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• Integrating powder carriers into acti-
vated sludge enhances the removal of N 
and P.

• The extended DLVO theory was applied 
to describe the sludge aggregation 
properties.

• Powder carriers have high biomass 
immobilizatsion ability.

• The system was overwhelmingly domi-
nated by Candidatus_Competibacter 
(10.46–13.18 %).
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A B S T R A C T

This study assesses the improvement in nitrogen and phosphorus removal from wastewater achieved through the 
integration of zeolite and attapulgite carrier materials into the activated sludge (AS) process. It was found that 
the addition of these materials significantly enhanced the processing performance of the reactor. Specifically, the 
use of zeolite and attapulgite powders increased sludge particle sizes to averages of 231.56 μm and 219.62 μm, 
respectively. This facilitated micro-granule formation, substantially improving the settling characteristics of the 
sludge and boosting the activity and proliferation of essential microbes. Illumina MiSeq sequencing demon-
strated significant accumulations of DGAOs (Candidatus_Competibacter) and DPAOs (Candidatus_Accumulibacter). 
Furthermore, these carriers augmented the protein content in extracellular polymers, enhancing the hydro-
phobicity of the sludge and promoting aggregation. Comparative analysis based on the extended Derjaguin, 
Landau, Verwey, and Overbeek (DLVO) theory indicated a preferential adhesion affinity of sludge for zeolite 
compared to attapulgite, attributed primarily to Lewis acid-base and electric double-layer interactions. These 
findings underscore zeolite's enhanced efficacy in biomass fixation and suggest significant potential for the 
technological advancement of wastewater treatment plants.
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1. Introduction

The rapid industrialization and rising living standards have 
increased wastewater discharge, posing significant challenges to the 
aquatic environment (Ruprecht et al., 2021; Sun et al., 2016). Untreated 
or inadequately treated wastewater contributes to eutrophication, en-
dangers aquatic life, and disrupts the biogeochemical cycles of nitrogen 
(N) and phosphorus (P), increasing mortality rates (Powley et al., 2016). 
Traditional wastewater treatment plants (WWTPs), primarily designed 
to remove organic matter and suspended solids, are increasingly inad-
equate, particularly in regions vulnerable to nutrient pollution (Hasan 
et al., 2021; Qu et al., 2022). Consequently, the development of effective 
treatment methods to reduce nutrient levels has become a global envi-
ronmental priority.

Biofilm systems, including moving bed biofilm reactors (MBBRs) and 
fixed bed biofilm reactors (FBBRs), are emerging as effective alterna-
tives (Abu Bakar et al., 2018; Osama et al., 2023). These systems offer 
numerous benefits over conventional activated sludge processes, such as 
lower sludge production, shorter hydraulic retention times, reduced 
spatial requirements, higher concentrations of mixed liquid volatile 
suspended solids (MLVSS), and enhanced stability (Arabgol et al., 2022; 
Osmani et al., 2021). Biofilm communities in these systems also tend to 
be more diverse than those in traditional activated sludge setups (Lago 
et al., 2024; Wolff et al., 2021). MBBRs function effectively under both 
anaerobic/anoxic and aerobic conditions (Wang et al., 2023b). In aer-
obic settings, which typically involve nitrification and chemical oxygen 
demand (COD)/biochemical oxygen demand (BOD) removal, the aera-
tion supplied often exceeds the dissolved oxygen (DO) requirements for 
microbial activity, thus increasing operating costs (Collivignarelli et al., 
2019; Gupta et al., 2022). Conversely, anaerobic/anoxic systems rely on 
mechanical mixing, presenting challenges in achieving efficient mixing, 
especially during the initial biofilm formation stages (Matheus et al., 
2021). Initially, biocarriers are buoyant due to their low density, but as 
biofilms develop and microbes colonize the carriers, the density in-
creases, enhancing mixing capabilities (Arabgol et al., 2022; Aslam 
et al., 2024). However, suboptimal airflow patterns can still create 
stagnant areas. Recent studies highlight that smaller carrier sizes and 
increased specific surface areas enhance microbial adhesion and reduce 
biofilm colonization cycles, thereby boosting system efficiency (Wang 
et al., 2024b). Additionally, powdered carriers, which are smaller and 
require less energy for fluidization compared to traditional centimeter- 
sized suspension carriers, have proven more effective. Research in-
dicates that incorporating zeolite, diatomite, activated carbon, and 
attapulgite into sludge systems significantly improves the removal effi-
ciency of COD and nutrients (Jiang et al., 2019; Park et al., 2003; Wang 
et al., 2024a). For example, Wang et al. demonstrated that using diat-
omite as a carrier, enhances sludge sedimentation and prevents swelling 
(Wang et al., 2024b). Mu et al. showed that adding powder carriers 
increases the total phosphorus removal rate by 15.73 % and improves 
the anaerobic phosphorus release capacity of activated sludge (Mu et al., 
2023). While these studies offer valuable insights into the enhancement 
of biological water treatment, including the analysis of sludge physi-
cochemical properties and microbial community composition with the 
addition of carriers, there remains a significant research gap concerning 
the thermodynamics of carrier-sludge interface aggregation. Under-
standing the thermodynamic mechanisms governing this interface is 
crucial for exploring biofilm formation (Fan et al., 2021; Zhao et al., 
2022). Therefore, it is essential to integrate treatment effeciency, 
component analysis, thermodynamic studies, and microbial community 
analysis to thoroughly investigate the comprehensive mechanisms that 
drive the efficacy of powder carrier systems in enhancing wastewater 
treatment.

Zeolite and attapulgite have densities similar to that of water, which 
allows these carriers to be effectively distributed in sewage. Addition-
ally, their high biocompatibility and porous nature create favorable 
conditions for the adhesion and growth of microorganisms (Chen et al., 

2023; Sakaveli et al., 2023; Wang et al., 2020). In this study, zeolite and 
attapulgite were selected as representatives of powdered carriers (PC), 
and three reactors were established to treat simulated domestic sewage. 
The impact of these carriers on denitrification and phosphorus removal 
was assessed through water quality monitoring. Additionally, the role of 
extracellular polymeric substances (EPS) in the formation of micro- 
granular sludge was explored. The extended DLVO theory was applied 
to elucidate the interactions between the carriers and sludge. Microbial 
sequencing technology was employed to investigate the effects of the 
carriers on microbial community dynamics. Collectively, these ap-
proaches provided new insights into advancing wastewater treatment 
technologies.

2. Materials and methods

2.1. Experimental setup

Sludge for this experiment was sourced from the second sedimen-
tation tank of a Shanghai wastewater treatment plant (WWTP). The 
initial mixed liquid suspended solids (MLSS) concentration in each 
reactor was approximately 3500 mg/L, with a working volume of 4 L. 
The influent ratio, defined as the ratio of influent to working volume, 
was set at 50 %. On the first day of operation, reactors S2 and S3 
received 4 g/L of powdered zeolite and attapulgite, respectively. The 
zeolite and attapulgite powder carriers were filtered through a 47–74 
μm screen before use (Figs. S2 and S4). The specific surface areas of 
zeolite and attapulgite are 22.84 m2/g and 30.61 m2/g, respectively. 
Reactor S1 served as the control in the blank group. The sludge retention 
time (SRT) was consistently maintained at 30 days. To offset carrier loss 
during sludge discharge, the concentration of carrier was kept constant 
at 4 g/L through daily quantitative additions (refer to Text S1). The 
dissolved oxygen (DO) level in the aeration segment was controlled 
between 2 and 4 mg/L, and the system was operated at room temper-
ature (25 ◦C). The experiment lasted 90 days and was conducted in two 
distinct phases, operating continuously in the anoxic/oxic/anoxic 
(AOA) mode. Further details are available in Fig. 1 and Table 1 of the 
main document. For information on the composition of the synthetic 
wastewater used, please refer to the supplementary materials, Tables S1 
and S2.

2.2. Analytical methods

Daily influent and effluent water samples from the reactor were 
collected and filtered through a 0.45 μm membrane for subsequent 
analysis. Wastewater parameters including chemical oxygen demand 
(COD), ammonia nitrogen (NH4

+-N), nitrate nitrogen (NO3
− -N), total ni-

trogen (TN), and total phosphorus (TP), along with activated sludge 
characteristics such as mixed liquor suspended solids (MLSS), mixed 
liquor volatile suspended solids (MLVSS), and 5-min settling velocity 
(SV5) were determined using standard methods (APHA, 2012). The pH 
and DO levels of the wastewater were measured with a pH meter and a 
dissolved oxygen meter, respectively. The particle size distribution of 
the sludge was assessed using a laser particle size analyzer, covering a 
size range from 0.01 to 2000 μm. The sludge samples collected at the end 
of the long-term test described in Section 2.1 were subjected to sludge 
morphology analysis. Zeolite and attapulgite samples were magnetically 
stirred in a 0.4 % (w/v) water solution at 500 rpm for 60 min. A contact 
angle analyzer was used to measure the contact angles of the samples 
with water, glycerol, and diiodomethane, with averages calculated from 
all observations. Additionally, the zeta potential of the sludge, zeolite, 
and attapulgite was measured in a room-temperature 0.1 M NaCl solu-
tion. Detailed information regarding their characterization is provided 
in the Supplementary Information (Text S2).
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2.3. EPS extraction and analysis

The mixed liquor was sampled from the bioreactor every ten days. To 
extract EPS, the heating method was applied. The phenol‑sulfuric acid 
method was used to quantify the amount of polysaccharide (PS), and a 
modified Lowry colorimetric approach was used to measure the amount 
of PN (Tang et al., 2020). All measurements were conducted in tripli-
cate. The detailed descriptions are provided in the Supplementary In-
formation (Text S3).

2.4. Surface thermodynamics and extended DLVO theory

In microbial populations, biofilms primarily consist of bacterial cells, 
which range in size from approximately 0.5 to 2 μm, similar to colloidal 
particles. Consequently, the process of bacterial fixation aligns well with 
the principles of DLVO theory (Bos et al., 1999). The interfacial free 
energy (ΔGadh) between bacteria and water is composed of two com-
ponents: the van der Waals interaction free energy (ΔGLW

adh) and the Lewis 
acid-base interaction free energy (ΔGAB

adh) (Li et al., 2023). In terms of 
thermodynamics, when ΔGadh < 0, microorganisms spontaneously 
adhere to the surface of the carrier; otherwise, adhesion does not occur.

Acknowledging this, Van Oss proposed an extended DLVO theory 
that integrates surface thermodynamics with the classical DLVO theory, 
encompassing the Lifshitz-van der Waals force (WLW), the electrostatic 
force (WEL), and the Lewis-acid base force (WAB). The total interaction 
energy (WToT) can be expressed as a function of the separation distance 
(h). The utilizes surface thermodynamic calculations to compute WLW, 
WEL, and WAB (Xu et al., 2016). Notably, due to the substantial differ-
ence in size between mineral particles and bacteria, the former is treated 
as infinitely thick plates, while the latter is approximated as spheres. The 
calculations for these components follow the formulas detailed in the 
study. For a comprehensive understanding of the intricacies involved in 
the calculation process, please refer to the detailed descriptions pro-
vided in the Supplementary Information (Text S4).

2.5. DNA extraction and high-throughput sequencing data analysis

At the end of the long-term test, the activated sludge samples were 
analyzed at Shanghai Majorbio Bio-pharm Technology Co., Ltd. The 
analysis involved agarose gel electrophoresis detection, PCR amplifica-
tion, purification of the amplification product, and sequencing of the 
16S rRNA gene. The amplified fragment had a length of 468 bp, and the 
primer used was 338F_806R. Details of the materials and methods for 
microbiological analysis are provided in the Supporting Information 
(Text S5). Raw data has been deposited to the NCBI (PRJNA1143701).

3. Results and discussion

3.1. Performance of the reactor

The effluent concentrations and removal rates of COD, nitrogen, and 
phosphorus throughout the operation of the three reactors are shown in 
Figs. 2 and S1, respectively. After a 15-day adaptation period in phase I, 
the effluent COD concentration of all three reactor groups was main-
tained below 30 mg/L. However, during phase II, as the organic loading 
rate (OLR) increased to 0.923 kg COD/m3/d, there was a temporary rise 
in COD effluent concentration. Notably, reactors S2 and S3 exhibited 
significantly higher COD removal efficiency during the long-term testing 
period.

In phase I, after a 16-day adaptation period, the NH4
+-N concentra-

tion in S2 was lower than 1 mg/L. S3 required an additional 20 days of 
adaptation for the effluent NH4

+-N concentration to drop below 1 mg/L. 
However, during phase II, as the nitrogen loading rate (NLR) increased 
to 0.147 g N/L/d, there was a temporary rise in NH4

+-N effluent con-
centration. After achieving stable operation, the ammonia nitrogen 
effluent concentrations for S1, S2, and S3 were 1.01 ± 0.32 mg/L, 0.84 
± 0.25 mg/L, and 0.92 ± 0.14 mg/L, respectively. Nitrogen removal in 
wastewater treatment involves two stages: nitrification and denitrifica-
tion. The primary factor leading to substandard TN concentration in the 
effluent is low denitrification efficiency. During the initial stage of 
operation, the higher NO3

− -N effluent concentration was attributed to 
the need for activated sludge to adapt to environmental changes and the 
time required for microorganism growth on the carrier. Following stable 
operation (30–45 days), the nitrate concentrations for S1, S2, and S3 
were 10.67 ± 1.09 mg/L, 6.51 ± 0.77 mg/L, and 7.96 ± 1.35 mg/L, 
respectively. During Phase II, with increased NLR, all reactors experi-
enced fluctuations, with S1 showing a larger amplitude. This indicates 
that adding carriers can enhance the reactor's resistance to variations in 
water quality. The reactors achieved stable operation on the 60th day, 
with nitrate concentrations in the effluent at 12.65 ± 1.23 mg/L, 9.24 ±
1.26 mg/L, and 8.83 ± 1.69 mg/L, respectively. Ultimately, the final TN 
removal rates for the three reactor groups were 88.49 ± 1.98 %, 88.10 
± 1.50 %, and 83.85 ± 1.51 %.

In this work, we evaluated not only the removal performance of ni-
trogen but also the removal performance of phosphorus. Generally, 
phosphorus removal requires a shorter SRT, while nitrogen removal 
requires a longer SRT. Despite this contradiction, we designed an 

Fig. 1. The operation mode of the reactor.

Table 1 
The operational conditions during the whole experiment.

Periods Phase I Phase II

Duration (d) 1–45 46–90
OLR (kg COD/m3/d) 0.733 0.923
NLR (g N/L/d) 0.113 0.147
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Fig. 2. Performance of the reactors during 90 days of operation. (a) the effluent qualities of COD (b) the effluent qualities of NH4
+-N; (c) the effluent qualities of NO3

− - 
N; (d) the effluent qualities of TN; (e) the removal efficiency of TN; (f) the effluent qualities of TP.
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experiment with a longer SRT (30 days) and still achieved excellent 
phosphorus removal performance. The influent TP concentration was 
6.5 mg/L. The effluent quality must comply with Grade A effluent 
standards for municipal sewage treatment plants (GB 18918–2002, 
Table S3), which stipulates that the TP concentration should be <0.5 
mg/L. The effluent TP concentrations in the three reactor groups were 
1.44 ± 0.06 mg/L, 0.78 ± 0.04 mg/L, and 0.85 ± 0.02 mg/L, respec-
tively. The TP removal rates for the three reactor groups were 77.95 ±
0.96 %, 88.15 ± 0.54 %, and 86.94 ± 0.37 %, respectively. Although the 
effluent concentration of TP did not meet the 0.5 mg/L requirement 
stipulated by the sewage discharge standard, the lower TP effluent 
concentration can significantly reduce the usage of chemical agents in 
the subsequent chemical phosphorus removal process.

3.2. Morphology and composition analysis of sludge

The formation process of microbial adhesion on powder carriers was 
examined using SEM. During the granulation process, sludge flocs 
gradually disappeared, and EPS wrapped around the surface of the 
carrier, forming a smooth biofilm (Fig. 3). With the proliferation of 
microorganisms, a large number of bacilli and globular bacteria 
appeared on the surface of the carriers. The powder carriers added to the 
reactor were buried in the sludge, promoting granulation and enhancing 
the structural stability of the micro-granular sludge. In contrast, the 
activated sludge system without the carrier had more filamentous 
bacteria.

When the total SRTs were the same, adding the carriers significantly 
increased the biomass MLVSS in the reactor. Compared with S1, the 
biomass MLVSS of S2 and S3 increased steadily throughout the reactor 
operation. After 90 days, the MLVSS of the three reactors stabilized at 
approximately 2471.93 mg/L, 3786.73 mg/L, and 3458.59 mg/L, 
respectively. To further study microbial activity, the specific oxygen 
uptake rate (SOUR) was determined, as SOUR is a key indicator of mi-
crobial metabolic activity in sludge (Chen et al., 2017). After 90 days of 
operation, the SOUR values of the three reactors were 0.19, 0.22, and 
0.20 mg O2/(mg VSS⋅h), respectively. The evidence indicates that add-
ing carriers can increase the amount of microorganisms, without 
affecting their activity. The settling performance of activated sludge was 
further studied, and SV5 was measured, as shown in Fig. 4a. Although 
the concentration of activated sludge increased, its settling property was 
not affected. Notably, the addition of carriers in S2 and S3 resulted in 
better sedimentation performance compared to S1. After 90 days of 
operation, the particle size of activated sludge increased from 86.38 μm 
to 131.46 μm in S1, 231.56 μm in S2, and 219.62 μm in S3. The larger 
particle size of activated sludge in the reactor with zeolite (S2) indicates 
that the biofilm formed is more prone to stratification, creating anoxic 
and anaerobic zones inside the biofilm, which is beneficial for nitrogen 
removal. This phenomenon aligns with the superior nitrogen removal 
performance of S2, which also showed stronger impact resistance and 
more stable operation. The S3 reactor demonstrated that adding 

attapulgite also increased the particle size of activated sludge, aiding in 
improving the reactor's denitrification performance. Overall, the addi-
tion of carriers improved the sedimentation performance of reactor- 
activated sludge and helped mitigate sludge swelling. This improve-
ment is primarily due to the increase in the particle size of the activated 
sludge. According to Stokes law, the sedimentation rate is proportional 
to the square of the particle size of the activated sludge (Iritani et al., 
2015). Additionally, the carrier acts as a flocculant, accelerating the 
settling of activated sludge through adsorption bridging, net trapping, 
and other mechanisms (Zhang et al., 2023).

3.3. Effects of carriers on EPS secretion

EPS, metabolic products accumulating on bacterial cell surfaces, are 
crucial for forming and stabilizing biofilms. After 90 days of operation, 
the total EPS content in the three reactor groups measured 344.03 ±
17.20, 392.46 ± 19.62, and 356.67 ± 17.83 mg/g VSS, with PN/PS 
ratios of 2.82 ± 0.02, 3.02 ± 0.03, and 2.94 ± 0.03, respectively 
(Fig. 5a). Analysis showed significantly higher EPS content in S2 and S3 
compared to S1, indicating that PN and PS in EPS play a key role in 
microbial agglomeration. Certain base groups in EPS proteins, such as 
alanine and cysteine carry positive charges and exhibit hydrophobic 
effects, reducing the surface potential of the micro-biomass and pro-
moting agglomeration (Xiao et al., 2021; Yang et al., 2024a). A higher 
PN/PS ratio in EPS typically indicates stronger hydrophobicity and more 
adsorption sites (Zhang et al., 2018). Notably, the PN content and PN/PS 
ratio of S2 are significantly higher than those of S1 and S3, indicating 
that the zeolite carrier has a stronger microbial agglomeration ability 
(Fig. 5b). This finding is consistent with the largest sludge particle size 
observed in S2. Metal ions can impact microorganism adhesion by 
affecting EPS and sludge hydrophobicity. Zeolite and attapulgite, rich in 
Mg and Si elements, benefit bacterial EPS formation, enhancing 
adsorption and binding energy with carriers (Li et al., 2023).

3.4. The interaction between carrier and sludge

Choosing the right biofilm carrier is crucial for effective wastewater 
treatment through biofilm processes, with the carrier's biocompatibility 
significantly enhancing efficiency. The stability of sludge results from 
the interaction between hydrophilicity, caused by water molecules or 
hydrophilic substances, and hydrophobicity generated by the aggrega-
tion of sludge cells and carrier particles (Fan et al., 2021). Hydrophobic 
interactions, which are long-range attractive forces between two hy-
drophobic surfaces, play a crucial role in bacterial adsorption. Contact 
angle measurements (see Table 2) between zeolite and sludge indicate 
that sludge exhibits higher hydrophobicity than zeolite, suggesting a 
potentially greater adsorption capability.

Incorporating surface thermodynamics and DLVO theory helps us 
understand how activated sludge microorganisms adhere to carriers like 
zeolite or attapulgite. From a thermodynamic viewpoint, a spontaneous 

Fig. 3. The SEM images of sludge samples. (a) S1; (b) S2; (c) S3.
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Fig. 4. Variations of the sludge characteristics during the experimental period: (a) MLVSS, SV5, and SOUR of the S1 reactors; (b) MLVSS, SV5, and SOUR of the S2 
reactors; (c) MLVSS, SV5, and SOUR of the S3 reactors; (d) Sludge particle size.

Fig. 5. (a) The EPS concentration; (b) the proteins to polysaccharides ratio on a weight basis.

Table 2 
The contact angle and zeta potentials of sludge, zeolite, and attapulgite.

System Water (◦) Propanetriol (◦) Diiodomethane (◦) Zeta (mV)

Sludge 34.99 ± 0.44 61.84 ± 0.25 32.56 ± 0.75 − 9.91 ± 0.48
Zeolite 52.50 ± 0.64 82.54 ± 0.59 19.96 ± 0.52 − 4.58 ± 0.51
Attapulgite 12.17 ± 0.43 67.17 ± 0.28 60.57 ± 0.48 − 22.17 ± 0.63
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reaction tends towards reduced free energy, leading to bacterial 
attachment when the surface free energy of sludge-carrier attachment 
turns negative. The surface free energy (ΔGadh) for zeolite-sludge and 
attapulgite-sludge is − 12.40 mJ/m2 and − 3.08 mJ/m2, respectively, 
indicating a higher propensity for sludge to adsorb onto zeolite (refer to 
Table 3). It is worth noting that the ΔGAB

adh of zeolite and activated sludge 
is − 11.01 mJ/m2, indicating that the Lewis acid-base interaction free 
energy plays a major role in the microbial agglomeration process. To 
delve into the initial adhesion behavior of sludge on carrier surfaces, we 
analyzed the interaction potential energy curve between sludge and 
zeolite or attapulgite carriers (refer to Fig. 6). At minimal distances 
between microorganisms and carriers, a maximum interaction energy 
barrier occurs (Zhang et al., 2019). Microorganisms can aggregate only 
after overcoming this barrier. Generally, when WTOT < 0, the interaction 
force is attractive; otherwise, it is a repulsive force (Boks et al., 2008). 
The WTOT at the closest contact distance with sludge, zeolite, and atta-
pulgite (d = 0.158 nm) is negative: − 1140 kT and 3254 kT, respectively. 
This suggests that microorganisms can readily overcome the energy 
barrier between zeolite carriers, forming tight aggregates. Both zeolite 
and attapulgite exhibit attractive van der Waals interactions, with 
attapulgite showing a stronger van der Waals interaction with sludge. 
The zeta potential on the surface of bacteria is also negative due to the 
presence of negatively charged functional groups, such as carboxylates 
in lipoproteins and lipopolysaccharides, on the cell walls under physi-
ological conditions (Li et al., 2023). The zeta potentials of both zeolite 
and attapulgite surfaces are negative within the test range, but the 
repulsion between attapulgite and sludge is stronger. The interaction 
potential energy curve shows that the electrostatic interaction potential 
energy between the carrier and sludge remains greater than zero 
throughout the interaction distance (d = 0.158–10 nm), indicating a 
strong repulsive force, particularly with attapulgite carriers.

3.5. Dynamics of microbial ecology

3.5.1. Microbial diversity and richness
Table S4 presents the bacterial richness and diversity estimators 

obtained from sequencing analysis. The high coverage indices 
(0.9994–0.9999) indicate sufficient sampling depth to cover most spe-
cies, as confirmed by the plateaued rarefaction curves (Fig. 7a), sug-
gesting that the sequencing results accurately reflect microbial diversity 
(Ma et al., 2023). The α-diversity index shows a significant decrease in 
both community abundance and diversity in S1, S2, and S3 compared to 
the Seed sample. This decline is attributed to the enrichment of micro-
organisms adapted to the environmental conditions, leading to reduced 
diversity but increased abundance. S1 exhibited the highest sample 
richness indices (Ace and Chao), indicating greater species richness in 
the environment without carrier addition. However, the Shannon index 
of S2 and S3 (4.2739, 4.0799) was lower than that of the Seed sludge 
(5.0162) due to carrier addition. The decrease in microbial diversity 
may be linked to metabolic selection, which enriches specific functional 
bacteria while reducing overall diversity. Furthermore, the use of a 
single carbon source in synthetic wastewater also contributes to this 
effect (Hu et al., 2023). The Venn diagram illustrates changes in the 
main functional microorganisms, with shared OTUs between S1, S2, S3, 
and Seed accounting for 74.67 %, 69.76 %, and 75.82 % of total OTUs, 
respectively. The shared OTUs between S2 and S3 with S1 accounted for 
77.54 % and 70.45 % of total OTUs, respectively, indicating that carrier 

addition influenced the microbial community composition (Fig. 7b).

3.5.2. Microbial community structure and composition
The distribution and relative abundance of significant microorgan-

isms at the phylum, class, and genus levels were examined to gain a 
better understanding of the impacts of carrier addition on the structure 
and composition of bacteria. At the phylum level, the predominant 
phylum groups observed in S1, S2, and S3 were consistent with those in 
the seed, although their relative abundances varied (Fig. 8a). The 
dominant phyla across S1–3 and the seed comprised Proteobacteria 
(27.2 %–42.6 %), Chloroflexi (18.2 %–24.2 %), Bacteroidota (14.8 %– 
20.1 %), Patescibacteria (7.3 %–12.2 %), and Acidobacteriota (4.3 %– 
9.1 %). Proteobacteria emerged as the most abundant phylum in sludge, 
a common observation in WWTPs (Bedoya et al., 2020). Furthermore, 
Planctomycetota, Chloroflexi, and Acidobacteriota are also found in 
WWTPs (Fujii et al., 2022). The relative abundance of Bacteroidota 
dropped from 18.2 % to 14.8 % in sample S2, while the relative abun-
dance of Patescibacteria increased significantly from 27.2 % to 42.6 %. 
Chloroflexi contribute significantly to the availability of substrates for 
other microbes' metabolisms by breaking down carbohydrates (Fan 
et al., 2022). The enrichment of Proteobacteria aids in resisting adverse 
external environmental changes and maintaining denitrification stabil-
ity (Li et al., 2022). Complex organic materials present in the influent, 
such as proteins and lipids, are easily broken down into simpler sub-
stances by Proteobacteria and Bacteroidota (Begmatov et al., 2022). This 
function is crucial for improving COD consumption efficiency and 
eliminating both N and P.

The leading species found in samples S1, S2, and S3 at the class level 
closely reflect those found in the seed, as shown in Fig. 8b. Across the 
four samples, Gammaproteobacteria (18.7 %–34.3 %), Anaerolineae 
(15.4 %–17.9 %), Bacteroidia (10.8 %–16.0 %), and Alphaproteobac-
teria (6.7 %–9.0 %) were identified as the primary dominant classes. 
While the relative abundance of Alphaproteobacteria in S2 stayed 
largely unchanged, the relative abundance of Gammaproteobacteria 
grew dramatically, rising from 18.7 % to 34.3 %. Microorganisms linked 
to N and P removal processes in WWTPs are commonly identified as 
Gammaproteobacteria and Alphaproteobacteria (Gu et al., 2022). 
Gammaproteobacteria are abundant in oligotrophic settings, and their 
relative abundance was significantly higher in S1–3 than in the seed. 
Furthermore, it has been documented that Gammaproteobacteria are 
capable of performing P removal and denitrification processes (Zeng 
et al., 2016). A more thorough study based on the top 50 prevalent taxa 
was presented in Fig. 8c and Table S6, revealing specific variations 
within the microbial communities. In the seed activated sludge, the 
dominant genera included Candidatus_Competibacter (5.76 %), Saccha-
rimonadales (5.42 %), Candidatus_Accumulibacter (1.42 %), Terrimonas 
(2.87 %), and Saprospiraceae (4.01 %). Only 66.7 % of the total was 
accounted for by the relative abundances of the top 50 prolific taxa. 
Comparing the relative abundances of Candidatus_Competibacter and 
Candidatus_Accumulibacter to the seeding sludge, there were notable 
increases. Specifically, Candidatus_Competibacter increased to 9.68 %, 
13.18 %, and 10.46 % in samples S1, S2, and S3 respectively, while 
Candidatus_Accumulibacter increased to 2.82 %, 4.23 %, and 4.66 % in 
the same samples. Candidatus_Competibacter, recognized as typical GAOs 
(glycogen-accumulating organisms), assumes a pivotal role in reducing 
nitrate to nitrite within the EBPR (enhanced biological phosphorus 
removal) system (Chen et al., 2024). Endogenous denitrification serves 
as the primary pathway for nitrogen removal, while denitrifying phos-
phorus removal is essential for sustaining low phosphorus concentra-
tions in the effluent (Wang et al., 2019). Rubio-Rincon et al. proposed 
synergistic effects between Candidatus_Competibacter and Candidatu-
s_Accumulibacter, whereby GAOs aid in the reduction of nitrate to nitrite, 
thereby bolstering the anoxic activity of PAOs (phosphorus-accumu-
lating organisms) (Rubio-Rincón et al., 2017). Utilizing nitrite as an 
electron acceptor presents a more sustainable approach to simulta-
neously remove N and P. With GAOs/PAOs values ranging from 3 to 11, 

Table 3 
Interfacial free energy of interaction surface between sludge, zeolite, and atta-
pulgite (mJ/m2).

System ΔGLW
adh ΔGAB

adh
ΔGadh

Zeolite-sludge − 1.39 − 11.01 − 12.40
Attapulgite-sludge − 3.14 0.06 − 3.08
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Gao et al. achieved high removal rates of TN and total TP in an AOA 
system with Candidatus_Competibacter as the dominating genus (Gao 
et al., 2022). In this study, the main AOB detected were Ellin6067 and 
norank_f_NS9_marine_group. Over time, norank_f_NS9_marine_group 
emerged as the dominant species, with relative abundances of 1.94 %, 

2.52 %, and 2.92 % in S1, S2, and S3, respectively, while Ellin6067 
decreased in abundance. Differences in mass transfer between systems 
likely influenced AOB enrichment. NOB showed a decreasing trend, with 
Nitrospira abundances of 0.87 %, 0.43 %, and 0.62 %, respectively. The 
abundance of DNB in the three reactors reached in S1, S2, and S3, 

Fig. 6. The extended DLVO interaction energy profiles for Zeolite-sludge and Attapulgite-sludge, (a) van der Waals energy (WLW), (b) acid-base interaction energy 
(WAB), (c) electrical double layer energy (WEL), and (d) total interaction free energy (WTOT).

Fig. 7. Differences in diversities and microbial community structure: (a) Rarefaction curves for OTUs; (b) Venn diagram of samples.
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respectively. DNB was detected in all reactors, with abundances of 
12.33 %, 15.43 %, and 12.63 % in S1, S2, and S3, respectively. Notably, 
norank_f__A4b, Terrimonas, and Ferruginibacter were particularly advan-
tageous in these systems. Terrimonas abundances increased to 3.95 %, 
4.4 %, and 4.06 % in S1, S2, and S3, respectively. Despite their slow 
growth, these denitrifying bacteria play a crucial role in nitrogen 
removal within the system. In summary, as the reactor operates and 
becomes established, more microorganisms related to nitrogen and 
phosphorus removal can flourish in the system. Conversely, microor-
ganisms unable to adapt to the system conditions are gradually phased 

out, leading to distinct differences in microbial community structure 
over time (Fig. S5).

3.6. Prospects and challenges

Incorporating powder carriers into activated sludge systems en-
hances sedimentation performance and bolsters resilience against hy-
draulic impacts. For instance, in a sewage treatment plant with a 
capacity of 20,000 m3/d, annual powder carriers procurement costs 
amount to 33,208.39 $, with an additional 3699.60 $ annually for 

Fig. 8. Microbial compositions of samples: (a) phylum level; (b) class level; and (c) heatmap of the top 50 genera.
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operating costs related to carrier addition (Wang et al., 2023a). This 
approach results in annual savings of 80,422.28 $ on phosphorus 
removal agents and 110,369.64 $ on sodium acetate (which lowers TN 
and TP) (Yang et al., 2024b). In practical applications, hydraulic cy-
clones can recover carriers, further reducing procurement costs and 
operational expenses on a larger scale. Despite the need for acquiring 
new equipment such as hydrocyclone separators, these costs are 
considerably lower than ongoing operational expenses.

However, several considerations require further evaluation: devel-
oping efficient hydrocyclones to enhance carriers recovery, assessing the 
impact of powder carrier addition on subsequent sludge treatment and 
disposal despite its inert nature, and optimizing operational parameters 
(including SRT, HRT, DO, etc.) to better align with practical application 
requirements.

4. Conclusion

Incorporating zeolite and attapulgite as powdered carriers into 
wastewater treatment systems significantly enhances their effectiveness. 
This addition increases the concentration of MLVSS, which in turn 
boosts microbial activity and improves sludge settling performance. 
Additionally, these carriers alter the microbial community structure, 
enriching populations of key microorganisms such as Candidatus_Accu-
mulibacter and Candidatus_Competibacter, which are crucial for effective 
N and P removal. The carriers also promote the production of EPS by 
microorganisms, enhancing their ability to aggregate and form biofilms. 
From a thermodynamic perspective, surface free energy analyses indi-
cate that sludge microorganisms exhibit a higher affinity for adhesion to 
zeolite carriers. These materials are not only effective and biocompatible 
but also environmentally friendly and readily available, thereby signif-
icantly improving the performance of WWTP.
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