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Abstract: We developed, tested, and optimized two laboratory denitrification assays for both man-
agers and scientists to assess the effects of xenobiotics on the denitrification process over 7 days (short
batch assay, SBA) and 28 days (long semi-continuous assay, LSA). The assays facilitate (1) measuring
the efficiency of nitrate removal under the influence of xenobiotics, (2) determining the removal of
the tested xenobiotics via adsorption or biotic decomposition, and (3) testing the influencing param-
eters for optimizing the denitrification process. The adsorption of the xenobiotics was assessed by
inhibiting all biological processes through the addition of HgCl2. Our tests demonstrate that the ratio
of the initial nitrate concentration to the amount of bioavailable organic matter provided is essential
to avoid organic carbon or nitrate limitation. While a pH < 7 resulted in decreased denitrification, a
pH > 8 led to nitrite accumulation, indicating incomplete denitrification. Over durations of more than
a week, weekly replenishments of the nitrate and HgCl2 and weekly purging with argon gas to reduce
the oxygen concentrations are needed. The assays provide information about the accumulation of
xenobiotics in the bioreactors that is necessary for the environmentally friendly treatment of the
bioreactor fillings and provide insight into the potential of the bioreactors to remove pesticides from
polluted water resources.

Keywords: denitrification; xenobiotics; batch assays; method testing; removal efficiency; metolachlor

1. Introduction

Denitrification is an important process in aquatic ecosystems, as it permanently re-
moves nitrate from polluted surface and subsurface waters [1–3], thus preventing the harm-
ful effects of nitrogen accumulation on both the aquatic system and human health [4,5].
Denitrification is the facultative anaerobic reduction of nitrate (NO3) to nitrous oxide (N2O)
and di-nitrogen (N2) by denitrifying organisms, such as bacteria, archaea, and fungi, in the
presence of an organic substrate as an energy source [6,7]. Key natural sites for denitrifica-
tion are organic-rich, largely anoxic sediments in rivers, wetlands, and lakes, where the
interactions between different water flows and denitrifying microbes create spots of high
biogeochemical reactivity [6,8]. In nitrate-loaded subsurface waters in intensively used
agricultural areas, denitrifying bioreactors can be used as a cost-effective, durable, and
easily maintainable technology for effective nitrate removal [5,9]. Denitrifying bioreactors
are devices filled with (mostly) particulate organic material that can be installed in ground-
water [10], drainage waters [11–13], and stream sediments [14] to optimize nitrate removal
via denitrification [15].

Water 2023, 15, 2536. https://doi.org/10.3390/w15142536 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w15142536
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-8034-6495
https://orcid.org/0000-0002-1298-2721
https://orcid.org/0000-0002-1399-0694
https://doi.org/10.3390/w15142536
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w15142536?type=check_update&version=1


Water 2023, 15, 2536 2 of 13

In agricultural regions, nitrogen pollution often comes along with pollution by various
other potentially harmful substances, such as pesticides and veterinary antibiotics. These
substances may accumulate in subsurface sediments, waters, and denitrifying bioreac-
tors [16,17], where they can inhibit or also stimulate certain steps of the denitrification pro-
cess, thus changing the denitrification rates and reducing the denitrification efficiency [18].
The toxic effects of these xenobiotics on the denitrifying community depend on the sub-
strate type, concentration, and exposure time, and may increase in mixtures of different
substances due to synergistic effects [19,20]. Independent of their effects on denitrification,
pesticides and antibiotics can be decomposed and/or adsorbed within bioreactors and, thus,
be removed from the aquatic system [21–23]. However, the decomposition of xenobiotics
can result in metabolites with an even higher toxicity than the original substrate [16,17].

For both aquatic research and water management, it is important to understand the
effects of xenobiotics on the denitrification efficiency of denitrifying bioreactors and the fate
of these substances within the bioreactors. While lab-scaled denitrifying bioreactors enable
good insight into the processes under near-natural flowing conditions [24–26], their con-
struction and maintenance are time-consuming, are costly, and need sufficient space often
not available in commercial laboratories. Laboratory batch experiments provide an effec-
tive, low-effort, and low-cost alternative for studying denitrification in bioreactors [27,28].
However, so far, no consistent and standardized methods exist that enable comparisons
and generalizations of the results from different xenobiotic studies. Operational procedures
vary in the initial NO3-N concentrations, the ratio between the substrate and the volume
of the medium, the pH buffering, and the method of establishing anoxic conditions, to
name just a few examples. What is more, the influence of the experimental design on
the study results is rarely tested. In this paper, we present easily applicable, tested, and
optimized denitrification assays to assess the inhibitory or stimulating effects of xenobiotics
on the denitrification process in denitrifying bioreactors and to track the fate of xenobi-
otics during the denitrification process. The assays facilitate (1) measuring the efficiency
of the nitrate removal under the influence of xenobiotics, (2) determining the removal
of the tested xenobiotics via adsorption or biotic decomposition, and (3) testing various
influencing parameters for optimizing the denitrification process, such as the initial nitrate
concentrations, amount and fractions of wood shavings, and pH. We discuss the test results
of the optimization process of the assays and demonstrate the applicability and potential of
the methods via a case study on the effect of metolachlor on the denitrification in woodchip
reactors. We selected metolachlor for testing the method, as this chloroacetanilide herbicide
is one of the most frequently used herbicides applied to maize crops and it belongs to the
most frequently detected herbicides in Central European groundwater [29].

2. Materials and Methods
2.1. Design of the Laboratory Denitrification Assays

The assays were designed as a seven-day “short” batch assay (SBA) to test the effects
of xenobiotics on the denitrification and a twenty-eight-day “long” semi-continuous assay
(LSA) to examine both the temporal changes in the nitrate removal and the fate of the
xenobiotics. Both assays were performed in two-liter glass bottles in aqueous solutions
under controlled laboratory conditions.

The assays are based on the comparison of the denitrification rates and the concen-
trations of the tested xenobiotics and their metabolites in three treatments: C (control)—
denitrification in progress without any disturbance; treatment T1—the xenobiotics present
can influence the denitrification and undergo both biotic decomposition and abiotic ad-
sorption; and treatment T2—the addition of an inhibitor stops the denitrification and other
biological processes, and the tested xenobiotics can undergo only adsorption. Various sub-
stances can be used to inhibit biological processes, such as sodium azide [30]. As mercuric
chloride has proven to be an efficient inhibitor of bacterial activities [31] (ISO 8192:2007), it
was used for T2 in this study.
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The denitrification rate, rD, is calculated as:

rD =
c(NOX-N)init − c(NOX-N)end

n
[mgL−1d−1] (1)

where c(NOX-N)init is the initial concentration of nitrate-nitrogen, c(NOx-N)end is the final
concentration of nitrate- and nitrite-nitrogen, and n is the duration of the assay expressed
in days. The effect of the tested xenobiotics on the denitrification, INH(den), is assessed
using the difference of the denitrification rates, rD, in treatments C and T1 as follows:

INH(den) =
rD(C)− rD(T1)

rD(C)
∗ 100 [%] (2)

The loss of the tested xenobiotics in T1, D(xen)tot, corresponds to the total loss caused by
both biotic and abiotic processes:

D(xen)tot = c(xen)T1 init − c(xen)T1 end

[
µgL−1

]
(3)

where c(xen)T1 init and c(xen)T1 end are the initial and final concentrations of the tested
xenobiotics in T1, respectively. The loss of the tested xenobiotics via abiotic processes
(D(xen)abio) is calculated from T2 as:

D(xen)abio = c(xen)T2 init − c(xen)T2 end

[
µgL−1

]
(4)

where c(xen)T2 init and c(xen)T2 end are the initial and final concentrations of the tested
xenobiotics in T2, respectively. The biotic loss (D(xen)bio) can be calculated as the difference
between the total and the abiotic losses:

D(xen)bio = D(xen)tot − D(xen)abio

[
µgL−1

]
(5)

Due to the usually low solubility in water, the tested xenobiotics need to be dissolved
in methanol. As methanol fosters denitrification [32], the same volume of methanol must be
added to the control treatment, C. Wood shavings from poplar (Populus sp.) trees were used
as a suitable source of easily biodegradable organic compounds in the assays [9]. However,
the dissolved organic compounds released from wood shavings are acidic, potentially
inhibiting denitrification [33]. To avoid this effect, NaHCO3 was added as a buffer. To
remove dissolved oxygen (DO) from the water and provide anoxic conditions right at
the beginning of the assays, we propose purging the reaction system with argon [27]. In
this study, we used argon gas purchased from Linde Gas (Czech Republic) at a purity of
99.996%.

2.2. Procedure

We tested the following conditions in the SBA to optimize the assays:

(1) Initial NO3-N concentrations (pre-test, 20–40 mg L−1; test, 15 and 30 mg L−1) (test
conditions: 12.5 g L−1 wood shavings, 10–15 mm fraction, and 0.5 g L−1 NaHCO3);

(2) Concentrations of poplar wood shavings (7.5, 12.5, and 25 g L−1) (test conditions:
10–15 mm fraction, 0.5 g L−1 NaHCO3, and 15 mg L−1 NO3-N);

(3) Fraction of wood shavings (0.5–1.0 cm and 1.0–1.5 cm) (test conditions: 12.5 g L−1

wood shavings, 0.5 g L−1 NaHCO3, and 15 mg L−1 NO3-N);
(4) Concentrations of NaHCO3 (0, 0.5, 1.0, and 2.0 g L−1) (test conditions: 12.5 g L−1

wood shavings, 10–15 mm fraction, and 15 mg L−1 NO3-N).

The optimal conditions for the tests were selected based on the following parameters:
(1) the denitrification rate (rD; the higher, the better); (2) the variability (the lower, the better);
(3) the turbidity (the lower, the better); (4) the chemical oxygen demand (COD); and (5) the
pH. All tests were performed after purging with argon. In addition, we tested the effect of
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argon purging on the dissolved oxygen concentrations (optimum is <0.5 mg L−1) [34] and
the denitrification rates, rD, compared to non-purged samples in the SBA.

The SBA (short batch assay) was performed using 4 replicates per treatment in this
study. At the beginning of each test, 2 L bottles are filled with clean poplar wood shavings
and 2000 mL of a solution prepared from deionized water (DIW) with the addition of
NaHCO3 and KNO3 (as nitrate sources) (Table 1). The bottles are purged with argon until
the DO concentrations are below 0.5 mg L−1. The bottles are closed and incubated at
T = 20 ± 0.5 ◦C in the dark. After 48 h, 25 mL water samples are taken from each bottle
and the concentrations of NOX-N and DO as well as the pH are analyzed. The bottles
are then divided into three groups for the different treatments, C, T1, and T2, and the
respective reagents are added (Table 1). After mixing, 10 mL water samples are taken
from all the treatments and the samples from T1 and T2 are immediately analyzed for the
initial concentrations of the tested xenobiotics. The bottles are closed and incubated at
T = 20 ± 0.5 ◦C in the dark. The test is terminated after 7 days. In our study, water samples
from T1 and T2 were collected for the analyses of the tested xenobiotic and their metabolites
immediately after opening the bottles, and then the DO concentrations, the pH, and the
COD were measured. However, we recommend measuring the DO concentrations before
collecting the water samples to avoid changes due to exposure to air. The remaining liquid
phase is filtered through qualitative filter paper (KA2, mesh size: 8 µm) and the NO2-N
and NOx-N concentrations are determined in the supernatant.

Table 1. Composition of the liquid phase of the treatments. The initial solution of all treatments
contains KNO3 + NaHCO3 dissolved in DIW.

Treatment Description Additional Reagents Added after 48 h

C (Control) Denitrification unaffected 0.1 mL of pure methanol per L of sample

T1
Xenobiotics affect denitrification;

xenobiotics can undergo adsorption and
decomposition

0.1 mL of the tested xenobiotics per L of sample (conc.: 1000 mg L−1

in pure methanol solution)

T2 Inhibitor stops denitrification; xenobiotics
can undergo only adsorption

0.1 mL of the tested xenobiotics per L of sample (conc.: 1000 mg L−1

in pure methanol solution) + 3.8 mL HgCl2 (123.5 mg L−1)

The LSA (long semi-continuous assay) differs from the SBA in the following features:
every seven days, 25 mL water samples are taken from each treatment for the analyses
of NOX-N and also for an analysis of the tested xenobiotics and their metabolites in T1
and T2. Additionally, the nitrate concentrations are replenished in C and T1 by adding a
KNO3 solution to each bottle so that the same concentration of NOX-N is reached as at the
beginning. After adding the solution, the bottles are closed and incubated again. The LSA
is terminated after 28 days. In this study, we also used 4 replicates for the LSA.

The dose of KNO3 added every seven days is calculated as:

Vreq =
c(NOX-N)req × (Vinit − Vtak+Vadd)− c(NOX-N)init × (Vinit − Vtak+Vadd)

c(KNO3)add − c(NOX-N)req
[mL] (6)

where c(NOX-N)req is the required concentration of NOX-N in the bottle; Vinit, Vtak, and
Vadd are the initial volume, the volume taken from the bottle, and the volume added to the
bottle, respectively; and c(KNO3)add is the concentration of the added KNO3 solution.

The xenobiotic concentration is diluted by the volume of KNO3 added to the bottle.
Thus, for comparisons of T1 and T2, the concentration in T1 needs to be recalculated as
follows:

c(xen)T1 end = c(xen)T1 end m × (1 + Dil) [ng mL−1] (7)

Dil = 1 − c(xen)T1 Dil
c(xen)T1 init

[%] (8)
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c(xen)T1 Dil =
(Vinit − Vtak+Vadd)× c(xen)T1 init(

Vinit − Vtak+Vadd + VKNO3

) [ng mL−1] (9)

where c(xen)T1 end m is the measured concentration of the xenobiotics at the end of the
assay; Dil is the dilution factor; c(xen)T1 Dil and c(xen)T1 init are the initial and the diluted
concentrations of the xenobiotics, respectively; and Vinit, Vtak, Vadd, and VKNO3 are the
initial volume, the volume taken from the bottle, the volume added to the bottle, and the
added volume of KNO3 to the bottle, respectively.

2.3. Validation of Tests with Metolachlor

The effect of the herbicide metolachlor on denitrification was tested via both an
SBA and an LSA. The metolachlor analytical standard (PESTANAL® product line) was
purchased from Sigma-Aldrich (Germany) at ≥98% purity. The stock solution was prepared
in analytical-grade methanol at a concentration of 1000 mg L−1 and was stored in the dark at
4 ◦C. Metolachlor was added to reach a final concentration of 100 ng mL−1 in the incubation
bottles.

The test conditions were set as follows: 12.5 g L−1 of wood shavings (10–15 mm),
0.5 g L−1 of NaHCO3, and either 30 mg L−1 (SBA) or 15 mg L−1 (LSA) for the initial NO3-N
concentration. The samples were purged with Ar at the start of the assay.

Immediately after opening the bottles, metolachlor was extracted from the water
samples using solid-phase extraction (SPE) cartridges (Oasis HLB, 6 mL, 0.5 g HLB sorbent
material) (Waters, Milford, MA, USA) activated with 7.5 mL of methanol:acetone (3:2)
(Sigma-Aldrich, Steinheim, Germany). A 5 mL water sample and 100 µL of the internal
standard (IS) epoxiconazol (c = 5 µg mL−1) were passed through the SPE cartridge. The
SPE columns were washed with DIW and air-dried for 5 min, and the adsorbed pesticide
was eluted with 5 mL of methanol:acetone (3:2). After the SPE, the samples were stored in
the dark at 4 ◦C until the high-performance liquid chromatography (HPLC) analysis was
performed, using an Agilent 1200 chromatographic system (Agilent, Santa Clara, CA, USA)
equipped with an Agilent Triple Quad 6410 mass spectrometer (Agilent, Santa Clara, CA,
USA). The mean water recovery of the pesticide was 98%, and the limit of quantification
(LOQ) achieved was 1 µg L−1. We could not test for metabolites due to an analytical
shortage.

The laboratory analyses for both the assay optimization and the metolachlor experi-
ment were performed as follows: the pH and DO concentrations were determined with
a Hach HQ40D multi meter (Hach Lange GmBH, Düsseldorf, Germany); the chemical
oxygen demand, COD, was assessed at 445 nm with a DR3900 spectrophotometer (Hach
Lange GmBH, Düsseldorf, Germany; ISO 8192:2007); and the NOX-N concentrations were
determined via the UV absorption method (Harris 2003) with a Hach optical Nitratax plus
sc Sensor (Hach Lange GmBH, Düsseldorf, Germany). The probe was originally intended
for the NOX-N analysis in activated sludge. It was adapted to laboratory measurements
in order to avoid the results being affected by organic substances leached from the wood-
chips. The NO2-N concentrations were measured via a spectrophotometric analysis with
sulphanilic acid and 1-naphtylamine at 515 nm (Fresenius et al. 1988) using a DR3900 spec-
trophotometer (Hach Lange GmBH, Düsseldorf, Germany). The turbidity was measured at
560 nm with a DR3900 spectrophotometer (Hach Lange GmBH, Düsseldorf, Germany).

2.4. Statistics

The differences between the sets of test variables were investigated using an analysis
of variance. If a significant difference was detected among the treatments, the Welch two-
sample t-test was performed. The statistical analyses were performed using the R software
version 3.0.2 (R Development Core Team, 2019; http://www.R-project.org, accessed on 1
June 2022).

http://www.R-project.org
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3. Results and Discussion
3.1. Evaluation of the SBA and LSA Optimization

Table 2 shows the results of the optimization tests for the 7-day SBA. The wood
shavings serve as an electron donor during the oxidation–reduction reaction of denitri-
fication [35]. Based on the stoichiometry, a COD of 2.86 g is theoretically needed for the
reduction of 1 g of NO3-N to N2. The real COD is higher, since part of the substrate is used
for biomass synthesis and also due to the biodegradation of the substrate [36,37]. Our test
results yielded significantly different COD values between the treatments, with the COD
increasing with increasing amounts of wood shavings from 83 to 390 mg L−1 (Table 2).
However, the denitrification rates were similar among the treatments, ranging between 1.3
and 1.6 mg L−1 d−1 for an initial NO3-N concentration of 15 mg L−1. This indicates that
the lowest COD was already sufficient for denitrification, which agrees with the findings of
the authors of [38]. They proposed a minimum COD/N ratio between 3.5 and 5 to facilitate
complete denitrification. Our ratios amounted to 5.5, 9.8, and 26 for the low, medium,
and high wood shaving concentrations, respectively, whereby these numbers represent
the residual COD after the denitrification, not the initial COD. However, with increasing
amounts of wood shavings, the turbidity in the water samples increases, causing problems
during subsequent photometric measurements. In our test, the turbidity increased signifi-
cantly from the low to the high concentrations of wood shavings, with the lowest value
of 7.7 ± 0.3 ZF already requiring filtration of the samples (Table 2). Thus, based on the
COD and the turbidity, the lowest concentration of wood shavings was considered the best
option for the SBA.

Table 2. Optimization of the test conditions for the 7-day assay (SBA) showing the test variables,
test conditions, results (means +/− standard deviations), and statistics, where “>” and “<” denote
significant differences between conditions at p < 0.05 (t-test, n = 4); ~ = not significant. COD
= chemical oxygen demand (mg L−1), rD = nitrate removal rate (mg L−1d−1), turb = turbidity
(ZF), NOx-N = concentration of nitrate- and nitrite-nitrogen (mg L−1), and DO = dissolved oxygen
(mg L−1).

Tested Variable Results

Concentration of wood chips:
7.5 (low), 12.5 (mid), 25 g L−1 (high)

COD: high (390 ± 70) > mid (147 ± 5) > low (83 ± 10)
rD: high (1.6 ± 0.01) ~ mid (1.3 ± 0.2) ~ low (1.5 ± 0.2)

turb: high (20.6 ± 2.8) ~ mid (13.8 ± 4.1) ~ low (7.7 ± 0.3), high > low

Concentration of NaHCO3:
0.0 (zero), 0.5 (low), 1.0 (mid), 2.0 g L−1 (high)

pH: zero (6.5 ± 0.2) < low (7.5 ± 0.05) < mid (7.8 ± 0.08) < high (8.2 ± 0.02)
rD: zero (0.8 ± 0.1) < low (1.3 ± 0.1) ~ mid (1.2 ± 0.2) ~ high (1.1 ± 0.1)

Starting NO3-N:
15 mg L−1 (low), 30 mg L−1 (high)

COD: low (173 ± 12) ~ high (180 ± 14)
End NOx-N: low (11.0 ± 0.4) < high (21.5 ± 0.3)

rD: low (0.6 ± 0.06) < high (1.2 ± 0.04)

Fraction of wood shavings:
5–10 (low), 10–15 mm (high)

COD: high (143 ± 30) ~ low (119 ± 10)
rD: high (1.5 ± 0.1) ~ low (1.5 ± 0.3)

turb: high (10.1 ± 1.4) ~ low (10.3 ± 1.9)

Purging with Ar
DO after 2 days: yes (0.3 ± 0.03) < no (0.8 ± 0.1)
DO after 7 days: yes (0.2 ± 0.01) < no (0.4 ± 0.08)

rD: yes (0. 6 ± 0.06) < no (1.0 ± 0.17)

The initial NO3-N concentrations need to be adjusted to the amount of wood shavings
so that the turbidity remains low and the COD/N ratio ensures sufficiently high deni-
trification rates to be measured. Low denitrification rates may arise from both COD/N
ratios below 3.5 (i.e., high amounts of NO3-N compared to low amounts of wood shavings,
resulting in carbon limitation) and COD/N ratios far above 5. In the second case, the initial
NO3-N concentrations need to ensure denitrification throughout the 7-day test without
reaching nitrate-limiting conditions (i.e., sufficient NOX-N needs to be present until the
end of the test). Furthermore, the NOX-N changes need to lie clearly above the detection
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limit of the respective laboratory. With a detection limit of 1 mg L−1 of NOX-N for our lab,
we set the minimum required denitrification rate at 1.5 mg L−1 of NOX-N over 7 days or
0.21 mg L−1 d−1 of NOX-N. Finally, the focus of the respective assays was to also determine
the initial NO3-N concentrations used to enable comparability with the real situation (e.g.,
waste water, agricultural streams, etc.). Figure 1 shows the temporal development of the
NOX-N concentrations for different initial NO3-N concentrations in a pre-test over 16 days.
With the exception of the highest N concentration of 40 mg L−1, the NOX-N concentrations
increased during the first day and showed an exponential decline afterwards. All curves
flattened at about 7 mg L−1 of NOX-N, below which the denitrification rates did not differ
from zero anymore (linear regression, p > 0.05). At this point, the denitrification was nitrate-
limited. Another flattening of the curves was observed at very high NOX-N concentrations
(30 and 40 mg L−1) during days 1 and 2, indicating that the process was carbon-limited at
that time. Interestingly, all tests showed an initial increase in the NOX-N concentrations,
which was greater at lower starting NO3-N concentrations. We explain this peak by an
initial short leaching of nitrate from the wood shavings [13].
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Figure 1. NOX-N concentrations over time in 16 d-long pre-tests for different starting NO3-N
concentrations. The grey areas represent the thresholds above/below which the denitrification
process becomes organic carbon/nitrate limited, respectively. Each line represents one sample.

Our SBA tests with 15 and 30 mg L−1 initial NO3-N concentrations yielded denitrifica-
tion rates of 0.6 mg L−1 d−1 (i.e., above the detection limit) and NOX-N end concentrations
of >11 mg L−1 (Table 2). Thus, the starting concentration of 15 mg L−1 of NO3-N ful-
filled our criteria for the SBA and was selected for all further analyses, as it resembled
the real NOX-N concentrations in agricultural catchments more closely than higher nitrate
concentrations.

The optimal pH for denitrification lies between 7.0 and 8.0 according to the litera-
ture [33,35]. A decrease in the pH causes an increase in the proportion of undissociated
HNO2 (the intermediate product of denitrification) in the total NO2-N. The authors of [39]
observed a significant inhibition of denitrification at a pH of 6.5. The same study also
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reported an accumulation of nitrite during denitrification with an increasing pH from 7.5 to
9.0 owing to alkalization [40]. The NaHCO3 additions significantly affected the pH in our
tests, but only concentrations of 0.5 g L−1 and 1.0 g L−1 of NaHCO3 provided the required
pH (Table 2). The denitrification rates were similar among the NaHCO3 treatments, even
at pH values higher than the optimum. However, in alkaline conditions, we observed
increased NO2-N concentrations at the end of the tests, indicating that the denitrification
processes already ended after the first step of nitrate reduction to nitrite [6]. Under optimal
pH conditions, nitrites are further reduced to N2O, but at higher pH values, nitrites can
accumulate during the denitrification process [40]. Thus, while the alkaline pH did not sig-
nificantly affect the experimental conditions, it reduced the efficiency of the denitrification
and resulted in the accumulation of environmentally harmful substances. In the treatment
without NaHCO3, the pH was lower than the optimum, also showing a significantly lower
rD value. Thus, NaHCO3 concentrations between 0.5 g L−1 and 1.0 g L−1 proved suitable
for keeping the pH in the required range during the test.

The fractions of the wood shavings did not affect the results significantly (Table 2).
However, we recommend using the larger fraction due to less compaction at the bottom of
the bottles during the test and more comfortable manipulation.

The upper oxygen threshold, which may inhibit denitrification, ranges from 0.19 to
2 mg L−1 of DO [41]. At the beginning of the tests, DO was present in the test suspen-
sion and there was an air headspace in the test bottles. Thus, in order to stimulate the
establishment of anoxic conditions, purging with argon or helium is proposed in the
literature [27,28,42]. We compared the development of the DO concentrations and the deni-
trification rates in samples purged with argon, with initial DO concentrations of 0.5 mg L−1,
to those without purging. After two days, the average DO concentration in the purged
samples was 0.26 mg L−1, while the DO concentrations in the unpurged samples were
around 0.8 mg L−1 (Table 2). After 7 days, the DO concentrations in the unpurged samples,
however, were already at 0.4 mg L−1, demonstrating the high oxygen consumption in the
SBA. Despite the slightly higher DO concentrations in the unpurged samples at the begin-
ning, the denitrification rates, rD, did not differ between the two treatments (Table 2). This
confirms the study in [41], in which ongoing denitrification was found up to a threshold of
2 mg L−1 of DO. Thus, purging with argon is not required, but is recommended to facilitate
the fast establishment of anoxic conditions during the SBA.

3.2. Validation of the Methodology by Testing the Effects of Metolachlor

Table 3 shows the conditions during the experiments. The average pH values measured
at the end of each experiment were within the optimal range of 7–8 [35] for all assays. The
COD values were similar among the experiments and treatments, showing COD:N ratios
of about 7–8. The nitrite concentrations at the end of each experiment were low except for
the SBA T2 treatment. In this group, the high nitrite concentrations may have resulted from
nitrate reduction during the 48 h pre-conditioning phase, before mercury was added and
all biological activities were stopped. However, this was not observed in T2 of the LSA2,
for which the conditions were similar.

At the end of the 7-day SBA, the DO concentrations were <0.5 mg L−1 in the treatments
C and T1 with ongoing denitrification, while high DO concentrations were found in T2
due to the inhibition of all biological processes (Table 3). However, at the end of LSA1, the
DO concentrations were above 2 mg L−1 in C and T1, while an unexpected low value was
measured in T2 (Table 3). In this group, denitrification rates of 0.43 and 0.90 mg L−1 d−1

were measured after 21 and 28 days, respectively. Both the low DO concentrations and the
measured denitrification indicated that the single HgCl2 treatment at the beginning of the
test was not enough to inhibit the bacterial activities completely. Thus, we adapted the
original method in a second experiment, LSA2, by adding 1 mL of HgCl2 every 7 days. The
high DO concentrations in T2 at the end of LSA2 confirmed that the denitrification process
was successfully inhibited by this adaptation. Like LSA1, LSA2 resulted in measurements of
relatively high ending DO concentrations above 2 mg L−1 in both the C and T1 treatments,



Water 2023, 15, 2536 9 of 13

despite the initial purging. This increase in DO concentrations was probably caused by
the opening and closing of the bottles every 7 days during the experiments. Despite the
suboptimal DO conditions, denitrification went on, albeit at lower rates. The authors
of [43] observed that the DO concentrations inside activated sludge flocs were lower than
the bulk DO concentration of the solution. We assume that the denitrification process
was not evenly distributed in our incubation bottles, but showed lower rates in the water
column and higher rates in the micropores of the wood shavings, where anoxic conditions
may have prevailed. Nevertheless, we recommend purging every 7 days to optimize the
denitrification process in the LSA.

Table 3. Average assay conditions, showing the pH, dissolved oxygen concentrations (DO), chemical
oxygen demand (COD), nitrite concentrations at the end of the experiments, and denitrification rate,
rD (SBA = 7-day short batch assay, LSA = 28-day long semi-continuous assay). Treatment C = full
denitrification (control), T1 = addition of metolachlor, and T2 = biotic processes inhibited by HgCl2
addition; n = 4.

pH DO (mg L−1) COD (mg L−1) NO2-N (mg L−1) rD (mg L−1 d−1)

SBA C 7.52 0.30 230 0.15 2.84
T1 7.61 0.23 230 0.15 3.56
T2 7.66 7.67 290 0.99 0.20

LSA1 C 7.71 2.46 120 0.11 1.59
T1 7.76 2.35 100 0.07 1.68
T2 7.67 0.39 170 0.16 0.34

LSA2 C 7.67 2.51 130 0.08 1.49
T1 7.65 1.63 140 0.16 1.55
T2 7.75 8.27 310 0.16 0.08

In the SBA, the denitrification was slightly, but not significantly, stimulated by the
metolachlor (Figure 2). The stimulation of denitrification has also been observed in soils
for other pesticides, such as glyphosate [44], Topogard 50 WP [45], and mesotrione [46].
The stimulatory effects in these studies were explained by either abundance shifts in the
denitrifying bacteria or the use of the pesticides as an additional nutrient source. In the
LSA experiments, no significant inhibition or stimulation was observed. These results
correspond to the findings by the authors of [23], who found no inhibitory effects of
metolachlor on the denitrification in reactors packed with ceramic biofilm carriers over ten
weeks of exposition.Water 2023, 15, x FOR PEER REVIEW 10 of 14 
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Figure 2. Denitrification rates, rD, in the control and metolachlor treatments of the 7 d short batch
assay (SBA), the 28 d long semi-continuous assay (LSA1) with one dose of HgCl2 at the beginning,
and LSA2 with one dose of HgCl2 every 7 days. Shown are the 10th, 25th, 50th, 75th, and 90th
percentiles (n = 4).
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Figure 3 shows the loss of metolachlor during the experiments. We observed no biotic
loss of metolachlor in the SBA and LSA2, while the adsorption on the wood shavings
amounted to slightly less than 50% of the metolachlor initially added. We assumed the ad-
sorption of metolachlor on the glass walls of the test vessels to be neglectable in accordance
with the findings in [47]. In the LSA1 experiment, only the total loss of metolachlor could
be quantified due to the insufficient inhibition of the biotic processes. However, the results
were comparable to those of the other assays. As the proportion of adsorption was similar
in the SBA after 7 days and the LSA after 28 days, it can be assumed that the adsorption of
metolachlor had already reached an equilibrium during the first days of the experiments.
Other studies have also reported considerable abiotic losses of pesticides and herbicides
via sorption on wood particles [22,27]. The authors of [48] observed a low biodegradability
for S-metolachlor of less than 5% after 28 days. These results agree with our observations.
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Figure 3. Abiotic loss, total loss, and residue of metolachlor in the SBA after 7 days and in LSA1 and
LSA2 after 28 days (mean, n = 4). No biotic losses could be observed in the SBA or LSA2. In LSA1,
the biotic/abiotic loss could not be calculated due to the insufficient inhibition of biotic processes in
treatment 2 (n.d. = not determined).

4. Conclusions

Our study presents easily applicable, tested, and optimized denitrification assays for
both managers and scientists to assess the effects of xenobiotics on the denitrification process
in denitrifying bioreactors or in natural systems with similar conditions. The presented
assay methodologies facilitate the determination of the fate of xenobiotics in bioreactors to
obtain insight into the potential of bioreactors to remove xenobiotics from polluted water
resources. This information is also necessary for the environmentally friendly treatment of
bioreactor fillings after experiments or upon exchange in water treatment facilities, amongst
others.

The presented assay methodologies are designed to cover periods of 7 and 28 days. The
experiments over the 28-day period yield information about the development of both the
denitrification under a longer exposition to the studied xenobiotics and the environmental
conditions in the bioreactors. The comparison of undisturbed denitrification and inhibited
biotic processes further allows biotic and abiotic losses of the xenobiotics in the bioreactors
to be calculated.

During the development of the methodology, the optimal denitrification conditions
were identified to be 12.5 g L−1 of poplar wood shavings, 0.5 g L−1 of NaHCO3, and



Water 2023, 15, 2536 11 of 13

15 mg L−1 and 30 mg L−1 initial NO3-N concentrations for the LSA and the SBA, respec-
tively. However, based on the results of our study, we highly recommend conducting
pre-tests before the actual experiments, as well as continuous monitoring during the exper-
iments to avoid interference between the effects of the xenobiotics and the effects of the
environmental conditions (e.g., pH, DO) on the denitrification process. Specifically, our
study highlights the significance of the ratio of organic carbon to nitrate in the assays to
ensure optimal conditions for denitrification that are neither carbon- nor nitrate-limited.
We also want to encourage further systematic studies using long-term laboratory assays
that focus on maintaining optimal conditions for stable denitrification over longer time
periods.
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