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Remarkable sulfate reduction observed
in leachate saturated environment.
H,S, MM, DMS emissions were most vi-
olent at 50 and 60 °C.
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were influenced by the temperature.
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In this work, the sulfate reduction behavior was evaluated in a landfill leachate saturated zone under tempera-
tures between 30 and 80 °C. The results show that microbial sulfate reduction is high in the saturated zone, es-
pecially when the temperature is at 50-60 °C. The microbial diversity and the abundance of functional genes

Editor: Huu Hao Ngo results reveal that specific sulfate-reducing bacteria such as Dethiobacter, the bacteria that offer energy to
them, and genes other than dsrA and dsrB may have a close relationship with the variation in the reduction of

Keywords: sulfate. This work may improve the knowledge of sulfate reduction in the landfill sites and therefore offer theo-
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1. Introduction

Landfill remains one of the most used waste disposal methods be-
* Corresponding author. cause of its relatively low construction and maintenance cost, as well
E-mail address: longyy@zjgsu.edu.cn (Y. Long). as its high usability (Ying et al., 2019). However, landfill gas emissions
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have elicited great concern because of their strong odors. Hydrogen sul-
fide (H,S) is a problematic landfill emission because of its low odor
threshold (around 0.5 ppb) and high toxicity (Long et al., 2016). In ad-
dition to H,S, volatile organosulfur compounds (VOSCs) such as methyl
mercaptan (MM) and dimethyl sulfide (DMS) are deemed to be the
main contributors to landfill odor (Lu et al., 2015). MM has an even
lower odor threshold than H,S (0.07 ppb) (Tamai et al., 2006). A low
concentration of MM may cause headaches and nausea, whereas anes-
thesia occurs at higher concentrations. Sufficiently high concentrations
can even cause respiratory paralysis and death (Borras et al., 2016).
DMS has the highest odor threshold of the three (5.9 ppb), and may
cause skin irritation, respiratory irritation and serious eye damage
(Long et al., 2017).

Importantly, H,S, MM and DMS are generated by the sulfate reduc-
ing process. Therefore, the landfill odor arising from H,S, MM and
DMS merits particular attention. However, landfill sites are complicated
man-made facilities with a variety of temperature and moisture con-
tents as depth increases. The moisture content shows distinct variation
with depth in the landfill. Moisture content is a vital factor controlling
microbial metabolisms and activity. Sulfate reducing bacteria (SRB)
are bacteria that have the function of sulfate reduction, and are also sub-
ject to differences in moisture factors. Our previous research found that
the refuse with different moisture contents inside a landfill site showed
different H,S production behaviors (Ying et al., 2019). Moreover, tem-
perature discrepancies inevitably cause major variations in microbial
community and activity. Studies have shown that the sulfate reduction
rate is higher in sediment of hot springs than in the soil environment
(Adams et al., 1981; Fishbain et al., 2003). Fishbain et al. (2003) also
found that the sulfate reduction rate could range from undetectable to
over 10 mmol SO3~-cm™>-d ™! in hot springs with different tempera-
tures. However, various odor emission phenomena have been observed
due to the temperature discrepancy in landfill environment (Hu et al.,
2017; Bhattarai et al., 2018).

In the deeper layers of the landfill site, the refuse always stays in a
saturated state because of the accumulation of leachate. Moreover, the
deeper layer always has a high temperature because it has more active
microbial metabolism than other layers. Hao et al. (2017) reported that
the highest temperature of the landfill bottom layer can reach over
80 °C. It is reasonable to assume that intense sulfate reduction behavior
can occur in the landfill leachate saturated zone, especially in terms of
the relative higher temperature. High sulfate reduction rates are fre-
quently observed in the sediment interface where solid and liquid are
in close contact, considered a special saturated zone (Jorgensen et al.,
2019). The landfill leachate saturated zone is a more complicated sce-
nario than marine or lake sediments, because of the continuous input
of electron donors and acceptors from the top refuse layer. Unfortu-
nately, to our best knowledge, no previous studies have considered sul-
fate reduction in the leachate saturated zone.

In this research, a series of landfill leachate saturated zones were
simulated under various temperatures and the generation of H,S, MM
and DMS was tracked. Moreover, the microbial diversity and the func-
tional genes abundance were analyzed. This study aimed to provide ac-
curate landfill management strategies for odor control by determining
the sulfate reduction behavior discrepancy and its associated
mechanisms.

2. Materials and methods
2.1. Materials

Mineralized waste refuse was collected from a real municipal solid
waste landfill in Beijing, China. A drilling machine was employed to
gather the waste from 10 points. A certain quantity of waste was gath-
ered from 3 to 15 m beneath the cover. Then, mineralized refuse from
12 m and 15 m was selected and mixed thoroughly. Inert materials in-
cluding stones, plastics and glasses were removed. The remaining refuse

was cut into pieces <1 cm in diameter. A sieve was not used since the
moisture content of the waste was extremely high. Then the cut refuse
was gathered and intensively mixed again, then kept in an airtight plas-
tic bag in a 0 °C refrigerator.

Since the in-situ leachate from the real landfill site was hard to
collect simultaneously with the landfilled refuse, simulated leachate
was prepared according the real leachate water quality. The main
characteristics of the landfilled refuse and simulated leachate are
listed in Table 1.

2.2. Experimental design

To achieve a leachate-saturated environment, 500-mL anaerobic
bottles were used as the reactors. One hundred grams of collected refuse
and 300 mL of leachate were gathered in 18 bottles, and the headspace
volume (V) was recorded. Then the bottles were sealed with butyl rub-
ber stoppers and plastic caps. Two three-way valves, connected with a
long and a short needle tube, respectively, were connected to each bot-
tle through the caps, and the long tube was able to reach the leachate
surface. Then a Shih's fermenter was connected to the three-way
valve with the short needle, to acquire the gas generation volume
(V). A diagram of the reactor is shown in Fig. S1. Six of the bottles
were sterilized with an autoclave and the six water bath kettles were
setat 30, 40, 50, 60, 70 and 80 °C, respectively. Two unsterilized reactors
and one sterilized reactor were settled into each kettle to simulate the
different temperatures.

2.3. Analytical methods of sulfur-containing components, nitrogen-
containing components and organic carbon

Samples from gaseous phase in the bottle were collected by an injec-
tor through the three-way valve with short needle, and detected di-
rectly on a daily basis until no sulfur-containing odor could be
detected. The H,S, MM and DMS concentrations were determined
using a gas chromatograph equipped with a flame photometric detector
(GC 7890A; Agilent Technologies, Santa Clara, CA, USA) (Zhang et al.,
2017). The H,S, MM and DMS concentrations were recalculated accord-
ing to Eq. (1).

1%
(V+Vvy) M

where Cis the revised concentration of H,S, MM or DMS, mg-m™>; Gy is
the detected concentration of H,S, MM or DMS, mg-m~>; Vis the head-
space volume in the reactor, m?; and V; is the generated gas volume, m>.

Sulfate (SO37), sulfite (SO37), thiosulfate (S,037), sulfur (So), sul-
fide (S%7), nitrate (NO3), nitrite (NO5") and dissolved organic carbon
(DOC) concentrations in the solid and liquid phase were determined be-
fore and after the experiment. The methods used to determine the con-
centrations were in accordance with the previous work (Fang et al.,
2016; Ying et al.,, 2019). All analyses mentioned above were performed
in triplicate.

2.4. Microbial diversity community analysis

Five grams of sample from each unsterilized reactor were collected
after no sulfur-containing odor could be detected, and the samples at

Table 1
The main characteristics of mineralized refuse and leachate.

S03~  S,03 S0 s TOC NHF NO; NOz
Mineralized 27469 / / 127.81 3620.05 2326.13 67.77 /

refuse (mg/kg)

Leachate (mg/L) 11053 / /] 731.29 563 763 /
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the same temperature were collected together. Microbial DNA was ex-
tracted from the samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-
tek, Norcross, GA, U.S.) according to manufacturer's protocols. The
final DNA concentration and purification were determined by
NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific, Wil-
mington, USA), and DNA quality was checked by 1% agarose gel electro-
phoresis. The bacterial 16S rRNA genes of the DNA were amplified with
the 515FmodF (5’-GTGYCAGCMGCCGCGGTAA-3’) and 806RmodR (5'-
GGACTACNVGGGTWTCTAT-3’). The PCR reaction was in accordance
with previous work (Liu et al., 2018). The bacterial community was in-
vestigated by high-throughput sequencing on an Illumina sequencing
system in the laboratory of the Majorbio BioPharm Technology Co. Ltd.
(Shanghai, China). Operational taxonomic units (OTUs) were clustered
with 97% similarity cutoff using UPARSE (version 7.1 http://drive5.
com/uparse/) with a novel ‘greedy’ algorithm that performs chimera fil-
tering and OTU clustering simultaneously.

2.5. Functional genes quantity

DNA isolation, detection and PCR amplification were in accordance
with Section 2.4. The dsrA and dsrB genes of the bacteria were amplified
with primers: dsrA_F (5’-ACSCACTGGAAGCACG-3’) and dsrA_R (5'-
CAACATCGTYCAYACCCAGGG-3'); dsrB_F (5’-ACSCACTGGAAGCACG-
3’) and dsrB_R (5'-GTGTAGCAGTTACCGCA-3’). The concentration of
constructed plasmid was determined with a NanoDrop 2000 UV-vis
spectrophotometer (Thermo Scientific, Wilmington, USA).

3. Results and discussion
3.1. Release behavior of sulfur-containing odors

While the H,S, MM and DMS concentrations remained below
10 mg-m ™2 in the sterilized reactors, the temperature showed a re-
markable influence on H,S, MM and DMS concentrations in the unster-
ilized reactors. This reveals that almost all the H,S, MM and DMS
detected under the various temperatures in the system were generated
by microbial activities after the reactors were loaded, and the minor
concentrations detected in the sterilized reactors may be caused by
the volatilization in the original refuse sample.

Compared with the reactors at 30 °C, both the generation speed and
quantity of the odors were dramatically enhanced when the tempera-
ture was at 50 and 60 °C, but was inhibited under higher temperatures.
As shown in Fig. 1(a), when the temperature was 30 °C, the maximum
H,S concentration occurred on day 11, which is 1626.7 mg-m~—>. Al-
though the generation of H,S was markedly faster at 40 °C, the maxi-
mum concentration of 2191.9 mg-m~> was brought forward to Day 5.
At 60 °C, the generation speed reached a maximum on Day 3, and the
corresponding concentration was 3289.8 mg-m™>. Instead of acquiring
a faster generation speed, the reactors under 50 °C gave a maximum H,S
concentration of 4493.1 mg-m > on Day 4. The H,S generation substan-
tially increased at 50 and 60 °C.

The MM and DMS concentrations were similar to those of H,S as
shown in Fig. 1(b) and (c). At 30 °C, MM appeared on Day 7, reached
the peak on Day 10 and was not detected on Day 11, whereas DMS
appeared on Day 4, reached the peak on Day 11 and the concentra-
tion was below the detection limitation on Day 12. This may be be-
cause DMS can be generated through degradation of amino acid,
and MM may mutually transform with H,S and DMS, as shown in
Eq. (2) (Bentley and Chasteen, 2004). The MM was detected on
Day 1 at 40-60 °C, and reached the peak on Day 3, and the corre-
sponding maximum concentrations were 145.0, 397.0 and
1363.6 mg-m 3, respectively. Likewise, DMS was also detected on
Day 1 at 40 to 60 °C, the concentration reached the peak on Day
4 at 40 °C, whereas it was on Day 3 at 50 and 60 °C; the correspond-
ing maximum concentrations were 160.4, 338.5 and 314.2 mg-m >
respectively. The H,S, MM and DMS concentrations decreased
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Fig. 1. The emission of hydrogen sulfide (a), methyl mercaptan (b) and dimethyl sulfide
(c) under various temperatures, the enlarged view is the emission of them which are
not clearly showed in the origin figure.

sharply after the peak occurred, whereas a gentle decline was ob-
served at 60 °C.
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The generation speed of H,S, MM and DMS was relatively low at
70 °C, and there was a slight fluctuation over time, which might be
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Fig. 2. Sulfate fate (calculated as sulfur) after the reaction.

caused by the constant generation, transformation and dissolution of
the odors. Hardly any H,S, MM and DMS was detected in the reactors
at 80 °C, indicating that microbial sulfate reduction activity had
completely ceased.

These phenomena were also similar to those recorded under similar
circumstances in other environments. For example, Frank et al. (2015)
found that sulfate reduction was enhanced when the temperature was
50 °C on the seafloor. In addition, in composting reactors, VOSCs includ-
ing MM and DMS were more easily generated when the composting
temperature was over 55 °C (Maulini-Duran et al., 2013; Zang et al.,
2016). Overall, it is clear that under certain temperatures (around
50-60 °C), the microbial activity can be dramatically enhanced, leading
to an elevated generation speed and volatile concentrations of H,S, MM
and DMS. In conclusion, a considerable difference in odor generation
phenomena may exist in the leachate saturated zone of landfill sites.

3.2. Sulfate reduction behavior discrepancy

Various sulfur-containing substances can be formed during the sul-
fate reduction process. The fractions of each sulfur-containing substance
are shown in Fig. 2. Sulfite and thiosulfate were not detected at any tem-
perature. In the reactors below 80 °C, sulfate was almost exhausted after
no odors could be detected. Sulfur was the dominant fraction, occupying
over 85% of all the sulfur-containing substances. At the same time, the
sulfide content in all the reactors except 50 °C showed a decline com-
pared with the original sample. Since the maximum concentration of
H,S (4493.1 mg-m~>) may generate around 1268 mg of sulfur, sulfide
might have been be oxidized to sulfur through simultaneous desulfuri-
zation and denitrification. Hardly any nitrogen forms were detected

Table 2
Contribution rate of sulfate to sulfide and sulfur generation.
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after the reaction (see Table S1), which supports this finding. The insuf-
ficient sulfur for odor generation also reveals that sulfate was not the
only electron acceptor, and organic sulfur might be another important
acceptor, which is in accordance with previous work (Zhang et al.,
2017) and other forms of sulfur, such as trisulfide, should exist after
the reaction in the system.

To evaluate the temperature effect on the sulfate reduction, the con-
tribution of sulfate to sulfide and sulfur generation was listed in Table 2
according to the theoretical generation equations (Egs. (3) and (4)).

SOZ™ +2(CH,0) + 2H" ¥ H,S + 2€0, + 2H,0, 3)
50‘217 gy (4)

The temperature clearly affected the transform of sulfur-containing
substances. Although some indictable sulfur containing components
were present, the contribution rate was 28.9% at 30 °C and it reached
over 50% at around 50-60 °C, indicating that sulfate reduction was
greatly enhanced. Interestingly, the contribution rate was similar at
40 °C and 70 °C. This was consistent with the constant detection of
MM and DMS under 70 °C, sulfate reduction should be as intense as
that under lower temperatures, and may cause problems in the long
run.

The temperature effect on microbes can also be revealed through
DOC consumption, since it can be considered as the electron donor for
microbial processes. Fig. 3 shows that microbial activity was inhibited
at 70 and 80 °C and almost no DOC was utilized when the reactor tem-
perature was 80 °C. This might be the main reason that sulfate reduction
was low at higher temperatures; the microbial activity was weakened.
However, the DOC consumption was similar in the reactors below
60 °C, which indicates that the total microbial activity was similar at
60 °C and thus the difference of sulfate reduction may be that the micro-
bial structure was reshaped. Therefore, the microbial community struc-
ture was then investigated.

3.3. Functional microbial community structure at various temperatures

The principal co-ordinates analysis (PcoA) (see Fig. S2) result shows
that temperature exerted a strong influence, whereas at each tempera-
ture, microbial composition was distinguished from the others, which
may cause variable generation of odors under different temperatures.
The composition was relatively similar for reactors at 50 and 60 °C,
and also between those at 30 and 40 °C. As shown in Fig. 4a,
Methanosarcina, Caldicoprobacter and Norank_f Lentimicrobiaceae,
were dominant at 30 to 50 °C, whereas at 60 °C, the abundance of Bacil-
lus and Halocella reached over 0.4. Unclassfied_f Bacillaceae and
Atopostipes were dominant at 70 and 80 °C. However, to our knowledge,
no present studies have reported sulfate reduction ability of these

Temperature SO03~ decrement S® increment S~ increment SOZ~ contribution rate (%)
(°0) (mg) (mg) (mg)
200.7 579 —8.45 289
30
200.8 84.6 —104 42.1
40
201.0 107.8 1.6 54.4
50
201.0 1013 —12.7 50.4
60
200.9 82.6 —11.5 41.1
70
343 0 —125 0.0

80
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bacteria or other species with high relative abundances. Therefore, the
relative abundances of SRB at various temperatures were acquired.

As shown in Fig. 4b. Uncultured_prokaryote_g__norank_Peptococcaceae
and Unclassified_g_norank_f_Peptoccaceae were predominant in the

==

3

(=]

4

(=)

50

60

Temperature (°C)

7

(=}

8

S

T
0.2 0.4 0.6

3

(=}

40

5

(=}

Temperature (°C)

T
0.4 0.6
Relative abundance

T
0 0.2

0.8

0.8

reactors at 30 and 40 °C. Uncultured_bacterium_g_Dethiobacter was the
dominant sulfate-reducing bacteria at 50 and 60 °C. The abundance of
uncultured_bacterium_g_desulfitibacter was high at 70 °C, whereas several
different bacteria were observed at 80 °C. The dependency of environ-
mental factors is shown in Fig. 5. It was found that among the SRB,
Uncultured_bacterium_g_Dethiobacter had a close correlation with Sy
(P<0.001) and H,S (P < 0.01) generation. This indicates that the increase
in Uncultured_bacterium_g_Dethiobacter might enhance the sulfate reduc-
tion degree.

In an attempt to ensure the enhanced sulfate reducing activity by
Uncultured_bacterium_g_Dethiobacter, functional genes were ana-
lyzed. DsrA and dsrB are two basic functional genes involved in sul-
fate reduction to adenosine phosphosulfate (APS). However,
research has shown that more functional genes can be involved in
the sulfate reducing process (Florentino et al., 2019). For example,
Uncultured_bacterium_g_Dethiobacter has no dsrA and dsrB genes,
and can only use sulfite or thiosulfate as the electron acceptor
(Sorokin et al., 2008). Interestingly, the quantity of dsrA and dsrB
did not show any dependency with the generation of sulfur-
containing odors, but was only relevant to the temperature (Fig. S3).
This indicates that sulfate reduction to APS by dsrAB may not be rate lim-
iting and temperature increase might speed up the reduction of other in-
termediates through Uncultured_bacterium_g_Dethiobacter. Moreover,
Sim et al. (2019) found that the activity of APr, a reductant of APS, was
more activated under elevated temperature. Therefore, further study
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should focus on the thorough mechanism of temperature impact on sul-
fate reduction.

Other bacteria from Clostridia such as MBAO3 and M55-D21 also
showed a correlation (P < 0.05) with H,S. It has been reported that
MBAO3 has the ability to degrade polysaccharide, and this may offer suf-
ficient electron donors, as mentioned above. The whole community
abundance at genus level as shown in Fig. 4(a) also revealed similar re-
sults. Lentimicrobium was the dominant genus at 50 °C, whereas Bacillus
and Halocella were dominant at 60 °C. It was found that Lentimicrobium
and Halocella were able to utilize complex organic materials, and the
degradation product might be more easily absorbed for sulfate reduc-
tion (Zheng et al., 2019; Wang et al., 2019). It should be noted that the
abundance of Pseudomonas and Pseudomonadaceae, which are known
to inhibit the activity of SRB through nitrate reduction, was high at
lower temperatures, as mentioned in Section 3.2. In addition, these bac-
teria can cause the oxidation of sulfide through nitrate reduction, and
this might explain why sulfide was hardly detected in the system.

4. Conclusion

Our research showed that remarkable differences in sulfate reduc-
tion behavior may exist in the landfill leachate saturated zone. The gen-
eration pattern of sulfur-containing odors was disparate, being
enhanced at 40 °C compared with that at 30 °C, and it considerably
higher at 50-60 °C. An extended time may be required to diminish
these gases at 60 °C. At 70 °C, the generation may be sustained for a
long time, whereas it was inhibited at 80 °C. The transformation of sul-
fur, nitrogen and organic carbon showed that temperature can affect the
sulfate reduction process, but other microbial activities may not be
completely terminated. Finally, the microbial community and functional
genes results showed that SRB abundance varies with temperature, and
higher quantities of dsrA and dsrB were found at lower temperatures,
indicating that sulfate reduction behavior may be controlled by specific
SRB such as Dethiobacter in the leachate saturated zone. Other bacteria
that can offer energy to SRB may also exert an influence. Further re-
search is needed to focus on the specific mechanism of this influence.
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