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A B S T R A C T

This study aims at investigating that the temperature effects on the overall organics removal capability and the
reaction kinetic properties of methanogenesis/sulfidogenesis in anaerobic treatment of sulfate-rich methanol
wastewater. A lab-scale upflow anaerobic sludge blanket (UASB) reactor was operated for 285 days treating
sulfate-rich methanol wastewater at a temperature range of 17.5–50 °C. The COD/SO42− ratio of synthetic
wastewater is 0.5. Experimental results indicate that both methanogens and sulfidogens showed lower metabolic
activities at 17.5–25 °C. The average chemical oxygen demand (COD) removal efficiencies were higher than 90%
at 40–50 °C. During these experimental periods, larger than 85% of influent COD was confirmed to be utilized for
methanogenesis, revealing that methanogens prevailed over sulfidogens and dominated significantly in the COD
utilization. In contrast, the sulfidogenesis-based COD utilization was effectively limited under the temperature
range of 40–50 °C.

1. Introduction

Methanol (CH3OH) is a component in the wastewater from such
chemical plants as the pharmaceutical, pulp and paper industries
(Akyol et al., 2015). Sulfate-Rich methanol wastewater is one of the
primary pollutants in the wood pulping industry (Vallero et al., 2003).
Recently, energy-saving and bioenergy production have become key
concepts in the treatment of various types of organic wastewater in
recent years. In response, anaerobic technology has been increasingly
adopted in the large-scale treatment of wastewater. Because anaerobic
process has been shown to be effective in the treatment of high strength
wastewaters, the Upflow Anaerobic Sludge Blanket (UASB) treatment of
methanol waste, an easily biodegradable compound with a large dis-
charging amount, has been attracted much attention (Chan et al., 2009;
Liu and Li, 2014).
Our previous study has already shown the possibility of anaerobic

treatment of methanol wastewater with UASB reactor (Lu et al., 2016).
However, some methanol wastewaters contain sulfate may result in
more complex metabolic reactions in the bioreactor. Sulfate-reducing
bacteria (SRB) is capable of utilizing sulfate as the terminal electron
acceptor and converting sulfate into divalent sulfur, e.g. sulfide (S2−).

SRB uses numerous compounds as the carbon source, including CO2,
formate, volatile fatty acids (VFAs), long chain fatty acids (LCFAs),
alcohols (ethanol, methanol, etc.), and some aromatic compounds
(Weijma and Stams, 2001; Chen et al., 2008). Methane-producing ar-
chaea (MPA), as the strict anaerobe, could merely metabolize H2/CO2,
formate, methanol, and acetate for methanogenesis (Lu et al., 2015; Dai
et al., 2016). Besides being directly converted to methane by methy-
lotrophic methanogens, methanol is also indirectly converted to acetate
and an H2/CO2 couple, in acetoclastic and hydrogenotrophic metha-
nogenesis pathways (Weijma and Stams, 2001; Zandvoort et al., 2002;
Chen et al., 2019).
The high concentration of sulfate in the wastewater could limit the

application of anaerobic treatment (Hao et al., 2014). It has been re-
ported that SRB outcompetes MPA in the utilization of carbon sources
when sulfate is in excess (Wang et al., 2011). The long-term competi-
tion between MPA and SRB for carbon source in a mesophilic UASB
reactor when treated wastewater with a chemical oxygen demand
(COD)/SO42− ratio at 1.0 was reported by Wu et al. (2018), who found
that SRB overtook MPA as the predominant utilizer of organics. As a
metabolite of SRB, sulfide is known to be toxic to MPA, and it has been
suggested that it may reduce organics removal and biogas production
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efficiency (Hu et al., 2015). Although molybdate supplementation
could considerably inhibit SRB activity in anaerobic digestion (Patidar
and Tare, 2005), this process is rarely used in actual treatment since it
would significantly increase the operating costs and further cause the
secondary pollution of the waterbody.
Among the factors affecting anaerobic digestion process, tempera-

ture is a significant factor in deciding the microbial structure in the
reactor. Methanogenesis has been reported as the most stable operation
at the mesophilic condition (30–38 °C), and then at the thermophilic
condition (50–70 °C) (Lettinga, 1995; Liao et al., 2016). Efforts to
promote the high-strength organic wastewater in traditional anaerobic
treatment at the psychrophilic temperature (< 20 °C) have yet to be
successful: the organics conversion efficiency is not satisfactory enough
due to the rare distribution of anaerobic psychrophiles in natural eco-
systems (Lettinga, 2001; Witarsa and Lansing, 2015). Likewise, the
growth of SRB is known to be temperature-dependent. The competitive
advantage of MPA and SRB depends largely on the thermodynamics of
microbial growth, which determines to what extent methane and sul-
fide would be produced in an anaerobic reactor (Biavati et al., 1988;
Paulo et al., 2004). In a number of reports on the usage of methanol as
the carbon source, the competition between MPA and SRB has been
shown to be in different temperature domains: sulfidogenesis was the
predominant reaction in the thermophilic (55 °C) as well as the extreme
thermophilic (70–75 °C) conditions (Vallero et al., 2003, 2004), and
non-activated methanogenesis was observed. Meanwhile, the sulfido-
genesis was also proved to be the main reaction in a mesophilic
(35 ± 0.5 °C) UASB reactor, with the sulfate removal efficiencies
higher than 67% (Li et al., 2014).
However, to our best knowledge, little information is available

about the competitive interaction between methanogenesis and sulfi-
dogenesis at a cross-temperature threshold (from psychrophilic to
thermophilic conditions) when anaerobically treating methanol was-
tewater with an extremely low COD/SO42− ratio (e.g. 0.5). The main
objectives of this study were (1) to calculate the mass balance of COD
and sulfur throughout the continuous experiment in the cross-tem-
perature threshold, which could reflect the electron utilization of the
methylotrophic MPA and SRB at each temperature setting, for de-
termining the temperatures of suppressing sulfidogenesis and further
enhancing methanogenesis in the methanol feeding UASB reactor; (2)
to conduct activity tests using methanol as the substrate to obtain the
methanogenic capacities of methylotrophic methanogens at the sub-
thermophilic temperatures (40–50 °C), which previously considered as
favorable for the growth of neither mesophilic nor thermophilic me-
thanogens.

2. Materials and methods

2.1. Reactor setup and operational conditions

A lab-scale UASB reactor with a working volume of 6L was em-
ployed in the continuous experiment. The height of the reaction zone of
the reactor was 0.8m, and sludge was added to 0.6m of the height
(about 4.5L). The granular sludge was taken from a mesophilic UASB
reactor fed with methanol as the sole organic carbon source, the COD/
SO42− ratio was no lower than 0.5 (the sulfate concentrations were no
higher than 6000mg L−1). The details of the granular sludge are de-
scribed by Lu et al. (2017).
The substrate was stored in a tank with an effective volume of 120L.

A condenser (Yamato, BE201) was employed to keep the substrate at
4 °C, and was fed to the UASB reactor using a peristaltic pump
(Masterflex, EW-07528-10). The produced biogas was passed through
iron oxide sorbents for desulfurization. A wet gas flow meter (SHINA-
GAWA W-NK-0.5) was connected to the desulfurization unit in order to
measure the daily volume of biogas production. A schematic diagram of
the experimental system was shown in Fig. S1, supplemental materials.
The substrate contained 2000 mg L−1 of methanol and 6000 mg L−1 of

sulfate. The COD/SO42− ratio was set at 0.5 in order to 1). meet the
sulfate requirement to achieve complete sulfate removal (the theore-
tical COD/SO42− ratio is 0.67 (Rasool et al., 2015)); 2). ensure that the
sulfidogens has a competitive advantage in the anaerobic process (a
significant competitive advantage of sulfidogens was reported at a
COD/SO42− ratio of 1.0 (Wu et al., 2018)). The concentration of other
constituents in the artificial wastewater were as follows (mg·L−1): KCl
(750), NH4Cl (850), K2HPO4 (250), MgCl2·6H2O (125), KH2PO4 (100),
FeCl2·4H2O (42), CaCl2·2H2O (15), NiCl2·6H2O (4.2) and CoCl2·6H2O
(4.2). The hydraulic retention time (HRT) in the whole experiment was
set at 6 h with a constant organic loading rate (OLR) of 12 g L−1·d −1.
1500–2000mg L−1 of NaHCO3 was added to maintain the effluent pH
higher than 7.5.
The continuous experiment was operated for 285 days, and was

designed with two runs. Run 1 (Day 1–75) included stepwise decreases
in the operational temperature from the mesophilic (35 °C) to the psy-
chrophilic (17.5 °C) condition, and was divided into six phases (i.e. aI-
aVI). The operational temperature was stepwise varied from the me-
sophilic to the thermophilic (50 °C) condition in Run 2 (Day 76–285),
and was divided into five phases (i.e. bI-bV) according to the tem-
perature settings. The temperature control of the UASB reactor was
achieved by seasonally fine-tuning a water bath (NTT-20S, EYELA). The
details of the operating conditions are given in Table 1.

2.2. Analytical method

A gas chromatograph (Shimadzu, GC-8A) was used to analyze the
percentage of CH4, CO2 as well as N2 in the biogas. The hydrogen
sulfide in the gas phase (H2S) was tested by hydrogen sulfide detecting
tubes (Gastec, No. 4H). All the measurements of produced gas were
normalized to the standard state (0 °C, 1atm). The CH4 was converted to
COD by 0.35 L CH4≒ 1g COD in the standard state, according to a mass
balance calculation (Chen et al., 2018).
The potassium chromate method was used in COD testing. The

measured COD and sulfide (in liquid) complied with Standard Methods
(22nd edition, APHA). The sulfide concentration was subtracted when
measuring the COD of the effluent. The soluble COD (SCOD) and sulfide
(S–S) were tested after being passed through a 0.45 μm filter. The total
COD (TCOD) and sulfide (T-S) concentration were measured without
filtration. The unionized sulfide (free sulfide) was calculated from the
sulfide equilibrium reported in an earlier publication (Wu et al., 2018).
The VFAs were analyzed using gas chromatography (GC, Agilent 6890),
with an automated sampling system attached to the reactor. The pH
was measured by an Orion 370 PerpHecT meter (Thermo Fisher Sci-
entific). The concentration of sulfate in the influent and the effluent was
measured by capillary electrophoresis (CE) (Agilent 7100): a quartz
capillary with a diameter and total length of 75 μm and 72 cm was at-
tached to the reactor.
The COD and sulfur balance (mass balance) were calculated at each

temperature setting, based on the daily measurement items of the

Table 1
Operational conditions of the long-term experiment.

Run Phase Days Temperature (°C)

Run 1 aI 1–6 35
aII 7–22 30
aIII 23–31 25
aIV 32–45 22.5
aV 46–61 20
aVI 62–75 17.5

Run 2 bI 76–127 35
bII 128–175 40
bIII 176–197 42.5
bIV 198–266 45
bV 267–285 50

J. Wu, et al. International Biodeterioration & Biodegradation 142 (2019) 182–190

183



continuous operation. The calculation methods of mass balance can be
found in our previous publication (Lu et al., 2016). In this study, the
percentage allocation of organic carbon reflected in the mass balance
will be employed as an important parameter to judge the temperature
effects on controlling methanogenesis and sulfidogenesis in the UASB
reactor.

2.3. Batch tests for activity assays

To determine the temperature dependent distribution of methano-
gens and sulfidogens, the activity assays of granular sludge, including
the specific methanogenic activity (SMA) and specific sulfidogenic ac-
tivity (SSA), were conducted when the experimental temperature was
varied from the mesophilic to the thermophilic condition (Run 2). The
activity assays were conducted on Day 173, Day 263 and Day 285, at
40 °C (phase bII), 45 °C (phase bIV) and 50 °C (phase bV), respectively.
Each activity assay was conducted in a vibration incubator (YAMATO,
BT200) under various cultivation temperatures, at 35 °C, 40 °C and
45 °C (an extra cultivated temperature of 50 °C was added in phase bV),
respectively. 120mL serum bottles were used with substrates of me-
thanol and H2/CO2 (80%:20%). The nutrient solution was the same as
the substrate composition of the long-term experiment. In order to
eliminate the effect of sulfate reduction on methanogens, sulfate was
not added to the serum bottles in the SMA tests. The volume of the
deoxygenated liquid medium was set at 80mL, for the gas-phase sub-
strate of H2/CO2, bottles were filled with 40ml of the clean gas, and 2g
of the granular sludge was added. The other operational steps are
consistent with those reported in our earlier publication (Wu et al.,
2018). The SMA and SSA were calculated using equations (1) and (2).
Origin software (version 8.1, OriginLab) was used for fitting the curve

of accumulated gas production.

SMA d[COD]
VSS • dt

= (1)

SSA d[COD SO ]
VSS • dt

4
2

= (2)

Where [COD] is the COD (equivalent) consumption in the unit time,
VSS is the volatile suspended solid in the granular sludge, t is the time
interval between every two samplings, [COD-SO42-] is COD consump-
tion for the sulfate reduction for each unit in time (the conversion re-
lationship is 1g SO42−≒0.67g COD).

3. Results

3.1. The continuous treatment performance in Run 1

The experiment was conducted under a series of operational tem-
perature changes and the overall UASB treatment performance is shown
in Fig. 1(a)-(d) and Fig. 2(e)-(h). The more extensive chart on the left
illustrates the testing indicators for the daily records; the subfield in
Figs. 1 and 2 on the right was reorganized using processed statistics for
ascending operational temperature conditions. The real-time tempera-
ture observations of each phase were consistent with expectations, as
shown in Fig. 1(a). During the reactor operation, the total and soluble
COD (TCOD and SCOD) were kept stable in the ranges of
2904–3073 mg L−1 and 2763–2993 mg L−1 (Fig. 1(b)-(c)), respec-
tively.
During the short period (6 days) of mesophilic conditions (35 °C) in

phase aI, both the TCOD and SCOD in the effluent visibly decreased.
Correspondingly, the TCOD (SCOD) removal efficiencies increased from

Fig. 1. Long-term performance of the UASB reactor: (a) Real-time temperature of the UASB reactor; (b) Influent/effluent Total COD; (c) Influent/effluent soluble
COD; (d) Total/soluble COD removal efficiencies.
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19.4% (31.2%) to 78.1% (91.6%), as shown in Fig. 1(c), indicating that
the microbial activity of the sludge was restored in this phase. Phases
aII to aVI were characterized by stepwise decreases in the operational
temperature from 30 °C to 17.5 °C. These phases were accompanied by
an increase trend of the TCOD and SCOD concentration in the effluent
(Fig. 1(b) and (c)): the concentration of effluent TCOD ranged from
904 ± 140 mg L−1 at 30 °C to 1796 ± 114 mg L−1 at 17.5 °C; and the
concentration of SCOD in the effluent ranged from 737 ± 65 mg L−1

at 30 °C to 1511 ± 157 mg L−1 at 17.5 °C. The increased effluent COD
concentration in the lower temperature conditions represented the re-
duced COD efficiencies. That is, when the reactor temperature was in
17.5 °C in phase aVI, the removal efficiencies of TCOD and SCOD were
merely in 41.1 ± 4.6% and 48.7 ± 4.6% (Fig. 1(d)), respectively. This
is evidence that the metabolic activity of heterotrophic microorganisms
in the UASB reactor was gradually limited by decreasing the tempera-
ture from mesophilic to psychrophilic conditions.
The biogas production rate is shown in Fig. 2(e) experienced a short

recovery period in phase aI, up to 2.6L·L−1·d−1 on Day 6 of the ex-
periment. In the following phases (aII-aVI), the biogas production rate
showed a stepwise decrease as the operational temperature was low-
ered, from 2.4 ± 0.4 to 0.7 ± 0.1L·L−1·d−1. The stability of the
average percentage of methane (CH4) in the produced biogas, at
80.7–85.6%, throughout the whole experiment (Fig. 2(e)) indicates that
the decline in biogas production in phases aII-aVI was fundamentally
due to a decrease in methanogenic capacity. The sulfide concentration
in the effluent was relatively constant during the Run 1. Even when the
working condition of the reactor entered the psychrophilic domain at
17.5 °C in phase aVI, the average concentrations of the total and soluble
sulfide (T-S and S–S) were 505 ± 11 and 473± 8 mg L−1, respec-
tively. The range in the overall sulfate removal efficiencies in Run 1,
shown in Fig. 2 (h), from 14.9 ± 6.8% to 24.9 ± 2.2%, indicates that

the sulfate-reducing capability of the sulfidogens remained stable
during the stepwise changes in temperature from the mesophilic to the
psychrophilic condition.

3.2. The long-term treatment performance in Run 2

Stepwise increases in the operational temperature of the UASB re-
actor in Run 2 were made from the mesophilic condition (35 °C), with
several temperature changes under sub-thermophilic conditions
(40–45 °C), to 50 °C (the base temperature of the thermophilic condi-
tion). After a 52 days' duration of mesophilic recovery in phase bI, the
COD concentration in the effluent dropped significantly: the effluent
TCOD and SCOD concentration decreased to 425 and 383 mg L−1 at the
Day 124 (Fig. 2 (b)-(c)). The TCOD and SCOD removal efficiencies
gradually increased to 87.3% and 86.3% (Fig. 2(d)), indicating the
mesophilic UASB reactor had been restored to a relatively healthy
working condition. During phase bI, the average biogas production rate
was 2.6L·L−1·d−1, as shown in Fig. 2(f), with an apparent upward
trend. The sulfate removal efficiency in phase bI experienced a short-
duration of promotion on Day 77, the total sulfide removal attained
31.9%, and afterward was slightly suppressed (Fig. 2 (h)).
With the deepening of Run 2, the reactor temperatures were step-

wise increased from 40 °C to 50 °C in phase bII-V. Considerable average
SCOD removal efficiencies (> 90%) were achieved when the opera-
tional temperature exceeded 40 °C (Fig. 2 (d)). Interestingly, when the
temperature reached 40 °C, in phase bII, a sharp decline in the total and
soluble sulfide concentrations in the effluent occurred, from 464 to
367 mg L−1 to 30 and 27 mg L−1, in the period between Day 128–153
(Fig. 2 (g)). These concentrations remained stable at a very low level in
the period between Day 157–175 (shown as the blue highlighted
background on the figure). As shown in Fig. 2 (h), during the next few

Fig. 2. Long-term performance of the UASB reactor: (e) Biogas production rate; (f) Component of biogas; (g) Sulfide concentration in the UASB reactor; (h) Sulfide
removal efficiency.
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phases, the UASB reactor showed extremely weak sulfate-reducing
capability, with the average sulfate removal efficiencies lower than 5%.
The biogas production rate in phase bII was 4.0 ± 0.5 L L−1·d−1,

higher than 2.6 ± 0.4L·L−1·d−1 in phase bI (Fig. 2 (e)). In the fol-
lowing phases, bIII-bV, the UASB reactor maintained a high biogas
production rate (≥4.3L·L−1·d−1). This suggests that the methanogens
could dominate the substrate utilization for methane production in the
temperature range of 40–50 °C. It should be noted that the biogas
production rate in phase bIII was 5.3 ± 0.2L·L−1·d−1, higher than that
of the other phases in Run 2. This can likely be attributed to the death of
the mesophiles and their disintegration to long and short chain fatty
acids under the sub-thermophilic condition in the granular sludge
(Visser et al., 1993), and the utilization of the fatty acids for methane
production.

3.3. The mass balance at each temperature condition

The stoichiometric relationships of the COD and sulfur conversions
at each temperature condition were assessed by the mass balance, are
shown in the Fig. 3 (a) and (b). The mass balance was arranged by
ascending temperature in the continuous experiment. The COD balance

is shown in Fig. 3 (a). Only 48.7% of the soluble COD was removed in
the psychrophilic (17.5 °C) condition, and the proportion of COD for
methane production was 13.6%. When the operational temperature was
raised to 35 °C, the overall COD removal efficiencies noticeably im-
proved, gradually increasing to 80.2%. At the same time, however, the
proportion of COD utilized for methane production increased from
24.1% to 49.8%. During the period which the temperature was raised
from 17.5 °C to 35 °C, the COD for sulfate reduction accounted to
21.0–34.3%, indicating no significant difference in the growth level of
sulfidogens under either the mesophilic or lower temperature condi-
tions. When the reactor temperature was increased to 40 °C, 85.1% of
the influent COD was used for methanogenesis, whereas only 11.2% for
sulfate-reduction. When the temperature was further raised to 50 °C,
81.3% of the COD was allocated to methanogenesis and only 8.6% was
used for sulfidogenesis.
The different sulfate conversions in the operational temperature

ranges of 17.5–35 °C and 40–50 °C are shown in Fig. 3(b). In the psy-
chrophilic temperature, 25.6% of influent sulfate was reduced (25.3%
for liquid-phase sulfide and 0.3% was converted to H2S in biogas).
Sulfate conversion remained activate at 20–35 °C, with 15.6–26.6% of
the dosed sulfate was converted, and 75.8–82.0% of sulfate remaining

Fig. 3. The mass balance in each of the temperature conditions determined by the stoichiometry: (a) COD balance; (b) Sulfur balance.
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in the outflow of effluent. Once the temperature exceeded 40 °C, sulfate
conversion sharply decreased to 7.7% and the sulfate conversion cap-
ability remained low at temperatures above 40 °C. At the operational
temperature range of 40–50 °C, 93.8% of the sulfate remained in the
effluent. This explains why the temperatures in the sub-mesophilic
range were not conducive to the growth of sulfidogens.

3.4. Specific activities of the sludge under different cultivation temperatures

The specific methanogenic/sulfidogenic activity (SMA/SSA) assay is
an effective means to evaluate the reaction speed (activity) of the
sludge in methanogenesis/sulfidogenesis (Lu et al., 2016; Li et al.,
2018). In this work, the activity assays were conducted during Run 2 to
determine the optimum temperature of the granular sludge when the
reactor temperature was raised from the mesophilic to the thermophilic
temperature. The SMA results are shown in Table 2. Overall, In the
phase bII, bIV and bV of the continuous experiment, the SMA-methanol
under the cultivated temperatures in the sub-thermophilic conditions
was higher than at mesophilic condition (Table 2). Nevertheless, in
phase bII, the SMA-methanol at 35 °C (the temperature of batch test)
was 1.720gCOD·g−1VSS·d−1, which showed relatively high methano-
genic activity. The SMA-methanol of sludge at 35 °C sharply decreased
in the phases bIV and bV, at 0.746 and 0.870gCOD·g−1VSS·d−1, far less
at 45 °C of 3.029 and 2.922gCOD·g−1VSS·d−1, respectively. These re-
sults are well in consistent with a previous report that stepwise-incre-
ments in the reactor temperature from the mesophilic to thermophilic
conditions result in a microbial community transition which augmented
the thermophilic MPA population in the granular sludge (Zhu et al.,
2018).
In each of the phases, sulfidogenesis only occurred at 35 °C (Table

S2, supplemental materials). However, the sulfidogenic activities in
35 °C of the test temperature were extremely weak: the SSA-methanol
ranged between 0.026 and 0.058gCOD·g−1VSS·d−1. No SSA-methanol
was detected during the cultivated temperatures at 40–50 °C. From this,
it can be concluded that few of the mesophilic SRB species were dis-
tributed in the granular sludge when the reactor temperature was
higher than 40 °C and that none of the SRB species could grow at the
operational temperature at a range of 40–50 °C in the granular sludge.
Moreover, because no SMA or SSA was detected in the serum bottle
which fed H2/CO2 as the substrate, it was concluded that there was no
hydrogenotrophic pathway in the UASB reactor in either methano-
genesis or sulfidogenesis in the temperature range from 40 to 50 °C.

4. Discussion

4.1. Effect of temperature change on the overall treatment performance

The performance of methanogenesis in Run 1 is evidence that the
methane-producing capability of the UASB reactor slowly deteriorated,
resulting in a sharp decrease in COD removal when the operational
temperature was conducted in the psychrophilic temperatures. Another
case of deterioration in COD removal in the lower temperatures has also
been reported in the UASB treatment of grey wastewater: the TCOD and

SCOD removals were 42% and 33% at 20 °C, with an HRT at 8 h
(Elmitwalli et al., 2007). In the anaerobic treatment process, it has been
reported that unionized sulfide is one of the major inhibitors of me-
thanogens (Chen et al., 2008). During the Run1, the concentration of
unionized sulfide was 53–116 mg L−1, as shown in Fig. 2 (f), lower
than the 138 mg L−1 which resulted in a 20% methanogenic inhibition,
reported by Wu et al. (2018). This suggests that the lower concentra-
tions of unionized sulfide were not the main reason for the decline in
methanogenesis in this study. Due to the higher HRT and lower OLR
required for the psychrophilic anaerobic fermentation of VFAs
(Lettinga, 2001), it is likely that the psychrophilic condition is not
suitable for methanogenesis of methanol with a high loading rate in the
Run 1. However, relatively stable sulfate reduction in the psychrophilic
temperatures indicated mesophilic methanol-utilizing SRB rich cultures
could maintain relatively stable metabolic capacity at lower tempera-
tures. A similar conclusion was reported for a study on an H2-fed re-
actor: the sulfate reduction rate at 30 °C and 15 °C were 12 and 15mmol
SO42−·L−1·d−1, with no significant difference between the two tem-
peratures (Nevatalo et al., 2010). Even though it has been reported that
activated sulfidogenesis in anaerobic systems has advantages in pre-
cipitating multiple heavy metal ions in wastewater (Kiran et al., 2017),
Unsatisfactory COD removal efficiencies in the psychrophilic tempera-
tures made it impossible to apply the anaerobic process for the primary
purpose of organic contaminants removal under these temperature
conditions.
Although both methanogens and sulfidogens showed a more in-

tensive metabolical activity at 35 °C in Run 2, However, the higher
metabolic activities may also result in occurrence of competitive me-
chanism between the acetoclastic MPA and SRB (Hu et al., 2015; Jiang
et al., 2018; Chen et al., 2019). During the mesophilic temperature,
increased methane production and unstable sulfate-reducing perfor-
mance indicate that the long-term competition between methanogen-
esis and sulfidogenesis might also occur in the mesophilic methylo-
trophs. Significant inhibition in the growth of sulfidogens (this is
reflected in its low metabolic activity) was significantly observed when
the operational temperature reached 40 °C, and that this was sustained
during operations under the temperature conditions between 42.5 and
50 °C. Another effect of these sub-thermophilic conditions was the
further promotion of biogas production in the UASB reactor. The
treatment results in Run 2 indicate that the methanogens were likely
unaffected by the incremental increases in the operating temperature in
the 40–50 °C. The growth of the SRB was effectively limited in these
sub-thermophilic temperatures.
The results of mass balance indicate that little of the COD could be

allocate to methane production in the psychrophilic temperatures. A
growing proportion of the COD was used for methane production as the
temperature of the reactor was increased from the psychrophilic to
mesophilic temperature. A considerable proportion of sulfate was also
stably converted to sulfide in the 17.5–35 °C. However, when the
temperature exceeded 40 °C, the COD was used almost entirely for
producing CH4, but hardly for sulfidogenesis. These results suggest that
temperature is a crucial factor to control methanogenesis and sulfido-
genesis in the anaerobic treatment of methanol wastewater. Thus, the

Table 2
Specific methanogenic activity (SMA) conducted in phase bII, bIV and bV under the different temperature conditions.

Substrate Methanol H2/CO2

Temperaturea (°C) 35 40 45 50 35 40 45 50

SMA (g COD·g−1VSS·d−1) Phase bII 1.720 2.974 2.414 – N-Db

Phase bIV 0.746 2.676 3.029 –
Phase bV 0.870 2.240 2.922 2.842

a Controlling temperature of batch assay.
b Not detected.
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present study demonstrates that the methanogenesis enhancement and
sulfidogenesis suppression were achieved in the temperature range of
40–50 °C.

4.2. Temperature characteristics on the growth of methanol-utilized MPA
and SRB species

The (optimum) growth temperatures for partial methanol-utilizing
MPA and SRB were summarized and are listed in Table S3, supple-
mental materials. The predominant MPA, which use methanol as the
electron donor, were Methanolobus, Methanomethylovorans, and Metha-
nosphaera. This is consistent with the results of our earlier reports on
the 16S rRNA gene technology for sludge microbial community analysis
(Lu et al., 2017). The mesophilic domain has been reported as the op-
timum temperature range for the growth of microorganisms, e.g., Me-
thanolobus tindarius (28 °C), M. vulcani (40 °C), etc. (König and Stetter,
1982; KADAM and BOONE, 1995). The optimum temperature for MPA
species was reported to be in the thermophilic domain, e.g., Methano-
methylovorans thermophila (50 °C) (Jiang, 2005). Although some psy-
chrophilic species of methanol-utilizing MPA such as Methanohalophilus
psychrophilus can grow in a lower temperature range, the species was
only found in low-temperature terrestrial ecosystems, like alpine areas
(Zhang et al., 2008), and has not been reported in the anaerobic re-
actors. The temperature distribution of MPA species growth suggests
that relatively enhanced methanogenesis occurred in the mesophilic
(34–39 °C),sub-thermophilic (40–50 °C) and thermophilic temperatures
(> 50 °C).
The principal genus of methanol-utilizing SRB is Desulfovibrio,

Desulfotomaculum and Desulfobacterium, as shown in Table S3, supple-
mental materials. Unlike the species of methanogens, the temperature
range for the growth of sulfidogens was reported to be naturally dis-
tributed at two extremes: the psychrophilic-mesophilic temperatures,
e.g., Desulfovibrio aerotolerans (3–37 °C) (Mogensen et al., 2005); and
thermophilic temperatures, e.g., Desulfotomaculum kuznetsovii
(50–85 °C) (Mogensen et al., 2005). The SRB species D.kuznetsovii is not
discussed in this work because the strain was isolated from an extreme
cold-area (Visser et al., 2013). Few methanol-utilized sulfidogens spe-
cies can grow in the temperatures of 40–50 °C. In this study, un-
activated sulfidogenesis occurred in the sub-thermophilic phases, are
consistent with the temperature characteristics of methanol-utilizing
sulfidogens above mentioned.

4.3. Temperature effects on the microbial reaction pathway

The investigations into the effect of temperature on the anaerobic
digesting activity using a variety of carbon sources have been reported
by Rebac et al. (1995). The researcher employed the mesophilic gran-
ular sludge cultured at psychrophilic condition (10–12 °C) for 64 days,
and determined the influence of temperatures (10–40 °C) on the specific
consumption activities of acetate, butyrate and propionate (Fig. S3 (a),
supplemental materials). It is clear that the optimum conversion per-
formance of acetate, butyrate and propionate (represented by dotted
lines) was around 35 °C, with significant conversion activity suppres-
sing these three organics when the temperature was further raised. It
can also be seen that the methanogenesis activities of methanol (the
solid red line) were intense in the 40–50 °C temperature range. While
the real-time methane production in the continuous experiment did not
accurately reflect the SMA of the granule sludge in the reactor, it did
reflect the feedback on methanogenic capability for continuously
changing temperature conditions. Methane production in the con-
tinuous experiment was converted into a methanol degradation rate
(the volatile suspended solids (VSS) of this granular sludge was 50mg-
VSS·g-1-sludge, shown in the Fig. S3 (b), supplemental materials). The
results indicate that methanogenic capacity in this study became more
pronounced with increases in temperature that considerable methano-
genic activity was maintained when the reactor temperature exceeded

40 °C, differing significantly from the temperature characteristics of
acetoclastic methanogenesis (Rebac et al., 1995).
The results of the overall treatment performance, specific activity

tests in this study as well as the microbial information reported in our
previous study (Lu et al., 2017) could provide macroscopic evidence for
determining the differences in the partial bioreaction pathways and the
microbial distributions in the different temperatures. The bioreaction
pathways of methylotrophic microorganisms at mesophilic and ther-
mophilic conditions in this study are shown in Fig. 4. Comparing with
the mesophilic conditions, bioreaction pathway related in the methy-
lotrophic methanogenesis was significantly enhanced under the sub-
thermophilic temperatures. During these periods, little of the SO42−

was converted to S2−, and the H2/CO2 was not utilized by hydro-
genotrophic sulfidogens. These suggest that the temperature type of
methanogens species was transited from mesophilic to thermophilic by
increasing the operational temperature from 35 to 50 °C. Thanks to
little methylotrophic sulfidogens could grow in the temperature range
of 40–50 °C, as mentioned in section 3.3, under the thermophilic con-
ditions, the weak sulfidogenesis in the UASB reactor probably asso-
ciated with the residual mesophilic sulfidogens in the granular sludge,
but not the thermophilic type. This agrees well with the result of batch
tests that the thermophilic sludge exhibited no sulfidogenic activity
under the culturing temperature at 50 °C, when adding methanol as the

Fig. 4. Microbial metabolic pathways of methanol in mesophilic and thermo-
philic temperature conditions. The green font represents mesophilic micro-
organisms, the red font represents thermophilic microorganisms and the grey
fond represents unconfirmed bioreaction. (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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substrate, but showed very weak sulfidogenic activities under the cul-
turing temperature at 35 °C (Table S2, supplemental materials). In this
study, the changes in some of the methanol metabolic pathways have
not to be confirmed, e.g., temperature effects on the homoacetogenesis,
hydrogenotrophic methanogenesis and sulfidogenensis in the UASB
reactor. These need to be further elucidated in future work.

4.4. Extend discussion on the application potential of this study

On one hand, as one of the final products of methanogens, methane
can be used as supplementary energy for the wastewater treatment
plants (WWTPs). On the other hand, hydrogen sulfide presented in the
biogas, as a product of sulfidogens, was not conducive to the utilization
of bioenergy. Therefore, in the anaerobic treatment of sulfate-rich
methanol wastewater, to maintain a competitive advantage in metha-
nogenesis and attenuate the activity of sulfidogenesis is the key to cut
the cost in the WWTPs. In this work, the optimum operational tem-
peratures were suggested in the range of 40–42.5 °C at which both of
the energy consumption for heating the reactor could be effectively
reduced (see Fig. S4, Supplemental Materials). Thus this study would
provide an effective temperature control strategy in the anaerobic
treatment process for saving the subsequent desulfurization costs (de-
sulfurization for the anaerobic effluent and biogas) and increasing en-
ergy recovery efficiency in the anaerobic treatment of some specific
sulfate-rich wastewaters (e.g. methanol wastewater).

5. Conclusions

At sub-thermophilic temperatures (40–50 °C), high-performance of
both COD removal and methane production could be achieved in a
UASB reactor fed with high-sulfate containing methanol wastewater.
During these temperature conditions, no more than 10% of influent
COD was utilized for sulfate reduction, indicating that the sulfidogen-
esis was effectively suppressed. Also, excellent methylotrophically
methanogenic activities were obtained at the span of sub-thermophilic
temperatures, which was previously found to be a growth retardation
zone for the mesophile and thermophile. These suggest that the sub-
strate type plays an important role in the temperature characteristics of
the growth of methanogens.
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