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This study investigates the effect of static magnetic field (SMF) pretreatment at different field intensities on the
anaerobic digestion (AD) of sewage sludge. Three SMF intensities (10, 20, and 50 mT) were applied through
tubular magnetic polarizers under varying numbers of magnetization cycles (NMC) to assess their impact on
biomethane production. The 20 mT condition with a single NMC yielded the highest improvement, increasing
methane production by 21% compared to the untreated sludge. Lower (10 mT) and higher (50 mT) intensities
produced modest enhancements, suggesting a nonlinear correlation between SMF strength and methane gen-
eration. Volatile fatty acid analysis indicated that pretreatment at 20 mT enhanced hydrolysis and acidogenesis.
Microbial investigation further showed that moderate SMF exposure reshaped the sludge community, enriching
fermentative and syntrophic taxa that promote organic matter degradation and efficient methanogenesis. Unlike
energy-intensive pretreatments, the proposed SMF system operates passively, using permanent magnets to
generate magnetic exposure without external power input. Preliminary economic analysis suggests that this

energy-neutral approach can lower sludge management costs while improving overall energy recovery.

1. Introduction

The management of sewage sludge, a by-product generated in vast
quantities by wastewater treatment plants (WWTPs) worldwide, repre-
sents a pressing environmental and economic challenge. This challenge
is magnified by increasing urbanization, population growth, and the
tightening of environmental regulations aimed at ensuring sustainable
waste management [1]. Traditional disposal methods, such as land-
filling and incineration, are becoming less viable due to rising costs,
public opposition, and stringent legislation regarding greenhouse gas
emissions and land use [2]. As a result, innovative strategies to valorize
sewage sludge have garnered significant attention in both scientific and
industrial fields.

Anaerobic digestion (AD) is recognized as one of the most promising
solutions for sludge valorization. This biological process not only re-
duces the volume of sludge but also produces biogas, a renewable energy
source composed primarily of methane, which can be harnessed for
electricity, heat, or even upgraded to biomethane for injection into

natural gas grids [3]. However, despite its many advantages, AD is a
slow process and often suffers from inefficiencies due to the complex and
recalcitrant nature of sewage sludge. The hydrolysis phase represents a
critical bottleneck, as the breakdown of particulate organic matter into
soluble compounds is inherently slow [4]. To address this issue, pre-
treatment technologies are increasingly being explored to improve the
biodegradability of sludge [5] and boost the overall efficiency of AD [6].

Among the array of pretreatment methods, ranging from thermal and
chemical techniques to mechanical and enzymatic approaches, the
exposure of sewage sludge to a static magnetic field (SMF) has recently
emerged as a novel and underexplored alternative [7]. The application
of SMF is based on its potential to influence molecular structures, mi-
crobial metabolism, and enzymatic activity, potentially creating condi-
tions conducive to enhanced biodegradability and biogas production
[8]. Initial studies (Table 1) have shown that SMF application may alter
the physicochemical properties of the sludge, stimulate microbial com-
munities, and increase methane yields during AD.

Notwithstanding these promising findings, the underlying
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mechanisms remain poorly understood, and there is a lack of systematic
investigations into the influence of different SMF intensities on the
digestion process. Zielinski et al. [9] analyzed the effect of SMF on the
AD of dairy wastewater, reporting a significant increase in biogas pro-
duction (373.2L/kgVS compared to 200.2L/kgVS in the control
reactor) and methane content in the biogas (56.8% compared to 49.1%
in the control reactor). In a subsequent study, the same authors inves-
tigated the impact of SMF on the AD of sewage sludge [12], demon-
strating an improvement in methane production efficiency, although
cumulative biogas production did not increase. However, in both
studies, the exposure time to the SMF was limited to 16.2 min/day and
between 70 and 432 min/day, respectively. Debowski et al. [11], in their
evaluation of SMF effects on the AD of algal biomass, observed that daily
exposure to 0.6 T for 216 min resulted in a positive effect on both
methane production (exceeding that of the untreated substrate by
11.4%), and methane yield (71% compared to 67% in the untreated
condition). Similarly, Haritwal et al. [13] studied the influence of an
electrically induced SMF on biogas production from cattle manure. Their
results revealed a 19.2% increase in methane production, along with a
significant improvement in the methane yield (73.4% compared to
57.8% of the control). Zhao et al. [10] employed a similar approach but
used a flat, circular permanent magnet, requiring no external energy
source, placed at the base of the digestion reactor. With a SMF of
11.4mT (+2%) applied to the AD of maize cultivation residues, they
observed a 19.5% increase in total biogas volume and a 20% increase in
methane production compared to the control reactor. More recently,
Hong et al. [14] applied a continuous SMF of 30 mT throughout the AD
process of activated sludge, finding a biomethane production increase of
up to 25% that was attributed to an enhanced microbial metabolic
activity.

While these findings are encouraging, a recurring methodological
limitation becomes evident: most studies apply a single SMF intensity
and exposure duration, often without justification, to varying substrates
and operating conditions. Consequently, reported performance gains,
typically within a narrow range, offer limited insight into whether the
chosen magnetic parameters were truly optimal.

To address this gap, the present study adopts a controlled experi-
mental framework in which sewage sludge is exposed, under identical
operating conditions, to a range of low-to-moderate SMF intensities (10,
20, and 50 mT) generated by a passive tubular magnetic polarizer. The
device relies on permanent magnets and, unlike electrically generated
magnetic fields or conventional energy-intensive pretreatments, re-
quires no external power supply for magnetic field generation. To the
best of our knowledge, this is the first study to systematically evaluate an
energy-neutral magnetic pretreatment configuration for sewage sludge
anaerobic digestion, directly comparing different magnetic field in-
tensities and exposure cycles on the same substrate. While our recent
preliminary work [15] suggested the potential of low-to-moderate in-
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as no previous studies have evaluated the economic feasibility of mag-
netic pretreatment. By introducing a preliminary techno-economic
assessment, the study links process performance with practical appli-
cability in wastewater treatment. This research evaluates the impact of
SMF intensity on key performance metrics, including biogas and bio-
methane yields, variations in volatile fatty acid (VFA) profiles, and shifts
in the microbial composition. By systematically comparing different
low-to-moderate SMF intensities under identical operating conditions
and complementing the experimental results with a preliminary techno-
economic perspective, the study provides a novel contribution to the
assessment of SMF pretreatment as a practical strategy for sewage sludge
valorization and renewable energy recovery.

2. Materials and methods
2.1. Sludge sampling and chemical profile

The sewage sludge utilized in this study was sourced from a WWTP
located in Nola (Campania region, Italy). The plant employs a conven-
tional activated sludge system with a solids retention time exceeding 20
days. The treated wastewater is predominantly of municipal origin, with
a minor contribution from industrial discharges in the surrounding in-
dustrial zone. The sludge sample was collected from the lower outlet of
the pre-thickening unit, stored in a plastic container, and immediately
prepared for experimental procedures. The detailed chemical composi-
tion of the sewage sludge is provided in Table 2.

2.2. Procedural steps for magnetic pretreatment and anaerobic digestion
tests

Three different magnetic polarizers supplied by AMS (Italy) were
employed in this study, each providing a nominal SMF intensity of 10,
20, and 50 mT, respectively. Each polarizer consists of magnetic rings
made from a mixture of rare-earth metals embedded in a ceramic matrix
and sintered, with nominal diameter 50 mm, height 125 mm, and weight
1.5 kg. The magnetic rings are alternately magnetized along the longi-
tudinal axis of the flow path, creating a continuous and uniform radial
magnetic field around the treated stream.

For the magnetic pretreatment, 2L of sludge was placed in a 2L
DURAN® bottle (DWK Life Sciences GmbH, Germany) and positioned on
a magnetic stirrer (Argo Lab, Italy) to ensure continuous homogeniza-
tion. The sludge was pumped through each magnetic polarizer using a
520Du peristaltic pump (Watson-Marlow, UK) operating at a flow rate of

Table 2
Main chemical and physical characteristics of the sewage sludge used in the
experiments.

tensity static magnetic fields, the present study provides a more struc- Parameter Unit Value
tured assessment aimed at identifying the most effective conditions for Total Solid % 3.8+0.1
enhancing biomethane production and reducing sludge volume. v;lanle Solid % z.gio.l
In’ addlt'l(?n to z'iddressmg th'e lack of syste'rn’atlc COII'lpaI'ISO'IlS across soluble COD mg/L 4981 1117
SMF intensities, this work also fills a second critical gap in the literature, Ammonia nitrogen mg/L 84.4+5.4
Table 1
Overview of the existing literature on SMF application to enhance the AD.
Substrate Biomethane production Methane content SMF Exposure Reference
- K intensity time
Magnetized Untreated Percentage Magnetized Untreated
substrate substrate increase substrate substrate
Dairy wastewater 373.2L/kgys 200.2L/kgys +86.4% 56.8% 49.1% 20 mT 16.2 min/d [91
Corn stover 14.8L 11.9L +19.5% 67.2% 53.8% 11.4mT n.a. [10]
Algal biomass 309.4L/kgys 277.7 L/kgvs +11.4% 70.6% 67.2% 06T 216 min/d [11]
Sewage sludge 431 +22L/kgys n.a. n.a. 66.1% n.a. 17.6 mT 144 min/d [12]
Cow dug n.a. n.a. +19.2% n.a. n.a. 0.42T n.d. [13]
Waste activated 322.5L/kgys 257.8 L/kgys +25.1% n.a. n.a. 30mT 1440 min/d [14]

sludge
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0.1 L/min and recycled through the polarizer for a number of magne-
tization cycles (NMC) of either 1 or 10. The flow rate and NMC were
chosen based on previous studies [16] with the aim to maintain sludge
exposure to the SMF within an optimal range, while evaluating the
impact of varying exposure on the process. The experimental setup is
detailed in Table 3. After completing the pretreatment cycle, the sludge
was collected in a second sterile DURAN® bottle.

Following the SMF pretreatment, AD experiments were initiated in
triplicate, under mesophilic conditions (37 +1°C) in 250 mL serum
glass bottles (OCHS, Germany). Each bioreactor was sealed with a cap
consisting of a rubber septum, an aluminium crimp, and a needle
equipped with one-way stopcocks (Masterflex, Germany) for gas and
liquid sampling. The bioreactors were manually mixed once a day before
sampling. Each bottle was filled with sludge, leaving 100 mL of head-
space for biogas accumulation. No external inoculum was added to
preserve the native anaerobic microbial community in the sludge,
ensuring that the impact of SMF exposure on AD performance could be
assessed without interference of non-magnetized sludge. To maintain
anaerobic conditions, each bottle was flushed with argon gas for 1 min
and then vented to atmospheric pressure. Control tests, containing un-
treated sludge, were conducted simultaneously to evaluate biomethane
production in the absence of SMF pretreatment. AD tests were moni-
tored for 30 days, being the maximum retention time typically applied in
WWTP digesters.

2.3. Analytical methods

The concentrations of total solids (TS) and volatile solids (VS) were
analyzed according to Standard Methods. Prior to the following ana-
lyses, all samples were centrifuged at 14,000 rpm for 10 min and the
liquid fraction was filtered through 0.45 pm polypropylene-membrane
syringe filters (VWR, Italy). The concentration of soluble COD (sCOD)
was determined by the closed reflux colorimetric method (APHA,
AWWA, WEF, 2023) [ 17 ]. The concentration of the ammonium ion was
analyzed spectrophotometrically through the indophenol blue method
[18]. Anionic concentrations were measured by ion chromatography
using a 761 Compact IC (Metrohm, Switzerland). Biogas volume was
measured by the water displacement method, while gas composition
was quantified five times per week and recorded for 30 days using an
HPR-20 RD gas-mass spectrometer (Hiden Analytical, Warrington, UK)
equipped with a capillary unit heated to 140 °C. VFAs were analyzed by
high-performance liquid chromatography using a UVD 340U system
(Dionex, USA) equipped with a diode array detector and a Metrosep
organic acid column of dimensions 250/7.8 (Metrohm, Switzerland). A
water solution with 1% sulfuric acid was used as mobile phase at flow
rate of 0.7 mL/min. The concentration of VFAs were converted into COD
equivalents in order to express them on a common basis and reported as
the sum of acetic, propionic, butyric, caproic and valeric acids expressed
in mgcop/L, considering the specific COD conversion coefficients as
reported by Arhin et al. [19].

2.4. Calculations

A preliminary techno-economic evaluation was carried out to assess

Table 3
Experimental conditions for low-to-moderate magnetic pretreatment of sewage
sludge before AD.

Test SMF (mT) NMC Flow rate (L/min)
A 1

B 10 10

C 1

b 20 10 0.1

E 1

F 50

10
Ctrl - -
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the feasibility of the SMF pretreatment in comparison to conventional
sludge pretreatment technologies. The analysis was based on a model
WWTP processing 10,000 tons of sewage sludge annually. Capital ex-
penditures (CAPEX) were annualized over a 10-year equipment lifespan
to reflect typical depreciation practices in WWTP operations. Opera-
tional expenditures (OPEX) were estimated by multiplying the energy
demand of each technology (kWh/t) by a fixed electricity tariff of 0.10
€/kWh. Maintenance costs were set at 3% of the annualized CAPEX, in
accordance with the methodology proposed by Shrestha et al. [20].
Biomethane yield improvements for thermal [21], ultrasound [22],
chemical [5], and biological pretreatments [4] were derived from
existing literature, while a 21% enhancement was adopted for SMF
based on the experimental results of this study, assuming a baseline yield
of 180 Nm® CH,/t of sludge. The resulting methane gain (A CHy, Nm®/t)
was monetized using a conservative market price of 0.20 €/Nm°. The
total additional revenue was then compared to investment costs to
compute the simple payback period (SPBP) for each technology, defined
as (Eq. (1)):
CAPEX

SPBP = CH, - priceqy Eq. 1

Finally, a sensitivity analysis was performed by varying electricity
costs and methane prices by +10% to evaluate the economic resilience
of the SMF system under fluctuating market conditions.

2.5. Microbial community characterization

The samples were compared with the control sample, which did not
undergo treatment, to evaluate the changes that occurred in the mi-
crobial community. The samples were subjected to magnetic treatment
at different intensities, as previously reported. To this end, total DNA
was extracted in triplicate, following the in-house sample pretreatment
protocol previously reported by Di Costanzo et al. [15], to obtain
concentrated DNA from 10 g of the initial sample. Next, the V3-V4 hy-
pervariable region was amplified to identify bacteria and archaea,
including potential methanogens [23]. After 16S rRNA gene amplifica-
tion targeting the V3-V4 region, a PCR clean-up was performed to
remove free primers and primer dimers. A subsequent limited-cycle PCR
was carried out to add multiplexing indices and Illumina sequencing
adapters using the Nextera XT Index Kit. A second purification step
followed. The resulting libraries were then normalized and pooled.
Denoising was performed prior to sequencing on the Illumina MiSeq
platform. Taxonomic assignment was carried out using a custom Naive
Bayesian Classifier trained on the V3-V4 region of the SILVA 132 data-
base. Microbiome data analysis was performed using the QIIME 2 plat-
form, including steps such as demultiplexing, quality filtering, chimera
removal, and taxonomic classification. Sequencing reactions were per-
formed by an external service (Biofab Research, Rome, Italy), according
to Illumina MiSeq manufacturer's instructions [24].

2.6. Statistical analysis

The statistical significance of the data was assessed through a one-
way analysis of variance (ANOVA) test using Microsoft Excel (Office
365, Microsoft Corporation, USA). The differences among the datasets
were considered significant when a p-value <0.05 was obtained.

3. Results and discussion

3.1. Impact of varying magnetic exposure on biomethane yield and solid
reduction

Fig. 1 illustrates the evolution of the specific biomethane production
over a 30-day period for the control and the experimental groups
exposed to SMF pretreatment at varying intensities (10, 20, and 50 mT)
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and NMC (1 or 10).

All SMF-exposed groups demonstrated a consistent enhancement in
biomethane production compared to the control, with differences
becoming more evident as AD progressed. Among the treatments, the
group subjected to 20 mT with a single NMC (group C) achieved the
highest specific biomethane production by the end of the experiment
(p < 0.05). These results highlight that the low/moderate SMF intensity
range promotes biomethane production, which can be maximized by
modulating SMF intensity and NMC, thereby optimizing the sludge
exposure. To provide a quantitative perspective, Fig. 2 summarizes the
percentage increase in final biomethane production relative to the
control for each pretreatment condition.

Condition C (20 mT, NMC = 1) achieved the highest enhancement in
biomethane production, resulting in a 21% increase compared to the
control. Group D (20mT, NMC=10) exhibited a slightly lower
improvement of 15%, suggesting that additional NMC does not provide
benefits compared to a single exposure. At the minimum intensity of
10mT, groups A and B showed modest increases of 6% and 8%,
respectively; even when the NMC was increased, the overall effect
remained limited. This indicates that too low intensities only limitedly
promote biomethane production. Similarly, sludge exposure to the
highest intensity tested of 50 mT (Groups E and F) resulted in 9% and
12% increases, respectively. These improvements, although slightly
higher than those observed at 10 mT, are still lower that those achieved
at 20 mT. These results suggest that an optimal SMF intensity exists for
sludge exposure to the SMF, which in the proposed configuration was
identified as 20 mT. Lower intensities may not exert sufficient influence
on AD, likely due to inadequate stimulation to overcome barriers in
substrate degradation. Conversely, higher intensities may lead to over-
exposure, potentially causing metabolic stress or disrupting the balance
of microbial consortia essential for effective digestion, thereby coun-
teracting potential benefits. Indeed, as previously reported, increasing
the field strength up to 1.5T proves to be highly detrimental [16].
Consequently, the relationship between SMF intensity and AD perfor-
mance appears nonlinear, with an optimal window that avoids both
insufficient stimulation and excessive perturbation. Further examina-
tion of the interplay between field intensity and exposure cycles reveals
that, while increasing the NMC to 10 can enhance biomethane produc-
tion at 10 mT and 50 mT, the highest yield at 20 mT is obtained with a
single cycle. Mechanistically, the superior performance of Group C
suggests that a 20 mT SMF with limited exposure effectively enhances
microbial activity and substrate bioavailability, facilitating hydrolysis
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and acidogenesis processes, as supported by the subsequent analysis of
VFAs evolution and microbial composition. This may be attributed to
improvements in microbial cell membrane permeability, favourable
shifts in enzymatic kinetics [7], or more efficient electron transport
within the microbial community [14]. Beyond the increase in bio-
methane production itself, this result is relevant because the
best-performing condition was obtained using a passive magnetic device
that does not require external energy input for magnetic field genera-
tion. Therefore, the observed improvement cannot be interpreted only as
a biological response to SMF exposure, but also as evidence that a
properly tuned, energy-neutral magnetic pretreatment can enhance AD
performance without introducing the high energy demand typically
associated with conventional sludge pretreatments. This aspect differ-
entiates the proposed approach from most previously investigated pre-
treatment strategies and reinforces the importance of identifying an
optimal SMF intensity rather than simply increasing the magnetic
exposure.

Fig. 3 shows that, in all samples, there was an evident reduction in TS
and VS by the end of AD, confirming that the digestion process was
effective overall.

Across the various magnetic pretreatment conditions that were
tested, the differences in TS and VS between the stages are relatively
modest. This observation suggests that the improved biomethane pro-
duction observed is not primarily a result of a higher degree of solid
degradation. It is more likely that the enhanced AD performance was
due to a more efficient conversion of the available organic substrate into
biomethane. This implies that magnetic pretreatment may influence
microbial activity at a biochemical level, optimizing metabolic path-
ways, leading to greater biomethane yields without a substantial in-
crease in solid degradation.

The next sections will delve into the shifts of VFAs, N-NH; and
microbiological composition to further elucidate these mechanisms and
provide deeper insights into the enhanced biomethane production.

3.2. Effect of SMF intensity and NMCs on the production of volatile fatty
acids and ammonia

Fig. 4 presents the evolution of both total and specific VFAs during
the AD of both pretreated and untreated sludge.

Although the initial values at day O are comparable across treat-
ments, notable differences emerge early on. For instance, while the
control starts with a baseline dominated by propionic acid, its total VFAs
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Fig. 1. Evolution of specific biomethane production over a 30-day period for the control and the experimental groups exposed to SMF.



N. Di Costanzo et al.

25%

[3*]
S
X

._.
2
X

10%

5%

Increase in biomethane production

0%

Renewable Energy 273 (2026) 126119

A: SMF=10 mT - NMC=1
m B: SMF=10 mT - NMC=10
@ C: SMF=20 mT - NMC=1
B D: SMF=20 mT - NMC=10
@ E: SMF=50 mT - NMC=1
m F: SMF=50 mT - NMC=10

n

Fig. 2. Percentage increase in final biomethane production relative to the control for each pretreatment condition.

NVS after AD  mVS after magnetic pretreatment
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1.9% 7o)

A 2: 2.3% 2.4% 2.3%
1'4% % % %

TS after AD TS after magnetic pretreatment

2.6%; 2.6%

Fig. 3. Solid reduction after magnetic pretreatment and AD process.

do not exceed 1168 mgcop/L throughout the experiment. In contrast,
group C shows a pronounced surge by day 5 and reaches its peak at day
10, where total VFAs exceed those of all other conditions (p < 0.05) with
a particularly high contribution of propionic and caproic acids. In
contrast, the sludge pretreated at 50 mT displayed a delayed VFA
accumulation, suggesting that the higher field intensity may have
altered microbial kinetics and extended the acidogenic phase before full
methanogenic activation occurred. Meanwhile, the 10 mT treatments
consistently exhibited a lower and more fluctuating VFA profile
(p < 0.05), regardless of whether 1 or 10 cycles were applied, indicating
that this SMF intensity provides insufficient stimulation of the microbial
consortia responsible for robust acidogenesis.

Within group C, our results revealed a significant and sustained VFA
production characterized by notably high levels of propionic acid and
relatively lower concentrations of butyric acid. The prominent propionic

acid is particularly important for methanogenesis as it is syntrophically
oxidized to acetic acid [25], a direct substrate for acetoclastic metha-
nogens. Although butyric acid was less abundant, it assumes a signifi-
cant importance for the AD process as it is typically converted into acetic
acid and hydrogen, thereby fueling hydrogenotrophic methanogenesis
[26]. Furthermore, even the less prevalent valeric and caproic acids can
be degraded into shorter-chain VFAs, thus broadening the substrate pool
available for methanogens.

The highest VFAs generation observed in group C indicates an
enhancement of the acidogenic activity at an applied SMF of 20 mT,
which correlates positively with the higher biomethane production
observed at the same magnetic intensity. In contrast, treatments at 10
and 50 mT yielded less favourable VFAs temporal profiles, which cor-
responded with a lower biomethane production compared to 20 mT. It is
plausible that sludge pretreatment at 20 mT optimized the mechanisms
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Fig. 4. VFAs production during AD batch tests with sludge exposed at different magnetic intensities and NMCs. Each bar is segmented to represent the distribution of
individual VFAs, providing their speciation and relative contributions to the total concentration.

activated through SMF exposure and identified in the literature as
beneficial for biomethane production, such as the enhancement of
membrane permeability [7], a higher enzyme activity, conformation
and orientation, and an optimal redox environment [10]. In contrast,
sludge exposure at 10 mT seemed to provide insufficient stimulation of
acidogenic consortia, while exposure at 50 mT seems to delay VFAs
production, resulting in slower conversion to biomethane and prolonged
residence time in the digesters. Collectively, these findings underscore
the critical importance of fine-tuning SMF pretreatment parameters.
Specifically, the condition observed at 20mT with a single

magnetization cycle appears to maximize substrate conversion, en-
hances fermentative and acidogenic activity, thereby setting the stage
for enhanced methanogenic activity and higher specific biomethane
production.

Fig. 5 illustrates the temporal changes in N-NHJ concentrations
during the AD process. Overall, N-NHj profiles are quite similar,
although some differences can be highlighted at the different conditions
tested.

For instance, the samples pretreated at 10 mT demonstrated an
initial acceleration of N-NHj release, with condition B showing a
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Fig. 5. Temporal profile of N-NH; during AD tests of sewage sludge exposed at different magnetic intensities and NMCs.
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sharper increase at early stages, although both conditions eventually
converged towards values comparable to the control. At 20 mT, condi-
tion C showed a pronounced ammonium peak (p <0.05) at day 10
(683.5mg/L), while condition D revealed a more gradual accumulation,
suggesting that the NMC can modulate the rate of protein degradation.
Sludge pretreated at a moderate SMF intensity (50 mT, conditions E and
F) showed similar trend and final N-NHJ concentration.

3.3. Shifts in microbial composition induced by the magnetic pretreatment

The taxonomic composition at genus level of the microbial com-
munities with a relative abundance >1% in magnetized and untreated
sludge is shown in Fig. 6.

As shown, the application of different SMF pretreatments induced
marked shifts in the microbial community relative to the untreated
condition. Specifically, under condition C, several key taxa implicated in
AD exhibited notable percentage changes. For example, Arcobacter sp.,
typically associated with early hydrolysis under microaerophilic con-
ditions [27], decreased modestly from 9.42% to 9.15%, which may
reflect a transition toward a community more specialized in strictly
anaerobic fermentative processes. In contrast, Macellibacteroides sp.,
known for their role in the anaerobic degradation of proteins [28] and
amino acids in sewage sludge [29], contributing to the overall break-
down of organic matter, increased from 6.08% to 6.45%, thereby
potentially enhancing the VFAs pool essential for subsequent meth-
anogenesis. Bacteroides sp., central to the degradation of polysaccharides
and proteins [30], experienced a moderate decline from 6.10% to
5.34%, suggesting that alternative fermentative pathways might be
compensating for VFAs production in condition C. Additional shifts were
observed in taxa indirectly contributing to the digestion process. For
instance, the relative abundance of Anaerolineaceae, involved in gener-
ating crucial metabolic intermediates and fostering synergistic in-
teractions with other microbes to enhance methane production [31] and
overall process stability [32], increased slightly from 3.23% to 3.54%.
Notably, condition C also promoted the proliferation of taxa absent or
undetectable in the control. Specifically, the family Leptotrichiaceae,

Relative abundance (%)
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undetectable in the control, appeared at 2.37%, indicating the estab-
lishment of novel niches that may enhance substrate fermentation.
Similarly, Saprospiraceae and Desulfovibrio sp. increased up to 1.51% and
1.02%, respectively, suggesting that these groups not only support the
breakdown of macromolecules [33] but also facilitate interspecies
hydrogen transfer, thereby reinforcing the syntrophic interactions [34].
Opportunistic genera such as Acinetobacter sp., which produce specific
enzymes and biosurfactants that enhance the solubilization and break-
down of recalcitrant organic compounds [35], increased from 1.71% to
2.25%, and members of the Comamonadaceae family, known for their
ability to metabolize aromatic and otherwise resistant compounds [36],
also increased from 1.55% to 2.04%, potentially indicating an enhanced
capacity for degrading recalcitrant compounds, thereby contributing to
a more efficient overall digestion process. In addition, taxa including
Pseudomonas sp., Comamonas sp., Aeromonas sp., and Caldilineaceae,
which were absent in the control, emerged in condition C at low levels
(ranging from about 1.10% to 1.28%), likely contributing to metabolic
niches [37] such as the conversion of complex polymers into simpler
compounds [38].

In contrast, other SMF pre-treatment conditions, such as those
involving a higher NMC or different field intensities, induced a different
community shift. Under these alternative conditions, opportunistic taxa,
microbes that normally remain at low levels but can quickly proliferate
when conditions suddenly favour their growth, like Acinetobacter sp. and
Aeromonas sp., surged markedly, reaching up to 19.63% and 16.50%,
respectively. Such pronounced increases suggest that excessive SMF
exposure may trigger stress responses that destabilize the microbial
consortium and impair the effective conversion of complex substrates.
Overall, the balanced and moderately shifted community observed in
condition C, characterized by controlled increases in key fermentative,
syntrophic, and degradative taxa and the emergence of beneficial niche
groups, together with the observed VFAs dynamics, likely optimizes
hydrolysis, acidogenesis, and methanogenesis, thereby contributing to
the enhanced biomethane production under this treatment regime.

As shown in Fig. 7, applying a SMF pretreatment at 20 mT with a
single magnetization cycle resulted in a higher overall relative

Others
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Fig. 6. Microbial community composition at genus level (relative abundances >1%).
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abundance of methanogenic taxa compared to the control.

This increase, although modest in absolute terms, suggests that this
kind of pretreatment creates a more conducive environment for meth-
anogenesis. For example, Methanobrevibacter sp., organisms critical for
hydrogenotrophic methane production via carbon dioxide reduction
using hydrogen [39], increased from 0.004% in the control to 0.02%
under condition C. Even minor enhancements in these key populations
may indicate an optimal activation of metabolic pathways, such as
improved enzyme function and electron transfer efficiency, which are
essential for the effective reduction of carbon dioxide to methane.
Similarly, Methanothrix sp., which is pivotal in converting acetate to
methane [40], rose from 0.028% to 0.063%, and Methanospirillum sp.
also showed a positive response, highlighting that different methano-
genic groups, each with specialized metabolic roles, can benefit from
this pre-treatment.

In contrast, conditions using a higher number of magnetization cy-
cles or different SMF intensities led to a decreased overall relative
abundance of methanogens. This decline may be due to stress responses
triggered by excessive magnetic exposure, which can compromise
cellular membrane integrity or disrupt key enzymatic processes involved
in electron transfer. Such stress could impair metabolic activity and
selectively disadvantage more sensitive microbial populations, ulti-
mately reducing community diversity and methanogenic potential.

3.4. Economic consideration and future perspectives

The implementation of a magnetic pretreatment for the AD of sewage
sludge may result in significant economic advantages. The observed
increase in biomethane production in experimental tests implies an
improvement in process efficiency, leading to an increase in energy re-
covery and potential revenues from energy sale. A preliminary economic
assessment of this technology must consider several factors. Imple-
mentation costs are relatively low, as the proposed system utilizes an
SMF device that is fully integrable within the existing technology, con-
sisting in an add-on to a sludge pumping channel. The low influence of
NMC compared to SMF intensity further simplifies application at large
scale, as no need of multiple recycling though the polarizer would be
needed to enhance the AD process. Additionally, the magnetic polarizer
itself does not consume energy, since the SMF is passively generated by
rings made of a mixture of rare-earth elements. Therefore, the energy
demand reported for the proposed pretreatment refers only to sludge
pumping through the device, not to magnetic field generation. This
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reduces operational costs compared to other pretreatment technologies
such as ultrasound, thermal, or chemical treatments. Consequently, only
installation, pumping, and maintenance costs must be considered
depending on the scale of application. Table 4 provides a brief qualita-
tive comparison of costs and energy requirements between the most
reported pretreatment methods, taking into account economic analyses
conducted in previous studies.

Building on Table 4, in which the data for the thermal, ultrasound,
chemical, and biological pretreatments were drawn from the literature,
we conducted an economic evaluation for a reference WWTP treating
10,000t of sludge per year. CAPEX were annualized over a 10-year
service life to reflect typical equipment depreciation. In terms of
CAPEX, the proposed SMF pretreatment stands out at just 15-20 €/t,
whereas the cost is 300-500 €/t for thermal methods, 150-300 €/t for
ultrasound, 100-250 €/t for chemical and 50-150 €/t for biological.
Turning to operating costs, an electricity tariff of 0.10 €/kWh was
applied to specific energy demand of each technology: SMF application
(50-100 kWh/t) costs only 5-10 €/t versus 30-50 €/t of thermal
(300-500 kWh/t) and 15-30 €/t of ultrasound (150-300 kWh/t), with
chemical and biological processes falling in between. Maintenance ex-
penses were then estimated at 3% of the annualized CAPEX [20],
yielding a modest 0.45-0.60 €/t-y for SMF compared to 9-15 €/t-y for
thermal, 4.5-9.0 €/t-y for ultrasound, and correspondingly higher

Table 4
Cost, energy requirements and effect on biomethane production of different
sludge pretreatments technologies.

Pretreatment CAPEX Energy OPEX Biomethane Reference
technologies (€/1) requirements (€/1) increase (%)
(kWh/t)
Thermal 300- 300-500 30-50 20-40 [20,41,
500 42]
Ultrasound 150- 150-300 15-30 20-30 [21,43,
300 44]
Chemical 100- 100-200 10-20 10-30 [42,44,
250 45]
Biological 50-150 50-100 5-10 5-15 [5,20,43]
SMF 15-20 50-100 5-10 15-21 This study
application
with
magnetic
tubular
polarizer
B Methanospirillum sp.
B Methanobacterium sp.
Methanobrevibacter sp.
B Methanocorpusculum sp.
Methanoregula sp.
— Methanofastidiosum sp.
Methanothrix sp.
7 D
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S
& 4
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Fig. 7. Variation in the composition of methanogenic archaea across various pretreatment conditions.
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values for the other methods. These outcomes highlight that the SMF
pretreatment can reduce upfront investment by roughly 90% and cut
energy demands by a factor of five to six compared to conventional
pretreatments. To translate these cost savings into a project return, a
baseline methane yield of 180 Nm® CHy/t, typical for sewage sludge
anaerobic digestion, was assumed. The 21% improvement measured
with SMF corresponds to an extra 37.8 Nm?® CHy4/t, which, at a conser-
vative market price of 0.20 €/Nm3, delivers 7.56 €/t of incremental
revenue. Dividing each process CAPEX by its methane-driven uplift
gives simple payback times of approximately 2.4 years for SMF,
compared to about 37 years for thermal, 25 years for ultrasound, 24
years for chemical, and 28 years for biological pretreatments. Even
allowing a +10% variation in electricity costs or methane prices, SMF
remains under three years to pay back. By contrast, all other methods
extend well beyond typical WWTP investment horizons, suggesting SMF
pretreatment as an economically option for medium-to large-scale
facilities.

Despite the promising results obtained in experimental tests, further
research is required to optimize the application of SMF treatment at
industrial scale. The scalability of the process must be thoroughly
studied to optimize the proposed technology in large-scale treatment
facilities. For instance, the use of a larger polarizer may vary the dis-
tribution of the SMF within the pumping sludge and lead to a different
impact on the various AD phases. Therefore, fine-tuning the process at
larger scale is an unavoidable step towards the full-scale implementation
of the proposed technology. Besides, SMF treatment could be synergis-
tically integrated with other pretreatments, such as thermal or chemical
hydrolysis, to further enhance sludge degradability and maximize
biogas yield.

4. Conclusions

This study provides new insights into the effects of SMF pretreatment
on the AD of sewage sludge, focusing on three different field intensities
(10, 20, and 50 mT). The results highlight that SMF application can
enhance biomethane production, with the 20 mT treatment yielding the
highest improvement (21% increase compared to the control). This
suggests that low-intensity SMF can optimize microbial activity and
substrate bioavailability without causing metabolic stress. Additionally,
SMF pretreatment at 20 mT significantly enhanced VFAs production,
particularly propionic and caproic acids, thereby improving the acido-
genic phase and supporting subsequent methanogenesis. While TS and
VS reductions were comparable across all conditions, the observed im-
provements in biomethane production suggest a more efficient
substrate-to-gas conversion rather than greater overall organic matter
degradation. Moreover, N-NHj profiles did not exhibit significant de-
viations from the control, reinforcing that enhanced methane yield is
primarily driven by improved metabolic efficiency rather than increased
proteolytic activity.

Microbial community analysis further revealed that SMF pretreat-
ment influences microbial composition, favouring key functional groups
involved in hydrolysis and methanogenesis. Notably, the 20 mT pre-
treatment promoted the enrichment of methanogenic archaea and syn-
trophic bacteria, potentially explaining the observed increase in
methane yields.

From an operational perspective, the application of SMF pretreat-
ment represents an energy-efficient, non-invasive strategy to improve
sludge biodegradability and enhance energy recovery in WWTPs. The
absence of additional energy consumption and its ease of implementa-
tion make this technology a promising alternative to conventional
sludge pretreatment methods. However, further research is needed for
upscaling and to fully elucidate the underlying mechanisms, optimize
treatment parameters, and assess long-term effects on microbial com-
munities and digestion performance. Overall, these findings contribute
to the growing body of knowledge on SMF applications in bioprocesses,
introducing for the first time a preliminary techno-economic

Renewable Energy 273 (2026) 126119

perspective, and suggest that targeted SMF pretreatment could play a
significant role in advancing sustainable sludge management and bio-
energy production.
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