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Abstract: Four granular sequencing batch reactors (GSBRs) were inoculated with four denitrifying
Pseudomonas strains carrying nosZ to study the process of granule formation, the operational
conditions of the bioreactors, and the carbon concentration needed for nitrate removal. The selected
Pseudomonas strains were P. stutzeriI1, P. fluorescens 376, P. denitrificans Z1, and P. fluorescens PSC26,
previously reported as denitrifying microorganisms carrying the nosZ gene. Pseudomonas denitrificans
Z1 produced fluffy, low-density granules, with a decantation speed below 10 m h~!. However,
P. fluorescens PSC26, P. stutzeri I1, and P. fluorescens 376 formed stable granules, with mean size from 7
to 15 mm, related to the strain and carbon concentration. P. stutzeri I1 and P. fluorescens 376 removed
nitrate efficiently with a ratio in the range of 96%, depending on the source and concentration of
organic matter. Therefore, the findings suggest that the inoculation of GSBR systems with denitrifying
strains of Pseudomonas spp. containing the nosZ gene enables the formation of stable granules, the
efficient removal of nitrate, and the transformation of nitrate into nitrogen gas, a result of considerable
environmental interest to avoid the generation of nitrous oxide.

Keywords: Pseudomonas; granular biomass; sequential batch reactor; nitrate-polluted groundwater;
heterotrophic denitrification

1. Introduction

Nowadays, a large proportion of the world’s population uses groundwater as a drink-
ing water resource, so the quality of groundwater and the removal of any pollutants is
of paramount importance worldwide. The increase in the use of chemical compounds
such as fertilizers, pesticides, pharmaceuticals, and personal care products is responsible
for extensive groundwater pollution. Nitrate is one of the most widespread pollutants
in groundwater due to the intensive use of fertilizers in agriculture, resulting in the joint
release of nitrate and phosphate ions [1]. Excess nitrate can be released to aquatic environ-
ments because it is highly soluble and mobile, which affects the quality of water [2].

Some diseases, such as methemoglobinemia, thyroid disease, or neural tube defects,
have been linked to the consumption of drinking water contaminated with nitrate [3].
Nitrite has been described as a carcinogenic agent [4,5]. Moreover, Brender et al. [6]
demonstrated that high concentrations of nitrate could be associated with congenital
malformations such as cleft palate, cleft lip, and deformities of the arm.

For these reasons, the European Water Framework [7] established the maximum
nitrate concentration of 50 mg-L.~! for drinking water, even though the recommended
nitrate concentration for drinking water is below 25 mg-L~!, assuming this value for
high-quality drinking water. The areas most affected by nitrate pollution are designated
as nitrate vulnerable zones and are subject to the mandatory Code of Good Agricultural
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Practice [8]. The results of compliance with this directive have been reflected in the trends
in nitrate levels in some countries, such as the northern regions of Europe [5], while
the Mediterranean countries have experienced major difficulties in achieving the quality
standard due to the strong pressure linked with intensive agriculture [3]. To exemplify this
difficulty, in 2012, 108 Spanish municipalities reported having an average of 3.5 mg-L ™!
NOjs in the groundwater they used as a source of drinking water, with a concentration
range of 0.4 to 66.8 mg-L~! [9].

Given this background, the sanitary control of groundwater has become of special
interest for governments. Therefore, in order to achieve the standard, several physi-
cal, chemical, and biological groundwater treatment technologies have been developed,
amongst which we may highlight systems such as chemical reduction [10], electrodialy-
sis [11], ion exchange [12], adsorption [13], reverse osmosis [14], biofilters [15], and aerobic
granular technology [3]. Although ion exchange is a widely implemented technology for
treating nitrate, when the resin is exhausted, the brine waste has negative environmental
impacts [12]. Reverse osmosis and electrodialysis systems have high initial and operational
costs, which are translated into high economic and energy requirements [16], restricting
their implementation in small populations.

Biological water treatment systems could be considered in general terms as environ-
mentally friendly and cost-effective technologies because the processes are carried out by
heterotrophic or autotrophic microorganisms. However, biological technologies could also
present some problems derived from their operating conditions and the start-up or mainte-
nance period of the bioreactors [17]. Several biological wastewater technologies have been
developed using diverse strategies to reach a successful nitrate removal ratio, for instance,
using external carbon sources in anoxic reactors [18]. For drinking water treatment, several
technologies have been designed: some of them are autotrophic technologies such as sulfur-
and hydrogen-based denitrification processes, others are heterotrophic technologies. The
most widely implemented technologies use biofilters, membrane bioreactors, fluidized bed
reactors, amongst others. These technologies provide advantages compared with physical
or chemical technologies, mainly in terms of the economic and energetic aspects. However,
the high hydraulic retention time directly affects the volume of groundwater treated and
poses difficulties for cleaning the system, which can increase investment costs [15]. For
these reasons, new low-cost and environmentally friendly technologies are gaining rele-
vance, and in this context, a novel aerobic granular technology for treating nitrate-polluted
groundwater was recently described [3].

Granules formed in the granular sequencing batch reactor (GSBR) system have a
concentric structure of several layers, with different microbial populations between the
layers; due to the restricted diffusion of oxygen and nutrients through the granule, the
aerobic, anoxic, and anaerobic zones can be defined [19]. Aerobic microorganisms, such
as ordinary heterotrophic organisms (OHOs), ammonium-oxidizing bacteria (AOBs), and
nitrite-oxidizing bacteria (NOBs), grow in the outer layer of the granule. Polyphosphate-
accumulating organisms (PAOs) and glycogen-accumulating organisms (GAOs) are located
in the interlayer, and denitrifying microorganisms in the deeper layer of the granule [20].
Thus, granular microorganisms generate a constant gradient of nutrients used during the
oxidation and reduction processes, allowing GSBR technology to completely eliminate
organic matter, nitrogen, and phosphorus in a single reactor [19].

The granular conformation is promoted by the circular and continuous motion pro-
duced in the sequential batch reactor (SBR). In addition, the production and content of
extracellular polymeric substances accumulated in the microbial surface encourages at-
tachment between cells [21]. The EPS promote the morphological structure, suggesting the
role of EPS is key during the conformation of microbial aggregates and also in steady-state
because it immobilizes the cells without any supporting material [22]. The system is based
on the metabolism of different microorganisms, including denitrifying bacteria and specif-
ically Pseudomonas strains, which may present the 1n0sZ gene in their genomes. Nitrous
oxide reductase is coded by the n0sZ gene, and catalyzes the conversion of nitrous oxide
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Treated water

(N2O) to dinitrogen gas (N3) [22]. However, many denitrifying bacteria lack this enzyme,
and when the denitrification process is performed by these nosZ-deficient bacteria, the
nitrate is transformed into N, O gas [23], which is well-known to be a potent greenhouse
gas [24]. For instance, Acidovorax facilis, Citrobacter diversus, and Enterobacter agglomerans
are only able to reduce NOj; to NO,, without further reduction of NO; to N; and cause
greenhouse gas production [25]. Consequently, the removal of NO and N,O in aerobic
granular systems represents an additional advantage of this type of technology.

The main goal of this research was to optimize GSBR bioreactors at the laboratory
scale using cultures of denitrifying strains of Pseudomonas carrying the nosZ gene as inocula
to treat nitrate-polluted groundwater. To achieve this goal, the best operating conditions for
each strain to form stable granules, nitrate removal capacity using different carbon sources,
and the most appropriate C:N ratio to successfully remove nitrate were studied in order to
obtain high-quality effluent that can be considered suitable for human consumption. Then,
the knowledge of the denitrification process on aerobic granules using Pseudomonas culture
would allow the implementation of GSBRs for contaminated groundwater treatment.

2. Materials and Methods
2.1. Design and Operating Conditions

Four sequential batch bioreactors were started using, as inoculum, 1 L of liquid (TSB
medium) culture of four denitrifying strains of Pseudomonas, in which the presence of the
nosZ gene had previously been identified: P. stutzeri var. mendocina (1I) and P. fluorescens
PSC26 were provided by the Zaidin Experimental Station (CSIC-Granada), P. fluorescens 376
was provided by the Water Research Institute Culture Collection (University of Granada),
and P. denitrificans Z1 was supplied by the National Collection of Industrial, Food, and
Marine Bacteria (NCIMB) (NC012776) [26-28]. The bioreactor configuration was designed
to be 50 cm long and 9 cm in diameter, with an operational volume of 2.5 L (Figure 1).
The air flow (3.0 L-min~') was supplied by fine bubbles at the bottom of the bioreactors
through a spargers plate. The temperature was controlled to 25 °C. The dissolved oxygen
and pH were monitored as 4.2 + 0.4 mg O, L™ and 7.4 + 0.1, respectively, five times a
week, using Crison probes.
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Figure 1. Schematic diagram of a sequencing batch bioreactor inoculated with cultures of denitrifying Pseudomonas strains.

Two types of experiment were set up in the sequential batch bioreactors. For the first
experiment, the different bacterial strains were tested for the formation of granules using
sodium acetate as the only carbon source. For the second experiment, two carbon sources
(sodium acetate and methanol) were tested using the bacterial strains that formed granules
(P. stutzeri PSC26 and P. fluorescens 376). The GSBR systems fed with sodium acetate were
both operated for 180 days. In the case of Pseudomonas denitrificans, the bioreactor was
operated for 30 days using sodium acetate because this strain was not able to form granules.
For P. stutzeri PSC26 and P. fluorescens 376, which were fed with methanol as carbon source,
the bioreactors were operated for 180 days.
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The chemical composition of the synthetic groundwater used to feed the pilot plants
consisted of mineral salts and a single source of carbon (sodium acetate in the first experiment or
methanol in the second experiment). The mineral salts per liter of distilled water comprised 0.1 g
MgS0,-7H,0, 0.085 g KyHPOy, 0.04 g KCl, and 0.03 g KH,PO,. Different C:N (carbon/nitrogen)
ratios were tested (Table 1) using acetate or methanol, with the aim of establishing the relationship
most suitable for the granulation process and the nitrate removal capacity [29].

Table 1. Carbon (sodium acetate and methanol) and nitrate concentrations added to the syn-
thetic groundwater used to feed aerobic granular pilot plants inoculated with denitrifying Pseu-
domonas strains.

. Sodium Acetate Sodium Nitrate Methanol
Operational Day 1
(mg-L-1)

0-30 900 127 300
31-60 400 127 300
61-90 300 100 300
91-180 200 100 200

The sequential batch reactors cycle had a hydraulic retention time of 10 h, and the
exchange volume was 60% of the operational volume reactor in each cycle. The stages
consisted of: aeration 446 min, settling velocity 3 min, wash-out of 20 min, and feeding
period 10 min. During the start-up phase, the settling time of the system decreased, so the
settling time was established at 10 min during the first seven days of operation, whereas
for days 8-14 of operation, the settling time was adjusted to 5 min. Finally, after day 15 of
operation, the bioreactors were adjusted to 3 min of settling time to favor the development
of the granular biomass [30].

2.2. Physical Determination

The granulation process and the stability of the systems were analyzed twice per week.
Mean granule size was measured using representative samples during the aeration stage
(n = 25) from each reactor. Measurements were taken using a millimeter scale observed by
stereoscopic microscope. The settling velocity of the granules was also measured following
the protocol described by Laguna et al. [31], slightly modified, using a 2 m glass column
with a manual chronometer.

2.3. Chemical Determination

Duplicate samples from the influent and effluent were taken four times a week in order
to evaluate the removal ratio performance. Chemical oxygen demand (COD) was measured
following the standard spectrophotometric method described by APHA [32]. Biological
oxygen demand at day 5 (BODs) was also measured using dark bottles and an OxiTop™ [3].

Effluent and influent samples were taken periodically from each of the reactors for the
determination of nitrite and nitrate concentration. This determination was performed by
ion chromatography (Metrohm) according to Gonzalez-Martinez et al. [33] with a Metrosep
A Supp 4—250 anion column. A carbonate/bicarbonate solution was used as the eluent.
Calibration curves for the ion chromatography were created at the beginning of each analysis.

2.4. Mass Balance of Pollutants for All Bioreactors during the Operational Period

Physicochemical performance data were used to calculate the amounts of daily contam-
inants processed by each bioreactor, which were inoculated with different denitrifying Pseu-
domonas strains in order to identify the system with the lowest carbon footprint and the most
sustainable strain to develop the transformation into N by denitrification and the carbon load.

For calculation of the mass balance of nitrogen, total nitrogen entering into the biore-
actors, which was in the form of nitrate, was controlled; it was converted either into nitrite
(NO;7) or nitrogenous gases (NO, N,O, and Nj). The equations employed for these
determinations were previously described by Rodriguez-Sanchez et al. [34]:
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Qin TNin = Qout TNout + Nous gas
Qin (NH4 " —Nin + NOx—Nin) = Qout (NH4*—Nout + NOx—Nout) + Nous gas

3. Results and Discussion
3.1. Granulation Processes and Bioreactor Start-Up

After the aerobic granular bioreactors were inoculated with the four selected denitrifying
strains of Pseudomonas containing the nosZ gene, the granulation process was studied for the
three strains between operational days 5 and 40 (Figure 2). Pseudomonas denitrificans strain Z1,
instead of forming granules, produced floccular structures with a filamentous and irregular
surface. Pseudomonas denitrificans was able to form a granular morphology but the granules
were fluffy and irregular, with a rough surface. For this reason, given the low density and lack
of compactness of the granules, this strain was excluded from further experiments.
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Figure 2. Mean size of granular biomass of Pseudomonas fluorescens PSC26 (PSC26), Pseudomonas fluo-
rescens 376 (PF376), and Pseudomonas stutzeri I1 (PSI1) fed with sodium acetate (A) and methanol (B).

Unlike the P. denitrificans strain, the other strains tested in this study produced regular
granules (Figure 2). Pseudomonas stutzeri I1 was the first strain to produce a core during
granule formation (produced after five days of operation), with an average size of 2 mm. The
granules formed were stable during 40 days of operation, showing the excellent granulation
capacity of this bacterial strain under the operational conditions applied in the experiment.
After day 40 of operation, the mature granules formed by P. stutzeri I1 were highly adapted
to the system, which was observed by the increase in the mean size over operational time,
despite the reduction in carbon concentration. The granules were dense and compact,
presenting a regular surface, regardless of their average mean size (Figure 3A).
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Figure 3. (A) Granules of Pseudomonas stutzeri at operational day 40; (B) granules of Pseudomonas fluorescens PSC26 at

operational day 40.

Pseudomonas fluorescens strains PSC26 and 376 showed similar trends in terms of
granular conformation and average size (Figure 2). The first granules were observed
at operational day 40, (Figure 3B). Once the cores of the granules formed, the average
diameter of the granule increased quickly, reaching 19 mm after 90 days in bioreactors
inoculated with P. fluorescens strains. Notably, the trend was similar for all experiments
under different concentrations of sodium acetate, and a mean size from 15 to 20 mm was
observed at operational day 120. The granules presented a soft surface and a compact
aspect throughout the experiment. A slightly higher density was observed for granules
produced by P. fluorescens strain 376 than those formed by the PSC26 strain.

In order to study the ability of the denitrifying strains to form granules in the presence
of other carbon sources, two bioreactors were fed with synthetic groundwater supple-
mented with methanol as a carbon source. The bioreactors were either inoculated with
P. stutzeri I1 or P. fluorescences 376, since these two strains showed the best capacity to
remove nitrogen and produce stable granular biomass (Figure 2). The granulation results
showed that both strains were able to produce granules that were very similar regardless of
the carbon source available in the aerobic granular systems (Figure 3), although the results
indicated that the range of granular size was smaller than that of the granules cultivated
with sodium acetate. The results indicate that P. fluorescens 376 produces granules with
larger diameters than the corresponding granules produced by P. stutzeri I1, with average
sizes of 10 and 7 mm, respectively, after operational day 150 (Figure 4).

The settling velocity of the granules in the bioreactors fed with sodium acetate
(Figure 5A) produced a decrease in decantation time, although after operational day 100,
the average settling velocity of the granules did not change, regardless of the strain used.
This rising trend was more pronounced for P. stutzeri I1 and P. fluorescens PSC26 than for
P. fluorescens 376. The fastest production of granules occurred with P. stutzeri I1 inoculum,
coinciding with the observation of the higher density and compactness of such granules.
Similar settling velocities were detected when the bioreactor was inoculated with the two
strains of P. fluorescens (PF376 and PSC26), but increased firmness conformation was ob-
served when the bioreactor was inoculated with P. fluorescens 376 (Figure 4). Pseudomonas
stutzeri I1 and P. fluorescens 376 were selected as the best strains for producing granules
and for nitrate removal (Figure 5B). Once the best strains for the formation of granules and
nitrate removal were determined, an alternative C source was used to feed the bioreactors
(methanol). With the alternative carbon source, the opposite effect of using sodium acetate
was observed, because the PSI1 inoculum produced granules with slower settling velocity
(close to 25 m-h~!), and in the bioreactor inoculated with PF376, the granules produced
presented velocities close to 60 m-h™~!. This outcome could be caused by the strain’s affinity
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and consumption advantage for the different organic carbon source [35]. These results
suggest that, in general terms, the settling velocity for the granules is higher when sodium
acetate is used as a carbon source compared with the same conditions but using methanol.

. .-

Figure 4. Mature granular biomass of Pseudomonas fluorescens 376 at operational day 150.
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methanol (B).
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3.2. BODjs and COD Degradation

Organic matter removal was monitored based on the biological oxygen demand at
day 5 (BODs). The BODs5 removal ratio in the different bioreactors was strongly affected by
changes attributed to the composition of the influent water. A sharp decrease in BODs was
observed at operational day 35 for all the different conditions. However, at operational day
97, abrupt changes in the BOD5 removal ratio were recorded (Figure 6A). In this respect,
the most affected bioreactors were those inoculated with cultures of P. stutzeri strain and
P. fluorescens strain 376.
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Figure 6. BODs5 removal by granular biomass for Pseudomonas fluorescens PSC26 (PSC26), Pseudomonas
fluorescens 376 (PF376), Pseudomonas stutzeri 11 (PSI1), and Pseudomonas denitrificans Z1 (PDZ1) fed
with sodium acetate (A) and methanol (B).

When the GSBR systems were fed with methanol as a carbon source, the bioreactors
inoculated with P. stutzeri and P. fluorescens 376 showed increased BODs5 removal over
the operational time (Figure 6B). These results suggest that methanol and acetate are
excellent carbon sources for the formation of granules and nitrate removal. Regardless
of the carbon source tested in the granular systems, the consumption of organic matter
was practically 100% of the concentration added to the synthetic groundwater, suggesting
that nitrate removal is limited by the concentration of organic matter added. Therefore,
the data obtained confirm that after treatment, the generated effluents do not contain
significant amounts of organic matter, which is important for their possible use for human
consumption [36].
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The removal efficiency based on COD followed a similar trend to the removal of BOD:s.
Accordingly, changes in the COD responded to the carbon concentration in the influent
(Figure 7A), with the highest COD removal observed in the bioreactor inoculated with P.
fluorescens PSC26. This finding indicates that this microorganism needs a shorter period of
adaptation to a new influent composition. The COD removal ratio observed in bioreactors
inoculated with P. denitrificans increased quickly during the first days of operation, but this
strain was discarded from the experiment as no granules formed in the presence of this
microorganism. The COD removal observed when the systems were inoculated with P.
stutzeri 11, P. fluorescens PSC26, and P. fluorescens followed a similar trend from operational
day 60, with a removal ratio ranging from 75% to 98%. The highest removal ratios were
reached at the end of operation, when the bioreactor operated under 200 mg-L~! sodium
acetate, because the available substrate for heterotrophic denitrifiers was reduced. However,
the bioreactors fed with methanol showed an increased COD removal ratio during the first
40 days (Figure 7B). COD removal ratios higher than 90% were achieved at an earlier stage
using methanol than when using sodium acetate with P. stutzeri I1 and P. fluorescens 376.
Therefore, the average values in the steady-stable period ranged from 75% to 95% for reactors
fed with sodium and up to 90% for reactors fed with methanol.
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Figure 7. The COD by granular biomass for Pseudomonas fluorescens PSC26 (PSC26), Pseudomonas
fluorescens 376 (PF376), Pseudomonas stutzeri 11 (PSI1), and Pseudomonas denitrificans Z1 (PDZ1) fed
with sodium acetate (A) and methanol (B).

3.3. Nitrate Removal Performance

One of the main goals of this research was to assess the performance of the selected
denitrifying strains in removing nitrate from groundwater within GSBR systems. The nitrogen
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removal capacity was studied to characterize the most efficient carbon source, and the
C/N ratio was assessed to optimize the denitrification process in GSBR systems containing
granular biomass produced by Pseudomonas strains. When concentrations of sodium acetate
below 400 mg-L~! were used in the GSBRs, a remarkable reduction was observed in the
system’s capacity to remove nitrate from the groundwater. Nitrate removal was around
50% when 200 to 300 mg-L~! sodium acetate was used, being even lower if the bioreactor
was inoculated with P. fluorescens. It is therefore evident that a high C:N ratio is necessary
for good nitrate removal performance when acetate is used as a carbon source (Figure 8A).
These results confirm previous data published by Tian et al. [37], who observed that high
nitrate removal capacity in biological systems was directly related to acetate concentration,
indicating that a C:N ratio of approximately three to five was the most appropriate ratio
to support the metabolism of heterotrophic denitrifiers [38]. Since the C:N ratio is crucial
for nitrate removal from groundwater, the amount of carbon source required should be
determined as a function of the level of nitrate pollution, as established by the European
Water Framework [36]. Thus, the acetate concentration can be adjusted to account for the
degree of groundwater contamination in the production of potable quality water. This
biological system was successful in reducing the nitrate concentration from groundwater.
For even higher nitrate concentration reduction, other methods based on physic-chemical
processes have been proposed to reach removal values close to 90%, such as those reported
by Eljamal et al. [39] and Mokete et al. [40] based on the use of nanoparticles.

%0 ﬁ—ﬁ- e < |
: b 5 i §§
80 454
T “ A @
70 -5 A i <é
e ® . cspAfg 4% s
60 ¢ .k id _:“Z Tt .,
o By 4% 9% %, 5 2fbaagga
40 ; , g
30 . “ '
° A
20 _4553
-
10
0
0 20 40 60 80 100 120 140 160 180
Operational day

N
[

Nitrate removal(%)
1

MPDZ1 #PSI1 APSC26 « PF376

B 100

90
80
70 @ -
60 g . G ¢%-

D& A
B4 HH

50 - C _ ; i X
40
30
20 X
10 X X
0 XX X x

0 20 40 60 80 100 120 140 160 180

Operational day

Nitrate removal(%)
F

X PSI1 [/ PF376

Figure 8. Nitrate removal ratio of granular biomass for Pseudomonas fluorescens PSC26 (PSC26), Pseudomonas
fluorescens 376 (PF376), and Pseudomonas stutzeri I1 (PSI1) fed with sodium acetate (A) and methanol (B).
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Some differences were observed when the GSBR systems were fed with methanol
(Figure 8B). The addition of methanol at concentrations of 250 and 300 mg-L~! resulted in
efficient nitrate removal when the systems were inoculated with P. stutzeri and P. fluorescens
strain 376, applying a C: N ratio close to two. In some cases, nitrate removal above 70% was
observed, suggesting that denitrification occurs at lower organic matter/nitrate ratios than
when acetate provides the carbon source [41]. It is possible that these yields, as in the case of
acetate, can be increased with the addition of larger amounts of methanol, but if we consider
that the regulations established by the European Water Framework [36], in our opinion,
it is clear that methanol is an appropriate carbon source for the removal of nitrates from
groundwater. Moreover, P. stutzeri strains were reported as denitrifying microorganisms
under aerobic conditions [42], supporting the results observed in this research.

3.4. Nitrogen Mass Balance over the Period of Operation

Based on our analysis of the nitrogen mass balance (Table 2), the bioreactor inoculated
with P. fluorescens PSC26 produced the lowest conversion of nitrate to nitrogen gas, re-
gardless of operation stage, with absolute amounts ranging from 29.00 to 66.00 mg-N-d !
In general, the most success was observed in the bioreactor with granules derived from
P. fluorescens 376, followed by the bioreactor with granules derived from P. stutzeri I1. It
follows that bioreactors inoculated with both strains separately presented a better trans-
formation of nitrate to gas, and a C:N ratio close to 3—4, suggesting that this C:N ratio
results in complete denitrification. This is supported by the findings and is corroborated
by other authors working in wastewater treatment plants, such as Miyahara et al. [43] and
Vackova et al. [44]. Those authors drew attention to the importance of aerobic denitrifi-
cation in biotechnological processes in order to reduce the emission of greenhouse gases.
However, lower concentrations of carbon in the influent resulted in the reduced production
of gases in this study. Moreover, it is relevant to point out that the bioreactor operating
with the same C:N ratio but using methanol as a carbon source promoted a more efficient
reduction of nitrate than the bioreactor fed with acetate. Importantly, the generation of
intermediate products from denitrification was not detected, as could be observed by the
NO5-N in the effluent.

Although P. denitrificans Z1 was initially included in this study, the inability of this
strain to form granules precluded its use as an inoculum in GSBR systems. Other strains
of P. denitrificans could be tested in order to establish whether it is possible to use this
denitrifying microorganism [29]. Our observations must be considered limited to the
strains used in our study, although, based on nitrogen mass balance results, it appears that
nitrate removal and the transformation of nitrate to dinitrogen gas could be easily modified
by adjusting the concentration of the carbon source in the influent. Moreover, inoculation
with denitrifying strains of Pseudomonas that are able to produce stable granules in GSBR
systems can be considered an innovation in the treatment of groundwater contaminated
with nitrate since the pollutant is removed and no nitrous oxide is released into the
atmosphere as a result of this denitrification process. This process therefore represents an
advance in the knowledge of biological denitrification systems driven by microorganisms,
which encourages the complete reduction of nitrate to dinitrogen gas [45]. To the best of our
knowledge, for the first time, this study describes the use of cultures of denitrifying strains
containing the nosZ gene for the treatment of groundwater polluted with nitrates. Therefore,
this study is important from a technical point of view, in addition to its environmental
significance. A potential application of this technology is the addition of mature granules
of Pseudomonas to AGS systems for treating polluted groundwater [1], with the aim of
encouraging the presence of denitrifying bacteria carrying the nosZ gene.
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Table 2. Nitrogen mass balance expressed as mg N L1 during the different studies cases for P. fluorescens PSC26, P. fluorescens 376, and P. stutzeri (St dev*: standard deviation; rem perform:
removal performance) P. denitrificans was not included due to not achieving granulation.

Strain Phase TNin TNout NO3—Nj, NO3;—Nout NO>;—Nout NO, N,O, N, Gas Rem Perform (%)
900:127 130.75 88.32 130.75 88.27 0.05 4244 32.45
NaACNaNO 400-127 130.75 23.50 130.75 23.50 0.00 107.25 82.02
P fluorescens PSC26 ' 5 300:100 102.95 53.28 102.95 53.25 0.03 49.67 4825
' 200-100 102.95 37.80 102.95 37.79 0.00 65.16 63.29
Average 116.85 50.72 116.85 50.70 0.02 66.13
St dev, 16.05 27.85 16.05 27.83 0.02 29.00
900:127 130.75 1411 130.75 1411 0.00 116.64 89.21
, 400127 130.75 20.31 130.75 20.31 0.00 110,44 84.46
NaAcNaNOs 555990 102.95 37.79 102.95 37.79 0.00 65.16 63.29
P fuorescens 376 200100 102.95 44,50 102.95 4450 0.00 58.45 56.78
, 300:100 102.95 63,51 102.95 6351 0.00 39.44 3831
CH3OH:NaNO; 551900 102.95 35.59 102.95 35.59 0.00 67.36 65.43
Average 112.22 35.97 112.22 35.97 0.00 76.25
St dev. 1435 17.65 14.35 17.65 0.00 30.57
900:127 130.75 439 130.75 434 0.05 126,36 96.64
. 400-127 130.75 24.16 130.75 24.16 0.00 106,59 81.52
NaAc:NaNO; 300:100 102.95 49.74 102.95 49.73 0.00 53.22 51.69
b stuteeri 200-100 102.95 34.79 102.95 34.79 0.00 68.16 66.21
J— 300:100 102.95 34.79 102.95 34.79 0.00 68.16 66.21
3OH:NaNOs 5001100 102.95 58.17 102.95 58.17 0.00 4478 4350
Average 11222 3434 112.22 3433 0.01 77.88

St dev. 13.10 17.35 13.10 17.36 0.02 29.06
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4. Conclusions

The aerobic granular technology inoculated with denitrifying bacteria showed a
success nitrate removal ratio. which depends on the carbon concentration added to the
influent. The findings showed that denitrifying Pseudomonas strains are able to produce
stable granules in GSBR systems. resulting in high nitrate removal. Moreover. the denitrifi-
cation process can be efficiently performed with different carbon sources such as acetate
and methanol. Therefore. inoculation and enrichment of GSBR systems with culture of
selected denitrifying Pseudomonas strains carrying the nosZ gene may be considered as an
innovative alternative in order to improve AGS technology. The results obtained about
nitrate removal using identifying granular biomass provide deeper knowledge about the
granular formation and denitrification process within granules in systems implemented
for the treatment of polluted groundwater. Biological denitrification can be considered an
environmentally friendly alternative since no greenhouse gases are produced during the
denitrification process.
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