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Abstract The present work discusses the startup and
operation of different biotrickling filters during the si-
multaneous removal of NH3, H2S, and ethyl mercaptan
(EM) for odor control, focusing on (a) the impact of pH
control in the stability of the nitrification processes dur-
ing reactor startup and (b) the crossed effects among
selected pollutants and their by-products. Two biotrick-
ling filters were packed with poplar wood chips (R1 and
R2A), while a third reactor was packed with polyure-
thane foam (R2B). R2A and R2B presented a pH control
system, whereas R1 did not. Loads of 2–10 g N–NH3

m−3 h−1, 5–16 g S–H2S m−3 h−1, and 1–6 g EM m−3 h−1

were supplied to the bioreactors. The presence of a pH
control loop in R2A and R2B proved to be crucial to
avoid long startup periods and bioreactors malfunction-
ing due to biological activity inhibition. In addition, the
impact of the presence of different concentrations of a
series of N species (NH4

+, NO2
−, and NO3

−) and S
species (SO4

2− and S2−) on the performance of the two
biotrickling filters was studied by increasing their load to

the reactors. Sulfide oxidation proved to be the most
resilient process, since it was not affected in any of the
experiments, while nitrification and EM removal were
severely affected. In particular, the latter was affected by
SO4

2− and NO2
−, while nitrification was significantly

affected by NH4
+. The biotrickling filter packed with

polyurethane foam was more sensitive to crossed effects
than the biotrickling filter packed with poplar wood
chips.

Keywords Biotrickling filter . Organic/inorganic
packing material . pH control . Crossed effects .

Pollutant mixture

1 Introduction

As of today, the abatement of foul-smelling mixtures
remains the main market for gas-phase bioreactors all
over the world. A vast majority of industrial gaseous
emissions comprise perceptible concentrations of two
or more odorous pollutants, commonly belonging to
different chemical groups and, accordingly, with a
distinct behavior in the bioreactor. This is especially
notorious in wastewater treatment plants (WWTP),
where gaseous emissions from different plant loca-
tions may contain dozens of odorous compounds.
However, only very recently, research has focused on
the simultaneous treatment of mixtures of odorous
volatile inorganic compounds such as H2S and NH3

and volatile organic compounds (VOCs) (Hort et al.
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2009; Hernández et al. 2010; Ho et al. 2008). Al-
though biofilters have been generally considered as
the most adequate bioreactor configuration for the
treatment of VOC-containing emissions (Devinny et
al. 1999; Kennes and Thalasso 1998), biotrickling
filters are expanding their range of application to the
treatment of complex odorant mixtures containing
VOCs (Hassan and Sorial 2011; Sempere et al. 2010;
Paca et al. 2007). However, the need for cheap, dura-
ble packing materials remains a challenge for real-
scale bioreactors (Prado et al. 2009). In this sense, it
has been hypothesized that certain organic materials,
as some types of wood, can compete with inert mate-
rials in terms of durability in biotrickling filters at a
significantly lower price.

When treating complex mixtures of pollutants, the
effects that the presence of a certain pollutant in the
off-gas or that of metabolites resulting from the oxi-
dation of a given compound might have on the bio-
degradation of others remain relatively unknown.
Crossed effects have been studied in depth in the field
of water treatment, mostly focused on the influence of
free ammonia (NH3) and free nitrous acid (HNO2) on
the nitrification process (Anthonisen et al. 1976;
Jubany et al. 2008). However, analogous studies in
gas-phase bioreactors considering different metabo-
lites (as sulfur compounds) and processes (as sulfur
oxidation or heterotrophic VOC consumption) are
scarce. Crossed effects can be either due to a direct
inhibitory effect on the metabolism of sensitive micro-
bial species or to an eventual modification of the
conditions of the bioreactor environment such as pH
changes. The latter is particularly important, taking the
main oxidation mechanisms of S and N species into
account. H2S biodegradation, undertaken by sulfide-
oxidizing bacteria (SOB), produces 2 mol of H+ per
mol of H2S oxidized. Similarly, mercaptan oxidation
under aerobic conditions produces sulfate (Wan et al.
2010), which indicates that ethyl mercaptan (EM)
oxidation takes place following an oxidative pathway
via H2S (Lomans et al. 2002) once the S–C bonds
have been broken. Heterotrophic biomass is responsi-
ble for the oxidation of the organic fraction of mer-
captans. In addition, the nitrification process, which
comprises the two-step oxidation of NH3 via NO2

− to
NO3

− catalyzed by autotrophic ammonium-oxidizing
bacteria (AOB) and nitrite-oxidizing bacteria (NOB),
respectively, is a well-known alkalinity-consumer
process.

The aim of the present study was to assess the
performance of several biotrickling filters packed
with an organic packing material (poplar wood
chips, seldom used in biotrickling filters) and an
inert one (namely, polyurethane foam) and to de-
termine the crossed effects taking place in them by
increasing the concentrations of N species (NO3

−,
NO2

−, and NH4
+) and S species (S2− and SO4

2−)
in the makeup water. These reactors were used to
treat a complex mixture composed of NH3, H2S,
and EM. EM was employed as a model VOC due
to its low odor detection threshold value and to
being a commonly produced pollutant in many
industrial activities. Moreover, the impact of the
presence of a pH control system on the startup was
studied.

2 Materials and Methods

2.1 Experimental Setup

The experimental setup (Fig. 1) consisted of several
PVC columns with a height of 70 cm and an
internal diameter of 8.6 cm. Reactors were packed
up to a height of 50 cm, resulting in a packed bed
volume of 2.9 L per biofilter. Compressed, humid-
ified air was fed with pure NH3 and H2S using
digital mass flow controllers (Bronkhorst, The
Netherlands). EM was fed by means of a double-
head peristaltic pump (Mod. 403 U/VM2; Watson
Marlow, Wilmington, MA, USA) which pumped air
into glass bubblers containing liquid EM (97%;
Sigma-Aldrich, St. Louis, MO, USA). The resulting
gas mixture was fed in upflow mode. The liquid
phase was continuously renewed by the automated
supply of mineral medium containing (in grams per
liter): NH4Cl, 0.01; KH2PO4, 0.05; K2HPO4, 0.05;
CaCl2, 0.02; MgSO4·7H2O, 0.2; trace elements,
1 mL L−1 (Pfenning et al. 1981). The recirculation
flow rate was set to 130 mL min−1. All reactors
were inoculated with a mixture containing enriched
ammonia-oxidizing biomass, aerobic sludge from a
municipal WWTP (Manresa, Spain), and mineral
medium. Biotrickling filters were operated at an
empty bed retention time of 32 s at room temper-
ature. A homemade Visual Basic™ application was
used for automating and monitoring the biofiltration
setup.
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2.2 Analytical Methods

Inlet and outlet H2S concentrations were measured us-
ing an electrochemical H2S sensor (Sure-cell; Euro-Gas
Management Services Ltd., Plymouth, UK). NH3 con-
centration was determined after bubbling the gas
stream in acidified water and later analyzed in an
ammonium continuous flow analyzer (CFA) (Baeza
et al. 1999). For EM determination, a calibrated GC
6890N (Agilent Tech. S.A., Barcelona, Spain) was
employed. Chloride, N-nitrite, N-nitrate, S-sulfate,
and P-phosphate concentrations in the leachate sam-
ples were determined by means of an ICS-1000 Ion
Chromatograph (Dionex Corp., Sunnyvale, CA,
USA), equipped with an IonPac AS9-HC column.
Sulfide concentration was determined by means of a
CFA (Montebello et al. 2010). Leachate pH and
conductivity were measured by means of a pH 28
sensor and a MicroCM 2100 sensor (Crison Instr. S.
A., Barcelona, Spain), respectively. According to the
specifications of the sensors, the following standard
deviations were considered: 10% for EM removal
efficiency (RE), 1.5% for H2S RE, 7% for nitritation
and nitratation percentages (defined in the next section),
and 1% for the ammonium concentration. The detection
limit of the methodologies employed were 1 ppmv for
H2S and EM, 1 mg N–NH4

+ L−1 for ammonium,
0.1 mg L−1 for all ions in the ion chromatograph, and
0.6 mg S L−1 for sulfide.

2.3 Experimental Conditions During Startup

Several runs were performed to assess biotrickling
filters operation. In a first run, a biotrickling filter
packed with poplar wood chips (thereafter R1) was
operated without any automated pH control system.
R1 was fed with 49±9 ppmv NH3, 40±3 ppmv H2S,
and 12±4 ppmv EM corresponding to loads of 3.5±
0.9 g N–NH3 m

−3 h−1, 6.5±1.1 g S–H2S m−3 h−1, and
3.6±1.2 g EM m−3 h−1, respectively. In a second run,
two biotrickling filters (R2A and R2B) were operated
in parallel with an automated pH control system. Bio-
trickling filter R2A was packed with poplar wood
chips, while R2B was packed with polyurethane foam.
The pH regulation (HCl or NaOH 0.5 M addition) of
R2A and R2B consisted of an on/off controller with a
pH set point value of 7. During the startup, R2A and
R2B were fed with 135±14 ppmv NH3, 39±3 ppmv

H2S, and 10±4 ppmv EM corresponding to loads of
8.8±1.0 g N–NH3 m

−3 h−1, 5.9±0.6 g S–H2S m−3 h−1,
and 2.9±1.4 g EM m−3 h−1, respectively.

2.4 Crossed Effects Tests Conditions

After R2A and R2B startup, the following inlet concen-
trations were kept in the gas phase throughout the study:
90±7 ppmv of NH3, 103±2 ppmv of H2S, and 14±
3 ppmv of EM, corresponding to inlet loads of 5.9±
0.5 g N–NH3 m

−3 h−1, 15.4±0.5 g S–H2S m−3 h−1, and
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Fig. 1 Schematic represen-
tation of the experimental
setup: 1 air inlet, 2 humidi-
fication tower, 3 humidifi-
cation tower level control
pump, 4 water level control
reservoir, 5 NH3 and H2S
gas cylinders, 6 flow meters,
7 EM supply pump, 8 gas
bubbler with pure EM, 9
mixing chamber, 10 rotame-
ter, 11 biotrickling filter, 12
adsorption chamber, 13 air
outlet, 14 pH control sys-
tem, 15 recirculation pump,
16 purge pump, 17 purge
reservoir, 18 makeup water
pump, 19 makeup reservoir
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3.9±1.4 g EM m−3 h−1. Crossed effects tests were
performed in reactors R2A and R2B between days 155
and 280 of operation by stepwise increase of the makeup
water concentration to have a better control of the
liquid-phase concentrations. In experiments A to C,
the SO4

2− concentration in the makeup water was in-
creased stepwise in three steps of 367, 1,011, and
1,696 mg S L−1. In experiments D and E, due to exper-
imental limitations, a concentration ramp experiment
was performed instead of a concentration step, consist-
ing in supplying the sulfide concentration desired just in
the makeup water by means of an Na2S solution. The
two concentrations tested were 468 and 841 mg S L−1.
All makeup water concentration increases lead to the S
species concentrations in the liquid phase at the end of
each step provided in Table 1.

Similarly, three series of experiments were carried out
by increasing the concentrations of NO3

−, NO2
−, and

NH4
+ in the makeup water. Two NO3

− concentration

steps of 610 and 2,490 mg N L−1 were performed in
experiments F and G, while four NO2

− concentration
steps of 25, 75, 160, and 310 mg N L−1 were performed
in experiments H to K. Finally, two concentration steps
of 100 and 300 mg N L−1 for NH4

+ were enough to
evaluate the impact on pollutants abatement in experi-
ments L and M. Table 1 shows the N species concen-
trations in the liquid phase at the end of each step. A
period of at least three hydraulic residence times was
ensured prior to performing the next concentration step,
except for experiment F, in which experimental con-
straints allowed only for two hydraulic residence times.

2.5 Performance Parameters

Nitritation and nitratation percentages were calculated
according to Eqs. 1 and 2, respectively, where m
(NO2

−)l, m(NO3
−)l, and m(N-drain)l are the mass of

nitrite, nitrate and the sum of all nitrogen species,

Table 1 Concentrations of S and N species in the makeup water and in the sump of the reactors during the crossed effects experiments
(step concentrations performed are shown in italics)

Experiment Days Makeup water species concentration
(S species in mg S L−1, N species
in mg N L−1)

Species concentration inside the reactors under pseudo-steady-state
conditions (S species in mg S L−1, N species in mg N L−1)

SO4
2− S2− NO3

− NO2
− NH4

+ SO4
2− S2− NO3

− NO2
− NH4

+

R2A R2B R2A R2B R2A R2B R2A R2B R2A R2B

Init. 155–171 40 0 0.5 1.2 0 845 728 <0.48 0 233 233 0.4 0.8 4.0 4.0

A 367 0 1.1 1.3 0 1,158 1,019 <0.48 0 221 225 1.2 0.9 10 8.1

B 1,011 0 0.8 0.9 0 1,552 1,578 <0.48 0 222 233 1.9 1.3 12 5.5

C 1,696 0 1.3 1.5 0 2,270 2,124 <0.48 0 79 231 1.8 1.1 140 2.5

Init. 194–216 38 0 0.9 1.3 0 800 714 <0.48 0 201 225 1.5 1.1 32 2.6

D 39 468 1.0 1.2 0 1,097 1,093 <0.48 1.7 181 89 2.3 4.9 37 110

E 40 841 0.5 0.5 0 1,751 – 5.8 – 176 – 2.0 – 5.2 –

Init. 230–238 40 0 0.9 0 0 787 732 <0.48 0 245 243 0.7 0.9 1.8 4.3

F 38 0 610 0.6 0 719 679 <0.48 0 382 472 2.3 1.0 0.8 3.5

G 39 0 2,490 0.9 0 613 553 <0.48 0 2,404 2,480 1.6 1.4 5.8 13

Init. 255–265 40 0 1.2 0.7 0 782 710 <0.48 0 245 230 1.1 1.0 2.1 3.2

H 39 0 1.3 25 0 752 665 <0.48 0 249 253 0.5 0.8 1.3 2.7

I 40 0 0.8 75 0 784 725 <0.48 0 274 285 1.3 0.7 1.6 1.7

J 41 0 0.6 160 0 822 770 <0.48 0 335 354 1.2 1.4 1.0 2.3

K 38 0 1.0 310 0 692 598 <0.48 0 451 442 4.0 3.6 13 74

Init. 276–279 39 0 0.7 0.6 0 813 770 <0.48 0 227 204 1.1 0.9 1.9 17

L 40 0 1.3 0.9 100 773 741 <0.48 0 285 245 1.2 1.0 7.5 70

M 40 0 1.4 0.6 300 719 – <0.48 0 291 – 1.6 – 125 –

Init. initial reactor state before starting the concentration steps
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respectively, measured in the drain of the reactor under
pseudo-steady-state conditions. On the other hand, the
crossed effects impact on H2S and EM were evaluated
in terms of RE, since elemental sulfur was not mea-
sured and SO4

2− production could be attributed to the
biodegradation of both H2S and EM.

Nitritation percentage ¼ mðNO �
2 Þl þmðNO �

3 Þl
mðN� drainÞl

� 100

ð1Þ

Nitratation percentage ¼ mðNO �
3 Þl

mðNO �
2 Þl þmðNO �

3 Þl
� 100

ð2Þ

3 Results and Discussion

3.1 Effect of pH Control on the Startup of Biotrickling
Filters

Although conditions in a biological reactor are gener-
ally highly selective, microbial selected species are, at
some point, always grown. However, long startup
phases are undesirable from an industrial perspective
because of the impact of potential emissions derived
from low bioreactors performance. In the case of si-
multaneous removal of NH3, H2S, and organic com-
pounds at low concentrations, as those found in odor
treatment facilities, 100% removal efficiencies of NH3

are usually reached right after reactor startup with or
without pH control due to the high solubility of NH3.
Complete mercaptans and H2S removal may generally
take longer to be reached (Webster et al. 1997; Gabriel
and Deshusses 2003).

In the two biotrickling filters packed with poplar
wood chips studied herein (R1 and R2A), a signifi-
cantly worse performance was encountered for a pH-
uncontrolled biotrickling filter (Fig. 2a) compared
with a pH-controlled biotrickling filter (Fig. 3a) in
terms of gas-phase removal. In the case of H2S and
EM, 7 and 10 days, respectively, were needed in the
pH-controlled biotrickling filter (R2A) to reach RE
above 95%. This was significantly lower than the time
needed in the uncontrolled biotrickling filter (R1),
which lasted 14 and 26 days, respectively (Figs. 2a
and 3a). However, 100% removal in the gas phase may
correspond as well to a reactor operation governed by

absorption with nil biological activity. The distribution
of S and N species in the liquid phase in both biotrick-
ling filters tested was different (Figs. 2b and 3b). In all
cases, no EM was detected in the liquid phase along the
period under study.

Between days 5 and 20 of operation, the biotrick-
ling filter without pH control (R1) exhibited a progres-
sive decrease of pH from 7 to 5, mainly due to H2S
and EM oxidation (Fig. 2b). It is worth mentioning
that the sulfate production and pH decrease were
mostly due to H2S removal, since the S load due to
EM corresponded to 23% of the overall S loaded to
the reactor. According to the optimum pH range for
nitrifying bacteria reported in the literature, which
ranges between 6 and 8 (Jiang et al. 2009b), as soon
as the pH dropped below 6, a washout of the remain-
ing NO2

− and NO3
− was observed, thus indicating that

the nitrifying activity ceased. At this point, the bio-
trickling filter performed as an absorption column in
terms of N removal. On day 14, the makeup water
flow rate in R1 was doubled to minimize the pH drop.
Such actuation increased the H2S and EM absorption
capacities. Still, the makeup water flow rate was dou-
bled again on day 18, which led to a progressive
stabilization of the concentration of NH4

+ and SO4
2−

and a recovery of pH. On day 28, NaOH was added to
the makeup water to reach a constant pH of 9–10 at the
entrance of the biotrickling filter. Such manual, expert-
based actuations led to a progressive increase in the
nitrification capacity from day 35 onwards. On day 50,
the biotrickling filter reached the desired operating
conditions, i.e., complete nitrification to nitrate. How-
ever, EM RE suffered a decrease of around 30%.

Instead, the biotrickling filter with pH control
(R2A) exhibited a much more stable operation during
startup (Fig. 3b), with a probably unavoidable initial
accumulation of NH4

+ together with a sustained nitri-
fication activity that led to a much shorter startup. It is
worth noticing that such improved startup of reactor
R2A took place by feeding an NH3 load almost three
times higher than that of R1 without pH control. On
day 20, complete nitrification and sulfide oxidation
were reached. In addition, on day 27, the ammonia
load was increased to around 10 g N–NH3 m−3 h−1

without a significant impact in the performance of the
biotrickling filter. Even though R2A achieved com-
plete nitrification and sulfur oxidation during the
pseudo-steady state between days 45 and 55 of oper-
ation, it is important to remark that not all the nitrogen
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and sulfur fed to R2Awere recovered. Average devia-
tions of 10±5 and 17±4% were measured in the
nitrogen and sulfur mass balances performed in the
biofilter, respectively. Such deviations are in the range
of those previously reported (Sakuma et al. 2008).
Nitrogen and sulfur mass balances in R1 showed
average deviations of 23±8 and 13±4%, respectively.
Such differences with respect to R2A were attributed
to the lack of an automated pH control loop in R1.

The results clearly show the intrinsic relationship
between pH and biological sulfide oxidation and nitri-
fication processes and the benefits of a pH-controlled
startup to avoid nitrification inactivation. A better
understanding of the role of pH may help in improving

system design and operation of numerous full-scale
biotrickling filters currently operated without pH con-
trol (Juhler et al. 2009; Lafita et al. 2011). Also, an
additional benefit would be found in the case of treat-
ment of higher, changing loads of NH3. As an exam-
ple, Juhler et al. (2009) found that several biotrickling
filters for NH3 removal from pig farms in Denmark are
generally operated in such a way that the sump water
drainage and renewal are performed discontinuously
based on a preset conductivity threshold without pH
control in the reactor. Under these conditions, large
ammonium and nitrite concentrations accumulate in
the liquid, leading to partial inhibition of nitrification
processes. Since free ammonia (FA) or free nitrous
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acid (FNA) concentrations as well as inhibition thresh-
olds are pH-dependent, then pH control would be a
strategy to minimize the impact of potential inhibitions
in the system during reactor startup.

It is worth mentioning that simultaneous treatment
of NH3 and H2S in a conventional biofilter, in which
control of parameters in the liquid phase is hardly
feasible, is likely to lead to reactor failure more easily.
As an example, Malhautier et al. (2003), treating a
mixture of NH3 and H2S in a conventional biofilter,
observed a poor nitrification activity probably caused
by the acidification of the biofilter due to the oxidation
of high amounts of H2S. Results found herein rein-
force the crucial importance that pH control has on

biotrickling filters performance and the impact that pH
may have in not well-controlled systems. Process con-
trol may help tip the balance in favor of successful
reactor startup and operation, particularly in biotrick-
ling filters.

3.2 Crossed Effects Analysis

After reactor startup and prior to the crossed effects
tests started on day 155, both biotrickling filters
exhibited a markedly different performance (Table 2).
Systematically, lower REs for S pollutants, especially
for EM, were obtained in R2B (polyurethane foam).
One hypothesis which may explain these differences
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would be the influence of biomass density (not mea-
sured) on the bioreactor’s performance. In this sense,
considering the H2S biodegradation stoichiometry
proposed by Rittman and McCarty (2003), which
includes SOB growth, and the EC for H2S obtained
during the first 155 operations, a slight difference of
around 5% in the biomass production coupled to H2S
biodegradation was estimated between reactors. Anal-
ogously, a stoichiometry including biomass growth on
EM was derived, taking into account that EM biodeg-
radation is carried out by a heterotrophic–autotrophic
consortium. Biomass yields of 0.62 g biomass g−1 EM
and 0.19 g biomass g−1 H2S led to a roughly 25%
higher biomass production in R2A in comparison with
R2B which was a consequence of such systematic
lower removal capacities in R2B. Even though the
inaccuracy of these estimations is due to several non-
evaluated factors such as biomass detachment, this
assumption is consistent with experiments aimed at
evaluating the effect of biomass concentration and its
adaptation on the performance of bioreactors, which
prove that a higher biomass concentration and adapted
inoculum improved the bioreactor’s performance
(Prado et al. 2005). However, other factors such as
the water holdup or the water distribution throughout

the bed, which have been shown to impact the perfor-
mance of biotrickling filters, cannot be discarded as
factors playing a role in the present study.

3.2.1 S Species Crossed Effects

The set of experiments aimed at evaluating the effect
of supplying different concentrations of SO4

2− and S2−

led to the results summarized in Table 3, in which REs
and nitritation and nitratation percentages based on the
concentrations encountered before and at the end of
each step under pseudo-steady-state conditions are
shown. During 16 days, the concentration of SO4

2−

supplied to the bioreactors was stepwisely increased in
three steps of 367, 1,011, and 1,696 mg S L−1. Sub-
sequently, the concentration of SO4

2− supplied was
lowered to its former value of 40 mg S L−1 and the
concentration of S2− was increased to 468 and 841 mg
S L−1, respectively.

S–SO4
2− Experiments No significant effect of the

presence of S–SO4
2− on nitrification and sulfur oxida-

tion was found neither on R2A nor on R2B. The decay
in the nitritation percentage found in R2A during the
last S–SO4

2− concentration step (Table 3), experiment

Table 2 Performance of bio-
reactors during the experimental
period before the crossed effects
analysis

Days Parameter R2A R2B

0–70 L N–NH3 (g m−3 h−1) 8.8±1.0

L S–H2S (g m−3 h−1) 5.9±0.6

L EM (g m−3 h−1) 2.9±1.4

EC N–NH3

(g m−3 h−1)
8.8±1.1 9.4±1.2

RE NH3 (%) 99.8±0.1 99.4±0.7

EC S–H2S (g m−3 h−1) 5.8±0.6 5.9±0.6

RE H2S (%) 98.3±2.7 94.5±4.0

EC EM (g m−3 h−1) 2.9±1.4 1.9±1.2

RE EM (%) 98.1±4.2 61.4±20.0

70–155 L N–NH3 (g m−3 h−1) 5.9±0.5

L S–H2S (g m−3 h−1) 15.4±0.5

L EM (g m−3 h−1) 3.9±1.1

EC N–NH3

(g m−3 h−1)
5.4±1.3 5.9±1.5

RE NH3 (%) 99.8±0.2 99.8±0.1

EC S–H2S (g m−3 h−1) 15.1±0.9 16.4±1.8

RE H2S (%) 99.5±0.6 97.7±1.7

EC EM (g m−3 h−1) 3.0±0.6 2.2±0.7

RE EM (%) 94.2±7.4 63.4±11.6
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C, was due to a pipe clog in the NaOH supply line,
which led to a pH decrease from 7 to 4 and to a
subsequent nitrification decay (Lee et al. 2002; Galera
et al. 2008). Once the pH control was fixed, R2A
recovered its initial nitrification rate and EM RE.
Moreover, NH3 RE remained over 99% during the
entire experiment.

Also, H2S oxidation remained unaffected (Table 3)
even though maximum S–SO4

2− concentrations in R2A
and R2B up to 2.3 and 2.1 g S L−1, respectively, were
found in the drain (Table 1). This is consistent with
results obtained by Sercu et al. (2005) in a study treating
a mixture of dimethyl sulfide and H2S, which found that
H2S RE did not significantly vary even when S–SO4

2−

concentrations of 4 g S L−1 were found in the drain.
Interestingly, Ramírez et al. (2009) found that increasing
S–SO4

2− concentrations from 1 to 3.3 g S L−1 led to a
decrease in the H2S RE from 78 to 54%. As aforemen-
tioned, acclimation of microbial populations and bio-
mass density might have played an important role in
order to determine the inhibition thresholds and effects
of potentially inhibiting compounds.

Regarding EM abatement, the increase of the S–SO4
2−

concentration led to an EM RE decrease from 69 to 59%
in R2B already during experiment A, where maximum
S–SO4

2− concentrations of 1.0 g S L−1 were measured.
An et al. (2010) did not observe any negative
effect on EM RE either at S–SO4

2− concentrations
around 1.0 g S L−1. However, the RE of EM in R2A
was affected in experiment C at an S–SO4

2− concentra-
tion of 2.3 g S L−1. Again, it is very likely that the
instability of pH caused the RE decrease in this biore-
actor during experiment C. R2A, packed with poplar

wood, showed a higher stability in comparison to R2B,
packed with polyurethane foam, to sudden concentra-
tion changes. This behavior was related to a probable
lower microbial density onto the packing material, even
if the sorption capacity due to different water contents
cannot be discarded.

S–S2− Experiments Once the same concentration of the
species analyzed in the liquid phase was achieved, an
experiment aimed at assessing the effect of an increase in
the S–S2− inlet concentration was carried out. Due to
experimental constrains, a concentration ramp experi-
ment was performed instead of a concentration step
experiment. No changes in the nitrification or sulfur
oxidation capacity were observed in R2A, in which an
S2− concentration of 5.8 mg S L−1 was found in the
liquid phase at the end of the experiment. On the other
hand, nitrification was partially inhibited in R2B in
experiment D, in which an S2− concentration of 1.7 mg
S L−1 was measured in the drain. Considering that a
sulfide concentration of 0.5 mg L−1 can cause consider-
able negative effects on the nitrification activity (Esøy et
al. 1998), it is interesting to emphasize the stability of the
reactor packed with the organic material (R2A) to hold
the same nitrification rates at higher sulfide concentra-
tions. Probably, the inexistent adsorption capacity of
polyurethane foam (Dorado et al. 2010) could favor the
instability observed in comparison with poplar wood. To
avoid further damage of R2B performance, experiment E
was only performed in reactor R2A. Later on, R2B
recovered its nitrification capacity in <10 days.

Regarding EM abatement, no negative effect was
observed by feeding S2−. It is interesting to notice that,

Table 3 Effects of SO4
2− and S2− on the performance of the bioreactors (percentages significantly affected are shown in italics)

Experiment Days Makeup water
S–SO4

2− concentration
(mg SL−1)

Makeup water
S–S2− concentration
(mg SL−1)

Nitritation
percentage (%)

Nitratation
percentage (%)

H2S RE (%) EM RE (%)

R2A R2B R2A R2B R2A R2B R2A R2B

Init. 155–171 40 0 98 98 100 100 98 95 94 69

A 367 0 96 97 99 100 96 97 94 59

B 1,011 0 95 98 99 99 98 95 86 56

C 1,696 0 37 99 98 100 98 96 53 46

Init. 194–216 38 0 86 99 99 100 97 94 80 69

D 39 468 83 46 99 95 97 94 76 75

E 40 841 97 – 99 – 96 – 93 –

Init. initial reactor state before starting the concentration steps
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during experiment D, R2B achieved S–SO4
2− concen-

trations of 1.1 g S L−1 without any effect on EM RE,
while the same S–SO4

2− concentrations reached in
experiment A significantly affected the EM RE in
R2B. Based on biomass growth estimations, a 7.5%
increase in autotrophic biomass was estimated during
the S2− experiments, which supports the idea that such
an SOB increase during S2− experiments could have
helped in overcoming the inhibition caused by the
same S–SO4

2− concentrations without affecting the
EM RE. An analogous behavior was observed in
R2A during experiment E.

Overall, further investigation is warranted since
several hypotheses can be proposed in order to explain
the different effects of S2− in the performance of both
reactors.

3.2.2 N Species Crossed Effects

Three series of experiments were carried out with
NO3

−, NO2
−, and NH4

+. The REs of all three pollu-
tants and nitritation and nitratation percentages based
on concentrations encountered before and at the end of
each step under pseudo-steady-state conditions are
summarized in Table 4.

N–NO3
− Experiments N–NO3

− concentrations as high
as 2.4 g N L−1 were measured in both reactors. Nitri-
fication and H2S RE remained unaffected (Table 4).

EM RE in R2A remained unaffected, while in R2B in
experiment G, it suffered a decrease from 79 to 59%.
It is worth noticing that the SO4

2− concentration de-
creased around 23% in both reactors during experi-
ments F and G (Table 1) with no S2− accumulation,
which suggests that the presence of NO3

− led to an
incomplete S2− biodegradation to elemental sulfur. As
it has been already discussed herein, experiments con-
firmed that EM-degrading strains were the most sen-
sitive population to changes taking place in the
reactors and that the reactor packed with polyurethane
foam was more sensitive than that packed with poplar
wood chips.

N–NO2
− Experiments No negative effect on R2A was

noticed neither on nitrification nor on sulfide oxidation
(Table 4). However, EM RE in R2Awas reduced from
94 to 66% during experiment K when N–NO2

− concen-
trations up to 4 mg N L−1 were found. EM RE in R2B
was more severely affected than in R2A, decreasing
from values of 78 to 48% in experiment J (with N–
NO2

− concentrations of 1.4 mg N L−1) to 23% in
experiment K (with N–NO2

− concentrations of 3.6 mg
N L−1). In both cases, a slight N–NH4

+ accumulation in
experiment K (Table 1) was discarded to affect the EM
RE according to the results of the N–NH4

+ steps L and
M in both reactors (see the next section).

During experiment K, average N–FA concentration
values of 1.6 mgN–FA L−1 weremeasured in R2B (with

Table 4 Effects of NO2
−, NO3

−, and NH4
+ on the performance of the bioreactors (percentages significantly affected are shown in italics)

Experiment Days Makeup water
N–NO3

−

concentration
(mg NL−1)

Makeup water
N–NO2

−

concentration
(mg NL−1)

Makeup water
N–NH4

+

concentration
(mg NL−1)

Nitritation
percentage (%)

Nitratation
percentage (%)

H2S RE (%) EM RE (%)

R2A R2B R2A R2B R2A R2B R2A R2B

Init. 230–238 0.9 0 0 99 98 100 100 100 97 97 79

F 610 0.6 0 100 99 99 100 100 98 98 79

G 2,490 0.9 0 100 99 100 100 99 96 95 59

Init. 255–265 1.2 0.7 0 99 99 100 100 100 98 96 74

H 1.3 25 0 99 99 100 100 100 99 95 77

I 0.8 75 0 99 99 100 100 100 97 97 78

J 0.6 160 0 100 99 100 100 99 96 94 48

K 1.0 310 0 97 86 99 99 97 92 66 23

Init. 276–279 0.7 0.6 0 99 92 100 100 100 97 87 66

L 1.3 0.9 100 97 78 100 100 100 99 88 63

M 1.4 0.6 300 70 – 99 – 100 – 83 –

Init. initial reactor state before starting the concentration steps
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maximum FA concentrations up to 13 mg N–FA L−1),
while N–FNA concentration was always below
0.008 mg N L−1. Considering inhibition threshold val-
ues of 5.8 mg N–FA L−1 for AOB, 0.16 mg N–FNA L−1

for AOB, and 0.02 mg N–FNA L−1 for NOB reported
by Jubany et al. (2008), the nitritation process was
probably affected by FA accumulation.

Finally, sulfide oxidation was slightly affected in
R2B, which resulted in an RE decrease from 96 to 92
%. White deposits on the surface of both packing mate-
rials were observed, which probably indicated the exis-
tence of elemental sulfur. This correlates well with the
SO4

2− production decrease in both reactors (Table 1).
So, besides a possible FA accumulation, sulfur oxidation
RE decay could contribute to the nitrification rate de-
crease since it has been suggested that incomplete H2S
biodegradation products cause a negative effect on
nitrification processes (Jiang et al. 2009a).

N–NH4
+ experiments Only the nitritation process was

negatively affected by increasing the makeup water
NH4

+ concentration in two steps of 100 and 300 mg
N–NH4

+ L−1. Overall, N–NH4
+ concentrations sup-

plied during experiments L and M would be equiva-
lent to 135 and 203 ppmv of NH3, respectively (9.0
and 13.5 g N–NH3 m

−3 h−1, respectively), if fed in the
gas phase, while the inlet concentration H2S in the gas
phase was kept constant at 96 ppmv (15.1 g S–H2S
m−3 h−1). Chung et al. (2001) observed a reduction of
H2S RE from 96 to 90% when H2S and NH3 were
mixed in a ratio of 1:2, suggesting that the high NH3

concentration (120 ppmv corresponding to 3.5 g N–
NH3 m−3 h−1) inhibited H2S metabolism of Pseudo-
monas putida. Jones et al. (2004), using an organic
packing material (wood chips and compost), observed
a decrease in the RE of H2S from 90 to 85% when
loads of H2S and NH3 of 11.9 g S–H2S m−3 h−1 and
4.2 g N–NH3 m−3 h−1, respectively, were simulta-
neously supplied. According to these studies, the pres-
ent work has shown a good capacity to avoid toxicity
of high loadings of H2S and NH3 with the coexistence
of a problematic VOC such as EM. Nevertheless,
Jiang et al. (2009c) observed that H2S RE was not
influenced significantly when the inlet NH3 concentra-
tion was increased up to 200 ppmv (56 g N–NH3

m−3 h−1), even though not 100% of the NH3 elimination
was biological.

As aforementioned, nitrification rates in both reactors
were affected. During experiment L in R2B, where inlet

concentration values in the gas phase would correspond
to 135 ppmv (9.0 g N–NH3 m−3 h−1), average N–FA
concentration values of 1.5 mg N–FA L−1 were mea-
sured (with several maximum FA concentrations of up
to 12.9 mg N–FA L−1). R2B presented again a higher
sensitivity and nitritation was reduced from 95 to 78%,
even though NH3 RE remained constant at 100%. Dur-
ing experiment M, an average N–FA concentration of
2.7 mg N–FA L−1 was measured in R2A (with maxi-
mum FA concentrations of up to 23.1 mg N–FA L−1).
According to Jubany et al. (2008), it is likely that nitri-
tation was somehow inhibited by FA accumulation in
both reactors. R2B showed again a higher sensitivity
than R2A, probably related mainly to a lower biomass
density. Galera et al. (2008), treating a mixture of NH3,
H2S, and toluene at loads of 20.3 g N–NH3 m−3 h−1,
22.2 g S–H2S m−3 h−1, and 53.2 g toluene m−3 h−1,
observed an NH3 RE decrease, attributed as well to
the high NH3 inlet load itself. Kim et al. (2007)
observed inhibition by FA at the same inlet NH3

loading rate as in this study, decreasing its RE from
100 to 60%. In the present study, both reactors
were able to oxidize all the NH3 to nitrate treating
NH3 loads of 6.2 g N–NH3 m−3 h−1.

4 Conclusions

The results presented herein demonstrate that proper
pH control dramatically improves the startup and op-
eration of biotrickling filters for odor treatment. A
shorter, more stable startup was found under pH-
controlled conditions even under significantly higher
pollutant loads. A study on the impact of the presence
of NH4

+, NO2
−, NO3

−, SO4
2−, and S2− on NH3, H2S,

and EM abatement helped in elucidating the crossed
effects in these bioreactors. Also, the biotrickling filter
packed with poplar wood showed a lower sensitivity
than the one packed with polyurethane foam, probably
due to a larger adsorption capacity and higher micro-
bial density. Overall, the biotrickling filter packed with
poplar wood only suffered a clear impact on the nitri-
tation percentage and the EM RE by the presence of
ammonium and nitrite, respectively. Oppositely, in the
biotrickling filter packed with polyurethane foam, sul-
fate, nitrate, and nitrite significantly affected the EM
RE. Sulfide, nitrite, and ammonium affected the nitri-
tation process, while nitrite was the sole compound
that affected the H2S RE. Further research is warranted
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in order to clarify the interactions between these pol-
lutants and the active microbial populations present in
the bioreactors.
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