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ABSTRACT

Eutrophication driven by excessive phosphorus discharge threatens global aquatic ecosystems.
Enhanced biological phosphorus removal (EBPR) is a sustainable, widely deployed wastewater treat-
ment technology, yet it often requires optimization to meet increasingly stringent global phosphorus
emission standards. Conventional chemical supplements can achieve deep phosphorus removal, but
they require excessive dosing, generate large volumes of sludge, and can inhibit the essential
polyphosphate-accumulating organisms (PAOs) that drive biological treatment. Here we show that a
low-dose, slow-release lanthanum aerogel (LZGA) activates PAO metabolism, enabling deep biological
phosphorus removal with a near-zero chemical footprint. By releasing La>* into sequencing batch re-
actors, the LZGA platform reduced effluent total phosphorus from 0.85 mg L' to 0.14 mg L~ ! at an
optimal dose of 15 mg L. This represents a two-order-of-magnitude reduction in chemical con-
sumption compared to conventional precipitation methods, requiring 0.7 g of lanthanum to treat one
ton of wastewater. Proteomic and microbial analyses reveal that trace La®* stimulates potassium
channels, upregulating key energy metabolism pathways and driving an order-of-magnitude increase in
the protein expression of the core PAO Candidatus Accumulibacter. Furthermore, the system enhances
extracellular polymeric substance (EPS) production, and improves the phosphorus absorption capacity
of EPS. These findings demonstrate that targeted trace-metal activation of microbial metabolic path-
ways offers a strategy to upgrade existing bioreactors. This strategy provides a versatile paradigm for
global wastewater management and advanced eutrophication control.
© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

wastewater [5,6]. Therefore, many countries have imposed strict
limits on the effluent P concentrations from wastewater treatment

Eutrophication of water bodies is a global environmental
problem that threatens the sustainable development of human
society [1]. Eutrophication can lead to harmful algal blooms, the
death of biological organisms, disruption of local ecological equi-
librium, and a decline in the quality of source water [2-4]. Eutro-
phication in surface water bodies is primarily attributed to the
excessive input of phosphorus (P) from domestic and industrial
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plants (WWTPs). For example, the P standard for grade A domestic
sewage effluent in China is less than 0.5 mg L', and certain special
areas must meet even stricter surface water standards of less than
0.3 mg L~ In the United States, specific regions—including Lake
Tahoe, the Great Lakes, Occoquan Reservoir, Chesapeake Bay, and
the Northern Gulf of Mexico—require even more stringent P
emission standards of 0.1-0.2 mg L.

Existing P removal technologies struggle to meet these
increasingly stringent P emission requirements [7,8]. Enhanced
biological phosphorus removal (EBPR) is among the most widely
used technologies in over 70% of WWTPs worldwide due to its
sustainability and low consumption [9,10]. Nevertheless, EBPR
often faces challenges such as fluctuations in operating conditions,
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P-removal limitations, and modest biological activity, resulting in
effluent total phosphorus (TP) concentrations of approximately
1.0 mg L, which fail to meet relevant standards [11,12]. To address
this issue, chemical P removal has been extensively applied in
advanced treatment to further reduce P concentrations [13-15].
However, this method requires substantial amounts of chemical
agents because excess doses are required to react with low con-
centrations of target pollutants [16]. Furthermore, the addition of
chemical agents, such as polyaluminum chloride (PAC) flocculants,
has a severe negative impact on polyphosphate-accumulating or-
ganisms (PAOs), reducing their proportion in the total bacterial
population by over 50% and loosening Zoogloea structures. In turn,
this reduces the activated sludge's capacity to combine with
phosphate (PO3~) by approximately 40% [17-20]. Additionally, the
use of chemical agents generates large volumes of excess sludge,
which significantly affects its subsequent treatment [21]. In sum-
mary, there is an urgent need to develop an effective, low-
consumption P removal strategy that primarily relies on EBPR to
reduce P concentrations to very low levels (e.g., below 0.2 mg L™1)
without the adverse side effects associated with chemical removal
methods.

EBPR functions by capturing PO3~ through P uptake by PAOs
during the aerobic stage [22-25]. Potassium ions (K™) are generally
metabolized concurrently with P in PAOs, serving as counterions to
maintain cellular neutrality alongside the negatively charged
polyphosphate [26,27]. Thus, activating K* channels in PAOs may
be a key target for boosting P immobilization within these or-
ganisms. Discoveries in other bio-related areas can provide valu-
able ideas and inspiration. For instance, in cloned mammalian
cells, low La®>* concentrations can interact with the negatively
charged regions of K™ channels via electrostatic interactions. This
causes a moderate alteration in the protein structure of K* chan-
nels, thereby regulating their gating kinetics [28,29]. In the human
body, trace amounts of La enhance the K*-ATPase activity in hu-
man erythrocyte membranes [30]. Additionally, La modulates the
expression levels of specific genes in hepatocytes and other cells
[31-33]. Furthermore, at low La>* concentrations, it can indirectly
promote the transmembrane K* transport by altering the gating
balance [34]. Given the high degree of structural and functional
similarity between K* channels in bacteria and eukaryotes [35],
we hypothesized that La>* may also act on the K* channels of
PAOs. By altering the gating equilibrium, La3* may indirectly
facilitate the transmembrane K* transport, thereby promoting the
synergistic metabolism of K* and PO3~ and enhancing intracel-
lular P accumulation.

Currently, most P-removal materials are in powder form. If La-
based powdered materials are directly added to the EBPR system,
although La®* may be released, the materials are difficult to
recover, leading to their continuous accumulation in the sludge.
This can easily cause sludge deterioration, reduced microbial ac-
tivity, and deterioration of the effluent quality. Moreover, nano-
sized powders tend to agglomerate, which can significantly
reduce their chemical P-capture capacity and bioavailability.
Meanwhile, the release of La** from the powdered materials is
uncontrollable, leading to excessively high local La3* concentra-
tions and thereby inhibiting microorganism activity. Therefore,
this study proposed loading lanthanum hydroxide (La(OH)3) into
millimeter-scale aerogel beads with a multilevel pore structure,
and by controlling the release, to achieve a continuous and low-
dose supply of La®**, while ensuring the recyclability and stability
of the material.

In this study, we developed a La activation-based strategy to
enhance biological P removal in wastewater treatment. La-
containing aerogel beads (LZGA) were specifically designed and
used as a source of La to bolster the performance of sequencing
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batch reactors (SBR). LZGA has a highly selective P-removal ca-
pacity and strong anti-interference ability, making it useful for
sewage treatment. As a La library, LZGA can also release La3*
slowly and enhance the biological P removal capability. Based on
the aforementioned description, this study proposed a new
strategy for La-enhanced P removal, aiming to achieve efficient,
low-consumption deep P removal by precisely targeting and
regulating PAO activity with a small amount of La>*. The long-term
stability of LZGA in the EBPR system was evaluated by conducting a
detailed study on the changes in P removal efficiency in the SBR.
Using 16S rRNA and proteomics analyses, we identified changes in
microbial community structure and key protein pathways in the
La-EBPR system, providing a molecular-level explanation for the
biochemical cooperative P-removal mechanism of LZGA. This
development proposes a novel and efficient strategy to enhance P
removal for wastewater treatment.

2. Materials and methods
2.1. Loading La components into microcapsules

We synthesized LZGA beads through an in situ crosslinking
interaction method. First, graphene oxide (GO) was added to
100 mL of distilled water, and the samples were ultrasonicated for
15 min to ensure complete dispersion of GO in the deionized
water, forming a GO dispersion liquid stock at a concentration of
3 g L1 Afterward, 2 g of sodium alginate (SA) and 6 g of La(OH)3
were each added to 50 mL of distilled water. These three solutions
were then mechanically stirred at room temperature for 24 h to
obtain a uniform mixture. The resulting mixed solution was
injected into a 1000 mL cross-linking solution containing 1%
ethanol and 3% zirconium oxychloride (ZrOCl,-8H,0) (w/v) using a
10 mL syringe. The spherical hydrogel beads formed in the cross-
linked solution were soaked for 24 h to ensure complete cross-
linking reactions. Then, the hydrogel beads were washed 3-5 times
with distilled water to eliminate any unreacted metal ions. Lastly,
the hydrogels were freeze-dried for 24 h to produce the LZGA
material. All chemicals used in this study were of high purity and
met analytical reagent standards (further details are provided in
the Supplementary Information).

2.2. Reactor set-up and operational conditions

In this study, we constructed plexiglass SBRs equipped with
mechanical agitators, as depicted in Supplementary Fig. S1. The
SBRs were operated in four 6-h cycles per day. At the start of each
cycle, 1 L of untreated raw sewage was introduced, and 1 L of
treated effluent was discharged at the end of the cycle. Each cycle
comprised 5 min of influent, 85 min of anoxic reaction, 210 min of
aerobic reaction, 45 min of settling, and 15 min of effluent
discharge. During both the anoxic and aerobic phases, the me-
chanical agitator was operated at 150 rpm. In the aerobic stage, air
was supplied to the SBRs to maintain a dissolved oxygen concen-
tration of approximately 4.0 mg L' using aeration diffusers
powered by electromagnetic air compressors. The reactors were
inoculated with activated sludge obtained from the Taiping
Wastewater Treatment Plant (Harbin, China), and the initial mixed
liquor suspended solid concentration in the reactors was approx-
imately 3500 mg L~ L. The sludge retention time was set at 18 d. The
inlet water of the reactors was municipal conventional domestic
sewage, with influent chemical oxygen demand (COD), total ni-
trogen (TN), and TP concentrations of approximately 400, 20, and
5 mg L™}, respectively. LZGA beads were loaded into a Teflon mesh
(1 mm x 2 mm), which facilitated their separation from the mud-
water mixture. These loaded beads were then introduced into the
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SBRs during the aerobic phase of the reaction. The LZGA beads
were easily removed from the Teflon cage and reactivated for
reuse. The entire operation was conducted in a temperature-
controlled room maintained at 25 °C.

2.3. Analytical methods

The surface morphologies of both LZGA and activated sludge
were examined using a 3D measuring laser microscope (OLS5000,
Olympus Corporation, Tokyo, Japan), a digital microscope
(DSX1000, Olympus Corporation, Tokyo, Japan), and a Helio-
sNanolab600i (FEI Company, Hillsboro, Oregon, USA) field emis-
sion scanning electron microscope (FE-SEM). Fourier-transform
infrared spectroscopy (FT-IR) was used to analyze the functional
groups in LZGA before and after P capture, with potassium bro-
mide as the reference. The LZGA structural characteristics were
assessed using X-ray diffraction (XRD). Moreover, X-ray photo-
electron spectroscopy was conducted to investigate the binding
energy of elements before and after P capture. Thermal analysis
data (TGA) were obtained using a STA449C instrument (NETZSCH,
Bayern, Germany) from room temperature to 800 °C at a heating
rate of 10 °C min~! under a nitrogen atmosphere. The presence of
dissolved La ions in water was detected using inductively coupled
plasma-optical emission spectrometry (ICP-OES).

In this study, we analyzed conventional wastewater pollutants
such as COD, NH4-N, TN, and TP, as well as activated sludge
characteristics, according to standard procedures [36]. Extracel-
lular polymeric substances (EPS) were analyzed for protein and
polysaccharide (PS) concentrations and extracted from the sludge
mixture by thermal treatment [37]. The protein concentration was
determined using a modified version of the Lowry procedure [38],
whereas the PS content was determined through a sulfuric acid-
anthrone colorimetry method [39].

2.4. Microbial community analysis

We investigated the microbial community composition within
the activated sludge system incorporating LZGA using high-
throughput sequencing. Six samples were collected after 80 days
of operation, with LZGA aerogel bead concentrations of 0, 5, 10, 15,
20, and 30 mg L~!. Genomic DNA from the microbial community
was extracted from the activated sludge using the E.Z.N.A.® soil
DNA kit (Omega Bio-tek, Norcross, GA, USA) according to the
manufacturer's instructions. The quality and quantity of the DNA
extracted were assessed using both a 1% agarose gel and a Nano-
Drop 2000 UV-vis spectrophotometer (Thermo Scientific, Wil-
mington, USA). The 16S rRNA gene (V3-V4 region) was amplified
using the 341F (5'-CCTACGGGNGGCWGCAG-3') and 805R (5'-
GACTACHVGGGTATCTAATCC-3') primer pair with an Applied Bio-
systems GeneAmp® 9700 PCR thermocycler (Applied Biosystems,
Foster City, CA, USA). Sequence analysis was conducted as
described by Gao et al. [40].

2.5. Proteomics

Sludge samples with LZGA aerogel bead concentrations of
0 (control) and 15 mg L' were collected on day 80. Protein
identification was conducted in triplicate. Protein concentrations
were determined using the BCA Protein Assay kit (Beyotime
Biotechnology, Shanghai, China). Protein digestion was conducted
following standard procedures [41]. Enzymolysis and LC-MS/MS
protein analysis were then performed. The original MS/MS
spectra files were imported into the ProteomeDiscoverer™ soft-
ware (version 2.4) for analysis. The false discovery rate for peptide
identification was <0.01, and the identified protein contained at

Environmental Science and Ecotechnology 31 (2026) 100708

least one specific peptide. The protein abundance data obtained
from the database were subjected to statistical analysis to identify
differentially expressed proteins (DEPs). P values were calculated
using a Student's t-test (P < 0.05), and proteins with a fold change
of more than 1.2 times were identified as DEPs. Annotation of all
identified proteins was conducted using Gene Ontology (http://
geneontology.org/) and the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway (http://www.genome.jp/kegg/). DEPs
were further subjected to Gene Ontology and KEGG enrichment
analysis.

3. Results and discussion

3.1. Loading La components into aerogel beads and LZGA
characterization

To address the challenges of recycling powdered materials from
wastewater, which can lead to excessive La accumulation, changes
in microbial community structure over prolonged operation, and
the wastage of water treatment agents, we devised a strategy that
incorporated La into aerogel beads featuring a macro-micro-
multistage structure. Briefly, we mixed commercial powdered
La(OH)s (Supplementary Fig. S2) with SA and GO in water. Then,
the mixture was injected into a cross-linked solution containing
ethanol and ZrOCl; to form spherical hydrogel beads. After freeze-
drying, we obtained La-embedded LZGA where La(OH); acted as
the functional component, Zr(IV) and SA served as the skeletons
through a crosslinking reaction between cations and carboxyl
groups, and GO provided mechanical reinforcement (Fig. 1a). As
illustrated by the laser scanning confocal microscopy (LSCM) im-
age (Fig. 1b) and the optical photograph in Supplementary Fig. S3,
the LZGA prepared exhibited uniform spherical particles with an
average diameter of approximately 3 mm. Upon examining a
cross-section (Fig. 1¢), the beads exhibited a unique honeycomb
mesh structure with an aperture of approximately 200 pm
(Fig. 1d), likely due to van der Waals forces and =-r stacking effects
associated with the GO layer [42]. This highly porous structure
facilitated the mass transfer of wastewater inflow and the delivery
of La components into the wastewater. The LZGA surface
morphology was characterized at multiple scales using LSCM and
FE-SEM. The LSCM image (Fig. 1b) shows that the microsphere
surface exhibited pronounced non-uniform textures and un-
dulations. To further analyze the microstructure, the FE-SEM im-
age (Fig. 1e) showed a wrinkled surface, consistent with the
macroscopic features observed by LSCM. Additionally, most
traditional hydrogel beads without GO would shatter after freeze-
drying. In contrast, with the addition of GO, the LZGA mechanical
properties were significantly improved, and after freeze-drying,
the LZGA remained intact and did not break apart. The XRD pat-
terns of the LZGA beads (Fig. 1f) confirmed their crystalline
structure. The diffraction peaks in the XRD spectrum is attributed
to the La(OH)s crystal phase (JCPDS No. 36-1481) [(100), (110),
(101), (200), (111), (201), (210), (002), (300), (211), (102), (112),
(220), (202), (310), (311), (212), (400), (302)], indicating that
La(OH)3 was successfully loaded onto the SA-GO framework and
maintained the hexagonal crystal structure. The LZGA chemical
composition was also characterized through TGA (Supplementary
Fig. S4) and ICP-OES. The loading ratio of La in the LZGA was
approximately 4.62%.

3.2. Boost of biological P removal in sewage
The LZGA prepared was used as the source of La to enhance

sewage treatment in SBRs. We used six SBRs, each containing
activated sludge, which provided a necessary environment for
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Fig. 1. Characterization of La-containing aerogel (LZGA). a, Schematic illustration of the LZGA structure. b, Three-dimensional laser scanning confocal microscopy topography of
LZGA surface. ¢, Optical micrograph of LZGA cross-section. d, X-ray diffraction pattern of LZGA. e-f, Scanning electron microscopy images of the LZGA surface (e) and cross-section

(f).

microorganisms to thrive. Each SBR was used to treat 4 L of sewage
water daily. In the initial 20 days, no LZGA was added (Phase I).
During this period, 16S rRNA analysis was used to assess the sta-
bility of the microbial community in the activated sludge. All six
SBRs reached steady state, with the average effluent COD and TN
concentrations meeting the standards for grade A effluent from
domestic sewage in China. However, the effluent TP concentra-
tions from the six traditional SBRs remained at approximately
1.0 mg L~! (Supplementary Fig. S5). Starting from day 21 (Phase II),
six different LZGA bead concentrations (0, 5, 10, 15, 20, and
30 mg L~!) were added to the SBRs over the following 60 days to
establish La-EBPR systems. Compared to the control group
(traditional SBR without LZGA), the experimental group exhibited
a significant decrease in the effluent TP concentration (Fig. 2a).
When 15 mg L~! of LZGA was introduced to the activated sludge
SBR system, the average TP concentration consistently decreased
to a very low value of 0.19 mg L™, Furthermore, from day 60 on-
ward, the TP concentration in this system reached an exceptionally
low level of 0.14 mg L), indicating long-term stability and high
efficiency. The La-EBPR systems reduced effluent TP by approxi-
mately 6-fold compared to traditional EBPR (0.85 mg L~!). The
effect of the LZGA dosage on P removal performance was also
investigated (Fig. 2b). The removal efficiency increased with
increasing dose, but the effluent TP concentration decreased only
slightly when the dose exceeded 15 mg L. Therefore, we
concluded that the optimal LZGA dose in this system was
15mgL L

To identify the role of LZGA in activating EBPR, we designed
additional control experiments. The TP concentration was set at
0.85 mg L., which matches the effluent TP concentration of
traditional EBPR before the introduction of LZGA. When 15 mg L~!

of LZGA beads were introduced into the PO7~ solution without
activated sludge, the remaining P concentration was 0.67 mg L!
(Fig. 2c), resulting in a low removal efficiency of only 21.1%. In
contrast, after adding 15 mg L~! LZGA into the SBR, which con-
tained activated sludge and consequently, PAOs, the effluent TP
concentration was reduced to 0.14 mg L~ in the La-EBPR system.
This indicates that although LZGA has La reactive sites for chem-
ically capturing P (Supplementary Fig. S6), this low LZGA dose
alone cannot effectively reduce P to a significantly low level. The P
capture by LZGA itself accounted for only approximately 25%
(chemical capture), whereas most of the P removal efficiency (75%)
was attributed to EBPR enhancement facilitated by the LZGA
leveraging function. Furthermore, to verify whether substances in
LZGA other than La influenced PO3~ removal, we also examined
the effect of unloaded La(OH)3; aerogel beads on the activated
sludge system. Our findings confirmed that these unloaded beads
did not significantly contribute to P removal (Supplementary
Fig. S7). Therefore, based on these comparative experiments, we
concluded that La is a functional component of LZGA and signifi-
cantly enhances P removal in the activated sludge system.

To emphasize the advantages of the La-EBPR system, we
compared its P removal performance with that of several con-
ventional chemical removal technologies (Fig. 2d). The most used
technology is coagulation with PAC or ferric salts as coagulants.
However, PAC concentrations above 300 mg L~! are typically
required to reduce the effluent P concentration to less than
0.20 mg L™, even when combined with polyacrylamide [43,44].
Ferric salts are unable to reduce the effluent P concentration to
nearly 0.10 mg L~! in wastewater treatment [45]. In addition to the
coagulation technology, adsorption is another promising chemical
method for P removal. However, it required substantial amounts of
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Fig. 2. Effluent performance of the lanthanum-enhanced biological phosphorus removal (La-EBPR) system. a, Time-dependent variation in effluent total phosphorus (TP) in
traditional EBPR and La-EBPR systems amended with 15 mg L' La-containing aerogel (LZGA). Error bars represent the standard deviation of n independent measurements (n = 3).
b, Average effluent TP at different LZGA concentrations. Error bars represent the standard deviation of n independent measurements (n = 3), and the red data line shows the mean.
¢, Effluent TP in different methods. Error bars represent the standard deviation of n independent measurements (n = 3), and the circular data points represent the mean. Scatter
represents independent measurement samples. d, Comparison of chemical addition levels in the La-EBPR system and other methods. e—f, Time-dependent variation in effluent
chemical oxygen demand (COD, e) and total nitrogen (TN, f) at different LZGA concentrations.

adsorbents (Fig. 2d), often tens or even hundreds of grams of La-
containing components, to reduce P to 0.1-0.2 mg L~ [46-48]. In
the La-EBPR system, with the La content of functional components
in LZGA at 46.2 mg g~ !, only 0.7 g of La was required to purify 1 ton
of wastewater, reducing the TP concentration from 0.85 to
0.14 mg L~ In other words, the La-EBPR system can achieve a
nearly two-order-of-magnitude reduction in chemical consump-
tion compared to traditional chemical precipitation and adsorp-
tion methods. In addition to studying P removal, we investigated
other typical water treatment parameters in the La-EBPR system.
In this study, we observed that LZGA had no significant impact on
the removal of other nutrients (Fig. 2e and f). Therefore, the
introduction of LZGA specifically enhanced the removal of PO3~ in
the La-EBPR system without exerting a noticeable effect on other
nutrients.

3.3. Activation of P access

Our findings demonstrated that the active La components
migrated outward slowly and continuously from the LZGA beads.
The La3* release capacity remained nearly constant at approxi-
mately 18 mg g ' in solutions with a pH range of 6-8
(Supplementary Fig. S8). However, as the pH increased to 9, the
La®* release capacity decreased significantly, reaching only
13 mg g~ ! within 24 h. This can be attributed to the fact that most
of the La(OH)3 embedded in LZGA was activated by the slightly
acidic environment of the ZrOCl, cross-linked solution, and the
activated La formed dynamic coordination bonds with the -OH of
the alginate ligand. Under acidic or neutral conditions, the active
La components were more prone to migrate slowly and sustain-
ably outward in an ionic state. At pH 6, the La>* release rate from
LZGA was the highest during the first hour (12.08 mg g~') and

gradually decreased thereafter. After 24 h, no further La* release
was observed, with a total release of 18.4 mg g~ . Additionally, the
La component content before and after release was analyzed,
revealing that 27.3 mg g~ ! of La remained in the LZGA after release.
Following activation of the La components, most of the remaining
La continued to be released (Supplementary Table S1). Further-
more, no other metal ions were released from LZGA except for
La>*. Based on the slow-release effect of La components, we hy-
pothesized that the continuous release of the active La compo-
nents from LZGA may enhance POZ removal by certain
microorganisms, leading to reduced P concentration.

To test this hypothesis, changes in the activated sludge in the
La-EBPR system were studied. After 80 days of inoculation in the
reactors, the activated sludge system was mainly composed of
cocci and bacilli, with a small number of filamentous bacteria
(Supplementary Fig. S9). Compared to the control reactor, the
treated sludge exhibited a plump, dense, and block-like structure,
indicating that the introduction of 15 mg L~! LZGA improved the
morphology of the sludge (Fig. 3a). Additionally, similar results
were obtained in the sludge particle size distribution diagram
(Supplementary Fig. S10).

EPSs are crucial components that affect the physicochemical
and biological properties in biological flocculation. Previous
studies have shown that EPS can promote biological flocculation
[49-51]. For example, EPS contains hydrophobic molecules, such
as lipids and proteins, that can render the sludge surface partially
hydrophobic and enhance flocculation. The changes in EPS varied
across different LZGA concentrations (Fig. 3b). PS in EPS showed no
significant differences among the SBRs, suggesting that LZGA was
not directly correlated with PS. In contrast, protein concentration
exhibited more pronounced changes. Compared to the control
group, when the LZGA concentrations ranged between 5 and
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Fig. 3. Activation of phosphorus uptake in the lanthanum-enhanced biological phosphorus removal (La-EBPR) system. a, Scanning electron microscopy image of sludge
from the La-EBPR system amended with 15 mg L~' La-containing aerogel (LZGA). b, Effects of LZGA concentrations on the production of protein (PN) and polysaccharide (PS) in
extracellular polymeric substances. Error bars represent the standard deviation of n independent measurements (n = 3). ¢, Changes in EPS-associated phosphorus concentration in
reactors operated at different LZGA doses. d, Schematic diagram of the outward K channel associated with phosphorus transport. e, Effects of LZGA concentrations on K™
concentration over the operational cycle. f, Synchronous metabolism in K* and phosphorus concentrations during the cycle.

10 mg L', the protein concentration increased steadily from
237.0 +4.5t0285.3 + 6.8 and 245.1 + 3.8t0338.1 4.3 mgperg
MLVSS (mixed liquor volatile suspended solids) over 60 d,
respectively. When LZGA doses were between 15 and 30 mg L™,
the protein content reached its maximum at day 60 and remained
relatively stable for the next 20 d. Therefore, we concluded that the
protein concentration reached a stable state at 40 days with LZGA
doses higher than 15 mg L~'. Notably, the most significant increase
in protein concentration occurred when 15 mg L~! LZGA was
added to the reactors, rising from 259.9 + 6.4 to 363.6 + 1.2 mg per
g MLVSS. After that, the increase in protein concentration
decreased slightly with the increasing dose but remained higher
than that of the control group. Thus, the higher LZGA addition does
not necessarily increase EPS. In fact, excessive LZGA may inhibit
the production of some proteins in EPS, thus reducing the overall
EPS content. Proteins in EPS can enhance the stability of sludge
flocs and their resistance to external toxins due to its hydrophobic
nature [52-55]. Therefore, the increased EPS, especially proteins,
at appropriate LZGA concentrations likely contributes to stability
in biological flocculation, which aligns with the observed increase
in sludge particle size. Increased EPS might not be conducive to the
flocculation and sedimentation of activated sludge due to the
negatively charged functional groups in EPS, which could lead to
sludge bulking and reduced microorganism ability to remove
pollutants [56,57]. However, in this La-EBPR system, despite the
increased EPS content, the sludge sedimentation performance did
not deteriorate. In fact, it improved by 35%, 24%, 21%, 24%, 18%, and
23% after 80 days of activated sludge cultivation in the SBRs. This
demonstrates that LZGA promoted the release of active La com-
ponents, which then combined with the floc surface to neutralize
the negative charge on the sludge surface, thereby improving
sludge sedimentation performance. Therefore, our findings indi-
cate that the addition of LZGA not only increased EPS production
but also improved sludge flocculation and sedimentation

performance.

The EBPR process traditionally focuses on enriching PAOs by
alternating anaerobic and aerobic conditions. PAOs play a crucial
role in removing P from wastewater by metabolizing poly-
phosphate [22-25]. However, studies have suggested that EPS also
contributes to P removal. For example, Cloete et al. reported that
EPS contains 27-30% P and could be considered a dynamic reser-
voir for P in sludge flocs [58]. Li et al. also found that EPS partici-
pates in the EBPR process and plays an important role in the P
removal system [59]. The addition of LZGA induced changes in the
phosphorus content of EPS (Fig. 3c). Our findings demonstrate that
P contents in EPS increased significantly with the addition of the
beads. By day 80,15 mg L~ ! LZGA promoted the EPS matrix around
PAOs to capture P, resulting in an increase in P contents from
19.4 + 1.3 t0 26.9 + 1.1 mg g~ !, which was 10.6 mg g~ ! higher than
that of the control group. The protein and PS in EPS are both
polymers capable of bridging pollutants and adsorbing multiple
colloidal particles via ionic, hydrogen, and van der Waals forces.
The active La components released from LZGA can enhance the
bridging effect of EPS. In particular, La>* can link proteins and PS
on the cell surface of microorganisms, reducing electrostatic in-
teractions between polymers and pollutants and thereby
strengthening P capture. Therefore, the addition of LZGA can not
only increase the amount of EPS but also enhance the capture of P
in EPS.

Additionally, P is an important element for maintaining the life
processes of a cell. lon channels are crucial components of cell
membranes, forming the most sensitive system to foreign sub-
stances. K* channels are the most widely distributed ion channels
[34] (Fig. 3d). When the membrane potential changes, K channel
proteins receive electrical stimulation, resulting in changes in
molecular configuration and the functional state of the channel
(i.e., the opening and closing of the channel). In this study, LZGA
released La®>* continuously and slowly. The surface of K channel
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proteins contains regions with a concentration of negative charges
that serve as binding sites for La>*. When a low La>* concentration
was captured on the cell membrane, a large number of stable
complexes were not easily formed. La®>* moderately interfered
with K* channel proteins, mainly through noncovalent coordina-
tion, thereby accelerating K™ channel switching [28,29]. This aligns
with our experimental conclusion. La>* released from LZGA
accelerated K+ channel switching, and the K concentration in the
La-EBPR system environment was significantly lower than that in
the control group during the aerobic phase (Fig. 3e), suggesting
that more K* entered the cell. Notably, K™ always acted as a pol-
yphosphate counterion to maintain cell neutrality [26,27]. In the
EBPR system, K™ and PO3~ were released and absorbed simulta-
neously (Fig. 3f). Therefore, the slow release of La*>* from LZGA
improved the K" channels of the cell membrane, effectively
enhancing the synchronous metabolism of K™ and P.

3.4. Effect of LZGA on the microbial community structure

To further determine the effect of LZGA on microorganisms,
especially PAOs, we conducted 16S rRNA analysis to assess mi-
crobial community diversity in the activated sludge. Significant
differences in operational taxonomic units were observed after
adding LZGA to the reactors (Table 1), indicating that the beads had
a significant impact on microbial diversity and richness in the
activated sludge system. Species richness was evaluated using
Chaol and the abundance-based coverage estimator (ACE),
whereas species diversity was assessed using the Shannon and
Simpson indices, as previously described [60]. Compared with the
control group, both the ACE and Chaol indices increased signifi-
cantly in all reactors with LZGA, suggesting that the beads pro-
moted microbial community species richness in the activated
sludge system. Regarding the Shannon indices, microbial diversity
in the SBRs initially increased, then slightly decreased as LZGA
doses increased. These results indicated that lower levels of LZGA
beads increased species richness and microbial diversity. However,
with the continuous release of La, the ecosystem selectively
favored species better suited to survive under the prevailing con-
ditions, resulting in greater specificity in the sludge.

To investigate changes in the microbial community within the
La-EBPR system, we examined the relative abundances at different
taxonomic levels (results at the phylum and class levels are shown
in Supplementary Fig. S11). At the genus level, the dominant
bacterial groups were identified as Acinetobacter (Fig. 4), which has
been recognized as the dominant microbial species involved in P
removal in EBPR [61,62]. The proportion of Acinetobacter increased
from 12.2% to 15.9% after the addition of LZGA. Additionally,
Dechloromonas and Hydrogenophaga were reported as denitrifying
polyphosphate-accumulating organisms (DPAOs) capable of
denitrifying and removing PO}~ simultaneously [62]. The pro-
portions of Dechloromonas and Hydrogenophaga increased from
0.9% to 2.9% and from 0.1% to 1.0%, respectively, with the addition
of 15 mg L—1 LZGA, and then decreased at higher doses. Similarly,

Table 1
Effect of LZGA on the microbial richness and diversity of activated sludge.
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Fig. 4. Effect of La-containing aerogel (LZGA) on microbial community structure.
a, Genus-level bacterial community structures in the traditional enhanced biological
phosphorus removal (EBPR) and La-EBPR systems. b, Relative abundances of func-
tional bacteria in the traditional EBPR and La-EBPR systems. Abundances are
expressed as percentages of the total effective bacterial sequences in the sludge
samples.

the relative abundance of Azohydromonas initially increased and
then decreased as LZGA concentrations increased, reaching a
maximum of 0.2% with the addition of 15 mg L' LZGA. Although
Azohydromonas has not been proven to be a typical PAO, it signif-
icantly affects the degradation of organophosphorus pesticides
[63]. In contrast, Zoogloea are not only members of the DPAOs but
are also essential for EPS formation in activated sludge [64]. Their
abundance increased from 1.2% in the control group to 3.7% with
the addition of 15 mg L~! LZGA, and then decreased to 2.9%. These
results were consistent with the previous analysis of EPS, indi-
cating that an appropriate La concentration promoted EPS for-
mation. Therefore, appropriate LZGA concentrations increased the
contents of PAOs (including DPAOs) and EPS in the activated sludge
system, thereby promoting P removal.

Although 16S rRNA analysis offers high-throughput advantages
for analyzing microbial community structure, it has limitations in
accurately identifying and quantifying specific microbial groups
with complex metabolic functions. For instance, Candidatus
Accumulibacter is a key member of the PAO group. Due to the high
conservation of the 16S rRNA gene sequence and the similarity to
closely related species, it might have been underestimated in this
analysis [10]. Therefore, 16S rRNA analysis primarily revealed the
trend in LZGA's effect on the microbial community's overall
structure. To more directly and precisely reveal the activating

LZGA concentration (mg L) OTU number Shannon index ACE index Chao1 index Simpson index
0 1710 5.37 2291.81 2184.77 0.02
5 1708 5.49 2489.76 2470.53 0.02
10 1912 5.48 2662.03 2600.02 0.02
15 1745 542 2495.83 2400.00 0.02
20 1749 5.10 2493.17 2392.77 0.03
30 1966 5.42 2643.28 2532.34 0.03

LZGA, La-containing aerogel. OTU, operational taxonomic unit. ACE, abundance-based coverage estimator. The 0 mg L~! treatment served as the control.
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effect of La on the P-removal function of PAOs, it is necessary to use
analytical methods that reflect the actual physiological state of
microorganisms and the expression of functional proteins.

3.5. Proteomics and the response mechanism of the La-EBPR
system

To overcome the limitations of 16S rRNA sequencing for func-
tional analysis and to directly investigate the molecular-level
impact of LZGA on PAO activity, we conducted macro-proteomics
analysis of sludge samples from the control and optimal treat-
ment groups (15 mg L~' LZGA). This method can directly detect the
expression abundance of functional proteins in the microbial
community, thereby accurately identifying the changes in the PAO
functional protein pathways in the La-EBPR system. We consis-
tently identified 4657 proteins across three replicates. The changes
in protein species and expression levels were most pronounced 20
days after the addition of 15 mg L' LZGA, and 1642 proteins
exhibited a significant abundance change (Fig. 5a-d). As LZGA
continued to be added over time, these changes gradually
decreased. After 60 days, the protein composition and content
remained relatively stable compared with 20 days earlier,
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indicating that the La-EBPR system had reached a steady state,
consistent with previous findings. The protein expression level of
Candidatus Accumulibacter exhibited the most significant change
following LZGA addition, increasing by an order of magnitude from
79 x 10% to 2.6 x 10°. Candidatus Accumulibacter is widely
recognized as one of the most representative PAOs in sewage
treatment [62], suggesting that LZGA promotes PAO growth and
enhances protein expression, thereby facilitating PAO-mediated P
removal. Furthermore, all proteins exhibiting significant changes
in expression were subjected to unsupervised clustering and were
grouped according to the similarity of their responses to different
treatments The classification of DEPS on Gene Ontology revealed a
significantly higher abundance of proteins related to metabolic
processes, cellular processes, cellular anatomical entities, catalytic
activity, and binding in the La-EBPR system compared to the
control group (Fig. 5e). In contrast, enrichment analyses of the
DEPs-based on Clusters of Orthologous Groups provided more
intuitive explanations, showing that proteins related to inorganic
ion transport and metabolism, lipid transport and metabolism,
amino acid transport and metabolism, and energy production and
conversion in the La-EBPR system increased significantly following
the addition of LZGA (Fig. 5f).
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fumarate reductase iron-sulfur subunit (SuccDH) of Candidatus
Accumulibacter. As part of the TCA cycle, the increase in SuccDH
enhanced the rates of acetic acid absorption and poly-
hydroxyalkanoate production, thereby promoting P uptake by
PAOs. Three other enzymes linked to the TCA cycle were highly
expressed, including pyruvate dehydrogenase, which connects the
TCA cycle and subsequent oxidative phosphorylation to glycolysis,
gluconeogenesis, and lipid and amino acid metabolism pathways
[66]. Considering these results, the appropriate LZGA concentra-

To better understand the functions of LZGA on proteins related
to PAOs in the La-EBPR system, we identified a protein pathway
regulatory network involving 4200 proteins and their associated
pathways. In the La-EBPR system, the addition of LZGA upregu-
lated multiple proteins and pathways related to PAOs (Fig. 6). A
large number of proteins directly associated with the metabolic
transformations, characteristic of EBPR, were upregulated (the
protein accessions and accession descriptions are provided in

Supplementary Table S2). Furthermore, we hypothesized that if
LZGA played important roles in the La-EBPR system, the proteins tion can enhance TCA cycle activity in the La-EBPR system. Several
correlated with LZGA would be enriched in pathways associated proteins involved in oxidative phosphorylation, which is related to
with P removal. After the introduction of LZGA beads, the enzymes ATP production in the La-EBPR system, were also highly expressed.
associated with the glyoxylate/tricarboxylic acid (TCA) cycle The expression of polyphosphate kinase 1 (PPK1) in Dechlor-
exhibited the most significant increase in the La-EBPR system. The omonas was significantly increased in the La-EBPR system. PPK1 is
TCA cycle is a crucial component of EBPR. During the aerobic stage, the principal enzyme responsible for the reversible synthesis of
the TCA cycle generates substantial amounts of adenosine polyphosphate (poly P) from the terminal PO3~ of ATP [67]. The
triphosphate (ATP), providing energy for PAOs to capture P from process of P accumulation in microorganisms under aerobic or
the environment and synthesize polyphosphate, thereby facili- anoxic conditions is mainly catalyzed by PPK1. The release of active
La components in LZGA promoted PPK1 production and directly

tating efficient P removal from wastewater [65]. Our proteomic
analysis identified an increase in succinate dehydrogenase/ enhanced P release and uptake in the La-EBPR system. The energy
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metabolism of many microorganisms is based on glycolysis. In the
aerobic phase, glycolysis is a minor source of energy, with
approximately 95% of ATP production coming from the TCA cycle
and oxidative phosphorylation. In contrast, the PAOs in the
anaerobic stage rely almost exclusively on glycolysis for ATP pro-
duction, and therefore, the enzymes related to glycolysis should
not be ignored [68]. When examining specific changes in proteins
involved in glycogen degradation and synthesis, we observed
significant increases in phosphoglycerate kinase, type I glyceral-
dehyde-3-phosphate dehydrogenase, glucose-6-phosphate isom-
erase, and several other proteins related to pyruvate metabolism.
In addition to changes in energy metabolism, the expression of
proteins involved in PHA synthesis and the PO3~ transport system
increased following the addition of LZGA. PHA plays a crucial role
in the metabolism and growth of PAOs, thereby impacting the
efficiency of the EBPR system [69]. The proteomic results indicated
a significant increase in acetyl-CoA acetyltransferase, which can
supply the reducing equivalents required for PHA synthesis during
the anaerobic phase. Furthermore, four different ATP-binding
cassette (ABC) transporters associated with the ABC-type phos-
phate-specific transport system (Pst) showed a tendency to in-
crease. In PAOs, the Pst transport system couples ATP hydrolysis to
the translocation of PO3~ across the inner membrane, allowing
PAOs to actively transport and use PO3~. The increased expression
of PHA synthesis and the phosphate transport system can have
direct implications for the biochemical and bioenergetic charac-
terization of the PO3~ transport systems of PAOs in the context of
EBPR.

Based on the experimental conclusions and the mechanism
analysis outlined above, we propose a P transformation and
transportation model for the La-EBPR system (Fig. 7). When LZGA
was introduced into the reactors, the La-EBPR system was estab-
lished. The release of active La components from LZGA accelerated
K" channel opening and effectively enhanced the synchronized
metabolism of K™ and P. Some of the active La components bound
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to Zoogloea, promoting the formation of EPS. Additionally, LZGA
facilitated the capture of P by EPS, resulting in P enrichment. When
the PAOs enveloped by EPS sensed an increase in P concentration,
their P metabolic capacity increased. Previous studies have
demonstrated that the three-dimensional network structure of
bacterial cell walls can provide accessible binding sites for La [70].
Another portion of the active La components formed complexes
with PAOs and DPAOs, significantly enhancing the growth of en-
zymes related to the TCA cycle, oxidative phosphorylation, and
other energy metabolic processes, as well as reinforcing the
phosphate transport system. Furthermore, the abundance of PAOs
increased, accompanied by a marked upregulation of PAO-
associated proteins, including those from Candidatus Accumu-
libacter, thereby enhancing phosphorus removal in the La-EBPR
system. Moreover, La can bind to the floc surface to neutralize
the negative charge on the sludge surface, thereby improving
sludge sedimentation performance. Consequently, in the La-EBPR
system, LZGA plays a crucial role in the functioning of PAOs and
EPS.

4. Conclusions

In this study, we demonstrated a leverage strategy to enhance P
removal in the La-EBPR system by boosting PAO activity. Following
the addition of 15 mg L~' LZGA to the La-EBPR system, the TP
concentration decreased significantly to 0.14 mg L~!. Compared
with traditional chemical P removal methods, the proposed La-
EBPR system offers a remarkable reduction in chemical con-
sumption of approximately two orders of magnitude. Further-
more, LZGA increased EPS production, enhanced P uptake, and
improved sludge sedimentation performance. The release of active
La components from LZGA improved K* channel function at the
cell membrane, thereby enhancing the synchronized metabolism
of K and P. Additionally, LZGA can selectively modulate micro-
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sequencing results revealed that the optimal concentration of
LZGA favored PAO growth. Our study provides evidence of higher
expression levels of proteins involved in energy metabolism and
the PO3~ transport system, directly highlighting for the first time
the significance of La in EBPR metabolism. This study is expected
to serve as a valuable reference for the development of EBPR
strategies with La as a central component.
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