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Abstract: Anaerobic ammonium oxidation (anammox) has shown success in past years for the
treatment of municipal and industrial wastewater containing inorganic nutrients (i.e., nitrogen).
However, the increase in polycyclic aromatic hydrocarbon (PAH)-contaminated matrices calls for
new strategies for efficient and environmentally sustainable remediation. Therefore, the present
review examined the literature on the connection between the anammox process and PAHs using
VOSviewer to shed light on the mechanisms involved during PAH biodegradation and the key
factors affecting anammox bacteria. The scientific literature thoroughly discussed here shows that
PAHs can be involved in nitrogen removal by acting as electron donors, and their presence does
not adversely affect the anammox bacteria. Anammox activity can be improved by regulating the
operating parameters (e.g., organic load, dissolved oxygen, carbon-to-nitrogen ratio) and external
supplementation (i.e., calcium nitrate) that promote changes in the microbial community (e.g.,
Candidatus Jettenia), favoring PAH degradation. The onset of a synergistic dissimilatory nitrate
reduction to ammonium and partial denitrification can be beneficial for PAH and nitrogen removal.
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1. Introduction

Anaerobic ammonium oxidation (anammox) is an autotrophic process underlying
the biogeoclimatic nitrogen cycle mediated by anammox bacteria [1], in which the am-
monium is oxidized to molecular nitrogen under anoxic conditions using nitrite as a
terminal electron acceptor (TEA) [2—4]. This process is an attractive biological alternative
to conventional nitrification and denitrification treatments for nitrogen removal, with effi-
ciencies above 90% [5,6]. The advantages of the anammox process are the reduction in the
oxygen demand for aeration (i.e., approximately 50-60%), the 100% decrease in external
organic matter, lower sludge production, savings in energy costs, and reduced greenhouse
gas emissions [7-9]. Anammox microbial communities may be abundant in harbor areas,
marine sediments, oil reservoirs, mangrove soil, and urban wastewater and, thus, in sites
contaminated by polycyclic aromatic hydrocarbons (PAHs) [4,10,11].

PAHs are a class of organic contaminants released into the environment from natural
and anthropic sources [12]. The U.S. Environment and Protection Agency (EPA) recognized
28 PAHSs as priority pollutants [13] that are toxic, carcinogenic, and mutagenic, posing a
risk to human health [14,15]. PAHs have low solubility in water and high lipophilicity
and are considered recalcitrant compounds [16-18]. Among the available remediation
techniques, bioremediation is the most favored and environmentally sustainable [19].
However, the biological processes may have some limitations (e.g., bioavailability) and
depend on different parameters (e.g., dissolved oxygen) [20]. The degradation of PAHs
under anoxic conditions can be enhanced by employing supplementary TEAs, such as
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nitrate, as can occur during denitrification [21]. Thus, the anammox process converting
nitrite produced during denitrification to N; can be involved in PAH biodegradation.

The academic community has recently paid increased attention to PAH and nitrogen
removal topics (e.g., nitrate reduction, anammox) (Figure 1a). However, previous reviews
have not shed light on the mechanisms and impacts associated with PAH degradation
during the anammox process. Furthermore, the identification of bacterial consortia with
capacities and growth adaptive to PAHs is crucial for the bioremediation of polluted sites.
Hence, the state of knowledge on PAH removal in the presence of anammox bacteria
requires investigation.
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Figure 1. (a) Publications over time (i.e., from 2005 to 2022) identified by analyzing the keywords
“polycyclic aromatic hydrocarbons” with “nitrogen removal” OR “nitrate” OR “ammonium” OR
“anammox” in the Scopus database. (b) Flow chart of the literature screening procedure. The literature
search was conducted on 27 November 2022.

This review is the first to evaluate the degradation capabilities of anammox bacteria
on matrices contaminated by PAHs and nitrogen compounds by focusing on the main
anammox PAH-degrading phylotypes, identifying the primary issues in the anammox
process and highlighting possible future development strategies to broaden the application
of this process to a larger scale.

2. Data Collection and Extraction

For this study, semiquantitative evaluation was conducted using VOSviewer (https:
/ /app.vosviewer.com/, accessed on 27 November 2022) software. This software can de-
velop maps of interconnected data [22]. The data were obtained from the Scopus database
(https:/ /www.scopus.com/, accessed on 27 November 2022). A total of 813 articles pub-
lished between 2005 and 2022 were obtained from the Scopus database by searching for
“polycyclic aromatic hydrocarbons” with “nitrogen removal” OR “nitrate” OR “ammo-
nium” OR “anammox” (Figure 1b). The pertinent papers were manually screened to
remove inconsistent references (Figure 1b) automatically found through the document
search. Thus, 35 documents were exported as a CSV file and then imported into VOSviewer,
which was executed with the settings for country co-authorship and keyword co-occurrence
(Figure 1b).

The generated map is illustrated in Figure 2. Countries and keywords are marked
with colored circles. The dimensions of the circles are associated with the co-presence of
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the item (e.g., keyword) in the title and abstract. Hence, the extent of a circle or line object
was determined by its weight. An increase in object weight led to a more marked circle
and line.
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Figure 2. Semiquantitative evaluation of the data collected from the Scopus database using
VOSviewer software. The network map shows (a) the relations between various countries in the
field and (b) keyword co-occurrences. The line thickness and circle size represent the correlations
between the items. The colors of the lines or circles were obtained according to the colors of the items.

Analogous item colors indicate correlation.
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The articles were published in 14 different nations. All countries with a minimum of
one article were considered for the analysis. Among the countries, the Netherlands, the
United States, Germany, and China accounted for 8, 12, 4, and 12 publications, respectively.
The network visualization of co-authorship relationships between nations suggested that
the Netherlands and the United States are at the center of this research topic (Figure 2a).
Furthermore, remarkable research collaborations were displayed between Germany and
other countries (Figure 2a).

Regarding keyword co-occurrence, a total of 892 items grouped into 16 large clus-
ters were identified (Figure 2b). For instance, the keywords “hydrocarbon”, “petroleum
hydrocarbons”, and “total petroleum hydrocarbons” were grouped into the same clus-
ter as “anammox bacteria” and “anammox process” (Figure 2b). After a normalization
analysis performed via the association method, it was found that the clusters referring
to PAH and anammox results were connected through the wastewater treatment cluster
(Figure 2b). This indicated that the abovementioned keywords are highly correlated and
are thus discussed in detail below.

3. Nitrogen Biogeochemistry and the Anammox Process

Nitrogen is the fifth most abundant element in our solar system and the basis for
synthesizing nucleic acids and proteins, the two most essential life polymers [23]. The va-
lence of nitrogen is variable since it can assume all oxidation numbers from a maximum of
+5 to a minimum of —3, thus changing the oxidation state through microbial processes [24].
Although nitrogen is highly abundant in the Earth’s atmosphere (accounting for approxi-
mately 78%), the triple bond (N=N) makes molecular nitrogen highly inert, and Ny has to
be fixed by microorganisms during the so-called nitrogen cycle (N-cycle) before being read-
ily useable by other organisms [25]. The N-cycle includes three main stages (Figure 3a) [26]:
(i) the fixation of molecular nitrogen in compounds usable by living organisms, such as
ammonium ions (NH4*) or ammonia (NH3); (ii) nitrification through the transformation of
N-NH4* to nitrite (NO; ™) and then nitrate (NO3™); and (iii) denitrification through the
reduction of nitrate to molecular nitrogen, which returns to the atmosphere and closes the
N-cycle. These are the main pathways of the N-cycle, excluding the anammox process
(Figure 3a), where nitrite acts as a TEA and ammonium as an electron donor [27].

(a) (b) Phenanthrene
Q<
O
3 - ()
>
o WnY,
Q,Q’Q Methylated
.\&_o phenanthrene Phenanthrene—2—
e\ . carboxylic acid
X, B —— Q
Ammonia Nitrite | < )
Itri =
c 8 / | |
c| € o __ p=i= Dihydro—, tetrahydro—,
o|.e k3 € = 6 H hexahydro— and
© © S c O O octahydro—2—
= |9 g 8 ° phenanthroic acids
s
% g ; l Ring cleavage
L€ © ‘
IS =
< - C |
H . p-Creso
Organic e Nitrate _|
Nitrogen L
COOH
——— Anammox CO, <= p—hydroxybenzoic
——— PAH as electron donor acid
— Other pathways OH

Figure 3. (a) Nitrogen biogeochemistry and (b) biodegradation of polycyclic aromatic hydrocarbons [28,29].
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In general, the anammox reaction can be divided into three steps. Firstly, (i) nitrite
is reduced to nitric oxide, which (ii) reacts with ammonium to form hydrazine, andp
(iii) is then oxidized to nitrogen gas [30]. Anammox bacteria can also use ferrous and
ferric iron, manganese, carboxylic acids (i.e., methanoic, ethanoic, and propanoic acid),
nitrite, and nitrate as TEAs [30]. The use of nitrate is of interest because, during the
denitrification process, NO3~ is converted to nitrogen gas via quite a different route.
Nitrate is firstly reduced to nitrite, which can be combined with ammonium to form N
through the anammox mechanism; therefore, anammox bacteria can disguise themselves
as denitrifying bacteria [3]. Metabolic versatility leads to bacterial survival in conditions
that lack ammonium or nitrite [31].

However, a high concentration of N-NO3 ™~ (i.e., above 150 mg-L’l) can inhibit the
anammox process [27]. The temperature of the process should be between 20 and 40 °C,
with an optimal temperature of 35 °C. The process can be performed at lower (2.5 °C) or
higher (up to 70 °C) temperatures in marine and hot environments (e.g., hot springs and
hydrothermal areas), respectively. Moreover, it has been found that Candidatus Scalindua
performances were successfully enhanced in a batch reactor using marine sediments at
15-20 °C. The pH range should be 6.5-8.3 [32]. The anammox process occurs under anoxic
conditions, so an oxygen concentration above 0.016 mg-L~! could inhibit the process.
Although anammox bacteria develop in fresh water and saline environments, a salinity
greater than 30 g L~! should be avoided [33,34].

All anammox organisms belong to the same monophyletic cluster named Brocadiales
and are related to the order of Planctomycetales. Brocadia anammoxidas was the first anammox
bacterium microbiologically identified with the name Candidatus [24,35]. In general, five
genera of anammox bacteria are recognized [3]. Four Candidatus anammox genera were
enriched from activated sludge (Kuenenia, Brocadia, Anammoxoglobus, and Jettenia). The fifth
anammox genus (Candidatus Scalindua) was detected in natural habitats, such as areas with
marine deposits with low oxygen concentrations [3,24,36].

Anammox bacteria appear as small and irregular coccoid cells with a diameter of
approximately 1 pm under the microscope [35]. A specific red color also characterizes
these bacteria due to the heme C-group of the protein, which plays a vital role in their
metabolism [31]. C-type cytochromes are involved in a variety of functions, such as elec-
tron transfer (cytochrome C), oxygen transport and storage (hemoglobin and myoglobin),
catalysis (e.g., peroxidases, catalase, hydroxylamine oxidoreductase), gas sensing, and
gene regulation. However, the most prevalent function of C-type cytochromes is electron
conveyance, which occurs in a wide variety of energy transduction processes, including
photosynthesis, various respiration pathways, and processes involved in the nitrogen and
sulfur cycles.

Cells double only once per 11-20 d and reduce their doubling time in situ even further,
and they are surrounded by a thin cell wall that connects to an outer (i.e., cytoplasmic)
membrane. Moreover, cells contain a second (i.e., intracytoplasmic) and a third membrane,
the latter surrounding a central vacuole (the anammoxosome). Furthermore, ladderane
lipids are unique to anammox bacteria, but the function of the anammoxosome and the
role of the ladderane lipids need further experimentation [3,32]. Anammox bacteria are
considered chemolithotrophic organisms, and thus the chemiosmotic processes of anammox
bacteria take place in the anammoxosome, similar to the mitochondria in eukaryotes. This
implies that a chemiosmotic mechanism is the only way to synthesize ATP. Therefore,
protons are translocated across a closed semipermeable membrane system comparable to
conventional membranes (i.e., up to 1.5 and 1.0 kg-L~!) and connected through electron
transfer processes in the central catabolism, thus establishing a proton motive force across
the cell membrane [37]. The proton motive force is composed of a chemical gradient of
protons (ApH) and an electrical charge gradient (AY). The proton motive force drives ATP
synthesis through the action of a membrane-bound proton-translocating enzyme complex:
the F; Fy ATP synthetase (ATPase). Moreover, the anammoxosome membrane contributes
to the low energy dissipation of the anammox bacterium due to electron propagation
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outside the membrane and other substances, such as nitric oxide and hydrazine. This
contributes to the limited growth of anammox bacteria [27,30,35].

Anammox bacteria can develop in different natural environments. Microbial activity
was detected in the Black Sea and areas with low oxygen concentrations, such as Bengal
and Peru. In other studies, anammox bacteria were detected in anoxic or suboxic zones
of marine and freshwater ecosystems. Anammox bacteria have also been found in ex-
treme saline-related environments [34,36,38,39]. The factors affecting anammox bacterial
diversity and distribution have been recently investigated in habitat-specific studies—for
example, organic carbon influences anammox diversity in freshwater habitats, estuary
marine sediments, and soil. Ammonium and nitrite concentrations are also correlated
with anammox diversity in mangrove sediments. The temperature can impact anammox
communities in freshwater and estuary sediments. Depth affects anammox diversity in
marine sediments [34,38,40].

4. Insights Regarding Anoxic PAH Degradation during the Anammox Process

Coastal areas, estuaries, mangrove soils, and sediments can be identified as the main
locations with high eutrophication risk due to improper discharge of inorganic nutrients
(e.g., nitrogen), which can lead to uncontrolled algal growth and greenhouse gas emissions
(i.e., N2O), contributing to global warming and ozone depletion [41]. In this context, the
indigenous microbial community plays a critical role in maintaining the correct balance
of nutrients in the ecosystem through biological processes (Figure 3a,b), thus limiting the
abovementioned environmental issues [42].

However, pollutants such as PAHs can compromise microbial metabolic functions
in these ecosystems, such as sediments, by easily penetrating the cell membranes of mi-
croorganisms due to their lipophilicity [43]. Indeed, nitrate-reducing bacteria can lead
to nitrite accumulation through the use of PAHs (e.g., phenanthrene) as electron donors
under anoxic conditions (Equation (1)) instead of completing denitrification (Figure 3a)
due to partial inhibition [16,44]. In this context, anammox bacteria, which are autotrophic
bacteria detected in various matrices (e.g., wastewater and marine sediments) [45] and
involved in ammonia oxidation to N, (Figure 3a) through the conversion of inorganic
carbon with nitrite as a TEA (Equation (2)) in hydrazine synthesis, can play a role during
PAH biodegradation in the presence of nitrate (Equation (2)) [46,47].

C1aH1o + 33NO3_ — 33NOZ_ +5H,0 + 14CO, 1

NH} + NO, — N, +2H,0 )

Therefore, the injection of anammox sludge under denitrifying conditions can limit
nitrite accumulation while degrading PAHs. On the other hand, anammox bacteria require
ammonia nitrogen to perform their metabolic activities (Equation (2)). About environ-
mental compartments such as mangrove ecosystems, continuous flooding can lead to
alternating aerobic and anaerobic conditions, thus allowing the occurrence of nitrification,
denitrification, and anammox (Figure 3a) [10]. Therefore, a good strategy may be regulating
the aeration amount and mixing ratio during biological treatments [48] when PAH remedi-
ation is conducted in a controlled environment (e.g., ex—situ remediation). On the other
hand, the employment of this approach can be complex with in situ treatment methods.

Therefore, ammonia nitrogen production can be induced by the dissimilatory nitrate
reduction to ammonium (DNRA) process (Figure 3), as nitrate is used as a TEA for cellular
metabolism in the denitrification process and the DNRA process [44,49]. DNRA can reduce
nitrate to ammonium under anoxic conditions through the nrf A gene, while PAHs act as
electron donors (Equation (3)) [41,50].

NO; — NO, — NH @)
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Thus, nitrate reduction coupled with an increase in the ammonia level should be a sig-
nal for the correct functioning of PAH biodegradation under anoxic conditions [51]. Fur-
thermore, if a partial DNRA is considered, only the first step of the DNRA process takes
place (Equation (3)) [52], and then the removal reaction can be written as follows (Equation (4)):

Ci4Hio + 13NO; + NH; — 6CO, +8HCOj + 7N, + 3H0 )

A possible drawback of DNRA is that N, O gas can be produced as an intermediate
during nitrate reduction at high pH values [46]. However, the presence of PAHs can
promote the conversion of N>O to nitrogen gas (Equation (5)), assuming there is no cell
growth and that PAHs are fully converted to CO, [53]:

CiaHio + 33N;0 + 9H,0 — 14HCOj + 33N, + 14H ()

Hence, various approaches can be used as a link between the N-cycle and PAH
removal (Figure 3a,b). Furthermore, it should be remembered that more bioavailable
forms of nitrogen (i.e., NHy") are generally employed as amendments to improve the
capacity of the bacterial community to metabolize PAHs (Equation (6)) by balancing the
carbon-to-nitrogen (C/N) ratio:

Ci4Hyo + 28H,0 — 14CO;, 4+ 66H T + 662~ (6)

This would suggest that, in the presence of PAH-degrading bacteria, an equilibrium
with anammox bacteria should be achieved during DNRA to avoid ammonia competition.
Furthermore, the growth of anammox bacteria is slow, and optimal retention of anammox
biomass is critical for applying anammox in various wastewater treatment plants, especially
at low temperatures [54]. Research on lab-scale and full-scale applications of anammox
achieved high biomass retention using moving bed biofilm reactors (MBBRs) in which
anammox cells were immobilized onto supporting carriers. MBBRs have been employed in
previous studies for synthetic wastewater due to their high biomass content, prevention
of biomass leaching, and lower toxicity towards microorganisms [55]. MBBR systems
successfully maintained high concentrations of anammox bacteria and provided operating
flexibility [54]. Other issues in anammox processes that can be fixed with MBBRs are the
drawbacks during the start-up phase [56] and competition between anammox bacteria and
nitrite-oxidizing bacteria, the latter of which can catalyze the second step of nitrification
and grow faster than anammox bacteria [57].

5. Biodegradation Efficiencies of PAHs and Their Impact on Nitrogen Removal

The main studies and results referring to PAH biodegradation in the presence of
anammox bacteria or systems are summarized in Table 1. Phenanthrene was the most
commonly examined PAH in the scientific studies (Table 1) due to its average solubility
and lipophilicity compared to other PAHSs [22] and the fact that it contains both K-region
and bay-region structures, which are typical of high-molecular-weight (HMW) PAHs [58].
Phenanthrene degradation was investigated alone or in the presence of other PAHs by
considering several contaminated matrices (i.e., fresh medium, sediments, soil, and syn-
thetic wastewater) (Table 1). Other studies investigated the effects of anammox systems
in groundwater, constructed wetlands, and slurry (i.e., soil + water) polluted by naph-
thalene, pyrene, or benzo[a]pyrene (Table 1) alone due to these ecosystems” high water
solubility [59], soil abundance [60], and toxicity [22], respectively.
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Table 1. Summary of studies reporting polycyclic aromatic hydrocarbon (PAH) degradation coupled
with anammox bacteria or processes. LMW = low molecular weight; HMW = high molecular weight;

TN = total nitrogen.

PAH Contaml.nated Pollution MlCI‘Obl?l PAH Degradation Ef'fect on Reference
Matrix Type Community Nitrogen
t /2 values for naphthalene
(1.76-2.00 d 1), fluorene
Mixture of Natural +  Kocuria rosea + (252-6.65d 1),
LMW and Soil artificial ANAMIMOX phenanthrene - [61]
HMW (4.61-6.37 d~1), anthracene
(9.01-12.22 d~1), and pyrene
(10.98-15.55 d 1)
Pseudomonas
Fresh P stutzeri + o NO;~ decreased
Phenanthrene medium Artificial Candidatus 53% by 1.57 mM [28]
Kuenenia
Naphthalene .
and Wastewater Synthetic Shinella * 7.94-99.63% N remo[\)/al of [46]
phenanthrene Parcubacteria 79.59%
ty /2 values for phenanthrene NO3 ™ removal
Phenzﬁ’éhrene Wastewater Synthetic Anammox (0.19 and 0.23d 1) and rate of (53]
fluoranthene y sludge fluoranthene 6.03-221.3
(0.08 and 0.11 d~1) uM-gVvss—1.d—1
Constructed . Pseudoxanthomonas o NH,* removal of
Benzo[a]pyrene wetlands Synthetic + anammox 39-54% 55.959% [62]
Pyrene sililllir}‘;/g’.cee:;) Artificial ~ Planctomycetales >99.99% - [60]
Phenanthrene, _
fluoranthene, Fresh o Pseudomonas sp. o NO;™ decreased
. Artificial 5-47% from [63]
and medium JP1 75 t0 2.4 mM
benzo[a]pyrene ’ ’
Naphthalene . . NO;~ decreased
and Sediments  \ororal ¥ Mixture of mi 35-40 and 30-50% by 137 and [51]
fluoranthene & 2.65 mM
Candidatus N removal of
Y PAHs Sediments Natural Jettenia + - 83.49-92 46% [64]
Kuenenia
Consumption
Acinetobacter + o and accumulation
Naphthalene Groundwater - Pseudomonas 65-95.54% of NOs—, NO,~, [50]

and NHy*

Naphthalene, phenanthrene, fluoranthene, pyrene, and benzo[a]pyrene showed re-
moval efficiencies of 7.94-95.54, 5-99.63, 30-50, >99.99, and 30-54% (Table 1), respectively.
Low-molecular-weight (LMW) PAHs can show higher removal efficiencies, likely due
to their less complicated chemical properties and greater bioavailability compared to
HMW PAHSs (Figure 4 and Table 1) [65]. For LMW PAHs (i.e., naphthalene and phenan-
threne), abiotic degradation can be more affected by volatilization and photodegrada-
tion mechanisms compared to HMW PAHs (e.g., fluoranthene and benzo[a]pyrene) [66].
Ribeiro et al. [51] obtained a higher abiotic loss for fluoranthene than naphthalene (10 and
15%, respectively)—reaching about 30 and 35% of biodegradation, respectively—when
coupled with nitrate reduction and DNRA metabolism in sediments. This was not valid
for pyrene, which showed the highest removal efficiency (above 99.99%; Table 1) when
coupled with an anammox bacterial group (i.e., Planctomycetales strains). Therefore, other
factors can influence PAH removal.
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Figure 4. Factors affecting polycyclic aromatic hydrocarbon (PAH) degradation and total nitrogen
(TN) removal. The middle lines and both ends in the boxes represent the medians and 25th and 75th
percentiles of PAH and N removal. The lower and upper whiskers are the minimum and maximum
values of PAH and N removal. The inner points display the data points that lie between the lower
whisker line and the upper whisker line. The cross represents the mean marker of the selected series.

Phenanthrene degradation increased from 53 to 99.63% (Table 1) alone and in the
presence of naphthalene, respectively. This was most likely due to the co-metabolic effects
induced by the co-occurrence of PAHs (Figure 4), where a more complex PAH can be
degraded without being used as an energy source by bacteria while metabolizing a simpler
PAH [67]. Furthermore, the half-lives (t; ;) of phenanthrene were significantly reduced
from 6.37 to 0.19 d~! (Table 1) in soil and synthetic wastewater, respectively. The use
of synthetic solutions to simulate real polluted wastewater could not have affected the
results since lower phenanthrene degradation was still achieved in both PAH-fortified
soil and fresh medium (Table 1), thus affecting the mean and median values for the PAH
mixture in Figure 4. One reason may be that pollutant degradation is more feasible when
operating parameters (e.g., pH, temperature, lack of nutrients) are controlled in bioreactors,
such as sequencing batch reactors (SBRs), compared to field conditions [68]. Different
initial phenanthrene concentrations and greater PAH bioavailability when dissolved than
when adsorbed into soils may be further factors affecting the gene copies of anammox that
regulate the nitrogen cycle [61]. Finally, the microbial community involved during the
biological process can affect PAH degradation (Figure 3b).

These studies (Table 1 and Figure 4) suggest that total nitrogen (TN) can be biode-
graded at a rate of up to 92.46% by anammox bacteria in the presence of a PAH mixture
through the reactions reported above (Equations (1)-(3)) in which PAHs can act as electron
donors (Figure 3a). Proteobacteria, commonly found in anammox processes, can play a prin-
cipal role in effective PAH biodegradation [19,46]. Among anammox bacteria, Candidatus
Kuenenia and Parcubacteria (Figure 4) can boost PAH and nitrogen removal (Table 1) due to
a further reaction in which they reduce NO to N [53]. In addition, these anammox bacte-
ria can partially use the generated NO, ™~ (Equation (2)) to return a fraction of the NO3 ™
for PAH-degrading and nitrate-reducing bacteria [28]. Well-known anammox bacteria
(i.e., Planctomycetales) can be successfully enriched when dissolved oxygen is maintained
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below 0.5 mg-L~! (Figure 4) [69]. A high organic load can also improve nitrate reduction
by increasing the availability of nitrite for anammox bacteria [70]. The abundance of Can-
didatus Jettenia, which was associated with the highest nitrogen removal (Table 1), can be
stimulated with calcium nitrate supplementation and a proper C/N ratio (i.e., above 6;
Figure 4) [71,72]. Further operating parameters that can enhance the anammox process are
pH levels and temperatures of 6.7-8.3 and 30-35 °C (Figure 4) [55], respectively, which are
also suitable for anaerobic PAH metabolization (Equation (6)) [22].

With regard to the initial phase of anaerobic phenanthrene degradation (Equation (1)),
carboxylation and methylation have been reported as essential reactions in which en-
zymes (i.e., ubiD-like carboxylase and ubiE-like methyltransferase) can be involved under
nitrate-reducing conditions (Figure 3b) [28]. After this phase, a ring-reduction phase pro-
ducing intermediates of reactions (e.g., dihydro-, tetrahydro-, hexahydro-, and octahydro-2-
phenanthroic acids) can be followed by ring cleavage, which results in additional products,
such as p-Cresol and p-hydroxybenzoic acid, before transformation into carbon dioxide
(Figure 3b) [19].

The mentioned PAH metabolization pathway likely occurs due to the more nega-
tive standard Gibbs free energy change (AGY') obtained with Equation (1) compared to
Equation (6) (i.e., —163.2 and —62.8 kJ-mol !, respectively) [73], which can also follow the
salicylate route. The AGY obtained with Equation (1) should be added to the AGY obtained
during the anammox process (i.e., —357.8 kJ-mol 1) [52] by accounting for a total AG? of
-521 kJ-mol~!. Coupling of partial DNRA and anammox activity (Equation (4)) can lead to
a further decrease in AGY [52], making PAH and nitrogen removal even more feasible. In
each case, this latter removal mechanism can be involved in the late stage, where DNRA
can play a role with a high C/N ratio [29].

6. Conclusions and Future Directions

This article provides a comprehensive overview of PAH biodegradation in anammox
systems by highlighting various critical aspects, such as mechanisms, PAH removal effi-
ciencies, nitrogen biogeochemistry, and the involved microbial community. A high PAH
removal efficiency (i.e., above 99.99%) can be achieved in anammox processes due to the
nitrate reduction and DNRA mechanisms, in which a single PAH or a mixture can serve
as the electron donor(s) and be metabolized through carboxylation and methylation. The
produced nitrite and ammonia nitrogen can be successfully converted at an efficiency of up
to 92.46% by anammox bacteria (e.g., Candidatus Jettenia, Candidatus Kuenenia, Parcubacteria).
The abundance of these bacteria can be improved by regulating operating parameters, such
as the dissolved oxygen and C/N ratio (<0.5 mg-L~! and >6, respectively). Future work
should be aimed at investigating the use of continuous-flow bioreactors for enhancing
nitrogen removal in real contaminated wastewater. The employment of MBBRs should help
facilitate anammox biomass growth during the start-up phase in full-scale applications
and avoid the drawbacks due to bacterial competition. Additional investigations should
focus on: (i) verifying the actual role of anammox in the PAH biodegradation process;
(ii) exploring the synergy between anammox bacteria and PAH-degrading bacteria since
knowledge of the microbial population and metabolic and genetic capabilities is essential to
establish optimal operating conditions; (iii) identifying the microbial communities capable
of effectively removing HMW PAHs; (iv) investigating other PAH biodegradation path-
ways; and (v) performing further tests on naturally contaminated matrices with variable
ratios of pollutants.
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