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Abstract

The simultaneous treatment of N>O-laden air emissions and domestic wastewater was
assessed in a novel denitrifying bioscrubber composed of a packed bed absorption
column interconnected to a fixed bed reactor (FBR). The influence of liquid recycling
velocities and gas empty bed residence times (EBRT) in the absorption column on

bioscrubber’s performance was evaluated using synthetic wastewater (SW) and a 100 +
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8 ppm, N,O air emission. Steady state N,O removal efficiencies of 36 = 3 %
concomitant with SW total organic carbon removals of 91 = 1 % were achieved at an
EBRT of 3 min and at the highest Uy tested (8 m h™"). The removal of dissolved N,O by
heterotrophic denitrification in the FBR constituted the main N,O biodegradation
mechanism and limited the abatement of N,O. While the supplementation of SW with
Cu? (a cofactor of the N,O reductase) did not result in an enhancement in N,O
reduction, the increase in FBR volume supported a higher N,O removal. The increase in
EBRT up to 40 min supported an enhancement in the gas N,O removal of up to 92 %.
The DGGE-sequencing analysis of FBR microbial population revealed a high microbial

diversity and the abundance of denitrifying bacteria capable of reducing N,O to N.
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1 Introduction

Nitrous oxide (N,O) is one of the major greenhouse gases (GHG) emitted nowadays,
which contributes to climate change with a 6.2 % of the total GHG emissions due to its
high global warming potential (=300 times higher than that of CO,) [1]. N,O is also
considered the most important Os-depleting substance emitted in this XXI century [2].
In Europe, N,O is mainly emitted from agriculture (268300 Gg of CO, eq), wastewater
treatment processes (12299 Gg of CO; eq) and adipic and nitric acid production (9682
Gg of CO; eq) [3]. In wastewater treatment plants (WWTPs), N,O is mainly produced
during biological nitrogen removal, with nitrifier denitrification, heterotrophic
denitrification and hydroxylamine oxidation as the main routes of N,O production in
activated sludge processes [4]. Some authors have also reported N,O emissions during
wastewater biofiltration [5, 6], where N,O production was mainly associated to
nitrification and denitrification processes. Even new microbial nitrogen removal
processes such as nitritation/anammox or SHARON emit significant amounts of N,O

7, 8].

Based on the renovated and more ambitious EU objective for the reduction of the
European GHG emissions by 40 % in 2030 (compared to 1990 levels) [9], the
minimization of N»,O emissions from wastewater treatment has become one of the main
challenges of WWTP operators in this XXI century. In this regard, physical/chemical
technologies such as thermal decomposition, selective catalytic reduction and selective
non-catalytic reduction, typically used for industrial NOx emission abatement, could be
applied as end-of-the-pipe technologies in WWTPs. However, these technologies entail
the consumption of costly and/or hazardous chemicals, process operation at high
temperatures and the generation of secondary pollution, which results in high operating

costs and environmental impacts [10]. On the other hand, biotechnologies have been
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consistently shown as an environmentally friendly and low cost alternative for off-gas
treatment, which exhibit a robustness and efficiency comparable to that of their
physical/chemical counterparts [11]. Unfortunately, despite some works on NO/NO,
nitrification and denitrification have been carried out [12, 13], the number of studies
assessing the potential of biotechnologies for N,O abatement is scarce. This GHG is an
obligate intermediate during the anoxic nitrogen reduction (NO3” — NO, — NO —
N,O — N,), which up to date has been reported as the only biological N,O removal
mechanism. Therefore, the removal of N,O from air emissions entails the need for
bioreactor configurations involving a N,O absorption step in water followed by a N,O
reduction step under anaerobic conditions. The maintenance of anaerobic conditions in
the denitrification tank requires the external supply of a carbon source (e.g. methanol) to
biologically deplete all O, present in the N,O-laden aqueous stream, with the
subsequent increase in process operating costs [ 14]. Therefore, innovative operational
strategies based on the use of free carbon sources such as wastewater in WWTPs must

be developed in order to achieve cost-effective N,O removal processes.

The aim of this work was to evaluate the feasibility of the simultaneous N,O abatement
and wastewater treatment in a lab-scale bioscrubber consisting of a packed bed
absorption column coupled to a denitrifying fixed bed bioreactor. The influence of
liquid recycling velocities and gas empty bed residence times on the removal of N,O

and wastewater treatment performance was also investigated.

2 Materials and methods

2.1 Chemicals and Synthetic Wastewater

A 40 L calibration gas mixture of 10000 ppm, of N>O in N, was purchased from

Abell6 Linde S.A. (Barcelona, Spain). The synthetic wastewater (SW) used in the
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experimentation was composed of (in g L™ of tap water): peptone 0.16, meat extract
0.11, urea 0.03, NaCl 0.007, CaCl,-2H,0 0.004, MgSO4-7H,0 0.002, K,HPO, 0.028,
CuCl,2H,0 50x10° and glucose 0.25. The final concentrations of total organic carbon
(TOC), total nitrogen (TN) and PO,> of the SW were 256.1 +22.7, 54.4+2.9 and 11.7
+3.3 mgL", respectively. All reagents were purchased from PANREAC with a purity
of +99 % (Barcelona, Spain). The biodegradability of the SW was experimentally
determined in independent batch assays by monitoring the TOC and TN concentrations
for 14 days in three 500 mL Erlenmeyer initially filled with 99 mL of sterilized SW and
1 mL of activated sludge from Valladolid WWTP (Spain). Two non-inoculated
sterilized Erlenmeyer with 100 mL of SW were used as controls to elucidate any

potential carbon or nitrogen abiotic removal.
2.2 Experimental set up

A lab-scale bioscrubber was set up for the continuous abatement of a diluted air
emission of N»O and the simultaneous treatment of SW for 140 days. The experimental
system was composed of a N,O absorption column made of PVC and packed with 2 L
of Kaldnes rings interconnected with a 3 L fixed bed bioreactor (FBR) (Afora S.A.,
Spain). The FBR was filled with 1 L of methylotrophs-containing polyurethane foam
(PUF) cubes (1 cm’) used in a previous experiment as the packed bed of an absorption
column [14]. The FBR was constructed with a 0.55 L liquid distribution chamber
located at the bottom of the tank and operated with magnetic stirring at 300 rpm (Fig.
1). The experimental set-up was located in an air-conditioned room at 25 °C. Prior to
inoculation, an abiotic test was performed with tap water for 4 days in order to assess
any potential removal of N,O by adsorption or photodegradation in the experimental

set-up.
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<Fig. 1.>
2.3 Bioscrubber operation

The SW was introduced at the bottom of the FBR, where it mixed with the N,O-laden
recycling liquid from the absorption column, and was further recirculated from the top
of the FBR to the top of the packed bed absorption column using a peristaltic pump
(Watson Marlow, UK). The N,O-laden air emission was introduced at the bottom of the
absorption column flowing upwards counter currently with the recycling liquid. The
synthetic N,O-laden air inflow was obtained by mixing 660 mL min™' of air and 6.7 mL
min™ of the 10000 ppm, N,O calibration gas mixture using a mass flow controller
(Aalborg, Denmark), resulting in a gas empty bed residence time (EBRT) in the
absorption column of 3 min and a N,O concentration of 100 = 8 ppm,, which
correspond to typical off-gas emissions from WWTPs. The SW was supplied to the
FBR at flow rates determined by the maintenance of anoxic conditions (targeting a
dissolved oxygen concentration = 0 mg L) in the FBR. No N,O was supplied to the
inlet air for the first 18 days of operation (stage I) in order to assess any potential N,O
generation in the system as a result of wastewater treatment. During stage I, the
bioscrubber was operated with a SW flow rate of 3 £ 0.1 L d”' and a liquid recycling
velocity (Up) of 1 m h™'. Stage II (days 19-51) was characterized by process operation at
a N,O of 100 £ 8 ppm,, UL of I m h'and a SW flow rate of 4 + 1 L d™\. Ur was
increased up to 4 m h™' during stage III (days 52-83) concomitantly with an increase in
SW flow rate to 19+ 1 L d”'. The bioscrubber was operated from day 84 to 104 (stage
IV) with a U of 8 m h™ and a SW flow rate of 36 + 4 L d”'. Similar SW flow rates and
Up were maintained during stage V (days 105-118), which was characterized by the
supplementation to the SW of CuCl,-2H,0 at 50 ug Cu”>" L' in order to assess the

influence of copper (a cofactor of the nitrous oxide reductase) on N,O degradation.
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Finally, the 3L-FBR volume was substituted by a new 7.5L-FBR in stage VI (days 119-
135) in order to enhance N,O reduction under process operation ata U, of 8 mh™ and a
SW flow rate of 38 = 1 L d™'. The packed bed of the initial FBR, plus 4 L of new PUF
cubes, constituted the packing medium of the 7.5 L FBR. From day 136 to 140, the
EBRT was stepwisely increased to 6, 12, 18, 40 and 80 min under the operational

conditions set in stage VI.

Liquid samples from the SW at FBR inlet, and inlet and outlet of the absorption column
were periodically drawn to determine the concentration of NO, and NOs™. TOC,
inorganic carbon (IC) and TN concentrations were also measured in the SW inlet and
effluent of FBR. The N,O and CO, gas concentrations at the inlet and outlet of the
absorption column were determined by GC-ECD and GC-TCD, respectively. In
addition, the aqueous N,O concentration of the recycling liquid was measured by
headspace GC-ECD at the inlet and outlet of the FBR to assess the denitrification
capacity of the system. All measurements were carried out three times a week. The
biomass concentration as total suspended solids (TSS) and the dissolved reactive
orthophosphate (PO,™) concentration were also measured in the SW and bioscrubber

effluent under steady state conditions.
2.4 Analytical procedures

The N,O and CO, gas concentration were measured by GC-ECD and GC-TCD
according to Frutos et al. [14] and Lopez et al. [15], respectively. The aqueous N,O,
TOC, IC, TN and O, concentrations were determined following the methodology
described in Frutos et al. [14]. NO,", NOs™ and PO43' were measured colorimetrically in
a UV-2550 spectrophotometer (Shimadzu, Tokyo, Japan) according the Standard

Methods 4500-NO;" B, 4500-NOs" E and 4500-P C, respectively [16].
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2.5 Molecular biology analysis

Samples of biomass from the methylotrophs-containing PUF used as inoculum and from
the biomass entrapped in the PUF of the 7.5 L FBR at the end of the experimentation
(day 140) were stored immediately at -20 °C to assess the diversity and composition of
the microbial community. The genomic DNA was extracted according Lebrero et al.
[17]. The PCR mixture was composed of 25 pL of BIOMIX ready-to-use 2x reaction
mix (Bioline, Ecogen), 2 pL of the extracted DNA, 2 pL of the PCR primers 968-F-GC
and 1401-R (10 uM) (Sigma-Aldrich, St. Louis, MO, USA) for bacterial 16S rRNA
gene amplification, and Milli-Q water up to a final volume of 50 uL. The PCR thermo-
cycling program used and the DGGE analysis was previously described in Lebrero et al.
[17]. The gels were stained with GelRed Nucleic Acid Gel Stain (biotium) for 1 h 30
min and the obtained DGGE patterns processed using the GelCompar IITM software
(Applied Maths BVBA, Sint-Martens- Latem, Belgium). Similarity indices of the
compared profiles were calculated from the densitometric curves of the scanned DGGE
profiles by using the Pearson product—-moment correlation coefficient [18]. The peak
heights in the densitometric curves were also used to determine the Shannon—Wiener

diversity index (H).

The most relevant bands were excised from the DGGE gel and the procedure was
previously described in Lebrero et al. [17]. The taxonomic position of the sequenced
DGGE bands was obtained using the RDP classifier tool (50 % confidence level) [19].
The closest matches to each band were obtained using the BLAST search tool at the
NCBI (National Centre for Biotechnology Information) [20]. Sequences were deposited

in GenBank Data Library under accession numbers KT200317-KT200331.
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2.6 Statistical analysis

Results from the bioscrubber performance were evaluated using a parametric Student's
t-test and Kruskal Wallis ANOVA non-parametric tests, both at 95 % confidence level
to assess any significant influence of the operational conditions tested on process

parameters.

3 Results

No significant N,O removal (<2 %) by adsorption or photolysis was observed during
the 4-days abiotic test. The average error in N>O measurements by GC-ECD was 2.1 %
and therefore any potential N,O degradation was attributed to microbial activity. The
pH of the bioscrubber during the 140 days of biotic operation remained roughly
constant at 7.3 + 0.2. N,O gas concentrations of 1 £ 1 ppm, were recorded at the outlet
of the absorption column during the first 18 days of operation in the absence of N,O
supply ata Up of I m h! (Fig. 2a). The determination of the aqueous N,O during this
stage I showed higher concentrations at the inlet (46 + 16 ug N,O L) than at the outlet
of the FBR (15 + 4 pg N,O L) (Fig. 2b). Steady state TOC and TN removal
efficiencies of 90 = 5 % and 75 + 15 % were recorded, respectively (Fig. 3a and 3c).
This TOC removal resulted in elimination capacities (ECs) of 184 + 24 ¢ C m™ d”' and
CO, gas production rates of 138 + 8 g C m™ d”' (Fig. 3b). Steady state NO5”
concentrations in the inlet SW, effluent of the FBR and outlet of the absorption column
accounted for 0.93 + 0.17, 0.13 + 0.05 and 0.55 + 0.31 mg N L™, respectively (Fig. S1).
Likewise, NO," concentrations of 0.07 + 0.06, 0.39 + 0.20 and 1.27 £ 0.51 mg N L!
were recorded in the SW, effluent of the FBR and outlet of the absorption column (Fig.

S1).
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<Fig. 2.>

Process operation at an inlet N,O gas concentration of 100 =+ 8 ppm, and a U, of I mh'
during stage II was characterized by a steady gas N,O removal efficiency (RE) of 8§ + 3
% (Fig. 2a). Under these particular conditions, an efficient dissolved N,O removal by
anoxic denitrification in the FBR was observed (65 + 16 %) (Fig. 2b). An increase in the
TOC-RE up to 95 + 3 % was recorded, which corresponded to an EC of 327 +35 g C
m” d"' and a CO, production rate of 277 + 43 g C m™ d”'. Likewise, TN-RE during
stage Il reached 90 £ 2 % (Fig. 3c). NO3™ concentrations in the SW, effluent of the FBR
and outlet of the absorption column remained constant during stage I at 0.92 + (.18,
0.46 + 0.26 and 0.76 + 0.35 mg N L™, respectively (Fig. S1). Likewise, NO,
concentrations of 0.04 + 0.02, 0.37 + 0.47 and 0.30 + 0.40 mg N L™ were recorded at
the above referred sampling points (Fig. S1). Finally, PO,’ removal efficiency under
steady state accounted only for 21 %, which resulted in effluent concentrations of 7.3
mg P L™ (Table S1). Negligible TSS concentrations were observed in the FBR effluent

at the end of stage II (e.g. less than 0.1 mg L'™).
<Fig. 3.>

The increase in Uy to 4 m h' during stage III entailed an enhancement in the gas N,O
degradation up to steady state REs of 17 =2 % (Fig. 2a). The reduction to N, of the
aqueous N,O in the FBR remained significantly similar at 60 = 10 % despite the
increase in Uy, (Fig. 2b). However, a slight but significant decrease in the TOC removal
efficiency was recorded (89 + 4 %) along with the increase in the SW flow rate to 19 +
1 Ld" (Fig. 3a). This increase in the SW loading rate resulted in an increase of TOC-
EC up to 1503 + 131 g C m” d' and in a CO, production rate of 667 + 66 g C m™ d”!

(Fig. 3b). A severe decrease in the steady state TN removal efficiency to 40 £ 9 % was

10
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observed (Fig. 3¢). Under these particular conditions, the concentrations of NOj3™ in the
SW, effluent of the FBR and outlet of the absorption column at steady state were 0.77 +
0.27, 0.04 + 0.08 and 0.04 + 0.08 mg N L™, respectively, while NO,™ concentrations
were negligible (Fig. S1). Finally, despite the removal efficiency of PO, increased up
to 49 + 1 %, the effluent concentration remained at 8.5+ 1 mg P L™ as a result of the
increase in SW phosphorus concentration to 16.6 + 0.1 mg P L. The concentrations of

TSS in the effluent during stage IIT were 0.08 + 0.01 g L' (Table S1).

An increase in the steady state gas N,O RE up to 26 = 5 % (Fig. 2a), concomitant with a
deterioration in the N,O denitrification efficiency in the FBR to 38 £ 12 %, was
recorded along with the increase in U to 8 m h™ (Fig. 2b) in stage IV. The increase in
the SW flow rate up to 36 + 4 L d”' in order to maintain anoxic conditions in the FBR
mediated a decrease in the TOC-RE (Fig. 3a) to 85 £+ 4 %, which corresponded to an EC
and a CO, production rate of 2599 + 95 and 992 + 103 g C m™ d”, respectively (Fig.
3b). Nevertheless, TN removal showed no significant variation under steady state
conditions during stage IV (43 + 4 %) (Fig. 3¢). NO; and NO,” were only detected in
the SW at 0.46 + 0.33 mg N L™ and 0.07 + 0.06 mg N L', respectively (Fig. S1). The
increase in SW flow rate resulted in PO43 “removal efficiencies of 52 + 6 % and in an

increase in TSS effluent concentration up to 0.14 + 0.04 g L' (Table S1).

The addition of CuCl,-2H,0 to the SW by day 105 supported steady state gas N,O REs
of 29 £+ 2 % and N,O denitrification efficiencies of 38 + 9 % in the FBR. The removal
efficiencies of TOC and TN during stage V remained constant at 87 = 2 and 40 £ 3 %,
respectively (Fig. 3a and 3c) in spite of the increase in SW flow rate to 37+ 1 L d™'. The
CO, production rate and TOC-EC under steady state conditions were 1112 + 82 g C m™
d'and 2732+ 179 ¢ C m™ d™', respectively (Fig. 3b). NO;” and NO, were only detected

in the SW at 0.20 + 0.05 and 0.28 + 0.12 mg N L™ (Fig. S1), respectively. The PO4>

11
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removal efficiency of the FBR during stage V reached 58 & 13 % and resulted in
effluent concentrations of 3.7 + 1 mg P L. On the other hand, TSS concentrations in

the SW and effluent were 0.04 + 0.02 and 0.12 + 0.04 g L™, respectively (Table S1).

Finally, the increase in the volume of FBR from 3 L to 7.5 L during stage VI brought
about a gas N,O RE of 36 &+ 3 % and an increase in the removal of the aqueous N,O up
to 63 =4 % in the FBR. A TOC removal efficiency of 91 &+ 1 % was recorded under
steady state operation (Fig. 3a) along with an EC of 1133+ 51 g C m™d". Likewise, a
decrease of CO, production rate up to 482 + 12 g C m~ d”' was observed (Fig. 3b). The
recorded TN-RE remained at 42 = 5 % (Fig. 3c). Negligible concentrations of NO3™ and
NO;" were recorded at the FBR effluent and in the outlet of the absorption column (Fig.
S1) whereas the NOs™ and NO;" concentrations in the SW were 0.32 £ 0.18 and 0.27 £+
0.20 mg N L™, respectively. PO4>-REs remained at 57 + 7 % with effluent
concentrations of 4.3 + 0.2 mg P L™, The TSS effluent concentration decreased to 0.06

+0.01 g L' in this last stage.
<Fig. 4>

Process operation at an EBRT of 3 min supported a gas N,O-RE of 36 + 0.2 % along
with dissolved N,O and TOC removals of 69 & 1 and 92 %, respectively. The stepwise
increase in gas EBRT in the absorption column resulted in a sequential enhancement in
the gas N,O-REs but in a deterioration of the removal efficiencies of aqueous N>O and
TOC (Fig. 4). Hence, the highest gas N,O-RE (94 £+ 0.2 %) was achieved at an EBRT of
80 min along with TOC and dissolved N,O removal efficiencies of 74 % and 17 + 2 %,

respectively (Fig. 4).

<Fig. 5.>

12
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The Shannon-Wiener diversity indices of the microbial communities present in the
inoculum and at the end of the experimental period were 3.48 and 3.47, respectively
(Fig. 5). The initial and final bacterial populations were analyzed using the Pearson
similarity correlation coefficient in order to elucidate the structure of the bacterial
communities in the FBR. A similarity value of 11.7 % was obtained between the
communities present at day 0 and day 140. From the DGGE gel, 15 bands were
sequenced (Fig. 5) and 4 different phyla were identified from the RDP database:
Proteobacteria (11 bands), Firmicutes (2 bands), Lentisphaerae (1 band) and
Cloacimonetes (1 band). The closest matches for every band (BLASTN) according to
the NCBI database, together with its similarity percentages and sources of origin, are

provided as supplementary material (Table S2).

4 Discussion

This work demonstrated the feasibility of a simultaneous removal of N,O from WWTP
air emissions coupled to wastewater treatment using an innovative absorption unit-
anoxic tank bioscrubber configuration. N,O removal was based on the sequential N,O
mass transfer from the gas to the recycling liquid in the packed bed column followed by
N»O reduction under anoxic conditions in the FBR using the organic matter present in
the SW as electron donor. The sole degradation mechanism of N,O was heterotrophic
denitrification in the FBR, while no significant N,O biodegradation was observed in the

absorption column likely due the high O, levels in the air emission.

N,O production was observed in the first operational stage (Fig. 2), which could be
attributed to the oxidation of the hydroxylamine produced by the action of ammonium
oxidizing bacteria in the absorption column [4]. The sequential increase of U mediated

the enhancement in the gas N,O RE as a result of the higher turbulence in the gas/liquid

13



©CO~NOOOTA~AWNPE

interface (which likely increased the N,O mass transfer coefficients [21]) and the higher
N,O carry over capacity of the recycling liquid. Hence, the increase in Uy, entailed a
higher aqueous N,O loading rate to the FBR since the dissolved N,O concentration at
the outlet of the absorption column was close to saturation regardless of the operational
conditions. However, it is worth noting that this stepwise increase in Uy deteriorated the
dissolved N,O removal in the 3 L FBR likely due to its associated decrease in the
recycling liquid residence times from 32 min at a Uy of 1 m h™ to 4 min at a Uy of 8 m
h'. Thus, the dissolved N,O removal efficiency dropped from 65 + 16 % in stage II to
38 £9 % in stage V (Fig. 2b), corresponding to the lowest and highest Uy evaluated in
the bioscrubber, respectively. This deterioration in the dissolved N,O removal likely
caused the low gas N,O RE of 29 + 2 % recorded in stage V as a result of the low gas-
liquid N,O concentration gradient (Fig. 2a). In this context, the 3 L FBR was replaced
by a 7.5 L FBR in stage VI in order to deplete all dissolved N,O in the anoxic tank,
which would allow operating the absorption column at a maximum concentration
gradient. The higher recycling liquid residence time in the 7.5 L FBR (=10 min)
promoted an increase in the dissolved N,O REs up to 63 =4 % (Fig. 2b), which
consequently resulted in the enhancement of the gas N,O REs up to 36 + 3 % (Fig. 2a).
Copper is a structural component of the nitrous oxide reductase, the enzyme supporting
the final reduction step of N,O to dinitrogen in the bacterial denitrification pathway
[22]. In our particular study, Cu®" supplementation to the SW from stage V onward did
not induce any significant improvement in N,O reduction in the anoxic tank.
Conversely, Zhu et al. [23] did observe a decrease in N,O production by 55-73 %
following the addition of 50-100 pg Cu®" L™ in a 4 L anaerobic—aerobic—anoxic
sequencing batch reactor treating municipal wastewater. Overall, the N,O removal

performance of this innovative bioscrubber configuration was likely limited by the poor
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mass transfer of the pollutant from the air emission to the liquid phase in the absorption
column due the low aqueous solubility of N,O (H = 1.6 at 25 °C [24]) and also to the
low biological denitrification efficiency of the dissolved N,O mediated by the low

residence time of the recycling liquid in the anoxic tank.

The wastewater treatment performance of the bioscrubber was characterized by high
TOC removals, similar to the maximum biodegradability (96 %) of the SW used as a
model wastewater (determined in an independent set of experiments). O,, N,O, NO;’
and NOj3™ were simultaneously used as electron acceptors to support TOC oxidation in
the FBR. A slight deterioration in TOC-RE was observed in spite of the sequential
increase in SW flow rate to maintain the anoxic conditions needed for N,O reduction in
the FBR, which resulted in a decrease in the hydraulic retention time (HRT) of the
wastewater in bioscrubber (29, 19, 4, 2, 2 and 5 h for stages I, II, III, IV, V and VI,
respectively). For instance, TOC effluent concentrations increased from 19 £ 11 mg C
L' in stage I1 to 29 +11 and 31 + 11 mg C L™ in stages III and IV, respectively (Fig. 3a).
These effluent TOC concentrations remained below the maximum discharge limits
required by European legislation [EU, 25], which demands a BOD effluent
concentration of 25 mg L' (=70 mg C L' based on a typical BOD/TOC ratio of 0.35 for
treated wastewater [26]). On the other hand, while Cu®" supplementation did not
influence the TOC-REs, the increase in the FBR volume in stage VI supported superior
TOC-REs due to the HRT increase from 2 to 5 h. At this point it is important to
highlight that a high TOC removal efficiency in the FBR is desirable to avoid biomass
overgrowth in the absorption column, which punctually resulted in a reduction of the
effective gas/liquid interfacial area and thus in a progressive deterioration of the N,O
mass transfer capacity of the packed bed. Despite TOC-RE:s slightly decreased with

increasing SW flow rates, the EC of the bioscrubber increased from 327 + 35 g C m™ d”!
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in stage I to 2732+ 179 g C m™ d” in stage V, which confirmed the potential for
organic matter treatment of the technology here evaluated. Similarly, CO, production
rates increased concomitantly with the increase in EC (Fig. 3b). Carbon mineralization
ratios of =82 % were recorded in the two first operational stages, while the sequential

decrease in the HRT of the FBR resulted in a =53 % of the carbon mineralization ratio.

Nitrogen assimilation into microbial biomass and, in a much lesser extent, ammonium
nitrification in the absorption column coupled with denitrification of the produced NO3
and NO; in the anoxic tank were the main processes governing TN removal in the
bioscrubber. These mechanisms occurred simultaneously in the two first operational
stages, where nitrification in the absorption column supported the high TN removals
observed (Fig. 3¢, Fig. S1). Furthermore, ammonia stripping in the absorption column
cannot be ruled out since the wastewater fed into the FBR was recycled at least 45
times/day through the absorption column during process operation at a HRT of =1 day
andata Upof 1 m h''. The increase in Upto4m h'! lowered the TN-RE of the system,
which remained at ~40 % from stage III onward (regardless of Cu®" supplementation
and FBR volume increase), matching the N requirement for cell growth. Effluent TN
concentrations of 14 + 8 mg N L™ and 6 + 1 mg N L™, which complied with the EU
regulatory effluent values of 15 mg N L! [EU, 25], were recorded in stages I and II, but
remained above 30 mg N L' from stage IIT onward (Fig. 3c). The good denitrification
performance of the FBR supported low effluent NO,™ and NOj3™ concentrations
throughout the entire experimentation (Fig. S1). Finally, phosphorus removal
efficiencies remained at =50 % over the entire experimental period (except during stage
I1), with effluent concentrations higher than the maximum permissible concentrations
established by EU regulations (2 mg P L") (Table S1). The concentrations of TSS in the

effluent increased over the time course of the experimentation (Table S1) likely due to
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the accumulation of biomass in the PUF of the FBR and the higher shear stress
mediated by the sequential increase in liquid recycling. A reduction in the effluent TSS
concentration was observed as a result of the FBR volume increase to 7.5 L (Table S1).
Overall, despite the effluent concentrations of TN, phosphorus and TSS were often
higher than those recommended by EU regulations for direct wastewater discharge, the
technology here evaluated represents a cost effective pre-treatment unit, whose effluent
can be returned back to the WWTP headworks or conducted to maturation ponds for

tertiary treatment.

The stepwise increase in the EBRT of the air emission confirmed the potential of this
innovative anoxic bioscrubber to simultaneously achieve high N,O, organic matter and
nutrient removal efficiencies (Fig. 4). A gradual increase in the gas N,O RE at
increasing EBRTs was observed, with process operation at 80 min of EBRT supporting
the highest N,O removals. On the contrary, this increase in the EBRT induced a
deterioration in the removal of both TOC and aqueous N,O (Fig. 4), probably due to the
decrease in the loading rate of electron acceptors (O, and N,O) in the FBR, as
confirmed by the lower aqueous N,O concentrations at the FBR inlet at increasing
EBRTS (from 105 pg N,O L™ at an EBRT of 3 min to 26 pg N,O L at an EBRT 80
min). The in-situ generation of N,O in the system prevented the complete abatement of
N,O. Thus, process operation at an EBRT of 40 min and a U of 8 m h”' was here
identified as the optimal operating conditions, supporting N,O and TOC removals of 92
% and 81 %, respectively (Fig. 4). To the best of our knowledge, the REs here obtained
under continuous operation were the highest so far reported in literature. In this context,
Akdeniz et al. [27] reported a 0.7 % N,O removal efficiency in a lava rock media
biofilter inoculated with swine manure and compost, and operated at an EBRT of 5 s.

Likewise, Hood et al. [28] operated a biofilter composed of 70 % compost and 30 %
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wood chips to treat the exhaust air from a swine barn pit ventilation fan at an EBRT of
7.6 s, with N,O removal efficiencies of 14-17 % at an inlet concentration of =170 ppm,.
In our particular study, the high EBRTs required to achieve high N,O REs would result
in large bioscrubber volumes (with the subsequent increase in capital costs), which
highlights the need for research on innovative cost-effective N,O mass transfer

enhancement strategies.

The Shannon-Wiener diversity index takes into account both the number (richness) and
the evenness of the species (by evaluating and comparing the intensity of the bands),
allowing to obtain semi-quantitative results from the DGGE analysis (Table S2).
Typical values ranging from 1.5 to 3.5 correspond to low and high species evenness and
richness, respectively [29]. Thus, the diversity indices of the inoculum and the
community present in the FBR at the end of the experimental period showed a high
species evenness and diversity (Fig. 5). However, a low similarity between both
microbial communities was observed likely due to the different electron donor used in
this study (synthetic wastewater) compared with that used in the bioscrubber previously
hosting the inoculum (methanol). Three families were the most abundant microbial
communities (Table S2) in the inoculum sample: 1) the Xanthomonadaceae family
(DGGE band 3), with the capacity to carry out the full heterotrophic denitrification
pathway [30], 11) the Xanthobacteraceae family (DGGE band 8), with the genus
Xanthobacter which is strictly aerobic and can grow chemoorganoheterotrophically in
methanol [31], and 1ii) the stricter anaerobic Victivallaceae family (DGGE band 14),
with three uncultured species of the genus Victivallis [32]. Many species of the
Aeromonas genus (DGGE bands 1-2 and 4-6), which possess the enzymatic machinery
to denitrify N>O under aerobic conditions, were observed in the final community

present in the FBR (Table S2) at the end of the experimentation [33]. Furthermore, the
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abundance of denitrifiers Aquaspirillum related species (DGGE band 10) in the FBR
agreed with previous studies where these denitrifying Betaproteobacteria were found in
municipal activated sludge [34]. Finally, the presence of Clostridium sensu stricto and
Candidatus cloacamonas related bacteria (DGGE bands 12 and 14, respectively) and
anaerobic species from the order Selenomonadales (DGGE band 13) suggested the

occurrence of anaerobic niches in the FBR.

5 Conclusions

In brief, the simultaneous treatment of both N,O-laden air emissions and wastewater
was achieved in this innovative absorption unit-anoxic tank bioscrubber configuration.
Higher gas N>,O REs were recorded at increasing liquid recycling velocities and gas
EBRTs in the absorption column. The increase in liquid recycling velocity, which
entailed an increase in the wastewater loading rate in order to maintain anoxic
conditions in the FBR, resulted in a slight deterioration in the removal efficiencies of
organic carbon and in the denitrification of N,O. The increase in the HRT in the FBR
enhanced the removal performance of N,O and TOC. In our particular study, the N,O
abatement performance was mainly limited by the low denitrification activity in the
FBR and the N,O carrying capacity of the recycling liquid, which itself was restricted
by the low aqueous N,O solubility. Innovative design and operational strategies are
therefore needed to overcome the gas-liquid N,O mass transfer limitations identified in

order to develop more cost efficient technologies for the abatement of N,O.
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Fig. 1. Schematic of the bioscrubber set-up. 1) Air compressor 2) N,O reservoir 3) Mass
flow controller 4) Mixing chamber 5) Gas flowmeter 6) Gas sampling port 7) Liquid
sampling port 8) Absorption packed bed column 9) Liquid recycling pump 10) Denitrifying
fixed bed reactor 11) Synthetic wastewater reservoir 12) Effluent storage tank 13) DO

electrode 14) pH electrode.
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Fig. 2. Time course of the (a) inlet (®) and outlet (m) N,O gas concentrations and N,O

removal efficiency (solid line) in the bioscrubber, and (b) inlet (@) and outlet (m)

aqueous N,O concentrations and N,O removal efficiency (solid line) in the FBR.

Vertical bars represent the standard deviation from duplicate measurements.
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Figure

Fig. 5. Bacterial DGGE profiles. Sample names and Shannon diversity indices are indicated

in the upper part of the gel: (A) inoculum sample, (B) FBR end operation sample. The



sequenced DGGE bands are indicated with an arrow (P ) and the corresponding number of

each band.
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