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of volatile fatty acids to methane†
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and Meng Dai

The objective of this work was to evaluate whether paddy soil enrichments obtained in the presence of

magnetite and propionate (named SEM) can accelerate methane production from mixed VFAs. To do

this, the SEM were firstly obtained via a semi-continuous subculture. The results showed that the

addition of magnetite not only promoted the maximum production rate, but also reduced the methane

production time in a dose-independent manner. The observation that Fe(III)-reducing Thauera was the

dominant bacteria, combined with the observation that the methane production and Fe(II) formation

proceeded in parallel, suggested that magnetite acted as an electron acceptor, may accelerate rapid

oxidation of propionate and facilitated the establishment of a syntrophic interaction of Thauera with

Methanobacterium. The SEM gave a methane yield and production rate that were on average 2.7-fold

and 3.4-fold higher, respectively than those in paddy soil enrichments obtained in the absence of

magnetite in conversion of the mixed VFAs to methane. The findings indicated the remarkable

application potential of the SEM for improving methane production performance of the mixed VFAs.
1. Introduction

Volatile fatty acids (VFAs) (e.g. propionate, butyrate, valerate
and caproate) are intermediates in the conversion of organic
matter to methane.1,2 Previous reports showed that a slow
degradation rate occurred in the complete conversion of VFAs to
methane,3–5 resulting in a low methane production rate during
the methanogenic process. In addressing this problem,
designing effective strategies is imperative to accelerate the
conversion of VFAs to methane in methanogenic environments,
such as in anaerobic digestion.

In syntrophic methanogenesis, the oxidation of VFAs to
methanogenic substrates (e.g. H2 and acetate) is thermodynami-
cally unfavorable and becomes favorable only when the substrates
are kept at low concentrations by the methanogens.6,7 Thus, the
methanogenic degradation of VFAs depends on a tightly syntro-
phic interaction between VFA oxidizers and methanogens. The
underlying characteristic of this interaction is an effective inter-
species electron transfer (IET).6,8 Existing evidence has shown that
magnetite nanoparticles enabled the accelerated conversion of an
individual substrate (e.g. acetate, propionate and butyrate) to
methane through promoting IET,9–12 indicating a unique role of
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magnetite in the process of methane production from VFAs. These
observations further suggested that facilitating IET via magnetite
nanoparticles might be an effective strategy to enhance the
methane production rate of the mixed VFAs.

Although paddy soil enrichments obtained via the addition of
magnetite and acetate showed the potential value of accelerating
methane production from the mixed VFAs,13 the majority of the
individual VFAs (e.g. propionate and butyrate) were not efficiently
removed by this paddy soil enrichment, indicating a poor
performance in the conversion of the mixed VFAs to methane. It
has been reported that the supplementation of magnetite to
methanogenic sludge promoted fast methanogenic propionate
degradation.12,14 Intermediates (e.g. acetate and butyrate) of
propionate degradation were also detected and subsequently
depleted by the enrichment.12 These ndings led to a critical
hypothesis that paddy soil enrichments obtained in the presence
of magnetite and propionate (named SEM) could have the
capability of accelerating methane production from the mixed
VFAs produced during methanogenesis. To test this hypothesis,
SEM were rst established via a semi-continuous subculture. The
methanogenic characteristics of the SEM degrading the mixed
VFAs were subsequently investigated.
2. Materials and methods
2.1 Paddy soil sample and preparation of nano-sized
magnetite

Soil samples collected from a rice eld (Taizhou, China) were
used as inocula. The total solid (TS) content of the paddy soil
This journal is © The Royal Society of Chemistry 2016
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was 62.3% (w/w) with 4.3% of volatile solid (VS). Magnetite
nanoparticles (average 763 nm, Fig. S1†) were synthesized as
described previously by Kang et al.15 Analyses of X-ray diffrac-
tion (XRD) and Fourier transform infrared (FTIR) spectroscopy
identied the resulting product as magnetite (Fig. S2 and S3†).

2.2 Methane production

A series of batch tests were conducted at 30 �C in 60 mL
anaerobic bottles with a working volume of 20 mL, except for
tests 4 and 5 where 30 mL and 50 mL volumes in 120 mL bottles
were respectively used. Each test was carried out in triplicate,
and the bottles under a headspace of high purity N2 were
maintained stationary in an incubator. The medium (pH 7.0)
used in this work was described previously.13

In test 1, SEM were obtained via semi-continuous subcul-
tures amended with nano-sized magnetite particles. 3 g of the
soil sample was added to 20 mL of the sterile medium con-
taining 10 mM of propionate and 20 mM of magnetite as Fe
atoms. 2 mL of the enrichments was transferred into fresh
medium supplemented with 10 mM of propionate and 20 mM
magnetite when each run had the highest methane yield. Five
generations of transfers were conducted.

In tests 2–4, batch cultivation was performed using the
resulting enrichments from the h generation as an inoculum
at the concentration of 0.2 g VS per L. Test 2 was conducted to
investigate the effect of the initial propionate concentrations
(ranging from 10 to 100 mM) on methanogenesis. Test 3 was
used to examine the effect of the initial magnetite concentra-
tions (ranging from 20 to 320 mM) on methane production. In
test 4, the methanogenic pathway of SEM was determined via
the addition of methanogenic inhibitor 2-bromoethane sulfo-
nate (BES). The SEM were incubated in fresh medium con-
taining 20 mM magnetite. 100 mM of BES was added into the
medium at the initial stage of cultivation.

In test 5 for repeated batch cultivation (RBC), mixed VFAs
were used which consisted of equal mmol proportions of
acetate, propionate, butyrate, valerate and caproate. In the start-
up stage, 0.2 g VS per L of SEM from the h generation were
grown in medium with 10 mM propionate and 20 mM magne-
tite. When the produced methane reached the highest yield,
RBC was initiated. 20% (v/v) of the medium was removed and
the same proportion of freshmedium containing 250mM of the
mixed VFAs was added. Methane in the headspace of bottles
was removed with a vacuum pump and replaced with high
purity N2 before the start of the next cycle. For each cycle of
methane production, the mixed culture that had the highest
methane yield was used as the inocula for the next cycle of
cultivation. Three cycles of harvesting and feeding were
performed.

2.3 Analytical methods

H2 and CH4 were periodically analyzed using gas chromatog-
raphy (GC) according to the method described by Yang et al.16 In
brief, H2 and CH4 were determined by a gas chromatograph
(SP6890, Shandong, China) equipped with a thermal conduc-
tivity detector (TCD) and a 2 m stainless steel column lled with
This journal is © The Royal Society of Chemistry 2016
5A molecular sieves. N2 was used as the carrier gas at a ow rate
of 30 mL min�1. The temperatures at the injection port, oven
and detector were respectively 120, 50 and 100 �C. The
maximummethane production rate (Rm) and the lag-phase time
(l) were calculated according to the modied Gompertz equa-
tion.16 The methane yield was calculated by dividing cumulative
methane production with the total substrate added. TS, VS, and
individual VFAs were determined as described previously.13

VFAs were analyzed with a high performance liquid chroma-
tography (HPLC) instrument (Agilent HPLC 1200 series)
equipped with UV detection (210 nm), refractive index detection
and an Aminex HPX-87P cation exchange column (Bio-Rad
Laboratories, Hercules, CA) at the column temperature of 65
�C. 5 mM of H2SO4 was used as the mobile phase at the ow rate
of 0.6 mL min�1. The XRD spectrum was analyzed with wide
angle X-ray diffraction (Bruker D8 Advance) according to
a conventional 2q/q method. Concentrations of Fe(II) extracted
with 0.5 N HCl were determined using a ferrozine method. The
total iron consisted of Fe(II) and Fe(III) and was determined aer
the sample was reduced with 0.25 M hydroxylamine before the
extraction of 0.5 N HCl.17
2.4 DNA extraction, PCR amplication and 16S rDNA
sequencing

Samples from the h generation were used for total genomic
DNA extraction using a CTAB/SDS method. Amplicon libraries
were constructed for Illumina sequencing using bacterial
primer pairs 515f/806r for the V4 region of 16S rRNA.18 PCR,
library construction, Illumina sequencing and sequence anal-
ysis were performed as described previously.13 The sequences
were deposited to the GeneBank Sequence Read Archive with
accession no. SRR1832810.
3. Results and discussion
3.1 Paddy soil enrichments and their methanogenic
characteristics

A semi-continuous subculture was used to establish the SEM in
this work. An area-external standard method of GC was used to
calculate the methane content in all the tests in a short analysis
time (Fig. S4†). Fig. 1 shows the time course of methane
production over ve generations of subculture. No signicant
improvement in the methane yield for the SEM was observed
when compared with the corresponding paddy soil enrichments
achieved without magnetite addition (named SEC) at the end of
each generation of subculture. According to the reaction
(4CH3CH2COOH + 2H2O / 7CH4 + 5CO2), the expected
methane yield for complete conversion of propionate is 1.75
mol CH4 per mol propionate. The ultimate methane yield of an
average of 1.6 mol CH4 per mol propionate for both experi-
mental groups was lower than the expected value. Cruz Viggi
et al.12 speculated that the low methane yield was due to the
presence of alternative electron acceptors like sulfate or nitrate.
However, because nitrate and sulfate were not added to the
medium, and a long time of incubation might eliminate the
alternative electron acceptors such as sulfate, the part of
RSC Adv., 2016, 6, 25662–25668 | 25663
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Fig. 1 Profiles of methane production in the semi-continuous
enrichment subculture.
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propionate consumed may be used to maintain the cell growth.
Indeed, a signicant amount of multi-species aggregates
formed during the incubation in this work.

Fig. 1 also shows that time for conversion of propionate to
methane in the SEM was much shorter than that in the corre-
sponding SEC over each generation of subculture. Specically,
the time course in the SEM was reduced by 8.1% in generation
1, 29.4% in generation 2, 33.3% in generation 3, 46.7% in
generation 4, and 41.2% in generation 5 compared with the
corresponding SEC. As shown in Table 1, although the
maximum methane rate of the SEM was similar to that of the
SEC in the generation 1, a signicant reduction (31.9%) of the
lag-phase time in the SEM was detected when compared with
the SEC. This indicated that magnetite slightly stimulated
methanogenesis at the early stage of incubation.

In four subsequent generations of subcultures, the addition
of magnetite resulted in a signicant decrease in the lag-phase
time and a signicant increase in methane production rate. For
Table 1 Methane production rate and lag-phase time in the semi-
continuous enrichment subculture

Rm (mmol d�1) l (d)

SEC
Generation 1 0.019 17.14
Generation 2 0.012 13.52
Generation 3 0.026 7.50
Generation 4 0.020 6.46
Generation 5 0.018 14.46

SEM
Generation 1 0.018 11.67
Generation 2 0.023 6.91
Generation 3 0.042 4.34
Generation 4 0.048 4.25
Generation 5 0.032 6.35

25664 | RSC Adv., 2016, 6, 25662–25668
each generation of the subcultures, the lag-phase time for
methane production in the SEM was shorter than that in the
SEC. On one hand, the lag-phase time in the SEMwas decreased
by 48.9% for generation 2, 42.1% for generation 3, 34.2% for
generation 4, and 56.1% for generation 5 compared with the
corresponding SEC. On the other hand, the maximummethane
production rate (average 0.019 mmol d�1)was on average 93%
higher than that (average 0.036 mmol d�1) in the SEC. These
results demonstrated that magnetite nanoparticles had the
ability to accelerate methane production from propionate. In
this work, magnetite added to paddy soil resulted in a signi-
cant increase in the maximum methane production rate that
was higher than that of previous reports, which showed that the
addition of magnetite to a methanogenic sludge resulted in
a rise of up to 33% in the methane production rate from
propionate.12

To further analyze the methanogenic characteristics of the
SEM, the effects of different doses of magnetite and propionate
in regulating methanogenesis were assessed. Although
increasing the magnetite concentration resulted in a slight
extension in lag-phase time, the methane yield and production
rate were completely independent of any dose effects of the
magnetite (Table S1†). This indicated that excess amounts of
magnetite particles did not substantially improve methane
production when themagnetite concentration was >20mM. It is
worth noting that the methane production rate increased with
the increase of propionate concentration up to 20 mM, whereas
no signicant improvement in methane production rate was
obtained at propionate concentrations of >20 mM. Both the
methane yields and lag-phase time were also sensitive to the
increase of propionate concentration, showing a decreasing
trend in the methane yield as well as an extension trend in lag-
phase time (Table S2†). These results indicated that a high
concentration of propionate might lead to an inhibition of
methanogenesis. The inhibition probably resulted from the
toxicity of the undissociated form of propionic acid to the cell,
inhibiting the growth and metabolism of propionate-oxidizing
consortia.19
3.2 Intermediate metabolites

Fig. 2 shows that acetate and n-butyrate were the main inter-
mediates with a trace amount of n-valerate and n-caproate in the
SEM and SEC. Acetate and butyrate accumulated at an early
stage of incubation in the two groups, indicating that meth-
anogenesis and the net accumulation of acetate and n-butyrate
may proceed in parallel. The produced acetate and n-butyrate
were subsequently depleted and converted to methane at the
end of the incubation in the two groups. Previous reports
showed that propionate can be rst dismutated to acetate and
butyrate aer which butyrate is oxidized to acetate via b-oxida-
tion.20 Also, some syntrophic propionate degraders can convert
propionate to acetate and CO2 via a methylmalonyl–CoA
pathway.6 The accumulated acetate and butyrate in the present
study indicated that these two pathways performed by different
microbial species could be involved in propionate degradation.
Comparative analysis further showed that the addition of
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 The time course of the production for both methane and
metabolic intermediates (a: SEM; b: SEC).

Fig. 3 Taxonomic classification of bacterial community. Genera
accounting for <1% of total composition were classified as “others”.
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magnetite accelerated the metabolism of propionate followed
by a rapid methane production. These ndings, combined with
the observations that magnetite enhanced the methane
production rate and reduced methane production time, indi-
cated the possibility that the SEM may promote the rates of the
mixed VFA conversion to methane.

To determine the probable methane production pathways,
an inhibition experiment with BES addition was carried out.
Fig. S5† shows that 0.8 mmol H2 per mol of propionate was
produced and then consumed in the SEM group. Compared
with the SEM, a signicant amount of H2 was produced aer
BES addition. These ndings indicated that methane was likely
produced from propionate via interspecies hydrogen transfer.
Interestingly, although Fe(II) concentrations over the incubation
were below 0.1 mM in both groups, results from XRD analysis
showed that magnetite in both groups was transformed into
Fe(II)3(PO4)2 at the end of cultivation (Fig. S2†). This, combined
with the observation that signicant amounts of acetate accu-
mulated in both groups (Fig. S6†), further suggested that Fe(III)
reduction and propionate degradation occurred in parallel.
According to the reaction in Table S3,† the syntrophic oxidation
of propionate to H2 and acetate is thermodynamically favorable.
However, propionate oxidation, Fe(II) formation and methane
This journal is © The Royal Society of Chemistry 2016
production simultaneously proceeded in the presence of
magnetite. This nding indicated that magnetite may act as an
electron acceptor and accelerate propionate degradation in
a similar manner to our previous report,21 which showed that
magnetite facilitated methane production from ethanol by
acting as an electron acceptor.
3.3 Structure of microbial communities

Based on the deep sequencing of 16S rRNA gene amplicons, the
bacterial diversity of paddy soil enrichment from the h
generation of subculture was dened. A small portion of
archaeal sequences were amplied, using the primer pairs tar-
geting the V4 region of 16S rRNA genes for bacteria. Results
from Fig. S7 and Table S4† show that magnetite added to paddy
soil reduced the diversity of microbial communities.

The phylogenetic classication of bacteria OTUs at the genus
level showed clear differences in communities between the SEM
and SEC (Fig. 3). Desulfovibrio, Clostridium, Cloacibacillus,
Acholeplasma, Smithella, Syntrophomonas and Dechloromonas in
the SEC accounted for 1.3%, 4%, 1.1%, 1.4%, 6%, 4.1%, and
11.9% of the total bacterial sequences, respectively, while those
of the SEM were 1%, 2.1%, 0.2%, 0.4%, 2.1%, 0.9%, and 6.9%.
Clostridium and Dechloromonas have been detected in acetate-
oxidizing environments,13,22 which, together with acetate-
oxidizing bacteria Desulfovibrio,23 might be related to the
degradation of acetate produced in this work. Cloacibacillus is
an amino-acid-degrading bacteria,24 which might degrade
proteins or amino acids from the dead cells. Acholeplasma was
detected in the methanogenesis from nonproductive coal,25 but
its role in propionate degradation is still unknown. Smithella,
Syntrophobacter and Syntrophomonas have been previously
described to be related to the oxidation of propionate and
butyrate in paddy soil.4,26 A higher abundance of Diaphorobacter
(6%) and Treponema (6.3%) were observed in the SEM compared
with the SEC (4.6% and 1.1%). Diaphorobacter is described as
nitrate reducing bacteria.27 Its role in propionate degradation is
RSC Adv., 2016, 6, 25662–25668 | 25665
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Fig. 4 The time course of methane production during RBC.
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still unknown. Treponemamay be associated with the reduction
of ferric iron oxides, which has also been observed in iron-
reducing environments.28

It is noteworthy that the considerable enrichment of Thauera
(60%) in the SEM was observed compared with the SEC (12.9%),
indicating its important role in the conversion of propionate to
methane. Thauera was also identied during the syntrophic
oxidation of acetate and ethanol in paddy soil,13,21 and has been
described for its ability to reduce Fe(III) oxides using acetate and
ethanol as electric donors under anaerobic conditions.13,21,29

Thus, a high proportion of Thauera species identied in the
SEM suggested that it was most closely related to reduction of
Fe(III) in magnetite. Additionally, 16S rRNA-based Illumina
sequencing of the archaeal community in the SEM revealed that
Methanobacterium (11%) was the major dominant species,
which utilizes H2 and CO2 to produce methane.21 These nd-
ings, combined with the nding showing that the degradation
of propionate was concomitant with H2 production and Fe(II)
formation, indicated that magnetite acted as an electron
acceptor and may accelerate the rapid oxidation of propionate
by the Fe(III)-reducing Thauera species in the SEM and facilitate
the establishment of a syntrophic interaction of Thauera with
Methanobacterium in a similar manner to ethanol degradation.21

Our nding showed a clear difference to previous reports, which
showed that magnetite can act as a conduit of electrons to
facilitate methane production in paddy soil with a signicant
enrichment in Geobacter and Methanosarcina9,11 and can accel-
erate methanogenesis from propionate by a methanogenic
sludge.12 This difference could be ascribed to the difference in
the microbial community structure between the previous nd-
ings and this work. Thus, the ndings from this work demon-
strated that direct IET might not substantially contribute to
accelerated methane production.
3.4 Degradation of the mixed VFAs

The methane production performance of the articial medium
was investigated. The proles of methane production during
RBC are shown in Fig. 4. The data for methane production rate
and acid removal are presented in Table 2. As shown in Fig. 4
and Table 2, increasing the cycle time led to a signicant
decrease in the methane yield and production rate in the SEC.
The methane yield and production rate in cycle 3 were 57% and
60% lower than in cycle 1. However, the methane yield and
production rate in the SEM showed a signicant increase with
increasing cycle time. Firstly, the methane yield in cycle 3 was
55% higher than in cycle 1. Secondly, the methane production
rate in the cycle 1 was 0.119 mmol d�1, which was 84% lower
than in cycle 3.

Table 2 also showed that the methane production rate
(average 0.16 mmol d�1) in the SEM was on average 3.6-fold
higher than that (average 0.044 mmol d�1) in the SEC during
RBC. The methane yield in the SEM was also higher than that in
the corresponding SEC at each cycle of cultivation. These results
indicated that the SEM can accelerate methane production from
the mixed VFAs. When compared with previous paddy soil
enrichments obtained in the presence of magnetite and
25666 | RSC Adv., 2016, 6, 25662–25668
acetate,13 the methane yield and production rate obtained in the
SEM were respectively enhanced by 60% and 26% aer two
cycles of transfer. This further demonstrated that the SEM may
act as a potential candidate for the rapid conversion of the
mixed VFAs to methane. Further research is underway to test
the potential of SEM to enhance the methane production
performance of anaerobic digestion.

To explore why the methane production performance from
the mixed VFAs in the SEM was signicantly different from that
in the SEC, the degradation of the individual VFAs was further
analyzed. As shown in Fig. S8,† n-butyrate, n-valerate, and n-
caproate in the SEM showed a rapid degradation rate when
compared with the SEC. Table 2 also shows that n-butyrate and
n-caproate were nearly completely removed at the end of each
feeding cycle in the SEM when compared with the SEC. The
rapid degradation of these long-chain VFAs might also occur in
a similar manner to the propionate degradation in the presence
of magnetite as discussed in the preceding section. These
ndings indicated the potential excellent performance of SEM
in the degradation of long-chain VFAs. However, although
propionate was degraded in the SEM, compared with the SEC at
the end stage of incubation (Fig. S8†), considerable amounts of
acetate and propionate were accumulated in both the SEM and
SEC at each cycle (Fig. S8† and Table 2). Comparative analysis
showed that the accumulated acetate and propionate were
produced from the degradation of n-butyrate, n-valerate and n-
caproate according to the reactions listed in Table S3.† The
accumulated acetate might interfere with propionate degrada-
tion. A previous report showed that the inhibition of propionate
degradation by acetate occurred when the acetate concentration
was over 23 mM.30 Thus, the low propionate degradation effi-
ciency may be attributed to the accumulation of acetate in this
work.

The results presented here showed that the SEM can rapidly
convert the mixed VFAs to methane, indicating the remarkable
application potential in enhancing the methane production
rate of VFAs.
This journal is © The Royal Society of Chemistry 2016
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Table 2 Comparison of methane production rate and fatty acid degradation during RBC

Rm (mmol d�1) Acetate (mM) Propionate (mM) n-Butyrate (mM) n-Caproate (mM)

SEC
Cycle l 0.075 27.56 � 1.10 16.15 � 0.31 2.00 � 0.27 2.41 � 0.26
Cycle 2 0.028 38.29 � 0.73 24.17 � 0.10 11.64 � 1.00 13.02 � 1.38
Cycle 3 0.030 38.05 � 2.48 30.31 � 0.21 17.27 � 0.82 15.43 � 0.60

SEM
Cycle 1 0.119 31.95 � 1.95 11.67 � 1.04 0.18 � 0.09 0.17 � 0.09
Cycle 2 0.140 49.15 � 2.56 22.92 � 0.83 2.09 � 0.55 2.07 � 0.43
Cycle 3 0.219 22.80 � 10.73 37.5 � 0.42 0.09 � 0.03 0.78 � 0.17
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4. Conclusions

Magnetite nanoparticles added to paddy soil promoted methane
production from propionate in a dose-independent manner
concomitant with a specic enrichment of an Fe(III)-reducing
Thauera species. Results from inhibition experiments and DNA
sequencing analysis showed that magnetite acted as an electron
acceptor, may accelerate the rapid oxidation of propionate and
facilitated the establishment of a syntrophic interaction of
Thauera with Methanobacterium. Although the high concentra-
tions of propionate and acetate have an adverse effect onmethane
production, SEM enabled a rapid conversion of the mixed VFAs to
methane, demonstrating the practical application potential in
enhancing the methane production performance of VFAs.

Abbreviations
VFAs
This jour
Volatile fatty acids

IET
 Interspecies electron transfer

SEM
 Paddy soil enrichments obtained in the presence of

magnetite and propionate

TS
 Total solid

SEC
 Paddy soil enrichments achieved without magnetite

addition

RBC
 Repeated batch cultivation

XRD
 X-ray diffraction

FTIR
 Fourier transform infrared

TCD
 Thermal conductivity detector

HPLC
 High performance liquid chromatography
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