friried applied
b sciences

Article

The Kinetics of Pollutant Removal through Biofiltration from
Stormwater Containing Airport De-Icing Agents

Artur Mielcarek 100, Joanna Rodziewicz 1*, Wojciech Janczukowicz ! and Kamila Ostrowska 2

check for

updates
Citation: Mielcarek, A.; Rodziewicz, J.;
Janczukowicz, W.; Ostrowska, K. The
Kinetics of Pollutant Removal
through Biofiltration from
Stormwater Containing Airport
De-Icing Agents. Appl. Sci. 2021, 11,
1724. https://doi.org/10.3390/
app11041724

Academic Editor: Faisal I. Hai
Received: 26 January 2021
Accepted: 11 February 2021
Published: 15 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Environment Engineering, University of Warmia and Mazury in Olsztyn, Warszawska 117a,
10-719 Olsztyn, Poland; artur.mielcarek@uwm.edu.pl (A.M.); jawoj@uwm.edu.pl (W.].)

2 Visimind Ltd. Sp. z o.0., Trylinskiego St. 10, 10-683 Olsztyn, Poland; kamila_c@o2.pl

*  Correspondence: joanna.rodziewicz@uwm.edu.pl; Tel.: +48-89-524-56-09

Abstract: The present study aimed to determine the kinetics of pollutant removal in biofilters with
LECA filling (used as a buffer to prevent de-icing agents from being released into the environment
with stormwater runoff). It demonstrated a significant effect of temperature and a C/N ratio on
the rate of nitrification, denitrification, and organic compound removal. The nitrification rate was
the highest (0.32 mg N/L-h) at 25 °C and C/N = 0.5, whereas the lowest (0.18 mg N/L-h) at 0 °C
and C/N = 2.5 and 5.0. Though denitrification rate is mainly affected by the available quantity of
organic substrate, it actually decreased as the C/N increased and was positively correlated with the
temperature levels. Its value was found to be the highest (0.31 mg N/L-h) at 25 °C and C/N = 0.5,
and the lowest (0.18 mg N/L-h) at 0 °C and C/N = 5.0. As the C/N increased, so did the content of
organic compounds in the treated effluent. The lowest organic removal rates were noted for C/N =0.5,
ranging between 11.20 and 18.42 mg COD/L-h at 0 and 25 °C, respectively. The highest rates, ranging
between 27.83 and 59.43 mg COD/L-h, were recorded for C/N = 0.5 at 0 and 25 °C, respectively.

Keywords: kinetics; organic compound removal; nitrification and denitrification; low temperature;

wintertime airport maintenance

1. Introduction

Air travel is considered to be one of the safest and fastest means of transport. The avi-
ation industry stimulates the economic/cultural growth and creates many jobs. However,
the day-to-day airport operations generate air, water, and soil pollution [1]. One of the
main issues is the water runoff containing pollutants from runways, taxiways, wash-
ing and de-/anti-icing pads, trans-shipment points, fuel storage stations and hangars.
These wastewater types contain petroleum-derived substances, surfactants, pavement
de-icers, aircraft de-icing/anti-icing agents, and other organic and inorganic pollutants.
In climate zones at risk of icing, the pollution caused by pavement de-icing poses a severe
environmental problem. Urea, acetate, and sodium formate in the solid form, and acetate
and potassium formate in the liquid form are the agents most commonly used for winter
maintenance of airport pavements [2]. They release organic compounds and nitrogen
into the environment while also increasing the salinity of water solutions and, thereby
the salinity of areas adjacent to airports. Both the temperature [3] and the C/N ratio [4]
are factors that significantly influence nitrogen conversion and contaminant removal in
biofilters. Consequently, they have a major impact on the capacity to treat airport de-icing
wastewater and protect the environment.

The issue of the treatment of wastewater containing de-icing agents remains unre-
solved. Most airports are not equipped with a wastewater treatment system. Only a few
airports in the world have wetlands, which effectively remove pollutants. Unfortunately
wetlands create favorable environmental conditions for birds, which may endanger airport
operations. Other rarely used solutions include filters with zeolite and perlite, media made
of crushed clay and granular activated carbon, a mixture of granular activated alumina
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and porous concrete, granular activated lignite, half-burnt dolomite, and granular ferric
hydroxides. Considering sustainable development principles, the best solution would be
to use the filling made of waste materials, e.g., light weight aggregates prepared from fly
ash from sewage sludge thermal treatment. It is characterized by a large specific surface,
resistance to physicochemical factors, low heat conductivity, good phosphorus-sorption
properties, and facilitates the deammonification process. These attributes provide good
conditions for biofilm growth even at low temperatures [5,6].

The breakdown of urea into ammonium (NHy*) or ammonia (NH3) is a well-known
process that occurs in both aerobic and anaerobic conditions at a wide range of pH, tem-
perature, and C/N values [7]. The resultant processes of nitrogen reduction and oxidation
affect the natural environment.

The biological oxidation of NH;* or ammonia NHj to nitrate is known as nitrification.
The nitrification of ammonium in a biofilter is a two-step process in which ammonium or
ammonia is first converted to nitrite (NO, ™) and then to nitrate (NO3 7). Its conversion
to nitrite is mainly conducted by a group of obligatory autotrophic bacteria. Also, a few
heterotrophs have been reported to carry out nitrification in the environment, but usually at
much lower rates than autotrophic bacteria [8]. Nitrification allows converting a relatively
immobile ammonium-nitrogen to highly mobile nitrate, affecting environmental quality [9].
The most effective pathway for N removal from wastewater is nitrification followed by
denitrification [4]. The biological denitrification is conducted by denitrifying microbes
which use nitrate as a terminal electron acceptor, and organic and inorganic substances
as electron donors and energy sources for sustaining the microbial growth [10]. In the
course of autotrophic denitrification, microorganisms use sulfur compounds, hydrogen,
and/or iron as energy sources, and carbon dioxide and hydrocarbons as carbon sources.
Microorganisms that use organic carbon compounds are the most common denitrifiers in
nature [11]. The heterotrophic biological denitrification is considered more economical,
implementable on a large scale, and allowing for the ultimate reduction of nitrate to
nitrogen gas with high selectivity [12]. The presence of organic compounds in wastewater
significantly affects nitrification and denitrification, with a low organic content promoting
effective nitrification [13] and a low C/N ratio significantly reducing denitrification [4].
The denitrification rate is also determined by the availability of nitrification products
(nitrites and nitrates). Furthermore, the rate of biochemical conversion and the microbial
activity are directly affected by the temperature of the wastewater treatment.

Some of these parameters may be regulated easily, but due to the high specific heat
capacity of water, it is nearly impossible to influence temperature. Nitrification and denitri-
fication are elements of the N-cycle critical to the removal of nitrogen from the treatment
system. While the removal of organic compounds and nitrogen from municipal wastewater
has been the subject of much research and is relatively well explored, there is limited
knowledge on how to eliminate such pollution from airport wastewater. The previous
authors’ research has shown that biofilters LECA filling could be an effective method for
removing nitrogen and organic compounds from wastewater containing airfield deicing
fluids. The nitrogen compounds were removed as a result of the simultaneous process
of nitrification and denitrification, where the organic compounds present in the treated
wastewater served as a carbon source [5,14]. To that end, the present paper provides the
findings of a study aimed to determine the transformation kinetics of pollutants generated
from airport maintenance, providing a means to estimate the retention time for de-icing
wastewater in filters located near airports or in individual, local systems for removing such
pollutants. The study was conducted under four different temperature profiles (0 °C, 4 °C,
8 °C, and 25 °C) and at 3 loading rates of de-icing agents used for winter maintenance of
airport pavements, with C/N ratios of 0.5, 2.5, and 5.0.
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2. Materials and Methods
2.1. Experimental Model

The experiment was performed in laboratory-scale models of biofilters operated at the
Department of Environmental Engineering at the University of Warmia and Mazury in Ol-
sztyn (Katedra Inzynierii Srodowiska UWM w Olsztynie). The biofilters were loaded with
a granulate having the structure of expanded-clay aggregate (with a diameter dgg = 8.2 mm,
deo/d10 = 2.27, bulk density of 0.88 g/cm?, hydraulic conductivity of Ky, 0.52 cm/s and
resistance to crushing of 12.6 N/mm?) prepared from fly ash from sewage sludge thermal
treatment in the “Debogorze” Wastewater Treatment Plant in Gdynia (Poland). The granu-
late was prepared according to the method of mechanical plasticization and fragmentation
of the raw material, followed by sintering of small balls in a rotary kiln at 1200 °C [15].
Biofilters consisted of a cylindrical polyethylene pipe and a cone-shaped bottom. In the
bottom of the biofilter, which was outflow part, was a drain valve used to collect samples
of wastewater. The technical parameters of the biofilter were: surface area 95 cm?, volume
2500 cm?, active volume 1552 cm?3, total height 0.24 m and biofilter filling height 0.19 m [6].
Four temperature variants were adopted: 0 °C, 4 °C, 8 °C, and 25 °C (control biofilter).
The experiment was conducted at C/N levels of 0.5, 2.5, and 5.0. C/N ratio affects the
efficiency of the biofilters (in relation to C and N removal). The C/N ratio applied in
the study, was aimed to determine the kinetics under conditions favoring nitrification
(C/N = 0.5), denitrification (C/N = 5.0) and intermediate conditions (C/N = 2.5). Stable
operating temperatures were maintained by a thermostatic chamber that regulated the
temperature with an accuracy of £ 0.1 °C. Synthetic wastewater, prepared from a weighted
sample including commonly used agents for de-icing airport pavements and tap water,
was the substrate for the experiments. The composition and physicochemical parameters
of the wastewater used in the study are given in Table 1.

Table 1. Composition and parameters of the wastewater tested.

C/N Ratio
0.5 25 5.0
CH;4N2O (urea) [mg/L] 150.00 £ 0.10 150.00 £ 0.10 150.00 £ 0.10
(sodiuml_g):rcr)noalt\el)a [mg/L] 136.00 £ 0.10 657.00 £+ 0.10 1326.00 £ 0.10
(potassifn?:feot:t)g [mg/L] 49.00 £0.10 237.00 £ 0.10 478.00 £ 0.10
Parameter
Nog. [mgN/L] 71.56 + 2.20 71.56 £2.20 71.56 + 2.20
N Kjeldhal [mgN/L] 70.80 + 3.02 70.80 +£ 3.02 70.80 + 3.02
COD [mg/L] 100.66 + 1.34 386.80 &+ 1.94 765.50 £ 2.90
pH 7.47-8.03 7.47-8.03 7.47-8.03

To promote nitrification, a low hydraulic load of 5 dm?/m?-d and hydraulic retention
time (HRT) of 4 d were adopted, equivalent to the cycle of de-icing agent application in
airports. The study on the kinetics of pollutant removal started at the end of technological
research lasting four months. This four month research was preceded by three months
adaptive period [6]. Samples were collected after 0.5, 6, and 12 h of operation; then, at 12 h
intervals for 84 h, with the final sample taken after 96 h of operation (Figure 1). The size of
the final sample was 5 cm3.
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Figure 1. Schedule of sampling for the kinetics assay during the experiment.

2.2. Analytical Procedures

Determinations of nitrate concentration, nitrite concentration, ammonium nitrogen
concentration, Kjeldahl total nitrogen, and organic compound concentration (COD) were
carried out according to the APHA [16]. The concentration of total nitrogen (TN) was ana-
lyzed using a TNM-L analyzer (Shimadzu Corporation, Kyoto, Japan) with the “oxidative
combustion-chemiluminescence” method.

2.3. Kinetics

The results of the physicochemical testing were used to determine the order of reac-
tion and rates of organic compound removal, ammonia nitrogen oxidation and oxidized
nitrogen (nitrites and nitrates) reduction. The reaction rate constant was determined using
the Statistica 13.1 PL package (TIBCO Software Inc., Palo Alto, CA, USA).

The ammonia nitrogen oxidation rate was described with the formula:

Ct.Nox = Ci.Nox + kNox't/ (1)

where C;nox—concentration of oxidized nitrogen after time t [mgN/L]; C; Nox—initial
concentration of oxidized nitrogen [mgN/L]; knyox—ammonia nitrogen oxidation rate
constant [h~1].

The rate of nitrogen removal through denitrification was described with the formula:

Ct.Nre = Ci.Nre + kNre't/ (2)

where Cinre—concentration of nitrogen removed through denitrification after time t
[mgN/L]; C; nre—initial concentration of nitrogen removed through denitrification [mgN/L];
knre—oxidized nitrogen removal rate constant [h1].

The organic compound removal rate (expressed as COD) was calculated with the formula:

Ci.cop = Cicop e <P, 3)
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where C; cop—concentration of organic compounds after time t [mg/L]; C; cop—initial
concentration of organic compounds [mg/L]; kCOD—organic compound removal rate
constant [h~1].

3. Results and Discussion

The present study identified the kinetics of nitrification, denitrification, and organic
pollutant removal from wastewater generated by wintertime airport maintenance. The ex-
periment was conducted in four temperature variants and at different doses of the de-icing
agents (sodium formate and potassium diacetate) characterized by C/N ratios, with the
urea dose being constant. The use of biofilter filling promotes the formation of complex
biofilms, providing favorable conditions for the development of both aerobic and anaero-
bic microorganisms [15]. A diverse range of parameters (which ensures the presence of
various bacterial groups with different needs) creates favorable conditions for wastewater
bio-treatment [17]. This, in the context of the present study, enabled the removal of organic
pollutants and nitrogen species from airport de-icing wastewater. The reaction rates for the
experimental variants and the goodness of fit for the model (R?) are given in Supplemen-
tary Table S1. Changes in nitrogen concentration due to nitrification and denitrification
conformed to the zero-order reaction formula, whereas the organic removal rate followed
the first-order reaction formula. A comparison between the reaction rates by temperature
and the biofilter’s organic load was used to identify the impact of these parameters on the
biofilter performance (Figure 2).

A C/NO05 C/N25 C/N5.0

e ©
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o
]
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Figure 2. Effect of temperature and C/N on the rates of nitrification (A), denitrification (B), and or-
ganic pollutant removal (C).
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3.1. Nitrification

The nitrifier’s activity is very temperature-sensitive [3]. However, exposure to low tem-
peratures did not impact it to the point of halting ammonia nitrogen oxidation, which fol-
lowed the zero-order reaction, meaning that changes in activity levels over time were linear.
Similar findings have been reported in the literature, indicating that longer HRTs may be
used to improve removal performance at low temperatures [18]. The rate and efficiency
of nitrification of airport de-icing wastewater increased at higher biofilter operating tem-
peratures. In contrast, the higher organic matter content in series 2 and 3 caused a slight
reduction in the ammonia nitrogen oxidation rate at lower biofilter operating tempera-
tures (Figures 2 and 3; Supplementary Figures S1-53). At C/N = 0.5 group, the highest
nitrification rate in the entire series, i.e., 0.32 mgN/L-h, was determined in the biofilter
operating at 25 °C. Lowering biofilter operating temperatures, with the other technical
parameters being equal, reduced the process rate by 31.3% (to 0.22 mgN/L-h) at 0 °C. In the
two remaining reactors (T = 4 and 8 °C), the nitrification rates were 25.0 and 15.6% lower,
respectively. It is noteworthy that the effect of temperature on reaction kinetics is much
harder to determine in biofilm reactors than in suspended-growth biomass, and not as
drastic as predicted by the van’t Hoff-Arrhenius equation [19]. Other factors, such as the
reactor operating parameters, HRT or wastewater composition, may lessen the impact of
temperature [20]. While lower temperatures do reduce nitrification rates, they also increase
dissolved oxygen concentration in the water, meaning that the effect of temperature is
mitigated by the higher oxygen availability. Thus, the resultant reduction in the biofilm
nitrification rate was ultimately negligible (1.108% per 1 °C) [19]. The decreases in nitri-
fication rates produced in the present experiment were similar. Autotrophic nitrification
rates are, in large part, driven by high levels of readily digestible organic compounds,
which promote heterotrophic bacterial growth [21]. According to De Pra et al. [22], fast-
growing heterotrophic microorganisms compete for oxygen and ammonia nitrogen with
nitrifying bacteria, and their metabolic intermediates may inhibit the activity of the latter.
To achieve optimal nitrification conditions, the influent organic carbon must be kept under
2kg COD/ m3-d [22]. In an experiment by Zafarzadeh et al. [23], the highest nitrification
rates were produced at C/N ratios under 6. Another study, by Mosquera-Corral et al. [24],
showed that C/N values as low as 0.3 led to the competition between heterotrophs and
autotrophs, impairing nitrification. In turn, Young et al. [25] reported that the inhibiting
effect of high C/N ratios on ammoniacal nitrogen removal from treated wastewater was
more pronounced at lower temperatures. This finding is corroborated by the present
study, which showed that the reductions in nitrification rate and efficiency were higher at
the lowest of the test temperatures (T = 0 °C), but minor at 25 °C and increased organic
compound load. In series 2 (C/N = 2.5), the nitrification rate was similar to that of series 1
(0.31 mgN/L-h at 25 °C). As in series 1, the lowest nitrification rate, reaching 0.18 mgN/L-h
(41.94% lower), was observed at the lowest treatment temperature (0 °C). The nitrification
rates were similar in the 8 °C and 4 °C variants, reaching 0.22 and 0.21 mgN/L-h, respec-
tively. With the higher organic carbon levels (C/N = 5) in series 3, the nitrification rate
remained stable at 0.31 mgN/L-h in the control reactor (T = 25 °C). In the other reactors
analyzed in this series, it was approx. one-third lower than in the control one and ranged
from 0.18 mgN/L-h at 0 °C to 0.21 mg N/L-h at 8 °C.

The high nitrification efficiency obtained for wastewater samples with the higher
organic compound levels may be explained by heterotrophic nitrification. Guo et al. [26]
reported that numerous heterotrophic microorganisms (which are not limited to bacteria but
extend to fungi and plants as well) were capable of nitrifying organic and inorganic nitrogen
compounds. Such microorganisms grow faster, require lower oxygen concentrations,
and tolerate higher C/N ratios than autotrophic nitrifying bacteria.
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Figure 3. Nitrification efficiency in the experiment depending on temperature and C/N ratio in
storm-water containing airport de-icing agents.

3.2. Nitrogen Removal

The activity of heterotrophic denitrifying bacteria is less dependent on the tempera-
ture than that of nitrifying bacteria [27]. Kadlec and Reddy [28] reported that 20-35 °C
was the optimal temperature range for denitrification, which slows down considerably at
temperatures lower than 10 °C and greater than 30 °C. Champagne et al. [29] noted that
providing a source of readily biodegradable organic carbon helped maintain high nitrifica-
tion efficiencies even at temperatures under 10 °C. In the present study, the denitrification
rate increased at higher temperatures and decreased at higher C/N ratios (Figure 2; Supple-
mentary Figures 54-56), even though the presence of a readily available source of organic
carbon is one of the main drivers of effective denitrification [30,31]. In series 1 (C/N = 0.5),
oxidized nitrogen was reduced in the control reactor (T = 25 °C) at a rate of 0.31 mgN/L-h.
Nitrogen removal was impeded by lowered biofilter operating temperatures, with the
other technical parameters being equal. The lowest oxidized nitrogen reduction rates,
at 0.22 mgN/L-h, were recorded for the biofilter operating at 0 °C. The denitrification rate
was 0.30 mgN/L-h at 25 °C in series 2 and 3 (C/N = 2.5 and 5.0). Lowering the biofilter
operating temperature to 0 °C reduced the performance by 36.7% and 40.0% against the
control, respectively. These findings indicate that the nitrogen removal rates recorded in
the study across the different experimental series did not correlate directly with the pro-
cessing temperature or the C/N ratio—instead, the nitrification rate and efficiency served
as the main factors. This pattern was the most strikingly evident in series 3, where the
biofilters were fed with wastewater having the highest C/N ratio and were operating at
optimal temperature conditions (T = 25 °C). A decreased ammonia nitrogen concentration
in the effluent is indicative of intensive nitrification in the reactors. The difference between
oxidized ammonia nitrogen and the nitrate /nitrite concentration in the treated wastewater
shows how much nitrogen was removed. High rates of ammonia nitrogen oxidation and a
low nitrite/nitrate content in the biofilter effluent, which did not exceed 12% TN in series 1
(no available organic substrate after approx. 24 h; Supplementary Figure S7) and 8% TN
in the other series, suggest that nitrification and denitrification occurred simultaneously
(Figures 4 and 5). The main factor enabling simultaneous nitrification and denitrification is
the gradient of dissolved oxygen levels, determined by inhibited diffusion in the film [32].
Puznava et al. [33] found that a dissolved oxygen concentration of 0.5-3.0 mgO,/dm?
reduced oxygen penetration and enabled denitrification in the internal layers. The authors
obtained a denitrification efficiency of 71%, with the simultaneous nitrification reaching
96-98%. Another study, by Zinatizadeh and Ghaytoolin [34] obtained 46-50% nitrogen
removal through simultaneous nitrification and denitrification at dissolved oxygen levels
between 2.5 and 3.0 mgO, /dm?, depending on the filling used in the MBBR. The nitrogen
removal rates recorded in the presented study ranged from 30.1 &+ 1.5% (T = 0 °C) to
43.0 £ 2.1% (T =25 °C) in series 1 (C/N = 0.5). In the series with the higher organic com-
pound contents (higher C/N ratios), the biofilters operating between 0 and 8 °C exhibited
lower performance. The nitrogen removal rate ranged from 26.5 &+ 1.3% (T = 0 °C) to
35.9 £1.8% (T = 8 °C) for C/N = 2.5, and from 25.0 + 1.3% (T = 0 °C) to 31.2 &+ 1.6%
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(T=8°C) for C/N =5.0. In the case of the biofilter operating at 25 °C, it was higher and

reached 45.9 & 2.3% and 46.7 & 2.3% at C/N = 2.5 and 5.0, respectively.
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Figure 4. Effectiveness of nitrogen removal in the experiment depending on temperature and C/N

ratio in storm-water containing airport de-icing agents.
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3.3. Organic Removal Rate

The temperature not only affects the rate of substrate diffusion into the cell, but also
the activity of enzymes, and thus the rate of biochemical processes, which determine
how quickly pollutants are biodegraded. What is more, microorganisms are able to grow
and metabolize organic compounds as long as the liquid pollutant is provided, mean-
ing that organic compounds can be efficiently removed from wastewater even at low
temperatures [35]. It is believed that aerobic digestion of organic compounds proceeds
at exponentially increasing rates as the temperature rises from 0 °C to 32 °C. Its rate is
stable between 32 and 40 °C, then declines sharply, reaching zero at 45 °C. This correlation
holds true in the systems where the process rate is not limited by substrate concentra-
tion [36]. In addition, biofilms are less susceptible to adverse variations in temperature
than activated sludge systems [37]. The rates of organic compound removal obtained
in the present study increased with the C/N ratios and biofilter operating temperatures
(Figure 2; Supplementary Figures S7-59). The lowest rates of organic pollutant removal
were recorded for series 1 reactors (C/N = 0.5), among which the control one (T =25 °C)
produced the highest reaction rate at 21.33 mgCOD/L-h. Lowering biofilter operating
temperatures to 8, 4, and 0 °C, with the other technical parameters being equal, reduced its
performance by 18.4, 32.7, and 48.0%, respectively. Increasing organic carbon (C/N = 2.5)
in the T = 0 °C biofilter decreased organic compound removal by 65.5%, compared with
the removal rates produced at 25 °C. The reaction rates were 51.8 and 57.3% lower in
the other temperature variants (8 and 4 °C, respectively). The highest reaction rates were
noted in the series with the greatest initial organic pollutant levels (C/N = 5.0). The peak
value of organic compound removal, reaching 58.03 mgCOD/L-h, was reached in the
control bioreactor (T = 25 °C). As in the C/N = 0.5 and 2.5 series, the organic removal
performance in series 3 was the poorest at 0 °C (26.76 mgCOD/L-h)—being 53.9% lower
than at T = 25 °C. The biofilters operating at 8 and 4 °C produced 41.5 and 45.7% lower
reaction rates, respectively. Efficiencies and reaction rates were the highest in biofilters
operating at 25 °C, and the lowest values in these operating at 0 °C (Figure 6).

Temp. 0°C mTemp 4°C mTemp. §°C mTemp. 25°C

100
g g0 I T
o I
E 60
<
; 40
E 20 = = = = =

0
C/NO05 C/N25 C/N50
C/N ratio

Figure 6. Efficiency of organic compound removal from stormwater containing airport de-
icing agents.

However, increased C/N ratios in the subsequent series also led to higher initial
levels of organic compounds in the influent, necessitating the removal of higher pollutant
loads. This caused the organic compound removal rates to decrease as the C/N increased,
with the sole exception of the biofilter operating at T =25 °C and C/N = 5.0, which ensured
an increase in organic pollutant removal rate from 55.4 + 2.8% (C/N =2.5) to 61.2 + 3.1%
(C/N =5.0). Nevertheless, the pollutant levels (as expressed by COD) observed were the
highest in series 3 (289.3-614.0 mgCOD/L), and the lowest in series 1 (17.2-35.1 mgCOD/L).
These findings are in line with literature data, which indicate that as the organic pollutant
load increases, so does the COD of the treated effluent. Thus, one way to improve the
treatment efficiency at low temperatures is to reduce the organic load rate [37].
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4. Conclusions

The study showed that the rates of nitrification, denitrification, and organic compound
removal were determined not only by the reactor operating temperature, but also by the
organic carbon content (C/N ratios) in treated wastewater. Reaction rates were found to
decrease at progressively lower temperatures in all of the experimental series. In terms of
nitrification, the reaction rates fell as the organic compound levels (sodium formate and
potassium acetate) rose. The nitrification rate was the highest (0.32 mg N/L-h) at 25 °C and
C/N = 0.5, whereas the lowest rate (0.18 mg N/L-h) was produced at 0 °C for C/N =2.5
and 5.0. The impact of the higher C/N ratios was more evident at lower biofilter operating
temperatures. The study did not indicate that increased organic substrate levels led to
improved denitrification rates, which were instead linked to the nitrification efficiency.
The denitrification rate was found to be the highest (0.31 mg N/L-h) at25°Cand C/N = 0.5,
and the lowest (0.18 mg N/L-h) at 0 °C and C/N = 5.0. The lowest organic removal rates
were noted for C/N = 0.5, ranging between 11.20 and 18.42 mg COD/L-h at 0 and 25 °C,
respectively. The highest rates were recorded for C/N = 0.5, ranging between 27.83 and
59.43 mg COD/L-h at 0 and 25 °C, respectively. These results indicate that a treated
wastewater with C/N = 0.5 does not inhibit the activity of nitrifying bacteria and actually
reduces organic pollutant levels in the effluent, while also creating optimal conditions for
simultaneous nitrification and denitrification, as long as suitable biofilter filling is provided.
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(C/N =5.0), Figure S7: Effect of temperature on the organic removal rate—series 1 (C/N = 0.5),
Figure S8: Effect of temperature on the organic removal rate—series 2 (C/N = 2.5), Figure 59: Effect
of temperature on the organic removal rate—series 3 (C/N = 5.0), Table S1: Goodness of fit and
the rates of nitrification, denitrification, and organic compound removal depending on the adopted
operating parameters of the biofilters.
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