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Abstract: Despite the numerous benefits of intensive air transport development, many activities
associated with the operation of airports contribute to environmental pollution. The purpose
of this research was the development, optimization, and validation of a headspace—solid-phase
microextraction-comprehensive two-dimensional gas chromatography-time of flight-mass spectrom-
etry (HS-SPME-GC x GC-TOF-MS)-based procedure for determining anti-corrosive compounds in
airport stormwater. Optimized HS-SPME conditions include: 45 min extraction time, 100 °C tempera-
ture, 1.0 g salt addition, and 10 min desorption time at 270 °C. The developed procedure is sensitive,
selective, accurate (recoveries > 80.0%), and precise (the coefficient of variation (CV) < 14.9%), mak-
ing it a highly suitable tool for extensive airport stormwater quality monitoring. The validated
analytical protocol was successfully used to detect pollutants, including 1H-BT, 4-MeBT, 5-MeBT,
and 5,6-diMe-1H-BT, in stormwater from various European airports with different flight capacities.
Throughout the sampling period at the investigated airports, 1H-benzotriazole was found in the
highest concentrations, ranging from below the MQL to 467 mg/L. An ecotoxicological risk assess-
ment revealed that 69% of the sites exhibited high risk levels (Risk Quotient > 1). The developed
procedure and carried out environmental risk assessments of benzotriazoles in airport stormwater

enable an evidence-based approach to sustainable airport stormwater management.

Keywords: airport runoff water pollution; airport stormwater management; benzotriazoles (BTs; BTR);
HS-SPME-GC x GC-TOF-MS; environmental risk assessment; sustainable development

1. Introduction

One of the significant environmental problems is the increase in anthropogenic pres-
sure associated with the operation of airports on a global scale [1-4]. Despite the numerous
benefits of intensive air transport development, many activities associated with the op-
eration of airports contribute to environmental pollution [5-8]. In this regard, airport
stormwater, also known as airport runoff water, poses a growing environmental prob-
lem [9-13]. Airport stormwater is formed when atmospheric deposits or precipitation
flush the airport’s surfaces during everyday activities [14—16]. Streams that receive air-
port runoff can contain a wide spectrum of hazardous contaminants, such as polycyclic
aromatic hydrocarbons (PAHs), benzotriazoles (BTs or BTR), polychlorinated biphenyls
(PCBs), glycols, per- and polyfluoroalkyl substances (PFAS), pesticides, phenols, detergents,
formaldehyde, and metals [17-19]. Moreover, stormwater from airports during heavy pre-
cipitation events can lead to microbiological contamination of the source water for public
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drinking resources [19,20]. Runoff water following intense rainfall, especially from regions
surrounding airports, has been associated with an increased risk of acute gastrointestinal
illness (AGI) in highly developed countries, such as the USA, Canada, England, France,
and Australia [20,21]. Contaminated surface stormwater from airports can enter municipal
sewage systems, and from there, it is directed to wastewater treatment plants (WWTPs). In
cases where WWTPs are either non-existent or malfunctioning, this contaminated stormwa-
ter may then seep into surface water, soil, and groundwater, potentially affecting public
drinking water supplies [21,22].

Chemical compounds from the benzotriazoles group are recognized as particularly
threatening to all environmental compartments [23-25]. BTs are the fourth most abundant
individual aquatic contaminants [26]. BTs are ubiquitous aquatic contaminants applied in a
wide range of industrial and domestic applications. The major applications of BTs include
use as de-icing/anti-icing fluids (ADAFs), corrosion inhibitors, the photography indus-
try, ultraviolet light stabilizers, antifogging agents, coolants, surface coatings, hydraulic
fluids, and cutting fluids [27-29]. Additionally, BTs are widely used in pigments, greases,
lubricants, dishwasher detergents, dry cleaning equipment, and also in the synthesis of
pharmaceuticals [30]. The benzotriazoles group of compounds has been classified as high-
production volume (HPV) substances [27]. The annual usage of benzotriazoles in the United
States (USA) exceeds 9000 tons per year, and global usage is much greater [27,30]. The
global market for benzotriazoles was estimated at USD 348.1 million in the year 2020, and it
is projected to reach a revised size of USD 610.1 million by 2027. They are detected globally
in all environmental elements, especially in water supplies [27,28,31]. In the case of airports,
these isomers of benzotriazoles are corrosion inhibitors added to aircraft de-icing and anti-
icing fluids [9,24,32,33]. These compounds are primarily discharged during operations to
de-ice or prevent re-icing of aircraft, taxiways, runways, and other paved surfaces on airport
platforms during periods of freezing precipitation. According to Directive 67/548/EEC,
the BTs group of compounds is classified as dangerous to the environment and can cause
long-term adverse effects in the aquatic environment [34]. Considering the available liter-
ature data, it has been noted that 1H-benzotriazole (1H-BT), 4-methyl-1H-benzotriazole
(4-MeBT), 5-methyl-1H-benzotriazole (5-MeBT), 5,6-dimethyl-1H-benzotriazole (5,6-diMe-
1H-BT or xylyltriazole-XTR), and a mixture of isomers of 4-MeBT and 5-MeBT have been
shown to be phytotoxic and mutagenic [28,29]. They are also classified as suspected human
carcinogens with estrogenic potential [30,35-37]. Additionally, recent research indicates
that exposure to benzotriazoles during pregnancy could potentially increase the risk of
developing gestational diabetes mellitus (GDM) [38].

In this context, developing analytical protocols to identify benzotriazoles in airport
runoff water samples is essential. These protocols are key for monitoring the environmen-
tal impact of these compounds and understanding how airports affect the surrounding
environment [36-38]. Nevertheless, the determination of benzotriazoles in airport runoff
water is a great analytical challenge. Critical issues in analyzing airport stormwater involve
complex sample matrices, the presence of analytes at low or trace levels, and the potential
overlap of various compounds with similar physicochemical properties within a single
sample. Further complicating matters are the difficulties in standardizing measurements,
affected by factors such as the diverse sizes of airports and fluctuating weather condi-
tions [2,10,11]. Given this, the essential steps in the proper analytical methodology include
sample preparation and the subsequent determination stage. Based on the literature re-
ports, it can be summarized that the field of the carried out research is very limited. To
date, the analysis of target benzotriazoles in airport runoff water has primarily utilized
methodologies based on liquid-liquid extraction (LLE) or solid-phase extraction (SPE)
coupled with either gas chromatography-mass spectrometry (GC-MS), flame ionization
detection (FID), or liquid chromatography—tandem mass spectrometry (LC-MS/MS). This
approach is detailed in the works of the Cancilla and Corsi research teams [9,24,39,40], as
well as in our previous study [34]. However, using conventional techniques to extract and
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determine benzotriazoles from complex matrices, such as airport runoff water samples,
presents significant challenges.

It is recommended that new procedures be developed that not only offer advantages
over existing methods but also ensure their effective implementation. The increased interest
of our research team in the development and optimization of modern, reliable, and power-
ful analytical protocols resulted in intensive research in this field. SPME is an alternative
to traditional extraction methods, which have been applied to isolate benzotriazoles from
runoff water samples. Solvent-free SPME is a simple and convenient extraction technique
that merges extraction, concentration, and sample introduction in one step. Thus, solid-
phase microextraction can often be faster, more sensitive, easier to automate, economical,
and meet the requirements of green chemistry. Then, the selection of a proper separa-
tion technique is another crucial step of a relevant analytical methodology applied for
the detection, identification, and quantitative determination of target compounds in the
samples at the trace and even ultratrace concentration levels. Stormwater and other envi-
ronmental samples often have high viscosity and a complex, variable matrix composition;
analyzing them with just one chromatographic technique, such as one-dimensional gas
chromatography, may be insufficient. The target compounds may be indistinguishable
from the baselines, or the focusing chromatographic peak can be missing through larger
co-eluting peaks. This fundamental problem can resolved by applying comprehensive
two-dimensional gas chromatography (GC x GC). The suggested technique is recognized
as a powerful high-resolution technique for the separation of a broad spectrum of organic
compounds in highly complex sample matrices [41]. The advantages of GC x GC multidi-
mensional systems include highly improved sensitivity, large separation power, as well
as high selectivity [42—44]. Furthermore, GC x GC chromatograms are characterized by
very narrow peaks that require the application of a fast scanning detector. For this purpose,
the time-of-flight mass spectrometry (TOF-MS) detector can be efficiently applied for the
identification of a wide range of organic compounds [45-49].

Furthermore, incorporating an additional approach to assess the environmental risk of
benzotriazoles can help identify and understand the sources, pathways, and consequences
of these environmental stressors. This approach can also facilitate the development of
suitable strategies to prevent or mitigate their impacts. Risk assessment offers technical
support for decision-making under uncertainty. Accordingly, the findings from lab-scale
toxicological studies are employed in this process [36,50]. This assessment aims to deter-
mine the probable impact of certain chemicals contaminating a specific environment on
the life processes of organisms living in that environment [36,50]. The chronic effect of
BTs on living organisms and ecosystems is a relatively recent research topic. Furthermore,
there is a lack of comprehensive knowledge about the toxicological data of BTs, which
is further complicated by their widespread use and the low toxicity indices of many of
these compounds. This could potentially have unspecified chronic effects at the sublethal
level and potentially lead to environmental contamination [50,51]. Environmental risk
assessment can also help ensure compliance with existing environmental policies and
obligations, promote sustainability and environmental stewardship, and ensure the health
and safety of all stakeholders.

In this work, we hypothesize that the application of solid-phase microextraction—
comprehensive two-dimensional gas chromatography-time of flight-mass spectrometry-
based procedure significantly enhances the determination of benzotriazoles in airport runoff
water, leading to more accurate environmental risk assessments and informed management
decisions for sustainable airport operations. The main aim of the present research was to
develop, optimize, validate, and apply HS-SPME-GC x GC-TOF-MS-based procedure for
the determination of benzotriazoles in the samples of runoff water. Stormwater samples
were collected from four international airports, each located in a distinct geographical
region and characterized by varying sizes and capacities, as indicated by the number
of flights and passengers per year. Attempts were made to estimate environmental risk
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assessments. To our knowledge, this is the first time that such an investigation was
carried out.

2. Materials and Methods
2.1. Airport Runoff Water Samples

Pilot samples of stormwater were collected from four international airports, encom-
passing three locations in Poland and one in the United Kingdom. During the 2012-2013
period, stormwater samples were collected from international airports characterized by
varying passenger movement capacities—namely, a large-capacity airport in the UK (Large
Airport UK), and high (High Airport PL), medium (Medium Airport PL), and low (Small
Airport PL) capacity airports in Poland. There have been no significant changes in the mon-
itored airport conditions that would affect the relevance of the data. Specifically, there have
been no major expansions or renovations at these airports, and the intensity of air traffic has
remained comparable to the period during which the samples were collected. Additionally,
there have been no alterations in the operational procedures, including changes in the
quantity or types of de-icing agents used. This consistency over the years ensures that
the samples remain representative of current conditions. The generic names used for the
airports are the result of cooperation agreements signed with these airports.

Sampling was conducted during two distinct seasons, autumn and winter, to account
for seasonal variations. This monitoring was conducted over two seasons because antifreeze
fluids containing compounds from the benzotriazole group are primarily discharged during
operations to de-ice aircraft and paved surfaces at airports in periods of low temperatures,
particularly during the winter and autumn. Due to safety regulations at the airports and
atmospheric constraints related to the appropriate amount of precipitation, only a very
limited number of samples could be collected.

The runoff water samples were usually collected within 30 min of the start of the
precipitation event (first flush). During the study period, the amount of rainfall ranged
from 2 to 10 mm, and the duration of the events was from 3 to 5 h. During periods of
low temperature, stormwater samples were collected from ground depressions adjacent
to drainage inlets and airport drainage systems—locations where rainwater had natu-
rally accumulated. Sampling sites were strategically chosen in the vicinity of airport
zones predominantly associated with technical services, specifically areas involving the
application of de-icing and antifreeze fluids on aircraft and aircraft refueling stations.
Consequently, these sampling sites were identified as primary points where pollutants
are transported via stormwater into drainage ditches and, thereafter, dispersed into other
environmental components.

Due to safety regulations, installing and locating any sampling devices on the airport
platform is not possible. These requirements stem from the necessity to uphold regular
operational schedules at the airport and to adhere to enhanced, more rigorous security
protocols implemented at international airports. Consequently, runoff water samples were
manually collected in 1000 mL dark glass bottles using a 100 mL syringe equipped with
Teflon tubing. The structure and characteristics of the selected benzotriazoles for this study
are presented in Table S1. The reagents, standards, and equipment used in the proposed
procedure for the determination of analytes from the benzotriazole group in airport runoff
water samples are listed in Table 1. Before use, the syringes and tubing were first rinsed
with Milli-Q water and then with the sampled airport runoff water. After each sample
collection campaign, the airport runoff water samples were transported to the laboratory
and stored at 4 °C in the dark until extraction [34].
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Table 1. The reagents, standards, and equipment used in the proposed analytical methods.

Equipments SPME Fibre Holder (Supelco, Bellefonte, PA, USA);

SPME Fibre: Polydimethylsiloxane / Divinylbenzene (PDMS-DVB),
65 pm (Supelco, Bellefonte, PA, USA)

Glass syringes with a capacity of 5 uL, 100 uL (Hamilton, Reno,
NV, USA)

Amber glass bottles, 1000 mL (Merck, Darmstadt, Germany)

Automatic pipettes 10 uL, 100 nL, 1000 uL, 10 mL (Brand,
Wertheim, Germany)

Mix of benzotriazoles (1-MeBT, 4-MeBT, 5-MeBT), 1000 ug mL~tin
methanol (Sigma-Aldrich, Seelze, Germany)

Standard solutions

5,6-dimethylo-1H-benzotriazole, 1000 pg/mL in methanol
(Sigma-Aldrich, Seelze, Germany)

1H-benzotriazole-d4, 50 ug/mL(Sigma-Aldrich, Seelze, Germany)

Decafluorobiphenyl, 1000 pg/mL in dichloromethane (Ultra-Scientific,
N. Kingstown, RI, USA)

Other Liquid nitrogen (purity N6.0, Linde, Warsaw, Poland)

Helium (purity N6.0, Oxygen, Warsaw, Poland)
Air (purity N5.5, Linde, Warsaw, Poland)

Gaseous nitrogen (purity N5.0, Linde, Warsaw, Poland)
NaCl (Merck, Darmstadt, Germany)
Deionized water, Milli-Q (Millipore Corporation, Burlington, MA, USA)

2.2. Development of Analytical Procedures

Growing concerns about obtaining accurate data on the state of individual environ-
mental elements and the processes occurring within them often necessitate the application
of complex, time-consuming, and labor-intensive analytical protocols. The analysis of
pollutants generated during airport operations is encountering new challenges, particularly
the necessity to detect analytes at trace and even ultratrace concentrations in samples with
highly complex and often variable matrix compositions. Consequently, there is a need to
develop new analytical protocols for identifying the most toxic pollutants in airport runoff
water. These protocols must consider the diverse range of compounds present and the
potential coexistence of components with similar physical and chemical properties within a
single sample. Figure 1 presents a general outline of the steps involved in developing a
new procedure for the determination of benzotriazoles in airport runoff water samples.
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Figure 1. General outline of the steps involved in developing a new procedure for the determination
of benzotriazoles in airport runoff water samples.

2.2.1. Sample Preparation

Sample preparation is a crucial step in the analytical methodology used for detecting,
identifying, and quantifying benzotriazole compounds in runoff water samples, which
often have a highly complex matrix composition. Due to interactions between components
in the samples, it is imperative that the collected runoff water samples should be transported
to the laboratory and analyzed as soon as possible.

The initial step in preparing the stormwater samples involved removing solid impuri-
ties, such as leaves, sand, and dust, through filtration using a Millex®-HYV filter with a pore
size of 0.45 mm.



Sustainability 2024, 16, 5152

7 of 26

The use of various extraction techniques in the preparation of airport stormwater
samples for benzotriazole analysis could have an impact on the final results. In the con-
ducted research, solid-phase microextraction was used to isolate/enrich analytes. SPME
fiber coated with a 65 um-thick film of polydimethylsiloxane/divinylbenzene (PDMS-DVB)
was applied [51,52]. The SPME extractions were carried out in 20 mL amber glass vials
closed with stainless-steel screw caps fitted with a PTFE/silicone-coated septum. The
headspace-to-sample ratio was 2.

To establish the best extraction conditions, a sample of airport runoff water was en-
riched with the appropriate amounts of a 1-MeBT/4-MeBT/5-MeBT mixture and
5,6-dimethylo-1H-benzotriazole, each at a concentration of 1000 pg/mL. Additionally,
decafluorobiphenyl and an isotopically labeled standard (1H-benzotriazol-d4) were used as
internal standards in this model sample. For the analysis of real samples and to calculate the
recovery, only the isotopically labeled standard was used to spike the stormwater samples.

The SPME fiber was conditioned inside the injection port at 250 °C for 30 min, ac-
cording to the manufacturer’s specifications. Before extraction, the model sample solution
was kept in the vial at the target temperature for 5 min and stirred at a speed of 700 rpm.
The incubation step was performed to enhance the transfer of volatile compounds from
the sample solution to the headspace. All the model solutions were agitated at a constant
maximum speed of 700 rpm throughout the extraction period to enhance analyte extrac-
tion and reduce extraction time. The target compounds were adsorbed onto the SPME
fiber’s stationary phase from the gaseous phase. Subsequently, the adsorbed analytes were
thermally desorbed by inserting the fiber into the GC injector port. To avoid potential
sample carryover, the SPME fiber was subjected to post-baking at 270 °C for 5 min in
the GC injector, using the splitless mode. Additionally, to confirm the cleanliness of the
GC x GC system, SPME fiber and chromatographic blanks were periodically run during
the analysis of extracts. Each extraction was carried out in triplicate. All extraction steps
were automated using a Gerstel MultiPurpose Sampler (MPS), operated with the Gerstel
MAESTRO software.

2.2.2. GC x GC-TOF-MS Analysis

Two-dimensional gas chromatography with time-of-flight mass spectrometry
(GC x GC-TOF-MS) was applied to determine benzotriazoles in the extracts. Based on data
from the literature and conclusions from the authors’ previous experience, an appropriate
set of chromatographic columns was selected, along with the basic operating parameters
for the GC x GC system. The technical specifications and operating conditions are de-
tailed in Table 2. Additionally, ions used for quantifying the target analytes are provided
in Table S1.

Table 2. The technical specifications and operating conditions in GC x GC-TOF-MS analysis of
benzotriazole extracts.

Measurement Element/Parameter Specifications and Conditions of the Analysis
Agilent 7890A (Agilent Technologies, Palo Alto,

Gas chromatograph CA, USA)
Pegasus 4D GC x GC (LECO Corporation, St.
Detector Joseph, MI, USA) equipped with a non-moving

quad jet dual-stage cryomodulator

MPS (Gerstel, Germany); included fully

Autosampler automated SPME
Detector working mode mass range 33-500 m/z
Ionization source temperature 250 °C
Electron energy 70eV

Detector voltage —1650 V
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Table 2. Cont.

Measurement Element/Parameter

Specifications and Conditions of the Analysis

Chromatographic column I

ZB-5MS (Phenomenex, Torrance, USA;
30 m x 0.25 mm; 0.25 um film)

Stationary phase of column I

5/95 phenyl/polydimethylsiloxane

Temperature program (column I)

65 °C (1 min); 65-250 °C (5 °C/min);

250 °C (10 min)
Carrier gas pressure 1 x 1077 bar
Carrier gas flow rate 1 mL/min

Chromatographic column of column II

BPX50 (SGE Analytical Science, Crownhill, UK;
2m x 0.1 mm; 0.1 pm film)

Stationary phase of column II

50% Phenyl Polysilphenylene-siloxane

Temperature program (column II) 75 °C (1 min); 75-260 °C (5 °C/min); 260 °C

(10 min)
Injection port temperature 270 °C
Transfer line temperature 250 °C
Injection mode splitless
Data acquisition rate 200 Hz
Modulation period 5s
Hot pulse duration 1s
Modulator temperature offset 30°C
Analysis time 48 min

The obtained chromatographic data were processed and visualized as chromatograms
using LECO ChromaTOF™ software version 4.44 (LECO Corporation, St. Joseph, MI, USA).
After data acquisition, the obtained results were submitted to a data processing module,
where the individual peaks were detected automatically based on a 10:1 signal-to-noise ratio
(S/N). The area of each individual peak was automatically acquired, and the identification
of the analyte was conducted by evaluating and comparing its mass spectra with those
in the National Institute of Standards and Technology (NIST) library. This process also
involved comparisons with standards, elution order, and retention times as described in
the existing literature data. The amount of target compound was calculated by using the
most abundant ions in the mass spectrum of the compound.

2.2.3. Quality Assurance/Quality Control (QA/QC)

A validation process was conducted to determine the selectivity, linearity, range,
method detection limits (MDLs), method quantification limits (MQLs), accuracy, inter-day
(between-run) precision, and intra-day (within-run) precision of the methodology.

A quantitative analysis based on the peak areas was performed by applying the
internal standard method. The concentrations of target compounds were calculated by
applying the standard calibration curves, which had been created by using the detector
response. The target analyte concentrations were defined as the ratio of the analyte ion (the
most abundant, specific, product ion) to the internal standard base peak ion.

Methodology selectivity was assessed by examining the chromatograms for the pres-
ence of any interfering peaks at the retention time of the analyte. The procedure exhibited
satisfactory selectivity.

The linearity and concentration range of the developed procedure were estimated
by serial dilution of a stock solution of the target analytes. The calibration curves for
the analytes were examined under optimal HS-SPME and GC x GC-MS conditions. A
linear calibration curve was determined for each analyte by plotting the peak area against
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the concentration of standard solutions with the calculated coefficients of determination
(R?). The linear range of the calibration curve was assessed in the ranges of 5.0-50 ug/L,
50-500 png/L, and 500-50,000 pg/L, respectively. The first point of the calibration curve was
always the instrumental blank sample. The calibration curves were freshly prepared before
each analysis by diluting the analyte stock solution. Three independent measurements
were performed for each calibration point.

The limits of detection (LODs) were estimated based on three independent measure-
ments. The LODs were established using the equation LOD = 3.3SD/b, where b is the slope
of the calibration curve, while SD is the standard deviation. The limits of quantification
(LOQs) were estimated as three times the LODs. The obtained results were applied to es-
tablish the method detection limits (MDLs) as well as method quantification limits (MQLs)
of the procedure, considering all analytical steps. The MDL was defined as the lowest
concentration of the target analyte that could be detected with a specified probability by
applying a proposed analytical methodology. The MQL was the lowest concentration of
the analyte that could be quantified by applying the developed procedure with certain
precision, accuracy, and uncertainty levels.

Accuracy studies were performed by testing airport runoff water samples containing
low, medium, and high concentration levels of the investigated compounds. Blank airport
runoff water samples were spiked with 10 ug/L, 100 ug/L, and 1000 pug/L of target analytes.
Moreover, the airport stormwater samples were spiked with 100 pg/L of isotopically
labeled analyte (1H-benzotriazol-d4) before each filtration and extraction process. The
concentration levels of BTs in spiked stormwater samples were calculated based on the
expected concentrations of target analytes in real samples. It was difficult to receive genuine
blank samples of airport runoff water. Blank samples were collected from the airport’s
peripheral areas, which have the lowest maintenance activity, where lower concentrations
of target analytes were expected compared to areas with more frequent technical service
operations. These blank samples were tested before each analysis. The recovery of the
proposed analytical methodology was verified by analyzing runoff water samples based on
triplicate measurements at each spiked concentration. As mentioned earlier, the recovery
values were estimated using the standard addition method. The known amounts of target
analytes and isotopically labeled standard were added to one sample, whilst parallel
samples were only spiked with isotopically labeled standard. After finishing the analysis
of the investigated sample without the added analytes (x) and the sample containing the
added analytes (x + s;), the recovery value was calculated by applying the equation of %
recovery = [(x + sj) — (x)/s] x 100, where s; is the amount of the assessed analyte.

The precision of the developed methodology was assessed by spiking stormwater
samples with the analytes and labeled standard, as described earlier in the section on
accuracy. The precision of the procedure was expressed as the coefficient of variation (CV)
calculated for five replicate measurements according to the equation CV = SD/X x 100%,
where SD is the standard deviation of the concentration of the analyte, while X is the
average concentration of the analyte in a tested sample. The evaluation of precision
included both intra-day and inter-day assays. The intra-day precision included three
independent measurements of each quality control (QC) sample at three concentration
levels in a single batch for one day. In turn, the inter-day assay was assessed based on the
analysis of three independent measurements of each QC sample at three concentration
levels on separate days during a three-day period.

2.2.4. Statistical Analysis

The significance of differences between various parameter levels or sample categories
was tested using the Kruskal-Wallis ANOVA due to the assumptions of the regular ANOVA
not being fulfilled in the collected dataset (the assumption of equal variance between groups
or normality within groups or both, not being satisfied). We checked the equal variance
assumption with Levene’s test and the normality assumption in categorized histograms.
Following the general Kruskal-Wallis test, pairwise comparisons were also conducted. All
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calculations were perfomed with Statistica v. 13 (StatSoft, TIBCO Software Inc., Palo Alto,
CA, USA).

2.2.5. Evaluation of the Ecotoxicological Risk

The assessment of the ecotoxicological risk to the environment posed by benzotriazoles
in stormwater from airports has been conducted using the risk quotient (RQ) method. The
RQ calculation method was defined by the European technical guidance document on risk
assessment for various trophic levels within the water ecosystem, including producers
such as algae or plants, consumers such as invertebrates (Crustacea; Branchiopoda), verte-
brates (Actinopterygii), and decomposers (Bacteria). The RQx values were determined by
calculating the ratio between the highest environmental concentration (MEC) measured
for each investigated compound and the short-term predicted no-effect concentration
(PNEC) [36,50,51].

MECy  MEC
PNECy (ECx,y[m )
AF

ROQx =

where MEC,—the highest measured concentration of the pollutant in airport runoff water
sample; PNEC —predicted no-effect-concentration [mg/L] of the pollutant x towards the
given trophic level in the environmental conditions; AF—the assessment factor selected to
include the differences between laboratory results and natural conditions, considering both
interspecies and intraspecies differences; ECy,y[9,j—the measure of toxicity (also available
as IC for inhibition or LC for lethality), the calculated concentration [mg/L] of chemical
compound x in which a given percent of a laboratory population of model organism y
(representing a given trophic level) shows the observed effect or the percentile of this effect
that is achieved. This study used available literature data to establish the reference values.

There are three criteria for low, medium, and high risk, which are based on the hazard
quotient (HQ). The HQ is the ratio between the MEC and the PNEC: HQ < 0.1 (low risk),
0.1 <HQ <1 (medium), and HQ > 1 (high) [50,53].

This research considers RQx < 0.1 as an acceptable level of risk, 0.1 < ROx <1 as
medium risk, and RQx > 1 as an unacceptable level of ecological risk for the aquatic
ecosystem. This is based on the established guidelines of Perrodin et al. [54] and the
European Chemical Bureau (ECB) [55] and in accordance with the ranking categories
outlined in Table S1 based on the available literature.

The predicted no-effect concentration (PNEC) was determined by using the median
lethal/inhibition/effect concentration (EC/IC/LC50) data from acute exposure times (rang-
ing from 15 min for bacteria to 96 h for certain fish) or from chronic toxicity data based
on EC10. This value was then divided by an appropriate safety factor (AF). In this study,
the AF adhered to the guidelines recommended by the European Parliament and the
Council [56], typically employing a factor of 1000 for acute studies and 100 for chronic
studies. These AF values can be modified to suit different regions, subject to the specific
requirements of local legislation [36,50].

When multiple toxicity factor values for a given compound were identified across a
representative trophic level, the smallest concentration value, indicating the highest toxicity,
was chosen. The chosen toxicity factor values incorporated into the calculations were
established based on data extracted from available literature [31,32,39,57,58], as detailed in
Table S1.

3. Results and Discussion
3.1. Optimization of the Extraction Procedure

The SPME extraction efficiency is associated with a considerable number of variables,
including the sampling mode, the coating of the SPME fiber, the extraction temperature,
the extraction time, the desorption time and temperature, as well as the ionic strength. In
this study, several different SPME operating conditions were tested to obtain the optimal
performance of the benzotriazoles analysis procedure.
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3.1.1. Selection of the Sampling Mode and Fiber Coating

Based on the properties of the analytes, literature data, and conclusions resulting
from the authors’ prior experience, the headspace (HS) mode of SPME was applied for the
determination of analytes from the benzotriazoles group [51,52]. The HS-SPME has been
demonstrated to be a useful tool for the efficient enrichment and isolation of benzotriazoles
from water samples, particularly when the sample preheating step and sampling of analyte
at higher temperatures are used [51,52]. This type of SPME technique enables the analysis
of high-viscosity samples with a complex and sometimes variable matrix composition,
such as the airport runoff water. The fiber coating is protected from damage caused by
non-volatile contaminants present in the sample matrix. This significantly reduces the
operating costs associated with using this type of extraction technique.

The crucial criteria, such as the polarity of the analytes, octanol-water partition co-
efficients, boiling points, and water solubility of analytes, were considered in selecting
a suitable SPME fiber coating [25,59]. Considering the available extraction results of the
SPME fiber coatings, it can be concluded that the SPME fiber coated with PDMS/DVB was
clearly more effective than the other commercially available fibers. Based on the available
literature data and conclusions resulting from our previous experience, SPME fiber coated
with a 65 pm-thick film of polydimethylsiloxane/divinylbenzene (PDMS-DVB) was used
to determine the analytes belonging to the benzotriazole group [51,52].

3.1.2. Effects of Extraction Time

HS-SPME is an equilibrium extraction technique. This means that the mass of the
analyte present in the extracting sorbent depends on its initial concentration in the sam-
ple [60]. For a system in the equilibrium state, the number of analytes is constant and
equal to the amount introduced into the system together with the original sample at any
time during the extraction [61]. In this case, the extraction time is a fundamental parame-
ter governing the process efficiency. The time needed to reach equilibrium indicates the
maximum amount of the target compounds that can be extracted by the SPME fiber. This
has an impact on the sensitivity of the extraction technique [60]. Thus, it is essential to
determine the extraction time necessary to achieve the equilibrium state. Nevertheless, the
practical limitations related to the analysis should also be considered [62]. The extraction
time depends on various parameters, such as the sample temperature, partition coefficient
of the analyte, and means of stirring. Times required to achieve an equilibrium state are
usually long and may be shortened by intensive stirring [62]. Considering this aspect,
the investigated samples were stirred at a constant maximum rate before every extraction
process. As previously mentioned, extraction times can be shortened in the HS mode by
applying a sample preheating step. In this case, the time required to reach equilibrium is
shorter through the more rapid diffusion of target compounds in a gaseous medium [62].
Hence, the investigated samples were incubated in a vial at the target temperature before
each extraction process. In this study, the sorption time profiles were tested by measuring
the chromatographic peak area as a function of exposure time [62]. The SPME fiber was
exposed to the HS of model samples during four different extraction periods (30-50 min).
The extraction times longer than 50 min were not used to avoid the extended time of routine
analysis. Figure 2a shows the equilibrium time profiles of analytes from the benzotriazoles
group and the significance of differences between the groups (Kruskal-Wallis test, p < 0.05
for all compounds). The average recovery values achieved by applying a 30 min extraction
time were 55% lower than those obtained after a 40 min extraction. The highest response
values for all investigated compounds were attained for the 45 min extraction time, and
the difference between the 45 and 30 min extraction times was the single significant pair-
wise comparison within the whole experiment. Therefore, the extraction time of 45 min
was applied to determine the analytes from the benzotriazoles group in airport runoff
water samples.
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Figure 2. Effects of the extraction time (a), ionic strength (b), extraction temperature (c), and de-
sorption time (d) on the efficiency of the HS-SPME procedure for the determination of benzotriazoles
in airport runoff water.

3.1.3. Effects of Ionic Strength

The addition of small amounts of salts, such as sodium chloride, potassium chloride,
or sodium sulfate, impacts the extraction efficiency by increasing the ionic strength of the
solution, leading to a ‘salting-out” effect [60]. Organic compounds become less soluble;
thus, their partition coefficients increase. As a result, the amount of analyte adsorbed on
the SPME fiber increases. However, it should be underlined that the extraction efficiency
depends on the analyte and salt concentration in the sample [63]. Furthermore, it should
be noted that the salt addition can significantly increase the risk of contamination of the
investigated sample [62,64]. In this work, sodium chloride was applied to adjust the ionic
strength of the solution. To determine the optimal ionic strength, different amounts of
NaCl (0.5, 1.0, and 1.5 g) were added to the model solution. Higher doses of the salt
were not examined due to the possible saturation of the sample solution. The effect of salt
addition on the HS-SPME extraction is presented in Figure 2b. The obtained results indicate
that the addition of NaCl had a positive effect on the extraction efficiency, resulting in
increased sensitivity of the analytical method (the presented differences are significant for
all compounds except 5,6-diMe-1H-BT, with p < 0.05 and driven by the pairwise significant
difference between 0.5 g and 1 g salt addition). All the investigated benzotriazoles achieved
the highest extraction yield when 1.0 g of NaCl was added to the model sample, and while
the difference for 5,6-diMe-1H-BT was not significant, it was the best salt addition setting
for the entire range of compounds. Thus, the addition of 1.0 g of sodium chloride has been
selected as the optimal extraction parameter for the determination of benzotriazoles in the
samples of airport stormwater.

3.1.4. Effects of Extraction Temperature

During the headspace mode of SPME, the distribution and adsorption equilibria of
analytes must be established between the gaseous and aqueous phases, and between the
gaseous and solid phases [61]. As previously mentioned, the equilibrium depends on a
number of parameters, such as the types of target analytes, the type of fiber coating, the
extraction time, and the temperature [65,66]. The extraction temperature is the next key
parameter, which has an impact on the extraction efficiency. An increase in extraction tem-



Sustainability 2024, 16, 5152

13 of 26

perature accelerates the analyte transport from the solution or solid to the headspace [67].
Considering that an increase in temperature affects the partition coefficient, selecting an
optimal extraction temperature is crucial. This selection should take into account several
factors: the matrix composition of the medium under investigation, the volatility of the
analytes (since higher temperatures increase vapor pressure, facilitating the extraction of
medium- or low-volatility compounds), and the nature of the SPME fiber coating [62]. In
this study, the influence of the extraction temperature was tested at three different levels:
80 °C, 90 °C, and 100 °C (Figure 2c), yielding a significant difference within the assay at
p < 0.05 (Kruskal-Wallis ANOVA). The results of the carried out research indicate that the
amount of analyte adsorbed significantly increases with increasing extraction temperature.
The extraction temperature of 100 °C provided the highest efficiency for the target analytes,
and its pairwise comparison at extraction temperature of 80 °C drove the significant dif-
ference within the entire comparison (for all compounds). Thus, extraction at 100 °C was
applied to determine the benzotriazole levels.

3.1.5. Effects of Desorption Time

Immediately after HS-SPME, the target analytes were introduced into the GC inlet and
then heated to an appropriate temperature. This heating increases the volatility of the target
analytes, enabling their release through the thermal desorption process [42]. It is crucial to
select suitable desorption conditions that ensure the complete removal of target analytes
from the SPME fiber. These conditions should prevent carryover while simultaneously
avoiding degradation of the investigated compounds or damage to the fiber coating [68].
Appropriate desorption time and temperature are crucial parameters that ensure complete
desorption of analytes from the SPME fiber while also preventing the occurrence of memory
effects or carryover [69]. In this study, desorption times were evaluated by inserting the
fiber into the GC injection port for a period of 3-12 min. Additionally, to avoid sample
carryover, the post-baking of the fiber for the additional 5 min in the injection port was
used. Desorption of target analytes was performed at a temperature of 270 °C. Considering
the thermal instability of the septum and the possibility of the occurrence of a gas leak or
a noticeable blank signal, desorption temperatures above 270 °C are not recommended.
Moreover, the blank sample runs for the fiber were carried out between the analysis of
two consecutive samples to check the background level of the GC x GC system. Under
these analytical conditions, no sample carryover was noticed. The optimal response values
were obtained for the desorption time of 10 min (Figure 2d), with a significant difference
within an assay for each compound at p < 0.05 (Kruskal-Wallis ANOVA). The pairwise
comparison, which was significant within such an experiment, was either 10 min to 3 min
desorption time (for 1H-BT and 5-MeBT) or between 10 min and 12 min desorption time
(for 4-MeBT and 5,6-diMe-1H-BT).

3.2. GC x GC-TOF-MS Analysis

Gas chromatography is a commonly applied technique to separate and identify or-
ganic compounds. Despite the high resolution of capillary columns, GC is often insufficient
for the separation of a wide spectrum of interfering substances that are commonly present
in environmental samples. The peak capacity of GC x GC is significantly higher in com-
parison with the one-dimensional GC. The application of comprehensive two-dimensional
gas chromatography enables significantly improved analyte separation. Moreover, it is
possible to separate target compounds from interfering components in wastewater, such
as petroleum-derived substances, polycyclic aromatic compounds, and polychlorinated
biphenyls. It should be emphasized that the principal advantage of the trapping and
refocusing processes occurring during modulation is a 3-10-fold increase in the signal-
to-noise ratio (5/N) in comparison with the one-dimensional GC, which results in an
enhanced sensitivity of GC x GC. Furthermore, the use of GC x GC enhances the re-
liability of identifying and quantifying target compounds. This method provides two
distinct retention times for each compound and yields well-organized compound group
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bands, aiding in the analysis of chromatographic fingerprints [42—44,70,71]. Based on our
previous research, we found that separating BTs from interfering compounds in airport
runoff water samples using one-dimensional gas chromatography presents significant chal-
lenges, particularly in distinguishing between 4-MeBT and 5-MeBT [34]. Figure 3 presents
a comparative analysis of chromatograms obtained from the same airport runoff water
sample, collected from the aircraft de-icing area during the winter sampling campaign
at the Large Airport UK, using (a) GC x GC-TOF-MS and (b) GC-MS systems. Based on
the obtained results, it can be stated that the separation of compounds from the BT group
using the GC x GC-TOE-MS system was significantly improved in comparison to results
obtained using one-dimensional GC. These exemplary results confirm that comprehensive
two-dimensional gas chromatography is an effective technique for separating the investi-
gated analytes from interfering compounds present in the complex matrix of airport runoff
water samples. Thus, the GC x GC technique with a high peak capacity and separation
efficiency is recommended as a tool for analyzing samples characterized by complex matrix
composition, such as airport stormwater.
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Figure 3. Comparison of chromatograms obtained from the same airport runoff water sam-
ple, collected at Large Airport, UK (aircraft de-icing area, winter sampling campaign), using
(a) GC x GC-TOF-MS and (b) GC-MS systems.

A multitude of parameters were evaluated and optimized to enhance chromatographic
performance. These parameters encompassed the temperature gradients applied to both
the primary and secondary columns in the GC x GC system, injection port temperature,
the modulation period, the run time, and the dynamic profiles of carrier gas flow rates.
This optimization was critical for ensuring not only the comprehensive resolution of target
analytes but also their effective separation from co-eluting, non-target constituents in com-
plex matrices such as airport runoff water samples. The optimal operating conditions used
for GC x GC-TOF-MS analysis of benzotriazoles in airport stormwater are summarized
in Table 2. A 2D chromatogram of the model sample, extracted via HS-SPME under the
optimized conditions, is shown in Figure S1.

3.3. Quality Assurance/Quality Control (QA/QC)

After the optimization process, the methodology for the determination of benzo-
triazoles in airport stormwater samples was validated to provide an adequate level of
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quality assurance and quality control of measurements (QA /QC). The obtained validation
parameters of the developed analytical procedure are summarized in Table 3.

The values of the coefficient of determination (R?) of the calibration curves were
higher than 0.990, which indicated good linearity. Only in the case of the calibration curve
for 1H-BT in the range of 5.0-50 ug/L did the coefficient of determination equal 0.9899.
Moreover, linearity was examined by applying the Visual Linearity Test and Mandel’s
Fitting Test with a probability p = 0.99. Mandel's Fitting Tests were passed in all cases.

The obtained MDL and MQL values ranged from 0.0042 to 0.0062 ug/L and from
0.012 to 0.019 pg/L, respectively. The results obtained indicate that the MDL values for
the HS-SPME-GC x GC-TOF-MS-based procedure were significantly lower than those
reported by Breedved for the SPE/GC-MS (0.1-0.35 pug/L) [24,72] and our research team
(0.01 nug/L for 4-MeBT, 5-MeBT) [34].

The recovery values were sufficient for all tested compounds at every fortification
level (>80.0%) (Table 3). The studies mentioned above also demonstrate that the efficiency
of the developed analytical procedure is comparable to that of the SPE/GC-MS method,
with recoveries ranging from 62 to 102% [1]. The obtained recoveries met the requirements
of analytical methods, where the recovery values should range from 70 to 120%, depending
on matrix complexity [34]. The obtained recovery values indicate the suitability of the
SPME technique for the efficient extraction of BTs from airport stormwater samples.

The values of intra-day precision for the airport stormwater samples ranged from 5.9 to
9.8%. In turn, the values of inter-day precision ranged between 6.2 and 14.9%. The precision
data for each analyte are shown in Table 3. Similar numerical data on the reproducibility by
applying the SPME have been achieved by other research teams [51,52]. Validation param-
eters determined in the presented study are similar or better compared to the validation
results achieved by other research teams using SPE-GC-MS-based methodology [9,72].
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Table 3. Metrological parameters of the newly developed analytical procedure for determining benzotriazoles using HS-SPME and GC x GC-MS system.

< 8 Linearity Range ffici f D ination, R2 MDL MQL Precision, CV Recoves

8 2 & Coefficient of Determination, Inter-day Precision Intraday Precision Y

ES - -

28 1 2 1 1 o - Tow Medium High

;; g I I x L . - [ugl=1] Low 1 (D1-D3) Medium 1 (D1-D3) High ! (D1-D3) Low Medium High (D1-D3) (D1-D3) (DI-D3)

~ [ngl™T] %]

TH-BT 0.9899 0.9965 0.9967 0.0062 0.019 9.2-145 8.7-14.1 6.2-13.9 9.0 9.8 7.9 80.0-119.2 81.2-120.0 85.9-106.3
TMeBT 0.9909 09924 0.9931 0.0044 0.013 65-14.7 85-14.8 7.1-135 59 80 65 84.0-118.0 87.2-1165 873-103.1
5-MeBT 5.0-50 50-500 500-50,000 0.9925 0.9930 0.9920 0.0042 0.012 72-149 83-14.7 741438 6.9 79 92 85.6-119.0 90.3-110.7 92.9-102.5
5,6-diMe-1H-BT 0.9915 0.996% 0.9972 0.0051 0.018 89-145 94-143 87-145 85 92 76 81.0-116.0 §35-107.9 §9.9-1074

! Low, medium and high concentration levels of the investigated compounds ? (D1-D3) = D1-day 1, D2-day 2, D3-day 3.
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A schematic representation of the optimized and validated analytical procedure ap-
plied for the determination of benzotriazoles in airport stormwater samples is shown in
Figure 4.

Investigation of airport runoff water samples
Determination of benzotriazoles by HS-SPME-GCxGC-TOF-MS

| 4
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Figure 4. Schematic representation of the analytical procedure for the determination of benzotriazoles
in airport runoff water samples using HS-SPME-GC x GC-TOF-MS system.

3.4. Environmental Application

The developed HS-SPME-GC x GC-TOF-MS-based methodology was employed for
determining anti-corrosive compounds in airport stormwater samples collected from four
European airports, each characterized by varying levels of activity (number of flights/
passengers per year). The runoff water samples were collected during the period from
autumn 2012 to winter 2013.
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The concentration levels of various benzotriazole analytes identified in stormwater
samples collected from European airports are depicted in Figure 5. These levels were
recorded over the course of thirteen different sampling campaigns. During the entire
sampling period at the investigated airports, 1H-benzotriazole was the most abundant
analyte, with concentrations ranging from below the MQL to 467 mg/L.

The concentration levels of 4-methyl-1H-benzotriazole and 5-methyl-1H-benzotriazole
were found to range from below the MQL to 979.7 pg/L and from below the MQL to
1312.6 ug/L, respectively. In turn, 5,6-dimethyl-1H-benzotriazole was detected only in the
runoff water collected at the small airport in Poland during the autumn and winter sampling
campaigns, with concentrations of 133.6 £ 10.7 ug/L and 222.2 4+ 17.8 pug/L, respectively.
Analysis of the results from all sampling campaigns revealed that the highest concentration
of the target anti-corrosive analytes was found in the runoff water collected at the small
airport in Poland, as shown in Figure 5a. Moreover, there were significant differences
(p < 0.001, Kruskal-Wallis ANOVA) between the sampled airports, in pairwise comparisons
revealed to be resulting from significant differences for all compound concentrations
between the small airport in Poland and the other airports. The concentrations of 1H-BT
in stormwater samples from the small airport in Poland, collected during all sampling
campaigns, were substantially higher, ranging from 51.8 to 467 mg/L. This is in contrast to
the lower levels found in samples from other investigated airports, as detailed in Figure 5.
The increased concentration of benzotriazoles detected in the samples monitored at the
small airport in Poland might be attributable to the local weather conditions. During the
research period, the ambient temperature at small airport PL varied between —4.5 °C and
—2.5 °C. In contrast, the air temperature at the other investigated airports ranged from
—0.5 °C to 7.0 °C. This could be linked to the higher frequency of operations, such as
aircraft and airport platform de-icing, necessitated by the lower ambient temperatures. In
all sampling campaigns, the concentration levels of the compounds under investigation in
runoff water samples from medium airports in Poland were below the MDLs. For large
airports in the UK, the concentration levels of benzotriazoles measured in samples from all
sampling campaigns were unexpectedly low, ranging from below the MQL to 7567 pg/L.
The results obtained suggest that the degree of environmental contamination at airport
infrastructures cannot be consistently correlated with the size or capacity of the airport.

Opverall, the concentrations of anti-corrosive compounds found in runoff water samples
from the de-icing area were significantly higher than those in samples from the other
areas (Figure 5b, Kruskal-Wallis ANOVA p < 0.001). In pairwise comparisons, only two
compounds (1H-BT and 4-MeBT) showed significant differences (p < 0.05), and only in the
case of 1H-BT was there a significant difference (p < 0.05) between de-icing and refueling
area. For instance, during the first winter sampling campaign at the high airport in
Poland, the concentration of 1H-BT in stormwater samples from the de-icing area was
18,579 £ 929 pg/L. In contrast, the concentration of 1H-BT in samples from the refueling
area collected on the same day was below the MQL, as illustrated in Figure 5b.

Based on the data shown in Figure 5¢, it is observed that between the different seasons,
there were significant differences (p < 0.01); however, only 1H-BT showed a significant
pairwise difference (p < 0.05) between autumn and winter, with autumn concentrations
being higher. The studies conducted indicate that toxic analytes are entering the surface
waters in the vicinity of the airport; for example, during the autumn campaign at the large
airport in the UK, the concentration of 1H-BT in samples from the river near the airport
was 1053 £ 53 ug/L. Given these findings, it becomes crucial to develop more effective
management strategies for handling airport de-icing runoff water, as well as to enhance the
efficiency of waste management.
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Figure 5. Concentrations of benzotriazoles in airport stormwater samples collected from small airport
and high airport in Poland, and large airport in the UK: (a) overall concentrations, (b) differences
between airport areas tested, and (c) differences between sampling seasons. Note the logarithmic
scale for concentrations on the y-axis.



Sustainability 2024, 16, 5152

20 of 26

3.5. The Ecotoxicological Risk of BTs

The potential risks associated with BTs at monitored airports are influenced by various
factors, including the geographical location of the airport, weather conditions, airport ca-
pacity, sampling location, and season. As previously mentioned, the assessment of risk level
was conducted using the RQ formula (see Section 2.2.4), based on the highest measured
concentrations of BTs in airport runoff water samples and ecotoxicological data presented
in Table S1. The potential risk associated with BTs is low since all analyzed samples from
the specified location showed an RQ below 0.1. Summarizing all the examined runoff
water samples across all studied airports, 69% of the tested sites exhibited high-risk levels
(RQ > 1). It should be emphasized that, even in samples collected from a river outside the
large UK airport area, the RQ values, determined in relation to organisms from various
trophic levels (Lemna minor, Desmodesmus subspicatus, Daphnia galeata, Pimephales promelas,
Aliivibrio fischeri), consistently exceeded 1 in every instance. Additionally, the location of
sample collection during the same survey period proved to be critically influential. For
example, samples from the de-icing zone at high airport PL registered RQ values above 1,
indicating a high-risk potential. In contrast, samples from the aircraft refueling area at the
same airport, gathered during the identical sampling campaign, demonstrated RQ values
below 0.1.

Risk frequencies of BTs in runoff water samples collected from international airports
are presented in Figure 6. An analysis of the proportional distribution of risk quotient
levels across all examined airports yields a comprehensive overview. Particular attention
should be given to the small airport PL, where 100% of the tested sites showed high-risk
levels for 1-H-BT and 5-MeBT. In the context of the risk assessment for 1-H-BT, attention
must be drawn to the observations at large airports in the UK. In these areas, a substantial
80% of the evaluated sites were classified as possessing a high-risk level in relation to
1-H-BT exposure. In turn, the estimated RQ values for 1-H-BT, 4-MeBT, and 5-MeBT in
all runoff water samples collected from the medium airport in Poland were below 0.1.
This indicates a minimal detrimental impact on both surface and benthic organisms. As
previously noted in Table S1, toxicity data for 5,6-diMe-1H-BT is currently unavailable.
Generally, the calculation of RQ values suggested that BTs posed a significant threat to the
ecosystem around airports. Due to their high lipophilicity, these organic pollutants are
likely to enter the food chain and pose a substantial risk to aquatic organisms at higher
trophic levels.

There is insufficient data regarding the prevalence and impact of airport pollutants on
the environment [73-76]. In European or Polish regulations, there are no specific provisions
regarding the necessity of the determination or removal of benzotriazoles from runoff
water generated upon the use of de-icing agents for airports [7,75,76]. The key issue is the
inclusion of compounds from the benzotriazole group in the lists of substances that are
particularly dangerous to the aquatic environment, which are supplied as runoff water
from airports, in the regulations of the European Parliament and Council (EC), the Food
and Agriculture Organization (FAO), and the International Civil Aviation Organization.
The findings of our research underscore the necessity of implementing routine monitoring
for benzotriazole concentrations in airport runoff water samples. Continuous monitoring
and observation of both seasonal and long-term trends are crucial.
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Figure 6. Pie charts depicting the frequency of BT risks in stormwater samples collected from
international airports.

By implementing methodologies for the determination of the diverse pollutants re-
leased into runoff water as a result of airport operations, it will be feasible to assess the
detrimental environmental impact of airport maintenance activities. The newly developed
pro-quality analytical procedure (HS-SPME-GC x GC-TOEF-MS) combined with additional
environmental risk assessments of benzotriazoles in airport runoff water enables the col-
lection of more comprehensive data on environmental quality. It is possible to create and
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complete databases of international environmental information systems and company
environmental information systems as instruments for analyzing the environmental impact
of companies. A newly developed analytical procedure enables the swift assessment of
the ecological hazards associated with airport runoff water. The methodology can be used
as a tool for monitoring and controlling the quality of airport runoff water. This proposal
proposes a novel approach to be considered in the management process of airport infras-
tructure in terms of its environmental impact. This includes suggestions for reducing the
load of pollutants in runoff water, recommended waste recycling techniques, substitutes
for currently used de-icing substances, and proposals for wastewater treatment technol-
ogy. This will lead to the development of environmentally conscious and sustainable
protocols [77-79].

4. Conclusions

As a result of the conducted research, the HS-SPME-GC x GC-TOF-MS-based pro-
cedure for the determination of the anti-corrosive compounds in the samples of airport
stormwater was developed, optimized, and validated. The established methodology is
sensitive, selective, accurate, precise, and easily applicable to the analysis of airport runoff
water samples. The application of the developed HS-SPME-GC x GC-TOF-MS-based
methodology substantially improves the identification and quantification of benzotria-
zoles in airport stormwater. The developed and validated analytical protocol was used
as a tool to estimate the occurrence of the anti-corrosive compounds in runoff water from
airports with varying capacities. The research results confirmed the presence of 1H-BT,
4-MeBT, 5-MeBT, and 5,6-diMe-1H-BT in airport runoff water collected from European
airports. This is the first time that a HS-SPME-GC x GC-TOF-MS-based procedure has
been applied for the determination of benzotriazoles in any matrix. Furthermore, this
study is characterized by new scientific elements in terms of the scale of the performed
research regarding international airports located in different geographical regions. The
newly developed procedure, aligned with green analytical chemistry principles, serves
as an effective tool for comprehensive monitoring and quality control in the water and
wastewater sector. These objectives align with the priority objectives of the United Nations
2030 Agenda for Sustainable Development.

The results of the performed study allow for a swift ecological risk assessment related
to airport stormwater. The estimation of ecotoxicological risk assessment for BTs in water
samples is exceptionally rare, making it a novel research topic. The research enhances
environmental quality assessments and databases, facilitating swift and accurate ecological
risk evaluations for sustainable airport management, thereby reducing environmental
impacts and improving quality of life.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/sul6125152 /51, Table S1: Properties and eco-toxicity profiles of
selected compounds for research; Figure S1: The 2D total ion chromatogram of the model sample
of airport runoff water, spiked with a standard mixture of benzotriazoles, under the optimized
HS-SPME conditions.
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