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This doctoral thesis is made up of several published studies based on the effect of
different operational conditions and the structure of microbial communities through
submerged-bed partial nitritation technology constructed at bench scale. Different
hydraulic retention times (HRTs) were used to achieve the perfect ammonium-nitrite
mixture, converting 50% of the ammonium to nitrite. Moreover, to find the perfect
HRT, several bench-scale submerged-bed partial nitritation bioreactors were built to
determine several physico-chemical parameters, such as ammonium, nitrite, and nitrate

concentrations, over time.

Molecular biology techniques were used to compare the microbial communities
growing in the different bioreactors under different HRTs. Scanning electron
microscopy was used to determine the most accurate position and growth rates of the
biofim in the carrier (Bioflow 9). On the other hand, molecular biology techniques were
used to study the microbial population (16S rRNA genes) and specific bacterial groups
involved in the nitrification process, such as ammonium-oxidising bacteria (CTO) and
nitrite-oxidising bacteria (nxrA), using a cultivation-independent approach based on
PCR-TGGE fingerprinting.

Further, once the results of the optimum HRT were obtained, four bench-scale
submerged-bed partial nitritation bioreactors were constructed to evaluate the influence
of different concentrations of an emerging contaminant (ciprofloxacin) on nitrogen
removal performance and microbial population of submerged-bed partial nitritation
bioreactors.

Finally, to establish an objective correlation between physico-chemical parameters and
microbial communities and reveal the relationships between the structure of nitrifying
microbial communities and a set of variables (ammonium, nitrite, time, antibiotic
concentration, and HRT) related to the operating parameters, multivariate analysis by
CANOCO and 3D surface polynomial fitting redundancy analysis (RDA) was

performed.
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Partial nitritation process

Today, one of the most important ecological problems in the world is the proliferation
of wastewater. The presence of nitrogen in urban wastewater in the form of urine,
synthetic nitrogen fertilisers, and industrial wastewater is evidently a significant
environmental risk that must be eliminated before discharge of urban wastewater into
natural waters. Traditionally, nitrogen has been removed from wastewater through
complete nitrification-denitrification processes (Table 1). New regulations approved
during this time, such as the European Union (EU) Water Frame Directive 91/271/EEC,
Impose more restrictive standards on nitrogen contamination in the effluent of
wastewater treatment plants(WWTPs). To achieve these standards in a cost-effective
way, autotrophic nitrogen removal technologies such as partial nitritation/anammox,
DEMON, ANITAMOX, OLAND, and CANON technologies have been developed
(Mosquera-Corral et al., 2005; Figure 1). Among them, the partial nitritation/anammox
system has been developed as a two-step autotrophic nitrogen removal process. The first
step involves the oxidation of ammonium to nitrite under aerobic conditions in such a
way that roughly 50% of the ammonium is oxidised to nitrite. In the second step,
autotrophic anammox bacteria convert ammonium and nitrite directly into dinitrogen

(Jetten et al., 2001). The first step is achieved by partial nitritation technology.

Figure 1. Full-scale partial nitritation (left) and anammox (right) bioreactors in Dokhaven
wastewater treatment plant.
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Partial nitritation systems have several advantages oweventional nitrification-
denitrification technologies, such as 25% savings in aeration, 30% reduction of biomass
generation, with biomass yield of about 0.15 g biomass (g INW* (Gut et al., 2007),

and 20% less C@emission (Sri Shalini & Joseph, 2012). Partial nitritation bioreactors
have been reported to successfully treat nitrogen pollution of several wastewater types,
such as food and agriculture industry wastewater (Strous et al., 1997; Van Dongen et
al., 2001; Fux et al., 2002), anaerobic sludge digesters (Vazquez-Padin et al., 2009), and
slaughterhouse wastewater or piggery wastewater (Hwang et al., 2005; Reginatto et al.,
2005; Waki et al., 2007) at pilot-plant scale.

Table 1. Comparison of economic aspects of conventional nitrification/denitrification and
patial nitritation/anammox processes

Conventional Partial

nitrification/ nitritation/

denitrificacion anammox

Energy requeriment 3-5 kWh/kg N

Methanol kg/kg N

Sludge production . kg VSS/kg N

CO; production . . kg/kg N

Total Cost €/kg N

With a partial nitritation reactor, the main performance is aerobic oxidation of
ammonium to nitrite and, therefore, nitrite accumulation in the system. Although nitrite
has been thought not to accumulate in ecosystems, some reports show that it can

accumulate in natural and engineered environments, such as soils, sediments, and
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wastewater treatment plants (Paredes et al., 2007). This is achieved by metabolism of
ammonium-oxidising bacteria (AOB). Conventional nitrication/denitrification and
partial nitritation/anammox are achieved by different stoichiometry formulae (Table 2).

AOB use ammonium mono-oxidase (AMO) to oxidise ammonium to hydroxylamine
(NH,OH), using oxygen as an electron acceptor. Following this reaction,
hydroxylamine is oxidised to nitrite with mediation of hydroxylamine oxidoreductase
(HAO), with hydrazine as an intermediate (Peng & Zhu, 2006; Sri Shalini & Joseph,
2012).

AOB are autotrophic microorganisms, so they utilise inorganic carbon as a carbon
source. If insufficient carbon is found in the partial nitritation reactor influent,
bicarbonate can be added to obtain the required inorganic carbon concentration, thus
reaching oxidation of the desired ammonium fraction (Ganigué et al., 2012). AOB
communities belong to thgProteobacteria class, with species INiérosomonas spp.,
Nitrosospira spp., Nitrosolobus spp.,and Nitrosovibrio spp., among others. It has also
been found thaNitrosomonas and Nitrosospira are the most popular genera among
partial nitritation reactors, withNitrosospira dominating under high-ammonium
conditions (Okabe, 2011).

Two different types of AOB have been differentiated so far: fast-growing AOB and
slow-growing AOB. The difference between these two groups resides in their affinity
for ammonium, which is higher in slow-growing AOB. Slow- growing AOB, k-
strategists, dominate in environments with ammonium limitation. In partial nitritation
reactors, the ammonium concentration is high. Therefore, fast- growing AOB, r-
strategists, dominate these systems (Zhang et al., 2004). Even though it is known that
species of AOB such aBlitrosomonas can carry out denitrifying metabolism that
reduces nitrite to nitric oxide, nitrous oxide, and dinitrogen (Bagchi et al., 2012), it is

thought that AOB only perform ammonium oxidation in partial nitritation reactors.
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Table 2. Stoichiometry of different nitrification-denitrification processes in the nitrogen cycle

Technology Stoichiometry Process Bacteria
NH4+ + 1.50, + 2HCO; - NO, + 2CO, + 3H,0 Nitritation AOB
Conventional
Denitrification
5C + 2H,0 + 4NO;” 2N, + 4HCO;™ + CO, Denitrification DB
Partial 2NH," + 1.50, + 2HCO; = NH," + NO, +2CO, + Partial nitritation AOB
Nitritation/ 3H,0
Anammox NH," +1.32 NO, +0.066 HCO;™ - 1.02 N, + 0.26 NO; | Anammox process | Anammox
+0.066CH,0 5 Ny 15 + 2.03 H,0

Nevertheless, AOB have to compete with other microbial communities inside a partial
nitritation reactor. The main competitors of AOB are nitrite-oxidising bacteria (NOB),
which utilise oxygen for the oxidation of nitrite to nitrate. As NOB metabolism utilises
nitrite as the metabolic substrate under aerobic conditions, partial nitritation systems
represent viable environments for NOB to grow. The NOB species most commonly
isolated from activated sludge systems Rubrivivax, Rhodobacter, and Pseudomonas
(Martienssen & Schops, 1999; Etchebehere et al., 2001). NOB population growth is the
major problem related to partial nitritation operational performance. It is thought that
the key for the achievement of desired performance of partial nitrification systems is
related to the understanding of AOB and NOB community structure and the effect of
operational conditions on AOB and NOB community dynamics (Liang & Liu, 2007). If
NOB communities are uncontrolled, nitrate will appear due to complete nitritation of

ammonium when ammonium loading declines below 0.5 kgNlay* (Okabe, 2011).

Also, when partial nitritation systems are placed before an anammox bioreactor,
elimination of nitrite from the system will make anammox bacteria not find enough of it
to achieve proper nitrogen removal (Sri Shalini & Joseph, 2012). Therefore, controlling

the NOB population is needed in order to achieve the desired nitrogen removal (Okabe,

10
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2011). The different characteristics of AOB and NOB have been studied in order to
develop strategies for NOB control in partial nitritation systems. These are based on
temperature, dissolved oxygen, hydraulic retention time (HRT) and solids retention time
(SRT), and free ammonia (FA) and free nitrous acid (FNA) concentrations, among
others (Van Dongen et al., 2001; Liang & Lu, 2007; Ahn, 2006; Posmanik et al., 2014).
When 50% of the ammonium is oxidised under steady-state conditions, partial
nitritation reactors have a relative abundance of 64% AOB and less than 5% NOB
(Liang & Lu, 2007). The most common AOB can be seen in Table 3.

Table 3. The main aerobic ammonium oxidation (AOB) bacteria reported in the nitrifying

process in wastewater treatment plants

. DNA
Phylogenetic
o Characteristics Reference

group (mol %GC)

Gram-negative short to
long rods, motile (polar

. . Schmidt et al.
Nitrosomonas Beta 45-53 flagella) or nonmotile, (1997)
peripheral membrane
systems
Large cocci, motile,
Nitrosococcus Gamma 49-50 vesicular or peripheral | Ward et al. (2002)

membranes

Spirals, motile
. . (peritrichous flagella), no Maixner et al.
Nitr Ir 54
0sospira Beta obvious membrane (2006)

system

Slender, curved rods,
. _ motile, by means of a
Nitrosovibrio Beta 59-65 Y Ida et al. (2004)
polar-to-subpolar

flagellum

Pleomorphic, lobular,
compartmented cells, Watson et al.
motile (peritrichous (1971)
flagella)

Nitrosolobus Beta 54

11
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Effect of influent characteristics on the partial nitritation process

Partial nitritation reactors have been developed for the treatment of wastewater with low
organic matter content and high concentrations of ammonium, such as landfill leachate
(Table 4). The effects of different substances in the wastewater such as ammonium and

organic matter loading on these systems have been extensively investigated.

Table4. Standard composition of a landfill leachate

Levels in landfill leachate (kg/m®) Units
Parameters

Ss 0.056 (kg/m3)
BOD 0.023 (kg/m?)
cob 0.081 (kg/m’)
Total Nitrogen 1.1-2.1 (kg/m?)
Total P 0.027 (kg/m?)
HCO; 4.1 (kg/m’)

The ammonia loading rate (ALR) has been shown to affect chemical composition of the
effluent generated in a partial nitrification reactor. At an ALR of 3.1 mM/h to 5.4
mM/h, the composition of the influent or effluent is stable and dominated by nitrite and
ammonia, at a ratio of about 1.2:1, with a small fraction of nitrogen present as nitrate. A
similar trend is observed in a biofilm reactor configuration at the range of 6.4 to 12.1
mM/H. This effluent composition is suitable for further anammox treatment for nitrogen
elimination. Lower ALRs lead to an excess of nitrate in the effluent for this purpose,
and higher ALRs achieve an excess of ammonia in the effluent (Daalkhaijav & Nemati,

2014). The ALR has been proposed as a practical way to control the performance of

12
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partial nitritation reactors and has been claimed to be more practical than other control

strategies, such as oxigen demand ( DO) control (Daalkhaijav & Nemati, 2015).

Ammonium concentration has been shown to affect the performance of partial
nitritation reactors due to production of FA and FNA. Both AOB and NOB can be
inhibited by their metabolic substrates and/or by-products. It has been found that FA
and FNA can inhibit AOB and NOB. In any case, NOB is much more sensitive than
AOB. FNA has been shown to inhibit NOB at concentrations from 0.26 mg »H\NO

! which is lower than the inhibitory concentration for AOB (0.49 mg HNOL™;
Ganigué et al., 2012). Inhibition by FNA is related to the donation of a proton to the
electron transport chain, which impedes the transmembrane pH gradient for synthesis of
ATP (Peng & Zhu, 2006). NOB shows inhibition by FA at concentrations ranging from
1-7 mg NH-N L™, while AOB start to be inhibited at 150 mg-§#N L™ (Sri Shalini &
Joseph, 2012). Other authors have proposed different thresholds for FA inhibition of
NOB (1.75 mg NH-N L™; Weismann, 1994) and AOB (605 mg MN L*; Ganigué et

al., 2012). Inhibition of NOB by FA is thought to be due to competitive inhibition of
nitrite oxide reductase (NOR), an NOB enzyme, by FA (Peng & Zhu, 2006). It has been
stated that AOB becomes inhibited by FA and FNA when nitrogen loading rates
become higher than 1.5 kghday' (Ganigué et al., 2012). Regardless of this, some
Nitrobacter spp. strains, typical NOB in partial nitritation reactors, have been found to
resist up to 40 mg NN L™ FA (Sri Shalini & Joseph, 2012). Adaptation of NOB to

FA concentration has been discussed by some authors (Villaverde, 2000; Fux et al.,
2004). In addition, AOB communities have been acclimated to FA concentrations of
122-224 mg [* (Liang & Liu, 2007). Therefore, control based on FA concentrations
might not be an efficient practical tool for assessment of the performance of partial

nitrification systems.

Hydroxylamine, an intermediate of the oxidation of ammonium to nitrite, was reported
to have the capability of stabilising a partial nitritation system operating at a high
CODIN ratio, low temperature, and high DO concentration, due to its inhibitory effect
on NOB populations (Xu et al., 2012). Hydroxylamine has an inhibitory effect in NOB
communities at 250 uM and on AOB populations at 2000 uM (Sri Shalini & Joseph,
2012).

13
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A certain amount of organic matter can enter a partial nitritation reactor with the
influent. For the purpose of an anammox treatment train, partial nitritation following an
anammox reactor is recommended when the influent contains a considerable amount of
organic matter (Van Hulle et al., 2005). Organic matter entering a partial nitrification
reactor affects its performance. One of the reasons is that organic matter favours the
development of heterotrophs, which have a shorter duplication time than AOB and,
therefore, they could outcompete AOB for oxygen inside the bioreactor (Poth et al.,
1985). It has been reported that the stability of the partial nitrification process is
disturbed by high COD/N ratios due to the promotion of heterotrophic bacteria in the
system (Wei et al., 2014). It has been shown that the C/N ratio does not affect the
performance of the partial nitritation process at ammonium volumetric loading rates of
0.5 kg N-NH" m™ day*. At higher ammonium volumetric loading rates, higher C/N
ratios require higher DO concentrations if the same ammonium oxidation efficiency is
desired (Liang & Liu, 2007).

In spite of promotion of heterotrophic growth, the impact of TOC concentration on a
partial nitrification system has been found to depend on the carbon concentration. It has
been reported that a TOC concentration of 0.2 g TOCak acetate stimulates
ammonium oxidation in partial nitrification reactors, but also that 0.3 g TOCas
acetate decreases ammonium conversion by 10% in these systems (Mosquera-Corral et
al., 2005).Therefore, addition of organic matter leads to lower conversion rates of

ammonium to nitrate (Ganigué et al., 2012).

In spite of this fact, it has been proved that elimination of organic matter can be
achieved in partial nitritation reactors at the same time as ammonium oxidation when
carbon loading rates do not exceed 2 Ky day’. Nevertheless, it has been found that
recovery of partial nitritation reactors after excessive loading of organic matter is a long
process (Wei et al., 2014).

Salinity affects the performance of partial nitritation systems. It has been found that 85
mM NaCl increases ammonium conversion by up to 30%. As NaCl concentration rises,
the system loses stimulation and tends to similar values of those in the no-salinity
scenario. Nevertheless, at NaCl concentrations of 256 mM and higher, the system loses

the capacity for ammonium oxidation. At 342 mM NacCl, there is 70% less ammonium

14
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oxidation in the system compared with no-salinity operation (Mosquera-Corral et al.,
2005). Sensitivity of AOB was observed after short-term exposure to salinity (Moussa
et al., 2006), but adaptation dfitrosomonas europaea strains to high salinity
conditions has been observed with utilisation of targeted oligonucleotide probes (Tal et
al., 2003; Moussa et al., 2006).

Addition of certain organic and inorganic compounds could play an important role in
partial nitritation processes. It has been found that fulvic acid affects nitrite
accumulation in partial nitritation reactors, impeding ammonium oxidation when its
concentration is below 0.002 mg'lor over 0.07 mg L. It has also been reported that
NOB are more sensitive than AOB to orthocresol, aniline, and phendl. Gd® been
proved to inhibit NOB activity at 3 mM; thus, chlorine could be used to control NOB
population growth (Peng & Zhu, 2006).

Effect of temperature on the partial nitritation process

Temperature shows a clear relationship with ammonium oxidation in partial nitritation
systems. It has been reported that, at a constant ammonium volumetric loading rate and
DO concentration, higher temperatures, up to 35°C, lead to higher ammonium
oxidation. Beyond this point, higher temperatures lead to FA formation and activity of
AOB becomes inhibited (Liang & Liu, 2007). In similar studies, it was found that at
25°C, ammonium oxidation reached values of up to 60% of those at 28—39°C. At 41°C,
bacterial activity stopped and thus ammonium oxidation did not take place. Also, it has
been observed that ammonium uptake rate in partial nitritation reactors is maximum in

the temperature range of 33-37°C (L6pez-Palau et al., 2013).

The effect of temperature on the performance of a partial nitritation reactor has been
explained by its influence on the growth rate of AOB and NOB and formation of FA
and FNA. It has been found that NOB has slower growth rates than AOB when
temperatures go above 24°C (Fux et al.,, 2002; Peng & Zhu, 2006). Nevertheless, at
temperatures as low as 15°C, NOB are dominant over AOB in partial nitritation reactors
(Peng & Zhu, 2006). It was reported that temperatures above 30°C led to the prevalence

15
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of AOB over NOB due to the faster growth rate of the former (Mosquera-Corral et al.,
2005). Thus, when operating at temperatures higher than 24°C, the environment will
select for AOB.

Also, temperature affects concentrations of FA and FNA inside partial nitritation
reactors. While FA concentration increases with temperature, from about 20 mg/L at
25°C to 120 mg/L at 35°C, FNA shows the opposite behaviour, with 0.5 mg/L at 25°C
and 0.1 mg/L at 35°C. Inhibition of AOB activity by FA has been widely reported
(Ganigué et al., 2012). Thus, at low temperatures, FNA is the main inhibitor of AOB,
while at high temperatures it is FA, combined with FNA, which inhibits ammonium

oxidation.

Normally, partial nitritation reactors are operated at the temperature range of 30—-35°C
to ensure AOB outcompetite NOB (Gabarro et al., 2012). However, even though patrtial
nitritation reactors have been widely operated at 35°C, there is not much difference in
practical operation between 25°C and 35°C in terms of growth of AOB and NOB; in
practical operation, 25°C is considered enough for the purpose of NOB control (Peng &
Zhu, 2006). The bacterial community structure of partial nitritation reactors seems not
to be influenced by temperature. Therefore, a difference in microbial activity due to
temperature has been proposed as an explanation for differences in performance of the

system at different temperatures (Kim & Lee, 2011).

Effect of pH and DO on the partial nitritation process

The pH in a partial nitritation reactor has an impact on the performance of these
systems. In fact, pH has been reported as a key parameter affecting influent quality in
models for laboratory-scale partial nitritation bioreactors (Magri et al., 2007). It has
been proposed that the influence of pH on ammonium oxidation in partial nitritation
reactors is driven by three processes: activation-deactivation of nitrifying enzymes
(Quinlan, 1984); changes in inorganic carbon concentrations; and changes in FA and
FNA concentrations (Paredes et al., 2007). At higher pH, carbonate and bicarbonate are

present at higher concentrations; thus, the buffer capacity of the system increases. On

16
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the contrary, as pH drops below 7.7, the equilibrium tends to carbon dioxide, leading to
a loss of buffer capacity (Ganigué et al., 2012). High pH has been related to the
formation of FA, which is the primary substrate of AOB, and has been related as well to
a decrease in FNA concentration, which is the primary substrate of NOB communities
(Daalkhaijav & Nemati, 2014). It has been demonstrated that nitrification does not
occur below pH 6 (Paredes et al., 2007; Sri Shalini & Joseph, 2012). Therefore, control
of pH in partial nitritation systems can select for AOB and inhibit NOB due to the
formation of FA and limitation of FNA (Villaverde, 2000).

The optimal pH forNitrosomonas-like microorganisms, typical AOB, ranges between
7.9 and 8.2, and faxitrobacter-like microbes, typical NOB, it ranges between 7.2 and
7.6 (Sri Shalini & Joseph, 2012; Daalkhaijav & Nemati, 2014). It has been found that
the optimal pH for operation of partial nitritation reactors ranges between 7.0 and 8.0
(Sri Shalini & Joseph, 2012). The higher tolerance of AOB to low pH is thought to
result from their ability to develop thick EPS layers (Manipura et al., 2005).

DO concentrations have an impact on the performance of a partial nitritation reactor. It
has been found that ammonium oxidation increases with DO concentration, regardless
of the C/N ratio, for the same ammonium volumetric loading rate (Liang & Liu, 2007).
Half saturation constant values for oxygen of AOB and NOB are reported to be 0.2—
0.4 mg L* and 1.2-1.5 mg L, respectively (Peng & Zhu, 2006), which supports the
hypothesis of the lower affinity for oxygen of NOB than AOB (Sri Shalini & Joseph,
2012).

Accumulation of nitrite can be controlled in a short time by setting DO concentration to
0.4-0.8 mg [*. Also, at DO concentrations of 2 mg'Lor higher, substantial
accumulation of nitrate occurs in partial nitritation reactors (Wei et al., 2014). It has to
be borne in mind that low DO concentrations are related to increased NO.@nd N
emissions (Sri Shalini & Joseph, 2012). Some authors have used an aeration of partial
nitritation bioreactor lower than 0.1,m day'/kg N m® day* (Okabe, 2011).

Thus, oxygen limitation inside partial nitritation reactors is an efficient way to control

NOB development. Some reports state that the growth rate of AOB is faster than that of
NOB when DO concentrations drop below 1 m§ (Okabe, 2011). Therefore, DO
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concentrations lower than 1 mg'lare used to control NOB in partial nitritation
reactors (Tokutomi, 2004; Sinha & Annachatre, 2006).

Effect of HRT and SRT on the partial nitritation process

It has been reported thiditrosomonas spp., typical AOB, have a maximum growth rate

of 0.54 + 0.09 day, while Nitrobacter spp., typical NOB, have a maximum growth rate

of 0.67 + 0.03 day (Blackburne et al., 2008). Other authors have reported similar
values for minimum doubling time of AOB, 7—8 hours, and NOB, 10-13 hours (Peng &
Zhu, 2006). Given the lower growth rate of AOB compared with NOB, control of NOB
populations can be achieved with utilisation of the HRT/SRT. SRT should be set longer
than the AOB growth rate but shorter than the NOB growth rate. In addition to this,
partial nitritation bioreactors avoid sludge retention, given that the recycling of biomass
makes NOB persist in the system and therefore develop in it. For this reason, partial
nitritation reactors operate without sludge retention (Jetten et al., 2001). Conventionally,
HRT and SRT are set up to the same time in partial nitrification reactors. However, the
development of non-coupled HRT and SRT partial nitrification bioreactors has been

attempted, in the form of biofilter partial nitrification reactors.

The impact of HRT on partial nitritation reactors has been evaluated by several authors.
It was found that higher HRTSs, at the same SRTSs, led to higher oxidation of ammonium
to nitrite (Liang & Liu, 2007). Differences in ammonium oxidation at different HRTs
result from differences in microbial community structure inside the bioreactor at these
HRTs. SRT also has an influence on bacterial communities in partial nitritation reactors.
As a main control of NOB in the system, the SRT should be set lower than the
duplication time of NOB, thus ensuring washout of these bacteria from the reactor
(Jetten et al., 2001). Nevertheless, a short SRT also leads to the loss of AOB biomass. In
this way, partial nitritation reactors have been conventionally operated as suspended
growth processes (Sliekers et al., 2003; Ganigué et al., 2012; Li et al., 2013).

18


usuario
Texto escrito a máquina
18


On the other hand, it has been confirmed that attached growth partial nitrification
processes with attached/granular biomass have advantages over suspended growth
partial nitrification processes, such as enhanced AOB biofilm formation (Wik, 2003).

Effect of antibiotics on the partial nitritation process

Antibiotics are present in urban and industrial wastewater treatment systems all around
the world (Table 5). Today, it is well known that only a small amount of antibiotics in
wastewater is removed at wastewater treatment plants. Obviously, the presence of
antibiotics in wastewater is a significant environmental risk that must be eliminated
before discharge of the wastewater into natural waters. The sorption behaviour of
pharmaceuticals can be very complex and difficult to asksissét al., 201l These
compounds can absorb onto bacterial lipid structures and the fat fraction of sewage
sludge through hydrophobic interactions, and often adsorb onto negatively charged
polysaccharide structures on the outside of bacterial cells through electrostatic
interactions, and/or chemically bind to bacterial proteins and nucleic acids (Meakins et
al.,1994). Antibiotic-resistant strains are more numerous downstream than upstream of
wastewater treatment plants (Zhang et al., 2004). In these environments, antibiotic-
resistant microorganisms become selected under antibiotic concentrations. Then, a high
density of microbial biomass helps to transfer genetic information that allows the
bacteria to become resistant (Zhang et al.,, 2004). During wastewater treatment,
quinolones are drastically removed from the water stream (N80%), but their fate is
associated with sewage. Moreover, the sensitivity of nitrification processes to
antibiotics has been recorded (Séez et al., 2003). In this sense, the effect of antibiotics
on partial nitritation systems must be studied to understand the effect of these emerging
contaminats (ECs) on the microbial population and nitrogen removal.
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Table 5. Different antibiotic concentrations reported in wastewater and sludge at different
wastewater treatment plants (WWTPs) (Watkinson et al., 2007; Zorita et al., 2009; Ghosh et al.,
2009, Garcia-Galan et al., 2011; Jelic et al., 2011; Verlicchi et al., 2012)

-- Molecular Concentration in -
weight (g/mol)  wastewater (ng/L)
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Partial nitritation technologies

For a long time, partial nitritation has been used in different technologies. However, this
technology became more and more important in the last decade, with the appearance of
autotrophic nitrogen removal systems. In fact, there are two main partial nitritation
configurations, but also other technologies such as DEMON, CANON, and ANITA

Mox processes for partial nitritation (Table 6).

Table 6. Different partial nitritation technologies

1di - ™
FIU|d|seq bed Submerggd Demon™ | CANON™ ANITA
Technology partial -bed partial Mox
o N process process
nitritation nitritation process
. . : Oxic and . :
Conditions Aerobic Aerobic Aerobic Aerobic

Anoxic

DO requirements (g

0-3

Alkalinity

3.57 3.57 3.75 2.75 2.75
(g CaCOa3/g N)
50%/50% 50%/50% 50%/50% 50%/50% 50%/50%
Performance ammonium/nit | ammonium/ |fammonium | ammonium ammonium
rite nitrite [nitrite Initrite Initrite

Active

Bacterial growth Active sludge  Carriers e Granules  Carriers

COD requirements

no no
Temperature ( °C) 15-30 15-30 30

HRT 24 7 12

In all the technologies, the partial nitritation is achieved by AOB. However, the growth
postion in each one is different. In submerged-bed patrtial nitritation, the AOB have a
bigger growth-specific area due to the carriers (Figure 4), in comparison with the
fluidised-bed and DEMON bioreactors where the AOB form flocs. However, in the
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other technologiesANITA Mox and CANON, AOB need to growon the external
surface of the biofilm in the carriers and the granules, respectively. In thes

technologiesthis situation arises from the need to maintain autotrophic denitrific

(anaerobic ammonium oxidati, theanammox process) in the core of the granules

the carriers due to thequirement fc anaerobic conditions (Figure 2i. fact, there are
six examples of fulscalepartial nitritationplants in The Netherlands and « in the

USA (Bagchi et al., 2012

ANAMMOX ANAMMOX

‘3

PVC carrier PVC carrier

Submerged bed

e e .. ANITA™ Mox CANON™
partial nitritation

Figure 2. Biomass structure in different partial nitritation technolos

Futuretrendsin partial nitritation technologies

Future development of partial nitritati systems has to solve the main problem
these processes have: the development of NOB communities inside the bio
Many steps can be taken to avithe growth ofNOB species in partial nitrificatio
reactors. One of these steps is to turn panitritation processes into fully anaerol
processes. This can be done by taking into account the anaerobic nature of aut
ammonium oxidation (Bagchi et al., 22). Strains ofNitrosomonas eutropha were
reported to perfornanaerobic ammonium oxidon with mediation of nitrogen dioxic
as anelectron acceptor (Schmidt & Bock, 1997). Further investigehas shown that
dinitrogen tetraoxide can also be 1sed as dinal electron acceptor for anaerc

autotrophic ammonium oxidaticby N. eutropha. Later, Schmidt et al. (2001) propos
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a new pathway for anaerobic, autrotrophic ammonium oxidation. Here, dinitrogen
tetraoxide oxidises ammonium to hydroxylamine and nitrous oxide with mediation of
the enzyme AMO. In this way, for anaerobic ammonium oxidatioN.bsutropha, the
presence of oxygen just causes nitrous oxide to become oxidised to nitrogen dioxide
(Schmidt et al., 2001). Also, study of the nitrogen cycle in oxygen-depleted marine
areas suggests that anaerobic ammonium oxidation is linked to Mn, Fe, and S reduction
(Zehr & Ward, 2002; Clement et al., 2005).

If AOB can perform anaerobic ammonium oxidation, partial nitrification reactors could
avoid the growth of NOB by setting anaerobic conditions in the system. On the other
hand, several authors have reported that autotrophic nitrogen removal technologies are
able to operate at low temperatures (Vazquez-Padin et al.,, 2011; Hu et al., 2013;
Hendrickx et al., 2012). As a result, the introduction of these technologies in the water
line of the WWTPs is in progress, and the technologies will provide low-cost processes

for nitrogen removal.

23


usuario
Texto escrito a máquina
23


References

Ahn, Y.H. Sustainable nitrogen elimination biotechnologies: a review. Process
Biochem. 2006, 41, 1709-1721.

Bagchi, S.; Biswas, R.; Nandy, T. Autotrophic ammonia removal processes: ecology to
technology. Crit. Rev. Environ. Sci. Technol. 2012, 42, 1353-1418.

Blackburne, R.; Yuan, Z.; Keller, J. Partial nitrification to nitrite using low dissolved

oxygen concentration as the main selection factor. Biodegradation 2008, 19, 303-312.

Clement, J.-C.; Shrestha, J.; Ehrenfeld, J.G.; Jaffe, P.R. Ammonium oxidation coupled
to dissimilatory reduction of iron under anaerobic conditions in wetland soils. Soil Biol.
Biochem. 2005, 37, 2323-2328.

Daalkhaijav, U.; Nemati, M. Ammonia loading rate: an effective variable to control
partial nitrification and generate the anaerobic ammonium oxidation influent. Environ.
Technol. 2014, 35, 523-531.

Etchebehere, C.; Errazquin, I.; Barrandeguy, E.; Dabert, P.; Moletta, R.; Muxi, L.
Evaluation of the denitrifying microbiota of anoxic reactors. FEMS Microbiol. Ecol.
2001, 35, 259-265.

Fux, C.; Boehler, M.; Huber, P.; Brunner, I.; Siegrist, H. Biological treatment of
ammonium-rich wastewater by partial nitritation and subsequent anaerobic ammonium

oxidation (anammox) in a pilot plant. J. Biotechnol. 2002, 99, 295-306.
Fux, C.; Huang, D.; Monti, A.; Siegrist, H. Difficulties in maintaining long-term partial

nitritation of ammonium-rich sludge digester liquids in a moving-bed biofilm reactor
(MBBR) Water Sci. Technol. 2004, 49, 53-60.

24


usuario
Texto escrito a máquina
24


Ganigué, R.; Volcke, E.I.P.; Puig, S.; Balaguer, M.D.; Colprim, J. Impact of influent
characteristics on a partial nitritation SBR treating high nitrogen loaded wastewater.
Bioresour. Technol. 2012, 111, 62—69.

Garcia-Galan, M.J.; Diaz-Cruz, M.S.; Barceld, D. Occurrence of sulfonamide residues
along the Ebro River basin. Removal in wastewater treatment plants and environmental

impact assessment. Environ. Int. 2011, 37, 462—-473.

Ghosh, G.C.; Okuda, T.; Yamashita, N.; Tanaka, H. Occurrence and elimination of
antibiotics at four sewage treatment plants in Japan and their effects on bacterial
ammonia oxidation Water Sci. Technol. 2009, 59, 779-786.

Gut, L.; Plaza, E.; Hultman, B. Assessment of a two-step partial nitritation/Anammox
system with implementation of multivariate data analysis. Chemom. Intell. Lab. Syst.
2007, 86, 26-34.

Hendrickx, T.L.G.; Wang, Y.; Kampman, C.; Zeeman, G.; Temmink, H.; Buisman,
C.J.N. Autotrophic nitrogen removal from low strength wastewater at low temperature.
Water Res. 2012, 46, 2187-2193.

Hu, Z.; Lotti, T.; de Kreuk, M; Kleerebezem, R.; van Loosdrecht, M.; Kruit, J.; Jetten,
M.S.M.; Kartal, B. Nitrogen removal by a nitritation-anammox bioreactor at low
temperature. Appl. Environ. Microbiol. 2013, 79, 2807-2812.

Hwang, I.S.; Min, K.S.; Choi, E.; Yun, Z. Nitrogen removal from piggery waste using
the combined SHARON and ANAMMOX process. Water Sci. Technol. 2005, 52, 487—
494.

Ida, T.; Satoh, M.; Yabe, R.; Takahashi, R.; Tokuyama, T. ldentification of genus

Nitrosovibrio, ammonia-oxidizing bacteria, by comparison of N-terminal amino acid

sequences of phosphoglycerate kinase. J. Biosci. Bioeng. 2004, 98, 380-383.

25


usuario
Texto escrito a máquina
25


Jelic, A.; Gros, M.; Ginebreda, A.; Cespedes-Sanchez, R.; Ventura, F.; Petrovic, M.;
Barcelo, D. Occurrence, partition and removal of pharmaceuticals in sewage water and

sludge during wastewater treatment. Water Res. 2011, 45, 1165-1176.

Jetten, M.S.; Wagner, M.; Fuerst, J.; van Loosdrecht, M.; Kuenen, G.; Strous, M.
Microbiology and application of the anaerobic ammonium oxidation (‘anammox’)
process. Curr. Opin. Biotechnol. 2001, 12, 283—-288.

Li, H.; Zhou, S.; Huang, G.; Xu, B. Partial nitritation of landfill leachate with varying
influent composition under intermittent aeration conditions. Process Saf. Environ. Prot.
2013, 91, 285-294.

Liang, Z.; Liu, J.-X. Control factors of partial nitritation for landfill leachate treatment.
J. Environ. Sci. (China) 2007, 19, 523-529.

Lépez-Palau, S.; Sancho, |.; Pinto, A.; Dosta, J.; Mata-Alvarez, J. Influence of
temperature on the partial nitritation of reject water in a Granular Sequencing Batch
Reactor. Environ. Technat013, 34, 2625-2632.

Magri, A.; Corominas, L.; Lopez, H.; Campos, E.; Balaguer, M.; Colprim, J.; Flotats, X.
A model for the simulation of the SHARON process: pH as a key factor. Environ.
Technol. 2007, 28, 255-265.

Maixner, F.; Noguera, D.R.; Anneser, B.; Stoecker, K.; Wegl, G.; Wagner, M.; Daims,
H. Nitrite concentration influences the population structure of Nitrospira-like bacteria.
Environ. Microbiol. 2006, 8, 1487-1495.

Manipura, a.; Duncan, J. R.; Roman, H. J.; Burgess, J. E. Potential Biological Processes
Available for Removal of Nitrogenous Compounds from Metal Industry Wastewater.

Process Saf. Environ. Prot. 2005, 83, 472—-480

Martienssen, M.; Schops, R. Population dynamics of denitrifying bacteria in a model
biocommunity. Water Res. 1999, 33, 639-646.

26


usuario
Texto escrito a máquina
26


Meakins, N.C.; Bubb, J.M.; Lester, J.N. Fate and behaviour of organic micropollutants

during wastewater treatment processes: a review. Int. J. Environ. Pollut. 1994, 4, 27-58.

Hendrickx, T.L.G.; Wang, Y., Kampman, C.; Zeeman, G.; Temmink, H.; Buisman,
C.J.N.; Tokutomi, T. Operation of a nitrite-type airlift reactor at low DO. Water Sci.
Technol. 2004, 49, 81-88.

Mosquera-Corral, A.; Gonzalez, F.; Campos, J.L.; Mendez, R. Partial nitrification in a
Sharon reactor in the presence of salts and organic carbon compounds. Process
Biochem. 2005, 40, 3109-3118.

Moussa, M.S.; Fuentes, O.G.; Lubberding, H.J.; Hooijmans, C.M.; van Loosdrecht,
M.C.M.; Gijzen, H.J. Nitrification activities in full-scale treatment plants with varying
salt loads. Environ. Techn@006, 27, 635-643.

Okabe, S.; Oshiki, M.; Takahashi, Y.; Satoh, H. Development of long-term stable
partial nitrification and subsequent anammox process. Bioresour. Technol. 2011, 102,
6801-6807.

Paredes, D.; Kuschk, P.; Mbwette, T.S.A.; Stange, F.; Mlller, R.A.; Kdser, H. New
aspects of microbial nitrogen transformations in the context of wastewater treatment — a
review. Eng. Life Sci. 2007, 7, 13-25.

Peng, Y.; Zhu, G. Biological nitrogen removal with nitrification and denitrification via
nitrite pathway. Appl. Microbiol. Biotechnol. 2006, 73, 15-26.

Posmanik, R.; Gross, A.; Nejidat, A. Effect of high ammonia loads emittedfrom
poultry-manure digestion on nitrification activity and nitrifier-community structure in a
compost biofilter. Ecol. Eng. 2014, 62, 140-147.

Poth, M.; Focht, D.D.*®N kinetic analysis of BD production byNitrosomonas

europaea: an examination of nitrifier denitrification. Appl. Environ. Microbiol. 1985,
49, 1134-1141.

27


usuario
Texto escrito a máquina
27


Quinlan, A. Prediction of the optimum pH for ammonia-n oxidatiorNityosomonas
europaea in well-aerated natural and domestic-waste waters. Water Res. 1984, 18, 561—
566.

Reginatto, V.; Teixeira, R.M., Pereira, F.; Schmidell, W.; Furigo, A. Jr.; Menes, R.;
Etchebehere, C.; Soares, H.M. Anaerobic ammonium oxidation in a bioreactor treating
slaughterhouse wastewater. Braz. J. Chem. Eng. 2005, 22, 593-600.

Saez, F.; Pozo, C.; Goémez, M.A.; Rodelas, B.; Gonzalez-Lépez, J. Growth and nitrite
and nitrous oxide accumulation of Paracoccus denitrificans ATCC 19367 in the

presence of selected pesticides. Environ. Toxicol. Chem. 2003, 22, 1993-1997.

Schmidt, I.; Bock, E. Anaerobic ammonia oxidation with nitrogen dioxide by
Nitrosomonas eutropha. Arch. Microbiol. 1997, 167, 106-111.

Schmidt, I.; Bock, E.; Jetten, M.S. Ammonia oxidationNbrosomonas eutropha with
NO(2) as oxidant is not inhibited by acetylene. Microbiol. 2001, 147, 2247—-2253.

Sinha, B.; Annachhatre, A.P. Partial nitrification—operational parameters and

microorganisms involved. Rev. Environ. Sci. Bio/Technol. 2006, 6, 285-313.

Sliekers, A.O.; Third, K.; Abma, W.; Kuenen, J.; Jetten, M.S. CANON and Anammox
in a gas-lift reactor. FEMS Microbiol. Lett. 2003, 218, 339-344.

Sri Shalini, S.; Joseph, K. Nitrogen management in landfill leachate: application of
SHARON, ANAMMOX and combined SHARON-ANAMMOX process. Waste
Manag. 2012, 32, 2385-2400.

Strous, M.; van Gueven, E.; Kuenen, J.G.; Jetten, M.S.M. Ammonia removal from

concentrated waste streams with the anaerobic ammonium oxidation (ANAMMOX)
process in different reactor configurations. Water Res. 1997, 31, 1955-1962.

28


usuario
Texto escrito a máquina
28


Tal, Y.; Watts, J. E.; Schreier, S.B.; Sowers, K.R.; Schreier, H.J. Characterization of the
microbial community and nitrogen transformation processes associated with moving
bed bioreactors in a closed recirculated mariculture system. Aquaculture 2003, 215,
187-202.

Tokutomi, T. Operation of a nitrite-type airlift reactor at low Dater Sci. Technol.

2004, 49(5-6), 81-88

Van Dongen, U.; Jetten, M.S.M.; Van Loosdecht, M.C.M. The SHARON-Anammox
process for treatment of ammonium rich wastewater. Water Sci. Technol. 2001, 44,
153-160.

Van Hulle, S.\W.H.; Van Den Broeck, S.; Maertens, J.; Villez, K.; Donckels, B.M.R.;
Schelstraete, G.; Volcke, E.I.P.; Vanrolleghem, P.A. Construction start-up and
operation of a continuously aerated laboratory-scale SHARON reactor in viewof
coupling with an Anammox reactor. Water SA. 2005, 31, 327-334.

Vazquez-Padin, J.R.; Fernandez, I.; Figueroa, M.; Mosquera-Corral, A.; Campos, J.L.;
Mendez, R. Applications of anammox based processes to treat anaerobic digester

supernatant at room temperature. Bioresour. Technol. 2009, 100, 2988-2994.

Vazquez-Padin, J.R.; Fernandez, I.; Morales, N.; Campos, J.L.; Mosquera-Corral, A.;
Mendez, R. Autotrophic nitrogen removal at low temperature. Water Sci. Technol.
2011, 63, 1282-1288.

Verlicchi, P.; Al Aukidy, M.; Zambello, E. Occurrence of pharmaceutical compounds in
urban wastewater: removal, mass load and environmental risk after a secondary
treatment-a review. Sci. Total Environ. 2012, 429, 123-155.

Villaverde, S. Nitrifying biofilm acclimation to free ammonia in submerged biofilters.
Start-up influence. Water Res. 2000, 34, 602—-610.

Waki, M.; Tokutomi, T.; Yokoyama, H.; Tanaka, Y. Nitrogen removal from animal

waste treatment water by ANAMMOX enrichment. Bioresour. Technol. 2007, 98,
2775-2780.

29


usuario
Texto escrito a máquina
29


Ward, B.B.; O'Mullan, G.D. Worldwide distribution of Nitrosococcageani, a marine
ammonia-oxidizing Gammaproteobacterium, detected by PCR and sequecing of 16S
rRNA and amoA genes. Appl. & Environ. Biol, 2002, 68, 4153-4157.

Watkinson. A.J.; Murby, E.J.; Costanzo, S.D. Removal of antibiotics in conventional
and advanced wastewater treatment: implications for environmental discharge and
wastewater recycling. Water Res. 2007, 41, 4164-4176.

Watson, S.W.; Graham, L.B.; Remsen, C.C.; Valois, F.W. A lobular, ammonia-
oxidizing  bacteriumNitrosolobus  multiformis  nov.gen.nov.sp.  Archiv  fur
Mikrobiologie. 1971, 76, 183-203.

Wei, D.; Du, B.; Xue, X.; Dai, P.; Zhang, J. Analysis of factors affecting the
performance of partial nitrification in a sequencing batch reactor. Appl. Microbiol.
Biotechnol. 2014, 98, 1863-1870.

Wik, T. Trickling filters and biofilm reactor modellingrev. Env. Sci. Biotecnol. 2003,
2(2-4), 193-212

Xu, G.; Xu, X.; Yang, F.; Liu, S.; Gao, Y. Partial nitrification adjusted by
hydroxylamine in aerobic granules under high DO and ambient temperature and
subsequent Anammox for low C/N wastewater treatment. CEgmg J. 2012, 213,
338-345.

Zehr, J.P.; Ward, B.B. Nitrogen cycling in the ocean: New perspectives on processes
and paradigms. Appl. Environ. Microbiol. 2002, 68, 1015-1024.

Zhang, D.; Zhang, D.M.; Liu, Y.P.; Cao, W.W.; Chen, G.X. Community analysis of

ammonia oxidizer in the oxygen-limited nitritation stage of OLAND system by DGGE
of PCR amplified 16S rDNA fragments by FISH. Journal Env. Sci. 2004, 16, 838—842.

30


usuario
Texto escrito a máquina
30


Zorita S.; Martensson, L.; Mathiasson L. Occurrence and removal of pharmaceuticals in
municipal sewage treatment system in the south of Sweden. Sci. Total Environ. 2009,
407, 2760-2770.

31


usuario
Texto escrito a máquina
31





Objectives

33


usuario
Texto escrito a máquina
33





Currently, one of the most important environmental problems is the discharge of urban
and industrial wastewaters. These waters contain a large amount of nitrogen and
represent a big risk of eutrophication in freshwater. This problem is caused by intense
population growth as well as an ever-widening range of industrial processes. Therefore,
in the last decade some autotrophic nitrogen removal technologies have been developed

for high-performance and low-cost nitrogen removal.

In this context, the main objective of this study was to evaluate the effect of several
different operating conditions on nitrogen removal efficiency and the microbial
population, in order to achieve the best performance for submerged-bed partial

nitritation.

Specifically, to achieve this primary objective, the following sub-objectives were

developed:

1. Conduct an overview of the partial nitritation process and its importance in

wastewater treatment technologies.

2. Evaluate the effect of HRT on a partial nitritation bioreactor constucted as a

submerged biofilter.

3. Study nitrifying communities in a partial nitritation biorreactor.

4. Evaluate the effect of different concentrations of antibiotic (ciprofloxacin) on the
partial-nitritation process and bacterial community structure of a submerged
biofilter.

5. Apply predictive mathematical models and multivariate analysis to

evaluate objectively the correlation between physicochemical parameters and

microbial communities in partial nitritation bioreactors.
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Abstract: In recent years, various technologies have been developed for the removal of nitrogen from wastewater, that is
rich in nitrogen but poor in organic carbon, such as the effluents from anaerobic digesters and from certain industries. These
technologies have resulted in several patents. The core of these technologies is some of the processes and patents

described in this paper: Aerobic denitrification, Sharon, Anammox, OLAND, CANON, NOy process, DEMON. More
specifically, one of the first innovative options described for removing nitrogen include partial nitrification under aerobic
conditions (partial Sharon process) followed by autotrophic anaerobic oxidation (Anammox process). The partial Sharon-
Anammox process can be performed under alternating oxic and anoxic conditions in the same bioreactor or in two steps in
two separate bioreactors. This overview focuses on the technical and biological aspects of these new types of treatment
system, and compares them to other technologies. Given the fact that nitrification is a sensitive process, special attention is
paid to conditions such as temperature, dissolved oxygen, hydraulic retention time, free ammonia, nitrous acid concen-
tration, and pH. A discussion of the pros and cons of such treatment systems is also included since autotrophic nitrogen
removal has advantages as well as drawbacks. The paper concludes with a discussion of future research that could im-

prove these systems by enhancing performance and reducing costs.

Keywords: Wastewater, sludge, biological nutrient removal, nitrogen removal, deammonification, sharon process,

partial ni-tritation/ anammox system.

1. INTRODUCTION

One of the most serious ecological problems in the world
today is the proliferation of wastewater. This problem is caused
by intense population growth as well as an ever-widening range
of industrial processes. Unfortunately, it is impossible to
determine the typical chemical composition of these wastes
because human activities vary so greatly throughout the world.
However, the presence of nitrogen in urban and industrial
wastewaters in the form of urine, syn-thetic nitrogen fertilizers,
and specific industrial pollutants is evidently a significant
environmental risk that must be eliminated before their discharge
into natural waters. Re-search has shown that wastewater
discharges containing high concentrations of nitrogen can be
toxic to aquatic life, as well as cause oxygen depletion and
eutrophication [1].

The aim of Council Directive 91/271/EEC concerning urban
wastewater treatment (see Table 1) is to “protect the
environment from any adverse affects due to discharge of
(untreated) urban and industrial waters”. The requirements for
discharges from domestic wastewater treatment plants (WWTPs)
into sensitive areas subject to eutrophication, as specified in
Directive 91/271/EEC, were subsequently amended by
Commission Directive 98/15/EC. This high-lights the fact that the
development of new biotechnological processes for water
management solutions is a high priority for stakeholders and
citizens. The selection of wastewater

*Address correspondence to this author at the Department of Civil Engi-
neering, University of Granada, 18071, Granada, Spain; Tel: / Fax: ????????
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treatment systems currently depends on various factors.
Be-cause biological nitrogen removal is considered more
effec-tive and is relatively inexpensive, it is generally
preferred to physicochemical processes [2].

In conventional WWTPs, nitrogen is often removed by
biological processes of nitrification and denitrification. Nitri-
fication involves the oxidation of ammonia to nitrite and the
subsequent oxidation of nitrite to nitrate under aerobic condi-
tions. The nitrate generated is then denitrified to nitrite in the
presence of an organic carbon source to dinitrogen [3]. The
advantages of this process are its high potential removal effi-
ciency, high process stability and reliability, relatively easy
control, and small space requirements [4]. However, the N cycle
and particularly nitrification-denitrification processes have been
recently re-evaluated see Fig. (1). The application of new
nitrogen-removal biotechnologies (i.e. partial Sharon-Anammox,
OLAND, and NOx processes) should also be regarded as
innovative and cost-efficient. This paper reviews these new
systems from a biological and technical viewpoint and compares
them.

2. CONVENTIONAL NITRIFICATION/ DENITRIFI-
CATION

Conventional WWTP nitrogen, which is normally am-monium
and organic substances, is removed by biological processes of
nitrification/denitrification (mainly in wastewa-ters rich in nitrogen
but poor in organic carbon) or by deni-trification/nitrification
(mainly in urban wastewaters). The fact that different conditions
are required for the bacteria
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Table 1. European Directive 91/271/EEC Requirements in Matter of Nutrients

. Minimum Percentage of Reference Method of
Parameter Concentration .
Reduction Measurement
2mg/L
Total Phosphorus (10,000-100,000 p.e) 80 Molecular Absorption Spectropho-
1mg/L tometry
(more than 100,000 p.e)
15mg/L
Total Nitrogen - (10,000-100,000 p.¢) * 70-80 Molecular Absorption Spectropho-
10mg/L tometry
(more than 100,000 p.e) s

Reduction in relation to the load of the influent.

*Total nitrogen means the sum of total Kjeldahl nitrogen (organic and ammoniacal nitrogen), nitrate-nitrogen and nitrite-nitrogen.

*These values for concentration are annual means as referred to in Annex I, paragraph D.4(c). However, the requirements for nitrogen may be checked
using daily averages when it is proved, in accordance with Annex |, paragraph D.1, that the same level of protection is obtained. In this case, the daily
average must not exceed 20 mg/l of total nitrogen for all the samples when the temperature from the effluent in the biological reactor is superior or equal
to 12°C. The con-ditions concerning temperature could be replaced by a limitation on the time of operation to take account of regional climatic conditions.

performing these biological processes means that
separate reactors must be designed for each process.

Most of these biological treatments involve a
combina-tion of two separate reactors under aerobic
and anoxic condi-tions. The integration of this biological
process is possible in two different configurations: pre-
denitrification and post-denitrification.

Pre-denitrication system is the combination of an anoxic
process followed by an aerobic process without addition of
organic carbon and with internal recirculation of treated ef-fluent,
in the other hand, the post-denitrification is an aero-bic-anoxic
process [5] without internal recirculation but with requirement of
external carbon source. Pre-denitrification is more frequently
applied, although post-denitrification can be used too as
alternative technology.

The best known bacteria that perform ammonia
oxidation are the following: (i) bacteria containing strains
of Nitroso-coccus oceanus and Nitrosococcus halophilus
in the _-proteobacteria [6]; (ii) bacteria composed of
species of Ni-trosomonas and Nitrosospira (which include
strains of _-proteobacteria) [7]. They are able to oxidize
ammonium to nitrite by using ammonium as an energy
source and oxygen as an electron acceptor.

In nitrite oxidation, the most common genera are Nitro-bacter,
Nitrospira, Nitrococcus and Nitrospina [8]. During this stage,
nitrite is converted to nitrate by using nitrite as an energy source
and oxygen as an electron acceptor. In the nitrification process,
carbon dioxide is the carbon source because it is an autotrophic
process. The conversion of am-monium to nitrite and the
subsequent oxidation of nitrite to nitrate are reflected in the
following formulas [9, 10]:

NH4 +1_ Oy +2HCO3 NOy +2 COj + 3 HpO

nitritation NO2 + _O» NO3 nitratation

In nitritation, 7.07 mg of CaCOg3 is required per mg of
ammonia nitrogen oxidized. The pH of the bioreactor de-
creases during the nitrification process when the alkalinity in
the wastewater approaches depletion because of the nitrite
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produced. If the bioreactor is not buffered to maintain a
pH higher than 7.0, the process is not as effective.

In the second step, nitrate is reduced to gaseous dinitro-gen
by heterotrophic microorganisms (denitrification reac-tion) under
anaerobic conditions. In this process, the carbon and energy
source is organic matter, and nitrate is the final electron
acceptor. The most common denitrifying bacteria are
Pseudomonas, Alcaligenes (Gram-negative) and Bacillus
(Gram-positive) [11]. A few halophilic Archaea (such as
Halobacterium) are also able to denitrify [12]. This
denitrifi-cation process is represented by the following
formula [9, 10]:

5C+2H0+4N0O3 2Njy+4HCO3 + CO» Denitrification

An efficient anoxic denitrification demands a variety of
electron donors, such as ethanol, acetate, methanol, lactate,
or glucose [10]. In this context, methanol (CH3OH) is the
compound most frequently used. Its popularity is due to the
fact that it is relatively inexpensive [13].

Finally, in conventional nitrification-denitrification tech-nology,
the nitrification process needs significant amounts of oxygen,
whereas the denitrification process requires the ad-
dition of an external source of carbon. Thus, this system de-
mands considerable resources namely, 4.57g O g N and

approximately 4 g COD g N [14]. Obviously, this i mcreases
the costs of the technology.

3. AEROBIC DENITRIFICATION

In consonance with the conventional concept of nitrogen
removal, nitrification requires the presence of oxygen whereas
denitrification must take place in anoxic conditions. However,
according to Zumft [12] with certain exceptions, denitrification
need not obligatorily occur in anaerobic condi-tions. Some of the
first denitrifying bacteria observed under aerobic conditions were
Thiomicrospira denitrificans in a wastewater treatment pilot plant
[15] and Paracoccus deni-trificans [16].  Afterwards
Pseudomonas stutzeri was discov-ered, when researchers
observed that it was able to reduce nitrate to gaseous dinitrogen
under aerobic conditions [17].
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Fig. (1). Nitrogen cycle according to Van Loosdrecht [4]. (a) Classical N-cycle, (b) Sharon process, (c) Nitrosomonas aerobic denitrification or
aerobic deammonification, (d) Nitrosomonas denitrification, (€) anaerobic ammonium oxidation and (f) overall nitrogen web.
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Aerobic denitrification has been described in wastewater
treatment technologies, such as full-scale continuous proc-esses
[18], submerged biofilter [19] and bench-scale se-quencing batch
reactor (SBR) systems [20]. In this context, aerobic denitrification
may have several advantages over the previously described
nitrification/denitrification ~ processes. In this technology,
nitrification and denitrification can be performed in one
bioreactor, and a second (anoxic) tank is thus not required
because nitrification/denitrification occur simultaneously under
the same conditions. Obviously, this saves money in the
construction of WWTPs. Moreover, since working conditions are
constant in this system, the process is easier to control.

Finally, phytoremediation technologies has been applied to
nitrogen removal. In this context different authors [21] has
reported the importance of this biotechnology as an alterna-tive
system to the conventional nitrogen removal systems.
Phytoremediation can be considered as a low cost technol-ogy
useful for urban wastewater treatment in small towns. Moreover
this technology is able to reduced the concentra-tion of nitrogen
in values up to 80% [21].

4. AUTOTROPHIC NITROGEN REMOVAL SYS-
TEMS

4.1. SHARON Process

The patented SHARON process [22] (Single reactor
sys-tem for High-activity Ammonia Removal Over Nitrite)
is described in detail by Hellinga et al. [23]. This
technological process was developed for the removal of
ammonia via the so-called “nitrite route” [24]. Accordingly,
this system in-volves the oxidation of ammonia to gaseous
dinitrogen by using nitrite as an electron donor without the
need for high concentrations of organic matter [25]. For
these reasons, it was designed to reduce the
concentration of rich streams in ammonium. The Sharon
process is described by the follow-ing formula [4, 26]:

2NH4 +3 022 N0, +2COy+ 4 HyO +4H' Nitritation 2
NO, + 4.8 g COD + 2 H' Ny + 1.8g sludge Denitritation

WWTPs using the Sharon process have lower exploita-
tion costs than conventional WWTPs that use nitrifica-
tion/denitrification technologies. In fact, studies have shown
that the Sharon process significantly reduces the organic
matter (40%) and oxygen (25%) needed for ammonia re-
moval as compared to traditional nitrification/denitrification
processes [27]. The Sharon process uses a single bioreactor
in which it combines a partial nitrification under aerobic
conditions followed by a conventional denitrification under
anaerobic conditions. In order to obtain a partial nitrification in
the Sharon process, it is necessary to bear in mind that
nitrite-oxidizing bacteria are more sensitive than ammonium-
oxidizing bacteria to different environmental parameters, such
as pH, dissolved oxygen concentration, free ammonia (FA,
NH3), free nitrous acid (FNA, HNO ») concentration,
temperature, and hydraulic retention time (HRT). Conse-
quently, an effective application of this biotechnological
process requires a strict control of these parameters in order
to obtain a high efficiency in ammonia removal.
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Studies have reported temperatures of 30-40 °C
that stimulate the growth of ammonia-oxidizing bacteria
[28]. However, under such conditions, the cell growth
and bio-logical activity of nitrite-oxidizing bacteria are
strongly in-hibited. Consequently, even though these
temperature ranges facilitate the partial nitrification
process, they prevent or at least significantly reduce
the transformation of nitrite to ni-trate.

Free ammonia (NH3) and free nitrous acid (HNO2) con-
centrations have a strong influence since these uncharged
nitrogen forms are the actual substrate/inhibitor for ammo-
nium and nitrite oxidation instead of ammonium (NH4+) and

nitrite (NO2 ) [29]. This had been confirmed by Van Hulle et
al. [30] for ammonium oxidizers that are active in a Sharon

reactor [31]. Regarding inhibition, NH3 is the main inhibitor of

nitrification at a high pH (>8), whereas HNO> is the main
inhibitor at a low pH (<7.5). Recently, Hawkins et al. [8] state
that free ammonia has only a limited impact on the in-hibition
of nitrite oxidation. They found that pH changes and
ammonia oxidizing activity had the greatest influence on
nitrite-oxidizing activity.

Hydraulic retention time (HRT) is a working parameter that
affects the performance of a Sharon bioreactor as dem-onstrated
by Dijkman [32]. Research has shown that by ad-justing the
HRT, the ammonium-oxidizing bacteria are re-tained in the
bioreactor whereas the nitrite-oxidizing bacteria are washed
away [33]. It is relatively simple to limit the sludge retention time
in such a way that ammonium is oxi-dized to nitrite, but is not
oxidized to nitrate.

The overall optimum pH for nitrifying bacteria is 7-8. In
this sense, the pH must be kept at near optimum values
be-cause this directly affects the process [30]. When the
pH is lower than 6.5, the nitrification rate decreases since

carbon limitations because of CO2 stripping occur [34].
Therefore the bioreactors must be buffered because this
parameter in the Sharon system decreases during the
partial nitrification process. This can be prevented by
adding alkaline chemicals such as carbonate or
bicarbonate to keep the pH value above 6.5.

Philips et al. [35] highlight the importance of the dis-
solved oxygen (DO) concentration for nitrifying bacteria.
More specifically, when there is a low oxygen concentration,
the activity of ammonium oxidizers remains constant, but
nitrite oxidizers are inhibited. This biological effect is due to
the higher oxygen affinity of ammonium-oxidizing microbi-ota
in comparison to nitrite-oxidizing bacteria [36]. In con-clusion,
an oxygen deficiency in the Sharon process stem-ming from
low dissolved oxygen concentrations can affect the activity of
nitrite oxidizers more significantly than that of ammonium
oxidizers [35]. Consequently it is important to maintain the

DO below 2.5 mg O2/L in order to optimize the partial
nitrification process.

The most common bacteria in a Sharon process
that are able to transform ammonium into nitrite
(ammonium oxidiz-ers) are Nitrosomonas europaea
[37], Nitrosomonas eutro-pha [38], and Nitrosospira sp.

This system has been tested in many full-scale plants all
over the world. Examples of Sharon WWTPs can be found
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in Zwolle, Rotterdam, Den Haag (all in the Netherlands)
and New York (USA) [38]. This is indicative of the
viability of this process.

4.2. Anaerobic Ammonium Oxidation (Anammox)

Traditional WWTPs using conventional nitrification-
denitrification processes, generate ammonium-rich side-
streams. These streams are basically produced during the
anaerobic digestion of the sludges (digestion supernatant).

These supernatants have been found.3 to possess a nitrogen
concentration greater than 2 kg N m [40]. Generally speak-
ing, these supernatants are recirculated in the WWTP, which
increases the total nitrogen in the plants by 20% [41]. How-
ever, as is well-known, high concentrations of ammonia can
be toxic for nitrifying bacteria [42]. Consequently, the de-
velopment of new systems for the treatment of these digester
supernatants is evidently regarded as useful technology.

In the 1970s, Broda [43] predicted that the anaerobic
ammonium oxidation (Anammox) process was possible
when based on thermodynamic calculations. Twenty
years later, in a fluidized bed bioreactor, Mulder et al. [44]
ob-served the disappearance of ammonium with the
removal of nitrate along with a corresponding increase in
gaseous dini-trogen. In this system, ammonium is
converted to dinitrogen gas under anaerobic conditions
with nitrite as the electron acceptor [45].

The Anammox process [46] is a low- cost option for re-
moving nitrogen from wastewater rich in nitrogen but poor in
organic matter. The main bacteria that perform the Anammox
process are phylum Planctomycetales [47]. Cur-rently, four
genera of Anammox bacteria have been defined:

Brocadia, Kuenenia, Scalindua and Anammoxoglobus
(see Table 2).

Today it is well known that the Anammox process occurs
naturally in many different habitats all over the world, such as
oceans, lakes, and soil [56]. In addition, this biological process
has been reported in anaerobic digesters used in wastewater
treatments [57]. Jetten [58] found that Anammox bacteria have a
very slow growth rate. Thus, for an optimal performance in the
Anammox process, a sludge reactor must

be activated for a time period longer than 100 days
[28]. This is evidently one of the principal
disadvantages of this sys-tem. The Anammox process
is represented by the following formula [25]:

NH4+ + 1.32 NO2 + 0.066 HCO3z 1.02 N» + 0.26
NO3z + 0.066 CH20g5Ng 15 + 2.03 HoO

During the Anammox biological process, dinitrogen
and nitrate are produced at concentrations of 90% and
10%, re-spectively. The overall nitrogen balance has an
ammonium-to-nitrite conversion ratio of 1:1.32, and a
nitrite conversion to nitrate production ratio of 1:0.22 [59].

Several studies have reported that the Anammox
process can be influenced by different environmental
factors [2, 60]. For example, the ammonium-nitrite mixture
must be com-posed of 50% ammonium and 50% nitrite.
Moreover, pa-rameters, such as temperature, DO, pH,
and organic carbon, should be strictly controlled. Strous et
al. [60] demonstrated that the Anammox process requires
anoxic conditions be-cause Anammox bacteria are strictly
anaerobic. Conse-quently, they are inhibited by dissolved
oxygen. However, inhibition produced by high oxygen
concentrations can be reversible [61].

The optimum pH for the growth of the Anammox
bacte-ria is between 6.7 and 8.3 [62], whereas the
optimum temperature range is 30-40 °C and the Oo»-
concentration being kept between 0.2 mg/l and 0.4 mg/l
[63]. However, certain Anammox bioreactors are actually
able to operate at 20 °C with satisfactory results [64].

The Anammox process is designed to treat streams with a
low carbon/nitrogen ratio and a high ammonia concentration,
such as the supernatants from anaerobic digesters or the ef-
fluents of certain industries. In these streams, the heterotro-phic
denitrifying populations are inhibited because they need high
concentrations of organic matter. However, autotrophic
Anammox bacteria that do not require organic carbon can grow,
and consequently their populations can be increased [46].
Furthermore, research [65, 66] has shown that organic matter
has a negative impact on the Anammox process be-cause it
cannot compete for nitrite with the heterotrophic denitrifying
populations.

Table 2. Microbial Biodiversity of Autotrophic Denitrifying and Anaerobic Ammonium Oxidation (Annamox) Bacterial Species

Genus Species Source Reference

Brocadia anammoxidans Wastewater [48]

Brocadia
Brocadia fulgida Wastewater [49]
Scalindua brodae Wastewater [50]
Scalindua wagneri Wastewater [50]

Scalindua
Scalindua sorokinii Marine water [51]
Scalindua Arabica Marine water [52]
Kuenenia Candidatus Kuenenia stuttgartiensis Wastewater [53]
Anammoxoglobus Anammoxoglobus propionicus Wastewater [54]
Jettenia Jettenia asiatica Not reported [55]
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4.3. Combined Partial Sharon/Anammox Process in
Two Bioreactors

The partial Sharon/Anammox process removes
nitrogen in two steps. The Anammox process requires a
nitrite-ammonium  mixture to obtain an optimal
performance. For this reason, this system has to be
preceded by a partial Sharon (partial nitrification). This
combined process makes the technology more flexible
and is conducive to a more sta-ble performance of the
system since each step can be con-trolled separately [67].

The partial Sharon can be regarded as a modification
of the traditional Sharon, which transforms 100% of the
ammo-nium into nitrite. In contrast, the partial Sharon
process, as its name implies, involves a partial nitritation,
and only transforms 50% of the ammonium into nitrite.
Although in an effective Anammox process, the optimum
ratio of ammo-nium-nitrite should be 1:1.32 [68], in
combined partial Sharon-Anammox systems, the ratio is
closer to 1:1 to pre-vent the inhibition of ammonia-
oxidizing bacteria by the nitrite. Under these conditions,
Van Dongen et al. [28] tested a partial Sharon-Anammox
process for the treatment of am-monium-rich wastewaters,
and obtained excellent results. The following formula
designates the partial Sharon/ Anammox process:

NHs" + _Op + HCO3 _ NH4 + _NO; + COp + 1_
H>0 partial Sharon (bioreactor 1)

NH4+ +1.32 NO2 +0.066 HCO3 1.02 N2 + 0.26 NO3 +
0.066 CH200 5Np.15 + 2.03 H2O Anammox (bioreactor 2)

The partial Sharon process is most effective when pa-
rameters, such as temperature, pH, DO, and HRT, are strictly
controlled. Temperatures of approximately 35 °C and pH values
of 7.0-8.0 have proven to be the most favorable envi-ronmental
conditions for this biological process [2, 31]. When pH values are
lower than 6.0, there is an increase in the concentration of free
ammonia and nitrous acid, and this has an inhibitory effect on the
ammonium-oxidizing bacteria [69]. According to Peng and Zhu
[70], an optimum partial nitritation will only occur when factors
other than free am-monia and free nitrous acid are regulated. For
this reason, pH values in the partial Sharon process must be kept
above 6.5.

As previously stated, the DO concentration significantly
affects the biological activity of the nitrifying bacteria. As a
result, higher oxygen concentrations (up to 3.0 mg Oz /L)
have a positive impact on the growth of nitrite oxidizers. It
is thus crucial to maintain the DO below 2.5 mg O3 /L in
order to inhibit the growth of nitrite-oxidizing microbiota
and stimulate the growth of ammonia-oxidizing bacteria.

The HRT is one of the most important working parame-ters
affecting partial nitrification. In fact, research has shown that the
optimal HRT for partial nitritation is approximately one day [4, 28,
33]. However, the hydraulic retention time must change in order
to vary the influent load. Moreover, anaerobic ammonium
oxidation can be performed in the anammox bioreactor with the
ammonium-nitrite mixture (50% ammonium-50% nitrite) in anoxic
conditions

This technology transforms roughly 90% of the ammo-nium
into dinitrogen and 10% of the ammonium into nitrate.
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The main advantage of this system is that it is a low-cost
system for nitrogen removal. According to Fux [71], the overall
cost is 25 per kg of nitrogen removed for partial
nitritification/anammox, and 3.0—4.0_ per kg of nitrogen removed
for the nitrification/denitrification alternative. The partial
Sharon/Anammox process is even more economical for the
following reasons: (i) aeration only requires 50% of the nitrite
[72]; (i) no external carbon source (autotrophic process) is
needed. Nevertheless, the fact that two bioreac-tors are required
raises construction costs [69].

4.4, A Combined Partial Sharon/Anammox Process
in a Single Bioreactor

A combined partial Sharon/Anammox process in a single
bioreactor has a higher nitrogen removal rate and lower con-
struction costs [73]. This system is characterized by the co-
existence of aerobic and anaerobic ammonium-oxidizing bacteria
with alternating aerobic and anaerobic conditions or with a
limited oxygen supply in order to avoid the combined process.
Some examples of this technology are described in the sections
that follow.

4.4.1. OLAND Process

The OLAND process (Oxygen Limited Autotrophic
Ni-trification and Denitrification) [74] is a biotechnology
where the ammonia-oxidizing bacteria are able to
convert ammo-nium into gaseous dinitrogen [75]. ).
The OLAND system transforms the ammonium to
nitrite as shown in the follow-ing formula [76]:

NHs + Op+HCOs NH4 + NO +COp+
H™ NHs + NO2 _ Np+2Hy0
NHs +_02 _Np+H +1_Hp0

This system can be constructed with one or two reactors. A
rotating biological contactor (RBC) reactor is generally used in a
one-stage system, in which partial nitrification and Anammox
simultaneously take place in one reactor under limited oxygen
conditions [77]. Alternatively, in a two-stage system, a
membrane-assisted bioreactor (MBR) is used in which partial
nitrification and Anammox take place in sepa-rate reactors [73].
One of the main advantages of OLAND is that it operates under
low temperature conditions (22~30 °C).

The environmental conditions of the OLAND process
produce a growth inhibition of the nitrite- oxidizing microbi-
ota and a stimulation of the ammonia oxidizer. Research
has thus confirmed the presence of anaerobic ammonium
oxidiz-ers (40%) and aerobic ammonia oxidizers (45%) in
OLAND bioreactors [78]. The generally low performance
of this sys-tem is regarded as the main disadvantage of
the OLAND process, In Sliekers [78], the nitroagerl removal
rate in an SBR system was only 0.064 kgNm~— d—.

4.4.2. CANON Process

The CANON process (Completely Autotrophic
Nitrogen removal Over Nitrite) [79] is a new system where
a co-culture of aerobic and anaerobic ammonium-
oxidizing bacte-ria can be performed under oxygen-limited
conditions (< 0.5 % air saturation) [80]. The Canon
process is described by the following formula [81]:
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NH3 + 0.8505 0.11 NO3 +0.44 Np + 0.14 H' + 1.43 H0

This biotechnology is thus based on the concept of simul-
taneous nitrification and denitrification (SND) in a single
reactor vessel at constant operating conditions [82, 83, 84].
The simultaneous nitrification and denitrification process is
possible because the ammonium oxidizers are able to
convert ammonia into nitrite, consume oxygen, and create
the anoxic conditions required by the Anammox process. This
system had been described [85] as an economic and efficient
option for wastewater treatment wigh a lmaximal nitrogen
removal rate of 0.075-1.5 kgNm™ d~ and an overall
optimum tem-perature of 30-35 _C.

In regards to the Canon process, Schmidt el al. [86] as-
sessed the harmonious and balanced interaction between
Nitrosomonas (ammonium oxidizers) and Brocadia anam-
moxidans (anammox bacteria). The nitrite requirement for
Brocadia is supplied by Nitrosomonas in the oxic-anoxic
biofilm interface. Even though ammonium is the substrate
of these bacteria, cooperation between ammonium
oxidizers and anammox bacteria is possible. In the Canon
bioreactor, the ammonium oxidizers (Nitrosomonas) limit
the Anammox process due to the fact that they prevent
the diffusion of oxygen into the deeper layers, and also
supply nitrite to the Anammox bacteria [87].

4.4.3. NOx Process

In the 1980s, Poth and Focht [37] found that Nitroso-
monas strains were able to obtain energy during nitrification
or during aerobic and anaerobic ammonia oxidation by using
hydrogen or organic compounds as electron donors. A dec-
ade later, in the 1990s, research showed that nitrogen
dioxide (NO) could be used by Nitrosomonas to produce
anaerobic ammonia oxidation [88].

The NOXx process is a nitrogen removal biotechnology
that involves the control and stimulation of denitrification
activity of Nitrosomonas strains by adding nitrogen oxides
[89, 90]. Obviously, this biological process can be applied
to wastewater treatments since Nitrosomonas consume
ammo-nium and NO» with a ratio of 1:1 [88]. The NOx
process can be described by the following formula [91]:

3NH4 +302N2+NOy +4H +4
HoO NOp~ + H' +3[H] _ Ny + 2 Hp0

The performance of this NOx system is about 67%.
However, it should be wunderlined that in this
biotechnology, the nitrification process is more efficient
than the denitrifica-tion process [89].

4.4.4, DEMON Process

The term aerobic/anoxic deammonification or DEMON was
first used when significant losses of inorganic nitrogen of up to
90% were observed in the nitrification step of a ro-tating
biological contactor (RBC) treating ammonium-rich landfill
leachate under low oxygen Conditions. This Deam-monification
process consists in two subsequent processes, a partial
nitritation of ammonia and the subsequent anaerobic oxidation of
the residual ammonia by nitrite to nitrogen gas [92], according to
the following formula:

NHs" + 1.5 O NO 2 + Ho0 + 2 H' Partial nitritation
(55-60% of ammonium to nitrite)

a7

NH4Jr +NO2 Ny + 2 H,O Anammox (nitrogen removal)

Both process steps are catalysed by different consortia
of organisms. Such as, a population of aerobic autotrophic
am-monia oxidizers and a consortium of anaerobic
autotrophic ammonia oxidizers, DEMON process achieves
better treatment than existing conventional technologies,
is more energy efficient and No carbon dosage is required
due to the autotrophic nature of the process. Currently full-
scale plants are in operation in for example Strass
(Austria) and Zurich (Switzerland). The plant in Strass
treats the wastewater of 200,000 population equivalents,
and is equipped with a 500m3 sequencing batch reactor
(SBR) for deammonifica-tion of reject-water originating
from digested sludge dewa-tering [93].

5. COMPARISON OF THE DIFFERENT SYSTEMS

The comparison of these processes is given in Table 3. This
table shows that traditional nitrogen removal processes
(conventional nitrification/denitrification) perform well, but have a
very high cost in comparison to autotrophic nitrogen removal
systems. For this reason, anaerobic ammonium oxi-dation is
regarded as a new and promising option for waste-water
treatment [46], especially for treatment of ammonium-rich
sidestreams from anaerobic digesters. Biotechnologies coupled
with partial nitritation processes have several advan-tages such
as a reduction in the oxygen and chemical re-quirements, a lower
nitrite and nitrate production, addition of organic compounds as a
carbon source, and a low sludge production. In this sense, Fux
[97] state that the overall costs for the combined partial
nitritation/Anammox process are 1.4 times lower than for the
traditional nitrification/ denitrifica-tion process.

The main disadvantage of the anaerobic ammonium
oxi-dation system is its long start-up time caused by the
slow growth rate of anammox bacteria. To mitigate this
problem, different laboratory cultures of anammox
microorganisms can be re-used to inoculate the
bioreactor because the accu-mulation of a sufficiently
large anammox biomass is needed for a faster start-up.

The Canon process has a nitrogen removal rate that is much
lower than the Anammox process, but even so, it can be
regarded as a low-cost and efficient biotechnology. Nev-
ertheless, only a few researchers have studied this process
because of the complexity of the system [79, 80, 85]. The
OLAND system does not require a direct supply of nitrite, and
can directly treat ammonium-rich wastewater. Neverthe-less,
system capacity is not as yet sufficiently high, and needs to be
improved.

Finally the DEMON process has been implemented in
a full scale plant, for example in Strass (Austria), with
start-up problems, such as, low growth rate and hard
control of the process, however when the sludge reactor
are activate (50 days approximately) the bioreactor can
be regarded as an optimal nitrogen removal technology

6. CURRENT & FUTURE DEVELOPMENTS

Nitrogen compounds can be removed from urban and
industrial waters by a variety of physicochemical and bio-
logical processes. The biotechnological processes for
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Table 3. Comparison of Different Nitrogen Removal Systems According to [13,91,94,95,96]

Gonzélez-Martinez et al. _

Traditional Nirif - Sharon Partial Sharon / OLAND CANON DEMON
cation/ Denitrifica-
tion Process Anammox Process Process Process Process
Number of bioreac- 9 1 1(or2) 1(0r2) 1 1
tors
Denitrifying or Anammox Anam-
Inocula Activated sludge Activated sludge g . Nitrifying bacteria | (80%)+ Nitrifier mox50%-+
Anammox bacteria o
(20% ) nitrifier 50%
Oxygen conditions Oxic/anoxic Oxic/anoxic Oxic/anoxic Oxygen limited Oxygen limited OXyigtzz fim-
DiSSOIV_Ed oxygen High Medium Low Low Low Very low
requirement
(g 02/g N) 457 343 171 1.94 1.90 0.3
Alkalinity
7.14 7.14 3.57 3.75 3.75 3,75
(g CaCO3/g N)
Performance (Nitro- 95 9% 90 85 % 9%
gen removal) (%)
) - ) Suspension/ Suspension/ Biofilm/ . L -
Bacterial growth Biofilm/ Suspension Y p ! I uspensi ot Biofilm Biofilm Biofilm
Biofilm Granules
COD requirement Yes Yes No No No No
Energetic requirement High Low Very Low Low Low Very low
Sludge production High Low Very Low Very Low Very Low Very low
Construction Cost High Low Low Very Low Very Low Very low
N|trogeCnO§moval High Medium Very Low Very Low Very Low Very low
Planctomycetales
. such as
Aerobic NH4 ) Planctomy-
) . Scalindua brodae,
NH4 and NO2 oxi- oxidizers, ) ; L Planctomycetales cetales and
) ) ) Wagneri and soroki- | Autotrophic nitri- ) )
Types of Bacteria dizers, Heterptrophlc N. eutropha gnd nii Brocadia anam- fiers and‘Aerobllc ‘am— Aerob{c am-
bacteria Heterotrqphlc moxidans, monium oxidizers mgr?lum
bacteria and Kuenenia stutt- oxidizers
gartiensis

nitrogen removal are more effective and relatively less ex-
pensive than physicochemical systems. However, the cost
of nitrogen removal has progressively increased over the
years given the fact that traditional WWTPs based on
conventional nitrification/denitrification processes require
significant amounts of energy and organic matter. Thus,
alternative bio-technologies for nitrogen removal with
sustainable, and envi-ronmentally-friendly processes are
urgently needed. In this context, recent scientific
advances have focused on basic biological and
technological studies that can be applied in this field.

One of the most promising alternatives to conventional
nitrification/denitrification processes is the application of
innovative technologies based on autotrophic microorgan-isms,
such as anammox microbiota. However, little is known about the
habitat, nutritional requirements, metabolic activ-
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ity, and physiological characteristics of this microbial
group. Similarly, the genetic characteristics of these
microorgan-isms are still somewhat of a mystery and in
urgent need of further research.

New nitrogen removal options such as Sharon, Anam-mox,
CANON, OLAND and NOx are microbial technolo-gies that have
a better performance as well as a lower cost than conventional
nitrification/denitrification ~ systems. How-ever, the main
drawbacks of these systems are their slow start-up and the
general lack of scientific knowledge about how they work.
Therefore, future research should be carried out with a view to
discovering faster start-up methods and sustainable operational
control methods to reduce the cost and enhance the
performance of autotrophic systems. Moreover, this new
approach to nitrogen removal must be economically competitive
and technically viable. Evidently,
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as described in this paper, more scientific knowledge about these
microbial processes is necessary so that these tech-nologies can
be widely applied in the near future.
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ABBREVIATIONS

SHARON = Single high ammonia removal over nitrite

ANAMMOX = Anaerobic Ammonium oxidation

EU = European Union

WWTP = Wastewater treatment plant

FA = Free ammonia demand

HRT = Hydraulic retention time

OLAND = Oxygen Limited Autotrophic Nitrification
and Denitrification

CANON = Completely Autotrophic Nitrogen removal
Over Nitrite

SBR = Sequencing batch reactor

DO = Dissolved oxygen

MBR = Membrane-assisted bioreactor

SND = Simultaneous nitrification and denitrifica-
tion
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Abstract This study was on the technical and biologicaKeywords SHARON process Partial nitrification
characteristics of a partia-SHARON submerged-filteHydraulic retention time (HRT) Wastewater treatment
bioreactor of 3 L. The main focus was the influence of th8ubmerged biofilter Nitrogen removal

hydraulic retention time (HRT) on biofilms. For this pur-

pose, we used molecular tools based on the partial 16S

rRNA genes. The results showed that the HRT may affebttroduction

the nitrification processes of a bioreactor using synthetic

wastewater containing 600 mg/L of ammonia. It was founth the last 10 years, soaring population levels as well as a
that an HRT of 0.5 day transformed 100 % of the ammaorresponding growth in industrial activity have led to
nium into nitrite. However, when the HRT was decreasemcreased amounts of wastewater in densely populated
to 0.4 day, there was a significant reduction (35 %) in thareas. This surfeit of waste is having an extremely negative
quantity of ammonia transformed, which confirmed thémpact on the environment. For example, high concentra-
complexity of the system operation. Moreover, a PCRions of nitrogen, one of the main compounds in wastewater,
TGGE approach highlighted the differences observed. Thruse serious environmental problems such as oxygen
results obtained showed that an HRT of 0.5 day reduceldpletion and eutrophicatiod][ The EU Water Framework
bacterial biodiversity in the biofilms, which were mainlyDirective 91/271/EEC clearly requires EU member states to
formed by Nitrosomonas and Diaphorobacter. In contragprotect the environment from any adverse effects due to the
an HRT of 0.4 day facilitated the formation of heterogedischarge of (untreated) urban and industrial waters. In this
neous biofilms formed by nitrifying bacteria, such asontext, new technologies, such as the partial-SHARON/
Nitrosomonas sp., Nitrosospira sp., and Nitrosovibrio sp.JAnammox process, provide a cost-effective way reatt
highly contaminated effluent| 2]. This combined process

is an excellent alternative to conventional nitrification-
denitrification processes since it reduces the organic matter
(40 %) and oxygen (25 %) required for ammonia removal
in comparison to more conventional technologis |

A. GonZdez-Marinez E. Hontoria F. Osori&)

Department of Civil Engineering, University of Granada, In order to fully understand the biodiversity of biological
Campus de Fuentenueva, s/n, 18071 Granada, Spain wastewater treatments, it is first necessary to identify the
e-mail: fosorio@ugr.es microbiota present and analyze their numerical significance.
A. GonZdez-Marfnez K. Caldémn E.Hontoria Culture-dependent methotave sometimes beeegardedhs

J. GonZAlez-Lopez |. M. Guisado F. Osorio inadequate for the analysis of microbial communities in nat-
Institute of Water Research, University of Granada, ural environments because of the high numbers of uncultur-
Granada, Spain able bacteria. Furthermore, in recent years, molecular
A. Albuquerque methods, based on the sequencing of PCR-amplified the
Department of Civil Engineering and Architecture, partial 16S rRNA genes from DNA extracted from environ-
University of Beira Interior, Covilha, Portugal mental samples, have been widely used to reveal intrinsic
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genetic biodiversity4]. In particular, denaturing gradient gel monitored every 24 h in order to verify that they remained

electrophoresis (DGGE) and temperature gradient gel elestable. Four 15-cm air diffusers at the bottom of the vessel

trophoresis (TGGE) approaches yield large quantities of datapplied oxygen from an air pump to ensure that the

regarding the diversity of microorganisms in their ndturaoxygen concentration in the bioreactor was maintained at

habitats. This has the advantage of permitting the taxononficmg/L. All of the experimental work was performed at a

classification of community memberg[5 pH of 7.5 and a temperature of 35 11,[12], thanks to an
The single reactor system for high-activity ammonisadjustable thermostat.

removal over nitrite (SHARON) process was described in

detail by Hellinga et al.6], who proposed the partial Inoculation of the pilot plant

SHARON technology. The partial-SHARON process is a

modification of the traditional SHARON process, in which The partial-SHARON bioreactor was inoculated with

100 % of the ammonium is converted into nitrite. In contrastnixed liquor from an aerobic reactor located in the Los

the partial-SHARON process, as its name implies, consists ¥ados urban wastewater treatment plant (Granada, Spain).

a partial nitritation. More specifically, only 50 % of theThe mixed liquor was recirculated for 3 days until a bio-

ammonium iconvertedo nitrite. Thisprocess wadeveloped film formed on the surface of the plastic carriers used in the

for the elimination of ammonium by the “nitrite route”][7 construction of the submerged biofilter. After inoculation,

When the partial-SHARON process is used in combinatiogynthetic wastewater was fed into the bioreactor.

with the Anammox process, nitrogen removal takes place in

two steps. According to Van Dongen et 8], fhe Anammox  Synthetic wastewater

process achieves an optimal performance with an ammo-

nium-nitrite mixture of 50 % ammonium and 50 %ritét  The synthetic wastewateR][used in our study simulated

For this reason, the Anammox process has to be preceded ltgealeachate from an anaerobic digester, since it contained a

partial-SHARON process involving a partial nitrification. ~ high concentration of ammonium and was low in organic
Molecular techniques have been used to provide matter (see Tablg).

broader vision of the different biotechnological systems in To preparghesynthetic wastewate?4 L of distilled water

wastewater treatment as shown in recent studies (4., [ was poured inside the 60-L tank along with the exact quantity

These techniques have been used to obtain a wide rangefithe chemicatompoundshat madeipthesyntheticsewage

data regarding microbiota in their habitats. In fact, theynedium. All components were then mixed and dissolved.

facilitate the study of non-cultivable bacteria by specifyind’he influent was continuously fed into the bioreactor by a

the microbial populations that carry out these processeeristaltic pump (Watson Marlow s-520) that pumped the

[9, 10]. For this reason, this research analyzed the fobynthetic wastewater at different flow rates.

lowing: (1) the hydraulic retention time (HRT) in a partial-

SHARON reactor in which submerged filters were used tBhysico-chemical parameters

remove nitrogen; (2) the effect of the HRT on the structure

of the bacterial community. In our study, molecular fin-The physico-chemical parameters analyzed in our study

gerprinting tools (PCR-TGGE) and scanning electromvere the following: pH, dissolved oxygen concentration,

microscope (SEM) were used to evaluate the structure wfmperature, and nitrogen concentration in its various

the bacterial community.

Materialsand method

The SHARON bioreactor: bench-scale plant

The bench-scale plant used in our experiments consisted
a plastic SHARON bioreactor with a volume of 3 L. It was
constructed as a submerged biofilter with PVC carriers 1 2
(BioFlow 9). A schematic diagram of the experimental
plant is shown in Figl. The bioreactor received synthetic

wastewater 2] from a peristaltic pump, and was operated_:ig- 1 Diag_ram of the pilot-s_cale partia-SHARON biqreat_:tor used
in continuous flow in the experiments. 1 Synthetic wastewater tank; 2 peristaltic pump; 3
. ) .. . . . oxygen diffusers (porous plates); 4 air pump; 5 thermostat; 6 tank of
The operating conditions in the bioreactor (i.e., HRTna0H 0.1 M for pH control; 7 tank of80, 0.1 M for pH control; 8

pH, dissolved oxygen concentration, and temperature) weggi meter; 9 partia-SHARON bioreactor stuffed with carriers
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Table 1 Composition of the Metrosep C 2-150. A carbonate/bicarbonate solution was

. ; Chemical g/L

Eggg‘?rt]'ct‘r’]vssé%vgﬂgn?g used as an eluent. Calibration curves of known concen-
(NH,).SO, 235 trations of ammonium, nitrite, and nitrate (10, 500 and
NaHCO 325 1,000 mg/L) were also analyzed daily.
CaCl, 0.30
KH;PO, 0.07 DNA extraction and PCR amplification of pattia
MgSO, 0.02 bacterial 16S rRNA genes
FeSQ 7H,0 0.009
H.SO, 0.005 DNA was extracted from the biofilm that formed in the

submerged biofilter. This was done by vortexing approxi-
mately 200 mL of plastic carriers from the biofilters with a
saline solution, and then centrifuging them to obtain the
Table 2 Conditions of the partialSHARON bioreactor in experi-biof“m fraction. Samples (approx. 200 mg) from the bio-
ments 1 an@ . ’ ; ) .

film were collected with the FastDNA Kit and the Fast-

Parameter Experiment 1 Experiment 2 Referencp$ep24 apparatus (MP-BIO, Germany).

Oxygen demand (mg/L) 1.5 15 13 | Polymerase chain reaction (PCR) amplification was
pH 75 75 14 performed in two steps, following other research on TGGE
Temperature ( C) 35 35 3 and DGGE fingerprintingd, 9]. One microliter (2-5 ng) of
HRT (days) 05 0.4 the DNA extracted was used as a template for all the PCRs.

At the first PCR, the template was diluted 1:10. High-
performance liquid chromatography (HPLC)-purified oli-
inorganic forms (ammonium, nitrite, and nitrate). Samplegonucleotides were purchased from Sigma. AmpliTaq
were taken every 24 h because of the slow growth Gbld polymerase (Applied Biosystems, Life Technologies,
ammonia-oxidizing bacteria8]. Carlsbad, CA, USA) was used for all PCRs, which were
In constant pH, oxygen, and temperature conditions, tw@erformed in an Eppendorf Master Cycler (Eppendorf,
experiments were performed at different HRTs (0.4 andHamburg, Germany). Primers and conditions for each of
0.5 day) with a view to analyzing the evolution of inor-the PCR reactions were those describealina-Mufioz
ganic nitrogen concentration in the bioreactor and also tkg al. P]. The final PCR products were cleaned and/or
microbial diversity in the biofilm. Tabl@ shows the con- concentrated (when required) using Amicon Ultra-0.5 mL

ditions of both experiments. Centrifugal Filters (Eppendorf, Hamburg, Germany). Ten
microliters (60—100 ng DNA) were loaded into each well
pH for TGGE.

The pH was measured directly in the bioreactor at 8-NGGE analysis
intervals, using a pH meter (Crison GLP 91f|[ The
equipment was adjusted daily with buffer solutions of pHTGGE was performed using a TGGE Maxi system

4.0 and 7.0. (Whatman-Biometra, Goettingen, Germany). The denatur-
ing gels (6 % polyacrylamide [37.5:1 acrylamide:bis-
Dissolved oxygen concentration acrylamide], 20 % deionized formamide, 2 % glycerol, and

8 M urea) were prepared and run wi® Tris—acetate-
The dissolved oxygen concentration in the bioreactor wasDTA buffer. All chemicals were purchased from Sigma
determined by means of a pulse oximeter (CRUCIBLRIdrich (St. Louis, MO, USA). The temperature gradient
OXI1320), which was calibrated according to the manuwas optimized at 43-63 @][ The bands were visualized

facturer’s instructions. by silver staining with the Gel Code Silver Staining kit
(Pierce, Thermo Fisher Scientific, Rockford, IL, USA).
Determination of ammonium, nitrite, amdtrate Various PCR reactions were tested, and different TGGE

gels were run to check the reproducibility of the results.
Concentrations of the various inorganic forms of nitrogen
(nitrite, nitrates and ammonium) were measured daily &nalysis of TGGE fingerprints
the entry and exit points of the partial-SHARON bioreactor
with an ionic chromatograph Metrohm. Nitrite and nitrateThe band patterns generated by TGGE were normalized,
levels were measured with an anion column Metrosep dompared, and clustered by using the Gel Compar Il v.
supp-4-250, and ammonium levels, with a cation columrs.101 software (Applied Maths, Belgium). For cluster
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analysis, the TGGE profile was compared by means of BLASTn program 17]. ClustalX v. 2.0.3 software was

band assignment independent method (Pearson produged for the alignment of the DNA sequences. The

moment correlation coefficient) as well as a method baseplaphical distribution of the main bacterial groups found is

on band presence/absence (Dice coefficient). In referenskown in this article.

to band assignment, a 1 % band position tolerance (relative

to the total length of the gel) was applidil Dendrograms Scanning electronic microscopy

relating band pattern similarities were automatically cal-

culated with unweighted pair group method with arithmeti@he biofilm formed in the submerged biofilter was ana-

mean (UPGMA) algorithms. The significance of UPGMAIlyzed by scanning electron microscopy (SEM). Individual

clustering was estimated by calculating the cophenetfieces of plastic carriers from the biofilter were fixed with

correlation coefficients. glutaraldehyde (5 % v/v) in a 0.2 M sodium cacodylate
Range-weighted richness indices,)(Rwhich estimate buffer (pH 7.1), washed, and post-fixed in Qs®efore

the level of microbial diversity in environmental samplesheing dehydrated with graded ethanol solutions (10, 30, 50,

were calculated, based on the total number of bands in eatth 90, and 100 % ethanol). All chemicals were purchased

TGGE pattern (N) and the temperature gradient ( @pm Sigma—Aldrich (St. Louis, MO, USA). The samples

between the first and last band of each pattern (Tg), falvere transferred to fresh 100 % ethanol and critical point-

lowing Marzorati et al. 16]. The resulting values were dried from liquid carbodioxideat 36.1 Cand7.37 Pa,using

divided by 100 %] to keep an order of magnitude analo-a Samdri 780B apparatus (Tousimis, Rockville, USA). Sam-

gous to that of the Rindex, as originally described for ples were coated with gold before being examined by variable

DGGE in Marzorati et al.1[g]. pressure scanning electron microscopy (VP-SEM), model
Paeto-Lorenz distribution curves rendered a graphicdlEO 1430VP-SEM.

representation of the evenness of the bacterial communities

in the different samples, based on the TGGE fingerprints

[16]. The bands in each TGGE lane were ranked froResults anddiscussion

highest to lowest based on intensity levels. The cumulative

normalized band intensities for each TGGE lane werehysico-chemical parameters at different HRT

plotted against their respective cumulative normalized

number of bands. The curves were numerically interpretegkperiment 1: HRT of 0.5 day

by the functional organization index JF given by the

horizontal y-axis projection on the intercept with the verThe partial-SHARON bioreactor was fed with synthetic

tical 20 % x-axis line [1I6 The calculation of thé=, wastewater at a constant flow rate of 4.16 mL/min and an

indexes permitted the evaluation of the functional reduHRT of 0.5 day. The concentration of ammonium, nitrate,

dancy of the microbial communities analyzed by fingerand nitrite was measured at the entry and exit points of the

printing methods 16)]. system. These results are shown in Rig.
As can be observed in Fig, after 5 days of operation,
DNA reamplification and sequencing 100 % of the ammonium was converted to nitrite. After

this period, the partial-SHARON bioreactor stabilized and
Portions of individual bands on silver-stained TGGE gelmaintained its high capacity for biotransformation. How-
were picked up with sterile pipette tips, placed inlLOof  ever, the higher nitrite concentration caused a sharp drop in
filtered autoclaved water, and I3 of the resulting DNA the pH of the bioreactor. To correct this, it was necessary to
suspensions were used for reamplification with the appradd small amounts of NaOH 1 % (p/v), which kept the pH
priate primers. The PCR products were electrophoresedvalue at 7.5.
agarose gels and purified with the Qiaex-Il kit (Qiagen, When the biotransformation capacity of ammonium into
Hamburg, Germany). The recovered DNA was directlyitrite in submerged biofilters was compared with that of
used for automated sequencing in an ABI PRISM 310@ther systems such as conventional partial-SHARON bio-
Avant Genetic Analyzer (Life Technologies, CA, USA). reactors 8, 12], the results showed that submerged biofilters

have higher levels (three times higher) of biotransformation.
Bacterial community analysis The high transformation capacity of submerged-biofilter

systems should be regarded as an important operational factor
The DNA sequences were analyzed and compared with tfue the development and future design of partial-SHARON/
biocomputing tools provided online by the National CenteAnammox systems, which can be applied to the treatment
for Biotechnology Information http://www.ncbi.nlm.nih. of effluents with high nitrogen content such as landfill
gov). Sequence similarity analysis was performed with th leachate [18].
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—e—nitrite The results obtained in the submerged-biofilter partial-
2 s e SHARON system showed that working at experimental
‘;5 —d— ammonium . .
g aso conditions of temperature (35 C), oxygen concentration
§ 400 (1.5 mg/L), pH (7.5), and HRT from 0.5 to 0.4 days, an
€ 350 evident reduction in the biotransformation of ammonium to
g‘ 300 nitrite was observed when the HRT was decreased. When
:;: 250 the bioreactor was operating at an HRT of 0.5 day, 100 %
2 200 of the ammonium was converted to nitrites, whereas when
‘g 150 the bioreactor was operating at an HRT of 0.4 day, only
§ 100 60 % of the ammonium was converted to nitrites. How-
§ 30 ever, undetectable amounts of nitrates were produced at the
S ° exit point of the partia-SHARON bioreactor. This low

day0 day 1 day 2 day 3 day 4 day 5 day 6 day 8 . R R R R
capacity of transformation of ammonium to nitrate in the

Fig. 2 Values of ammonium and nitrite expressed as total nitrogesioreactor can be due to the operational conditions of the

detected in the effluent of a partial-SHARON bioreactor over timeSystem that increase the biological activity of the ammo-
with an HRT of 0.5 day . e . . . .

nium-oxidizing bacteria and decrease the biological activ-

ity of the nitrite-oxidizing bacteria. In this sense, according

. to the bacterial community analysis obtained in our study

Experiment 2: HRT of 0.4 da .

P y (described below), the use of an HRT of 0.5 days, deter-

mined the production of highly specialized biofilms mainly

Experiment 2 was performed at an HRT of 0.4 day and .a

constant flow rate of 5.20 mL/min of synthetic wastewater tegrated by Nitrosomonas sp., which are very effective in

. . . the oxidation of ammonium into nitrite.
In the same way as in experiment 1, the concentration 0 ) :
: . According to Van Dongen et al.8]] the optimal

and exit point of the partia-SHARON bioreactor. Thea¥nmon|um and nitrite ratio in the effluents in partial-

- SHARON systems for their combination with Anammox
results are shown in Fi@. ) . . . :
. . . bioreactors is 50 % ammonium and 50 % nitrite. In this

As can be observed in Fig, the transformation of

ammonium into nitrite reached 60 % after 5 days O<];.ontex'[, our data suggest that in submerged-biofilter par-

operation. After this period, the partial-SHARON biOre_naI—SHARON systems, the ammonium-nitrite ratio can be

actor stabilized, and its capacity for the biotransformatio'r]nOdIercj by the HRT. Moreover, the results obtained in our

of ammonia to nitrite remained constant. The increasee&(perlments show that the submerged-filter technology

nitrite concentration caused a sharp drop in the pH level 8Pp“ed to partia-SHARON processes increased the

the bioreactor. To correct this, it was necessary to a(tlré\nsformatlon of ammonium into nitrite and decreased the

small amounts of NaOH 1 % (p/v) to maintain the p|_5|rr_1e required for the start—up_of th_e bioreactors. T_h|§ is
value at 7.5. evident when the data obtained in submerged-biofilter

systems are compared with other technologdi@s]g, 19].

—e— nitrite Study of the bacterial diversity in the partial-SHARON
nitrate bioreactor
—d— ammonium

& W
oo
o o

The structure of bacterial communities was analyzed by
TGGE fingerprinting. The prevalent TGGE bands indicated
the phylogenetic groups. The sequencing of the TGGE

w b
[ =1
o o

300 bands revealed that the prevalent bacteria populations were
250 developmentally close to Proteobacteria and specifically to
200 Alphaproteobacteria, Betaroteobacteria, Gammaproteo-
it bacteria, and Deltaproteobacteria. The bacteria populations
100 in the partial-SHARON bioreactor varied, depending on

operational conditions. Accordingly, the PCR-TGGE

method showed significant differences in the structure of
day0 dayl day2 day3 day4 dayS day6 day8 the bacteria community at HRTs of 0.5 and 0.4 day (see
Fig. 4). The Pearson coefficient-based analysis permitted

Fig. 3 Values of ammonium and nitrite expressed as total nitrogep} . L ;
detected in the effluent of a partia-SHARON bioreactor over timdn€ identification of four clusters corresponding to the

with an HRT of 0.4 day different treatments analyzed. On the other hand, the Dice

wi
o

Concentration in Total Nitrogen (Nt) (mg/L)
o
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Fig. 4 Pearson coefficient-based analysis of the band pattemsmbers indicate the days on which samples were extracted from the
generated from 52 samples analyzed in the partial-SHARONioreactor. MA and MB samples were taken at the beginning of the
bioreactor. Samples named with letter A corresponds to the fifitst and second experiment, respectively, related to zero time
experiment and letter B corresponds to the second experiment. The
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Fig. 5 Dice coefficient-based analysis of band patterns generated from all samples analyzed with a presence/absence matrix
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coefficient was used to obtain 66 unique band classes (lig. 4). For example, bands 21 and 22 relatedP$eud-

both experiments (see Fi§). acidovorax sp. and Aquaspirillum sp., vanished com-
pletely. However, after 2 days of operation, new bands
Study ofbiofilms formed at an HRT of 0.5 day were detected in the TGGE gels. Finally, the PCR-TGGE

studies showed how the bacteria populations of the biofilms
The TGGE profiles demonstrated that when the partiain the partial-SHARON system began to stabilize after
SHARON system operated at an HRT of 0.5 day, a sigt days of operation. Moreover, some bands gained in
nificant number of bands disappeared 48 h after its start-uptensity over time, such as bands 4 (Nitrosomonas
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eutropha), 14 (Variovorax sp.), and 27 (Nitrosomona&ammaproteobacteria (5 %) (F®. Ten TGGE bands
europza. were reamplified and sequenced from the TGGE gels
After the stabilization of the partial-SHARON bioreac- corresponding to the dominant Nitrosomonas populations
tor (5 days after the pilot plant start-up), when 100 % dh the partial-SHARON bioreactor (Tab®. Five of these
the ammonium was converted into nitrite, there was were closest to N. eutropha and five to N. europaea. Three
significant decrease in the bacterial biodiversity of thsequences were related to Diaphorobacter in the TGGE
biofilms in the submerged biofilter. Consequently, bandsgels.
38, 39, 40, 41, 42 and 47 were no longer detected in the In conclusionthe results of this experiment demonstrated
TGGE gels (Fig4). In contrast, certain bands, such as 4hat Proteobacteria and members of the genus Nitrosomonas
and 11 (N. europaea and N. eutropha), gained in intensitgominated the composition of the bacteria communities of
In addition, a new band (band 8) appeared that was relaté@d submerged-biofilter partial-SHARON bioreactor at an
to Diaphorobacter sp. HRT of 0.5 day. However, nitrite-oxidizing bacteria such as
According to Khan and Hiraishi2], and Anshuman Nitrobacter were not detected in the TGGE gels.
et al. [21], Diaphorobacter sp. is an interesting bacteria in
nitrogen removal processes. Nevertheless, to our knowdtudy ofbiofilms formed at an HRT of 0.4 day
edge, this is the first time that these microorganisms have
been observed in a partia-SHARON bioreactor. Furthetn the second experiment, which was performed in the
more, our data showed that N. europaea and N. eutroplpartial-SHARON bioreactor at an HRT of 0.4 day, the
which have a great affinity for ammonium, were prevalenPearson coefficient (Figl) showed only one cluster of
over the rest of the ammonium-oxidizing bactef3, p3]. bacteria, which clustered at 80 % similarity. This result
Samples 1A and 2A were collected from the partialclearly indicates that there was less variation in the samples
SHARON bioreactor when the concentration of ammoniurover time. Interestingly, the bands belonging to bacteria,
was high and the concentration of nitrite very low. Thewuch as Roseobacter sp. (Band 32) or Burkholderia sp.
showed a balanced community with low microbial diver{band 50) disappeared, depending on the operating time.
sity (Fig.4). Similar results were obtained in samples 6AHowever, other microorganisms such as Nitrosospira sp.
and 8A, which were taken from the bioreactor when th€band 10), Nitrosomonas sp. (band 10) and Paracoccus sp.
concentration of ammonium was very low and the contband 46) increased in abundance.
centration of nitrite was high (Figl). This reflects that in According to Hiroaki and Hiroshi2f], Paracoccus sp.
extreme environments of high concentrations of ammds a common bacterium in wastewater treatment bioreactors
nium or nitrite, microbial diversity decreases in the biowith an important role in nitrogen removal. On the other
films in order to preserve its functionality in changindand, several bands had a high intensity level. This was the
environmental conditions. case of bands 31 (Vibrio sp.), 45 (Rhodobacter sp.), and 46
The Pearson coefficient-based analysis (B)gallowed (Catellibacterium sp.), among others. The increasingly
for the identification of two separate clusters of Bacterighigh intensity of these bands indicates that the development
which corresponded to samples taken at two differemtf these bacteria was favored by these conditiaBs27).
sampling times: the start-up point and the stabilization A total of 14 bands selected from the TGGE fingerprints
point of the bioreactor. The sample taken at the start-uprgeting bacteria were successfully amplified and
point clustered at 60 % and the one taken at the stabilizeequenced (Tabl4). These bands corresponded to the
tion point clustered at 80 %, which indicated a good reladominant bacteria populations in the partia-SHARON
tionship between the compositions of the two bacteribioreactor. The main group of identifiable TGGE bands
cluster communities. Cluster analysis based on the Dieeas related to Proteobacteria and specifically to Alpha-
coefficient (Fig.5) showed the same results as the Pearsoproteobacteria (56 %), Betaproteobacteria (40 %) and
based clustering. Delta-Protobacteria (4 %) (Fi@). Four TGGE bands were
A total of 24 bands selected from the TGGE fingerreamplified and sequenced from the TGGE gels corre-
prints targeting bacteria were successfully amplified angponding to the dominant ammonium-oxidizing bacteria
sequenced from TGGE gels (Taldlg corresponding to the populations (Nitrosospira, Nitrosomonas and Nitrosovib-
dominant bacteria populations in biofiims formed in therio) in a partial-SHARON bioreactor (Tab®. In these
partial-SHARON bioreactor. A prevalence of Proteobacexperiments, Nitrosospira sp. and Nitrosovibrio sp. were
teria in the set of sequences analyzed was found detected as a normal microbiota in the bioreactor working
the sampling periods. The main group of identifiablat an HRT of 0.4 day. However, these microorganisms
TGGE bands was related to Betaproteobacteria (59 %ere not identified in the TGGE gels when the bioreactor
whereas in order of abundance, the second group wass operating at an HRT of 0.5 day. In all likelihood, when
Alphaproteobacteria (36 %) and the third group washe HRT of the partial-SHARON bioreactor was reduced
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Table 3 Bacteria obtained from the NCBI database from the sequencing of the bands extracted in experiment 1 (HRT 0.5 day)

No. band Identities % similariy Experiment 1: name sequence reference Phylogenetic class
identification (bp)
1 97 96 HQ113216.1 Hydrogenophaga sp. CL-9.06 Betaproteobacteria
96 GU300152.1 Diaphorobacter oryzae strain 3R2-14 Betaproteobacteria
3 85 100 GQ284427.1 Acidovorax delafieldii strain THWCSN39 Betaproteobacteria
100 U51105.1 Denitrifying=e\ Il [[ -oxidizing bacteria Betaproteobacteria
4 83 100 M96402.1 Nitrosomonasutropha Betaproteobacteria
100 HM446362.1 Nitrosomonas europaea strain PD60 Betaproteobacteria
5 109 100 M96402.1 Nitrosomonas eutropha 16S ribosomal RNA Betaproteobacteria
100 AY856378.1 Nitrosomonas sp. CNS332 16S ribosomal RNA Betaproteobacteria
8 75 100 HQ183880.1 uncultured beta proteobacterium clone De385 16S Betaproteobacteria
98 GU300152.1 Diaphorobacter sp. 16 s ribosomal RNA Betaproteobacteria
11 92 100 M96402.1 Nitrosomonas eutropha 16S ribosomal RNA Betaproteobacteria
100 HM446362.1 Nitrosomonas europaea strain PD60 Betaproteobacteria
12 83 100 HM921137.1 uncultured bacterium clone ar2e1016 Betaproteobacteria
100 HM001269.1 Methylophilus glucoseoxidans strain B Betaproteobacteria
13 91 100 HM124369.1 Rhodobacter sp. 16-62 16S ribosomal RNA Alphaproteobacteria
100 EU652478.1 Catellibacterium sp. JPB-2.07 16S ribosomal RNA Alphaproteobacteria
14 107 100 HQ385754.1 Variovorax sp. 2C1-21 16S Betaproteobacteria
100 EF203908.1 Variovorax paradoxus isolate DB1 Betaproteobacteria
21 98 100 HQ259687.1 Pseudacidovorax sp. A14(2010) Betaproteobacteria
100 AF384190.1 Aquaspirillum sp. TG27 Betaproteobacteria
22 98 100 HQ259687.1 Pseudacidovorax sp. A14(2010) Betaproteobacteria
100 AF384190.1 Aquaspirillum sp. TG27 Betaproteobacteria
25 125 97 AJ245760 uncultured beta proteobacterium partial 16S rRNA Betaproteobacteria
124 97 JN217090 uncultured bacterium clone S252 16S ribosomal RNA Betaproteobacteria
26 113 100 GU980069.1 uncultured bacterium clone HKTJ485 Betaproteobacteria
100 EU542425.2 uncultured bacterium clone Er-MS-1 Betaproteobacteria
27 83 100 M96402.1 Nitrosomonas eutropha 16S ribosomal RNA Betaproteobacteria
100 HM446362.1 Nitrosomonas europaea strain PD60 Betaproteobacteria
28 97 100 HQ183880.1 uncultured beta proteobacterium clone De385 Betaproteobacteria
96 98 GU300152.1 Diaphorobacter oryzae strain 3R2-14 Betaproteobacteria
30 96 100 M96402.1 Nitrosomonas eutropha 16S ribosomal RNA Betaproteobacteria
100 HM446362.1 Nitrosomonas europaea strain PD60 Betaproteobacteria
35 92 100 EU445263.1 Agrobacterium tumefaciens isolate EFLRI 121 Alphaproteobacteria
100 AJ784210.1 Rhizobium sp. P033 partial 16S rRNA gene Alphaproteobacteria
37 98 100 GU574708.1 Parvibaculum sp. EPR92 Alphaproteobacteria
100 FJ528267.1 Rhizobium sp. Cs218 Alphaproteobacteria
38 95 95 GQ351376.1 uncultured bacterium isolate DGGE gel band Alphaproteobacteria
39 75 100 X87274.1 B.diminuta 16S rRNA gene Alphaproteobacteria
100 U63935.1 Caulobacter sp. 16S ribosomal RNA gene Alphaproteobacteria
40 76 100 GU949635.1 uncultured bacterium clone 4EU1038B12 Alphaproteobacteria
73 100 EU256442.1Mesorhizobiummediterraneum strain CCBAU Alphaproteobacteria
41 84 100 GU420646.1 Defluvibacter lusatiensis clone AW171 Alphaproteobacteria
100 GU415542.1 Ochrobactrum anthropi clone AW034 Alphaproteobacteria
42 99 100 EU635967.1 uncultured bacterium isolate DGGE band 13 Alphaproteobacteria
98 98 FJ587218.1 Pseudoxanthobacter sp. Alphaproteobacteria
47 90 100 HM629504.1 Escherichia coli strain BAB-286 Gammaproteobacteria
89 98 HM629493.1 Salmonella enterica strain Gammaproteobacteria
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Fig. 6 Phylogenetic classes (%)
detected in the partial-
SHARON bioreactor at HRT of
0.5 day (a) and HRT of 0.4 day
(b) analyzed by PCR-TGGE
method

@ Alpha-proteobacteria
[ Beta-proteobacteria

O Gamma-proteobacteria

W Alpha-proteobacteria
[Beta-proteobacteria

ODelta-proteobacteria

Table 4 Bacteria obtained from the NCBI database from the sequencing of the bands extracted in experiment 2 (HRT 0.4 day)

No. band Identities % Experiment 2: name sequence reference Phylogenetic class
identification (bp) similarity
9 78 98 X84662.1 Nitrosospira sp. 16S rRNA gene Betaproteobacteria
98 M96405.1 Nitrosovibrio tenuis 16S ribosomal RNA Betaproteobacteria
10 95 100 M96402.1 Nitrosomonas eutropha 16S ribosomal RNA Betaproteobacteria
100 HM446362.1 Nitrosomonas europaea strain PD60 Betaproteobacteria
15 99 100 FJ222605.Albidovulum sp. S1K1 Alphaproteobacteria
100 HM705035.1 uncultured bacterium clone GB7N87002DSSDY Alphaproteobacteria
16 65 100 GQ853528.1 uncultured Ochrobactrum sp. Alphaproteobacteria
17 74 100 EF195167.1 Alcaligenes sp. RG-03/06 16S Betaproteobacteria
24 70 100 HMO001269.1 Methylophilus glucoseoxidans strain B Betaproteobacteria
100 GQ411499.1 Methylophilus methylotrophus strain NBCS15 Betaproteobacteria
31 98 100 EF079668.1 Thiobacillus sp. K6.2 Betaproteobacteria
97 98 FM957479.1 Vibrio sp. MY-2008-U67 Betaproteobacteria
32 78 100 AM710422.1 uncultured bacterium partial 16S rRNA gene Alphaproteobacteria
79 98 AY576768.1 Roseobacter sp. 3X/A02/234 Alphaproteobacteria
33 87 95 AM922185.1Sphingopyxissp. Sulf-541 Alphaproteobacteria
34 94 98 HM687288.1 uncultured bacterium clone GB7N87001BDHL1 Alphaproteobacteria
93 97 HQ596322.1 Bradyrhizobium sp. CNX333 Alphaproteobacteria
45 82 100 100 % HM124369.1 Rhodobacter sp. 16-62 Alphaproteobacteria
100 100 % EU652478.1 Catellibacterium sp. JPB-2.07 Alphaproteobacteria
46 91 100 100 % HM124369.1 Rhodobacter sp. 16-62 16S ribosomal RNA gene Alphaproteobacteria
52 52 100 100 % GQ183899.1 Geothermobacter sp. Deltaproteobacteria

from 0.5 to 0.4 day, this caused the biodiversity of thiscomposition of the bacterial community of the submerged-

specialized microbial group to increase.

biofilter partial-SHARON bioreactor at an HRT of 0.4 day.

In conclusion, the results of this experiment demonHowever, as previously mentioned, nitrite-oxidizing bac-
strated that Proteobacteria and members of the gengsia such as Nitrobacter were not detected in the TGGE
Nitrosomonas, Nitrosospira, and Nitrovibrio dominated thegels.
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Comparison of the bacterial diversiptained converted to nitrite, this led to a less specialized bacterial
in experiment 1 (HRT of 0.5 day) and experiment 2 community (see Figsl, 5). These data are in consonance
(HRT of 0.4 day) with the results reported in Logemann et aB],[ and

Marzorati et al. 16].
A comparison of the results of the two experiments seems The comparison of the results obtained in the two
to indicate that the modification of the HRT affected theexperiments highlighted the similarity of different bands.
bacterial diversity of the biofilms formed in a partial-This indicated the presence of certain microorganisms,
SHARON system with a submerged filter. In the experisuch as Nitrosomonas sp., which were constant in both
ment performed at an HRT of 0.5 day, bacterial diversitgxperiments (see Tabl&s4). This fact is hardly surprising
was significantly reduced when the bioreactor operated since this microbial group can be regarded as predominant
stable conditions (after 5 days). In fact, fewer than 1 an extreme environment with a high dilution rate, a
bands were observed, probably as a consequence of thmperature of 36 C, and a high ammonia concentration
high level of specific ammonium-oxidizing bacteria. In29]. These results suggest the significance dfolsio-
these conditions, 100 % ammonium was converted intnonas sp. in the biofilm formed in the submerged-filter
nitrite, and thus all the microbial population was obliged tpartia-SHARON system and its important role in the
compete for ammonium. However, in experiment 2, ibiotransformation of ammonium into nitrite in this waste-
which the HRT of the bioreactor was adjusted to 0.4 dayvater treatment biotechnologg4, 23].
the microbial biodiversity was extremely heterogeneous. Image analysis with Gel Compar Il detected a total of 66
This result could explain the evenness observed in thaeique band classes in the TGGE fingerprints of bacteria
bacterial community. Since 65.5 % of the ammonium wasamong the 52 bands detected (Fj. A total of 38 bands

sdected from the TGGE fingerprints targeting bacteria
Table 5 Average range-weighted richnesg éRd functional orga- Were successfully amplified and sequenced, representing
nization (F) indices of the bacterial communities in partial-SHARONthe 73 % of the bands chosen for sequencing (Tahés
bioreactorsamplesfrom the two experimentsn this study The richness range-weighted JRndices [L4] showed
Experiment No. of samples , R F,  Statistic program significant differences with ANOVA analysis (& 0.05) in
both experiments (Tablg). The R of experiment 2 (HRT

1 8 2: 49 ANOVA analys’_'%f 0.4 day) displayed higher average values than those of
2 8 5 43 ANOVAanalysigy heriment 1 (HRT of 0.5 day). Construction of the Pareto-
* Statistically significant difference (Student's t test\.05) Lorenz curves of the bacterial community profiles in

Fig. 7 SEM of the carriers used
in a submerged-filter partial-
SHARON bioreactor in
different conditions.

a Microscopic images of day 1
with an HRT of 0.5 (sample
1A); b microscopic images of
day 8 with an HRT of 0.5
(sample 8A); ¢ microscopic
images of day 1 with an HRT of
0.4 (sample 1B); d microscopic
images of day 8 with an HRT of
0.4 (sample 8B)
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[16], F, index values of around 45 % represent a balancenbntach Cientfica (CIC, Granada, Spain) for their valuable
community, potentially able to preserve its functionalityceoPeration.

under changing environmental conditions. Obviously, these
results reflect the higher specialization of the bacterial

community in the submerged-filter partial-SHARON bio-Referaces

reactor and its capacity to adapt to different working
conditions.

2.

Scanning electronic microscopy

The colonization of the plastic carrier, used in the con-
struction of the submerged-filter partial-SHARON biore-
actor with an HRT of 0.5 and 0.4 day, was studied after 1
and 8 days (see Fig@). The results showed a rapid colo-
nization of the carrier with the formation of a complex and
heterogeneous biofilm. At the end of both experiments, the

samples were found to contain a large number of different:

morphological types as well as filamentous bacteria. These
results coincide with the data previously reported in this
paper, which suggest the presence of complex microbiota

in both experiments, independently of the HRT used in thé-

wastewater system.

Condusions

The results obtained in our study within the context of
recent research in the field lead to the conclusion that
the HRT affects the functioning of a partial-SHARON
bioreactor built with submerged-filter technology. This is
reflected in different levels of biotransformation of

ammonium into nitrite. This signifies that the application of 8.

submerged-filter technology to the partial-SHARON sys-
tem increases the biotransformation of ammonium into,
nitrite, in comparison to other technologies such as a flu-
idized bed. Moreover, our results show that the HRT
affects the microbial diversity of biofilms formed in a
partial-SHARON bioreactor, possibly as a result of the,
different nutritional conditions that arise when this variable
is modified.

On the other hand, the use of an HRT of 0.5 day

determines the formation of highly specialized biofilms;q.

(mainly by Nitrosomonas sp.), which are effective in the

biotransformation of ammonium into nitrite. On the con-12.

trary, the use of an HRT of 0.4 day, determines the for-
mation of more heterogeneous biofilms that allow a closer
ammonium/nitrite ratio, which is more effective for the
combined development of partial-SHARON/Anammox
systems.

65

1.

3.

Metcalf & Eddy (2003) Wastewater engineering, treatment and
reuse, 4th edn. McGraw-Hill, New York

Mosquera-Corral A, Gonzdlez F, Campos JL, Méndez R (2005)
Partial nitrification in a Sharon reactor in the presence of salts and
organic carbon compounds. Process Biochem 40:3109-3118
Mulder MW, Van Loosdrecht MCM, Hellinga C, Kempen R
(2001) Full-scale application of the SHARON process for treat-
ment of rejection water of digested sludge dewatering. Water Sci
Technol 43(11):127-134

4. Cdderén K, Roddas B, Cabiral N, Gorzdez-Lopez J, Noyda A

(2011) Analysis of microbial communities developed on the fouling
layers of a membrane-coupled anaerobic bioreactor applied to
wastewater treatment. Bioresour Technol 102(7):4618—-4627
Gémez-Silvan C,Molina-Mufioz M, Poyatos JM, Ramos A,
Hontoria E, Rodelas BGonzlez-Lopez J (2010) Structure of
archaeal communities in membrane-bioreactor and submerged-
biofilter wastewater treatment plants. Bioresour Technol 101:2096—
2105

Hellinga C, Schellen AAJC, Mulder JW, Van Loosdrecht MCM,
Heijnen JJ (1998) The SHARON-process: an innovative method
for nitrogen removal from ammonium rich wastewater. Water Sci
Technol 37(1):135-142

. Jetten MSM, Schmid MA, Schmidt I, Wubben M, van Dongen L,

Abma W, Sliekers OA, Revsbech NP, Beaumont B, Ottosen LM,
Volcke E, Laanbroek HJ, Campos-Gomez JL, Cole JA, van
Loosdrecht MCM, Mulder JW, Fuerst JA, Richardson D, van de
Pas KT, Mendez-Pampin R, Third KM, Cirpus Y, van Spanning
RJM, Nielsen LP, Op den Camp HJM, Schultz C, Gundersen JK,
Vanrolleghem P, Strous M, Wagner M, Kuenen JG (2002)
Implementation of EU guidelines for nitrogen removal by
improved control and application of new nitrogen-cycle bacteria.
Rev Environ Sci Biotechnol 1:51-63

Van Dongen U, Jetten MSM, Van Loosdrecht MCM (2001) The
SHARON-ANAMMOX process for treatment of ammonium rich
wastewater. Water Sci Technol 44(1):153-160

. Molina-Mufioz M, Poyatos JM, Sanchez-Peinado MM, Hontoria

E, Gonzlez-Lopez J, Rodelas B (2009) Microbial community
structure and dynamics in a pilot-scale submerged membrane
bioreactor aerobically treating domestic wastewater under real
operation conditions. Sci Total Environ 407:3994-4003

. Gomez-Villalboa B, Calvo C, Vilchez RGonzlez-Lopez J,

Rodelas B (2006) TGGE analysis of the diversity of ammonia-
oxidizing and denitrifying bacteria in submerged filter biofilms
for the treatment of urban wastewater. Appl Microbiol Biotechnol
72(2):393-400

Liang Z, Liu J (2007) Control factors of partial nitritation for
landfill leachate treatment. J Environ Sci 19:523-529

Vilar A, Eiroa M, Kennes C, Veiga MC (2010) The SHARON
process in the treatment of landfill leachate. Water Sci Technol
61(1):47-52

. Gonzalez-Martinez A, Poyatos JM, Hontoria E, Gonzalez-Lopez

J, Osorio F (2011) Treatment of effluents polluted by nitrogen
with new biological technologies based on autotrophic nitrifica-
tion-denitrification processes. Recent Pat Biotechnol 5(2):74-84


usuario
Texto escrito a máquina
65


B&3#proces Biosys Enc (2013 36:17:-184

Bioproces Biosys Enc (2013 36:17:-184

14.

15.

16.

17.

18.

19.

20.

21.

Van Hulle SWH, Van Den Broeck S, Maertens J, Villez K22
Donckels BMR, Schelstraete G, Volcke EIP, Vanrolleghem PA
(2005) Construction start-up and operation of a continuously

aerated laboratory-scale SHARON reactor in view of couplin@3.

with an Anammox reactor. Water SA 31(3):327-334
Peng Y, Zhu G (2006) Biological nitrogen removal with nitrifi-

cation and denitrification via nitrite pathway. Appl Microbiol 24.

Biotechnol 73:15-26
Marzorati M, Wittebolle L, Boon N, Daffonchio D, Verstraete W

(2008) How to get more out of molecular fingerprints, practical25.

tools for microbial ecology. Environ Microbiol 10:1571-1581
Altschul SF, Madden TL, Schaffer AA, Zhang JH, Zhang Z,

Miller W, Lipman DJ (1997) Gapped BLAST and PSI-BLAST: a 26.

new generation of protein database search programs. Nucleic
Acids Res 25:3389-3402
Van Loosdrecht MCM (2004) Recent development on biological

wastewater nitrogen removal technologies. In: Proceedings of tl.

international conference on wastewater treatment for nutrient
removal and reuse (ICWNR’04). Pathumthani, Thailand, January
26-29

Jetten MSM, Horn SJ, Van Loosdrecht MCM (1997) Towards a8.

more sustainable municipal wastewater treatment system. Water
Sci Technol 35:171-180
Khan ST, Hiraishi A (2002) Diaphorobacter nitroreducens gen

nov, sp nov, a poly(3-hydroxybutyrate)-degrading denitrifying 29.

bacterium isolated from activated sludge. J Gen Appl Microbiol
48(6):299-308

Anshuman A, Khardenavis AK, Hemant JP (2007) Simultaneous
nitrification and denitrification by diverse Diaphorobacter sp.
Appl Microb Cell Physiol 77(2):403—409

66

. Poth M, Focht DD (1985§N kinetic analysis of B production

by Nitrosomonas europaea: an examination of nitrifier denitrifi-
cation. Appl Environ Microbiol 49:1134-1141

Schmidt I, Bock E (1997) Anaerobic ammonia oxidation with
nitrogen dioxide by Nitrosomonas eutropha. Arch Microbiol
167:106-111

Hiroaki U, Hiroshi S (1996) Nitrogen removal by tubular gel
containing Nitrosomonas europaea and Paracoccus denitrificans.
App! Environ Microbiol 62(11):4224—-4228

Huang JS, Wu CS, Jih CG, Chen CT (2001) Effect of addition of
Rhodobacter sp. to activated-sludge reactors treating piggery
wastewater. Water Res 35(16):3867-3875

Liu Y, Xu C-J, Jiang J-T, Liu Y-H, Song X-F, Li H, Liu Z-P
(2004) Catellibacterium aquatile sp. nov., isolated from fresh
water, and emended description of the ge@asellibacterium
Tanaka et al. 2004. Int J Syst Evol Microbiol 60:2027-2031
Xiaoyan Y, Xlaochang C, Yonghun W, Liu J (2011) Study of the
variation of ecotoxicity at different stages of domestic wastewater
treatment using Vibrio ginghaiensis sp.-Q67. Appl Environ
Microbiol 190:1-3

Logemann S, Schantl J, Bijvank S, van Loosdrecht M, Kuenen J,
Jetten M (1998) Molecular microbial diversity in a nitrifying
reactor system without sludge retention. FEMS Microbiol Ecol
27:239-249

Stehr G, Boettcher B, Dittberner P, Rath G, Koops HP (1995) The
ammonia-oxidizing nitrifying population of the River Elbe estu-
ary. FEMS Microbiol Ecol 17:177-186


usuario
Texto escrito a máquina
66


Chapter 3

Study of nitrifying microbial communitiesin a partial-
nitritation bioreactor

A. Gonzalez-Martinez ,C. Pesciaroli, M.V .Martinez-Toledo, E. Hontoria,
J. Gonzalez-Lopez , F. Osorio

Published in: Ecological Engineering.2014,64:443-450

67


usuario
Texto escrito a máquina
67





EcologicalEngineering 64 (2014) 443—-450

Contentdists availableat ScienceDirect

EcologicalEngineering

journal homepage:www.elsevier.com/locate/ecoleng

Studyof nitrifying microbial communitiesn a partial-nitritation ®CI°SSM”1‘
bioreactor

A. Gonzalez-Martinez*, C.Pesciaroli*?, M.V. Martinez-Toled@8, E. Hontoria®®,
J. Gonzélez-L6pe?, F.Osorig™"*

2 Departmenbf Civil Engineering, Universitgf Granada, Campue Fuentenueva/n, 18071 Granada, Spain
b Instituteof Water Research, University Granada, C/Ram@nCajal,4, 18071 Granada, Spain

article info abstract
Article history: The present study focuseah the technical and biological characteristifsa bench-scale partial-
Received2 September 2013 nitritation bioreactor and established its operating paramelershis manner2 bench-scale
Receivedn revised form submerged-bed bioreactof 3 L were operated under identical conditiarispH, oxygen concentra-
30 December 2013 tion and temperature but under different hydraulic retention (9n@aead12 h). This made it possibleo
Accepted 1 January 2014 study the influencef the hydraulic retention tim@RT) on the nitrification processes and the nitri-
Availableonline 7 February 2014 fying microbiotaof the biofilms. Moreover, specific bacterial groups involirethe nitrification process,
suchas ammonium oxidizindCTO) and nitrite oxidizing (nxrA) were investigated usiagultivation-
Keywords: independent approach basadPCR-TGGHEingerprinting.The results showed that tH#RT may affecthe
CcTo nitrification processes a partial-nitritationbioreactor using synthetic wastewater containing 600 mg/L
Hydraulic retention timgHRT) of ammonialt was found thatiRT of 12 h transformed00% ofthe ammonium to nitrite. Howevexhen
NXrA theHRT was9 h there waas significant reductior35%) in ammonia converted. Cluster analysi$CR-
Partial-nitritation TGGEfingerprints showed significant differendeshe profiles dependinan the differentHRT applied,
Submergedbed

especiallyon the ammonia oxidizing bacteriBhe importanceof this factor was confirmelgy multivari-
ate analysis. Phylogenetic analysfidbands sequences showed tB&0 and nxrA sequencegresented
similarity to those presernn the database and groupiedspecific clustersOur results suggestetthat
changesn HRT can affect significantly the nitrifying microbial community and the performahtke
partial nitritation system.
© 2014 ElsevieB.V. All rights reserved.

1. Introduction concentrate stream due the toxic effects that occur, even to
those microorganisms abie degradeat (Van Hulle etal., 2005.

One ofthe most serious ecological problemshe worldis the New and sustainable technologas neededo complywith the
proliferation of wastewater, since human activities have greatlgtringent discharge standar@l&n Loosdrechtetl., 2004. Thus
accelerated and extended the natural cyaflestrogenin the in recent years more efficient and cost effective alternative sys-
soil, water and atmosphete.conventional wastewatéreatment tems have been develogedthe removabf this nutrient, such us

plants (WWTPSs), nitrogens often removedy the biologicapro- partial-nitritationAnammox technology.

cessesf nitrification and denitrification. Nitrification involveke The partial-nitritation processs a techniquein which nitrifi-
oxidationof ammoniato nitrite and the subsequent oxidation of cationis achieved with nitriteas the intermediate under stable
nitrite to nitrate under aerobic conditions, requirkhg mol ofoxy- process conditions, where or9% of the ammoniumin the

gen permol of NH;—N. The nitrate generateid then denitrified influentis converted into nitriteThis system was described in
to NG, in the presencef an organic carbon sourde dinitrogen  detailby Hellinga etal. (1998) andits combination with the Anam-
(Mosquera-Corral etl., 2005. However this conventional process mox (Anaerobic Ammonium Oxidation) procesas led tothe
is not suitabldor the treatmentf effluents suchus dewatering  developmeneéf anew technologyf great interesh the treatment
of effluents witha high contenbf N.
Nowadays, biological wastewater treatmeits considered
. ) ) o more effective and relatively inexpensive and have been widely
Corresponding author at: Corresponding authors at: Univef&nanada, Civil . . .
Engineering, Calle RamonCajal nd, 18071 Granada, Spain, adopted insteadf the physicochemical processéisus, the study
Tel.: +34958242931/+34 661794412; fax: +34 958242931.. of microbial diVerSityin biOlOgical SyStemS utilisetbr the treat-
E-mail addressagon@ugr.efA. Gonzalez-Martinez). mentof urbanor industrial wastewater represents ohée best

0925-8574/$% — see front matter2014 ElsevieB.V. All rights reserved.
http://dx.doi.org/10.1016/j.ecoleng.2014.01.009
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waysto improve the efficiencygf biological processeis the differ-
ent wastewater treatmetechnologieskor this purpose, questions

about community structure, activity and population kinetics have

to be answeredy meansof molecular monitoring tools, which

allow identifying and quantifying the microorganisms present in

the WWTP. One ofthe major advancesa the fieldof micro-
bial ecologyis the introductiorof molecular biology techniques
basedon thein situ detectiorof nucleic acids(Ji et al., 2013.
Several methodare available€for assessing the abundaroceliver-
sity of bacterial communitiem ecosystems, suds fluorescence
in situ hybridisatiorfFISH) and fingerprinting methodSun et al.,
2019. Denaturing and temperature gradigelt electrophoresis
(DGGE/TGGE) arefingerprinting methods which yield extensive
information about the diversitf microorganisms their habitats,
also allowing the taxonomic identificatiosf community members
(Muyzer, 1999. These data allow the monitorirfjvariationsn the
community profiles du® external factorsBoth techniques were
often usedn recent studieen the ecologyf biologicalprocesses
in WWTPs, providing interesting new data this area(Molina-
Mufoz etal., 2009.

The biofilm technologiegor wastewater treatmeate analter-
nativeto the suspended growth activated sludge procassegel
and Koeser, 2007 Researchers have been tryingcorrelatethe
microbial community structuresf biofilms with the performance
of wastewater treatment, and reported lihle between them
and the efficiencied nitrification, denitrification and phosphorus
removal.Thus knowledgeof the microbial community’s composi-
tion involvedin the biofilm processes and the influenteperating
conditionson their structures regardedas crucially important
for the optimisationf nutrient removal ratesn submerged fixed
bed bioreactor systems atodmplement control strategies. Deter-
mining the identityof microorganisms responsibfer specific
biotransformation processés complex environments remains
oneof the major challengeas environmental microbiologgand
environmental engineering@lderon etl., 2012). The aim ofour
study wasto analyse the effeaf HRT on the performance and
community structuref ammonium oxidizindpacteria and nitrite
oxidizing bacterian a partial-nitritation bioreactor assemblasia
fixed bed biofilm reactor.

2. Materialsand methods

2.1. Operating conditionsf the bench-scal@artial-nitritation
bioreactor

Two partial-nitritation bioreactors bench-scale plants wer
constructedas asubmerged bed witRVC carriers (Bioflowd®)
with a volumeof 3 L. The Bioflow 9° with filigree structure shows
a very high specific surface aref 800 m?/m?3. It is mostly used
for wastewater withow organic loadA schematic diagramf the
experimental plantis shownin Fig. 1.

The operating conditiong the bioreactor§.e. HRT, pH, dis-
solved oxygen concentration and temperature) were monitor
continuously during the whole operational periocensure that
they remained constarour 15 cmporous plates at the bottom of
the vessel supplied oxygen fram air pumpto maintaina constant
concentratiorof 1.5 mg/L. All the experimental work was per-
formed apH 7.5 and temperaturef 35 ‘'C thanksto an adjustable
thermostat.

The partial-nitritation bioreactors were inoculated with the

same mixed liquor froran aerobic reactor locatén thelLos Vados
urban wastewater treatment plant (Granada, Spédie)mixed
liquor was recirculatedor three days until the appeararatea
biofilm on the surfacef the plastic carriers and acclimatender
defined laboratory conditiorfer 5 days Kaewpipat and Grady,

gical Engineering4 (2014) 443—-450 444

Fig. 1. Diagramof the bench-scale partial nitrificati@Partial-SHARON)ioreactor
used in the experiments.

20032). During acclimatiorthe partial nitritation bioreactors were
fed with synthetic wastewater.

The synthetic wastewatéiviosquera-Corral etl., 2005 used in
this research simulated leachate framanaerobic digester, since
it containeda high concentratiorof ammonium and walkw in
organic matterThe chemical compositionf the synthetic waste-
watercan beobservedn Table 1.

To prepare the synthetic wastewatet,L of distilled water
were poured inside 60 Ltank along with the exact quantity of
chemical compounds that maglethe synthetic sewage medium.
Later others25 L of distilled water were added aalli components
were then mixed and dissolv@te influent was continuously fed
into the bioreactorsy aperistaltic pump (Watson Marlow s-520),
that pumped the synthetic wastewater at different flow rates.

2.2. Physico-chemicgbarameters

The physico-chemical parameters analysed were the follow-
ing: pH, dissolved oxygen concentratiolgemperature and nitrogen
concentratiolin its various forms (ammonium, nitrite, and nitrate).
All sampledor ammoniumnitrite and nitrate determination were
taken every4 h for 30days.

Under constant conditions, two experimeimtsparallel were
performed at differerHRT (9 and12 h) with a view to analysing
éhe evolutiorof nitrogen concentratioin the bioreactors and also
the microbial diversityn the biofilms. During both experimenthe
pH was constant &5 (Van Hulle etal., 2005;Tao etal., 2012). This
parameter was continuously measuiedhe bioreactors using
a pH meter(ORION). The equipment was adjusted automatically
with buffer solutionsof pH 4.0 and7.0. Onthe other hand, the
Oxygen was suppliedy meansf air gasification through the lig-
élgj phase using porous plates obtain smallair bubbles kept

Table 1
Chemical compositionf the synthetic wastewater gf. used in the experiments.

Chemical g/L
(NHy)2 SOy 2.35
NaHCGO3 3.25
cacChb 0.30
KH2 POy 0.07
MgSOy 0.02
FeSQ:7H,0 0.009
Hy SOy 0.005
EDTA 0.006
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the oxygen concentration constantlatmg/L during the whole 3. Analysisof TGGEfingerprinting
operational periodGonzalez-Martinez ei., 20129).
The concentrationof the various form®f nitrogen (nitrite, Runs were doneon a TGGE Maxisystem (Whatman-Biometra,
nitrate and ammonium) was measured daily at the entrance a&ohbH, Germany). Denaturingels (6% PAGEwith 20% deionized
exit pointsof the partial-nitritation bioreactor witim ionic chro-  formamide,2% glycerol and8 M urea) were run, with th&@AE
matograph (Metrohm). Nitrite and nitrate levels were measurdalffer, at150 V for 18 hexceptfor nxrA gel which was run at
with an anion column (Metrosef supp-4-250), and ammonium 125 V. All chemicals were purchased from Sigma Ald(i&thLouis,
levels with a cation column (Metrose® 2-150). A carbon- MO, USA). The optimal temperature gradiefor efficient bands
ate/bicarbonate solution was ussdhe eluent. Calibratioourves separation was 41-5@ for nxrA and 34-51C for 16S rDNA
of known concentrationd0, 500 and 1000ng/L) of ammonium, CTO. Gel bands were visualisd®y silver staining using the Gel
nitrite, and nitrate weralso analysed daily. Code Silver Stainingkit (Pierce, Thermo Fisher Scientific, Rock-
ford, IL, USA), following the manufacturer’s instructions. Stained
gels were photographed witlhCanon digital camera.GGE band

2.3. DNA extractionand PCRamplification patterns were normalised compared and clustered using the Gel
Comparll image analysis software (version 5.102, Applied Maths,

To performTGGEanalysis, samples were taken ev&hhduring  Belgium). Bandswere automatically detected and matched, and
acclimation inoculum process until the system achieved stabilfurther corrections were applied manualgr cluster analysis,
sation (samples fro®A to 5A for the first experiment and from TGGE profiles were compared using thiee band-based similarity
0B to 5B for the second)iter stabilisation, samples were taken coefficient: band-matching (band assignment) and identification of
on days10, 15and30 (10A, 15Aand30A) for the first bioreac- band classes were performed automatidajlthe programA band
tor and dayd5 and30 (15B and30B) for the second bioreactor, classis definedas agroupof bands preserit different profilesand
both workingn parallel.Total DNAwas extracted from the biofilm showing the same electrophoretic behaviour along the gradient.
formedin the bioreactorasfollows: approximately200 mL ofplas-  Dendrograms, concerning band pattern similarities, \matemat-
tic carriers obtained from different representative actasach ically calculated withUPGMA algorithms (Unweighted pair group
bioreactor were stirrelgy vortex with saline solution and then cen- method with arithmetic mearjhe significanceof UPGMA clus-
trifugedto obtain the biofilm fraction. Samples obtained (approx.tering was estimatetly calculating the cophenetic correlation
200 mg)were usedbr DNA extractiorby using theFastDNA Kitand coefficients.

FastPrep24 apparat@dP-BIO, Germany) accordinty the manu-
facturer’sinstructions.

Two different genes were used the targefor the study of
nitrifying the microbial communities preseint the bioreactors:
16S rDNAgengCTO)fragmentfor the ammonia-oxidizing bacteria
and the nitrite -oxidoreductase gemeA for nitrite-oxidizing
bacteria.

A two-stepPCR(nestedPCR)approach was selectéd amplifi-
cationof all target genessreportedy various author&or TGGEor
DGGE fingerprintingof each specific gené&¢walchuk etal., 1997;
Wertz etal., 2008. One microlitre (2—-5ng) of the DNA extracted
was useds atemplatefor all first step amplificationg\ll primers
were purifiedby HPLCand purchased froBigma Aldrich(St. Louis,
MO, USA).

Amplification of the 16S rDNA gene was carried out with
CTO189f and CTOG654r primers, whichre specificto the major-
ity of -proteobacterial ammonia oxidizing bacteasaeported by
Kowalchuk etal. (1997) PCRproducts were then diluted at 1:20 to
prevent amplificatioof non-target sequencéseitag etl., 2000,
and usedsthe templatér the secon&8CRusing universal primers

3.1. DNA sequencingf TGGE-isolatedbands, phylogenetend
molecular evolutionary analysis

Portionsof prominent bands were collected with stepipette
tips from silver stainedels, placedin 10 L offiltered (0.22 m)
and autoclaved distilled water, and directly usedreamplifica-
tion with the appropriate primeCRproducts were purified by
agarosegyel running and extracted with the QuiaeXill (Quia-
gen, Germany). RecoverdoNA was usedor sequencingn an ABI
PRISM 3100 Avant genetic analyser. Sequences were anaiysegd
compared with those preseantthe database with biocomputing
tools provided onlindby the National Centefor Biotechnology
Information @ttp://www.ncbi.nlm.nih.goy The BLASTnprogram
was usedbr preliminary sequence similarity analysis, and ClustalX
version 2.0.3 software was usedbr sequences aligning. Phy-
logenetic and molecular evolutionary analyses were conducted
using MEGA version4 (Kumar etal.,, 2009. A p-distance based
evolutionary tree was inferred using the Neighbour-Joining algo-

GC-P1andP2. Theprograntor the firstPCRwas:7 min at95 ‘Cfol- rithm.

lowedby 35 cyclesof 95 'C for 30 s,annealing ab7 'C for 1 min

and elongation &8 'C for 45 swith terminal elongation &8 'C 3.2. Statistical multivariate analysiyy Canoco

for 5 min. The second®CRwas carried out accordingthe method

reportedby Molina-Munoz etal. (2009) TGGEband patterns generatedGelCompall were converted
For nitrite -oxidoreductase gengrA amplification, firstthe to a binary matrixby scoring bandss present,l, or absent, O.

PCRwas conducted usingkrA primersFl andR2 (Wertz et al.,  This matrix was preliminary evaluated, without transformation, by

2008. The second step was then carried out vithL of the first  detrended correspondence analfB®), showinga linear,rather
PCRproduct and the same primers contairin@Cclamp added than unimodal, response the operating parameters (lengths of
at the5’ endof the forward primer. Thermocycler conditions for gradient<3) (Leps andSmilauer, 200} Accordinglyredundancy
eachPCRreaction wereas reportedby Wertz etal. (2008) with analysigRDA) was performedtb reveal the relationshigmetween
only slight modificationss follows: 7 min at94 'C followed by 35 the structureof nitrifying microbial communities and set of
cyclesof 94 ‘Cfor 30 s,annealing a80 ‘'C for 45 sand elongatioat variables (ammonium, nitrite artdRT) relatedto the operating
72 ‘Cfor 45 swith terminal elongation a2 'C for 5min. parameterdAll variables were transformed log(X + 1). TheMonte

All final PCRproducts were cleaneohd/or concentrated (when Carlo permutation test was usém assess statistical significance
required) using Amicon Ultra-OrBL Centrifugal Filters (Eppen- of the ordination axedll the multivariate statistics were com-
dorf, Hamburg, Germany)len microlitres (60—-10@g DNA) were  puted using the “Canodar Windows”v. 4.5 software (ScientiaPro,
then loaded into each wéllthe TGGEgel. Budapest, Hungary).
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s00 functioningof the partial-nitritation technologWlorgenroth et al.
50 12 JOO0 KK oy XM K T 2 R K AT R K o XX (2002)stated thatHRT appeargo havean important influence
on biofilm reactors since the retention tirofethe substrate can
be smaller than the retention tinoé bacteriain the biofilm.It is

£
£
£
H —+—Nitrite(Nt) : ] -
§ —ENitrate(N9) importantto note that durin@gll the experiments the total nitro-
£ —— Ammonium(No gen inthe bioreactor was constant, thmughe partial-nitritation
g 0 L - -Nitrite(Nt) system the only biotransformatiari the ammonium was via
'g‘ o4 / W-»-Ninﬂmg nitrite, except at some moments when very small quantities of
-é I f Ammonium(Nt) nitrate were detecteid both bioreactorsthis can bedueto the
£ f/ operating conditionsf the system, suctis pH, temperature and
g iy i ) oxygen demandDO), which increased the biological activity of
O T a5 678 9 101012131415 16 1718 1920 21 2223 2425 2627 829 30 the ammonium-oxidizing bacteria and decreased the biological
Time(Days) activity of the nitrite-oxidizing bacteria.
Fig. 2. Valuesof ammonium( , ) nitrite ( , X) and nitrate( ,X )expressed as Accordingto Van Dongen etal. (2001) the optimal ammo-
total nitrogen in the effluent a partial nitrification bioreactor (Partial-Sharon) over NiUM and nitrite ration the effluentén partial-nitritation systems
time with aHRT of 9 h (- - - -) and 12 b—). for their combination with Anammox bioreactotan be esti-
mated ab0%ammonium an@&0% nitrite. In this contextpur data
suggest thain partial-nitritation systems the ammonium-nitrite
4. Results and discussion ratio can be modified by changing theHRT (Fig. 2. Moreover,
the results obtained our experiments showed that the partial-
4.1. Physico-chemical parameters at differdR(T nitritation bioreactor under submerged-bed technology increased

the transformationf ammonium into nitrite and decreased the
The first partial-nitritation bioreactor was operatingaaton- time requiredor the start-upf the bioreactors comparisorwith

stant flow rateof 4.16 mL/min andHRT of 12 h. After fivedays of other technologies{osquera-Corral edl., 2005;Van Loosdrecht
operation (acclimation procesfthe inoculummo the experimen- etal,, 2009.
tal conditions)100% ofthe ammonium was convertéd nitrite.
After this period, the partial-nitritation bioreactor showed stabili4.2. Study ohitrifying communities presern the
sation, maintainingts high capacityto transform ammonia into partial-nitritation bioreactor
nitrite. These result$rig. 2 suggested that the capaaftythe
partial-nitritation bioreactoto transform ammoniunto nitrite TGGEfingerprinting analysis was usérdinvestigate the struc-
with submerged fixed bed biofilm reactor cobddconsidereds an tureof nitrifying microbial communities presemt the bioreactor.
alternativeo the suspended growth activated sludge process, sutlifferencesin the structure were detectdg the PCR-TGGE
asthe conventioneBHARONtechnology without carriefs$chlegel  method dependingn working conditions.
and Koeser, 200A/an Dongen efal., 2001). The high transforma-
tion capacityof submerged-bed systems shotuilregarded as 4.2.1. Ammonia-oxidizing bacteria community structu(@TO)
an important operational factdor the development and future analysisand phylogeny
designof partial-nitritation bioreactors, whicten be applied to Results obtainedh our studieson ammonia-oxidizing bacteria
the treatmendf effluents with high nitrogen content, swshand- evidenced two different clusters accordinghe different condi-
fill leachate(Van Loosdrecht etal, 2004). Moreover, fixed bed tionsof the HRT appliedto the system. Moreover, both bacterial
biofilm reactorsare one of the extensively used systennsthe clusters showed vetgw levelsof similarity.

removalof nutrient pollutants from wastewater becaofséheir As for the 12 h HRT, it was evident from the clusterirtbat
simple mechanical configuration, low-energy requirements arntiroughout the whole experiment significant changdise sam-
low-operating costs. ples profiles occurred (sampl@és to 30A, Fig. 3. However,after

The second bioreactor was operatedaaHRT of 9hand a  acclimation inoculum period wheall the ammonium was con-
constant flow ratef 5.20 mL/min of synthetic wastewater. The vertedto nitrite (days5 to 30, Fig. 2, the microbial populations
methodology was the sanae in the first bioreactor where the seemedo stabilise This result was confirmebly the 100% similar-
concentratiorof ammonium, nitrate and nitrite was measuaed ity that appeareid the samples after system stabilisation (sample

the entry and exit pointé the partial-nitritation bioreactor. profiles10, 15and30A, Fig. 3).
WhenHRTwas adjustetb 9 hthe transformatioof ammonium In the9 h HRTexperiment (sampl@B to 30B,Fig. 3, it was evi-
to nitrite reache@0%afterfive daysof operation (acclimatiopro- dent that days after the inoculum rapid changé the profiles

cess ofthe inoculunmo the experimental conditionsdfter this of the ammonia-oxidizing bacteria occurr@his is evidentin the
period, the partial-nitritation bioreactor stabilised #sdapacity  clustering wheré&B and1B grouped away frorall other samples
for the biotransformationf ammoniato nitrite remained con- with a similarity of only 60%. Again when the system achievsth-
stant(Fig. 2. The additionof small amountsf NaOH 1%(p/v) was  bility, the resulting sample profiles were identical duting next
required dueo the increased nitrite concentration which caused days (sample$5B and30B, Fig. 3).
sharp dropn thepH levelof the bioreactor. In the TGGE gel, atotal of 14 different band classes were
The results obtainedh the partial nitritation system showed detected and bands were re-amplified and sequenced in
that at constant conditions temperaturg35 'C), oxygen con-  orderto perform phylogenetic analysi§o obtain information
centration(1.5 mg/L) andpH (7.5) during the whole operational o the species presefit the communitya phylogenetictree
period,an evident reductionn the biotransformatioof ammo- w55 developedFig. 4. Most of the sequences were grouped
niumto nitrite was observed when thT was decreased from i, the Nitrosomonas europaea/eutrophain the Nitrosomonas
12 to 9 h. Thusat12 h of HRTthe bioreactor converted tth&0% of marina/oligotrophayroups However sequences Nitrosospiraand
ammoniunto nitrite, whereas when the bioreactor was operatingitrosovibrio werealso detected.
atHRT of 9 honly 60% ofthe ammonium was convertéds there- The ammonium oxidizing bacteria species preserihe partial-
fore evident that modificatioris HRT can dramatically affecthe nitritation bioreactors seemed clearly related the working
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Fig. 3. CTOcommunity in the partial nitrification bioreactor.
conditionsIn the first bioreactqHRT of 12 h),the resulting com- (bands) appearead the partial-nitritation bioreactor (samples 2A
munity was heterogeneous, showartggh numbepf bands (nine and3A, Fig. 3. Nevertheless, at stability, the resulting bands in
different classesf bands).As expected, the presenakthe dif- the profiles were unvarying (sampl&g 15 and 30A, Fig. 3).
ferent band classes (different species) seetnebe related to Species Nitrosomonas eutropha (ba&)dwas present throughout
the ratioof ammoniume-nitriteln fact, when the concentration of the whole experiment, whilitrosospirasp. only appearedh two
these two compounds was similar, the highest numfosgecies  samples.

—_—
JN401994Uncultured Nifrosomonas sp. isolate DGGE gel band
GQ451713 Nitrosomonas europaea strain ATCC 25978
— 18 Nitrosomonas europoeafeutropha
4 — Cluster
HM446363 Nifrosomonas eutropha
—l NR_027566 Nitrosomonas eutropha
6
—13 —

14
—] —— FRB28473 Nitrosomonas marnna

Nitrosomonas marinafoligotropha

_|:FR828478 Nitrosomonas oligotropha S Cluster

Fig. 4. Phylogenetic treef CTO community.

73


usuario
Texto escrito a máquina
73

usuario
Texto escrito a máquina
 


448 A. Gonzalez-Martinez etl. / Ecological Engineering4 (2014) 443—-450 448

Feo
Fm
=

o

O AR REEEN 0A
O

O

O inl

il

o

O

i IEE BREED 1A
I BEN:-HEENR 2A
i EER NREER 3A
[
O
N

HEE ER®ER 5A
HEE ER ER 10A
B nmEn

O
a
N
L
i}
[ BE EN-EE  15A
_’|— il 1Nl £
sH ilE-0 1
L
0
C
N
[
I
I

B0 B 30A
HR B HE 4A
i 0B
i 1B

0
0
INEE ~ANlN N
il
i 2B
O
O
0
Ml

HENENN -HEER
ARREER BN
i ENNER ENEED
| i IEREE BNl
|_ i1 IRRREREND [ 58

'~ AN :ENANERENENN m 15B

Lgl !llllllllll N 11 308

20 3B

4
i
i
I
I 4B

Fig. 5. NxrA community in the partial nitrification bioreactor:Dice coefficient-based analylséand patterns generated from samples.

In the second bioreactor, the ammonia-oxidizing bacteria commesultsare in agreement with those obtainmdammonium-rich
munity resultedn more homogeneous and fewer bands comparesiystemslike activated sludgéPal et al., 2012. Obviously, our
to the first experiment. Speciet Nitrosomonas europaeand results have been obtained with0189f and CTO654primers,
Nitrosospira (band48 and19, Fig. 3andFig. 4 were present during which are specificto the majorityof -proteobacterial ammonia
all experiments. Moreover, at the eofdboth experiments when oxidizing bacteria, although noreé these sequences identify all
the system achieved stabilisatiarspecies groupinm the Nitro-  the recognized specigsthe wastewater treatment environments
somonas marina/oligotropha cluster appeared (batdmd 15, (Purkholdetl., 2000.
Fig. 3andFig. 4).

The results obtained were not surprisimgermsof the species 4.2.2. Nitrite-oxidizing bacteria community structure (nxrA)
present.The oxidationof ammoniais carried out predominantly analysisand phylogeny
by bacteriaof the genera Nitrosomonas and Nitrosospiraker Image analysis showed the preseofcevobig clusters, onéhat
etal, 1995; Posmanik &dl., 2014). Furthermoreas reported by includedall the samples taken witfRT of 12 h(bandsDA to 30A)
various authorsionisi etal., 2002 Vejmelkova etal., 2011 the and the othesf samples taken with &RT of 9 h(band<B to 30B);
Nitrosomonas oligotropha clusters prevaienvironments with low the similarity between these two clusters was ar@f(Fig. 5).
ammonia concentrations, while mastthe bacteria present in As for theHRT operating conditionf 12 h (sample®A to 30A,
nitrifying bioreactors operating at high ammonium levels, suclig. 5, image analysis revealedotal of 22 different band classes,
as our partial-nitritation bioreactor, belortg the Nitrosomonas while in the 9 h experiment (samples fro®B to 30B, Fig. 5 a
europaea lineag@lso in our case, irboth bioreactors working in total of 21 different bands appeareBand sequencing was car-
parallel when the ammonia concentration J&s the appear- ried outin orderto obtaina phylogenetic tre¢Fig. 6). All resulting
anceof N. oligotrophawas observed (bantl3 14 and15, Fig. 3  sequences were relatedthe typical nitrite-oxidizing species of
andFig. 4. However,in general the dominant bacteiia both  genus Nitrobactett is well known that speciedf this genus are
experiments were those belongiogheN. europaea—Neutropha  the key nitrite-oxidizing bacteria(NOB) in nitrifying wastewa-
clusters, species thate well known for their great affinity for ter treatment plant&im andKim, 2006. The Nitrobactergenus
ammonium and most commonly recogniaedhe main species currently consistsf four valid species: Nitrobacter winogradsky,
that carries out ammonia oxidatioBchmidt andBock, 1997;  Nitrobacter hamburgensis, Nitrobacter vulgarid Nitrobacteralka-
Gonzalez-Martinez edl., 2012; Wang etl., 2013. In this con- licus (Vanparys etal., 2007). In our caseall these species were
text, our results suggest that the different operating conditionpresent at both operating conditions and throughout the experi-
seemedo influence the presenoéeach species. When thi®T  ments.The only exception wabl. hamburgensis that onppeared
was increasetb 12 h,the prevalencef N. eutrophawas evident in the bioreactor e HRT of 12 h(band30, Fig. 5 andFig. 6).
during the whole experiment. Neverthelessa aRT of 9 h N. Although the communityf nitrite oxidizing bacterigpresented
europaea prevailed. Operating conditiafe® seemedo have an  high numberof different species, the samples structure showed
influenceon the presencef Nitrosospiraln fact when the exper- low changes over the experiment and under the different oper-
iment was performed at HRT of 9 h,Nitrosospiraspp. (band 19, ating conditions. Indeed, physico-chemical analysis shatvat
Fig. 3 andFig. 4 was present during the whole experiment, whileover time the transformatiaf nitrite to nitrate was not significant
ata HRT of 12 h itsappearance was not detected. (Fig. 2. This low capacityof transformatiorcan bedueto the work-

Our results showed thai the partial-nitritation system con- ing conditionsof the system, which increases the biological activity
structedas a submerged bed reactor, the dominant ammonisf the ammonium-oxidizing bacteria thegn grow relatively fast
oxidizers bacteria were membefshe genus NitrosomonaBhese  at high temperatures and under high ammonia concentratiains

74


usuario
Texto escrito a máquina
74


449 A. Gonzalez-Martinez etl. / Ecological Engineering4 (2014) 443—-450 449

15 i
AF344874 Nitrobacter winogradskyi nitrite oxidoreductase a

DQ421373 Nitrobacfer winogradskyi clone 2 nitrite oxidoreductase «

»=— Cluster1

pa |
AF344875 Nitrobacter vuigans nitrite oxidoreductase o
37

DQ421377 Nitrobacter vulgaris clone 2 nitrite oxidoreductase o

— Cluster2

AF344873 Nitrobacter alkalicus nitrite oxidoreductase a

AF344872 Nitrobacter hamburgensis nitrite oxidoreductase o

32
“7—' 10 Cluster 3
DQ421368 Nifrobacter hamburgensis clone 2 nitrite oxidoreductase o

DQ514250 Nifrococeus mobilis clone 1 nitrite oxidoreductase a

Outgroup
0.02

Fig. 6. Phylogenetic treef nxrA community.

decrease thalf the nitrite-oxidizing bacteri@&Sonzalez-Martinez or negative quadranty the graphic dependimm the operating
et al.,, 2011). In fact nitrite-oxidizing bacteriaare more sensi- conditionsof each experiment, and thus with respegositive or
tive than ammonium-oxidizing bactetiadifferent environmental negative relations witART (Fig. 7A an B).

parameters, suds pH, dissolved oxygen concentratiotemper- Accordingto the resultof the MonteCarlo permutation test,
ature andiRT. This means that probably, evértheyare present HRTwas the major factor explaining the variatioanghe biotrans-
and showa high levelof biodiversity, nitrite-oxidizing bacteria formationof ammoniunto nitrite under the experimental working
cannot work at these operational settings amadorobablyin a conditionslt has been reportedNybroe etal., 1992 that temporal
lag phase. Actuallythe partial-nitritation bioreactor was designed
to preventor at least significantly reduce the transformation of
nitriteto nitrate ando obtaina high efficiencyin ammoniaremoval A < 0AC Ammonium
(Gonzalez-Martinez et., 2011). -

4.3. Statistical multivariate analysis (Redundancy analjRil#)

RDA showed that, according the resultof the Monte Carlo HRT,__
permutation test, the most significant factor explaining the vari-
ation in TGGE profiles relatedo the different specific bacterial /

5A0

groups was the operating paramefT, which explained the
highest percentag# total sample variana# species data and of

sample-environment relations. o 10A0 30a Nitrite
In the casef the CTOgene profilesdRT and ammonium con- - 15A
centration was significafg <0.05).HRT was correlatetb the 1st :
ordinationaxis, which described3.9% ofthe total sample variance -1.5 1.5
of the species data (samples) 8h@8% ofthe sample-environment
relation variance. Ammonium concentration was correlttéde B Q """“‘:"'“"‘ 0AO
2nd ordinationaxis, which described/.7% of the total sample - \
varianceof the species data (samples) didb% ofthe sample- o8 \ O1A
environment relation varianc8lo significant correlation with 2 032:
nitrite was recorded. 18, ©
For thenxrA profiles,HRT and ammonium concentration were ggg \ oA
the significant variable@® <0.05). Again HRT was correlated to 480 \—\\

the 1st ordinationaxis which described®3% of the total sample
varianceof the species data aB8d.6% ofthe sample-environment
relation variance, while ammonium was correlatethe 2nd ordi-
nationaxis which described.8% of the total sample variance of 5A
the species data (samples) &1@% of the sample-environment < Mot
relation variance. Nitrite was not significant. N

In Fig. 7 the resultof all the statistical multivariate analyses -1.5 1.5
are rgported.lt IS clegr that the Sampla_E grouped together in Fig. 7. Redundancy AnalysiRDA) ordination diagram (biplot) showing samples
relationto the two differentRT. In fact in allthe Canocgraph- (numbered circles) and significafpt<0.05) environmental parameters (straight
ics, the samples (numbered circles) were positiangtie positive  arrows) using CANOCO. A = CTO community, B = nxrA community.
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variationdn biological activities may reat¢bv abacterial regulatory
mechanisnin responsé changing environmental conditions, e.g.
the amounof substrate, the electron acceptor,fiHeor tempera-
ture.This same trendtias been generally observédour study, i.e.
when theHRT was increaseid the bioreactoa significant increase
in the biotransformatioof ammoniumto nitrite was detected.
Thus changesn the operating conditions suel HRTmay pro-
duce changem the cellular physiologws well as changes at a
community level. Consequentbur results suggest that the per-
formanceof the biotransformatioof ammoniumto nitrite in a
partial-nitritation bioreactocan bedirectly affectedby the HRT,
whichcan becrucialfor the optimisationf nutrient removatates
andto implement control strategies.

5. Conclusions

Our study shows thain a partial-nitritation bench-scale
bioreactora changein the community structure was observed
dependingn the operating conditions. Specificallysignificant
factor that produced modificatiomsthe communities waldRT.
This result wasalso confirmedby statistical multivariate analy-
sis, andit was particularly evidenfor the ammonium oxidizing
bacteria where different species appeared at the diffelfers
tested. When th&lRT was 12 h, the majorityof bacteria present
were Nitrosomonasutrophawhile with a HRT of 9 hNitrosomonas
europea and Nitrosospira were dominaklso in the casef the
other bacterial group analysed, nitrite-oxidizing bacteriamod-
ification in the structuref these communities was detected in
responsdo theHRT usedin each experiment. However, although
the nitrite-oxidizing bacteria were presé@nboth bioreactorghey
showecdho ability to oxidizenitrite under the operating conditions
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Supplementary M aterial

Denitrifying bacteria community structure (nosZ) analysis

In our research, nosZ gen (Throback et al. 2004), was investigated using a cultivation-
independent approach based on PCR-TGGE fingerprinting, a nitrous oxide reductase
gene typical in denitrifying bacteria was included in order to evaluated the presence or

absence of this microbial community in partial nitrification system.

The amplification of the nitrous oxide reductase gene was performed as reported by
Gomez-Villalba et al. (2006). Amplification conditions for both PCR reactions were
slightly modified as follows: 7 min at 95 °C followed by 35 cycles of 94 °C for 30 s,
annealing at 50 °C for 1 min and elongation at 72 °C for 1 min with terminal elongation

at 72 °C for 10 min.

The optimal temperature gradient for efficient bands separation was 44-53°C for nosZ.
Gel bands were visualised by silver staining using the Gel Code Silver Staining kit
(Pierce, Thermo Fisher Scientific, Rockford, IL, USA), following the manufacturer’s

instructions.

Similarity calculated by the Dice coefficient again showed that the structure of the
denitrifying bacteria community was influenced by the HRT. In this case, two clusters

were observed with a similarity below 60% (Figure 8).
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Fig.8.-NosZ community in the partial nitrification bioreactor:Dice coefficient-based analysis of

band patterns generated from samples.

The total band classes detected were 11 in the first experiment and 12 in the second
experiment. A phylogenetic tree was obtained by sequencing the most prominent bands.
The phylogenetic tree presented 3 clusters, where most of the bands were related to some
common denitrifying species (Figure 9). As for the first cluster (cluster 1, Figure 8), five
bands (indicated as 10, 20, 21, 23) were mainly correlated with the denitrifying species

Alicycliphilus denitrificans, which is common in mixed liquors and the biofilm of
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wastewater treatment plar(Hou et al. 2012, Mechichi et al. 2003) is worth noting
that the majority of the bands did not show high levels of similarity with the seqt
reported in the databases. The closest relative found for these sequenc
Diaphorobacter nitroreducens (cluster 2, Figure P This species is common

wastewater treatment plants and it is an interesting bacterium in nitrogen r
processegKhan and Hiraishi 200. It is also well known for its ability = perform
simultaneous nitrification and denitrification under aerobic condii(Khardenavis et a
2007) Finally, one band (indicated as 25) wasuped with a high similarity t
Paracoccus denitrificans. This bacterium is also very common in wastewater treat
bioreactorqUemoto and Saiki 199. Although only one band was related to this spe
it was detected for the two different operating conditions (HRT of 12 and 9 F

throughout the entire experimen

CP002657 Alicycliphilus denitrificans KB01 nosZ gene
AY913224 Uncultured forest soil bacterium clone DUNnos359 nosZ gene
HQ148889 Uncultured bacterium clone SBR nosZ gene

HQ630210 Bacterium enrichment culture clone En_UW_86 nosZ gene b Clusterl

—
AB278114 Diaphorebacter nitroreducens nosZ gene

2 —  Cluster2

FJ686174 Halomonas ventosae nosZ gene
25
AF016058 Paracoccus denitrificans nosZ gene

HEB14033 Pseudomonas stufzen nosZ gene

T AF361791 Azospinllum brasilense nosZ gene
|

AYOT2227 Achromobacter xylosoxidans nosZ gene = Outgroup

0.02

Fig.9. -Phylogenetic tree of nosZ community.
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As for the band profiles, it was observed that in the first experiment the bands were
almost the same in the different samples. This means that the species remained unvarying
over time. This is not surprising since, even if available, these species are probably not
active because of the operating parameters used in the bioreactor. The only exception
could be the band related to the geRasacoccus. The presence of this bacterium could

be due to possible aerobic denitrification. Indeed, Rheacoccus species are the first
species reported to carry out complete denitrification under aerobic conditions (Ahn

2006). However further studies are needed in order to confirm this hypothesis.

Even considering the above, in general terms denitrification is normally performed in
anoxic conditions that are obviously not present in the partial-nitrification process
(Dijkman and Strous 2002). Thus our results suggest that although denitrifying
microbiota were present in the partial-nitrification bioreactor, these microbial populations

were probably not biologically active under the experimental conditions

Statistical multivariate analysis (Redundancy analysis, RDA)

The nosZ genes only HRT was the apparent cause abiges in the communities’

structures, since it was the only significant variable. Again, HRT was mainly correlated to
the T' ordination axis which described 66.2% of the total sample variance of the species
daa and 91.2% of the sample-environment relation variance. In this case the other two
different operating parameters resulted in no significance. In Figure 10 the results of

NosZ statistical multivariate analyses are reported.
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Fig.10. - Redundancy Analysis (RDA) ordination diagram (biplot) of NosZ community

showing samples (numbered circles) and significant (p < 0.05) environmental

parameters (straight arrows) using CANOCO.
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A partialnitritation benc-scale submerged Hitter was used for the treatment of synthetic wastewcon-taining a high
concentration of ammonium in order to study ttfluence of the antibiotic cipfloxacin on the parti-nitritation process and
biodiversity of the bacterial community structure. Thfluence of ciprfiox-acin was evaluated in four |tial-nitritation
bioreactors working in parallel, which received sterile synthetic wastewater amended with 350 ng/L floxacin
(Experiment 1), synthetic wastewater without cfloxacin (Experiment 2), synthetic wastewater amended with 100 n¢
ciprofloxacin (Experiment 3) and synthetic wastewater amended with 350 ng/L ofloxacin (Experiment 4). The

iﬁmz:;ﬁ concentration of 100 ng/L of antibiotics demonstrated that the |-nitritation process, microbial biomass and bacte
Wastewater structure generateby tagpyrosequencing adapted progressively to the conditions in the bioreactor. Howeve
Fluoroquinolone concentrations of c-rofloxacin (350 ng/L) induced a decay of the pamiaditation process, while the total microbial biom
Ciprofloxacin was increased. Within the sai experiment, the bacterial community experienced sequential shifts with a clear redu

Partial-nitritation
Pyrosequencing

the ammonium oxidation bacteria (AOB) and an evident increase of Commamonas sp., which have been previous
to be ciprfloxacin-resistant. Our study sugge the need for careful monitoring of the concentration of antibiotics st
ciprofloxacin in partie-nitritation bioreactors, in order to choose and maintain the most appropriate conditions for the
operation of the syste

© 2014 Elsevier B.VAIl rights reserved.

more eficient and cost effective have been developed for the removal
nutrient. In particular, the development of aut-phic technologies for

1. Introduction

One of the most important environmental problems is t-crease in the
volume of industrial and urban wastewater produced. In this way, dif
technologies have been used for tamoval of different elements presen
this water such as nitrogen, organic carbon and phosphorous. In this ¢
in the wastewater treatment plants (WWTPs), nitrogen is often remov
conventional biolog-ical processes such as fim#ion and herotrophic
denitrification. However, in recent years, alternative biological system:
are

Corresponding author at: Department of Civil Engineering, ETS Ingenieros de Ci
Canales y Puertos, University of Granada, Spain. Tel.: +34 958 244170.
E-mail addressagon@ugr.e¢A. Gonzalez-Martinez).

0048-9697/$- see front matter © 2014 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.scitotenv.2014.01.012

nitrogen remosl (anammox systems) has been a truly novel alterr

Different autotrophic removal systems have been described in tF
decade. Thus, autotrophic systems of two bioreactors (i.e. Sharon/ an.
system) and autotrophic systems of a single biorr (i.e., Cannon system,
Demon system, etc.) have been developed. However, in all of the auto
technologies' systems for nitrogen removal, a p-nitritation is needed
before the anammox process, where rolygh9% of the ammonium that
present in the ifuent is converted to nitrite. Finally, the remain

ammonium will be converted into gasus M by autotrophic anammox
bacteria, with nitrite as thfinal electron accepto Peng et al., 2006
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Partial-nitritation systems were developed by the Delft University ofsludge of their strong sorption propertiedlet et al., 200Band their poor
Technology between 1996 and 1999; these have several advantages over tdégtadation (Al-Ahmad et al., 1999 In this context, the biological processes
nitrification-based technologies, such as 25% savings in aeration, 308f nitritation have been described as particularly sensitive to toxic substances
reduction of biomass generatienwith the biomass yield being about 0.15 g such as pesticides and antibioticS4ez et al., 2003 Thus, the effect of
biomass (g NI:r|4-N)_1 ( Gut et al., 200y— and 20% less C£emissions Eri fluoroquinolone antibiotics such as cifftoxacin, which is a popular antibiotic
Shalini & Joseph, 2012 Moreover, this system has been shown to performthat is widely found in municipal wastewa-ter, on the partial-nitritation
efficient nitrogen removal with elim-ination rates ranging from 26—kg process may be of undoubted interest, mainly because this has never been
Nm 3d *to 76 kg- Nm °d - ( Okabe et al., 2031 These technologies have Studied before. Thus, the objective of our study was to evaluatefitnenie

different drawbacks, such as their slow start-up and strict operation&f different concentrations of cipftoxacin on the performance of a partial-
conditions (Gonzalez- Martinez et al., 20l1Nevertheless, these systems nitritation bioreactor constructed at bench-scale under thiggocation of a
have been expandedue to their higher performance and lower costs tharfixed-bidilm bioreactor. Also, the effects of this antibiotic on the microbial
traditional nitrogen-removal technologies, with some authors reporting up tog@mmuni-ties growing in the bioreactor were studied using tag-
90% saving in operational cost3dtten et al., 2001 pyrosequencing techniques.

Antimicrobial agents are among the most commonly used pharmaceuticals
and are widely used. Beta-lactams, macrolides, sulphonamide®. Materials and methods
fluoroquinolones, and tetracyclines are the most important antibiotic groups
used in both human and veterinary medicine. The high global consumption Bfl. Operating conditions of the bench-scale partialficition bioreactors
up to 200,000 t per year and high percentage of antibiotics that may be
excreted without undergoing metabolism (up to 90%) have resulted in their Four partial-nitrfication bioreactor bench-scale plants were constructed as
widespread presence in the environmelglic et al., 201} In this context, in  a submerged bed with a volume of 5 L. It was con-structed as a submerged
the lastfive years, the oral consumption of quinolone antibiotics such abiofilter with PVC carriers (BioFlow 9). The carrier BioFlow 9 has a diameter
ciprafloxacin has increased by 30%. Quinolones have been detected at leved® mm, a height of 7 mm, a density of 0.84 g%mj a spefic surface area
of up to 36 ng/L and 450 ng/L in surface waters and urban wastewatersy gog mz/mg(Chai et al.,
respectively Batt et al., 200y In addition, this family of antibiotics raises

concerns about their potential ecotoxicity and genotoxiciiaftman et al., peristaltic pump, and was operated at a continflowsof 715 mL/h with a
1999), in particular, that caused by the last generatiohsquinolones.  pqraylic retention time (HRT) of 7 h. The operat-ing conditions in the
Ciprdfloxacin is &luoroquinolone that affects DNAgyrase and topoisomerase)ioreactor (i.e., HRT, pH, dissolved oxygen con-centration, and temperature)
IV of many different Gram positive and Gram negative bacteria, thUgyere continuously monitored in order to verify that they remained stable.
preventing cell replication. Spéicially, fluoroguinolones have been found to Four 15-cm air diffusers at the bottom of the vessel supplied oxygen from an
be effective against many pathogenic bacteria including Salmonella sprir pump to ensure that the oxygen concentration in the bioreactor was
Campylobacter spp., Escherichia coli, Klebsiella spp., Pseudomonagaintained at 1.5 mg/L. All of the experimental works were performed at a
aeruginosa, Neisseria gonorrhoeae and Streptococcus pneumblaiais €@ pH of 7.5 and a temperature of 35 °C due to an adjustable thermbistag (

al., 2013. It is com-monly utilised for the treatment of dises such as & Liu, 2007; Vilar et al., 2010

pharyngitis, sinusitis or earaches, as well as airway diseases, such as

pneumonia or bronchitisGoutu et al.2013).

2013 A schematic diagram of the experimental
plant isshown in Fig. 1L The bioreactor received synthetic wastewater from a

Before starting the experiment with different concentrations of cip-
rofloxacin, three partial-nification bioreactors were inoculated with mixed
Although antibiotics are of great importance for human health, they caliquor from the same aerobic reactor located in the Los Vados urban
aso be a great problem for the environment. Antibiotics can be re-leased intcastewater treatment plant (Granada, Spain). The mixed liquor was
nature, where they spread throughout water bodies, pro-moting the antibiotiecirculated for three days until the appearance of fdrbion the surface of
resistance of bacteria due to the selection of resistant strains after exposuréh plastic carriers and acclimated unddingel labora-tory conditions for 5
antibiotic concentrations fick et al., 2009. Since the concern about the days (Kaewpipat and Grady, 20R2After inocula-tion, a standard synthetic
discharge of pharmaceuticals (asttier emerging contaminants, as well) into wastewater (Mosquera-Corral et al., 20p@ithout ciprdloxacin was fed into
wastewater is relatively re-cent, it is not unexpected that they have not beéme bioreactors for 30 days to obtain
covered by the cur-rently existing regulatioddlic et al., 2011 As it is
today, antibiotic release into the environment carries an intrinsic risk that is
not yet fully comprehended@e Graaff et al., 20)1 In this context, it has B
been reported that municipal wastewater treatment plants are the major source | 9 | | 8 |
of antibiotics being released to the environmegeiita et al., 2013 This is
due to the use of antibiotics by humans, which #ren released into
wastewater treatment plants through black waters in substantial
concentrations De Graaff et al., 20)1 Also, due to the improper design of
wastewater treatment plants for the removal of these compowettichi et
al., 2012; Senta et al., 200 ®nly small amounts of antibiotics are removed at
wastewater treatment plantsie Graaff et al.2011). In fact, antibiotic-
resistant strains are more nu-merous downstream than upstream of the
wastewater treatment plantZhang et al., 2009 In these environments,
artibiotic-resistant micro-organisms become selected under antibiotic
concentrations. Then, a high density of microbial biomass will help to transfer
genetic informa-tion that allows bacteria to become resistilan@ia et al.,
2009; Zhanget al., 200%

Fig. 1. Diagram of the pilot-scale partial-nitritation bioreactors used in the experiments. 1)

Synthetic wastewater tank; 2) Peristaltic pump; 3) Air pump; 4) Oxygen diffusers (porous

. . ) plates); 5) Partial-nitritation bioreactor stuffed with BioFlow 9 carriers; 6) Thermostat; 7) pH
During wastewater treatment, quinolones are drastically removed from thgure; 8) Tank of HSQs 0.1 M for pH control; and 9) Tank of NaOH 0.1 M for pH con-trol.

water streamN80%), but their fate is associated with sewage Four partial-nitritation bioreactors working in parallel were constructed in our study.
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Table 1
Composition of the synthetic wastewater used to feed the four partial-nitritation bioreactors.

Chemical Experiment 1 Experiment 2 Experiment 3 Experiment 4 Unit
Ciprofloxacin(G 7H1eN3FOg) 350 0 100 350 ng/L
(NH4)2S0s 2.35 2.35 2.35 2.35 g/L
NaHCG3 3.25 3.25 3.25 3.25 g/L
CaCbh 0.30 0.30 0.30 0.30 g/L
KH2POy 0.07 0.07 0.07 0.07 g/L
MgSOs 0.02 0.02 0.02 0.02 g/L
FeSQ_7H0 0.009 0.009 0.009 0.009 g/L
H2SOq 0.005 0.005 0.005 0.005 g/L

a perfect partial-nitritation with the optimal operational conditions to obtainvhich had been acifiéd to pH 3.0 with 98% (v/v) formic acid, were passed
50% ammonium and 50% nitrite \(an Dongen et al., 2001;Gonzalez- through the Oasis HLB SPE cartridges. The analytes were then eluted with 8
Martinez et al., 2013 The fourth bioreactor was not inoculat-ed with esix ML of methanol, and the extracts were evaporated to dry-ness. 1 mL of the
liquor and only received sterile synthetic wastewater for 35 days. Obviousli}?'t'al mobile phase was added to dissolve the residues prior to LC injection
the non-inoculated bioreactor did not form fiin, and was used in our (Acquity™ Ultraperformance LC system) equipped with a BEGhg
experiment to determine the sorption properties of the support materiablumn (1.7ym, 50 mm x 2.1 mm). Separations were performed using binary
(BioFlow 9). gradient mobile phased.( et al., 2009.
After the period of acclimatisation of the microbiota in the inoculat-ed
partial-bioreactors, different concentrations of cffoxacin (0, 100 and 350 2.3. Samples collection and DNA extraction
ng/L) were added to the synthetic wastewater (§able 1. These antibiotic
concentrations were selected in agreement with previ-ous descriptions of Biomass samples from the Blm formed on the BioFlow 9 were col-
ciprofloxacin in wastewater fluents (Jelic et al.,2011; Dorival-Garcia et al., lected from Experiments 2, 3 and 4 after 0, 7, 15 and 30 days. Tests on carrier
2013). The non-inoculated bioreactor wafed with sterile synthetic samples were carried out in order to establish the amount of bio-mass
wastewater amended with 350 ng/L of cigloxacin (Globuc& 500 mg,  attached to the carriers. The filim solids were determined using four carrier
Sigma-Tau). Synthetic wastewater usedbim study simulated the leachate elements that were sampled. The carrier samples were son-icated for 3 min.
from an anaerobic digester, since it contained a high concentration @he biomass attached to the carriers was separated by centrifugation at 3000
ammonium and was low in organic matter. Thituent was continuously fed rpm/10 min and then washed off; the clean car-riers were weighed and the
into the bioreactor by a peri-staltic pump (Watson Marlow s-520) whickamount of bifilm attached to the four car-rier elements was calculated. The
pumped the synthetic wastewater at a condliantrate. amount of biomass in the reactor could then be determined from the number
of carrier elements per litre.
Samples collected for PCR anfjglation and further pyrosequencing were
2.2. Determination of ammonium, nitrite, nitrate and done by vortexing 200 mL of plastic carriers fromfittiers in a sterile saline
ciprofloxacin concentrations solution (0.95 NaCl), then centrifuging them to obtain thdilbiofraction.
Biofilm samples were then subjected to DNA ex-traction using the FastDNA
Concentrations of the inorganic forms of nitrogen, ammonium, ni-trite andit and Fast-Prep24 apparatus (MP-BIO, Germany).
nitrate were measured daily at thedluent and dfuent points of the four
partial-nitritation reactors. Determination of ammonium, ni-trite and nitrate
concentrations was done by ionic chromatography (Metrohm) in agreemedt4. Pyrosequencing studies
with  Gonzalez-Martinez et al. (2013Ammo-nium concentration was
measured utilising a Metrosep G-250 cation column, while nitrite and PCR analysis using primers 28 F-@GAGTTTGATCNTGGCTCAG-3
nitrate concentrations were measured with a Metrosep A supp-4-250 aniéfd 519R (5GTNTTACNGCGGCKGCTG-3, which had been reported by
column. A carbonate/bicarbonate solu-tion was used as eluent. Calibratifi@n et al. (2012)was used for the collection of amplicons. This aoopis
curves of known concentrations of ammonium, nitrite and nitrate (10, 500 antfere then subjected to pyrosequencing. Samples for pyrose-quencing were
1,000 mg/L) were also analysed on a daily basis. stored at-20 °C and sent to the Research and Testing Laboratory, Lubbock,
TX ( http://www.researchandtesting.cquPyro-sequencing was done using a
Ciprofloxacin concentration in theflaent and dfuent from the partial- 454FLX instrument and 454 pyrotag methods following the reporDmyvd
nitritation reactors was measured on a daily basis in all of the ex-periments,énal. (2008) Analysis of bacte-rial 16S rRNA gene datasets feality and
agreement withDorival-Garcia et al. (2013)L00 mL of wastewater sample chimaeras was performed with results from the pyrosequencing procedure.
filtrates (0.4%m membrandilter, Millipore), Genetic

Table 2
Ciprofloxacin concentration in thefefent for Experiment 1 (without biomass and a dips@cin concentration of 350 ng_l]l_) Experiment 2 (without cipftoxacin), Experiment 3

(Ciprofloxacin concentration of 100 ng_lb and Experiment 4 (Cipfimxacin concentration of 350 ng_/b.

Experiment 1 Experiment 2 Experiment 3 Experiment 4

Date Point of Concentration Date Point of Concentration Date Point of Concentration Date Point of Concentration
measure (ng/L) measure (ng/L) measure (ng/L) measure (ng/L)

Day 0 Influent 331.715.1 Day 0 Influent 010 Day 0 Influent 97.812.6 Day 0 Influent 357.213.1
Effluent 342.8+1.9 Effluent 010 Effluent 0.210.01 Effluent 0.410.07

Day 7 Influent 366.513.6 Day 7 Influent 010 Day 7 Influent 107.119.0 Day 7 Influent 342.0+17.3
Effluent 351.215.4 Effluent 010 Effluent 0.210.03 Effluent 0.710.3

Day 15 Influent 346.1+ 3.8 Day 15 Influent 0+0 Day 15 Influent 113.8+ 1.4 Day 15 Influent 386.8+6.7
Effluent 327.512.2 Effluent 0+0 Effluent 0.310.1 Effluent 3.210.5

Day 30 Influent 348.313.5 Day 30 Influent 0+0 Day 30 Influent 68.710.5 Day 30 Influent 329.816.3
Effluent 351.214.2 Effluent 0+0 Effluent 0.510.2 Effluent 0.210.06
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Fig. 2. Concentrations of ammonium, nitrite and nitrate through time in Experiments 1(A), 2(B), 3(C) ar
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Fig. 3. Total biomass concentration inside the partial-nitritation reactor in Experiments 2, 3 and 4. Experiment 1 was performed in a partial-nitritation bioreactor fed with stevistsyvatestic
containing 350 ng/L of cipfftoxacin.

characterisation was checked within several databases for reference &h@. Statistical analysis and curfitting
classfication, such as Silva-compatible alignment database, mofehlgss

etal., 2009 and Greengenes database. Finally, sequences wsteretl into A principal component multivariant analysis between nitrite con-
OTUs, and the abundance and diversity of these were checked with propg@ntration in the éfuent, cipréloxacin concentration in theflnent and time
statistical analysis. of exposure to cipfftoxacin was developed. The objective was to determine

the effect of ciprfioxacin addition over the perfor-mance of a partial-

nitritation reactor. Data utilised for principal compo-nent analysis were
2.5. Phylogenetic trees collected from daily measurements of nitrite concentration in fheeaf and

ciprofloxacin concentration in the fiuent for Experiment 2 (0 ng/L

Phylogenetic trees for Experiments 2, 3, and 4 were developed usimgprofloxacin), Experiment 3 (100 ng#iprofloxacin) and Experiment 4 (350

sguences generated in the pyrosequencing process. The Qiime U-Clusf/L ciprdloxacin), reaching a total population of 93 points. Principal
method using a genetic distance of 3% was used in order to construct eimponent analysis was per-formed using the statistical software R-Project.
OTUs for each of the experiments. Generated OTUs were phylogeneti-cally
related to the closest sequences using a BLAST search through the GenBankA mathematical model that explained nitrite concentration in ttileiexfit
database. Phylogenetic trees for Experiments 1, 2 and 3 were developed usihghe reactor through cipfloxacin concentration in theflnentand through
MEGA 5.2 software. Phylogenetic trees were cal-culated through thBme was developed. Cipifoxacin concentration in the ffuent and time of
neighbour-joining statistical method. The test of phylogeny chosen was thexposure to cipfftoxacin was taken as independewriables. Nitrite
bootstrap model of 1000 bootstrap replica-tions. The substitute model usedncentration in the #fient was taken as the depen-dent variable. Data used

was the Jukessantor model. for correlation were taken from daily values
100% Species 0B-Odays 1B-7days 2A-15 days 3B-30days

i ® Others 2 23 25 26
80% ‘ i e ? - m Myroides sp. 0 1 1 0
0% ‘ n Dokdonella sp. 1 0 0 0

60%
B Crocinitomix sp. 7 6 7 6

50%
W Chitinophaga sp. 19 21 20 20

40%
B Comamonas badia 2 1 2 2

30%
20% @ Comamonas sp. 1 2 0 1
10% m Nitrosomonas europaea 1 2 i 1
0% - " ‘ ’ . B Nitrosomonas sp. 43 45 45 43

0B-0 days 1B-7 days 2B-15 days 3B-30 days

Fig. 4. Bacterial community structure of Hitm at 0, 7, 15 and 30 days in a partial-nitritation bioreactor fed with synthetic wastewater without the additiorflafadmo
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Species 0A-Odays 1A-7days 2A-15days 3A-30days

100%
w Others 25 30 21 13

90%
@ Microthrix parvicella 0 5 0 0
Ao = Anaerolinea sp. 0 23 Q 0
70% u Variovorax paradoxus 0 0 4 0
60% - m Thermomonas sp. 0 0 12 0
505 m Crocinitomix sp. 7 0 4 4
m Chitinophaga sp. 20 17 34 26

40%

m Comamonas badia 2 1 3 2

30% -
B Comamonas sp. 2 3 8 7
0% T . W Nitrosomonas eurcpaea 2 7 0 2
10% 1 B Nitrosomonas sp. 41 14 13 a6

0% -+

0A-0 days 1A-7 days 2A-15 days 3A-30 days

Fig. 5. Bacterial community structure of Hitm at 0, 7, 15 and 30 days in a partial-nitritation bioreactor fed with synthetic wastewater amended with 100 ngfloafcipro

obtained through the determination of nitrite and dlpracin in Ex-  in the non-inoculated reactor was not detectei)(2-A). Finally, no bidilm
periments 2, 3 and 4; thus, regressiitied a population of 93 data points. formation on the BioFlow 9 was microscopically observed throughout
Data were correlated using a polynonfitiing for the variables cipftoxacin Experiment 1. Obviously, the non-inoculated bioreactor did not forfiirbio
concentration and time. Cunéting calculation was de-veloped using a and studies on the microbial communities were not performed.

Matlab R2013a Curve Fitting APFDemuth and Beale2000.

3.1.2. Experiment 2
3. Results and discussion A partial-nitritation reactor was operated with no cffoxacin added to

its influent. The evolution of ammonium, nitrite and nitrate concentrations in
3.1. Ammonium, nitrite, nitrate, total biomass, cifracin evolution and the efluent can be observed iRig. 2B. By day 0, the system was operating

dynamics of microbial communities within partial-nitritation reactors at a stable performance, characterised by #oesft of 50% ammonium-50%
nitrite, which is in agreement witivan Dongen et al. (2001performance of
3.1.1. Experiment 1 the system acquired a stabiue within the experiment time.
This experiment was conducted in a non-inoculated reactor fed with
synthetic wastewater containing 350 ng/L of cifmracin in order to cdirm The evolution of total biomass concentration inside the partial-nitritation

the sorption capacity of the carrier. The results clearly demon-strated that treactor subjected to no ciglaxacin addition can be seen iRig. 3 Total
antibiotic was not retained by the carrier BioFlow 9Tgble 3 and, biomass concentration presents a steady value during the entire experimental
consequently, the same amounts of dilmxacin were detected in theflurent period.

as in the dfuent (350 ng/L), throughout the study period. Also, Operational conditions of the partial-nitritation reactor were not changed

transformation of ammonium to nitrite or nitrate throughout the experiment time. This might have led to a
Species 0B-Odays 1B-7days 2A-15days 3B-30days
100% : :
| | B Others 25 11 9 10
90%
20% ' Anaerolinea tp. 0 6 1 1
70% B Crocinitomix sp. 7 0 0 0
60% -
B Chitinophagasp. 19 14 9 10
50%
®  Comamonas badia 2 28 47 46
40%
0% m  Comamonas sp. 2 34 31 28
20% m  Nitrosomonas europaea 1 4 1 2
10% m  Nitrosomonas sp. 43 3 1 4
0% - : s

0B-0 days 1B-7 days 2B-15 days 3B-30 days

Fig. 6. Bacterial community structure of Hiln at 0, 7, 15 and 30 days in a partial-nitritation bioreactor fed with synthetic wastewater amended with 350 ngfloshcipro
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FJE08771 1 Comamonas sp. RB1-11 165 nbosomal RNA gene parmial sequence
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MR 041011 1 Comamonas badia stran LAM 14839 16S nbosomal RMNA partial sequence
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GU062420.1 Uncultured Comamonas sp. clone YC2 16S nbosomal RNA gene partial sequence
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OTU 62152 (3) — —
OTU 30527 (4) | B-Proteobacteria

- OTU 138522 (3) =S
4|EF1?53?? 1 Castellanielia sp 4 5A2 165 nbosomal RNA gene partial sequence
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OTU 219908 (3)
AF508103 1 Vanovorax paradoxus isolate TG27 165 nbosomal RNA gene partial sequence

HMTE9657 1 C. . bactenum culture clone ANA-RAS-2 165 nbosomal RNA gene pamial sequence
OTU 279447 (2)
AJ224410 1 Nstrosomonas sp 165 rRMNA gene clone 74

45 a0

33| OTU 253099 (2)
HEB862405 1 Ntrosomonas europaea panial 165 rRNA gene type strain ATCC 25978
OTU 253662 (3)
NR 074774 1 Nitrosomonas europaea ATCC 19718 strain ATCC 19718 16S RMA
OTU 251062 {4)
OTU 233199 (4)
GQEB91821 1 Uncultured Acidovorax sp clone G63 16S nbosomal RNA gene partial sequence
FJ609361 1 Uncultured Acidovorax sp. clone NP 69 165 nbosomal RNA gene pantial sequence
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OTU 265719 (2)
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63

3 |

JX575839 1 Uncultured Thermomonas sp. clone b2-134 16S nbosomal RNA gene partial sequence
HEB01275 1 Thermomonas fusca pantial 165 rRMNA gene isolate RGNG
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93 [ 160461681 1 Uncultured bactenum clone WC27 16S nbosomal RMA gene partial sequence
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OTU 241525 (3)
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a5 OTU 221210 (2)
DQS50T172 1L Chiorofl clone MB-36 16S nbosomal RNA gene partial sequence
a2 OTU 139265 (4)
DQO93I7 1 Uncultured bactenum clone ga74 16S nbosomal RNA gene partial sequence
= Ic:'rvu 218373 (2)
ABTTSET0 1L gene for 165 RNA partial clone B-6
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ss]_E 1L Bacillus sp clone Gnas31 16S nbosomal RNA gene partial sequence [ Firmicutes J
74 | AF432251 1 Baciflus sp. Elind27 165 ribosomal RNA gene partial sequence
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13 |
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1 59 —‘E‘EUTMGGG 1 Brevundimonas sp 13630L 16S nbosomal RNA gene patial sequence
OTU 195038 (3)
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434 DQIBI4B0 1 Uncultured Bradyrhizobwm sp. clone HKT961 165 nbosomal RNA gene partial sequence
JX576040 1 Uncultured Otigotropha sp clone b18-222 165 RNA gene partial

99, OTU 234067 (3)

AF020332 1 Gordoma amarae 165 nbosomal RMNA gene pamial sequence

| a-Proteobacteria |

Actinobacteria 1

r OTU 118383 (3) -
4!!|JQQ43H 1 Candidatus Microthnx paracella clone OTU-5-40m ABB 16S nbosomal RNA gene partial sequence

DQ147282 1 Candidatus Microthnx paracelia strasn BIO17-3 16S nbosomal RHNA gene partial sequence
HOATSAET T Unculiured Bactenum clone Pohang WVWIP December 2005 588 165 nbosomal RIA gene partial sequence |
ga|oTU 317101 @y
KC551659 1 Uncultured bactenum clone GD 2-35 165 nbosomal RNA gene partial sequence
OTU 318181 (3)
OTU 223532 (3)
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— OTU 223462 (3) [ Bactercidetes
37 [loTu 223462 (2) L —
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a7 HM238166 1 Unculiured Flavobactena bactenum clone BF 52 16S nbosomal RNA gene pariial sequence
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k-] FJ710755 1 Uncultured bactenum clone Dok36 16S nbosomal RNA gene pamial sequence

OTU 317079 (3)

JQB809249 1 Uncultured bactenum clone ASNR-31 16S nbosomal RNA gene partial sequence
OTU 344466 (4)

EUT04650 1 Uncultured bactenum clone MFC-GIST441 16S nbosomal RNA gene partial sequence
OTU 241363 (3)
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Fig. 7. Phylogenetic tree for Experiment 2, Experiment 3 and Experiment 4. OTUs followed by (2) were found in the Experiment 2 partial-

nitritation reactor, OTUs followed by (3) wefeund in the Experiment 3 partial-nitritation reactor and OTUs followed by (4) were found in the
Experiment 4 partial-nitritation reactor.
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steady-state of the system, where neither performance nor total bio-mass of As the generation of nitrite in the partial-nitritation bioreactor was coupled
the system shifts with time. In this regard, total biomass concen-tration amwdith ammonium transformation, no ammonium removal was observed
ammonium conversion to nitrite are related. without the proper generation of nitrite. Consequently, the concentration of
The structure of the microbial community was stable during the entiraitrate in the bioreactor was negligible during Experi-ment 3.
experiment and was similar to previous reportSgnzalez-Martinez eal.,
2013), where the dominance &fitrosomonas sp. anditrosomonasuropaea The evolution of the biomass (mg/L of Bim) in the partial-nitritation
can be appreciatedKig. 4). These bacteria develop autotrophic fidtion, bioreactor subjected to 100 ng/L cifloxacin is recorded inFig. 3 After
utilising oxygen and ammonium to yield nitrite Koops et al.,, 1991; adlition of the antibiotic, the biomass was drastically reduced. This inhibition
MuBmann et al., 2013; Waheed et al., 20MNtrosomonaspp. are common  process was extended for 72 h, detecting a decrease to 40% in relation to the
bacteria found in partial-nitritation reactors, and carry out partial-nitritationcontrol without the addition of cipridexacin. However, microbial biomass
reactions, along with other autotrophic nitrifying bacteria, such agrown on the surface of ttgioFlow 9 carrier was slowly increased, reaching
Nitrosospira spp., Nitrosolobus spp. and Nitrosovibrio dmgemann et al.,  similar values to the control bioreactor without antibiotics after 15 days of
1998; Sri Shalini & Joseph, 2012; Gonzélez-Martiretzal., 2013 However,  operation time. From that moment, microbial biomass in the partial-nitritation
in our experiment, it could be suggested thatpheial-nitritation process is  bioreactor containing 100 ng/L of ciglaxacin was stable in the system until
mainly due to the presence of Nitrosomonas spp. The microbial communityhe end of Experiment 3.
structure also shows the moderate impor-tance of Chitinophaga sp., which is a
heterotrophic and aerobic bacteria familysgngkhobol & Skerman, 1981, The results obtained in Experiment 3 suggest that there may be a re-
Weon et al., 2009 containing some strains that are capable of N-lationship between the transformation of ammonium to nitrite and the
acetylglucosamine utilisationDel Rio et al., 201)) as well asCrocinitomix microbial biomass concentration in the partial-nitritation bioreactor. In this
sp, which is a family of heterotro-phic, strictly anaerobic, N- sense, a decrease in microbial biomass durinditsteworking days after
acetylglucosamine utilising bacteriaBBpwman et al., 200R As is already having fed the system with synthetic wastewater supplemented with 100 ng/L
known, N-acetylglucosamine is one of tmajor components of bacterial cell of ciprdfloxacin represents a decrease in the nitrite concentration in the
walls, and it is possible that N-acetylglucosamine utilisers inside the systetmioreactor. However, after this lag period, an in-crease in the parameters
are scavengers, developing metabolism with the utilisation of decayingicrobial biomass attached to the BioFlow 9 carrier and nitrite concentration
bacterial biomass as a carbon source and nitrogen sdrigali(et al., 200% in the bioreactor was observed. At the end of Experiment 3, nitrite
The relatively low pres-ence of Comamonas sp. and Comamonas bad@ncentration and microbial biomass in the bioreactor fed with 100 ng/L of
which are aerobic and het-erotrophic bacteuaelius et al., 200has to  ciprafloxacin were 20% and 5% higher, respectively, than that in the control
be remarked. It has been found that Comamonas sp. and Comamonas bdd@eactor fed without an-tibiotics. These data suggest that the presence of
are not able to uti-lise N-acetylglucosamine in their metaboliSunjaelius  concentrations of 100 ng/L of cigtoxacin produces a temporary inhibition
et al.,, 2001; Young et al., 2008; Yu et al., 2011However, it has been of the ammo-nium oxidation process together with a temporary reduction of
previously re-ported Jung et al., 200%hat ciprdloxacin might be used as a the microbial biomass. This cigdloxacin effect over bacterial biomass de-
carbon source by Comamonas sp. and Comamonas badia. tected in the partial-nitritation bioreactor has also been described by other
authors (Wilson et al., 2008 for microorganisms in natural fresh-water,
confirming the acclimatisation of the microbial communities at low
concentrations of this antibiotic.
3.1.3. Experiment 3
The third experiment was conducted in a partial-nitritation bench-scale Samples of bifiim from the partial-nitritation bioreactor subjected to 100
reactor fed with synthetic wastewater amended with 100 ng/L ohg/L ciprdloxacin concentration were collected at 0, 7, 15 and 30 days during
ciprofloxacin. During this experiment, the complete removal of cileacin the experiment. Samples were analysed using the tag-pyrosequencing
in the partial-nitritation bioreactor was observedable 9. Similar results  technique, providing data about bacterial population dynamics within the
have been reported in MBR systems exposed to several antibibarsvél- partial-nitritation bioreactor. Evolution of bacterial community structure in
Gacia et al., 2018 It has been found that ciflax-acin adheres strongly to the partial-nitritation bioreactor subjected to 100 ng/L dipracin can be
biosolids due to its high octanol-water partition €icefnt (Wu et al., 2009;  seen inFig. 5.

Wunder et al., 2011 These facts could ex-plain the antibiotic remadmahe At the beginning of the experiment, the bacterial community structure
bioreactor as a result of the sorption properties of the biomass, althoughresembles that of a typical partial-nitritation reactor fed with synthetic
biotransformation process cannot be excluded. wastewaters without antibiotics (see al&xperiment2, Fig. 4). However,

when the bioreactor was fed with synthetic wastewater treated with 100 ng/L

Evolution of ammonium, nitrite and nitrate concentrations through-out thef ciprdfloxacin, the bacterial community structure was temporarily fieodi
entire experiment is shown ifrig. 2-C. At time zero (previous to the addition compared with the control bioreactor fed with synthetic wastewater without
of antibiotic), the system was balanced and the values of transformation afitibiotics. In particular, this mditiation was detected in the AOB bacteria
ammonium to nitrite were similar to those of the con-trol bioreactor fed witi{Nitrosomonas sp.) and showed values of 41, 14, 13 and 46%, after O, 7, 15
synthetic wastewater without ciglaxacin ( Fig. 2-B). However, after and 30 days of operation, respectively. These results are consistent with the
addition of the antibiotic, the transformation of ammonium to nitrite wasvalues of partial-nitritation observed in the bioreactor (séég. 2C),
drastically reduced. This inhibition process was extended for 15 daysuggesting that the presence of 100 ng/L of dipsacin in the synthetic
detecting a decrease to 60% in relation to the control without the addition @fastewater temporarily reduces the AOB microbial popu-lation, although this
ciprofloxacin. After this stage, ammonium transformation to nitriteinhibitory effect disappears after long periods of operation. Consequently, the
experienced a stable phase of increase that started at day 15. After that tipetial-nitritation bioreactor can be adapted to the presence of 100 ng/L of
the performance of the reactor was found to suffer a sharp increase that lastgatofloxacin, probably due to the sorption capacity of théilbidormed on
up to day 24, detecting an increase of approximately 20% in relation to ttiee carrier (Dorival-Garcia et al., 20)3although the presence of antibiotic
control without the addition of antibiotics. However, from day 24 until thede-grader microorganisms (i.e., Commamonas sp.) should be consid-ered for
end of the experi-ment, it was observed that nitrite concentration in thiiture studies.
bioreactor became stable with time.
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observed (Table 2, suggesting that the antibiotic was retained ogrdeled
in the bioreactor.

The evolution of ammonium, nitrite and nitrate concentrations throughout
the experiment is shown irfFig. 2-D. At time zero (prior to the addition of
artibiotics), the system was balanced and the values for the transformation of
ammonium to nitrite were similar to those of the control bioreactor fed with
synthetic wastewater without cipflexacin (Fig. 2-B). However, after the
addition of antibiotics, the trans-formation of ammonium to nitrite was
reduced, showing a drastic reduction in relation to the control without
ciprofloxacin. After 5 days of antibiotic entry into the bioreactor, the
ammonium transformation to nitrite showed a phase increase that started at
day 5 and continued up to day 21. However, the partial-nitritation bioreactor
fed with 350 ng/L of antibiotic produced flefents with lower nitrite
concentra-tions than those produced before the addition of antibiotics, or pro-
duced in control bioreactors fed with synthetic wastewater that had not been
treated with ciprffoxacin. From day 21 until the end of the ex-periment, it
was observed that nitrite concentration in the bioreactor became stable
through time. As detected in Experiments 2 and 3, the nitrate concentration in
the efluent was negligible.

The microbial biomass (mg/L of Hibn) in the partial-nitritation
bioreactor fed with synthetic wastewater containing 350 ng/L fgxacin is
shown in Fig. 3. After addition of the antibiotic, as report-edERrRperiment
3, microbial biomass was reduced at values of approx-imately 40% of those

Fig. 8. Multivariant analysis obtained from 93 samples. From each experiment, 31 samplé%eteCted before the addition of C'ﬂwacm' After 4 days, the microbial

were taken which were represented as 1 to 31 for Experiment 2, 32 to 62 for Experiment 3 daPmass growing on the surface of the BioFlow 9 carrier was continuously
63 to 93 for Experiment 4. Variable parameters used in this multivariate analysis were nitriiacreased, reaching maximum values at
concentration in the #éient, cipréloxacin concentration in theflnent and oper-ation time.

3.1.4. Experiment 4

23 days of operation.

The results obtained in Experiment 4 suggest that the presence of
higher concentrations of cigioxacin (350 ng/L) in synthetic wastewa-ter
induces an inhibitory effect on the microbial communities (AOB) in the
partial-nitritation bioreactor, which also affects the biotransforma-tion of

A partial-nitritation bench-scale bioreactor was fed with syntheticammonium to nitrite. An evident decrease in nitrite concentration was
wastewater supplemented with 350 ng/L of dilmacin. As shown in
Experiment 3, complete removal of cifioxacin in the dfuent was

300-.,
250
200.] S

180~ .

nitrite

100

tirme

observed in the bioreactor, although an increase in the microbial at-tached
biomass was also observed. These data suggest that the presence

e 20
gt S 300
< 250
150 2m
antibio

[NO,] = 266 - 10.94 t - 1.739 [Cipro] + 0.7849 2 +0.09502 t [Cipro] + 0.003506 [Cipro]? - 0.01539 t3 - 0,0002024 2 [Cipro] - 0.0002211 t [Cipro]?

R-square: 0.9567; Adjusted R-square: 0.9524

Fig. 9. 3D surface polynomial ling comparing dfuent nitrite concentration (nitrite, mg/L),fiaent antibiotic concentration (antibio, ng/L) and time of exposure (time, days) wiffolyreomial
fitting that explains nitrite concentration in thélwent using time of exposure and cifwaacin concentration in thefinent. [NO ] stands for nitrite concentration in theleént measured in mg/L; t
stands for time of exposure measured in days; [Cipro] stands foflekain concentration in theflnent measured in ng/L. Goodnesdibfexpressed by R-square, is also indicated.
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of high concentrations of cipfloxacin produce an inhibition of the am- 3.2. Phylogenetic study of bacterial OTUs

monium oxidation process without any reduction in the microbial bio-mass in

partial-nitritation systems constructed as submefiged-bed biéilm reactor. A phylogenetic tree for Experiments 2, 3 and 4 was constructed with the
representative 16S rRNA partial sequences of bacterial OTUs generated

In the last 25 years, intensive research irfittld of biological wastewater  through tag-pyrosequencing analysisFig. 7). OTUs belonging too-

treatment has shown thfiked-bidilm systems are often morefiefent for

water purication than conventional suspended acti-vated sludifeber et

al, 2007. Growth attached to the surface of car-rier materd@as some

Proteobacteriag-Proteobacteriay-Proteobacteria, Bacteroidetes, Chftewi,
Firmicutes and Actinobacteria were found. The results show that most of the

Oo'lf'Us were evolutionally related to Proteobacteria; according to ourgdata,

advantages, such as a long sludge retention time, prevention of washout - S . .
. e ; . ._Proteobacteria were idefiéid as the major group. Beta-Proteobacteria are
biomass, and better process stability in terms of withstanding shock load'n%ﬁde-spread components of the bacterial community irfilibicsystems (

or short-term disturbing effectsStdarno et al., 2031Moreover, biéilm also Calderén et al., 2033 where members of the phylogenetic group are
protects microorganisms in hostile environments, e.g. antimicrobial agentgesponsible for the processes of degradation and transformation of nutrients
UV light and other stressors §imbes et al., 2010; Lyon et al., 2008 during wastewater treatment, and display an ability to become part of the
However, our study suggests that a partial-nitritation bioreactor constructed Asterogeneous Hitms formed under such conditions.

a fixed-bidilm system could adapt to certain concentrations (i.e., 100 ng/L) of
ciprofloxacin, but an increase in the concentration (i.e., 350 ng/L) of an-
tibiotics would finally determine an inhibition of the partial-nitritation
process.

Amongg-Proteobacteria, OTUs related to Nitrosomonas sp.,
Nitrosomonas europaea, Comamonas sp. and Comamonas badia were
predominant in Experiments 2, 3 and 4. Obviously, the pres-ence of AOB

Biofilm samples from the partial-nitritation bioreactor fed with syn-theticm'Croo"g"’m;s(':ns is expected I(ljnbﬁi' partn(;atl;)nltr;]tatlon b|o-rea;:t9r, thle the
wastewater amended with 350 ng/L cifwracin were collected at 0, 7, 15 presencg of --omamonas cou enced by the presence.o crﬁm&gcm .
in the bioreactor; however, these OTUs must be present in the mixed liquor

and 30 days during the experiment, and the structures of the microbi
y g P used for the start-up of the bench-scale plants.

communities were studied by tag-pyrosequencing technideigs®).
At the beginning of the experiment, the bacterial community structure Beta-l.Droteobactena related with Varpvorax paradoxus were only fo.und
resembled that of a typical partial-nitritation reactor fed with synthetidn Experiment 3, and twg-Proteobacteria OTUs were present only in

wastewaters without antibiotics (see alfxperiment 2 Fig. 4. However, ~ Experiment 4; one of them was iddietil as Acidovorax sp. and the other
after the addition of 350 ng/L of cipfoxacin into the system, drastic '€lated to both Castellaniella sp. and Alcaligenes defragans. Gamma-
changes in the microbial commu-nity structure were obsenag. (6. In Proteobacteria only included two OTUs which were found in Experiment 3;

. . ) . one related to Thermomonas sp. and Thermomonas fusca, while the other was
paticular, Comamonas sp. and Comamonas badia experienced an evident

increase from 2 to 28% and 2 to 46%, respectively. Comamonas badia iddgntiied as Acinetobacter spProteobacteria in-cluded two OTUs found in

heterotrophic gram-negative rod-shaped bacterium which has been isolafetiPeriment 3; one was related to Brevundimonas sp., while the other was
from activated sludge Tago and Yakota, 2004Also, Jung et al. (2009- closely related to both Bradyrhizobium sp. and Oligotropha sp. OTUs related

. ) to the Actinobacteria phylum were also found in Experiment 3. These OTUs
poted that strains of Comamonas sp. and Comamonas badia can USEre identiied as

ciprofloxacin as carbon and energy sources. In the same way, differ-ent Strai{)?crothrix parvicella and Gordonia amarae, respectively.

of Commamonas have been reported to be resistant to this antibiotic ( Bacteroidetes was the second major group of OTUs found in Experi-
Almuzara et al., 2013; Taylor et al., 201X onse-quently, it might be ments 2, 3 and 4. These microorganisms are widely found in urban
suggested that the increase observed in the Commamonas populations in igsie\vater and wastewater treatment systems. In our study, four OTUs
partial-nitritation bioreactor fed with 350 ng/L of cifilaxacin may be due to  _giiiaiad with Chitinophaga sp. were found in all of the experi-ments and
their resistance to this antibiotic and probably to the ability of thesgqre rejated to Chitinophaga sp. and Flavisolibacter sp. Two OTUsfietnti
microorganisms to use cigfaxacin as a. carbon sourge. In th|s' sgnge, OUlsith uncultured bacterium clones were idéed as Haliscomenobacter sp.
study sug-gests that the presence of high concentrations ofl@ipain in through the pyrosequencing process, and OTU 223462 wasfitbrass

pa.lrtlal—nltrltgtlon bioreactors  produces a selective enrichment . 0E:rocinitomix sp. and closely related to two un-cultured Flavobacteria clones.
microorganisms of the genus Commamonas that are presumably re-sistant, ; 553535 \was iderited as Myroides sp

and/or degraders of this antibiotic, directly affecting the bio-logical activity in
the partial-nitritation bioreactor. However, further experiments are needed in Finally, OTUs related to Firmicutes and Chitesis phyla were also

order to cofirm these results and understand the environmental risks of tr@etected, although the presence of these groups was ficsighi Thus,
sglect.ion of resfistant Commamonas sp. in wastewater treatment systems P{—‘?rqnicutes-related sequences consisted of a single OTliatafl with

with ciprafloxacin. Bacillus sp. bacterium and the Chiflexi phylum containing two OTUs,
which were idenfied as Anaerolinea sp. (OTU 139265) and Anaerolinea sp.
(OTU241525). Chlorfbexi phylum contained one OTU from Experiment 3,
which was idenfied as Anaerolinea sp. (241525), as well as one OTU from
Experiment 4 (139265). Three Chlflexi OTUs found in Experiment 2 were

into g partial-nitritation bioreactor F:on;tructed asfi>aad-bio‘i|m system identfied as Halochromatium sp. (327382), Chilexus sp. (221210) and
drastically affected the AOB population$-ig. 6). Thus, the addition of this Bellilinea sp.(218373).

artibiotic decreased the Nitrosomonas pop-ulation from 43%-#8aof the

total microbial community. Obvious-ly, AOB microorganisms were sensitive

to this antibiotic at a conf:entratlo'n of 350 ng{L in thituent. Eurthermorg, 3.3. Curvitting
these results were consistent with a reduction of ammonium oxidation to

nitrite detected in the bioreactor after the addition of éipxacin. Thus, our  pyincinal component analysis of variable nitrite concentrations in the
data suggest that while AOB microorganisms can adapt to low concentranoaa?luent’ ciprdloxacin concentration in theflnent and time of ex-posure to

of ciprdioxacin in the wastewater (100 ng/L), when the antibiOticciproﬂoxacin was performed using daily performance data from partial-

cqncentratlgn s increased to valugs SUCh_ as _350 ng/L, .the AORitritation reactors in Experiments 2, 3 and 4. Graphical representation of
microorganisms are clearly reduced in the microbial com-munity of th%rincipal component analysis results can be seefigna
bioreactor. )

Our results also showed that the addition of 350 ng/L of dipxacin
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The data obtained from the multivariable analystg( 8) could be used
to suggest that there is a negative correlation between floaecin

Almuzara MN, Cittadini R, Vera Ocampo C, Bakai R, Traglia G, Ramirez MS, elnaia-
abdominal infections due to Comamonas kerstersii. J Clin Microbiol 2013;51(6): —1998
2000.

concentration in the fluent and the partial-nitritation process, expressed agatt AL, Kim S, Aga DS. Comparison of the occurrence of antibiotics in foull-cale

nitrite concentration in the ffient independent of the operation time.
However, the presence of a low concentration of antibiotics in fheemm
produced an initial reduction in the partial-nitritation activity, although this

wastewater treatment plants with varying designs and operations.
2007;68(3):42835.

Bowman JP, Nichols CM, Gibson JAE.Algoriphagusratkowskyi gen. nov., sp. nov.,
Brumimicrobium glaciale gen. nov., sp. nov., Cryomorphaignava gen. nov., sp. nov. and

Chemosphere

inhibitory effect was not detected after long periods of operation in the Crocinitomix catalasitica gen. nov., sp. nov., noflalobacteria isolated from var- ious

bioreactor. In conclusion, this multivariable analysis shows that the partiakal

nitritation activity is-clearly negatively correlated with the concentration of
ciprafloxa-cin in a bioreactor constructed as a submergéittdrio

A regression curve relating nitrite concentration in thBueft with
ciprdfloxacin concentration in the floent and time of exposure to cip-
rofloxacin was developed using the Matlab Curve Fitting APP. Result
obtained for a polynomiditting of 3rd degree for time and 2nd degree for
ciprafloxacin concentration can be seenfig. 9:

The data obtained fromFig. 9 corfirm that the mathematical model
(polynomialfitting) can be used for the prediction of nitrite concentra-tion in

polar habitats. Int J Syst Evol Microbiol 2003;53(5):1-383.
derén K, Reboleiro-Rivas P, Rodriguez FA, Poyatos JM, Gonzéalez-Lépez J, Rodelas B.
Comparative analysis of the enzyme activities and the bacterial community structure based
on the aeration source supplied to an MBR to treat urban wastewater. J Environ Manag
2013;128:4749.
Chai S, Guo J, Chai Y, Cai J, Gao Anaerobic treatment of winery wastewater in movined
biofilm reactors. Desalination Water Treat 2013:8:1
Coutu S, Wyrsch V, Wynn HK, Rossi L, Barry DATemporal dynamics of antibiotics in
s Wastewater treatment plantfinent. Sci Total Environ 2013;45860:20-6.
De Graaff MS, Vieno NM, Kujawa-Roeleveld K, Zeeman G, Temmink H, Buisman €k
of hormones and pharmaceuticals during combined anaerobic treatment and nitro- gen
removal by partial nitritation-anammox in vacuum collected black water. Water Res
2011;45(1):37583.
Del Rio TG, Abt B, Spring S, Lapidus A, Nolan M, Tice H, et @mplete genome sequence
of Chitinophaga pinensis type strain (UQM 2034). Stand Genomic Sci 2010;2¢195.87

a partial-nitritation bioreactor fed with synthetic wastewater, amended with

different concentrations of cipitoxacin. Obviously, these data can be useful
under our experimental

Demuth H, Beale MNeural network toolbox user's guide. Natick: The Mattks; 2000.

conditions, but can be considered for fUtuIrBorivaI-Garcia N, Zafra-Gomez A, Navalén A, Gonzélez J, VilchezRémoval of quinolone

experiments at real scale. Experiments in this context are in progress in our artibiotics from wastewaters by sorption and biological degradation in laboratory-scale
laboratory in order to predict the effects of this group of antibiotics on the membrane bioreactors. Sci Total Environ 2013;442:287

partial-nitritation process at the full scale.

4. Conclusions

Ciprofloxacin addition has an impact on the performance of a partial
nitritation reactor. Different concentrations of ciffoaacin lead to dif-ferent

Dowd SE, Callaway TR, Wolcott RD, Sun Y, McKeehan T, Hagevoort RG, @&valuationof
the bacterial diversity in the faeces of cattle using 16S rDNA bacterial tag-encoded FLX
amplicon pyrosequencing (0TEFAP). BMC Microbiol 2008;8:125.

Fan L, McElroy K, Thomas T.Reconstruction of ribosomal RNA genes from metageoomi
daa. PLoS One 2012;7(6):€39948.

Fick J, Séderstrom H, Lindberg RH, Phan C, Tysklind M, Joakim Larsson@@tamination

of surface, ground and drinking water from pharmaceutical production. Environ Toxicol

Chem 2009;28(12):2527.

Golet EM, Xifra |, Siegrist H, Alder AC, Giger W Environmental exposure assessmeht
fluoroquinolone antibacterial agents from sewage to soil. Environ Sci Technol

steady-states of the partial-nitritation reactors, as well as to different microbial 2003;37(15):32429.
communities inside the bioreactors. Under the con-centration of 100 ng/Eonzalez-Martinez A, Poyatos JM, Hontoria E, Gonzalez-Lopez J, Osoribrdatment of

ciprdfloxacin, the system acquired a moré-efnt removal of ammonium

than the desired 50% ammonium-50% nitrite. Also, the microbial community

effluents polluted by nitrogen with new biological technologies based on auto- trophic
nitrification- denitriftation processes. Recent Pat Biotechnol 2011;5(2)8474

structure suffered a period of adaptation with changes in respect to bioreactGiszalez-Martinez A, Calderén K, Albuquerque A, Hontoria E, Gonzélez-Lépez J, Guisado

without the addition of ciprftoxacin. With a concentration of 350 ng/L

IM. Biological and technical study of a partia-SHAROMcw®r at laboratory scale:-ef
fect of hydraulic retention time. Bioprocess Biosyst Eng 2013;36(284.3

ciprafloxacin, the partial-nitritation reactor could no longer reach operatioRsymaelius L, Magnusson G, Pettersson B, DalhammaC@namonas denitranssp. nov.,

equilibrium with regard to ammonium removal. In addition, the microbial
communi-ty structure experienced a deep change with disaireduction
of the AOB populations. Also, the presence of dips@cin in the bioreactor
increased Comamonas sp., which has been reported to be a family

anefficient denitrifying bacterium isolated from activated sludge. Int J Syst Evol Microbiol
2001;51:9991006.

Gut L, Pbza E, Hultman B.Assessment of a two-step partial nitritation/Anammgstem with

implementation of multivariate data analysis. Chemom Intell Lab Syst 2007;86(3%:26
of

ciprofloxacin-resistant bacteria. In this context, it could be suggested that ti@rris S, Morris C, Morris D, Cormican M, Cummins Bimulation model to predict thdate

presence of antibiotics such as cffowacin can seriously affect partial-

of ciprdfloxacin in the environment after wastewater treatment. J Environ Sci Health A

Tox Hazard Subst Environ Eng 2013;48(7):685.

nitritation systems, and select microorganisms with antibiotic re-sistanc®artmann A, Golet EM, Gartiser S, Alder AC, Koller T, Widmer RFrimary DNA damage

This can produce problems in partial-nitritation reactors oper-ating in ful

scale wastewater treatment plants, and can also spread antibiotic—resistﬁerlllg

but not mutagenicity correlates with ciflmxacin concentrations in German hospital
wastewaters. Environ Cont Toxicol 1999;119:495
A, Gros M, Ginebreda A, Cespedes-Sanchez R, Ventura F, Petrovic MQetatrence,

strains that can endanger both human health and the environment alike. patition and removal of pharmaceuticals in sewage water and sludge during wastewater

However, more research is needed in order to un-ravel the effect of oth
antibiotics and pharmaceutical compounds in partial-nitritation bioreactors.

er treatment. Water Res 2011;45(3):1486.
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As described in earlier sections, biological processes are widely used in wastewater
treatment plants for several reasons, such as their high efficiency and relatively low cost
in comparison with physicochemical treatment. For these reasons, it is important to
improve knowledge about biological technologies. In this sense, establishment
of an objective correlation between physicochemical parameters and microbial
communities is needed for a better understanding of biological technologies such as

partial nitritation systems.

Throughout this research, has tried treated to give a special emphasis on the effect of
several different operating conditions on nitrogen removal efficiency and the effect of
these parameters on the microbial population, trying to achieve the best performance out
of submerged-bed patrtial nitritation. Thus, knowledge of the changes in the microbial

population may have a significant impact on future optimisation of the system.

The first chapter of this thesis gives a general review of the different autotrophic
nitrogen removal systems. It explains how these technologies are evolving rapidly,
saving the cost and increasing the yield of the process of nitrogen removal. Thus, in
autotrophic nitrogen removal technologies a shortcut in the nitrogen cycle can be used.
In the second chapter, the effect of different HRTs was studied. When we started to
work with partial nitritation, we saw that the fluidised bed configuration (SHARON
process) operated without any biomass retention. This means that the SRT is the same
as the HRT (24 h), as reported by Van Dongen et al. (2001). However, some full-scale
granular anammox systems such as Rotterdam has an HRT of 9 h. In this sense, to try to
decrease the HRT in the partial nitritation process, several bench-scale submerged-bed
partial nitritation bioreactors fed with synthetic wastewater was built. The first step of
this research was to find the perfect HRT to obtain an ammonium-nitrite mixture with

conversion of 50% of the ammonium to nitrite.

In this way, HRTs of 9 h and 12 h were used. Using an HRT of 12 h, we observed that
after 5 days of operation, all the ammonium was converted to nitrite. However, with an
HRT of 9 hm the conversion of ammonium to nitrite reached 65% after 5 days of
operation. After this period, the submerged-bed partial nitritation bioreactor was

stabilised and its capacity for biotransformation of ammonia to nitrite remained

99


usuario
Texto escrito a máquina
99


constant. Thus, in accordance with Mosquera-Corral et al. (2005), with these two HRTs

the perfect ammonium-nitrite mixture was not achieved.

On the other hand, to understand the effect of these different HRTs on nitrogen removal
performance, it was decided to evaluate the microbial population in both conditions,
focusing on the general microbial population in the start-up (8 days) and the specific
bacterial groups involved in the nitrification process, such as AOB (CTO), NOB (nxrA),
and denitrifying bacteria (NosZ). The experiments were performed for 30 days using a

cultivation-independent approach based on PCR-TGGE fingerprinting.

Comparing the TGGE results of the two experiments, it can be seen how the
modification of the HRT directly affected the bacterial diversity of the biofilms formed

in the start-up of a submerged-bed partial nitritation system. In the experiment
performed with an HRT of 12 h, bacterial diversity was significantly reduced when the
bioreactor operated in stable conditions (after 5 days). In fact, fewer than 10 bands were
observed, probably as a consequence of the high level of specific ammonium-oxidising
bacteria. However, with an HRT of 9 h, the microbial biodiversity was extremely
heterogeneous. These data have been corroborated by the richness range-weighted (Rr)
indices (Van Hulle et al.,, 2005), which were significantly different in the two
experiments (analysis of variance; p<0.05). The Rr of the experiment with an HRT of
9 h displayed higher average values than those of the experiment with an HRT of 12 h.
These data are in accordance with the results reported by Logemann et al. (1998) and
Marzorati et al. (2008), and showed great differences in the microbial population in the
start-up of the two experiments. However, several bands suditrasomonas sp. were
present in both experiments. The presencBlitosomonas sp. in these bioreactors is
hardly surprising, since this microbial group has been reported by several authors as
playing an important role in the conversion of ammonium to nitrite in this wastewater
treatment biotechnology (Poth et al., 1985; Stehr et al., 1995; Schmidt & Bock, 1997).

In the start-up with an HRT of 12 h, some species, sudPsaglacidovorax sp. and
Aquaspirillum sp., completely vanished over time. However, other species became more
abundant, such as. eutropha, Variovorax sp., and\. europaea. In order of abundance,

the main group of identifiable TGGE bands was related to Betaproteobacteria (59%),
followed by Alphaproteobacteria (36%) and Gammaproteobacteria (5%).
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On the other hand, in the start-up with an HRT of 9 h, the Pearson coefficient showed
only one cluster of bacteria, with 80% similarity. This result clearly indicates that there
was less variation in the samples over time. Interestingly, the bands belonging to
bacteria such adRoseobacter sp. (Band 32) andBurkholderia sp. (Band 50)
disappeared, depending on the operating time. However, other microorganisms such as
Nitrosospira sp.,Nitrosomonas sp., andParacoccus sp. incresed in number. Moreover,

the presence of some AOB suchNagosovibrio sp. was detected as normal microbiota

in the bioreactor operating with an HRT of 9 h. The main group shown in the TGGE
bands was related to Proteobacteria and, specifically, to Alphaproteobacteria (56%),
Betaproteobacteria (40%), and Deltaproteobacteria (4%), showing differences in the

start-up in comparison with the bioreactor operating with an HRT of 12 h.

When we studied the specific AOB in all the experiments (30 days) using CTO primers,
according to the HRT applied to the system, we obtained two clusters with a very low
level of similarity between them. However, the results with these specific primers are in
accordance with the AOB found with universal primers. In this sense, the results
obtained in this experiment with an HRT of 12 h are not surprising in terms of the
species found. The oxidation of ammonia is carried out predominanhittosomonas

and Nitrosospira genera (Utaker et al., 1995; Posmanik et al., 2014). Furthermore, as
reported by several authors (Dionisi et al., 2002, Vejmelkova et al., 2011),
Nitrosomonas oligotropha clusters prevail in environments with low ammonium
concentrations, while most of the bacteria present in nitrifying bioreactors operating at
high ammonium levels, such as our partial nitritation bioreactor, belong td.the
europaea lineage. Moreover the presenceNofeutropha was evident during the whole
experiment. Nevertheless, at an HRT of 9 N, europaea prevailed. Operating
conditions also seemed to have an influence on the presemi& asospira. In fact,

when the experiment was performed with an HRT of Nitrosospira spp. were
present during the whole experiment, while with an HRT of 12 h, they were not

detected.
On the other hand, as described in earlier sections, the conversion of nitrite to nitrate

can be done if DO concentrations are not constant during the experiment. For this

reason, the study of NOB community structure using NxrA primers was done. The NOB
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study showed the typical nitrite-oxidising species of the g&htrebacter. It is well

known that species of this genus are the main NOB in nitrifying wastewater treatment
plants (Kim & Kim, 2006). TheNitrobacter genus currently consists of four valid
speciesNitrobacter winogradsky; Nitrobacter hamburgensis; Nitrobacter vulgaris; and
Nitrobacter alkalicus (Vanparys et al., 2007). In our case, all these species were present
with both operating conditions and throughout the experiments. The only exception was
N. hamburgensis, which only appeared in the bioreactor operating with an HRT of 12 h.
However, the physicochemical parameters showed that nitrate conversion was
negligible. This means that probably, even if they are present and show a high level of
biodiversity, NOB cannot function with these operational settings and are probably in
the lag phase.

Moreover, amplification of the nitrous oxide reductase (NosZ) gene was performed to
determine the presence or absence of denitrifiying bacteria in a submerged-bed partial
nitrification bioreactor. The similarity between these HRTs (9 h and 12 h) was assessed
by Dice coefficient. This coefficient of similarity showed that the structure of the
denitrifying bacteria community was influenced by the HRT. In this case, two clusters
were observed, with a similarity below 60%. The total band classes detected were 11
(HRT of 12 h) and 12 (HRT of 9 h) in the experiments.

A phylogenetic tree was obtained from sequencing the most prominent bands. The
results showed that some bands correlated with common denitrifying species, such as
Alicycliphilus  denitrificans, Diaphorobacter nitroreducens, and Paracoccus
denitrificans. All of these denitrifying specieare common in mixed liquors and the
biofilm of wastewater treatment plants (Uemoto & Saiki, 1996; Khan & Hiraishi, 2002;
Mechichi et al., 2003; Hou et al., 2012). D. nitroreducassalso well known for its
ability to perform simultaneous nitrification and denitrification under aerobic conditions
(Khardenavis et al., 2007). Although only one band was related to this species, it was
detected for both operating conditions (HRT of 12 h and 9 h) and throughout the entire
experiment. The only exception was the band related to the dramasoccus. The
presence of this bacterium could be due to possible aerobic denitrification. Indeed,
Paracoccus species are the first ones reported to carry out complete denitrification
under aerobic conditions (Ahn, 2006). However, further studies are needed to confirm

this hypothesis. These microbial populations were probably not biologically active
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under the experimental conditions; however, the presence of these bacteria in the

submerged-bed partial nitritation was shown.

Moreover, redundancy analysis (RDA; a multivariate statistical analysis) of these data
showed that the samples were grouped together in relation to the two HRTSs. In this
sense, when the HRT was increased in the bioreactor a significant increase in the

biotransformation of ammonium to nitrite was detected.

Thus, the RDA showed that changes in the operating conditions such as HRT and the
concentration of ammonium might produce changes in the microbial population, with
the exception of NxrA where only the HRT was significant. Consequently, our results
suggest that the performance of the biotransformation of ammonium to nitrite in a
submerged-bed partial nitritation bioreactor can be directly affected by the HRT, which
can be crucial for the optimisation of performance rates and setting up control strategies
for the system.

According to the mentioned results, a reduction in the HRT could be applied to obtain
optimum performance in a submerged biofilter for partial nitritation. In this research,
the reduction of the HRT to 7 h was done. After 7 days of operation, the system was
operating with stable performance, with an ammonium-nitrite mixture of 50% of
ammonium and 50% of nitrite. About this bench-scale bioreactor, it is important to

emphasise the high nitrogen removal performance obtained.

Once these results of the optimum HRT were obtained, the influence of an antibiotic
commonly found in urban wastewater (ciprofloxacin) was evaluated in four partial
nitritation bioreactors working in parallel(Table 7), which received sterile synthetic
wastewater with 466 mg/L of total nitrogen with addition of 350 ng/L of ciprofloxacin,
synthetic wastewater without ciprofloxacin, synthetic wastewater with 100 ng/L of
ciprofloxacin, and synthetic wastewater with 350 ng/L of ciprofloxaciealth one, the
influences of ciprofloxacin on the performance and on the microbial population were

studied during 30 days.
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Table 7. Different Synthetic wastewater composition in each antibiotics experiment

Chemical Experiment Experiment Experiment Experiment Unit
A B C D
Ciprofloxacin(C17H 1sN3sFO3) 350 0 100 350 ng/L
(NH,4),S04 2.35 2.35 2.35 2.35 g/L
NaHCO; 3.25 3.25 3.25 3.25 g/L
CaCl, 0.30 0.30 0.30 0.30 g/L
KH,PO, 0.07 0.07 0.07 0.07 g/L
MgSO, 0.02 0.02 0.02 0.02 g/L
FeSO,_7H,0 0.009 0.009 0.009 0.009 g/L
H,SO, 0.005 0.005 0.005 0.005 g/L

The first bioreactor was not inoculated with mixed liquor and only received sterile
synthetic wastewater with 350 ng/L of ciprofloxacin. For these reasons, conversion did
not take place; this set-up was used to determine the sorption properties of the support
material. The results clearly demonstrated that the antibiotic was not retained by the
carrier BioFlow 9. On the other hand, the second bioreactor was operated with no
ciprofloxacin added to its influent. As has been described before, it operated with stable

performance, producing an effluent of 50% ammonium-50% nitrite over the time.

The third submerged-bed patrtial nitritation bioreactor was fed synthetic wastewater with
addition of 100 ng/L of ciprofloxacin. During this experiment, after addition of the
antibiotic, the transformation of ammonium to nitrite was drastically reduced. This
inhibition lasted 15 days, with a decrease of performance to 60% of that of the control
without the addition of ciprofloxacin. After that time, the performance of the bioreactor
showed a sharp increase that lasted up to day 24, with an increase of approximately 20%
in relation to the control without the addition of antibiotic. However, from day 24 until
the end of the experiment, the nitrite concentration in the bioreactor became stable.

Finally, the fourth bioreactor was fed synthetic wastewater with 350 ng/L of
ciprofloxacin. The transformation of ammonium to nitrite was drastically reduced in
comparison with the control without ciprofloxacin. After 5 days, the conversion of

ammonium to nitrite showed a phase increase that started at day 5 and continued up to
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day 21. From day 21 until the end of the experiment, it was observed that the nitrite
concentration in the bioreactor became stable, with 15% lower performance in

comparison with the control.

The effect of ciprofloxacin could be also seen in the total biomass. In the experiments
with addiction of ciprofloxacin, the microbial biomass was reduced after some days of
operation. Thus, in both experiments a relationship between the transformation of
ammonium to nitrite and the microbial biomass concentration in the partial nitritation

bioreactor was found. In this sense, the decrease in microbial biomass during the first
working days represented a decrease in the nitrite concentration in the bioreactor.
However, after this lag period, an increase in the microbial biomass attached to the
BioFlow 9 carrier and nitrite concentration in the bioreactor was observed. These data
suggest that high concentrations of ciprofloxacin inhibit the ammonium oxidation

process without any reduction in the microbial biomass in partial nitritation systems

constructed as submerged-bed partial nitritation bioreactors.

To understand the effect of the different ciprofloxacin concentrations on the
performance of the submerged-bed partial nitritation bioreactor, a study of the microbial
population in each experiment using 454-pirosequencing methods was done. Obviously,
the non-inoculated bioreactor did not form a biofilm and studies on the microbial
communities were not performed. In the bioreactor without ciprofloxacin, with the
perfect conversion of ammonium to nitrite and perfect operational conditions in a
submerged-bed partial nitritation bioreactor, the structure of the microbial community
was stable during the entire experiment, with dominandsditodsomonas spp. and\.
europaea. These bacteria perform autotrophic nitrification, utilising oxygen and
ammonium to yield nitrite. The microbial community structure also showed moderate
importance ofChitinophaga spp., which are a heterotrophic and aerobic bacteria family
(Weon et al., 2009), containing some strains that are capable of utilising N-
acetylglucosamine (Del Rio et al., 2010), as wellCascinitomix spp., which are a
family of heterotrophic, strictly anaerobic, N-acetylglucosamine-utilising bacteria
(Bowman et al., 2003). As is already known, N-acetylglucosamine is one of the major
components of bacterial cell walls, and it is possible that N-acetylglucosamine utilisers
in the system are scavengers that use decaying bacterial biomass as a carbon source and

nitrogen source (Rigali et al., 2006). The relatively low abundanGsmamonas spp.
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(including Comamonas badia), which are aerobic and heterotrophic bacteria (Gumaelius

et al., 2001) is noteworthy.

At the beginning of control experiments(Experiment B) without cirprofloxacin the
bacterial community structure resembled that of a typical partial nitritation reactor fed
synthetic wastewaters without antibiotics. However, when the bioreactor was fed
synthetic wastewater containing 100 ng/L of ciprofloxacin(Experiment C), the bacterial
community structure was temporarily modified compared with the control bioreactor
fed synthetic wastewater without the antibiotic. In particular, this modification was
detected in the AOBNitrosomonas spp.) and showed values of 41, 14, 13, and 46%,
after 0, 7, 15, and 30 days of operation, respectively. The inhibitory effect of
ciprofloxacin led to the reduction of AOB, although this inhibitory effect disappeared
after long periods of operation.

After the addition of 350 ng/L of ciprofloxacin(Experiment D) to the system, drastic
changes in the microbial community structure were observed. In partiCatagymonas

spp. andComamonas badia showed an evident increase from 2 to 28% and 2 to 46%,
respectively. These data could be explained by the resistance of different strains of
Commamonas to ciprofloxacin (Almuzara et al., 2013; Taylor et al., 2013). An
inhibitory effect of the ciprofloxacin on AOB as observed. Furthermore, this inhibitory

effect did not disappear and the low abundance of AOB was constant over time.

OTUs belonging to Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria,
Bacteroidetes, Chloroflexi, Firmicutes, and Actinobacteria were found. The results
showed that most of the OTUs were evolutionally related to Proteobacteria; according
to our data, Betaproteobacteria were the major group. Betaproteobacteria are
widespread components of the bacterial community in biofilm systems (Calderén et al.,
2013). Among Betaproteobacteria, OTUs related\itbosomonas spp., Nitrosomonas
europaea, Comamonas spp., andComamonas badia were predominant in Experiments

B, C, and D. Obviously, the presence of AOB is expected in a partial nitritation
bioreactor, while the presence Gdbmamonas could be influenced by the presence of
ciprofloxacin in the bioreactor; however, these OTUs must be present in the mixed
liquor used for the start-up of the bench-scale plants.

106


usuario
Texto escrito a máquina
106


Finally, to understand the correlation between ciprofloxacin concentration in the
influent and the partial nitritation process, a multivariable analysis was done. The
results showed that the partial nitritation activity was clearly negatively correlated with
the concentration of ciprofloxacin in a bioreactor constructed as a submerged-bed
partial nitritation. Moreover, a regression curve relating nitrite concentration in the
effluent with ciprofloxacin concentration in the influent and time of exposure to
ciprofloxacin was developed using Matlab. The regression curve can be used to predict
the nitrite concentration in a partial nitritation bioreactor fed synthetic wastewater

containing different concentrations of ciprofloxacin.
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Conclusions
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Based on the results obtained, the following conclusions can be drawn:

1. The HRT affects the functioning and microbial community structure of bench-scale

partial nitritation bioreactors built with submerged-filter technology.

2. The application of HRT of 7 h in submerged-bed partial nitritation technology

increases the biotransformation of ammonium into nitrite.

3. The HRT in a partial nitritation bioreactor constructed as a submerged fixed-biofilm
bioreactor affects the structure of the microbial community. With an HRT of 12 h, the
majority of the bacteria werd. eutropha, while with an HRT of 9 H\. europea and

Nitrosospira were dominant. Moreover, the abundance of other bacterial groups

analysed, such as NOB, was also affected by the HRT used.

4. The presence of ciprofloxacin has an impact on the performance of partial nitritation
bioreactors. With 100 ng/L of ciprofloxacin, the system showed more efficient removal
of ammonium than the desired 50% ammonium-50% nitrite. However, with
concentrations up to 350 ng/L of ciprofloxacin, the partial nitritation bioreactors could

no longer reach operation equilibrium with regard to ammonium removal.

5. The presence of ciprofloxacin in wastewaters affects the microbial community
structure in partial nitritation systems. In this context, the presence of low
concentrations of antibiotic leads to a period of adaptation, different steady states of the
partial nitritation reactor, as well as differences in microbial communities inside the

bioreactor with respect to a bioreactor without the addition of ciprofloxacin.

6. In addition, with antibiotic concentrations of up 350 ng/L, microbial community
structure experienced a deep change, with a significant reduction of the AOB
populations. Finally, the presence of high concentrations of ciprofloxacin in urban

wastewater produces an enrichment of resistant strains.
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Conclusiones
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En base a los resultados obtenidos, se han alcanzado diferentes conclusiones:

1. El tiempo de retencion hidraulico(TRH) afecta al funcionamiento de un biorreactor
de nitrificacion parcial a escala piloto construido bajo una configuracion de filtro
sumergido y a la estructura de las poblaciones microbianas.

2. Mediante el uso de un biorreactor de nitrificacion parcial con filtro sumergido puede

alcanzarse un TRH de 7 horas incrementando la biotransformacién de amonio a nitrito.

3. EI TRH en un biorreactor de nitrificacion parcial a escala piloto construido bajo una
configuracion de filtro sumergido afecta a la estructura de la comunidad microbiana
existente en el. Asi, con un TRH de 12h, las bacterias mayoritarias pertenecen a
Nitrosomonas eutropha, mientras que con un TRH de 9h las bacterias dominantes
fueron Nitrosomonas europea y Nitrosospira sp. Ademas otros grupos bacterianos
analizados , tales como, las bacterias oxidadoras de nitrito, también mostraron

modificaciones en respuesta al cambio en cada experimento del TRH.

4. La presencia de ciprofloxacino tiene un impacto sobre el rendimiento de un
biorreactor de nitrificacion parcial. Bajo un concentracion de 100ng/L de
ciprofloxacino, el sistema adquiere una mayor eficiencia en la transformacién de
amonio que se pretende de 50% de amonio y 50% de nitrito. Sin embargo,
concentraciones mayores de 350ng/L de ciprofloxacino el biorreactor de nitrificacion

parcial no es capaz de alcanzar ek equilibrio operacional de eliminacion de amonio

5. La presencia de ciprofloxacino en las aguas residuales afecta a la estructura de las
poblaciones microbianas en los sistemas de nitrificacion parcial. En este contexto, la
presencia de bajas concentracion de antibidtico producen un periodo de adaptacion con
cambios con respecto a los biorreactores sin adiccion de ciprofloxacino, conduciendo a
diferentes estados de equilibrio, ademas de a cambios de la estructura en las poblaciones
microbianas dentro de los biorreactores.
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6. Ademas, con concentracion superiores a 350ng/L, la estructura de las poblaciones
microbianas experimentan un cambio profundo con una reduccion significativa de las
bacterias oxidadoras de amonio. Finalmente, la presencia de altas concentraciones de
ciprofloxacino en las aguas residuales producen un enriquecimiento de bacterias

resistentes.
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