Transient-state operation of an anoxic biotrickling filter for H2S removal
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Abstract

The application of an anoxic biotrickling filter (BTF) for H2S removal from
contaminated gas streams is a promising technology for simultaneous H2S and NOs™ removal.
Three transient-state conditions, i.e. different liquid flow rates, wet-dry bed operations and
H>S shock loads, were applied to a laboratory-scale anoxic BTF. In addition,
bioaugmentation of the BTF with a H.S removing-strain, Paracoccus MAL 1HM19, to
enhance the biomass stability was investigated. Liquid flow rates (120, 60 and 30 L d)
affected the pH and NOz™ removal efficiency (RE) in the liquid phase. Wet-dry bed
operations at 2-2 h and 24-24 h reduced the H.S elimination capacity (EC) by 60-80%, while
the operations at 1-1 h and 12-12 h had a lower effect on the BTF performance. When the
BTF was subjected to H»S shock loads by instantly increasing the gas flow rate (from 60 to
200 L h') and H2S inlet concentration (from 112 + 15 to 947 + 151 ppm,), the BTF still
showed a good H2S RE (>93%, EC of 37.8 g S m™ h!). Bioaugmentation with Paracoccus
MAL 1HM19 enhanced the oxidation of the accumulated S° to sulfate in the anoxic BTF.
Keywords: H>S removal; biotrickling filter; wet-dry bed operations; transient loading; PCR-
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1. Introduction

Hydrogen sulfide (H2S) is one of the major gaseous pollutants emitted from anaerobic
digesters, landfill sites, and petroleum refining processes and the H.S concentration can be as
high as 10,000 ppmy [1,2]. H2S can cause an immediate hazard to human health at
concentrations >600 ppmy [3]. Biogas utilization as a fuel in internal combustion engines
should contain H2S levels <100 ppmy, while biogas application in gas stoves and fuel cells
requires even lower H2S concentrations (<10 ppmy) [4]. Among the different biological
techniques for H2>S removal from waste-gas streams, biotrickling filters (BTFs) are widely
used because they are easy to operate, economically viable and more efficient than
conventional biofilters [5]. The major difference is that the trickling liquid in the BTF is
continuously passed over the filter bed (packed with inert materials) to provide sufficient
moisture and nutrients for the growth of microorganisms present in the BTF.

In recent years, H2S removal in anoxic BTFs using nitrate (NO3") as an electron
acceptor has gained increasing interest [6-9]. Anoxic H2S removal is carried out by sulfur-
oxidizing nitrate-reducing (SO-NR) bacteria, according to Egs. (1) and (2) [10]:

HS™ + 1.23NOz" + 0.093NH,* + 0.438HCO3" + 0.573H" + 0.027C0O2 — 0.093CsH7O2N +
0.614N; + SO4> + 0.866H.0 1)
HS™ + 0.350NO3" + 0.013NH4* + 0.059HCO3" + 1.4H* + 0.004CO2 — 0.013CsH7O2N +
0.175N; + S° + 1.21H,0 2)

During full-scale BTF operation, unexpected (transient) operating conditions, such as a
process shut down during weekends, equipment malfunctions, sudden or unexpected changes
in process conditions, are regularly encountered and can cause irregular inlet gas flow rates
and variations in the inlet contaminant concentrations. This will affect the activity of
microorganisms as well as the bioreactor stability [11,12]. Furthermore, in full-scale BTF,

intermittent trickling liquid supply may be applied as an operational strategy to minimize



pressure drop and operational costs [13,14]. Thus, the effect of different trickling liquid
supply (wet-dry operations) on the anoxic BTF performance requires further investigation.

Recent studies have investigated the impact of transient conditions, such as pollutant
shock loads and starvation periods, on the performance of aerobic BTFs removing H2S and
other gaseous pollutants [15-19]. In the literature, anoxic BTFs have been studied using
different packing materials, H2S loading rates, gas or liquid flow rates and using automated
control strategies (i.e. feedback and feedforward control) [8,20-23]. However, the impact of
different HzS shock loads on the H2S and NOs™ removal and microbial community
composition has not yet been investigated. Moreover, the study of bioaugmentation with SO-
NR bacteria is interesting to enhance the biomass stability of an anoxic BTF for simultaneous
removal of HzS and NOs'.

The present study aimed, therefore, to evaluate the response of an anoxic BTF to: (i)
different liquid flow rates, (ii) wet-dry bed operations, and (iii) H2S shock loads by suddenly
increasing both the gas flow rate and the inlet H2S concentration in the gas stream.
Furthermore, bioaugmentation of the BTF with a biomass dominated by Paracoccus MAL
1HM19 was performed.

2. Materials and methods
2.1. BTF set-up and trickling liquid composition

The anoxic BTF used in this study (Fig. S1) was previously operated for 138 d under
steady-state conditions [24]. The BTF, having an inner diameter and height of 12 and 50 cm,
respectively, was packed with polyurethane foam (PUF) cubes (8 cm? each, total volume 2.11
L) as described by Khanongnuch et al. [24]. The trickling liquid consisted of a NO3z™-rich
medium containing (per 1 L): 0.07-0.46 g KNOgz, 1 g NaHCO3, 0.2 g KH2POg4, 0.1 g NH4Cl,
0.08 g MgSO4-7H20, 1 mL FeSO4-7H,0 solution (2 mg L) and 0.2 mL of trace element

solution, as described by Khanongnuch et al. [24]. The pH of the medium was adjusted to



~7.0 with 37% HCI. The inlet gas stream consisted of a mixture of N2 and synthetic H.S as
described by Khanongnuch et al. [24].
2.2. BTF operation
The BTF was operated for 78 days to evaluate three different transient-state

conditions (phases I-111) and investigate the bioaugmentation of the BTF (phase 1V) (Fig. S2).
Table 1 describes the operational conditions tested during each transient-state test and normal
operation. The normal operation was applied for 1-4 days to stabilize the BTF performance at
the end of each transient-state test to achieve complete recovery of the H>S RE to >98%. The
tricking liquid flow rate was 60 L d™* and the actual hydraulic retention time of NOs™-rich
medium was 19 min [24]. The trickling liquid was composed of fresh NOz-containing
medium and reactor effluent, being fed to the BTF at a flow rate ratio of 1:5. According to
Eq. 1, the theoretical N/S ratio for complete H2S oxidation is 1.23. During the entire study,
the feed NO3™ was supplied in excess (27.8 + 1.2 mg L) to the BTF, corresponding to a feed
nitrogen-sulfur (N/S) molar ratio of 3.0, to ensure the complete H.S oxidation. During phases
I, I1 and 111, the effect of, respectively, the liquid flow rates, wet-dry bed operation and H2S
shock load conditions was tested. In phase IV, the BTF was bioaugmented with a biomass
dominated by Paracoccus MAL 1HM19 which is a SO-NR bacterium isolated from a hot
spring in Thailand showing good capacity to grow at varied environmental conditions, e.g.
NaCl concentrations of 0.03-7% w/v and temperatures of 20-50 °C [25].
Table 1.

During phase | (days 0-19), the BTF was operated under liquid flow rates increasing
stepwise from 30 to 60 and 120 L d!, corresponding to a trickling liquid velocity (TLV) of
0.1to 0.2 and 0.4 m h'%, respectively. On days 20-21, the BTF was stabilized before initiating

the next transient condition.



During phase 1l (days 22-50), the BTF was tested under four different wet-dry bed
operations by supplying the trickling liquid to the BTF at four different time intervals: (i) 12
h wet-12 h dry (days 22-30), (ii) 24 h wet-24 h dry (days 31-41), (iii) 1 h wet-1 h dry (days
42-45) and (iv) 2 h wet-2 h dry (days 46-50). The liquid flow rate was controlled using an
automatic timer to switch the peristaltic pumps on or off.

During phase 111 (days 51-62), H2S shock loads were tested by suddenly increasing (i)
the gas flow rate (days 51-55) and (ii) the inlet H2S concentration (days 56-62). Each shock
load was applied for 4 h and repeated for a duplicate test after 24 h of the first shock load
(Table 1). First, the gas flow rate was instantly increased from 60 to 200 L h™* while
maintaining the inlet H>S concentration constant at 115 (£18) ppmy, resulting in an increase
of the H2S loading rate from 4.4 (+0.8) to 14.0 (1.5) g S m™ h'! (days 51-55). Then, the inlet
H2S concentration was increased from 112 (£15) to 947 (x151) ppmy at a constant gas flow
rate of 60 L h™%, resulting in an increase of the H,S loading rate from 4.2 (+0.6) to 35.5 (+5.6)
g S m2h? (days 56-62).

On day 63 (phase V), the BTF was bioaugmented with PUF cubes obtained from
another laboratory-scale anoxic BTF dominated by a facultative autotrophic denitrifying
bacterium, Paracoccus MAL 1HM19 [25]. One third of the PUF cubes (88 pieces) in the
BTF of the present study were removed and replaced with PUF cubes of the other BTF
containing Paracoccus MAL 1HM19. From day 70 onwards, the response of the BTF to HzS
shock loads of the bioaugmented BTF was tested. In this test, the inlet H.S concentration was
increased from 110 (£13) to 982 (x70) ppmy for 4 h and repeated for a duplicate test at 24 h
after the first shock load (Table 1). The parameters used to evaluate the BTF performance and

the equations used to calculate these parameters are given in the supplementary material.



2.3. Analytical techniques

The influent and effluent pH was measured using a Prazision pH Meter (Metrohm,
Switzerland) equipped with a SenTix 21 pH electrode (WTW, Germany). Liquid samples of
the BTF influent and effluent were measured for total dissolved sulfide (HS™ and S%) and
NO2" concentrations using colorimetric methods [26] with a Lamda 365 UV/VIS
spectrophotometer (Perkin-Elmer, USA). The liquid samples were filtered through 0.45 pm
cellulose acetate syringe filters (Sigma-Aldrich, USA) prior to the measurements of NOs’,
S,03% and SO4 concentrations by ion chromatography performed as described by Villa-
Gomez et al. [27]. The volatile suspended solids (VSS) of the BTF effluent were determined
according to the procedure given in Standard Methods [26]. A Drager X-am® 7000 gas
detector (Drager, Germany) with a detection range of 0-500 ppmy and a Geotech Biogas-5000
gas analyzer (Hatech Gasdetectietechniek BV, The Netherlands) with a detection range of
500-5000 ppmy were used to measure the inlet and outlet H2S concentrations of the BTF.

The statistical differences in the performance parameters among each phase of the BTF
operation, e.g. EC and RE, were determined using Tukey’s multiple comparison tests (a one-
way ANOVA, Minitab Inc., USA). Data sets were compared and considered significantly
different when p-value <0.05 was obtained.
2.4. Microbial community analysis

Two pieces of randomly selected PUF cubes were collected from the BTF on days 0, 62
and 78. DNA was extracted using the DNeasy® PowerSoil® Kit (QIAGEN, Germany),
followed by polymerase chain reaction (PCR) and denaturing gradient gel electrophoresis
(DGGE), as described by Khanongnuch et al. [28]. The DNA sequencing was performed by
Marcrogen (The Netherlands). The obtained sequences were analyzed using the BioEdit

software (version 7.2.5) and compared with sequences from the National Center for



Biotechnology Information (NCBI) database (https://blast.ncbi.nlm.nih.gov) using the

BLASTN search tool.
3. Results
3.1. Effect of trickling liquid velocity

At different TLV (0.1, 0.2 and 0.4 m h') (phase 1), the H2S RE of the BTF was constant
at 100% and corresponded to a H.S EC of 3.7 (+0.3) g S m? h'l. A partial oxidation of H2S to
S likely occurred at TLV of 0.1 m h'%, as the produced SO4% (136 + 49 mg S d™!) with
respect to the removed H>S was 84 (£12)% (Fig. 1c, days 0-6). At this TLV, the consumed
N/S ratio was 1.1 (+0.1) mol mol™* which was significantly lower than the values at 0.2 and
0.4 m h'! (~2.0 mol mol?) (p-value <0.000).

The increase TLV from 0.1 to 0.2 and 0.4 m h™, corresponding to an increase of the
NOs™ loading rate from 2.7 (£0.1) to 5.2 (+0.3) and 11.3 (+0.5) g NOs-N m h%, resulted in
an increase of the NOs™ removal rate from 1.4 (£0.1) to 2.3 (x0.3) and 2.6 (£0.6) g NOz-N m"
3ht, respectively (Fig. 1b). However, the increase in TLV from 0.1 t0 0.2 and 0.4 m h!
resulted in a decrease of the effluent pH from 8.3 (20.1) to 8.0 (+0.1) and 7.7 (£0.1),
respectively (Fig. 1d) (p-value <0.000).
Fig. 1.
3.2. Effect of wet-dry bed operations

During 12 h wet-12 h dry operation, the NOgs™- containing liquid phase was fed to the
BTF for 12 h, at an interval of 24 h from days 22-30 (Fig. 2a). During days 24-30, the H,S
RE decreased from 100 to 87% after 6-h of dry operation (Fig. 2b). The NO3” RE fluctuated
in the range of 32.0-56.8% during days 22-23, whereas a stable NO3™ RE (45.9 + 3.0%) was
observed from day 25 onwards (Fig. 2c).

Fig. 2.
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During 24 h wet-24 h dry operation, the BTF was fed with the trickling liquid for 24 h
at an interval of 48 h from days 31-41 (Fig. 3a). During this test, the H.S RE decreased from
100% to 35.6% (day 35) after 24 h of dry operation; however, the H.S RE recovered to 100%
within 3.5 h after resuming the trickling liquid supply (Fig. 3b). At the end of the 24 h wet-24
h dry operation, the H.S RE showed a longer recovery time, as complete H>S removal was
observed after 84 h of resuming the normal operating conditions (day 40). The NO3” RE
ranged between 42.2 and 61.6% during this test (days 31-41) (Fig. 3c). The S previously
accumulated in the BTF was likely oxidized during this feeding regime, resulting in the SO4>
-S production of 105%-404% (Fig. 3b). During the entire study, other sulfur species, i.e. S
and S,03%, were not observed in the effluent.

Fig. 3.

During 1 h wet-1 h dry operation (days 42-43), the H2S RE was relatively stable in the
range of 84.3-98.3% (Fig. 4b) and the H>S RE was still >98% when the BTF was operated
under normal conditions (days 44-45). During 2 h wet-2 h dry operation, the H.S RE
decreased to 75.0% during days 46-47 and thereafter to 56.7% during days 47-48. At the end
of the wet-dry operation, the H>S RE recovered to 98.3% after the trickling liquid had been
continuously fed to the BTF for ~62 h (day 50) which was shorter than the 24 h wet-24 h dry
operation. The NO3™ RE was 39.3 (£3.8)% and 42.4 (+3.6)% during 1 h wet-1 h dry and 2 h
wet-2 h dry operations, respectively (Fig. 4c).

Fig. 4.

During the entire wet-dry operation tests, the consumed N/S ratio was similar in the
range of 1.3-1-5 (p-value <0.215). The H>S EC values during 12 h wet-12 h dry and 1 h wet-
1 h dry operations were similar (3.8 and 3.9 g S m™ h%, respectively) and close to the 100%
performance line (Fig. 5a). The 24 h wet-24 h dry and 2 h wet-2 h dry operations resulted in

lower H2S EC (3.3 and 3.5 g S m= h'%, respectively) (p-value <0.000).



Fig. 5.
3.3. Effect of H2S shock loads

The sudden increase in the gas flow rate from 60 to 200 L h™t increased the H2S loading
rate from 4.4 to 14.0 g S m h*!, while the EBRT reduced from 3 to 0.9 min. On day 51, the
highest H2S EC was 13.1 g S m h' (Fig. 5b), while the H2S RE was 96.9 (+1.1)% and
decreased to the lowest value of 72.0%. However, the H>S RE recovered to 96.0 (£1.1)%
within 16 h when the gas flow rate was restored to 60 L h* (Fig. 6a, days 53-55). Besides,
S04%-S was mainly produced during this test (120 + 40)% (Fig. 6b, days 50-62).

During the subsequent H>S shock load tests by increasing inlet H>S from 110 (x13) to
982 (£70) ppmv, the H2S RE decreased to its lowest value of 68.9% (day 57). The maximum
H2S EC was 37.8 g S m2 h'! (H2S RE of 93.9%) (Fig. 5b). The sudden increase of the H,S
concentration resulted in partial H.S oxidation to S° due to NO3™ limitation because the
consumed N/S ratio was ~0.22 (Fig. S2f) and the SO4>-S production was <20% (Fig. 6b).
After each peak of shock loads, the consumed N/S ratio gradually increased from 1.3 (£0.4)
on day 51 to 2.1 (x0.3) on day 60 (p-value <0.004), corresponding to the increase of NO3” RE
from 40.4% to 56.0%, respectively (Fig. 6¢). After this H2S shock load test, when the inlet
H>S concentration was decreased to 116 (+2) ppmy, the H2S RE recovered from the lowest
value of 73.6% (days 60) to >98.0% within 40 h (Fig. 6a).
Fig. 6.
3.4. Bioaugmentation with Paracoccus MAL 1HM19

After the BTF was bioaugmented with Paracoccus MAL 1HM19 (days 63-68), the H.S
RE was 96.8 (+2.1)% (Fig. 7a), corresponding to a H.S EC of 4.49 (+0.19) g S m h'! (Fig.
7b). The bioaugmentation increased the NOz” RE from 46.3 (x1.2)% (phase 11, days 50-61)
to 80.4 (x5.0)% (phase 1V, days 63-68), corresponding to an increase in the NOz™ removal

rate from 2.6 (20.3) to 4.5 (+0.2) g NOs-N m h! (Fig. 7b). The consumed N/S ratio was 1.5
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(+0.4) mol mol™ prior to the bioaugmentation, which increased to 9.9 (+3.6) mol mol™* after
subjecting the bioaugmented BTF to a H2S shock load (Fig. S1f, days 74-78).
Fig. 7.

When a H2S shock load was applied to the bioaugmented BTF (days 70-71), the H2S
RE sharply decreased from 96.9 (£0.6)% to 12.0% (day 70) and 34.4% (day 71) after
applying the first and second shock loads for 5.0 h and 4.3 h, respectively (Fig. 7a). The SO4*
production rate gradually increased from 219 mg S d* (day 70) to 669 mg S d* (day 74).
During days 71-73, the H>S RE did not completely recover after the H.S shock loads and
fluctuated in the range of 34.4-70.6%. On day 74, when the influent NO3™ concentration was
increased from 27.8 (x1.2) to 84.0 (+0.6) mg L%, the H2S RE increased to >98% (Fig. 7a,
days 75-78). Besides, the NOs” RE was 87.1 (£9.1)% (Fig. 7c, days 74-78), corresponding to
a NO3z™ removal rate of 14.4 (+1.4) g NOs™-N m™ h'L. The increase in SO+% production rate
(713 mg S d*) on day 75 corresponded to a ~300% increased SO4%-S production based on
190 mg H,S-S d* removed (Fig. 7b).
3.5. Microbial community composition in the BTF

The microbial community composition visualized by DGGE showed an increase in the
number of individual bands after the transient-state tests (day 62) and the bioaugmentation
(day 78) of the BTF (Fig. 8). During all operational conditions, bacteria identified as
Thiobacillus sp. (bands 5, 7 and 8), Rhodobacter sp. (bands 2 and 15), Stenotrophomonas sp.
(bands 1 and 11), Rhodocyclales bacterium (band 5) and bacteria belonging to Bactroidetes
(bands 3 and 4) were detected (Fig. 8). The bacteria with >99% similarity to the
endosymbiont of Acanthamoeba sp. (band 14) and Geobacter sp. (band 16) were present after
finishing the transient-state tests (day 62). After the bioaugmentation with Paracoccus MAL
1HM19 (day 78), DGGE bands of bacteria identified as Paracoccus sp. (bands 10 and 13)

and Simplicispira sp. (band 9) were present in the BTF, while the band related to Thiobacillus
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sp. (band 5) and Stenotrophomonas sp. (band 11) had a lower intensity compared to days 0
and 62.

Fig. 8.

4. Discussion

4.1. BTF response to changes in liquid flow rate

The increase in TLV (0.1-0.4 m h™) did not significantly affect the H.S RE of the BTF
(Fig. 1c). Similarly, previous observations in BTFs reported that the liquid flow rate only
slightly affected the removal of gas-phase pollutants at low concentrations, especially when
the pollutants are water soluble [23,29]. Subjecting the BTF to a high liquid flow rate could,
nevertheless, reduce the biofilm stability and generate increased shear stress causing biofilm
to wash out from the system [29]. In this study, the low biomass concentration in the effluent
(VSS <30 mg L) suggested that no biofilm sloughing had occurred.

At the lowest TLV tested (0.1 m h't), partial oxidation of H2S to S° using NO3 as
electron acceptor likely occurred, as 84 (+12)% of the consumed H.S was converted to SO4*
(Fig. 1c), although sufficient NOs™ was supplied to the BTF (feed N/S ratio of 1.7 £ 0.2).
However, the consumed N/S ratio was 1.2 (£0.1), which causes the partial H2S oxidation to
SY in typical anoxic BTFs [8,23,30]. In contrast, the higher TLV tested in the BTF, i.e. 0.2
and 0.4 m h%, increased the %S042-S production to 122 (+24)% (Fig. 1c). This indicated that
sufficient NO3™ concentration was supplied to the sulfide-oxidizing biofilm in the BTF when
the TLV was higher than 0.1 m h*t. However, the TLV of 0.4 m h*! likely provided an
overload of the NOs™ to the anoxic BTF (11.3 + 0.5 g NO3s-N m™ h?), as the NOs™ removal
rate was only <3.3 (+0.6) g NOs-N m= h resulting in a NOs™ RE of 32 (+7)% (Fig. 1b, days
7-20). Besides, an increase in the liquid flow rate in the BTF decreased the NO3™ retention
time in the anoxic BTF causing NOs™ breakthrough in the effluent as evidenced by the lower

consumed N/S ratio at the TLV of 0.4 m h'! compared to the N/S ratio at 0.2 m h* (Fig. 1b).
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The anoxic BTF in this study was operated at low TLVs (0.1-0.4 m h') compared to
previous studies [9,31]. However, our study showed that the low TLVs applied were effective
for the treatment of H,S and NOs™ concentrations as high as ~1000 ppmy and ~30 mg L™,
respectively.

4.2. Effect of intermittent flow of the trickling liquid

The anoxic BTF showed a high resilience capacity to tolerate gas-phase H.S (88-147
ppmy) in the absence of the trickling liquid and NOs™ for 24 h. During 24 h wet-24 h dry
operation, the H2S RE recovered to 100% immediately after resuming the liquid recirculation
despite the severe reduction of H>S RE observed during the dry operation (Figs. 2 and 3). It
has been shown previously that autotrophic bacteria can tolerate inorganic carbon and
nutrient starvation during dry-bed operation [32]. Heterotrophic and mixotrophic bacteria can
also survive by degrading easily biodegradable biofilm components (i.e. extracellular
polymeric substances) or organic compounds excreted by autotrophic bacteria [33].

The 12 h wet-12 h dry and 1 h wet-1 h dry operations resulted in high and stable BTF
performance, with similar H2S EC values (Fig. 5a). However, the lowest average NO3z” RE
during the 1 h wet-1 h dry operation (39.3%, Fig. 4c) might have caused S° accumulation
during long-term operation. This observation also suggests that the 1 h duration caused a too
short pulse feeding and led to poor liquid distribution through the packed bed. While the
reduction of the NO3z™ RE was not observed during the 2 h wet-2 h dry operation, the H>S EC
showed a high fluctuation (Fig. 5a). Those short pulse feeding regimes (1 h and 2 h) were
detrimental to the H2S RE, which significantly decreased during the operation (Fig. 4b).

In further studies, residence time distribution (RTD) tests should be performed to obtain
a better understanding of the effects of different modes of wet-dry operations on the

hydrodynamic behavior of anoxic BTF and their effects on microbial activity.
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4.3. Resistance of the BTF to intermittent H2S loads

The anoxic BTF showed a faster recovery time compared to those reported for an
aerobic biofilter treating HzS (loading rate of 1-6 g H2S m™ h'), which was subjected to a
H2S shock load of 10 g H2S m= h! [19]. Kim et al. [19] showed that the recovery time to
attain the H.S RE of ~100% after restoring the initial H2S load was 96 h. Jing et al. [34]
tested sulfide shock loads by applying (for 2 h) 1.5-3 times higher inlet concentrations (520
mg S-S L) in an anaerobic upflow bioreactor treating sulfide and NOs™ in synthetic
wastewater. The authors reported that the recovery time was 30 h at the highest tested
concentration (1820 mg S?-S L), which was similar to the recovery time observed in our
study when the BTF was subjected to a 10-fold increase in the H2S loading rate (Fig. 6a). The
H>S RE improved during the succeeding H.S shock loads, resulting in a higher H>S RE than
when the first shock load was applied (Fig. 6a). This suggests that the microorganisms
adapted to the intermittent HS loading regime in the anoxic BTF.

Lopez et al. [35] successfully used a feedforward control in the anoxic BTF to reduce
the impact of H2S load disturbances (28-141 g S m= h'). Although the H,S loads used in
their study were much higher than the values of this study, the consumed N/S ratio during the
H2S load disturbance was similar (~0.2-2.1 mol mol™). Furthermore, our study revealed that
the NOs™ requirement for the BTF gradually increased after the shock loads as NO3™ was
likely used to oxidize the S° accumulated as a product of partial H2S oxidation. This suggests
that the NOsz™ in the influent should be provided in excess if the BTF is expected to receive
H>S shock loads during its long-term operation.

4.4. Microbial community composition

The DGGE profiles of the microbial community in the BTF after the transient-state

tests, i.e. different liquid flow rates, H>S shock loads and wet-dry operations, were slightly

different than those of the initial biomass (Fig. 8). Surprisingly, the microbial community was
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enriched with the endosymbiont of Acanthamoeba sp. and Geobacter sp., which likely do not
play roles in sulfide oxidation [36—-38]. It should be noted, however, that those bacteria might
not be viable as they have a lower intensity at the end of the BTF operation (day 78) (Fig. 8).
This study showed the stability of microbial community composition in the anoxic BTF to
withstand different transients-state conditions, resulting in a stable H,S EC (4.0 +0.2g S m™
h) at the end of experiment (days 75-78).

Bioaugmentation of the BTF with Paracoccus MAL 1HM19 did not affect the H.S EC
but increased ~2 times of NOs™ removal compared to the value prior to bioaugmentation. The
bioaugmentation, followed by the H>S shock load, stimulated the utilization of NOs™ as
electron acceptor to oxidize the previously accumulated S° in the BTF (Eq. 2), resulting in a
high SO4%-S production (~300%) at the end of the experiment (days 74-78). To develop the
BTF for simultaneous treating of H.S-contaminated gas streams and wastewater containing
NOs and COD, mixotrophic or heterotrophic denitrification could be stimulated in the BTF
by e.g. bioaugmentation with Paracoccus MAL 1HM19. The heterotrophic bacteria enable to
utilize various organic carbon sources (e.g. acetate, glucose and pyruvate) during anoxic H.S
oxidation [25].

5. Conclusions

H>S shock loads up to 35.5 (+5.6) g S m™ h't only slightly affected the BTF
performance, resulting in the highest EC of 37.8 g S m™ h't with >93% H,S RE. Modification
of the BTF liquid supply, i.e. TLV and wet-dry bed operation, should be taken into account in
designing and operating anoxic BTFs to avoid the depletion of the electron acceptor and mass
transfer limitations. Bioaugmentation with biomass dominated with the SO-NR bacterium,
Paracoccus MAL 1HM109, revealed the feasibility of H.S removal at high NO3™ loading rates.

Considering its good resiliency and resistance to various transient-state conditions, anoxic

15



BTFs are an attractive option in full-scale applications combining waste-gas clean-up (H2S

removal) with wastewater treatment (NOs™ removal).
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List of figure captions

Fig. 1. Effect of different liquid flow rates (a) on the BTF performance (phase 1): loading rate
and elimination capacity of NOs™ and N/S ratio (b), inlet and outlet H2S and SO4? production

rate (c), and influent and effluent pH profiles (d).

Fig. 2. BTF performance during 12 h wet-12 h dry operation (phase I1): inlet and outlet H2S
(), SO4> production rate (b) and influent and effluent NO3 and NO2™ (c).

Fig. 3. BTF performance during 24 h wet-24 h dry operation (phase I1): inlet and outlet H2S
(a), SO4> production rate (b) and influent and effluent NO3 and NO2™ (c).

Fig. 4. BTF performance during 1 h wet-1 h dry and 2 h wet-2 h dry operations (phase 11):
inlet and outlet H,S (a), SO4% production rate (b) and influent and effluent NO3™ and NO2™ (c).

Fig. 5. H2S elimination capacity of the anoxic BTF under different transient-state operations

tested in this study: wet-dry bed operations (a) and H.S shock loads and bioaugmentation (b).

Fig. 6. BTF performance under the influence of different H>S shock loads (phase I11): inlet
and outlet H2S (a), SO+ production rate (b) and influent and effluent NOs™ and NO2™ (c).

Fig. 7. Effect of bioaugmentation with a facultative autotrophic biomass dominated by
Paracoccus MAL 1HM19 on the BTF performance (phase 1V): inlet and outlet H2S (a), SO4>
production rate (b) and influent and effluent NO3z™ and NO2™ (c).

Fig. 8. Microbial community profiles (left) and identification of the sequenced denaturing
gradient gel electrophoresis bands (right) of the biomass samples collected before (day 0),
after transient-state conditions (day 62) and bioaugmentation (day 78). Each sample was run

in duplicate.
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Table 1. Transient-state operation of the anoxic biotrickling filter (BTF) for the simultaneous removal of H2S and NOs".

Specific experiments Inlet H2S H.S loading rate  Gas flow EBRT® NOj loading Liquid Operational Days of
concentration (g Sm3h?) rate (min)  rate (g NOs-N  flow rate days normal
(ppmy) (L h? m3ht) (L d? conditions?
Normal conditions? 116 (£2) 4.3 (£0.1) 60 3 3.8 (£0.1) 60 - -
I Effect of liquid flow rate 98 (+8) 3.7 (£0.3) 60 3 2.7-11.3 30, 60 0-21 20-21
and 120
Il Effect of wet-dry bed 109 (£12) 4.2 (£0.4) 60 3 4.0 (£0.1) 60
operations
(i) 12 h wet-12 h dry 22-30 29-30
(ii) 24 h wet-24 h dry 31-41 40-41
(iii) 1 h wet-1 h dry 42-45 43-45
(iv) 2 h wet-2 h dry 46-50 48-50
Il Effect of H,S shock loads:
(i) increasing the gas flow rate 115 (£18) 4.4 (x0.8) and 60 and 3and 3.8(x0.2) 60 51-55 54-55
14.0 (£1.5) 200 0.9
(i) increasing the H.S 112 (#15)and 4.2 (+0.6) and 60 3 3.9(x0.2) 60 56-62 58, 61-62
concentration 947 (£151) 35.5 (£5.6)
IV Bioaugmentation with 110 (z13)and 4.1 (x0.4) and 60 3 3.8-16.6 60 63-78 -
Paracoccus MAL 1HM19 982 (£70) 36.8 (+£2.6)
followed by the H.S shock load
test

Note: ? Normal operation was applied for stabilizing/recovering the H.S RE of the BTF at the end of each transient-state tests.

b EBRT = empty bed residence time of the gas phase H.S.
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Fig. 8.

Band(s)* Class/order/family Affiliation® Accession Similarity Sequence
number (%) length
1,.11 v -proteobacteria/Xanthomonadales/  Stenotrophomonas sp. KY490132.1, 91.8-94.5 456-510
Xanthomonadaceae KM021209.1
2715 o-proteobacteria/Rhodobacterales/ Rhodobacter sp. LN879886.1, 92.6-99.1 415-429
Rhodobacteraceae IN648234.1
3,4 - Bacteroidetes/Chlorobi group KU685184.1, 96.2-96.3 416-418
bacterium LN998004.1
57,8 B-proteobacteria/Nitrosomonadales/ Thiobacillus sp. KM200026.1, 98.0-100 433-508
Thiobacillaceae JX530173.1,
KM200014.1
6 B-proteobacteria/Rhodocyclales Rhodocyclales bacterium JQ723653.1, 98.7 448
JQ723670.1
9 B-proteobacteria/Burkholderiales/ Simplicispira sp. KY476421.1 89.8 440
Comamonadaceae
10, 13 o-proteobacteria/Rhodobacterales/ Paracoccus sp. KY427435.1 98.0 482
Rhodobacteraceae
12 - Uncultured 3 EF667513.1 92.4 431
proteobacterium
14 o-proteobacteria/Holosporales/ Endosymbiont of CP004403.1 99.1 430
Holosporaceae Acanthamoeba sp.
16 d-protcobacteria/Desulfuromonadales/  Geobacter sp. EF658628.1 99.3 433

Geobacteraceae

Note: * Band label of DGGE-separated DNA fragments, and b Closet relative DGGE-separated DNA fragment in the GenBank
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