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Abstract The operation and performance of a biotrickling
filter for methanol (MeOH) and hydrogen sulfide (H,S) re-
moval at acid pH was studied. Excess biomass in the filter bed,
causing performance loss and high pressure drop, was con-
trolled by intermittent addition, of ozone (O5) and hydrogen
peroxide (H,O,). The results showed that after adaptation to
acid pH, the maximum elimination capacity (EC) reached for
MeOH was 565 g m > h ' (97 % RE). High MeOH loads
resulted in increased biomass concentration within the sup-
port, triggering reductions in the removal efficiency (RE) for
both compounds close to 50 %, and high pressure drop. At this
stage, an inlet load of 150.2 + 16.7 gm > h™' of O; was fed by
38 days favoring biomass detachment, and EC recovery and
lower pressure dropped with a maximum elimination capacity
of 587gm > h ' (81 % RE)and 15.8 gm > h™' (97 % RE) for
MeOH and H,S, respectively. After O3 addition, a rapid in-
crease in biomass content and higher fluctuations in pressure
drop were observed reducing the system performance. A sec-
ond treatment with oxidants was implemented feeding a O;
load of 4.8 + 0.1 g m > h™! for 7 days, followed by H,0,
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addition for 23 days, registering 607.5 Zpiomass L_lp.‘wking be-
fore and 367.5 Zpiomass Lflpacking after the oxidant addition.
PCR-DGGE analysis of different operating stages showed a
clear change in the bacterial populations when O3 was present
while the fungal population was less affected.

Keywords pH - Pressure drop - Ozone - H,O, - Biotrickling
filter - Biomass

Introduction

Gaseous pollutants from various industrial activities are fre-
quently released to the atmosphere, causing health and envi-
ronmental problems. Increased concern has driven the quest to
improve and find new alternatives to treat these industrial
emissions. Gaseous pollutants can be removed by different
technologies including physical and chemical methods, such
as adsorption, absorption, condensation, and combustion, and
by biological-based technologies (Revah and Morgan-
Sagastume 2005; Mudliar et al. 2010). Biological methods
are considered cost-effective and reliable technologies for
the control of waste gases contaminated with different chem-
ical compounds. They are environmentally friendly as they
operate at normal conditions and do not require or generate
toxic products. These systems include, among others, conven-
tional biofilters (BF); biotrickling filters (BTFs), bioscrubbers,
and hollow fiber and membrane bioreactors (Revah and
Morgan-Sagastume 2005, Yang et al. 2010). These systems
allow treating airstreams at various temperatures (Hu et al.
2015; Kong et al. 2013) and mixtures of pollutants with dif-
ferent chemical properties where diverse microbial popula-
tions (i.e., autotrophic and heterotrophic bacteria, yeast, and
molds) can develop (Chung 2007; Ding et al. 2006; Gonzalez-
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Sanchez et al. 2008; Mudliar et al. 2010; Prenafeta-Bolda
etal. 2012).

Although biofiltration has many advantages, it also pre-
sents some problems affecting its long-term performance.
Excessive biomass accumulation, causing fluid clogging and
channeling, is considered among the major problems in BTF
as it induces excessive head loss and low performance and
increased the operational costs (Sempere et al. 2008; Yang
et al. 2010). There are different alternatives for removing ex-
cess biomass to improve the performance in biofiltration sys-
tems including physical, chemical, and biological methods.
Although they are generally effective, some of them could
affect the system performance or present implementation
problems in real systems (Xi et al. 2014; Yang et al. 2010;
Zehraoui et al. 2013). In this sense, chemical compounds such
as NaOH and NaClO have been effective to remove or control
the excessive biomass; however, the use of chemical solutions
often leads to considerable drops in biofilter performance,
requiring a period of up to several days to reacclimatize.

Methods based on the use of oxidants, such as ozone, have
shown to be effective in biofiltration systems (Moussavi and
Mohseni 2007; Wang et al. 2009). Hydrogen peroxide has
also been used to remove or prevent biofilm accumulation
by removing exopolysaccharides (EPS) by the disruption of
the polymeric backbone. Examples include the detachment
and removal of biofilms in reactors with low (<0.1 mM
H,0,) concentrations (Christensen et al. 1990) and the reduc-
tion of head loss in granular activated carbon/sand filters for
drinking water (Lauderdale et al. 2012). Furthermore, the
combination of both oxidants was studied for removal of
biofilms formed by Pseudomonas fluorescens. The results
suggest that the hydroxyl radicals (OH) generated in the bio-
film by the sequential treatment (O5 followed by H,O,) might
react with biofilm constituents, such as EPS rather than with
intracellular components (Tachikawa and Yamanaka 2014).
The use of oxidants for biomass control has mainly been dem-
onstrated in BF system treating of individual volatile organic
compounds, such as toluene, xylene, and formaldehyde, at
neutral pH. Nonetheless, clogging or excessive biomass accu-
mulation can also be present with mixed pollutants in BTF
operating at different pH conditions. The treatment of metha-
nol and hydrogen sulfide released by the pulp and paper in-
dustry induces both a decrease in the pH of the system due to
the oxidation of H,S to sulfate and excessive growth of fungal
biomass on MeOH causing clogging and operational prob-
lems (Jin et al. 2007; Rene et al. 2010; Sologar et al. 2003).

Increased knowledge on BF performance and associated
microbial populations can be obtained by using molecular
techniques to evidence the dynamics of microbial communi-
ties in response to changes in operating conditions such as the
addition of a new substrate or changes in temperature or pH
(Ding et al. 2006). Biochemical methods such as respirometry
have also been used to evaluate the microbial activity in the
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reactors under different conditions (Arellano-Garcia et al.
2010).

As further research is necessary to evaluate the use of ox-
idants in the biofiltration system, the main objective of this
work was to investigate the use of O3 and H,0O, to remove the
excess of biomass in a BTF treating MeOH and H,S under
different loads and the impact of these oxidants on the perfor-
mance of the system and structure and activity of the microbial
community.

Materials and methods
Inoculum preparation and mineral medium composition

A mixture of aerobic and anaerobic sludges obtained from two
different wastewater treatment plants located in the municipal-
ity of Iztapalapa in Mexico City and an acid mine drainage
sludge from the state of San Luis Potosi, Mexico, were used as
the inoculum source. The mixed culture was acclimatized for
3 months at acid pH (2.5-3) in the mineral medium (MM)
described below supplemented with MeOH at 0.5 % (v/v)
and 8 g L' of Na,S,0; 5H,0 as the source of sulfur. The
MM used in the reactor was modified from Jin et al. (2007)
and contained (g L") KH,PO4 (4.0), K-HPO, (4.0), NH,CI
(0.8), MgCl,-6H,0 (0.4), FeSO4 7H,0 (0.02), adjusting the
pH to 2.5 with a solution of HCI.

Experimental setup

The BTF system, shown in Fig. 1, comprises an acrylic rectan-
gular reactor (12 x 12 x 52 cm) packed with polyurethane foam
(PUF) cubes (4 x 4 x 4 cm, Fig. S1) similar to the one previ-
ously described by Gonzalez-Sanchez et al. (2008). The reactor
was divided into two sections with a total packing volume of
2.3 L and several ports for biomass sampling. An air stream
was bubbled through a vessel containing MeOH and then
mixed with a stream containing H,S. The resulting waste gas
was introduced through the bottom of the column for counter-
current flow. The pH was maintained by feeding a solution of
0.5 M of NaOH with a metering pump (Barnant-HD-MA-
Pump). The nutrient solution was renewed twice a week.
Pressure drop measurements were made using a U-tube ma-
nometer and are expressed as millimeters of H,O per meter of
support. Experiments were conducted at room temperature.
The operational conditions in the BTF are described in Table 1.

For the O3 experiments, a corona discharge ozone genera-
tor (A2Z Ozone, Inc., USA: A2ZS-1GLAB) with a maximum
production of 1000 mg h™" was used. Ambient air was passed
through the generator (800 mL min ™" for the first period and
200 mL min ' for the second one) and then mixed with the
regular air stream before feeding the biofilter. Table 1 shows
the O3 inlet loads. H,O, was added in the mineral medium
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during recirculation once a day and determined as reported by
Tachikawa and Yamanaka (2014). H,O, was fed at concentra-
tions of 1 mg L' in two time intervals: 437-438 and 442—
451 days and then at concentration of 5 mg L™ from day 453
to day 459.

Biomass content and activity

The total biomass within the reactor was measured at different
stages to evaluate the effect of oxidants. The liquid flow was
stopped for 12 h to allow the retained liquid to trickle, and the
packing was removed and weighed. The biomass content was
calculated by subtracting the packing weight.

The microbial activity was studied by respirometry. A bio-
mass sample was taken from the packing, centrifuged, and
resuspended twice in fresh MM. To evaluate the oxygen up-
take rate (OUR), 200 uL of biomass and different MeOH
concentrations from 35 to ~400 mM were analyzed at 25 °C
in the respirometry chamber previously described by
Arellano-Garcia et al. (2010).

Biofilm analysis by magnetic resonance imaging

Analysis of MRI was made in one colonized cube of packing
material removed from the reactor. The cube was extracted

MeOH

from the filter bed after draining the retained liquid; then, it
was analyzed in a magnetic scanner (Varian, VNMR 7 T,
USA). Gradient echo multislice (GEMS) sequences were ac-
quired in a 50 per 50 mm field with a 512 x 512 pixel matrix
giving a resolution of 97.5 um. Sequences of 80 images were
acquired from each cube taking a slice image every 0.5 mm
registering the biofilm structure impregnated using gadolini-
um as contrast medium. The volume of the biofilm was cal-
culated from 3D reconstructions made with the OsiriX imag-
ing software (Arellano-Garcia et al. 2015).

Microbial community analysis

Samples of biomass were taken from the BTF at different
sections, before, during, and after O; addition. The biomass
samples were washed threefold in a saline solution centrifug-
ing at 4000 rpm for 10 min, and finally the pellets were stored
frozen at —80 °C until analysis. Total DNA was extracted with
the PowerSoil® DNA Isolation Kit following the manufac-
turer’s instructions. The GC-338F and 907R primers were
used to amplify the V3-V5 region of the bacterial 16S ribo-
somal RNA (rRNA) gene. The PCR reactions were performed
with 50 ng DNA (final volume 25 pL) using Hot Start DNA
Polymerase (Qiagen) as described by the manufacturer except
that bovine serum albumin was added at a final concentration
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Table 1  Operational conditions and results from different operating stages
MeOH H,S Oxidants
Stage Time Days pH ILgm>h!' ECgm>h' RE %) ILgm>h' ECgm>h' RE(%) Os;gm>h!' H,0,mgL™
Ia 1-15 64-12 134+£1.6 0.1+03 1.0+£23 46+03 46+03 100
16-27 0843 21.9+22 0.02+£0.07 0.15+04 49+02 49+02 100
I 28-43 43-29 204+24 182+1.0 90.6+11.6 63+1.2 63+1.2 100
44-68 22-3  305+1.2 246+23 80.5+64 8.8+0.8 8.8+0.8 100
69-95 2.5 472+78 32.8+4.0 703+80 99+1.0 99+1.0 100
96-129 2.5 270.6 +£83.8 192.5+564 71.7+13.1 11.0+0.8 11.0+0.8 100
130241 25 3313+£42.6 306.0+36.0 92.7+51 11.5+0.5 11.0+1.2 95.9+9.9
242-259 25 569.9+452 406.8+85.1 712+152 128402 11.5+1.5 89.5+11.7
1T 260-298 2.5 646.1 £41.5 4762 +59.1 735+6.0 132+1.1 11.1+24 83.8+15.1 150.2+16.7*
11 299-395 25 613.6+£17.6 388.8+648 63.5+11.0 13.4+0.6 11.0+£2.1 82.4+15.0
396412 25 3185+143 1988+829 62+251 13.7+0.2 11.9+1.7 86.4 +12.3
v 413-429 25 261.2+3.0 1328+158 50.8+6.0 13.6+04 10.7+£2.1 78.4 £15.0
430-436 2.5 2593+£53 79.7+£282 31.3+113 13.7+0.2 74+2.1 54.1+14.6 48+0.1°
\Y% 437451 25 261.8+33 1343+£52 51.7+19.8 13.7+0.3 82+3.0 59.7+21.6 1°
452-460 2.5 2646+3.8 151.7+85 57.1+29 139+04 9+1.5 64.8 +12.2 5P

IL inlet load, EC elimination capacity, RE removal efficiency
#The same doses in all the periods

® Intermittent doses between the periods

0f' 400 pg/mL. The PCR program consisted of initial denatur-
ation at 95 °C for 15 min, 10 touchdown cycles of denatur-
ation at 94 °C for 30 s, annealing at 56 °C (—0.5 °C per cycle)
for 30 s, and extension at 72 °C for 60 s, followed by 25 cycles
0of 94 °C for 30 s, 51 °C for 30 s, and 72 °C for 1 min, and a
final extension step of 72 °C for 10 min. The V1-V2 region of
the fungal 18S rRNA gene was amplified with the NS1 and
GCFung primers. PCR reactions were performed with 25 ng
DNA (final volume 25 pL) using Hot Start DNA Polymerase
(Qiagen) as described by the manufacturer except that bovine
serum albumin was added at a final concentration of 400 pg/
mL and MgCl, was used at a final concentration of 2.5 mM.
The PCR program consisted of initial denaturation at 95 °C for
15 min, 35 cycles of 94 °C for 30 s, 56 °C for 45 s, and 72 °C
for 30 s, and a final extension step of 72 °C for 10 min. The
acrylamide concentration in the denaturing gradient gel elec-
trophoresis (DDGE) for bacteria was 6 % and the denaturing
gradient was 40 and 60 %. An aliquot of 5 pL of the PCR
product was run at 50 V for 16 h. For fungal DGGE gels, the
acrylamide concentration was 6 % and the denaturing gradient
was 30 and 60 %. An aliquot of 3 uL. of the PCR product was
run at 65 V for 19 h (DCode Bio-Rad equipment). The bands
were visualized by staining the DGGE gels with silver nitrate.
Selected bands were excised from the gel, reamplified, puri-
fied with the Kit Wizard® SV Gel and PCR Clean-Up System
(Promega), and sequenced at the UAM-Iztapalapa Molecular
Biology Laboratory (Mexico). The DNA sequences were an-
alyzed using the biocomputing tools provided online by the
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National Center for Biotechnology Information (http://www.
ncbi.nlm.nih.gov). The comparison was made using the Basic
Local Alignment Search Tool (BLAST). The nucleotide
sequences in this study have been deposited in GenBank,
and the corresponding accession numbers are shown Table 2.

Analytical methods

Gaseous MeOH concentrations were measured with a gas
chromatograph Agilent Technologies 6890 with a capillary
column (Alltech AT-FAME, 30 m x 250 um x 0.25 pm),
equipped with a flame ionization detector (FID), and
helium was used as the carrier gas at a flow rate of
0.4 mL min~'. H,S was monitored with an OdaLog ana-
lyzer LL-H2S-1000. O3 detection in gas phase was made
by the iodometric method (Rakness et al. 1996). Proteins
were measured by the Lowry method, and carbohydrates
were measured according to Dubois et al. (1956). Volatile
solids (VS) were quantified in triplicate using standard
methods (APHA 1998).

Results
Biotrickling filter performance

The BTF operated for 460 days; Table 1 shows the main
operational conditions (inlet loads, pH, and addition of
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Table 2 Bands sequenced from DGGE-PCR analysis for fungi and bacteria

Band® GenBank accession Closest match in GenBank and corresponding Similarity (%)  Affiliation
number accession number

Fungi

Al KX097001
gene. KM652632.

D6 KX097002
partial sequence clone:

AOan_H _2012Dec_49 AB901584.

Ophiostoma sp. LLC 18s ribosomal RNA 93

Dikarya; Ascomycota; Pezizomycotina;
Sordariomycetes; Sordariomycetidae;
Ophiostomatales; Ophiostomataceae

Uncultured eukaryote gene for 18S rRNA, 94

Aql0 KX097003 Uncultured fungus isolate DGGE gel band 97
15 18S ribosomal RNA gene, partial
sequence JQO07331.
Bacteria
A2 KX097005 Acidithiobacillus sp. Dg-E11 LN864666. 98 Proteobacteria; Acidithiobacillia;

AyS KX097004 Acidiphilium sp. BER EU711075.

Acidithiobacillales; Acidithiobacillaceae

98 Proteobacteria; Alphaproteobacteria;
Rhodospirillales; Acetobacteraceae

#The name of each band is related with the lanes of the gels shown in Fig. S7a, b of the supplementary material

oxidants) and the resulting performance. H,S and MeOH
were introduced simultaneously with initial inlet loads of
47+02and 13.4+1.6 gm > h ', respectively. While H,S
was eliminated from the onset of the experiment, no de-
tectable MeOH removal was observed during the first
26 days probably due to the low pH values (<1.0) induced
by H,S oxidation to SO4~. At day 24, the system was
reinoculated and the pH was controlled in the 3.8-4.3
range. These conditions allowed increased MeOH uptake,
and RE values close to 100 % were observed at day 29.
The pH control was then gradually decreased to 2.5 and
maintained thereof.

Biomass accumulation

MeOH consumption fostered biomass accumulation, and
consequently, pressure drop increased as shown in Fig. 2.
For almost 180 days of operation, the pressure drop was
below 25 mmH,0 m ' maintaining steady H,S and
MeOH removals. Accumulated biomass reduced mainly
H,S removal, reaching RE values down to 50 % on day
236 where the packing material was extracted showing a
wet biomass content of 236 Zpiomass L_lpackmg (Figs. 3 and
S2). The colonized support cubes were reshuffled and
packed again. Pressure drop values decreased down to
6.3 mmH,0 m ', and the system performance improved,
but only for a few days, returning to the above conditions
(Fig. 2, stage ). Increased growth and water accumulation
was observed on some days over the filter bed by the
presence of a biomass layer causing an obstruction in the
system and fluctuations in the pressure drop (Fig. S5), and
lower methanol removals followed down to 50 % RE on
day 250.

Effect of the addition of oxidants on system performance

During the period of the first O; addition with loads of
1502 £ 16.7 g m > h™" (Fig. 2, stage II), the pressure drop
decreased and the performance recovered, obtaining the max-
imum EC found throughout this study of 587 gm > h™' (81 %
RE) and 15.8 g m > h™' (97 % RE) for MeOH and H,S,
respectively. Biomass content in this period was
333 Zpiomass L! packing (Fig. 3). The stability in the RE for both
pollutants was maintained for almost 30 days. A lower perfor-
mance was observed thereafter, possibly by a negative effect
of continuous O; feed over microbial activity. Therefore, ox-
idant delivery was suspended observing a recovery in the RE
in the subsequent 10 days coupled to fast biomass growth and
increased pressure drop. The system operated under these
conditions for more 100 days showed a notable decrease on
MeOH removal (Fig. 2, stage III) at around day 370. To eval-
uate possible MeOH toxicity, the inlet loads were decreased
on day 396 improving the global performance and reaching a
92 % RE (EC of 293 gyeon m ° h™') but continued
diminishing thereafter. During stage III on days 373 and
423, the filter bed was removed, weighed, and reintroduced
in the reactor; the biomass on these days was 549 and
607 Zpiomass Lflpacking, respectively (Fig. 3). MRI images of
the support during this period (Fig. S3) showed a dense bio-
film forming patches that almost completely obstructed sec-
tions of the packing, allowing only a small void volume for air
and liquid distribution.

The pressure drop reached a maximum value of
344 mmH,0 m™ ! before O addition, decreasing down to less
than 7 mmH,O m ' during O3 treatment (MeOH inlet load
was 622 +55.3 gm > h!). After suspending the O, feed, the
pressure drop fluctuations increased up to a maximum value

@ Springer
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of 718 mmH,0 m ' on day 324 with similar MeOH loads.
The mat of biomass was observed again on top of the lower
section of the filter bed (Fig. S6).

A second O; addition for 7 days from day 430 to 437
(pressure drop 156 and 231 mmH,Om ', respectively) and
with a lower load than the previous test (4.8 +0.1 gm > h™")
was performed to reduce the impact on activity. The biofilter
did not improve the performance, and the RE continued to
decrease reaching a value of 14 % of RE for MeOH and
44 % of RE for H,S. Hydrogen peroxide addition thereafter
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Pressure drop

Time (day)

allowed a rapid response, and 88 % of RE and 70 % of RE for
H,S and MeOH, respectively, were obtained in few days
along with a reduction in the biomass content in the packing
of around 40 % with a decrease of pressure drop of about
98 %, as shown in Fig. 3. A temporary spike in pressure drop
was observed at around day 450 when 5 mg L' H,0, addi-
tion provoked excess biomass detachment and transient
clogging (Fig. 2 stage V). Interestingly, H,O, addition
reduced the density of the detached biomass which floated,
in contrast to O3 addition where biomass debris settled, pro-
bably due to oxygen microbubbles formed from bacteria
having catalase activity.

Content of substances in the liquid phase

Volatile solids in the recirculation liquid related to biomass
detachment from the support increased during the addition
of oxidants as shown in Fig. 4a. The values were around
80 % increase for the first O3 addition and 40 % for the second
05 addition. Soluble solids increased further (170 % with
respect to the concentration before O addition) with the
H,0, treatment. Figure 4b presents the results of the protein
and carbohydrate content in the recirculation liquid showing a
global increase in the molecules when oxidants were added,
which is consistent with biofilm detachment. Interestingly, the
relative concentration varied with the oxidant use and higher
protein values were found when the H,O, treatment was
applied.
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Effect of the O3 on microbial activity

To evaluate the metabolic activity under O; addition, the endo-
genous respiration was initially assessed yielding values of
61 + 8 and 35.8 +2.4 umol O, gflprotein min ! for the biomass
under normal operation and with O3 addition, respectively. The
values for the activity at different MeOH concentrations
depicted in Fig. 5 and corrected for the endogenous respiration
show that O3 treatment reduced approximately by half the max-
imum OUR from 97 to 43 umol O, gﬁlpmtein min'. The Ks
obtained by fitting a Monod-type model was 67 mmol L ™" with-
out O; exposure and was strongly reduced with O3 addition. The
endogenous respiration was also reduced by around 40 % when
ozone was supplied reflecting the viability reduction of the cells.

270 300 330 360 390 420 450
Time (days)

A Proteins ® Carbohydrates

Microbial dynamics

The profile along the column reactor showed a decrease in the
number of bands in the lanes corresponding to the samples
taken in the lower section of the BTF (D and Dyyy) after O3
addition, which can be attributed to the effect of this oxidant
on the microbial populations in this section for both bacteria
and fungi (Fig. S7 and Table 2). The fungal population pro-
files showed some bands before O addition in the lanes Aj,
By, C;, and D; that could not be found in the other sections
(Fig. S7b), i.e., bands A;l, Bil, C;1, and Dl clearly disap-
peared after supplying the oxidant. Band A|-1 was identified
as Ophiostoma sp. (Table 2) which did not seem to show
resistance to Os. In general, the number and/or intensity of
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Fig. 5 Oxygen uptake rate of the biofilter population at different MeOH
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bands decreased after O3 treatment both for bacteria and fungi,
which is consistent with the negative effect of O; microbial
activity previously presented. Concerning bacteria, O; ad-
dition led to the appearance of new bands (Fig. S7a: Ay, By,
Cy1, and Dyp) that disappeared later as O; addition was
stopped (bands AH-S, AH-6, BH-2, BII'37 CH-Z, CH-3, DII'
2, D13, Dy-4, and Dy-5). One strong band (Ay-5, By-2,
Ciu-2, Dyi-2), corresponding to Acidiphilium sp. was found
only during O; treatment. After O treatment, one band
(Amr-1, Bir-1, Cyyr-1, Dyp-1), initially present in the consor-
tium (A;-2, By-2, C-2, D;-2), was enriched. It corresponded
to Acidithiobacillus sp. Dg-E11; the other Blast matches
indicated that this isolate was affiliated to the A. thiooxidans
genus. Concerning fungi, after O; treatment, two bands were
more intense (AIH'7’ BIH'S’ CIH'6’ DIH'6 and AHI-IO, BIH-ll,
CIII'9s DIII'8)~ Band DHI'6’ AH-IO, and AI'14 matched with
uncultured fungi related to Pezizomycotina (See Table 2 and
Fig. S7).

Discussion

Reactor startup showed that acidification due to H,S oxidation
to SO4~ impeded initial MeOH removal which was detected
only after pH was controlled and the system reinoculated
(Fig. 2, stage I). The maximum ECs for MeOH and H,S for
this experimental period were 565 g m > h™' (97 % RE) and
13 gm > h ' (100 % RE), respectively. Microscopic observa-
tion showed an abundant yeast presence favored by the acidic
conditions. These results are consistent with those reported in
the literature where a higher eukaryote population was found
in the presence of MeOH in a system without pH control
(Barcon et al. 2012). Regarding the performance, the results
are comparable with those at acid pH previously reporting
ECpnax 0f 236 gerson m > h ! (inlet load of ~250 gm > h™)
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and 6.4 gH,S m > h™' (RE = 100 %) to pH = 2.0 (Jin et al.
(2007).

Biomass increased in the BTF was mainly due to hetero-
trophic growth on MeOH which allowed higher biomass
yields for fungi (Egli and Fiechter 1981) compared to autotro-
phic bacteria (Alcantara et al. 2004). Excessive growth im-
paired H,S and MeOH removals. Similar problems in the
treatment of H,S and MeOH were reported by Jin et al.
(2007), where accumulation of biomass and elemental sulfur,
from partial H,S oxidation, caused a pressure drop increase
and RE declined to 15 % compared with the value when only
H,S was treated. In our study, elemental sulfur accumulation
was not observed in the filter bed and sulfate concentrations
were close to the stoichiometric values (results not shown);
these findings are consistent with those generally observed
with low sulfide loads (Alcantara et al. 2004). Reshuffling
the packing material on day 236 decreased pressure drop
and allowed an increase in RE (Fig. 2, stage I). This step
allowed reducing the macroscopic heterogeneity in the bed
by limiting channeling and the zones where excess growth
limited both air and liquid flow, thus recovering the microbial
activity (Auria et al. 2000). Furthermore, channeling forms
pockets of biomass that may be subject to drying with the
concomitant activity reduction (Cercado et al. 2012). Several
methods to remove excess biomass, and hence decrease the
pressure drop, such as increasing the liquid flow and using
alkaline chemical solutions, may not be sufficient as they af-
fect biomass activity or may have short-term effectiveness
(Flores-Valle et al. 2011; Wang et al. 2014) so other control
strategies may be necessary.

Attached biomass content was controlled during the period
of O3 addition. This oxidant affects the biofilm structure by
attacking the EPS, thus inducing biomass detachment, im-
proving gas flow distribution, lowering the pressure drop,
and improving performance. The oxidizing potential of O;
increases at low pH (pH <4) reacting primarily with double
bonds and aromatic groups and slightly with carbohydrates
(Adams and Gorg 2002; Meng et al. 2016; Roncero et al.
2003), which may explain the sustained activity despite the
high loads used. The results are consistent with previous stud-
ies (Xi et al. 2014) where the bed pressure drop remained
below to 5.7 mmH,0 m ! (superficial velocity 17.7 m h'h
throughout the operating period with O; inlet load in a range
from 10.5 to 18.8 g m > h™' in a conventional biofilter. After
O3 addition was halted, the system operated for 100 days
showing strong biomass growth (up to
607 Zpiomass Lflpacking) with high variations in the pressure
drop and in the RE for MeOH and H,S (Fig. 2, stage III).
The strong fluctuations in pressure drop before and after the
O3 addition resulted from heterogeneous biomass growth
which was visible by the formation of gelatinous pockets in
the support and mats over the parts exposed to air. MRI
showed a total volume compaction of around 20 %; this value
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is higher than expected and was probably due to a reduction in
the actual volume of the cubes caused by the weight from
cubes positioned above and possibly to a decrease in the re-
silience of the PUF caused by O;. Numerical estimation of the
occupied volume yields a value of 85 % (Fig. S3). The com-
paction was also observed in both sections of the BTF where
the bed height reduced to almost 13 %.

The second O5 addition reduced slightly the pressure drop
but without improving the performance as compared with the
first addition which may be attributed to the lower O load used
in this period. Furthermore, biomass growth was extensive and
may have hindered O3 distribution, biofilm diffusion, and oxi-
dative activity. The subsequent H,O, addition that, in contrast
to O3, oxidizes some polysaccharides at low pH (Christensen
et al. 1990; Miller 1986) allowed further cell detachment, low-
er pressure drop, and improved system performance. The
effectiveness of H,O, can be partly attributed to a synergistic
effect with Os, (Tachikawa and Yamanaka 2014) and also to
the H,O, interaction with the Fe?* present in the mineral
medium producing "“OH radicals that could react with the bio-
film and favor biomass detachment (Gosselin et al. 2013).

Biofilm detachment by the action of the oxidants increased
solids in the recirculation liquid which was consistent with
those reported in the literature where the thickness of biofilm
was reduced along to an increase of the microbial activity
(Garcia-Pérez et al. 2013; Wang et al. 2009). The action of
the oxidants on the detached biofilms may as well favor de-
polymerization and uptake by the suspended and attached
cells which may explain the variations in soluble and
suspended protein and carbohydrates (Meng et al. 2016).
The addition of O3 also affected the microbial activity as
shown by the change in endogenous respiration and the activ-
ity. This alteration in the metabolic activity reflects the struc-
tural changes of the population caused by the variable sensi-
tivities of the different species (Wei et al. 2013). The negative
effect of O was also reported by Xi et al. (2014), where the
deterioration of toluene removal was attributed to a decrease
in activity by microorganisms susceptible to higher O;
concentration.

An unexpected consequence of the addition of O3 for an
extended period was the damage observed in the packing ma-
terial, particularly in the bottom section (Fig. 1), where there
was a direct contact with the incoming feed. This
corresponded to the reduction of the number of bands of the
DGGE analyses described before. Small pieces of the material
were also observed in the liquid phase, which explain the
degradation shown in the Fig. S4. The double bonds present
in the polyurethane chemical structure could be the main rea-
son of its deterioration due to higher reactivity of O3 toward
unsaturated compounds (Adams and Gorg 2002). It has been
reported that O; can change the chemical and physical prop-
erties of polyurethane foam increasing the porosity and reduc-
ing its hydrophobicity (Bertoldi et al. 2015).

The relevant effect of the addition of oxidants was evident
as the changes on microbial populations were more noticeable
through the different operating conditions implemented than
throughout the different sections of the filter bed. The bands
sequenced from fungal DGGE profiles were all related to the
Pezizomycotina, a subphylum of the Ascomycota.
Comparative phylogenetic analyses have shown that MeOH
utilization genes are conserved in several Pezizomycotina lin-
eages, indicating their potential capability to use MeOH as a
carbon and energy source (Ravin et al. 2013). Ophiostoma sp.
was apparently eliminated after Oz addition; this fungus had
already been reported in a BF used for the degradation of gas-
phase mixtures of MeOH, «-pinene, and H,S (Lopez et al.
2013). The bands remaining after O; treatment corresponded
to uncultured fungi. The higher number of bands in the fungal
DGGE profiles compared to bacteria (Fig. S7b) could be ex-
plained as follows. Firstly, fungal biomass is more abundant in
the BTF due to growth on MeOH, compared to bacteria which
only grow autotrophically with H,S which was fed in lower
concentrations. Thus, MeOH consumption by fungi may pro-
mote the formation of a dense biofilm. In addition, the faster
growth of MeOH consumers could limit the growth of auto-
trophic microorganisms, which would explain the lower num-
ber of bands for bacteria in all stages (Fig. S7a). Secondly, the
resistance of fungi to adverse conditions such as Os presence
and acidic pH exposure could help to preserve their abun-
dance (Dong et al. 2015; Mara and Horan 2003; Prenafeta-
Boldu et al. 2012). Furthermore, suspended and soluble ma-
terial from the biofilm may also promote the development of
heterotrophic microorganisms which are not necessarily H,S
consumers.

The bacterial band detected under O3 treatment (Ap5:
Acidiphilium sp.) suggests that the growth of this microorgan-
ism may be favored by high ozone tolerance (Wei et al. 2013)
and possibly to the presence of some molecules enhanced by
the ozone oxidation. It has been reported that some strains of
this microorganism are capable to oxidize elemental sulfur to
sulfate as a final metabolite and consume a high variety of
organic substrates (Arellano-Garcia et al. 2015; Zhang et al.
2013). In our study, Acidithiobacillus sp. could not have
grown in high O; concentration, as indicated in the DGGE
analyses; however, it remained viable, possibly protected by
the dense biofilms, reappearing once the conditions were
again favorable.

In conclusion, both O5 and H,O, were effective to remove
excess biomass accumulation in trickle bed biofilters and oft-
set the reduction in performance caused by excess biomass.
From a practical point of view, it has been reported that con-
tinuous ozone addition may entail significant investment and
operation costs (Xi et al. 2014), but the results found in the
present study suggest that the use of H,O, could be an inter-
esting alternative. Oxidants altered the established population
although this proved to be reversible when oxidant addition
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was stopped. The continuous use of the oxidants may have a
deleterious effect on the support which requires further study
if this strategy is adopted for the biomass control.
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