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Abstract

Hydrogenotrophic denitrification (H;Den) is a promising strategy for NO3 ~ removal from
a supply water with low or negligible organic carbon content. However, its performance
may be affected by emerging contaminants (ECs), which pose increasing risks to the
environment and human health. This study investigates the acute effect of two widely
detected ECs, acetaminophen (ACN) and chloramphenicol (CHP), at a 200 mg/L concen-
tration, on HyDen using anaerobic granular sludge (AnGS) as inoculum. Acute exposure
to ACN enhanced NO; ™~ removal, likely due to the formation of oxidizable metabolites
serving as electron donors through the heterotrophic pathway. On day 3, the residual
NO;3; ™ concentration had already dropped below the regulatory limit of 50 mg/L, reaching
4.3 mg NO3 ™ /L. In contrast, CHP initially inhibited the denitrification process, resulting
in limited NO3~ removal, i.e., a residual concentration of 145.4 mg NO3;~ /L on day 3.
Nevertheless, short-term microbial adaptation likely enabled performance recovery under
CHP exposure. On day 6, both EC exposure tests allowed a NO3; ™~ removal above 97%,
although CHP resulted in residual NO,~, i.e., 37 mg NO;, ™ /L. In the presence of ACN,
the accumulation of gaseous denitrification intermediates was observed, with NO concen-
tration in the headspace peaking at 9.5% (i.e., 16.2 x 10~2 ug NO/min/g VS) on day 6.
Thus, in terms of either the production of gaseous intermediates or the presence of residual
nitrogen in the liquid phase, ACN and CHP significantly influenced the denitrification
performance, highlighting the importance of considering their presence in the operation of
the denitrification process.

Keywords: emerging contaminants; acute toxicity; anaerobic granular sludge; drinking
water treatment; hydrogenotrophic denitrification

1. Introduction

Water intended for human consumption is increasingly scarce and polluted [1]. Cli-
mate change and anthropogenic activities, including global population growth, urban-
isation, and agricultural and industrial activities, are undermining water quantity and
quality [2]. According to the United Nations Educational, Scientific and Cultural Organ-
isation (UNESCO) report, 26% of the global population has no access to safe drinking
water [3].

Nitrate (NO3; ™) is one of the most common water pollutants, originating from indus-
trial activities and extensive fertiliser use [4]. Elevated NO3 ™ concentrations in water may
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cause eutrophication or diseases affecting human health (e.g., methemoglobinemia, thyroid
dysfunction, gastric cancer) [5]. The European Union (EU) Directive 2020/2184 established
the threshold limits of 50 mg NO3;~ /L and 0.5 mg NO, ™ /L for water intended for human
consumption [6]. Therefore, effective NO3 ™ removal techniques are necessary to comply
with regulatory standards.

Biological denitrification is an effective alternative to physicochemical processes (e.g.,
ion exchange, reverse osmosis), converting NO3 ~ into harmless nitrogen gas (N) through
a four-step reaction mediated by specific enzymes (i.e., nitrate reductase (Nar), nitrite reduc-
tase (INir), nitric oxide reductase (Nor) and nitrous oxide reductase (Nos)) [7-9]. Autotrophic
denitrification (AuDen) is a valuable alternative for drinking water treatment, as these
waters typically exhibit a low C/N ratio, and does not require the addition of external
organic carbon [10-12]. Moreover, AuDen produces less sludge thanks to the reduced
biomass yield of autotrophic microorganisms, which use naturally occurring carbonate and
bicarbonate in water, as well as inorganic electron donors such as sulfur-based compounds,
hydrogen (Hj), iron, arsenite, manganese, or thiocyanate, as an energy source [13].

Hj; is a promising inorganic electron donor, as it can be produced from renewable
sources, and its implementation avoids the formation of toxic by-products, making it
an environmentally friendly solution [14,15]. However, hydrogenotrophic denitrification
(HyDen) also presents drawbacks, such as low Hj solubility, resulting in poor gas-liquid
mass transfer, flammability and explosivity [16]. So far, HyDen has been implemented in
various reactor systems, including fixed and fluidised bed reactors (FBRs), membrane biore-
actors (MBRs), up-flow anaerobic sludge blanket (UASB) reactors, bioelectrode reactors,
and hybrid systems, reaching an NO3~ removal efficiency close to 100% [17,18].

Besides NO3;~, emerging contaminants (ECs) represent a growing issue for water
quality. ECs include pharmaceutical and personal care products (e.g., antibiotics), pesticides
(e.g., insecticides, herbicides) and industrial chemicals (e.g., solvents) [19]. Conventional
water treatment techniques (e.g., coagulation, flocculation) generally show limited efficiency
in eliminating ECs, particularly persistent organic pollutants [20]. The presence of ECs,
commonly detected in the aquatic environment at concentrations ranging from ng/L to
ug/L, may also affect HyDen performance [21]. These compounds can interfere with
microbial metabolism by affecting protein synthesis, membrane integrity, or enzymatic
activity [22]. For instance, Xu et al. [23] showed that ibuprofen inhibited metabolic activity,
resulting in lower adenosine triphosphate (ATP) and electron transfer system activity.

The type, concentration, and ECs” mode of action on microorganisms are key aspects
influencing NO3 ™~ removal efficiency (NRE). In iron sulfide-based AuDen, 2 mg/L of
tetracycline reduced NRE by 86% [24]. Microbial response to ECs also depends on the
characteristics of the inoculum used. Granular sludge showed higher tolerance to ECs than
sludge flocs due to its compact structure and more varied microbial composition, which
promotes greater stability and adaptability in contaminated waters [25,26]. For instance,
Luo et al. [27] observed that granular sludge exhibited high tolerance to organic emerging
pollutants up to 1200 mg/L in a co-removal process involving organic compounds and
nitrate during heterotrophic denitrification.

Short- or long-term exposure of the microbial community to the contaminants may
result in acute or chronic toxicity, affecting overall process performance [28]. Prolonged
exposure to emerging contaminants can drive microbial communities to adapt, selecting
for resistant genes [23].

Despite the increasing occurrence of ECs in aquatic systems, their potential effects on
HjDen remain poorly understood, particularly when anaerobic granular sludge (AnGS)
is used as inoculum. To the best of the authors’ knowledge, this is the first study to
investigate the effects of ECs on AnGS HyDen. This study evaluates for the first time
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the effects of two ECs with different mechanisms of action, i.e., acetaminophen (ACN)
and chloramphenicol (CHP), on the HyDen process driven by AnGS. ACN is among the
most consumed pharmaceuticals worldwide, and it is frequently detected in wastewater
effluents and surface waters due to its incomplete removal in conventional treatment
processes [29,30]. CHP, although banned or severely restricted in many countries, is a broad-
spectrum bacteriostatic pharmaceutical known to interfere with microbial metabolism [31].

Although ECs are typically detected in aquatic environments at ng/L or ug/L levels,
higher concentrations were applied in this study to determine the tolerance and operational
limits of the AnGS HjDen process. Thus, this study aims at disclosing the impact of
ACN and CHP on AnGS H;Den through acute toxicity batch tests by monitoring NO3; ™~
and NO,~ concentration trends, as well as the possible presence of residual gaseous
denitrification intermediates, such as nitric oxide (NO) and nitrous oxide (N,O), which are
often neglected in denitrification studies despite their importance in terms of air pollution
and greenhouse effect.

2. Materials and Methods
2.1. Reagents

Acetaminophen (CgHy9NO;, purity > 99.0%) and potassium nitrate (KNOj3,
purity > 99.0%) were provided by Sigma-Aldrich (Steinheim, Germany). Chlorampheni-
col (C11H12CIhN»Os, purity > 99.0%) and di-potassium hydrogen phosphate trihydrate
(KoHPOy4-3H0, purity > 99.0%) were provided by ITW Reagents (Monza, Italy). Sodium
phosphate monobasic trihydrate (NaH;PO4-2H,O, purity > 98.0%) was purchased from
J.T. Baker (Milan, Italy).

2.2. Synthetic Water Preparation, Hydrogen and Inoculum Sources

The synthetic water contained 0.362 g/L of KNO3 as a NO3 ™~ source (i.e., 200 mg NO;~ /L),
0.123 g/L of NaH,PO4-2H,0, 0.360 g/L of K;HPO,4-3H,0 as buffers and 1 mL/L of a trace
elements solution prepared as follow (g/L): 7.3 of CaCl,-2H,0, 5.0 of FeSO4-7H,0, 2.5 of
MHC12-4H20, 0.5 of COC12-6H20, 0.5 of (NH4)6M07024'4H20, 0.22 of ZHSO4'7H20, 0.2 of
CuSO4-5H,0 [32]. Tap water was used to prepare the synthetic feed, since it contains
naturally occurring inorganic carbon ions. The ECs, i.e., ACN and CHP, were added to the
synthetic feed to achieve the desired concentration of 200 mg/L.

The H, used as the electron donor was produced using a PF500 H, generator (Fulltech
Instruments, Rome, Italy). The inoculum consisted of an AnGS collected from a UASB
reactor processing dairy wastewater at Arrabawn dairy farms (Killconnell, Galway, Ireland),
with a total solid (TS) and volatile solid (VS) content of 8.6% and 7.6%, respectively.

2.3. Experimental Conditions

The operating conditions used in the acute toxicity tests in the presence of ACN and
CHP are reported in Table 1. Starting from the optimal conditions obtained in a previous
study on AnGS H;Den [33], in each bottle, 10% (v/v) of the working volume was filled
with AnGS and the remaining with the synthetic water. H, was provided at 100% in excess
compared to the stoichiometry [7] (Table 1). HyDen tests were performed in the absence
of ECs to assess NO3~ removal without potential process inhibitors. In addition, since
cell death and lysis may release organic matter, which could act as an electron donor [34],
thereby contributing to heterotrophic NO3 ™~ removal, control tests were conducted in the
absence of H, (Table 1).

Batch tests were conducted in 250 mL serum glass bottles (OCHS, Lenglern, Germany),
with both working and headspace volumes set at 125 mL. The tests were monitored for
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6 days. Liquid samples were collected four times during the experiments (i.e., on days 0, 1,
3, and 6), while the gas sample was collected from the headspace only at the end.

Table 1. Experimental conditions used in the acute toxicity tests aimed at evaluating the effects of
acetaminophen and chloramphenicol on Hy-driven autotrophic denitrification.

Tested NO;~ H; Supply Inoculum Synthetic
Condition IDTest  ACN(mg/L) CHP(mg/L) ) (mL) %) Water (mL)
- ACN-H, 200 - 200 57 10%
Acutetoxicity opyp - 200 200 (excess of 100%)  (0.95 g VS) 125
No emerging _ 57 10%
contaminant O3 T2 ) ) 200 (excess of 100%)  (0.95g VS) 125
CacN 200 - 200 10%
Controls Cenp - 200 200 - ’ 1125
Ca ) ) 500 (0.95 g VS)

Note(s): ACN = acetaminophen; CHP = chloramphenicol; NO3;~ = Nitrate.

Before starting each test, pH was corrected to 8.0 & 0.1 using a 1 M NaOH solution,
and the bottles were flushed with Argon (Ar) from the bottom to ensure anoxic conditions
in the headspace and remove dissolved oxygen from the liquid phase. H; was added
after venting the bottles to atmospheric pressure. In the control tests, Ar replaced Hj to
maintain equivalent initial pressures. The bottles were sealed and equipped with a needle
and a 1-way stopcock used for gas and liquid sampling, as described in Marino et al. [33].
The bottles were kept at room temperature and shaken at 70 rpm using the Water Shaking
Bath-45 (Witeg, Wertheim, Germany). All experiments were performed in triplicate.

2.4. Analytical Methods and Calculations

A HI98100 Checker Plus pH meter (Hanna Instrument, Padova, Italy) was used to
measure the pH of each liquid sample. NO3 ™~ and NO, ™ concentrations were measured
by ion chromatography using a 930 Compact IC Flex (Metrohm, Herisau, Switzerland)
equipped with a Metrosep A Supp 19 anionic column. The flow rate was 0.7 mL/min,
whereas injection volume and temperature were 4 pL. and 30 °C, respectively. The initial and
final soluble chemical oxygen demand (sCOD) concentration was determined through the
standard colorimetric method [35]. Before the analyses, the liquid samples were filtered at
0.45 um using polypropylene-membrane syringe filters (VWR, Milan, Italy). The headspace
composition, i.e., Hy, methane (CHy), carbon dioxide (CO;), water vapour (H2Ogas), NO,
N>O, Ny, Oy, and Ar, at the end of the batch tests was evaluated using an HPR-20 RD
gas-mass spectrometer (Hiden Analytical, Warrington, UK) equipped with a capillary unit
heated to 140 °C and a Faraday Cup as detector with the lower detection limit of 1 ppm, as
described by Marino et al. [33]. The NO3 ™~ removal efficiency (NRE) on a certain day was
calculated following Equation (1):

[NO; ], — [NO5 ]
[NO; ]

NRE(%) = 1.100 (1)

in

where [NOj |, is the NO3~ concentration measured on day 0 and [NOj |, is the NO3 ™~
concentration on a certain day of the test (i =1, 3, and 6).

The NO;~ removal rate was calculated following Equation (2) and expressed
inmg NO3~/L/d:

(INO; J; - [NO5 )
At

NO; removal rate(mg NO; /L/d) =
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where [NO; ]i is the NO3 ™ concentration at a certain day of the test (i =0, 1, 3 and 6 days)
and [NOj |, is the NO3~ concentration measured on the following sampling day. The
time interval At is equal to the difference between the two sampling days considered in
the calculation.

2.5. Statistical Comparison

A statistical analysis of the data was conducted through a one-way analysis of variance
(ANOVA), followed by the Tukey post hoc test using Minitab Statistical Software version 22
(Minitab LCC, State College, PA, USA). The NRE obtained in the ACN-H, and CHP-H,
tests was compared with the NO3;™-H; test conducted in the absence of ECs, as well as
with the corresponding control tests.

3. Results and Discussion
3.1. Effect of Acetaminophen and Chloramphenicol on Denitrification Performance

The applied EC concentration (i.e., 200 mg/L), although markedly higher than those
typically reported in natural environments, was selected to enable the evaluation of toler-
ance limits and potential process vulnerabilities of AnGS HyDen under acute pharmaceuti-
cal exposure.

The trends of NO3;~ and NO, ™ concentrations during the batch tests are shown in
Figure 1. The presence of ACN and CHP resulted in a different behaviour of HyDen
(Figure 1A), especially in the intermediate days (i.e., on days 1 and 3). After 1 day of
HjDen operation, in ACN-H; and CHP-H; the NRE was 45.7% and 20.1% (p < 0.05),
respectively, whereas the NRE reached 33.0% (Table 2) in the absence of ECs (i.e., NOs ~-Hy).
The residual NO3; ™~ concentration after 1 day was 101.0 & 8.8 mg NO3;~ /L for ACN-H,,
157.6 £ 8.0 mg NO3~ /L for CHP-Hj, and 124.6 = 8.5 mg NO3s~ /L for NO;~-H; (Table 2).

The presence of ACN and CHP in AnGS H;Den had opposite effects on the NO3; ™~
removal rate. In comparison with the NO;~-H; test, after 1 day of operation in the
presence of ACN, the NO3;~ removal rate increased from 61.3 to 84.9 mg NO3;~/L/d,
whereas in the presence of CHP, it decreased from 61.3 to 39.7 mg NO3;~ /L/d. Therefore,
ACN at 200 mg/L did not have an inhibitory effect on AnGS HjDen, likely because this
compound is an analgesic, thus not having a direct antimicrobial action [29]. Nevertheless,
earlier studies have shown that ACN inhibited denitrification at 250 mg/L [36]. The
increased NO3 ™~ removal rate (Table 2) may be attributed to the microbial utilisation of
ACN for the denitrification process. To date, no evidence has been found suggesting that
ACN can be directly utilised by denitrifying microorganisms as an organic carbon source.
However, denitrifiers have shown potential in degrading ACN under anoxic conditions,
forming simpler metabolites such as p-aminophenol and catechol [37]. These metabolites
may be oxidised and release electrons that can be used to improve NO3 ™ removal [38].
Despite this unexpected finding, NO3 ™ removal through Hj-based denitrification was
dominant in ACN-H, tests, as the NRE reached 45.7% after 1 day, which was markedly
higher than the 17.2% observed in Cacn, the control conducted without H; as electron
donor (Table 2).

Regarding the acute toxicity test in the presence of CHP (i.e., CHP-Hj; tests), the NRE
only reached 20.1% after 1 day; in particular, the presence of CHP decreased the NOz™
removal rate in CHP-H; in comparison with NO3 ~-Hj, i.e., from 33.0% to 20.1% (Table 2). It
indicates that CHP reduced denitrification, likely due to partial inhibition of the microbial
community. Indeed, CHP is a broad-spectrum antibiotic with antibacterial properties,
inhibiting bacterial protein synthesis by directly binding to the 50S subunit of the 70S
ribosome [39].
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Figure 1. Nitrate (NO3 ™) (A) and nitrite (NO, ~) (B) concentration trend during the hydrogenotrophic
denitrification tests. The acute toxicity tests in the presence of acetaminophen (ID test: ACN-H,) (®)
and chloramphenicol (ID test: CHP-H,) (H) were compared with the test in the absence of emerging
contaminants (ID test: NO3 ~-Hj) (A). Control tests were performed in the absence of the electron
donor (i.e., Hy): Cacn (X), Ccap (X), Cnos ™ (X). The error bars represent the standard deviation of
biological triplicates.

Table 2. Nitrate removal efficiency (NRE) (%), and NO3~ removal rate (mg NO3~ /d) in the acute
toxicity tests and the corresponding controls with statistical information regarding the NRE.

Nitrate Removal Efficiency NO3;~ Removal Rate Statistical Information
ID Tests (%) (mg NO3;~/L/d)
Day1 Day 3 Day 6 Day 1 Day 3 Day 6 Day 1 Day 3 Day 6
ACN-H, 45.7% 97.5% 97.8% 84.9 48.2 0.2 a a a
CHP-H, 20.1% 26.3% 97.5% 39.7 6.1 46.8 b c ab
NO3;™-Hp 33.0% 96.4% 97.7% 61.3 59.0 0.8 ab a a
CacN 17.2% 84.4% 97.8% 329 64.4 8.5 b a a
Ccur 17.0% 24.9% 48.1% 35.7 8.4 16.3 b c b
CNnos ™ 10.0% 41.8% 78.5% 19.6 31.3 241 b b ab

Note(s): @ Significant difference (i.e., p < 0.05) occurs when two conditions do not share letters (e.g., a—Db). b The
mean NRE and DR were calculated as an average of biological triplicates.

The contrasting effects of ACN and CHP on the AnGS H;Den process become even

more evident on day 3 (Figure 1A). The residual NO3 ™ concentration decreased to 4.6 &= 0.7
and 6.6 = 0.9 mg NO3™ /L, respectively, in the ACN-H; and NO3™-H, test, whereas
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in CHP-H, it remained as high as 145.4 £+ 17.8 mg NO3;~ /L (Table 2, Figure 2). Thus,
both ACN-H; and NO3;™-Hj; showed NO3; ™ concentrations below the regulatory limit of
50 mg NO3;~ /L, with NREs of 97.5% and 96.4% (p > 0.05), respectively, whereas CHP-H,
only reached 26.3% (p < 0.05).

10.0 +

9.5 +

9.0

pH

8.5

8.0

7.5 +

7.0 f f
0 1 2 3 4 5 6

Time (d)

Figure 2. pH trend during the hydrogenotrophic denitrification tests in the presence of emerging
contaminants (ECs), i.e., acetaminophen (Test ID: ACN-H,) (@) and chloramphenicol (Test ID: CHP-Hj)
(@), as well as with no ECs addition (Test ID: NO3~-H;) (@). Control tests in the absence of H as the
electron donor: NO3; ~-H; (@), Cacn (X), Cepp (X), Cnos ™ (X). The error bars represent the standard
deviation of biological triplicates.

Notably, on day 3, the NRE in the CHP-H, test (26.3%) was significantly lower than
that obtained in the Cnosz ™~ control (41.8%; p < 0.05), thus corresponding to a 37% lower
NRE when chloramphenicol was present compared to the uncontaminated control. This
suggests that the presence of chloramphenicol resulted in a lower NRE than that obtained
with the endogenous denitrification activity alone (Table 2). The contribution of ACN
in NO3; ™ removal was also supported by the results in the control containing ACN but
lacking Hj as electron donor (Cacn). Indeed, on day 3, Cacn reached an NRE of 84.4%,
against the value of 41.8% reached in the control with no EC addition, i.e., CNyo3. Thus,
ACN metabolites may have been oxidised and released electrons able to reduce NO3 ™ [38].
Conversely, CHP continued to exert a partial inhibitor effect, even in the absence of H; as
an electron donor. Indeed, in Ccpp tests, the NRE was only 24.9% on day 3 (Table 2).

On day 6, as previously discussed, in ACN-Hy, the NO3; ™ removal was nearly complete
on day 3, resulting in the NRE increasing only from 97.5% on day 3 to 97.8% on day 6.
Conversely, in CHP-Hj tests, the NRE increased significantly from 26.3% on day 3 to 97.5%
on day 6. Therefore, after 72 h of acclimatation, the microbial community likely adapted to
the presence of CHP, enabling more efficient NO3 ~ removal with a higher NO3 ™~ removal
rate in the presence of Hj as an electron donor.

Mutuku et al. [40] observed that CHP may stimulate the growth of antibiotic resistance
genes. In contrast, in the control test without H; (i.e., Ccyp), the NRE at the end of the
experiment was only 48.1%. Thus, the hydrogenotrophic pathway played a prevailing
role in the denitrification process, also in the presence of CHP. Yuan et al. [41] investi-
gated the nitrogen removal in the simultaneous nitrification and denitrification process
in a sequencing-batch reactor operated over 161 days using a synthetic water containing
CHP at feed concentrations between 10 and 20 mg/L. In the first operational phase, the
denitrifying rate decreased at a 10 mg CHP/L level. After that, at 15 mg CHP/L, the
biomass adapted to CHP toxicity, increasing the denitrifying rate.
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Regarding NO, ™ concentration trends, it is evident that the presence of ACN and
CHP in the process led to divergent behaviour (Figure 2). The ACN-H; and NO3;™-H;
tests exhibited similar trends. On day 1, NO, ™~ accumulated up to 14.9 + 1.7 mg NO, ™ /L
and 15.3 + 2.1 mg NO;, ™ /L, respectively. However, already on day 3, NO,~ concen-
trations decreased to 0.1 £ 0.0 mg NO,~ /L in ACN-H; and 0.6 & 0.1 mg NO,~ /L in
NO3;~-Hj,. At the end of the tests, NO, ™ concentrations were below the regulatory thresh-
old value of 0.5 mg NO,~ /L (i.e., 0.1 £ 0.2 mg NO,~ /L in ACN-H; and 0.4 £ 0.0 mg
NO,~ /L in NO3~-Hj). This trend is consistent with the pattern previously reported by
Marino et al. [33] in the absence of ECs. In contrast, in CHP-H, tests, no marked NO, ™
accumulation was observed in the intermediate days (Figure 2), owing to the initial in-
hibition previously explained. Nevertheless, on day 6, NO,™ concentration peaked at
37.0 &£ 7.2 mg NO,~ /L. A similar trend was observed in the control without Hy, i.e., Ccpp,
where NO, ™ concentration was 5.4 + 6.3 mg NO,~ /L on day 6. Yang et al. (2021) [42]
observed that exposure to antibiotics inhibited nitrite reduction more severely than nitrate
reduction in similar short-term acute stress tests. Elevated NO, ™~ concentrations in water
pose serious risks to human health, including methemoglobinemia and the formation of
carcinogenic N-nitroso compounds, which have been associated with gastric cancer and
other adverse health effects. Therefore, an additional treatment step would be required to
ensure adequate water quality and compliance with regulatory standards [5].

The pH trend further supports the above observations. In CHP-Hj tests, a slowdown
of the denitrification process was reflected in a slight pH decrease on day 3 (i.e., from 8.5
to 8.3), following an initial increase from 8.0 to 8.5 on day 1. This behaviour could be
attributed to the reduced alkalinity production associated with the limited denitrification
activity [7]. Subsequently, the pH increased again on day 6, indicating a reactivation of
the process. In contrast, the ACN-H, test showed a pH profile (Figure 2) that increased
to 8.6 and remained relatively constant. This behaviour is consistent with the higher
NO3™ removal rate, which increases alkalinity, observed during the first days of the test
(Table 2). In conclusion, although the experiments were conducted under acute, high-dose
conditions, they may offer preliminary mechanistic indications that could also be relevant
for systems exposed to chronic contamination, where such effects might gradually develop
at lower concentrations.

3.2. Effect of Acetaminophen and Chloramphenicol on Gaseous Emissions and Chemical
Oxygen Demand

The presence of ECs is reported to alter the emissions of gaseous denitrification
products (i.e., NO, NoO and Nj). This alteration is mainly attributed to the inhibitory
effect of ECs on NO reductase and N> O reductase enzymes [42]. Therefore, the evaluation
of gaseous emissions is crucial to fully understand electron donor utilisation during the
process, to assess the potential alterations induced by ECs, and to measure the emissions of
greenhouse gases, such as N,O and CHy [43]. The gas composition at the end of each batch
test is shown in Figure 3.

In the acute toxicity tests (i.e., ACN-H; and CHP-H, tests), a different H, utilisation
was observed. On day 0, the initial H, percentage in the headspace for each test was
approximately 31%, being H; in 100% excess compared to stoichiometry for each test
(Table 1). On day 6, the average H, percentage in the headspace was 3.0 £ 0.3% in ACN-Ho,
10.9 = 0.5% in CHP-Hj, and 4.6 = 1.2% in NOs ~-H; (Figure 3). Thus, the presence of ACN
did not hinder H, utilisation since the final H, percentage observed in the headspace was
even lower than that measured in the absence of ECs (i.e., NO3~-H, tests). Conversely,
in the presence of CHP, a higher percentage of the electron donor in the headspace in
comparison with the other conditions was observed (Figure 3). This occurred because
denitrification was strongly inhibited until day 3 (Table 2), and only afterwards, H, was
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used by the microorganisms. This trend was confirmed by the N; percentage, the final
product of denitrification, which reached 5.3 &= 0.1% in ACN-Hj, 3.6 = 0.3% in CHP-Hj, and
7.7 £ 1.7% in NO3 ™ -Hj. The lower value in CHP-H; indicates incomplete denitrification
under CHP exposure.

25
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Figure 3. Gas composition (%) at the end of the hydrogenotrophic denitrification tests in the presence
of emerging contaminants (ECs), i.e., acetaminophen (Test ID: ACN-H;) and chloramphenicol (Test ID:
CHP-H,), as well as with no ECs addition (Test ID: NO3 ~-Hj) and in control tests in the absence of Hy
as the electron donor (Test ID: Cacn, Cepp, and Cnos ™). Detected gases: hydrogen (M), methane (1),
nitrogen (), nitric oxide (M), carbon dioxide (i), and nitrous oxide (M). The complement to 100%
is represented by the Argon gas used to flush the bottles at the beginning of the experiments and
water vapor.

As regards NO, it is worth pointing out that under ACN exposure, an average NO
accumulation up to 9.5 £ 0.0% (i.e., accounting for approximately 46.5% of the total
inorganic nitrogen at the end of the tests) was measured (i.e., ACN-Hj) (Table 3). Instead,
NO percentage was 0.2 £ 0.1% in CHP-H; and 3.1 £ 0.9% in NO3--H; (Figure 3). These
values correspond to a NO emission rate of 16.20 x 10~2 pug NO/min/g AnGS in ACN-Hp,
0.35 x 102 ug NO/min/g AnGS in CHP-Hj, and 4.74 x 10~2 pug NO/min/g AnGS in
NO3;™-H; (Table 3). Therefore, although ACN may have stimulated the initial steps of the
denitrification as previously discussed (i.e., NO3 ™~ reduction to NO), it likely inhibited the
subsequent reduction in NO, leading to its accumulation. This is further supported by
the comparison with the NO3~-H, test, where NO did not accumulate to the same extent,
indicating that in the absence of ECs, the denitrification pathway proceeds more efficiently.
Figure 3 shows that NO was not fully reduced after 6 days, resulting in an elevated NO
percentage in the headspace.

N,O accumulation was low in each batch test, reaching the maximum value of 0.3 & 0.0%
in CHP-H; and in all the controls without Hy (i.e., Cacn, Cenp, Cnos ™). Consequently,
the highest N,O emission rate was observed in the presence of CHP, both in the acute
toxicity test (CHP-Hp) and the control lacking Hy (Ccpp), ie., 0.90-1072 ug N,O/min/g
AnGS (i.e., accounting for approximately 7.0% of the total inorganic nitrogen at the end of
the tests) and 0.94 x 1072 pg No,O/min/g AnGS (i.e., accounting for approximately 13.1% of
the total inorganic nitrogen at the end of the tests), respectively, whereas in ACN-H, was
0.15 x 1072 ug N,O/min/g AnGS. The lowest value was observed in NO; ~-H, tests, i.e.,
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0.07 x 10~2 pg N,O/min/g AnGS. According to recent studies, the impact of ECs on N,O
emissions in nitrogen removal processes varies mainly depending on the type of ECs and the
biomass exposure time to the contaminant. For instance, the antibiotic chlortetracycline (CTC),
at concentrations between 0.1 and 10 mg/L, caused an increase in the N, O emission factor,
intended as the ratio between total N»O emission and total nitrogen removed, by 43.9% in
anaerobic/oxic/anoxic (A%/0) sequencing batch reactors for nitrogen removal [10]. Therefore,
incomplete denitrification induced by EC exposure may result in increased emissions of
greenhouse gases originating from the denitrification pathway, as described by Yuan et al. [41].
Clearly, gaseous emissions in denitrification processes affected by the presence of ECs require
further investigation, as the monitoring of N,O and NO is rarely pursued [42].

Table 3. Nitric oxide (NO) and nitrous oxide (N,O) accumulation expressed as percentage (%) mea-
sured in the headspace at the end of the denitrification process, and the NO and N, O emission rate
expressed with respect to the anaerobic granular sludge (AnGS) intake. The hydrogenotrophic deni-
trification tests were performed in the presence of emerging contaminants (ECs), i.e., acetaminophen
(Test ID: ACN-H;) and chloramphenicol (Test ID: CHP-H3), as well as with no ECs addition (Test
ID: NO3 ~-H,) and in control tests in the absence of H; as the electron donor (Test ID: Cacn, Ccnp,

and Cno3 7)-
ID Test NO Accumulation NO Emission Rate N,O Accumulation N,O Emission Rate
(%) (ug/min/g AnGS) (%) (ug/min/g AnGS)

ACN-H, 9.5+ 0.0 16.20 x 1072 0.1£0.0 0.15 x 102
CacN 0.1 +0.0 0.20 x 1072 0.3 +0.0 0.75 x 1072
CHP-H, 02+0.1 0.35 x 1072 0.3+0.0 0.90 x 102
Cchr 0.0+ 0.0 0.0 x 1072 0.3+0.0 0.94 x 102
NO;~-H, 3.1+09 4.74 x 1072 0.1+0.0 0.07 x 1072
CnO3 ™ 0.0+ 0.0 0.0 x 1072 0.3+ 0.0 0.88 x 1072

The CHy percentage was almost null, except in ACN-H; and NO3; ~-Hj tests, in which
it reached 3.0 = 0.0% and 1.1 £ 0.1%, respectively. CH, production may be attributed to the
origin of the inoculum from fermentative processes, where methanogenic microorganisms
were possibly present [44]. Methanogenic activity may have taken part in the ACN-H, test,
albeit to a limited extent, between days 3 and 6 of the batch tests, having almost removed all
NO3~ supplied after 3 days. Finally, the CO, percentage was very low in the acute toxicity
tests (i.e., 0.3 £+ 0.0% in ACN-H; and 0.5 + 0.1% in CHP-Hj) and reached the maximum
value of 1.4 + 0.2% in CpcN-

The sCOD degradation reveals markedly different behaviour depending on the EC.
In ACN-Hj tests, sCOD decreased moderately from 279 mg/L to 251 mg/L, whereas the
corresponding control without Hy showed a larger decrease from 293.5 mg/L to 170 mg/L
(Figure 4). These results suggest that ACN contributed to sCOD and that heterotrophic
denitrification pathways actively consumed ACN-related organic metabolites, to a greater
extent in the absence of H, as the electron donor.

In contrast, in CHP-H, tests, an unexpected increase in sCOD from 86.9 to 124.1 mg/L
was observed (Figure 4). This result may be attributed to intracellular organic matter release
from AnGS induced by the presence of CHP and CHP metabolites. This behaviour could
be consistent with a partial inhibition of the microbial community by CHP, which caused
a significant decline in the HyDen performance from day 0 to day 3. In the absence of H,
the sCOD decreased from 88.3 to 20.1 mg/L in Ccpyp (Figure 4), suggesting the activation
of the heterotrophic pathway. In the absence of ECs, on day 0, sCOD was 24.2 mg/L in
NO3;7-H; and 29.2 mg/L in Cnos ™~ (Figure 4). On day 6, the sCOD removal was nearly
complete, reaching 2.9 mg/L in NO3™-H; and 2.0 mg/L in Cyo3 ™~ (Figure 4), indicating
that the organic matter released from the AnGS is more readily available to microorganisms
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than more complex organic substances such as ECs. The lower sCOD removal observed in
the presence of ECs may also be partially attributed to their inhibitory effects on microbial
activity, as observed for CHP.
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Figure 4. Comparison between the soluble chemical oxygen demand (sCOD) at the start (day 0)
and the end (day 6) of the hydrogenotrophic denitrification tests, i.e., with acetaminophen (Test
ID: ACN-Hy) and chloramphenicol (Test ID: CHP-H2), as well as with no ECs addition (Test ID:
NO3;~-H;) and in control tests in the absence of H; as the electron donor (Test ID: Cscn, Ccpp, and
Cno3-—)- The error bars represent the standard deviation of biological triplicates.

4. Conclusions

The presence of ACN and CHP led to different AnGS H,Den performances, partic-
ularly evident during the intermediate days of the acute toxicity tests. ACN stimulated
NO3~ removal, achieving a NO3™ concentration below the regulatory limit already af-
ter 3 days (i.e., 4.9 £ 0.5 mg NO3~ /L). Nevertheless, exposure to ACN resulted in NO
release, with a maximum NO emission rate of 16.20 x 1072 pg NO/min/g AnGS, sug-
gesting an incomplete reduction in denitrification intermediates. In contrast, CHP initially
inhibited microbial activity, showing an NRE as low as 26.3% and a NO3 ™~ removal rate
of 6.1 mg NO3~ /L/d after 3 days. From day 3 to day 6, short-term microbial acclima-
tion to CHP occurred, reaching a final NRE of 97.5%. Over such a limited time interval,
this behaviour is likely associated with a selective succession within the microbial com-
munity, where CHP-sensitive microorganisms were inhibited or lysed, and pre-existing
tolerant populations progressively prevailed. Nonetheless, CHP exposure caused NO, ™~
accumulation of up to 37.0 & 7.2 mg NO, ™ /L and increased the N,O emission rate up to
0.9 x 1072 ug N,O/min/g AnGS, likely indicating a compromised enzymatic activity and
incomplete denitrification. These findings suggest that CHP and ACN may promote the ac-
cumulation of undesired nitrogen intermediates, such as NO, NO, ~, and N,O, potentially
posing risks in terms of effluent quality and greenhouse gas emissions.

Therefore, this study demonstrates that the presence of pharmaceuticals can signifi-
cantly alter the microbial activity of anaerobic granular sludge in HyDen. Future research
should focus on the identification of metabolites resulting from the degradation of the
contaminants, chronic exposure scenarios, microbial community shifts, and mitigation
strategies to ensure the feasibility of AnGS HyDen in drinking water treatment plants.
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