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a b s t r a c t

Biohythane production from wastewater via anaerobic fermentation currently relies on two-stage
physically separated biohydrogen and biomethane reactors, which requires closed monitoring, the
implementation of a control system, and cost-intensive, complex operation. Herein, an innovative
multistage anaerobic hythane reactor (MAHR) was reported via integrating two-stage fermentation into
one reactor. MAHR was constructed using an internal down-flow packed bed reactor and an external up-
flow sludge blanket to enhance microbial enrichment and thermodynamic feasibility of the associated
bioreactions. The performance of MAHR was investigated for 160 d based on biogas production, meta-
bolic flux and microbial structure in comparison to a typical anaerobic high-rate reactor (up-flow
anaerobic sludge blanket (UASB)). A biohythane production with an optimized hydrogen volume ratio
(10e20%) and a high methane content (75e80%) was achieved in the hythane zone (MH) and methane
zone (MM) in MAHR, respectively. In addition, MAHR showed a stronger capability to accommodate a
high organic loading rate (120 g COD/L/d), and it enhanced the conversion of organics leading to a
methane production rate 66% higher than UASB. Thermodynamic analysis suggested that hydrogen
extraction in MH significantly decreased the hydrogen partial pressure (<0.1% vol) which favored ace-
togenesis in MM. Metabolic flux and microbial function analysis further supported the superior perfor-
mance of MAHR over UASB, which was primarily attributed to enhanced acetogenesis and acetoclastic
methanogenesis.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Hythane, which is known as hydrogen-enriched compressed
natural gas, has been mandated as a forthcoming energy carrier for
the internal-combustion engine. Thermal efficiency of the hythane
engine has proven to be much better than compressed natural gas
engines while also emitting a lower level of harmful emissions
(Benemann, 1996; Mehra et al., 2017). Compared with hythane
produced from fossil fuels, biohythane produced from bio-waste
feedstocks via two-stage anaerobic fermentation has been pro-
posed as a promising and sustainable alternative approach (Liu
et al., 2018). Recent studies have shown that flexible and
controllable biohythane production can be achieved, and the pri-
mary product can be readily utilized for direct application after the
removal of carbon dioxide (Krishnan et al., 2019). Various waste-
water streams have been successfully used for biohythane pro-
duction, including coffee manufacturing wastewater (Jung et al.,
2012), cassava wastewater (Intanoo et al., 2016), palm oil mill
effluent (Seengenyoung et al., 2019) and tequila vinasses (Buitr�on
et al., 2014). Two-stage fermentation for biohythane production
has been considered superior to traditional single-stage fermen-
tation for biogas production not only because of its production of
cleaner products, but also due to its enhanced fermentation effi-
ciency (Chatterjee and Mazumder, 2019). Schievano et al. (2014)
reported that biohythane production from biomass through two-
stage fermentation resulted in a significantly higher (8%e43%)
energy recovery under different conditions. We previously set up a
two-stage fermentation system based on typical anaerobic high-
rate reactors, which confirmed an enhanced energy recovery and
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organics conversion compared with single-stage fermentation (Si
et al., 2016). The improvement of the two-stage fermentation sys-
tem could be attributed to the enhancement and optimized control
of the microbial metabolism. Fontana et al. (2018) further
confirmed the superiority of two-stage in comparison to single-
stage anaerobic fermentation and revealed the mechanism
behind this trend based on metagenomic analysis. However, two-
stage fermentation for biohythane production usually involves
two physically separated reactors for biohydrogen and biomethane
production. For example, previous studies have combined a
continuous stirred tank reactor (CSTR) with upflow anaerobic
sludge blanket (UASB) (Montiel Corona and Razo-Flores, 2018), two
UASB (Intanoo et al., 2016), an anaerobic sequencing batch reactor
(ASBR) with UASB (Seengenyoung et al., 2019), and two packed bed
reactors (PBR) (Si et al., 2016). In addition, complicated monitoring
(online pH sensing), control systems (control valves and pumps)
and chemical reagents are usually required for these types of sys-
tems (Ravi et al., 2018; Seengenyoung et al., 2019). Thus, the
implementation of these systems and inputs may lead to intensive
operating and maintenance costs.

Integrating two-stage fermentation into a bioreactor is an
attractive concept. Theoretically, the new reactor design could be
based on two typical and widely used anaerobic high-rate reactors,
such as the PBR (Bertin et al., 2010) and the UASB (Lettinga and Pol,
1991). However, choosing proper separation approaches for
hydrogen/hythane and methane production into one system leads
to design challenges for this type of reactor. The previously re-
ported main approaches (Table A1) for fermentation separation
included: (1) pretreatment of the inoculum for biohydrogen pro-
duction, such as heat treatment, acid and base shock, etc., to enrich
spore-forming hydrogen-producers (Wang and Yin, 2017). How-
ever, these methods could not suppress hydrogen-consuming re-
actions for long-term operation, especially for high-rate anaerobic
reactors which had a long sludge retention time (Si et al., 2015); (2)
pH control has been proven to be effective (Si et al., 2016). The
optimal pH for most hydrogen bacteria ranged from 4 to 6
(Sivagurunathan et al., 2016), whereas the optimal pH value was
neutral for biomethane production. However, maintaining this pH
gradient would significantly increase the economic input due to the
need for an online monitoring and control system. Moreover, the
addition of extra chemicals for pH adjustment may lead to a
digestate with a high concentration of salts which cannot be used
as bio-fertilizer (Krishnan et al., 2019); (3) hydraulic retention time
(HRT) control has been proposed as a possible method to separate
hydrogen and methane production. The HRT for hydrogen pro-
duction is much shorter than that of methane production
(Table A1). In particular, the ratio of the HRT for methane produc-
tion to that of hydrogen production ranged from 1 to 10. Pakarinen
et al. (2011) proved that the methanogenic process can be shifted
towards hydrogen production by decreasing the HRT. Si et al. (2015)
investigated the effect of HRT on biohydrogen production in high-
rate reactors, and the results showed that the decrease of the
HRT increased the biohydrogen yield and decreased the methane
production. The HRT difference during two-stage fermentation
could be easily achieved via two separate reactors. However,
further design changes are needed to achieve the successful
implementation of an integrated bioreactor.

Considering all of this as a whole, a multistage anaerobic
hythane reactor (MAHR) was proposed in this study (Fig.1a). MAHR
consisted of two zones: an inside reaction zone for biohydrogen/
biohythane production (MH) and an outside reaction zone for bio-
methane production (MM). MAHR was designed based on four
hypotheses/preconditions: (1) MAHR could be separated into two-
reaction zones (MH and MM) by HRT differences. MH could be
maintained at a much lower HRT than MM; (2) The flow pattern of
the wastewater stream in the MAHR was similar to a plug flow
reactor with axial dispersion, which has been considered to have
hydrodynamic behaviors similar to typical high-rate anaerobic
rectors (Ren et al., 2008). The wastewater flow through MH and MM
could be conducted in sequence (red arrows) (Fig. 1a); (3) MH could
be packed with microbial carriers and it could enrich robust
hydrogen producers in the form of biofilms. The packed bed biofilm
reactor has been proven for continuous hydrogen production, and
his type of reactor could suffer from a low HRT (reaching up to 2 h)
(Si et al., 2015); (4) MM could consisted of a granular sludge blanket,
which has been verified to efficiently convert volatile fatty acids
(VFAs) and alcohol generated during hydrogen production (Han
et al., 2005; Si et al., 2016). As such, a novel MAHR bioreactor,
which integrated two-stage fermentation into a bioreactor to
continuously produce biohythane, was established based on the
above hypotheses. MAHR that separated hydrogen/hythane and
methane production via HRT differences reduced the economic
input in comparison to conventional two-stage fermentation. In
addition, an enhanced fermentation efficiency was achieved in
MAHR compared with that of typical anaerobic high-rate reactors.
This attributed to the advantageous ability of this reactor to include
a stage-separation process. To evaluate the performance of MAHR,
long-term operation (160 days) of this reactor was conducted using
a UASB as the control, under identical operating conditions. This
study specifically emphasized the impacts of this reactor with re-
gard to gas production, metabolic flux, thermodynamics and mi-
crobial structure.

2. Materials and methods

2.1. Experimental setup and operation

The experiments were carried out via two laboratory scale
MAHR and UASB reactors (Fig. 1). Both of the reactors were made of
transparent acrylic with an effective volume of 2 L and a height-to-
diameter ratio of 4:1. MAHR consisted of an inside section for
hydrogen/hythane production (MH) and an outside section for
methane production (MM). The ratio of the volumes of MH to MM
was set at 1:3, which led to a HRT ratio of 3. This designed HRT ratio
was within the range of 1e10 based on the literature (Table A1).
Poly-ethylene rings were packed in MH to serve as a microbial
carrier. MAHR and UASB were maintained at mesophilic condition
(37 �C) using a water jacket. Gas volumes of the two reactors were
measured daily using gas meters at room temperature (25 ± 3 �C)
and corrected under standard conditions (273.15 K, 101.325 kPa).
The produced gas was collected in air-tight bags for composition
analysis. The effluents from the reactors were first centrifuged at
4000 rpm for 10min and then filtered using a 0.45 mm membrane
filter before total organic carbon (TOC), inorganic carbon (IC) and
volatile fatty acids (VFAs) analysis.

The UASB and MM were inoculated with granular sludge ob-
tained from a continuously operated UASB using synthetic waste-
water. The same granular sludge was also used for the inoculum of
the MH zone after heat pretreatment (100 �C, 15min). The inoculum
of UASB/MM and MH consisted of a volume inoculation ratio of 20%
(v/v) and 60% (v/v), respectively. The UASB and MAHR were
continuously operated using synthetic wastewater. The synthetic
wastewater consisted of glucose (carbon source) and NH4Cl (ni-
trogen source) with varying concentrations depending on the re-
actors’ operational conditions. The carbon/nitrogen ratio was
adjusted to 25. Nutrients were added which contained (mg/L):
K2HPO4 250, KH2PO4 250, MgCl2 300, CoCl2 25, ZnCl2 11.5, CuCl2
10.5, CaCl2 25, MnCl2 15, NiSO4 16 and FeCl3 25 (Si et al., 2016).
NaHCO3 was added into the wastewater as a pH buffer at 1 g/g COD.

The UASB and MAHR were started up at an initial feedstock



Fig. 1. Schematic description of MAHR (a) and UASB (b). The red arrows represent the directions of liquid flow, the reaction zone for hydrogen/hythane production (MH) and the
reaction zone for methane production (MM). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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concentration of 2 g COD$L�1 and a HRTof 24 h (Fig. 2, phase 1). The
feed concentration increased to 5 g COD$L�1 (phase 2) after the
effluent’s pH recovered from the initial organic shock (Fig. 2). The
HRT decreased to 12 h in phase 3, and further increase of the
organic loading rate (OLR) was conducted by increasing the feed
concentration from 5 g COD$L�1 to 10 g COD$L�1 (phase 4). The
reactors operated in phases 5e11 had an HRTof 8, 6, 4, 12, 2 and 6 h,
respectively, and a fixed concentration of the feedstock (10 g
COD$L�1) was applied in all these phases (Fig. 2).

2.2. Analytical methods

The gas content of hydrogen, methane and carbon dioxide was
determined daily via gas chromatography (SP-6890, Lunan Tech-
nologies, China). The gas chromatography system was equipped
with a thermal conductivity detector and a stainless steel column
packed with TDX-01. The concentration of TOC and IC was
Fig. 2. Organic loading rate (OLR), hydraulic retention time (HRT) and pH value changes in M
initial feedstock concentration of 2 g COD$L�1 and a HRT of 24 h (phase 1). The feed concen
further increase of OLR was conducted by increasing the feed concentration from 5 g COD$L
varied with a fixed concentration of the feedstock (10 g COD$L�1) in phase 5e11.
determined by a TOC analyzer (TOC-VCPN, Shimadzu, Japan). The
VFAs in the effluents were analyzed by high performance liquid
chromatography (Shimadzu 10A, Japan) equipped with an ultravi-
olet detector and a synergi 4u Hydro-RP (Phenomenex) column.
Five mMH2SO4 was used as the mobile phase at a flow rate of 1mL/
min, and the oven temperature was set at 40 �C.

The microbial samples in UASB, MH and MM were collected for
morphology observation and microbial diversity analysis. The mi-
crobial morphology was observed by scanning electron microscopy
(SEM) (Quanta 200, FEI, USA) as previously described (Liu et al.,
2012). The microbial diversity was analyzed via Illumina MiSeq
sequencing. Primers 338F (50-ACTCCTACGGGAGG CAGCAG-30) and
806R (50-GGACTACHVGGGTW TCTAAT-30) for the bacteria were
used. Primers Arch524F (50-TGYCAGCCGCCGCGGTAA-30) and
Arch958R (50-YCCGGCGTTGAVTCCAATT-30) for the archaea were
used. The PCR process was conducted as previously described (Si
et al., 2015). Amplicons were extracted from 2% agarose gels and
AHR and UASB during 160 days’ operation. The UASB and MAHR were started up at an
tration increased to 5 g COD$L�1 (phase 2). The HRT decreased to 12 h in phase 3, and
�1 to 10 g COD$L�1 (phase 4). The HRT (12-2 h) and OLR (20e120 g COD$L�1d�1) both
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purified using an AxyPrep DNA gel extraction kit (Axygen Bio-
sciences, USA) and quantified using QuantiFluor ST (Promega, USA).
Purified amplicons were pooled in equimolar amounts and paired-
end sequenced on an Illumina MiSeq platform. The raw reads were
deposited into the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA) database. Raw fastq files were
demultiplexed and quality-filtered using Quantitative Insights into
Microbial Ecology (QIIME). The phylogenetic affiliation of each 16S
rRNA gene sequence was analyzed by a RDP Classifier (http://rdp.
cme.msu.edu/) against the silva (SSU115) 16S rRNA database us-
ing a confidence threshold of 70%.
2.3. Calculation

The standard Gibbs free energy (DG00) of bioreactions during
anaerobic fermentation was collected according to the literature
(Table A2). The standard conditions are 25 �C, a pressure of 1 atm,
and a pH of 7. The environmental Gibbs free energy (DG) was
calculated according to (McCarty, 1986).

DG¼DG0’þ RT
Xmk

i¼1

vikln ai

where vik is the stoichiometric coefficient for component i in re-
action kwithmk components; ai is the physiological concentrations
of i; R is the universal gas constant; and T is the absolute temper-
ature. The effect of pH was not considered for calculation of DG
during the fermentation process because the pH of the influent and
effluent was around 7 due to the addition of a pH buffer (Fig. 2).

The electron flux of MAHR and UASB was proposed based on a
previous study (McCarty, 1986). Only the most significant pathway
in anaerobic fermentation was proposed, though there are other
pathways contributing to the production of methane. The methane
production in MH was assumed to be dominated by the hydro-
genotrophic pathway, based on the results of thermodynamics
analysis and microbial distribution in MH. The distribution of the
electron flux of hydrogen and methane production in MH was
calculated based on the experimental data. The calculation of the
electron flux was based on the method proposed by Rittmann and
McCarty (2001), and the microbial growth was not included in the
analysis since themost of electron in the reaction (92%) contributed
to methane.
3. Results and discussion

3.1. Operational performance of MAHR and UASB in response to
different organic loads

MAHR showed separated gas production inMH andMM (Fig. 3a).
MAHR and UASB had a similar total gas production rate from phase
1 to 5. Note that the unstable performance of MAHR at 70e130 days
(phase 6e8) was mainly caused by the blockage of the gas outlet of
MH (Fig. A1), which may have occurred due to the narrow diameter
and growth of the biofilms. The blockage led to the gas emission
from MH through the gas outlet of MM (phase 6e8). This was
verified by the increased hydrogen production in MM which was
amplified due to the gas produced from MH mixing with the gas
produced from MM (Fig. 3b). In addition, the gas misdirection may
have disturbed the biochemical reactions and mass transfer in MM.
Generally, MAHR had a similar or even lower gas production than
UASB when MH didn’t function properly (phase 6e8). After
enlarging the gas outlet of MH (phase 9), the gas production in
MAHR recovered to similar values in phase 4, which had the same
HRT and OLR as phase 9. This indicated the quick recovery of MAHR
from the organic loading shock (phase 5e7, 60 g COD$L�1d�1). In
comparison, UASB maintained a much lower gas production rate in
phase 8e9 than that in phase 4 even at the same OLR. This sug-
gested that UASB had not yet recovered from the organic loading
shock. When the HRT decreased to 2 h (phase 10), a significant
production of hydrogen in UASB was observed. This indicated the
shift of metabolites due to the reduction of the HRT (Si et al., 2015).
The methane production rate dramatically decreased due to the
low HRT. The methane production rate in MAHR
(18.60± 1.83 L d�1) was 66% higher than that in UASB
(11.21± 1.16 L d�1), indicating the higher organic loading capacity
of MAHR in comparison to UASB. A hydrogen production rate of
0.32± 0.11 L d�1 in MAHR was achieved at phase 11 (HRT 6 h).
Meanwhile, a methane production rate of 24.24± 2.98 L d�1 was
achieved in MAHR, which was 111.8% higher than that of UASB. In
general, MAHR exhibited a higher organic loading capacity and
more efficient system recovery from organic loading shock than
UASB.

The gas content in MH demonstrated promising biohythane
production results (Fig. 3 d). A slight increase of the hydrogen
content was observed in MH as the HRT decreased. In particular, the
hydrogen content in MH increased to 18% when the HRT decreased
to 6 h, but it immediately decreased to 2%. This could be attributed
to the hydrogen consuming reactions, such as hydrogenotrophic
methanogenesis (Table A2). Similar results were observed by the
biofilm reactor for biohydrogen production, in which reducing the
HRT suppressed the hydrogen-consuming reactions but could not
remove these bacteria (Si et al., 2015). Although the hydrogen
content was not comparable with that in a separated and pH
controlled hydrogen biofilm reactor (25e40%) (Si et al., 2015), a
promising amount of biohythane could be achieved inMH. The ratio
of hydrogen in hythane ranged from 0 to 89%, and the adjustment
of the ratio of hydrogen in hythane was related to the methane
content (ranging from 15% to 20) in MH which decreased with the
reduction of the HRT. A stable ratio of hydrogen in hythane
(10e20%) was achieved in phase 11 (Fig. 3d). This hydrogen to
hythane ratio was within the suggested range (Mehra et al., 2017).
The produced hythane is a competitive and promising fuel for
existing combustion engines, and it can be used for vehicle fuels
after directly removing the carbon dioxide. The difference between
the gas content in MM and UASB further confirmed the separation
of hydrogen/hythane and methane production. The gas production
in MM maintained a high methane content (Fig. 3e). In particular,
the methane content in MAHR ranged from 75 to 80% at a HRT of
12 h (phase 3, 4, 9). This methane content was over 20% higher than
that in UASB (around 50%). The higher methane content in second
stage fermentation than single stage fermentation has also been
verified in our previous study (Si et al., 2016). This could be
attributed to the fact that the substrate for the second stage was
mainly VFAs, which could increase the ratio of methane in the
produced gas based on their stoichiometric equations (Pavlostathis,
1991). In addition, limited hydrogen production (volume content
below 0.1%) was observed inMM during the stable operation phases
(phase 3, 4, 9, 10 and 11). This indicated efficient conversion of VFAs
to methane by hydrogenotrophic methanogens and acetogenesis
bacteria. The gas produced from MM could be purified for the
production of pure methane products and could be incorporated
into a natural gas pipeline, and the purification cost would be much
less than conventional single-stage fermentation due to its high
content of methane.

TOC conversion and VFA changes further revealed the difference
between the metabolism of organics in MAHR and UASB (Fig. 4).
BothMAHR and UASB had a TOC removal close to 90% after 30 days’
operation, indicating the successful startup of the reactors. The TOC
removal of MAHR and UASB in phase 3 reached up to 95.3± 3.1%

http://rdp.cme.msu.edu/
http://rdp.cme.msu.edu/


Fig. 3. Total gas production rate (a), hydrogen production rate (b), methane production rate (c) in UASB and MAHR, and the gas content in MH (d), MM (e) and UASB (e) during 160
days’ operation. MH is the reaction zone for hydrogen/hythane production and MM is the reaction zone for methane production in MAHR.
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and 89.7± 4.9%, respectively (Fig. 4a). The higher TOC removal of
MAHR in comparison to UASB was also reflected by the concen-
tration of VFAs in the effluents. A higher concentration of butyric
acid was observed in UASB than MAHR (Fig. 4 b, c). This result
suggested the enhanced acetogenesis in MAHR which converted
butyric acid to acetic acid and hydrogen, and these products were
further converted into methane. Due to the blockage of MH (phase
6e8) as described above, the TOC removal efficiency in MAHR was
similar to or even less than that of UASB, which was also confirmed
by the changes in the VFAs concentration. The TOC removal in
MAHR quickly recovered to 90% after the HRT returned back to 12 h
(phase 9). In comparison, a TOC removal of 50% was achieved in
UASB. This difference corresponded to the gas production (Fig. 3),
suggesting the quicker recovery of MAHR than UASB from the
organic shock. Further, the HRT decreased to 2 h (phase 10) which
led to an OLR of 120 g COD$L�1d�1. A TOC removal of 38.1± 10.5 and
20.5± 6.0% was achieved in MAHR and UASB, respectively. A sig-
nificant increase of VFAs was observed in MAHR and UASB. An
accumulation of propionic and butyric acid was found in both
MAHR and UASB. MAHR had lower concentrations of these acids
than UASB, which suggested enhanced acetogenesis. In phase 11
when the HRTwas changed to 6 h, a TOC removal of 75.1± 4.6%was
achieved in MAHR, and this value was 34.7% in UASB. However, the
concentration of butyric acid in MAHR dramatically decreased,
whereas butyric acid in UASB remained at a similar level to that in
phase 10. One interesting aspect of these results was the low con-
centration of acetic acid (4± 6mg TOC$L�1) in MAHR, whereas that
in UASB reached up to 72± 54mg TOC$L�1. These results suggested
the enhanced presence of acetogenesis and acetoclastic methano-
genesis in MAHR compared with UASB. This demonstrated a
promising prospective application for MAHR, since acetogenesis
has been reported as one of the rate-limiting steps in anaerobic
fermentation (Tommaso et al., 2015).
3.2. Thermodynamics of organics conversion in MAHR and UASB

The difference between MAHR and UASB could be further
evaluated in-depth based on thermodynamics analysis. The
hydrogen produced during acidogenesis was taken from the liquid
phase in the form of hydrogen gas or it was further used for
hydrogenotrophic methane production in MH. The involved re-
actions (Table A2) had a DG00 ranging from �279.4 to �164.8 kJ/
mol, which indicated the thermodynamic favorability of these re-
actions in MH. Note that a microenvironment may be formed in MH
among the PE rings, which may lead to insufficient mass transfer
and an increased hydrogen partial pressure. In addition, unlike
previous studies which maintained acidic conditions for hydrogen
production (Sivagurunathan et al., 2016), MAHR was operated
without pH control in this study. The added NaHCO3, which acted
as a pH buffer, provided a high concentration of HCO3

� in the



Fig. 4. TOC removal (a) and VFAs concentration (b, c) in the effluent of MAHR and UASB during 160 days’ operation.

Fig. 5. Variations of environmental Gibbs free energy of acetogenesis in MAHR and
UASB during 160 days’ operation.
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fermented liquid phase. All of the above conditions thermody-
namically favored the reaction of hydrogenotrophic methano-
genesis in MH.

4H2 þHCO3
� þ Hþ/CH4þ3H2O DG00 ¼ �135kJ=mol

Hence, it was not thermodynamically feasible to avoid methane
production and produce a high content of hydrogen in MH. How-
ever, we proved that biohythane with a proper hydrogen ratio
could be achieved by reducing the HRT. The reduced HRT would
improve the mass transfer in the reactor, enhance the release of
hydrogen gas and further avoid conversion of produced hydrogen
through methanogenesis (Si et al., 2015).

The accumulation of VFAs in MM and UASB was found to be
related to the increased hydrogen content (Fig. 5). Hydrogen partial
pressure changes could significantly affect the Gibbs free energy
available from the reactions during anaerobic fermentation. In
particular, acetogenesis would be significantly influenced by the
Gibbs free energy results (McCarty, 1986; Thauer et al., 1977).
Thermodynamics quantification of acetogenesis was conducted to
reveal the significant differences between the organics conversion
of MAHR and UASB. After startup of UASB and MAHR from phase 1
to 5 (30 days), the DG of propionic acid and butyric acid aceto-
genesis was below zero in MAHR, suggesting well-functioning
acetogenesis. This was confirmed by the organics conversion and
VFAs concentration (Fig. 4). Both the DG of propionic acid and
butyric acid acetogenesis in UASB and MAHR was above zero at
phases 6e8, corresponding to the decreased TOC removal and
accumulated VFAs. In particular, the DG of propionic acid and
butyric acid acetogenesis in MAHR was higher than UASB. As dis-
cussed above, the gas outlet of MH was blocked in phases 6e8. As a
result, the produced hydrogen in MH was rushed into MM and
increased the hydrogen partial pressure which made the process
thermodynamically unfavorable for acetogenesis. In comparison,
after fixing the gas outlet of MH, the DG of propionic acid aceto-
genesis in MM decreased to below zero in phase 9. Further
decreasing the HRT to 2 h (phase 10) led to the DG reaching a value
above zero and thereby the subsequent accumulation of propionic
acid in MAHR. A similar result reported that conversion of propi-
onic acid was kinetically difficult when a shorter HRT was adopted
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(Qiao et al., 2016). The degradation of butyric acid was more ther-
modynamically favored than propionic acid, which showed an
environmental DG predominantly below zero in phases 9e11 in
MAHR (Fig. 5). In general, acetogenesis in MM was thermodynam-
ically favorable compared with UASB, which led to a strengthened
organics conversion and methane production in MM. This was
attributed to the critical role of MH which enhanced acetogenesis in
MM via the extraction of hydrogen. Further, this also explains the
reason why two-stage fermentation was more advantageous than
conventional single-stage fermentation as the organic loading ca-
pacity and organic conversion increased.

3.3. Microbial community analysis

The difference between the gas production and organics con-
version performance of UASB and MAHR indicated a significant
difference in their microbial structure after long-term operation.
SEM pictures show that the center of both granules in UASB (Fig. A2
b) and MM (Fig. A2 f) had coccus-shaped microbes. As for the bio-
film in MH, it was dominated by rod-shaped bacteria (Fig. A2 2d).
Ternary plot analysis based on Illumina Miseq sequencing further
confirmed the difference between the microbial structure among
MH, MM and UASB (Fig. 6). According to the analysis, UASB and MH
showed similar distributions of bacteria on a phylum level; both
reactors contained an abundance of the enriched phylum Firmi-
cutes. The phylum Firmicutes is usually observed in hydrogen pro-
duction reactors in two-stage fermentation systems, which
suggested a function of domain acidogenesis and hydrogen pro-
duction (Si et al., 2016). Compared with UASB and MH, the phylum
Proteobacteria, Synergistetes, Actinobacteria and Chloroflexi were
mostly associated with MM. As for the archaea, only the phylum
Euryarchaeotawas found, and it tended to be enriched by UASB and
MM. A further comparison of the distribution of bacteria and
archaea at the family level is illustrated in Fig. 7a. UASB and MH had
a much higher distribution of the family Bacteroidaceae, PeH08,
Clostridiaceae, Eubacteriaceae, Lachnospiraceae, Erysipelotrichaceae
and Enterobacteriaceae than the distribution of these families in
MM. All these bacteria were reported to be related to acidogenesis
(Si et al., 2016). Some of them, such as Clostridiaceae and
Fig. 6. Ternary plot of bacteria (a) and archaea (b) for hydrogen/hythane production (MH), th
relative occurrence of individual OTUs (circles) that are members of the phylum in MH, M
(weighted average). The position of each circle is determined by the contribution of the indic
less than 0.5% of the total composition.
Enterobacteriaceae, are representative hydrogen producers (Lee
et al., 2011). MM enriched the family Propionibacteriaceae, Anaero-
lineaceae, Streptococcaceae, Christensenellaceae, Syntrophomonada-
ceae,Desulfovibrionaceae, Syntrophobacteraceae, and Synergistaceae.
As for the archaea, methane producers were found in all reactor
zones, which was further validated by the composition of the
produced gas (Fig. 2). The family Methanobacteriaceae was the
dominant archaea group in UASB, MM, and MH, and it reached its
highest abundance (74.7%) in MH. In order to further reveal the role
of microbes during the metabolic pathways of organics and gas
production, the relative abundance of functional bacteria and
archaea was examined (Fig. 7b). Functions of dominant families
were classified on the family level according to the literature (Si
et al., 2016; Rosenberg et al., 2014). MH had the highest abun-
dance of bacteria (up to 82.94%) related to acidogenesis. In com-
parison, MM had the lowest acidogenesis bacteria content. As for
the acetogenesis bacteria, MM had the highest distribution (21.69%).
Acetogenesis bacteria grow in obligate syntrophy with metha-
nogens and convert substrates that are not (or not easily) used for
methane production, such as butyric and propionic acid to acetic
acid and hydrogen (Stams and Plugge, 2009). These results
demonstrated a dominant functional separation of acidogenesis
and acetogenesis in MH and MM, respectively. The content of ace-
togenesis bacteria in MAHR was higher than that in UASB, indi-
cating an enhanced VFAs conversion, which has been confirmed by
the VFAs distribution (Fig. 4). Similar microbial distribution differ-
ences between one-stage and two-stage fermentation were also
reported in a previous study when a one-stage biomethane system
was shifted to a two-stage biohythane system (Si et al., 2016). The
family PeH08 in UASB reached up to 25.44%, and its function needs
further investigation. For the methane producers in UASB and
MAHR, the dominant archaea was related to the hydrogenotrophic
methanogenesis pathway. MH showed a high distribution of
hydrogenotrophic methanogens. This corresponded to the robust
methane production and low hydrogen yield in MH (Fig. 3). In
comparison, MM contained a higher abundance of acetoclastic
methanogens than MH and UASB, which could effectively convert
the acetate produced from acetogenesis. This result corresponded
to the lower acetic acid concentration in the effluent of MAHR in
e reaction zone for methane production (MM) and UASB. Ternary plot representing the
M and UASB, respectively. The size of each circle represents its relative abundance

ated compartments to the total relative abundance. “Others” included phylawhich were



Fig. 7. Relative abundance of bacteria and archaea at the family level (a), and the relative abundance of functional microbes of bacteria and archaea (b) at the family level. “Others”
included families which were less than 0.5% of the total composition. MH is the reaction zone for hydrogen/hythane production, and MM is the reaction zone for methane
production.
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comparison to UASB (Fig. 4).
Further, the microbial structure, metabolites distribution and

thermodynamics were combined to reveal the biochemical path-
ways in UASB and MAHR (Fig. 8). Acidogenesis was the dominant
biochemical reaction in MH, which produced hydrogen and VFAs.
The high content of hydrogenotrophic methanogens in MH could be
explained by its high hydrogen partial pressure, which is beneficial
for hydrogenotrophic methanogenesis from a thermodynamic
perspective. The low HRT in MH tended to get rid of acetoclastic
methanogens rather than hydrogenotrophic methanogens due to
their much slower specific growth rate than the latter (Pavlostathis,
1991). Generally speaking, the enhanced acetogenesis and aceto-
clastic methanogenesis which were promoted enriching specific
microbes in MAHR strengthened the organics removal and biogas
production compared with UASB (Fig. 8b). This was also supported
by one recent study, which found that the lower organics conver-
sion in the single stage configuration in comparison to the two-
stage fermentation was mainly correlated to the low abundance
of acetogenesis bacteria and to the absence of acetoclastic metha-
nogens (Fontana et al., 2018). In conventional UASB (Fig. 8c), the
hydrogen partial pressure increases as the organic load increases.
Thus, acetogenesis is easily to be inhibited from a thermodynamic
perspective. Regarding MAHR, the hydrogen partial pressure
remained at a low level due to the extraction of a substantial
amount of hydrogen in MH. Hence, acetogenesis was strengthened
and the related microbes were enriched in MM.



Fig. 8. Metabolic flux with functional microorganisms at (a) the reaction zone for hydrogen/hythane production (MH), (b) the reaction zone for methane production (MM) and UASB
(c).IIIIII indicates acidogenesis, acetoclastic and methanogenesis, respectively. The electron flow was modified based on (McCarty, 1986).
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3.4. Outlook

In this study, MAHR produced biohythane and biomethane at
the same time, demonstrating advantageous aspects over tradi-
tional UASB, including a stronger tolerance to a high OLR, an
enhanced organics removal, and an improved energy recovery.
However, MAHR was operated with synthetic wastewater in this
study, and real waste streams need to be further verified. It can be
speculated that waste streamswith a high content of carbohydrates
would be suitable substrates for MAHR, such as palm oil mill
effluent (Krishnan et al., 2017), coffee wastewater (Jung et al., 2012)
and household waste (Liu et al., 2006). It’s worth noting that MAHR
also has potential to treat toxic wastewater, due to the fact that it
demonstrated a strengthened presence of acetogenesis. The syn-
trophic communities consisted of acetogenesis bacteria and
hydrogenotrophic methanogens known to be involved in the
degradation of substrates that cannot be fermented by individual
species alone (Stams and Plugge, 2009). Furthermore, these com-
munities have also demonstrated the ability to cooperatively
degrade aromatic, polyaromatic, and hydrocarbon compounds
(Morris et al., 2013). Previous studies have also confirmed the active
role of acetogenesis bacteria when dealing with post-hydrothermal
liquefaction wastewater, which contains phenols, and N-heterocy-
clic compounds (Si et al., 2019). However, a waste steam containing
a high concentration of metal ions, ammonia or sulfur would be a
challenge for MAHR to convert. This is due to the fact that the
effluent from the hydrogen/hythane production zone directly feeds
into the methane production zone which would cause a shock to
the sensitive methanogens. A possible manner to compensate is
adjusting themethane production zone via recycling the effluent or
diluting water in the section connecting the hydrogen/hythane
production zones. However, these methods need further investi-
gation. In addition, studies involving the long term (1e2 years)
operation and implementation of pilot or full scale MAHR are
required to ascertain if this type of reactor can be replicated in a real
anaerobic fermentation system.

Another advantage is that MAHR is able of separating the
hydrogen/hythane and methane production using a gradient HRT
based on the reactor configuration. Hence, MAHR does not require
the incorporation of an online pH detection and control system like
conventional two-stage fermentation. Maintaining a pH gradient in
conventional two-stage fermentation would significantly increase
the economic input and is a concern for future application of the
digestate. In addition, the inoculum for the startup of MAHR would
be easier to implement compared to a separated two-stage high-
rate reactor. There may be no requirement for heat, chemical shock
or acid-base pretreatment for the inoculum of MH to screen
hydrogen production microbes, since the gradient HRT had proven
could effectively separate the hydrogen/hythane and methane
production and adjust the hythane production in MH. This would
avoid a significant energy and economic cost for the large scale
implementation of this type of reactor (Krishnan et al., 2019).
However, note that the MAHR should be designed on a case-by-
case basis according to the characteristics of the feedstock. A ki-
netic analysis based on batch experiments is suggested before
designing MAHR. In addition, the configuration for MH and MM
should also be taken into account since the configuration would
affect the sludge retention time.

The separated reaction zone in MAHR increased the complexity
of the configuration compared with typical high-rate reactor. Thus,
proper design of the parameters is required to avoid malfunctions.
For example, the internal connection of the biohydrogen/bio-
hythane zone and biomethane zone, which are responsible for the
separated functional microbial communities (biofilms, granular
sludge) and liquid products, has a complicated flow field which
may lead to an unstable flow and subsequently hamper the per-
formance of the methane production zone. In addition, the three-
phase separator on top of MAHR has the potential to malfunction
after long term operation (e.g. the blockage of the gas outlet of MH
in this study). Hence, the design of operational parameters based
on the optimization of hydrodynamic characteristics is necessary.
The optimization of hydrodynamic conditions would benefit the
microbial morphology and community structure (Saur et al., 2016).
For example, a higher ratio of reactor height to diameter can ensure
a lon ger circular flowing trajectory, which in turn creates a more
effective hydraulic attrition to microbial aggregates (Liu and Tay,
2002). In addition, the design parameters affect the mass transfer
and metabolism of organics. Enhanced mass transfer can accelerate
biochemical reactions by improving the contact of the microbes
with the bulk solution, and it also avoids the side reactions and
inhibition caused by the end products (Si et al., 2015). Another
concern is that the MH was constructed by a packed bed in this
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study, which may lead to blockage after long-term operation
(Speece, 1996). Hence, further improvement of the configuration of
MH is necessary.

4. Conclusion

This study demonstrated continuous biohythane production via
an innovative MAHR, including two-stage fermentation in one
reactor without complicated controls. MAHR could produce bio-
hythane with a proper ratio for vehicle fuels and high content of
methane at the same time. Moreover, MAHR showed a stronger
capability of tolerating a high OLR and demonstrated enhanced
organic conversion in comparison to conventional UASB. Metabo-
lites flux and microbial structure analysis revealed enhanced ace-
togenesis and acetoclastic methanogenesis. This enhancement
could be attributed to the hydrogen extraction in the hydrogen
production zone which decreased the hydrogen partial pressure
and thermodynamically favored acetogenesis. Further modifica-
tions of MAHR are expected and necessary in order to accommo-
date different feedstocks and reaction scenarios.
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