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ARTICLE INFO ABSTRACT
Keywords: The effect of magnetite nanoparticles and nanocomposites (magnetite nanoparticles impregnated into graphene
Iron-oxide nanoparticles oxide) supplement on the recovery of overloaded laboratory batch anaerobic reactors was assessed using two

Granular sludge

Flocculent sludge
Hydrogenotrophic methanogens
VFA inhibition

types of starting inoculum: anaerobic granular sludge (GS) and flocculent sludge (FS). Both nanomaterials
recovered methane production at a dose of 0.27 g/L within 40 days in GS. Four doses of magnetite nanoparticles
from 0.075 to 1 g/L recovered the process in FS systems between 30 and 50 days relaying on the dose. The
presence of nanomaterials helped to reverse the effect of volatile fatty acids inhibition and enabled microbial
communities to recover but also favoured the development of certain microorganisms over others. In GS reactors,
the methanogenic population changed from being mostly acetoclastic (Methanothrix soehngenii) to being domi-
nated by hydrogenotrophic species (Methanobacterium beijingense). Nanomaterial amendment may serve as a
preventative measure or provide an effective remedial solution for system recovery following overloading.
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1. Introduction

Anaerobic digestion (AD) is a well-established resource recovery
technology used commercially around the world. This is especially the
case in Europe where AD is playing an increasingly crucial role in the
energy transition, diversifying the energy mix with renewable energy
sources (Commission and Communication, 2021). Despite its potential,
many industrial plants do not operate to their maximum capacity in
order to avoid operational problems. For example, operational insta-
bility due to fluctuations in organic loading is a common issue. High
organic loading rates (OLR) and high content of easily biodegradable
substrates can lead to rapid acidification and accumulation of interme-
diate volatile fatty acids (VFA). The monitoring of VFA to prevent
accumulation in anaerobic digesters is a fairly standard practice.

The use of conductive iron oxides, particularly magnetite, has been
reported as a strategy to enhance the methanogenic degradation of VFA
(digestion intermediates) under ammonia stressed conditions (Lee et al.,
2019) leading to an increase in methane production. For example, Baek
et al. (2017) found that the addition of magnetite (particle size 100-700
nm) resulted in a more resistant and resilient operation to process im-
balances, especially effective in avoiding propionic acid accumulation.
The enhanced biomethanation was attributed to the facilitated direct
interspecies electron transfer (DIET) between the acetogens and
methanogens. DIET between syntrophic microbes associated directly
with the anaerobic degradation of VFA were also reported by Yan et al.
(2017) using conductive materials. The use of magnetite nanoparticles
(NPs) has also been associated with an increase in both VFA formation
and subsequent degradation. Zhang et al. (2020) reported a 2.5-fold
increase in the formation of VFA and an enhancement in acetoclastic
methanogenesis when 100 mg/L of magnetite was used.

In general, the use of conductive additives has been proven to be
effective in improving AD performance promoting DIET (Zhang et al.,
2018). Of the conductive additives tested to date, graphene has been
shown to cause higher electron transfer efficiency in DIET because of its
higher conductivity and smaller size than other carbon-based conduc-
tive materials (Zhang et al., 2018). Other novel materials with electron
donating capacities such as biochar are currently being investigated
with promising initial results (Sun et al., 2022).

The effect of the incorporation of NPs in the biochemical aspects of
the process has been related to the affectation of the microbiome among
other reasons (Wang et al., 2021). Several factors of the AD process have
been investigated in terms of their influence on the microbial commu-
nity (Kong et al., 2018). The relative abundance of methanogens, their
composition in terms of acetogenic and hydrogenotrophic species, and
the presence of syntrophic bacteria, are basic aspects in the control of
AD. It has been shown that the microbial community structure can
change depending on the presence and characteristics of the NPs,
favouring an increase or decrease in the diversity of both eubacteria and
archaea (Wang et al., 2021). In the case of magnetite, the results point to
low toxicity, mainly due to the stimulating effect of the presence of
FeZ*/Fe3* ions on microbial activity (Arif et al., 2018) that promote
DIET. Ma et al. (2021) analysed the changes in microbial community
dynamics and found that magnetite caused different syntrophic in-
teractions depending on the OLR. However, this effect may be regulated
by the concentration of NPs added (Salama et al., 2021).

Besides the properties of the NPs, the use of different starting inocula
can influence the response of the various microbial communities present
in the process; however, this has been scarcely studied. Studies have
found greater process stability in prokaryotic populations associated
with aerobic granular sludge than of flocculent activated sludge, which
translates into a lower affectation of biochemical and metabolic events
(Daraei et al., 2019). Moreover, the composition of the initial micro-
biome is already different between GS and FS (De Vrieze et al., 2015).
The potential effect of NPs on the different microbiome has not been yet
compared. Therefore, there are studies that report the influence on AD of
either the incorporation of magnetite NPs or the use of different types of
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inocula, which provide different microbial communities. However, to
our knowledge, studies that merge both factors together do not exist. For
this reason, the aim of this work was to study the influence of the type of
inoculum in the recovery of overloaded reactors when magnetite-based
NPs are added. Two different type of starting inoculum, granular sludge
(GS) and flocculent sludge (FS), commonly used in suspended and
immobilised biomass of AD, were used and the shift in microbial com-
munities assessed. Instead of commercial magnetite NPs, we carefully
synthesized the NPs and characterized their size distribution. Simple
magnetite NPs were compared with magnetite NPs impregnated into
graphene oxide due to the promising effects of this material previously
described. The improvement in VFA removal efficiency could be a sig-
nificant factor to enhance process stability. This, coupled with an in-
crease in methane yield when using iron-based nanomaterials, opens a
new strategy to have a ‘doubling effect’ when working at high OLR.

2. Materials and methods
2.1. Synthesis and characterization of nanoparticles

Magnetite NPs were synthesized by the coprecipitation method using
tetramethylammonium hydroxide (TMAOH) with slight modifications
(Abo Markeb et al. 2019). TMAOH was used to increase the colloidal
stability of the NPs as well as improve the degree of crystallinity. Briefly,
40 mmol of iron (III) chloride hexahydrate (FeCls-6H20), and 20 mmol
of iron (II) chloride (FeCly) were dissolved in 200 mL of deoxygenated
water for 20 min. The iron salts solution mixture was added dropwise
into 200 mL of 1 M deoxygenated TMAOH at room temperature until the
colour of the suspension changed to black. After this, the mixture sus-
pension was vigorously stirred (600 rpm) for 30 min under an inert
nitrogen gas stream. Lastly, the Fe304 NPs were washed three times
using magnetic decantation and then redissolved into 1 mM of TMAOH
to obtain the final suspension of Fe3O4 NPs.

The magnetite nanoparticles impregnated into graphene oxide,
Fe304-rGO nanocomposites (NCs), were prepared in two steps. Reduced
graphene oxide (rGO) was prepared in the first step as follows: 1 g of
graphite powder was mixed with 0.5 g of sodium nitrate in 23 mL of
H2S04 in an ice bath. Then, 3 g of potassium permanganate (KMnO4)
was added dropwise after the mixture was stirred for 30 min. Next, the
mixture solution was continuously stirred for 4 h in an ice bath (<10 °C).
Afterwards, the reaction was terminated by the addition of 4 mL of
H20,, and 146 mL of deionized water. Hence, the graphene oxide pro-
duced was separated by centrifugation at 9000 rpm for 20 min, followed
by washing with HCI (0.01 M), and deionized water. Lastly, the gra-
phene oxide (GO) was dried at 60 °C for 24 h. Next, 0.5 g of the dried GO
was dispersed in 100 mL of deionized water by ultrasonication for 2 h.
Next, 2 mL of ascorbic acid solution (2.2 mM) was added dropwise into
the GO suspension. The resulting rGO was washed three times with
deionized water by centrifugation at 9000 rpm for 20 min, followed by
drying at 60 °C for 24 h. In the second step, magnetite nanoparticles
coated with cetyltrimethylammonium bromide (CTAB) were synthe-
sized in presence of the previously described rGO in order to obtain
Fe304 NPs impregnated into rGO by using the in-situ co-precipitation
slightly modified method of the previously reported study (Abo Markeb
et al., 2019). Briefly, FeCly-4H50 (25 mM) and FeCl3-6H20 (50 mM) in
1:2 M ratio of Fe?*/Fe>*, were dissolved in pre-sonicated and deoxy-
genated 100 mL of ultrapure water (Milli-Q) containing 0.1 g of CTAB,
0.1 g of rGO. Then, the mixture solution was incubated for 1 h at 40 °C
under inter atmosphere by purging with nitrogen. Next, 0.6 M of NH4OH
solution, previously purged with N5 for 1 h, was added dropwise into the
mixed solution under agitation and nitrogen atmosphere until a pH of
9.0 was achieved. During the titration process, the black colour
confirmed the formation of Fe304 NPs. Then, the Fe304-rGO NCs sus-
pension was stirred continuously under a nitrogen atmosphere for 1 h at
40 °C. Afterwards, the NPs were washed three times using ultrapure
water followed by ethanol using magnetic a neodymium magnet and,
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then dried at 60 °C for 12 h.

The synthesized nanomaterials were characterized in terms of size,
distribution and morphology using a Zeiss Merlin Scanning Electron
Microscope (SEM) and using a JEM-2011/JEOL, High-Resolution
Transmission Electron Microscope (HR-TEM) equipped with Energy-
Dispersive Spectroscopy (EDS). Besides, selected areas electron diffrac-
tion images (SAED) were used to study the microstructure of the ma-
terial with high resolution images. ImageJ free software was used to
obtain the size distribution histogram of magnetic NPs from TEM
images.

2.2. Inoculum source

Two types of different mesophilic inoculum from full-scale meso-
philic anaerobic digesters were used in batch experiments: anaerobic
granular sludge (GS) obtained from an up-flow anaerobic sludge blanket
(UASB) digester treating wastewater of a local whisky distillery in
Edinburgh (Scotland, UK); and anaerobic flocculent sludge (FS) from the
mesophilic anaerobic digester of Riu Sec municipal wastewater treat-
ment plant (WWTP) (Sabadell, Barcelona, Spain). The total solids (TS)
content and volatile solids (VS) content of GS were 3.30 + 0.01 % and
70.1 + 0.1 %, respectively, while for FS were 2.70 + 0.06 % and 64.11
+ 0.08 %, respectively.

2.3. Anaerobic digestion (AD) batch experimental set-up and procedure

Biochemical methane potential (BMP) tests were conducted using
glass serum bottles (250 mL) containing inoculum and glucose with/
without magnetite-based NPs. The volume of liquid was adjusted in all
bottles with water as necessary. pH was adjusted to ~8.0 using 0.1 mL of
citric acid (300 g/L) as appropriate. Glucose was added in sufficient
amount to inhibit methanogenesis and induce acidification. The inoc-
ulum to substrate ratio (ISR) of 2:1 based on vS content was enough to
obtain the inhibitory conditions in GS (6.4 g/L). For FS, a higher amount
of glucose was needed to inhibit the process and an ISR of 1:1 was
required (21.3 g/L). Previous experiments showed that these concen-
trations were suitable for sustained inhibition of the complete AD pro-
cess. The headspace of each bottle was purged with nitrogen gas for one
minute to ensure anaerobic conditions. The bottles were incubated at
37 °C with continuous mixing for experiments using GS (orbital incu-
bator, 110 rpm) and intermittent mixing (turn up down twice/three
times a week) for FS.

Blank assays containing inoculum without glucose were used to
subtract the background methane production from the inocula. Positive
controls using microcrystalline cellulose were also established to vali-
date inocula activity (Holliger et al., 2016). Each experiment treatment/
control was setup in triplicate as a minimum. For GS, Fe3O4 NPs and
Fe304-rGO NCs were added to glucose-fed reactors in a concentration of
0.27 g/L as previously used by the same authors (Casals et al., 2014).
BMP of TMAOH at the same concentration as the final suspension of
Fe3O4 NPs was also evaluated in glucose-fed reactors to discard any
effect of this additive on the process. For FS, four doses of magnetite NPs
from 0.075 to 1 g/L were tested in glucose-fed reactors. The experiments
were carried out for at least 100 days irrespective of inoculum type.

2.4. Analytical methods

TS and vS content and pH were determined according to standard
methods. VFA samples were analysed by high-pressure liquid
chromatography-ultraviolet detection after filtering (0.22 pm) as pre-
viously described in Barrena et al. (2021). Biogas composition was
analysed by gas chromatography as described in Casals et al. (2014).

2.5. Microbial community analysis

Sequencing and bioinformatics were performed by Life Sequencing
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S.A. (Valencia, Spain). PowerSoil™ DNA Isolation kit (MoBio Labora-
tories Inc., Carlsbad, CA, USA) was used for the extraction of DNA as per
the manufacturers’ instructions. Sequencing data obtained from the
Mlumina MiSeq platform (Illumina, Ic., San Diego, CA, USA) were ana-
lysed according to our previous works (Barrena et al., 2021).

2.6. Statistical analysis

Statistical analysis was based on one-way ANOVA (p < 0.05 confi-
dence) with the Tukey test. Significant differences were analysed using
Minitab 16 (Minitab Inc.). The alpha diversity indices of the different
microbial communities were obtained from the EzBioCloud microbio-
logical research platform (https://www.ezbiocloud.net), while the
SIMPER and Indicator Species analyses, as well as the dendrogram, were
performed using the PAST software for statistical analysis of biological
data (PAST 4.05). The phylogenetic tree showing the evolutionary
relationship of the dominant amplicon sequence variants (ASVs) was
generated from MEGA version 10.1.6 software, using the Neighbour-
Joining method combined with the Maximum Composite Likelihood
method to compute evolutionary distances.

3. Results and discussion
3.1. Nanomaterials characterisation

The size of synthesised magnetite ranged from 6 to 13 nm, with 60 %
falling between 8 and 10 nm (Fig. 1A, B). As seen in Fig. 1D and 1E the
synthetized materials are highly crystalline in nature. In particular,
Fig. 1C shows a high-resolution TEM image in which crystalline planes
of a single nanoparticle are clearly described, which is confirmed by the
SAED image of Fig. 1E, where the typically reported pattern for
magnetite can be distinguished (Cai and Wan, 2007). This pattern was
less clear when NPs are analysed in a sample taken from the anaerobic
digester (Fig. 1F) assumed due to the presence of inoculum and
substrate.

The presence of graphene cannot be confirmed with this analysis due
to its amorphous structure, but as observed in Fig. 1C, the impregnation
of NPs with rGO causes the image of NPs not to be as clear as non-
impregnated NPs (Fig. 1A) and new structures corresponding to gra-
phene oxide appear. SEM images were analysed to determine the
interaction established between nanomaterials and inoculum (see sup-
plementary material).

3.2. Recovery of overloaded batch reactors inoculated with granular

sludge (GS)

The specific methane production in the experiment using GS is
shown in Fig. 2A. As expected, the amount of glucose added to the
reactor was enough to inhibit the process. Methane content in biogas
was <30 %, suggesting the inhibition of methanogenic microorganisms.
Low methane content was maintained during all the process in control
reactors with glucose. However, as observed in Fig. 2A, reactors sup-
plemented with magnetite NPs recovered from the inhibition after 40
days. The specific methane production rose and the concentration of
methane in biogas increased to 60-65 %. Even though this is a signifi-
cant period in a discontinuous digestion, these results are encouraging as
per the implications of the use on NPs or NCs at a commercial scale. This
suggests the hypothesis that a continuous digester microbiome adapted
to the presence of NPs would potentially have the ability to overcome
drastic changes in OLR without the need of long adaptation periods, to
be confirmed in future experiments.

Fig. 2B shows VFA content in reactors 45 days after NP supplemen-
tation and comparative controls. As observed, the total VFA in control
reactors was 3100 mg/L, almost entirely composed of acetic and butyric
acid (each 1500 mg/L), and more than double the threshold (1500 mg/L
total VFA) considered to guarantee a stable digestion process
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Fig. 1. Nanoparticles characterisation: TEM images: A) magnetite nanoparticles, B) distribution size histogram of magnetite NPs obtained from TEM images, C)
Magnetite NPs impregnated with rGO, D) high resolution image of magnetite nanoparticles, E) SAED pattern of magnetite nanoparticles, F) SAED pattern of

magnetite nanoparticles after being added to an anaerobic digester.

(Angelidaki et al., 2005). Siegert and Banks (2005) reported that
fermentation of glucose was inhibited at VFA concentrations above
4000 mg/L. The accumulation of VFA is thought to explain the failure of
control reactors. They presented a very low methane production (around

100 NL methane kg~! VS) being clearly affected by the inhibitory con-
ditions. No signs of recovery were observed for more than 100 days. In
contrast, the recovery of supplemented reactors was accompanied by the
reduction of total VFA, presenting a total amount lower than 80 mg/L
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Fig. 2. A) Evolution of methane production of overloaded reactors with and without iron-based NPs (NPs and NCs) at a dose of 0.27 g/L in granular sludge; B)
Volatile fatty acid (VFA) content (mg/L) after the recovery of reactors supplemented with NPs.
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(Fig. 2B). After the recovery, reactors with NPs presented a specific
methane production close to the theoretical production for a carbohy-
drate (415 NL methane kg'1VS).

The methane production profile obtained in the reactors supple-
mented with NCs is also shown in Fig. 3a. As observed, the addition of
NCs had a similar effect to that of the NPs in the recovery of methano-
genesis. Other authors pointed out differences in the effects of using the
same type of NPs and NCs in biological processes. For instance, Sun et al.
(2021) observed that both nanomaterials could intensify butyrate-type
fermentation and other positive aspects in dark fermentation, but the

A)
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enhancement effect of Fe304-rGO NCs was superior. Concerning the
recovery of the AD systems studied in this work, no significant differ-
ences were observed for time recovery or methane production. Thus, the
addition of graphene did not improve the effect of magnetite NPs con-
firming the potential use of this more simple and lower cost material.
The microbiological study confirmed these minimal differences between
NCs and NPs (see section 3.4). To author’s knowledge, the effect of NCs
on the anaerobic digestion performance has been scarcely studied and it
is interesting to have new data for further applications.

Methane production of the assay containing TMAOH (1 mM) did not
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Fig. 3. A) Evolution of methane production of overloaded reactors with and without NPs at different doses in flocculent sludge; B) Volatile fatty acid (VFA) content

(mg/L) after the recovery of reactors supplemented with NPs.
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show any differences in methane production in comparison with the
control (Fig. 2A). The process did not recover over the time the test was
carried out (100 days). The effect of stabilizers used in NPs synthesis is
not usually described in works dealing with magnetite NPs and AD.
However, it has been previously reported that TMAOH could be
anaerobically degraded (Whang et al., 2014), which could imply an
increase in biogas production or also present other side effects. How-
ever, to discount other effects of TMAOH, the microbial community of
these bioreactors were also analysed and compared with other samples
as described below (section 3.4).

After 100 days of process, NPs and NCs were added to glucose
inhibited reactors (data not shown). Interestingly, when NPs and NCs
were added, anaerobic digesters recovered from failure within 40 days,
the same time observed in all previously recovered processes (Fig. 2A).
As no difference was observed between supplementing the magnetite-
based NPs at the start or during the test, the use of magnetite NPs and
NCs could have potential application as a preventative additive or
remedy following failure due to overloading.

To demonstrate the preventive effect of NPs and NCs against over-
loading, recovered reactors were newly fed with a pulse of glucose
(using the same amount initially fed, 6.5 g/L). In this case, no inhibition
was observed after the feed (Fig. 2A, New pulse). Biogas production
resumed immediately after the pulse without presenting a pronounced
lag phase. Methane content in biogas was also in an appropriate range,
around 60 %, indicating a non-inhibited process. In this sense, as pre-
viously pointed out, the presence of NPs endows the system with certain
characteristics that promote microbial activity in relation to substrate
degradation, such as increases in surface area, reactivity and the number
of active sites (Ellacuriaga et al., 2021). In particular, magnetite NPs are
postulated as accelerators of methane production, by favouring the
transfer of electrons between the species that supply the compounds
required by methanogens (Zhong et al., 2020). Thus, the effect caused by
the NPs seems to favour a more adapted and resilient microbial com-
munity composition (Lim et al., 2022), able to better withstand further
perturbations.

3.3. Recovery of overloaded batch reactors inoculated with flocculent

sludge (FS)

Fig. 3A shows methane evolution in the batch test using FS. In this
experiment different doses of NPs (from 0.075 g/L to 1 g/L) were
studied. As observed in Fig. 3B, reactors supplemented with magnetite
NPs recovered from inhibition within 30 and 50 days depending on the
dose. Significant differences were observed both in time and biogas
production depending on the dose evaluated. The highest dose (1 g/L)
showed faster recovery and higher methane production than lower
doses. In addition, as observed in Fig. 3B, the dose of 1 g/L after the
recovery showed the minimum VFA levels of all samples evaluated. The
second highest dose (0.5 g/L) was also effective at recovering the pro-
cess although more time was needed (around 40 days). VFA reduction
was also evident in comparison with control reactors with no NPs.
However, only one triplicate reactor of dose 0.25 g/L successfully
recovered the process. This replicate also showed a reduction of VFA in
Fig. 3B (25_R) whereas the others had the same amount of VFA as the
control reactors with no NPs. In fact, lower doses were not effective in
the recovery. Different results obtained using the dose of 0.25 g/L in-
dicates the threshold of applicability of this dose according to the level
of inhibition. VFA concentrations in experiments inoculated with FS
were much higher than the ones observed in experiments using GS,
where NPs concentration of 0.27 g/L was effective in the recovery of all
inhibited replicates. However, despite the high levels of total VFA found
in FS reactors (around 18000 mg/L) the system recovered when NPs
were supplemented. As previously indicated, a higher amount of glucose
was necessary to inhibit FS reactors (section 2.3). This fact may lead to a
high VFA accumulation in reactors without NPs supplementation.
Recently, Lim et al. (2022) recovered reactors with similar VFA
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concentrations via the supplementation of zero valent iron NPs. The
effective use of NPs according to the level of inhibition should be
carefully addressed to obtain a reliable dose in the recovery of the
process. Dosage adjustment has been previously pointed out as a strat-
egy to maintain the positive effects of iron NPs in semicontinuous
anaerobic digesters, where higher doses sustained positive effects for a
longer time (Barrena et al., 2021).

As observed in this work, the use of magnetite-based nanoparticles
allowed for the recovery of the process under conditions of overloading
for both GS and FS inoculants. In that sense, the study of the microbial
population structure of both inocula before and after the recovery ap-
pears interesting to know the applicability of nanomaterials as an ad-
ditive to correct and prevent process imbalances of different types of
anaerobic digesters.

3.4. Effect of process conditions on microbial community: granular sludge

The results derived from the biodiversity analysis for GS (Fig. 4)
indicate the loss of diversity in inhibited reactors compared to the
control. As observed, the microbiome associated with AD subjected to
VFA inhibition was recovered, at least partially, with the incorporation
of NPs. Specifically, the alpha diversity values obtained showed the
similarity in this respect between the control and the samples supple-
mented with NPs. Thus, the values found in the GS processes were
around 700-800, 500-600 and 4, for CHAO1, number of ASVs and
Shannon, respectively, except for the process inhibited, for which the
respective levels were 420, 294 and 2.40. These values are similar to
those described in literature in relation to the microbial community
present at the end of a batch AD (Wang et al., 2021). Slight differences
are likely due to the nature of the inoculum and the way the process is
operated (Li et al., 2020).

The results from the study of beta diversity also support the hy-
pothesis that the use of NPs in inhibited anaerobic digesters allowed a
certain degree of recovery of the microbiome, increasing the similarity
of the communities present, both qualitatively and quantitatively, with
respect to those associated with non-inhibited processes. Thus, the
values found for the Sorensen-Dice index (Fig. 4b) showed higher levels
of homology between the final microbiome of the control process and
that of the processes with NPs presence compared to the inhibited pro-
cesses. Microbial homogeneity levels were also increased in presence of
the stabilizer (TMAOH), although in in a lower extend than in presence
of/with NPs. This lower capacity of the stabilizer to return the microbial
community to the population levels of the control may explain to a large
extent the non-recovery of the process (in biogas production terms), an
aspect discussed in section 3.2. These patterns observed for the different
types of AD were repeated both in terms of species identity and relative
abundance, although the similarity values were always higher in the first
case. This may be a consequence of a redistribution of the relative
abundances of species, so that the presence of the NPs favours the
development of certain microorganisms over others that, without being
inhibited or disappearing, show a lower tolerance to the NPs, as sug-
gested by Eduok et al. (2017).

The analysis performed on the most dominant microbial community
members (relative abundance greater than 1 % in at least one of the
processes) showed similar conclusions (Fig. 5A) to those described for
the entire microbiome (Fig. 4). Thus, the inhibited process was clearly
differentiated from the others, all of them grouped in the same cluster,
which confirms the recovery action of the NPs. Comparing the relative
abundances of the dominant ASVs present in each of the processes, it can
be observed how the high addition of glucose decreased both the relative
proportion and diversity of methanogens, and intensely enhanced the
abundance of representatives of the genus Clostridium, especially
C. butyricum, which reached almost 45 % of the total population.
Members of the phylum Firmicutes, practically absent in the control
process, were also detected in the processes with the presence of NPs,
although the relative abundances found did not exceed 5 % in any case.
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Fig. 4. Diversity indexes found for the different anaerobic digestions analysed; A) Alpha diversity: Chaol, number of ASVs and Shannon; B) Beta diversity: Sorensen-
Dice (the qualitative index is shown in the upper diagonal and the quantitative index in the lower diagonal).

Although a specific taxonomic affiliation could not be obtained for
several of them, their evolutionary relationships place them in the
clostridia group. Many clostridia are characterized as syntrophic acetate
oxidizers (Westerholm et al., 2019), capable of providing Hz and CO3 to
the hydrogenotrophic methanogens (Werner et al., 2014). This is
consistent with the redistribution observed in the methanogenic com-
munity (Fig. 5A-B), where the dominance of Methanothrix soehngenii in
the control process, a species widely recognized as an acetoclastic
methanogen, was replaced in the NPs-bearing processes by that of
Methanobacterium beijingense, which produces methane from Hy. The
explanation for this effect seems to be related to the ability of some
species of Methanobacterium to accept electrons directly, an activity
recently associated with species of this genus (Zheng et al., 2020), and
the stimulus that NPs generates on this ability because of its conductive
capability (Vu et al., 2020). This stimulating effect has been observed
even in processes with high OLR, as in the present case (Zhao et al.,
2017). On the other hand, and although studies in this sense are scarce,
it is also necessary to consider the possibility that NPs with conductive
behaviour directly affect the activity of methanogenic species, without
the intervention of other species (Salvador et al., 2017).

The ability of NPs to partially recover the AD process can be
appreciated more directly by studying the entire methanogenic com-
munity (Fig. 5B-C), since this is the community most sensitive to the
occurrence of disruptive events such as substrate inhibition and VFA
accumulation (De Vrieze et al., 2015). It can be seen how the abundance
of species belonging to the methanogenic community partially recov-
ered from the drop experienced in the presence of glucose because of the

incorporation of NPs. This recovery was especially remarkable in the
case of NCs, not only in terms of the percentage of methanogens with
respect to the total population, but also in terms of the similarity of both
communities, since it was the only case in which the quantitative ho-
mology exceeded 50 %, as indicated by the Sorensen-Dice index values
(Fig. 5C). In addition to its contribution as an additional conductive
material, graphene has been reported to be able to recover processes
with high VFA production, characterized by the generation of exces-
sively acidic pH values, not suitable for methanogenic communities (Wu
et al., 2020).

On the other hand, the analysis of the entire methanogenic com-
munity also explains the lower recovery shown by the process that
incorporated the stabilizing agent. In this case, and although the ho-
mology with respect to the control process was high (above 87 %) at the
level of taxonomic affiliation of the ASVs present, the quantitative dis-
tributions of such ASVs in both cases led to a decrease in the observed
similarity to values below 43 %. On the contrary, the degree of quan-
titative homology with respect to the process supplemented with glucose
reached a level close to 81 %. In both processes, the dominant metha-
nogens were Methanobacterium beijingense and M. petrolearium, species
that have been reported to be unable to utilize methyl (Ma et al., 2005),
or to do so without parallel methane production detected (Mori and
Harayama, 2011).
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Fig. 5. Analysis of the prokaryotic populations associated with the different anaerobic digestion processes carried out; A) Evolutionary relationships between the
species present with relative abundance levels above 1 % in at least one of the processes, relative abundances associated with each of them and dendrogram showing
the grouping of the different digestions according to this dominant microbiota; B) Structure of the different methanogenic communities. The legend shows in brown
the species associated to the processes with GS, in blue those associated to the processes with FS and in gray the shared ones. Those with relative abundances greater
than 1 % are highlighted in bold; C) Sorensen-Dice index for the methanogenic communities Diversity indexes found for the different anaerobic digestions analysed;
A) Alpha diversity: Chaol, number of ASVs and Shannon; B) Beta diversity: Sorensen-Dice (the qualitative index is shown in the upper diagonal and the quantitative
index in the lower diagonal). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.5. Effect of process conditions on microbial community: Flocculent

sludge

Inoculum type has been pointed out in numerous studies as the most
influential factor for the microbiota of AD processes, even above others
such as the inoculum origin or the operating system. Although in the
long-term the composition of the microbial community tends to
converge (Peces et al., 2018), except for the methanogenic community
(Wojcieszak et al., 2017). The results presented herein support the
importance that the inoculum has on the composition of the microbial
community associated with AD. This is shown by the Sorensen beta di-
versity index (Fig. 4), for which the values found between processes
inoculated with GS and FS did not exceed 15 % and 6 % in any case, in
qualitative and quantitative terms, respectively. The microbiome asso-
ciated with the FS process was characterized by a greater diversity in
terms of the number of phyla detected, with the presence of represen-
tatives assigned to Proteobacteria, Bacteroidetes and Chloroflexi, barely
significant in the case of the GS. According to the literature, these phyla
appear to be common in processes seeded with FS (Ribera-Pi et al.,
2020). For example, Ottowia pentelensis, the major proteobacterium in all
three processes, is recognized for its ability to form flocs, which gives it a
prominent role in this type of sludge. Moreover, its hydrolytic activity
(Feng et al., 2016) allows it to participate in the first stage of the AD
process. Petrimonas sulfuriphila is also considered a hydrolytic species,
with production of acetic acid, H, and CO,. This bacterium of the
phylum Bacteroidetes has been detected in relatively high abundance in
an AD process amended with magnetite (Ziganshina et al., 2021), as in
the present case. Among the representatives of the phylum Chloroflexi,
Levilinea saccharolytica was the most prominent species. This bacterium
seems to have a prominent role in the acidogenic stage of

methanogenesis (Sposob et al., 2021), during which it generates Hy in
addition to acetic and lactic acid. This favours the action of both ace-
togenic and hydrogenotrophic methanogens, as in the case of the process
with NPs.

Differences were also manifested in relation to the phylum Firmi-
cutes, important in both types of processes, with dominance of ASVs
belonging to the Clostridia group. However, in the GS process most of
the ASVs were identified as members of the genus Clostridium, contrary
to the FS process. In FS process without NPs the dominant species was
Sedimentibacter hydroxybenzoicus. By comparison, in the FS process with
NPs, dominant species were Calaromator australicus and, to a greater
extent, Caldalkalibacillus thermarum, assigned to the phylum Bacilli.
S. hydroxybenzoicus is associated with the production of acids, especially
acetic acid (Klang et al., 2019), which supports the fundamentally ace-
toclastic behaviour of the control process. C. thermarum and
C. australicus, both thermophilic species, have been previously found in
AD systems, the former being able to degrade carbohydrates and VFA
(Yan et al., 2020), and the latter, detected in Hp-producing environ-
ments, producing acetic acid and ethanol (Mohd Yasin et al., 2011).

When the methanogenic community was considered exclusively, the
similarity between processes seeded with different inocula increased
slightly, with maximum levels of 48 % and 18 %, respectively (Fig. 5c).
However, the response caused by the incorporation of NPs to the
inhibited process, concerning the recovery of biogas production capac-
ity, was similar to that described in the case of GS. On this occasion, the
recovery seems to be a consequence of the reestablishment of part of the
methanogenic species, since it went from 21 % of similarity between the
inoculum and the inhibited process, to 51 % detected between the
inoculum and the process with added NPs. In fact, the methanogenic
community in the inhibited process was practically non-existent,
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accounting for<1 % of the total community. Methanothrix soehngenii, at of the inoculum. After the exposure to nanomaterials, the results were
0.32 % relative abundance, was the most abundant methanogenic spe- also different. Specifically, the results obtained in relation to the
cies. It was also dominant in the other two processes, but the quantified composition of the different microbial communities were studied by
relative abundance was 3.34 % and 1.30 % for the control process and applying SIMPER and Indicator Species analyses, which report the
with NPs, respectively. These results apparently differ from those dis- percentage contribution of each species to the level of dissimilarity be-
cussed in the case of GS process, where the presence of NPs changed the tween processes and the identity of the most significant species in each
nature of the methanogenic population from being mostly acetoclastic to case, respectively. As indicated by the values of the beta diversity
being dominated by a hydrogenotrophic species. However, it should be indices, the most marked differences in the microbiome were ascribed to
mentioned that the second most abundant species in the methanogenic the type of inoculum (Fig. 6). The number of species significantly
community of the FS process recovered with NPs was Methanoculleus highlighted in terms of type of inoculum was clearly higher than that
submarinus, a hydrogenotroph (Mikucki et al., 2003), not detected in the detected in the case of the presence of NPs and the recovery effect. In the
control process. The presence of L. saccharolytica and, especially, GS process, the statistically dominant microbiota was mostly related to
P. sulfuriphila in the NPs process, two Hjy-producing bacteria, could methanogenic species as well as representatives of the genus Clostridium,
explain the detection of this methanogen. The low growth rate of the while inoculation with FS resulted in a much more diverse community in
methanogenic community could explain the long recovery times terms of the taxonomic affiliation of the significant species. Particularly
observed in both batch experiments. striking is the non-significance of methanogenic species in the FS pro-

cess, something already described by other authors, who associate this
fact to the concurrence of better conditions for this prokaryotic group in
GS (Winkler et al., 2012).

The presence of NPs as a differentiating criterion led to the identi-
fication of only one species as significant, Lutispora thermophila. This
representative of the phylum Firmicutes only appeared at prominent
levels in the samples in which NPs were incorporated. This is a species
mostly related to amino acid fermentation (Venkiteshwaran et al.,
2017), which may point to a possible influence of magnetite NPs on the

3.6. Comparative analysis of the microbial community as a function of
the factors under study: SIMPER and Indicator species analyses

Both microbial communities for FS and GS processes were studied in
detail. The study involved the initial microbial communities and their
evolution following exposure to the nanomaterials. Differences were
found between the community at the start and end of the processes. In
the case of the initial microbial communities, this was due to the source
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presence of these compounds, as it has already been reported (Li et al.,
2019). This same species was also the only one significantly differenti-
ated in the processes operated to recover methanogenic activity, while
Metanothrix soehngenii was significantly differentiated in the control
processes. In the case of the processes inhibited with glucose, three
representatives of the Clostridia group stood out statistically with
respect to the rest of the species, which is common in processes over-
loaded with this sugar (Li et al., 2015).

Most of the species cited were those indicated by the SIMPER anal-
ysis as the main contributors to the existing dissimilarities between
processes grouped according to the aforementioned criteria (Fig. 6).
Thus, Methanobacterium beijingense and Clostridium butyricum were
shown to be determinant in differentiating processes, regardless of the
criteria adopted. Moreover, Cluster 1165, evolutionarily close to the
Clostridia group, Petrimonas sulfuriphila and Ottowia pentelensis, and
Methanothrix soehngenii were for NPs, type of inoculum, and recovery
effects, respectively.

4. Conclusions

Anaerobic digestion supplemented with magnetite-based NPs could
be an effective strategy to operate at high OLR improving the stability of
the AD. NPs addition shows the ability to recover the microbiome
associated with AD subjected to VFA inhibition, especially the reestab-
lishment of the methanogenic communities but also changing the
dominance favouring hydrogenotrophic species (Methanobacterium bei-
jingense). Species related to amino acid fermentation (Lutispora thermo-
phila) appear as the most differentiating criteria related to NPs presence,
regardless the starting inoculum. Further experiments in continuous
conditions should be addressed to gain knowledge about both effective
operational use of NPs and economics of the process.
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