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Abstract: Nitrification-denitrification is the most widely used nitrogen removal process in wastewater
treatment. However, this process can lead to undesirable nitrite accumulation and subsequent
ammonium production. Biogenic Fe(II-1II) hydroxycarbonate green rust has recently emerged as a
candidate to reduce nitrite without ammonium production under abiotic conditions. The present
study investigated whether biogenic iron(II-III) hydroxycarbonate green rust could also reduce
nitrite to gaseous nitrogen during bacterial nitrate reduction. Our results showed that biogenic
iron(II-III) hydroxycarbonate green rust could efficiently decrease the selectivity of the reaction towards
ammonium during heterotrophic nitrate reduction by native wastewater-denitrifying bacteria and
by three different species of Shewanella: S. putrefaciens ATCC 12099, S. putrefaciens ATCC 8071 and
S. oneidensis MR-1. Indeed, in the absence of biogenic hydroxycarbonate green rust, bacterial reduction
of nitrate converted 11-42% of the initial nitrate into ammonium, but this value dropped to 1-28%
in the presence of biogenic hydroxycarbonate green rust. Additionally, nitrite accumulation did
not exceed the 2-13% in the presence of biogenic hydroxycarbonate green rust, versus 0-28% in its
absence. Based on those results that enhance the extent of denitrification of about 60%, the study
proposes a water treatment process that couples the bacterial nitrite production with the abiotic nitrite
reduction by biogenic green rust.

Keywords: biogenic hydroxycarbonate green rust; heterotrophic denitrification; Shewanella putrefaciens
ATCC 12099; Shewanella putrefaciens ATCC 8071; Shewanella oneidensis MR-1; selectivity; ammonium;
nitrate; nitrite; native wastewater-denitrifying consortia

1. Introduction

Nitrogen is present in the environment as organic (e.g., proteins, amino acids, DNA, RNA)
and inorganic forms, including soluble (ammonium ‘NHy*’, nitrate ‘NO3 ™, nitrite 'NO,™’) and
gaseous (nitric oxide ‘NO’, nitrous oxide ‘N, O’, di-nitrogen ‘N,’) compounds. When present at large
concentrations in surface waters, inorganic nitrogen compounds are highly toxic to humans, plants
and fauna [1-4], and are responsible for ecosystem eutrophication [5,6]. In anoxic environments,
numerous fermenting and non-fermenting microorganisms are capable of converting nitrate into
ammonium by dissimilatory nitrate reduction to ammonium (DNRA) [7] (Figure 1). As a result of
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nitrification and denitrification processes, nitrite accumulation can be observed in oxic and anoxic
environments, particularly in sensitive zones [1,8,9]. Once ingested, nitrite can be transformed into
carcinogenic N-nitroso compounds, which are suspected to be responsible for some gastric cancers, and
is responsible for the formation of methaemoglobin, leading to hypoxia and blue-baby syndrome [1].
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Figure 1. Conceptual diagram of the major biotic and abiotic processes involved in nitrogen reduction.
Green and black arrows represent biotic and abiotic reactions, respectively. IRB: iron-respiring bacteria,
FellOOH: ferric oxyhydroxides, FellFelll, O,: magnetite, FeH(abio_GR): abiotic green rust, FeH(biO_GR):
biogenic hydroxycarbonate green rust, reduced substrate: organic or inorganic electron donors, DNR:

dissimilatory nitrate/nitrite reduction, Anammox: anaerobic ammonium oxidation.

On the other hand, ammonium is a highly reactive compound with significant cytotoxicity. In
mammals, high ammonium levels (up to 35 umol/L) can provoke a large diversity of pathologies, such
as the hepatic encephalopathy that results in a swelling of the brain [2,10]. Consequently, wastewater
and drinking water treatments include nitrogen removal processes. Nitrogen pollution in wastewater
consists mainly of organic and ammoniacal nitrogen (i.e., Kjeldahl nitrogen), and the fraction of organic
nitrogen is fully converted to ammonium by ammonification during wastewater transportation. The
most widely used process for nitrogen removal in wastewater treatment plants (WWTP) is a system
that combines nitrification and denitrification reactions. Nitrification is a two-step process that takes
place under oxic conditions, where autotrophic nitrifying bacteria couple the oxidation of ammonium
to nitrite, then to nitrate, with the reduction of molecular oxygen. Denitrification takes place under
anoxic conditions, where heterotrophic bacteria couple the oxidation of organic matter to HCO3~ with
the reduction of nitrate to nitrite then to nitrogen gas (N,) and to a lesser extent into nitrous oxide
(N2O) [11] (Figure 1).

The full conversion of nitrate into gaseous nitrogen species depends on the biodegradability of the
wastewater, which could be determined by the ratio of chemical oxygen demand (COD) to biochemical
oxygen demand (BOD). The biodegradability of the wastewater increases with decreasing COD:BOD
ratio. Indeed, agro-food industrial and domestic wastewater influents are the most biodegradable
sewage with average values of COD:BOD ratio of 1.9 + 0.4 (Table 1) [12], and 2.4 + 0.8 (Table 1) [13-20],
respectively. In contrast, chemical industrial wastewater influents are less biodegradable and their
COD:BOD ratio is generally up to 4 (Table 1) [21-24]. Consequently, a costly strategy in WWTP involves
the addition of highly biodegradable carbon sources, such as methanol and/or acetate, in order to fully
achieve the denitrification process under anoxic conditions [11]. However, physical methods for nitrate
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removal such as reverse osmosis, ion exchange or electro-dialysis that are especially used for drinking
water treatment, are costly and generate waste brines [25].

Table 1. Biodegradability of wastewater with respect to organic compounds: comparison between
agro-food industry, domestic, and chemical industry wastewater.

Origin of Carbon COD BOD COD/BOD Average + sd  References
Compounds (mg O/L) (mg Oy/L) Ratio -
Agro-food industry 4018 2045 2.0 [26]
Agro-food industry 50,000 25,000 2.0 [27]
Agro-food industry 1950 900 22 19404 [28]
Agro-food industry 7800 3450 2.3 T [29]
Agro-food industry 5750 5000 1.2 [30]
Agro-food industry 10,496 6300 1.7 [31]
Domestic wastewater 925 440 2.1 [18]
Domestic wastewater 912 289 3.2 [19]
Domestic wastewater 285.2 714 4.0 [17]
Domestic wastewater 960 450 2.1 24408 [20]
Domestic wastewater 1420 900 1.6 T [16]
Domestic wastewater 300 160 1.9 [13]
Domestic wastewater 522 208 25 [15]
Domestic wastewater 550 250 2.2 [14]
Chemical industry 340.7 8.9 38.5 [22]
Chemical industry 2912 150 194 30 423 [21]
Chemical industry 495 127.5 3.9 - [24]
Chemical industry 4566 80 57.1 [23]

Alternatively, nitrate can be abiotically reduced by zero-valent iron, Fe(0), forming ammonium in
a fast reaction (Figure 1) [32-35]. During the reaction of Fe(0) with nitrate, corrosion products of iron
are formed, including green rusts (GR), which are mixed layered Fe(II)-Fe(IlI) hydroxysalts [36,37].
Few studies have demonstrated nitrate reduction by abiotic hydroxyfluoride green rust abio-GR(F) [38],
hydroxysulfate green rust abio-GR(SO;) [39], and hydroxychloride green rust abio-GR(Cl) [40] with a
systematic conversion of nitrate into ammonium (Figure 1). Recently, a study by Guerbois et al. [41]
showed that at neutral initial pH nitrite could be reduced by biogenic mixed-valent iron(II-III)
hydroxycarbonate green rust bio-GR(COj3) forming gaseous nitrogen species without ammonium
production (Figure 1). The latter study provided the first evidence of the formation of biogenic
hydroxy-nitrite green rust bio-GR(NO;), a new type of green rust 1, thereby confirming the hypothetical
reaction scheme of nitrate reduction by abio-GR(F) proposed by Choi and Batchelor [38], and indicating
that the mechanism of nitrite reduction by bio-GR(CO3) involves both external and internal reaction sites.
Such a mechanism could explain the higher reactivity of green rust with respect to nitrite, compared to
other mineral substrates possessing only external reactive sites. Further research is thus required to
decrease nitrite and ammonium production in both biotic and abiotic denitrification processes.

The abiotic oxidation and reduction reactions, represented by dashed black arrows in Figure 1,
are a hypothetical full conversion of nitrate ions to gaseous nitrogen by biogenic hydroxycarbonate
green rusts produced upon the bioreduction of ferric oxyhydroxides by iron-respiring bacteria (IRB).
Such an abiotic reduction of nitrate to N»/N,O by biogenic green rusts without ammonium production
has never been studied and is explored in the present work.

The current study shows that biogenic mixed-valent iron(II-III) hydroxycarbonate green rust can
efficiently reduce nitrite and decrease ammonium selectivity during bacterial nitrate reduction by three
different strains of Shewanella, and by a native bacterial consortium from wastewater. On the basis
of those results, the study proposes to couple bacterial nitrate reduction to nitrite production with
abiotic nitrite reduction by biogenic hydroxycarbonate green rusts to gaseous nitrogen species as a
water treatment process.
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2. Materials and Methods

Biogenic hydroxycarbonate green rusts production. The biogenic hydroxycarbonate green rusts
were produced from the bioreduction of ferric oxyhydroxycarbonate or of lepidocrocite by Shewanella
putrefaciens ATCC 12099 at neutral pH in the presence of sodium methanoate as an electron donor,
and of anthraquinone-2,6-disulfonate (AQDS) as an electron shuttle under anoxic conditions. ATCC
refers to as the American Type Culture Collection. The full description of the protocol of biogenic
hydroxycarbonate green rusts production is detailed in our previous study by Guerbois et al. [41].

Transmission Mossbauer Spectroscopy analysis. Subsamples (10 mL) were taken from the
well-homogenized biogenic hydroxycarbonate green rust suspensions in the glove box under a nitrogen
atmosphere; iron particles were concentrated by filtration (0.45-um pore size) and quickly transferred
to the cryostat under inert He atmosphere before measuring at 77 K. Transmission Mdssbauer analysis
was performed with a Méssbauer cryostat equipped with a vibration isolation stand manufactured
by Cryo Industries of America (Macungie, PA, USA), utilizing a constant acceleration Mossbauer
spectrometer with a 50 mCi source of >’Co in Rh and calibrated with a 25 um thick o-iron foil at ambient
temperature. The spectra were fit with the software Recoil™ using Lorentzian or pseudo-Voigt line
shapes. The Fe(II)/Fe(IlI) ratios of these biogenic hydroxycarbonate green rusts ranged from 1.0 to 1.2.

Denitrification batches. Before investigating the effects of bio-GR(COs3) on microbial nitrate
reduction, the reactivity of bio-GR(CO3) with respect to nitrate was firstly assessed at three different
pH values (6.5 +£0.1,7.5 £ 0.1 and 10.0 + 0.1) (Table 2) to determine if the bio-GR(CO3) particles are
capable of reducing nitrate ions. Three distinct sets of bacterial incubations were performed at room
temperature and at pH 7.5 + 0.1 (Table 2): (1) nitrate and nitrite reduction by three Shewanella strains, (2)
addition of nitrate or nitrite solution to wastewater influents containing native wastewater-denitrifying
consortia, and (3) mixed denitrification by both bacteria and bio-GR(CO3). In the abiotic experiments,
0.1 g of bio-GR(CO3) was suspended in the media, and the reaction was started by the addition
of a NaNOj solution (300 mM). The final volume of each experiment was equal to 60 mL. Biotic
denitrification experiments were performed with S. putrefaciens ATCC 12099, S. putrefaciens ATCC
8071 and S. oneidensis MR-1, which were obtained from the Institut Pasteur collection (Collection de
I'Institut Pasteur, CIP). MR-1 refers to as “manganese reduction” because the first strain of S. oneidensis
(formerly Alteromonas putrefaciens) was originally isolated from the anoxic sediments of Oneida Lake,
New York, as a manganese reducer. The inocula of the three Shewanella strains were prepared as
described by Ona-Nguema et al. [42—44]. The bacterial density of inoculum was determined by the
number of colony-forming units (CFU). Culture media of biotic experiments were composed of basic
medium, methanoate (48.5 mM) as the sole electron donor, and nitrate or nitrite as electron acceptors
for which the starting concentrations in all experiments are indicated in Table 2. The composition
of the basic medium used in the biotic experiments performed with Shewanella spp. was as follows:
NH,4Cl (22.0 mM), KCl1 (1.2 mM), CaCl, (0.692 mM), nitrilotriacetic acid (0.71 mM), NaCl (1.51 mM),
MnSO,4-H,0 (0.27 mM), MgSO,-7H,0 (1.10 mM), ZnSO,-7H,0O (0.086 mM), FeSO,-7H,0 (0.032 mM),
Na,MoOy-2H,0 (0.0095 mM), Na, WO,-2H,0 (0.007 mM), NiCl, anhydrous (0.009 mM), CuSOy4-5H,0
(0.0036 mM), AIK(SO4),-12H,0 (0.0019 mM), H3BO; (0.0146 mM), CoSO4-7H,0O (0.0381 mM). The
starting NHy" concentration in the basic medium was equal to 128.35 mg-N L~!; this value was
considered as the baseline and had been subtracted in each experiment. The incubations were started
by adding an inoculum of S. putrefaciens ATCC 12099, S. putrefaciens ATCC 8071 or S. oneidensis MR-1
of 7 x 10° CFU/mL as a final bacterial density (Table 2). For the assays carried out in the presence of
both bacteria and bio-GR(CO3), experimental conditions were similar to those of bacterial incubations,
but 0.1 g of bio-GR(CO3) was added to the medium (Table 2).
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Table 2. Initial conditions of biotic and abiotic experiments. All experiments performed with strains
ATCC 12099, ATCC 8071, and MR-1 were carried out with 48.5 mM of methanoate as the sole electron
donor and at room temperature under anoxic conditions.

. Bacterial
. Mass of Bio-GR [NO5~] [NO;"] [NH4*1 - .
Experiments N T-1 NT-1 1 Initial pH Density
(g) (mg-N L-1) (mg-N L-1) (mg-N L-1) (CFU mL-1)
1bio-GR + nitrate 0.1 75(2) 0 0 6.5 0
1 bjo-GR + nitrate 0.1 76(0) 0 0 7.5 0
1 bjo-GR + nitrate 0.1 76(0) 0 0 10.0 0
2 Strain ATCC 12099 + nitrate - 89(4) 0 0 7.5 7 % 10°
1 bio-GR + o
Strain ATCC 12099 + nitrate 01 830) 0 0 75 7% 10
1 Strain ATCC 12099 + nitrite - 0 58(14) 0 7.5 7 x 10°
2 Strain ATCC 8071 + nitrate - 83(3) 0 0 7.5 7 x 10°
1 bio-GR + o
Strain ATCC 8071 + nitrate 01 830 0 0 75 7x10
1 Strain ATCC 8071 + nitrite - 0 66(13) 0 75 7 % 10°
1 Strain MR-1 + nitrate - 92(4) 0 0 75 7 % 10°
1 bio-GR + o
Strain MR-1 + nitrate 0.1 830) 0 0 75 7x10
2 Strain MR-1 + nitrite - 0 72(2) 0 75 7 x 10°
3 Wastewater influents + nitrate - 73 22 55 7.5 n.d
3 bio-GR + nitrate +
Wastewater influents 01 84 01 52 75 nd
3 Wastewater influents + nitrite - 0 74 61 7.5 nd
2 Ty . .
bio-GR + nitrite + 0.1 0 77(0) 71(18) 75 nd

Wastewater influents

1 Triplicate experiments; 2 duplicate experiments; 3 single experiments; n.d: not determined; mean values obtained
from duplicate or triplicate experiments are indicated, with standard deviations given in parentheses.

All experiments were performed in a glove box under an argon atmosphere in sealed glass bottles
at pH 7.5 + 0.1. All solutions were prepared with O,-free Milli-Q water obtained by bubbling argon
at 80 °C for 45 min, and they were sterilized by autoclaving, except for the methanoate solution that
was sterilized by filtration through 0.2 pm cellulose nitrate filters. Bottles were shaken during the
course of experiments using a rotary tube mixer with a disc. Experiments performed with and without
bio-GR(CO3) using pure bacterial strains were monitored for two hours; for bacterial assays carried out
in the absence of bio-GR(CO3), subsamples were taken approximately every 10 min during the first
hour, then every 30 min for analyses, while in the presence of bio-GR(CO3), subsamples were taken
every 30 min. For experiments performed with wastewater containing native wastewater-denitrifying
consortia, 6-7 subsamples were taken during the first day of incubation, then one per day for four or
five days.

Solution analysis. In all experiments, suspension samples were collected for total Fe(II), and
dissolved NO3;~, NO,™ and NH;* analyses. For total Fe(Il) measurement, 0.5 mL of sample was
dissolved in 0.5 mL HCl 1 M. After the dissolution of samples, colorimetric Fe(Il) measurements
were performed in 15 mL iron-free plastic vials by addition of 0.1 mL of sample to 2 mL of a stock
solution containing 11.4 mM 1,10-phenanthroline, 227.3 mM Glycocoll and 9.1 mM nitrilotriacetic
acid solution, and 7.9 mL of Milli-Q water were added to reach a final volume of 10 mL (protocol
modified by Ona-Nguema from Fadrus and Maly [45]); spectrophotometric measurements were
done at 510 nm using a visible spectrophotometer (Novaspec Plus, Biochrom, Holliston, MA, USA).
Dissolved NO3;~, NO,~ and NH;* concentrations were measured by ion chromatography (ISC 3000,
DIONEX, Sunnyvale, CA, USA) after 0.22 pm filtration. According to units generally used in the
water treatment literature, all concentrations values are given in mg Lt N-NO3~, N-NO,~ or N-NH, ™,
which correspond to weight concentrations of N dissolved in the form of NO3;~, NO,™ and NH,*.

Computations-Experiments with three Shewanella strains. Bacterial nitrate reduction followed a
two-step regime. The initial rates of bacterial nitrate reduction were calculated using a linear regression
fitting procedure in the time interval between the starting and the end of the first step of the reaction,
i.e., between time zero and 90 min for ATCC 12099 and ATCC 8071, between time zero and 30 min for
MR-1, and between time zero and 60 min for all experiments carried out in the presence of bio-GR(CO3).
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Computations-Experiments with wastewater influents. A pseudo-first-order kinetic model was
used to fit experimental data of bacterial nitrate and nitrite reduction over time. The corresponding
exponential decay can be expressed by Equations (1) and (2) as follows:

dINO;
[ dr X] = _kobs-[NO;} (1)
[NO;]; = [NOy ] . Fars* ¢)

where [NOy™]; is the concentration of NO3;~ or NO, ™ at time t, [NOy ]y is the initial concentration of
NO3™ or NO;,7, and kg is the first-order rate constant. For data fitting, we considered (1) that nitrite
is an obligatory reaction intermediate product in denitrification (Equations (3) and (4)), and (2) that the
reduction reaction of nitrate and nitrite is independent of electron donor and nutrient concentrations
as these substrates are in excess in wastewater influents. All nitrate and nitrite reduction can then be
modeled as a pseudo-first-order reaction.

NOj; +2H" +2¢~ & NO, + H,0 (3)

4NO; + 14H' +10e~ 2 N,O + N, + 7H,0 4)

Computations-Ammonium and nitrite selectivity. The selectivity of the reaction towards
ammonium S(NHj%) is the ratio between the fraction of ammonium produced R(NH4") to that
of nitrate removed, as described by Ruby et al. [46]. The selectivity of the reaction towards nitrite
S(NO;™) was calculated as described for ammonium. X(NO;3;7); and X(NO,™); correspond to the
fraction of nitrate or nitrite removed in experiments performed with nitrate or nitrite in the starting
solutions, respectively; R(NH4 )t is the ratio between the concentration of ammonium produced
and that of nitrate or nitrite initially added to each experiment; R(NO, "), is the ratio between the
concentration of nitrite produced and that of nitrate initially added to each experiment.

s(NHT) = R(NHI)t 5
(NEEy), X(NO3), ®)
sy AL = [NEL )/ Nos 6

( 4 )t ([NO;]O - [NOS‘L)/[NQ;]O (6)

(g, - [vey])
(I:NOE’:]O B [NO;L)

S(NH*)t = ?)

4

3. Results

3.1. Characterization of Biogenic Iron(II-I1I) Hydroxycarbonate Green Rust Samples

All biogenic hydroxycarbonate green rusts produced from the bioreduction of ferric
oxyhydroxycarbonate or of lepidocrocite in Shewanella putrefaciens cultures have been characterized by
Mossbauer spectroscopy. Here we show an example of the 77 K transmission Mossbauer spectrum
of a biogenic sample (Figure 2), which can be reasonably fitted with three paramagnetic quadrupole
doublets D1, Dy and D3. The doublets D; (51%) and D, (3%) showing large hyperfine parameters,
i.e., center shift (1.25 and 1.26 mm s~!, respectively) and quadrupole splitting (2.88 and 2.39 mm s~!,
respectively) correspond to high-spin Fe?* in octahedral sites. In contrast, the doublet D3 (46%), with
small center shift (0.42 mm s™!) and quadrupole splitting (0.41 mm s™!), is due to high-spin Fe>* in
octahedral sites. These Mossbauer hyperfine parameters are characteristic of hydroxycarbonate green

rust. The Fe(II)/Fe(IIl) ratio determined from the fit of the present Mgssbauer spectrum is equal to 1.2.
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Figure 2. Transmission Mossbauer spectrum for biogenic hydroxycarbonate green rust recorded at 77
K. Experimental and fit curves are displayed as dotted black and dashed red lines, respectively. The fit
components displayed as plain lines correspond to three doublets Dy, D, and Dj3.

3.2. Nitrate Reduction in Axenic Cultures of Shewanella spp. with and without Biogenic Iron(II-11I)
Hydroxycarbonate Green Rust

Results reveal that nitrate was fully reduced in less than 2 h by three strains of Shewanella both in
the absence (Figure 3a—) and presence (Figure 3d—f) of bio-GR(CO3). In the absence of bio-GR(CO3),
nitrate was fully reduced after 60-90 min for Shewanella putrefaciens strains ATCC 12099 and ATCC 8071
(Figure 3a,b), and after 20-30 min of incubation for S. oneidensis strain MR-1 (Figure 3c). In contrast,
suspensions containing bio-GR(COj3) particles alone were not capable of reducing nitrate ions at pH
6.5,7.5 or 10.0 (Figure 4). Moreover, the measurements of dissolved Fe(II) concentrations, which are in
equilibrium with bio-GR(CO3) particles, indicate that Fe(II) contents are pH-dependent; the highest
average value 6.9 £+ 0.1 mM being obtained at pH 6.5 compared to pH 7.5 and 10.0 for which only 1.9 +
0.1 mM and 0.7 + 0.2 mM of dissolved Fe(Il) is observed, respectively (Figure 4).

All nitrate reduction curves followed a two-step regime. Initial rates calculated during the first
step using a linear regression equation showed that nitrate reduction rates were higher in the presence
of bio-GR(CO3) (=75 + 8 mg-N L~! h71, #2 = 0.98 + 0.02) than without it (-55 + 4 mg-N L™ h7!, 72 =
0.96 + 0.02) (Figure 3a,b,d,e and Figure 5a,b,d,e) for the strains ATCC 12099 and ATCC 8071. However,
for S. oneidensis strain MR-1 nitrate reduction rate was higher in the absence of bio-GR(CO3) (—186 +
10 mg-N L' h7!,72 = 0.98 + 0.01) than with it (<81 + 1 mg-N L™' h™!,+2 = 0.92 + 0.04) (Figure 3c,f and
Figure 5¢,f). Our results also showed that nitrite was produced as a reaction intermediate nitrogen
species under all experimental conditions, the highest nitrite concentration being observed when
nitrate was almost fully reduced (Figure 3). After 120 min of incubation in the presence of bio-GR(CO3),
the selectivity of the reaction towards nitrite significantly decreased from 12 to 2%, and from 44 to 13%,
respectively for strain ATCC 12099 and strain ATCC 8071 (Student’s t-test, p-value < 0.05; Figure 6;
Table 3). In contrast for strain MR-1, the selectivity of the reaction towards nitrite was significantly
lower in the absence of bio-GR(CO3) (S(NO, ™) = 0%) than in its presence (S(NO; ™) = 7%) (Student’s
t-test, p-value < 0.05; Figure 6; Table 3). Nitrite accumulation was overall lower in the presence of
bio-GR(CO3) than without it (Figure 3). In addition, after 120 min of incubation, results showed that in
the presence of bio-GR(CO3), the selectivity of the reaction towards ammonium decreased significantly
from 37 + 5% to 28 + 3%, 31 + 3% to 11 + 1%, and from 42 + 12% to 4 + 6%, respectively for strains
ATCC 12099, ATCC 8071 and MR-1 (Student’s t-test, p-value < 0.05; Figure 6; Table 3).
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Figure 3. Comparison of nitrate reduction by S. putrefaciens ATCC 12099 (a,d), S. putrefaciens ATCC
8071 (b,e), and S. oneidensis MR-1 (c,f) in the absence (a—c) or presence (d—f) of biogenic Fe(II-III)
hydroxycarbonate green rust, here referred to as “bio-GR”. All experiments were carried out in
triplicate, except for those performed with strains ATCC 12009 and ATCC 8071 in the absence of bio-GR,
which were in duplicate. Error bars correspond to standard deviations of replicate experiments. Dashed
lines correspond to initial rates of nitrate reduction calculated using a linear regression fitting procedure
in the time interval between time zero and 90 min for ATCC 12099 and ATCC 8071, between time zero
and 30 min for MR-1, and between time zero and 60 min for all experiments carried out in the presence
of bio-GR. Solid lines correspond to the interpolation of experimental data of nitrite and ammonium.
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Figure 4. Abiotic nitrate (in blue) interaction with biogenic iron(II-III) hydroxycarbonate green rust at
(a) pH 6.5; (b) pH 7.5 and (c) pH 10.0. Fe(Il)tot (in black) corresponds to the total Fe(II) concentration
measured by the 1,10-phenanthroline colorimetric analysis after 0.5 M HCl extraction. Fe(II)aq
(in orange) corresponds to the dissolved Fe(Il) concentration measured by the 1,10-phenanthroline
colorimetric analysis in samples filtered through the 0.22 um pore size filters. Experimental data were
fit using a linear regression fitting procedure (dashed lines).
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Figure 5. Initial rates of nitrate reduction by S. putrefaciens ATCC 12099 (a,d), S. putrefaciens ATCC 8071
(b,e), and S. oneidensis MR-1 (c,f) in the absence and presence of biogenic iron(II-III) hydroxycarbonate
green rust. All experiments were carried out in triplicate, except for those performed with strains ATCC
12099 and ATCC 8071 in the absence of bio-GR(COj3), which were in duplicate. Error bars correspond
to standard deviations of replicate experiments. Initial rates of nitrate reduction were calculated using
a linear regression fitting (dashed lines) procedure in the time interval between time zero and 90 min
for ATCC 12099 and ATCC 8071, between time zero and 30 min for MR-1, and between time zero and

60 min for all experiments carried out in the presence of bio-GR(CO3).
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Figure 6. Ammonium and nitrite selectivity calculated at the end of each experiment performed
with S. putrefaciens ATCC 12099, S. putrefaciens ATCC 8071, S. oneidensis MR-1 or with a native
wastewater-denitrifying consortium after addition of nitrate ions in the absence or presence of
bio-GR(CO3).
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Table 3. Dissolved nitrogen speciation during bacterial nitrate and nitrite reduction in the presence or
absence of biogenic iron (II-III) hydroxycarbonate green rust, referred to as “bio-GR(CO3)".

Experiments Performed with Nitrate in the Starting Solution

X(NO3™); R(NHz*); R(NO; ) S(NH4 )¢ S(NO27)¢ Gas

(%) (%) (%) (%) (%) (%)
1 Strain ATCC 12099 100(0) 37(5) 12(1) 37(5) 12(1) 51(6)
2 bio-GR(CO3) +
Strain ATCC 15099 100(0) 28(3) 2(3) 28(3) 2(3) 70(5)
1 Strain ATCC 8071 100(0) 31(3) 28(9) 31(3) 28(9) 41(11)
2 bjo-GR(CO3) +
Strain ATCC 8071 100(0) 11(1) 13(5) 11(1) 13(5) 76(4)
2 Strain MR-1 100(0) 42(12) 0(0) 42(12) 0(0) 58(12)
2 bjo-GR(CO3) +
Strain MR 99(1) 4(6) 7(2) 4(6) 7(2) 88(7)
3 Wastewater influent 40 4 1 10 2 28
° bio-GR(CO3) + 100 1 6 1 6 93

Wastewater influent

Experiments Performed with Nitrite in the Starting Solution

X(NO27 ) R(NHz*)  S(NHg*), Gas

(%) (%) (%) (%)
2 Strain ATCC 12099 84(1) 51(9) 60(12) 24(13)
2 Strain ATCC 8071 74(1) 51(6) 69(6) 5(5)
1 Strain MR-1 100(0) 78(16) 78(16) 22(16)

3 Wastewater influent 42 -25 -60 n.d

1 1y

bio-GR(CO5) + 96(3) 403) 503) 87(9)

Wastewater influent

! Duplicate experiments; 2 triplicate experiments; * single experiment; mean values obtained from duplicate or
triplicate experiments are indicated, with standard deviations given in parentheses.

3.3. Nitrite Reduction by Three Strains of Shewanella Species

The three Shewanella strains showed an ability to reduce nitrite (Figure 7), with a higher reduction
rate in absolute value for S. oneidensis MR-1 (=37 + 1 mg-N L~} h™1, 2 =0.97 + 0.01) than for ATCC
12099 and ATCC 8071 of S. putrefaciens (—23 + 3 mg-N L™! h™!, 2 = 0.96 + 0.01). However, these
nitrite reduction rates were lower than those of nitrate reduction for the same three bacteria (see
Section 3.2). The average value of ammonium selectivity obtained after 120 min of incubation from the
three strains was 69 + 15% (Table 3); this value is about twice higher than that of the nitrate conversion
into ammonium for the same incubation time in the nitrate experiments (37 + 9%) (Table 3). Our
findings indicate that when nitrite is present in the starting solutions, the dominant metabolic pathway
for the three Shewanella strains is the conversion of nitrite into ammonium (Figure 7). Finally, our
experiments carried out in axenic cultures using Shewanella spp. showed that the three microorganisms
produced a high amount of ammonium when respiring nitrate and nitrite under anoxic conditions,
and that the addition of bio-GR(CO3) in such bioassays significantly decreased the selectivity of the
reaction towards ammonium.

3.4. Nitrate and Nitrite Reduction by Autochthonous Wastewater-Denitrifying Bacteria Influent

Our results indicated that autochthonous denitrifying bacteria from a wastewater influent were
capable of reducing 40% of nitrate and 42% of nitrite ions after five days of incubation in the absence of
bio-GR(CO3) (Figure 8a,b; Table 3). Conversely, in the presence of bio-GR(CO3), nitrate and nitrite
ions were almost fully reduced (100% and 96%, respectively) after four days of incubation (Figure 8c,d;
Table 3). Results showed that in the absence of bio-GR(CQ3), initial rates of nitrate and nitrite reduction
were equal to —11.6 mg-N LTh! (#* =0.85) and —1.2 mg-N LTh! (2 =0.98), respectively; while
in the presence of bio-GR(CO3), initial rates of nitrate and nitrite reduction were —1.3 mg-N L'
h™! (2 = 0.94) and —2.1 mg-N L' h~! (> = 0.98), respectively. The kinetics of nitrate reduction by



Minerals 2020, 10, 818 11 of 17

native wastewater-denitrifying bacteria (Figure 8a) was 9.6-fold higher than that of nitrite reduction
(Figure 8c). In contrast, the presence of bio-GR(CO3) increased the kinetics of nitrite reduction to
gaseous nitrogen species (Figure 8d), the corresponding value being 1.6-fold higher than that of
bacterial nitrate reduction (Figure 8b). Moreover, our results revealed that the presence of bio-GR(CO3)
led to a decrease in the selectivity of the reaction towards ammonium from 10% to 1% (Table 3),
indicating that the association of bio-GR(COj3) with autochthonous wastewater-denitrifying bacteria
efficiently promotes the removal of nitrate and nitrite, as well as the decrease of ammonium production
(Figure 6). These findings suggest that such an association would result in the full conversion of nitrate
ions to gaseous nitrogen species.
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Figure 7. Nitrite reduction by S. putrefaciens ATCC 12099 (a), S. putrefaciens ATCC 80.71 (b) and S.
oneidensis MR-1 (c). All experiments were performed in triplicate, except for S. oneidensis MR-1 for
which experiments were carried out in duplicate. Error bars correspond to standard deviations of

triplicate or duplicate experiments. Experimental data were fit using a linear regression model.
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Figure 8. Nitrate and nitrite reduction in wastewater influent by a native wastewater-denitrifying
consortium in the absence (a,c) or presence (b,d) of biogenic Fe(II-III) hydroxycarbonate green rust,
referred to as “bio-GR(CO3)”. Nitrite (76 + 2 mg-N L~1) and nitrate (78 + 8 mg-N L~1) ions were added
to wastewater influent that initially contained ammonium concentrations around 55 + 4 mg-N L1 (n =
5). Error bars represent standard deviation. Experimental data of nitrate and nitrite reduction (dashed
lines) were fit using a pseudo-first-order kinetic model, while experimental data of ammonium were fit
using a linear regression fitting procedure.
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4. Discussion

Ammonium production during nitrate and nitrite reduction. We showed that when the reduction
of nitrate and nitrite ions by S. oneidensis MR-1 and S. putrefaciens (strains ATCC 12099 and ATCC
8071) is fully or nearly complete under non-growth conditions, the reaction leads to the formation of
significant proportions of ammonium, resulting in ammonium selectivity of 37 + 9% from the initial
nitrate concentration, and of 69 + 15% from the initial nitrite concentration, respectively. Mass balance
of nitrogen species suggests the concomitant formation of gaseous nitrogen products such as N,O and
Ny in these bioassays (Reactions (2) and (3) in Figure 9). The ability of Shewanella species to convert
nitrate into ammonium or to act as true denitrifiers is still a matter of debate. Indeed, many bacterial
strains found in twelve species of the genus Shewanella are capable of reducing nitrate to nitrite [47].

corg

co,
Coz Corg Nz / NZO, N|'|4+
corg
@ ©
Cco,

@

Fe'ljyio.
coz (bio-GR)

O

Corg
Fe'"OOH

N,/ N,0

Figure 9. Schematic diagram presenting the coupling between bacterial nitrate reduction and abiotic
nitrite conversion into gaseous nitrogen species by biogenic hydroxycarbonate green rust, referred to
as “bio-GR(CO3)”. Reactions are numbered from 1 to 5: step 1: bio-GR(CO3) formation upon reduction
of ferric oxyhydroxides by Shewanella spp. [35]; step 2: bacterial nitrate reduction by Shewanella spp. or
other heterotrophic bacteria inducing the accumulation of nitrite; step 3: bacterial nitrite reduction
by Shewanella spp. or other heterotrophic bacteria into ammonium and N,/N,O; step 4: abiotic
nitrite reduction into gaseous nitrogen species by bio-GR(CO3) resulting in the oxidation of structural
Fe(ID)pio-Gr to FeOOH, which can be bacterially transformed into bio-GR(CO3) (step 5) [41,42,44].

However, the nature of end-products resulting from nitrite reduction, ie., NH;* or
N,>O/Nj is controversial and has been reported to depend on both the redox potential and the
carbon-to-nitrate/nitrite ratio of the culture. Under anoxic growth conditions in nutrient-rich media,
Krause and Nealson [48] observed the reduction of nitrate into N,O by S. oneidensis MR-1, MR-4
and MR-7 (formerly S. putrefaciens) with very low ammonium production in low carbon-to-electron
acceptor ratio (C/NO3; ™) media used. By contrast, the study by Cruz-Garcia et al. [49] demonstrated
that anaerobic cultures of S. oneidensis MR-1 using nitrate as the sole electron acceptor, and lactate as a
carbon and energy source exhibited a sequential reduction of nitrate to nitrite and then to ammonium
with very low Ny and N,O production. A previous study of nitrate reduction by S. putrefaciens
reported that the dissimilatory pathway to either ammonium production or N, and N, O production
(corresponding to the denitrification process) could co-exist depending on the redox potential of the
culture medium [50]. According to Samuelsson [50], S. putrefaciens dissimilated nitrate to ammonium
in media with glucose and high redox potential, while N, and N,O were produced at low redox
potential. Accordingly, in our experiments, methanoate is introduced in excess leading to a C/N ratio
of 12, which could explain that ammonium is one of the main reduction products. This is in agreement



Minerals 2020, 10, 818 13 of 17

with the study by Akunna et al. [51] that reported that ammonium production upon nitrate and nitrite
reduction is favored in carbon-rich synthetic wastewaters.

Nitrite accumulation in nitrogen removal processes. We observed nitrite accumulation during
anaerobic nitrate reduction by three Shewanella strains as well as by a native wastewater-denitrifying
consortium (reaction 2 in Figure 9). Such a nitrite accumulation suggests that nitrite reduction into
gaseous nitrogen species or ammonium was slower than the reduction of nitrate to nitrite. The
levels of nitrite accumulation observed in our study are similar to those previously reported during
nitrate reduction by S. oneidensis MR-1, MR-4 and MR-7 [48,49], S. putrefaciens 200 [52], and Paracoccus
denitrificans [53]. Nitrite accumulation is also frequently observed in natural media such as river
sediments [54] or in activated sludge [9,55]. The causes of nitrite accumulation have been previously
discussed. Betlach and Tiedje [56] proposed an explanation based on the kinetics of nitrate versus nitrite
reduction. They demonstrated that lower nitrite reduction rates compared to nitrate reduction rates in
cultures of Alcaligenes species and Pseudomonas fluorescens were responsible for nitrite accumulation.
This is in agreement with our results that indicated that nitrite reduction rates were lower than
those of nitrate reduction. Such lower reduction rates for nitrite than for nitrate could explain the
accumulation of nitrite during the bacterial nitrate reduction, suggesting a possible competition
between nitrite reductase and nitrate reductase with respect to electron transfer. Moreover, we observe
that nitrite accumulation is clearly different for the three Shewanella strains when incubated with
a carbon-to-electron acceptor ratio equal to 12 under the same culture conditions, supporting that
nitrate reduction activities of the three Shewanella strains used were different from each other. Our
findings agree with the study by Ge et al. [55] that showed that increased COD/NO;™ ratio favors
nitrite accumulation and that proposed that nitrite accumulation could be induced by a competition
for electrons between nitrite reductase and nitrate reductase, resulting in different reduction rates
for nitrite and nitrate. Our study suggests also that each of the three Shewanella strains used has a
distinct nitrate reduction activity. Additionally, the extent of nitrite accumulation depends on bacterial
species [57]. Overall our study clearly shows that the reduction of nitrite in the absence of nitrate in
the starting solution is lower than that of nitrate under the similar conditions. This observation is
confirmed by results obtained on experiments carried out with the three bacterial species and supports
a kinetic explanation for nitrite accumulation upon heterotrophic nitrate reduction. Moreover, our
results reveal that the accumulation of nitrite ions was overall lower in the presence of biogenic Fe(II-11I)
hydroxycarbonate green rust than in its absence, suggesting that bio-GR(CO3) reduces a fraction of
nitrite into gaseous nitrogen species, as shown in our previous study [35], while another fraction of
nitrite is reduced by bacteria into ammonium.

Biogenic hydroxycarbonate green rust: a good candidate for denitrification. As detailed in the
previous section, nitrite plays an important role in modern nitrogen removal processes. Much attention
is thus paid at controlling the products of nitrite reduction in such processes. In a previous study, we
demonstrated that biogenic mixed-valent iron(II-III) hydroxycarbonate green rust, bio-GR(CO3) was
able to rapidly decrease the selectivity of the nitrite reduction reaction towards ammonium under abiotic
conditions [41]. Here we demonstrated that bio-GR(CO3) significantly reduces ammonium production
during the nitrite reduction step upon bacterial nitrate reduction. This decrease in ammonium selectivity
is explained by the ability of bio-GR(CO3) to rapidly convert nitrite into gaseous nitrogen species,
which competes with a lower bacterial nitrite reduction to ammonium in our experiments. Figure 9
summarizes the reactions involved in this coupling between bacterial nitrate reduction and abiotic
nitrite reduction by biogenic bio-GR(CO3). In this new biologically-assisted mineral denitrification
process in aqueous solution, the bacterial conversion of nitrate into nitrite is coupled to the oxidation
of organic carbon to carbon dioxide, nitrite is then reduced abiotically by biogenic green rust without
additional carbon requirement. Such a coupling of biotic and abiotic reactions could thus be potentially
applied for denitrifying low carbon content wastewater.

Our results show that bio-GR(CO3) does not react with nitrate. This result is surprising because
green rusts are capable of readily reducing nitrite ions and because previous studies have shown
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that synthetic green rusts are capable of reducing nitrate to ammonium. This latter reaction was
performed with abio-GR(SOy) [39], abio-GR(CI) [40] and abio-GR(F) [38], which were more ferrous
than the bio-GR(CO3) samples used in the present study. In a previous study by Hansen et al. [40], the
reduction of nitrate to ammonium was coupled to the oxidation of green rust to magnetite; the most
ferrous green rust, i.e., abio-GR(Cl) having an Fe(II)/Fe(III) ratio equal to 3, reacted much faster than
the less ferrous ones, abio-GR(SO,) and abio-GR(CO3) for which the Fe(II)/Fe(IIl) ratio was 2. Hence it
can be inferred such chemically synthesized green rusts are not suitable for denitrification because they
replace nitrate by a significant amount of ammonium. In contrast, the biogenic hydroxycarbonate green
rust used in our study cannot react directly with nitrate ions at pH ranging from 6.5 to 10.0. This lack
of reactivity is assigned to the low Fe(II) content in these bio-GR(COj3) particles as their Fe(II)/Fe(III)
ratios ranged from 1 to 1.2 [41]. This suggests that the reaction between nitrate ions and dissolved Fe(II)
is negligible in the 6.5 to 10.0 pH-range and for incubation times of 13 days. However, bio-GR(CO3)
reduces nitrite ions without ammonium production [41] and can thus effectively be associated to
the first step of biological denitrification that converts nitrate to nitrite. The formation of nitrite is
a central step in nitrogen biogeochemical cycling, including denitrification, DNRA and nitrification
processes. Nitrification is the first step in the removal of nitrogen in domestic wastewater treatments.
Ruiz et al. [58] studied the optimal conditions to favor partial biological nitrification-denitrification
process via nitrite instead of nitrate. These authors showed that partial nitrification resulting in
high nitrite accumulation was possible by decreasing the dissolved oxygen concentration in the
nitrification step and that denitrification can take place directly from nitrite instead of from nitrate.
The advantages of such a process are to decrease the oxygen and carbon demands and to decrease the
production of sludge [58,59]. This process is considered an operational strategy that can be applied
on preexisting industrial installations, and it could be complementary to our biologically assisted
mineral denitrification process. It has also inspired newly developed processes such as the completely
autotrophic nitrogen removal over nitrite (CANON) [31,60,61], as well as the single reactor system
high activity ammonium removal over nitrite (SHARON) [62] that are proposed for the treatment
of water with a low organic carbon content typical of wastewater treatment plants (WWTP). On the
basis of nitrite reactivity, bacterial anaerobic ammonium oxidation (ANAMMOX) is also useful in such
contexts [63,64].
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