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Performance and bacterial diversity of bioreactors used
for simultaneous removal of sulﬁde, solids and organic
matter from UASB reactor efﬂuents
L. S. Azevedo, I. M. P. Castro, C. D. Leal, J. C. Araújo
and C. A. L. Chernicharo

ABSTRACT
Two bioreactors were investigated as an alternative to post-treatment of efﬂuent from an upﬂow
anaerobic sludge blanket (UASB) reactor treating domestic sewage, with an aim of oxidizing sulﬁde
into elemental sulfur, and removal of solid and organic material. The bioreactors were operated at
different hydraulic retention times (HRTs) (6, 4, and 2 h) and in the presence or absence (control) of
packing material (polypropylene rings). Greater sulﬁde removal efﬁciencies – 75% (control reactor)
and 92% (packed reactor) – were achieved in both reactors for an HRT of 6 h. Higher organic matter
(COD) and solid (TSS) removal levels were observed in the packed reactor, which produced efﬂuent
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with low COD (100 mg CODL1) and TSS concentrations (30 mg TSSL1). Denaturing gradient gel
electrophoresis results revealed that a metabolically diverse bacterial community was present in
both bioreactors, with sequences related to heterotrophic bacteria, sulfur bacteria (Thiocapsa,
Sulfurimonas sp., Chlorobaculum sp., Chromatiales and Sulfuricellales), phototrophic purple nonsulfur bacteria (Rhodopseudomonas, Rhodocyclus sp.) and cyanobacteria. The packed reactor
presented higher extracellular sulfur formation and potential for elemental sulfur recovery was seen.
Higher efﬁciencies related to the packed reactor were attributed to the presence of packing material
and higher cell retention time. The studied bioreactors seemed to be a simple and low-cost
alternative for the post-treatment of anaerobic efﬂuent.
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INTRODUCTION
Upﬂow anaerobic sludge blanket (UASB) reactors have
been widely adopted for sewage treatment in many warm
climate countries. Despite several advantages attributed
to the system, some limitations still remain, such as
odour and the need for a post-treatment unit for the
removal of additional organic matter and nutrients (i.e.
nitrogen, phosphorus and sulfur), in order to reduce the
discharge impact of efﬂuents on receiving waters (Chernicharo et al. ). Odour from anaerobic-based sewage
treatment plants is mainly related to the release of dissolved sulﬁde (H2S) present in the bulk liquid, especially
in outlet structures where turbulent conditions prevail
(Souza et al. ). Along with its characteristic offensive
odour, H2S has other negative effects, such as toxicity, corrosiveness and ﬂammability (USEPA ). Moreover, H2S
doi: 10.2166/wst.2018.403
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may inhibit the metabolism of microorganisms involved in
the process of organic matter degradation, as well as potentialize the corrosion of metal and concrete structures
within and near the reactors (Speece ; Chernicharo
et al. ).
Strategies for sulﬁde control involve either inhibition of
H2S production, or elimination of the produced gas (Garcia
de Lomas et al. ). Sulﬁde oxidation may occur by biological or chemical pathways; however, the biological
process has major advantages, such as low cost and high efﬁciency, achieving an efﬂuent sulﬁde concentration of less
than 1 mg L1 (Henshaw et al. ). Biological sulﬁde oxidation in liquid or gas streams may occur through the
activity of phototrophic or chemolithotrophic bacteria,
under aerobic, anoxic or anaerobic conditions.
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Sulﬁde-oxidizing bacteria are grouped according to the
sulfur compound used, colour and environmental conditions. Aerobic sulﬁde oxidation is performed by
colourless sulfur bacteria, while anaerobic oxidation
occurs by means of anoxygenic photosynthesis, from the
activity of green and purple bacteria that use light as their
energy source in anoxic environments (Madigan et al.
). Although the advantages of the biological process
have been reported, scale-up of bioreactors is not straight
forward, due to the requirement to allow light entrance
(Janssen et al. ).
Previous studies have investigated the biological oxidation of sulﬁde to elemental sulfur (Vannini et al. ;
Fajardo et al. ; Liu et al. ); however, information
regarding the removal of dissolved sulﬁde using real anaerobic efﬂuent – and the bacteria naturally present in it – is
scarce. The possibility of using microorganisms naturally
occurring on the surface of the settler compartment of
UASB reactors to remove sulﬁde from anaerobic efﬂuent
has only recently been investigated by our research group
(Garcia et al. , ).
In this context, we consider that further studies evaluating low-cost biotechnological methods for sulﬁde removal,
using real wastewater, are still required, as well as systems
that incorporate both nutrient removal and overall quality
improvement of anaerobic efﬂuent. Garcia et al. () investigated two low-cost bioreactors exposed to sunlight (packed
with polypropylene – R1 and with sponge – R2) at three
different hydraulic retention times (HRTs – 24 h, 12 h and
6 h) for the abatement of sulﬁde from the efﬂuent of a
UASB reactor treating domestic wastewater by means of
anoxygenic photosynthesis performed by sulfur bacteria.
The authors obtained higher sulﬁde removal (90%) for an
HRT of 12 h for both bioreactors, and the microbial diversity
was investigated in depth, showing the presence of sulfur
bacteria, such as those from the Chlorobium and Chromatium genera. However, shorter HRTs were not tested, and
the overall performance of the bioreactors regarding the
removal of chemical oxygen demand (COD) and solids
was not investigated. Therefore, in the present study, two
bioreactors were investigated as alternatives for the posttreatment of efﬂuent from a UASB reactor treating domestic
sewage, to determine the potential of these bioreactors
regarding sulﬁde oxidation to elemental sulfur – and also
regarding complementary solids and organic matter
removal.
Sulfur compounds were monitored, with an aim of
determining oxidation pathways and major products. Partial
sulﬁde oxidation to elemental sulfur was of particular
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interest, due the possibility of elemental sulfur recovery. Parameters such as solids and organic matter were evaluated, in
order to determine overall performance of the designed
system. The bioreactors were designed with a shape similar
to the settler compartment of a UASB reactor and operated
under realistic conditions. Therefore, results obtained in this
work may be used to optimize operational reactor conditions, to favour elemental sulfur formation and to
improve overall bioreactor performance. The main goal of
testing the lowest HRT was to verify the possibility of inserting the unit into the upper part of the UASB reactor,
eliminating the need for adding an external post-treatment
system for such purposes.

METHODS
Experimental set-up
The experiments were performed in a system that comprised
a pilot-scale UASB reactor, built in ﬁberglass (340 L), followed by two Plexiglas bioreactors (30 L), operating in
parallel, designed to perform oxidation of dissolved sulﬁde
from the UASB reactor efﬂuent. The bioreactors were
designed with ﬂow direction and conﬁguration similar to
the settler compartment of UASB reactors, with coneshaped bottoms (h ¼ 20 cm) and cylindrical chambers (h ¼
30 cm), as shown in Figure 1(a). The Plexiglas reactors
were identical, except for the absence (R1-control), or presence (R2-packed), of packing material (Figure 1(b)).
The set-up was installed at the Centre for Research and
Training in Sanitation UFMG/COPASA, located at the Arrudas STP (Belo Horizonte, Brazil, coordinates 19 530 42″ S
and 43 520 42″ W, altitude 800 m). A sample of raw sewage
was submitted to preliminary treatment for solids and grit
removal, and then the UASB reactor was fed with an aliquot
of the wastewater. The main characteristics of the typical
urban wastewater were: pH – 7.5; COD – 515.7 mg L1;
1
S2 – 0.5 mgL1; SO2
4 – 32 mgL , as shown in Table 1.
The bioreactors were monitored over 7 months under
speciﬁc operational conditions, according to the tested
HRTs of 6 h, 4 h and 2 h. Throughout, monitoring of redox
potential, temperature and pH inside the bioreactors was
conducted, giving values between 68 mV and 110 mV
(standard hydrogen electrode), 21.4–26.6  C and 6.8–7.1,
respectively. From the values observed for pH and temperature, it was possible to estimate that about 50% of the sulﬁde
in the UASB reactor efﬂuent was present in non-ionized
form (Chernicharo ).
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Schematic representation and dimensions of (a) bioreactors and (b) packing material adopted in this work.

Composition of raw sewage inﬂuent to the UASB reactor

Parameters

Average

Median

Standard deviation

Maximum

Minimum

pH

7.5

7.5

0.2

8.0

7.2

Total COD (mgCODL1)

542.9

515.7

181.5

895.7

309.0

2 1

Sulﬁde (mgS L )

0.6

0.5

0.5

1.8

0.0

1
Sulfate (mgSO2
4 L )

32.3

32.0

5.3

46.5

24.5

At the end of each phase, the reactors were emptied and
the packing material replaced. Aiming to retain the
polypropylene rings used as packing material (Ø 45 mm,
h ¼ 35 mm, 86 m2/m3 speciﬁc surface – Bio Project, Brazil),
as illustrated in Figure 1(b), R2-packed was equipped with a
perforated stainless-steel basket. The adoption of packing
material was intended to provide higher retention of
microorganisms naturally present in the UASB reactor
efﬂuent, once the bioreactors were not inoculated.
Physicochemical analysis
Sulfate (SO2
4 ), total suspended solids (TSS) and chemical
organic matter (COD) were measured according to
Standard Methods for the Examination of Water and
Wastewater (APHA ). Sulﬁde was measured according
to Plas et al. (), and elemental sulfur (S0) was measured
by extracting with chloroform and analysis with high performance liquid chromatography (HPLC), using a PRP-1,
reverse phase, HPLC column (dimensions: 15 cm-L ×
4.1 mm-ID), as described by Henshaw et al. (). Analyses
were performed twice a week, except for TSS and S0, which
were analyzed weekly. At the end of each phase, samples
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from the microbial layer (attached: propylene rings and
non-attached: scum layer) and sludge (bottom of the reactor)
were collected, aiming at the determination of elemental
sulfur accumulation for all tested HRTs.
To extract elemental sulfur from biomass and sludge, the
cells were mechanically lysed using a mini-beadbeater
apparatus (Biospec, San Gabriel, China), containing
0.1 mm glass beads (Sigma, Brazil), followed by extraction
with chloroform. The mass distribution of sulfur compounds
was determined by considering the volume of treated efﬂuent, the mass of biomass and sludge produced in each
operational phase, as well as the corresponding mass of
each sulfur fraction formed.
Analysis of the bacterial community
The morphology of sulfur bacteria, and the formation of
elemental sulfur, were observed by monitoring the scum
layer and attached biomass of the bioreactors by optical
microscopy, using a binocular Olympus microscope
equipped with an Olympus DP70 camera.
At the end of each phase, samples from the microbial
layer (attached and non-attached biomass) and sludge
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(bottom of the reactors) were collected, to allow the comparison of bacterial diversity for all tested HRTs. Cells
were taken from several polypropylene rings located in
different heights, to provide representative samples. Samples
were centrifuged three times (4,000 rpm for 10 minutes),
applying a phosphate buffer saline solution (1 × PBS,
NaCl, Na2HPO4, NaH2PO4, pH ¼ 7.2–7.4). The supernatant
was discharged and the pellets were stored at 20  C. DNA
was extracted using a PowerSoil DNA Isolation Kit (MO
BIO Laboratories, USA). Polymerase chain reaction and
denaturing gradient gel electrophoresis (PCR-DGGE) were
performed using the primer set 1055F and 1392R, with a
GC clamp, according to the method of Ferris et al. ().
DGGE was performed at 60  C in 0.5 × TAE buffer at 80 V
for 16.5 h, using a DCode system (Bio-Rad Universal
Mutation Detection, (Hercules, CA, USA), comprising 8%
polyacrylamide gel, with a 50–65% gradient of urea formamide denaturant. Gels were stained with SYBR Gold
solution (Life Technologies) and visualized under UV
transillumination.
Speciﬁc gel bands were excised, re-ampliﬁed, puriﬁed,
and sequenced using, a genomic service (Macrogen Inc.,
Seoul, Korea). Sequences were compared with that from
the Ribosomal Database Project (https://rdp.cme.msu.edu/
classiﬁer/classiﬁer.jsp) and the National Center for Biotechnology Information (NCBI) database. DGGE patterns were
analysed using BioNumerics software 6.6, and the Shannon
index (Gafan et al. ) was employed to assess bacterial
biodiversity in the biomass and sludge, under the tested
conditions.

Figure 2
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RESULTS AND DISCUSSION
Biological sulﬁde oxidation
Dissolved sulﬁde and elemental sulfur concentrations in the
efﬂuent of the UASB reactor and bioreactors are shown in
Figure 2. Values observed for dissolved sulﬁde in UASB
reactor efﬂuent, 5–11 mgS2L1, were similar to those
obtained by Souza et al. (), of 7–11 mgS2L1, and
higher than values determined by Garcia et al. (), of
2–3 mgS2L1, both of which were studies involving anaerobic reactors treating domestic sewage from the same
contribution region.
Sulﬁde median concentration in the UASB reactor efﬂuent for the 2 h HRT, 11.3 mgS2L1, was higher than that
obtained previously (5.4 mgS2L1 and 6.6 mgS2L1), justifying the use of removal efﬁciencies instead of absolute
concentration values. Higher sulﬁde removal was observed
for both bioreactors for an HRT of 6 h – 75% for R1-control,
and 92% for R2-packed.
Garcia et al. () achieved 50–65% sulﬁde removal
when evaluating an HRT of 6 h. The lower efﬁciency
could be related to the median sulﬁde concentration in the
UASB reactor efﬂuent, 2 mgS2L1, which was 63% lower
than the efﬁciency determined in this study – 5.4 mgS2L1.
In the sequential sampling program, sulﬁde efﬂuent concentrations for the bioreactors were 1.2 mgS2L1,
2.0 mgS2L1 and 4.9 mgS2L1 for R1-control, and 0.5
mgS2L1, 3.1 mgS2L1 and 3.4 mgS2L1, for R2packed, for HRTs of 6 h, 4 h and 2 h, respectively.

(a) Dissolved sulﬁde and (b) elemental sulfur concentrations in the efﬂuent of the UASB reactor and phototrophic bioreactors. R1: control reactor and R2: packed reactor
(polypropylene rings).
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Among studied conditions, higher sulfate concentrations were observed in R1-control efﬂuent, pointing out
that the absence of packing material favoured complete sulﬁde oxidation to sulfate, with median concentrations of
1
1
2 1
40.2 mgSO2
and 28.1 mgSO2
4 L , 27.0 mgSO4 L
4 L
for 6 h, 4 h and 2 h of HRT, respectively. Although
R2-packed efﬂuent showed higher sulﬁde oxidation under
6 h and 2 h HRT conditions, the same did not occur regarding sulfate formation, with median concentrations of
1
1
28.0 mgSO2
and 24.1 mgSO2
4 L
4 L , possibly due to the
greater formation of elemental sulfur being facilitated by
the use of packing material.
Since biologically-produced, elemental sulfur has a
white or pale yellow colour ( Janssen et al. ), the formation of this compound was observed from the white
precipitate present in the efﬂuent of the bioreactors, and
conﬁrmed by HPLC. The white precipitate observed in the
R2-packed efﬂuent corresponding to extracellular sulfur is
shown in Figure 3(a) and 3(b), whereas intracellular-stored
sulfur is shown in Figure 3(c).
Although no signiﬁcant differences were observed (Wilcoxon’s matched pairs test, α ¼ 5%), regarding elemental
sulfur formation, higher concentrations were detected in
R2-packed efﬂuent for all tested HRTs, even when higher
sulﬁde removal efﬁciency was associated with R1-control
(see Figure 2(b)). Elemental sulfur concentrations in the
R1-control efﬂuent were 2.0 mgS0 L1, 3.6 mgS0 L1 and
5.6 mgS0 L1, while higher concentrations were observed
in the R2-packed efﬂuent, 3.8 mgS0 L1, 3.6 mgS0 L1 and
7.3 mgS0 L1, for HRTs of 6 h, 4 h and 2 h, respectively.
According to the Pourbaix Diagram (Rickard & Luther
), the pH and ORP conditions observed inside the bioreactors indicated that the formation of sulfate would be
chemically favoured in the bioreactors, rather than

Figure 3
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elemental sulfur. Therefore, these conditions indicate that
the elemental sulfur formed was due to biological conversions, while the amount of sulfate was possibly formed
from both chemical and biological conversions. DNA
sequences for sulfur oxidizing bacteria from different
genera, such as Thiocapsa and Chlorobaculum, were
detected, and conﬁrmed these results (as presented later in
this paper).
Since the highest levels of sulfur formation were related
to R2-packed, it is appropriate to assume that the presence
of polypropylene rings provided longer cell retention time,
and favoured elemental sulfur formation. From Figure 2(b),
it can be seen that elemental sulfur was produced in the
UASB reactor, probably in the settling compartment.
Green- and purple-coloured biomass was observed, indicating the presence of naturally-occurring phototrophic sulfur
bacteria in the UASB reactor efﬂuent. Therefore, noting
that sunlight was present in the upper part of the reactor,
in the uncovered settling compartment, it could be assumed
that the elemental sulfur quantiﬁed in the UASB reactor
efﬂuent was related to sulfur bacteria activity, located in
the reactor scum layer, naturally formed, and maintained
on the surface of the settler compartment of the UASB
reactor.
Inﬂuence of HRT and presence of packing material on
elemental sulfur formation
The amount of elemental sulfur produced within 30 days, for
all tested HRTs, as well as its respective fractions (biomass,
sludge and efﬂuent), are shown in Table 2. It was observed
from these results that about 95% of total produced elemental sulfur was present in the efﬂuent of the bioreactors
(liquid phase). The higher proportion of elemental sulfur

(a) Settling test of R2 - packed efﬂuent (HRT ¼ 6 h) after 30 minutes, with white solids at the bottom of the Imhoff cone (b) white precipitate present in the R2-packed efﬂuent (c)
picture shows the appearance of a green and purple microbial layer; (d) microscopic image of purple bacteria in R2-packed biomass (HRT ¼ 4 h), emphasizing intracellular sulfur.
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Mass of elemental sulfur accumulated in the bioreactors (normalized to 30 days
of operation)
Sa0Sludge

Sa0Biomass

Sb0Efﬂuent

S0total

S0Efﬂuent/S0total

(g)

(g)

(g)

(g)

(%)

R1-control 6 h 0.2 (0.0) 0.1 (0.0) 7.2 (8.2)

7.5

96

R2-packed 6 h 0.6 (0.1) 0.6 (0.0) 13.8 (5.1)

15.0 92

R1-control 4 h 0.9 (0.0) 0.1 (0,0) 19.3 (31.7)

20.3 95

R2-packed 4 h 0.8 (0.0) 0.1 (0.1) 19.5 (11.8)

20.3 96

R1-control 2 h 0.7 (0.4) –

60.0 (27.1)

60.7 99

R2-packed 2 h 0.8 (2.3) –

78.6 (88.2)

79.4 99

a

Median results obtained for the samples collected at the end of each operational phase.

b

Results obtained from the median of 10 samples. In parentheses: standard deviation.

in the efﬂuent, rather than in the biomass, even under low
HRT conditions, is of particular interest, since the process
of extraction and recovery would be simpler. Segregation
of sulfur from sludge/biomass would not be required
(Madigan et al. ), but only segregation of the white precipitate from the liquid phase. Sulfur recovery may be
worthwhile, as it is a valuable product, used in different
industrial processes such as for the production of sulfuric
acid, fertilizers and fungicides (Vannini et al. ; Klok
et al. ).
By assessing the total amount of elemental sulfur produced in the bioreactors, it is possible to observe that
greater sulfur formation was associated with lower HRT,
probably due to the increase of the inﬂuent ﬂow rate entering the bioreactors, and the corresponding increment of the
inﬂuent sulﬁde load. However, by comparing the accumulated sulfur and the rate S0produced/S2inﬂuent, as shown
in Table 3, it is possible to observe that, although the
higher amount of elemental sulfur was determined for the
lowest tested HRTs, less elemental sulfur was produced in
proportion to the sulﬁde load inﬂuent to the reactor. For

Table 3
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both bioreactors, the rate S0 produced/S2 inﬂuent increased
with reduction of the HRT, with notable rates observed for
the HRTs of 6 h and 2 h – 47% and 33%, respectively.
Several studies have evaluated formation of elemental
sulfur for high HRT conditions, between 12 and 48 h
(Reyes-Avila et al. ; Beristain-Cardoso et al. ;
Fajardo et al. ; Liu et al. ). In this context, it is possible to assume that the inﬂuence of the sulﬁde load
overlapped the inﬂuence of the HRT, thus favouring the formation of elemental sulfur, even under conditions of low
HRT (2 h). Regarding the inﬂuence of packing material,
equal or higher formation of elemental sulfur was observed
for R2-packed when compared to the amount obtained for
R1-control, for all tested HRTs. Similar formation of elemental sulfur was observed for the HRT of 4 h, for both
bioreactors. Although not signiﬁcantly different (Wilcoxon’s
matched pairs test, α ¼ 5%), R2-packed provided greater formation of elemental sulfur – 50% and 25% greater than
values observed for R1-control for 6 h and 2 h of HRT,
respectively.
Overall performance of the system
Overall performance of the system investigated in this study
was evaluated using the parameters of COD and TSS, with
the results shown in Figure 4. Regarding COD, higher
median removal efﬁciency was observed for R2-packed –
about 40% for HRTs of 6 h and 4 h – while about 28%
removal efﬁciency was observed to R1-control for an HRT
of 4 h.
R1-control median efﬂuent COD concentrations were
113.2 mgCODL1, 122.3 mgCODL1 and 120.7 mgCODL1,
whereas lower concentrations were observed to R2-packed –
91.5 mgCODL1, 96.0 mgCODL1 and 104.4 mgCODL1 –
for HRTs of 6 h, 4 h and 2 h, respectively.

Sulﬁde loads applied to the bioreactors, median sulﬁde removal efﬁciencies and rate of produced elemental sulfur and inﬂuent sulﬁde throughout the monitoring period


S0produced/S2inﬂuent (%)


Reactor

Sulﬁde load (gS2 m

R1-control – 6 h

22

3 1

d

)

R2-packed – 6 h
R1-control – 4 h

40

R2- packed – 4 h
R1-control – 2 h

135

R2- packed – 2 h
a

Sulﬁde removal (%)

a

78

0.8

0.7

10.1

11.6

92

3.1

0.3

43.7

47.1

70

2.5

0.2

12.2

14.9

53

2.1

0.3

12.6

15.0

57

0.5

0.0

18.0

18.5

70

0.6

0.0

33.3

33.3

Median results obtained for the samples collected at the end of each operational phase.

b

Results obtained from the median of 10 samples.

Downloaded from http://iwaponline.com/wst/article-pdf/78/6/1312/504630/wst078061312.pdf
by guest

Sludge

a

Biomass

b

Efﬂuent

Total

1318

Figure 4

L. S. Azevedo et al.

|

|

Performance of bioreactors post-treating anaerobic efﬂuent

Water Science & Technology

|

78.6

|

2018

Concentrations of (a) COD and (b) TSS present in UASB and bioreactor efﬂuents under HRTs of 6 h, 4 h and 2 h.

Considering TSS, signiﬁcantly lower concentrations
(Wilcoxon’s matched pairs test, α ¼ 5%) were observed
in the R2-packed efﬂuent for HRTs of 6 h and 4 h,
22.8 mg TSSL1 and 26.4 mg TSSL1 respectively, while
40.5 mg TSSL1 and 44.7 mg TSSL1 respectively, were
observed in the R1-control efﬂuent. It is assumed that
the higher ﬂow associated with a 2 h HRT favoured the
loss of biomass attached to the polypropylene rings, and
that the presence of packing material under conditions
of low HRT (2 h) did not increase the solids retention
capacity of the bioreactors, as the difference between
the two bioreactors was not signiﬁcant – about 29
mgTSSL1 for both bioreactors (Wilcoxon’s matched
pairs test, α ¼ 5%).
Nevertheless, higher COD removal efﬁciencies and TSS
retention were observed in the R2-packed, which was able to
produce a ﬁnal efﬂuent with low COD and TSS concentrations – close to 100 mgCODL1 and 30 mgTSSL1,
respectively.

Effect of packing material on bacterial diversity
Bacterial community diversity for biomass and sludge
samples was evaluated at the end of each phase by PCRDGGE, a qualitative technique that, in principle, detects
the dominant members of a bacterial community (Van
Elsas & Boersma ). The comparison of DGGE proﬁles
(Figure 5(a)) was performed by use of the dendrogram
(Figure 5(b)), which illustrated the similarity between the
proﬁles. DNA extraction of R2-packed biomass for the
HRT of 4 h was not successful, and, for this reason, it was
not included in the following stages.
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DGGE proﬁles showed that the bacterial community in
the bioreactors varied with different operational conditions.
Three major and distinct clusters were identiﬁed, according
to the tested HRTs (showing only 57–71% similarity).
Bacterial proﬁles were also very different between the
reactors, with the exception for the HRT of 6 h, in which
biomass samples showed 74.3% similarity. Therefore, the
dendrogram indicated possible differentiation, due to
the presence of the packing material and HRT reduction.
Biomass and sludge samples taken from R2-packed were
more divergent from each other (showing 46% similarity),
compared to the samples taken from R1-control at the
same HRT of 2 h (showing 71% similarity). The difference
between the proﬁles of the reactors suggests that the presence of the packing material in R2-packed, and absence in
R1-control, affected both sludge and biomass bacterial communities. The Shannon diversity index values were slightly
different between samples, ranging from 1.05 to 1.29 for
samples of R1-control sludge and R2-packed biomass, for
HRTs of 6 h and 2 h, respectively. This indicated that
microbial diversity did not vary widely between the reactors,
or among samples (sludge and biomass), although the
dendrogram indicated a possible differentiation as a
consequence of the presence of the support material and
HRT reduction (as discussed further ahead).

Bacterial community in the bioreactors determined by
sequencing
DGGE results showed the presence of a metabolically
diverse bacterial community, with sequences related to heterotrophic bacteria, sulfur bacteria, phototrophic non-sulfur
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Bacterial community analysis using DGGE. (a) The DGGE proﬁle of the bacterial community in biomass (B) and sludge (S) sampled at the end of the operational phases from
reactors 1 and 2. (b) Dendrogram based on the DGGE proﬁles of the bacterial community at HRTs of 6 h, 4 h and 2 h.

bacteria and cyanobacteria (Table 4). DNA sequences similar to the Anaerolineaceae family from the Chloroﬂexi
phylum (probably Anaerolinea genus) were identiﬁed in
the sludge of R2-packed (6 h and 2 h HRT) and R1-control
(4 h). This genus consists of fermentative hydrolytic bacteria,
responsible for the degradation of carbohydrates and
present in anaerobic reactors, with low ammonium
concentrations (Si et al. ).
The purple, non-sulfur bacteria of the genera Rhodopseudomonas and Rhodocyclus were identiﬁed in the
biomass of R1-control (6 h HRT) and R2-packed (2 h
HRT), and in the sludge of R1-control (4 h HRT) (Table 4).
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A sequence related to Rhodopseudomonas palustris, a
phototrophic bacterium with versatile metabolism and
capable of organic matter degradation (Madigan et al.
), was identiﬁed in the biomass of R2-packed (2 h
HRT). Members of Rhodopseudomonas have been reported
as being able to oxidize sulﬁde to elemental sulfur or sulfate
(Neutzling et al. ; Maier ), thus suggesting participation of this genus in the sulﬁde oxidation observed in
the reactors.
Many of the DNA sequences detected were related to
cyanobacteria (such as Oscillatoriales, Planktothrix mougeotii, Limnothrix planktonica, Chroococcales). DNA
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Identiﬁcation of DGGE proﬁles from RDP Classiﬁer and Blastn
Blastn

Similaritya (%)

Accession number

Campylobacterales

Sulfurimonas sp.

89

NR_074451.1

Cyanobacteria

Spirulina sp.

89

NR_125712.1

Bands

RDP Classiﬁer

1
2
3

Oscillatoriophycideae

Moorea sp.

82

NR_116539.1

4

Rhodocyclus sp.

Rhodocyclus tenuis

98

NR_025839.1

5

Sulfuricellales

Sulfuricella sp.

90

NR_121695.1

6,15

Oscillatoriales

Planktothrix mougeotii

97

NR_112129.1

7

Rhodopseudomonas sp.

Rhodopseudomonas sp.

94

NR_024971.1

8

Chroococcales

Microcystis sp.

92

NR_074314.1

9

Flavobacteriaceae

Chryseobacterium sp.

95

NR_113951.1

10

Pseudanabaenaceae

Limnothrix sp.

97

KF246506.1

11

Oscillatoriales

Planktothrix mougeotii

98

NR_112129.1

12

Chroococcales

Microcystis sp.

92

NR_074314.1

13

Pseudanabaenaceae

Limnothrix planktonica

99

KP726241.1

14

Cyanobacteria

Uncultured Cyanobacteria

91

HQ044431.1

16

Comamonadaceae

Diaphorobacter polyhydroxybutyrativorans

98

NR_137222.1

17

Pseudanabaenaceae

Limnothrix planktonica

99

KP726241.1

18

Chromatiales

Thiocapsa sp.

90

NR_115810.1

19

Cyanobacteria

Uncultured Cyanobacteria

91

HQ044431.1

20, 24, 30, 32

Anaerolineaceae

Anaerolinea sp.

90

NR_074383.1

21

Chlorobaculum sp.

Chlorobaculum sp.

95

NR_104865.1

22

Flavobacteriaceae

Chryseobacterium sp.

96

NR_116343.1

23

Neisseriales

Chromobacterium sp.

91

NR_136426.1

25

Rhodopseudomonas

Rhodopseudomonas thermotolerans

98

NR_108528.1

26

Cyanobacteria

Uncultured Cyanobacteria

99

HQ041600.1

27

Syntrophobacterales

Uncultured Syntrophorhabdaceae

92

JX505362.1

28

Bradyrhizobiaceae

Rhodopseudomonas sp.

94

KX944463.1

29

Rhodopseudomonas

Rhodopseudomonas palustris

97

NR_112912.1

31

Gulbenkiania sp.

Gulbenkiania mobilis

99

NR_042548.1

a

The percentage represents the similarity between the DGGE proﬁle bands and the most similar sequences in GenBank. Words in bold indicate DNA bands related to sulfur cycle

bacteria.

sequences related to Spirulina genus, a strong band present
in all samples from both reactors, were related to ﬁlamentous cyanobacteria. Phototrophic sulfur bacteria and
cyanobacteria may coexist, due to sulfur bacteria oxygen tolerance (Stal ).
Sequences related to sulfur bacteria of the genera Thiocapsa, Chlorobaculum, Sulfurimonas and Sulfuricella were
identiﬁed in the sludge and biomass of R1-control (6 h
HRT) (Table 4). Some species within Sulfuricella genus
can oxidize elemental sulfur and thiosulfate to sulfate as
sole energy sources (Kojima & Fukui ). Purple sulfur
bacteria from Thiocapsa genus perform anoxygenic
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photosynthesis, using H2S as an electron donor, to produce
intracellular elemental sulfur. The identiﬁcation of purple
bacteria and intracellular sulfur (Figure 3(c)), conﬁrmed
that sulfur bacteria occurred at different HRTs.
Chlorobaculum, green sulfur bacteria, were identiﬁed in
the biomass of R1-control for an HRT of 4 h. The main
advantage attributed to green bacteria is related to extracellular elemental sulfur formation (Madigan et al. ).
Although the genus Chlorobaculum was identiﬁed speciﬁcally in one band from R1-control, the occurrence of
extracellular elemental sulfur in the bioreactors efﬂuent
was veriﬁed throughout the monitoring period. Once the
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evaluated samples showed bands at the same height, and
both bioreactors operated under similar conditions (sulﬁde
load and sunlight presence) and purple and green colours
were observed throughout the monitoring period (see
Figure 3(c)), it could be inferred that phototrophic sulfur
bacteria occurred under all the conditions that were tested.
From the DGGE proﬁle (Figure 5(a)), it is possible to
observe that some DNA bands were affected by HRT
reduction, as they decreased in intensity, or almost disappeared from the gel. It is worth mentioning, in the
evaluation of lower HRT, that it not only reduced the available time for biological conversions and facilitated higher
biomass release due to the increase of the up ﬂow velocity,
but also resulted in increasing organic and sulﬁde loads,
since real anaerobic efﬂuent was used in the present study.
Bands related to Cyanobacteria (bands 2, 14, 19), Sulfurimonas sp. (band 1), Sulfuricella sp. (band 5) and
Rhodocyclus sp. (band 4) were negatively affected by HRT
reduction. Others, such as Rhodopseudomonas sp. (band
28) and Syntrophobacterales (band 27), increased in intensity, and therefore were positively affected by HRT
reduction. Some DGGE bands (20, 24, 30 and 32) related
to Anaerolineaceae were present in all samples, independent
of the HRT.
From the DNA sequences (Table 4) and the DGGE proﬁle (Figure 5(a)), it is possible to observe that longer HRTs
favoured the occurrence of different genera of sulfur bacteria. Sulfurimonas sp. (band 1) was identiﬁed in samples
at 6 h HRT, and Sulfuricella sp. (band 5) and Chlorobaculum sp. were identiﬁed in samples at 6 h or 4 h HRT,
whilst the only DNA sequence observed under both 6 h
and 2 h HRT conditions was Thiocapsa sp. In this scenario,
it is possible to presume that reducing the HRT (from 6 h to
2 h), and increasing the sulﬁde load by six times (from 22
to 135 gSm3d1), resulted in lower bacterial diversity.
However, the lower sulfur bacteria diversity did not
expressively affect the performance of the bioreactor
packed with polypropylene rings, since 70% sulﬁde removal
was observed under these conditions.
Regarding the fermentative hydrolytic bacteria, bands
related to Anaerolineaceae were present in all samples,
and bands related to Rhodopseudomonas sp. were present
under 4 h HRT conditions – and were more intense at an
HRT of 2 h, suggesting that a higher organic load positively
affected the occurrence of these bacteria, and the increased
sulﬁde load did not inhibit them. Since the presence of Rhodopseudomonas could be associated to the degradation of
organic compounds, COD analysis corroborated the
assumption that higher organic load favoured these bands,
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as the removal efﬁciency did not widely vary with HRT
reduction from 6 h to 2 h, or organic load increase (3
times), as shown in Figure 4(a).
H2S may cause inhibition of microorganism metabolism
– for instance, the sulﬁde concentrations reported in the literature for inhibition of methanogens varied from 50 to
250 mgH2SL1 at pH 7 and 8 (Oleskiewicz et al. ;
O’Flaherty et al. ). It is possible to assume, however,
that the sulﬁde loading rate applied in the present study (22
gS2m3d1 at HRT of 6 h and 135 gS2m3d1 at HRT of
2 h loads) and sulﬁde concentrations (which varied from 5
to 11 mgS2L1) did not inhibit bacteria associated with
organic matter degradation nor biological sulﬁde oxidation,
since DNA sequences similar to those of sulfur and fermentative hydrolytic bacteria were detected in the bioreactors.
Moreover, several studies have demonstrated the occurrence of biological oxidation under conditions of high
loads of sulﬁde (Krishnakumar et al. ; Lohwacharin &
Annachhatre ; Liu et al. ).
Since some Cyanobacteria can perform anoxygenic
photosynthesis by oxidizing sulﬁde to sulfur at sulﬁde concentrations above 0.2 mM (Cohen et al. ; Friedrich
), and since bands associated to cyanobacteria were
observed in all monitored phases, it is possible to assume
that the occurrence of cyanobacteria – even under low
HRT conditions – may be associated with the higher sulﬁde
load.
In summary, bacterial diversity revealed by DGGE
suggested that phototrophic purple and green sulfur bacteria
and sulfur-oxidizing bacteria, combined with cyanobacteria,
might be involved in the biological sulﬁde oxidation
observed in the reactors. In addition, the results showed
that the bacterial community was affected by HRT reduction
and, consequently, sulﬁde load increase, suggesting that
these parameters played a key role in altering the dynamic
of the bacterial community, and in shaping its structure.

CONCLUSIONS
The results obtained in this study demonstrated that the bioreactors were able to improve the quality of the efﬂuent from
the UASB reactor, in terms of suspended solids removal/
retention, COD removal and biological sulﬁde oxidation.
Higher efﬁciencies were observed for the packed reactor,
likely due to the presence of the packing material and
higher cell retention time. Although greater elemental
sulfur production was obtained for the lowest HRT (2 h),
higher sulﬁde removal efﬁciencies were obtained for the
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HRT of 6 h (R1-control: 78% and R2-packed: 92%), possibly
because greater diversity of sulfur bacteria genera was
detected at 6 h HRT. Higher COD removal efﬁciencies
and TSS retention were observed in the R2-packed reactor,
which was able to produce a ﬁnal efﬂuent with low COD
and TSS concentrations of 100 mgCODL1 and 30
mgTSSL1, respectively. Elemental sulfur formation and
the potential for sulfur recovery were observed, especially
in the efﬂuent of the bioreactors, demonstrating the feasibility of applying the bioreactors as a post-treatment
alternative for sulﬁde oxidation.
Further studies are necessary in order to facilitate the
scale up of this technology – in terms of the necessary
light requirements and optimization of elemental sulfur formation and recovery methods – all with the purpose of
improving the sustainability of sewage treatment plants.
Bacterial communities in the bioreactors were diverse,
and changed in response to the HRTs and to the organic
and sulﬁde loads. Sulfur bacteria were detected and identiﬁed, demonstrating the occurrence of biological sulﬁde
oxidation in the reactors.
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