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a b s t r a c t

This investigation evaluated the effectiveness of biochar of different particle sizes in alleviating
ammonium (NH4

þ) inhibition (up to 7 g-N/L) during anaerobic digestion of 6 g/L glucose. Compared to the
control treatment without biochar addition, treatments that included biochar particles 2e5 mm, 0.5
e1 mm and 75e150 mm in size reduced the methanization lag phase by 23.9%, 23.8% and 5.9%,
respectively, and increased the maximum methane production rate by 47.1%, 23.5% and 44.1%, respec-
tively. These results confirmed that biochar accelerated the initiation of methanization during anaerobic
digestion under double inhibition risk from both ammonium and acids. Furthermore, fine biochar
significantly promoted the production of volatile fatty acids (VFAs). Comparative analysis on the archaeal
and bacterial diversity at the early and later stages of digestion, and in the suspended, biochar loosely
bound, and biochar tightly bound fractions suggested that, in suspended fractions, hydrogenotrophic
Methanobacterium was actively resistant to ammonium. However, acetoclastic Methanosaeta can survive
at VFAs concentrations up to 60e80 mmol-C/L by improved affinity to conductive biochar, resulting in
the accelerated initiation of acetate degradation. Improved methanogenesis was followed by the colo-
nization of the biochar tightly bound fractions by Methanosarcina. The selection of appropriate biochar
particles sizes was important in facilitating the initial colonization of microbial cells.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Ammonia (NH3) and ammonium (NH4
þ) inhibition is a high-

lighted issue involved in the anaerobic digestion of organic waste
and wastewater (Fotidis et al., 2013a; De Vrieze et al., 2015; Peng
et al., 2015). Furthermore, ammonia inhibition has a synergetic
effect with acids inhibition (Lü et al., 2013). The traditional mea-
sures of ammonia removal include pH adjustment, temperature
control, biomass addition, microbial acclimation, trace elements
addition, dilution and co-digestion. More recently, newer strategies
to relieve ammonia inhibition have been investigated. These
include removing ammonia by a side-stream (Serna-Maza et al.,
2014), stripping prior to digestion (Yabu et al., 2011), biogas-
recycling (Abouelenien et al., 2010), stripping assisted by water
electrolysis (Park and Kim, 2015) or electrodialysis (Ippersiel et al.,
2012), hollow fiber membrane contactor (Lauterb€ock et al., 2012;
Ashrafizadeh and Khorasani, 2010), removing ammonia from
recycled effluent or digestate using an additional electrochemical
system (Desloover et al., 2015, 2012). Some researchers added into
digester the ammonia-tolerant co-culture of syntrophic-acetate-
oxidizing bacteria and hydrogenotrophic methanogens, i.e. Clos-
tridium ultunense in association with Methanoculleus spp and
Methanoculleus bourgensis (Fotidis et al., 2013b), or C. ultunense,
Syntrophaceticus schinkii and Tepidanaerobacter acetatoxydans with
Methanoculleus sp. (Westerholm et al., 2012). Researchers have also
added ammonia-absorbent zeolite (Ho and Ho, 2012; Tada et al.,
2005), humic acid with potential electron-accepting capability
(Ho and Ho, 2012), or activated carbon (Hansen et al., 1999). Acti-
vated carbon is an absorbent, and has proven to be able to promote
the direct interspecies electron transfer (DIET) between Geobacter
and Methanosarcinales (Liu et al., 2012). The last four measures
utilize additives that counteract ammonia toxicity and were
selected according to their adsorptivity or electron transmission
capacity.
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Despite the above attempts to devise a technique to prevent
ammonia toxicity during anaerobic digestion, there remains a need
for simple and robust solutions that have minimal system
complexity, low cost and negligible risk of second-hand pollution.
Recently, researchers found that biochar promoted DIET between
Geobacter and Methanosarcina (Chen et al., 2014), promoted the
selective colonization of Methanosarcina and syntrophic bacteria
(Luo et al., 2015) and had an ammonium adsorption capacity up to
17.6 mg/g (Zeng et al., 2013). Thereby, biochar has been used to
reduce acid stress (Luo et al., 2015) or to improve themethanization
of ethanol (Zhao et al., 2015) under anaerobic conditions. Mean-
while, porousmaterial biochar contains certainmolecular structure
(e.g. average particle size of 2505 nm and a surface area 6.40 m2/g
for wood biochar obtained from 500 to 600 �C pyrolysis) (Zhang
et al., 2014b). Compared with activated carbon, biochar is much
affordable especially for solid waste treatment, minimizing the
need for regeneration and can remain in digestates for direct use as
soil amendment without separation. Therefore, eco-compatible
biochar may serve as a good candidate for an additive into anaer-
obic digesters treating protein-rich organic solid waste, where
ammonia inhibition is of great concern. Unfortunately, Mumme
et al. (2014) didn't observe 3.1e6.6 g-N/L ammonium inhibition
to be mitigated by pyrochar for the methane production of agri-
cultural waste digestate. However, when the digester falls in a
double risk of both acids and ammonia inhibition (Lü et al., 2013),
biochar's role in counteracting ammonia has yet to be investigated.

The present investigation evaluated the effectiveness of biochar
of different particle sizes to alleviate ammonium inhibition during
anaerobic digestion under different ammonium “stress levels” and
at the same time with acids stress. The temporal evolution and
spatial allocation of microbes around biochar particles were
examined closely to explain the apparent methanization
performance.

2. Materials and methods

2.1. Materials

Biochar obtained from the pyrolysis of fruitwoods at
800e900 �C were ground using a mill (ZM200, Retsch, Germany),
sieved to different particle sizes (i.e., 2e5 mm, 0.5e1 mm and
75e150 mm), dried at 105 �C for 24 h and then stored in a dryer for
subsequent use. The water-extractable fraction of biochar had a pH
of 8.63 ± 0.13 when determined by a liquid-to-solid ratio of 10:1 (v/
w) using deionized water. The C and ash content of the biochar was
83.16%dw and 5.49%dw, respectively. Other characteristics of the
biochar are described by Zhang et al. (2014a).

Anaerobic granular sludge was collected from a plant-scale
35 �C upflow anaerobic sludge bed reactor (Shanghai, China) with
liquid internal recirculation that was treating paper mill waste-
water. The collected granules of 1e3 mm was rinsed with distilled
water to remove the residual wastewater, crushed under anaerobic
conditions, sieved through a 1-mm mesh, and stored at �80 �C as
inoculum having a total solids content of 21%wt, volatile solids
content of 13%wt, and mass ratio of C:N equal to 5.25. Notable,
paper mill wastewater was characterized by high concentration of
chemical organic demand and very low ammonium concentration.
Therefore, the inoculum used was unaccustomed to ammonium
toxicity.

2.2. Experimental set-up

Batch experiments were conducted in glass serum bottles with
and without 0.5e1 mm biochar at three total ammonium (TAN)
“stress levels” (0.26, 3.5 and 7 g-N/L), and designated “N1” (0.26 g-
N/L, without biochar), “N1CM” (0.26 g-N/L, with the medium-sized
biochar), “N3” (3.5 g-N/L, without biochar), “N3CM” (3.5 g-N/L,
with the medium-sized biochar), “N7” (7 g-N/L, without biochar)
and “N7CM” (7 g-N/L, with the medium-sized biochar), respec-
tively. For the 7 g-N/L stress, batch experiments with 2e5 mm and
75e150 mm biochar were also conducted to evaluate the effect of
biochar particle sizes; these experiments were designated as
“N7CL” (7 g-N/L, with the large-sized biochar) and “N7CS” (7 g-N/L,
with the small-sized biochar). In all experiment designations “C”,
“L”, “M” and “S” represented “biochar”, “large”, “medium” and
“small”, respectively. Further, “blank” (B) experiments were
established with only 1 g-VS/L inoculum and without glucose
substrate or biochar. All treatments were conducted in triplicate.

1 g-VS/L of inoculum and 10 g/L biochar was added to each batch
reactor with 500 mL basic nutrient solution containing per liter 6 g
glucose, 0.2 g MgCl2$6H2O, 0.1 g CaCl2, 0.2 g Na2S$9H2O,
2.77 g K2HPO4, 2.8 g KH2PO4, 0.1 g yeast extract, 5 mL trace element
solution and 2 mL vitamin solution. The compositions of the trace
element solution and the vitamin solution are described in Lin et al.
(2013). The ratio of inoculum to substrate glucose was set at 1:6 in
VS basis to introduce an acid stress status. Ammonium chloride of 1,
13.4 and 26.8 g/L was added respectively to achieve the targeted
ammonium levels. The initial solution pH was adjusted to 7.0 by
titration of 6 mol/L hydrochloric acid and 6 mol/L sodium
hydroxide.

After being filled with the necessary reactants, the bottles were
sealed with a butyl rubber and aluminum cap, sparged with N2,
incubated at 35 �C, and manually shaken every day. Gas and about
1-mL liquid samples were periodically collected under anaerobic
conditions until no biogas was generated. The sampling frequencies
varied according to biogas generation. Solid residues were collected
at the end of the lag phase (i.e., “E”, for early stage) and near the end
of the methane-production phase (i.e., “F”, for final, or later, stage).

2.3. Physio-chemical analysis of gas and liquids

Gas pressure in the headspace of serum bottles was determined
using a manometer (Testo 512, Testo Instruments International
Trading (Shanghai) Co., Ltd., Shanghai, China) to calculate the
biogas production. The gas composition in terms of methane (CH4),
carbon dioxide (CO2) and hydrogen (H2) was analyzed using a gas
chromatograph (GC9800, Shanghai Kechuang CO., LTD, Shanghai,
China). Liquid samples were immediately measured for pH using a
pH meter (pHS-2F, Shanghai Precision and Scientific Instrument
Co., LTD, Shanghai, China) and then centrifuged at 4460 g for
10 min. The supernatants were analyzed for organic acids using
high performance liquid chromatography (LC-20AD, Shimadzu,
Kyoto, Japan), as well as for dissolved organic carbon (DOC), dis-
solved inorganic carbon and dissolved nitrogen (DN) using a Total
Carbon/Total Nitrogen analyzer (TOC-V CPN, TNM-1, Shimadzu,
Kyoto, Japan).

2.4. Methane production modeling using the modified Gompertz
model

To quantitatively analyze the production of methane under
various conditions, a modified Gompertz model was used as
described in Lü et al. (2013) to generate three parameters: (1) the
maximum CH4 potential P (mmol-CH4/g-glucose) at the end of
incubation, (2) the maximum CH4 production rate Rmax (mmol CH4/
g-glucose/d) and (3) the lag phase l (d). Each three-parameter set
was estimated through global curve-fitting using Sigmaplot v12.0
(Systat Software Inc., Bangalore, India) with a minimum residual
sum of squared errors between the experimental data and model
curves.
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To distinguish the significance of a difference between two
treatments, the paired t-test was applied to the methane produc-
tion curves using SPSS Statistics v17.0.

2.5. Spatial fractionation of samples for microbial analysis

The microorganisms in the liquid samples were divided into
three types depending on their location in the mixture according to
the protocol introduced by Luo et al. (2015): “suspended” (s),
“loosely bound” (l) and “tightly bound” (t). The procedure involved
repeatedly re-suspending the mixture, vortex-mixing and centri-
fuging it at 700 g in phosphate buffered saline solution containing
Tween-80. In the blank treatment and treatments without biochar,
only suspended microorganisms were present.

2.6. DNA extraction, “fingerprint” analysis and high-throughput
sequencing of bacterial and archaeal community

The total DNA in each stratified fraction was extracted using the
PowerSoil™ DNA isolation kit (Mo-Bio Laboratories Inc., CA). To
characterize the bacterial and archaeal diversity and temporal
evolution, automated ribosomal intergenic spacer analyses (ARISA)
were conducted. The extracted DNA was amplified with primer set
1389F (50-ACG GGC GGT GTG TGC AAG-30) and 71R (50-TCG GYG
CCG AGC CGA GCC ATC C-30) for archaea and with primer set ITSF
(50-GTC GTA ACA AGG TAG CCG TA-30) and ITSReub (50-GCC AAG
GCA TCC ACC-30) for bacteria. The polymerase chain reaction (PCR)
procedure and the later data analysis was performed as previously
described (Lin et al., 2013).

The DNA in fractions was further analyzed using high-
throughput sequencing on an Illumina platform (Illumina Miseq
PE250). The V4eV5 region of themicrobial 16S ribosomal RNA gene
was amplified by PCR using the primers 515F (50-GTG CCAGCMGCC
GCG GTA A-30) and 806R (50-GGA CTA CHV GGG TWT CTA AT-30),
which were selected as the sequencing primer set to simulta-
neously obtain bacterial and archaeal information (Bates et al.,
2011). The pretreatment and sequencing procedure was similar to
the method used by Amato et al. (2013). The raw reads were
deposited into the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA) database (Accession number:
SRP043637). The individual sample reads were de-multiplexed
based on the barcode tag sequence and processed as Lü et al.
(2014) described.

3. Results

3.1. Methanization performance

Cumulative methane production and its Gompertz modeling
parameters are shown in Fig. 1a and Table 1, respectively. Owing to
the low ratio of inoculum to substrate, N1 without TAN inhibition
had a long lag phase (l) of 23.5 d and a relatively low maximum
methane production rate (Rmax) of 1.29 mmol-CH4/g-glucose/d. As
expected, higher TAN concentrations seriously prolonged l to
30.5 d (for N3) and 63.5 d (for N7), and decreased Rmax to 0.59 and
0.34 mmol-CH4/g-glucose/d for N3 and N7, respectively. All biochar
treatments resulted in shorter l and higher Rmax compared with
their respective controls. Thus, N1CM reduced l by 30.4% and
increased Rmax by 18.6% compared to N1; N3CM reduced l by 12.7%
and increased Rmax by 10.1% compared to N3; and compared to the
N7 treatment, N7CM, N7CL, N7CS reduced l by 23.8%, 23.9%, 5.9%,
respectively, and increased Rmax by 23.5%, 47.1%, 44.1%, respectively.

The degradation of glucose followed an identical trend to
methane production, as indicated by DOC concentrations (Fig. 1b).
Therefore, biochar seemed to be very effective in alleviating
inhibition from low pH (i.e., up to pH 4) as represented by N1
(Fig. 1c) or by severe synergetic inhibition from both acids and
ammonium as represented by N7, for which a pseudo-steady-state
pH of approximately 6 was set. Large-sized biochar was the most
efficient in alleviating inhibition effects, followed bymedium-sized
particles. Although the methanization process was slower to begin
with in the presence of small-sized biochar than with the larger
particle sizes, the methane production rate was high once the
process started.

Noticeably, as a comparison, Mumme et al. (2014) didn't observe
pyrochar could mitigate strong TAN inhibition during the methane
production of agricultural waste digestate. This difference might be
contributed to the relatively stable substrate e digestate, the low
acid level of 80 mg/L, low dosage of pyrochar addition (6.67%) in
Mumme's research. Furthermore, the pyrolysis temperature and
pyrolysis feedstock can alter biochar's property (Zhang et al., 2014a,
2015), which will affect biochar's function in the bioreaction.

3.2. Volatile fatty acids (VFAs) production and degradation

The concentration of volatile fatty acids (VFAs) (Fig. 2) indicates
the balance between acidogenesis-acetogenesis and methano-
genesis. The maximum VFAs concentrations in N3 and N7 were
66.0 and 69.0 mmol-C/L, which was lower than the concentration
(87.6 mmol-C/L) in N1, suggesting that high TAN concentration had
an inhibitory effect on acidogenesis. Propionate was absent in N7.
For N1 and N3, biochar addition reduced the period over which
acids accumulated and accelerated VFAs degradation. As to the
scenarios of 7 g-N/L TAN, the addition of biochar with variant
particle sizes led to the different changes of VFAs profiles. The VFAs
in N7 were composed only of acetate and butyrate, and the period
over which VFAs accumulated (i.e., when the concentration was
higher than 50 mmol-C/L) was 60 d. In contrast, N7CL and N7CM
experienced severe VFAs accumulation for only approximately 20 d,
and the VFAs concentration reached amaximum of 62e71mmol-C/
L. Furthermore, the accumulated acids in N7CL and N7CM were
degraded quickly. In comparison, the VFAs concentration in N7CS
kept increasing over the first 60 d, reaching a maximum to
83.6 mmol-C/L, after which the concentrations sharply decreased,
implying the strengthening performance of both acidogenesis and
methanogenesis. Noticeably, propionate fermentation was stimu-
lated by biochar addition, and the maximum propionate concen-
tration increased as the biochar particle size decreased, i.e. from
18.7 mmol-C/L in N7CL, to 19.4 mmol-C/L in N7CM, and to
24.0 mmol-C/L in N7CS.

3.3. Temporal and spatial evolution of archaea

The present study investigated the microbial population not
only in the later stages of anaerobic digestion, but also in the early
stages, because a tremendous response in the early stages of
digestion might suggest the ability of some microorganisms to
acclimate to the TAN and acid stress and indicate an essential role of
those “pioneers”. Comparatively, the stable growth of microor-
ganisms dominating in the later stage of digestion might only
benefit from the favorable niches created by the pioneers.

The proportion of archaeal sequences in each tested sampled
increased from 7.0% (±4.3%) in the early stage to 37.7% (±17.6%) in
the later stage (Fig. 3), indicating the competitive growth of
methanogens. Methanobacterium comprised the majority of the
microbial population in all experiments receiving a 6 g-glucose/L
organic loading. The proportion of Methanobacterium increased
from 30.0% in the inoculum to 96.6% (N3E), 92.1% (N3CME) and
97.5% (N7E) in the early stage of digestion, and comprised 78.6%
(N1F), 71.2% (N1CMF), 82.1% (N3F), 65.6% (N3CMF) and 73.6% (N7F)



Fig. 1. Methanization performance.

Table 1
Gompertz modeling parameters describing methane production curves.

Treatment Maximum CH4 potential
P (mmol-CH4/g-glucose)

Maximum CH4 production rate Rmax (mmol-CH4/g-glucose/d) Lag phase l (d) Measured final CH4 yield
(mmol-CH4/g-glucose)

N1 13.89 ± 0.26 1.29 ± 0.07 23.46 ± 0.24 13.21 ± 1.19
N1CM 13.71 ± 0.28 1.53 ± 0.07 16.33 ± 0.18 12.89 ± 0.76
N3 14.63 ± 0.52 0.59 ± 0.04 30.46 ± 0.70 13.53 ± 0.57
N3CM 13.82 ± 0.32 0.65 ± 0.04 26.5 ± 0.64 13.26 ± 0.91
N7 16.67 ± 1.76 0.34 ± 0.04 63.51 ± 2.68 13.60 ± 0.7
N7CM 16.20 ± 1.67 0.42 ± 0.07 48.39 ± 2.86 13.83 ± 0.37
N7CL 16.67 ± 1.20 0.50 ± 0.08 48.33 ± 2.68 15.17 ± 0.53
N7CS 16.67 ± 2.34 0.49 ± 0.06 59.77 ± 1.78 14.00 ± 1.17

Note: The parameter standard errors were calculated in weighted regression. The R2 fell in 0.979e0.998.
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of the population in the later stage of digestion. Methanosaeta was
severely suppressed (55.1% in inoculum, 2.2% in N3E and 2.5% in
N7E) during the early stage of degradation of 6 g/L glucose, but
slightly recovered (17.6% in N1F, 11.2% in N3F and 23.9% in N7F) in
the later stage. Furthermore, the proportion of Methanosaeta was
higher in all biochar treatments in both the early and later stages of
digestion (19.5% in N1CMF; 6.4% and 15.8% in N3CME and N3CMF,
respectively). Similarly, Methanosarcina was suppressed (8.3% in
inoculum, 1.2% in N3E and zero in N7E) during the early stage of
glucose degradation, and only slightly recovered in the later stage
(1.9% in N1F, 6.3% in N3F and 1.2% in N7F), but wasmuch enriched in
biochar treatments (5.1% in N1CMF, 17.3% in N3CMF).

The spatial distribution of methanogens surrounding biochar
particles of different sizes was closely examined in the experiments
at a “stress level” of 7 g/L TAN. In the presence of large biochar
particles, the proportion of archaeal sequences gradually decreased
from the supernatant fraction to loosely bound and tightly bound
fraction, i.e. from 16.1%, 9.4%e1.2% in early stage, and from 60.4%,



Fig. 2. Evolution of volatile fatty acids.

Fig. 3. Taxonomic distribution of archaea in early and later stages of digestion.
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41.0%e23.7%, implying that the methanogens migrated from the
outer surface to the inner sphere of the particles.Methanosaetawas
bound almost entirely to biochar in the early stage (“s” 1.3%, “l”
47.9% and “t” 45.3%) and remained abundant in the loosely bound
fraction in the later stage (“s” 17.7%, “l” 42.7%, “t” 8.9%). Meth-
anosarcina was undetectable in the early stage of digestion, but
gradually increased from the outer surface to the inner sphere of
biochar in the later stage (“s” 1.6%, “l” 15.4% and “t” 28.8%). Meth-
anoculleus followed a similar pattern, most inhabiting the tightly-
bound fraction in the later stage of digestion (“s” 2.0%, “l” 1.7%
and “t” 6.1%).

The spatial distribution of methanogens was almost identical on
medium-sized biochar particles as on the large particles. Meth-
anosaeta bound to biochar in the early stage of digestion (“s” 5.1%,
“l” 45.1% and “t” 50.5%) and remained abundant in the loosely
bound fraction in the later stage (“s” 7.4%, “l” 44.7% and “t” 24.4%).
Methanosarcina (“s” 0.7%, “l” 7.7% and “t” 26.5%) andMethanoculleus
(“s” 2.7%, “l” 4.4% and “t” 5.9%) preferred the inner sphere of biochar
in the later stage of digestion. Nevertheless, the proportion of
archaeal sequences was higher in biochar-bound fractions in the
early stage, and was only high in supernatant and the tightly bound
fraction in the later stage of digestion.

In the presence of small biochar particles, Methanosaeta gained
dominance in the innermost layer (“s” 6.3%, “l” 23.2% and “t” 41.5%)
in the early stage of digestion, and remained abundant in this
loosely bound fraction in the later stage (“s” 9.7%, “l” 41.0% and “t”
16.1%). Both Methanosarcina (“s” 2.2%, “l” 3.7% and “t” 22.3%) and
Methanoculleus (“s” 0.4%, “l” 4.6% and “t” 8.2%) were located mostly
in the innermost parts of biochar particles in the later stage of
digestion. Furthermore, the proportion of archaeal sequences was
approximately the same in all three fractions, although slightly
higher in the innermost, tightly bound fraction.

In brief, these data suggested that biochar prompted Meth-
anosaeta, Methanosarcina, and the minor Methanoculleus to colo-
nize the superficial layer and inner porous region of the biochar
matrix.

3.4. Temporal and spatial evolution of bacteria

Bacteria were very sensitive to the incubation conditions. As a
result, the bacterial profiles in both the early and later stages of
digestion (Fig. 4) were totally different from that of the inoculum,
which was dominated by Proteobacteria (34.3%) and Firmicutes
(24.9%). The samples of early stage digestion were dominated by
Enterobacteriaceae (54.6%e95.2%), which ferment glucose-derived
carbon (Wust et al., 2011) and were undetected in the inoculum.
The dominance of Enterobacteriaceae decreased in the supernatant
(89.3%e91.1%), in the loosely bound fraction (62.9%e70.4%) and in
the tightly bound fraction (54.6%e58.1%) in the 7 g-N/L TAN
treatments independent of biochar particle sizes, indicating its
suspended property and invasion from the outer-sphere to the
inner-sphere of biochar. These changes also implied that other
bacteria mainly developed from the inner pores of biochar and then
expanded to the outer surface. In the later stage, the dominance of
Enterobacteriaceae decreased for N1CMF (0), N3F (0.1%) and
N3CMF (0.8%), but remained stable for N1F (43.0%), N7F (19.6%),
N7CMF (35.9%e57.9%), N7CLF (20.3%e31.2%) and N7CSF (23.2%e
61.3%), indicating the resistance of Enterobacteriaceae to TAN
stress.

The dominance of other bacterial species varied with TAN
concentration and with the presence or absence of biochar. The
next most dominant species in the later stages of digestion was the
polymer fermenter Porphyromonadaceae (48.3%) (Hahnke et al.,
2015) and the glucose fermenter Christensenellaceae (13.7%)
(Morotomi et al., 2012) for N3F. In N3CMF, the dominant species
were Porphyromonadaceae (31.5%), a cellulose utilizer (Lü et al.,
2014) and biochar favorable genus Clostridium (22.1%) (Luo et al.,
2015). The free-living lactic acid genus Trichococcus (35.1%)
(Pikuta and Hoover, 2014) was dominant in N7F. In N7CMF, N7CLF
and N7CSF the acetogenic, sulfur-reducing (Hernandez-Eugenio
et al., 2002) and potential bioelectricity generating (Chen et al.,
2013; Rismani-Yazdi et al., 2013) genus Sporanaerobacter
(8.7e2.8%) was dominant.

In the early stage of digestion, some categories of bacteria, such
as the operational taxonomic unit (OTU) in Clostridiaceae, OTU in
Clostridiales, urealytic Sporosarcina (Lauchnor et al., 2015), Cory-
nebacterium and OTU in Alcaligenaceae were noticed to be associ-
ated with biochar regions. Nevertheless, owing to the difficulty in
culturing these bacteria, speculating on their roles for glucose
fermentation or ammonium utilization would be premature.
Nonetheless, in the later stage, the syntrophic, fatty-acid-oxidizing
and biofilm-producing (Cutter et al., 2003) Syntrophomonas was
enriched in N7CMFt (8.0%) and N7CLFt (11.9%), which might sug-
gest that biochar stimulates syntrophic bio-reactions.

3.5. Principal component analysis of microbial diversity

Fig. 5 shows the principal component analysis (PCA) of microbial
diversity indicated by the high-throughput sequencing results or by
ARISA identification results. In general, both for archaea and bac-
teria, the samples could be clustered into three groups: 1) the
samples from the treatments without biochar, and from the sus-
pended fractions, 2) the samples from the biochar-bound fractions
of the early stage of digestion, and 3) the samples from the biochar-
bound fractions of the later stage. Using methanogens as an
example (Fig. 5a), the bi-plot clearly suggests that the suspended
fractions (including those from experiments with non-biochar ad-
ditives) were represented by a high proportion of hydro-
genotrophic Methanobacterium, the biochar-bound fractions in the
early stage of digestion were populated by acetoclastic Meth-
anosaeta, and the biochar-bound fractions of the later stage were
inhabited by archaea that could utilize multiple nutrients, i.e.,
Methanosarcina and the minors hydrogenotrophic Methanoculleus,
Methanomassiliicoccus and heterotrophic Crenarchaeota group
MCG. Fig. 5b shows that the abundance of the fermenter Enter-
obacteriaceae and Firmicutes significantly contributed to the clus-
tering of the suspended fractions, biochar-bound fractions from the
early stage of digestion, and the samples from the later stage of
digestion. The PCA analysis of ARISA bands (Fig. 5c and d) sup-
ported a similar conclusion to that indicated by the PCA of
sequencing results (Fig. 5a and b).

Nevertheless, the resolution of ARISA is lower than DNA
sequencing, and the taxonomic assignment of ARISA bands is un-
known, which makes the technique inferior to sequencing
methods. However, if cost is a consideration, ARISA can be a tool for
long term monitoring.

4. Discussion

The present study demonstrated that biochar was helpful in
accelerating the initiation of methanization under double inhibi-
tion stress of ammonium and acids. Furthermore, the function of
biochar varied with different particle sizes. Therefore, the following
questions were raised and addressed.

4.1. Does biochar act through being as pH buffer or ammonium
absorbent?

Since biochar is alkali (pH 8.63 ± 0.13) and porous, the first
impression on biochar's function in an anaerobic process might be



Fig. 4. Taxonomic distribution of bacteria in early and later stages of digestion.
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that biochar increases pH to neutral condition or that biochar re-
duces ammonium concentration in the liquid fraction by surface
adsorption. However, the pH on the biochar surface and its pores
(microhabitat) could differ by large extent from ambient pH. Fig. 1c
indicated that therewas no significant difference in the ambient pH
during the lag phase of the corresponding treatments with or
without biochar. In the experiments that contained 7 g-N/L TAN,
acidity remained at approximately pH 6, while in those containing
3.5 g-N/L TAN, pH remained at approximately 5.3. Fig. 1d indicated
that there was no significant difference in the DN concentration of
the corresponding treatments with or without biochar. The DN
concentration decreased as incubation time increased, maybe
owing to microbial utilization, since volatilization of ammonia with
biogas at acidic environment could be neglected. Furthermore, we
conducted an additional NH4Cl adsorption experiment at 35 �C and
an equilibrium pH 6e8; the adsorption capacity was demonstrated
to be only 2e3 mg-N/g-biochar, it was in good accordance with
2.0e6.8 mg/g-pyrochar reported in Mumme et al. (2014), and was
negligible for the high 7 g-N/L ammonium of the present system.
Therefore, the function of biochar appeared to be biochemical, not
physiochemical. The biotic promotion might be via direct inter-
species electron transfer (Chen et al., 2014), through abundant
functional groups on biochar surfaces (Zhang et al., 2014a, 2015), or
by an enhanced surface for microbial growth. These possible
functions were discussed in the following sections.
4.2. Who is the “pioneer” methanogen to initiate acetate
degradation under ammonium stress?

Recent research generally is in consensus that the tandem re-
action of syntrophic acetate oxidation and hydrogenotrophic
methanogenesis is important for acids degradation under TAN in-
hibition (Fotidis et al., 2013a; Lü et al., 2013; Westerholm et al.,
2012). Very recently, through stable isotopic probing, Meth-
anosarcina was observed to degrade acetate by acetoclastic meth-
anogenesis in an anaerobic digester loaded with 7 g-N/L TAN; The
tolerance of this species was speculated by their aggregated form
morphology (Hao et al., 2015). In the present study, the microor-
ganisms in the samples from the early stage of digestion appeared
to be a key to the initiation of methanization. As expected, hydro-
genotrophicMethanobacterium predominated in N3E, N3CME, N7E,
and in the suspended fractions of N7CE. Therefore, in the envi-
ronment without biochar additives, the tandem reaction was
indeed the major pathway for acids degradation. However, it was
unexpected to observe the absolutely acetoclastic Methanosaeta
thrived at a high acid concentration up to 60e80 mmol-C/L in the
early stage of glucose degradation, and Methanosaeta's presence
was associated with biochar-bound fractions (N7CMElt, N7CLElt,
N7CSElt). Methanosaeta has been reported to gain competitive
advantage at low acid concentration (e.g., less than 1 mmol/L) (Lü
et al., 2013; Karakashev et al., 2005; De Vrieze et al., 2012). How-
ever, Methanosaeta has a higher affinity for acetate than Meth-
anosarcina (i.e., lower minimum threshold for acetate utilization)



Fig. 5. Principal component analysis of microbial diversity.

F. Lü et al. / Water Research 90 (2016) 34e43 41
(De Vrieze et al., 2012; Stams et al., 2003), and Methanosarcina
favored the tightly-bound fractions in the later stage of digestion
(Fig. 3). Thus, it appears thatMethanosaeta,which were affinitive to
biochar-associated regions, firstly utilized the acids that had
diffused into biochar pores, after which the metabolically versatile
Methanosarcina, which preferred an environment of medium TAN
concentration (Lü et al., 2013), continued the acid degradation
process. In the later stage of digestion, the decreased acid con-
centration prompted more Methanosaeta to stay in the loosely-
bound fractions.

4.3. Does the biochar surface or the cell accessibility to internal
space play a role?

Although biochar generally improved the resistance of the
anaerobic digestion system to ammonium stress, the efficiency
varied as a function of biochar particle size. The lag phase for
methanization was reduced more by coarse- and medium-sized
biochar than by fine biochar (Fig. 1); however, fine biochar pro-
moted fermentation and acetogenesis (Fig. 2). Therefore, besides
the microbial affinity to substrate, and preference for substrate, and
the resistance to inhibitors, cell accessibility to the biochar surface
is vital. The importance of specific surface area for methanogens
seems to be negligible because fine biochar did not result in a faster
initiation of methanization than did larger particles. However, the
concentration of VFAswas higher in fine biochar treatments (Fig. 2),
and the archaea-to-bacteria ratios were almost equal in suspended,
loosely bound and tightly bound fractions (Fig. 3). Comparatively,
these ratios decreased from the outer surface of particles to the
inner space in coarse-particle biochar treatments, and were higher
in the inner space for medium-sized biochar treatments. These
observations implied that bacteria could access fine particles much
easier than they could access coarse particles.

The accessibility of methanogens to biochar pores might be
explained by their cell morphology. Methanosaeta are non-motile
sheathed rods typically, 0.8e1.3 by 2e7 mm in size with long fila-
ments (Whitman et al., 2006).Methanosarcina are non-motile cocci
(1e2 mm) (Whitman et al., 2006) or macro-cysts up to 100 mm in
diameter (Zinder et al., 1985). The width of Methanobacterium is
0.2e1.0 mm, while the length varies widely in the range 1.2e120 mm
(Whitman et al., 2006). In terms of biochar properties, Hardie et al.
(2014) found that the average median pore diameter ranged from
0.4 to 13 mm and the characteristic length of pores averaged 44 mm
for acacia green waste biochar. Zhang et al. (2014b) determined
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their wood biochar had an average pore size of 2.5 mm. Therefore,
the biochar pore can accommodate from two to tens of methano-
genic cells. The short fibrous form of Methanosaeta favored its
movement and attachment to external pores of both coarse and
fine biochar, as well as the internal pores of fine biochar. Whereas
the initial colonization and possible subsequent aggregation of
Methanosarcina could gradually block pores; such blockage would
protect cells located deeper in the pores from inhibitors. Further, if
Methanobacterium exists in the long fibrous form, the ability of the
microorganism to penetrate biochar pores will be limited. None-
theless, the above hypothesized spatial distribution needs to be
proved with further direct microscopic observation.

4.4. Does direct interspecies hydrogen and/or electron transfer
contribute to biochar's alleviating effect on inhibition?

According to the above discussion, the abundance of Meth-
anosaeta as pioneer was enhanced by biochar addition during the
initiation of methanogenesis. It then raised the question why bio-
char could promote its proliferation. Although porous biochar can
serve as a protective environment similar to Methanosarcina ag-
gregates as discussed in the section 4.3, the protection effect and
the colonization amount will be significantly reduced as long as the
biochar particle surface was covered by the microorganisms or
contaminants. And it couldn't interpret the selective colonization of
cells with comparable sizes. Therefore, methanogen's affinity to
biochar needed to be explained by other long-term effects.
Improved interspecies hydrogen transfer (IHT) was often accounted
as the first reason to tackle ammonia inhibition (Fotidis et al.,
2013b; Lü et al., 2013), where H2 served as an electron carrier for
interspecies electron transfer. In the present study, the enrichment
of syntrophic acetogens Syntrophomonas and Sporanaerobacter by
biochar (Fig. 4) could suggest improved IHT. However, it wasn't the
dominant methanogen - hydrogenotrophic Methanobacterium that
was promoted by biochar, implying that IHT wasn't improved by
biochar. On the contrary, it was the absolutely acetoclastic Meth-
anosaeta stimulated. As an alternative mechanism, DIET between
Methanosaeta and syntrophs stood out, because Methanosaeta has
proven to be able to directly exchange electrons with bioelectricity-
generating bacteria (Rotaru et al., 2014), and the DIET function can
be promoted on the surface of conductive biochar (Chen et al.,
2014). Therefore, the conductive property of biochar may supple-
ment the affinity of Methanosaeta to biochar surface. Compared
with the vulnerable IHT link between syntrophs and hydro-
genotrophic methanogens via fugitive H2, the direct transfer of
electron through a fixed conduit could facilitate the stable meth-
anogenesis under stressed environment. Furthermore, metaboli-
cally versatile Methanosarcina (i.e. both acetoclastic and
hydrogenotrophic) was also reported to conduct DIET (Chen et al.,
2014). Combining with the evidence of Methanosarcina's close as-
sociation with biochar during the later stage of anaerobic digestion
in the present study, it is deduced that DIETability strenghthens the
affinity of Methanosarcinales to biochar, and that Meth-
anosarcinales counteract inhibition by improved DIET via biochar.
To the last, even Methanosarcinales is far away from acetate (being
both substrate and inhibitor), they can accept electron to produce
methane via the conductive surface.

5. Conclusion

The addition of biochar proved to facilitate the methanization
under high ammonium stress. This outcome is useful to rescue an
anaerobic digester facing with the risk of ammonium or ammonia
toxicity, or to enhance the process stability of a high organic loading
digester treating protein-rich waste. Since biochar can be produced
from several biomasses locally available, is affordable to some
extent, and generally supplies a positive benefit to land ecology, it's
usage and optimization in anaerobic digestion industry is high-
lighted. Furthermore, biochar of small particle size proved to pro-
mote the acids production, which can be further applied into the
research on fermentation, acidogenesis, acetogenesis and H2 bio-
production. Since Methanosarcinales were closely associated with
biochar, the bioaugmentation of methanogens assisted by biochar
or the inoculants with methanogen-rich biochar digestate also
merits consideration. Meanwhile, since activated carbon has
similar but strengthened properties compared to biochar, the po-
tential function of activated carbon to release ammonia inhibition
deserves re-investigation by using the similar methodology applied
in the present study.

Supporting information includes Fig. S1 Evaluation of free
ammonia.
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