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Abstract A conventional biotrickling filter for airborne am-
monia nitrification has been modified, by converting the lig-
uid sump into a biological denitrifying reactor. The
biotrickling filter achieves an average ammonia removal effi-
ciency of 92.4 %, with an empty bed retention time (EBRT)
equal to 36 s and an average ammonia concentration of
54.7 mg Nm " in the raw air stream. The denitrification reac-
tor converts ammonia into inert gas N,, in addition to other
important advantages connected to the alkaline character of
the biochemical pathway of the denitrifying bacteria. Firstly,
the trickling water crossing the denitrification reactor
underwent a notable pH increase from 7.3 to 8.0 which
prevented the acidic inhibition of the nitrifying bacteria due
to the buildup of nitric and nitrous acids. Secondly, the pH
increase created the ideal conditions for the autotrophic nitri-
fying bacteria. The tests proved that an ammonia removal
efficiency of above 90 % can be achieved with an EBRT
greater than 30 s and a volumetric load lower than 200 g
NH; m > day '. The results of the biofilm observation by
using a scanning confocal laser microscope are reported to-
gether with the identification of degrading bacteria genera in
the biotrickling filter. The efficiency of the plant and its excel-
lent operational stability highlight the effectiveness of the
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synergistic action between the denitrification reactor and the
biotrickling filter in removing airborne ammonia.

Keywords Air treatment - Ammonia - Biotrickling -
Denitrification - Nitrification

Introduction

Ammonia is a colorless gas with a characteristic sharp odor
(threshold odor 25 ppm = 18.5 mg Nm ) which is very no-
ticeable at concentrations above 50 ppm (37.5 mg Nm °).
Exposures exceeding this concentration result in immediate
irritation to the nose, eyes, and throat. Chronic occupational
exposure to levels of airborne ammonia slightly below the
threshold odor can lead to respiratory symptoms (such as
bronchial reactivity/hyper-responsiveness, inflammation,
cough, wheezing, or shortness of breath) and/or a decrease
in lung function parameters. Very harmful effects, even lethal,
can occur in exposure to vapors or concentrated aerosols (US-
DHHS 2004). Ammonia anthropogenic emissions into the
atmosphere are generated by both fuel combustion and vari-
ous industries, such as ammonia, fertilizer and coke manufac-
turers, livestock management, and refrigeration plants (Behera
et al. 2013). Ammonia is also found in the biogas from mu-
nicipal and industrial waste landfills, as well as in air emis-
sions from composting, wastewater, and waste treatment
plants. Therefore, ammonia is a typical contaminant of the
workplace, as well as of urban air (Paoli et al. 2014; Wang
et al. 2016): The treatment of its emissions is essential to
protect the health of both the workers and the nearby
population.

Ammonia-polluted air streams can be treated by several
physical-chemical and thermal processes, such as absorption,
condensation, thermal and thermo-catalytic oxidation, low-
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temperature ozone catalytic oxidation, and chemical and pho-
tochemical oxidation (Estrada et al. 2012; Jablonska et al.
2013; Guillerm et al. 2014; Liu et al. 2015). Chemical absorp-
tion with a sulfuric acid solution is the most widely applied
due to the high efficiency and the capability of ammonium
sulfate recovery (Raboni et al. 2013; Boehler et al. 2015).

Due to its cost and energy effectiveness, biotrickling filter
(BTF) is a promising biological technology for full-scale ap-
plications (Shareefdeen and Singh 2004). The most traditional
application of BTF is the odor removal in composting, waste-
water, and solid waste treatment plants (Kennes and Veiga
2010; Copelli et al. 2012; Torretta et al. 2013). BTF can also
be exploited to treat waste air streams containing hardly de-
gradable contaminants (Basu et al. 2015; Gopinath et al. 2015;
Torretta et al. 2015a,b).

As is known, nitrogen removal from the liquid phase of a
BTF can be achieved by physico-chemical or biological pro-
cesses. Among the physico-chemical technologies stripping
with subsequent chemical absorption, precipitation, ion ex-
change, chemical oxidation, adsorption, and chemical reduc-
tion are the most important (Chiavola et al. 2013; Wang and Li
2015; Guillerm et al. 2014; Capodaglio et al. 2015). However,
biological processes are much more frequently used (US-EPA
2010). At present, the most common technology is suspended
growth denitrification in anoxic reactors, in which a heterotro-
phic bacterial community reduces NO3 ion to N, gas (Raboni
et al. 2014; Viotti et al. 2016; Raboni et al. 2015). In waste-
water treatment, the denitrification reactor (DR) is generally
followed by a biological oxidizing reactor to achieve ammo-
nia nitrification and organic substrate degradation. This pro-
cess has been exploited in full-scale plants all over the world.
Many studies related to detailed aspects of the process are still
ongoing, together with a few technological innovation
(Schneider et al. 2014; Rocher et al. 2015; Eyice et al. 2015;
Zhang et al. 2016).

The nitrification of ammonia in a traditional BTF is diffi-
cult to achieve due to the accumulation of nitrous and nitric
acids in the recirculating liquid phase, with consequent inhi-
bition effects on the activity of nitrifying bacteria (Sakuma
et al. 2008; US-EPA 2010). This limitation is theoretically
surmountable through a complete process of nitrification-de-
nitrification. Examples of this type of process are very scarce,
and they are applied at laboratory scale; they are fundamen-
tally based on a BTF followed by a packed denitrification
reactor (Sakuma et al. 2008). More recently, scientific litera-
ture reported the results of a bench-scale BTF by using a
simultaneous nitrification/denitrification process (Moussavi
etal. 2011).

This paper reports the results in the treatment of an
ammonia-contaminated air stream by means of a modified
BTF pilot plant. The liquid sump has been converted into a
suspended growth anoxic reactor, and ammonia is thereby
destroyed through the sequence of nitrification in the BTF

and denitrification in the anoxic reactor. This research aimed
at verifying the feasibility of the aforementioned process. Its
effectiveness was mainly evaluated in terms of efficiency and
operational stability.

Materials and methods
Pilot plant description

Figure 1 shows the pilot plant diagram.

The air stream, with a 50 Nm> h™! flow rate, feeds a bio-
logical nitrifying BTF filled with a high specific surface pack-
ing material. After crossing the BTF, the trickling water flows
through a biological DR where nitrate is converted into nitro-
gen gas. The DR effluent is continuously recirculated over the
BTF bed.

The main characteristics of the pilot plant are as follows:

— Nitrifying BTF. Number of filters, 1; filter surface, 0.28
m?; filter height, 1.8 m; volume (Vg7z), 0.5 m? packing
material, polypropylene Pall rings (size, 38 mm; specific
surface, 210 m?> m >; void degree, 92%); trickling water
flow rate, 0.15m> h .

— DR. Biological treatment technology, activated sludge;
water height, 1.0 m; volume, 1.0 m’ ; stirrer type, slow
speed (specific energy input, 10 W m >); average biomass
concentration, 2.8 kg SSV m~>. The DR is directly con-
nected to a static sedimentation tank (surface, 0.5 m>;
volume, 0.3 m3). The settled water is aerated (retention
time 30 min) before being recirculated, in order to facil-
itate both the removal of N, produced by the denitrifica-
tion and the re-oxygenation of the liquid. A glycerol so-
lution in water is fed to the anoxic reactor to promote the
activity of the heterotrophic denitrifying bacteria. The
dosage of glycerol is set to achieve a minimum
C/NOj; -N weight ratio equal to 3 necessary for the bio-
logical denitrification process (Rocher et al. 2015).
However, the ratio was modified slightly during the ex-
perimentation to achieve efficient denitrification and to
avoid excessive total organic carbon (TOC) concentration
in the effluent. An aqueous solution of sodium phosphate
was supplied as nutrient source. The average water make-
up flow rate for compensating the water losses (e.g., BTF
air effluent moisture) amounted to 2.6 L h™'. No water
blow-down was necessary during the experimentation.

The air flow fed the BTF by means of a centrifugal blower
equipped with a power inverter allowing the fine flow rate
regulation. Ammonia stored in pressurized cylinders was
dosed into the air through a mass flow controller, while a static
mixer dispersed the ammonia into the air flow. The dosage of
ammonia gas was set to achieve an average concentration in
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Fig. 1 Diagram of the pilot plant with the location of the sampling points

the air of about 50 mg Nm > throughout the whole
experimentation.

Experimental steps

The pilot plant experimentation consisted of three consecutive
steps:

e Step I (startup): The plant was operated to facilitate the
regular growth of an acclimated bacterial flora for both the
BTF and the DR. The DR was thus first filled with the
activated sludge of a sewage treatment plant comprising
both the biological pre-denitrification and the oxidation-
nitrification stage. The DR was then fed by tap water,
glycerol, and the nutrient solution. The air flow rate was
progressively increased from 25 Nm® h™' up to
50 Nm® h™" over 30 days. During this period, the bacterial
growth and the performance in both the BTF and the DR
were observed. The startup period ended when the BTF
operation reached a good stabilization in terms of nitrifi-
cation removal efficiency and biofilm growth.

»  Step II (steady-state operation): The plant run at a constant
inlet air flow rate (50 Nm® h™") for 60 days consecutively.
One air and liquid sample per day were taken from each of
the following five sampling points (Fig. 1): BTF inlet air
(point 1), BTF outlet air (point 2), liquid upstream to the
DR glycerol dosage (point 3), liquid upstream to the DR
after glycerol dosage (point 4), and liquid downstream to
the DR (point 5). A total of 120 air and 180 liquid samples
were analyzed, respectively.

» Step III: The plant performance was evaluated by varying
the air flow rate in the range of 25-100 Nm® h™" in order to
verify the influence of (i) the empty bed retention time
(EBRT) and the ammonia volumetric load (L) on the
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BTF removal efficiency (REgTr) and (ii) the L on the
specific elimination capacity (EC):

EBRT = Vgrr /0 (1)
REgtr = (NH3in=NH30u)/NH3in (2)
L = (NHzi, x Q)/Vprr (3)
EC = (NH3js~NHsou) x O/ Vprr (4)

where Q is the air flow rate (Nm® s); NH; is the ammonia
concentration (mg Nm °); “in” and “out” are referred to the
BTF inlet and outlet, respectively.

This period lasted 60 days during which air and liquid were
sampled as in step IL.

The parameters analyzed at the sampling points were am-
monia concentration and temperature for the air phase (points
1 and 2); ammonia, nitrate, nitrite, organic N, TOC concen-
tration (after 0.45 um membrane filtration) as well as pH and
temperature for water (points 3, 4, and 5). In addition, SS and
VSS of the DR mixed liquor were sampled.

A microscopic microbiological observation of the BTF bio-
film was performed to evaluate its structure and thickness. The
bacteria genera of the degrading community in the BTF were
identified.

Analytical methods

Air ammonia concentrations were detected through the chemi-
luminescence method (CEPA 2007) by using a Thermo
Scientific™ Model 171 Ammonia Analyzer (range 0—
100 ppm, lower detectable limit 1.0 ppb, sampling time
120 s). Air temperature (7) and flow rate (Q) were measured
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by a Delta Ohm HD 2303.0 Hot Wire Anemometer with an
AP471 S1 probe (T range —25-80 °C, T'accuracy £0.1 °C, Q
accuracy 0.5 % of full scale).

Water temperature and pH were measured by electrode
probes (Hanna Instruments HI98191 meter with HI72911B
titanium body electrode), with automatic calibration and auto-
matic temperature compensated readings (7 range —20—
120 °C, T accuracy +0.5 °C, pH range 0-14, pH accuracy
+0.02). Water analyses were carried out in accordance with
the official analytical methods of the Italian government
(IRSA 2003).

Pall rings were extracted from BTF through the side in-
spection port (Fig. 1) for the identification of the bacterial
community in the biofilm. The patented gDNA Mini
Bacteria Kit was used for the extraction of DNA which was
then utilized as the template for 16S ribosomal DNA (rDNA)
amplification with bacteria as universal primers. In particular,
the Thermo Fisher kit (Milan, Italy) was used for the DNA
extraction from biofilm samples, 50 mg biofilm samples in
0.4 mL of biology gram water. Samples were treated accord-
ing to the manufacturer protocol, and 5-10 pg of genomic
DNA were determined per sample. The universal 16S rDNA
primers AGA GTT TGA TCC TGG CTC AG (forward) and
ACG GCTACC TTG TTA CGA CTT (reverse) were obtain-
ed from Caneka Co (Osaka, Japan). Special amplification was
carried out according to standard methods by using Taq
(Thermo Fisher, Milan, Italy). Multiple amplicon bans were
separated with high-resolution agarose gel electrophoresis.
Bans of interest were cut from gel and sequenced by using
the automat AB Prism genetical analyzer. The resulting se-
quences were then compared with those present in the
GenBank (NCBI 2015) by using BLAST sequence alignment
tool. The analysis gave indications of prevalent bacterial gen-
era in the biofilm and, in a few cases, allowed the identifica-
tion of bacterial species.

A scanning confocal laser microscope was used for the
observation of the biofilm thickness and structure. Six Pall
rings were collected at different heights of the biotrickling
packing and analyzed under the microscope. The procedure
was repeated three times during the steady-state experimenta-
tion step. The average thickness of biofilm was calculated as
the arithmetic mean of individual samples.

Results and discussion

Water and air stream quality during steady-state
conditions

Figures 2 and 3 show the performance of the BTF in removing
ammonia and the performance of the DR in removing TN and
TOC, respectively.
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Fig. 2 Performance of the BTF in removing ammonia

The average ammonia concentration detected in the raw air
stream was 54.7 mg NH; Nm ° (standard deviation 8.9 mg
NH; Nm ?), with fluctuations in the range 38.1-75.1 mg
NH; Nm . The average temperature was 20.2 °C (range
min—-max 16.8-25.0 °C, standard deviation 2.8 °C). The
BTF, operating at EBRT equal to 36 s, achieved a good am-
monia removal efficiency (average value 92.4 %) and an out-
let ammonia concentration well below the odor threshold
(mean 4.2 mg NHy Nm >, range min—-max 2.0-7.2 mg
NH; Nm >, standard deviation 1.3 mg NH; Nm ). The DR
also performed well in removing TN from the trickling water
(average value 94.0 %). Both the BTF and the DR units dem-
onstrated an excellent operating stability throughout the trial,
as also confirmed by the relatively low dispersion of the treat-
ment outcomes.

Figure 4 details the fate of the nitrogen species (NO3 -N,
NO, -N, NH,*-N, organic-N, and TN) in the DR.

Data prove that the ammonia removal in the BTF is mainly
due to the complete nitrification to NO; , while the reaction
intermediate NO, was detected in low concentration. This is
in full agreement with the scientific literature (Tchobanoglous
etal. 2003; US-EPA 2010; Copelli et al. 2015), and it is due to
the more favorable kinetics of nitrite-oxidizing bacteria with
respect to the ammonia-oxidizing ones. The ammonia in the
raw air stream is also removed by simple physical absorption
in water. In fact, the water pH close to neutrality converts most
of the ammonia into ammonium ion NH4". The presence of
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Fig. 4 Nitrogen species at inlet and outlet of the denitrification reactor (data represented as mean, standard deviation, and range min—max)

low organic-N concentrations in the water is due to very thin
biomass residues (biofilm and activated sludge). The nitrifica-
tion in the BTF is facilitated by the high ammonia solubility in
water (31 % w/w at 25 °C; Henry’s law coefficient
1.6 x 10> atm m> mol ' at 25 °C; US-DHHS 2004). These
features make ammonia immediately available for the activity
of nitrifying bacteria. For the same reason, the residual ammo-
nia in the air effluent of the BTF is quite low (4.18 mg Nm >,
that is the 7.6 % of the incoming total). Obviously, the BTF
performance is influenced by the EBRT, the temperature, and
the pH.

Glycerol is fed to the DR to satisfy the metabolism of the
heterotrophic denitrifying bacteria. The average dosage is
around 100 mg L' (39.1 mg L™" as TOC), which allows a
slight excess compared to the minimum TOC/NOj; -N ratio
for denitrification. The excess of glycerol leads to a residual
TOC in the DR water effluent which is fed to the BTF. Such
TOC undergoes a biological degradation inside the BTF by
the oxidizing heterotrophic bacteria which grow spontaneous-
ly in the biofilm.

An important advantage of the biological denitrification
process is a noticeable pH increase (average values up to
8.0) due to the alkaline character of the denitrifying biochem-
ical reactions. The pH increase creates ideal conditions for the
autotrophic nitrifying bacteria (maximum activity at
pH = 7.5-8.0) and prevents inhibition effects due to toxic
compounds and acidic conditions (Tchobanoglous et al.
2003; US-EPA 2010). In fact, the biological nitrification reac-
tions have acidic by-products (i.e., nitric and nitrous acids).
The continuous water recirculation would lead, in a short time,
to the accumulation of such substances and the consequent
bacterial growth inhibition. This problem is usually overcome
by a very strong water blow-down and/or by continuous
chemical pH control. Therefore, the DR optimizes the opera-
tion of the BTF through a simple, cost-effective, and reliable
biological pathway.

@ Springer

Figure 5 shows the nitrogen material balance of the whole
plant.

Considering the average weight load of NH3-N fed to the
BTF equal to 100, the average output are as follows: 69.46 are
converted into nitrogen gas by biochemical reactions; 7.64 are
residual NHj; in the air effluent; 17.65 are converted into
organic-N in the dry excess biological sludge, and 5.25 are
found in the water extracted with the excess biological sludge
(sum of NO3 -N, NO, -N, NH,*-N, and organic-N). The av-
erage flow rate of the excess sludge amounts to 1.1 Lh™".

BTF bacteria characterization

Microscope observation revealed an average biofilm thickness
of 1235 um that was fully penetrated mainly by degrading
autotrophic bacteria. A noticeable presence of heterotrophic
bacteria in the superficial zone was found. Among the auto-
trophic bacteria, the ammonia-oxidizing Nitrosocossus
mobilis and the nitrite-oxidizing Nitrobacter genera were
dominant. However, both ammonia-oxidizing (i.e.,
Nitrosomonas and Nitrosospira) and nitrite-oxidizing (i.e.,
Nitrospira, Nitrococcus, and Nitrospina) bacteria were identi-
fied in significant number. Ammonia and nitrite-oxidizing
bacteria are autotrophic because they use inorganic carbon
as the sole carbon and energy source. They are better classified
as aerobic chemoautotrophic bacteria, since they require dis-
solved oxygen for their biochemical metabolism. All these
bacteria possess a functional enzyme (ammonia
monooxygenase (AMO)) that oxidizes ammonia to hydroxyl-
amine, which is then converted to nitrite by hydroxylamine
oxidoreductase.

Although in minor quantities, heterotrophic bacteria of the
genera Klebsiella, Enterobacter aerogenes, Comamonas,
Diaphorobacter, Pseudomonas, and Paracoccus were identi-
fied in the biofilm as well as in the activated sludge of the DR.
The presence of these bacteria is due to the residual TOC in
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Fig. 5 Nitrogen balance of the
whole plant

NH3-N
100 %

Air inlet

the liquid phase fed to the BTF. Many of these are typically
degrading glycerol bacteria (Raghunandan et al. 2014).
Clearly, the EBRT can have a significant effect on the extent
of the biodegradation.

BTF performances by changing the air flow rate

The third test period led to the result shown in Fig. 6, in which
the BTF removal efficiency is represented as a function of the
EBRT.

As expected, the results proved the important role of the
EBRT: The ammonia removal efficiency increased with a
marked gradient in relation to a small EBRT (lower than
20 s). The gradient tended to stabilize with an EBRT greater
than 30 s. A NH; removal efficiency higher than 90 % was
achieved with an EBRT higher than 30 s (up to 97 % with
EBRT = 68 s). In BTF design, the value of EBRT is generally
in the range 10-30 s (Shareefdeen and Singh 2004) even if
many plants are operated at greater values depending from the
substrate to be removed and the requested efficiency. For ex-
ample, a 92 % removal of hardly degradable contaminants
such as BTEX (inlet concentration 14.8 mg Nm >) requires
EBRT equal to 72 s (Torretta et al. 2015b).

In previous experimentations carried out with a small lab
plant, an even higher efficiency (at equal EBRT) was achieved
(Sakuma et al. 2008; Hernandez et al. 2013). The reduced
efficiency observed in the present experimentation with a pilot
plant is likely determined by the concomitant presence of het-
erotrophic bacteria in the biofilm, thus leading to a smaller
concentration of nitrifying bacteria. Indeed, the increased ef-
ficiency of separate nitrification compared to combined

NH3-N
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nitrification (with bacteria-degrading organic substrates) has
already been demonstrated in previous studies (US-EPA
2010).

Figure 7 shows the ammonia removal efficiency as a func-
tion of the volumetric load.

The graph proves the ability of the BTF in achieving an
efficiency greater than 90 % with L lower than 200 g
NH; dayf1 m 2. Above such threshold, the BTF performance
becomes progressively more unstable and the average effi-
ciency drops significantly.

Figure 8 shows the BTF specific elimination capacity for
ammonia as a function of the volumetric load.

Results are characterized by a continuous and progressive
growth, and they are very well represented by a second-order
polynomial regression curve (coefficient of determination
R* = 0.94). However, this curve could well be approximated
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Fig. 6 Ammonia removal efficiency of the BTF as a function of the
empty bed retention time (EBRT). BTF inlet (NH;;,) and outlet
(NHj3,,,) ammonia concentration are also represented, respectively
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Fig. 7 BTF ammonia removal efficiency as a function of the volumetric
load

to a linear regression. The lack of a significant decrease (or
even, of a reversed trend) of the EC indicates the complete
absence of ammonia inhibitory effects at the tested concentra-
tions and volumetric loads. As a matter of fact, many previous
experiences demonstrated inhibitory effects of ammonia at
concentrations above 200 mg Nm > (Demeestere et al. 2002;
Baquerizo et al. 2005). Only a specific experience disagrees
with this limit, having found the absence of inhibitory effects
at concentrations of ammonia up to 600 mg Nm > (Sakuma
et al. 2008).

The highest EC was 175 g NH; day ' m > at L =200 g
NH; day ' m>. This result is not easily comparable due to the
scarcity of similar experiences. Furthermore, it is also influ-
enced by both the specific operating conditions and the am-
monia concentration in the air stream. However, an indicative
comparison can be obtained from an experimentation carried
out on a BTF for nitrification followed by a packed denitrifi-
cation reactor (Sakuma et al. 2008). In this trial, an EC of
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Fig. 8 Specific elimination capacity of ammonia in the BTF as a function
of the volumetric load
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about 1200 g NH; m > day ' was achieved at a volumetric
load of 1320 g NH; m > day . It is essential to remark that
this high EC value is substantially due to the high ammonia
concentration in the air stream (about 200 mg Nm ). Instead,
an experimental test with a single BTF unit able to achieve a
simultaneous nitrification-denitrification (Moussavi et al.
2011) revealed an EC from 102 up to 536 g NH; day ' m >
at L ranging from 102 to 600 g NH; day ' m>.

Overall, the efficiency of the experimented plant and its
excellent operational stability highlight the effectiveness of
the synergistic action of the denitrification reactor with the
biotrickling filter in removing airborne ammonia.

Conclusions

By converting the liquid sump into an anoxic denitrifying
reactor, the proposed modified biotrickling filter was effective
in removing airborne ammonia: 92.4 % with an EBRT equal
to 36 s and an average ammonia concentration of
54.7 mg Nm ° in the raw air stream. The combination of the
biological autotrophic nitrifying bacteria (in the biotrickling
filter) and the heterotrophic denitrifying bacteria (in the deni-
trification reactor, supplied by glycerol as supplementary or-
ganic carbon) converts the ammonia into inert gas N. In ad-
dition, the denitrification reactor has two important advan-
tages, both connected to the alkaline character of the biochem-
ical pathway of the denitrifying bacteria:

*  While crossing the denitrification reactor, the trickling wa-
ter undergoes a notable increase in pH (from average
pH = 7.3 up to average pH = 8.0). This prevents adverse
effects of acidic inhibition of the nitrifying bacteria in the
biotrickling filter, which are notoriously very sensitive to
toxic compounds and acidic conditions. Without a denitri-
fication reactor, there would be a progressive accumula-
tion of nitric and nitrous acids in the trickling water, thus
poorly inhibiting the bacterial growth.

* The increase in pH not only prevents this risk but also
creates ideal conditions for the activity of the autotrophic
nitrifying bacteria (pH = 7.5-8.0)

The tests proved that an ammonia removal efficiency
above 90 % can be achieved with an EBRT greater than 30 s
and an ammonia volumetric load lower than 200 g
NH; day ' m>.

The specific elimination capacity amounted to 175 g
NH; day ' m in relation to an ammonia volumetric load of
200 g NH; day ' m ™. The approximate linear trend of the
curve correlating these two variables demonstrates the total
absence of inhibitory effects in the test conditions.

The observation of the biofilm by a scanning confocal laser
microscope highlighted an average thickness of 1235 um that



Environ Sci Pollut Res (2016) 23:24256-24264

24263

was fully penetrated, mainly by typical degrading autotrophic
bacteria. Among these bacteria, the ammonia-oxidizing of the
genus N. mobilis and the nitrite-oxidizing of the genus
Nitrobacter revealed their dominance. However, ammonia-
oxidizing organisms of the genera Nitfrosomonas and
Nitrosospira and nitrite-oxidizing organisms of the genera
Nitrospira, Nitrococcus, and Nitrospina were identified in sig-
nificant number. A more superficial presence of heterotrophic
bacteria (i.e., Klebsiella, Enterobacter aerogenes,
Comamonas, Diaphorobacter, Pseudomonas, Paracoccus)
which exploit the degradation of residual TOC in the trickling
water was also observed.

The results of the experimentation demonstrate that the
modified biotrickling filter represents an attractive technolog-
ical novelty as it achieves an excellent operational perfor-
mance both in terms of ammonia removal efficiency and op-
erating stability. This result, coupled with the simplicity of the
change introduced, makes the new process particularly inter-
esting for developments at the industrial scale.
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