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1. Introduction

Aerobic granular sludge as a regenerative system
for nutrient removal and metal recovery from
landfill leachate

Victor Guzman-Fierro, {2 *3 Manuel Quiroz,? Karla Moscoso,® Constanza Arriagada,®
Carlo Espinoza,® Javiera Mansilla,® David Contreras, {2 ¢ Victor Campos,?
Juan José Gallardo-Rodriguez,® Gustavo Riveros 2° and Marlene Roeckel®

Landfill leachate is a complex and variable wastewater rich in organic matter, ammonium, salts, and metals,
with low biodegradability and highly fluctuating composition. Its management still largely relies on energy-
and chemical-intensive treatment schemes, making the treatment of raw, undiluted landfill leachate
particularly challenging. This study evaluates, at lab scale, the potential of aerobic granular sludge (AGS)
for achieving simultaneous pollutant removal and metal recovery in a 2-L column sequencing batch
reactor fed with raw, undiluted landfill leachate collected from an active municipal landfill site. The
reactor was operated for 198 days without dilution or addition of co-substrates. This operation resulted
in stable granulation and high removal efficiencies, 94% for chemical oxygen demand (COD) and 97% for
total nitrogen. Cation analysis shows that assimilation reached 600.47 umol g™t TS, with calcium and
magnesium being the predominant cations. Quantitative analyses revealed near-equal contributions
from biosorption (53%) and bioaccumulation (47%), with magnesium dominating biosorption and calcium
prevailing in bioaccumulation. Then, a partial metal recovery was achieved by desorption with 0.1 M
NaCl, without compromising the granule structure, as verified by FTIR and scanning electron microscopy
(SEM). However, the desorption process reduced nitrification and denitrification activities by factors of
3.7 and 1.8, respectively, while heterotrophic activity increased by 2.4-fold. Metagenomic analysis
revealed microbial shifts following desorption, favouring genera such as Paracoccus and Burkholderia,
which are associated with heterotrophic metabolism. These results demonstrate the potential of AGS as
a regenerative biosorbent for treating landfill leachate and recovering metals. This approach supports
sustainable and circular strategies for managing landfill leachate and similar complex effluents.

organic loading, and trace metals, create a significant chal-
lenge. For these, landfill leachate is particularly difficult to treat

Landfill leachate is a chemically complex effluent. It contains
high concentrations of organic matter, ammonium, heavy
metals, and emerging contaminants. Its composition evolves
depending on landfill age, waste composition, and operational
conditions." In young landfills, acidic conditions enhance metal
solubility, while in mature landfills, the methanogenic phases
and metal precipitation predominates, reducing their
mobility.>* These dynamic fluctuations, along with variable pH,
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biologically. Moreover, its low biodegradability and imbalanced
nutrient ratios (C/N) often necessitate multi-stage treatment
systems to meet regulatory discharge limits or enable water
reuse. With the global expansion of landfilling practices, the
generation of high-strength leachate poses increasing environ-
mental risks to soil and water, underscoring the urgent need for
efficient, scalable, and sustainable treatment technologies.

Landfill leachate is commonly treated using physico-
chemical and biological processes, but these options are often
energy- and chemical-intensive and generally do not address
metal recovery.” In parallel, natural and bio-based sorbents have
been evaluated for metal removal from aqueous streams, yet
they are usually tested in simplified systems and show limited
regeneration.” Together, these limitations highlight the need
for regenerative biosorbent processes that can treat raw landfill
leachate while enabling controlled metal capture.

In this context, AGS has emerged as a robust, compact
biotechnology for treating complex, high-strength wastewater,
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including landfill leachate.® Among emerging alternatives, AGS
stands out for its operational and economic advantages.
Comparative studies with other advanced leachate treatment
technologies, such as membrane bioreactors and electro-
chemical oxidation, have further highlighted AGS as a cost-
effective and scalable solution, offering high COD removal
efficiencies, lower energy demands, and reduced operational
costs (Table S1, SI). AGS consists of dense, self-aggregated
microbial granules with stratified zones enabling simulta-
neous aerobic, anoxic, and anaerobic processes within a single
reactor.” This structural and functional stratification allows for
concurrent carbon removal, nitrification, denitrification, and
even phosphorus and metal removal, without requiring sepa-
rate treatment stages. Its excellent settling properties and
resistance to hydraulic shear make AGS particularly advanta-
geous under variable loading conditions, while enabling
compact reactor configurations with reduced footprint and
energy consumption.®® These characteristics make AGS
a promising candidate for one-stage biological treatment
processes where conventionally activated sludge or membrane-
based systems may struggle with biomass retention and oper-
ational stability. Its capacity to retain biomass under high
loading conditions and its resistance to shock loads make it
particularly well-suited for treating chemically diverse leach-
ates. Recent studies have demonstrated that AGS can tolerate
elevated levels of ammonium and COD, while maintaining
granule integrity and nutrient removal performance.'>'* Beyond
its structural advantages, AGS functionality is primarily driven
by its microbial ecology. This ecology comprises ammonia-
oxidising bacteria (AOB), nitrite-oxidizing bacteria (NOB), and
aerobic heterotrophic bacteria (AHB), each occupying distinct
niches within the granule. The oxygen gradients enable spatial
separation of metabolic processes, promoting aerobic oxidation
near the surface and facilitating denitrification or anaerobic
respiration in the core. However, oxygen competition among
microbial groups often limits nitrification, as AHB outcompetes
AOB and NOB due to their higher oxygen affinity."> For these
reasons, operational strategies are needed, including oxygen-
limiting conditions or controlled nitrite accumulation, to
suppress NOB growth and enhance partial nitrification,
enabling efficient nitrogen removal. These oxygen-based inter-
actions become even more critical when evaluating the impact
of external perturbations, such as desorption steps for metal
recovery, on AGS performance and community dynamics.

AGS has shown potential for metal removal and recovery
through biosorption and bioaccumulation, mechanisms facili-
tated by extracellular polymeric substances (EPS) and intracel-
lular accumulation, respectively.” While these findings are
promising, most investigations to date have been limited to
diluted leachates or supplemented systems, which do not reflect
the operational challenges of full-strength, undiluted leachate.
Despite these promising developments in AGS research, several
knowledge gaps remain. The relative contributions of bi-
osorption and bioaccumulation to metal uptake in AGS systems
treating undiluted landfill leachate have not been clearly
established. Additionally, the impact of cation desorption—
a critical step in metal recovery—on the structural stability,
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metabolic functionality, and microbial community of AGS
remains poorly understood. These uncertainties are further
compounded by the complexity and variability of landfill
leachate, which introduces operational challenges to granule
formation and process stability.

In this context, the objective of this study was to evaluate the
performance of AGS as a regenerative system for treating raw,
undiluted landfill leachate. Specifically, we aimed to: (i) assess
simultaneous nutrient removal and metal retention under high-
strength leachate conditions without dilution or co-substrate
addition; (ii) develop and apply a quantitative approach to
distinguish biosorption from bioaccumulation in metal reten-
tion, and to test a mild desorption strategy capable of releasing
polyvalent cations into a concentrated eluate while preserving
granule integrity; and (iii) examine how the desorption step
affects granule structure, microbial community composition,
and key metabolic activities. In this study, “metal recovery” is
therefore understood as the combination of selective metal
capture by AGS and the subsequent release of these metals into
a reusable liquid stream, while maintaining the structural and
functional suitability of the biosorbent for further sorption-
desorption cycles. By addressing these objectives, the study
provides the foundation for scalable deployment of AGS tech-
nology for combined contaminant removal and resource
recovery within a circular bioengineering framework.

2. Experimental

2.1. Analytical methods

Parameters such as pH, COD and nitrogen species (nitrite,
nitrate, and total ammonia nitrogen (TAN)) were measured by
standard methods.*® Nitrite, nitrate, and TAN were measured
spectrophotometrically using a flow injection analyzer (FIAlab,
2500/2700, 1.0607, USA), with a USB400-VIS-NIR detector.**
Soluble solids (SS), volatile suspended solids (VSS), and total
solids (TS) were measured according to Standard Methods
(APHA, 1992). The gas produced by the samples from specific
anammox (SAA) and specific denitrification activity (SDA) was
analyzed using a gas chromatograph (HP 5890 Series II, Hewlett
Packard, Avondale, PA, USA).** All chemicals used in this study
were of analytical grade and were purchased from commercial
suppliers (Sigma-Aldrich or Merck), unless otherwise stated.

2.2. Granule characterization

The AGS was characterized for its metabolic, physical, chemical,
and microbial properties. These analyses were performed on
samples collected before and after the desorption treatment
(NaCl 0.1 M).

2.2.1. Metabolic characterization. Metabolic activities of
AGS were determined under both aerobic and anaerobic
conditions. The specific activities assessed included: specific
heterotrophic activity (SHA), specific ammonium-oxidizing
activity (SAOA), specific nitrite-oxidizing activity (SNOA),
specific anammox activity (SAA), and specific denitrification
activity (SDA). SHA, SAOA, and SNOA were evaluated through
respirometric batch assays, following procedures previously

© 2026 The Author(s). Published by the Royal Society of Chemistry
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described.*"” AGS samples were washed three times with
phosphate buffer (KH,PO, 0.14 ¢ L™' and K,HPO,-3H,0
0.9824 ¢ L") and transferred into sealed 270 mL glass jars
equipped with an optical oxygen sensor (WQ-FDO 925, Global
Water Instrumentation, Inc., USA). Approximately 5 mL (1.5 g
VSS L) of washed granules were added to each jar. The system
was maintained at 30 °C and continuously agitated with
a magnetic stirrer. Each reactor was aerated for 10 minutes to
ensure full oxygen saturation, after which the vessels were
sealed to measure endogenous oxygen uptake over 10 minutes.
Afterward, substrates were added, and oxygen consumption was
monitored for an additional 10 minutes. The substrate
concentrations used were: 200 mg C L™ " (as sodium acetate) for
SHA, 84.8 mg N-NH," L™" for SAOA, and 148 mg N-NO,~ L~ for
SNOA. Volatile suspended solids (VSS) were quantified after
each test, and results were expressed as grams of oxygen or
nitrogen consumed per gram of VSS per day (g O, or N g~ VSS
d™"). SAA and SDA were measured in 150 mL sealed glass vials
with OxiTop® Control AN6 sensors (WIW, Weilheim, Ger-
many), following the protocol adapted from Varas et al.'® Each
vial contained 40 mL of AGS suspension (1.5 g VSS L") in
phosphate buffer adjusted to pH 8.0. Biomass was washed three
times with buffer to eliminate residual substrates. To establish
anaerobic conditions, both the liquid phase and headspace
were purged with argon. The vials were then incubated at 35 °C
with agitation at 120 rpm until pressure stabilized. Substrates
were injected aseptically through rubber septa as follows:
42 mg N L ™" of a mixture of (NH,4),SO, and NaNO, for SAA, and
100 mg N-NO;~ L' plus 450 mg C L' (as acetate) for SDA.
Nitrogen gas production was monitored by measuring pressure
increases, and specific metabolic activities were calculated
accordingly. Control vials without added substrates were used
to account for endogenous respiration. All experiments were
conducted in triplicate.

2.2.2. Physical characterization. The diameter of the AGS
was measured using MonGran software, as proposed by Jara-
Muiioz et al.*® At least 370 samples were collected to determine
the size distribution. The AGS surface was analyzed by SEM.
Sample preparation involved washing, fixing, and drying
following the methodology proposed by Guzman-Fierro et al.*

2.2.3. Chemical characterization. The analysis of func-
tional groups in the AGS was performed using Fourier trans-
form infrared spectroscopy (FTIR).>* Samples were dried at 105 ©
C for 15 h before analysis. The IR spectra were collected over the
range of 400-4000 cm '. Cations (e.g., copper, calcium,
magnesium, iron, manganese, chromium, zinc, and lead) were
identified and quantified via ion chromatography coupled with
inductively coupled plasma-mass spectrometry (IC-ICP-MS)
according to Pefna-Farfal et al.*

2.2.4. Bacterial community characterization. Genomic
DNA was extracted from AGS samples according to Murillo
et al.*®> DNA was purified using the UltraClean DNA extraction
Kit (MoBio, Carlsbad, USA), and its quality and concentration
were assessed using a NanoDrop ND-1000 UV/Vis spectropho-
tometer (Peq-lab, Erlangen, Germany).”* 16S rRNA (variable
region 4) amplicons were sequenced on the Illumina HiSeq
platform, producing 380 bp paired-end reads at Genoma Mayor
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(Universidad Mayor, Santiago, Chile). Preprocessing of
sequencing data (quality checks and chimaera removal) was
conducted using the DADA2 package. Taxonomic classification
was performed with the SILVA v132 database using a native
Bayesian classifier. Taxonomic composition was visualized
using the Phyloseq R package and Krona software.

2.3. Reactor setup and operation for producing aerobic
granular sludge

AGS was cultivated in a 2-liter SBR operated at 30 °C. The reactor
was initially inoculated with mature AGS previously described
by Guzman-Fierro et al* Unlike previous work, no pre-
treatment or co-substrate addition was used in this study.
Instead, the AGS was directly exposed to raw, undiluted landfill
leachate collected from a landfill with 14 years of operation
(Table 1). The initial sludge concentration was set at 0.5 g VSS
L' The inoculum consisted of compact, spherical aerobic
granules (see Sections 3.3 and 3.4 for detailed characterization).
A schematic representation of the reactor configuration and
operational connections is provided in Fig. S1.

A customized SBR cycle structure was designed to enhance
granule development and promote microbial selection pres-
sure. This configuration was developed based on preliminary
tests evaluating COD and nitrogen transformation rates under
anaerobic and aerobic conditions. The final cycle consisted of
27 minutes of influent feeding, 6 h anaerobic reaction, 17.3 h of
aerobic reaction, 3 minutes of settling, and 3 minutes of effluent
withdrawal (total cycle time of 24 h; HRT = 18 days). The 6 h
anaerobic phase ensured complete uptake of readily biode-
gradable COD and supported storage-driven denitrification. In
comparison, the 17.3 h aerobic phase was adjusted to keep
ammonia oxidation as the limiting step and to ensure that free
ammonia concentrations (FA) at the start of aeration were high
enough to inhibit NOB and favor AOB enrichment. This long
aerobic phase is in line with cycle configurations reported for
AGS systems designed to enrich nitrifying and denitrifying
populations in high-strength nitrogenous wastewaters.* During
the aerobic phase, aeration was continuously supplied, and
dissolved oxygen (DO) was checked regularly and maintained at

Table1l Average chemical characteristics of raw landfill leachate used
as aerobic granular sludge (AGS) influent”

Parameter Concentration (mg L")
Manganese 104.6 £ 6.5
Chromium 0.9 £ 0.0
Magnesium 518.0 + 48.5
Calcium 1608.7 + 86.6
Iron 252.3 + 44.2
Zinc 2.9 +0.2
Copper 0.5+ 0.0
Lead 0.2 £ 0.0
COD 20603.0 £ 6909.4
NH,"-N 1889.6 + 32.2
NO; N 187.2 £ 23.8
pH 8.8+ 0.2

“ Values represent the mean + standard deviation.
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saturation levels, averaging 7.1 + 0.1 mg L™ ". A photograph of
the SBR system used for AGS cultivation, along with an image of
the granular biomass, is provided in Fig. S2.

The reactor operation was divided into a 50-days start-up
phase and a 148-days stabilization phase (198 days in total).
This phased strategy enabled AGS to adapt to undiluted landfill
leachate conditions. Throughout the operational period, reactor
performance was monitored by evaluating granule size distri-
bution, biomass retention, and nutrient removal.

2.4. Desorption and mineralization of polyvalent cations

Desorption assays were performed ex situ using biomass with-
drawn from the reactor and processed in separate flasks.
Desorption and subsequent mineralization to obtain the
cations assimilated by AGS during landfill leachate treatment
were systematically evaluated. The desorption process was
adapted from Wang et al.,* who demonstrated that NaCl
induces metal release through ionic competition and
displacement at binding sites within the EPS matrix. Moreover,
similar NaCl concentrations have been shown to cause
moderate osmotic stress while preserving nitrogen and phos-
phorus metabolic pathways.”” AGS samples (2.5 g TS L") were
incubated in 0.1 M NaCl solution at 35 °C with constant agita-
tion at 120 rpm for 4 hours in a shaking incubator (BJPX-2008,
Biobase, China). The agitation speed was selected to replicate
shear stress conditions comparable to those observed in reactor
operations, as described by Jara-Mufoz et al'® Then, the
supernatant was collected and analyzed for cation content.

For mineralization, the desorbed AGS granules were sub-
jected to acid digestion. This process disrupted both cellular
and EPS structures, replacing bound metal cations with protons
(H"), and promoting their release. This procedure was adapted
from the method reported by Liu et al.?® The granules were
placed in test tubes containing concentrated nitric acid (65%)
and heated at 105 °C for 15 minutes on a hot plate. After cool-
ing, the digested samples were homogenized and analyzed for
cation content.

2.5. Statistical analysis

All experiments were conducted in triplicate. Statistical analyses
were performed using the Software GraphPad Prism v5.0
(GraphPad Software, USA). Results are expressed as mean =+
standard deviation (SD). The differences between AGS with or
without treatment (metal assimilation and metabolic activity)
were evaluated using Student's ¢-test. The p < 0.05 was consid-
ered statistically significant.

3. Results and discussion

3.1. Designing the cycle structure for AGS reactor operating
under SBR regime

The behaviour of COD and nitrogen species during the aerobic
and anaerobic phases of the cycle is shown in Fig. 1. These
profiles reflect the dynamic transformations that occur in the
AGS reactor when exposed to raw, undiluted landfill leachate.
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Fig. 1 Concentration profiles of COD and nitrogen species during
cycle tests in the aerobic granular sludge (AGS) reactor using raw
landfill leachate. (A) Aerobic phase. (B) Anaerobic phase. Reactor
volume = 2.0 Land T = 30 °C. COD, chemical oxygen demand; TAN,
total ammonia nitrogen.

3.1.1. Aerobic phase. During the 52-hours aerobic period,
COD decreased from 1325 mg L ™" to 195 mg L', corresponding
to an overall removal of 85% (Fig. 1A). Most of this reduction
occurred within the first 24 hours, when COD declined to
325 mg L' (75.5% removal), driven mainly by aerobic hetero-
trophic oxidation under fully oxygenated conditions (DO =
71mg L")

Nitrogen species also showed active transformation. The
concentration of TAN decreased from 108 to 62 mg N L™" during
the first 24 hours, while nitrate decreased from 243 to 193 mg N
L. Nitrite remained <10 mg N L ™" over most of the phase. These
trends indicate simultaneous ammonium oxidation and aerobic
denitrification facilitated by internal oxygen gradients within the
granules, a behaviour previously reported in high-strength
nitrogenous wastewaters treated under single-stage systems."

Toward the end of the aerobic stage, nitrate and nitrite
concentrations increased by 7.6% and 282%, respectively. This
behaviour reflects the lower organic matter availability at later
stages, which reduces oxygen competition and shifts the
balance among nitrifying and heterotrophic populations. At
this point, 85% of COD and 27% of total nitrogen had been
removed.

3.1.2. Anaerobic phase. The anaerobic phase began after
introducing a 5.5% exchange volume of landfill leachate,
reaching an initial TAN concentration of 100 mg N L™" in the
reactor. Dissolved oxygen was depleted within 5 hours, estab-
lishing strict anaerobic conditions (Fig. 1B). Over the 73-hours
anaerobic period, COD decreased by 65%, with the most
pronounced decline (62%) occurring in the first 25 hours at
arate of 44 mg L~ " h™". This rapid decrease was associated first
with residual aerobic oxidation (0-5 h) and subsequently with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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denitrification using nitrate and nitrite. Both nitrate and nitrite
were consumed entirely after 25 hours.

TAN remained relatively stable after 27 hours, with a slight
decrease observed toward the end of the anaerobic period,
indicating limited anaerobic ammonium transformations
under the imposed conditions.

3.1.3. Nitrogen transformation dynamics. The nitrogen
conversion patterns observed across the cycle reflect the
competition among AOB, NOB, and aerobic heterotrophic
bacteria (AHB). Competition for oxygen among these groups
directly affects their apparent half-saturation coefficients, as
noted in previous studies.*

AHB possess a higher oxygen affinity (AHB > AOB > NOB),
allowing them to dominate oxygen uptake at elevated C/N
ratios.’***" Their rapid consumption of organic substrates
generates localized oxygen-limited zones that restrict NOB
growth while maintaining partial nitrification.

The accumulation of nitrite toward the end of the aerobic
phase is consistent with these dynamics: reduced organic
matter alleviates oxygen limitation, enabling AOB activity. At the
same time, free ammonia continues to suppress NOB.

3.1.4. Implications for cycle design. The operational cycle
applied in this study was defined based on measured trans-
formation rates. The 6-hours anaerobic phase supported efficient
denitrification and COD uptake by storage-driven heterotrophs.
The subsequent 17.3-hours aerobic phase was designed to
maintain ammonia oxidation as the rate-limiting step.

The target TAN concentration of 30 mg N L™ " at the end of
aeration corresponds to approximately 10 mg NH;-N L™ of free
ammonia'’ —sufficient to inhibit NOB while preserving AOB
activity, as reported by Anthonisen et al®* Sedimentation
conditions were tuned to selectively retain granules exhibiting
settling velocities greater than 3 m h™', thereby promoting
robust granulation.®* This selection pressure was further rein-
forced through short settling times (3 min) and the use of
a bubble column reactor (BCR), in which gas-induced shear
stress maintains granule stability even under long hydraulic
retention times. This behaviour is consistent with the findings
of Jara-Muifoz et al.,” who demonstrated improved sedimen-
tation and microbial activity in gas-mixed systems.

Granules larger than 1.6 mm were consistently retained,
confirming stable granulation under high-strength leachate
conditions, as previously reported for similar operational
strategies.** Aerobic conditions accounted for 73% of the cycle,
exceeding the minimum aeration time required for sustained
aerobic granulation.*

Overall, the cycle performance confirms that AGS can
maintain carbon and nitrogen removal under undiluted landfill
leachate conditions while preserving the selective pressures
needed for robust granulation and partial nitrification.

3.2. Stabilizing organic and nitrogen removal in AGS reactor
treating raw landfill leachate

The operation of the AGS reactor was divided into two distinct
phases: a 50-days start-up period and a 148-days stabilization
phase (198 days in total) (Fig. 2). During the start-up phase, the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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influent COD remained stable, with concentrations between 16
740 and 18470 mg L™ " (Fig. 2A). COD values in effluent were
consistently low, generally below 1500 mg L, indicating that
the system achieved substantial organic matter removal even
during early granulation.

During the first 15 days of the start-up stage, the reactor was
operated in batch mode to facilitate sludge acclimation and
optimize the cycle configuration. A key challenge during this
stage was the accumulation of FA on days 20 and 36, with
concentrations peaking at 86 mg NH;-N L' and 37 mg NH3;-N
L™, respectively. Elevated FA levels can have toxic effects on
microbial communities, impairing the nitrification. To miti-
gate, two aerobic batch treatments were implemented to
promote the development of the nitrifying layer within the AGS.
By day 50, the reactor was successfully transitioned to an SBR
regime, which was maintained for the remainder of the exper-
iment. Anthonisen et al* reported that Nitrosomonas and
Nitrobacter are inhibited at FA concentrations of 10-150 mg L™"
and 0.1-1.0 mg L', respectively. Despite FA levels near
86 mg L~ '—within the inhibitory range—ammonia oxidation
was sustained. This suggests microbial acclimation and
a protective role of EPS, which may buffer or reduce FA
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Fig. 2 Long-term performance of aerobic granular sludge (AGS)
treating undiluted landfill leachate in an SBR. (A) Influent and effluent
COD concentrations. (B) Influent and effluent nitrogen species: TAN,
NOsz =N, and NO, —N. Reactor volume =2.0 L, HRT =18 daysand T
= 30 °C. COD, chemical oxygen demand; TAN, total ammonia
nitrogen. Note: each point represents the average of three replicates
(n = 3). Error bars are present but may not be visible due to minimal
variation and overlap with the data symbols.
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diffusion. This observation underscores the robustness of the
AGS and its potential to treat N-rich leachates without dilution.

When the system transitioned to stabilization phase, the
COD influent increased noticeably, with peaks reaching over 34
000 mg L™, doubling typical concentration on days 128 and 155
(Fig. 2A). Despite these fluctuations, effluent COD concentra-
tions remained low throughout the entire period (below
1500 mg L"), demonstrating the resilience and stability of the
AGS system under elevated and variable organic loading. This
performance suggests effective metabolic adaptability of the
microbial community. Overall, COD removal remained above
94%, highlighting the robustness of the system for treating
undiluted landfill leachate. The increase in biomass concen-
tration to 5.9 g VSS L™ also suggests effective granule retention
and selective biomass accumulation. This gradual biomass
build-up was driven by a moderate organic loading rate (OLR)
(1.14 kg COD m® d ). This strategy aimed to accommodate
the complex matrix and potential inhibitory effects of raw
landfill leachate. The development of dense, well-structured
granules may have contributed to shock absorption and sus-
tained metabolic activity. These findings support the potential
scalability of AGS for treating complex, non-diluted landfill
leachates, while minimizing energy input and co-substrate
demand. Nitrogen removal performance followed a similarly
stable trend (Fig. 2B). Performance was evaluated during the
start-up (0-50 days) and stabilization (51-198 days) phases of
reactor operation. During the entire period, the influent TAN
remained high, fluctuating between 1436 and 2181 mg N L™,
while nitrate (NO; -N) levels in the influent were generally
below 90 mg N L. Despite the elevated nitrogen loads in TAN,
effluent TAN was effectively reduced to values below 45 mg N
L' during the stabilization phase, with most measurements
falling under 30 mg N L', indicating robust ammonium
oxidation. Similarly, effluent concentrations of nitrate and
nitrite remained consistently low, typically under 60 mg N L™,
suggesting that denitrification was active and efficient under
the reactor's operational conditions. Notably, even during
periods of increased influent TAN, particularly between days 64,
72, and 155, the system maintained stable nitrogen removal,
with no relevant accumulation of nitrate or nitrite in the
effluent. These results reflect the establishment of a function-
ally stratified microbial community within the granules,
capable of supporting undiluted leachate conditions. Most
studies on landfill leachate treatment using AGS rely on dilution
strategies to manage high organic and nitrogen loads. For
example, Bueno et al.*® achieved COD and nitrogen removal
efficiencies of 88% and 99%, respectively, by treating 20%
diluted landfill leachate under an OLR of 2.56 kg COD m > d "
and a nitrogen loading rate (NLR) of 0.51 kg N m > d ™. Simi-
larly, Seid-Mohammadi et al.** reported COD and TAN removal
efficiencies of 39-80% and 45-74%, respectively, using leachate
diluted to 20-50%, with OLRs of 18-76 g COD m * d ' and
NLRs of 1.1-2.4 g Nm > d~ "

In contrast, our study operated under more challenging
conditions, using raw (undiluted) landfill leachate as the sole
feed. During the stabilization phase, the reactor consistently
maintained high COD and nitrogen removal efficiencies of 94%
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and 97%, respectively, even under an OLR of 1.14 kg COD m 3
d~' and NLR of 0.12 kg N m > d~". These results confirm that
granule formation and functional microbial stratification can
be achieved without dilution. This is likely due to the extended
SBR cycle and controlled oxygen strategy applied during start-
up. These findings underscore the potential of AGS reactors
for treating raw landfill leachate. The system's resilience and
efficiency provide key insights for scaling up AGS technology,
contributing to more sustainable leachate management. Our
results are consistent with other studies using AGS. For
example, Seid-Mohammadi et al** reported over 98% COD
removal and successful granule formation in a GSBR operated
under similar DO and pH conditions. The comparable granule
structure and treatment efficiency observed in our system
further support the viability of AGS for treating complex, high-
strength effluents without dilution or co-substrate addition.

3.3. Polyvalent cations in aerobic granular sludge:
biosorption and bioaccumulation

The biosorption and bioaccumulation of polyvalent cations in
AGS were evaluated using a two-step sequential extraction
method. First, cation desorption with NaCl was performed to
quantify the biosorbed fraction; second, acid digestion was
used to determine the bioaccumulated fraction. This approach
allows differentiation between cations weakly bound to the
surface and those retained within the microbial or structural
matrix of the granules.

The characterization of the landfill leachate and the assim-
ilation of cations by AGS are summarized in Tables 1, 2 and S2.
A total of 600.47 pmol g* TS of cations were assimilated, of
which 53% corresponded to biosorption and 47% to bi-
oaccumulation. Magnesium predominated in the biosorbed
fraction, with 179.6 umol g~ ' TS (56.74%), followed by calcium
with 116.4 umol g~ ' TS (36.77%) and iron with 14.26 umol g~*
TS (4.50%). In contrast, in the bioaccumulated fraction, the
dominant cation was calcium, with 86.15% (244.6 umol g~ * TS),
followed by magnesium with 5.20% (14.77 pmol g~ TS) and
iron with 4.97% (14.11 pmol g~ TS). Considering total cation
assimilation (biosorption + bioaccumulation), calcium was the
most abundant (60.12%, 361 pmol g~ ' TS), followed by
magnesium (32.37%, 194.37 umol g~ TS), iron (4.72%, 28.37
umol g TS), and manganese (1.85%, 11.12 umol g~ * TS). This
distribution accurately reflects the cationic composition of the
landfill leachate (Table 1), where calcium was also dominant
(59.08%), followed by magnesium (31.37%), iron (6.65%), and
manganese (2.8%) (Table 1). These results suggest a selective
assimilation mechanism by AGS biomass aligned with influent
composition.

3.3.1. Cation-specific retention and functional roles.
Among all cations, calcium showed the highest degree of bi-
oaccumulation (244.6 pmol g~ ' TS), representing 86.15% of the
total bioaccumulated fraction. This behavior is consistent with
the established role of calcium as a structural component
within the AGS, mainly through its interaction with the EPS,
which improves the cohesion and integrity of the granules.*
However, the high calcium content may also result from
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intragranular precipitation, especially under alkaline condi-
tions. The observed accumulation was detectable only after acid
digestion, suggesting the formation of precipitated species,
such as calcium carbonate. The alkaline pH of the reactor
(~8.8), together with the generation of carbonate during deni-
trification, probably favored this process.*® Similar findings
have been reported in AGS systems, where elevated calcium
concentrations (>90 mg g ' SS) reduced bioactivity due to
clogging of internal structures.®”

Beyond structural roles, calcium also participates in intra-
cellular signaling. Under basal conditions, intracellular calcium
concentrations range between 0.09 and 0.3 uM, but can increase
up to 5.4 pM through protein-mediated binding in response to
environmental stimuli.*® Calcium, therefore, plays a dual role in
AGS: as a structural stabilizer through EPS interactions and as
a regulatory ion involved in microbial function. In addition,
calcium assimilation may be influenced by granule size, as
larger granules tend to have higher EPS content and longer
diffusion pathways, which improves metal retention.*

In contrast, magnesium showed the highest biosorption
among all cations (179.6 umol g~ TS), accounting for 92.4% of
its total assimilation, with only 7.6% through bioaccumulation.
This behavior, which is opposite to that of calcium, highlights
the existence of specific retention mechanisms for each cation,
probably governed by factors such as hydration radius, coordi-
nation chemistry, and affinity for EPS functional groups.*

3.3.2. Iron and manganese retention behavior. Iron
showed a balanced distribution between biosorption (14.26
umol g~ ' TS) and bioaccumulation (14.11 pmol g~ ' TS), with no
statistically significant difference (p = 0.8272). This balance
suggests complexation mechanisms involving both EPS binding
and intracellular incorporation. Iron plays a fundamental role
in AGS granulation, as it contributes to bio-coagulation by
facilitating the formation of dense aggregates with a high
specific gravity.*® Its retention in AGS may occur through
complex chemical structures, such as iron phosphate or iron
sulfide species, rather than through simple electrostatic inter-
actions. In addition, Fe** biosorption capacities up to 232 mg
g~ ! have been reported at acidic pH (2.4-3.4), suggesting that
pH-dependent speciation influences assimilation efficiency.*
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Manganese showed a strong tendency for bioaccumulation
(87.6%, 9.74 umol g~ TS), with only 12% retained by bi-
osorption. This suggests that manganese is preferentially
internalized or forms stable complexes within the microbial
matrix. Its bioaccumulation ratio was 69% higher than that of
calcium, highlighting its distinctive retention behavior, which
may be related to its role in enzymatic systems and redox
processes.

3.3.3. Trace metals and recovery efficiency. Although trace
cations such as copper, chromium, zinc, and lead were assim-
ilated at lower concentrations, they showed high recovery effi-
ciencies (>77%) via biosorption (Table 2). Copper showed the
highest recovery efficiency, at 93.6%, followed by lead (92.9%),
chromium (89.6%), and zinc (77.3%). This behavior indicates
strong surface affinity and suggests that these metals are readily
recoverable via mild desorption processes.

The high biosorption of copper implies promising potential
for the reuse of AGS as a biosorbent in metal recovery applica-
tions. In contrast, calcium showed the lower recovery efficiency
(32.2%), reinforcing its strong binding within the AGS matrix.
These differences highlight the importance of understanding
the specific cation retention mechanisms when designing
strategies for selective recovery and valorization of metals in
wastewater treatment. In the context of a closed-loop recovery
scheme, the NaCl desorption step used here yields a metal-rich
eluate containing trace metals such as Cu, Pb, Cr, and Zn at
higher concentrations than in the original leachate. This eluate
can serve as a suitable feed stream for downstream recovery
operations—such as selective precipitation, crystallization, or
electrochemical extraction—to produce reusable metal
concentrates. At the same time, the bulk liquid phase can be
recycled. Although these downstream concentration and puri-
fication stages were not implemented in the present work, our
results demonstrate that AGS can (i) capture metals directly
from undiluted landfill leachate and (ii) release them under
mild conditions into a separate liquid stream without
compromising granule integrity. This two-step sequence
constitutes the core of a regenerative biosorption cycle and
provides the necessary input for future development of fully
closed-loop metal recovery systems.

Table 2 Quantification of polyvalent cation assimilation by aerobic granular sludge (AGS) through biosorption (NaCl desorption) and

bioaccumulation (acid digestion)®

Biosorption Bioaccumulation

Total cation assimilation Desorption recovery

Cation (nmol g~ TS) (umol g TS) P-value (umol g~ TS) efficiency (%)
Manganese 1.38 £ 0.76 9.74 + 0.44 <0.0001 11.12 12.4
Chromium 1.46 £+ 0.08 0.17 + 0.01 <0.0001 1.63 89.6
Magnesium 179.60 + 3.99 14.77 £ 0.47 <0.0002 194.37 92.4
Calcium 116.40 + 16.76 244.60 + 7.36 0.0003 361.00 32.2
Iron 14.26 £ 0.99 14.11 £ 1.13 0.8272 28.37 50.3
Zinc 1.29 + 0.11 0.38 + 0.09 0.0004 1.67 77.3
Copper 2.03 £ 0.32 0.14 4+ 0.05 0.0004 2.17 93.6
Lead 0.13 £+ 0.00 0.01 &+ 0.00 <0.0001 0.14 92.9

“ Values represent the mean =+ standard deviation of three replicates (n

a threshold of p < 0.05. TS, total solids.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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To further enhance recovery yields, particularly for less
desorbable cations such as calcium and manganese, future work
should explore optimization of desorption parameters, including
NaCl concentration, contact time, and pH adjustment. However,
any such modifications must preserve granule structure and
microbial functionality to ensure that improved recovery perfor-
mance does not undermine biological treatment efficiency.

The desorption trends observed here are consistent with
previous studies, which indicate that chloride ions enhance
metal release from solid matrices by weakening coordination
interactions. Long et al.** demonstrated that C1~ disrupts metal-
surface binding, improving leaching efficiency. These findings
support the selection of NaCl as a mild and effective desorption
agent, particularly in EPS-rich systems such as AGS.*

3.4. Effect of the desorption process on aerobic granular
sludge

The morphological properties, metabolic activities, and bacte-
rial community composition of AGS were evaluated before and
after mild desorption treatment with 0.1 M NacCl.

3.4.1. Morphological effects. No statistically significant
change in granule size distribution was observed before and
after desorption (p = 0.059) (Fig. S3). The mean diameters were
1.63 mm £ 0.75 and 1.73 mm =+ 0.62 in the AGS before and after
treatment, respectively. A positive correlation between the
diameter and the sedimentation properties of the AGS has been
previously reported.” Therefore, NaCl treatment did not affect
the retention capacity in granular reactors, which are known to
be controlled by the sedimentation rate of the AGS. The SEM
images of aerobic granules before and after the desorption
treatment show no evident changes that could affect their
function (Fig. S4). In both conditions, a filamentous matrix was
observed surrounding the microbial aggregates, suggesting
a key structural role. Bacterial morphotypes resembling bacilli
and cocci are distinguishable, with no clear evidence of
predominance. The 2 pm images reveal internal cavities,
presumably associated with granule pores. According to Chen
et al.** and Hou et al.,** these cavities serve as channels for
substrate transport from the surrounding liquid to the interior
of the granule. Additionally, they propose that filamentous
structures contribute to mechanical stability and promote the
development of AGS.

3.4.2. Chemical characterization. FTIR analysis (Fig. 3) was
performed to compare the molecular structures and functional
groups of AGS before and after desorption. The spectra revealed
consistent peak positions across both samples, indicating
preserved chemical functionality, but with notable differences
in absorption intensities at key regions associated with EPS-
metal interactions. At 3290 cm™", the spectrum after desorp-
tion exhibited approximately 30% higher absorption compared
to the sample before desorption. This region corresponds to
O-H and N-H stretching vibrations, commonly found in water,
alcohols, and proteins.** Gao et al.** reported similar findings in
biosorption studies, attributing this peak to hydrogen-bonded
hydroxyl and amine groups. The increased absorption is likely
due to sodium interaction following the NaCl-induced
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Fig. 3 FTIR characterization of aerobic granular sludge (AGS) before
and after desorption using NaCl (0.1 M).

desorption. The band at 2926 cm ™", related to CH, and CH;
stretching in aliphatic chains,** showed a double peak in both
spectra. A slightly more pronounced signal after desorption
suggests subtle rearrangements within aliphatic structures,
possibly due to ionic interactions with the EPS matrix.*> At
1646 cm ', which represents C=0 and C-N stretching of amide
I, a 16% increase in absorption was observed after desorption.
This band is characteristic of peptide bonds in proteins, indi-
cating their involvement in metal retention.* Zhou et al*®
similarly associated this region with amide I and II groups in
AGS. The peak at 1488 cm ™' showed the most notable differ-
ence, with transmittance decreasing from 27.8% before to
16.9% after desorption, indicating stronger absorption.

This band corresponds to asymmetric C-O stretching in
polysaccharides and proteins.** The change supports previous
findings that carboxyl groups in EPS play a central role in cation
binding.”® At 1081 ¢cm™", associated with O-H stretching in
polysaccharides,**® the spectrum after desorption showed
increased intensity, suggesting that hydroxyl groups also
participated in the reversible coordination with metal ions.
Below 1000 cm ™', bands linked to phosphate group vibrations*’
mainly remained unchanged, indicating minimal involvement
in the desorption process.

Taken together, the FTIR analysis confirmed the involve-
ment of three major functional groups in metal binding:
hydroxyl (O-H), amide (C=0 and C-N), and polysaccharidic (C-
0). Although several bands showed intensity changes, no new
peaks emerged, and the spectral pattern remained stable. This
indicates that desorption successfully removed the metal
without compromising the AGS's structural integrity or its
functional groups. These findings are consistent with Liu
et al.,"™ who reported the persistence of EPS functionality after
exposure to heavy metals. The increased absorption intensity of
the amide and hydroxyl regions after desorption confirms their
key roles in metal retention and release.***’ The preservation of
active sites post-desorption further supports the reuse potential
of AGS in multiple biosorption cycles.*

3.4.3. Metabolism effects. Metabolic characterization of
the specific activities of AGS before and after desorption was
conducted (Table 3). Aerobic metabolism varied across the
processes evaluated. There was no evidence of SNOA in the
analyzed samples; this suggests that competition for oxygen by
AOB and for nitrite by anammox or denitrifiers was avoided."”

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Metabolic activity of aerobic granular sludge (AGS) before and after NaCl (0.1 M) desorption treatment®

Parameter AGS without treatment AGS with treatment p-Value
SAOA (g N-NH," g ' vss d™") 0.011 + 0.0004 0.003 + 0.0005 <0.0001
SNOA (g N-NO, g 'vssd ™) 0+0 0+0 —

SHA (g 0, g ' vssd ™) 0.452 =+ 0.0075 1.101 + 0.3074 0.0217
SAA (g N, g 'vssd ) 0.314 + 0.08 0.286 + 0.046 0.7321
SDA (g N, g 'vssd™) 0.958 + 0.057 0.523 + 0.071 0.0012

“ Values represent the mean + standard deviation. Statistical significance was assessed using the student's ¢-test, with a threshold of p < 0.05. SHA,
specific heterotrophic activity; SAOA, specific ammonium-oxidizing activity; SNOA, specific nitrite-oxidizing activity; SAA, specific anammox activity;

SDA, specific denitrification activity.

SAA showed no significant difference with NaCl treatment (p-
value = 0.7321). Recently, Xu et al.** described a salt tolerance
mechanism in partial denitrification and anammox processes.
They reported that anammox activity was maintained even at
0.17 M of NaCl, achieving 81% of nitrogen removal. On the
other hand, in our work, the SAOA decreased 3.7-fold with the
NaCl treatment, and the SDA decreased 1.8-fold. Similar find-
ings were reported for nitrification activity by Zhao et al.,*> who
demonstrated that NaCl exposure in an SBR reduced ammonia
removal from 95% at 0.3 M to 25% at 0.5 M.**> In addition, Wang
et al.>® evaluated AGS at salinity levels ranging from 0% to 8%,
observing 9.2 and 4.7-fold decreases in SAOA and SDA, respec-
tively. Thus, as in our work, Wang et al.>* demonstrated that
denitrifying activity is more tolerant of increased salinity
compared to nitrification. Meanwhile, in our work, SHA
increased 2.4-fold with NaCl treatment. A similar result was also
reported by Wang et al.,* who found that SHA increased 1.4-fold
at 3% salinity. NaCl desorption primarily affects nitrogen
removal pathways in AGS. However, it enhances organic
heterotrophic activity.

3.4.4. Bacterial community analysis. To better understand
the biological basis for the observed metabolic changes, the
composition of the AGS microbial community was analyzed
before (BD) and after (AD) cation desorption treatment. Meta-
genomic analysis of the 16S rRNA gene revealed 21 distinct
bacterial phyla in both conditions.

In the BD sample, the dominant phyla (relative abundance
=1%) were Proteobacteria (57.1%), Firmicutes (35.4%), Acti-
nobacteria (2.2%), and Bacteroidetes (2.1%) (Fig. 4). Within
Proteobacteria, the most abundant classes were Betaproteo-
bacteria (20.7%), Alphaproteobacteria (18.6%), Gammaproteo-
bacteria (16.4%), and Deltaproteobacteria (1.3%). In the AD
sample, Proteobacteria increased to 85.4%, while Firmicutes
decreased to 10.1%. Actinobacteria and Bacteroidetes also
decreased slightly to 1.2% and 1.4%, respectively. Betaproteo-
bacteria dominated AD (74.0%), followed by Alphaproteobac-
teria and Gammaproteobacteria (both 5.6%). This shift suggests
that the desorption treatment temporarily altered nutrient
availability, favoring fast-growing heterotrophic taxa adapted to
increased carbon accessibility.

In BD, sequences affiliated with Alphaproteobacteria were
mainly classified as Rhizobiales (41.2%) and Rhodospirillales
(4.2%), whereas in AD, Rhodobacterales (3.6%) emerged as the
dominant order. The genus Paracoccus increased in AD (8.2%),
consistent with literature reports describing Paracoccus as

© 2026 The Author(s). Published by the Royal Society of Chemistry

a metabolically versatile genus capable of aerobic growth on
multicarbon substrates and facultative nitrate respiration
under anoxic conditions.>*

Betaproteobacteria was the dominant class in both BD and
AD. In BD, major orders included Rhodocyclales (62.2%) and
Nitrosomonadales (1.2%), with genera such as Thauera
(15.5%)—a well-known denitrifier*>—and Nitrosomonas (1.2%),
an AOB commonly found in nitrifying systems.>*

In contrast, the AD sample was mainly composed of Bur-
kholderiales (37.9%), which includes heterotrophic genera such
as Burkholderia, known for their biodegradation capacity and
redox versatility.’” It should be noted that Nitrosomonas was not
detected in AD, suggesting that nitrification activity may have
been affected after desorption.

Other orders detected exclusively in AD were Enter-
obacteriales and Pseudomonadales, each with a relative abun-
dance =1% within the Gammaproteobacteria class. These
groups include facultative heterotrophs capable of thriving
under fluctuating redox and salinity conditions, typical of
landfill leachate environments.*®>

The phyla Actinobacteria and Bacteroidetes, although
present in relatively low abundance (<2.3%), are functionally
important in organic matter turnover and the nitrogen cycle.

100%
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M Alpha-Proteobacteria
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40%
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M Bacteroidetes
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Fig. 4 Relative abundance of dominant taxonomic groups (abun-
dance =1%) (percentage) assigned to bacterial phylogenetic groups
collected from aerobic granular sludge (AGS) before (BD) and after
(AD) desorption.
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The genera Sphingobacterium and Flavobacterium have been
involved in denitrification and the degradation of organic
compounds,® however, they were not dominant under either
condition in this study.

The loss of Nitrosomonas is in line with the pronounced
decrease in SAOA observed in the metabolic assays (Table 3),
indicating a loss of autotrophic ammonium-oxidizing capacity.
Conversely, the increased relative abundance of Paracoccus,
Thauera, and other facultative heterotrophs within Burkholder-
iales and Enterobacteriales is consistent with the marked increase
in SHA and the decrease in SDA after NaCl treatment, reflecting
a shift towards communities that are more active in heterotrophic
COD removal but less efficient in nitrification and coupled
denitrification.>* The absence of detectable SNOA is consistent
with the very low relative abundance of typical nitrite-oxidizing
bacteria such as Nitrospira and Nitrobacter in the community
profile. Overall, these taxonomic changes corroborate the func-
tional trends revealed by the metabolic activity measurements.
Although specific functional activities were not resolved at the
strain level, these taxonomic assignments are consistent with the
known roles of these genera in C and N cycling in wastewater
systems and provide insight into how the complex microbial
community supports the overall reactor performance.

Cation desorption was performed using 0.1 M NacCl at 35 °C
for 4 hours, based on protocols that minimize disruption of the
granules and allow for efficient release of the metals.”®
According to Yang et al.,*”” moderate salinity (~0.1 M) preserves
the complexity of the microbial network and the abundance of
functional genes, especially for the nitrogen and phosphorus
cycles. Our findings support that this level of salinity induces
moderate osmotic stress, leading to selective microbial changes
without compromising the overall integrity of the AGS.

Although desorption temporarily altered the microbial
composition and reduced nitrification, heterotrophic function
and granule structure were preserved, allowing for sustained
COD removal. Chu et al. * reported similar patterns and
demonstrated that landfill microbial communities metaboli-
cally adapt to anaerobic phases depending on available electron
acceptors (e.g., nitrate, sulfate, Fe*"). These results support the
viability of a dual-function approach, in which part of the AGS
can be periodically regenerated for metal recovery, while the
rest maintains treatment performance. Furthermore, AGS sub-
jected to NaCl desorption remains structurally intact and
functionally active, allowing its reuse in subsequent biosorption
cycles, thereby reducing biomass waste and operating costs.
However, the long-term consequences of repeated desorption
cycles are still unknown. Future studies should evaluate multi-
cycle regeneration at the laboratory and pilot scale to determine
AGS durability and microbial resilience. This reuse strategy
supports AGS-based circular bioengineering by positioning
landfill leachate as a source of recoverable resources rather than
just a contaminant stream. In practical terms, periodic
desorption of a fraction of the biomass would allow metals to be
stripped into a concentrated side-stream. At the same time, the
remaining AGS maintains treatment performance in the main
reactor. Over successive sorption-desorption cycles, this

configuration would support continuous removal of
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contaminants from landfill leachate and progressive accumu-
lation of target metals in the eluate, thereby operationalising
a regenerative, closed-loop metal recovery concept.

4. Conclusions

This study demonstrates that aerobic granular sludge is a resil-
ient and multifunctional system. It effectively treats raw, undi-
luted landfill leachate while enabling resource recovery. The
system achieved high removal efficiencies of COD and total
nitrogen (94% and 97%, respectively), even under elevated
organic and nitrogen loads, without dilution or co-substrate
addition. These results highlight its robustness and scalability
for real-world applications. Beyond pollutant removal, this work
introduces a simple method to determine cation retention
mechanisms. Biosorption and bioaccumulation contributed
almost equally (53% and 47%, respectively), with calcium and
magnesium as the dominant species. Using 0.1 M NacCl, we
applied a mild desorption strategy that partially recovered bi-
osorbed metals. FTIR, SEM, and metabolic assays confirmed
that granule structure and heterotrophic activity were
preserved. However, nitrification and denitrification activities
were temporarily reduced, underscoring the need to balance
recovery with treatment performance.

In the context of metal recovery, this work demonstrates the
two core steps of a regenerative cycle: AGS captures metals from
undiluted leachate and subsequently releases them into
a metal-rich eluate under mild conditions. This eluate provides
the necessary feed stream for downstream concentration or
purification processes, offering a practical basis for future
closed-loop recovery schemes.

Metagenomic analysis further revealed microbial shifts
toward metabolically versatile genera following desorption.
This indicates adaptive community responses under regenera-
tive conditions. In particular, the loss of Nitrosomonas was
consistent with the pronounced decrease in nitrifying activities.
In contrast, the enrichment of heterotrophic and denitrifying
genera, such as Paracoccus, Thauera, and members of Bur-
kholderiales and Enterobacteriales, matched the increase in
heterotrophic COD removal and the reduction in denitrification
activity. These functional roles are inferred from 16S rRNA gene-
based taxonomic profiles and literature reports, and they
highlight how the microbial community underpins the process-
level response to NaCl desorption. Together, these findings
support a dual-process application of AGS: (1) continuous
deployment for carbon and nutrient removal, and (2) periodic
harvesting of granules for metal recovery via controlled
desorption. This dual role reframes landfill leachate not just as
a pollutant stream but as a recoverable resource, advancing
circular economy strategies in wastewater management.

This study proposes a novel framework for treating complex
effluents without chemical dilution while enabling resource
recovery. Future research should explore operational strategies
to sustain nitrification after desorption. Long-term experiments
are needed to test whether AGS resilience persists under cyclic
recovery. Such studies are essential to validate AGS-based
regenerative systems in real-world applications.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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