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a b s t r a c t

A considerable amount of leachate with high fulvic acid (FA) content is generated during the municipal
solid waste (MSW) incineration process. This incineration leachate is usually processed by downstream
bio-methanogenic treatment. However, few studies have examined the impact that these compounds
have on methanogenesis and how they are degraded and transformed during the treatment process. In
this study, a laboratory-scale expanded granular sludge bed (EGSB) reactor was operated with MSW
incineration leachate containing various concentrations of FA (1500 mg/L to 8000 mg/L) provided as the
influent. We found that FA degradation rates decreased from 86% to 72% when FA concentrations in the
reactor were increased, and that molecular size, level of humification and aromatization of the residual
FA macromolecules all increased after bio-methanogenic treatment. Increasing FA influent concentra-
tions also inhibited growth of hydrogenotrophic methanogens from the genus Methanobacterium and
syntrophic bacteria from the genus Syntrophomonas, which resulted in a decrease in methane production
and a concomitant increase in CO2 content in the biogas. Sequences most similar to species from the
genus Anaerolinea went up as FA concentrations increased. Bacteria from this genus are capable of
extracellular electron transfer and may be using FA as an electron acceptor for growth or as a shuttle for
syntrophic exchange with other microorganisms in the reactor. In order to determine whether FA could
serve as an electron shuttle to promote syntrophy in an anaerobic digester, co-cultures of Geobacter
metallireducens and G. sulfurreducens were grown in the presence of FA from raw leachate or from re-
sidual bioreactor effluent. While raw FA stimulated electron transfer between these two bacteria, re-
sidual FA did not have any electron shuttling abilities, indicating that FA underwent a significant
transformation during the bio-methanogenic treatment process. These results are significant and should
be taken into consideration when optimizing anaerobic bioreactors used to treat MSW incineration
leachate high in FA content.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

With economic development and significant increases in
ion of Ningdong Energy and
population densities worldwide, the amount of municipal solid
waste (MSW) being generated around the world has reached epic
proportions. In fact, it has been estimated that about 1.3 billion tons
of MSW are currently being generated per year, and that by 2025
this will likely increase to 2.2 billion tons per year (Hoornweg and
Bhada-Tata, 2012). Therefore, it does not seem too surprising that
methods designed to reduce the volume of MSW are in high de-
mand. Incineration followed by bio-methanogenic treatment is one
method that shows promise, with the dual advantage of reducing
volume while producing energy at the same time (Chou et al.,
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2009).
Prior to incineration, fresh MSW is stored in bunkers for several

days, where a considerable amount of leachate can be generated. In
fact, it is estimated that one ton of MSW will produce 0.2 m3 of
leachate which means that 1.3 billion tons of MSW will produce
260 million m3 of leachate (Ozkaya, 2005). The leachate contains
humic substances which are complex heterogeneous organic
compounds formed during the decay and transformation of organic
matter (Schmidt et al., 2011). Humic substances are resistant to
biodegradation and can react physically and chemically with many
pollutants and increase their negative impact on the environment.
For example, they can form complexes with metals that can influ-
ence their speciation and toxicity (Christensen et al., 1996), they can
enhance the solubility of hydrophobic pollutants such as phthalates
and polycyclic aromatic hydrocarbons (Chiou et al., 1986; Marttinen
et al., 2003), and they can react with chlorine to form harmful by-
products like trihalomethanes and haloacetic acids (Singer, 1999).

In addition to their ability to interact with pollutants, humic
substances can also shuttle electrons between bacteria and extra-
cellular electron acceptors (Scott et al., 1998) or between syntrophic
bacteria in a process referred to as direct interspecies electron
transfer (DIET) (Liu et al., 2012; Lovley et al., 1999; Smith et al.,
2015b). This shuttling ability can also significantly influence car-
bon and electron flow within microbial ecosystems, particularly in
environments where methanogenesis is the terminal electron
accepting process. While studies have shown that humic sub-
stances can enhance syntrophy between certain bacteria where
metals or nitrate serve as the terminal electron acceptor, the high
mid-point potential of humic substances' redox couple does not
allow reduction of carbon dioxide to methane (Liu et al., 2012).
Studies have also shown that humic substances can inhibit hy-
drolytic enzymes involved in cellulose degradation, which is an
important rate-limiting step during anaerobic digestion of biomass
(Azman et al., 2015; Fernandes et al., 2015). Methanogens utilize
substrates (i.e. acetate, H2, CO2, formate) generated by cellulose
hydrolysis and the degradation of other complex organics to drive
methanogenesis. If these substrates are no longer available, meth-
anogenesis cannot occur and biogas production will drop signifi-
cantly (Gunaseelan, 1997).

Aquatic humic substances in leachate can be divided into two
groups (fulvic acids (FA) and humic acids) determined by their
molecular size, redox abilities, and solubility in water (Christensen
et al., 1998). The majority (>95%w/w) of humic substances found in
incineration leachate are classified as FA, which tend to have
smaller molecular weights (MW) and higher redox abilities than
humic acids (Christensen et al., 1998; Kang et al., 2002; Ritchie and
Perdue, 2003). Although FAs are significantly more abundant in
incineration leachate, most studies done thus far have focused on
the impact that humic acids can have on methanogenic systems
(Liu et al., 2015a).

Therefore, the purpose of this study was to investigate how FA
compounds can impact bio-methanogenic treatment of MSW
incineration leachate, and how these compounds are degraded and
transformed during the treatment process. We exposed a labora-
tory expanded granular sludge bed (EGSB) reactor treating incin-
eration leachate to increasing concentrations of FA. We found that
elevated FA content in the leachate decreased biogas production
rates and organics degradation efficiencies, and changed the mi-
crobial community in the bioreactor. We also found that the
structure of FA changed significantly during bio-methanation and
that while FA molecules extracted from raw leachate could serve as
electron shuttles between bacteria, macromolecules extracted from
digester effluent lacked all shuttling abilities. These results should
help with future attempts to optimize anaerobic digesters treating
MSW incineration leachate.
2. Materials and methods

2.1. Bioreactor influent composition

The fresh leachate used as the feedstock in this study was ob-
tained from an MSW-to-energy incineration plant in Beijing, China.
The characteristics of the leachate are shown in Supplementary
Table S1. Raw leachate diluted with tap water to desired concen-
trations (COD values ranging from 4000 mg/L to 17,000 mg/L) was
provided as influent for the bioreactors.
2.2. Laboratory-scale EGSB reactor treatment of fresh leachate

A laboratory-scale EGSB reactor was operated to treat inciner-
ation leachate amended with FA. Anaerobic granular sludge with a
volatile suspended solids (VSS) to total suspended solids (TSS)
ratio of 0.72 was obtained from a full-scale up-flow anaerobic
sludge bed (UASB) reactor treating wastewater collected from a
brewery in Henan, China and provided as an inoculum at a con-
centration of 6.6 g VSS/L. The reactor, schematically shown in our
previous study (Dang et al., 2013) had a working volume of 2.0 L
and was stably operated at 33 ± 1 �C throughout the study.
Internal recirculation was applied and the liquid up-flow velocity
was maintained at 2.0 m/h. Hydraulic retention time (HRT) was
kept at 2.0 d, and the sludge retention time (SRT) was between
28 d and 39 d.

During the start-up period (first 118 days), leachate provided as
the influent was stepwise increased from a COD concentration of
~4000mg/L to ~17,000 mg/L. Once the bioreactor had acclimated to
a COD concentration of 17,000 mg/L, the experimental stage (days
119e222) was started and various concentrations of FA (stepwise
from 1500 mg/L to 8000 mg/L) extracted from raw leachate was
added to the influent. FA concentrations in the influent were
monitored at each step until the end of the experiment to ensure
that influent FA was stable and that desired concentrations
were added to the bioreactors. Throughout the experiment,
COD (~17,000 mg/L), free ammonia (23e32 mg/L) and calcium
(800e1500 mg/L) concentrations were far below loads that
inhibited activity in previous studies (Dang et al., 2014; Liu et al.,
2015b; Ye et al., 2011).
2.3. Analysis of fulvic acids

FA were extracted from raw and treated leachate with methods
previously described (He et al., 2006). The molecular weight (MW)
distribution of FA was analyzed by high performance liquid chro-
matography (HPLC, Lumtech, Germany) with a refractive index
detector (RID), and a PL aquagel-OH column (300 mm � 7.5 mm,
Waters, USA) at 30 �C. De-ionized water was used as the mobile
phase with a flow rate of 1.0 mL/min, and polyethylene glycols with
MW of 2,000, 4,000, 10,000 and 20,000 Da (PEG, Merck, Germany)
were used as standards.

FA elemental composition was determined with an Element
Analyzer (EA1110-FISONS). UVevisible absorption spectra were
recorded on a Thermo Evolution300 spectrophotometer (Thermo,
USA), and infrared spectra were recorded with KBr pellets (100 mg
KBr þ 1 mg samples) on a Bruker Vertex 70/80 Fourier transform
infrared spectroscopy (FTIR) spectrometer (Bruker, Germany). For
nuclear magnetic resonance (NMR) spectra, solutions were pre-
pared by dissolving 10 mg of each FA sample in 0.5 mL of 1.0 N
NaOD (in D2O). 1H NMR spectra were recorded at 400 MHz on a
Bruker AV III NMR spectrometer (Bruker, Germany). 13C NMR
spectra were also attempted, but failed due to the complex struc-
ture of FA analyzed in this study.
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2.4. High-throughput sequencing

Sludge samples were collected from the EGSB reactor at the end
of each step; day 118 (1500 mg/L FA), day 162 (4000 mg/L FA) and
day 218 (8000 mg/L FA). A sludge sample collected during the re-
covery period of the EGSB reactor was also analyzed. The E.Z.N.A.
Soil DNA Kit (OMEGA, USA) was used to extract total DNA.

The V4 region of the 16S rRNA gene was amplified by the po-
lymerase chain reaction (PCR) with the primer set (515F/806R)
(Peiffer et al., 2013). PCR reactions (20 mL final volume) were carried
out in triplicate and consisted of ~0.5 ng template DNA, 200 nM of
each primer, 250 nM dNTP, and 1 � fastPfu buffer (Takara, Dalian,
China). High-throughput sequencing was done on an Illumina
Hiseq 2000 platform (Illumia, San Diego, USA) by Novogene
Biotechnology Co., Ltd. (Beijing, China), and yielded more than
11,300 sequences for each sample with an average read length of
250.4 base pairs. Sequences were placed into various operational
taxonomic units (OTUs) with Pyrosequencing Pipeline software
(https://pyro.cme.msu.edu). Raw sequence files have been sub-
mitted to the NCBI Sequence Read Archive (SRA) database under
accession no. SRR2880885e2880889.

2.5. Co-cultures of G. metallireducens and G. sulfurreducens

Co-cultures of Geobacter metallireducens (strain GS-15) and
G. sulfurreducens (strain PCA) were obtained from Derek Lovley's
laboratory at the University of Massachusetts Amherst. Cultures
were grown under an N2:CO2 atmosphere (80:20, v/v) at 30 �C, as
previously described (Coppi et al., 2001; Smith et al., 2015b;
Summers et al., 2010) in freshwater medium with 13 mM ethanol
provided as the electron donor and 40 mM fumarate provided as
the electron acceptor. Cysteine and DL vitamins were omitted from
the medium to rule out the possibility that these compounds might
act as electron shuttles (Smith et al., 2015b). FA extracted from the
influent or effluent were added to defined co-cultures at a final
concentration of 0.2 g/L. Control co-cultures were also grown in the
presence of 0.2 g/L anthraquinone-2,6-disulfonate (AQDS).

2.6. Analytical methods

COD, biochemical oxygen demand (BOD), alkalinity and NH4
þ-N

were determined by standard methods (Apha, 2005), pH was
measured with a Hach sensIONþpH3® pHmeter (Hach, USA), and a
TOC/TN analyzer (multi N/C 3000, Analytik Jena AG, Germany) was
used to measure the TOC of leachate samples. Biogas volume was
recorded with a gas container connected to a gas meter (FMA4000;
Omega; USA), and methane and carbon dioxide concentrations
were determined by gas chromatography (thermal conductivity
detector, TCD) (Agilent, USA). Organic acids were monitored by
HPLC analysis (Nevin et al., 2008), and ethanol concentrations were
monitored with gas chromatography as previously described
(Morita et al., 2011).

3. Results and discussion

3.1. Impact of fulvic acids on treatment efficiency of the EGSB
reactor

The performance of the EGSB reactor during the entire period of
operation is shown in Fig. 1. During the start-up period (Stage I:
Acclimation), the volume of leachate in the influent was gradually
increased until day 51 when the COD was ~17,000 mg/L (BOD5
~11,000 mg/L) and concentrations of NH4

þ-N and FAwere ~300 mg/
L and 1500 mg/L, respectively. The COD removal efficiency was
largely maintained at >96%, total volatile fatty acids in the effluent
were <13 mmol/L, and alkalinity in the reactor gradually increased
to 8000 mg/L (CaCO3 calculated), suggesting that the acclimation
period was successful (Ahring et al., 1995). Biogas production
gradually increased from 0.33 L (standard temperature and atmo-
spheric pressure, STP)/d to 5.69 L (STP)/d and methane content
increased from 50.10% to 78.52%.

During Stage II (FA degradation; days 119e222), COD influent
concentrations were maintained at 16,000e19,000 mg/L, and
concentrations of FA extracted from raw leachate were gradually
increased from 1500 mg/L to 8000 mg/L. When FA concentrations
in the influent were below 3000 mg/L, COD removal efficiencies
were >94%, however, COD removal efficiencies gradually decreased
to 81% when FA concentrations were increased to 4000 mg/L and
8000 mg/L. Total biogas and methane production were similar to
what was observed in the start-up period during the first 25 days of
Stage II when FA concentrations were ~3000 mg/L; total biogas was
ca. 5.31 L (STP)/d, methane content was ~72%. When FA concen-
trations were increased from 4000 mg/L to 8000 mg/L, total biogas
production increased slightly to 6.40 L (STP)/d, however, methane
content went down to ~60% while CO2 content increased from ca.
24%e35%. It is likely that the slight increase in CO2 production
resulted from higher COD concentrations associated with
increasing influent FA (Sobotka et al., 1983). However, it is also
possible that some of the increased CO2 resulted from inhibition of
CO2 reduction to methane by FA. Acetate concentrations increased
from ~11 mM to ~15 mM and the removal efficiencies of complex
organic matter other than FA decreased from 97% to 92% during this
period. This may be explained by increased acetogenic activity and
decreased activity by cellulolytic bacteria.

Although conversion of organic compounds to methane seemed
to be slightly inhibited during this period, total volatile fatty acids in
the effluent stayed lower than 22 mM and bioreactor alkalinity
remained >11,000 mg/L (CaCO3 calculated), indicating that the
EGSB reactor was operating favorably without any risk of acidifi-
cation according to guidelines set by Leit~ao et al. (2006). In addi-
tion, evenwhen COD concentration in the influent was increased to
3820mg/L, BOD5 concentrations in the effluent were maintained at
100e300 mg/L.

For stage III of the experiment (days 223e261, recovery phase),
FA concentrations in the influent were dropped back down to initial
levels (1500 mg/L), and the ability of EGSB reactors to recover from
exposure to high FA concentrations was investigated. After 25 days
of operation, the COD removal efficiency went up to >95%, CO2
content dropped to 21.80%, and methane content increased to
71.93%. These results demonstrate that the bio-methanogenic
treatment process could recover completely once FA content in
the bioreactor was reduced.

3.2. Degradation and transformation of fulvic acids

FA degradation efficiencies were calculated during Stage II (days
119e222) (Supplementary Fig. S1). Efficiencies dropped slightly
when FA influent concentrations were increased; ~86% at FA
influent concentrations up to 3000 mg/L compared to 72% when
influent concentrations were increased to 8000 mg/L.

The MW distribution of residual FA in the effluent also changed
when the reactor was exposed to high FA concentrations (Fig. 2).
When influent FA was increased from 1500 mg/L to 8000 mg/L, the
proportion of large molecules (MW > 20 kDa) in the effluent
increased from 54% to 68% while small molecules decreased from
31% to 14%.

These results demonstrate that the removal efficiency of large
molecules (>20 kDa) was reduced when FA concentrations in the
influent were high. It is possible that increased concentrations of FA
in the influent (a) inhibited growth of microorganisms capable of
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Fig. 1. Measurements taken during operation of the EGSB bioreactor of (a) FA, influent COD, effluent COD, COD removal efficiencies and (b) total biogas, CO2 and CH4 production.
CO2 production was only monitored during Stages II and III.

Fig. 2. Molecular weight (kDa) distributions of FA molecules present in raw leachate
and various effluents. Error bars represent standard deviations from triplicate mea-
surements. FAinf represents FA concentrations (mg/L) in bioreactor influents.
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macromolecular FA degradation, and/or (b) enhanced humification
of small andmedium sizedmolecules. It is important to understand
this phenomenon as formation of these larger macromolecules
makes further treatment of leachate more difficult.

The elemental composition of FA molecules detected in raw
leachate also differed significantly from the composition of mole-
cules found in effluents exposed to all but the highest concentra-
tion of FA (Table 1). As concentrations of FA in the influent were
increased from 1500 to 4000 mg/L, the proportion of carbon
increased ~9%, hydrogen decreased ~2-fold, oxygen decreased ~8%,
and nitrogen increased 1.6 fold. The proportions of all four of these
elements in effluents from the bioreactor exposed to 8000 mg/L FA,
on the other hand, were almost the same as those detected in raw
leachate indicating that the elemental composition of these FA
molecules did not change much after methanogenic treatment in
the presence of high FA concentrations.

In order to further evaluate the chemical structure of FA
collected from various treatments, the atomic ratio of H/C was
calculated. Samples with H/C ratios <1 tend to have a primarily
aromatic framework (Aiken et al., 1985), while those with ratios
greater than one are likely to contain structures with functional
aliphatic groups. Similar to results from elemental analyses, H/C
ratios of raw leachate and effluent from bioreactors fed 8000 mg/L
FA were both high (1.95 and 1.93 respectively). Ratios from
1500 mg/L and 4000 mg/L FA effluents, on the other hand, were
about 2.6 fold lower and appeared to be severely aromatized.

Spectroscopic measurements also indicated that the degree of
aromatization and humification increased after bio-methanogenic
treatment. The specific UV absorbance at 254 nm (SUVA254)
increased from 0.99 L/(mg$m) in raw leachate FA to 2.4, 3.7, and
3.3 L/(mg$m) in FA1500, FA4000, and FA8000 effluent samples.
These results differed from those determined with H:C calcula-
tions; aromaticity increased in all effluent samples, even those
exposed to 8000 mg/L FA. This can be explained by the fact that an
abundance of conjugated aromatic compounds in FA8000 effluent
can result in an underestimation of aromaticity determined by H:C
calculations. The UV-Vis spectral ratio E2/E3 (UVA250/UVA365)
decreased from 3.9 in raw leachate to 3.6, 3.4, and 2.95 in FA1500,
FA4000, and FA8000 effluent, which was consistent with MW
distribution results.

FTIR spectroscopic and 1H NMR studies also showed apparent
differences between FA extracted from raw leachate and effluent
samples (Supplementary Fig. S2). Similar to UV-visible spectral
and elemental analyses, FTIR spectral analysis showed that



Table 1
Proportion of carbon, hydrogen, oxygen and nitrogen, and the atomic ratio of hydrogen to carbon in FA molecules collected from various samples.

FA in raw leachate FA in eff. (FAinf ¼ 1500 mg/L) FA in eff. (FAinf ¼ 4000 mg/L) FA in eff. (FAinf ¼ 8000 mg/L)

C 44.70% 54.64% 52.94% 45.13%
H 7.26% 3.37% 3.42% 7.27%
O 43.32% 34.97% 36.00% 42.72%
N 4.72% 7.01% 7.64% 4.89%
H/C 1.95 0.74 0.78 1.93
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bio-methanogenic treatment increased aromatization of FA com-
pounds. According to 1H NMR, the number of protons onmethylene
chains (region I) was greater in all effluent samples, however, the
increasewas not as significant in the FA8000 sample as it was in the
FA1500 and FA4000 samples (Table 2 and Supplementary Fig. S3).
The number of protons in region II only increased in the FA8000
effluent sample, and protons in region III decreased in all three
effluent samples indicating that oxygen containing functional
groups (i.e. carboxyl and hydroxyl groups) were being degraded
even in the presence of high FA concentrations. The number of
protons from region IV was lower than raw leachate in both the
FA1500 and FA4000 samples, but was higher in the FA8000 sample.
These results indicate that aromatic side groups were only
degraded at low FA concentrations and that additional aromatic
side groups were formed during the bio-methanogenic treatment
process when FA concentrations in the influent were 8000 mg/L.
3.3. Effect of fulvic acids on microbial communities associated with
bioreactor granules

Analysis of 16S rRNA gene sequences showed that as FA con-
centrations were increased in the influent, the proportion of bac-
teria from the phylum Chloroflexi (primarily species from the family
Anaerolinaceae) increased significantly (Fig. 3A), but dropped back
down during the recovery period. The majority of archaeal se-
quences from all four conditions were methanogenic (82e99% of
the sequences).

Firmicutes and methanogenic archaeal sequences decreased
with increasing FA concentrations, however, while Firmicutes se-
quences stayed proportionately low during recovery, methanogens
rebounded. These results are consistent with the finding that Fir-
micutes are key players in degradation of complex organic matter
(Dang et al., 2013; Schwarz, 2001), which is inhibited by humic
substances. This drop in methanogenic archaea is also consistent
with a decrease in methane production by the digester.

The majority of methanogenic sequences clustered with the
hydrogenotrophic genus Methanobacterium and the acetoclastic
genus Methanosaeta. Proportions of these genera changed with
exposure to increasing concentrations of FA; Methanobacterium
accounted for 38% of the sequences at low concentrations of FA
compared to 17% in FA8000 effluents (Fig. 3B). These results suggest
that FA inhibited growth of methanogenic archaea in the bio-
reactors, particularly those using hydrogen as an electron donor for
Table 2
Relative contributions of 1H chemical shift regions according to 1H NMR spectral analysi

Chemical shift region
d (ppm)

Assignment Relative

FA in raw
leachate

I (0.4e1.7) Terminal CH3, and CH2, CH of methylene chains, etc. 20.67%
II (1.7e3.0) CH3, and CH2, CH proton a to aromatic or carboxyl

groups, etc.
21.89%

III (3.0e4.5) Protons on carbon a to oxygen, carbohydrates, etc. 51.61%
IV (6.0e8.0) Aromatic protons (including quinone, phenol, etc.) 5.84%
growth. This might result from inhibition of microbial enzymes
involved in hydrogen production by FA, or from abiotic reaction of
hydrogen with FA, making H2 inaccessible to hydrogenotrophic
methanogens for respiration. It has already been shown that
humic-like substances can inactivate microbial extracellular activ-
ity by binding to proteins resulting in aggregation, complexation
and precipitation of humic substance-protein complexes (Coates
et al., 2002; Wetzel, 1993).

More detailed analysis of the bacterial community structure
showed that a genus of bacteria from the phylum Firmicutes, Syn-
trophomonas, appeared to be adversely impacted by high concen-
trations of FA. The proportion of Sytrophomonas from FA1500 and
FA4000 samples was ca. 13% but dropped down to only 4% in the
FA8000 sample and never recovered. Sytrophomonas species are
known to be important members of the microbial community in
anaerobic digesters (Lin and Lu, 2015; Smith et al., 2015a) and have
been shown to form syntrophic partnerships with methanogenic
archaea that promote bio-methanation (Li et al., 2015; Zhao et al.,
2016).

16S rRNA gene sequences from the family Anaerolinaceae
(phylum Chloroflexi), on the other hand, increased significantly in
the presence of FA and accounted for 40% of the bacterial sequences
in the FA8000 sample. These sequences dropped back down to 18%
of the bacterial community during the recovery period, suggesting
that growth of these organisms was stimulated by FA compounds.
Anaerolinaceae are frequently associated with anaerobic digestion
processes (Narihiro et al., 2015), and can transfer electrons to 2,4,6-
iodobenzene derivatives and respire Fe(III) (Kawaichi et al., 2013),
suggesting that they would be capable of electron transfer to humic
substances such as FA. Chloroflexi have also been shown to oxidize
aromatic compounds during anaerobic respiration (Fennell et al.,
2004), and a significant portion of the carbon in FA is aromatized
(Khan and Schnitzer, 1972). Therefore, it is also possible that these
organisms are using FA as electron donors for growth.
3.4. Electron shuttling capabilities of FA tested in co-cultures of
G. metallireducens and G. sulfurreducens

Syntrophic partnerships found in co-cultures or anaerobic di-
gesters can be stimulated by addition of conductive materials and/
or electron shuttles via DIET (Chen et al., 2014; Dang et al., 2016; Liu
et al., 2012; Smith et al., 2015b; Zhao et al., 2015). The concept of
DIET referred to a syntrophic partnership between two bacteria
s of FA molecules extracted from raw leachate and various effluent samples.

contribution (%)

FA in eff.
(FAinf ¼ 1500 mg/L)

FA in eff.
(FAinf ¼ 4000 mg/L)

FA in eff.
(FAinf ¼ 8000 mg/L)

37.99% 43.68% 30.84%
19.71% 20.77% 31.59%

38.19% 30.89% 30.77%
4.11% 4.67% 6.81%



Fig. 3. Analysis of 16S rRNA gene sequences in DNA extracted from granules collected
from bioreactors exposed to 3 different FA concentrations (1500 mg/L, 4000 mg/L, or
8000 mg/L) or from a recovery bioreactor. (A) Relative abundance of sequences from
various taxonomic groups; (B) Relative abundance of sequences from methanogenic
archaea; (C) Relative abundance of sequences most similar to organisms that are
capable of extracellular electron transfer. Sequences that accounted for less than 1% of
the population were grouped into the category “Others”.

Fig. 4. (A)Ethanol consumption and (B) succinate produced from fumarate reduction
by a syntrophic co-culture of G. metallireducens and G. sulfurreducens with amend-
ments of treated/untreated FA or AQDS. The error bars represent standard deviations of
the mean for triplicate cultures.
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that transfer electrons directly from electron-donating cells to
electron-accepting cells, which is considered as an alternative
pathway in syntrophic metabolism. It has already been shown that
the humic substance analogue, AQDS, can serve as an electron
shuttle and promote DIET between two anaerobic metal respiring
Geobacter species, a genus frequently associated with anaerobic
digesters (G. metallireducens and G. sulfurreducens). However, at-
tempts made to stimulate DIET between a co-culture of
G. metallireducens and Methanosaeta/Methanosarcina with AQDS
were unsuccessful because the high mid-point potential of the
AQDS/AHQDS redox couple does not enable reduction of carbon
dioxide to methane (Liu et al., 2012; Smith et al., 2015b).
In order to evaluate whether untreated or treated FA could serve
as an electron shuttle and stimulate syntrophy, ethanol metabolism
by co-cultures of G. metallireducens and G. sulfurreducens in the
presence of FA was examined. Results showed that addition of
untreated FA from raw leachate to the co-cultures promoted
ethanol metabolism and succinate production (Fig. 4). In contrast,
addition of treated FA extracted from all three EGSB reactor efflu-
ents (FA1500, FA4000, FA8000) inhibited growth of the co-cultures,
indicating that FA is significantly transformed during the meth-
anogenic bio-treatment process and can no longer serve as an
electron shuttle to stimulate syntrophic interactions.

4. Conclusions

These results show that bio-methanogenic treatment trans-
formed FA from leachate into molecules that were much more
difficult to degrade and had reduced electron shuttling capabilities.
In addition, addition of FA to anaerobic digesters inhibited growth
of methanogens and syntrophic bacteria. This, in turn, caused an
overall reduction in methane production and bioreactor
efficiencies.

This study also found that the larger FA molecules formed dur-
ing bio-methanogenic treatment of influent with high FA concen-
trations were resistant to biodegradation. These compounds pose a
major threat to the environment if released without further
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treatment. Therefore, we suggest that these residual FA macro-
molecules should be further processed by chemical or physical
methods such as advanced oxidation, coagulating or sedimentation
prior to release. Results from this study should be taken into
consideration in future attempts to optimize anaerobic digesters
treating MSW incineration leachate.
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