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ARTICLE INFO ABSTRACT
Keywords: The production of volatile fatty acids (VFA) through anaerobic digestion has gained significant
Iron nanoparticles attention due to its potential benefits for renewable energy, biofuel production, waste valoriza-

Anaerobic digestion
Volatile fatty acid
Microbial communities

tion, bioproduct synthesis, and wastewater treatment. Nano-zero valent iron (nZVI) and
magnetite nanoparticles (FesOs-NPs) have been identified as effective nanomaterials for
enhancing methane production, although their application in stimulating VFA production re-
mains underexplored. This study aimed to increase VFA production by adding nZVI, Fe304-NPs,
and nZVI/Fe304-NPs while investigating the associated changes in bacterial communities. AD of
glucose was performed using municipal wastewater sludge over 25 days, with the sludge
amended with 400 mg L™ of nanoparticles. Total DNA samples were collected post-digestion to
analyze bacterial community shifts. Results showed a significant enhancement of VFA production
by both nZVI and Fes04-NPs, with the highest output in the FesOs-NPs treatment (811.7 mg COD
L), followed by nZVI (769.9 mg COD L) and combined nZVI/FesO4-NPs (455.7 mg COD L1).
This significant enhancement highlights the potential of these nanoparticles in waste-to-energy
anaerobic digestion systems. Propionic acid was predominant in nZVI, whereas acetic acid was
most abundant in Fes0s-NPs. Microbial community analysis revealed Firmicutes as the most
abundant phylum across treatments, with varying effects due to nZVI and FesO4-NPs.
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1. Introduction

Valorizing wastes to produce energy or chemicals can improve both the economic and environmental performance index, moving
towards the target of reaching net zero greenhouse gas emissions (Pinto et al., 2023). Recently, many studies have focused on bio-
energy production (e.g., biogas and biohydrogen) and valuable product generation, such as VFAs, from organic-rich substrates via
anaerobic fermentation, which is a hot topic, contributing to providing critical materials and products to replace those currently
produced by fossil fuels. Focusing on VFAs production, numerous studies aim to recover organic waste by converting it into valuable
products, thereby reducing waste treatment costs and fostering new economic opportunities (Du et al., 2023). VFAs are short-chain
fatty acids, saturated or unsaturated carboxylic acids with six or fewer carbon atoms, including formic, acetic, propionic, butyric,
valeric, and caproic acids (Feng et al., 2022). For instance, acetic and propionic acids are valuable byproducts in waste-to-energy
processes and biorefineries to the sustainability movement and the circular economy. VFAs are used as the raw material for
creating the building blocks of various organic compounds (e.g.: alcohols, aldehydes, ketones, and esters), to enhance renewable
energy and biofuels production, waste valorization, feedstock for bioproducts, and applications for wastewater treatments
(Esteban-Gutierrez et al., 2018; Chen et al., 2020). Therefore, it is remarkable that, although the main synthesis route for VFAs is based
on the chemical transformation of petrochemicals, their biological synthesis has gained interest due to the applications mentioned
above and the urgent need to reduce dependency on non-renewable fossil fuels (Esteban-Gutierrez et al., 2018).

VFAs are produced during the hydrolysis and acidogenesis steps of the anaerobic digestion process. Typically, they are precursors of
acetate and Hj that will be converted to methane. Thus, methanogenesis must be inhibited to avoid the conversion of VFAs to methane.
The inhibition or promotion of different steps in anaerobic fermentation can be influenced by different parameters, like pH, tem-
perature, organic loading rate, inoculum source, retention time, and operating model (Valentino et al., 2021; Garcia et al., 2023).
Altering one of these parameters can directly affect microbial relationships, mainly the syntrophic interactions between bacteria and
methanogens that rely on interspecies electron transfer mechanisms (IET), such as interspecies hydrogen/formate transfer (IHT/IFT)
and direct interspecies electron transfer (DIET) (Alam and Dhar., 202.3). This occurs because anaerobic microorganisms are susceptible
to environmental fluctuations, with methanogens being the most negatively affected, as they lose their activity and disrupt the syn-
trophic cooperation with bacteria, thereby contributing to the accumulation of VFAs during traditional anaerobic digestion treatments.

The use of conductive materials (CM) in anaerobic-engineered systems has been widely documented as a strategy to enhance the
efficiency of methane production through the anaerobic digestion process, demonstrating beneficial outcomes such as increased
methane production rates (Braga et al., 2024; Hoffmann et al., 2025) and notable shifts in methanogenic community composition and
IET mechanisms. However, the mechanisms underlying VFAs production in the presence of CM remain poorly understood, particularly
in terms of the specific microbial pathways, interactions, and environmental factors that regulate the synthesis and accumulation of
these compounds. Among all CM, ferrous nanoparticles (Fe-NPs) have been the most widely reported materials used in anaerobic
digestion due to their multiple benefits (Hoffmann et al., 2022). In this sense, nano-zerovalent iron (nZVI) and magnetite nanoparticles
(Fe304-NPs) are the most studied ferrous materials, and two main isolated effects can be observed. First, the dissolution of nZVI in an
aqueous medium result in the production of Hjy, which is necessary for promoting hydrogenotrophic methanogenesis and homo-
acetogenesis, thereby enhancing the ratio of methane produced through the conversion of CO5 into CHy (Eljamal et al., 2024). On the
other hand, Fe304-NPs could act as electron shuttles in the cell membrane of methanogens to facilitate DIET (Wang et al., 2018).
Additionally, Fe304-NPs enhanced acetoclastic methanogenesis via DIET by substituting for the roles of pili and c-type cytochromes in
the dry anaerobic digestion of sewage sludge (Zhou et al., 2024). This partially clarifies the reasons behind the increased methane
content within the produced biogas after adding Fe-NPs. However, the potential applications of these strategies to enhance VFAs
production have been minimally explored in recent years, and a deeper understanding is still required. Advancements in the anaerobic
fermentation field will likely depend on further research into the underlying biological processes and optimization of operational
conditions. Gaining insight into microbial interactions, metabolic pathways, and the influence of environmental factors will be crucial
for fully harnessing these strategies to achieve efficient and scalable production of VFAs.

Within this context, this study focused on the production of VFAs and microbial community distribution to provide a reference for
unraveling the effects of nZVI and Fe304-NPs addition on anaerobic fermentation systems. Our experiments were designed to induce
varying levels of VFAs accumulation by adding nZVI and FesO. nanoparticles. The objective was to clarify the impact of Fe-NP sup-
plementation on the conversion of organic matter into VFAs and to evaluate the changes in bacterial community dynamics in response
to this supplementation.

2. Materials and methods
2.1. Inoculum and nanomaterials

The inoculum used in the experiments was obtained from the activated sludge of the Municipal Wastewater Treatment Plant in
Temuco, Chile. The volatile solids (VS) content of the sludge was 0.02 gVS g~ ! sample. A synthetic anaerobic medium (1.52 g COD
L™Y), prepared according to Wang et al. (2021), was used as the substrate. The composition of the culture medium was as follows (mg
L_l)Z glucose (1500), NH4HCO3 (360), KHoPO4, NaHCO3 (1000), CaCly (7.5), NaNiOg*6H20 (0.5), MnCly*4H20 (0.5), FeClo*7H20
(0.5), ZnS04*7H,0 (0.1), H3BO;3 (0.1), (NH4)Mo7044 (0.05), CuSO4*5H20 (0.005).

The nZVI (diameter = 40-60 nm, 99 % purity) and Fe3O4-NPs (diameter = 30-50 nm, 99 % purity) were purchased from Merck
Sigma-Aldrich Co., Ltd (USA).
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2.2. Experimental setup for acidogenesis and acetogenesis stages

To evaluate the impact of iron nanomaterials on acidogenesis, 2-bromoethane sulfonate (2-BES) was introduced at a concentration
of 50 mM at the start of the experiment to inhibit methanogenesis for 25 days (Wang et al., 2021). The experiment was conducted in
250 + 5 mL serum bottles, with each bottle receiving 83 mL of working volume, and the sludge concentration was maintained at 2.5
gSV L', with 1.5 gSV L™ 'of substrate to achieve an ISR of 1.67. Three reactors without 2-BES served as blanks. Additionally, three
separate anaerobic fermentation batch tests were carried out, each involving the incorporation of a single dose of nZVI, Fes04-NPs, and
a combination of nZVI/Fez04-NPs (1:1 g). A control group without nanoparticle addition was also included. A total of 15 experimental
units were randomly distributed across the study. The combined nZVI/Fes0.-NP treatment aimed to elucidate the synergistic effects of
adding iron nanoparticles to anaerobic digestion reactors. In contrast, the treatments with nZVI and FesO4-NPs seek to determine their
impacts. All treatments considered 400 mg L™! of previously ultrasonicated Fe-NPs for 30 s at 40 KHz. To maintain strict anaerobic
conditions, a nitrogen/dioxide carbon gas mixture (80/20) was flushed into the reactor for two minutes, and then the bottles were
sealed with rubber stoppers. The bottles were placed in a water bath shaker at 37°C and stirred at 150 rpm for 25 days.

The concentration of VFAs, including acetic, propionic, butyric, valeric, and iso-valeric acids, was determined using gas chro-
matography (GC Clarus 400) equipped with a flame ionization detector (PerkinElmer) and a capillary column (30 m x 0.25 mmx0.25
pm, Supelco). The column, injector, and detector temperatures were set to 80 °C, 250 °C, and 250 °C, respectively, with nitrogen as the
carrier gas. The operational conditions were as follows: injection volume of 1 pL, oven temperature ramp from 80 °C to 110 °C at 5°C
min~?, then to 138 °C at 1°C min ™%, with a total analysis time of 34 min. VFAs quantification was performed using an external standard
(Supelco VFA mix, 10 mM), including acetic, propionic, isobutyric, butyric, isovaleric, valeric, isocaproic, caproic, and heptanoic
acids. Calibration curves were generated for each VFAs in the 0-5 mM range, using a 3 % formic acid solution to improve peak
resolution. VFAs concentrations were calculated according to the methodology outlined by Garcia et al. (2023): acetic acid (1.067
gCOD g™), propionic acid (1.514 gCOD g™!), butyric acid (1.818 gCOD g™!), and iso-valeric acid (2.039 gCOD g™). The results were
validated through analysis of variance (ANOVA), with mean comparisons performed using Tukey’s test (p < 0.05). All samples were
extracted using a syringe at intervals of 4, 6, 12, and 25 days, and then were pretreated by filtration through a 0.2 pm filter before
analysis. Methane production was not measured during the experiment since methanogenesis was inhibited by adding 2-BES.

2.3. Metabarcoding analysis

Metabarcoding analysis was employed to comprehensively analyze the microbial communities involved in the anaerobic
fermentation process under the influence of different iron nanoparticles. This approach enabled the identification and comparison of
bacterial and archaeal communities through DNA-based techniques, providing insights into how these microbial populations
responded to the addition of iron nanoparticles. Total genomic DNA samples from nZVI, Fe304-NP, nZVI/Fe304-NP, and 2-BES control
were obtained after 25 days of AD. The initial sludge DNA was obtained from the activated sludge used as inoculum. Samples were
extracted using MO BIO PowerSoil DNA Isolation Kit (Qiagen). The DNA samples were sent to IMR (Integrated Microbiome Resource,
Canada) to be amplified the target V3-V4 regions of 16S rRNA gene using B341F (5' CCTACGGGNGGCWGCAG 3) and BSO5R (5
GACTACHVGGGTATCTAATCC 3') to explore bacterial communities, and the region of V6V8 regions of 16S rRNA gene using A956F (5
TYAATYGGANTCAACRCC 3) and A1011R (5 CRGTGWGTRCAAGGRGCA 3") to explore archaeal communities. The resulting
amplicons were sequenced in an Illumina MiSeq platform in paired-end mode for 300 cycles.

The raw reads underwent processing utilizing the USEARCH-UNOISE3 pipeline (Edgar, 2016). This pipeline involved recon-
structing amplicon sequences based on their ends with a minimum overlap of 50. This was followed by removing sequences exhibiting
an expected error exceeding 1 (EE = 1), dereplicating the sequences, and eliminating chimeric sequences. Subsequently, the resulting
sequences were denoised by applying the UNOISE3 algorithm, generating zero-radius OTU sequences. Taxonomic classification was
accomplished using a Naive Bayes classifier trained with the SILVA 138 database (Pruesse et al., 2007). The phylogenetic relationships
between the OTU were obtained by constructing a phylogenetic tree using the FastTree algorithm (Price et al., 2009) based on a
masked alignment constructed with MAFFT (Katoh and Standley, 2013).

The samples were standardized through rarefaction to a sampling depth of 50.542 for Archaea and 30.873 for Bacteria. Alpha
diversity metrics, including Shannon’s Diversity index for diversity and Pielou’s Evenness for Evenness, were computed using the
QIIME2 core-metrics function (Bolyen et al., 2019). The significance of treatment differences was assessed via permutational multi-
variate analysis of variance PERMANOVA with 999 random permutations on the robust Aitchison dissimilarity matrix, employing the
adonis function from the vegan package (Oksanen et al., 2022) and the zero-inflated Gaussian mixture model (ZIGMM) (Paulson et al.,
2013). Additionally, community exploration was conducted using LEfSe (Segata et al., 2011) to identify biologically relevant features
within each group, utilizing a Kruskal-Wallis test followed by a Wilcoxon rank-sum test for pairwise comparisons, with a significance
threshold of 0.05 and a linear discriminant analysis score of 2.0 to determine discriminant features. ZIGMM was implemented in the
metagenomeSeq R package using cumulative sum scaling (CSS) normalized abundances.

2.4. Calculation

Acidification efficiency (AE, %) was evaluated by the following Eq. (1):

CODygas

AE(%) =
( 0) CODInﬂuent

x100% (€9)]
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Fig. 1. VFA composition via AD reactors amended with nZVI, Fe304-NPs, nZVI/Fe304-NPs.

Where CODjpfjyent is the initial concentration of influent COD (mg LY, CODypas is the concentration of effluent VFAs (mgCOD LD,
Finally, all statistical analyses were performed using Prism 9.4.0 software (p > 0.05).

3. Results
3.1. Effect on nZVI, Fe304-NPs, and nZVI/Fe304 on VFA production

After 25 days of anaerobic incubation, the production of VFAs was mainly composed of acetic acid, propionic acid, iso-valeric acid,
butyric acid, and valeric acid. Fig. 1 shows the VFAs production and composition on days 4, 6, 12, and 25. The assays with Fe304-NPs
observed the highest VFAs concentration, followed by nZVI, nZVI/Fe304-NPs, control, and blank treatments, with values of 811.7,
769.9, 550.8, 455.7, and 106.9 mg COD L. respectively. The addition of nZVI and Fe3O4-NPs significantly increased VFAs production
compared to the control after 25 days of incubation. Additionally, the nZVI/Fe304-NPs treatment showed no significant differences
compared to the control, rather than the nZVI and Fe304-NPs conditions. Based on the highest AE%, the nZVI and Fes04-NP treatments
achieved conversion rates of 53.7 % and 50.9 %, respectively, with no statistically significant difference (p > 0.05). The combined
nZVI/Fes04-NP treatment resulted in a lower % conversion rate of 30.1 %, while the control and blank assays showed conversion rates
of 25.5 % and 7.1 %, respectively. As expected, adding 2-BES effectively inhibited methanogenesis, leading to the accumulation of
VFAs. Moreover, all experiments involving Fe-NP supplementation demonstrated varying production levels of acetic, propionic, iso-
valeric, butyric, and valeric acids. The detailed results for each experiment are provided below.

3.1.1. nZVI effect on VFA production

The nZVI treatment resulted in a total VFAs production of 769.9 mg COD L™}, representing 50.9 % of the AE. By comparing the
results with the control and blank conditions, the global production of VFAs was significantly increased. Specifically, propionic acid
was the primary VFA produced, accounting for 306.2 mg COD L~} after 25 days of incubation. Significant differences were observed in
the combined treatment with nZVI/Fe304-NPs. A considerable increase in propionic acid was observed after day 12 of digestion,
followed by acetic acid, which represented the second VFAs proportion at 253.7 mg COD L™, Additionally, nZVI treatment
demonstrated an increased acetic acid concentration regarding control and nZVI/Fe304-NPs. In this regard, the highest iso-valeric acid
production reached 124.1 mg COD L™}, which was feasible to accumulate during the experiment.

Interestingly, nZVI treatment showed significant butyric acid production at the early stage of digestion (p < 0.05). However, at the
end of the experiment, no significant differences were observed among the other treatments, suggesting that the production effect was
not yet evident at this stage by adding nZVI. Finally, the addition of nZVI registered 50.4 mg COD L~! of valeric acid at the end of the
experiment.
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Fig. 2. Anaerobic bacterial Shannon (a), Evenness (b), Faith’s (c), and OUT’s (d) indexes.

3.1.2. Fe304-NPs effect on VFA production

The Fe304-NPs treatment yielded 811.7 mg COD L™}, representing the highest VFAs production during anaerobic fermentation,
which accounted for 53.7 % of AE conversion (p < 0.05). Although Fe304-NPs were demonstrated to improve the VFAs production, no
significant differences were determined regarding nZVI addition. Compared to the nZVI treatment, acetic acid was the principal
compound in the Fe3O4-NPs treatment, with a concentration of 349.8 mg COD L7Y and significant differences were observed
compared to the control assays. Propionic acid evidenced a concentration of 244.3 mg COD L™}, demonstrating that the Fe30,4-NP
treatment could increase the propionic acid production regarding the nZVI/Fe304-NPs (p < 0.05). In addition, iso-valeric and valeric
output was detected. Non-significant differences were observed in iso-valeric and valeric acid production regarding the control
treatment.

3.1.3. nZVI/Fe304-NPs effect on VFA production

The combined nZVI/Fe304-NPs treatment produced 455.7 mg COD L1, showing 30.1 % of VFAs production. Despite the combined
treatment presenting iron as the primary compound, no significant differences were observed compared to the experimental control.
Indeed, the VFAs production was lower than the remaining Fe-NPs (p < 0.05). Its detailed VFAs production consisted of acetic,
propionic, iso-valeric, and butyric acid, with COD levels of 303.6, 76.1, 39.3, and 36.7 mg L™", respectively. Acetic acid production
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Fig. 3. Anaerobic bacterial (a) and archaeal (b) composition at the genus level.
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significantly increased by adding nZVI/Fe304-NPs compared to the control assay. Butyric acid production showed no significant
variation, and valeric acid production was not observed.

3.1.4. Microbial community shifts and their impact on VFA production

The metabarcoding analysis revealed significant shifts in microbial community composition in response to adding nZVI and Fe304-
NPs during anaerobic fermentation (Fig. 2). In general, the Shannon index decreased as the fermentation was carried out. Initially, the
inoculum showed a Shannon index of 4.48 compared to the 3.61 observed at the end of the blank assay. Alpha biodiversity was not
altered by the 2-BES addition (p > 0.05). In the Fe-NP treatments, the Shannon index did not decrease significantly, with values of
4.25, 4.11, and 3.77 for nZVI, Fes04-NP, and nZVI/Fes04-NP, respectively. In addition, nZVI and Fe304-NP showed a higher Shannon
index than nZVI/Fe304-NP (p > 0.05). In terms of Pielou’s Evenness, the obtained values were 0.63, 0.60, and 0.56 for the nZVI,
Fe304-NP, and nZVI/Fe304-NP treatments, whereas 0.50, 0.56, and 0.65 were observed for control, blank, and inoculum samples,
respectively. However, rather than the significant difference observed between the control and the inoculum, the Fe-NP treatments
showed no differences from the controls (p < 0.05). Faith’s Phylogenetic Diversity values showed no significant differences between
the controls and treatments, demonstrating no increase in phylogenetic tree units when applying Fe-NPs. In this context, the amount of
observed OTU97 decreased significantly as the AD reaction occurred, especially noted in the blank and control assays. However, the
Fe304-NP treatment showed the same OTU amount as the inoculum. In summary, (i) the Fe-NP treatments evidenced differences in the
a-diversity among them and between the control measures, (ii) the Fe-NP treatment showed no differences in the microorganisms’
distribution, (iii) Fe-NP treatments showed no effect on phylogenetic unit trees, and (iv) Fes04-NPs treatment showed an increase in
the OTU amount during anaerobic fermentation regarding all the treatments and controls.

3.1.4.1. Bacterial communities. Furthermore, a comprehensive comparison of all treatments with the control (2-BES), blank, and
initial inoculum was conducted to understand the changes in the microbial communities. This approach allowed us to observe a clear
differentiation in microbial communities among nZVI, Fe304-NPs, and nZVI/Fe304-NPs addition as the anaerobic fermentation pro-
gressed (Fig. 3a). The relative abundance results of the anaerobic sludge taxa, phylum, and gender level changed according to the Fe-
NP material added. Seven prominent bacterial phyla dominated all reactors of this study. The Firmicute phylum was relatively the most
abundant taxa in all the anaerobic sludge samples (23-61 %), followed by Desulfobacterota (7-20 %), Nitrospirota (5-12 %), Spi-
rochaetota (5-15 %), Chloroflexi (4-12 %), Proteobacteria (2-18 %), and Actinobacteriota (1-15 %). In addition to bacterial community
shifts, Fig. 3b revealed that the archaeal community was primarily composed of Euryarchaeota Methanosaeta and Halobacterota
Methanobacterium.

Our findings also highlighted significant changes in the initial microbial community of the inoculum. The distribution was as
follows: Firmicute Hydrogenisphora (23 %), Desulfubacterota Syntrophobacter (9 %), Proteobacteria Arenimonas (12 %), Actinobacteriota
67-14 (9 %), and Synergistota EBM-19 (3 %). The control assay was composed of Firmicute Hydrogenisphora (26 %), Firmicute Lysini-
bacillus (20 %), Desulfubacterota Syntrophobacter (7 %), Chloroflexi SJA-15 (3 %), Firmicutes Clostridium sensu stricto (3 %), Synergistota
EBM-19 (3 %). Notably, a significant increase in the Firmicute phylum population was observed between the control and blank
measures after the digestion, representing the maximum proportion among all the experiments (61 %). The inoculum exhibited dif-
ferences across all treatments and controls. The amount of Actinobacteriota, Myxococcota, and Planctomycetota phylum significantly
decreased once AD started (p < 0.05). Specifically, Anaeromyxobacter, Arenimonas, and Leucobacter genera significantly diminished
among all the treatments. The results obtained from nZVI and Fe304-NP treatments showed similar proportions among the whole
microbiome. The combined treatment (nZVI/Fe304-NP) showed no significant differences compared to the control and blank assays.

3.1.4.2. Impact of nZVI on the population dynamics of anaerobic bacterial communities. As was mentioned above, the relative abundance
was dominated by Firmicute phylum, followed by Desulfobacterota, Nitrospirota, Spirochaetota, Chloroflexi, Proteobacteria, and Actino-
bacteriota, with 23 %, 20 %, 12 %, 15 %, 12 %, 2 %, and 3 %, respectively. In this regard, nZVI treatment showed significant increases
in phylums Desulfobacterota, Spricochaetota, Caldisericota, and Verrucomicrobiota. Nonetheless, a significant decrease can be observed in
the Firmicute phylum, reaching the same levels as the samples from the blank assay.

The central Firmicutes genders identified were Hydrogenispora, Clostridium sensu stricto, and Acetoanaerobium, with a relative
abundance of 16 %, 4 %, and 0.7 %, respectively. Meanwhile, by a 16 % and 2 % phylum, Desulfobacterota Syntrophobacter and
Desulfobacterota Syntrophohabdus gender were quantified as the second most considerable proportion. In addition, 8 % and 1 % of the
phylum Chloroflexi SJA-15 and Chloroflexi Anaerolinea genus were identified as the third significant amount. Subsequently, Spi-
rochaetota Sprirochaeta genus presence reached a 4 % relative abundance, followed by 4 % and 2 % Synergistota EBM-89 and Syn-
ergistota JGI-0000079-D21. The Acidobacteriota Aminicenatales proportion is 1.1 %. In this regard, Chloroflexi SJA-15, Chloroflexi
Anaerolinea, SJA-28, Desulfobacteriota Smithella propionica, Spirochaetota Spirochaeta, Desulfobacterota Syntrophobacter, and Desulfo-
bacterota Syntrophorbardus evidenced a significant increase compared to all other Fe-NP treatments and controls.

3.1.4.3. Impact of FesO4-NPs on the population dynamics of anaerobic bacterial communities. The Firmicute phylum dominated the
microbial community, followed by Desulfobacterota, Spirochaetota, Chloroflexi, Nitrospirota, Proteobacteria, and Bacteroidota, with 35 %,
15 %, 11 %, 10 %, 9 %, respectively. The Fe3O4-NP treatment showed non-significant differences in phylum classification. Considering
the bacterial genus classification, the Firmicutes phylum relative abundance was 27 % and 5 % for Hydrogenisphora and Clostridium
sensu stricto, respectively. Considering the Desulfobacterota phylum, the genera Syntrophobacter and Syntrophohabdus accounted for 12 %
and 1 %, respectively. Besides, 6 % and 1 % of the phylum Chloroflexi SJA-15 and Chloroflexi Anaerolinea genus were the third
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significant amount. The presence of Spirochaetota in the Spirochaeta genus reached a 3 % relative abundance, followed by 3 % and 1 %
for Synergistota EBM-89 and Synergistota JGI-0000079-D21, respectively. In this sense, Firmicute UCG-010 increase was determined for
all the other treatments (p < 0.05).

3.1.4.4. Impact of nZVI/Fes04NPs on the population dynamics of anaerobic bacterial communities. By considering Firmicutes, Desulfo-
bacterota, Nitrospirota, Spinochaetota, Chloroflexi, Synergistota, and Bacteroidota as 50 %, 13 %, 9 %, 8 %, 6 %, 3 %, and 3 %, respec-
tively, the nZVI treatment composition results showed non-significant differences compared to the control and Fe-NPs treatments.
Considering the genus classification composition, Firmicutes Hydrogenisphora, Firmicutes Lysinibacillus, and Clostridium sensu stricto
represent 28 %, 26 %, and 5 % of the relative abundance. However, the presence of Lysinibacillus was detected (26 %) in the Firmi-
cutes’ gender composition, which differed from the other Fe-NP treatments. The presence of Lysinibacillus is also shown in control and
blank samples. The Desulfobacterota genus phylum composition consisted of Syntrophobacter and Syntrophohabdus, representing 12 %
and 1 % of the relative abundance, respectively. A 6 % and 1 % relative abundance composition was determined in Chloroflexi SJA-15
and Chloroflexi Anaerolinea. In this sense, Spirochaeta’s presence reached 3 %. The nZVI/Fe304-NP treatment showed no significant
differences between the other Fe-NPs and the control measures.

4. Discussion

nZVI and Fe304-NPs are among the most effective Fe-NPs used to enhance the performance of anaerobic digestion, playing a dual
role by accelerating microbial activity and promoting the conversion of organic matter. The beneficial one acts as a cofactor to promote
the conversion of CO, into CH4, while the adverse one promotes the generation of free radicals. This understanding can encourage the
presence of specific microorganisms and inhibit others, thereby modifying the production of VFAs. It is widely accepted that nZVI and
Fe304-NP supplementation affect the structure of the indigenous microbial communities (Barrena et al., 2021). In this sense, intro-
ducing Fe-NPs acts as redox mediators, facilitating the rapid conversions of VFAs, promoting the biofilm formation, which enhances
microbial colonization and stability under fluctuating conditions. This innovation is particularly relevant in optimizing industrial-scale
VFA production, where improving process stability can increase waste valorization and reduce greenhouse gas emissions.

4.1. Influence of Fe-NPs on VFA production

The anaerobic degradation of organic matter yields intermediate compounds consisting of VFAs and alcohols, which could be
converted into Hy or formate and finally to CH4 and CO4 by the syntrophic consortia. Our findings showed a similar VFAs composition
reported by Du et al. (2023), generally composed of acetic acid, propionic acid, butyric acid, valeric acid, and iso-valeric acid. The
findings showed a maximum of 53-54 % of AE after 25 days, and this increased when Fe-NPs were added. The exception is the
combined nZVI/Fe304-NPs treatment, where a 30 % AE was obtained. Applying the combined treatment (nZVI/Fe304-NPs) showed no
potential to improve VFAs production and shifts in methanogenic archaeal relative abundance, which is likely due to excessive
production of reactive oxygen species that strongly affects cell membranes (Barrena et al., 2021). The proportions of propionic acid and
butyric acid declined, as they can be converted to acetic acid by acetogenic species (Du et al., 2023). The Gibbs free energy of pro-
pionate oxidation, which occurs below the ATP synthesis threshold in microbial cells, is considered one of the rate-limiting steps in
anaerobic fermentation. This energetically unfavorable reaction slows down the overall process, particularly affecting the production
of specific VFAs. As a result, it plays a crucial role in determining the overall efficiency of anaerobic fermentation (Jin and Lu, 202.3).
Therefore, a syntrophic partnership must consume the remaining hydrogen and formate to a sufficiently low concentration to improve
propionate oxidation. In this sense, propionic acid accumulation can completely inhibit acetic acid production, as observed in our
2-BES control assays after 25 days of incubation (Fig. 1), where the proportion of propionic acid reached twice that of acetic acid. On
the contrary, nZVI and Fe304-NPs consistently accumulated propionic acid, suggesting an alteration in the microbiome structure.

4.2. Bacterial and archaeal communities’ structure responses

Generally, the Shannon index tends to increase once the anaerobic fermentation begins. Therefore, the initial point significantly
decreased regarding all the controls and Fe-NP treatments. Specifically, control, blank, and nZVI/Fe304-NP showed no differences.
Pielou’s Evenness index evidences the same behavior as the Shannon index; therefore, nZVI and Fe304-NP treatments increase the
species community distribution (p < 0.05). The Faith’s phylogenetic diversity results showed no differences between the controls and
the Fe-NP treatments during the experiment. Additionally, the observed OTU classification reveals minimal differences between nZVI
treatment and Fe3O4-NP, with values ranging from 9 to 12. Our results confirm the existence of changes in bacterial community
structure due to the application of nZVI and Fe304-NP. Interestingly, the combined nZVI/Fe304-NP treatment showed no differences
compared to the control and blank assays, which differs from other nanoparticle studies (Zhu et al., 2021). Regarding the improvement
of VFAs production, the bacterial community responds positively to the nZVI and Fe304-NP treatments, as evidenced by increased
VFAs concentration and diversification. The Shannon indices of nZVI and Fe304-NP were 4.25 and 4.11, respectively, compared to the
control of 3.61, indicating a widespread microbial community that can significantly increase VFAs production. As observed, this NP
can accelerate organic transformation via enriching syntrophic relationships between specific microorganism groups.

Fig. 3 shows a phylum-level analysis demonstrating that Firmicutes was the most dominant bacterial phylum in all the experiments
and controls, accounting for 23-61 %. Firmicutes, the most common hydrolytic bacteria in anaerobic fermentation, are known for their
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electroactive capacity and are involved in the hydrolytic and acidogenic pathways that utilize carbohydrates, proteins, and lipids to
produce VFAs, CO,, and Hy (Kang et al., 2021). Usually, the presence of Firmicutes phylum increases due to the carbohydrate hydrolysis
requirement. Due to the requirements for glucose fermentation and VFAs production, the Firmicutes population increases from 25 % to
60 % in the control. However, a significant decrease was observed in the presence of nZVI and Fe304-NP compared with the control,
from 60 % to 23 % (p < 0.05). Similar results were observed by Barrena et al. (2021). Further, at the genus level, the relative
abundances were Hydrogenispora, Lysinibacillus, and Clostridium sensu stricto. Hydrogenispora is associated with acetogenic production,
which can ferment carbohydrates, ethanol, and Hj to produce acetic acid. On the contrary, Lysinbacillus are known to degrade VFAs,
alcohols, and acetate to produce Hj, which is then used by hydrogenotrophic methanogens to produce methane (Omondi et al., 2020).
Therefore, as in the nZVI and Fe304-NP treatment, its absence entails increased VFAs concentration. Clostridium sensu stricto 1 consists
of strictly anaerobic, fermenting bacteria that can sporulate. These bacteria appear as straight to slightly curved rods and are sig-
nificant in various habitats due to their metabolic versatility and ability to produce fermentation products, such as butanol (Wiegel
et al., 2006). Their functions are related to producing H; from glucose degradation, and their growth and metabolism are promoted by
Fe'3 presence (Jin et al., 2024); however, the present work showed a non-significant increase due to Fe-NPs presence.

Propionic degradation is primarily carried out by Syntrophobacter, a key player in syntrophic propionate oxidation, and in a process
involving microbial interactions where one organism degrades organic compounds to produce substrates for another organism to
utilize. Our results indicate an increase from 6 % to 7 % (control and blank assays) to 16 % when nZVI was added, suggesting that the
Synytrophobacter growth was induced by the nZVI application, regardless of the 2-BES methanogenic inhibition, and this increase led to
higher VFAs production. Species within the Desulfobacterota phylum engage in syntrophic relationships for propionate oxidation, a
process known as syntrophic propionic-oxidizing bacteria (Kim et al., 2022). These microorganisms are typically found in anoxic
conditions and can utilize sulfate, sulfite, or iron as terminal electron acceptors in respiratory processes or fermentative activities.
Therefore, the anaerobic oxidation of VFAs is thermodynamically constrained. Consequently, syntrophs are characterized as growth
microorganisms and classified as members of the "rare biosphere" subcommunity in natural environments (Jin and Lu, 2023). Studies
have shown that syntrophic oxidizing bacteria exhibit two metabolic pathways: the methyl malonyl-CoA (MMC) pathway and C6
dismutation, with the MMC pathway being the most common (Yin et al., 2022). In this sense, the MMC pathway transforms propionate
into acetate and hydrogen, rather than through C6 dismutation, where butyrate can be degraded into acetate and hydrogen (Jin and
Lu, 2023).

The low microorganism proportion, such as the Chloroflexi phylum, is closely involved in polysaccharides and monosaccharides
decomposition as well as the production of acetic acid. Although several types of research describe Chloroflexi as one of the main phyla
in anaerobic reactors, its metabolic functions have been barely described. The most common Chlorofiexi relative abundance reported is
in the range of 20-25 % (Zheng et al., 2015; Wang et al., 2018; Chen et al., 2020), being involved in lignocellulosic degradation
studies. Our results showed a low proportion of Chloroflexi microorganisms during the experiment, with percentages of 8 %, 6 %, 4 %,
3 %, 2 %, and 2 % related to the nZVI, F304-NP, nZVI/F304-NP, control, blank, and inoculum samples, respectively. Despite its low
proportion, nZVI treatment showed significant differences between the control and blank samples, demonstrating the effect of Fe-NPs
on the sludge. According to Jackson et al. (2020), Spirochaetes are stimulated by acetic acid production, suggesting a possible acetate
oxidation process. These microorganisms have rarely been studied due to the limited understanding of the anaerobic fermentation
process and the scarcity of reports. Nonetheless, they are assumed to be glucose fermenters based on findings in response to the glucose
addition (Lee et al., 2013). Since the presence of acetate significantly increases in the nZVI digestors (4 %), it causes an increased
abundance of acetate-oxidizing spirochaetes in these systems compared to the control (1 %). These consequences further explain why
Fe-NPs are the most prominent additives used to boost the performance of anaerobic fermentation. This insight can encourage the
presence of specific microorganisms and inhibit others, thereby modifying the production of VFAs.

4.3. Potential mechanisms underlying microbial and metabolic shifts induced by Fe-NP addition

Our observations of propionate degradation accompanied by acetate accumulation in the absence of active methanogens are
consistent with the literature, which describes enhanced syntrophic metabolism mediated by CMs (Guo et al., 2021; Wang et al., 2023).
Previous studies have demonstrated that Syntrophomonas and members of the Desulfobacterota possess genetic and physiological traits
that enable extracellular electron transfer, and that Fe-based nanoparticles stimulate their activity during fatty acid oxidation (Guo
et al., 2021; Akram et al., 2024). Although DIET between fermentative partners has not yet been unequivocally demonstrated, our
results strongly suggest that Fe-NPs facilitated an alternative electron transfer route beyond classical IHT/IFT. This interpretation
aligns with the proposed role of DIET-like mechanisms in accelerating propionate oxidation and redirecting carbon flow toward ac-
etate, even when methanogenesis is absent.

The proliferation of microorganisms such as Syntrophobacter, Desulfobacterota, and Hydrogenisphora could occur due to the stim-
ulatory effect observed under Fe-NPs supplementation, which can therefore be attributed to alternative mechanisms. First, Fe3*/Fe?*
cycling derived from nanoparticle dissolution likely acted as an abiotic electron sink, enabling fermentative bacteria to maintain redox
balance without relying on DIET (Gahlot et al., 2020). Second, classical IHT/IFT remains a plausible route for electron disposal, as
fermentative microorganisms typically release these intermediates during the production of VFAs (Akram et al., 2024). The presence of
Fe-NPs can abiotically consume or transform hydrogen, preventing feedback inhibition and supporting continued fermentation.
Notably, nZVI readily forms iron (hydro)oxide on its surface due to oxidation, thereby accelerating hydrogen release (Chen et al., 2020;
Hoffmann et al., 2022).

The microbial community data further support this interpretation. The increase in Syntrophobacter relative abundance under nZVI
treatment suggests stimulation of syntrophic propionate-oxidizing bacteria, which depend on efficient Hy and formate removal to
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Table 1
VFAs production via anaerobic fermentation amended with Fe-NPs.
Time Treatment Acetic acid Propionic acid Butyric acid Iso-Valeric acid Valeric acid Total VFA AE
[days] COD [mg COD L] COD [mg COD L™ 1] COD [mg COD L] COD [mg COD L] COD [mg COD L™ 1] COD [mg COD L™ 1] [%]

4 nzZvl 196.8 + 47.3 Aa 63.9 +11.9 ABab 31.0 +£ 0.0 Cb 42.2 + 4.4 Ab 0.0 £ 0.0 Aa 321.9 £ 61.42 Aa 21,29 % + 4,06 %
Fe304 195.5 + 46.77 Aa 36.1 + 20.4 Aab 0.0 + 0.0 Aa 0.0 +£ 0.0 Aa 0.0 + 0.0 Aa 231.6 + 60.0 Aa 15,32 % + 3,97 %
nZVI/Fe304 165.3 £ 51.3 ABa 56.9 + 6.1 ABb 0.0 £ 0.0 Aa 35.1 £ 4.3 Ab 0.0 £ 0.0 Aa 257.5 + 60.6 Aa 17,03 % + 4,01
Control 119.7 £ 2,3 Aa 31.6 £ 6.7 Aa 0.0 £ 0.0 Aa 36.7 = 4.7 Ab 0.0 £ 0.0 Aa 188.0 £ 9.8 Aa 12,43 £ 0,65
Blank 166.8 + 51.5 ABa 62.4 + 8.9 Ab 0.0 £ 0.0 Aa 35.6 + 4.3 Ab 0.0 £ 0.0 Aa 264.8 + 61.3 Aa 17,51 % + 4,08

6 nzZvI 214.4 + 42.1 Aa 60.7 £ 7.5 Aa 0.0 + 0.0 Ba 46.0 + 4.7 Ab 0.0 + 0.0 Aa 321.1 +49.5 Aa 21,24 % + 3,27 %
Fe304 227.9 + 47.5 Aa 56.1 £ 15.2 Aa 0.0 £ 0.0 Aa 0.0 £ 0.0 Aa 0.0 £ 0.0 Aa 284.0 + 62.7 ABa 18,78 % + 4,14 %
nZVI/Fe304 279.6 + 80.1 ABa 89.7 £ 25.7 ACa 33.4+ 6.6 Bb 50.3 + 9.4 Ab 0.0 £ 0.0 Aa 453.6 +121.9 Aa 29,96 % + 8,06 %
Control 302.4 + 39.9 Ba 61.3 +£13.0 Aa 28.4 + 3.6 Bb 49.9 + 24.7 Ab 0.0 + 0.0 Aa 442.0 + 61.1 Aa 29,23 % + 4,04 %
Blank- 202.5 + 27.5 Ba 76.2 +£10.3 ABa 16.5 + 14.3 Aa 0.0 £ 0.0 Ba 0.0 £ 0.0 Aa 295.2 + 21.1 ABa 19,53 % £ 1,33 %

12 nZVI 262.2 + 96.5 Aa 59.3 + 16.8 Aab 30.5 £ 9.6 ABCa 0.0 £ 0.0 Ba 0.0 £ 0.0 Aa 352.1 +100.3 Aa 23,29 % + 6,63 %
Fe304 295.5 + 12.7 Aa 119.1 + 68.3 ABab 0.0 + 0.0 Aa 61.6 + 26.2 Aab 0.0 + 0.0 Aa 476.2 + 104.1 ABa 31,50 % + 6,88 %
nZVI/Fe304 250.2 + 18.7 Ba 97.6 + 15.1 CDab 34.1 £ 0.9Bb 104.8 + 63.7 Aab 0.0 £ 0.0 Aa 486.2 + 77.2 Aa 32,19 % £ 5,11 %
Control 233.1 +73.8 ABa 61.8 £ 2.6 Ba 0.0 £ 0.0 Aa 56.7 +£10.4 Ab 0.0 £ 0.0 Aa 351.6 + 100.3 Aa 23,25 % £ 5,40 %
Blank 252.8 + 28.5 Ba 105.1 + 4.0 Bb 0.0 £ 0.0 Aa 0.0 £ 0.0 Ba 0.0 £ 0.0 Aa 357.9 + 30.1 Aa 23,67 % + 1,99 %

25 nzZvI 253.7 + 47.2 Ab 302.6 + 19.7 Bb 35.5 + 1.6 Ab 124.1 + 63.7 ABa 50.4 + 21.1 Aab 769.9 + 41.3 Ba 50,92 % + 2,73 %
Fe304 349.8 + 22.5 Ab 244.3 + 9.3 Bb 33.7 £ 6.2Bb 121.1 + 47.7 Aa 62.9 +13.6 Bb 811.7 + 99.2 Bab 53,69 + 6,56 %
nZVI/Fe304 82.73 4+ 23.4 Ab 76.1 + 25.6 BDa 36.7 + 5.1 Bb 39.3 + 8.7 Ab 0.0 £ 0.0 Aa 455.7 + 44.1 Abc 30,14 % + 2,91 %
Control 216.1 + 27.04 ABab 183.2 + 31.6 Aab 35.2 + 7.8 Bb 74.6 + 47.6 Aa 41.7 + 18.4 Bab 550.8 + 84.3 Aab 27,60 % + 14,98 %
Blank 0.0 £ 0.0 Aa 106.9 +11.0 Ba 0.0 + 0.0 Aa 0.0 £ 0.0 Ba 0.0 £ 0.0 Aa 106.9 + 11.0 Cc 7,07 % + 0,72 %

Different letters imply significant differences.
Uppercase letters indicate differences between treatment times
Lowercase letters indicate differences between treatments
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sustain metabolism (Chen et al., 2022). Similarly, the presence of Hydrogenispora, a genus associated with acetogenic production,
indicates that carbohydrate and ethanol fermentation to acetate was favored under Fe-NP amendment (Li et al., 2020). These findings
reinforce the notion that Fe-NPs indirectly enhanced the activity of fermentative and syntrophic bacteria by stabilizing electron
disposal routes. Additionally, Fe is a crucial cofactor for key fermentative enzymes, such as hydrogenases and dehydrogenases, and its
increased availability from Fe-NP dissolution may enhance enzymatic activity and overall metabolic rates (Chen et al., 2022). Taken
together, these results suggest that under methanogenesis-inhibited conditions, Fe-NPs stimulate fermentative metabolism primarily
through redox buffering, IHT/IFT stabilization, and micronutrient supply, which in turn explains both the microbial community shifts
(e.g., enrichment of Syntrophobacter and Hydrogenispora) and the enhanced VFAs accumulation observed in our experiments.

The combined nZVI/FesOs treatment did not enhance VFAs accumulation compared to single nanoparticle supplementation. A
possible explanation lies in the imbalance of intracellular redox potential (NAD*/NADH) caused by the simultaneous presence of both
electron-donating (nZVI) and electron-shuttling (Fes0.) materials (Tejedor-Sanz et al., 2022). Excessive electron availability from nZVI
dissolution, together with rapid electron transfer via FesOs, may have disrupted the optimal NAD*/NADH balance required for stable
fermentation pathways (Cao et al., 2025). This imbalance could limit the efficiency of oxidation routes and redirect metabolic activity
away from VFAs production. Although NAD*/NADH levels were not measured in this study, future experiments should incorporate
redox cofactor monitoring to understand better how nanoparticle combinations affect intracellular metabolism and to clarify the
mechanistic basis of the reduced performance observed with the nZVI/FesO4 mixture.

5. Conclusions

This study investigated the impact of nZVI, Fe304-NPs, and nZVI/Fe304-NPs single doses on VFAs production via AF. Our results
demonstrate that the amendment of nZVI and Fe3O4-NPs can also strategically redirect anaerobic fermentation toward the production
of valuable VFAs. In this sense, nZVI treatment showed an effective increase in acetic acid production and Fe304-NP in propionic acid
production, whereas nZVI/Fe304-NPs treatment showed no effect on VFA production. Moreover, the iron nanoparticles effectively
alter the microbial communities during anaerobic fermentation, enhancing the diversification of the population.
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