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Preface

Wastewater treatment is a process used to convert wastewater into a treated effluent
(outflowing of water to a receiving body of water) that can be returned to the water
cycle with minimal impact on the environment or directly reused. Climate change,
population growth, and water scarcity have contributed to a growing demand for sus-
tainable management of water resources. With the application of nitrate-containing
fertilizers, consumption of animal products, and industrial production activities,
ever more ammonia and nitrate are being discharged into rivers and lakes, which may
cause eutrophication and deterioration of aquatic environments.

Although there is no ammonia drinking water standard in the United States, the
European community has established a maximum limit of approximately 0.5 mg/L
and a guide level of 0.05 mg/L (EU Council, 1980). The maximum acceptable con-
tamination level in drinking water is 10 mg/L nitrate nitrogen in the United States,
Japan, and Korea, while the EU countries set the standard for nitrate nitrogen at 11.3
mg/L, and the World Health Organization recommends 11.3 mg/L nitrate nitrogen to
protect against methemoglobinemia in bottle-fed infants. To protect aquatic ecologi-
cal systems, a more stringent limit was imposed to point source dischargers into
sensitive water bodies, such as Chesapeake Bay in the United States. Nitrification and
denitrification are the fundamental processes in nitrogen removal in aquatic ecosys-
tems. They play an essential role in both natural and engineered systems in terms of
the nitrogen cycle.

This book reviews and updates the fundamental research and engineering experi-
ence on nitrification and denitrification. Although nitrification and denitrification
are generally regarded as biological processes for the removal of ammonia, as well as
nitrates and nitrites, this book covers a broad range of topics for ammonia and nitrate
removal, including physical and chemical approaches.

While extensive research has been conducted on conventional wastewater treatment,
this book is oriented to some interesting processes and selected applications such as
photocatalytic reaction for nitrous oxide removal, autotrophic nitrogen oxidization,
and the anaerobic ammonia oxidation process. Chapters in this book include:
Chapter 1: “Introductory Chapter: Ammonia Removal and Recovery”

Chapter 2: “Recent Progress and Current Status of Photocatalytic NO Removal”

Chapter 3: “Research on Partial Nitritation and Anaerobic Ammonium Oxidation
Process”

Chapter 4: “The Contribution of Autotrophic Nitrogen Oxidizers to Global Nitrogen
Conversion”



Chapter 5: “Removal of Nitrate and Nitrite by Donnan Dialysis: Optimization
According to Doehlert Design”

This book opens possibilities for future research and innovation in the field.

Finally, during the course of editing and compiling this book, extensive support
and guidance were received from Publishing Process Manager Ms Maja Bozicevic at
IntechOpen The editor would like to express deep appreciation and gratefulness for
her support.

Ivan Zhu
Evoqua Water Technologies, LLC,
Pittsburgh, PA, USA
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Chapter1

Introductory Chapter: Ammonia
Removal and Recovery

Ivan Zhu

1. Introduction

With the application of nitrate-containing fertilizers, consumption of animal
products, and industrial production activities, ever more ammonia and nitrate are
being discharged into rivers and lakes, which may cause eutrophication and deteriora-
tion of aquatic environments. Traditionally, ammonia removal is achieved with bio-
logical processes such as nitrification, breakpoint chlorination, air stripping, reverse
osmosis, zeolite adsorption, and so on. However, these processes either require high
capital investment or are chemistry-intensive. Moreover, these processes focus on
the removal instead of ammonia recovery. Ammonium nitrogen (N) is an impor-
tant nutritional element in fertilizer besides phosphorus (P) and potassium (K).
Recovering nutrients, instead of simply removing from wastewater, is drawing more
attention to keep natural resources reliable and sustainable and minimize carbon
footprint. Two processes focusing on nutrient removal and recovery have stood out in
recent years and drawn attention from engineers, facility operators, and regulators.

2. Gas-permeable membrane for ammonia recovery

In the application of a gas-permeable microporous membrane, the wastewater stream
is first adjusted to a pH value of at least 9.5 (Figure 1). And then, the stream passes
through one side of the membrane and dissociates ammonium from water, and ammonia
penetrates through the membrane; a dilute acid solution is circulated on the other side
of the membrane, and sequesters ammonia to form ammonium sulfate (Figure 2).

%
NH,

Ammonium

Figure 1.
Ammonium speciation in water at different pH [1].
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Figure 2.
Schematic diagram for gas-permeable membrane for ammonia recovery (from [2]).

Ammonium sulfate solution can be used as a by-product for fertilizers or other purposes.
The hydrophobic hollow fiber membrane can be used as a medium to separate aqueous
phases because it is not inherently selective between permeating species. The driving
force of mass transfer is the concentration difference between the two sides of the
membrane. On the two sides of the membrane, pH values are distinctively different. On
the wastewater side, the pH is at least 9.5 or higher, and on the dilute acid side, the pH is
2 or lower.

This process was applied in full-scale systems in manufacturing facilities [2, 3].
It was found that removal rate was achieved as high as 95 to 97%. The two important
operating parameters are wastewater pH and temperature. With an increasing pH
value of the wastewater stream, more ammonium species is converted from ammo-
nium to ammonia; the mass transfer is thereby enhanced, and ammonia removal
efficiencies are further improved. Since Henry’s law constant increases at an elevated
temperature, and favors the gas phase concentrations (Figure 3), temperature will
also affect the rate of transfer from the liquid to the gas phase, with faster rate at
higher temperatures. Therefore, increased temperature will improve the ammonia
removal in this application. On the dilute acid side, it is circulated counter current,

3.5E-06
3.0E-06 "
2.5E-06 /

2.0E-06

1.5E.06

He (atm/mgiL)

1.0E-06

5.0E-07

0.0E+00 T T T T T
0 10 20 30 40 50 60

temperature (oC)

Figure 3.
Effect of temperature on Henry’s law constant for ammonia [4].
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and pH is maintained 2 or less by supplementing acid, until ammonia sulfate reaches
a certain level. Typically, ammonium sulfate concentrations can reach to 25 to 30%.
Because the acid stream is not in contact with the wastewater stream, high-quality
ammonia sulfate solution can be obtained.

This process has significant advantages such as low capital investment, small foot-
print, lower energy cost, and recovery of a valuable by-product as ammonium sulfate.
Currently, 3 M and duPont are promoting their own Degasification Membrane

Modules for the application of ammonia removal and recovery.

3. Struvite precipitation for nutrient recovery

Struvite is a crystal compound, consisting of magnesium, phosphorus, and
nitrogen. It naturally forms in many parts of a wastewater treatment plant, such as
anaerobic digesters, aerobic sludge digesters, digestate pipes and pumps and valves,
plant feed pumps , sludge-holding tanks or thickeners, centrifuges, outfall pipes,
centrate pipes, and so forth. It creates scales and may also cause process disruptions.
Its chemical formula is NH,;MgPO,.6H,0. Stoichiometric reaction is shown below:

Mg”** + NH* +P043 +6H,0 = MgNH, PO, :6H,0 (1)

This compound is slightly soluble in water. When spread in agriculture fields, it
slowly releases nitrogen and phosphorus, which are important nutritional elements
for plant growth.

Digested sludge usually consists of high concentration of ammonia and phosphate,
because bacteria decompose and release ammonia nitrogen and phosphorus during
aerobic or anaerobic digestion. Animal wastes, such as swine waste, also consists of
high concentrations of ammonia and phosphorus. These wastewater streams may
cause concerns of scale formation and process disruptions and yet present opportu-
nity for nutrient removal and recovery if properly managed.

1.4+ ] T T
@w | ‘
T ‘ 1 ‘I -
I.ﬂ. 1 |I \é‘ .' ‘ !
'g | I| ‘\ \D ‘|I \ II ’%
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A I T ' ~98 =
= |1 X Y e— i
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Figure 4.
Influence of pH and Mg/P molar ratio on P recovery [5].

3



Recent Advances on Nitrification and Denitrification

Under proper temperature and pH, struvite forms when the concentrations of
ammonium, phosphate, and magnesium exceed the solubility product, and struvite
precipitates in a molar ratio of 1:1:1 of ammonium, phosphate, and magnesium.

It was summarized that the preferred pH rage is 8 to 9 and a high Mg/P ratio drives
a higher efficiency of struvite conversion [6]. The presence of calcium, however,
negatively affects the formation of struvite. Figure 4 shows the influence of pH and
Mg/P ratio on the struvite formation efficiency.

Ostara’s Peral® process, which recovers struvite through controlled precipita-
tion in a fluidized bed from digestate, was successfully applied in plants in North
America and Europe. It removes and recovers nutrients (ammonia and phosphorus)
from digestate and produces high premium-crystal-form struvite, which, in turn, is
recycled back for agricultural use as a fertilizer [7]. Using a fluidized bed reactor for
struvite precipitation, it was found the payback period is less than 10 years in Budds
Farm wastewater treatment plant in England [8].

Author details

Ivan Zhu
Evoqua Water Technologies, LLC, Pittsburgh, PA, USA

*Address all correspondence to: ivan.zhu@evoqua.com

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

4



Introductory Chapter: Ammonia Removal and Recovery
DOI: http://dx.doi.org/10.5772/intechopen.113948

References

[1] Sawyer CN, McCarty PL. Chemistry
for Environmental Engineering. 3rd ed.
NY: McGraw-Hill Book Company; 1978.
532p

[2] Stasiak M, Ulbricht M, Schneider J,
Munos J, Sengupta A, Kitteringham B,
et al. New Fab Technical Journal.
2011;July:90-94

[3] Ulbricht M, Schneider J, Stasiak M,
Sengupta A. Chemie Ingenieur Technik.
2013;85(8):1259-1262

[4] Liehr SK, Classen JJ, Humenik FJ,
Baird C, Rice M. ASABE Annual
International Meeting, Portland OR. St.
Joseph, MI: ASABE; 9-12 July 2006

[5] Huang H, Guo G, Zhang P,

Zhang D, Liu J, Tang S. Feasibility of
physicochemical recovery of nutrients
from swine wastewater: Evaluation

of three kinds of magnesium sources.
Journal of the Taiwan Institute of
Chemical Engineers. 2017;70:209-218

[6] Enyemadze I, Momade FWY,
Oduro-Kwarteng S, Essandoh H.
Phosphorus recovery by struvite
precipitation: A review of the impact
of calcium on struvite quality. Journal
of Water, Sanitation and Hygiene for
Development. 2021;11(5):706-718

[7] Gysin A, Lycke D, Wirtel S.

Chapter 19 the pearl® and WASSTRIP®
processes (Canada). In: Phosphorus:
Polluter and Resource of the Future.
London, UK: IWA Publishing; 2018.

pp. 359-365

(8] Achilleos P, Roberts KR, Williams ID.
Struvite precipitation within wastewater
treatment: A problem or a circular

economy opportunity? Heliyon.
2022;8:e09862

5






Chapter 2

Recent Progress and Current Status
of Photocatalytic NO Removal

Reshalaiti Hailili, Zelong Li, Xu Lu and Xiaokaiti Reyimu

Abstract

Air pollution has become a globally prominent environmental problem in which
nitrogen oxide (NOy, 95% NO and NO,) has been considered as one of the most
serious harmful gaseous pollutants that can cause haze, photochemical smog, and acid
rain. Exposure to NO (~ppb) harms human health with a risk of respiratory and
cardiopulmonary diseases. As such, much attention is focused on the throughout
removal, effective control, and precise monitoring of NO, especially for those of NO
with low concentration (~ppb). Semiconductor-based photocatalysis is a practical
approach for pollutant treatments, especially for low concentrations but highly toxic
ones, for example, NO (~ppb) removal in indoor and outdoor atmospheres. This
work aims to introduce the main process, methods and summarize the critical scien-
tific issues during the photocatalytic NO treatment and review the latest progress in
semiconducting materials. This work also surveys the newly emerged photocatalysts
such as metal oxides, Bi-based semiconductors, including Bi,0,COs3, BiOX (X = Cl, Br,
and I), Bi-metal-based defective photocatalysts, and other Bi-based catalysts with
well-defined surface/interface characters for the complete NO removal, specific con-
version mechanisms and controlling the generation of the toxic intermediate (NO;) is
highlighted. The challenges/bottlenecks of the practical applications in the field are
also highlighted at the end.

Keywords: photocatalysis, nitrogen oxides (NO,), visible light, microstructure,
surface defects, selectivity

1. Introduction

According to the World Health Organization (WHO) health report in 2021, air
pollution caused about 7 million deaths worldwide, of which 4.2 million die prema-
turely every year by outdoor pollution, and 3.8 million by indoor pollution (Figure 1a)
[1]. Air pollutants also affect local plants and animals’ survival and cause environ-
mental issues. Nitrogen oxides (NOy, mainly NO + NO,), primarily emitted from
power stations, factories, and automobiles are regarded as the major source of atmo-
spheric contaminations, which remarkably influence the tropospheric chemistry and
become the main cause of the greenhouse effects, acid rain, photochemical smog, and
PM, 5 [2]. Generally, with an unpaired electron {(<52s)2(<5*2s)2(<52px)2(752py)2(1t2pz)2
(n2py)*}, NO is chemically active and reacts with oxygen readily to generate NO,.

7 IntechOpen
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Figure 1.

(a) WHO 2021 report on the correlations between mortality and environmental pollution; (b) numbers and
citations of publications about photocatalytic NO removal since 2010.

However, the reaction activity significantly descends when the concentration of NO is
lower than the ppm level and it can exist stably in the air for a long time. Long-term
exposure of NO even at such a low level still causes serious respiratory diseases, such
as lung cancer, emphysema, and asthma. Moreover, the concentration of NO in the
indoor environment is up to 200 ppb, because of cooking or smoking activities.
Concerning such severe harms, strict legislation and policies have been enacted to
control the emissions of NO in many countries. For instance, in 2004, the USA
claimed the maximum emission rate of NO is required not to exceed 553.5 mg m > for
tangentially fired boilers [3]. The limit of NO from light-duty vehicles is set at 35 mg
km ! in China (GB 18352.6-2016) [4]. According to the WHO guideline, the lowest
NOy concentration emission threshold under the current was set at 40 pg m 3 [5].
Thus, it is urgent to develop environmentally friendly, effective methods and evolu-
tion of technical measurements that could control emissions, decrease the concentra-
tions, and reduce the harm of nitrogen oxides, for example, NO at the level of
hundreds of ppb in indoor circumstances. Conventionally, methods such as physical/
chemical adsorption, advanced wet oxidation, and post-combustion reduction tech-
nologies such as selective catalytic reduction with NH3 (SCR-NH3) and hydrocarbons
(SCR-HC), are used for minimizing the NO emission [6]. The chemical adsorption
method refers to water or aqueous solutions of acids, bases, and salts to absorb the
nitrogen oxides in the exhaust gas so that the exhaust gas can be purified. This method
has low investment in equipment and low operating costs. However, the absorption
efficiency is not high, and the purification effect is poor for the exhaust gas containing
more NO, and it is not suitable for treating the exhaust gas with large volumes. SCR is
also regarded as an efficient method to reduce the values of NO. For instance, Dong
et al. reported the “anchoring (NH3/He plasma)-reduction (O,/N; plasma)” plasma-
catalytic circular system for the NO reduction at room temperature in the presence of
O, and revealed that NO was firstly oxidized to NO, by plasma, then NO, experienced
part-disproportionation reactions during adsorption on oxygen vacancies, producing
NO, N,0O, N;, and nitrate [7]. However, these approaches require high temperatures,
special handling systems, and sophisticated equipment to avoid NHj slip, reducing
agents, or cocatalysts, meanwhile suffering from high costs and yields of more toxic
byproducts. Moreover, the above techniques are no longer suitable for the complete
removal of dilute air pollutants, for example, gaseous NO at the ppb level. Utilizing
endless solar light as the driving force, semiconductor-based photocatalysis has

8
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received considerable attention to remove the atmospheric gaseous hazards from the
atmosphere, especially for the ones in low concentration but highly toxic, for exam-
ple, NO (~ppb), in an economically attractive and environmentally friendly manner
[8-10]. In view of the current state of NO removal, photocatalytic oxidation is the
most studied way to reduce NO concentration from the air. As shown in Figure 1b,
the number of papers on photocatalytic NO removal and their citations has rapidly
increased in the past 13 years.

2. Methods, basic principles, and main scientific issues for photocatalytic
NO removal

There are three commonly accepted methods for the removal of NO, by
photocatalysis: photodecomposition, photo-selective catalytic reduction (Photo-SCR),
and photooxidation. Both direct and photo-SCR decomposition can be classified as the
typical reduction pathways, while NO photooxidation belongs to the photoinduced
oxidation methods. Through these approaches, the concentrations of NO in the atmo-
sphere can successfully be decreased or will be completely removed by their conver-
sion into the other N, O contained species such as nontoxic harmless N,, O,, or
intermediates of NO,, N,Oy, or even the deeper oxidation products of HNOj3. Evi-
dently, direct NO decomposition into nontoxic and harmless products of stoichiomet-
ric N, and O, offers one of the most ideal routes for the NO treatment, in which no
additional reductants are required, and the side reactions are hence minimized.
Although this reduction process is exothermic and thermodynamically favored, sev-
eral kinetically sluggish steps such as the breakage of N=0 bonds (153.3 k] mol ™)
and subsequent reconstruction of structurally stable N=N triple bonds
(940.95 kJ mol ) are involved, both of which require to overcome the huge energetic
barriers [8, 11]. The Photo-SCR process occurs on a photocatalyst surface and involves
the reduction of NOy in the presence of reducing agents such as NH; and hydrocar-
bons under light irradiation. However, the trigger of this multi-step reaction requires
a temperature higher than 500°C, and undesired compounds intermediate byproducts
(e.g., N,O) are released instead of the stoichiometric formation of harmless N and Oy,
affecting the reaction efficiency as well as selectivity [12]. Compared with traditional
NO removal methods, more selective and nonselective products, such as nitric acid or
nitrates, are generated via NO photooxidation and thus reduce its harm. However,
these oxidative species will block the surface-active sites of photocatalysts, restrict
further redox reactions and consequently reduce the reaction efficiency. Hence, these
species are required to be removed rapidly from the surface of the photocatalyst to
avoid catalysts deactivation. The main methods/ aims, advantages, and disadvantages
of photocatalytic NO removal are summarized in Figure 2. Obviously, the
photocatalytic oxidation of dilute NO to NO3;~ with well-defined photocatalysts is
preferred as the ideal pathway that is low-cost, environmentally friendly, and suitable
for the removal of low concentrations of NO.

The main principles of photocatalytic NO removal as followings: (i) formations of
electron-hole pairs: when the photocatalyst is irradiated with photons with the same
or higher energy than its band gap, the electrons are excited from the valence band to
the conduction band of semiconductor, and leave same amounts of holes in the VB,
hence, resulting in the formations of electron-hole pairs; (ii) charge carrier separation
and migration: the photoinduced electrons and holes will migrate to the surface,
where photocatalytic redox reaction will further be initiated; partial electron and holes

9
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(a, c) Schematic diagram of the photocatalytic NO conversion process, (b) reaction setup, and (d) in situ DRIFTS
tests for photocatalytic removal of NO under room temperature.

migrate at the bulk or surface of the photocatalysts, while some of them will lead to
the emission of light or heat; (iii) surface redox reaction: the photogenerated electrons
are trapped by surface adsorbed molecular oxygen to generate various reactive oxygen
species (ROS), including hydrogen peroxide (H,0,), single line state oxygen 0,),
superoxide radicals (-O, ), and hydroxyl radicals (-OH), which react with NO
through different pathways to generate oxidation species such as NO*, N,O,4, NO, ™,
or be deeply oxidized into NO;"; Under oxygen free system, the photoinduced elec-
trons would generate assorted intermediates, such as N,O" or 'NO,., and subsequently
converted into completely harmless N, or O,, and reduce the concentrations of NO
(Figure 3a). Among them, -O,  can completely convert NO to the final nitrate (NO +
-0, — NO3 ), while 0, will oxidize NO to unwanted NO, (NO +'0, — NO,). On
the other hand, HNO, is the main oxidation species at the initial state and is closely
adhered to the surfaces of the catalysts. Note that the main intermediate NO, pos-
sesses nearly 9-fold higher toxicity than that of dilute gaseous NO and should be
minimized or restricted during the photocatalytic NO conversion [13]. It was reported
that the adsorbed HNO, will further dissociate to NO, ™~ with further light illumina-
tions, and subsequently oxidized into NO; ™, which can be washed away from the
catalyst’s surfaces (Figure 3b). Unfortunately, the product nitrate does not desorb and
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adheres to the catalyst’s surface and occupies the active surface sites of the catalysts to
reduce its activity, resulting in massive deactivation of the catalyst’s powder, and
subsequently blocking further conversion. Figure 3¢ displays the main reaction setup
for photocatalytic NO removal, in which the catalysts powders were exposed to light,
and the effluent NO and NO; (NO + NO;) concentrations were continuously recorded
using the online chemiluminescence NOy analyzer. The concentration changes of the
intermediate NO, were simultaneously calculated from concentration gaps between
NO and NOj during the tests. The final conversion products are analyzed by online
separation methods, for example, NO3™ can be detected by ionic chromatography,
while the decomposition products of N, and O, are detected by gas chromatography
analyses. Generally, the NO removal process includes the initial state, transition state,
and final step, during which the conversion products are closely related to the reaction
conditions such as continuous reactor, NO concentration, flow rate, temperature,
water (relative humidity), catalysts loading, reactor sizes, air flow and light parame-
ters (wavelength or intensity), detected conversion products and so on [14]. With
tuning the above reaction conditions, the main conversion products of NO can be
controlled, and reverse reactions can be prevented to enhance reaction efficiencies.
Given upon assorted conversion products during the photocatalytic NO removal, the
reaction displays certain selectivity toward specific products such as selectivity for
NO3;™, N,, or NO,. For the typical photocatalytic NO conversions, the corresponding
removal efficiency, NO, conversions (%), N, and NO; selectivity are calculated by the
following equation [15-17]:

NO conversion (nyg, %) = (1 - [[1\INTO]];1> x 100% 1)
NOy conversion (Nyoy, %) = (1 - %) x 100% 2
N selectivity (Sn,, %) = [Nz]ou[tl\I—Z]fltItOZ]out x 100% (3)
NO, selectivity (Sno,, %) = [I\IO][}:I?Z][OI\?% x 100% (4)

where [NO]i,, [NO]oy is the initial and final concentrations of NO, while [NOy]in,
[NOJoue and [NO,] oy represent the initial and final concentrations of NO, and NO, in
ppb level, respectively.

The main NO oxidation products NO,, NO; ™, N0, and N,O, etc., are strongly
dependent on the surface characters of semiconducting materials and the assorted NO
oxidation products can be obtained. The time-dependent generation of intermediates
and products of NO on the surface of catalysts powders are monitored by the in situ
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements
(Figure 3d).

3. Latest progress in photocatalytic NO removal

Many successful state-of-the-art photocatalysts have been explored for NO
removal since the photocatalytic process can be conducted under ambient conditions
without the addition of extra redox reagents, which is specifically applicable to indoor
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circumstances. It can be found that great progress has actively been pursued in many
research groups and successful state-of-the-art catalysts, for example, TiO, and TiO,-
based oxides, Bi-based compounds BiOX (X=Cl, Br, and I), metal-free catalysts, for
example, g-C3N, and some plasmonic metals (Au, Ag, and Bi), etc., have been devel-
oped for photocatalytic NO removal. These informative and fundamentally important
studies provided encouraging results for commercial applications of photocatalysts for
air cleaning and NO removal. However, the photoconversion efficiency remains low
(apparent quantum yield 2.5%) due to hard control energy band gaps causing inevi-
table charge recombination and most of these reactions involved releasing more toxic
gas NO, or the photocatalysts have been suffering from deactivation. In view of

the current state of photocatalytic NO removal, the development of effective and
green NO control technologies is of great significance to controlling air quality.

It can be seen from the state-of-the-art that the most widely studied semiconductor
photocatalysts for photocatalytic oxidation and reduction to remove low-
concentration NO are mainly TiO, and metal-based materials, bismuth-based
materials, graphite phase carbon nitride (g-C3N,)-based materials and other
heterojunction systems. We have made a specific summary of these photocatalysts
used for the removal of low-concentration NO at room temperature.

3.1 TiO, and other metal oxide-based materials

To remove dilute NO from the air by transforming NO into HNOj3 to form HNO,
and NO, species upon light illumination, the previous investigations focused on the
famous star catalyst TiO, and TiO,-based photocatalysts. Wang et al. proposed the
additional reactions, in which NO conversions over TiO, by the process of charge
carrier generation, the trapping of a hole and an electron to produce “active” hydroxyl
and oxygen radicals, and further oxidized to final product by NO —

HNO, — NO, — HNOj; pathway [18]. Following this, Hunger et al. investigated
kinetic models for photo-removal of NO, over TiO, under UV light and proposed that
the kinetic parameters of NO oxidation were determined by the concentration of NO
and NO,, flow rate, relative humidity, and light parameters [19]. As evidenced, the
NO conversion products over TiO; hugely influence the reaction selectivity [20]. In
this regard, the blue TiO, with highly abundant oxygen deficiency was investigated
and displayed the highest selectivity of 99% under visible-light irradiation for the
photocatalytic NO oxidation to nitrate without NO, yields. It was claimed that oxygen
defects could not only activate molecule O, to generate -O, " that facilitated the
selective NO transformation toward nitrate under ambient conditions but also could
annihilate the photogenerated holes to further inhibit the byproduct NO, formation
[16]. The elusive NO3™~ conversion mechanism over P25 is revealed by Dong et al., and
it was revealed that the N—O bond in surface NO;~ could be activated by NO
molecules, arising from the significant overlap of the 2p orbitals between the N in NO
and the O in NO; ™. Then, photogenerated electrons (e ) captured by NO drive the
transformation of NO3™ under light irradiation via the NO3;~ + NO™ — 2NO, ™ route.
Additionally, although photogenerated holes (2*) and -OH radicals could oxidize NO
into NO3 ™, the rate of production of NO3™ is much slower than that of photochemical
transformation by NO™. Hence, the photochemical transformation of surface NO;~
can be solved only by preventing the formation of NO™ during photocatalytic NO
oxidation (Figure 4) [21]. The nitrate photolysis on photoactive TiO, particles in the
presence of SO, was investigated through density functional theory (DFT) simulation
and in situ DRIFTS analysis. It was found that the nitrate was oxidized to NOs radicals
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Experimental and theovetical investigations of surface NO; ™ reduction by NO and e~ with light illumination on
the surfaces of P25. Reproduced with permission from Ref. [21], Copyright © 2021, American Chemical Society.

by the holes generated on the surface of TiO,, followed by reactive nitrogen species
generation via NO; radicals’ reduction by the photoinduced electrons. It was indicated
that photogenerated /" plays a key role in nitrate photolysis on photoactive mineral
dusts with or without the coexistence of SO,, providing new insights into the source of
NO, and HONO in complex air-polluted areas during the daytime [22].

In addition, other metal oxide-based semiconductors have been investigated to
improve NO conversions as well as reaction selectivity. Lei et al. have investigated the
defective a-Bi,O3 and B-Bi,O3 to explore the synergistic effects of crystal structure and
Vo on photocatalysis and reported the highly efficient photocatalytic NO removal.
With surface defects, the photocatalytic NO removal over -Bi,O; was increased from
25.2 to 52.0%, while a-Bi,O3 indicated NO enhancement just from 7.3 to 20.1%. The
improved NO performances were attributed to Vo, which could synergistically regu-
late the electron transfer pathway [23]. To tackle the bottlenecks of the sluggish
carrier separation, catalysts deactivation, and incomplete oxidation during the
photocatalytic NO treatments, Hailili et al. fabricated a series of ZnO nanostructures
with gradient Vo and investigated their NO oxidations. Results showed that with
higher Vo on the unusual nonpolar facets, Vo-rich ZnO exhibited 5.43 and 1.63 times
enhanced NO removal with fewer toxic product NO, formations than its counterparts
pristine and Vo-poor ZnO due to the promoted carrier separation, massive produc-
tions of -O, " radicals from the molecular oxygen activation, and effective adsorptions
of small molecules (O,, H,0, and NO) on the defective surface [15]. Continuing their
interesting studies, they investigate the influences of defect-induced surface interface
for NO removal. It was found that with well-positioned band edges, defect-associated
carrier separations, and strengthened surface-interface reaction, ZnO displayed 4.16
folds enhanced efficiency and 2.76 times decreased NO, yields, indicating the signifi-
cance of surface-interface regulations and surface defect controlling [24].

3.2 Bismuth-based materials

The synthesis of highly efficient photocatalysts and the revealing of the interfacial
reaction mechanism are two major prerequisites for the commercial application of
photocatalytic technology. Among all the studied systems, Bismuth-based
photocatalysts have received extensive attention due to their unique layered structure,
electronic configurations and photoelectric properties. The layered structure polarizes
the internal atomic orbitals, leading to the formation of the internal electric field,
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which in turn promotes the separation of photogenerated electrons and holes. More-
over, this unique two-dimensional layered structure has abundant active sites and an
easily adjustable band gap. Many bismuth-based photocatalysts with excellent
photocatalytic activity have been explored for the removal of dilute NO (~ppb) from
the environment. However, limited visible-light absorptions, rapid carrier recombi-
nation, and ambiguous reaction mechanism with uncleared NO conversion products
hindered their practical implementations. Methods such as surface defect engineering
and metal doping, especially with Bi-metal incorporations turn out to be the applica-
ble way to tackle such bottlenecks, in which the presence of surface Vo can affect all
three basic steps of photocatalytic NO oxidation: i) photon energy absorption by
semiconductor photocatalysts to generate photogenerated carriers, ii) separation and
transfer of photogenerated electrons and photogenerated holes, and iii) surface reac-
tions between electron holes and substrate molecules (NO, O,, H,O, etc.). Herein, we
present several types of mostly investigated Bi-based photocatalysts that are utilized
for the removal of NO by oxidation reaction.

3.2.1 Bi,0,CO3-based materials

With low toxicity, controllable structure, and facile preparation, Bi,0,CO3 with
non-centrosymmetric crystal structure containing unique [Bi,0,]** and CO5*~ layers
have been investigated as promising photocatalysts in the field of environmental
photocatalysis, especially in NO purification. For photocatalytic NO removal, a sig-
nificant challenge is to achieve catalytic stability while maintaining high conversion
efficiency. N-doped Bi,0,CO;3 with (001) and (110) exposed facets were synthesized
by tuning the pH in the hydrothermal processes and displayed crystal facet dependent
NO conversion. Results showed that the N-doped Bi,0,CO; with (110) exposed facets
are more beneficial for the activation and adsorption of NO molecules, and further
reduce the activation energy, thus promoting the selective conversion of NO to the
target products to inhibit the formations of toxic intermediate NO, [25]. The B-doped
Bi,0,CO; hierarchical microspheres exhibited remarkably enhanced visible light NO
conversion to the nitrates via important NO," intermediates due to the massive pro-
duction of active specie, NO molecule activation and subsequently promoted charge
carrier separations [26]. In further investigation, La-doped Bi,0,CO; was studied to
simultaneously improve the photocatalytic NO conversion efficiency and selectivity
to target products (NO, /NO3 ). The experimental and theoretical simulations indi-
cated that the O, and NO could exchange electrons with localized excess electronic
and get activated to produce more active species [27]. To highly maintain NO removal
efficiency and NO, production, a Bi;0,CO3/p-Bi,03 heterostructure is developed and
further decorated with graphene quantum dots. By construction of such an efficient
interfacial charge transport channel, the charge carrier separation is hugely promoted
in this heterojunction displaying high efficiency and stable visible light NO-
photooxidation [28]. Zhu et al. investigated the influences of the two different crys-
tallographic positions of oxygen atoms in the [Bi,0,]** layer of Bi,0,COjs for reactive
oxygen species generations as well as NO oxidations. Results showed that samples
showed 50.0 and 41.6% NO removal efficiencies with generations of 15.6 and
16.54 ppb NO,, respectively. The formation mechanism of the position-manipulated
Vos and the mechanism of photooxidative NO removal over the BOC were well-
disclosed (Figure 5) [29]. Lee et al. reported the p-n type of Bi;0,CO3/ZnFe,04
heterojunction for the removal of NO and obtained improved NO conversion due to
the massive production of -O, ™ radicals and carrier separation induced from an
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Figure 5.

Proposed schematic diagram for the migration and separation of electron-hole pairs and photocatalytic process over
surface Vos-induced Bi,0;/Bi,0,CO; heterostructure photocatalyst Reproduced with permission from Ref. [29],
Copyright © 2021, American Chemical Society.

internal electric field at the interface of the catalysts [30]. Furthermore, Vo-induced
heterojunctions Bi,03/Bi,0,CO3 exhibited superior gas adsorption and improved NO
oxidation due to the effective production of -OH and -O, " radicals, and the presence
of surface defects changed the NO removal pathways [31]. A heterojunction
Bi,Mo030,,@Bi,0,CO; was designed and favorably synthesized in a hydrothermal way
and further employed for NO removal. Results showed that promote NO oxidation
was achieved over this heterojunction, and reaction process was monitored by ix situ
DRFTS, which revealed the detailed NO adsorption and conversion process as final
product (NO3 ™) via several important intermediate products (NO~, NO, ", and NO,),
all raised from the effective carrier separation, migration, and conversion of
photoinduced electron-hole pairs [32]. The hybrid of two-dimensional/two-
dimensional (2D/2D) Mo-g-C3N, (Mo-CN) and Bi,0,CO3 (BOC) materials displayed
45% NO removal since the interfaces led to stronger interfacial interaction and Vo due
to the introduction of Mo atom in contrast with bare graphitic carbon nitride (g-C5Ny;
CN) and BOC [33].

3.2.2 BiOX (X = Cl, Br, and I)-based materials

Bismuth halide oxide BiOX (X = Cl, Br, and I) is a sillén-structured bismuth-based
semiconductor material consisting of two interlaced layers of halogen atoms and
[Bi,0,]*" layers. Controlling and blocking the generation of highly toxic intermediates
through regulating the reactive species during the NO oxidation was investigated over
these kinds of Bi-based photocatalysts. For instance, Vo containing BiOCl was inves-
tigated and demonstrated enhanced NO removal from 5.6 to 36.4% as well as obvi-
ously inhabited NO, generation was found under visible-light irradiation. Results
revealed that Vo on the surface of BiOCl speeds the trapping and transfer of localized
electrons to activate the O, to produce -O, " radicals, which avoid NO, formation,
resulting in complete oxidation of NO (NO + O~ — NO3™) [34]. Dong et al. revealed
the dynamic evolution of surface defects in BiOCl during the gas-solid photocatalytic
reaction at the electronic level by in situ electron paramagnetic resonance (EPR)
technology. It was disclosed that the iz situ-generated surface defects are the real
active sites and can effectively activate the reactant molecules via directional single-
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electron transfer [35]. Zhang et al. reported the photocatalytic NO conversion with
99% selectivity using a defective BiOCI with (001) surface. Mechanism investigation
disclosed that Vo on its prototypical (001) surface of BiOCI allows the selective and
efficient activation of O, to -O, " in different geometric structures that thermody-
namically suppressed the terminal end-on O, associated NO, emission and selec-
tively oxidized NO to nitrate (Figure 6a) [17]. In their further investigations, they
developed the two-electron-trapped Vo of BiOCl, in which a prototypical F center
(Vo ), isa superb site to confine O, toward efficient and selective NO oxidation to
nitrate. Upon solar light illumination, Vi,  completes NO oxidation via a two-electron
charglng (Vo + 0, — Vo'-0,°") and subsequent one-electron de-charging process
(Vo''- + NO — Vo-NOj;™ + 7). The back-donated electron is re-trapped by Vo to
produce a new single-electron-trapped Vo (Vy,'), simultaneously triggering a second
round of NO oxidation (Vo'-O, + NO — V5-NO; ™) (Figure 6) [9]. Yuan et al.
reported that Mn30,/BiOCl achieves about 75% of NO removal within 10 min, and
not only exhibited superior inhibition for NO, under light irradiation, but the activi-
ties gradually decreased due to the accumulation of products. Moreover, the NO
removal efficiency increased with the addition of 5-10% H,0 gas, meanwhile
displayed remarkably reduced NO, inhibition [36].

The simultaneous incorporations of Ba and Vo into BiOBr nanosheets were inves-
tigated and displayed ~10 times enhanced NO removal than the pristine BiOBr under
visible-light irradiation [37]. Utilizing the layered structure stacked by the Bi-O layer
and halogen anions layer, Zhang et al. reported the novel BiOCl,Br; 4, (0 <x <1)
catalysts and demonstrated that the mixture anions products have a preferable reac-
tion thermodynamics for NO removal with the highest efficiency of 60%, especially
the BiOCIBr;_y 3. It was presented that the improved activity was not linear depen-
dence with light harvesting and charge conversions but was mainly decided to the
optimized reaction thermodynamics, as BiOCl,Br;_y 3.; possess the lowest thermody-
namic barrier for NO oxidation [38]. The BiOBr/SnO, heterojunction exhibited more
efficient NO oxidation but also inhibited the production of toxic NO, due to the
effective carrier transportation and separation under the influence of internal electric
field [39]. To reveal true reaction mechanisms, Zhang et al. investigated the NO
removal over surface boronized BiOBr and proposed that the robust excitonic effect of
BiOBr nanosheets, which is prototypical for 'O, production to partially oxidize NO
into a more toxic NO,, can be weakened by surface boronizing via inducing a
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(a) Free energy change against the reaction coordinate for the oxidation of NO by -O,~ on BiOCI (001) surface in
different geometries; (b) free energy change during O,> - and -0, -mediated NO oxidation on the Vo of BOC-010
and BOC-001, respectively. Reproduced with permission from Refs. [9, 17], Copyright © 2018 and 2019,
American Chemical Society.
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staggered band alignment from the surface to the bulk and simultaneously generating
more surface Vo. They proposed that O, radicals enable the complete oxidation of
NO into nitrate with high selectivity under visible-light irradiation (Figure 7) [40].

Zhang et al. reported highly efficient NO conversion over BiOI, and they found
that NO removal pathways could be changed from nonselective oxidation to selective
oxidation to produce nitrogen dioxide [41]. The —OH functionalization could
enhance the reactants’ activation capacity to exhibit the excellent photocatalytic NO
conversion performances of BiOI to generate stable final products by activating O,
molecules to generate active species [42]. For the heterojunction system, Lee et al.
reported a visible-light heterojunction formed between insulator SrCO3 and photo-
sensitizer BiOI for NO conversion and proposed corresponding reaction pathways as
NO — NO* and NO," — nitrate or nitrite routes by iz situ FTIR study [43]. To
disclose the specific atomic interfacial electronic structure of heterostructure and its
effect on the reaction, Sun et al. designed an insulator-based heterojunction CaSO4-
BiOI and further investigated the visible light NO conversions. Results suggest that the
electronic environment of the interface/surface exerted great impacts on the active
species formation, and the “intermediate transformation was supported by in situ
DRIFT [44].

3.2.3 Bi-metal-based materials

The deposition of metals with local surface plasmon resonance effects such as Ag,
Au, and Bi and Bi-vacancy on semiconductor surfaces is a common application, often
in concert with Vo to promote photocatalytic NO oxidation (Figure 8) [45, 46].
Bismuth (Bi) is a commonly accepted semimetal that exhibits a highly anisotropic
Fermi surface, low carrier density, small carrier effective mass, and long carrier mean
free path, and investigated in the field of environmental pollution control widely due
to its instinct characteristics such as broaden the optical ranges and promote the
carrier separation. Although most of the research works are mainly focused on the NO
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(a) In situ FTIR spectra of B-BiOBr for photocatalytic NO oxidation; (b) long-term NO removal; (c) free energy
changes against the reaction coordinate for NO oxidation on modeled BiOBr and B-BiOBr surfaces, and (d)
schematic illustration of the exciton-dominated and charge-carrier-involved photocatalytic NO oxidation
processes. Reproduced with permission from Ref. [40], Copyright © 2022, American Chemical Society.
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(a-d) Schematic illustrations of the subnanometer Ag/AgCl clusters incorporated on atomically thin defective
Bi,,0,,C, nanosheets via vebinding with unsaturated Cl atoms; (e-g) visible light NO removal activity and
proposed mechanism over Ag-SrTiO ;. Reproduced with permission from Refs. [45, 46], Copyright © 2016, 2021,
American Chemical Society.

removal efficiency instead of paying attention to the toxic byproduct formations
during the NO conversion process. Many efforts have been devoted to tackling such a
challenge. The defective Bi@Bi,Ti,O; photocatalyst was investigated for NO removal
due to the co-effect of Bi-/Vo and displayed superior oxidation to NO3;~ compared to
the defect-free Bi,Ti,07 counterpart [47]. Defective Bi/BiOBr nanoflowers were syn-
thesized and further displayed 63% NO removal due to the effective carrier separation
induced by bismuth and Vo. Importantly, the NO removal efficiency was negligibly
affected by humidity, in which the generation of toxic NO, intermediate was reduced
progressively from 87 to 29 ppb as the humidity increased from 5 to 100%, further
indicating the significance of high humidity in promoting the transformation of toxic
intermediate NO, to NO3 ™ [48]. Due to the energetic hot electrons from the surface
plasmon resonances of metallic Bi and superoxide generation from the molecular
oxygen activation, Bi-metal-BiPO, (Bi-BPO) nanocomposites displayed 32.8% NO
oxidation under illumination with visible light [49]. Dong et al. developed ultrathin
Bi,MoOg¢ nanosheets modified by MoOj clusters, in which the ultrathin structure
shortens the carrier transmission distance to reduce carrier recombination, while
surface clusters highly favor the interfacial charge transfer, leading to fire-new elec-
tron migration pathway, and displayed highly efficient NO removal under relative
humidity from 25 to 100% [50].

All these state-of-the-art indicate the significant roles of surface defects in
improving NO conversion via facilitating the activation and adsorption of NO mole-
cules on the surface of the photocatalysts. However, the instability and deactivation of
surface Vo of photocatalysts in the continuous photocatalytic NO removal reaction
results in a decrease in reaction selectivity, which needs to be improved with surface
modifications. Taking advantage of surface defects and plasma effects of Bi metal,
Dong et al. reported, the Bi nanoparticle decorated Bi,0,CO5 nanosheets with Vo and
obtained significantly enhanced NO conversion to generate NO;~ with remarkably
inhibited toxic intermediates NO, under visible-light illumination. The ixn situ DRFTS
and DFT simulations indicate that the Bi nanoparticles and surface Vo act as active
sites to activate the surface adsorbed O, and H,O to produce molecular oxygen
activation, and subsequently favored the NO oxidation to NO; . and surface defects
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in promoting carrier separations are systematically investigated [51]. Bi-metal @
Bi,0,[BO,(OH)] with Vo was investigated for photocatalytic oxidation of NO under
visible light and displayed the unique electron transfer covalent loop ([Bi,0,]** — Bi-
metal — O, "), which was confirmed by experimental and theoretical simulations. The
Vo improve the charge separation efficiency and the yield of active oxygen species,
while Bi-metal has functioned as electron donors to activate NO molecules and form
NO™ and induces a new reaction path of NO — NO~ — NOj™ to achieve the harmless
conversion of NO, effectively restraining the generation of noxious intermediates
(NO,, N,0,4) [52]. A series of Bi and surface defects co-modified Zn,SnO, were
developed for NO removal and obtained enhanced NO conversions, which can be
basically attributed to the synergistic effect of Vo and surface plasmon resonance
(SPR) effects of Bi elements [53].

3.2.4 Other Bi-based materials

The roles of surface-interface investigated and displayed superior NO conversion
in other Bi-based photocatalysts. For instance, Zhu et al. reported the Au
nanoparticles loaded Vo-rich BisTizO1, (Au/BisTi304,) displayed 48% selectivity for
NO removal and significantly reduced NO, production under visible light due to the
obviously promoted carrier separation induced from the built-in electric field of
surface plasmon resonance effect from Au nanoparticles [54]. The effects of Br~ on
Vo construction over Bi,MoOg with different facets exposed were systematically
investigated, and the OVs concentration optimized Bi,MoOg (BMO-001-Br) exhibited
superior activity with 62.89% NO removal and 93.61% selectivity for complete NO
oxidation [55]. The carbonate-intercalated defective Bi,WOg facilitated the electron-
hole pairs converting to reaction radical and reactants activation, including the H,O
oxidized to -OH, O, reduced to -O, " and resulted in 55% oxidation of NO without
generating secondary pollution of toxic intermediates [56]. To improve the transpor-
tation of the charge carriers, a Z-scheme heterojunction of 2D/2D BP/monolayer
Bi, WO (MBWO) was designed and exhibited 67% NO oxidation owing to the inti-
mate face-to-face contact between BP nanosheets and ultrathin MBWO [57]. Lee et al.
reported the role of Vo in optimizing the performance of Bi,Sn,07_y hollow
nanocubes, which displayed 32% NO removal and suppression of NO, [58]. A Z-
scheme n-Bi;,5i0,0/p-Bi,S;3 displayed 56% photocatalytic NO removal and the dimin-
ished generation of NO, (3 ppb) within 4 min visible-light irradiation [59]. The n-p
heterojunctions Bi;;GeO,0-Bi,S; with surface Vo showed reinforced NO removal
under visible light with 96% selectivity for NO, /NO;~ species, avoiding the genera-
tion of toxic NO, [60]. To tackle the bottlenecks of a few intrinsic active sites and
inefficient carrier separation of photocatalysts during the NO removal, Lv et al. intro-
duced Vo into Bi;TaO; and achieved 5.4 folds higher NO removal efficiencies than
bare Bi3TaO;. It was revealed that the intermediate products of defective-Bi3TaO; are
helpful to promote the deep oxidation of NO to NO;3 ™, while pristine Bi;TaO; is more
likely to produce toxic intermediate NO,, which greatly hinders the deep
photocatalytic oxidation of NO [61]. Other Bi-Ti-based layered structured
photocatalysts, such as Pb,Bi,TisO;g (Figure 9), SrBi;M,04 (M = Nb, Ta), and Bi-/
Bi;;TiOy0, also displayed appreciable NO conversion and toxic intermediate genera-
tion, providing the encouraging results for the effective NO control in the field of
environmental science [11, 62, 63].

All in all, Bi-based photocatalysts with pure and defective structures have been
widely used for the removal of NO, during which the surface-interface controlling
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Figure 9.

Photocatalytic NO removal, the relative change in NO, concentration, photochemical stability, and NO removal
mechanisms over layered Bi-based Pb,Bi,Ti;O,s. Reproduced with permission from Ref. [61], Copyright © 2017,
American Chemical Society.

such as surface defects, doing with plasmatic metal, or their coeffects for the removal
of NO have been witnessed. The other semiconducting materials such as metal-free g-
C3N, and Ti-based perovskite have been extensively investigated, though reaction
efficiency remains low due to massive and rapid recombination of photoinduced
electron and holes, and cannot fulfill the requirements of both high efficiency and
long-term robustness. Meanwhile, exact reaction mechanisms and conversion path-
ways of NO over such catalysts are still under debate, a lack of systematic investiga-
tions. More attention should be focused on the effective control of the toxic
byproducts NO, and preventing catalyst deactivations.

4. Conclusions and perspectives

NOx is harmful to both the environment and the human body, and thus the
development of efficient NOx control technology is of great significance for
preventing and controlling air pollution. Compared with traditional physical or
chemical adsorption technology, photocatalytic reactions can achieve the conversion
or degradation of pollutants removal at room temperature and pressure with less
secondary pollution, which is a new and efficient environment-friendly purification
strategy. In view of the current state of photocatalytic NO removal, mainly for pho-
tooxidation, the lack of investigations on semiconductor-based photocatalysts and
their industrial implementations on NO conversion is mainly due to the following
factors:

1.To improve NO conversion efficiency, efforts should also be continued in other
kinds of modification strategies such as vacancy and intercalation embedding
engineering instead of merely being limited by the introduction of oxygen
vacancies, Bi deposition, and the construction of Bi-based heterojunctions;
moreover, although NO removal efficiency has been enhanced by the currently
investigated semiconductors, their applications are still far from the industrial
level; further investigations should be focused to achieving the greater degree of
performance enhancement.
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2.More attention still needs to be focused on developing nontoxic products that can

oxidize NO to nitric acid or reduce it to N, to avoid the production of NO, to the
maximum extent. Many issues of controlling the single reaction pathways on
oxidation or reduction reaction, and its dependence on the surface structural and
electronic features of the interface are still open. Thus, effective control of
selectivity or NO conversion products and unearthing reaction mechanisms are
highly desired.

3.The powdered photocatalytic semiconductors are not easily recoverable due to

the occupation of surface-active sites by the final product NO3™ as the reaction
time increases, so NO3 ™~ should be removed by water washing and other means in
a timely manner; Moreover, development of powder material solid-loading
techniques, photocatalytic film macro-preparation, and preparation of
photocatalytic devices are highly desired in anticipation of further adaptation of
photocatalytic technology to practical applications

4.In the process of photocatalytic NO oxidation, -O," is the most critical as the

reactive oxygen species that can completely oxidize NO to NO3~, however, the
role of -OH should not be wasted and neglected, and further oxidation of NO,
from -OH activation is not a point worth exploring. In addition, the role of other
ROS in this process and the mechanism are also worth discussing.

5.To study the reaction process and true mechanism of photocatalytic NO

oxidation, more parameters continuous reactor, NO concentration, flow rate,
temperature, water (relative humidity), catalysts loading, reactor sizes, air and
light parameters (wavelength or intensity), detected conversion products and so
on should be investigated deeply; meanwhile, more iz situ characterizations and
theoretical calculations at the atomic level should be served to disclose the real
reaction pathways.

6.For the reduction pathway, the direct decomposition of NO into

stoichiometric N, and O, under ambient conditions merely with light as the
driving force remains offers one of the most ideal routes for NO treatment.
However, its realization has been tremendously restricted by the huge
activation barrier for both the cleavage of N=O bonds and the subsequent
reconstruction of N=N triple bonds, which has been hardly achieved under
ambient conditions. More detailed investigations should be devoted to opening
this gate.

7.During the photocatalytic NO removal, the chemical nature and concentration of

particular matter, such as benzene, toluene, volatile organic compounds (VOCs),
and other gases such as CO,, SO,, NH; and Hg®, may compete with NO or
reaction intermediates lead to reducing in the selectivity as well as removal
efficiency of NO. To tackle this, future research needs to consider the
interference of the above factors and other gases to establish more applicable
methods. The possible solution is still closely related to the structure and
interface characters of photocatalysts. Moreover, the source and concentration of
interfering substances should also be considered to reduce the response of
catalysts to interfering substances by adjusting the actual reaction conditions in
advance.
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Appendices and nomenclature

WHO World Health Organization

NO, NO nitrogen oxides

SCR selective catalytic reduction

Photo-SCR photo-selective catalytic reduction

H,0, hydrogen peroxide

h* photoinduced holes

0, single line state oxygen

05~ superoxide radicals

-OH hydroxyl radicals

DRIFTS in situ diffuse reflectance infrared Fourier transform spectroscopy
DFT Density Functional Theory

Vo oxygen vacancies or surface oxygen defects
2D/2D two-dimensional/two-dimensional

EPR electron paramagnetic resonance

SPR surface plasmon resonance
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Abstract

In recent years, the partial nitritation and anaerobic ammonium oxidation
(PN/A) process has been widely appreciated by many countries around the world. As
an autotrophic nitrogen removal process, this process can save more than 60% of the
aeration energy consumption, reduce 80% of the residual sludge yield, and do not
need to add additional carbon sources. However, this process is faced with several
kinds of problems. This paper summarizes several effects of operating parameters
on the inhibition of NOB in municipal wastewater treatment, implications of the
reactor configuration and operation, and fixed film processes vs. suspended growth
systems. The fixed film processes based on Anammox granular sludge and AOB
flocculent sludge are alternative. Finally, a new strategy of continuous flow PN/A
process with partial nitrification flocculent sludge and Anammox granular sludge
was proposed.

Keywords: Anammox, wastewater treatment, PN/A, granular sludge, mixed reactor

1. Introduction

Anaerobic ammonia oxidation (Anammox) bacteria play a key role in the Earth’s
nitrogen cycle [1]. Compared with Anammox, the traditional biological denitrifica-
tion technology widely used today has some shortcomings, such as high energy
consumption, the need for additional organic carbon sources, and the inability
to control the production of greenhouse gases [2]. Therefore, compared with the
traditional nitrification and denitrification systems, Anammox technology has the
advantages of no aeration, extra organic carbon source, and low surplus sludge yield,
making Anammox a research hotspot for environmental protection. In the applica-
tion of actual municipal wastewater [3], it is found that the lack of nitrite electron
acceptor in actual wastewater is the main bottleneck of the application of Anammox
in mainstream wastewater treatment. In addition to the artificial addition of nitrite,
most of the current Anammox coupling processes focus on partial nitritation and
anaerobic ammonium oxidation (PN/A) [4]. In practical application, partial nitrita-
tion (NH,"-N — NO, -N) can provide NO, -N for Anammox, thus forming a PN/A
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process. First, about 55% of the ammonia nitrogen in the wastewater is oxidized to
nitrite under the action of ammonia oxidizing bacteria (AOB), and then the generated
nitrite and the remaining ammonia nitrogen generate nitrogen under the action of
anaerobic ammonia oxidation bacteria (AnAOB), to achieve the removal of TN. The
total reaction equation [5] is:

NH; +0.850, —0.11NO; +0.44N, +0.14H" +1.43H,0 )

In recent years, PN/A process has been widely appreciated by many countries
around the world. As an autotrophic nitrogen removal process, this process can save
more than 60% of the aeration energy consumption, reduce 80% of the residual
sludge yield, and does not need to add additional carbon sources [6, 7]. However, this
process is faced with the problems of long age and insufficient retention capacity of
AnAOB sludge, competition of AOB from NOB, and high C/N ratio leading to mas-
sive reproduction of HB in sludge.

This paper summarizes several effects of operating parameters on the inhibition
of NOB in municipal wastewater treatment, implications of the reactor configuration
and operation, and fixed film processes vs. suspended growth systems. Finally, a new
strategy of continuous flow PN/A process with partial nitrification flocculent sludge
and Anammox granular sludge was proposed.

2. Effects of operating parameters on the inhibition of NOB in municipal
wastewater treatment

2.1Dissolved oxygen (DO)

Continuous aeration mode keeps DO at a low level in the CANON process reac-
tor. However, Liu et al. found through experiments that under long-term low DO
(0.16 ~ 0.37 mg/L) operation, the dissolved oxygen affinity coefficient Ko,, AOB will be
higher than Ko,, NOB, that is, NOB is more competitive than AOB. As a result, part of
NO, -N in the reactor is further converted to NO;™-N, and the lack of stable nitrite sup-
ply greatly endangers the overall nitrogen removal performance of autotrophic nitrogen
removal process [8]. In view of this phenomenon, Regmi et al. believed that Nitrobacter
would increase significantly more than Nitrospira in a long-term state of low DO [9].
Nitrospira is the strategy-K (low specific proliferation rate, high matrix affinity), while
Nitrobacter is the strategy-R (high specific proliferation rate, low matrix affinity). As
aresult, Nitrospira is more amenable to compete with DO. The previous thought that
Ko,, NOB was higher than Ko,, AOB might be due to the dominance of Nitrobacter.
Controlling DO concentrations of medium (<1.0 mg/L) and low (<0.5 mg/L) is indeed
beneficial to Nitrosomonas, but it inhibits the Nitrobacter of strategy-R rather than the
Nitrospira of strategy-K (which grows at a rate close to the maximum).

2.2 Transient hypoxia

Transient hypoxia caused by on/off aeration has been proven to be an effective
method to inhibit NOB. The lag time of NOB activity at the beginning of aeration
section is due to the following two reasons: (1) Lack of one or two substrates (nitrite and
oxygen) [10]. (2) In the aerobic environment after a brief period of hypoxia, com-
pared with AOB, NOB faces metabolic mechanism inactivation and adaptive lag in the
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recovery period [11]. The delay of nitro Spirillum activity after anoxic period (5-15 min)
effectively inhibited NOB in PN/A process based on SBR [11]. Intermittent aeration is
also effective in integrated fixed-film activated sludge (IFAS) process [12]. However,
intermittent aeration is not conducive to the stability of effluent quality in continuous
flow process and frequent opening and closing of blower will increase the failure rate

of equipment. However, in a continuous system that consumes nitrous oxide in time, an
aerobic/aerobic alternating strategy can effectively carry out partial nitrification [11, 13].

2.3 Starvation process

Studies have shown that nitrite accumulation occurs when nitrification system is
restarted after being idle for a period of time. The attenuation rate of AOB is smaller
than that of NOB in the starvation process [14, 15]. Jia et al. [16] found that AOB has
a unique hunger response strategy, and its cells are in a state of readiness at any time.
Once the substrate appears, it can produce substrate invertase (gene transcription
speed is fast), so that AOB can quickly recover its activity from starvation. However,
NOB does not have this ability, so AOB has a stronger ability to adapt to environmen-
tal changes than NOB.

2.4 Aerobic sludge residence time

In the side-flow anaerobic process, the growth rate of AOB is higher than that of
NOB, so short-time aerobic SRT is used to inhibit and flush NOB [17]. In the acti-
vated sludge process with temperatures between 28 and 30°C, aerobic SRT of 2.5d
is one of the main factors to ensure stable nitrogen removal in the Singapore Changi
Regenerating water plant [18]. The control aerobic SRT of large-scale activated
sludge denitrification process in the Southwest Wastewater Treatment Plant in St.
Petersburg was 3.5 d, which is another reference case of this operation mode [19]. In
the mainstream process, Blackburne and Oleszkiewicz found that shortening SRT was
beneficial for AOB growth [19, 20]. Stinson et al. used short-term aerobic SRT as an
intervention to achieve inhibition of NOBs at moderate and low temperatures [21].

2.5 Real-time aeration control

A variety of real-time aeration control strategies have been developed and applied
to suppress NOBs by controlling DO or aeration volume. Response parameters related
to DO or oxygen supply include ammonia nitrogen flux and dpH/dt [22]. In addition,
frequent opening and closing of mechanical equipment such as blowers or pumps can
increase the failure rate and cause serious operational problems, indicating that the
reliability of key equipment is very important to A stable mainstream PN/A process.

3. Implications of reactor configuration and operation
3.1 Carbon pretreatment process

In view of the high carbon-nitrogen ratio of municipal sewage, carbon pretreat-
ment is usually introduced. At present, there are three carbon pretreatment processes
at home and abroad: (1) High-rate activated sludge (HRAS). For example, in the
Strass sewage treatment plant, A stage of activated sludge process (SRT » 0.5d,
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HRT =~ 0.5 h) can guarantee the removal rate of COD of 60% [23]. (2) Chemical-
intensive pretreatment can remove about 80% ~ 90% TSS and 50% ~ 70% COD; (3)
Methanogenic fermentation pretreatment, designed to maximize energy recovery in
UASB reactors [24]. Generally, the three reasonably designed pretreatment processes
can satisfy the PN/A influent COD/N <2 ~ 3.

3.2 One-stage and two-stage processes

The one-stage PN/A process performs PN/A in one reactor, while the two-stage
PN/A process separates the PN/A reaction in two reactors. The combination of PN
and Anammox reactions in a reactor significantly reduces infrastructure and operat-
ing costs compared to a two-stage process [25]. One-stage reactors tend to operate
under nitrite restriction and low DO concentrations.

One-stage PN/A process is also known as CANON (Completely autotrophic nitro-
gen removal over nitrite, CANON) granular sludge has a regular shape and compact,
dense structure, high sludge concentration, good settling performance, etc. Winkler
et al. believed that in typical CANON granular sludge, AOB bacteria were usually dis-
tributed in the outer layer of particles permeable by dissolved oxygen, while AnAOB
bacteria were distributed in the inner anaerobic zone of particles [23]. However, with
the in-depth study of CANON granular sludge, some scholars found that AOB and
AnAOB bacteria co-existed in CANON granular sludge, without specific spatial dis-
tribution rules, the two bacteria interleave each other, and the nitrite matrix produced
by AOB ammonia-nitrogen does not need to be transferred through a long chain, and
is degraded as the substrate of AnAOB bacteria in a short time. The whole autotrophic
nitrogen removal process can be efficiently completed [26, 27]. Chen’s research shows
that the combination of AnAOB and AOB forms a special olivar-shaped structure:

(1) AnAOB mainly gathers inside the particle to form the kernel of the particle, AOB
forms a thick wall in the outer layer of the particle, (2) AnAOB gathers into multiple
clusters, and AOB is relatively evenly distributed in the whole particle without any
clusters. (3) The many cracks clearly observed in the Anammox particles are likely
conduits through which substrates and wastes flow. In this special structure, part

of influent NH,"-N is oxidized to NO, -N by AOB in the particle surface layer, and
Anammox in the particle core uses residual NH,"-N and generated NO, -N. In addi-
tion, the consumption of O, by AOB covered by the outer layer of particles provides
protection for AnAOB from inhibition of O, and other environmental factors [27].
Statistics show that more than 50% of PN/A reactors operate in SBR mode, 88%

of wastewater plants operate using single-stage systems, and 75% are used to treat
sideflow municipal wastewater. Solid film substrate transport, aeration control, and
nitrate generation are major operational difficulties [28]. Moreover, the single-stage
CANON is mostly used in side-flow processes.

4. Fixed film processes vs. suspended growth systems
4.1 Suspended sludge reactor

The Changi Reclaimed Water Plant in Singapore and the Strass Sewage Treatment
Plant in Austria are two existing PN/A processes using suspended sludge reactors. In
both cases, AnAOB is not affected by oxygen in the anoxic zone, and heterotrophic
denitrification makes an important contribution to nitrogen removal at high C/N
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influent ratios. One of the most common problems of flocculent sludge is poor set-
tling [29]. Small floc cannot settle and separate well, resulting in increased turbidity
of effluent [30].

4.2 Biofilm reactor

Biofilm reactor includes biological drip filter, fixed membrane biofilm reactor,
fluidized bed reactor, biological rotary table, and moving bed biofilm reactor. The
typical problem with biofilms is mass transfer restriction, in which only the bacteria
in the outer layer of the biofilm can promote substrate removal [31]. The biofilm
mainly grows on the surface of the filler, and the filler is prone to clogging during the
actual operation, which is not conducive to the long-term operation of the process
[32]. In addition, the cost of biofilm carriers is also a limitation of their application in
large-scale wastewater treatment plants [33].

4.3 Granular sludge reactor

Bacterial aggregation in granular sludge reactors increased biomass concentration
[34], as well as biomass retention [35] and tolerance to environmental stress [36].
Granular sludge can fix more AnAOB population under aeration conditions [37, 38].
Compared with floc and biofilm, particles have the advantages of dense structure
and do not need to be attached to the surface of the carrier, so they are favored by the
engineering field. However, the disadvantage of Anammox granules is that the low
cell yield and growth rate of AnAOB lead to long sludge age, and HB grows exces-
sively on autotrophic bacteria under long sludge age conditions.

4.4 Mixed reactor

The mixed reactor has a high concentration of suspended sludge in the liquid
phase. The biomass of liquid and solid (biofilm or granular sludge) phases plays an
important role in microbial transformation. Based on the theory that AnAOB mainly
exists in particles or biofilms, while NOB and HB mainly exist in floc [39]. Compared
with the biofilm reactor, AOB, NOB, and HB are mainly suspended in the liquid
phase, while AnAOB mainly exists in the biofilm. It has been reported that 60%
of aerobic reactions are achieved in the liquid phase, while AnAOB activity occurs
almost exclusively in biofilms (>96.5%) [24]. The high suspended sludge concentra-
tion in the liquid phase of the mixed reactor significantly reduces the diffusion limit
compared with the single particle or biofilm reactor, thus inhibiting the competition
of AOB by controlling the low concentration level of DO in the liquid phase. In addi-
tion, the sludge age of suspended sludge can be controlled independently of particles
or biofilms, which facilitates the washing of HB and NOB, and can tolerate higher
influent COD/N [40].

It has been reported that the nitrogen removal capacity of IFAS process co-existing
with flocculent sludge and biofilm is three to four times higher than that of MBBR
process consisting of biofilm only [37, 41]. Compared with biofilms, particles have
the advantage of dense structure and do not need to be attached to the surface of the
medium. However, the process of coexisting Anammox particles with continuous
flow flocculent sludge has not been reported. If the flocculent sludge with AOB as the
main body and Anammox granular sludge is integrated into a continuous flow system,
the nitrogen removal effect can be ensured, and the excess AOB and NOB short sludge
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age bacteria can be eliminated through the flocculent sludge to retain AnAOB, and the
NOB can also be washed. Studies have shown that at low concentrations, intermittent
anaerobic/aerobic = (15 ~ 20 min)/(5 ~ 15 min) alternating can effectively inhibit
NOB [10]. Therefore, continuous flow anaerobic/aerobic alternating operation can
inhibit NOB.

In addition to the difficulties of NOB suppression and panning, internal reflux
and external reflux are often needed in continuous flow. In this process, the granular
sludge of Anammox will inevitably be broken and disintegrated, which will also face
the problem of AnAOB loss. If the problem of reflux is not solved, granular sludge can
not be used effectively in the reactor with continuous push flow. At present, the meth-
ods of retaining granular sludge include membrane screening method and settling
selection method, which represent the reactor membrane reactor and granular sludge
selector respectively. Compared with membrane reactor, granular sludge selectors can
pass flocculent sludge, not easy to clog, and is easy to maintain. If the granular sludge
selector based on sedimentation selection is installed in the aerobic zone to retain
Anammox particles and ensure the circulating flow of flocculent sludge, the reflux
problem can be solved.

To sum up, in order to run the continuous autotrophic nitrogen removal process
stably, Anammox granular sludge can be retained in the aerobic zone to participate
in nitrite degradation but not reflux according to the anaerobic/aerobic process, so
as to ensure the integrity of Anammox particles and effective retention of AnAOB
while consuming most nitrite in time. The AOB in the floc is pumped back to alternate
anaerobic/aerobic operation for nitrosation reaction. Of course, due to the mixed
reactor, a small amount of AnAOB will exist in the floc, and the amount of AnAOB
will not be too high because of the short floc sludge age. A small amount of AOB will
also adhere to the Anammox particles to form a protective layer to consume dissolved
oxygen.

5. Conclusions

This paper comprehensively describes the effects of operating parameters on
the inhibition of NOB in municipal wastewater treatment, implications of reactor
configuration and operation, and focuses on the discussion of fixed film processes
versus suspended growth systems. A mixed urban sewage continuous flow PN/A
process based on Anammox granular sludge is proposed. This process seems to have
many advantages in theory, and it will be validated in experiments next.

Acknowledgements
This work was supported by China Postdoctoral Science Foundation

(2022M720330) and Beijing Outstanding Young Scientist Program
(BJJWZYJH01201910005019).

Conflict of interest

The authors declare no conflict of interest.

34



Research on Partial Nitritation and Anaerobic Ammonium Oxidation Process
DOI: http://dx.doi.org/10.5772/intechopen.112708

Author details
Wengiang Wang™, Dong Li', Shuai Li', Huiping Zeng' and Jie Zhang"?

1 Key Laboratory of Water Science and Water Environment Recovery Engineering,
Beijing University of Technology, Beijing, China

2 State Key Laboratory of Urban Water Resource and Environment, Harbin Institute
of Technology, Harbin, China

*Address all correspondence to: wangwengiang@bjut.edu.cn

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

35



Recent Advances on Nitrification and Denitrification

References

[1] Kuypers MMM, Sliekers AO, Lavik G,
Schmid M, Jergensen BB, Kuenen JG,

et al. Anaerobic ammonium oxidation

by anammox bacteria in the black sea.
Nature. 2003;422:608-611. DOI: 10.1038/
nature01472

[2] Kartal B, Kuenen JG, van
Loosdrecht MCM. Sewage treatment
with anammox. Science. 2010;328:702-
703. DOI: 10.1126/science.1185941

[3] Yang Y, Azari M, Herbold CW,

Li M, Chen H, Ding X, et al. Activities
and metabolicversatility of distinct
anammox bacteria in a full-scale
waste water treatment system. Water
Research. 2021;206:12. DOI: 10.1016/j.
watres.2021.117763

[4] Agrawal S, Weissbrodt DG,
Annavajhala M, Jensen MM, Arroyo JMC,
Wells G, et al. Time to act-assessing
variations in qPCR analyses in biological
nitrogen removal with examples

from partial nitritation/anammox
systems. Water Research. 2021;190:8.
DOI: 10.1016/jwatres.2020.116604

[5] Sliekers AO, Derwort N,
Campos-Gomez JL, Strous M, Kuenen JG,
Jetten M. Completely autotrophic nitrogen
removal over nitrite in one single reactor.
Water Research. 2002;36:2475-2482.
https://doi.org/DOI. DOI: 10.1016/
S0043-1354(01)00476-6

(6] Jetten MSM, Horn SJ, van
Loosdrecht MCM. Towards a more
sustainable municipal wastewater
treatment system. Water Science

and Technology. 1997;35:171-180.
DOI:10.1016/50273-1223(97) 00195-9

[7] Wett B. Development and
implementation of a robust
deammonification process. Water

36

Science and Technology. 2007;56:81-88.
DOI: 10.2166/wst.2007.611

[8] Liu G, Wang J. Long-term low do
enriches and shifts nitrifier community
in activated sludge. Environmental
Science & Technology. 2013;47:5109-
5117. DOI: 10.1021/es304647y

[9] Regmi P, Miller MW, Holgate B,
Bunce R, Park H, Chandran K, et al.
Control of aeration, aerobic SRT and
COD input for mainstream nitritation/
denitritation. Water Research.
2014;57:162-171. DOI: 10.1016/j.
watres.2014.03.035

[10] Gilbert EM, Agrawal S, Brunner F,
Schwartz T, Horn H, Lackner S. Response
of different Nitrospira species to anoxic
periods depends on operational do.
Environmental Science & Technology.
2014;48:2934-2941. DOI: 10.1021/
es404992g

[11] Kornaros M, Dokianakis SN,
Lyberatos G. Partial nitrification/
denitrification can be attributed to

the slow response of nitrite oxidizing
bacteria to periodic anoxic disturbances.
Environmental Science & Technology.
2010;44:7245-7253. DOI: 10.1021/
es100564j

[12] Trojanowicz K, Plaza E, Trela J. Pilot
scale studies on nitritation-anammox
process for mainstream wastewater

at low temperature. Water Science

and Technology. 1998;37:135-142.

DOI: 10.2166/wst.2015.551

[13]1 Ge S, Peng Y, Qiu S, Zhu A,

Ren N. Complete nitrogen removal
from municipal wastewater via
partial nitrification by appropriately
alternating anoxic/aerobic conditions
in a continuous plug-flow step feed



Research on Partial Nitritation and Anaerobic Ammonium Oxidation Process

DOI: http://dx.doi.org/10.5772/intechopen.112708

process. Water Research. 2014;55:95-105.
DOI: 10.1016/jwatres.2014.01.058

[14] Feng C, Lotti T, Lin Y, Malpei F.
Extracellular polymeric substances
extraction and recovery from anammox
granules: Evaluation of methods and
protocol development. Chemical
Engineering Journal. 2019;374:112-122.
DOI: 10.1016/j.cej.2019.05.127

[15] LiuYQ, Liu Y, Tay JH. The effects
of extracellular polymeric substances
on the formation and stability of
biogranules. Applied Microbiology
and Biotechnology. 2004;65:143-148.
DOI: 10.1007/s00253-004-1657-8

[16] Jia F, Yang Q, Liu X, Li X,

Li B, Zhang L, et al. Stratification of
extracellular polymeric substances
(EPS) for aggregated anammox
microorganisms. Environmental Science
& Technology. 2017;51:3260-3268.

DOI: 10.1021/acs.est.6b05761

[17] Hellinga CSAM]J. The SHARON
process: An innovative method for
nitrogen removal from ammonium
rich waste water. Water Science and
Technology. 1998;37:135-142

[18] CaoY, Kwok BH, van

Loosdrecht MCM, Daigger GT, Png HY,
Long WY, et al. The occurrence of
enhanced biological phosphorus
removal in a 200,000 m3/day partial
nitration and anammox activated
sludge process at the changi water
reclamation plant, Singapore. Water

Science and Technology. 2017;75:741-751.

DOI: 10.2166/wst.2016.565

[19] Blackburne R]J. Nitrifying Bacteria
Characterisation to Identify and
Implement Factors Leading to Nitrogen
Removal Via Nitrite in Activated Sludge
Processes. Australia: The University of
Queensland; 2006

37

[20] Yuan Q, Oleszkiewicz JA. Low
temperature biological phosphorus
removal and partial nitrification

in a pilot sequencing batch reactor
system. Water Science and Technology.
2011;63:2802-2807. DOI: 10.2166/
wst.2011.609

[21] Stinson BMSBC, Mokhyerie YDCH.
Roadmap toward energy neutrality &
chemical optimization at enhanced
nutrient removal facilities. In:
Proceedings of WEF/IWA Nutrient
Removal and Recovery: Trends in
Resource Recovery and Use. 28-31 July
2013. Vancouver, Canada: WEF; 2013

[22] Yang Q, Peng Y, Liu X, Zeng W,
Mino T, Satoh H. Nitrogen removal via
nitrite from municipal wastewater at low
temperatures using real-time control

to optimize nitrifying communities.
Environmental Science & Technology.
2007;41:8159-8164. DOI: 10.1021/
es070850f

[23] Winkler MKH, Kleerebezem R,
van Loosdrecht MCM. Integration of
anammox into the aerobic granular
sludge process for main stream
wastewater treatment at ambient
temperatures. Water Research.
2012;46:136-144. DOI: 10.1016/j.
watres.2011.10.034

[24] Malovanyy A, Yang ], Trela ],
Plaza E. Combination of upflow
anaerobic sludge blanket (UASB)
reactor and partial nitritation/
anammox moving bed biofilm reactor
(MBBR) for municipal wastewater
treatment. Bioresource Technology.
2015;180:144-153. DOI: 10.1016/].
biortech.2014.12.101

[25] Vlaeminck SE, De Clippeleir H,
Verstraete W. Microbial resource
management of one-stage partial
nitritation/anammox. Microbial
Biotechnology. 2012;5:433-448.
DOI:10.1111/j.1751-7915.2012.00341.x



Recent Advances on Nitrification and Denitrification

[26] Chen R, Ji], ChenY, Takemura,
Liu Y, Kubota K, et al. Successful
operation performance and syntrophic
micro-granule in partial nitritation and
anammox reactor treating low-strength
ammonia wastewater. Water Research.
2019;155:288-299. DOI: 10.1016/j.
watres.2019.02.041

[27]1 Li X, Sung S. Development of

the combined nitritation-anammox
process in an upflow anaerobic sludge
blanket (UASB) reactor with anammox
granules. Chemical Engineering Journal.
2015;281:837-843. DOI: 10.1016/j.
cej.2015.07.016

[28] Lackner S, Gilbert EM, Vlaeminck SE,
Joss A, Horn H, van Loosdrecht MCM.
Full-scale partial nitritation/anammox
experiences—an application survey. Water
Research. 2014;55:292-303. DOI: 10.1016/j.
watres.2014.02.032

[29] Wang G, Xu X, Zhou L,

Wang C, Yang F. A pilot-scale study
on the start-up of partial nitrification-
anammox process for anaerobic sludge
digester liquor treatment. Bioresource
Technology. 2017;241:181-189.

DOI: 10.1016/j.biortech.2017.02.125

[30] Zhang G, Zhang P, Yang J, Chen Y.
Ultrasonic reduction of excess sludge
from the activated sludge system. Journal
of Hazardous Materials. 2007;145:515-
519. DOI: 10.1016/jjhazmat.2007.01.133

[31] Henze M, Van Loosdrecht MC,
Ekama GA, Brdjanovic D. Biological
Wastewater Treatment. London, UK:
IWA; 2008

[32] Zhang Z, Liu S, Miyoshi T,
Matsuyama H, Ni J. Mitigated membrane
fouling of anammox membrane
bioreactor by microbiological
immobilization. Bioresource Technology.
2016;201:312-318. DOI: 10.1016/j.
biortech.2015.11.037

38

[33] ZhaoY, Liu D, Huang W, Yang Y,
JiM, Nghiem LD, et al. Insights into
biofilm carriers for biological
wastewater treatment processes:
Current state-of-the-art, challenges, and
opportunities. Bioresource Technology.
2019;288:121619. DOI: 10.1016/j.
biortech.2019.121619

[34] Rittmann BE. Biofilms, active
substrata, and me. Water Research.
2018;132:135-145. DOI: 10.1016/j.
watres.2017.12.043

[35] Winkler MKH, Bassin JP,
Kleerebezem R, van der Lans RGJM, van
Loosdrecht MCM. Temperature and salt
effects on settling velocity in granular
sludge technology. Water Research.
2012;46:3897-3902. DOI: 10.1016/j.
watres.2012.04.034

[36] Adav SS, Lee D, Show K,

Tay J. Aerobic granular sludge: recent
advances. Biotechnology Advances.
2008;26:411-423. DOI: 10.1016/j.
biotechadv.2008.05.002

[37] Veuillet FZPSD, Ochoa JLR.
Mainstream deammonification using
ANITA™Mox process. In: Proceedings

of IWA Specialist Conference Nutrient
Removal and Recovery: Moving
Innovation into Practice. 18-21 May 2015.
Gdansk, Poland: IWA; 2015

[38] Xu G, ZhouY, Yang Q, Lee ZM,
Gu]J, Lay W, et al. The challenges

of mainstream deammonification
process for municipal used water
treatment. Applied Microbiology and
Biotechnology. 2015;99:2485-2490.
DOI: 10.1007/s00253-015-6423-6

[39] Hubaux N, Wells G, Morgenroth E.
Impact of coexistence of flocs and
biofilm on performance of combined
nitritation-anammox granular sludge
reactors. Water Research. 2015;68:127-
139. DOI: 10.1016/jwatres.2014.09.036



Research on Partial Nitritation and Anaerobic Ammonium Oxidation Process

DOI: http://dx.doi.org/10.5772/intechopen.112708

[40] Winkler MKH, Kleerebezem R,
Kuenen JG, Yang J, van Loosdrecht MCM.
Segregation of biomass in cyclic
anaerobic/aerobic granular sludge allows
the enrichment of anaerobic ammonium
oxidizing bacteria at low temperatures.
Environmental Science & Technology.
2011;45:7330-7337. DOIL: 10.1021/
es201388t

[41] Veuillet F, Lacroix S, Bausseron A,
Gonidec E, Ochoa J, Christensson M,

et al. Integrated fixed-film activated
sludge anita™mox process—-a new
perspective for advanced nitrogen
removal. Water Science and Technology.
2014;69:915-922. DOI: 10.2166/
wst.2013.786

39






Chapter 4

The Contribution of Autotrophic
Nitrogen Oxidizers to Global
Nitrogen Conversion

Hui-Ping Chuang, Akiyoshi Ohashi and Hideki Harada

Abstract

The accumulation of ammonium (NH,*-N) and nitrous oxide (N,O-N) in the
environment is causing concern due to their ecological impacts and contribution to
global warming. Autotrophic nitrogen oxidizers, including aerobic ammonium-oxi-
dizing archaea and bacteria, anaerobic ammonium oxidizer and nitrite oxidizers, play
a crucial role in the nitrogen cycle by facilitating the removal of nitrogenous residues
from the environment. Nitrogen oxides (NOx) like nitrite (NO, -N) and nitrate
(NO;7-N) are produced as key immediate products during the conversion of NH,"-N
or N,O-N. Additionally, these autotrophic microbes utilize carbon dioxide (CO,) for
cell synthesis, thereby mitigating the greenhouse effect. Preliminary results pointed
out that nitrogen oxidizers could effectively remove NH,*-N and NO, from sewage
and wastewater systems at the loading rate lower than 0.5 kg N/m’-day. Moreover,
this family could also reduce the greenhouse N,O-N through oxidizing pathway,
attaining the maximum reduction of 25.2-fold the annual N,O production.

Keywords: autotrophic nitrogen oxidizers, biological technologies, greenhouse effect,
nitrogen cycle, sponge media

1. Introduction

The ever-increasing nitrogen pollution in the environment is getting attention
in recent years, particularly regarding the high warming-potential nitrous oxide
(N,0) and the discharge of the concerned ammonium (NH,"-N). First, the total
emissions of N,O reached 336.33 ppb (parts per billion) [1], accounting for 6.2%
of GHGs (greenhouse gases), and its heat-capturing capacity is approximately 298
times higher than that of carbon dioxide (CO,), calculated over a 100-year period.
The escalating rate of GHG emissions will accelerate global warming, leading to a
projected 1.5°C temperature increase before 2030. N,O is also a primary contributor
to ozone depletion, along with chlorofluorocarbons (CFCs), which amplifies the
impact on the extreme climate [2]. Furthermore, nitrogen oxides (NOx, including
NO and NO,) readily dissolve in water vapor, leading to the formation of acid rain,
which releases heavy metals from soil, indirectly poisoning various organisms and
causing ocean acidification. Recent findings indicate that N,O accumulation results
from the quantitative release of marine and terrestrial environments, influenced by
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the three major human activities of agriculture, chemical factories and wastewater
treatment plants (WWTP) [3].

Ammonium (NH,"-N) is another concerned compound, primarily originating
from sources, such as animal husbandry, industrial and domestic sewage. Its impact
is multifaceted, affecting gas, liquid and solid phases. The Environmental Protection
Agency of Taiwan (Taiwan EPA) has set the regulatory limits of NH,"-N and total
nitrogen (TN) in the discharge, with the limits being lower than 30 and 35 milligrams
nitrogen per liter (mgN/L), respectively. These regulations are set to be enforced in
2024. However, many industries and sewage treatment plants face challenges in treat-
ing the wastewater containing nitrogenous compounds to meet the EPA regulation.
Moreover, NH,"-N in the systematic environment can convert to pungent ammonia
(NH;) (pKa of NH,'/NHj; = 9.25) under high pH conditions. NH; is a controlled
component under the Convention on Long-Range Transboundary Air Pollution
(CLRTAP), as outlined in the Gothenburg Protocol [3].

Various methods have been employed to eliminate nitrogen pollutants, such as
NH,"-N and N0, including ion exchange resins, physical/biological adsorption and
biological filtration [4], as well as thermal catalytic cracking and photocatalytic
decomposition [5]. However, these treatment technologies often require significant
initial investments and ongoing costs for consumable replacements. In recent years,
biological treatment technologies with lower costs have been widely applied for the
transformation of NH,"-N in diverse environmental settings, encompassing processes
such as nitrification, denitrification and other nitrogen-removal procedures [6].
Among them, the reduction of N,O in the last stage of the denitrification process has
become the prevailing method for N,O elimination in the aquatic system. Achieving
a N0 conversion rate of over 70% is possible when there is an ample carbon source
available in the system. However, in low-carbon environments, the release of N,O
becomes unfavorable for denitrifiers relying on high-carbon-to-nitrogen (C/N)-ratio
food sources. Hence, autotrophic nitrogen oxidizers, including ammonia-oxidizing
microorganism (AOM) and complete nitrifying bacteria (complete ammonia oxi-
dizer, comammox), are potentially valuable contributors to reducing the residual N,O
level in the atmosphere. These autotrophic nitrogen oxidizers offer the advantages of
low cost and energy consumption.

Numerous chemical reactions based on the nitrogen cycle [3] have been identified
for NH,*-N removal, encompassing a total of 14 reactions. However, most of these
reactions have primarily been investigated in laboratory-scale systems. In Taiwan, the
aerobic activated sludge tank has emerged as a popular NH,"-N removal system in the
water treatment plants. Nevertheless, meeting the regulations set by the Environmental
Protection Agency to reduce the total nitrogen requirement to 35 mgN/L by the year
2024 poses a significant challenge. Furthermore, the complete removal of NH,*-N and
nitrate (NO; -N) in urban sewage with low NH,"-N concentration (<50 mgN/L) and
wastewater with a low C/N ratio is problematic due to slow-growth rate of microorgan-
isms and insufficient carbon sources. Consequently, treatment processes based on
the mechanisms of autotrophic microbes have been proposed as valuable tools for the
elimination of nitrogenous compounds in the wastewater.

In this chapter, we will explore the chemical substances and functional microor-
ganisms that play pivotal roles in the nitrogen cycle. Additionally, we will investigate
the utilization of two sponge-based biological systems to enhance the growth rate of
the slow-growth functional microbes. Specifically, we will focus on the application
of autotrophic nitrogen oxidizers for mitigating residual nitrogen pollutants in the
environment.
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2. Impact of nitrogen pollution on the environment

Water pollution in Taiwan is primarily attributed to the discharge of pollutants
from factories, livestock excretion and domestic sewage, accounting for 34.08, 2.75
and 63.17% of the total annual discharge of 3.2 billion cubic meters, respectively.
Nitrogenous compounds originate from petrochemical industry (45%), high-tech
industry (23%), pig manure, urine wastewater (16%) and domestic sewage (14%).
A continuous release of nitrogen pollutants into the atmosphere and water bod-
ies can lead to eutrophication and hypoxia in aquatic ecosystems (resulting from
liquidous NH,"-N), detrimentally affecting native plant species (associated with
liquidous NO;™-N), causing acid rain (resulting from gaseous NO,), contributing to
global warming (related to gaseous N,0) and posing various other environmental
challenges. The concentration of NH,"-N in the petrochemical industrial wastewa-
ter ranges from 10 to 300 mgN/L (with a C/N ratio of approximately 3) [6], while
domestic sewage typically contains 18.8 + 5.71 mgN/L of NH,*-N and 20.4 + 6.38
mgN/L of total nitrogen (TN). The discharge of such sewage into natural water
bodies accounts for 41.6% of national river pollution, with 7.2% classified as severe
pollution (NH4"-N > 3.0 mgN/L) (National Environmental Water Quality Monitoring
Annual Report in 2022). These findings have further implications for groundwater
systems, where 42.0% of regions exceed regulatory limits. Particularly, the Taipei
Basin (<0.01 ~ 8.89 mgN/L) and the Jianan Plain (<0.01 ~ 8.76 mgN/L) exhibit
the most severe contamination levels (statistical data obtained from the National
Environmental Water Quality Monitoring System in 2022).

On the other hand, N,0, a well-known greenhouse gas, has garnered significant
attention due to in contribution to global warming, reaching 336.33 ppb in December
2022 [1]. Approximately 4 teragrams (Tg) per year of nitrogen is released into the
atmosphere from oceanic sources, while terrestrial source contributes around 12
Tg per year of nitrogen [7]. Human activities account for 40% of total greenhouse
gas emission, with specific sectors making varying contributions [8]. Agricultural
soil management is responsible for 74% of emissions, wastewater treatment for 6%,
stationary combustion for 5%, chemical production and other product uses for 5%,
manure management for 5%, transportation for 4% and other activities for 1% [9].
In terms of industrial processes, the largest amount of N,O is produced from nitric
acid (HNOs), with an annual emission of about 400 metric tons [10]. Biological
nitrogen-removal systems, including the activated sludge system (0.06%), nitrifica-
tion (2.7-9%) [11], partial nitrification (nitritation), anaerobic ammonia oxidation
(anammox), nitritation-anammox procedure (1.3-2.2%) [12], nitrifier denitrification,
denitrification (0.6-1.9%) [13] and nitrification-denitrification process (1.9-8.5%)
[14], have been identified as potential sources of N,O emission [15]. Nearly 70% of
these emissions are attributed to the NH,*-N oxidation process, resulting in a nitrogen
conversion of 27% with equivalent to 600 parts per million by volume (ppmv) [16].
In the family of microbes involved in the nitrogen cycle, aerobic ammonia-oxidizing
bacteria (aerAOB) have been found to release higher amounts of N,O compared to
aerobic ammonia-oxidizing archaea (aerAOA) and comammox bacteria [17].

3. Elimination of nitrogen pollutants from the surroundings

Nitrogen compounds, characterized by low molecular weight and high reactivity,
have the ability to rapidly disperse into gas phase (atmosphere), liquid phase (various
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water bodies) and solid phase (soil or sediment), posing biological hazards and con-
tributing to global warming. Many countries or organization, including the United
States, Japan and the European Union, have implemented regulations to control

the nitrogen concentrations in wastewater discharge, with limits set at less than 60
mgN/L. In Taiwan, the regulations will further restrict the total nitrogen content in
public sewer systems to below 35 mgN/L by 2024. Of particular concern is N,O, which
possesses a high greenhouse potential (GHP) and is approximately 298-fold more
potent than CO, in terms of its heat-trapping capacity. The significant impact of N,O
on global temperature rise cannot be ignored. The 2015 Paris Agreement, signed by
200 countries, aims to mitigate the rate of global warming and limit the temperature
increase to within 2°C by the end of the twenty-first century. This collective effort
reflects the global commitment to combat the effects of N,O and other greenhouse
gases on climate change.

The commonly physical and chemical methods are employed for the removal of
NH,"-N from wastewater. These methods include air stripping, ion exchange, reverse
osmosis, electrodialysis and breakpoint chlorination, among others. They enable the
efficient conversion or recovery of different forms of ammonium. However, these
techniques are often associated with high operational costs and the challenge of
disposing of secondary compounds, which limits their economic viability. In the case
of N,O reduction, thermocatalytic methods [18] and photocatalytic methods [5] have
been utilized for N,O decomposition. The use of thermocatalysis dates back to the
1950s [19], and it involves the utilization of various media such as metals, reducing
oxides and zeolites [18]. Photocatalytic methods commonly employ zerovalent zinc
[20]. Despite their effectiveness, physicochemical techniques are rarely used for N,O
reduction in wastewater treatment plants. This is primarily attributed to the high
levels of dissolved oxygen and the low concentration of N,O typically found in the
water field [3].

Considering the aforementioned challenges, the environment-friendly and
cost-effective biological treatment technologies present a promising approach for
addressing the residual amounts of NH,*-N or N,O in the environment. In the case of
wastewater treatment, the selection of the appropriate biological treatment system
depends on the prevailing C/N ratio. A nitrification-denitrification system is suitable
for high C/N ratios, whereas a nitritation-anammox process is more effective for low
C/N ratios [21]. In terms of N,O reduction, two main reaction pathways are com-
monly considered. The first pathway describes denitrification, where N,O is reduced
to N, as the final stage of the process [22]. The second pathway involves NO; -N
ammonification [23]. Our research team has also been exploring an alternative elimi-
nation pathway involving oxidation [24]; however, the precise mechanism underlying
NH,OH generation in this process is still not fully understood. Further investigations
are needed to unravel this key aspect.

4. Pathway of nitrogen transformation

Nitrogen is a vital element in the biosphere, playing a crucial role in atmospheric
composition and the metabolic processes of living organisms. The nitrogen cycle
encompasses various catabolic and anabolic reactions that drive the transformation
of nitrogen compounds [25]. Five catabolic reactions include nitritification, nitrati-
fication, denitrification, dissimilatory nitrate reduction and anaerobic ammonium
oxidation. These processes involve the conversion of nitrogenous compounds to
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different forms, facilitating their cycling within ecosystems. On the other hand, three
anabolic reactions encompass ammonium uptake, assimilatory nitrate reduction and
nitrogen fixation, which are responsible for the incorporation of nitrogen into organic
molecules and the production of nitrogenous compounds essential for life processes.
Additionally, ammonification is a crucial step in the nitrogen cycle, where organic
nitrogen is converted back to ammonium. Understanding the intricate pathways of
nitrogen transformation is essential for comprehending the dynamics of nitrogen
cycling in various environmental systems.

The fundamental mechanisms of nitrogenous oxidation and reduction are
nitrification and denitrification. Nitrification can be categorized into autotrophic
nitrification and heterotrophic nitrification by different microbial communities. The
former is carried out by aerobic autotrophic ammonia and nitrite oxidizers, and the
latter is catalyzed by fungi as well as heterotrophic bacteria [26]. Autotrophic nitri-
fication is a chemolithotrophic oxidation of ammonia to nitrate under strict aerobic
conditions and conducted in two sequential oxidative stages: ammonia oxidation and
nitrite oxidation. The yield of cells per unit of ammonia oxidizer (AOB) as the genus
Nitrosomonas is approximately 0.15 mg cells/mg NH,"-Noyidized, while for nitrite-
oxidizing bacteria (NOB) such as the genus Nitrobacter, it is around 0.02 mg cells/mg
NO, -Noxidized- OXygen consumption during these reactions is estimated to be 3.16 mg
O,/mg NH,4"-Noyidized and 1.11 mg O,/mg NO, -Nyidized> respectively. Additionally,
alkalinity in the form of 7.07 mg CaCOs;/mg NH,"-N is required for ammonium oxida-
tion to maintain pH stability in the system.

Denitrification is the reduction of the oxidized nitrogen compounds (NO, -N and
NO;™-N) to dinitrogen (N,) through the intermediate production of nitrogen oxide
(NO) and N,O. This transformation occurs via three distinct pathways, including
respiratory denitrification, aerobic denitrification and lithoautotrophic denitrifica-
tion. In the respiratory denitrification, heterotrophic microorganisms use nitrite and/
or nitrate as electron acceptors, while organic matter serves as the carbon and energy
source in the absence of oxygen [27]. In environmental biotechnology applications,
avariety of electron donors and carbon sources, such as methanol, acetate, glucose,
ethanol and others, can be used to facilitate respiratory denitrification. Next, aerobic
denitrification is complete denitrification occurring at high dissolved oxygen (DO)
concentration, and heterotrophic organisms are responsible for corespiration of
nitrate and oxygen and they are widespread in the environment [28]. Third, auto-
trophic denitrifiers catalyzed the lithoautotrophic denitrification using inorganic
sulfur compounds, hydrogen or ammonia as electron donors [28]. These specialized
microorganisms play a crucial role in the removal of nitrogen compounds in specific
ecological niches.

Nitrous oxide (N,O) serves as a common intermediate in various nitrogen treat-
ment systems. Within the nitrogen cycle, N,O is primarily produced through three
metabolic mechanisms, namely (1) oxidation of hydroxylamine (NH,OH) [30], (2)
nitrifier denitrification [31] and (3) anoxic nitrite reduction. First of all, NH,OH oxi-
dation plays a crucial role in ammonium oxidation and is a significant reaction leading
to N,O production. This process is catalyzed by hydroxylamine dehydrogenase (HAO)
enzymes [32]. Two pathways have been identified for NH,OH oxidation: (a) NH,OH
is first oxidized to NOH, which is subsequently chemically converted to N,O [33]; (b)
NH,OH is first oxidized to NO, followed by enzymatic reduction to N,O mediated by
cytochrome c554 (cyt c554) [34].

The second is nitrifier denitrification, and the main player as Nitrosomonas euro-
paea and other AOBs can reduce NO,™ to NO, N,O or N, in the absence of oxygen [35].
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Two enzymes involved in this reaction are nitrite reductase (NIR) [36] and nitric
oxide reductase (NOR) [37]. NIR enzymes catalyze the reduction of NO, -N to

NO and subsequently, NOR enzymes facilitate the reduction of NO to N,O [38].
Studies have shown that N. europaea lacking NIR enzyme produced four fold higher
amounts of N,O compared to the wild type with NIR enzyme, indicating the role

of NIR in supporting HAO enzymes to enhance nitrification activity [39]. Notably,
strains lacking NOR enzymes did not exhibit a significant effect on N,O production
[37]. These research findings suggest that NIR enzymes can support the function of
HAO enzymes to raise the nitrification activity under the sufficient electron source.
Therefore, nitrifier denitrification is not the main source of N,0 emission under nor-
mal situation of microbial growth. Overall, the metabolic pathways involving NH,OH
oxidation and nitrifier denitrification contribute to the production of N,O within the
nitrogen cycle. Further investigation into these mechanisms is necessary to better
understand N,O emissions and develop effective strategies for its mitigation.

On the other hand, the release of N,O can occur under four different environ-
mental conditions during the anoxic nitrite reduction. The first condition is N,O
accumulation due to the inhibition of nitrous oxide reductase (N,OR) under DO
concentration attaining 0.2-0.5 mg/L [40]. The second condition arises when N,OR
becomes inactive, interrupting the reduction of N,O to N, at low pH levels [23]. The
third condition occurs when there is an insufficient electron source that resulted
from a low biodegradable organic load [41]. Lastly, nitrite (NO, -N) as the electron
acceptor is more prone to induce the N,O accumulation catalyzed by NIR/NOR
enzymes, with a conversion rate of 55% per N transformation, compared to nitrate
(NO;™-N) at 0.8%/N transformation [42]. It is important to note that anammox
bacteria and nitrite oxidizers are unlikely contributors to N,O production, as the
pathways for their potential generation of N,O have been elucidated. Instead, four
factors, including microaerobic environment, insufficient electron source, NO, -N
accumulation and acidification, likely stimulate ammonia oxidizers and denitrifiers
to produce N,O in wastewater treatment systems. Furthermore, NO, -N accumula-
tion and acidification also promote abiotic decomposition processes that contribute
to N,O emission.

To further eliminate the presence of high-GHP-N,0, two biological reduction
mechanisms have been identified: (1) N,O reduction during denitrification and (2)
NO;™-N ammoniation. During denitrification, nitrous oxide reductase (N,OR) cata-
lyzes the reduction of N,O to N, [43]. In addition, studies have revealed the growth
and activity of Rhodobacter capsulatus and Wolinella succinogens in the presence of
high N,O concentration [44, 45]. However, N,O becomes the final product of deni-
trification at low C/N ratio in an influent, making it challenging to further initiate
the reduction of N,O to N,. In terms of NO; -N ammoniation, Bacillus vireti utilize
N,O oxidized to NOy by activating the NOS operon under anaerobic condition, while
simultaneously synthesizing microbial cells.

5. Biological technologies based on the nitrogen cycle

The biological nitrogen cycle encompasses 14 currently known biochemical con-
version mechanisms, which can be broadly categorized into nitrification, comammox,
denitrification, anammox, nitrate assimilation, respiratory ammonification (dissimi-
latory nitrate reduction to ammonia (DNRA)) and nitrogen fixation. Nitrification is a
well-established process employed in wastewater treatment plants, where NH,*-N is
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sequentially oxidized to NO; -N via three steps with the intermediates of NH,OH and
NO,™-N. In contrast, comammox performs the direct one-step oxidation of NH,*-N
to NO;™-N [46]. Furthermore, NO;™-N serves as the inducer for initiating denitrifica-
tion, which involves a four-stage reduction of NO;™-N to N, with the intermediates of
NO, -N, NO and N,0.

In contrast to high-carbon-demanding denitrification, autotrophically anaerobic
ammonia oxidation (anammox) has attracted significant attention due to its low
energy consumption and minimal sludge production. Anammox is an energetically
favorable reaction that utilizes NH,*-N and NO, -N/nitrogen oxide (NO) as electron
donors and acceptors to yield gaseous nitrogen. Furthermore, anammox organisms
utilize CO; as the sole carbon source for cellular material synthesis [47]. Notably,
hydrazine (N,H,) plays a crucial role as an electron donor in the conversion of NO, -N
to NH,OH in the anammox process, distinguishing it from other nitrogen removal
processes.

To achieve the comprehensive removal of nitrogen compounds, various biochemi-
cal reactions and their combinations have been applied. For instance, nitrification-
denitrification process has been recommended for the wastewater containing a high
C/N ratio, whereas nitritation-anammox system is suitable for the influent with a low
C/N ratio. In the two-stage nitrification-denitrification process, organic matter in
wastewater is initially degraded to lighten the inhibition of autotrophic nitrifiers. The
resulting NH,"-N is then further oxidized to NO; -N by nitrification. NO;"-N can be
circularly used as electron acceptor for denitrification, leading to 70-90% nitrogen
removal after the long-term operation. In comparison to two-stage nitrification-
denitrification, a single reactor that combines the advantages of both reactions has
been developed, known as the SHARON process (the acronym for Single reactor High
activity Ammonium Removal Over Nitrite) [48].

In the case of nitritation-anammox, NH,"-N undergoes partial oxidation to
NO, -N by supplying 75% of the required oxygen, as opposed to the complete oxidi-
zation of NO;_-N. Subsequently, NH,*-N and NO, -N are reduced to N,. The partial
oxidation of NH,"-N is also known as partial nitrification [49], as it directly provides
the necessary substrates for the anammox family without extra energy consump-
tion. Throughout this process, two groups of autotrophic microbes work together to
convert NH,*-N into N,, making it well suited for the wastewater with low organic
content. In comparison to the two-stage system, a single reactor is employed to facili-
tate the growth of both autotrophic aerobically and anaerobically ammonia oxidizers,
which are responsible for the transformation of NH,"-N to N,. This process is com-
monly referred to as CANON (the acronym for Completely Autotrophic Nitrogen
removal Over Nitrite) [50].

To simplify the understanding of the system’s functionality, we focus on the
characteristics of an ammonia oxidizer such as the genus Nitrosomonas. One system
that controls the activity of nitrification and denitrification through the regulation of
oxygen is known as the OLAND process (Oxygen-Limited Autotrophic Nitrification
and Denitrification) [51]. Another system, referred to as the NOy process [52], oper-
ates by regulating the levels of NO, (NO/NO,) to facilitate nitrification and denitri-
fication. Additionally, the archaeal family can anaerobically oxidize methane (CH,)
coupled with NO;™-N reduction, known as N-damo [51]. In comparison to anammox,
N-damo achieved a further reduction of 0.19 mM CH, while utilizing 1 mM NH,*-N
[53]. On the other hand, aerobic deammonification directly converts NH;*-N to N,
and NO, -N via NH,OH, although the detailed mechanism of this process is not yet
well understood [54].

47



Recent Advances on Nitrification and Denitrification

Recently, significant attention has been given to the production of GHP-N,0
through four reactions involved in the nitrogen cycle, including NH,0H oxidiza-
tion [30], nitrifier denitrification [31], comammox [46] and NO, -N reduction
[37]. During NH,0OH oxidation, it is believed that hydroxylamine oxidase (NH,OH
oxidase, HAO) or nitric oxide reductase (NO reductase, NOR) present in microbial
cells catalyzes the oxidation or reduction pathways for N,O formation [30]. Genus
Nitrosomonas, in the process of nitrifier denitrification, utilizes NH,*-N or nitrogen
oxides to produce N,0 under anoxic condition [55]. The comammox reaction, facili-
tated by the genus Nitrospira, also leads to the release of N,O [56]. The final pathway
is NO, -N reduction, which occurs under conditions of high dissolved oxygen [56],
low pH [23], insufficient organic loading [43] and NO, -N in replacement of NO; -N
as electron acceptor [42]. The main mechanism of N,O reduction is the reduction of
N,O to N, catalyzed by N,OR enzyme (clade II nosZ) in denitrifiers [57]. In addition,
there are still unclear mechanisms of N,O elimination, including the co-metabolism
of NO;™-N ammonification [23] and N,O nitrification [24].

6. Key microbes involved in the nitrogen cycle

The nitrogen cycle involves the participation of six prominent groups of
microorganisms responsible for 14 biological reactions. These groups are aerobic
ammonia-oxidizing bacteria (aerAOB), aerobic ammonia-oxidizing archaea (aer-
AOA), anaerobic ammonia-oxidizing bacteria (anAOB or anammox bacteria (AMX)),
nitrite-oxidizing bacteria (NOB), denitrifying microbes (DENer) and nitrogen-fixing
bacteria (NFB).

The first group is aerobic ammonia-oxidizing bacteria (aerAOB), and it uses
ammonia monooxygenase (AMO) and hydroxylamine dehydrogenase (HAO) to
catalyze the oxidation of NH,"-N to NO, -N via NH,OH. This family comprises six
genera of Nitrosomonas, Nitrosolobus, Nitrosovibrio, Nitrosospira, Nitrosococcus and
Candidatus Nitrosoglobus [58] within two bacterial phyla of p- and y-proteobacteria
[25]. Among them, the genus Nitrosomonas is not only an obligate autotrophic nitrifier
but can also act as a denitrifier, reducing NO, -N using hydrogen (H,) as an electron
donor [31]. Furthermore, the oxidation of NH,OH to NO is initially catalyzed by HAO
enzyme, and then NO is converted to NO, -N by nitric oxide oxidoreductase (NOO)
[56]. However, the oxidation of NH,OH to N,O occurs with NO, -N as the electron
acceptor in the absence of oxygen [59].

The second group is aerobic ammonia-oxidizing archaea (aerAOA), and it cata-
lyzes the similar mechanism of NH,"-N oxidation as aerobic ammonia-oxidizing
bacteria (aerAOB). However, there is a distinction in the process: the intermediate of
NO in the NH,0H oxidation is rapidly consumed, and no free NO is released to the
atmosphere. This family encompasses 10 genera of Nitrosoarchaeum, Nitrosopumilus,
Cenarchaeum, Nitrososphaera, Candidatus Nitrosocaldus, Candidatus Nitrosotalea
[60], Candidatus Nitrosotenuis [61], Candidatus Nitrosopelagicus, Candidatus
Nitrosocosmicus [62] and Candidatus Nitrosomarinus [63] within the phylum
Thaumarchaeota. These archaea are prevalent in the ocean and interact with other
team players in the system, contributing to one third of total N,O emission.

The third group is anaerobic ammonia-oxidizing bacteria (anAOB or AMX), and it
performs the reduction of NH,*-N and NO/NO, -N to N,. Three families of anammox
microbes with distinct biogeographical distributions have been identified: freshwater
Candidatus Brocadiaceae (including the genera Brocadia, Kuenenia, Anammoxoglobus and
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Jettenia) [64], marine Candidatus Scalinduaceae (represented by the genus Scalindua)
[65] and marine Candidatus Bathyanammoxibiaceae [66] in the order Candidatus
Brocadiales within the phylum Planctomycetes [67]. Notably, Anammoxoglobus propionicus
exhibits the ability to reduce NO, -N by simultaneously utilizing NH,"-N and propionate
as electron donors [68]. Furthermore, Kuenenia stuttgartiensis is capable of perform-

ing dissimilatory NO;™-N reduction to NH,*-N (DNRA) [69]. Additionally, this group
demonstrates the capacity for carbon fixation under anaerobic condition [26], making it
advantageous for GHP-CO, elimination applications.

The fourth group is nitrite-oxidizing bacteria (NOB) and it conducts the oxidation
of NO, -N to NO;-N. This family includes seven genera: Nitrobacter in the phylum
a-proteobacteria, Candidatus Nitrotoga in the phylum p-proteobacteria, Nitrococcus in
the phylum y-proteobacteria, Nitrospira in the phylum Nitrospirota, both of Nitrospina
and Candidatus Nitromaritima in the phylum Nitrosponota and Nitrolancea in the
phylum Thermomicrobiota [70, 71]. Notably, the widely distributed Nitrospira are
further divided into canonical nitrite-oxidizing Nitrospira (canonical-Nitrospira)
and comammox-Nitrospira [72]. In comparison of canonical-Nitrospira, comammox-
Nitrospira catalyzes the complete oxidization of NH,"-N to NO; -N. For example,
Candidatus Nitrospira inopinata exhibits higher affinility of NH,*-N than ammonia
oxidizer under the limited NH,"-N condition [73]. Moreover, Candidatus Nitrologa
has been discovered in marine environments and demonstrates tolerance to high
salinity [72].

The fifth group is denitrifying microbes (DENer), and they possess the ability to
reduce nitrogen oxides (such as NO;™-N, NO, -N, NO and N,0) to N, under anaero-
bic, micro-aerophilic and occasionally aerobic conditions. This diverse family can
be categorized into heterotrophs, autotrophs and mixotrophs based on their energy
source. While heterotrophic denitrifier commonly utilizes organics as electron
donor, autotrophic denitrifier (AuDen) primarily uses H,, reduced inorganic sulfur
compounds (RISCs, such as S%, §*" and S,05>), sulfite (S05>7), thiocyanate (SCN"),
iron oxides (e.g., iron disulfide (FeS,), Fe** and Fe° or zerovalent iron (ZVI)) and
trivalent arsenic (As®*). The autotrophic families belong to various phyla including
« -, B-, Y- and e-proteobacteria [74]. It is noteworthy that certain nondenitrify-
ing microbes possess the N,OR enzyme that can directly utilize the residual N,0
in the environment as a source of energy and nutrients, including the genera
Anaeromyxobacter, Dyadobacter, Gemmatimonas, Ignavibacterium, Melioribacter and
Pedobacter. They potentially play a role in the elimination of GHP-N,O [75]. Lastly,
nitrogen-fixing bacteria (NFB) catalyze the reduction of N, to NH; through the
process of nitrogen fixation. They are widely distributed in various environemts,
including the phyla Proteobacteria, Chlorobi, Firmicutes and Cyanobacteria, and
three methanogenic archaea of the genera Methanosarcina, Methanococcus and
Methanothermobacter [76].

7. The fixation of carbon dioxide by autotrophic nitrogen families

Carbon dioxide (CO,) is an essential element for living organisms; however,
its concentration was calculated to be 421.00 ppm (parts per million) in March
2023 [1], contributing to the global warming. Microbes are the key contributors
for biological CO, elimination by utilizing six different pathways for cell or car-
bohydrate syntheses. Six known pathways of CO, fixation are Wood-Ljungdahl
pathway (W-L), 3-Hydroxypropionate 4-hydroxybutyrate cycle (3HP-4HB),
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Calvin-Benson-Bassham cycle (CBB), 3-Hydroxypropionate cycle (3-HP), Reductive
tricarboxylic acid cycle (rTCA) and Dicarboxylate 4-hydroxybutyrate cycle
(DC-4HB) [77]. In the context of autotrophic CO, assimilation, five distinct groups
of nitrogen-related microbes are involved in the four above-mentioned pathways.
First, aerobic ammonia-oxidizing archaea including mesophilic Crenarchaeota

and thermophilic Thaumarchaeota prefer to use their respective modified ver-

sions of 3-Hydroxypropionate 4-hydroxybutyrate cycle (3HP-4HB) known as the
Crenarchaeal HP/HB cycle and Thaumarchaeal HP/HB cycle [78]. These pathways
enable them to assimilate CO, and carry out NH,"-N oxidation simultaneously.
Second, anaerobic ammonia oxidizers (anammox bacteria) employ the Wood-
Ljungdahl pathway for CO, assimilation during their unique anaerobic ammonia
oxidation process [64]. Third, the Calvin Benson Bassham cycle (CBB) is present in
ammonia-oxidizing bacteria [79] as well as in the four genera of nitrite oxidizers,
namely Nitrobacter, Nitrococcus, Nitrotoga and Nitrolancea [80]. These organisms
utilize the CBB cycle to fix CO, and perform their respective oxidation processes.
Fourth, nitrite-oxidizing Nitrospira and autotrophic-denitrifying Thiobacillus denit-
rificans have been found to involve in Reductive tricarboxylic acid (rTCA) cycle [74].
This pathway allows these organisms to fix CO, while carrying out NO, -N oxidation
or denitrification. It is worth noting that nitrite-oxidizing Nitrococcus and Nitrospina
have higher potential for CO, utilization in marine environments compared to
ammonia-oxidizing archaea and bacteria, particularly during the early exponential
phase of microbial growth. Conversely, ammonia-oxidizing Nitrosomonas dem-
onstrate rapid rate of cell synthesis in both late exponential and stationary phases
[81]. In summary, autotrophic nitrogen-functional microbes possess the remarkable
ability to utilize nitrogen compounds and CO, as energy source and cell synthesis.
This capability not only contributes to the reduction in global warming but also aids
in the removal of nitrogenous pollutants from the environment.

8. Cultivation systems of nitrogen-functional microbes

The cultivation of nitrogen-functional microbes relies on providing suitable
energy sources for their growth. This includes nitrogen sources, alkalinity (typi-
cally NaHCOs3), buffer (KH,PO, and Na,HPO,), nutrients and trace elements [82].
Different nitrogen sources are utilized depending on the specific group of microbes
being cultivated. For instance, NH,"-N, NO,-N, NH,*-N/NO, -N, NO, -N/NO;"-N
and N,O were, respectively, used for ammonia oxidizers (AOA and AOB), nitrite
oxidizer, anammox, denitrifier and N,O-utilizing microbes. In addition to nitrogen
sources, essential nutrients, such as calcium, magnesium and iron, are provided
through CaCl,, MgSO, and FeSO,. In the case of ammonia oxidizers carrying out
partial nitrification, Na,SO, is added as a supplement. Trace elements, which are cru-
cial for microbial growth, consist of CuSOy, ZnSO,4, MnCl,, NiCl,, CoCl,, NaMoOy,
NaSeO,, NaWOy,, Na,-EDTA and H3;BO,. To avoid Na,-EDTA and H;BO, from serving
as carbon source for the growth of heterotrophic bacteria, they are excluded from the
trace elements for cultivation of N,O-utilizing microbes. These cultivation systems
aim to provide the necessary nutrients and conditions for the successful growth of
nitrogen-functional microbes, enabling their study and potential application in vari-
ous nitrogen cycling processes.

The cultivation system’s design plays a crucial role in the successful enlargement
of nitrogen-functional microbes. An important factor to consider is the choice of
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a suitable habitat for their growth. In this regard, the downflow hanging sponge
(DHS) system utilizes a polyurethane sponge as a supporting material, as depicted

in Figure 1. This sponge provides a three-dimensional (3D) space that facilitates the
growth of microorganisms. When wastewater, containing microbes and foods, flows
into the sponge, microbial cells are retained both inside and outside the sponge media.
The unique microenvironment allows for the coexistence of aerobic and anaerobic
nitrogen-functional microbes. Specifically, the surface of the sponge supports the
growth of aerobic autotrophs responsible for nitritation, while deeper within the
media, anaerobic microbes catalyze the anammox process [82]. Since its initial
development in 1995, the DHS system has undergone several modifications, resulting
in six different configurations of sponge setups [29]. The superiorities of the DHS are
high biomass retention, long sludge retention, minimal sludge production and less
energy consumption, particularly benefiting to cultivate the slow-growing autotro-
phic nitrogen-functional microbes. The combination of the polyurethane sponge as

a support material and the unique microenvironment provided by the DHS system
contributes to the successful cultivation of nitrogen-functional microbes, enabling
their study and application in various nitrogen cycling processes.

The G1-type DHS reactor is a nonsubmerged fixed-bed reactor, illustrated in
Figure 2. It consists of a closed rectangular column with a total volume of 2.5 L,
while the working volume is 0.596 L, considering the 98.4% void ratio of the sponge
material. Inside the reactor, 19 strips of triangular sponge (sized 2.8 x 2.8 x 4 cm) are
arranged on two opposite inner walls, with a gap of 0.5 cm between each consecu-
tive sponge. The height of the reactor column was 1 m, but the effective height was
2 m, as the sponge strips adhered on opposite walls were connected in series during
the operation of the reactor. This design allows for enhanced contact between the
wastewater and the sponge media, promoting efficient microbial growth and nutrient
removal. Another cultivated system is the upflow submerged sponge (USS) reactor,
shown in Figure 3. This reactor configuration provides an effective volume of 1.5 L
within a 3-L column. The USS reactor employs a 1-L sponge volume as the attached
media, creating a coexisted environment for suspended and biofilm-type microor-
ganisms. The temperature control in the USS reactor is achieved through a cycled

Wastewater

Sponge pore N=0
Biomass outside
the sponge

Biomass inside
the sponge

Treated wastewater

Figure 1.
Conceptual cross-sectional view of the cube-type downflow hanging sponge (DHS sponge) (modified from [29]).
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Figure 2.
Schematic diagram of Gi-type downflow hanging sponge (DHS) system.

water system, ensuring optimal conditions for microbial activity and growth. These
cultivation systems, namely the G1-type DHS reactor and the USS reactor, provide
suitable environments for the growth of nitrogen-functional microbes. The well-
designed arrangement of sponge media in these reactors allows for efficient nutrient
utilization and microbial interactions, enabling the study and application of nitrogen
cycling processes in wastewater treatment and environmental biotechnology.

9. Test procedure and analytical methods used in NH,*-N and N,0
oxidation

The G1-type DHS system was used for three processes that enhance NH,*-N trans-
formation. First, a stepwise increase of NH,*-N concentration from 30 to 400 mg N/L
was performed at eight different phases in the nitritation system, which corresponded
to the nitrogen load of 0.47 to 6.42 kg N/m’-day. Second, the potential of the anam-
mox system was tested using four different parameters of cultivated temperature,
inflow rate, substrate concentrations (including NH,*-N and NO, -N) and effluent
recirculation. Third, the operational conditions of the complete nitrogen transfor-
mation in a single-type DHS reactor (namely CnDHS) were similar to those of the
nitritation system. All systems were placed in the 30-35°C incubator. In addition, the
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Schematic diagram of upflow submerged sponge (USS) system.

low oxygen concentration inside both nitritation and CnDHS systems was controlled
by adjusting the airflow rate from 1.5 to 16 L/day based on the partial pressure of
oxygen in the reactor.

Two USS systems were used to improve the efficiency of anammox and N,O
oxidation. In the anammox reactor, the increase of nitrogen load was observed to take
place from 9.60 to 38.4 mgN/L-day, along with the concentration increase of chloride
from 160 to 1200 mg/L under a fixed HRT of 4.2 days. For N,O oxidation, the rise of
N,0 load was performed by increasing the substrate flow rate from 0.04 to 0.32 L/
day (HRT shortened from 4 days to 0.5 days) under the fixed N,O substrate of 25 mM
in the liquid based on the 100% gaseous N,O dissolved in the medium. The flow of
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air inside the reactor was controlled to adjust the desired oxygen concentration, and
the exhaust gas from the reactor was collected using a gas bag. The microbial activity
was further tested in the batch assays with different N,O concentrations under the
satisfactory oxygen conditions.

To monitor the performance of all systems, NH;*-N, NO, -N and NO; -N in
influent and effluent were regularly measured using a colorimetric method (HACH,
USA) and ion chromatograph (SH-120A, SHINE, New Zealand). The composition
of off-gas was determined using gas chromatography (Shimadzu GC-8APT for O,,
GC-8AIT for N,O, CO, and N,). Theoretical DO concentration in the bulk liquid
flowing on the sponge surface was computed from oxygen content in the gas phase
according to modified Henry’s equation, and the actual DO concentration in effluent
was measured directly by a DO meter (YSI/Nanotech Inc., Japan). The concentration
of the retained biomass in the sponge material was measured at the end of the opera-
tion, and the biomass was stored in a —20°C freezer for microbial clarification. DNA
was first isolated using MOBIO PowerSoil DNA extraction kit, and microbial commu-
nity and functional genes catalyzed nitrogen transformation were further analyzed
by TOPO cloning kit and SybrGreen quantitative PCR (QuantStudio 1, ThermoFisher
Scientific, USA) with the specific primer pairs.

10. Use of autotrophic N-removal processes for NH,*-N reduction

This section aims to assess the efficiency of NH,*-N conversion by comparing
three autotrophic N-removal processes, including nitritation (also called partial nitri-
fication), anammox and complete nitrogen transformation in a single-type reactor.
The G1-type DHS is used for microbial enlargement and functional evaluation. The
findings of the study are presented and discussed below.

In the operation of nitritation, the G1-type DHS reactor was subjected to a total of
seven phases, with NH,*-N inflow rates ranging from 0.47 to 1.60 kgN/m*-day. The
hydraulic retention time (HRT) was fixed at 1.5 h, and the temperature was main-
tained at 30°C. The airflow rate, ranging from 2 to 16 L/day, was adjusted to control
the oxygen content in the system. Microbes cultivated in the DHS exhibited high
capability for NH,"-N oxidation, achieving rates of up to 1.92 kgN/m’-day even at low
oxygen condition. This performance surpasses those of a fixed-film bioreactor (0.58
ng/m3-day) [83] and submerged membrane bioreactor (1.30 ng/m3-day) [84]
operating under sufficient oxygen supply. Furthermore, partial NH,*-N oxidation of
58.6% was attained at NH,*-N load of 3.24 kgN/m’-day. This resulted in the produc-
tion of 37.5% NO, -N and 4.0% NO;"-N with an oxygen concentration of 0.40% O,
(0.16 mg/L of DO) (see Figure 4) [85]. Similarly, a biofilm system demonstrated that
partial nitrification with 50% NH,"-N conversion was attained at oxygen concentra-
tions below 0.2 mg/L [86]. The growth rate of ammonium oxidizers was 2.56-fold
faster than that of nitrite oxidizers under the DO concentration below 1.0 mg/L [87].
Similarly, the growth yield of Nitrosomonas sp. under oxygen stress as low as 1% was
found to be 5 times higher compared to conditions with saturated DO conditions.
The G1-type DHS reactor provided a high biomass concentration of 3.84 g volatile
solids (VS)/L, enabling a nitrifying activity of 0.20 kg NH,"-N/kg VS-day. The
activity of ammonia oxidizer in the DHS was comparable to those of the suspended
growth-type reactors (0.17-0.29 kg NH,"-N/kg VS-day) [88], and higher than that
of the biofilm-type system (0.08-0.10 kg NH,"-N/kg VS-day) [89]. However, GHP-
N,O production was detected at a level of 0.5% in the DHS, equivalent to 13% of the
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oxidized NH,"-N under a gas-phase oxygen content of 0.4% (0.16 mg/L of DO) (see
Figure5). Similarly, N,O production was observed from 10% of the oxidized NH,"-N
under the O, concentration of 0.18 mg/L [30]. The analysis of microbial community
revealed that 32.4% phylotypes closely related to Nitrosomonas sp. strain ENI-11
dominated in the DHS, while denitrifying genera of Azoarcus and Bradyrhizobium
and nitrite-oxidizing Nitrobacter coexisted and participated in the nitrogen cycle
[90]. The amoA gene encoded in the enzyme, which catalyzes ammonium oxidation,
was used for determining the functional microbes, resulting in the phylotypes within
the Nitrosomonas europaea/Nitrosococcus mobilis lineage being the key players in the
nitritation in the DHS at low oxygen atmosphere. The images of fluorescence in situ
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Wherein, P6 ~ Py is the data taken from phase 6 to phase 7 of the operation in the DHS.
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hybridization (FISH) demonstrated that 41% of f-proteobacterial ammonia oxidizers
coexisted with 5.4% of Nitrobacter spp. within the bacterial community, accounting
for 83% of the total population. Based on these findings, it can be concluded that
the ammonia oxidizer as Nitrosomonas family was numerically dominant over nitrite
oxidizer in the DHS reactor, facilitating the occurrence of nitritation at low oxygen
supply. However, the presence of nitrite reductase, involved in N,O production
through nitrifier denitrification, was induced at low oxygen partial pressures [39].
The optimal proportion of NH,*-N and NO, -N for anammox reaction was
achieved through first-stage nitritation. The DHS employed for the anammox process
operated at a total nitrogen load ranging from 0.48 to 5.96 kgN/m’-day with NH,"-N
and NO, -N maintained at an equal proportion. The HRT was set between 0.7 and
2 h, and the reactor was operated at a temperature range of 30 to 35°C. The highest
nitrogen-removal rate achieved in the DHS was 2.27 kg N/m’-day, which surpassed
the performance of other biofilm systems with the removal rates of 0.2 to 2.0 kgN/
m’-day [91, 92]. However, the nitrogen-removal rate in the DHS was lower than
that reported for an upflow fixed-bed column reactor designed for highly enriched
anammox [93]. The DHS exhibited a biomass concentration of 5.59 g VS/L within the
sponge media, enabling anammox activity of 0.39 kgN/kg VS-day. Remarkably high
removal efficiency of 95.4% was achieved at a loading rate of 1.94 kgN/m’-day and
HRT of 1.0 h, giving NO, -Nugitizea/ NH4"-Nremovea of 1.25 + 0.080 and NO;3™-Nyroduction/
NH,*-Niemoved 0f 0.25 + 0.042 [94]. Notably, no N,O was detected in the DHS, high-
lighting the physiological capacity of anammox bacteria to suppress N,O production
[95]. Moreover, based on theoretical calculations, approximately 76% of the removed
NH,*-N was converted to N, through the anammox reaction, while the remaining 24%
was suggested to be consumed via NO; -N reduction processes, including assimila-
tion and dissimilation, as well as denitrification [96]. The anoxic microenvironment
within the sponge media of the DHS, as depicted in Figure 1, likely provided a reduc-
ing environment and limited carbon sources. Additionally, cell lysis resulting from
microbial mortality during resting periods further contributed to the availability of
organic matter. As discussed earlier, the co-occurrence of nitrate reduction or denitri-
fication alongside the anammox reaction in the DHS led to higher nitrogen removal
(95%) than other systems [93, 96-98]. The key microbial players in this community
included anammox genera Kuenenia and Anammoxoglobus, ammonium-oxidizing
genus Nitrosomonas, as well as denitrifying capability of the genera Comamonas [99]
and Diaphorobacter [100]. Together, these microbial groups worked synergistically to
reduce nitrogenous compounds and facilitate efficient nitrogen removal in the system.
On the contrary, when it comes to the USS system designed for treating high
salinity wastewater with a low C/N ratio, a remarkable removal efficiency of 93.3%
was attained at a nitrogen load of 38.4 mgN/L-day, even under a chloride (CI")
concentration of 300 mg/L. However, it should be noted that the increase of CI°
concentration to 1200 mg/L resulted in an extended adaptation period of 1 month
for the utilization of NH,*-N and NO, -N. Comparing the USS system to the DHS
system used for treating fresh water, the USS system enlarged the main groups of
anammox Brocadia, ammonia-oxidizing Nitrosomonas, canonical nitrite-oxidizing
or comammox-functional Nitrospira. Additionally, denitrifying genera, such as
Denitratisoma, Acinetobacter, Pseudomonas and Comamonas, were also observed in
the bacterial community of the USS system. The activities of microbes involved in
ammonia oxidation, comammox, anammox and denitrification were assessed using
the functional indicators of amoA, crenamoA, Nts-amoA, hszA, nirS and nirK genes.
As shown in Figure 6, the abundance of the former four genes notably increased after
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Fu%wtional genes of microbes are involved in the conversion of NH,"-N and NO, -N in the. Upflow submerged
sponge (USS) system for treating high-salinity wastewater. Wherein, amoA and crenamoA stand for ammonium
oxidation, Nts-amoA for Comamonas, hszA for anaerobic ammonia oxidation (anammox) reaction, and nirS
and nivK for nitrite oxidation. In addition, the value below the detected limits of 2.32x10" copy/kg VSS was used
as 1.61x10" copy/kg VSS.

693 days of the cultivation in the USS system. In contrast, the presence of denitrify-
ing nirS and nirK genes decreased over time. These findings suggest that anammox

bacteria replaced the denitrifying microbes in facilitating the reduction of nitrogen
oxides such as NO, -N and NO; -N. Additionally, the USS system demonstrated the
dominance of slow-growing autotrophic nitrifiers harboring the amoA gene.

To optimize the synergy between nitritation and anammox, a single reactor
capable of completely converting NH,"-N to N, was implemented in the DHS.
Initially, the slow-growing and environmentally sensitive anammox bacteria were
cultivated within the DHS, followed by the colonization of enlarged aerobic ammo-
nia oxidizers coated on the outer surface of the sponge media. The DHS operation
involved varying NH,*-N loads from 0.30 to 2.42 kg N/m’-day, while maintaining
limited oxygen levels controlled by airflow of 1.5 to 5.4 L/day. Remarkably, the
maximum nitrogen-removal rate reached 1.53 kgN/m>-day, surpassing the perfor-
mance of suspended sludge system (0.2 1<gN/m3—day) [101] and biofilm-type reactor
(1.5kg N/m3—day) [89]. Furthermore, this system demonstrated stable autotrophic
nitrogen removal, even at an HRT as short as 2 h, in contrast to other processes
requiring much longer HRTs (up to 10 h). Notably, an impressive efficiency of
84.8% was attained at NH,"-N load of 1.51 ng/m3—day, giving 84.5% of N, produc-
tion alongside 8.0% NH,"-N and 7.5% of nitrogen oxides. The precise adjustment
of oxygen content in the DHS proved crucial in controlling the proportion of
NO;-N and N, production. In Figure 7, it is evident that an oxygen concentration
of 1.0% serves as the critical threshold for distinguishing the dominant reaction
pathway between anammox and nitrification, as indicated by the ratio of NO;™-N/
(NO;™-N + NO;™-N). Anammox bacteria predominantly catalyze the production of
NO;™-N when the O, content falls below 1%, whereas complete nitrification, driven
by the faster growth rate of nitrite oxidizers compared to ammonia oxidizers, occurs
at O, concentrations above 1% in gas phase. Remarkably, a reactor operating with
O, levels below 0.5% air saturation efficiently cultivates microbes with varying
oxygen requirements [102]. However, the restricted O, concentration below 1%
stimulates GHP-N,O production through the activity of NO,™-N and NO reductases,
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Figure 7.
Effect of O, in the downflow hanging sponge (DHS) for N removal on the production of NO;"-N/
(NO,“N + NO, -N).

resulting in a loss of 7.2% nitrogen in the DHS. Considering the mass balance, it is
observed that 55.7% of NH,*-N is utilized for NO, -N production, 34.5% is further
transformed to gaseous N,, but 9.5% is diverted toward the formation of N,O under
an O, concentration below 0.48% (Figure 8). In the DHS, a similar pattern of

N,0O production was observed during nitritation, with N,O accounting for 13% of
the total nitrogen gas at an O, content of 0.4%. Additionally, the DHS supported
the coexistence of six different nitrogen-functional microbes, namely aerobic
ammonia-oxidizing Nitrosomonas, anaerobic ammonia-oxidizing Brocadia, canoni-
cal nitrite-oxidizing or comammox-functional Nitrospira, denitrifying Comamonas
and nitrogen-fixing Bradyrhizobium. This diverse microbial community, facilitated
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Figure 8.
Effect of O, in the downflow hanging sponge (DHS) for N removal on the ratio of N,O-Nyyogucea/ NH ;" ~Nyemoved-
Wherein, P1 ~ Py is the data taken from phase 1 to phase 7 of the operation in the DHS.
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by the DHS’s excellent biomass retention capacity, created favorable conditions for
the complete transformation of NH,*-N to N,.

11. DHS-type systems applied for N,O elimination

The emission of GHP-N,0 is commonly observed in various mixed systems
involved in nitrogen transformation, particularly during NH,OH oxidization
[30], nitrifier denitrification [31], comammox [46] and NO, -N reduction [37].
Traditionally, the primary approach for N,O removal is carried out through its reduc-
tion in the denitrification, which requires an adequate carbon source to activate the
microbes possessing the N;OR enzyme. However, this study explores an alternative
possibility of N,O oxidation catalyzed by inhered ammonia oxidizers, utilizing the
abundant atmospheric O, as electron acceptor. The theoretically thermodynamic
equations for these reactions are presented in Egs. (1) and (2). These equations
demonstrate the thermodynamic feasibility of N,O oxidation to NO;"-N by ammonia
oxidizers using O, as the electron acceptor.

N,0+0, +H,0 —2NO; +2H" AG® =-5.33K]J /molee” )

N,0+20, +H,0 —2NO; +2H" AG® =-21.2KJ / molee )

In order to assess the potential of N,O oxidation, a series of experiments were
conducted, including batch assay and continuous systems such as DHS and USS.
The batch assay exhibited an average N,O-removal rate of 107.1 mg N/g VSS (volatile
suspended soilds) over a 60-day incubation period. During this time, NO;™-N and
N,-N production accounted for 6.66 and 1.86% of the total nitrogen, respectively.
The microbial community in the batch culture consisted of 93% domain Bacteria and
7% domain Archaea. Notably, the population of ammonia-oxidizing Nitrososphaera
gargensis-like group experienced a 3.45-fold increase, representing 68.4% of the
total archaeal population. Moving on to the continuous-flow DHS system, a range
of N,O-N loads, equivalent to HRT from 4 days to 12 hours, was applied under fully
saturated O, conditions. The DHS demonstrated an impressive N,O removal effi-
ciency of 95% with a rate of 6.99 kg N/kg VSS-day. Concurrently, NO;™-N production
reached a maximum of 22.9 pmoles/day, while NH,*-N and NO, -N were not detected
throughout the entire operation. These findings indicate the effective capability of the
system in removing N,O while promoting NO;™-N production.

In the operation of the DHS, the concentration of NO;™-N was accumulated in
the effluent up to 7.79 mg N/L at the loadings below 1 mmole N,O-N/day, whereas
gaseous N, became the predominant end-product at the loadings over 2 mmoles
N,0-N/day [103]. The mass balance analysis, as illustrated in Figure 9, revealed that
the produced N, was derived from two main pathways: the reduction of NO;~ formed
from the N,O oxidation and the direct reduction of N,O itself. The conversion yield
of mole N,-N per mole N,O-N (0.109 as average of phases II-V) was approximately
twice as high as the conversion yield of mole NO;™-N per mole N,O-N (0.052 in phase
I). Furthermore, the anomalous increase in pH was observed in the final phase of the
DHS operation, suggesting the potential accumulation of alkaline intermediates, such
as NH,OH. This observation lends support to the hypothesis that N,O oxidation to
NO;™-N via NH,OH as the intermediate may occur in the system.
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Figure 9.
The type of production from the transformed N,O in the downflow hanging sponge (DHS).

In addition, a diverse community of the nitrogen-functional microbes coexisted in
the DHS, including the dominant nitrite-oxidizing bacteria of the genus Nitrospina and
ammonia-oxidizing archaea of the genus Nitrosophaera [104]. Furthermore, the family
Acidobacteriaceae exhibited both denitrifying and DNRA activities [105]. A smaller
population of ammonia-oxidizing bacteria was also detected (3.97 x 10° copies/pg DNA
based on the amoA gene). The presence of the genera Nitrosophaera and Nitrospira,
which are typically associated with marine environments, dominated in the aerobic
DHS during N,O transformation, potentially serving as regulators of marine N,O
production. Moreover, the contribution of nitrogen conversion through other redox
reactions involving metals was estimated to be less than 10%. Therefore, we hypoth-
esize that the major nitrogen loss observed in the DHS system could be attributed to the
accumulation of unidentified intermediates resulting from N,O transformation such
as NH,OH, nitrogen oxide (NOy), dinitrogen trioxide (N,0;) and dinitrogen tetroxide
(N;0,) and possibly other compounds that were not analyzed in this study.

Another system utilized for cultivating the N,O-functional community is the
submerged USS system, which received an average N,O concentration of 10.96 ppm
with N,O load of 188 pmoles/day. Throughout the 240-day operation, the removal
efficiency ranged from 13.6 to 37.5%, which resulted in effluent concentrations of
NH,"-N and NO, -N ranging from 0.08 mgN/L to 0.60 mgN/L and 0.12 mgN/L to
0.44 mgN/L, respectively. After a 30-day enrichment, the production of NO;™-N com-
menced, reaching a maximum concentration of 2.74 mgN/L, equivalent to a produc-
tion rate of 47.0 pmoles/day, with 70.98% originating from the oxidation of N,O on
day 50, surpassing that of the aerobic DHS.

However, N, production began while the transformed NO; -N concentration was
below 10%, and the maximum N, accumulation reached 53.6 pmoles/day, represent-
ing 5.4% of N,O conversion. In contrast to the DHS system, where N, served as the
end-product instead of NO;-N, the USS reactor exhibited N, production in conjunc-
tion with the presence of NO;-N. Additionally, the average of O, consumption during
the 240-day operation ranged from 50.2 pmoles/day to 140.2 pmoles/day. Conversely,

60



The Contribution of Autotrophic Nitrogen Oxidizers to Global Nitrogen Conversion
DOI: http://dx.doi.org/10.5772/intechopen.112709

the concentrations of chloride and sulfate present in the cultivated medium experi-
enced a reduction of over 78.2%, indicating their potential utilization by the nitrogen-
functional microbes. Additionally, the activity of the N,O oxidation, as determined
by quantitative polymerase chain reaction (qQPCR) analysis targeting functional
genes, revealed a significant increase in the population of both ammonia oxidizers
and nitrite oxidizers, reaching levels of approximately 10° cells/kg VSS. Notably, the
growth rate of ammonia-oxidizing archaea outpaced that of ammonia-oxidizing
bacteria, while the genus Nitrospira exhibited a higher growth rate compared to the
genus Nitrobacter.

On the one hand, the four effect factors tested by the batch assay were discussed
as follows. First, the influence of oxygen concentration was evaluated, and it was
found that increasing the air input by 3-fold resulted in a 1.36-fold increase in NO;™-N
production compared to the aerobic DHS operated with 7% of air supply. This led to
a NO;™-N production rate of 10.16 mg/gVSS. Second, the addition of 34.5% methane
(CH,) led to the highest NO;™-N production, reaching a value of 15.19 mg NO;™-N/
gVSS. Third, the enrichment of ammonia oxidizers using 7.5 mM NH,*-N in conjunc-
tion with N,O-degrading microbes resulted in a conversion of 9.62 mg NO; -N/gVSS.
Fourth, the addition of 1.4 mM manganese (Mn?*) aimed to convert N,O to NO;™-N,
but it achieved a lower conversion rate of 6.58 mg NO; -N/gVSS compared to the aero-
bic DHS. The microbial populations of both domains Bacteria and Archaea displayed
an increase in the growth rate in response to O,, CH, and NH,*-N, except in the case of
the assay with Mn”" addition. Notably, the increase in the population of nitrite oxidiz-
ing genera Nitrobacter and Nitrospira was superior than that of ammonia oxidizers.

To further confirm N,O oxidation pathways involving NH,*-N oxidation and
NO, -N oxidation, pure cultures of the genera Nitrosomonas and Nitrobacter were
employed for N,O elimination using sodium bicarbonate (NaHCO;) and carbon
dioxide (CO,) as inorganic carbon sources. Ammonia-oxidizing Nitrosomonas
demonstrated efficient catalysis of N,O transformation, resulting in the production
of 0.20 to 0.64 mole NO,/mole N,O and 0.30 to 0.54 mole NH,*-N/mole N,O. The
addition of a two fold carbon source facilitated an increase in N,O oxidation. Notably,
CO;* derived from NaHCO; was more readily utilized for cell synthesis compared
to gaseous CO,. In contrast, the nitrite-oxidizing Nitrobacter exhibited lower N,0
transformation rates ranging from 25.94 to 53.84%. The addition of either inorganic
carbon source resulted in high NO, production from the oxidized N,O, ranging from
0.90 to 0.91%. Based on these findings, it is suggested that the aerobic degradation of
N,O follows a possible route involving the conversion of N,O to NO; -N via NH,OH
and NO, -N as the intermediate. Additionally, aerobic nitrogen-functional microbes
were the key contributors for N,O elimination.

12. Summary

Both NH4*-N and GHP-N,O are of great concern due to their impact on the glob-
ally ecological environment. This chapter introduces the application of the polyure-
thane sponge as a useful medium, providing a three-dimensional space for microbial
growth. Two types of sponge-based systems, namely DHS and USS reactors, were
utilized for various reactions of autotrophic nitrogen transformation. In terms of
NH,"-N conversion, processes, such as nitritation, anammox and one-stage nitrogen
removal, demonstrated satisfactory rates of total nitrogen removal. Regarding N,O
elimination, three potential routes were identified for N,O transformation, involving
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the production of NO;™-N through the conversion of NO,-N, NH,"-N or direct con-
version to N, as end-product. Five different autotrophic nitrogen-functional microbes
cooperated synergistically within the expanded system, contributing to the reduction
of nitrogenous compounds.
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Chapter 5

Removal of Nitrate and Nitrite by
Donnan Dialysis: Optimization
According to Doehlert Design

Ikhlass Marzouk Trifi, Beyram Trifi and Lasdad Dammalk

Abstract

The removal of nitrate and nitrite simultaneously was investigated by Donnan
dialysis (DD) using a Response Surface Methodology (RSM) approach. DD is a mem-
brane process that consists of cross-ion exchange having the same electric charge
through an ion-exchange membrane separating two solutions. In addition to being
easy to handle, DD process is continuous, economical, requiring only few chemicals
and low pumping energy. Statistical tools were applied to investigate the simultaneous
removal of nitrates and nitrites by DD. The RSM is an efficient statistical strategy to
design experiments, build models, determine the optimum conditions, and evaluate
the significance of factors, even the interaction between them. A preliminary study
was performed with three commercial membranes (AFN, AMX, ACS) in order to
determine the experimental field based on different parameters. Then, a full-factor
design was developed to determine the influence of these parameters and their inter-
actions on the removal of nitrates and nitrites by DD. The RSM was applied according
to the Doehlert model to determine the optimum conditions. The use of the RSM can
be considered a good solution to determine the optimum condition compared to the
traditional “one-at-a-time” method.

Keywords: nitrate, nitrite, Donnan dialysis, anion-exchange membrane, Doehlert

1. Introduction

The growth of population, industrialization, and rapid urbanization increases the
pollution of nitrogen (N). Nitrate and nitrite are often used as pollutants; they present
a water-quality problem [1]. Nitrate is primarily responsible for water eutrophication
and infectious diseases in the environment [2]. In comparison to nitrate, the nitrite
has a higher level of toxicity to human health. In the body, methemoglobin can be
formed when it combines with hemoglobin, reducing oxygen transport. Additionally,
this compound can be converted into carcinogenic nitrosamine, which is linked to
hypertension, leukemia, brain tumors, stomach cancers, and bowel cancers [3]. The
World Health Organization (WHO) suggests a maximum nitrate content of 50 mg/L
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in irrigation water and 0.5 mg/L in drinking water to protect the public health from
the harmful effects of high nitrate and nitrite concentrations [4].

It was possible to remove nitrate and nitrite chemically using chlorination and
physicochemically using coagulation-flocculation [5]. In contrast to traditional bio-
logical approaches [6], bioadsorption [7], and photocatalytic denitrification [8], most
methods require oxidation in order to remove nitrite. Removing nitrate and nitrite
simultaneously avoids this oxidation step, which requires chemical products to turn
nitrite into nitrate.

Donnan dialysis (DD) was chosen because it is mostly economical. Because it only
needs, a small amount of chemicals, pumping energy, and is simple to operate; this
process is continuous and inexpensive. In the DD process, an ion-exchange membrane
separates a compartment containing the solution to be treated (feed) from a com-
partment containing the solution that receives the target ions (receiver). The concen-
tration gradients of the ions transported through the membrane (counter-ions)
control the jon-exchange kinetics [9, 10]. The DD process involves the stoichiometric
exchange of counter-ions, or ions with the same charge, over an ion-exchange mem-
brane, and it is ended when Donnan equilibrium is attained [11].

As is common knowledge, the DD process is used to purify, concentrate, and
remove various ions from wastewater and industrial effluents, including boron
[12, 13], fluoride [14, 15], chromium [16, 17] and nitrates, nitrites [18, 19] using
different type of anion-exchange membranes. Although Donnan dialysis has certain
advantages in terms of cost and energy efficiency, industry does not adopt it
primarily due to its slow kinetics. The almost of applications have been studied at
laboratory scale.

The typical “one factor at a time” method of optimizing multivariate systems is not
only time-consuming, but also often does not take into account the effects of cross-
interactions between experimental factors. Furthermore, this approach implies that
the best levels must be determined by multiplying experiments, which is not always
true. By integrating Doehlert’s experimental design [20] with response surface
methods to simultaneously optimize all influential parameters, these drawbacks of the
single-factor optimization procedure can be avoided.

The Box and Wilson-developed Response Surface Methodology (RSM) is a set of
mathematical and statistical methods for studying situations like the one that is being
posed using an empirical model. The RSM is a useful tool for process optimization.
The benefit of this method over the traditional one is that it takes less time and costs
less. Doehlert designs have a number of advantages over other designs, such as central
composite or Box-Behnken designs. Because the number of levels can vary from one
variable to another, there is greater flexibility in assigning a high or low number of
levels to the selected variables, saving time on studies. Additionally, adjacent hexa-
gons may successfully occupy a space because they do not overlap, making Doehlert
designs more effective at mapping space [20].

The present investigation presents the application of the RSM applying Doehlert
experimental design studies to look into the simultaneous removal of nitrates and
nitrites by Donnan dialysis. In order to set up the experimental field, one component
(nitrate or nitrite) was first eliminated from the feed compartment using different
parameters, such as the concentration of counter-ions and the concentration of nitrate
and nitrite separately. In order to improve the procedure and comprehend the simul-
taneous transport of nitrites and nitrites, the removal of two components (nitrate and
nitrite) in the feed compartment was then explored by the Response Surface Method-
ology (RSM) by Doehlert design.
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2. Experimental
2.1 Anionic-exchange membranes

During the Donnan dialysis operation, three commercial anion-exchange mem-
branes have been used: ACS, AMX, and AFN. These membranes have the same
structural properties and are homogeneous. Table 1 presents the characteristics and
properties of these membranes.

In order to prepare the samples for use in the Donnan dialysis, they had to be
conditioned before any measurement. This was done primarily to eliminate contami-
nants from the production process and to stabilize their physical-chemical properties.
French standard NF X 45-200 [21] was followed in doing this conditioning.

2.2 Donnan dialysis

All Donnan dialysis experiments were carried out using a laboratory cell. The
device was used to study the nitrate and nitrite removal by Donnan dialysis. It is
composed of a thermoregulated water bath (25.0 & 0.1°C in this study), containing a
cell with feed and receiver compartments separated by an anion-exchange membrane.

The dialysis cell consists of two detachable compartments made with polymethyl-
metacrylate (plexiglass) as shown in Figure 1a and b, in two formats, a photo of the
mounted cell ready to be connected to the peristaltic pump, and a drawing of the

Membrane Ion-exchange capacity (mmol/g) Water content % Thickness (mm)

AFN 3.00 47.8 0.12

AMX 1.30 26.0 0.13

ACS 1.85 18.9 0.15
Table 1.

The main characteristics of the three commercial anion-exchange membranes.

Section B
\ Section A

D
] -—é

Figure 1.
The two-compartment cell used for the Donnan dialysis experiments. (a) Photo of an assembled cell. (b) Plan with
different cuts according to three sections.
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different sections of this cell. It is composed of four parts joined by three stainless steel
threaded rods. The centering is assured by bolsters. The two central compartments,
consisting of two tubes are symmetrical. Two threaded holes penetrate each compart-
ment and serve as support for stuffing boxes. The membrane is sandwiched between
these two compartments, making a seal at the same time [22].

Then, the solution of nitrate or/and nitrite was prepared as a feed compartment
with different concentrations varying from 50 to 500 mg/L, and the solution of
chloride with different concentrations varying from 10 to 100 mg/L. The solutions are
placed in volumetric flasks which are essential due to their geometry because they
limit the losses of solvent by evaporation. There the circulation of these solutions in
the two compartments is ensured by a peristaltic pump equipped with two identified
heads controlled by a speed variator acting on his engine. The circulation of fluids
takes place in flexible reference pipes. The volume flow rates Q¢ and Qg of solutions
leaving the feed and receiver compartments respectively are determined using a
1000 mL flask and a stopwatch measuring their filling times. This method assumes
that the transmembrane volume flux is infinitely small compared to the solution flow
rate imposed in each compartment.

The residual concentration of nitrate or/and nitrite at the outlet of the receiver
compartment was determined spectrophotometrically. The UV-spectrophotometry
approach was used to measure the nitrite and nitrate content at the receiver compart-
ment during the dialysis operations [23]. The sodium salicylate and nitrate reaction
produce paranitrosalicylate sodium, which is yellow colored. This reaction is followed
by absorbance measurements at 415 nm using a UV-visible spectrophotometer to
determine the amount of nitrate present. The amino-4-benzenesulfonamide was diazo-
tized by nitrites in an acidic medium, and when it was coupled with N-(naphthyl-1)
diamino-1,2-ethane dichloride, a purple-colored complex resulted. This complex’s
absorbance at 543 nm was then measured using a UV-visible spectrophotometer. The
removal rate of nitrate (Y;%) and nitrite (Y,%) was calculated by Eq. (1):

CO — Ce

Y1 or 2(0/0) == T X 100 (1)

where C, is the nitrate and nitrite equilibrium concentration (mg/L) and Cy is the
initial concentration of nitrate or nitrite (mg/L).

2.3 Doehlert design

A Doehlert design based on the RSM was employed as the experimental strategy in
this inquiry. The values of these parameters must be simultaneously optimized in
order to achieve the best system performance. The optimal scenario was found by
superimposing the contours of the response surfaces in a plot with multiple responses.
In the three-dimensional plots of numerous variables used to represent the graphical
optimization in the experimental field, the regions of optimal response would be
highlighted in red. A close match between the experimental and projected values is
required [24]. The total number of experiments for k factors is N = kK®+k+1.In
fifteen tests, three duplicates at center field were employed [24-27].

The initial nitrate, nitrite, and counter-ion concentrations in the receiver compart-
ment were the factors that were examined. With one component in the feed compart-
ment, the range of these factors was set in accordance with the preliminary investigation.
The experimental field of the factors under investigation is shown in Table 2.
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Factors Symbol Range and levels

Coded variable X; [NO; ] -1 0 1
Initial concentration NO, (mg/L) 10 55 100
Coded variable X, [NO5] -1 0 1
Initial concentration NO3 (mg/L) 50 275 500
Coded Variable X3 [CI7] -1 0 1
Concentration of CI~ (mol/L) 0.1 0.3 0.5

Table 2.

Range and levels of nitrate and nitrite removal.

The variables that were examined included the initial nitrate, nitrite, and counter-
ion concentrations in the receiver compartment. The range of these factors was
established with one component in the feed compartment in accordance with the
preliminary investigation. The experimental setting for the factors under investigation
is shown in Table 2.

The Doehlert design, a matrix that can anticipate the values of the response at any
point in the experimental area, can be used to estimate the coefficients of a second-
order function [28]. Using a polynomial equation (Eq. (2)), the selected model repre-
sents the predicted values of the answers Y. Bi represents the estimated major effect
of component i, b;; represents the estimated second-order effects, by represents the
estimated interactions between the factors i and j, and X; represents the coded
variable. NemrodW® Software was used to determine the model’s coefficients.

Yiora =bo +biX1 +baXsy + b3X3 + buXs + bnXs + b3 X3 + bpXiXs

()
+b13X1X3 + b3 X2 X3
The percentage absolute error of deviation (AED) and the regression coefficient
(R?) between experimental and theoretical findings were employed as two metrics to
assess the models. Eq. (3) was used to compute the AED.
@ Yexp = Ytheo

You 3

AED (%) =

where Yy, represents the theoretical replies and Y.y, represents the experimental
responses. N is the total number of locations where measurements were made. The
validation of the model is deemed valid when R? > 0.7 and AED 10% [29].

3. One-component Donnan dialysis in the feed compartment
3.1 Counter-ion concentration effect

The effect of counter-ion concentrations in the compartment receiver on the
removal of nitrate and nitrite from the feed compartment separately was an important
parameter of this investigation. One of the crucial factors influencing the elimination
of nitrates and nitrites across the membrane is the counter-ion. Due to its high
mobility, chloride appears to be the counter-ion that is employed the most.
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Figure 2.

The counter-ion concentration effect on nitrate removal for the three tested membranes.

% REMOVAL OF NITRATE

We investigated the effect of increasing the concentration of counter-ion Cl™ in the
receiver compartment from 0.01 to 0.5 mol./L on the removal of nitrates (100 mg/L)
and nitrites (20 mg/L) separately from the feed compartment to the receiver compart-
ment. We have tested three membranes (AFN, AMX, and ACS), with four-hours DD
operations. Figures 2 and 3 show the variation in nitrate and nitrite concentrations at
the receiver solution’s outlet.

[Cl-1=0.01 mol/L m[CI-]=0.05 mol/L m[Cl-]=0.10 mocl/L = [Cl-]=0.50 mol/L

60

50
40
30
2
10
i AFN AMX ACS
Figure 3.

The counter-ion concentration effect on nitrite removal for the three tested membranes.

% REMOVAL OF NITRITE
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For the three membranes, it was observed that increasing the concentration of Cl~
from 0.01 to 0.5 mol/L resulted in a greater removal percentage for nitrate and nitrite.
In the receiver compartment, the concentration of nitrate and nitrite was very low
when CI” was 0.01-0.05 mol/L. As the Cl™ concentration increased from 0.1 to 0.5 mol/
L, nitrates and nitrites were greatly removed. To maintain electroneutrality, the cross-
ion transfer between Cl™ and nitrates and nitrites improves because the concentration
gradient of the counter-ions increases. According to Donnan dialysis with three mem-
branes, an increase in the counter-ion concentration in the receiver compartment is
associated with a significant improvement in the removal of nitrates and nitrites in the
feed compartment; this is reflected by an increase in the exchange kinetics. Ben
Hamouda et al. [13] and Turki et al. [30] have also reported similar conclusions.

3.2 Nitrate and nitrite concentration effect in the feed compartment

Depending on the geographic location, natural waters contained varying levels of
nitrate and nitrite. Due to this, nitrate and nitrite concentrations were studied sepa-
rately in the feed compartment. For this study, the initial concentration of nitrate was
varied from 10 to 500 mg/L, and the initial concentration of nitrite was varied from 5
to 100 mg/L. The concentration of counter-ion Cl~ was 0.1 mol/L in the receiver
compartment. Figures 4 and 5 show the variation of nitrate and nitrite concentrations
at the receiver solution’s outlet.

Figure 4 shows the variation of nitrate concentration from 50 to 500 mg/L, the
rate of removal significantly increased for all membranes. Nitrate removal improved
when concentration going from 50 to 500 mg/L by 38 to 61% with AFN, 30 to 50%
with AMX, and 34 to 50% with ACS. The highest nitrate exchange for chloride ion
efficiencies was achieved with the AFN membrane when performing Donnan dialysis.

B [Nitrate] =50 mg/L [Nitrate]=150 mg/L
<0 W [Nitrate]=250 mg/L M [Nitrate]=500 mg/L

70

60
50
40
3
2
1

0

AFN AMX ACS
Figure 4.

Nitrate concentration effect in the feed compartment on nitrate removal for the three tested membranes.

% REMOVAL OF NITRATE
S

o

o
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Figure 5.
Nitrite concentration effect in the feed compartment on nitrite removal for the three tested membranes.

Figure 5 shows the variation of nitrite concentration from 10 to 100 mg/L, the rate
of removal significantly increased for all membranes. In the feed compartment when
the nitrite concentration was the lowest (10 mg/L), the removal for AFN, AMX, and
ACS was 17%, 15%, and 16% respectively. The removal was enhanced with an increase
in nitrite concentration from 10 to 100 mg/L from 17 to 70% with AFN, 15 to 65%
with AMX, and 16 to 66% with ACS. It appears that the AFN membrane removed
nitrites most effectively.

We can conclude that the improvement in the removal of nitrate and nitrite was
mostly caused by the rise in the initial concentration of nitrate and nitrite, regardless
of all membranes AFN, AMX, and ACS. The increase in the concentration gradient of
nitrate and nitrite, which increased the chloride ion flux from the receiver compart-
ment to the feed compartment, can be attributed to this [11]. As a result, the cross-ion
transfers between Cl~ and nitrates and nitrites are improved.

4. Two components of Donnan dialysis in the feed compartment
4.1 Choice of the membrane

Three membranes, AFN, AMX, and ACS, were examined for the selection of
anion-exchange membranes due to the intricacy of the correlation between their
qualities given in catalogs and the real performances in Donnan dialysis process. With
a counter-ion concentration of 0.5 mol/L, an initial nitrate concentration of 100 mg/L,
and a nitrite concentration of 20 mg/L, Donnan dialysis was carried out. Figure 6
illustrates the simultaneous testing of membranes (AFN, AMX, and ACS) for the
removal of both nitrites and nitrates in the same compartment.
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Figure 6.
Choice of the best membrane allowing the highest removal rate for both nitrate and nitrite.

Figure 6 shows the simultaneous elimination of nitrites and nitrates by three
membranes (AFN, AMX, and ACS) in the same compartment. Because a higher
proportion of nitrates and nitrites ions in the feed compartment increases the overall
flow, which in turn causes a higher proportion of the counter-ions to be transported
from the feed to the receiver, the presence of nitrite and nitrite in the same compart-
ment improves their elimination.

In comparison to the AMX and ACS membranes, the AFN membrane has the
superior performance. The AFN membrane is a macro-porous structure with a
high concentration of inorganic groups and a low amount of a cross-linked agent.
This membrane has a relatively high ion-exchange capacity and the highest water
content [14].

4.2 Doehlert design

The simultaneous removal of nitrate and nitrate was optimized using the mem-
brane AFN and RSM via Doehlert design. The 15 tests of the Doehlert experimental
design (Table 3) contained three replicates at the center field. Repeated measure-
ments on the same center field can yield almost the same results for our solution,
resulting in a significant lack of fit. Replication actually reduces the experimental
data’s variability, increasing its significance and level of confidence [31].

Using the experimental findings from Table 3 and the second-order
polynomial equations provided by Egs. (4) and (5), the necessary data were fitted to
the equation.

Y1 =872-136X;+870X,+12.35X5 —2.50 X% —10.40 X% +1.33 XX,

(4)
+1.33X1X;3 + 1.03 X,X5
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N° [NO; ] [NO;5] [CI] Y1 (%) Y, (%)
1 100 275 0.300 86.3 98.2
2 10 275 0.300 88.1 79.4
3 78 470 0.300 92.7 97.1
4 33 80 0.300 79.1 87.9
5 78 340 0.300 76.3 97.2
6 33 210 0.300 93.2 87.4
7 78 210 0.463 92.9 99.8
8 33 405 0.137 69.9 82.3
9 78 340 0.137 65.7 89.7
10 55 145 0.137 73.7 86.7
11 33 340 0.463 92.7 90.9
12 55 145 0.463 84.2 97.1
13 55 275 0.300 87.2 96.3
14 55 275 0.300 87.2 96.3
15 55 275 0.300 87.2 96.3
Table 3.

Experimental design and vesults of nitrate and nitrite removal.

Y, =963+9.11X; — 0.28 X, +5.94 X3 — 7.50 X? — 2.50 X3 — 5.27 X3

+0.23 XX, + 0.84 X1 X5 — 0.04 X,X3 )

According to obtained results, the coefficients are presented and show that the
counter-ion concentration had an important effect (b; = 12.35) on the removal of
nitrate. The second influenced factor was the nitrate concentration (b, = 8.70). Except
the concentration of nitrite had a less important effect on the removal of nitrate
(by = 1.36). According to obtained results, the coefficients are presented and show that
the nitrite concentration had an important effect (b; = 9.11) on the removal of nitrite.
The second influenced factor was the counter-ion concentration (bs = 5.94). Never-
theless, the concentration of nitrate had a less important effect on the removal of
nitrate (b, = 0.28).

The multiple polynomial model coefficients (Egs. (4) and (5)), which reflected the
effects and interactions of the many components under investigation were identified.
A check of the relative importance of various coefficients in the experimental region
under investigation is possible thanks to the Pareto analysis (Figure 7). The following
relation (Eq. (6)) allows to calculate this analysis:

p2
p. — (Elb 2) % 100 6)

The concentration of chloride and nitrate both have a positive effect on the studied
response, meaning that increasing their concentrations leads to improved nitrate
removal. Their contributions to the studied response were only 30.5% for chloride
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Figure 7.
Pareto analysis for nitrate (a) and nitrite (b) removal.

concentration and 15.2% for nitrate concentration. Thus, the removal can be consid-
erably influenced by two parameters: chloride concentration and nitrate concentra-
tion. However, the other interactions have a negligible effect; they represent only
1.0% of the studied response. The concentration of nitrites and the concentration of
chloride are two factors that affect nitrate elimination. The concentration of nitrite has
a positive effect, which translates to improved elimination via Donnan Dialysis as
nitrite concentration rises. This improvement was attributed to the rise in the con-
centration gradient of nitrates, which enhanced the chloride ion flux from the receiver
to the feed solution, hence the cross-ion transfer between Cl™ and nitrate improves to
maintain the electroneutrality.

Two factors positively impact the studied response, indicating that an increase in
these factors leads to an improvement in nitrite removal. Their contributions to the
studied response were only 33.24% for nitrite concentration and 14.13% for chloride
concentration. The nitrate concentration has a negative effect, meaning that an increase
in nitrate concentration leads to a decrease in nitrite removal. However, the interaction
between nitrite and chloride has a negligible effect of 0.28%. Similarly, the other inter-
actions also have a negligible effect, accounting for only 0.3% of the studied response.

The concentration of nitrites and the concentration of chloride are two factors that
affect nitrite elimination. The concentration of nitrite has a positive effect, which
translates to improved elimination via Donnan Dialysis as nitrite concentration rises.

This improvement was attributed to the rise in the concentration gradient of
nitrates and nitrites, which enhanced the chloride ion flux from the receiver to the
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Source model  Sum of square  Degree of freedom  Mean of square ~ F-value P-value
NO;
Regression 1149.0 9 127210 86.8865 0.0005
Residual 7.3205 5 1.464
Total 1152.2 14
NO;
Regression 1806.89 9 61.93 223.9885 0.0001
Residual 1.3825 5 0.2765
Total 558.77 14

Table 4.

Variance analysis of nitrate and nitrite removal.

feed solution, hence the cross-ion transfer between CI™ and nitrite improves to main-
tain the electroneutrality.

Using the regression coefficient (R*) and the percentage of absolute errors of devia-
tion (AED), the validity of the model was evaluated. According to Yy, the regression
coefficient is 0.999, while according to Y5, it is 0.997. However, the percentage absolute
error of deviation, AED (%) = 0.262%, was less than 10% for nitrate removal, and AED
(%) = 0.311% for nitrite removal. These confirm the validation of the models suggesting
that the model is suitable to describe the removal of nitrate and nitrite.

Analysis of variance (ANOVA) was carried out to support the models’ suitability.
The results are shown in Table 4 in this regard. The F-ratio is the mean square error,
and the p-value is the ratio of the mean square effect.

The P-value has been used to identify the effects that are statistically significant.
The P-value is crucial since it is close to zero, which denotes the significance of the
data. The Fischer value (Fg os, 1, 1.16) for 5% error, 1 degree of freedom, and 16
factorial testing is 4.77, according to the Fischer table. Due to the fact that every
effect’s value is higher than 4.77, it appears that they are all important. At a level of
5%, the experimental model’s Fischer value is significantly greater than the crucial F
value. The model is therefore regarded as statistically significant.

The software NemrodW®s desirability function produced the optimal conditions.
The optimum values for each factor are therefore 82 mg/L for nitrite concentration,
406 mg/L for nitrate concentration, and 0.412 mol/L for counter-ion concentration.
The maximal elimination of nitrates (95.5%) and nitrites (100%) was achieved under
these conditions. In order to confirm the accuracy of the predictions, the experiment
was replicated three times under optimal conditions. Since the coefficient of repeat-
ability was less than 1%, it can be said that Donnan dialysis’s simultaneous removal of
nitrates and nitrites is repeatable. The experimental results’ statistical analysis
revealed that the analysis has a normal distribution.

5. Application on real water

Simultaneous removal of nitrate and nitrite from real water was performed to
ensure the feasibility and effectiveness of Donnan dialysis. We used water from the
eastern side of the Tunisian Cape Bon, a region well-known for its intensive
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Optimization According to Doehlert...

Parameters Concentration (mg/L) or value
Fluoride 0.8

Chloride 528.9

Nitrate 98.4

Nitrite 8.9

Phosphate 5.2

Sulfate 127.5

pH 7.8

Table 5.

Composition of the groundwater from Menzel Bouzelfa.

cultivation of vegetables and fruit, mainly citrus. The large quantities of chemical

fertilizers have caused real problems with the quality of both surface and groundwa-
ter. Table 5 shows the anion content of water taken from a well in the town of Menzel
Bouzelfa. We notice the high contents of nitrates and nitrites which are respectively of

the order of 100 and 10 mg/L.

We used the experimental parameters resulting from the optimization of this
process for similar nitrate and nitrite contents, namely a chloride concentration of
0.4 mol/L and a removal time of 4 hours under agitation. We also tested the three

membranes AFN, AMX, and ACS. The results obtained are given in Figure 8. It can be

seen that the most efficient membrane is AFN and that the removal rates for this

membrane are around 98% for nitrates and 85% for nitrites. These results are perfectly
consistent with theoretical predictions and confirm that Donnan dialysis remains very

efficient for the removal of these two anions.
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Figure 8.

Simultaneous removal of nitrate and nitrite from the real water of Menzel Bouzelfa—Tunisia.
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6. Conclusion

In order to clearly depict the impact of every factor on optimum conditions and to
determine the optimal parameters for simultaneous removal of nitrate and nitrite by
Donnan dialysis with a small number of experiments, RSM according to the Doehlert
matrix was used. The RSM is highly efficient and makes it easier to achieve the
optimum conditions while accounting for interactions between experimental param-
eters. These conditions were 82 mg/L for the concentration of nitrite, 406 mg/L for
the concentration of nitrate, and 0.412 mol/L for the concentration of chloride, which
were the best for the simultaneous removal of nitrates (95.5%) and nitrites (100%)
through the AFN membrane. The removal effectiveness of the simultaneous removal
of nitrite and nitrate by DD as well as the optimization of process factors for maximal
removal were successfully determined by the RSM approach. Finally, the application
of the DD for treating real water (from the region of Menzel bouzelfa) to remove
nitrate and nitrite allowed us to confirm that AFN is the best membrane and that the
elimination rates remain very high and close to those found in the theoretical study.
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