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Abstract A two-stage bioreactor was operated for a period of 140 days in order to develop a
post-treatment process based on anaerobic bioxidation of sulfite. This process was designed
for simultaneously treating the effluent and biogas of a full-scale UASB reactor, containing
significant concentrations of NH, and H,S, respectively. The system comprised of two
horizontal-flow bed-packed reactors operated with different oxygen concentrations. Ammo-
nium present in the effluent was transformed into nitrates in the first aerobic stage. The
second anaerobic stage combined the treatment of nitrates in the liquor with the hydrogen
sulfide present in the UASB-reactor biogas. Nitrates were consumed with a significant
production of sulfate, resulting in a nitrate removal rate of 0.43 kgNm>day ' and >92 %
efficiency. Such a removal rate is comparable to those achieved by heterotrophic denitrifying
systems. Polymeric forms of sulfur were not detected (elementary sulfur); sulfate was the
main product of the sulfide-based denitrifying process. S-sulfate was produced at a rate of
about 0.35 kgm>day . Sulfur inputs as S—H,S were estimated at about 0.75 kgm>day ' and
Chemical Oxygen Demand (COD) removal rates did not vary significantly during the
process. DGGE profiling and 16S rRNA identified Halothiobacillus-like species as the
key microorganism supporting this process; such a strain has not yet been previously
associated with such bioengineered systems.
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Introduction

Modern advances in post-treatment technology have considerably improved treatment
efficiency and quality of effluents and gas emissions from wastewater treatment plants
(WWTP). Nevertheless, there are still improvements to be made in respect to treating
nitrogenated compounds and sulfide gaseous emissions produced at WWTP. Several
aerobic and anaerobic post-treatment processes have been tested for this purpose [1—
3], but the heterotrophic denitrifying process is often praised as the most cost-effective
in the case of nitrate removal [4]. This bioprocess, however, relies heavily on the use
of additional carbon sources and it does not address problems with sulfite gaseous
emissions [3]. Anaerobic bioxidation of sulfite is considered a more innovative post-
treatment approach for it combines the removal of nitrates with the detoxification of
sulfite [3]. Denitrifying sulfur bacteria are capable of autotrophically using sulfite
instead of organic compounds as an energy source [5, 6] and, consequently, such
metabolism can significantly reduce operating costs.

Specially designed systems have been recently developed for promoting the anaerobic
bioxidation of sulfite [1, 7, 8]. In these trials, the preparation of a pre-enriched inoculum
seemed to have been a prerequisite for favoring high performances [3, 9—12]. Limited infor-
mation is currently available in the literature describing the start-up of a bioengineered system
based on the anaerobic bioxidation of sulfide without specific pre-enriched inoculation. Fur-
thermore, it is also rare to find scientific reports of sulfide anaerobic bioxidation experiments
which were carried out using the effluent and gas emissions produced by a full-scale anaerobic
digester without previous adjustments. It was the goal of this work to address these issues.

There are several stoichiometric reactions proposed for the anaerobic bioxidation of
sulfite [1]. The metabolic reaction described by Eq. 1 was adopted as the model for
comparing the results reported in this research once elementary sulfur and nitrite were not
detected during the phase of anaerobic bioxidation of sulfite. Baspinar et al. [1] discuss
alternative stoichiometric reactions showing that, depending on the compounds involved in
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Fig. 1 Schematic diagram of the two-stage horizontal bed-packed reactor. The first stage (module 1) was
designed to provide the conditions for a nitrifying environment by supplying atmospheric air. The second
stage (module 2) was designed to promote sulfur-dependent chemolitotrofic denitrification using biogas inputs
from a full-scale UASB reactor. Modules were interconnected at all times and atmospheric air and biogas were
introduced and controlled separately. Sampling ports were strategically positioned to allow chemical and
biological analysis. Two sampling ports in module 1 (SP1 and SP2) and two sampling ports in module 2 (SP3
and SP4) were positioned according to the course of the influent. An intermediary sampling port was also used
for chemical monitoring
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the reaction, S/N molecular ratios may vary from 0.44 to 2.89. The model described by Eq. 1
assumes an S/N ratio of 0.62, which is close to the sulfur to nitrogen concentration ratios
observed in this experiment.

S5HS™ 4+ 8NO;~ +3H" — 550,* 4 4N, + 4H,0 (1)

In this research, the anaerobic bioxidation of sulfite was achieved in a two-stage system
capable of combining the biogas and effluent of the same full-scale up-flow anaerobic sludge
blanket reactor (UASB reactor). The bioreactor was being used for treating domestic
wastewater. In the first stage, ammonium was aerobically transformed into nitrates, and in
the second anaerobic stage, sulfite was used for removing nitrates (Eq. 1). Thus, the two-
stage system comprised of two horizontal-flow anaerobic immobilized sludge bed-packed
reactors arranged in sequence. This design is known for enhancing liquid—gas contact [13]
and for favoring denitrifying processes [14]. Therefore, the aim of this work was to estimate
the potential of such a two-stage system for combining nitrogenated compound and sulfide
removal in a post-treatment approach without pre-enriched inoculation and the addition of
organic supplementation.

Material and Method
Reactor Design, Operating Variables, and Analytic Methodology

PVC tubes with dimensions of 1.5 m of length and 0.15 m of diameter were used to build the
two-stage system as shown in Fig. 1. This design is an adaptation of the horizontal reactor
described by Zaiat et al. [13]. Bioreactors were filled with polyurethane foam cubes with sides
of 10 mm which were inoculated as described previously [13]. For the inoculation procedure,
active biomass was collected from a full-scale UASB reactor and a nitrifying reactor in the
proportion of 1:3, respectively. The microbial biomass was not pre-adapted specifically to
anaerobic oxidation of sulfide, but only with ammonium oxidizing bacteria. Effluent and biogas
were obtained from a UASB reactor situated at the University of Sdo Paulo, Sdo Carlos
Campus, Brazil (EESC/USP). The anaerobic digester is used to treat a food waste influent
with a chemical oxygen demand loading ratio of about 3.4 kgCODm>day '. The anaerobic
process yields a biogas with an average CH,, CO,, and H,S ratios of 57:41:2 %, respectively.

During the operation of the two-stage system, atmospheric air (oxygen) was injected in the first
module and UASB-reactor biogas was injected in the second module. The system was carefully
sealed and monitored to prevent gas leaks or exchanges. Gas injection was achieved using three
10 cm diameter porous stones uniformly arranged in each module (Fig. 1). UASB-reactor effluent
was continuously feed into the two-stage system with an average inflow of 0.43 m>day ', which
corresponded to a total HRT of 11.8 h. The effluent showed a COD, TSS, and VSS of 144 (£32),
23 (£12), and 19 (£10) mgl ", respectively. Concentrations of nitrogenated compounds are shown
in Table 1. Prior to feeding into the two-stage system, UASB-reactor effluent was collected and
stored in a 300-1 tank and the pH was adjusted with bicarbonate (~7).

The operation of the two-stage horizontal reactor was divided in three phases. In the first
phase (0—14 days), neither atmospheric air nor biogas was injected into the system. This
phase was therefore used as a control for the experiment. In the second phase (15-84 days),
only the first stage received the injection of atmospheric air. In the third phase (85-140 days),
biogas was supplied in the second module in parallel with the oxygen being injected in
module 1. This approach was adopted to favor a clear comparison between the processes of
ammonium oxidation and hydrogen sulfide oxidation in phases 2 and 3, respectively.
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Table 1 Chemical characteristics of the influents fed in the two-stage bioreactor during the period of biogas
treatment

Sampling ports COD (mgl™") Organic N (mgl™") N-NH," (mgl™") N-NO; (mgl™") Alkalinity (mgl™")

Influent 142 (+33)° 3.2 (£1.14) 36.7 (£7.48) BDL 354 (£67)
Intermediary 61 (£12) 1.5 (+0.82) 15.6 (£2.52) 142 (+4.8) 178 (+6)
Effluent 68 (49.2) c 12.7 (£6.3)  BDL® 67 (+7.1)

Details of sampling ports are shown in Fig. 1
* Standard deviation, n=3
®Below detection limits (<0.01 mgl™")

¢ Not measured

The air supplied in the first module was provided by a pump with a continuous flow of
2.8 m’day ', approximately. During the experiment, oxygen concentrations within module 1
were of about 2.5(£1.2) mgl™". Dissolved oxygen was not detected in module 2 at any time.
In a similar procedure, biogas was injected with a continuous flow of 1.8 m*day ' resulting
in an S—H,S loading rate of about 0.75(£0.05) kgm3 dayfl.

Samples were analyzed for COD, total nitrogen, ammonium, nitrate, sulfate, sulfide, and
pH. The analyses were carried out according to the Standard Methods for the Examination of
Water and Wastewater [15]. Ammonium concentrations were determined by distillation
(method 4500-NH3 B) and titration (method 4500-NH3 C). Nitrite and nitrate were deter-
mined by flow injection analysis (FIA) as described in the method 4500-NO3 1. Alkalinity
was determined according to Ripley et al. [16].

DNA Extraction and Molecular Analysis

At the end of the trial, ten polyurethane cubes were collected from the sampling-ports SP3
and SP4 (Fig. 1) and used for the molecular analysis. In order to detach immobilized
microbial biomass, polyurethane cubes were macerated with a pistil/mortar and phosphate
buffer (pH 7.0) until they reached a clean look. The suspension containing the detached
microbial biomass was centrifuged and 0.5 g of the pellet transferred to a 15-ml centrifuge
tube for the DNA extraction. Glass beads (0.5 g), phenol (1 ml), chloroform (1 ml), and
phosphate buffer (pH 8.0) were added to the tube and vortexed for 1 min as described in the
approach described by Daniel et al. [17]. PCR and DGGE profiling were carried out
according to Muyzer et al. [18]. DNA bands were extracted from the DGGE gel and eluted
in DNA/RNA free water for 12 h. PCR products were cloned into a TA-cloning vector
according to the manufacturer’ instructions (Invitrogen-UK). Clones were sequenced using
ABI 377 DNA Sequencer-Perkin-Elmer as described by Gusmao et al. [14]. A phylogenetic
tree was constructed using bacterial 16S DNA sequences downloaded from the Ribosomal
Database Project [19] using PULP and Kimura 2-parameter. The DNA sequences were
submitted to the NCBI Genebank under the accession numbers EU092238 to EU092241,
respectively.

Results

The results characterizing the three distinct operating phases are shown in Fig. 2. Without
aeration in the first phase, ammonium concentrations did not vary significantly during
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Fig. 2 Variations of total COD removal efficiency (gray triangle), N-ammonium in the influent (filled
square) and effluent (square). N-nitrite (filled circle) and N-nitrate (circle) concentrations obtained at
sampling port SP4 module 2; see Fig. 1. This figure summarizes three operating phases as described in the
“Material and Method” section. In phase 2, oxygen was introduced in module 1, and in phase 3, biogas was
simultaneously feed into module 2

14 days. In the second phase, however, oxygen was supplied and significant amounts of
nitrate were detected within module 1. Thus, the success of this approach can be assessed by
comparing N-NH, removal in phase 1 and 2, respectively. Dissolved oxygen concentrations
within module 1 were kept constant from the start of phase 2 onwards (2+1.2 mgl_l). In
phase 3, biogas was supplemented into the bioreactor’s second stage (module 2). The goal of
the third phase (84—140 days) was to promote anaerobic bioxidation of sulfite within module
2. Biogas containing sulfite was supplemented at rate of 1.8 m’*day '. The success of this
approach was assessed by comparing the production of SO, and N-NOj; removal rates in
phase 2 and 3, respectively. Sulfite was not detected in the biogas after passing through the
reactor’s module 2, and increases in sulfate concentrations are shown in Fig. 3.

A comparison between phases showed that ammonium concentrations significantly
decreased in phase 2 and 3, respectively. Nitrite was only detected in phase 2 and nitrate
concentrations showed a reduction of approximately 82 % during phase 3 (Fig. 2). An
overall profiling of nitrogenated compounds was carried out at the last day of the second and
third phase, respectively (Fig. 4). The results show a significant correlation between the
decrease of ammonium, with an increase of nitrite and nitrate concentrations in phase 2. In
the third phase, however, nitrite was no longer detected and nitrate concentrations (N-NO3 ")
decreased 7.7 times in correlation with sulfate production (Fig. 3).

Nitrogen mass balance shown in Fig. 4 suggests that about 40 % of the initial nitrogen
present as ammonium (N-NH,) was transformed into nitrogen oxides within module 1, and
over 92 % of the available nitrate was consumed in module 2 during phase 3. Calculations
based on the hydraulic retention time (HRT), and the differences between N-nitrate concen-
trations in module 2 influent and effluent (Table 1), indicated a nitrogen removal rate of
0.43 kgNm®day '. COD concentrations did not vary significantly, but a significant reduc-
tion in alkalinity (CO, consumption) was observed in phase 3 (Table 1). In addition, COD
removal ratios for the two-stage system were always lower than 60 % (Fig. 2) suggesting
very low heterotrophic activity.

The stoichiometric model shown in Eq. 1 suggests that for sustaining an N-removal rate
of 0.43 kgm®day ', a corresponding S—H,S consumption of 0.61 kgm>day ' is necessary.
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il

influent P1 P3 P4 effluent
Sampling ports

Fig. 3 S-S0, profiling of the two-stage horizontal reactor. Samples were obtained in the last day of phase 3
(Fig. 2a), which is coincident with nitrogen balance shown in Fig. 4b

The amount of sulfur injected into the system was estimated as 0.75 gS—H,SI 'day ™'
Assuming that the difference in sulfate concentrations between influent and effluent was in
average around 25 mgl™' (Fig. 3) at an HRT of 11.8 h, calculations suggest an S—SO,4
production ratio of about 0.35 kgm>day ' in phase 3. It is known that some bacterial strains
may produce elemental sulfur instead of sulfate, but X-ray absorption spectroscopy of the
microbial biomass did not show the presence of polymeric sulfur in the biofilm at any phase.

DGGE profiling characterizing the biofilm suggests a microbial consortium composed of
at least four different species in module 2 (Fig. 5). Phylogenetic analysis of DGGE band
LHO3 showed that such fragment has a high similarity to Halothiobacillus-like species and
band LHO2 grouped with Flavobacterium-like organisms (Fig. 5). Bands LHO1 and LH04
were closely related to a new branch of the phylum Chloroflexi (16S rRNA fragments
received the accession numbers EU092238-41, respectively).

Discussion

In this work, H,S from biogas and nitrates resulting from the aeration of UASB-reactor
effluent were simultaneously removed through the process of anaerobic bioxidation. This
process has been identified as an ideal WWTP post-treatment approach when compared to
the heterotrophic alternative for it does not rely on the supplementation of carbon sources [3,
4]. There are different routes for achieving anaerobic bioxidation of sulfite. For instance, it
may occur during anaerobic photosynthesis, but this process is strongly affected by the
availability of light and it has a strong negative effect on COD removal rates [20]. On the
other hand, if the oxidant agent is nitrates, the lithotrophic reaction is independent of light
and it produces less microbial biomass (COD). It was observed in this research that more
than 40 % of the ammonium present in the UASB-reactor effluent was aerobically converted
into nitrogen oxides in the first module of a two-stage bioreactor (Fig. 4) and the compound
was then anaerobically consumed with the production of S—SO, in the second module
(Fig. 3). This process occurred only when biogas containing hydrogen sulfide was intro-
duced into the system at a rate of 0.75 kgS—H,Sm>day ' (Fig. 4). COD concentrations did
not vary significantly (<60 %) and dissolved oxygen was never detected in module 2.
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Fig. 4 Nitrogenated compounds mass balance. N-ammonium (gray), N-organic (black), N-nitrite (slanted
line), and N-nitrate (dotted) concentrations profiles obtained in the last day of phase 2 (a) and phase 3 (b) of
the reactor’s 140 days trial. Potential concentrations of produced N, were also predicted and indicated in the
graphic (horizontal line)

Therefore, these results are a significant indication of nitrogen removal coupled to anaerobic
sulfite bioxidation. In this research, the nitrogen removal rate was 0.43 kgNm>day ', which
is comparable to that obtained in heterotrophic systems, which are reported as ranging from
0.17 to 2.4 gN1""day ™" [5].

The S/N ratio as seen in Eq. 1 was used for comparing the kinetics of sulfite, sulfate, and
nitrogenated compounds. Thus, variations in the concentration of nitrogenated compounds
and sulfate suggested a sulfur removal rate of 0.61 kgS—H,Sm’day ', which is comparable
to those obtained in similar systems [8]. An et al. [2], for example, observed that sulfate
conversion rates are favored at sulfite to nitrate ratios of 0.62 and the results of this trial
endorse such observation. Alternatively, Baspinar et al. [1] describe a lithotrophic process in
which more than 95 % H,S is removed when a continuous bioscrubber is operated within an
S—H,S loading rate of between 2 to 4 kgm3 day™'. These are values considerably higher than
the ones shown in this research. The former authors, however, worked with substantially
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Fig. 5 DGGE profiling of the biofilm sampled in SP3 and SP4 sampling-ports (/eff), and the evolutionary
distance tree based on comparative 16S rRNA analysis of the DNA sequences obtained with the bands LHO1
to 04 and the sequences downloaded from the Ribosomal Data Project (RDP). Distance analysis was carried
out using PAUP and Kimura 2-parameter and bootstrap values lower than 70 are shown in the tree

different conditions. The concentrations of nitrite and nitrate present in their effluent were
considerably higher (46 and 79 kgNm?day ', respectively) and sulfite supplementation was
not directly provided from the anaerobic digester. In this research, apart from pH correction,
effluent and biogas were used in nature throughout this experiment. Thus, the goal of this
research was not to test the limits of sulfur and nitrogen removal by lithotrophic denitrifi-
cation, but rather test the direct association of specific UASB-reactor by-products (effluent
and biogas) as a means to promote such a biological process. In this regard, the results
indicate significant success. Therefore, sulfur and nitrogen removal rates are significantly
high considering the initial concentrations present in module 2, phase 3, respectively. Further
tests should be carried out in order to ascertain the limits of sulfur and nitrogen removal rates
when such a system is exposed to a different full-scale UASB reactor showing higher
concentrations of these compounds. Rates of ammonium oxidation in stage 1 were possibly
the limiting step in the whole two-system process (Table 1). This was an unexpected result
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once a specific ammonium-oxidizing biofilm was used to inoculate module 1. Such a result
reinforces the understanding that ammonium-oxidizing biofilm includes species with low
growth rates and are very sensitive to potentially toxic substances [17].

DGGE profiling and DNA sequencing identified four main bacterial strains (Fig. 5).
Among these four sequences, one matched a bacterial strain with metabolic potential for
lithotrophic denitrification. The similarity of band LHO3 to the Halothiobacillus-like species
is supported by the bootstrap values shown in the phylogenetic tree (Fig. 5). Such a 16S
rRNA sequence is distinct from the common strains belonging to the o-, 3-, and 8-
proteobacteria, such as Chromatium sp., Thiobacter sp., Nitrospira sp., Acidithiobacillus
sp., Thiobacillus sp., Methylobacter sp., and others. According to some authors, sulfur-based
lithotrophy is found scattered in distinct groups within the Proteobacteria [21]. Nonetheless,
the 16S rRNA sequence found in this trial is similar to a particular strain that may unite the
representatives of these groups into a different unique linage [22]. There is very little
information on the phylogeny and physiology of Halothiobacillus-like bacteria. These
organisms were commonly observed in environments containing high concentrations of salts
[22], but the growth of halophyte strains was also observed in low salinity media [23, 24]. The
LHO03-band did not match any of the Thiobacillus-like bacteria commonly used in pre-enriched
inoculum [3, 9—12]. It is possible that Thiobacillus-like species were not present in the original
inocula. On the other hand, Halothiobacillus-like species may be more adaptable to bioengi-
neered systems. It is known that, comparatively, they produce higher energy yields from the
anaerobic oxidation of sulfide [23, 24]. Nevertheless, their accurate biochemical pathway and
genetic control is still poorly understood [25]. Polyurethane matrices used as support material
may have played a part in the selection of such Halothiobacillus-like species. They are known
to enhance sulfide bioavailability in bioengineered systems [20]. The interaction between the
physical substrate and the microorganism may be of pivotal importance for sustaining high rates
of anaerobic oxidation of sulfur. This reaction is dependent on the activity of a sulfur-binding
protein present in the bacterial membrane; which can be directly affected by close contact with
sulfide-like compounds [26].

Bands LHO1 and LH04 (Fig. 5) were associated with microbial strains of the Chloroflexi
group. Fermenting strains in this group can efficiently grow in an environment containing
very low amounts of organics, especially when in co-culture with hydrogenotrophic organ-
isms [27]. Chloroflexi-like organisms are present in several habitats where anaerobic
methane oxidation has been detected [28, 29]. In the present study, methane was the first
largest constituent of the biogas feed in module 2, phase 3. Anaerobic oxidation of methane
has been previously suggested in bioengineered systems under denitrifying and sulfate-
reducing conditions but neither the organisms involved, nor the biochemical process are
known [30-32]. In this work, however, it is more likely that the presence of sulfide may have
enhanced the levels of toxicity within module 2 in phase 3. As a consequence, the autolysis
of non-adapted microbial cells would have generated a yeast-like extract, which has been
identified as an important source of nutrients capable of supporting the growth of such
Chloroflexi-like organisms [33]. In addition, discharged microbial biomass is also constantly
fed into module 2 from module 1 and such material is subject to the same toxic effect.
Therefore, the eco-physiological function of these Chloroflexi-like organisms may contrib-
ute to sustain biofilm structure and biomass turnover in such bioengineered systems.

Few bacterial species can carry out S-dependent denitrification, but such metabolism is
also a feasible process when using Hj as an electron donor [34]. This is a metabolic process
commonly carried out by Flavobacterium-like organisms and the phylogenetic analysis
shown in Fig. 5 placed band LHO2 into this group. Hydrogen gas was not assessed, but it
may have been a constituent of the biogas feed into module 2, phase 3. Flavobacterium-like
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organisms are also known to utilize sulfate as an electron acceptor. This explains some
increase in COD removal rates at the end of the trial (Fig. 2) and the differences in sulfate
concentrations between sampling port P4 and the effluent of module 2, phase 3 (Fig. 3). If
sulfate was consumed in such a fashion, predictions of mass balance may be underestimated.

Conclusions

The two-stage system was capable of sustaining a stable process of nitrogen and sulfite removal
based on a lithotrophic process with an efficiency of about 82 % and 99.9 %, respectively. The
bioreactor was operated with an S—H,S loading rate of about 0.75 kgm>day ' and sulfite was
not detected in the biogas after the treatment. Nitrogen removal rates were comparable to
heterotrophic systems showing values of 0.43 kgNm’day . Sulfate concentrations in the
bioreactor’s effluent suggested an S—SO, discharging rate of about 0.35 kgm®day . The goal
of this research was not to test the limits of sulfur and nitrogen removal by lithotrophic
denitrification, but rather test such an approach using the by-products of a specific UASB
reactor (effluent and biogas). In this regard, the results indicate a significant success. Thus, this
approach showed to be efficient in treating the by-products of a full-scale UASB reactor with a
start-up period of less than 140 days. The main microorganism involved in this process was
tentatively identified as a Halothiobacillus-like species, which has not yet been previously
associated with post-treatment of liquid and gaseous effluents. The observed rates of denitrifi-
cation were obtained without pre-enriched inoculation or bioaugmentation.
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