while another part was presumed to sink to the system’s bottom.

An analysis of the inlet and exit water quality, as depicted in Fig. 5, reveals that the removal of COD, ammonia 
nitrogen, and total phosphorus remained stable throughout the test period. Notably, the removal of ammonia 
nitrogen resulted in an obvious inhibition of nitrification following the introduction of PET particles. This differs 
from the observed trends reported by Li46 and Zhao47, who documented that microbes gradually adapted to par-
ticulates and increased pollutant removal, particularly COD. Furthermore, after 8 days of PET particle addition, 
the SV of the sludge began to exhibit a significant decrease, eventually stabilizing at a level between 62 and 65%. 
This represents an average reduction of 21% compared to the control group, as shown in Fig. 5. Additionally, the 
SVI displayed a declining trend after the 5th day of particle dosing, ultimately dropping below 200 mg/L. This 
corresponds to a reduction of approximately 43%, as detailed in Table 3. These findings align with the results 
reported by Hu et al.48 in a sequencing batch reactor (SBR) setup, where the presence of particles in the reactor 
contributed to a reduction in SVI for normal activated sludge. Table 4 provides a summary of the sludge charac-
teristics for nontreated settled sludge (blank group) and PET-treated sludge (experimental group) after 25 days.

Microscopy images of particles within the activated sludge are presented in Fig. 6. The stereoscopic observa-
tions in Fig. 6 reveal the presence of particles within the bacterial colloidal aggregates. This observation indicates 
that the improved settling characteristics can be attributed to the addition of particles, which aid in the agglom-
eration of activated sludge bacterial colloids. However, despite these observations, the SVI test results shown in 
Table 3 indicate that the settling performance of the activated sludge was suboptimal, and the problem of sludge 
bulking by filamentous bacteria was not comprehensively resolved. This problem was further underscored by 
the continued presence of filamentous bacteria in the biofacies, as illustrated in Fig. 6B (21 d).

Figure 4.   Effect of inert PET-1 particles on filamentous bacteria in activated sludge.
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Conclusions
This study involved the addition of three different sizes of PET particles to filamentous bacteria-bulked sludge, 
and the results were compared with a control group with no particle addition. The findings revealed that the 
addition of particles had a notable impact on both the quantity and growth morphology of filamentous bac-
teria. Furthermore, it led to a reduction in SVI and an enhancement in the settling performance of the bulked 
activated sludge. Upon analysing the trends observed in the results, it became evident that larger particle sizes 
significantly reduced the presence of filamentous bacterial mycelia within the activated sludge bacterial flocs. 
Conversely, smaller particle sizes appeared to promote the coalescence of bacterial flocs, directly contributing to 
an increase in the settling rate of activated sludge. Additionally, it was noted that when the particle abundance 
reached 4000 particles/L, the removal efficiency of the AAO reactor for COD and total phosphorus remained 
unaltered. However, there was a slight decrease in the removal efficiency of ammonia nitrogen.
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Figure 5.   Variations in COD, and NH4
+-N, TP and SV in the AAO.

Table 3.   Results of SVI.

Time (d) 1 5 9 15 21 25

Blank group (mL/g) 358 348 333 381 349 358

Experimental group (mL/g) 349 371 320 313 188 198

Table 4.   Comparison of sludge characteristics after 25 days.

MLSS (mg/L) SV (%) SVI (mL/g)

Blank group 2150 77 358

Experimental group 3182 63 198
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Data are available on request from the corresponding author.

Received: 24 July 2023; Accepted: 24 November 2023

References
	 1.	 Chang, Z. Q. Cause analysis and control measures of sludge bulking in A/O process of a chemical wastewater treatment plant. 

Water Wastewater Eng. 50(02), 55–58 (2014).
	 2.	 Ji, F. Y., Zhou, F., Fan, J. P., Xu, X. Y. & Xu, X. Effect of rainfall on characteristics of inorganic particulate matter and activated sludge 

in sewage treatment plant. Chin. J. Environ. Eng. 10(9), 4643–4648 (2016).
	 3.	 Fu, X. P., He, H., Li, G. & Lin, S. K. Ultra-low influent organic matter concentration, high SS sewage plant operation control. 

Technol. Water Treat. 2008(4), 77–79 (2008).
	 4.	 Wang, P., Yu, Z. S., Qi, R. & Zhang, H. X. Research progress of FISH probe on filamentous bacterial sludge bulking. Chin. J. Appl. 

Environ. Biol. 18(4), 705–712 (2012).
	 5.	 António, M. P., Krishna, P., Joseph, J. H. & Mark, C. M. Filamentous bulking sludge—A critical review. Water Res. 38(4), 793–817 

(2004).
	 6.	 Mesquita, D. P., Amaral, A. L. & Ferreira, E. C. Identifying different types of bulking in an activated sludge system through quan-

titative image analysis. Chemosphere 85(4), 643–652 (2011).
	 7.	 Ou, J. L. et al. Effects of temperature on sludge bulking in aerobic granular sludge system and characteristics of microbial com-

munity structure. Chin. Environ. Sci. https://​doi.​org/​10.​19674/j.​cnki.​issn1​000-​6923.​20221​123.​012 (2022).
	 8.	 Shang, Y. F. et al. Microbial population structure of wastewater biological treatment process at low temperature. Environ. Sci. 

41(10), 4636–4643 (2020).
	 9.	 Palm, J. C., Jenkins, D. & Parkers, D. S. Relationship between loading dissolved oxygen concentration and sludge settleability in 

the competently-mixed activated sludge process. J. Water. Pollut. Control Fed. 52(10), 2484–2506 (1980).
	10.	 Kaewpipat, K. & Grady, C. P. Microbial population dynamics in laboratory-scale activated sludge reactors. Water. Sci. Technol. Fed. 

46(1–2), 19–27 (2022).
	11.	 Wang, S. et al. Advances in swelling biomes of activated sludge filamentous bacteria and their regulation. Chin. J. Appl. Environ. 

Biol. 28(2), 535–542 (2022).
	12.	 Li, H. Discussion on sludge swelling caused by filamentous bacteria proliferation. Chem. Eng. Manag. 2015(6), 140 (2015).
	13.	 Tang, M. L., Zhang, S. & Tian, Q. Filamentous bacteria and filamentous bulking sludge. Guangdong Chem. Ind. 41(10), 71–74 

(2014).
	14.	 Ali, W. A. et al. Improving sludge settleability by introducing an innovative, two-stage settling sequencing batch reactor. J. Water 

Process Eng. 20, 207–216 (2017).
	15.	 You, J. et al. Analysis of the effect of sludge bulking induced by microfilarial bacteria on the efficiency of sewage treatment plant. 

Water Wastewater Eng. 54(8), 57–60 (2018).
	16.	 Xu, T. K. et al. Diagnosis of sludge bulking and floating in A2 /O process in municipal wastewater treatment plant. Chin. Water 

Wastewater 32(23), 31–35 (2016).
	17.	 Mao, Y. & Ji, J. H. Study on the influencing factors and control of activated sludge bulking in a wastewater treatment station. Coal 

Chem. Ind. 40(4), 158–160 (2017).
	18.	 Li, S. Y., Fei, X. N. & Jiao, X. M. Research progress on microthrix parvicella-a key bacterium causing sludge bulking. Technol. Water 

Treat. 44(3), 11–16 (2018).
	19.	 Wang, R. F. et al. Optimization for microthrix parvicella quantitative processing of fluorescence in situ hybridization (FISH). 

Environ. Sci. 37(6), 2266–2270 (2016).

A (7 d)

A (21 d)

B (13 d)

B (21 d)

Figure 6.   Inert particles in activated sludge.

https://doi.org/10.19674/j.cnki.issn1000-6923.20221123.012


9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:20762  | https://doi.org/10.1038/s41598-023-48257-4

www.nature.com/scientificreports/

	20.	 Zhu, S. & Zhou, L. Expansion control of filamentous bacteria activated sludge by the additive method. Environ. Prot. Eng. 35(5), 
153–155 (2017).

	21.	 Pan, H. G., Zhang, Y. T., She, Y. Y. & Yang, Y. Review on identification and suppression of sludge bulking in municipal wastewater 
treatment process. Control Theor. Appl. https://​kns.​cnki.​net/​kcms2/​detail/​44.​1240.​TP.​20230​612.​0913.​018.​html (2023).

	22.	 Vijay, S., Ajay, B. & Mithilesh, K. J. Effect of extracellular polymeric compositions on in-situ sludge minimization performance of 
upgraded activated sludge treatment for industrial wastewater. J. Environ. Manag. 306, 114516 (2022).

	23.	 Vijay, S., Ajay, B. & Mithilesh, K. J. Minimization of excess bio-sludge and pollution load in oxic-settling-anaerobic modified 
activated sludge treatment for tannery wastewater. J. Clean. Prod. 243, 118492 (2020).

	24.	 Peng, Y. Z., Guo, J. H., Wang, S. Y. & Chen, Y. Energy saving achieved by limited filamentous bulking under low dissolved oxygen: 
Derivation originality and theoretical basis. Environ. Sci. 29(12), 3342–3347 (2008).

	25.	 Bai, X. et al. Cause analysis and control of sludge bulking in large-scale WWTP. Chin. Water Wastewater 27(23), 31–35 (2011).
	26.	 Liu, W. Y. et al. A review of the removal of microplastics in global wastewater treatment plants: Characteristics and mechanisms. 

Environ. Int. 146, 106277 (2011).
	27.	 Cao, Y. S. et al. The leakage of sewer systems and the impact on the black and odorous water bodies and WWTPs in China. Water 

Sci. Technol. 79(2), 334–341 (2019).
	28.	 Cao, Y. S., Zheng, X. C., Liu, Z. X., Van, L. M. C. M. & Glen, D. Bottlenecks, causes and possible solutions of urban sewage treat-

ment in China. J. Beijing Technol. Univ. 47(11), 1–14 (2021).
	29.	 Krishna, C. & Van, L. M. C. M. Effect of temperature on storage polymers and settleability of activated sludge. Water. Res. 33(10), 

2374–2382 (1999).
	30.	 Zhang, N. The present situation and development of sludge resource utilization were briefly discussed. Chin. Met. Bull. 2018(07), 

130–132 (2018).
	31.	 Chang, Q. et al. Extraction and functional analysis of extracellular polymeric substances based on granulometric distribution of 

activated sludge. Chin. J. Environ. Eng. 9(5), 2284–2290 (2015).
	32.	 Zhang, Y. et al. The aerobic granulation of low concentration domestic sewage activated sludge was enhanced by adding micro-

powder. Chin. J. Environ. Eng. 34(21), 12–17 (2018).
	33.	 Muhammad, A. et al. Electrochemical defluorination of water: An experimental and morphological study. J. Water. Sanit. Hyg. 

Dev. 12(4), 394–404 (2022).
	34.	 Long, Z. X. et al. Microplastic abundance, characteristics, and removal in wastewater treatment plants in a coastal city of China. 

Water Res. 155, 255–265 (2019).
	35.	 Mintenig, S. M., Int-Veen, I., Löder, M. G. J., Primpke, S. & Gerdts, G. Identification of microplastic in effluents of waste water 

treatment plants using focal plane array-based micro-Fourier-transform infrared imaging. Water Res. 108, 365–372 (2017).
	36.	 Talvitie, J., Mikola, A., Koistinen, A. & Setälä, O. Solutions to microplastic pollution—Removal of microplastics from wastewater 

effluent with advanced wastewater treatment technologies. Water Res. 123, 401–407 (2017).
	37.	 Ziajahromi, S., Neale, P. A., Rintoul, L. & Leusch, F. D. L. Wastewater treatment plants as a pathway for microplastics: Development 

of a new approach to sample wastewater-based microplastics. Water Res. 112, 93–99 (2017).
	38.	 Liu, J., Li, J., Xie, K. & Sellamuthu, B. Role of adding dried sludge micropowder in aerobic granular sludge reactor with extended 

filamentous bacteria. Bioresour. Technol. Rep. 5, 51–58 (2019).
	39.	 Zhou, Y. W. et al. Improved integrated anaerobic–anoxic–oxic system for landfill leachate treatment using domestic wastewater 

as carbon source: Performance study and optimization. Process. Saf. Environ. 174, 997–1002 (2023).
	40.	 Wei, S. et al. Characteristics and removal of microplastics in rural domestic wastewater treatment facilities of China. Sci. Total 

Environ. 739, 139935 (2020).
	41.	 Jenkins, D., Richard, M. G. & Daigger, G. T. Manual on the Causes and Control of Activated Sludge Bulking and Other Solids Separa-

tion Problems (IWA Publishing, 2004).
	42.	 Eikelboom, D. H. Process Control of Activated Sludge Plants by Microscopic Investigation (IWA Publishing, 2000).
	43.	 APHA. Standard Methods for the Examination of Water and Wastewater. 21th ed, American Public Health Association, Wash-

ington, DC. (2005).
	44.	 Lin, X. M. et al. Influence of polyether sulfone microplastics and bisphenol A on anaerobic granular sludge: Performance evalua-

tion and microbial community characterization. Ecotox. Environ. Saf. 205, 111318 (2020).
	45.	 Xie, J. X. et al. Biochar-mediated Anammox granular sludge: Formation/characteristics of pitaya type granular sludge and enhanced 

performance of Anammox process. J. Clean. Prod. 385, 135757 (2023).
	46.	 Li, L., Geng, S., Li, Z. & Song, K. Effect of microplastic on anaerobic digestion of wasted activated sludge. Chemosphere 247, 125874 

(2020).
	47.	 Zhao, L. et al. Ecotoxicology and environmental safety exposure to polyamide 66 microplastic leads to effects performance and 

microbial community structure of aerobic granular sludge. Ecotox. Environ. Saf. 190, 110070 (2020).
	48.	 Hu, X. & Chen, Y. Changes of activated sludge system performance and microbial community under the stress of polyester fiber 

microplastics. Chem. Ind. Eng. Prog. 42(2), 1051–1060 (2023).

Acknowledgements
We are very grateful to Dr. Hongwei Luo for help with micro-Raman spectroscopic analysis. We also want to 
thank the graduate students and other researchers who contributed to sample processing, including Jingyi Chen, 
Fengfeng Guo, and Yahui Xiang.

Author contributions
S.W.: experiments, tests, data curation, writing original draft, writing review, and editing. Z.H.: experiments, 
tests, resources. Y.N.: formal analysis, and resources. Z.P.: experimental device design. H.F.: methodology. X.C., 
Z.H., and H.L.: tests. J.L.: project administration. All authors reviewed the manuscript.

Funding
This work was supported by the Grant for National Science and Technology Major Projects for Water Pollution 
Control and Treatment [grant number 2017ZX07201003] and the Basic Public Welfare Research Project of 
Zhejiang Natural Science Foundation [grant number LGF21E080009].

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.W.

https://kns.cnki.net/kcms2/detail/44.1240.TP.20230612.0913.018.html


10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:20762  | https://doi.org/10.1038/s41598-023-48257-4

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effect of polyethylene terephthalate particles on filamentous bacteria involved in activated sludge bulking and improvement in sludge settleability
	Material and methods
	Materials
	Batch (shaking flask) experiment
	AAO continuous-flow experiment
	Analytical methods
	Sedimentation rate of activated sludge
	Quantity of PET particles
	Identification and evaluation of filamentous bacteria
	Other methods


	Results and discussion
	Extended filament control in the batch experiment
	AAO experiment

	Conclusions
	References
	Acknowledgements


