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Highlights

e Removal of H>S and NO3™ was tested in an anoxic biotrickling filter (BTF)

e Thiobacillus was the only sulfur-oxidizing nitrate-reducing (SO-NR) genus detected
e Microbial community composition was different at different H.S and NO3™ loads

e Adding acetate to the BTF decreased H>S removal, while NO3™ removal increased

e Acetate did not affect sulfur balance, but affected nitrogen and carbon balances

Abstract

Removal of H2S from gas streams using NOs -containing synthetic wastewater was
investigated in an anoxic biotrickling filter (BTF) at feed N/S ratios of 1.2-1.7 mol mol* with
an initial nominal empty bed residence time of 3.5 min and a hydraulic retention time of 115
min. During 108 days of operation under autotrophic conditions, the BTF showed a

maximum elimination capacity (EC) of 19.2 g S m h'* and H,S removal efficiency (RE)



above 99%. Excess biofilm growth reduced the HRT from 115 to 19 min and decreased the
desulfurization efficiency of the BTF. When the BTF was operated under mixotrophic
conditions by adding organic carbon (43.2 g acetate m™ ht) to the synthetic wastewater, the
H2S EC decreased from 16.4 to 13.1 g S m™ h!, while the NOs EC increased from 9.9 to
11.1 g NOs-N m™ h', respectively. Thiobacillus sp. (98-100% similarity) was the only
sulfur-oxidizing nitrate-reducing bacterium detected in the BTF biofilm, while the increased
abundance of heterotrophic denitrifiers, i.e. Brevundimonas sp. and Rhodocyclales, increased
the consumed N/S ratio during BTF operation. Residence time distribution tests showed that
biomass accumulation during BTF operation reduced gas and liquid retention times by 17.1%

and 83.5%, respectively.

Keywords: H>S removal; autotrophic denitrification; nitrate-containing wastewater; substrate

competition; PCR-DGGE



1. Introduction

Hydrogen sulfide (H2S) is generated by many industrial activities, livestock operations
and anaerobic digestion of wastes [1,2]. It is harmful to human health at 100 ppmy [3] and
causes corrosion to equipment, e.g. pipelines, cogeneration engines and biogas distribution
units [4]. Particularly, H2S needs to be removed from biogas to obtain a high quality, safe and
convenient energy source from the anaerobic digestion of organic waste. The HzS
concentrations must be less than 1000 ppmy for direct combustion of biogas, whereas for the
application as a fuel in internal combustion engines or compressed natural gas production
(CNG), the H2S concentration must be less than 100 ppmy and 16 ppmy, respectively [5].

The use of anoxic biotrickling filters (BTF) for H.S removal has received widespread
industrial attention in the last few decades [4,6] as more environmentally friendly and cost-
effective technologies than the conventional physico-chemical methods such as chemical
precipitation and scrubbing [7,8]. Anoxic HzS oxidation via autotrophic denitrification
proceeds according to Eq. (1) and (2) by sulfur-oxidizing nitrate-reducing (SO-NR) bacteria
[9]:
HS + 1.23 NO3™ + 0.093 NH4" + 0.438 HCO3™ + 0.573 H* + 0.027 CO2 — 0.093 CsH7O2N +
0.614 N2 + SO4* + 0.866 H20 (1)
HS™ +0.350 NO3™ + 0.013 NH4* + 0.059 HCO3 + 1.4 H" + 0.004 CO2 — 0.013 CsH7O2N +
0.175 Nz + S° + 1.21 H.0 )

In recent years, H>S removal in anoxic BTFs with recycling of the liquid medium has
been studied at the laboratory-scale. In these studies, the authors have tested the performance
of the BTF under the influence of different parameters and operational strategies such as the
use of different packing materials, gas-liquid flow patterns, mode of reactor start-up and the
effect of inlet H.S concentrations (Table 1). When NOg' is supplied in batch feeding mode,

the H2S RE decreases once NOs™ is completely consumed [4,7]. This leads to H2S fluctuations



during BTF operation which affects the stability of the BTF performance during long-term
operation. Continuous NO3™ supply can be applied to overcome the fluctuations typically
observed in H2S removal during BTF operation and reduce stress on microbial population
due to NOs" starvation during discontinuous dosing [10]. L6pez et al. [11] showed that a
feedforward control of NOz™ dosing significantly reduces the impact of H>S load fluctuation
to the anoxic BTF performance, resulting in stable H2S removal. In contrast, Li et al. [12]
observed no significant effects of the NOs™ supplying strategy on H.S removal at N/S ratios
ranging from 0.25 to 1.0 and a constant H»S concentration of ~1600 ppmy. Additional
research on the effects of H,S concentration, N/S ratio and microbial community composition
on anoxic desulfurization in BTF are still required.

Table 1.

Using chemical nitrate sources (e.g. NaNOz and KNO3) increases the operating costs
[13]. Hence, a continuous system for H.>S removal from gas stream (e.g. biogas) using
nitrified/NO3z™-containing wastewater would be a sustainable option, particularly if the H>S
treatment plant is located nearby a nitrification bioreactor [13]. Since, some nitrified/NOz"
contaminated wastewaters such as swine wastewaters, and effluents from nitrification units or
fecal sludge treatment [14—17] can also contain residual organics, the effect of organic
compound on the performance of a BTF relying on the activity of autotrophic
microorganisms needs to be investigated. The main objective of this study was to evaluate the
capability of an anoxic BTF for H>S removal with continuous NO3™ feeding under autotrophic
and mixotrophic conditions at (i) different H.S concentrations (from 100 to 500 ppmy), (ii)
different N/S ratios (1.2 and 1.7 mol mol™?), and (iii) a feed acetate (CH3COO") concentration

of (51.4+2.8 mg L™Y).



2. Materials and methods
2.1. Synthetic nitrified wastewater

The synthetic nitrified wastewater used as the BTF medium had the following chemical
composition (per liter): 0.07-0.46 g KNOgz, 1 g NaHCOs3, 0.2 g KH2POg4, 0.1 g NH4Cl, 0.08 g
MgSO4-7H20, 1 mL FeSO4-7H20 solution and 0.2 mL of trace element solution as described
by Zou et al. [18]. Sodium acetate (230 g CHsCOONa-3H,0 L) was added as a model
organic compound during the mixotrophic operation due to its ease of use and measurement.
The pH of the synthetic wastewater was adjusted to ~7.0 with 37% HCI.
2.2. Source of inoculum and immobilization of biomass in the BTF

The inoculum was biofilm-attached K1 carriers (2.17 + 0.15 VSS carrier® and VSS/TSS
ratio of 0.76) collected from a Thiobacillus-dominated lab-scale moving bed biofilm reactor
(MBBR) previously operated for anoxic thiosulfate (S:0s%") oxidation [19]. The inoculation
was performed in a 5-L Schott-Duran bottle filled with 1.5 L of the polyurethane foam (PUF)
cubes and 80 pieces of biofilm-attached K1 carriers. The bottle was filled with 3 L medium
with 650 mg S,03%-S Lt and 140 mg NOs-N L, respectively, and purged with N2 gas for
10 min. After 14-d incubation at room temperature (22 + 2 °C), the incubated PUF cubes
were mixed with new PUF cubes and added to the BTF to obtain a bed height of 30 cm.
2.3. Bioreactor set-up and operation

The laboratory-scale BTF used in this study (Fig. 1) was made of glass (Glass discovery,
The Netherlands) and had an inner diameter and a bed height of 12 and 30 cm, respectively.
The BTF packed-bed comprised of 264 pieces of PUF cubes (BVB Substrate, The
Netherlands) with a cube size of 8 cm?®, a void ratio of 0.98 and a density of 28 kg m™,
corresponding to total bed volume of 2.11 L occupied by PUF.

Fig. 1.



The gas stream fed to the BTF consisted of a mixture of N2 gas and H.S generated using
solutions of NazS (0.1-0.3 N) and H2SO4 (1 N). The desired H.S concentrations were
obtained by controlling Na.S concentrations and dripping rates using a peristaltic pump
(Cole-Parmer, USA). The gas stream was fed to the BTF in counter-current mode, controlled
by a Delta Smart 11 Mass Flow controller (Brooks instrument, USA) connected to a flow
meter. The gas flow rate was maintained at 60 L h™%, corresponding to a theoretical empty bed
residence time (EBRT) of 3 min. The synthetic wastewater and recirculated effluent were fed
to the BTF from the top at a flow rate of 10 L d*and 50 L d* (Masterflex, Cole-Parmer,
USA), respectively, to obtain a total trickling liquid flow rate of 60 L d*. The residence time
distribution (RTD) test was performed to estimate the nominal residence times of the gas-
phase H>S (EBRT) and liquid medium (hydraulic retention time, HRT) of the BTF before and
after the experiments (days -16 and 139, respectively). The RTD test and data analysis were
performed according to the procedure described by Fogler [20]. The Bodenstein number (Bo)
to characterize the axial dispersion in the BTF was determined based on the RTD test data
(see the Supplementary material).

The BTF was operated for 154 d in five different experimental phases (P1, P2, P3, P4
and P5) at a temperature of 24 (1) °C (Table 2). In phase P1, the BTF was filled with 4 L of
the synthetic wastewater containing initial concentrations of 67.4 (+8.4) mg S,03%-S L™ and
15.5 (+1.0) mg NO3z-N L and operated in batch mode for 11 d (days -15 to 0) to allow
biofilm formation on the PUF cubes. From day 1 onwards (phase P2), the retaining synthetic
wastewater was drained out from the BTF. The gas stream containing H.S and the synthetic
wastewater were continuously fed to the BTF. The inlet H>S concentration in phase P2 was
111 (x15) ppmy and was increased to 434 (+28) ppmy from phase P3 onwards. NO3’
concentrations were gradually increased from 12.2 (+2.1) mg NO3-N L in phase P2 to 62.1

(+2.0) mg NO3-N L in phase P5 (Table 2). In phase P5, acetate was added to the synthetic



wastewater at a concentration of 51.4 (+2.8) mg L. Sulfur, nitrogen and carbon mass
balances (Table S1) were performed based on the experimental data obtained during 3 days
of steady-state observed in each experimental phase. Data from both gas and liquid phases
were considered for sulfur and carbon mass balances, while nitrogen mass balance was based
only on the liquid phase.
Table 2.
2.4. Batch activity tests

Batch tests were performed at the end of each experimental phase to determine the SO-
NR activity of the biomass attached on the PUF cubes. Tests I, Il and 111 were conducted
under autotrophic conditions with biomass collected during phases P3, P4 and P5 of BTF
operation, respectively (Table 3). In addition, biomass collected during phase P5 was also
tested with acetate in the medium (test IV). Three pieces of PUF cubes collected from the
BTF were immediately cut into small pieces (2x0.67x0.67 cm®) using a sterile surgical blade
and divided into two 250-mL batch bottles (working volume of 200 mL), resulting in a total
PUF volume of 12.1 (+0.6) cm® per bottle. Na,S-9H,0 was added as the sulfide source to the
synthetic nitrified wastewater. The bottles were purged with N> gas to ensure anoxic
conditions and incubated at 22 (£2) °C and 65 rpm mixing.
Table 3.
2.5. Microbial community analysis

Two pieces of PUF cubes were collected from the BTF at the end of each experimental
phase (days 9, 25, 72, 112, and 138) for the microbial community analysis using polymerase
chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) as described by
Khanongnuch et al. [21]. The procedure of PCR-DGGE including DNA extraction and

sequencing are described in the Supplementary material.



2.6. Analytical methods

The liquid samples were filtered through 0.45 um syringe filters (Sigma-Aldrich, USA)
prior measurement of NOg", S,03% and SO+ concentrations using ion chromatography with a
Dionex ICS-1000 (Thermo Fisher, USA) as described by Villa-Gomez et al. [22]. The pH of
the solutions was measured using a Prézision-pH-Meter E510pH (Metrohm, Switzerland)
equipped with a SenTix 21 pH electrode (WTW, Germany). The concentrations of total
sulfide (S%), nitrite (NO2") and COD were measured using colorimetric methods [23] with a
Lamda 365 UV/VIS spectrophotometer (Perkin-Elmer, USA). Alkalinity was measured by
potentiometric titration using a Titrino plus 848 titration meter equipped with a Metrohm 801
Stirrer (Metrohm AG, Switzerland). Acetate concentrations were measured using a Varian
430-GC gas chromatograph (Varian Inc., USA) as described by Eregowda et al. [24]. Gas
composition (CH4, CO2 and N2) was measured using a SCION 456-GC gas chromatograph as
described in the Supplementary material. H>S and O concentrations in the gas phase were
measured using a Drager X-am® 7000 gas detector (Drager, Germany).
2.7. Data analysis

The statistical differences in the performance parameters during each phase of BTF
operation, i.e. EC and RE, were determined using a one-way analysis of variance (ANOVA)
in combination with Tukey’s multiple comparison test (Minitab Inc., USA). The significant
difference was considered at 95% (P < 0.05).
3. Results
3.1. H2S and NOs degradation behavior in the anoxic BTF

At the start of the experiments (day -16), based on the results of the RTD test the mean
residence times of gas (EBRT) and liquid (HRT) in the BTF were 3.5 and 115 min,

respectively (Fig. S1 and S2). The initial Bodenstein number (Bo) in the BTF was 11.4,

indicating a near typical plug-flow behavior (Bo >10) [25]. However, EBRT and HRT had



decreased to 2.9 and 19 min, respectively, by the end of the experiment (Fig. S1 and S2). As
a result, Bo decreased to 9.4, which indicates that an axial dispersion of the gas phase, i.e. a
nonuniform velocity profile, occurred in the BTF at the end of this study.

During phase P1 (days -15-0), the initial biofilm formation occurred and the obtained
S,03% and NO3™ RE were 65.2% and 94.2%, respectively (Fig. 2¢ and e). The effluent pH
increased from 7.2 to 7.8 between day -15 and day -13 and thereafter it gradually decreased
to 7.0 (Fig. 2a). In phase P2 (days 1-22), the H>S feed was 111 (£15) ppmy, corresponding to
an inlet loading rate (IL) of 3.5-5.6 g S m= h'* and a N/S ratio of 1.18. The H,S RE reached
100%, whereas the NOs™ RE fluctuated between 26 and 82%. NO,™ concentration, which was
22 mg NO2-N L on day 0 and the concentration gradually decreased to 2.5 mg NO2-N L
by day 22. In phase P2, approximately 40% of the feed NO3™ was converted to N2 (Fig. 3b).
During phase P2, the effluent pH was 8.5 (+0.3) and the effluent alkalinity concentration
decreased from 555 mg HCO3 L™ (day 1) to 188 mg HCO3 Lt (day 22, Fig. 2b).

Fig. 2.
Fig. 3.

In phase P3 (days 23-84), the inlet H.S was increased to 434 (£28) ppmy (IL of 14.6-19.3
g S m=h1), while NO3 was kept constant (feed N/S ratio of 1.21). The effluent alkalinity
was 269 (+37) mg HCOs L%, while pH remained stable at 7.9 (+0.2) from phase P3 onwards
(Fig. 2a). During days 25-50, the H2S RE was 98.2 (£2.6)%, and a maximum elimination
capacity (EC) of 19.2 g S m=h't was achieved on day 42. The consumed N/S ratio was 1.15
(+0.06) and 11.2% of the fed H,S was partially oxidized to S° (Fig. 3). During days 51-66,
the BTF was not monitored due to technical problems with the gas detector. Subsequently,
the H,S RE fluctuated in a range of 58-85% and the H,S EC (12.4 1.8 g S m2h) was lower
than that in phase P2 (Fig. 4a), while the NOs” RE was >96% during days 67-83 (Fig. 2c and

e). The consumed N/S ratio (1.60 + 0.23) was higher than the one observed during days 25-
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50 (Fig. 3). NO2” was not detected in the effluent (<1 mg NO2-N L) from phase P3 onwards
(Fig. 2e).
Fig. 4.

To recover the H>S RE that decreased during days 67-83 (phase P3), the influent NOs™ IL
was increased from 9.2 (+0.55) (phase P3) to 12.3 (+0.4) g N m2 h'! in phase P4 (Table 2).
As a result, the average H.S RE increased to 91.9 (+3.7)% (EC of 16.4 + 2.7 g S m= h'),
while the NOs” RE slightly decreased to 82.1 + 3.7% (days 85-108, Fig. 2d). However,
increasing NO3™ IL increased the EC from 8.6 (+0.6) in phase P3 to 10.0 (+0.7) g N m= htin
phase P4. NOs™ was partially reduced to NO,™ (Table S1) and the estimated N> production
(75%) was lower compared to phase P3 and P5 (Fig. 3). Compared to the biomass taken from
the BTF on day 83 (phase 3), the biomass collected on day 108 resulted in 2.7 and 12.8 times
higher S? and NO3z™ removal rates, respectively (Table 3).

During phase P5, the feed acetate (43.2 g m h') was completely removed from the first day
of the addition (Fig. 2f). However, the H>S RE decreased from 96.0% on day 113 to 67.3%
on day 116. The NO3™ RE and the maximum EC of the BTF in phase P5 were 96.5 (+3.8)%
and 11.1 (+3.2) g NOs-N m=3h! (day 134), respectively. The effluent alkalinity increased
from 290 (+18) mg HCO3 L™ (phase P4) to 366 (+33) mg HCOs™ L™ (phase P5) and the
carbon production rate in the effluent of both gas and liquid phases increased to much higher
values than those of the influent (Fig. 3b). In batch tests conducted with biomass collected
from phase P5 (day 137), the test without acetate addition (Table 3, test I11) showed ~4 times
lower specific NO3” removal rates compared to the test with acetate addition (Table 3, test
IV). Besides, the specific S* removal rate in the test without acetate (1131 + 10 g S m3} _ h)

PUF

was slightly higher than the test with acetate (1061 + 35g S m3> _ h™) (Table 3).
PUF

11



3.2. Microbial community in the BTF

The microbial community composition demonstrated by a DGGE profile showed an
increase of in the number of DGGE bands during the BTF operation (Fig. 5). Bacteria having
98-100% similarity to Thiobacillus sp. (bands 1, 9, 10, 12, 13, and 16) were dominant in the
DGGE profiles of all experimental phases. The DGGE and sequencing results also indicated
that Stenotrophomonas sp. (bands 3 and 14) and Rhodobacter sp. (bands 4, 15, and 17) were
present in the culture during all the experimental phases of the BTF operation (Fig. 5).
Conversely, Chryseobacterium sp. (band 6) was observed only in the beginning (day 1).
From day 84 onwards (the end of phase P3), the new DGGE bands were observed in the
DGGE profile, i.e. Brevundimonas sp. (Band 2), Rhodocyclales bacterium (band 11) and
Bacteroidetes bacterium (bands 7 and 8).
Fig. 5.
4. Discussion
4.1. Effect of N/S ratio and organic carbon addition on H>S removal in the anoxic BTF

The maximum H,S EC of 19.2 g S m=h (99% RE) obtained in this study was higher
than the EC values reported in anoxic BTFs packed with lava rock (9.1 g S m=h) [6] and
plastic fibers (11.7 g S m23h) [4], which were operated at ILs ranging from 2.0t0 23.59 S
m~=h™. However, the H2S EC in our study was lower than those observed in anoxic BTFs
using open-pore PUF [7,26], pall ring [27] and concrete waste [28] (Table 1) as the packing
material. In literature, BTFs in those studies were operated at very high H>S IL (up to 200 g S
m= h1) and a temperature of 30 °C, which is optimal for the activity of Thiobacillus sp. [29].
As the EC trends during stable BTF operation (phase P1, P2 and P3) were very close to the
100% performance line (Fig. 4a), probably higher ECs could still be attained if higher ILs

were applied.
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The complete H2S oxidation to SO+ in the presence of NO3™ as the electron acceptor
(Eq. 1) results in the production of 1.26 g SO4*/g NOs™ (stoichiometric N/S ratio of 1.2 mol
mol™?), whereas 1.47 g S%g NO3™ (stoichiometric N/S ratio of 0.35) is produced during partial
H2S oxidation to elemental sulfur (Eq. 2). In this study, SO4* was the main oxidation product
during the entire BTF operation and its concentration in the effluent was close to the
stoichiometric SO42 production (Eq. 1). Jaber et al. [28] studied anoxic biofilters packed with
concrete waste at N/S ratios between 0.4 and 1.6 and observed that 55-57% of the inlet H.S
was oxidized to SO4% at all tested N/S ratios. Other studies reported that systems operated at
N/S ratios > 1.6 mainly produce SO4> (S° production < 15%), while S° production in the
range of 50-70% is typically observed at N/S ratios < 0.7 [7,27,30].

The addition of organic carbon in the form of acetate (phase P5) led to mixotrophic
conditions in the BTF which resulted in insufficient NOs™ availability for H>S removal by
autotrophs. Conversely, acetate addition had a positive effect on NO3z™ removal, as the
residual NO3z™ present in phase P4 was almost completely consumed via heterotrophic
denitrification during phase P5 (Figs. 2 and 3b). The batch activity tests also showed no
substantial difference in the sulfide oxidation activity of the biomass cultivated in the BTF
with and without acetate supplementation (Table 3 and Fig. 6). This indicates that SO-NR
bacteria were not inhibited by the growth of heterotrophic denitrifiers and were abundantly
present in the BTF biofilm during phase P5, as confirmed by the microbial community
composition on day 138 (Fig. 5). The consumption of residual NO3™ at the beginning of phase
P5 occurred simultaneously with a decrease in H>S RE (day 116), indicating the fact that a
shortage of NO3™ decreased the desulfurization efficiency under mixotrophic conditions.
Besides acting as an electron donor for denitrification, acetate addition also increases the

alkalinity of the reactor (1.60 g HCO37/g NOs’) according to the following equation [31]:
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NOs + 0.63CH3COO™ + 0.37CO2 — 0.5N2 + 0.13H20 + 1.63HCO3 3)
During phase P5, heterotrophic denitrification using acetate produced a large amount of
alkalinity and CO> (Table 2), which act as a buffer and inorganic carbon source for the
autotrophic microorganisms (Eq. 1).
Fig. 6.
4.2. Effect of substrate loads on microbial community profile in the anoxic BTF performance

Changes in microbial community profile were observed every time operational
conditions were changed. Increase of both H>S and NOs™ ILs in phase P3 led to the
appearance of new DGGE bands from day 84 onwards (Fig. 5) representing Brevundimonas
sp., Rhodocyclales bacterium and Bacteroidetes bacterium which are known heterotrophic
denitrifiers [32]. These microorganisms could compete for NOs™ as electron acceptor with
autotrophic denitrifiers in the anoxic BTF resulting in the decrease of H>S RE in the end of
phase P3 (Fig. 2d). Huang et al. who studied the microbial community structure in five
continuous stirred tank reactors [33] and three anaerobic sludge blanket reactors [34] for
mixotrophic denitrifying sulfide removal also observed that microbial community was
different at different NOs™ and acetate ILs applied. Huang et al. [33,34] reported that the
optimized N/S molar ratio of 1.2 provided S° production of 75%, while the SO4>* was the
main product of sulfide oxidation when the reactors were fed with higher or lower inlet NO3"
and acetate loads (N/S ratio 0.4 and 1.8). Those studies [33,34] confirm our results: (i) the
evolution of microbial community was due to the increase of H>S and NOs™ ILs from phase
P2 to P3 (Table 2) and (ii) H2S oxidation to S° or SO4* was independent from N/S ratios, but
related on NO3™ and H.S ILs, resulting in decreasing in %S° production at the end of phase 3
which was likely caused by the insufficient NO3™ IL (Fig. 3).

Thiobacillus sp. was the only SO-NR bacterium observed in the BTF and therefore likely

responsible for the simultaneous removal of H>S and NOz3™ as described by Eqg. (1) and (2).
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Based on those equations, Thiobacillus sp. also produced biomass by using bicarbonate as
carbon source under autotrophic denitrification as evidenced by lower carbon in the effluents
than in the influents during phases P2-P4 (Fig. 3). Stenotrophomonas sp., a heterotrophic
denitrifier detected since the first day of BTF operation, can survive by utilizing organic
compounds excreted by autotrophs and microbial biomass (CsH7O2N) produced during H>S
oxidation via autotrophic denitrification (Eq. 1) [35]. Heterotrophic denitrifiers have also
been detected from autotrophic systems, further verifying that their activity can be sustained
by the organic material excreted by Thiobacillus sp. [36—38]. Fig. 3 shows that carbon was
bound to the biomass during the BTF operation under autotrophic conditions, and carbon was
released during period P5, when acetate was added to the feed, indicating degradation of the
previously formed biomass.
4.3. Effect of gas and liquid retention times on the BTF performance

During BTF operation, a trickling liquid velocity (TLV) of 0.22 m h! (flow rate of 2.5 L
h), H2S RE >95% was observed without any operational problems such as clogging and bed
drying. The TLV applied to the BTF in this study was much lower than those used in several
previous studies, while gas flow rates were similar (Table 1). TLV typically has a low impact
on the H>S RE of anoxic BTFs as the electron acceptor (NO3) is dissolved into the liquid
phase [11,39], although high TLVs (>18.9 m h%) could severely impact the BTF performance
by generating high pressure drops [27] as well as biomass detachment [40]. Biomass growth
had a strong impact on the HRT of the BTF during the study. Based on the results of RTD
tests, the HRT at the end of the study (day 139) was six times shorter than the initial HRT
(day -16) (Fig. S2), while the gas retention time was less affected (Fig. S1). This suggests that
the retention time of the liquid (synthetic nitrified wastewater) should be increased and
optimized during BTF operation to maintain an optimal contact time between NOs™ in the

liquid phase and H>S in the gas phase. The large decrease in the HRT during the study might
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explain the H.S breakthrough observed at the end of phase P3 that required additional NO3"
to maintain high desulfurization efficiency (Fig. 2c and e). Conversely, the decrease of the
EBRT from 3.5 to 2.9 min had less effect on the H>S RE compared to that of the HRT
reduction. The EBRTS tested in this study were in the range of commonly reported values for
BTF operation under both anoxic (Table 1) and aerobic [40,41] conditions. In a previous
study involving mixtures of pollutants, Montebello et al. [29] reported that a decrease of the
EBRT in an anoxic BTF had much less effect on the H2E RE than to the methylmercaptan
(CH3SH) RE due to the higher solubility of H>S compared to that of CH3SH.

4.4. Practical implications

The results from this study showed that H>S removal could be achieved in an anoxic
BTF using nitrified/NO3s™-contaminated wastewater as an electron acceptor. The anoxic BTF
can be applied for biogas cleaning prior to CO> removal step or used in combined heat and
power (CHP) unit without CH4 dilution as N2 and CO2 production was not significant in the
system. This study suggested that the BTF can be operated with wastewater containing
organic carbon (C/N molar ratio of 0.2) as it is beneficial to increase the NO3z” RE via
mixotrophic denitrification and provides CO> as the endogenous carbon source instead of
adding an external bicarbonate buffer [31]. However, the NOs™ IL should be optimized to
serve sufficiently for both autotrophic and heterotrophic denitrifiers.

Acetate is a readily biodegradable organic carbon source that was chosen as a model
organic compound in this study because it is easily available and measured. However, much
more recalcitrant and slowly biodegradable organic matter would likely be available in the
nitrified wastewater after aerobic oxidation. The presence of poorly soluble organic matter in
the BTF may hamper gas/liquid mass transfer and the SO-NR activity, resulting in low H>S
and NOz removal. Therefore, additional research on the effects of slowly biodegradable

organic matter on BTF operation is therefore required.
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5. Conclusions

Anoxic BTF operation under completely autotrophic conditions resulted in a maximum
H2S EC of 19.2 g S m® h! (>99% RE), at inlet NO3™ loading rates ranging from 2.9 t012.9
NOsz™-N m= h™1 (N/S ratios = 1.2-1.7 mol mol™). Mixotrophic operation (C/N ratio=0.2)
stimulated the growth and activity of heterotrophic denitrifiers in the BTF. Biomass
accumulation in the filter bed caused a reduction of the HRT, leading to insufficient NO3"
supply for oxidizing H2S. From a practical viewpoint, the anoxic BTF should be operated at
TLVs > 0.22 m ht during long-term operation to enhance NOs distribution in the filter bed.
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List of figure captions

Fig. 1. Schematic of the anoxic biotrickling filter for H2S removal. Dotted and continuous
lines represent the gas and liquid flows, respectively.

Fig. 2. Time course profiles of influent and effluent pH, alkalinity, HS, S%, SO4%, S205%,
NOz, NO2™ and acetate concentrations and removal efficiency (RE) of H2S and NOs" in the
anoxic biotrickling filter.

Fig. 3. N/S ratios and the mass balances of sulfur, nitrogen and carbon during BTF operation.
% S° production and % carbon consumed in the BTF was based on the influent and effluent
concentrations of sulfur or carbon, while % N production was estimated from NO3z™ and NO>»
in the liquid phase.

Fig. 4. Elimination capacities (EC) of H>S and NO3™ during different experimental phases
(P1-P5) of anoxic biotrickling filter operation.

Fig. 5. Denaturing gradient gel electrophoresis (DGGE) profiles (left) and identification of
the sequenced DGGE bands (right) of the biomass samples collected during the BTF
operation.

Fig. 6. Profiles of sulfide (S%), nitrate (NO3), nitrite (NO") and sulfate (S04%)
concentrations in the batch activity tests with biofilm-attached PUF cubes collected from the
BTF on days 83 (a), 108 (b) and 137 (c and d; with and without acetate addition,

respectively).
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Phylum  Class/order/family Affiliation® Band(s)* Accession Similarity Scquence
number (%) length
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Table 1. H2S removal selected anoxic biofilter/biotrickling filter studies conducted at different operational parameters.

Packing Bed EBRT H.S (ppmy) H2SILP (g S The maximum Gas flow NOs; (mg Trickling N/Sratio pH of Liquid Temperature References

materials volume (min) m2h?) EC’(@Sm3h?) rate(Lh?) LY velocity medium (°C)
(L) (mh)
Plastic fiber 12.0 5-16  1000-4000 1-31 11.7 25-75 300-1800¢ 1.7 N.D.d 6.5 2312 [4]
Pall rings 2.40 2-17  1400-14600 9-201 170 8.4-60 50-600¢  2.3-20.6 0.7-1.5 7.0 29 +1 [27]
OPUF? 2.40 2-6 850-8500 6-201 170 60 500-2400¢ 2.3-20.6 0.4-1.6 7.3-15 15-36 [7]
Concrete 7.85 1-5 25-1100 2-38 30.3 94-470 N.D.@ 0.01¢ 0.4-1.6 7.0-9.0 N.D.¢ [28]
waste
PUF? 211 3.5 100-500 3-20 19.2 60 12-64 0.22 1.2-1.7 7.0£2.0 2412 This study

Note: 2 OPUF and PUF = open-polyurethane foam and polyurethane foam, respectively
b 1L and EC = inlet loading rate and elimination capacity, respectively
¢ Fresh NO3™ was supplied once after NOs"in liquid medium was completely consumed
9 N.D. = no data available

¢ the liquid was trickled for 5 min each hour



Table 2. Operational and influent characteristics during different phases of the biotrickling

filter operation.

Phase P1 P2 P3 P4 P5

Time (days) -15-0 1-22 23-84 85-108 109-138
Feeding mode Batch Continuous  Continuous  Continuous  Continuous
H2S (ppmv) - 111 (+15) 434 (+28) 433 (+44) 428 (+30)
IL2(gSm3hl - 3.5-5.6 14.6-19.3 14.2-20.0 15.1-19.2
S203-S (mg S LY) 67.4 (¥8.4) - - ¢ -

NOz-N (mg N L) 155 (+1.0) 12.2 (¥2.1) 469 (¥2.6) 62.2(+1.8) 62.1(+2.0)
IL2 (@ N m?3h?) - 1.8-2.9 8.3-10.2 11.8-12.9  11.4-15.0
CH3COO™ (mg L?) - - - - 51.4 (+2.8)
Feed N/S ratio (mol mol™?)  0.53 (x0.01) 1.18 (+0.09) 1.21 (+0.05) 1.68 (x0.18) 1.66 (+0.12)

Note: 2 IL inlet loading rate



Table 3. Specific sulfide and nitrate removal rate of biomass-attached polyurethane foam

(PUF) cubes in the batch activity tests.

Day* No. Initial concentrations Specific removal rates

S*(mgS NOs-N CHCOO™  s*(gSm . NOs (gNmj .

L) (mgNL') (mgL?)  hi h)
83 | 161 (x16) 755 (x1.1) - 96(x1.2)  1.8(x0.4)
108 1l 124 (+8) 945 (+2.1) - 25.9 (+4.0)  23.1(+3.2)
137 1l 782 (x1.7) 74.1(+5.0) - 1131 (+10) 359 (+52)

137 IV 75.0(x0.2) 72.1(+4.4) 525 (+3.5) 1061 (+35) 1400 (+57)

Note: 2 day of biomass harvesting



