N

N

Evaluation of Fe(II)-driven autotrophic denitrification in
packed-bed reactors at different nitrate loading rates
Kyriaki Kiskira, Stefano Papirio, Yoan Pechaud, Silvio Matassa, Eric D. van

Hullebusch, Giovanni Esposito

» To cite this version:

Kyriaki Kiskira, Stefano Papirio, Yoan Pechaud, Silvio Matassa, Eric D. van Hullebusch, et
al.. Evaluation of Fe(II)-driven autotrophic denitrification in packed-bed reactors at different
nitrate loading rates. Process Safety and Environmental Protection, 2020, 142, pp.317-324.
10.1016/j.psep.2020.05.049 . insu-03093775

HAL Id: insu-03093775
https://insu.hal.science/insu-03093775

Submitted on 4 Jan 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://insu.hal.science/insu-03093775
https://hal.archives-ouvertes.fr

Journal Pre-proof

Evaluation of Fe(ll)-driven autotrophic denitrification in packed-bed
reactors at different nitrate loading rates

Kyriaki Kiskira, Stefano Papirio, Yoan Pechaud, Silvio Matassa, Eric

Process Safety and
Environmental Protection

D. van Hullebusch, Giovanni Esposito Erce
PlI: S0957-5820(20)31535-4

DOI: https://doi.org/10.1016/j.psep.2020.05.049

Reference: PSEP 2282

To appear in: Process Safety and Environmental Protection

Received Date:

Revised Date:

Accepted Date:

23 April 2020
25 May 2020
29 May 2020

Please cite this article as: Kiskira K, Papirio S, Pechaud Y, Matassa S, van Hullebusch ED,
Esposito G, Evaluation of Fe(ll)-driven autotrophic denitrification in packed-bed reactors at
different nitrate loading rates, Process Safety and Environmental Protection (2020),

doi: https://doi.org/10.1016/j.psep.2020.05.049

This is a PDF file of an article that has undergone enhancements after acceptance, such as
the addition of a cover page and metadata, and formatting for readability, but it is not yet the
definitive version of record. This version will undergo additional copyediting, typesetting and
review before it is published in its final form, but we are providing this version to give early
visibility of the article. Please note that, during the production process, errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal

pertain.

© 2020 Published by Elsevier.


https://doi.org/10.1016/j.psep.2020.05.049
https://doi.org/10.1016/j.psep.2020.05.049

Evaluation of Fe(ll)-driven autotrophic denitrification in packed-bed reactors at

different nitrate loading rates

Kyriaki Kiskiral2*, Stefano Papirio®, Yoan Pechaud*, Silvio Matassa®, Eric D. van Hullebusch®, Giovanni
Esposito®

1School of Chemical Engineering, National Technical University of Athens, Heroon Polytechniou 9, 15780,
Athens, Greece.

2Department of Industrial Design and Production Engineering, University of West Attica, Thivon str & P. Rali
Ave 250, 12244, Athens, Greece.

*Department of Civil, Architectural and Environmental Engineering, University of Napoli Federico 11, Via
Claudio 21, 80125, Napoli, Italy.

*Laboratoire Géomatériaux et Environnement (LGE), Université Paris-Est, EA 4508, UPEM, 77454, Marne-la-
Vallée, France.

® Institut de Physique du Globe de Paris, CNRS, Université de Paris, F-75005, Paris, France.

*Corresponding author
Kyriaki Kiskira

Phone: +30 210 772 3304
Email: kirki.kis@gmail.com

Present address: School of Chemical Engineering, National Technical University of Athens, Heroon
Polytechniou 9, 15780, Athens, Greece

Graphical abstract



PACKED BED REACTOR 1

—
High NO; removal efficiency = 88%

—p
il

Robustness of the process

HR'I‘ Feed NO;

l[ln m

NOy + Fe(Il) mbp el P

PACKED BED REACTOR 2

—

Lower NO; removal efficiency = 66%

I

Slightly decreasing efficiency with HRT

HRT Feed NOjy

N
iﬁg i 118

NOy + Fe(Il) ——p el TORRES

Highlights

Fe(I)-driven autotrophic denitrification was investigated in packed-bed reactors
Higher nitrate loading rates enhanced denitrification performances in PBR1
The highest specific nitrate removal rate was 14.3 mg NOs/g VS/h

At constant nitrate loading rate, denitrification efficiency was stable in PBR2
The Thiobacillus enriched mixed culture allowed a long-term process stability



Abstract

Nowadays, nitrate represents one of the major contaminants of the hydrosphere, mainly affecting the quality of
groundwater intended to the production of drinking water. This study proposes the use of Fe(ll)-driven
autotrophic denitrification as a high-potential, innovative bioprocess to couple microbially-catalyzed nitrate
reduction to Fe(ll) oxidation. Two identical up-flow packed bed reactors (PBRs), i.e. PBR1 and PBR2, with
granular activated carbon as biofilm carrier were seeded with a Thiobacillus-mixed culture and operated for 153
d at different feed nitrate concentrations and hydraulic retention times (HRTS). The results show enhanced
nitrate removal rates and efficiencies at increasing nitrate loading rates. In particular, nitrate removal and Fe(ll)
oxidation up to 85 and 95%, respectively, were achieved in PBR1 at nitrate loading rates as high as 12.5 mg
NOs7/L/h. Besides not undermining the denitrification efficiency, increasing the nitrate loading rate from 8.1 to
12.5 mg NOs/L/h triggered the specific nitrate removal rates as high as 14.3 mg NOs/g VS/h. In PBR2, Fe(ll)-
driven denitrification was investigated at a constant nitrate loading rate by concomitantly decreasing the feed
nitrate concentration and HRT. Despite the less severe operational conditions, the use of lower nitrate loading

rates resulted in a lower nitrate removal efficiency than that obtained in PBR1.

Keywords: Nitrate, autotrophic denitrification, ferrous iron, loading rate, packed-bed reactor

1. Introduction



Due to the steep growth of human population, a rampant industrialization and intensive agricultural
practices, nitrate (NOs’) contamination of freshwater reservoirs is becoming a serious global concern, with
significant impacts on the environment and on human health (Su et al., 2018b; Liu et al., 2018a). Nitrate pollution
is mainly due to the runoff of nitrogen-containing fertilizers and the discharge of improperly treated industrial and
domestic wastewaters (Chen et al., 2014; Han et al., 2018). In particular, mining activities are heavily responsible
of nitrate release due to the extensive use of ammonium nitrate fuel oil (ANFO) explosives, which contaminates
process water together with several heavy metal species, including iron in the form of Fe(Il) (Papirio et al., 2014).
In view of safeguarding potable water resources and their organoleptic characteristics, the World Health

Organization (WHO) has set limits for nitrate in drinking water at 50 mg NOs/L (WHO, 2004).

Physicochemical and biological processes are the leading technologies for the removal of nitrate from
water (Huno et al., 2018). Conventional physicochemical methods are ion exchange, reverse osmosis, adsorption
and electrodialysis (Hu et al., 2019; Huang et al., 2020). However, the high costs of these processes and the
stringent discharge limits on nutrients have boosted the development and success of modern biotechnologies (Liu
et al., 2018b; Kostrytsia et al., 2018; Wang et al., 2020b). Among these, heterotrophic denitrification is a well-
established process, which has reached a wide diffusion owing to its high efficiency and small amount of hazardous
by-products formation (Zou et al., 2014; 2015). However, heterotrophic denitrifying bacteria require a carbon
source, making this process not suitable for the treatment of waters characterized by a low C/N ratio (Deng et al.,
2020). Indeed, the addition of external carbon would result in extra operating costs as well as in the presence of

organic residues generating secondary pollution (Bi et al., 2019; Zhang et al., 2019).

As an alternative biotechnology to heterotrophic denitrification, Fe(ll)-driven autotrophic denitrification
allows to simultaneously remove nitrate and recover iron through the formation of Fe(ll1) precipitates (Kiskira et
al., 2017a). The first microorganisms capable of performing biological nitrate-dependent Fe(ll) oxidation were
discovered approximately 25 years ago (Straub et al., 1996). Since then, many other microbial species responsible

for Fe(ll)-driven denitrification have been observed and their optimal growth conditions have been extensively
4



reviewed (Kiskira et al., 2017a). Fe(ll)-based denitrification has proven particularly effective even in the presence
of heavy metals (Kiskira et al., 2018) due to the co-precipitation and adsorption of metals on the Fe(l11) biominerals
produced by anaerobic Fe(ll)-oxidizing denitrifiers (Bryce et al., 2018; Kiskira et al., 2019; Wang et al., 2019).
However, only limited research efforts have thus far been done to evaluate the potential of the process in

continuous flow bioreactors, which are the most widely used setups in real-scale applications.

The use of up-flow anaerobic sludge bed (UASB) reactors has been investigated at different operating
conditions, such as decreasing hydraulic retention times (HRTSs) and pH (Zhang et al., 2015, 2018). Nitrate removal
as high as 90 and 98% in UASB reactors were obtained by Wang et al. (2017) and Wang et al. (2020a),
respectively. Despite the high efficiency observed, the main limitation of UASB systems seems to be the
occurrence of iron encrustation around the microbial cells, hindering the long-term performance of the reactors
(Zhang et al., 2015, 2018; Wang et al., 2017). Analogously, immobilized cell systems such as up-flow biofilters
and moving bed biological reactors (MBBRs) showed a high nitrate removal (i.e. > 90%) at HRTs lower than 24
h (Zhou et al., 2016; Su et al., 2018a). Nonetheless, the high energy required to overcome the head losses and
clogging in biofilters and maintain the biofilm carriers in suspension in MBBRs represent the main drawbacks of

such systems.

In this context, up-flow packed bed reactors (PBRs) have proven very effective for denitrification of
industrial wastewater (Huno et al., 2018), while being extremely simple, easy to maintain and cost-effective
systems (Di Capuacetal., 2015). A biofilm of denitrifiers grows around a carrier material that is made up of particles
with a high specific surface area such as polymeric pellets and activated carbon (Di Capua et al., 2015). The biofilm
formation can be stimulated by high feed nitrate and Fe(ll) concentrations, with the latter being possible when
chelating agents (e.g. EDTA) are used (Zhou et al., 2016). In this work, biological nitrate removal through Fe(ll)-
driven autotrophic denitrification in the presence of EDTA was investigated in two identical up-flow 1 L PBRs

fed with different influent nitrate concentrations and operated for a period of 153 days. In view of achieving long-



term process stability and efficiency under continuous flow settings, the bioreactors were seeded with an
acclimated Thiobacillus-mixed culture, and parameters such as HRT and nitrate loading rate were varied to

evaluate their influence on nitrate removal and Fe(ll) oxidation.

2. Material and methods

2.1 Reactor design

Two identical up-flow PBRs were used to investigate Fe(ll)-mediated autotrophic denitrification in
continuous flow experiments. Figure 1 shows the schematic of the reactors. Both PBRs were made of Plexiglas,
with height and internal diameter being 24 and 8 cm, respectively, corresponding to a working volume of 0.98 L.
The bed had a height of 16 cm and consisted of Filtrasorb®200 granular activated carbon (Calgon Carbon, USA),
with diameter in the range 0.4-1.7 mm (Papirio et al., 2014), which was used as biomass carrier. Glass pearls with
a diameter in the range 0.4-1.0 cm were placed at the bottom of the reactors to sustain activated carbon and avoid
the clogging of the inlet tap. The effluent was discharged by gravity from an outlet port located 3.5 cm above the

top of the filling material. A port located in the effluent line was used for sampling.

Figure 1: Schematic of the up-flow packed bed reactors used for Fe(ll)-driven denitrification.



1 LPBR

Activated
carbon

Sampling
port

Glass
pearls

Effluent

Peristaltic collection

pump

2.2 Inoculum and reactor start-up

A Thiobacillus-dominated mixed culture, previously enriched on both thiosulfate and Fe(ll) as electron
donors (Kiskira et al., 2017b), was inoculated in the two reactors. The PBRs were seeded with 50 mL of the
microbial culture, having an initial volatile suspended solid (\VSS) concentration of approximately 200 mg VSS/L.
After seeding, the bioreactors were flushed with nitrogen gas to establish anoxic conditions. Both reactors were
first operated under batch conditions for 1 week in order to guarantee a sufficient acclimation phase. The feed
Fe(Il) and NOs;~ concentrations were 600 and 120 mg/L, respectively. The Fe(ll)- and NOs-containing salts as

well as the mineral medium used are reported by Kiskira et al. (2017b).

2.3 Feed synthetic wastewater and PBR operation

After the acclimation phase, a synthetic wastewater was continuously fed from the bottom of both reactors

by means of a 205S/CA manual control peristaltic pump (Watson-Marlow, USA). Initially, the two PBRs (PBR1



and PBR2) were fed with 120 and 60 mg NOs7/L and 600 and 300 mg Fe(ll)/L, respectively, in order to maintain
a Fe(I1):NOs™ ratio of 5:1. As chelator, EDTA was continuously supplemented at an EDTA:Fe(Il) molar ratio of
0.5:1, which was optimal to maintain Fe(ll) in solution and avoid the inhibition of the denitrifying activity (Kiskira
et al., 2017b). The feed solution contained the same minerals and trace elements used in the acclimation phase.

The feed pH and temperature were 7.7 and 22+2°C, respectively.

The continuous flow operation of both PBRs was divided into 5 experimental periods (Table 1) along 153
days. The feed nitrate concentration was increased to 250 and 180 mg NOs7/L for PBR1 and PBR2, respectively,
on day 64. On day 76, 10 mg VSS of the same enriched Thiobacillus-mixed culture used as initial inoculum was
seeded to stimulate nitrate removal that dropped in PBR1. HRT was gradually decreased from 31 to 20 h for both
PBRs from day 93 until the end of operation. On day 116, the operation of the two PBRs was differentiated. In
PBR1, the nitrate concentration was maintained stable at 250 mg NOs'/L, in order to evaluate the effect of higher
nitrate loading rates at decreasing HRTs. Conversely, the nitrate loading rate remained stable at 8.9 mg NOs/L/h
in PBR2 (Table 1) by gradually decreasing the influent nitrate concentration from 250 to 180 mg NOs/L according

to the HRT used. The process was monitored by sampling both the liquid phase and the attached biomass.

Table 1: Experimental operating periods and conditions used to investigate the effect of nitrate loading rate and

hydraulic retention time (HRT) on Fe(ll)-driven autotrophic denitrification in two packed-bed reactors (PBRS).

Influent nitrate concentration Nitrate loading rate
Time [d] HRT [h]
[mg NOs7/L] [mg NOs7/L/h]
PBR1 PBR2 PBR1 PBR2
Period | 0-63 31 120 60 3.9 19
Period 11 64-92 31 250 180 8.1 5.8



180 (days 93-107)
Period 111 93-115 28 250 8.9 6.4-8.9
250 (days 108-115)

Period 1V 116-139 24 250 215 104 8.9

Period V 140-153 20 250 180 12.5 8.9

2.4 Analytical methods

Ferrous iron, nitrate and pH were analyzed every 48 h. The NOs~ concentration was analyzed by ion
chromatography (IC) with chemically suppressed conductivity using an 883 Basic IC Plus system equipped with
a Metrosep A Supp 5-150/4.0 column and an 863 Compact IC Autosampler (Metrohm, Switzerland). The liquid
samples were filtered with 0.22 pum syringe cellulose membranes (EMD Millipore, USA) prior to IC analysis.
Fe(I) was quantified photometrically by using a UV-1800 240V spectrophotometer (Shimadzu, Japan), following
the analytical method reported by Ahoranta et al. (2016). Fe(Il) determination was performed immediately after
sampling to avoid Fe(Il) chemical oxidation. The volatile solids (VS) attached to the activated carbon particles

were analyzed according to the standard methods (APHA, 1992).

3. Results

Nitrate and Fe(l1) evolution was monitored in the continuous flow PBR1 (Fig. 2) and PBR2 (Fig. 3) for
153 days under different operational conditions. Table 2 reports nitrate removal and Fe(ll) oxidation efficiencies

and specific rates (per gram of VS) at the end of each experimental period in both PBRs.

During period 1 (0-63 days), nitrate removal (Fig. 2B) and Fe(Il) oxidation (Fig. 2C) efficiencies reached
up to 70 and 85%, respectively, with a specific nitrate removal rate of 8.8 mg NOs/g VS/h in PBR1 (Table 2).

The effluent nitrate concentration gradually decreased from 120 to 35 mg NOs7/L (Fig. 2B). Fe(ll) oxidation



occurred with a Fe(I1):NO;3™ ratio in the range 4.7-7.4. In the same period, Fe(ll)-mediated denitrification resulted
in a decreasing effluent nitrate concentration from 60 till 36 mg NOs;7/L in PBR2, corresponding to a nitrate

removal efficiency of 40% (Fig. 3B).

Table 2: Nitrate removal and Fe(l1) oxidation efficiencies (%) and specific rates (mg/g VS/h) obtained at the end
of each experimental period in PBR1 and PBR2 along the 153 days of operation.

Specific nitrate Specific Fe(ll) Attached
Time Nitrate removal Fe(ll) oxidation
removal rate oxidation rate biomass
[d] [%] [%0]
[mg NOs/g VS/h]  [mg Fe(l1)/g VS/h] [g VSIL]

PBR1 PBR2 PBR1 PBR2 PBR1 PBR2 PBR1 PBR2 PBR1 PBR2

Period | 0-63 70 40 85 69 8.8 3.4 52.0 27.6 0.20 0.20
Period 11 64-92 88 80 93 94 133 13.2 68.1 71.2 0.31 0.24
Period 111 93-115 87 70 94 74 14.2 13.0 66.9 66.6 0.53 0.35
Period IV~ 116-139 87 69 95 72 14.3 12.2 59.0 58.2 0.54 0.40
PeriodV  140-153 85 67 95 69 14.0 113 58.9 56.7 0.62 0.50

During the operation of the PBRs in period 11 (64-92 d), the influent nitrate concentration was doubled to
250 mg NOs7/L in PBR1 (Fig. 2B) and increased by 3 times up to 180 mg NOz /L in PBR2 (Fig. 3B). As a result,
nitrate removal decreased from 70 to 62% in PBR1 on day 65 (Fig. 2B), immediately after the variation of the
operating condition. In contrast, Fe(ll)-driven denitrification was enhanced in PBR2. Nitrate removal abruptly
increased to 64% (Fig. 3B) on day 64 and Fe(ll) oxidation reached 72% (Fig. 3C). At the end of period Il (day
92), nitrate removal and Fe(ll) oxidation efficiencies further increased to 80 and 94%, respectively, in PBR2. In
order to stimulate denitrification in PBR1, 10 mg VSS of enriched biomass was inoculated on day 76. The effluent

nitrate concentration gradually decreased, and nitrate removal reached 88% on day 92 (Fig. 2B). Fe(ll) oxidation
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was enhanced up to 93% (Fig. 2C). At the end of period 11, the specific nitrate removal rate in PBR1 was 13.3 mg

NOs /g VS/h, matching that of PBR2 that was 13.2 mg NOs™/g VS/h (Table 2).

Starting from period 111 (93-115 d), HRT was gradually decreased in both PBRs (Fig. 2A, 3A) with the
aim to evaluate the effect of HRT on the denitrification efficiency. When decreasing HRT from 31 to 28 h and,
thus, increasing nitrate loading rate from 8.1 to 8.9 mg NOs7/L/h, nitrate removal only decreased by 3% in PBR1
on day 94 (Fig. 2B). From that point until the end of period Ill, nitrate removal slightly increased and reached
88%, as at the end of period Il. The specific nitrate removal rate was 14.2 mg NOs /g VS/h (Table 2). During
periods IV (116-139 days) and V (140-153 days), the performance of Fe(ll)-mediated denitrification was constant,
with nitrate removal and Fe(Il) oxidation stably at 86 and 96% (Fig. 2B, 2C), respectively, till the end of PBR1
operation. Denitrification was not affected when decreasing the HRT from 28 to 24 h during period IV and from
24 to 20 h during period V, corresponding to a nitrate loading rate increase from 8.9 to 12.5 mg NOs;7/L/h. The
specific nitrate removal rate reached up to 14.0 mg NO3z /g VS/h in PBR1 at the end of the bioreactor operation

(Table 2).

At the half of period 1l (day 108), the influent nitrate concentration was increased from 180 to 250 mg
NO;7/L in PBR2, setting a nitrate loading rate of 8.9 mg NOs;7/L/h. Nitrate removal and Fe(ll) oxidation, however,
constantly decreased and were 10 and 34% lower on day 115 (i.e. end of period IlI) than those observed on day
92 (Fig. 3B, 3C). In Period 1V and V, the HRT and the feed nitrate concentration were simultaneously decreased
in order to maintain a stable nitrate loading rate of 8.9 mg NOs/L/h in PBR2 (Table 1, Fig. 3A). A steady state
denitrification was observed during days 116-153 with nitrate removal (Fig. 3B) and Fe(ll) oxidation (Fig. 3C) of

66 and 70%, respectively. The specific nitrate removal rate decreased to 11.3 mg NOs/g VS/h (Table 2).

Throughout the operation of both PBRs, no nitrite was detected as intermediate of Fe(ll)-mediated

denitrification and the effluent pH constantly remained in the range 6.4-7.2.
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Figure 2: The performance of PBR 1. A) Variation of nitrate loading rate and hydraulic retention time (HRT),
and evolution of effluent pH, B) Influent and effluent nitrate concentration and nitrate removal efficiency, C)

Influent and effluent Fe(Il) concentration and Fe(ll) oxidation efficiency.
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Figure 3: The performance of PBR 2. A) Variation of nitrate loading rate and hydraulic retention time (HRT),

and evolution of effluent pH, B) Influent and effluent nitrate concentration and nitrate removal efficiency, C)

Influent and effluent Fe(Il) concentration and Fe(l1) oxidation efficiency.

33 8,0
A { ! 2
I i i1
= 30 ] 11
= i 7.5
e i
E 25 n
-
. - \
o g - en @« 7.0
a * CEEDEED 600 G200 CCIOGND oo
-] o ®e o 3 =
2 i PR e i =
- i 0S-29)-800 DO 002
T, B ' 6.5
7 ;
= 10 i
= ) [— : 6.0
~ 1 | e S HR1
- R : == = Loading rate
g S s ok £ e pil
0! ; SR—— &5
0 20 40 60 80 100 120 140 160
B 300 — ; g ? 920%
Moent : H s
_ | gm | i w0
280 | |7 ted | @ P
O Removal efficiency | LJG : M TO%%
; & o
4 ' |
2 ] e
200 I+ & ! 60
. e e L : s~
= i £ H 0%
= :
= 150 % i
= ! 0%
) ol i
Z 10 & ,:andjn z 3%
of O i am i
&, S b% ] ooy | 20%
so %o o S i
3 %m i 10%
= i
[[Rui=] b - b S 0%
] 20 40 60 U 100 120 140 160
c 1400 - - : 100%
© EMumt ! !
Fed gm w ; ! 0%
1200 || =~ ~F A i
C Oxidation #fMiciency @P i : : s0%
1000 acq td;n:mm —
] 0%
¢ »
(. S— ! 3 .
— K0 i i i o
I~ ¢
20 i S0%
E H00 o,
= 4 .
= ijcp L i 10
= 400 o Odb @ 30%
Qe - %-2 ------ - TP amanandman | 20%
2 3
00 OGDQD(& i i 10%
b9 ® " Wanep O@o
0B i 0%
0 mn 40 60 80 100 120 140 160

Time [days]

NOy removal %)

Fe(II) oxidation [%a]

13



4. Discussion

4.1 Effect of nitrate loading rate on Fe(ll)-driven autotrophic denitrification

In this study, the potential of Fe(ll)-driven autotrophic denitrification was investigated at varying nitrate
loading rates and feed concentrations by using two different feeding strategies in continuous flow PBRs. In PBR1,
the feed nitrate concentration was maintained at 250 mg NOs™/L from period Il onwards while decreasing the HRT
from 31 to 20 h, resulting in a nitrate loading rate increasing from 8.1 to 12.5 mg NOs/L/h (Table 1). In PBR2,
the feed nitrate concentration and HRT were accordingly decreased from period I11 onwards in order to ensure a
constant nitrate loading rate of 8.9 mg NOs/L/h. The higher nitrate loading rates used during PBR1 operation led
to higher nitrate removal efficiencies and specific rates, i.e. respectively up to 88% and 14.3 mg NOs /g VS/h
(Table 2). Generally, the specific nitrate removal rates in both PBRs increased as the influent nitrate concentration
was risen from 60 to 250 mg NOs7/L (Fig. 4) and nitrate removal efficiencies were stable with a stable nitrate

loading rate.

In agreement with our study, when the nitrate loading rate increased from 0.8 to 4.2 mg NOs/L/h, the
volumetric nitrate removal rate was increased by 20% and reached 4.1 mg NOs/L/h in an MBBR inoculated with
a pure culture of Pseudomonas sp. SZF15 strain (Su et al., 2018a). Similarly, the nitrate removal rate increased
from 0.8 to 1.8 mg NOs;7/L/h when the nitrate loading rate was increased from 1.3 to 4.2 mg NOsz/L/h in a
continuous up-flow biofilter packed with sponge iron and seeded with a pure culture of Microbacterium sp. W5
(Zhou et al., 2016). Nonetheless, Zhou et al. (2016) observed a 10% decrease of nitrate removal already when the
loading rate was increased from 2.9 to 4.2 mg NOs7/L/h, and Su et al. (2018a) only investigated nitrate loading
rate up to 4.2 mg NOs/L/h. A similar trend was also observed in other studies. When the nitrate loading rate was
increased to more than 12.5 mg NOs/L/h (i.e. similar to that used in our study), the volumetric nitrate removal
rates dropped by 67% in a UASB reactor operated with an activated sludge culture (Wang et al., 2017). A similar

threshold of approximately 12.9 mg NOs/L/h of nitrate loading rate was observed in UASB reactors inoculated

14



with activated sludge and anaerobic granular sludge cultures, leading to a volumetric nitrate removal rate drop
from 5.0 to 3.3 mg NO5 /L/h and from 8.3 to 6.6 mg NOs /L/h, respectively (Zhang et al., 2018). When increasing
the nitrate loading rate from 7.5 to 10.8 mg NO;7/L/h, Zhang et al. (2015) observed an almost 70% lower nitrate
removal efficiency and a nitrate removal rate decreasing from 7.9 to 3.0 mg NOs/L/h in a UASB system seeded

with an anaerobic granular sludge.

Figure 4: Relationship between the specific nitrate removal rates (per gram of volatile solids) and the feed nitrate

concentration in both PBRs.
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The reason for the discrepancy between the results achieved in our study and those reported in the
scientific literature might be due to the longer enrichment on Fe(ll) of the Thiobacillus-mixed culture, occurred in
previous experiments (Kiskira et al., 2017b). Furthermore, the initial 7 d batch-mode incubation phase in the

presence of 120 mg NOs/L of feed nitrate likely allowed the acclimation of the denitrifying microorganisms and
15



an effective colonization of the activated carbon particles. This is also demonstrated by the increasing biomass
concentration observed along the operation of both PBRs (Table 2), which indicates the growth of a well-
performing biofilm, capable of tolerating higher feed nitrate concentrations and loading rates (Fig. 2B). Rather,
the process showed a sudden drop in denitrification performances in concomitance with the decrease in feed nitrate
concentrations operated at the beginning of period IV and V, with the nitrate removal efficiency almost entirely

recovering during time after each HRT decrease (Fig. 3B).

4.2 The presence of EDTA in the feed and influence of the Fe(I1)/NOs™ ratio

Another possible reason for the higher Fe(ll)-driven denitrification performance at the highest nitrate
loading rates and influent nitrate concentration was likely due to the supplementation of EDTA with a molar
EDTA:Fe(ll) ratio of 0.5:1. EDTA chelates Fe(Il) and minimizes chemical Fe(ll) oxidation with residual oxygen
(Chakraborty and Picardal, 2013; Peng et al., 2018). Moreover, EDTA prevents cell encrustation by the biogenic
Fe(l1l) hydroxide minerals, allowing a prolonged activity of microbes (Shelobolina et al., 2003; Chakraborty et
al., 2011). The occurrence of cell encrustation probably led to the decrease of nitrate removal efficiency in the
studies of Wang et al. (2017) and Zhang et al. (2018), who did not supplement EDTA in the feed. Also, Zhou et
al. (2016) observed a recovery of nitrate removal to 90% when starting to add 10 g/L of EDTA to a feed solution
containing ferrous iron up to 1800 mg Fe(l1)/L, due to a combined lower Fe(ll) toxicity and cell encrustation effect.
The use of short HRTSs (i.e. 8 h) has been reported to hinder cell encrustation by washing out the Fe(l1) products,
despite the use of a ferrous iron concentration of 800 mg Fe(ll)/L and the absence of EDTA in the feed (Tian et

al., 2020).

The Fe(11)/NOs ratio is another essential parameter to control in order to obtain a complete denitrification.
At the beginning, Fe(ll) oxidation occurred with a Fe(l1):NOs™ ratio in the range 4.7-7.4, indicating that part of
Fe(11) was most likely oxidized due to the chemical reaction with the residual dissolved oxygen (DO). During the

PBR operation, the average ratio between the consumed Fe(ll) and nitrate was 5.4 and 4.4 in PBR1 and PBR2
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(Fig. 2B,C, 3B,C), respectively, which is in agreement with the theoretical stoichiometry (Sorensen, 1987; Tian et
al., 2020) and previous works on the same enriched Thiobacillus-mixed culture (Kiskira et al., 2017b; 2018). Other
studies on Fe(ll)-mediated denitrification in continuous flow systems showed a lower Fe(I1)/NO;s™ ratio, i.e. in the
range 2.0-2.9 (Zhang et al., 2015; Su et al., 2018a; Zhang et al., 2018) and 3.0-4.0 (Wang et al., 2017; Wang et al.,
2020a). A lower Fe(Il)/NOs™ ratio than 4.0 normally indicates a lower nitrogen conversion performance and the
production of intermediates such as nitrite and nitrous oxide (Li et al., 2014). This might be the reason of the
absence of nitrite throughout the entire operation of both PBRs in our study. Finally, Wang et al. (2017) correlated
a fast rise of the Fe(11)/NOs" ratio to a reactor failure. A rapid variation of the Fe(11)/NOs™ ratio was not observed

in our study, demonstrating the robustness of the process and the resilience of the biofilm developed.

4.3 Effect of HRT and effluent pH

In this study, the HRT was stepwise decreased from 31 to 28, 24 and 20 h in order to evaluate the
adaptation of the Thiobacillus-colonized biofilm under more kinetically limiting conditions at increasing (PBR1)
or stable (PBR2) nitrate loading rates. Denitrification was not significantly affected in PBR1 when decreasing the
HRT, with the nitrate removal efficiency remaining constant at approximately 87% (Table 2, Fig. 2B). This
indicates that the denitrifying microorganisms quickly acclimatized to the HRT variations. PBR2 also showed to
tolerate the gradual HRT decrease in the presence of a constant nitrate loading rate, but the denitrifiers required a
longer acclimation time to remove nitrate with the same efficiency obtained in the previous operating period (Fig.
3B). Globally, the nitrate removal efficiency slightly decreased from 70 to 67% when decreasing the HRT from
28 to 20 h in PBR2 (Table 2), but this was more likely due to the concomitant decrease of the feed nitrate
concentration and the constant nitrate loading rate, which stimulated denitrification at a lower extent (see section

4.1).

In contrast with the results here achieved, a little HRT reduction from 18 to 17 h resulted in a decreased

performance in terms of both nitrate removal and Fe(ll) oxidation from 95 to 60% and from 95 to 38%,
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respectively, in an UASB reactor (Zhang et al., 2015). Stable HRTs of 12 and 16 h were used by Zhang et al.
(2018) and Wang et al. (2017) in UASB reactors, allowing to obtain nitrate removal efficiencies of 96 and 95%,
respectively. A notably high nitrate removal efficiency reported at HRTs of 8.0 (Tian et al., 2020) and 4.4 h (Wang
et al., 2020a) was ascribed to the successful washout of the Fe(lll) minerals, which otherwise caused cell
encrustation and reduced microbial activity. Nonetheless, further investigation on possible shorter HRTs is heeded

to explore the industrial-scale application of Fe(ll)-driven autotrophic denitrification.

With regard to pH, the feed pH was maintained at 7.7 during the entire operation of both PBRs, as Fe(ll)-
mediated autotrophic denitrification produces acidity and a feed pH higher than 7.0 is recommended (Zhang et al.,
2015). Furthermore, a neutral pH environment is necessary to avoid chemical Fe(ll)-EDTA oxidation and, thus,
stimulate autotrophic denitrification. Indeed, Fe(ll) is not favored to act as an electron donor and yield energy in
acidic environments, since the redox potential of the ferrous/ferric couple in acidic liquors is approximately +770
mV, i.e. much higher than the +430 mV of the NO3/NO;™ couple (Schaedler et al., 2018). During denitrification,
the effluent pH gradually decreased to 6.4 in both the reactors without significantly affecting the process (Fig. 2A,
3A). In agreement, other studies indicate that nitrate removal was higher than 95% as long as the effluent pH was

above 6.0, while a decrease of pH down to 3.0 negatively affected nitrate removal by 80% (Zhang et al., 2015).

5. Conclusions

Fe(Il)-mediated autotrophic denitrification in continuous flow PBRs resulted in a nitrate removal
percentage higher than 65% and a Fe(ll) oxidation of more than 70% along the 153 days of operation. Increasing
nitrate loading rates allowed to obtain a higher nitrate removal efficiency, reaching up to 88 and 81% in PBR1 and
PBR2, respectively. The biofilm developed onto the granular activated carbon in PBR1 tolerated the stepwise
increase of the nitrate loading rate, as demonstrated by the stable nitrate removal efficiencies observed along the
HRT decrease from 31 to 20 h at 250 mg NOs/L of feed nitrate. Denitrification displayed a sudden but recoverable

loss of performance when lower feed nitrate and HRT were applied in PBR2. The results obtained in this study

18



are encouraging, especially in terms of the long-term process stability demonstrated by the Thiobacillus enriched
mixed culture. The coupling of such mixed culture to the easy-to-operate and reliable PBR configuration showed
an appealing resilience towards varying process conditions, which stimulates further research efforts in the field
of Fe(Il)-mediated autotrophic denitrification. Future developments should aim at enabling the process at even

lower HRT values in order to pave the way towards the upscaling of this promising nitrate removal biotechnology.
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