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NOMENCLATURE
AD anaerobic digestion

COD chemical oxygen demand

FISH fluorescence in situ hybridization
GP gas production

HP hydrogen production

HRT hydraulic retention time

MP methane production

OFMSW organic fraction of municipal solid waste
OLR organic loading rate

rRNA ribosomal RNA

SHP specific hydrogen production
SMP specific methane production
TKN total Kjeldahl nitrogen

TP total phosphorus

TS total solids

VS volatile solids

WAS waste activated sludge
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Abstract

The aim of the paper was to investigate the microbial community in a two-phase thermophilic
anaerobic co-digestion process for hydrogen and methane production, treating waste
activated sludge and the organic fraction of municipal solid waste. In the acidogenic phase, in
which hydrogen is produced, Clostridium sp. clusters represented 76% of total Firmicutes.
When feeding the acidogenic effluent to the methanogenic reactors, these acid conditions
negatively influenced the methanogens microorganisms: Methanosaeta sp., (most
Methanobacteriales, Methanomicrobiales, Methanococcales) decrease by 75%, 50%, 38%
and 52%, respectively. At the same time methanogenic digestion produced a decrease in
Clostridium sp. clusters due to both pH increasing and substrate reduction, and an increasing
of Firmicutes genera (non Clostridium) and methanogens, especially in Methanosaeta sp.
(208%); this was in accordance with the decrease in the acetic (98%) and butyric (100%) acid
contents. To ensure the activity of the acetate-utilizing methanogens (AUM) and the

acetogens, high ratios H,-utilizing methanogens (HUM)/AUM (3.6) have been required.

Keywords: biohydrogen, thermophilic, anaerobic digestion, co-digestion, two phases, biogas,

organic waste..



31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

1. Introduction

In recent years, the phase-separated anaerobic digestion (AD) process including two-
stage process has been widespread throughout Europe for the treatment of the biowaste
(Pavan et al., 2000; Schievano et al., 2012). This system is normally composed by an
hydrolysis-acidogenesis step carried out in the first-phase (dark fermentation) and an
acetogenenesis-methanogenesis step carried out in the second phase (Zahedi et al.,
2013a). The different growth rates and pH optima for hydrogen producing
microorganisms (between 5.5 and 6.5) and methanogenic microorganisms (around pH
7), and thus different requirements regarding reactor conditions, have led to the
development of two-stage AD (De la Rubia et al., 2009). The two-stage approach has
been finalized to the hydrogen production (HP) in the first phase reactor and methane
production (MP) in the second phase reactor, with the final purpose of mixing the two
gasses to achieve bio-Hythane (50-55% CHy, 5-10% H, and 35-40% CQO,) that allows a
better combustion with a reduced greenhouse gasses emission compared with fossil
fuels (Cavinato et al., 2011; Liu et al., 2012).

Due to the advantages of the AD, lots of research have be done on the optimization of
the AD of organic fraction of municipal solid waste (OFMSW), including the
interesting option of co-digestion process. Benefits of codigestion include: dilution of
potential toxic compounds, improved balance of nutrients, synergistic effect of
microorganisms, increased load of biodegradable organic matter and higher biogas yield
(Callaghan et al., 1999). Hamzawi et al. (1998) and Sosnowski et al. (2003) found an
average enhanced value of biogas production from the codigestion of wastewater
treatment sludge and OFMSW.

Conventional bioconversion of waste activated sludge (WAS) and OFMSW in AD
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systems is usually characterized by hydrolysis, acidogenesis, acetogenesis and
methanogenesis. The first three steps are carried out by Eubacteria domain, while the
fourth step (methanogenesis) is undertaken by Archaea domain. Eubacteria constitute a
large domain of prokaryotic microorganisms. The most Eubacteria identified in
anaerobic digesters are covered by the following phyla: Firmicutes (Ariesyady et al.,
2007), Actinobacteria (Ariesyady et al., 2007), Spirochaetes (Lee et al., 2013),
Bacteriodetes and Proteobacteria (Chouari et al., 2005). Clostridia are a highly
polyphyletic class of Firmicutes, including Clostridium and Thermoanaerobacter
genera. They are obligate anaerobes capable of producing endospores. Clostridium sp.
clusters are the predominant strains involved in the HP (Lee et al., 2009a). On the other
hand, Archaea constitute a domain of single-celled microorganisms. Methanogenic
Archaea is a phylogenetically diverse group of strictly anaerobic Euryarchaeota with an
energy metabolism that is restricted to the formation of CH4 from CO; and H,, formate,
methanol, methylamines and/or acetate (Raskin et al., 1994). Methanococcales, Most
Methanobacteriales, Methanomicrobiales and Methanosaeta sp. are considered to cover
most methanogens in anaerobic digesters (Yu et al., 2005; Lee et al., 2009b). Only
Methanosaeta sp. is a specialist to use acetate as sole energy source; the others three are
H;-utilizing methanogens (HUM).

About two-stage AD process, most of researchers have been focused on the
optimization of gas production (GP), removal organic matter and process optimization
but very few reports discussed in detail the microbial population dynamics involved
during different stages of the thermophilic anaerobic co-digestion of WAS and OFMSW
for hydrogen production. Molecular tools like the fluorescence in situ hybridization

(FISH), based on sequence comparison of small-subunit ribosomal RNA (rRNA)
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molecules, can detect specific whole cells/organisms in biological samples (Crocetti et
al., 2006; Ariesyady et al., 2007; Montero et al., 2009; Zahedi et al., 2013a, 2013b,
2014a, 2014b).

The aim of this study is to identify the functional Eubacteria and Archaea community
structures in the substrates and in the acidogenic and methanogenic effluents of a two-
stage thermophilic anaerobic co-digestion process treating WAS and OFMSW. In this
paper, microbial community structure was quantitatively investigated using different
specific probes employing FISH and it was related to process performance.

2. Materials and Methods

2.1 Experimental equipment and operating conditions

Two laboratory-scale continuously stirred tank reactors were employed. The first
reactor, dedicated to the HP (first phase, dark fermentation), had a 3.5 L working
volume, while the second reactor (second phase) dedicated to the MP had a 18.5 L
working volume, both heated by hot water recirculation system and maintained in
thermophilic condition (55°C). The system was fed semi-continuously, once per day,
and the organic loading rates (OLR) in the first and second phase were 16 kg TVS/m’d
and 3 kg TVS/m’d, respectively, while the corresponding hydraulic retention times
(HRT) were 3 and 16 d for the first and second phase reactors, respectively. The whole
experiment length was 70 d. After the start-up period (0-40 d), the stationary phase (41-
70 d) was reached.

2.2 Substrate

The wastes used to feed the acidogenic reactor were collected in the wastewater
treatment plant (WWTP) located in Treviso (northern Italy). This substrate was then

mixed with WAS with a volume ratio OFMSW:WAS of 1:5, calculated in order to have
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an OLR of 16 kg TVS/m’d in the first phase reactor. The OFMSW and WAS were
stored at -4°C in order to avoid degradation by microorganisms in their own wastes. The
OFMSW was reduced in size using a grinder and mixed with WAS. The feedstock was
daily prepared and no pre-treatment was considered (i.e. chemical reagent or thermal
treatment). The characteristics of the substrate in terms of total solids (TS), volatile
solids (VS), chemical oxygen demand (COD), total Kjeldahl nitrogen (TKN) and total

phosphorus (TP) are shown in Table 1.

Table 1:

2.3 Analytical methods
The analytical determinations applied in this study can be grouped in two categories:
physical-chemical analysis and microbiological analysis.

2.3.1 Physical-chemical analysis

The effluent of both the reactors was monitored 2 to 3 times per week in terms of TS,
TVS, COD, TKN and TP. The process stability parameters, namely pH, volatile fatty
acid (VFA) content and speciation, total and partial alkalinity and ammonia (NH;" — N),
were checked daily. All the analyses, except for VFA, were performed according to
APHA (1995). VFA content was monitored using a gas chromatograph (Carlo Erba
instruments) with H; as gas carrier, equipped with a Fused Silica Capillary Column
(Supelco NUKOL™, 15 x 0.53 x 0.5 um film thickness) and with a flame ionization
detector (200 °C). The temperature during the analysis started from 80 °C and reaches
200 °C trough two other steps at 140 and 160 °C, with a rate of 10 °C/min. The

analyzed samples were centrifuged and filtrated on a 0.45 pm membrane. GP was



127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

monitored continuously by a gas flow meter (Ritter Company, drum-type wet-test
volumetric gas meters), while the biogas composition was measured by a gas-
chromatograph (GC Agilent Technology 6890 N) equipped with the column HP-PLOT
MOLESIEVE, 30 x 0.53 mm ID x 25 um film, using a thermal conductivity detector
and argon as gas carrier.

2.3.2 Microbiological analysis and biochemical activity

The cellular concentration and percentages of Eubacteria, Archaea, Firmicutes,
Clostridium and different groups of methanogens, described below, were obtained by
epifluorescence method (FISH). These analyses were performed according to Montero
et al. (2009) and Zahedi et al. (2013a, 2013b, 2014a, 2014b). The 16S rRNA-targeted
oligonucleotides employed in this study are showed in the Table 2. The samples were
examined visually and cells counted using a DM6000 B microscope (Leica) with a

Leica EL6000 lamp and an x 100 oil objective.

Table 2:

The total population was calculated as the sum of the relative amounts of Eubacteria
and Archaea that was estimated as 100% (Montero et al., 2009; Zahedi et al., 2013a,
2013b, 2014a,). The others phyla Eubacteria (non Firmicutes) were calculated as
difference of the relative amounts of Fubacteria and Firmicutes. The others genera of
Firmicutes (non Clostridium) were calculated as difference of the relative amounts of
Firmicutes and Clostridium sp. HUM were calculated as sum of the relative’s amounts

of microorganisms obtained by probes MB1174, MG1200 and MC1109; and acetate-
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utilizing methanogens (AUM) were estimated as the quantity of the microorganisms
obtained by MX825.

Methanogenic activity was considered to evaluate the biochemical activity according to
Montero et al. (2009) and Zahedi et al. (2013a, 2013b), it was calculated as the ratio of

CH4 volume generated and the number of Archaea inside the reactor by FISH staining.

3. Results and discussion

The process performances, the functional Eubacteria and Archaea community
structures of the two-phase anaerobic reactors for HP and MP were both investigated, as
well as the link between these two aspects.

3.1 Process performances and yields

The overall performances of the two-phase thermophilic anaerobic co-digestion process

are summarized in Table 3.

Table 3:

During the experiment the substrate mixture was fed to the first reactor. The low HRT
applied (3 d) and the high OLR used (16 kg TVS/m’d) lead to a pH value of 4.75+0.08,
caused by the high VFA production (14.2 g COD/L); this pH value addressed the best
pH conditions for HP that is around 5.5 (Cavinato et al., 2012). VFA composition was
mainly due to butyric acid (10.3 g COD/L); the dominant fermentation products were
butyric acid and acetic acid, ranging from 62—82% and 16-21%, respectively, while
small average amount of propionic was detected (< 1g COD/L). The ratio of butyrate to

acetate was ranging from 3 to 5; it was clearly higher than those reported by Zahedi et
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al. (2013c¢) in hydrolytic acidogenic AD of the OFMSW at 3 d HRT that was between 2
and 3 or in Cavinato et al. (2011) that it was between 1 and 2. These differences were
due to different factors such as type of inoculum (WAS and OFMSW), substrate
composition, pH, OLR and TS percentage in the feed. These factors can influence the
bacterial growth, fermentative pathways and bacterial community and finally determine
the process performance.

In the first phase, the biogas produced was composed by H, and CO,, without CHy4
detection. In terms of yields, biohydrogen in the first reactor was 368 %, a value in
line with those reported in literature, typically in the range 35-40% (Cavinato et al.,
2011). The Hydrogen volumetric production rate (0.432+0.036 L H,/Ld) tested were
significantly higher than those obtained for Romero et al. (2013) (0.210+0.015 L Hy/Ld)
with a similar OLR (18.5 kg TVS/m’d) and at 4.4 d HRT. The second phase operated
with an HRT of 16 d and an OLR of 3 kg TVS/m’d. pH reached a constant value of
7.97+0.26, this was the optimal pH for enhanced acetogenic and methanogenic activity
(Montero et al., 2009; De la Rubia et al., 2009). The VFA concentration was lower than
1 g COD/1: the removal percentages of butyric, acetic and total volatile fatty acids
(tVFA) were 100%, 98% and 96% respectively. The amount of propionic generated in
the second-stage (0.1-0.6 g COD/L) produced no inhibitory effect. As for the overall
performance, the COD and TVS removal observed were 73+3 % and 7642 %
respectively. A similar value of removal TVS (65%), was found by Gallert and Winter
(1997) in AD of OFMSW in thermophilic conditions at HRT of 19 d (OLR 0of 9.6 g
TVS/Ld). The biogas produced in the second phase was H,-free. As for yields, CHy4 in
biogas ranged between 50 and 68 %, a value in line with those reported in literature for

AD of the OFMSW (Cavinato et al., 2011). The methane production rate found



198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

(0.59040.090 1 CH4/Ld) was similar to the one obtained by Bolzonella et al. (2006) for
the co-digestion anaerobic process of WAS and biowaste.

3.2 Analysis of the microbial communities

The microorganism amounts in the substrate and in the effluents of the two-phase
anaerobic system were monitored. The concentration and the relative percentages of the

main microbial groups are shown in Table 4, Table 5.

Table 4:

Table 5:

The amount of Archaea obtained using ARC915 probe was lower than the sum of the
different groups of methanogens investigated using five specific methanogenic probes
(Table 4 and Table 5). This fact was also observed by Montero et al. (2009), and it is
due to one of the main problem associated with FISH technique named Lack of
specificity: considering that only between 0.1 and 10% of the microbial species have
been described, a specific probe targeting a certain group of microorganisms may target
other microrganisms not yet described (Amann, 1995). In complex samples containing
many different microbial species, this can cause overestimation of the target species
(Amann et al., 1995).

3.2.1 Microbial communities in the WAS, OFMSW and mixture

Microbiological characterization of WAS and OFMSW was determined by FISH. Table
4 shows the characterization of the WAS, OFMSW and mixture (5:1 based on volume)

fed to the AD system.
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It is possible to observe that, the total microbial concentration in the OFMSW was
higher than the WAS. Eubacteria was the major phylogenetic domain in all waste
(>71.4£12.5 %). The Firmicutes phylum represented 82.7+10.0 % and 20.5+1.6 % of
the Eubacteria percentage in the OFMSW and WAS, respectively. In the OFMSW less
than 25% of Firmicutes phylum identified was represented by Clostridium sp. clusters,
while in WAS more than 80% of Firmicutes was Clostridium. On the other hand
Archaea domain accounted for less than 30% in all samples. The main methanogens of
WAS and OFMSW (most Methanobacteriales and Methanosaeta sp.) were included in
the mixture.

3.2.2 Microbial community of the two-phase thermophilic anaerobic codigestion

Process

FISH analysis revealed that the Eubacteria was the major phylogenetic domain in both,
acidogenic phase and methanogenic phase (Table 5). It was according to Montero et al.
(2009) and Zahedi et al. (2013a, 2013b, 2014a, 2014b). However no significant
variation was found in Eubacteria:Archaea ratio (89:11) in both, first and second
phase, it is noteworthy that high differences in the amounts of microorganisms were
observed. In the acidogenic reactor, the amounts of microorganisms (non-Firmicutes
and non Clostridia and all the different groups of Archaea) were lower than in the
methanogenic reactor (Table 4). The lower content of microorganisms in the acidogenic
reactor was due to the several conditions existent and explained below (low pH and
HRT).

3.2.2.1 Eubacteria community

The AD treatment produced an increase in Eubacteria amount, especially others phyla

(non Firmicutes Eubacteria). This could be due to increase in phyla predominant or
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frequently detected in anaerobic sludge digesters such as Actinobacteria (Ariesyady et
al., 2007), Spirochaetes (Chouari et al., 2005; Lee et al., 2013), Bacteriodetes (Chouari
et al., 2005) and Proteobacteria (Chouari et al., 2005). Clostridium sp. clusters
represented 76% of total Firmicutes in the acidogenic phase. The high amount of
Clostridium sp. clusters in the first phase is due to the fact that these microorganisms
are the predominant strains involved in hydrogen production (Lee et al., 2009a). In the
second phase reactor, Clostridium clusters populations drastically decreased due to a
lack of the substrate and others genera of Firmicutes (non Clostridium) were increased
due to an increase of pH and a decrease in H; partial pressure (it was consumed by
HUM). Therefore, increase on genera of Firmicutes (non Clostridium) in the second
phase was due to syntrophic association with HUM. Many of other genera of Firmicutes
(non Clostridium) in anaerobic reactors are proton-reducing-acetogenic bacteria as
Syntrophomonas sp. and Syntrophobacter sp. which are inhibited in acid conditions,
since requires very low H, partial pressure to favour the thermodynamics of the
reactions (Boone et al., 1980; Zahedi et al., 2014a).

3.2.2.2 Archaea community

The decline in pH in the first phase produced a decrease in all groups of methanogens
that were detected in the substrates; after anaerobic acid digestion, the populations of
Methanosaeta sp., Most Methanobacteriales, Methanomicrobiales, Methanococcales
decrease by 75%, 50%, 38% and 52% respectively. So the least and the most resistant
of methanogens were Methanosaeta sp. and Methanomicrobiales, respectively. These
results were according to Shimada et al. (2011). Shimada et al. (2011) studied the
microbial processes involved in two-phase AD by operating a laboratory-scale, and their

results indicated that the order Most Methanobacteriales was better able to tolerate the
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acidified conditions than Methanosaeta sp. The pH increasing occurred in the second
phase, caused an increase of all methanogens detected: the populations of
Methanosaeta, Most Methanobacteriales, Methanomicrobiales, Methanococcales
increased by 208%, 133%, 50% and 144% respectively. The highest increase in the
second phase comparing with the first phase was observed for Methanosaeta sp. (208%)
and it was due to low concentrations of acetic acid (98% reduction) in the second phase
reactor. Regarding the relative amount of methanogens, the results show that HUM,
especially Most Methanobacteriales, constituted the major group of methanogens.
3.2.2.3 Ratio HUM/AUM and biochemical activities in the second phase

It is necessary to emphasize that not only the determination of the number of
microorganisms, but also the biochemical activities of microorganism and ratio
HUM/AUM in the reactor are key-factors that allow to understand the process
performances of anaerobic reactors (Zahedi et al., 2013a, 2013b).

Referring to the ratio of microorganism, previous studies have suggested that during the
MP in the anaerobic digestion process of biowaste, low ratios of HUM/AUM could
indicate that the H, generated during the acidogenic or acetogenic phase would be
accumulated in the system, preventing the activity of the AUM and acetogens (Zahedi et
al., 2013a, 2013Db). For this reason it’s important to establish the optimal ratio
HUM/AUM in the methanogenic process. Nevertheless, literature data related to the
optimal ratio HUM/AUM in the methanogenic process, were poor and quite varied.
Montero et al. (2009) and Zahedi et al. (2013b) showed that in a stable single-stage
anaerobic system when no H, was detected, the average values of the ratio Most
Methanobacteriales/Methanosaeta sp. were around 0.2 and 0.9, respectively, while in

the present study the average value was 1.8, slightly higher than those obtained for
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Zahedi et al. (2013a) during the two-phase dry-thermophilic anaerobic digestion of
municipal solid waste. Shimada et al. (2011) and Xiao et al. (2013), in the
methanogenic phase of the two-phase system, obtained values of ratio
(Methanomicrobiales+Most Methanobacteriales)/(Methanosaeta sp.) of 0.9 and 56.6,
while in the present study the average value was 2.7.

Thus, the relative amount of AUM and HUM in the methanogenic phase of the two-
phase system may be different from that found in the conventional single stage AD
system and even variable in other two-phase system using other substrates.

In the present research work the average values of the ratio Most
Methanobacteriales/Methanosaeta sp. and HUM/AUM were 1.8 and 3.6, respectively
and this reflected the prevalence of the HUM. These results are consistent with previous
studies in two-phase AD system (Shimada et al., 2011; Xiao et al., 2013). Shimada et al.
(2011) and Xiao et al. (2013) attributed a high ratio HUM/AUM to the inhibition of
AUM. Shimada et al. (2011) reported that elevated ammonia concentrations (1.0-1.4
g/1) and the constant input of acetate oxidizing bacteria from the first phase in the
second phase may partially inhibit AUM and drives the digestion process through HP
by acetate oxidizing bacteria and MP by HUM. Xiao et al. (2013) established that, as
long as acetic acid concentration was lower than the inhibition threshold, increase in
acetic acid concentration promotes the AUM activity, but when acetic acid
concentration was higher than the inhibition threshold, it became inhibitor of the
activities of AUM, especially at low pH environment. In the present study, inhibition of
AUM in the second phase was not observed because of the high removal of acetic acid

(98%). Therefore, the high ratio HUM/AUM was due to other two reasons. The first
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reason is that related to the high and constant input of HUM, especially Most
Methanobacteriales and Methanomicrobiales, from the first phase to the second phase.
A large amount of HUM was present in the feedstock substrates of OFMSW and WAS
(Table 4). They do not grow in the first-phase, hence HUM come from an external
source. Previous studies have demonstrated that the microbial content inside the reactor
was strongly influenced by the content of microorganisms in the substrate (Zahedi et al.,
2013a; 2014b). Therefore the input of HUM from first-phase into second-phase, come
from WAS and OFMSW. The average value of the ratio HUM/AUM in the substrate
was 2.4; during the acidic treatment, this value was increased to 5.2. This was a
consequence of the fact that AUM were the most affected methanogens by acidic pH
(decrease 75 %), while HUM, especially Most Methanobacteriales were better able to
tolerate the acidified conditions. The second reason for high values of the ratio
HUM/AUM was the high amount of butyric (10.3+£0.4 g COD/1) generated in the
acidogenic phase. This fact caused an increasing of the HUM populations to archive an
high butyric acid removal (100%). During acetogenic process was produced large
amounts of H,, which should be consumed quickly by HUM because acetogens and
AUM have a scarce growth in presence of H; in the system (Boone et al., 1980;
Montero et al., 2009; Zahedi et al., 2013a, 2013b). The methanogenic activity in the
second phase at an OLR of 3 kg TVS/m’/d was of 109+19*107* 1 CHu/cell/d higher than
those obtained by Zahedi et al. (2013b) (in the range 15-48*10™"° 1 CHy/cell/d) at OLR,
between 5.7 kg and 30.7 kg TVS/m*/d (HRT of between 15 d and 3 d). To date, the
optimal ratio HUM/AUM in the methanogenic phase with a high ratio of butyrate to
acetate and high content of HUM in the feed (acidogenic effluent from WAS and

OFMSW) have not been studied yet. Data from this study suggest that the optimal ratio
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Most Methanobacteriales/Methanosaeta sp. and HUM/AUM on methanogenic phase
for anaerobic co-digestion process from WAS and OFMSW, with high butyric loading

rate and high content of HUM in the feed was 1.8 and 3.6.

4. Conclusion

Clostridium sp. represented 76% of total Firmicutes in the acidogenic phase, while in
the methanogenic phase, the pH increase and the high content of the butyric an acetic in
the substrate produced an increase in others genera of Firmicutes (non Clostridium) and
in all methanogens studied, especially in Methanosaeta sp. (208%), This fact, together
with the increasing of others phyla (non Firmicutes Eubacteria) shown no variations in
the Eubacteria:Archaea ratio in both phases.

High ratios HUM/AUM (3.6) are required in the second phase to ensure the syntrophic
activity and therefore the smooth functioning of the system. Most Methanobacteriales
constituted the major group of Archaea.
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