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1. Introduction

Environmental analytical chemistry has evolved into a well-established interdisci-
plinary field (analytical chemistry, pollution chemistry, chemical engineering, etc.), and it is
currently in high demand. Investigations of the Earth’s resources often exceed environmen-
tal capacity, causing various problems and changes. The management of these processes
requires monitoring and analysis to gain information about organic, inorganic, and ra-
dioactive pollutants in air, water, soil, and biota. The development of new or enhancement
of existing analytical methods is vital to achieve such goals. Examples include acquiring
representative samples, improving sample preparation, lowering the quantification limits
and measurement uncertainty, implementing appropriate methods and procedures for
pollution risk assessment, revealing sources and pathways of exposure, as well as trends
and the spatial distribution of analysed pollutants, among others.

The Special Issue “Environmental Analytical Chemistry” was introduced on 16 August
2021 and closed on 26 November 2023, with the submission deadline being on 20 May 2023.
During this time, 18 papers were submitted seeking publication in Molecules.

2. An Overview of Published Articles

The diversity of studies related to the environment was highlighted by the papers
received for publication in the SI “Environmental Analytical Chemistry” in the period
from 13 October 2021 to 20 June 2023. These included the somewhat traditional topics
“air”, “soil”, “sediment”, “water”, and “plant”, and emerging ones such as “e-cigarettes”
(“e-liquids”).

Andrea Mara et al. (contribution 1) addressed the present lack of interest in the
determination of toxic elements in electronic cigarette liquids (e-liquids). The analytical
challenges for such investigations are strong matrix effects, which reflect on the existence
of reliable, accurate, and validated analytical methods. In their study, the team developed
and validated an ICP-MS method for the quantification of 23 elements in 37 e-liquids of
different flavours, including sample pre-treatment and the optimisation of the ICP-MS
conditions. Luckily, the results showed that all samples exhibited a very low amount of
the investigated elements with a sum of their average concentration of ca. 0.6 mg/kg.
Toxic elements in tobacco and tonic flavours (the highest and the lowest concentration of
elements, respectively) were always below a few tens of μg/kg and very often below the
quantification limits.

In their study, Jungmin Jo et al. (contribution 2) paid attention to some derivatives of
PAHs—nitro-PAHs (NPAHs) and oxy-PAHs (OPAHs). They presented a validated method
for the quantification of 18 NPAH and OPAH congeners in the atmosphere using gas
chromatography coupled with chemical ionisation mass spectrometry. The application
of negative chemical ionisation (NCI/MS) or positive chemical ionisation tandem mass
spectrometry (PCI-MS/MS) achieved high sensitivity and selectivity for the quantification
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of individual NPAH and OPAH congeners without sample preparations. According to
the results, the contribution of individual NPAHs and OPAHs to the total concentration
differed according to the regional emission characteristics.

Markers of chemical and microbiological contamination in fitness centres were investi-
gated by Justyna Szulc and her colleagues (contribution 3). Their study aimed to assess the
particulate matter, CO2, formaldehyde, volatile organic compound (VOC) concentration,
the number and the biodiversity of microorganisms, and the presence of SARS-CoV-2 in
the air, using various analytical methods. Their results showed that >99.6% of the parti-
cles are found in the PM2.5 fraction. Different substances in various concentrations (CO2,
formaldehyde, 84 VOCs phenol, D-limonene, toluene, and 2-ethyl-1-hexanol), 422 genera
of bacteria, 408 genera of fungi, and the SARS-CoV-2 virus were detected in the gym.

Inductively coupled plasma mass spectrometry (ICP-MS) was used by Nimelan
Veerasamy et al. (contribution 4) to measure the concentration of trace and rare earth
elements (REEs) in soils from Odisha, on the east coast of India. This analytical method
was validated by the use of certified reference materials. The presented estimation of
enrichment factor (EF) and geoaccumulation index (Igeo) showed that Cr, Mn, Fe, Co, Zn,
Y, Zr, Cd, and U were significantly enriched, and Th was extremely enriched.

How soil contamination with Cr(III) and Cr(VI) in the presence of Na2EDTA affects
Avena sativa L. biomass was evaluated by Edyta Boros-Lajszner et al. (contribution 5). They
assessed the remediation capacity of Avena sativa L. based on its tolerance index, translo-
cation factor, and chromium accumulation, and they investigated how these chromium
species affect the soil enzyme activity and physicochemical properties of soil. It was shown
that the negative effect of chromium decreased the biomass of Avena sativa L. (aboveground
parts and roots). The tolerance indices (TIs) showed that Avena sativa L. tolerates Cr(III)
contamination better than Cr(VI) contamination and is of little use for the phytoextraction
of chromium from the soil.

Galina Yotova et al. (contribution 6) used various indicators—primary nutrients (C, N,
P), acidity (pH), physical clay content, and potentially toxic elements (PTEs: Cu, Zn, Cd,
Pb, Ni, Cr, As, and Hg)—combined with chemometric and geostatistical methods to assess
Bulgarian soil quality. The use of principal component analysis identified the contribution
of each latent factor (the mountain soil factor, the geogenic factor, the ore deposit factor,
the low nutrition factor, and the mercury-specific factor) to the overall soil quality. The
spatial distribution of the soil quality patterns throughout the whole Bulgarian territory
was visualised via mapping and was used to outline regions where additional measures
for the monitoring of the phytoavailability of PTEs were required, -

Sediment cores were used by Tony Venelinov et al. (contribution 7) to study the
temporal dynamics of anthropogenic impacts on the Pchelina Reservoir. They used 137Cs
activity to identify the layers corresponding to the 1986 Chernobyl accident and for the
calculation of the average sedimentation rate. A Mann–Kendall test was used to reveal time
trends in the elements’ depth profiles (Ti, Mn, Fe, Zn, Cr, Ni, Cu, Mo, Sn, Sb, Pb, Co, Cd,
Ce, Tl, Bi, Gd, La, Th, and Unat) within the sediments in the sampling sites. The performed
principal component analysis revealed two groups of chemical elements that were linked
to anthropogenic impacts. The results obtained showed that the moderately contaminated,
according to the Igeo, Pchelina Reservoir surface sediment samples have low ecotoxicity.

The bioavailability and fractionation of rare earth elements were assessed by Mo-
hammed Othman Aljahdali and Abdullahi Bala Alhassan in mangrove ecosystems (con-
tribution 8) using multi-elemental ratios, Igeo, bio-concentration factor (BCF), and the
influence of sediment grain-size types. The results obtained showed BCF values of less than
one for all the REEs determined, calling for the periodic monitoring of REE concentrations
in mangroves to keep track of the sources of metal contamination and develop conservation
and control strategies for these important ecosystems.

Błażej Kudłak et al. (contribution 9) utilised bioluminescent bacteria (Microtox as-
say) to monitor contaminants of emerging concern (CEC) mixtures at environmentally
relevant doses and performed the first systematic study involving three sunscreen com-
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ponents (oxybenzone, OXYB; 4-methylbenzylidene-camphor, 4MBC and 2-ethylhexyl
4-methoxycinnamate, EMC) and three bisphenols (BPs—BPA, BPS or BPF) (contribution 9).
A breast cell line and cell viability assay were used to determine the possible effect of
these mixtures on human cells. The results from toxicity modelling with concentration
addition and independent action approaches showed that mixtures containing any pair
of three BPs (e.g., BPA + BPS, BPA + BPF and BPS + BPF), together with one sunscreen
component (OXYB, 4MBC or EMC), interacted at environmentally relevant concentrations
and had strong synergy or over additive effects. Mixtures containing any pair of OXYB,
4MBC, and EMC, and one BP had a strong propensity towards concentration-dependent
underestimation. The UV filters (4MBC, EMC, and OXYB) were shown to be antagonistic
toward each other.

Aleksander Kravos et al. (contribution 10) utilised advanced oxidation processes
(AOPs) to understand the complex degradation processes of phenol, 2,4-dichlorophenol,
and pentachlorophenol from a chemical and ecotoxicological point of view. They used
instrumental analyses (HPLC–DAD, GC–MS, UHPLC–MS/MS, and ion chromatogra-
phy) along with ecotoxicological assessment (Daphnia magna) to study the efficiency of
ozonation, photocatalytic oxidation with immobilised nitrogen-doped TiO2 thin films, and
electrooxidation on boron-doped diamond (BDD) and mixed metal oxide (MMO) anodes.
Monitoring the removal of target phenols, dechlorination, transformation products, and
ecotoxicological impact, our results showed that ozonation was by far the most suitable for
degradation. It showed rapid detoxification, contrary to photocatalysis, which was found
to be slow and accumulated aromatic by-products.

Kullapon Kesonkan (contribution 11) proposed coconut oil as a natural solvent for the
green downscaling solvent extractive determination of Cu(II) using 1,5-Diphenylcarbazide
(DPC). Cu(II)-DPC complexes in an aqueous solution were transferred into the coconut oil
phase, inducing a colour change, which enabled image processing on a smartphone. The
developed new approach of green chemical analysis was applied to water samples in the
range of 0–1 mg/mL Cu(II).

A novel biomass adsorbent based on activated carbon incorporated with sulphur-
based binary metal oxide layered nanoparticles (SML-AC), including sulphur (S2), Mn,
and Sn oxide, was synthesised by Binta Hadi Jume et al. via the solvothermal method
(contribution 12). The functional groups, surface morphology, and elemental composition
of the newly synthesised SML-AC were studied using FTIR, FESEM, EDX, and BET, which
were applied as efficient adsorbents to remove Pb2+, Cd2+, Cr3+, and V5+ from the oil-rich
region. The optimal pH, dosage, and time were found to provide a satisfactory adsorption
capacity based on the Langmuir and Freundlich models.

Klaudia Stando et al. (contribution 13) evaluated the uptake of 14 veterinary pharma-
ceuticals by parsley from soil fertilised with manure. Pharmaceutical content (enrofloxacin,
tylosin, sulfamethoxazole, and doxycycline) was determined in roots and leaves using liq-
uid chromatography coupled with tandem mass spectrometry. Additionally, a solid–liquid
extraction procedure combined with solid-phase extraction was developed, providing good
recoveries for leaves and roots. The results obtained showed that enrofloxacin was present
at the highest concentrations, doxycycline accumulated mainly in the roots, tylosin in the
leaves, and sulfamethoxazole was found in both tissues.

3. Conclusions

Humanity irreversibly impacts the environment by polluting its natural vital
resources—air, water, and soil. Therefore, environmental protection should become human-
ity’s ultimate goal. A few directions should continue to be followed: (i) the development
of new and the enhancement of existing analytical methods for the analysis of pollutants
(organic, inorganic, and radioactive); (ii) the use of chemometric and statistical approaches
for risk assessment; (iii) the determination of point and non-point pollution sources; (iv) the
clarification of exposure pathways; and (v) the determination of trends and spatial distribu-
tion of analysed pollutants.
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Following the initial Special Issue’s success, a new Special Issue “Environmental
Analytical Chemistry II” was introduced on 31 July 2023, with the submission deadline set
to 31 May 2024 (to be closed on 27 November 2024). The Guest Editors would like to invite
you to contribute to this Special Issue, so that your valuable unpublished research can find
a worldwide audience among readers of Molecules.
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Abstract: The lack of interest in the determination of toxic elements in liquids for electronic cigarettes
(e-liquids) has so far been reflected in the scarce number of accurate and validated analytical methods
devoted to this aim. Since the strong matrix effects observed for e-liquids constitute an exciting
analytical challenge, the main goal of this study was to develop and validate an ICP-MS method aimed
to quantify 23 elements in 37 e-liquids of different flavors. Great attention has been paid to the critical
phases of sample pre-treatment, as well as to the optimization of the ICP-MS conditions for each
element and of the quantification. All samples exhibited a very low amount of the elements under
investigation. Indeed, the sum of their average concentration was of ca. 0.6 mg kg−1. Toxic elements
were always below a few tens of a μg per kg−1 and, very often, their amount was below the relevant
quantification limits. Tobacco and tonic flavors showed the highest and the lowest concentration
of elements, respectively. The most abundant elements came frequently from propylene glycol and
vegetal glycerin, as confirmed by PCA. A proper choice of these substances could further decrease
the elemental concentration in e-liquids, which are probably barely involved as potential sources of
toxic elements inhaled by vapers.

Keywords: e-cigarettes; e-liquids; toxic elements; trace elements; ICP-MS

1. Introduction

Electronic cigarettes (e-cigarettes) were introduced on the market in the mid-2000s
and are considered a healthier alternative to traditional smoking. There are different types
of devices, components, and e-liquids [1,2] to meet all consumer needs. However, all of
them share the same components as well as principle of functioning. It consists of a power
source, such as a rechargeable lithium battery, and a cartridge (or a tank) containing the
liquid (henceforward called e-liquid). An electrical resistance (i.e., the atomizer), activated
by a puff or by a button, is the heating element, which promotes the nebulization of the
e-liquid and the formation of the aerosol inhaled by the vaper. An electronic system may
be able to report the information related to the nebulization process (volts, watts, ohms,
puffs) from a smartphone, LEDs, or an integrated screen. The flavored e-liquid is mainly
formed by low amounts of water and two EU food additives, namely propylene glycol
(E1520, according to the EU classification, (PG)) [3] and vegetal glycerin (E422, (VG)) [4].
Both generally recognized as safe (GRAS) by the U.S. Food and Drug Administration. In
addition, it may contain variable amounts of nicotine, never exceeding the concentration of
20 mg cm−3 in EU countries [5].
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Although they are considered healthier than traditional cigarettes, owing to their
lack of toxic products formed by combustion [6–9], the health risks related to the use of
e-cigarettes have also been widely studied [10–13]. The apparatuses mainly involved are
the respiratory [14,15], the cardiovascular [16,17], the nervous [18], and the reproductive
systems [19]. Nicotine [20] is likely one of the most toxic components assimilated by
means of tobacco smoke. It is quickly assimilated [21] and adversely affects respiratory,
cardiovascular, renal, and reproductive systems [22]. However, the presence of nicotine in
e-liquids is optional, and it may be dosed to accomplish any nicotine replacement therapy
needs. In a close analogy to what happens with traditional tobacco smoke, attention has
been paid to the formation of potentially harmful compounds from the thermal degradation
of the main ingredients of e-liquids, such as the flavors, PG and VG [23–25]. Hence,
chromatographic methods devoted to determining species such as nitrosamines, VOCs,
carbonyls, polycyclic aromatic hydrocarbons, and aldehydes have been developed for this
purpose [26–29]. Nevertheless, and only with some exceptions [30], the absence of any
combustion process and the low temperatures measured in the nebulization process of e-
liquids greatly reduce the concentration and the number of harmful species in comparison
to what is observed in the smoke of traditional cigarettes [7]. Moreover, the concentration
of toxic metals and metalloids contained in the aerosol of e-cigarettes seems lower than
that measured in traditional smoke [31–33]. Although, Badea et al. measured detectable
amounts of rare earths in the serum of e-cigarette smokers [34]. Moreover, in this case,
many analytical methods for the determination of elements in aerosols and—more rarely
—in e-liquids were recently developed [35]. Only in a few cases, elemental determination is
carried out on both liquids and aerosols [25,36–38]. In these contributions, the concentration
of the elements measured was higher in aerosols rather than in e-liquids, with the only
exception being the study performed by Beauval et al. [25], where the amount found
in both matrices was comparable. The elemental amounts found in these studies are
hardly comparable among them, due to the great differences in e-cigarettes, e-liquids, and
sampling techniques and puffing protocols in the aerosol determination [39,40].

Moreover, the analytical technique used for elemental determination is a possible
reason for the differences observed among the literature studies. Inductively coupled
plasma (ICP) methods (e.g., ICP-mass spectrometry (ICP-MS) [7,25,33,36–46] or ICP-
optical emission spectroscopy (ICP-OES) [47–50]) are the instrumental techniques mainly
used for this purpose, although sometimes X-ray fluorescence methods have also been
used [51]. As far as the toxic elements are concerned, those most frequently measured are
As [7,25,36,37,39,41–45,49,51], Pb [7,25,33,36,37,41,43–45,47,51], Cd [7,25,33,36,37,41–45,51],
and Cr [7,25,33,36,39,41,43–45,47,48,51], while sometimes also Sn [36,39,44,45,47–49],
Sb [25,36,39,41,49], Hg [25,41,44,45], and Tl [25,41] were quantified.

Although it may seem obvious that determining the amounts of elements that are
potentially health-threatening contained in e-liquids might be important in defining the
overall level of exposure of vapers, until now the limits posed (or suggested) by coun-
tries [52,53] or international organizations [54] on the concentration of toxic elements are
quite rare. This also reflects the scarce number of literature contributions addressed to this
aim. From a purely analytical viewpoint, it is surprising that the possibility of a severe bias
in the ICP-MS determination of these analytes, caused by a matrix almost entirely formed
by organic species such as e-liquids, was considered only by one research group [41]. In
addition, only two research groups [25,36,41] attempted to quantify a reasonable number
among the toxic elements and oligoelements while, to the best of our knowledge, toxic
elements such as Ba, Bi, and U were never quantified in e-liquids.

Therefore, the principal aim of this contribution was to develop and validate an
ICP-MS method able to determine the total amount of the 23 elements of potential health
concern, i.e., Al, As, B, Ba, Be, Bi, Cd, Co, Cr, Cu, Fe, Hg, Li, Mn, Mo, Ni, Pb, Se, Sb, Sn, Tl, U,
and Zn, in a reliable sampling of e-liquids produced in Sardinia, Italy. Particular attention
has been taken to optimize critical phases such as sample pre-treatment and quantification
method. Samples were analyzed simply after a proper dilution or after microwave-assisted

7



Molecules 2021, 26, 6680

mineralization, whereas external calibration (in the absence or in the presence of the matrix)
and internal calibration were kept into consideration for quantification. Since the need for
studies aimed to evaluate the role of the flavor components in the contamination by trace
elements in e-liquids was evidenced in previous publications [25], the optimized methods
were tested on 37 different flavors and on the constituents of all e-liquids (i.e., PG, VG,
water, and nicotine).

2. Results and Discussion

2.1. Method Assessment
2.1.1. Sample Pre-Treatment

The technique of sample pre-treatment most frequently described in the literature for
e-liquids [25,36,37,41] is a simple dilution in an HNO3 aqueous solution, exploiting their
complete solubility in such a solvent. However, the e-liquids may represent in principle a
strongly interfering matrix in ICP-MS measurement, due to their very high amount (always
over 95% w/w) of organic matter. Consequently, low levels of dilution of e-liquids also
potentially allow for quantifying the trace elements, but inevitably increase the noise and
the interference of the carbon-based polyatomic ions (especially on the quantification of
elements such as Cr and V [41]). On the other hand, high levels of dilution reduce bias due
to matrix effects, but likely permit the quantification only of the most abundant elements. In
order to allow a comparison with literature data, the first approach of sample pre-treatment
chosen in this study was the dilution of e-liquids, according to Beauval et al. [25,41]. The
same method was also used for pre-treating the pure organic constituents of the e-liquids
(i.e., PG, VG, and nicotine). Hence, ca. 0.3 g of sample, exactly weighted on an analytical
balance (±0.0001 g uncertainty), was diluted to a final volume of 15 cm3 with an aqueous
solution containing a 2% (v/v) HNO3 solution and 0.1% (v/v) of TritonTM X-100. In addition,
by weighting 1.5 g and 0.15 g of the sample (finale volume 15 cm3), 1:10 (w/v) and 1:100
(w/v) dilutions were also tested to optimize the method. All samples were filtered through
a 0.22 μm nylon filter prior to ICP-MS analysis. Unfortunately, a high number of ionic
counts for blanks were observed for several analytes (i.e., for Cr, V, and Zn) when the
1:10 and 1:50 dilutions were used, likely due to a very strong interference by polyatomic
ions. Conversely, using a 1:100 dilution, this interference was reduced, but it was no more
possible to quantify the trace analytes. In addition, the high amount of organic species
conveyed to plasma causes serious instrumental issues, such as a thick deposit of soot in
the RF coil, in the torch, and in the cones. For these reasons, after some preliminary tests,
the pre-treatment for dilution was abandoned.

Another option for the decomposition of the organic matrix in the e-liquids is an
acid/oxidant attack assisted by microwaves. An amount of 0.3 g of the sample, exactly
weighted on an analytical balance, was treated with 0.5 cm3 of HNO3 and 6 cm3 of water
inside a 15 cm3 internal volume polytetrafluoroethylene (PTFE) vessel. Due to the high
amounts of polyols contained in this matrix, the operative conditions used were the best
compromise among the maximization of the oxidizing power and the minimization of
the risk of unpredictable and potentially violent reactions inside the vessels. Figure 1
shows the trends of the microwave power and of the internal temperature and pressure of
the vessel.

The whole mineralization cycle lasts 70 min. After this time, the vessels were opened
at room temperature and the mineralized samples were diluted up to 15 cm3 and filtered
through a 0.22 μm nylon filter.

2.1.2. ICP-MS Method

Table 1 reports the instrumental parameters and the elemental settings used for the
ICP-MS determination of 23 toxic elements and oligoelements in e-liquids.

8



Molecules 2021, 26, 6680

 

Figure 1. Trends of temperature and pressure inside vessels along a typical mineralization cycle of
0.3 g of an e-liquid dissolved in 0.5 cm3 of HNO3 and 6 cm3 of water.

Table 1. Instrumental parameters and elemental settings used for the ICP-MS determination of 23 toxic elements and
oligoelements in e-liquids.

RF power generator (W) 1300 KED a mode cell entrance voltage (V) −8.0
Ar plasma flow
(dm3 min−1)

18.0 KED mode cell exit voltage (V) −25.0

Ar auxiliary flow
(dm3 min−1)

1.20 Resolution (Da) 0.7

Ar nebulizer flow
(dm3 min−1)

0.91 Scan mode Peak hopping

Nebulizer Meinhard®, glass Detector mode Dual
Spray chamber Cyclonic, glass Dwell time (ms) 50
Skimmer and

sampling cones
Nickel Number of points per peak 3

Sampling depth (mm) 0 Acquisition time (s) 6
Deflector voltage (V) −8.00 Acquisition dead time (ns) 35

Analog stage voltage (V) −1750 KED gas Helium, 99.999%
Pulse stage voltage (V) +1350 Masses of optimization 7Li, 89Y and 205Tl

Quantification Ion
(% abundance)

Interferents Analyzing Mode
He Flow

(cm3 min−1)
Correction
Equation

27 Al+ (100)

11B16O+; 13C14N+;
11Be16O+; 26Mg1H+; 12C

15N+; 54Cr2+; 54Fe2+
KED 3.5 none

75 As+ (100)

40Ar35Cl+; 59Co16O+;
39K36Ar+; 63Cu12C+;

40Ca35Cl+; 58Ni16O1H+
KED 3.0 none

11 B+ (80.1) none Normal none

138 Ba+ (71.7)

40Ar2
58Ni+; 138La+;

122Sn16O+; 137Ba1H+;
121Sb16O1H+

KED 4.0 −0.000901 × 139La
−0.002838 × 140Ce

9 Be+ (100) none Normal none
209 Bi+ (100) none Normal none
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Table 1. Cont.

111 Cd+ (12.80)

95Mo16O+; 97Mo14N+;
79Br16O2

+; 94Zr16O1H+;
71Ga40Ar+

KED 4.0 none

59 Co+(100)

43Ca16O+; 42Ca16O1H+;
24Mg35Cl+; 40Ar18O1H+;

118Sn2+; 27Al16O2
+;

58Ni1H+; 24Mg35Cl+
KED 3.5 none

52 Cr+ (83.79)

40Ar12C+; 36Ar16O+;
1H35Cl16O+; 104Pd2+;

51V1H+; 40Ca12C+;
38Ar14N+

KED 3.0 none

63 Cu+ (69.17)

40Ar23Na+; 31P16O2
+;

47Ti16O+; 28Si35Cl+;
51V12C+

KED 4.0 none

57 Fe+ (2.12)
40Ar16O1H+; 40Ca16O1H+;

40K16O1H+ KED 3.0 none

7 Li+ (92.50) none Normal none
202 Hg+ (22.86) 186W16O+ Normal none

55 Mn+ (100)
40Ar14N1H+; 37Cl18O+;

39K16O+ KED 3.0 none

98 Mo+ (24.13)

98Ru+; 81Br17O+;
40K2

18O+; 58Ni40Ar+;
63Cu35Cl+

Normal −0.10961 × 101Ru

60 Ni+ (26.22)

44Ca16O+; 43Ca16O1H+;
23Na37Cl+; 25Mg35Cl+;

28Si16O2
+

KED 3.5 none

208 Pb+ (52.40) none Normal none

121 Sb+ (57.21)

107Ag14N+; 109Ag12C+;
105Pd16O+; 81Br40Ar+;

120Sn1H+
KED 3.5 none

82 Se+ (8.73)

82Kr+; 81Br1H+; 66Zn16O+;
68Zn14N+; 164Dy2+;

65Cu16O1H+
KED 3.5 −0.00783 × 83Kr

120 Sn+ (32.58)
39K81Br+; 80Se40Ar+;

104Pd16O+; 104Ru16O+ KED 3.5 none

205 Tl+ (70.26) 189Os16O+ Normal none
238 U+ (99.3) none Normal none

66Zn+ (27.90)

50Ti16O+; 34S16O2
+;

132Ba2+; 50Cr16O+;
65Cu1H+; 26Mg40Ar+;

31P35Cl+; 52Cr14N+

KED 3.0 none

a Kinetic Energy Discrimination, KED.

Whereas the elemental settings used for the determination of Al, As, Cd, Cr, Cu, Fe, Hg,
Mn, Mo, Ni, Pb, Se, Sb, Tl, and Zn were from methods previously assessed by this research
group [55–57], slightly modified to optimize them towards this matrix, those used to
quantify B, Ba, Be, Bi, Co, Li, Sn, and U were specifically devoted to e-liquids. In particular,
the choice of quantification ion is extremely important for the overall reliability of the
method. It should be the best compromise between the lowest LoD and the minimization
of any possible interference. Be, Bi, and Co are monoisotopic, hence no alternative is
possible. For elements showing a multiplicity of isotopes, the most abundant one provides
generally the highest instrumental sensitivity, and this is a very appealing feature when
very low concentrations must be measured. For this reason, 11B, 138Ba, 7Li, 120Sn, and
238U, respectively, were chosen for the quantification of these elements in this study. The
interference from molecular ions (mainly from oxides, carbides, nitrides, hydrides, or
Ar-based species formed in the plasma, but also from polyatomic ions that originated
from elements contained in high amounts in the matrix) is one of the most meaningful
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causes of bias in ICP-MS measurements [58]. Its presence/absence for each analyte has
been established based on the behavior of the ionic signal measured at the increasing of
He flows. A change of the slope of the decreasing trend of the ionic signal measured on a
real sample at the increasing of the He flow accounted for the presence of an interference
by molecular ions [59]. For explanatory purposes, Figure 2 reports the behavior of the
ionic signal of the 52Cr+ ion at variations of the He flow. This behavior is similar to those
observed for the remaining elements determined in KED mode.

 

Figure 2. Dependence of the ionic signal of the 52Cr+ ion at variations of the He flow.

It is evident that the first linear tract of the curve (He flow up to 2 cm3 min−1) gives
an account for the removal of the molecular ionic interference, likely due to the 40Ar12C+

ion, whereas the second linear tract of the curve (roughly parallel to the x-axis, He flows
higher than 4 cm3 min−1) accounts for a slight reduction of signal of the elemental ion as a
function of the increase of the He flow. The abscissa of the intersection among both linear
plots provided the optimized He flow aimed to remove the interference, which has been
observed for 14 elements out 23. Hence, while the number of ionic counts of B, Be, Bi, Li,
Hg, Mo, Pb, Tl, and U was measured in normal mode, the bias from polyatomic ions has
been minimized for the remaining elements, using He flows between 3 cm3 min−1 and
4 cm3 min−1.

2.1.3. Quantification, Quality Assurance and Quality Control

Both external and internal calibration approaches have been used in this study. Exter-
nal calibration (using either analyte standard solutions dissolved in water or in a synthetic
matrix, henceforward called SM, formed by 54% of PG, 43% of VG, and 3% of water, respec-
tively) has always been used for all pre-treatments chosen (dilution or microwave-assisted
mineralization), but the ascertainment of a severe matrix effect in the quantification of
almost all elements suggested the use of the internal calibration, accomplished by means
of multiple additions of standard solutions. Figure 3 reports the linear calibration plots
obtained using both external and internal calibration for the determination of As.

Constant and proportional bias due to matrix effects are well evident by the compari-
son of the behaviors of the two external calibration plots (obtained either on a
2% (v/v) HNO3 solution in water, line 1, or on a 2% (v/v) HNO3 solution in SM, line
2) and of the three internal calibration plots, obtained on tobacco, tonic, and fruity flavors,
respectively. A similar behavior is also evident for the remaining elements quantified. It is
well known that the internal calibration method has evident disadvantages with respect
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to the external calibration method. Firstly, it is cumbersome and quite time-consuming,
since it requires the preparation of calibration curves for each individual sample and the
relevant blanks [60]. In addition, it is characterized by a very high uncertainty, due to
the widening of the confidence range of the internal calibration plot [61]. Conversely, its
careful execution can almost suppress any matrix interferences, allowing the obtainment
of a basically bias-free measurement [62]. A 10 μg dm−3 solution of Rh was used as an
internal standard to compensate for any possible signal instability, while a washing cycle
of at least 80 s was interposed between two consecutive samples to eliminate any possible
memory effect. All data have been blank-corrected. In order to constantly monitor the
overall level of accuracy of the method, one reagent blank every five samples was analyzed,
whereas a standard solution containing 0.1 μg kg−1 of Be, Bi, Cd, Co, Tl, and U, 1 μg kg−1

of Li, Pb, Sb, and Se, 10 μg kg−1 of As, Al, Cu, and Mn, 50 μg kg−1 of B, Ba, Cr, and Hg,
and 100 μg kg−1 of Fe, Mo, Ni, Sn, and Zn in SM was analyzed every ten samples. Each
sample was analyzed in duplicate, and each piece of analytical data is the average of four
replicated ICP-MS measurements.

 
Figure 3. Linear calibration plots obtained using both external and internal calibration for the determination of As. Line
1, external calibration, As concentration in the range between 0.1 and 4.5 μg dm−3 in 2% (v/v) HNO3 in water; line 2,
external calibration, As concentration in the range between 0.1 and 4.5 μg dm−3 in 2% (v/v) HNO3 in synthetic matrix;
line 3, internal calibration for a tobacco flavor sample; line 4, internal calibration for a tonic flavor sample; line 5, internal
calibration for a fruity flavor sample. In calibration lines 3–5, the amounts of As added to samples are of 113 pg, 226 pg, and
339 pg, respectively.

2.2. Validation

Validation was performed in terms of Limit of Detection (LoD), Limit of Quantification
(LoQ), and precision. Table 2 reports the relevant figures for all the parameters evaluated.
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Table 2. Validation parameters for the ICP-MS determination of the total amount of 23 toxic elements and oligoelements
in e-liquids.

Element
LoD

(μg kg−1)
LoQ

(μg kg−1)
Repeatability

(CV%)
Element

LoD
(μg kg−1)

LoQ
(μg kg−1)

Repeatability
(CV%)

Al 26 84 10 Li 0.37 1.2 40
As 0.51 1.7 40 Mn 1.6 5.1 40
B 37 120 60 Mo 0.45 1.5 70

Ba 15 50 30 Ni 2.3 7.4 60
Be 0.057 0.19 70 Pb 0.80 2.7 40
Bi 0.089 0.29 80 Sb 1.1 3.7 50
Cd 0.12 0.39 90 Se 4.6 15 100
Co 0.089 0.29 60 Sn 0.24 0.78 30
Cr 4.2 14 70 Tl 0.055 0.18 50
Cu 5.2 17 100 U 0.21 0.69 30
Fe 53 180 90 Zn 62 200 30
Hg 4.5 15 90

LoD and LoQ have been calculated according to Currie [63]. The standard deviation
needed for the calculation of the LoD (and, hence, also for the LoQ) was calculated on the
repeated measurement of 15 blanks. At last, for the elements previously measured in e-
liquids, the data obtained are comparable with those reported in the literature [25,36,41,42].
Precision has been measured in terms of repeatability, twice quantifying the same real
sample along the whole analytical process in the same analytical session by means of an
internal calibration method (multiple standard addition). Quite high CV% values have
been obtained for all parameters, ranging between 10% (for Al) and 100% (for Cu and Se).
Since Se has always been found below its LoD for all samples of e-liquids, the precision was
evaluated for this element by spiking the samples with the amount of Se standard solution
needed to reach a final concentration in the samples slightly over the LoQ (i.e., 15 μg kg−1).
Regardless, it is well known that, for the peculiar features of the standard addition method,
the precision parameters measured that work in this way are much worse than those
measured by quantifying by external calibration [61]. Trueness is usually measured by (i)
analyzing a certified reference material (CRM), (ii) by comparison with an independent and
validated analytical method, or, ultimately, (iii) with recovery tests, performed by spiking
the sample with repeated amounts of pure analyte. Unfortunately, none of these methods
can be used in this case. To the best of our knowledge, no CRM of e-liquids is commercially
available, and the heavy matrix effect observed in this study, well substantiated in Figure
3, discourages using any apparently “similar” matrix. In addition, no independent and
validated analytical method capable of measuring the concentration of 23 elements at
concentrations no higher than a few μg dm−3 is currently available in our labs. Finally,
the close similarities among the application of both the standard addition method and the
recovery tests based on spiked samples suggest also discarding this option. In the attempt
to obtain a tentative evaluation of the trueness of the method, a “synthetic e-liquid” was
prepared, where known amounts of each analyte were added to the SM solution to reach a
concentration close to the average value measured for the real samples. For the analytes
that were not frequently quantified, their final concentration in the synthetic e-liquid was
the LoQ. Multiple spiking tests, performed on this sample, allowed the obtainment of
recoveries between 81% (for Cr) and 118% (for Zn), exhibiting hence a negligible level of
bias if compared to the very low level of concentration measured.

2.3. Concentration of 23 Elements in 37 e-Liquids

The data relative to the determination of the amount of 23 elements in 37 e-liquids
belonging to three main flavors (i.e., fruity, tobacco, and tonic) are summarized, in terms of
both mean and ranges, in Table 3.
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Table 3. Mean amounts, ranges (both in μg kg−1), and percentage of quantified samples (C > LoQ) in the determination of
23 toxic elements and oligoelements in 37 different e-liquids.

Elements
All Flavors (n = 37)

(Mean; Range;
% Samples > LoQ)

Fruity Flavors (n = 9)
(Mean; Range;

% Samples > LoQ)

Tobacco Flavors (n = 16)
(Mean; Range;

% Samples > LoQ)

Tonic Flavors (n = 12)
(Mean; Range;

% Samples > LoQ)

Al <33; <26–160 8% <35; <26–110 11% <37; <26–160 13% <26; <26; <26 0%
As 5; 0.6–11 100% 6; 0.6–8 100% 5; 1.5–11 100% 6; 0.8–10 100%
B <61; <37–140 54% <50;<37–100 33% <60; <37–100 56% <70; <37–140 67%

Ba <27; <15–130 62% <55; <15–130 78% <20; <15–45 63% <18; <15–30 50%

Be <0.06;
<0.057–0.12 14% <0.07;

<0.057–0.12 33% <0.058;
<0.057–0.06 13% <0.057;

<0.057–<0.057 0%

Bi <0.11;
<0.089–0.3 27% <0.09;

<0.089–0.1 11% <0.14;
<0.089–0.3 56% <0.089;

<0.089–<0.089 0%

Cd <0.14; <0.12–1 5% <0.12;
<0.12–<0.12 0% <0.18; <0.12–1 6% <0.12;

<0.12–0.13 8%

Co <0.34;
<0.089–0.9 84% <0.3;

<0.089–0.9 78% <0.4; 0.1–0.8 100% <0.3;
<0.089–0.6 67%

Cr 34; 20–40 100% 38; 30–40 100% 34; 30–40 100% 32; 20–40 100%
Cu <7.1; <5.2–20 41% <10; <5.2–20 56% <7; <5.2– 14 50% <5.4; <5.2–7 17%
Fe <308; <53–3000 65% <66; <53–100 56% <570; <53–3000 88% <140; <53–1000 42%
Hg <5; <4.5–14 8% <5; <4.5–10 11% <5; <4.5–14 6% <5; <4.5–5 8%
Li 1.9; 0.7–9 100% 1.5; 0.8–2 100% 2.5; 0.9–9 100% 1.5; 0.7–2.2 100%

Mn <10; <1.6– 80 73% <2; <1.6–4 67% <18; <1.6–80 69% <5; <1.6–20 83%
Mo <0.8; <0.45–3 57% <0.6; <0.45–1 44% <1; <0.45–3 81% <0.7; <0.45–2 33%
Ni <3.5; <2.3–14 46% <3.4; <2.3–7 67% <3.8; <2.3–14 44% <3.2; <2.3–6 33%
Pb <1.0; <0.8–3 19% <1.4; <0.8–3 44% <0.84; <0.8–1.3 13% <0.81; <0.8–1 8%
Sb <2.9; <1.1–10 73% <1.8; <1.1–4 78% <3.1; <1.1–7 75% <3.4; <1.1–10 67%
Se <4.6; <4.6–<4.6 0% <4.6; <4.6–<4.6 0% <4.6; <4.6–<4.6 0% <4.6; <4.6–<4.6 0%

Sn <0.6; <0.24–4 65% <1; <0.24–4 67% <0.5; <0.24–1.6 81% <0.37;
<0.24–1.5 42%

Tl <0.07;
<0.055–0.16 46% <0.07;

<0.055–0.16 22% <0.06;
<0.055–0.15 38% <0.08;

<0.055–0.15 75%

U <0.29;
<0.21–0.7 41% <0.29;

<0.21–0.6 44% <0.31;
<0.21–0.6 44% <0.26;

<0.21–0.7 33%

Zn <109; <62–300 76% <150; <62–300 89% <90; <62–220 63% <100; <62– 170 83%

Each sample has been analyzed twice. In italics: data below the LoD; in underlined: data below the LoQ. All average data have been
rounded after calculation. The average data prefixed with the sign “<“ have been calculated based on at least one concentration that has
been found below the corresponding LoD.

The data reported in Table 3 show that all e-liquids considered exhibit a very low
amount of the evaluated analytes, being only ca. 0.6 mg kg−1, the sum of their average
concentrations measured in this study. These amounts are comparable with the literature
data [25,36,41] and confirm that the amount of potentially toxic elements contained in
e-devices is orders of magnitude less than in traditional cigarettes [44,45]. Among all
elements considered, only Se has always been found below its LoD in all samples analyzed.
This is not surprising, knowing the scarce sensitivity of Se in terms of counts per second
as a function of its concentration [59]. In addition, the mineralization process implies a
dilution of 50 times of the sample, hence the effective LoD for mineralized solutions is
92 ng dm−3, i.e., quite close to the instrumental detection limit [64]. As far as the remaining
elements are concerned, only six elements out of 36 (i.e., As, Co, Cr, Fe, Li, and Mn) exhibit
a mean concentration higher than the LoQ. Only three elements, i.e., As, Cr, and Li, are
always quantified (100% of the samples), but none of them seem to represent an effective
health threat for vapers. Indeed, the highest amount measured for these elements is
11 μg kg−1 for As and 40 μg kg−1 for Cr. Only for the sake of comparison, the limits posed
by the EU guidelines for these elements in water intended for human use are 10 μg kg−1

for As and 50 μg kg−1 for Cr, respectively [65], whereas the amount of daily intake for
humans of water is, obviously, several orders of magnitude higher than that of e-liquids.
Additionally, Li is less abundant than As and Cr, and its average concentration is only
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1.9 μg kg−1. The average concentration of the elements most frequently quantified are, in
decreasing percentage, Co (average concentration <0.34 μg kg−1, quantified in the 84% of
samples), Zn (<109 μg kg−1, 76%), Mn (<10 μg kg−1, 73%), Sb (<2.9 μg kg−1, 73%), and
Fe (<308 μg kg−1, 65%). Among the remaining toxic elements, only Sn and Ba have been
quantified in over 25% of the samples, where the remaining elements, i.e., Be, Cd, Hg, Pb,
Tl, and U, had seldom reached the relevant LoQs.

Table 4 reports a comparison between the data (mean and range) here obtained and
those reported in the literature. To favor a reliable comparison among data obtained in
different studies, only those obtained by using ICP-MS methods have been considered in
this table.

Table 4. Average amounts and ranges (in μg kg−1) of elements of health concern in e-liquids. Concentration was measured
by means of ICP-MS methods.

Elements
Ref. [25] a

(n = 6)
Ref. [33] b

(n = 5)
Ref. [36] c

(n = 56)
Ref. [37] d

(n = 1)
Ref. [41] a

(n = 27)
Ref. [42] e

(n = 2)
Ref. [43] f

(n = 3)
This Study

(n = 37)

Al 12; 10–15 50.3;
46.22–59.6 7.7 ± 0.5 12.9; 8.82–30.7 <33; <26–160

As 1.2; <1–1.5 0.08 ± 0.04 1.57; <1–3.42 <430 2.18;
0.83–3.04 5; 0.6–11

B <61; <37–140
Ba <27; <15–130

Be <0.1 <0.1 <0.06;
<0.057–0.12

Bi <0.11;
<0.089–0.3

Cd <0.4 43.5; 0.137–755 <0.1 <0.01 <0.4 <220 0.54;
<0.25–1.28 <0.14; <0.12–1

Co 0.15;
<0.1–0.27 0.262; <0.1–0.884 <0.34;

<0.089–0.9
Cr 5.2; 4.1–7.7 669; 41.5–16900 12; 12–14.26 7.16; 4.08–11.5 34; 20–40

Cu 23; <20–32 5.14;
<1.0–16.1 <0.01 27.0; <20–30.6 <7.1; <5.2–20

Fe 66.5;
48.74–130.9 4.1 ± 0.2 <308; <53–3000

Hg <4 4.38; <4–4.54 <5; <4.5–14
Li 1.9; 0.7–9

Mn 2.1; <1.6–3.3 1627;
11.8–31500

1.09;
<1.0–2.74 0.159 ± 0.006 3.99; <1.6–8.42 <10; <1.6– 80

Mo <0.8; <0.45–3

Ni <16 7613;
13.7–72700

7.33;
5.30–47.4 0.161 ± 0.007 <16 3.43;

1.42–5.11 <3.5; <2.3–14

Pb <1 444; 3.17–4870 0.476;
0.243–1.05 <0.01 <1 12.28;

<0.25–23.49 <1.0; <0.8–3

Sb 1.6; 1.2–1.5 1.0; 1.0–1.219 7.21; 0.400–214 <2.9; <1.1–10
Se <4.6; <4.6–<4.6

Sn 1.53;
0.689–3.75 <0.6; <0.24–4

Tl <0.1 <0.1 <0.07;
<0.055–0.16

V 0.45;
<0.4–0.64 0.602; <0.4–1.36 -

U <0.29;
<0.21–0.7

Zn <200 18.2;
11.94–28.2 0.51 ± 0.03 418; <200–510 <109; <62–300

In italics: data below the LoD; in underlined: data below the LoQ. a Solvents: PG < 65%, VG < 35%, samples with (16 mg cm−3) or without
nicotine. b E-liquids were popular brands sold in the USA. An interlaboratory trial confirmed these data. c Solvents: PG, 70% VG, 30%.
Data are relative to median, where the range is within the 25th and the 75th percentile. Data reported in this column are the sum of those
reported in Table 2 of the paper and the amount of the relevant blanks reported in Table S1 of the supplementary material. Data are from
only one measurement for each sample. Trueness has been evaluated through an interlaboratory trial and by analysis of a NIST SRM®®

1640a (Trace Elements in Natural Water). d E-liquid was 1:100 diluted with HNO3 1% in water before ICP-MS analysis. All trace metal
analyses were performed as a contracted service. No details were provided on the validation of the ICP-MS method. e MarkTen®® Menthol
and Classic e-liquids, both containing 1.5% nicotine. No details were provided on the validation of the ICP-MS method. f No details were
provided on the nature and validation of the ICP-MS determination.
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Among the literature contributions considered in Table 4, V is the only element not
analyzed in this study, but it previously was quantified by Beauval et al. [25,41]. Conversely,
the amounts of B, Ba, Bi, Li, Mo, and U in e-liquids were measured for the first time in
this study. Another element never quantified in previous studies, i.e., Se, was found to be
below its LoD in this research. The amounts of elements analyzed in this study are in good
agreement with results reported using validated methods for the determination of several
elements in a statistically significant number of samples [25,36,41]. The most important
differences regard the most abundant (and the most interfered) elements, such as Al, Fe,
and Zn, which were frequently present in higher concentrations in this study. On the other
hand, the amounts of another “critical” element, such as Ni, are higher in the literature
studies than in this research. For elements such as As, Cd, Ni, and Pb, data here reported
are in fair agreement with those reported by Song et al. [43], even if the validation of the
method used in that contribution was not reported in the paper. On the whole, and with
only very rare exceptions, such as the quite high amounts of Sb in a few of the e-liquids
measured by Beauval et al. [41], the amounts of toxic elements found in e-liquids in this,
as well as in previous studies [25,36,37,41–43], are coherent with a negligible health risk
associated to its intake by vapers. The data measured here are several orders of magnitude
below the worrying amounts measured by Hess et al. [33] for Cd, Cu, Mn, Ni, and Pb in
two of the most popular brands of e-liquids sold in the USA. On the other hand, these
concentrations, albeit much higher than those measured in the cited literature studies, are
within the amounts recommended by the AFNOR [52], i.e., 1 mg kg−1 for Cd and Hg,
3 mg kg−1 for As, 5 mg kg−1 for Sb, and 10 mg kg−1 for Pb.

Data reported also account for some differences among the three classes of flavors.
Figure 4 shows the box-whisker plots for the concentrations of the most representative
elements under exam in nine fruity, sixteen tobacco, and twelve tonic e-liquids. As a
general behavior, tobacco flavors are the richest in the considered elements, whereas tonic
flavors are the less abundant. In particular, tobacco flavors exhibit the highest amounts
of Al, Bi, Cd, Fe, Hg, Li, Mn, Mo, and Ni, whereas the amounts of Al, Be, Bi, and Cd are
always below the relevant LoDs in tonic flavors. Interestingly, fruity flavors show the
highest amounts of some bivalent elements such as Ba, Be, Cu, Pb, Sn, and Zn.

2.4. Concentration of 23 Elements in PG, VG, Water, and Nicotine Used in the Composition of
the e-Liquids

Table 5 reports the concentration of the 23 elements under exam in all the compounds
used for the preparation of the e-liquids, with the only exclusion being of the concentrated
flavor, always present in a 10% (w/w) amount in the final composition of the e-liquid.

Organic samples were analyzed using the same method developed for e-liquids,
whereas water was analyzed using literature official methods [66,67]. The data reported
in Table 5 give an account for an overall negligible contribution of toxic elements in the
composition of the e-liquids. On the other hand, it is evident that the most abundant
elements in e-liquids come from VG (i.e., As, Cr, Cu, Li, and Zn) and PG (i.e., B, Cr, Fe, and
Zn). Furthermore, the water is quite rich in B, whereas nicotine (always absent in all the
samples analyzed, see Section 3.1) is very rich in Al (5 mg kg−1). Moreover, the amounts
of Cr, Zn, and Sb are significant. Since the concentration of Cr is relatively elevated in
both VG and PG, it is likely that the high amount of this element measured in the aerosols
can depend not only on the metal constituents of the e-cigarette, but also on the aliquot
of Cr present in the organic solvents in the e-liquids. Hence, a reduction of the elemental
concentrations of the main trace elements contained in the e-liquids would be an effective
tool to further reduce the amount of oligoelements in them.

2.5. Principal Components Analysis

In order to verify which elements were deriving either from the constituents or from
the flavors, the whole dataset consisting of 37 samples of e-liquids and 22 elements (Se
was always found below its LoD and thus excluded) was normalized with respect to the
concentration of each element measured in the SM (i.e., in the absence of any contribution
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given by any flavor), obtaining a dataset expressed in terms of standard deviation referred
to in the SM concentration. A principal components analysis (PCA) was carried out on the
normalized dataset. Figure 5 shows the loading plot (a), with its zoomed view (b), and the
score plot (c), with its zoomed view (d).

 

Figure 4. Box-whisker plots of the concentrations of As, Ba, Co, Cr, Cu, Fe, Li, Mn, Mo, Ni, Pb, Sb, and Zn in the three
different flavor classes of e-liquids. The horizontal lines in the box represent the 25th percentile, the mean value, and the
75th percentile, respectively, and the interval between the ends of the whiskers represents the range. The “x” symbol is the
median value, and the “◦” symbol represents the outlier amounts.

Table 5. Mean amounts (in μg kg−1± SD) of 23 toxic elements and oligoelements in VG, PG, water, and nicotine used for
the preparation of the e-liquids. n = 3.

Element VG PG Water Nicotine

Al <26 <26 <5 5000 ± 1000
As 7 ± 2 2.6 ± 0.6 0.020 ± 0.005 0.8 ± 0.2
B <37 110 ± 10 470 ± 70 <37
Ba <15 <15 0.18 ± 0.02 <15
Be <0.057 <0.057 <0.01 <0.057
Bi <0.089 <0.089 <0.005 <0.089
Cd <0.12 <0.12 0.04 ± 0.02 <0.12
Co 0.2 ± 0.1 <0.089 <0.005 <0.089
Cr 56 ± 7 49 ± 6 <0.1 59 ± 8
Cu 22 ± 4 <5.2 <0.1 <5.2
Fe 0.6 ± 0.1 100 ± 20 <1 0.6 ± 0.1
Hg <4.5 <4.5 <0.005 <4.5
Li 6 ± 1 <0.37 0.374 ± 0.001 <1.2

Mn <1.6 <1.6 2.8 ± 0.2 11 ± 2
Mo <0.45 <0.45 0.8 ± 0.2 <0.45
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Table 5. Cont.

Element VG PG Water Nicotine

Ni <2.3 <2.3 2.5 ± 0.6 <2.3
Pb <0.80 <0.80 1.6 ± 0.1 <0.80
Sb <3.7 <1.1 0.67 ± 0.01 120 ± 20
Se <4.6 <4.6 0.035 ± 0.015 <4.6
Sn <0.24 <0.24 <0.01 <0.24
Tl <0.18 <0.055 <0.001 <0.055
U <0.21 <0.21 <0.003 <0.21
Zn 180 ± 40 41 ± 9 5 ± 1 160 ± 30

VG: vegetal glycerin; PG: propylene glycol; SD: standard deviation; in italics: amounts below the LoD; underlined: amounts below the LoQ.

Figure 5. PCA performed on the same dataset processed and normalized, for each analyte, with
respect to the relevant concentration measured in the synthetic matrix (SM). (a) Loading plot;
(b) zoomed view of the loading plot; (c) score plot; (d) zoomed view of the score plot; to: tobacco
flavored samples; fr: fruity-flavored samples; tn: tonic-flavored samples.

The two principal components explain 76% of the total variance. In the loading plot
(Figure 5a,b), 17 out the 22 elements quantified are crowded around the center of the plot,
giving no contribution to the explained variance, whereas elements such as Al, Pb, Ni, and
mainly Mn and Sn are responsible for the variability expressed by the first two components.
In the score plot, most of the samples are grouped in the origin of the two PC axes, with
only a few samples highly differing from the others. To interpret the obtained PCA, it
must be kept in mind that data were normalized with respect to the concentrations of the
elements in the SM; this means that the samples grouping around the origin of the axes in
the score plot (Figure 5c,d) show no variability with respect to the SM, whereas samples
distant from the origin are those that mostly differ from the SM. This difference is due
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to a few elements (Mn, Sn and, to a minor extent, Al, Pb, and Ni are responsible for the
variability seen in the plots). This means that the tobacco samples 10to, 15to, 21to, and
25to, described by high positive score values of PC2, are the richest in Al and, in particular,
Mn, with respect to the SM. On the other hand, the samples 4fr, 13to, 27tn, 5fr, 9fr, and 1fr,
described by high positive score values of PC1 and negative score values of PC2, are richer
in Sn, Ni, and Pb, with respect to the SM.

Looking at the zoomed view of the plots (Figure 5b,d), it is interesting to observe
that positive scores of PC1 are correlated by the increase of the amount of each analyte in
the e-liquid, with respect to the amount present in the SM. The almost complete absence
of elements and samples described by negative scores of PC1 is, in our opinion, a clear
marker of the overall reliability of the data here obtained. Summarizing, Sn, Mn, and—in
decreasing amounts—Ni, Al, and Pb, are elements that mainly originated from the flavors,
whereas the remaining elements are derived mainly from the constant compounds of the
e-liquids, i.e., PG, VG, and water. In addition, it is interesting to observe that tonic e-liquids
are the category closest to the matrix concentration, whereas fruity and tobacco e-liquids
are the most scattered samples.

3. Materials and Methods

3.1. Samples and Reagents

The 37 samples of e-liquids were provided by a local producer. Eight of them were
fruity-flavored, twelve were tonic-flavored, and seventeen were tobacco-flavored. Table 6
reports the composition of each class of e-liquids.

Table 6. Composition of the three classes of e-liquids.

e-Liquid Flavor Class PG (%) VG (%)
Concentrated

Flavor (%)
Water (%)

Fruity 50 40 8 2
Tobacco 50 40 6 4

Tonic 50 40 7 3

The same producer also provided the pure compounds (i.e., propylene glycol, glycerin,
and water) that were added to the concentrated flavor to produce the samples analyzed.
Albeit they were all nicotine-free, the producer also provided a sample of pure nico-
tine to evaluate its contribution to the overall amount of trace elements in the nicotine-
added e-liquids.

HNO3 69% (NORMATON for ultra-trace analysis, VWR, Milan, Italy) and type I
water (MilliQ plus System, Millipore, Vimodrone, Italy) were used in all the phases of the
study. TritonTM X-100 aqueous solution, 10%(w/v) was from Merck, Milan, Italy. ICP-MS
elemental standards of Al, As, B, Ba, Be, Bi, Cd, Co, Cr, Cu, Fe, Hg, Li, Mn, Mo, Ni, Pb, Sb,
Sn, Tl, U, and Zn (1000 mg dm−3 each) were purchased from LabKings (Hilversum, The
Netherlands). The ICP-MS setup solution (a 1% v/v aqueous solution of HNO3 containing
1 μg dm−3 each of Be, Ce, Fe, In, Li, Mg, Pb, and U), the ICP-MS KED setup solution
(a 1% (v/v) aqueous solution of HNO3 containing 10 μg dm−3 of Co and 1 μg dm−3 of
Ce), and the internal standard solution (10 μg dm−3 of Rh in a 1% v/v aqueous solution of
HNO3) were all from Perkin Elmer, Milan, Italy. All the samples were filtered before the
analysis using a polypropylene filter (pore diameter: 0.22 μm) from VWR, Milan, Italy.

3.2. Instrumentation

The samples were mineralized using a microwave SRC system (UltraWave™, Mile-
stone, Sorisole, Italy). The elemental determination was performed using a NexION 300X
ICP-MS spectrometer (Perkin Elmer, Milan, Italy) equipped with a nebulization system
composed of a glass concentric nebulizer, a glass cyclonic spray chamber, an autosampler
model S10, and a KED collision cell. All the elements were determined simultaneously, and
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the information about the analytes and operational conditions has already been reported
in Table 1.

3.3. Statistical Analysis

Principal components analysis (PCA) was performed by means of the R-based soft-
ware Chemometric Agile Tool (CAT) developed by the Italian group of chemometrics [68].

4. Conclusions

The perceived need in the literature for sensitive, reliable, and validated ICP-MS
methods to quantify a wide range of both toxic elements and oligoelements in e-liquids
is the main reason for accomplishing this study. Hence, an original method capable
of determining the concentration of 23 elements in such a matrix has been developed
and validated in terms of LoD, LoQ, precision, and trueness. The need to circumvent
the very strong matrix effect has required the introduction of significant changes with
respect to the methods described in the literature. Namely, the sample pre-treatment step
has been accomplished by microwave-assisted mineralization. Moreover, the ICP-MS
instrumental parameters have been optimized to enhance the sensitivity and reduce the
spectral interference by the polyatomic ions. Finally, the quantification, performed by
means of an internal calibration with three additions of standards, has allowed for the
obtainment of accurate data. The method has been applied to 37 different e-liquids of three
different classes of flavors (i.e., fruity, tobacco, and tonic). The average concentration of all
analytes is aligned with the lowest amounts measured in the literature, confirming hence
that, also in this case, the potential health risk related to the amount of toxic elements in
e-liquids is orders of magnitude less than that measured for traditional cigarettes. Almost
all toxic elements have been found below an amount lower than a few μg kg−1 and,
very often, they were below the relevant LoQ. The data obtained also give an account
for the slight differences among the classes of flavors. Tobacco and tonic flavors exhibit
the highest and the lowest amounts of elements, respectively. The results of the PCA
showed that the multivariate approach allowed easy differentiation of the elements derived
from constituents and those from added flavors. For this reason, this approach may be
generalized in order to minimize the amount of each element in the final e-liquids. In
conclusion, e-liquids seem to be scarcely involved as potential sources of toxic elements
inhaled by vapers. Hence, further investigations are needed to ascertain the influence of
the conditions of use for e-cigarettes on the dragging in the vapor phase for the elements of
potential toxicity in humans.

Supplementary Materials: The following table is available online. Table S1. Elemental concentration
of toxic elements and oligoelements in 37 different e-liquids.
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Abstract: The concentration of polycyclic aromatic hydrocarbons (PAHs) in the atmosphere has
been continually monitored since their toxicity became known, whereas nitro-PAHs (NPAHs) and
oxy-PAHs (OPAHs), which are derivatives of PAHs by primary emissions or secondary formations in
the atmosphere, have gained attention more recently. In this study, a method for the quantification
of 18 NPAH and OPAH congeners in the atmosphere based on combined applications of gas chro-
matography coupled with chemical ionization mass spectrometry is presented. A high sensitivity
and selectivity for the quantification of individual NPAH and OPAH congeners without sample
preparations from the extract of aerosol samples were achieved using negative chemical ionization
(NCI/MS) or positive chemical ionization tandem mass spectrometry (PCI-MS/MS). This analytical
method was validated and applied to the aerosol samples collected from three regions in Northeast
Asia—namely, Noto, Seoul, and Ulaanbaatar—from 15 December 2020 to 17 January 2021. The ranges
of the method detection limits (MDLs) of the NPAHs and OPAHs for the analytical method were
from 0.272 to 3.494 pg/m3 and 0.977 to 13.345 pg/m3, respectively. Among the three regions, Ulaan-
baatar had the highest total mean concentration of NPAHs and OPAHs at 313.803 ± 176.349 ng/m3.
The contribution of individual NPAHs and OPAHs in the total concentration differed according
to the regional emission characteristics. As a result of the aerosol samples when the developed
method was applied, the concentrations of NPAHs and OPAHs were quantified in the ranges of
0.016~3.659 ng/m3 and 0.002~201.704 ng/m3, respectively. It was concluded that the method could
be utilized for the quantification of NPAHs and OPAHs over a wide concentration range.

Keywords: nitro-PAHs; oxy-PAHs; GC-NCI/MS; GC-PCI-MS/MS; aerosol samples

1. Introduction

Atmospheric particulate matter (PM), which is composed of a significant proportion
of carbonaceous compounds, is emitted directly into the atmosphere. A secondary organic
aerosol is also formed from the photo-oxidation of mixed anthropogenic volatile organic
compounds [1]. Among the organic compounds related to PM, polycyclic aromatic hy-
drocarbons (PAHs) are the representative air toxic substances that are regulated because
of their carcinogenic and mutagenic properties [2–4]. PAHs mainly originate from the in-
complete combustion of coal, vehicle exhausts, and biomass burning; nitro-PAHs (NPAHs)
and oxy-PAHs (OPAHs) can also arise by a secondary formation from the reactions of
PAHs with atmospheric oxidants [5,6]. They are known to be much more toxic than the
parent PAHs. Accordingly, increasing attention has been paid to research topics such as
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their formation mechanism, toxicity, source identification, and risk assessments [7–9]. For
example, the value of the toxic equivalent factor for 6-nitrochrysene, which is an NPAH
congener, is 10 times higher than that of Benzo[a]pyrene in the PAH group [10]. Thus,
although the concentrations of NPAHs and OPAHs are generally lower than those of their
parent PAHs in the atmosphere, increasing attention has been paid to these PAH derivatives.
Furthermore, their monitoring in the atmosphere, as well as that of PAHs, is becoming
more important in order to determine whether their formation is due to primary emissions
or secondary sources [11–15]. However, quantitative data of PAH derivatives in aerosol
samples are much fewer than those for parent PAHs because it is difficult to quantify them
using the universal method applied to parent PAHs. The concentrations of PAH derivatives,
especially NPAHs in aerosol samples, have been detected at 10~100 times lower than those
of parent PAHs [16–18]. Thus, a sensitive analytical method with a high selectivity that
considers their trace concentration level is required [19].

Several analytical methods have been employed for the determination of PAH deriva-
tives [20]. In the case of NPAH measurements, gas chromatography (GC) combined with
various detection methods such as electron capture detection [21,22], nitrogen selective
detection [23,24], reductive electro-chemical detection [25,26], and negative and positive
chemical ionization (NCI and PCI) mass spectrometry (MS) have been reported [27–30]. In
the method of electron ionization mass spectrometry, the study of PAHs and nitro-PAHs
using thermal desorption gas chromatography has been reported [31]. Among these meth-
ods, GC coupled with MS has been the most used [32,33]. Furthermore, the application
of tandem mass spectrometry (MS/MS) by using a triple quadrupole mass spectrometer
(QqQ-MS) has recently increased in terms of analytical sensitivity and specificity enhance-
ment [34,35]. There are two common ionization methods, electron impact (EI) and chemical
ionization (CI), in a GC/MS analysis. The EI method is commonly used to quantify parent
PAHs because of its advantages such as a mass spectral library search to assist compound
identification by providing a reference for mass spectra [36,37]. In the case of the CI method,
negative chemical ionization (NCI) and positive chemical ionization (PCI) can be selected
according to the chemical properties of the target analytes. As NPAHs and OPAHs exist at
lower concentration levels in the atmosphere than parent PAHs, the CI method has been
attempted more often than EI for a sensitive and selective detection [38]. Consequently,
a rapid and accurate quantitative analytical method is required; this method, without a
sample preparation, is preferred due to the difficulty in procuring samples and having
to obtain a variety of chemical information from one specific sample alone. Nicol et al.
developed a GC-MS/MS analysis of the EI method for OPAHs in an air concentration
range of 30–170 pg/m3 without a purification of the extract [39]. The detection limits of
NPAHs and OPAHs reported so far are mostly results based on the signal-to-noise ratio;
the method detection limit (MDL) has not yet been evaluated. In view of this, the aims
of this study were: (1) to optimize the analytical conditions for 8 NPAH and 10 OPAH
congeners using negative chemical ionization mass spectrometry (NCI/MS) or positive
chemical ionization tandem mass spectrometry (PCI-MS/MS); (2) to validate the method
with respect to the linearity, recovery, and MDL; and (3) to assess the practical applicability
for the quantification of NPAHs and OPAHs over a wide concentration range in aerosol
samples collected from Northeast Asian sites.

2. Results and Discussion

2.1. Congener-Specific Determination of PAH Derivatives
2.1.1. Optimal Ionization Mode Selection

The use of NCI can be the most selective detection method for specific classes of
molecules containing electro-negative or acidic groups [40]. The mass spectra of 1-nitron-
aphthalene (1-NNAP) obtained by each ionization mode is shown in Figure 1. The most
intense peak of the molecular ion for 1-NNAP is shown in the two types of chemical ioniza-
tion modes. In the EI mode, the mass spectrum (Figure 1a) contained many fragmented
ions and less sensitive molecular ions. In the PCI mode (Figure 1c), where the protonated
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molecular ion [M+H]+ was generated by methane gas, added ions such as [M+C2H5]+

and [M+C3H5]+ as well as a fragmented ion [M-CH3]+ from the loss of a methyl group
were identified. On the other hand, the strongest molecular ion, [M-H]-, was produced
in the NCI mode (Figure 1b). As a result, the NCI mode provided a high sensitivity and
selectivity for the detection of 1-NNAP. When the intensities of the NPAH molecular ions
were compared with the NCI and EI modes, their sensitivities were 3 to 15 times higher
under the NCI condition (Table S1).

Figure 1. Mass spectra of 1−nitronaphthalene obtained from each ionization mode: (a) EI; (b) NCI;
(c) PCI.

2.1.2. Ionization Efficiency

In a GC-MS/MS analysis, the molecular ions of the target analytes in the two types
of chemical ionization mode are selected as the precursor ion that is then fragmented
by a collision-induced dissociation (CID) in MS/MS to generate the product ions [41].
Despite the advantage of GC-MS/MS in that it is capable of a high-sensitivity analysis,
low ionization efficiencies of the product ions from NPAH molecular ions were obtained
because of the formation of strong and stable molecular ions in the case of the NCI con-
dition. Consequently, the data acquisitions for the analysis of atmospheric NPAHs and
OPAHs were performed by selected ion monitoring (SIM) under the NCI condition and
selected reaction monitoring (SRM) under the PCI condition. Most NPAHs showed a better
sensitivity in the SIM mode under the NCI condition, but the use of the PCI mode under
the SRM condition was more appropriate in terms of the sensitivity and selectivity for
the OPAHs, as shown in Figure 2. The sensitivities of xanthone (XT), phenalenone (PH),
and 5,12-naphthacenequinone (Ncq) in the class of OPAHs and 6-nitrochrysene (6-NCHR)
in the class of NPAHs particularly showed a significant difference between the two
detection methods.
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Figure 2. Comparison between SIM and SRM modes of a standard solution with NPAHs and
OPAHs (4 μg/mL): (a) SIM chromatogram under NCI condition on DB-5MS UI capillary column
(30 m × 0.25 mm × 0.25 μm); (b) SRM chromatogram under PCI condition on DB-5MS UI cap-
illary column (60 m × 0.25 mm × 0.25 μm). The gray shading indicates four congeners, with a
significant difference in sensitivity between the two detection methods. The peak identities were as
follows: a—1-nitronaphthalene (1-NNAP); b—2-nitronaphthalene (2-NNAP); c—9-fluorenone (9-Flu);
d—xanthone (XT); e—phenalenone (PH); f—anthraquinone (Anq); g—1,8-naphthalic anhydride
(1,8-NA); h—2-nitrofluorene (2-NFLUO); i—2-methylanthraquinone (2-Maq); j—9-nitroanthracene
(9-NANT); k—benzo[b]fluoren-11-one (BbFLU); l—menzoanthrone (BZA); m—3-nitrofluoranthene
(3-NFL); n—4-nitropyrene (4-NPYR); o—benz[a]anthracene-1,2-quinone (BAQ); p—1-nitropyrene
(1-NPYR); q—5,12-naphthacenequinone (Ncq); r—6-nitrochrysene (6-NCHR).

The results obtained by GC-NCI/MS and GC-PCI-MS/MS in comparing the sensitivi-
ties of four analytes at three different concentrations (Figure 3) showed that the detection
method for individual OPAHs and NPAHs was determined through results that provided
a clear change of response sensitivity in accordance with the different concentrations.

Figure 3. Comparison of the sensitivity of XT, PH, Ncq, and 6-NCHR at three different concentrations
obtained by GC-NCI/MS and GC-PCI-MS/MS.
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2.1.3. Chromatographic Separation

For the quantification of the target PAH derivatives from multiple components in
the extracts of actual samples, the separation between the individual PAH derivatives
and the neighborhood interferences obtained by GC-NCI/MS and GC-PCI-MS/MS were
investigated. Even though NCI has the advantage of a high selectivity for NPAHs,
9-nitroanthracene (9-NANT) was not completely separated from nearby interferences
in the actual aerosol samples when GC-NCI/MS was used. In contrast, a complete separa-
tion was achieved when GC-PCI-MS/MS was used (Figure 4b). GC-NCI/MS was superior
for most NPAH congeners except for 9-NANT in terms of the sensitivity and selectivity.
A typical case where the peak of 2-nitrofluorene (2-NFLUO) was only confirmed when
GC-NCI/MS was used at a concentration of 0.034 μg/m3 is shown in Figure 4a. In the case
of the OPAH congeners, GC-PCI-MS/MS could offer a higher sensitivity and selectivity
than GC-NCI/MS such as for the PH shown in Figure 4c through the use of the SRM mode.

Figure 4. Comparison of separation characteristics of target PAH derivatives in actual aerosol sam-
ples obtained by GC-NCI/MS (left) and GC-PCI-MS/MS (right): (a) SIM (m/z = 211) and SRM
(m/z 212→164.8) chromatograms of 2−NFLUO (NPAH); (b) SIM (m/z = 223) and SRM
(m/z 224→206.7) chromatograms of 9−NANT (NPAH); (c) SIM (m/z = 180) and SRM (m/z 181→152)
chromatograms of PH (OPAH).

2.2. Method Validation

The optimized conditions for the quantification of individual NPAH and OPAH
congeners through a consideration for the sensitivity and selectivity in actual samples is
shown in Table 1. For an internal calibration, fluoranthene-d10 (Fla-d10), which has a high
efficiency for ionization and separation, was selected among the label standards used in
the analysis of PAHs.

Table 1. Selected ions for the quantification of individual NPAH and OPAH congeners in NCI-SIM
mode and transitions in PCI-SRM mode for MS detection.

NCI Conditions PCI Conditions

Compound
Qualifier Ion

(m/z)
Quantifier
Ion (m/z)

Compound SRM (m/z)
Collision

Energies (eV)

1-NNAP 157 173 9-Flu 181.0 → 152.0 30
2-NNAP 157 173 XT 197.0 → 115.1 50

Fla-d10 (IS) 213 212 PH 181.0 → 152.0 30
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Table 1. Cont.

NCI Conditions PCI Conditions

2-NFLUO 188 211 Anq 209.0 → 151.9 30
3-NFL 231 247 1,8-NA 199.0 → 115.0 30

4-NPYR 231 247 Fla-d10 213.0 → 182.8 30
1-NPYR 231 247 2-Maq 223.0 → 152.0 30
6-NCHR 257 273 9-NANT 224.0 → 206.7 5

BbFLU 231.0 → 202.0 30
BZA 231.0 → 202.0 30
BAQ 259.0 → 202.0 50
Ncq 259.0 → 202.1 50

The range of the calibration curve was determined within a quantifiable range of
individual NPAH and OPAH congeners in actual samples. The concentration of NPAHs
was at least 10 times lower than that of OPAHs in the actual samples and this difference
of concentration was reflected in the spiking experiments for the method validation. The
calibration curves were linear in the range of each congener presented in Table 2 and
their correlation coefficients were all greater than 0.99. The MDLs were measured by
analyzing seven replicate samples spiked with 0.01–0.06 ng of the NPAHs and OPAHs per
a control sample free of the target analytes. MDL was defined as the lowest concentration
of each NPAH and OPAH congener that provided a greater than 99% confidence when
the analytical method was used [42]. The recovery experiment was evaluated with two
expected concentrations in the actual aerosol samples. MDLs for the NPAH and OPAH
congeners ranged from 0.272 to 3.494 pg/m3 and 0.977 to 13.345 pg/m3, respectively.

Table 2. Calibration linear regression value, MDLs, and recoveries of individual NPAH and OPAH
congeners obtained by the analytical method.

NPAHs
Calibration

MDL(pg/m3) a
Recovery ± RSD% (n = 3)

Range (μg/mL) R2 0.02 ng/m3 0.04 ng/m3

1-NNAP 0.01–0.4 0.997 0.551 103.8 ± 11.3 104.8 ± 4.0
2-NNAP 0.01–0.4 0.997 0.527 111.7 ± 13.3 102.3 ± 9.6

2-NFLUO 0.01–0.2 0.996 0.339 91.4 ± 3.5 116.5 ± 0.7
9-NANT 0.05–1 0.995 3.494 94.6 ± 1.6 98.3 ± 1.2

3-NFL 0.01–0.1 0.995 0.272 104.3 ± 10.2 102.0 ± 2.1
4-NPYR 0.01–0.2 0.997 0.494 94.8 ± 9.1 92.7 ± 2.9
1-NPYR 0.01–0.1 0.999 0.494 92.8 ± 12.6 103.9 ± 2.3
6-NCHR 0.01–0.2 0.997 0.298 110.0 ± 8.6 105.7 ± 2.6

OPAHs
Calibration

MDL(pg/m3)
Recovery ± RSD% (n = 3)

Range (μg/mL) R2 0.2 ng/m3 0.9 ng/m3

9-Flu 0.1–5 0.996 0.977 104.0 ± 3.9 92.8 ± 11.6
XT 0.2–2 0.998 5.731 107.9 ± 1.3 100.1 ± 7.3
PH 0.1–4 0.998 6.216 98.2 ± 2.3 98.6 ± 5.3
Anq 0.1–4 0.994 3.128 106.8 ± 2.1 110.0 ± 6.5

1,8-NA 0.1–5 0.999 0.873 103.3 ± 1.5 102.9 ± 2.2
2-Maq 0.1–2 0.995 2.341 104.4 ± 1.0 89.1 ± 2.0
BbFLU 0.2–4 0.994 2.789 108.6 ± 2.3 106.9 ± 1.1

BZA 0.2–4 0.996 4.666 107.7 ± 0.2 101.7 ± 2.1
BAQ 0.2–4 0.995 4.328 104.6 ± 3.4 108.8 ± 1.4
Ncq 0.2–4 0.998 13.345 102.9 ± 1.9 101.7 ± 2.4

a MDL = t(n − 1, 1 − α = 0.99) X SD, t(6, 0.99) = 3.14 (n = 7).

2.3. Application to Actual Aerosol Samples

For the aerosol samples collected in Noto, Seoul, and Mongolia, an analysis was
only carried out when the correlation coefficients of the calibration curves for the NPAH
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and OPAH congeners were above 0.99. Quality control samples prepared at the middle
concentration of the calibration curve were analyzed together every time after each 15-
sample analysis. The QC results used to validate the analytical results obtained for every
batch during the period of the sample analysis are shown in Figure 5.

Figure 5. QC results during the period of sample analysis: (a) QC chart of analytes measured in NCI
mode; (b) ) QC chart of analytes measured in PCI mode. The graph indicates that upper and lower
warning and rejection limits for reference standard materials (0.5 ug/mL).

A re-analysis was performed when the result value was outside the ± 2SD (standard
deviation) limit through the QC result confirmation for individual NPAH and OPAH
congeners obtained from their specific detection method. Most NPAH and OPAH congeners
did not go out of the ±2SD limit, except for 9-NANT. When analyzing high concentration
levels (such as the samples collected in Mongolia), the QC result was out of the acceptable
limit. It was found that a replacement of the GC liner or the cleaning of the ion source
were required for these times. From the results of measuring the NPAHs and OPAHs
in actual aerosol samples (n = 84) using a validated analytical method, the total mean
concentrations (NPAHs + OPAHs) in the three regions were 0.009 ± 1.009 ng/m3 for Noto,
15.394 ± 3.134 ng/m3 for Seoul, and 313.803 ± 176.349 ng/m3 for Ulaanbaatar, respectively.
The difference between the mean concentrations of the NPAHs and OPAHs was about
20–530-fold, depending on the region.

The ranges of the minimum and maximum concentrations of the NPAHs and OPAHs
in all regions where the concentration was above the MDL are shown in Figure 6. The
concentration range, mean value (ng/m3), and detection frequency of each NPAH and
OPAH congener are presented in Table S2.
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Figure 6. Concentration ranges of individual NPAH and OPAH congeners in PM2.5 from real samples.

The measured concentrations of individual NPAH and OPAH congeners ranged
from 0.002 to 201.704 ng/m3. The ranges of the measured concentration in the aerosol
samples using GC-NCI/MS and GC-PCI-MS/MS in this study were 0.016–3.659 ng/m3

and 0.002–201.704 ng/m3, respectively. The detection rate of the number of target analytes
(18 NPAH and OPAH congeners) whose concentration was calculated to be higher than
the MDL in the actual samples based on the total number of analytes per sample was
found to be 27% in the samples from Noto compared with 90% from Ulaanbaatar and 94%
from Seoul. When OPAHs with a high detection rate in the air were compared from the
two urban areas of Ulaanbaatar and Seoul (except for Noto, where 73% was not detected),
the difference in the maximum average concentration was 55 times. Among the detected
10 OPAH congeners in the samples from Seoul and Ulaanbaatar, the major congeners were
9-fluorenone (9-Flu), anthraquinone (Anq), 1,8-naphthalic anhydride (1,8-NA), and PH.
Among these four congeners, the concentrations ranged from 16.703–201.704 ng/m3 for
9-Flu and 12.549–174.388 ng/m3 for PH. From the results for the NPAHs, the maximum
concentration in the sample from Seoul was 0.387 ng/m3 for 9-NANT. The analytical results
of the samples from Ulaanbaatar showed that 3-nitrofluoranthene (3-NFL) had the highest
concentration of 3.659 ng/m3. 3-NFL, 9-NTNT, and 2-nitronaphthalene (2-NNAP) were
the main congeners detected in the samples. 9-NANT was the main congener detected in
the samples from both Seoul and Ulaanbaatar. It has been reported that 9-NANT is emitted
from direct sources, predominantly diesel engines, and is also formed in the atmosphere as
a result of secondary reactions [43,44]. Ulaanbaatar generally uses biomass fuel and coal
fuel (lignite) for household cooking and heating It is an urban area with high levels of PM
and PAH pollution because of the use of solid fuels [45]. In Ulaanbaatar, the concentration
of PAHs is high, and this causes high concentrations of NPAHs and OPAHs because of
secondary formations. Additionally, the main causes for the primary emissions of NPAHs
in urban regions are diesel engine vehicles and incomplete combustion by residential
heating [44]. As biomass combustion is the main source of OPAHs [46], biomass and heating
fuel-use in Ulaanbaatar could contribute to high NPAH and OPAH concentrations. The
contribution of individual NPAH and OPAH congeners to the regional total concentration
was different because of the different characteristics of regional occurrence. The proposed
analytical method for the monitoring of aerosol samples could be of practical use to reveal
such a source of PAH derivatives.
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3. Materials and Methods

3.1. Sampling Sites and Method

The aerosol samples were collected at three sites in winter from 15 December 2020
to 17 January 2021. Two sites were the capital cities of South Korea (Seoul) and Mongolia
(Ulaanbaatar), and the other site was a background region in Japan (Noto). The sampling
locations are shown in Figure S1. The sampling time was 24 h, from 10:00 a.m. to 9:00 p.m.
the next day, and a high-volume air sampler (Shibata, Tokyo, Japan, HV-1000RW) equipped
with an impactor for PM2.5 was used. Quartz fiber filters (QFFs, Tissuequartz 2500QAT-UP,
8 × 10 in, Pall, USA) were baked at 550 ◦C for 12 h before sampling to remove the organic
matter. All sampled filters were wrapped in pre-baked aluminum foil and stored at −20 ◦C
until the analysis.

3.2. Sample Extraction and Analysis

The analytes collected on the QFFs were extracted twice for 30 min each with a mixture
of dichloromethane and methanol (DCM:MeOH at a ratio of 3:1 v/v) by sonication. Before
the extraction, Flu-d10 was added as an internal standard and spiked at 780 ng. The extract
was filtered through a 0.45 μm nylon membrane filter and concentrated to 1 mL using
TurboVap (TurboVap LV, Zymark, Germany). After being transferred to a vial, nitrogen
was concentrated to 0.5 mL at 35 ◦C or less and MS was performed. The QFF field blanks
were analyzed for each field sample and processed using the same procedure.

All standard reagents for the analytes were purchased from AccuStandard Chemical
(USA); the target analytes are listed in Table S3. The NPAHs and OPAHs were analyzed by
gas chromatography (7890B GC) coupled with 5977A MS (Agilent Technologies, USA) and
7010 triple quadrupole MS (Agilent Technologies, USA) with interchangeable EI and CI ion
sources. Chemical ionization was used for the target substances of 8 NPAHs and 10 OPAHs.
The quantitative conditions for NCI and PCI were optimized using standard reagents
for each analyte. NCI and PCI were quantified by SIM and SRM methods, respectively.
The analytes were classified by a DB-5MS UI column and analyzed in NCI-GC/MS and
PCI-GC-MS/MS modes. High-purity helium (99.999%) was used as the carrier gas, with a
flow rate of 1 mL/min. The reagent gas was high-purity methane (99.999%) and the flow
rate was 1 mL/min for the NCI mode and 2 mL/min for the PCI mode. All samples were
injected with 2 μL in a splitless mode at 300 ◦C. The GC oven conditions were as follows:
60 ◦C → 145 ◦C (10 ◦C/min) → 220 ◦C (4 ◦C/min) → 320 ◦C (10 ◦C/min, hold for 20 min).
Detailed information on the analysis conditions are summarized in Table S4.

3.3. Quality Assurance and Quality Control

Linearity, MDL, and recovery experiments of the calibration curve were performed
to evaluate the QA/QC for the assay method. For the MDL, the lowest concentration
was added to the filter and the experiment was repeated 7 times in the same way; the
MDL was obtained from the standard deviation of the measured concentration. Thus, the
procedure was carried out through three repeated experiments. In addition, in order to
reduce analytical errors that may have occurred in the continuous analytical measurements
and to accurately measure the results, the QC substances were periodically measured for
every 15 sample batches. The analysis was performed whilst taking necessary precautions
so that the accuracy of the measured value and the expected value of the QC material for
which the exact value was known did not deviate from the allowable limit. QA/QC was
validated for each analyte according to the optimized NCI and PCI analytical methods.

4. Conclusions

Congener-specific methods were evaluated for the quantification of NPAHs and
OPAHs, which are PAH derivatives. For the NPAHs, GC-NCI/MS generated strong molec-
ular ions and showed a better sensitivity than GC-PCI-MS/MS. However, for 9-NANT, it
was difficult to obtain a complete separation from nearby interferences in the actual aerosol
samples; thus, GC-PCI-MS/MS was used. In the case of all OPAHs, the background was
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reduced in the sample matrix by means of only the product ion being quantified from the
specific parent ion for an individual OPAH congener using GC-PCI-MS/MS with the SRM
mode. This enabled a highly sensitive and selective quantitative analysis for the OPAHs.
For the method validation, the linearity of the calibration curve, MDL, and recovery were
evaluated for each individual congener. In the actual aerosol samples collected at Noto,
Seoul, and Ulaanbaatar, the analytical stability of each batch was confirmed from the results
of the QC samples. A re-analysis was performed if the result was out of the allowable
range. Among the three regions, the total mean concentrations of NAPHs and OPAHs
were highest in Ulaanbaatar, followed, in order, by Seoul and Noto. The most abundant
NPAHs in Seoul and Ulaanbaatar were 9-NANT and 3-NFL; among the OPAHs, there
were high concentrations of 1,8-NA and 9-Flu. With the analysis method in this study,
the concentrations of NPAHs and OPAHs in the samples of atmospheric PM2.5 could be
quantified in the range of 0.016 to 3.659 ng/m3 and 0.002 to 201.704 ng/m3, respectively.
This method allowed the quantification of NPAHs and OPAHs over a wide concentration
range by region, and could be of help in the field of aerosol research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28020775/s1. Table S1: Comparison of molecular ion
intensities of NPAHs when using EI and NCI modes at a concentration of 5 μg/mL; Table S2: Regional
concentration range (ng/m3), mean value, and detection frequency of NPAH and OPAH congeners
in PM2.5; Table S3: List of target compounds; Table S4: Analytical conditions of GC/MS and GC-QqQ
(MS/MS); Figure S1: Map of sampling locations.

Author Contributions: Conceptualization, J.J., J.-Y.L., and Y.-G.A.; methodology, J.J., K.-S.J., and
Y.-G.A.; validation, J.J., J.-Y.L., and Y.-G.A.; sample collection, A.M., A.N., J.-Y.L., and K.-S.J.; data
curation, J.J., K.-S.J., and Y.-G.A.; writing—original draft preparation, J.J., J.-Y.L., K.-S.J., and Y.-G.A.;
writing—review and editing, Y.-G.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the FRIEND (Fine Particle Research Initiative in East Asia
Considering National Differences) project through the National Research Foundation of Korea (NRF)
funded by the Ministry of Science and ICT (2020M3G1A1114537, 2020M3G1A1114551) and KBSI
(C280200) grants.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

References

1. Rabha, S.; Saikia, B.K. Advanced micro-and nanoscale characterization techniques for carbonaceous aerosols. In Handbook of
Nanomaterials in Analytical Chemistry; Elsevier: Amsterdam, The Netherlands, 2020; pp. 449–472.

2. Ravindra, K.; Sokhi, R.; Van Grieken, R. Atmospheric polycyclic aromatic hydrocarbons: Source attribution, emission factors and
regulation. Atmos. Environ. 2008, 42, 2895–2921. [CrossRef]

3. Bläsing, M.; Amelung, W.; Schwark, L.; Lehndorff, E. Inland navigation: PAH inventories in soil and vegetation after EU fuel
regulation 2009/30/EC. Sci. Total Environ. 2017, 584, 19–28. [CrossRef] [PubMed]

4. Keith, L.H. The source of US EPA’s sixteen PAH priority pollutants. Polycycl. Aromat. Compd. 2015, 35, 147–160. [CrossRef]
5. Walgraeve, C.; Demeestere, K.; Dewulf, J.; Zimmermann, R.; Van Langenhove, H. Oxygenated polycyclic aromatic hydrocarbons

in atmospheric particulate matter: Molecular characterization and occurrence. Atmos. Environ. 2010, 44, 1831–1846. [CrossRef]
6. Bandowe, B.A.M.; Meusel, H. Nitrated polycyclic aromatic hydrocarbons (nitro-PAHs) in the environment—A review. Sci. Total

Environ. 2017, 581, 237–257. [CrossRef]
7. Bandowe, B.A.M.; Meusel, H.; Huang, R.-J.; Ho, K.; Cao, J.; Hoffmann, T.; Wilcke, W. PM2. 5-bound oxygenated PAHs, nitro-PAHs

and parent-PAHs from the atmosphere of a Chinese megacity: Seasonal variation, sources and cancer risk assessment. Sci. Total
Environ 2014, 473, 77–87. [CrossRef] [PubMed]

33



Molecules 2023, 28, 775

8. Dos Santos, R.R.; de Lourdes Cardeal, Z.; Menezes, H.C. Phase distribution of polycyclic aromatic hydrocarbons and their
oxygenated and nitrated derivatives in the ambient air of a Brazilian urban area. Chemosphere 2020, 250, 126223. [CrossRef]

9. Hayakawa, K. Recent Research Progress on Nitropolycyclic Aromatic Hydrocarbons in Outdoor and Indoor Environments. Appl.
Sci. 2022, 12, 11259. [CrossRef]

10. Abbas, I.; Badran, G.; Verdin, A.; Ledoux, F.; Roumié, M.; Courcot, D.; Garçon, G. Polycyclic aromatic hydrocarbon derivatives in
airborne particulate matter: Sources, analysis and toxicity. Environ. Chem. Lett. 2018, 16, 439–475. [CrossRef]

11. Tomaz, S.; Jaffrezo, J.-L.; Favez, O.; Perraudin, E.; Villenave, E.; Albinet, A. Sources and atmospheric chemistry of oxy-and
nitro-PAHs in the ambient air of Grenoble (France). Atmos. Environ. 2017, 161, 144–154. [CrossRef]

12. Li, W.; Wang, C.; Shen, H.; Su, S.; Shen, G.; Huang, Y.; Zhang, Y.; Chen, Y.; Chen, H.; Lin, N. Concentrations and origins of
nitro-polycyclic aromatic hydrocarbons and oxy-polycyclic aromatic hydrocarbons in ambient air in urban and rural areas in
northern China. Environ. Pollut. 2015, 197, 156–164. [CrossRef]

13. Kojima, Y.; Inazu, K.; Hisamatsu, Y.; Okochi, H.; Baba, T.; Nagoya, T. Influence of secondary formation on atmospheric occurrences
of oxygenated polycyclic aromatic hydrocarbons in airborne particles. Atmos. Environ. 2010, 44, 2873–2880. [CrossRef]

14. Srivastava, D.; Favez, O.; Bonnaire, N.; Lucarelli, F.; Haeffelin, M.; Perraudin, E.; Gros, V.; Villenave, E.; Albinet, A. Speciation of
organic fractions does matter for aerosol source apportionment. Part 2: Intensive short-term campaign in the Paris area (France).
Sci. Total Environ. 2018, 634, 267–278. [CrossRef]

15. Wei, S.; Huang, B.; Liu, M.; Bi, X.; Ren, Z.; Sheng, G.; Fu, J. Characterization of PM2. 5-bound nitrated and oxygenated PAHs in
two industrial sites of South China. Atmos. Res. 2012, 109, 76–83. [CrossRef]

16. Niederer, M. Determination of polycyclic aromatic hydrocarbons and substitutes (nitro-, oxy-PAHs) in urban soil and airborne
particulate by GC-MS and NCI-MS/MS. Environ. Sci. Pollut. Res. 1998, 5, 209–216. [CrossRef] [PubMed]

17. Tomaz, S.; Shahpoury, P.; Jaffrezo, J.-L.; Lammel, G.; Perraudin, E.; Villenave, E.; Albinet, A. One-year study of polycyclic aromatic
compounds at an urban site in Grenoble (France): Seasonal variations, gas/particle partitioning and cancer risk estimation. Sci.
Total Environ. 2016, 565, 1071–1083. [CrossRef] [PubMed]

18. Albinet, A.; Leoz-Garziandia, E.; Budzinski, H.; ViIlenave, E. Simultaneous analysis of oxygenated and nitrated polycyclic aro-
matic hydrocarbons on standard reference material 1649a (urban dust) and on natural ambient air samples by gas chromatography–
mass spectrometry with negative ion chemical ionisation. J. Chromatogr. A 2006, 1121, 106–113. [CrossRef]

19. Domeno, C.; Canellas, E.; Alfaro, P.; Rodriguez-Lafuente, A.; Nerin, C. Atmospheric pressure gas chromatography with
quadrupole time of flight mass spectrometry for simultaneous detection and quantification of polycyclic aromatic hydrocarbons
and nitro-polycyclic aromatic hydrocarbons in mosses. J. Chromatogr. A 2012, 1252, 146–154. [CrossRef]

20. Nowakowski, M.; Rykowska, I.; Wolski, R.; Andrzejewski, P. Polycyclic Aromatic Hydrocarbons (PAHs) and their Derivatives
(O-PAHs, N-PAHs, OH-PAHs): Determination in Suspended Particulate Matter (SPM)—A Review. Environ. Process. 2022, 9, 2.
[CrossRef]

21. Tanner, R.L.; Fajer, R. Determination of nitro-polynuclear aromatics in ambient aerosol samples. Int. J. Environ. Sci. Technol. 1983,
14, 231–241. [CrossRef]

22. Teixeira, E.C.; Garcia, K.O.; Meincke, L.; Leal, K.A. Study of nitro-polycyclic aromatic hydrocarbons in fine and coarse atmospheric
particles. Atmos. Res. 2011, 101, 631–639. [CrossRef]

23. Oezel, M.Z.; Hamilton, J.F.; Lewis, A.C. New sensitive and quantitative analysis method for organic nitrogen compounds in
urban aerosol samples. Environ. Sci. Technol. 2011, 45, 1497–1505. [CrossRef] [PubMed]

24. Chuang, J.C.; Mack, G.A.; Kuhlman, M.R.; Wilson, N.K. Polycyclic aromatic hydrocarbons and their derivatives in indoor and
outdoor air in an eight-home study. Atmos. Environ. Part B Urban Atmos. 1991, 25, 369–380. [CrossRef]

25. Vyskocil, V.; Barek, J. Electroanalysis of nitro and amino derivatives of polycyclic aromatic hydrocarbons. Curr. Org. Chem. 2011,
15, 3059–3076. [CrossRef]

26. Galceran, M.; Moyano, E. Determination of oxygenated and nitro-substituted polycyclic aromatic hydrocarbons by HPLC and
electrochemical detection. Talanta 1993, 40, 615–621. [CrossRef]

27. Reisen, F.; Arey, J. Atmospheric reactions influence seasonal PAH and nitro-PAH concentrations in the Los Angeles basin. Environ.
Sci. Technol. 2005, 39, 64–73. [CrossRef]

28. Dimashki, M.; Harrad, S.; Harrison, R.M. Measurements of nitro-PAH in the atmospheres of two cities. Atmos. Environ. 2000, 34,
2459–2469. [CrossRef]

29. Bamford, H.A.; Bezabeh, D.Z.; Schantz, M.M.; Wise, S.A.; Baker, J.E. Determination and comparison of nitrated-polycyclic
aromatic hydrocarbons measured in air and diesel particulate reference materials. Chemosphere 2003, 50, 575–587. [CrossRef]

30. Mueller, A.; Ulrich, N.; Hollmann, J.; Sanchez, C.E.Z.; Rolle-Kampczyk, U.E.; von Bergen, M. Characterization of a multianalyte
GC-MS/MS procedure for detecting and quantifying polycyclic aromatic hydrocarbons (PAHs) and PAH derivatives from air
particulate matter for an improved risk assessment. Environ. Pollut. 2019, 255, 112967. [CrossRef]
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Abstract: This study aimed to assess the markers of chemical and microbiological contamination of the
air at sport centers (e.g., the fitness center in Poland) including the determination of particulate matter,
CO2, formaldehyde (DustTrak™ DRX Aerosol Monitor; Multi-functional Air Quality Detector),
volatile organic compound (VOC) concentration (headspace solid-phase microextraction coupled with
gas chromatography–mass spectrometry), the number of microorganisms in the air (culture methods),
and microbial biodiversity (high-throughput sequencing on the Illumina platform). Additionally the
number of microorganisms and the presence of SARS-CoV-2 (PCR) on the surfaces was determined.
Total particle concentration varied between 0.0445 mg m−3 and 0.0841 mg m−3 with the dominance
(99.65–99.99%) of the PM2.5 fraction. The CO2 concentration ranged from 800 ppm to 2198 ppm,
while the formaldehyde concentration was from 0.005 mg/m3 to 0.049 mg m−3. A total of 84 VOCs
were identified in the air collected from the gym. Phenol, D-limonene, toluene, and 2-ethyl-1-hexanol
dominated in the air at the tested facilities. The average daily number of bacteria was 7.17 × 102 CFU
m−3–1.68 × 103 CFU m−3, while the number of fungi was 3.03 × 103 CFU m−3–7.34 × 103 CFU m−3.
In total, 422 genera of bacteria and 408 genera of fungi representing 21 and 11 phyla, respectively,
were detected in the gym. The most abundant bacteria and fungi (>1%) that belonged to the second
and third groups of health hazards were: Escherichia-Shigella, Corynebacterium, Bacillus, Staphylococcus,
Cladosporium, Aspergillus, and Penicillium. In addition, other species that may be allergenic (Epicoccum)
or infectious (Acinetobacter, Sphingomonas, Sporobolomyces) were present in the air. Moreover, the
SARS-CoV-2 virus was detected on surfaces in the gym. The monitoring proposal for the assessment
of the air quality at a sport center includes the following markers: total particle concentration with the
PM2.5 fraction, CO2 concentration, VOCs (phenol, toluene, and 2-ethyl-1-hexanol), and the number
of bacteria and fungi.

Keywords: air contamination; VOCs; particulate matter; CO2; bioaerosol; sport center

1. Introduction

In the modern world, great attention is paid to a healthy lifestyle that includes regular
sporting activities that contribute to maintaining a healthy body weight, feeling good,
and sustaining energy and a youthful appearance [1,2]. Physical activity can also prevent
hypertension and non-communicable diseases (e.g., heart disease, stroke, diabetes, and
site-specific cancers) [3].

According to the World Health Organization (WHO) guidelines, adults need at least
2.5 h of moderate-intensity physical activity weekly [3]. The Deloitte report “Sports Retail
Study 2020” mentions that almost 65% of Europeans practice at least one sport discipline,
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devoting 8.6 h a week to physical activity [4]. Although physical activity has been docu-
mented as beneficial to human health, using sports facilities has raised concerns during the
COVID-19 pandemic as contributing to the spread of SARS-CoV-2.

Various factors influence air quality in sports facilities (e.g., building construction,
materials used, ventilation, air humidity and temperature, number of users, and type of
physical activity) [5,6]. Many of these factors can favor the spread and multiplication of
microorganisms (i.e., high air humidity from the intense sweat discharge of the users, high
particulate matter concentration from the resuspension of particles sedimented on the
surfaces, and regular contact between the users and sports equipment) [1].

Most of the air is inhaled through the mouth during physical activities excluding the
normal nasal mechanisms for filtration. The increased airflow velocity carries airborne
contaminants deeper into the respiratory tract. Thus, increased concentrations of microor-
ganisms, their fragments and metabolites can be introduced into the respiratory tract of
exercising individuals and pose a considerable health risk to them [1]. Moreover, the re-
search shows that physical activity increases aerosol emissions due to elevated ventilation
and dehydration of the airways, further elevating the bioaerosol concentrations. Further-
more, the air quality in sports facilities depends on CO2 and other gases and volatile organic
compound (VOC) concentrations [7]. With the increase in the intensity of physical activity
(and thus breathing), the concentration of CO2 in sports halls increases. According to the
American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE),
the maximum level of CO2 in sports facilities is 1000 ppm. Higher CO2 concentrations
indicate poor air quality and acute health symptoms in room users (e.g., headaches and irri-
tation of mucous membranes) and slower work efficiency [8]. Volatile organic compounds
(VOCs) are gaseous and can originate from building materials and equipment (furniture,
installations, electronics) [8,9].

Moreover, they are also associated with cleaning, disinfection, and using chemicals
and cosmetics. Monocyclic aromatic hydrocarbons (MAH) are particularly important in
the VOC group. VOCs can cause serious health effects as many of them exhibit toxic,
carcinogenic, mutagenic, or neurotoxic properties. Many VOCs are odorous [8,9].

Bioaerosols are one of the main transmission routes for infectious diseases [10]. More-
over, human exposure to bioaerosols is associated with a wide range of acute and chronic
health problems such as asthma, hay fever, bronchitis, chronic lung failure, diseases of
the cardiovascular system, catarrh of the gastrointestinal tract, tuberculosis, legionellosis
and allergic reactions as well as sinus and conjunctivitis [10,11]. Toxins of microbial origin
(endotoxins and mycotoxins) play a significant role in inflammatory responses and con-
tribute to the deterioration of lung function, causing other infections [12]. It has been found
that over 80 types of fungi (mostly belonging to Cladosporium, Alternaria, Aspergillus, and
Fusarium genera) can cause respiratory allergy symptoms and over 100 severe human and
animal infections as well as plant diseases [13].

Because humans carry 1012 microorganisms in their epidermis and 1014 microorgan-
isms in the digestive tract, they can pose as the primary source of microorganisms in fitness
facilities [14]. Therefore, surfaces in sports facilities can also be a source of pathogenic mi-
croorganisms such as methicillin-resistant Staphylococcus aureus (MRSA). It was found that
skin-to-skin contact is a primary route of MRSA transmission between athletes, especially
in football, wrestling, rugby, and soccer players. Moreover, poor hygiene in equipment has
also been implicated in the spread of contagious diseases [15]. Infections caused by MRSA
are often aggressive, necrotizing, antibiotic-resistant, and sometimes fatal [16]. Sports
facilities have already been the subject of microbiological research. The literature indi-
cates different microbiological air contamination of these types of facilities, ranging from
5.80 × 101 to 1.02 × 103 CFU m−3 for the number of bacteria and from 2.10 × 101 to
1.44 × 102 CFU m−3 for the number of fungi [1,5,17,18]. Conversely, in the case of
the bacterial contamination of surfaces, concentrations from 3.9 × 102 CFU cm−2 to
3.7 × 103 CFU cm−2 were observed [5,7]. Bacteria of the genera Bacillus, Corynebacterium,
Kocuria, Micrococcus, and Pseudomonas Staphylococcus were characteristic of bioaerosols
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in sports facilities, while on surfaces, the dominance of Staphylococcus, Bacillus, Klebsiella,
Escherichia, Enterococcus, Serratia, Aerococcus, and Erwinia has been described [19,20]. The
environment of fitness centers, however, has not yet been comprehensively investigated in
terms of the number and species of microorganisms present in these places.

Therefore, this study aimed to assess the markers of chemical and microbiological
contamination of the air in sports centers. The research included the evaluation of micro-
climate parameters, particulate matter concentration, selected chemical contaminations,
the number of microorganisms in the air and on surfaces, the diversity of microorganisms,
and the presence of SARS-CoV-2 in fitness center environments. This is the first study to
assess the biodiversity of sports facilities using the metagenome analysis of settled dust.
The results are discussed in the context of pathogen transmission and the overall health
effects of exposure to the detected contaminants. Moreover, guidelines for maintaining
good air quality in sports facilities are proposed.

2. Results and Discussion

2.1. Microclimate and Particulate Matter Concentration

The mean values of microclimatic conditions and PM concentrations are presented in
Table 1. The microclimate parameters were also analyzed as daily averages (Figure S1a).
The measurements were also taken depending on the time of day (Figure S1b) and the
sampling location (Figure S1c).

Table 1. Air quality parameters at the tested locations.

Room
No.

Description

Parameter

Temperature, ◦C
Relative

Humidity, %
Air Velocity

m/s

Total PM
Concentration,

mg/m3

CO2

Concentration,
ppm

HCN
Concentration,

mg/m3

1 Reception M: 25.63 a M: 58.52 ab M: 0.092 bdef M: 0.058 a M: 800 ab M: 0.005 a

SD: 3.57 SD: 10.23 SD: 0.153 SD: 0.009 SD: 94 SD: 0.006

2 The gym M: 25.28 ab M: 53.73 b M: 0.072 acf M: 0.057 a M: 2198 c M: 0.049 c

SD: 0.95 SD: 6.99 SD: 0.057 SD: 0.010 SD: 111 SD: 0.002

3 Fitness room on the
first floor

M: 24.82 b M: 57.62 ab M: 0.067 aceg M: 0.057 a M: 1773 ad M: 0.042 ab

SD: 0.81 SD: 8.16 SD: 0.053 SD: 0.009 SD: 51 SD: 0.001

4 Fitness room on the
second floor

M: 25.49 ab M: 62.31 a M: 0.025 bdg M: 0.059 a M: 2017 cd M: 0.047 bc

SD: 0.75 SD: 6.07 SD: 0.024 SD: 0.010 SD: 32 SD: 0.001

5 Women’s cloakroom
M: 26.18 a M: 60.82 ab M: 0.019 b M: 0.057 a M: 1925 bcd M: 0.046 abc

SD: 0.67 SD: 5.84 SD: 0.008 SD: 0.010 SD: 67 SD: 0.001

6
Atmospheric air

(external background)
M: 26.40 *ab M: 70.00 *a M: 5.125 *a M: 0.024 **b M: 593 a M: 0.067 c

SD: 2.30 SD: 5.24 SD: 0.978 SD: 0.004 SD: 44 SD: 0.027

M—mean; SD—standard deviation; statistically different samples were marked with different letters within the
same column (Kruskal–Wallis test followed by Dunn’s post hoc tests at a significance level of 0.05); data sources
for the atmospheric air: (*) https://www.ekologia.pl/pogoda/polska/lodzkie/zdunska-wola/archiwum,zakres
(accessed on 26 July 2012), (**) https://powietrze.gios.gov.pl/pjp/current/station_details/archive/350# (accessed
on 26 July 2012).

Airflow velocity measured during the experiments ranged from 0 m s−1 (no ventilation
or air conditioning, no windows open, minimal number of people present at the sampling
site) to 0.69 m s−1 (near an open window). The temperature was between 12.8 ◦C and
29.8 ◦C, and the relative humidity was between 44.3% and 78.3%. Microclimatic conditions
are essential for achieving the optimal performance and comfort during exercise. The
literature shows that an effective temperature below 22 ◦C degrades exercise performance
among women, while an air temperature of 24 ◦C, with moderate RH, low air velocity,
and weak radiation, is recommended at gyms to support exercise, comfort, and energy
conservation [21]. The International Fitness Association sets different recommendations
for temperature and humidity at commercial gyms [22]. A room temperature below 20 ◦C
degrees and 50% humidity are recommended for aerobic classes, while for aerobics, cardio,
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weight training and Pilates areas, temperatures should be between 18 and 20 ◦C with a
humidity between 40% and 60%.

The relation between thermal comfort and air movement at elevated activity levels was
also investigated [23]. Air movement with higher temperatures produced equal or better
comfort and perceived air quality below the reference condition for every temperature
up to 26 ◦C. In our study, the air velocities and temperatures did not differ daily; the
only difference was observed in the average daily humidity between Friday and the rest
of the week (Figure S1a). Moreover, the air velocities did not depend on the time of
day; the measurement was carried out while the temperature rose by the hour and the
relative humidity first dropped (while the air conditioning was running) and then increased
(Figure S1b).

The temperature conditions at different locations were similar (no statistical differences
in average temperature were detected; Figure S1c). Statistically significant differences were
detected for the average air velocity and average humidity (Figure S1c), corresponding to
the number of windows open, the air conditioning running, and the number of people in
the facility. The diversified values of these microclimatic parameters might lead to different
development conditions for microorganisms between the tested locations.

The fitness center environment is very unstable, and many factors affect the parameters
of temperature, relative humidity and airflow velocity. In the present study, significantly
different air velocity and air humidity conditions were noted, which implies that the
microclimate parameters strongly depend on the specific location. There was no correlation
between the individual microclimate parameters and the number of windows open, air
conditioning running, and the number of people in the facility.

Previous research has shown that the high number of people who exercise at closed
sports facilities can contribute to the air quality issues inside them. The factors determining
exercise intensity also affect air quality [24]. The concentration of fine particles in the
indoor air fluctuates depending on the weather conditions. Furthermore, ventilation and
air filtration systems at such facilities are essential for proper air exchange and purification.
The present study confirmed these results as significantly higher PM concentrations were
observed indoors than outdoors (Table 1).

The size distributions of airborne particles for each separate sampling variant are
presented in Table S1 (Supplementary Materials). The PM2.5 constituted almost all mea-
sured dust at the tested locations. Its share in the total quantity of the measured airborne
particles was between 99.65% and 99.99%, and the range of the number of particles per size
dropped with an increasing particle size. The total suspended PM concentration varied
between 0.0445 mg m−3 and 0.0841 mg m−3 and differed significantly between all of the
tested locations (Figure S2c). The daily averages were higher in the first three days of
the experiment and significantly lower in the last two (Figure S2a). Considerably higher
concentrations were observed at the beginning of each day and just before the facility was
closed (Figure S2b). Based on full-factorial ANOVA, the main effects and all interactions
were confirmed at a significance level of 0.05.

According to EU legislation, the annual average concentration of dust with dimen-
sions below 2.5 μm (i.e., the fraction containing the PM1 fraction) should not exceed
0.025 mg m−3 [25]. In our case, the measured PM2.5 concentration was more than twice as
high as the environmental threshold, independent of the sampling site [25]. This agrees
with the literature suggesting that the air quality inside training facilities is often worse
than that outdoors [26].

The presence of airborne particulate matter can affect the users’ health and decrease
their physical performance by around 5% [27,28]. Studies show that exposure to high PM
concentrations can increase the risk of suffering from various respiratory and circulatory
diseases [29,30]. Moreover, some studies have suggested that people who regularly exercise
are more prone to experiencing the effects of air pollutants than those who do not participate
in sports [31,32].
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Carbon dioxide (CO2) is the main gaseous air pollutant in sports facilities, connected to
a natural product of human respiration [8]. The CO2 concentration in the fitness club ranged
from 800 ppm (reception desk) to 2198 ppm (gym), and for most rooms, it was statistically
significantly higher than in atmospheric air. In previous studies, the CO2 concentrations in
the air of sports halls were lower and ranged from 294.8 to 1529 ppm [8]. However, the
current studies have not shown any exceedance of the CO2 concentration limits in the air
developed by the WHO and the U.S. Environmental Protection Agency [33,34].

Formaldehyde concentration in the tested sports facilities ranged from 0.005 mg/m3

to 0.049 mg/m3, and for two out of five rooms, it was statistically significantly lower than
in the control (atmospheric) air. This is probably due to the heavy traffic in the parking lot
adjacent to the building and the busy street. According to EPA guidelines, the detected
values of formaldehyde do not exceed the limits for this compound in the air [34].

2.2. Volatile Compounds Contamination

The volatile compounds were extracted from the air sample by SPME, followed by
desorption and analysis with GC-MS. A total of 85 compounds were identified, of which
84 were present in the air collected from the gym, while only 47 were identified in the control
sample (background) (Table S1). Detected compounds were divided into ten groups based
on their chemical structures: hydrocarbons (30), terpenes and terpenoids (20), alcohols (10),
aldehydes (eight), ketones (six), esters (six), furanes (two), phenols (one), ethers (one), and
acids (one).

The sources of the compounds that were identified in the indoor air from the gym
can differ; for example, the breath air exhaled by people in the gym [35] (e.g., acetone,
ethanol, 1-propanol, butyl acetate, acetic acid, acetoin, and 2,3-butanedione), alcohol-
based hand disinfectants and equipment cleaning agents [36], air fresheners and cosmet-
ics [37] (e.g., ethanol, phenol, benzaldehyde, 2-propanol, α-pinene, eucalyptol, linalool,
3-carene, D-limonene, γ-terpinene, α-thujene, β-myrcene, camphene, butane, pentane,
acetone, furfural, 3-methyl-1-butanol, 2-methyl-1-butanol, dihydromyrcenol, citronellal,
verbenone, menthol), building materials and room finishing materials [38], and gym equip-
ment (e.g., furfural, toluene, benzene, styrene, xylenes, ethylbenzene, heptane, decane,
benzaldehyde, hexanal).

The relative amount (%) results showed that phenol was the dominant compound in
both the control air sample and air sample from the gym. The presence of phenol results
from the widespread use of it and its derivatives, among others, in the production of
resins, detergents, medicinal products, disinfectants, and dyes, and thus are found in many
common materials including antiseptics, medical preparations, plastics, cosmetics, and
health care products [39]. Phenol also gets into the air through car exhaust. Phenol is not
classified as a carcinogen but as a toxic substance [40]. Due to its hydrophilic and lipophilic
properties, phenol easily penetrates cell membranes and dissolves in cell fractions, causing
interaction with specific cellular and tissue structures [41].

Three other identified compounds, D-limonene, toluene, and 2-ethyl-1-hexanol, were
characterized by over 1–2% of the relative amount in the indoor air from the gym. Among
the indoor air VOCs, terpenes are a common group. Cleaning agents and cosmetics contain
essential oils rich in terpenes [42].

Toluene, along with benzene, ethylbenzene, and xylenes from the BTEX group, are
classified as toxic compounds, while benzene is also classified as a carcinogenic substance
(Group 1). Due to their application for various purposes such as the production of plastics,
synthetic fibers, floor coverings, chipboard, oils, greases, and paint, the presence of BTEX is
common in indoor air. Long-term exposure to BTEX increases the risk of adverse health
consequences [43].

In turn, 2-ethyl-1-hexanol is a common component of fragrances. Moreover, it is
commonly used for the production of plasticizers (e.g., diethylhexyl phthalate for polyvinyl
chloride resins) as well as in coating products, greases, fillers, and putties. The presence of 2-
ethyl-1-hexanol may irritate the mucous membranes of the eyes and nose in humans [44,45].
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2.3. Determination of Airborne Microorganism Number

The average daily number of bacteria in the facilities during the working week ranged
from 7.17 × 102 CFU m−3 (Wednesday) to 1.68 × 103 CFU m−3 (Friday), while the num-
ber of fungi ranged from 3.03 × 103 CFU m−3 (Wednesday) to 7.34 × 103 CFU m−3

(Friday) (Table S3, Figure 1a). The lowest number of bacteria was recorded at 08:00
(4.48 × 102 CFU m−3) and the highest at 20:00 (2.39 × 103 CFU m−3). In turn, the con-
centration of fungi was the lowest at 16:00 (4.53 × 103 CFU m−3) and the highest at 08:00
(7.42 × 103 CFU m−3) (Table S3, Figure 1b). The most contaminated air was observed in
Room no. 2 (the gym), where the bacteria count was 1.66 × 103 CFU m−3, and in Room no.
1 (the reception), where the number of fungi was 7.30 × 103 CFU m−3 (daily mean).

It is noteworthy that, at the same time, in Room no. 2, the lowest number of fungi
(1.90 × 103 CFU m−3) among the analyzed rooms was recorded. In turn, the lowest number
of bacteria was found in Room no. 4 (fitness room on the second floor) (Table S3, Figure 1c).
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Figure 1. Averaged microorganism numbers (means with SD): (a) daily, (b) over sampling time of
the day, (c) over sampling location; statistically different samples are marked with different letters;
no letters indicate no statistical differences (Tukey’s test, α = 0.05).

No statistically significant differences were found in the fitness club’s mean daily
numbers of bacteria. In the case of fungi, significant differences among days were observed,
with the lowest concentration on Tuesday and the highest on Thursday (Figure 1a). Con-
sidering the influence of the test hour on the number of microorganisms in the air; it can
be concluded that the number of fungi is constant while the number of bacteria changes,
which is most likely related to the activity of people in these facilities. Statistically higher
numbers of bacteria were recorded at the end of the day—at 20:00 (Figure 1b). It was also
shown that the number of fungi in the atmospheric air was statistically significantly higher
than in the samples collected at the fitness club (Figure 1c).

The obtained aggregate results from the week of air quality monitoring in the fitness
club were subjected to detailed statistical analysis, which showed a very weak correlation
between the average number of bacteria and fungi in the air, and the airflow, temperature,
relative humidity, and the number of particles in the air (Figure 2a–d). Moreover, the
correlation between the number of microorganisms in the air, the number of persons
present at the sampling location, and the number of open windows were also very weak
(Figure 2e,f).

It is worth noting that the present research showed higher microbiological air contami-
nation (bacteria: 7.17 × 102–1.68 × 103 CFU m−3, fungi: 03 × 103 CFU m−3–
7.34 × 103 CFU m−3) than that in previously published studies. In addition, previous
research focused primarily on assessing microbial contamination in sports facilities in
schools and universities. Brągoszewska et al. recorded the number of bacteria in the air
in a Polish high school gym from 4.20 × 102 to 8.75 × 102 CFU m−3 depending on the
activity of the students [17]. Additionally, other studies conducted in Europe (gyms, fitness
rooms, and different facilities in academic sport centers) have shown lower microbial
contamination (i.e., 5.80 × 101 to 2.00 × 104 CFU m−3 for the number of bacteria in the air,
and 2.10 × 101 to 3.75 × 102 CFU m−3 for the number of fungi in sports facilities) [1,7].

Recently, Boonrattanakij et al. investigated microbial contamination in a bicycle room at
a fitness center in Taiwan using the same type of air sampler and culture media as the current
study [5]. The authors obtained a lower number of bacteria (4.01 × 102–7.61 × 102 CFU m−3)
and fungi (2.26 × 102–8.37 × 102 CFU m−3).
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 2. Correlation between microorganism numbers and the: (a) airflow velocity, (b) temperature,
(c) relative humidity, (d) total particulate matter concentration, (e) the number of persons present at
the sampling location, and (f) the number of windows open at the sampling location.
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It should be noted that many factors can be responsible for the differences in microbial
contamination shown in current and previous studies, such as building construction and
materials, ventilation systems and environmental factors (season, air humidity, tempera-
ture) and others [5,6].

Unfortunately, there are no legal limits on the number of microorganisms in indoor air
to which the results obtained in the present study could be referred. The WHO suggests
that the total number of microorganisms should not exceed 1.0 × 103 CFU m−3. At the
same time, the Polish Commission for Maximum Admissible Concentrations and Inten-
sities for Agents Harmful to Health in the Working Environment has developed limits of
5.0 × 103 CFU m−3 for the total number of mesophilic bacteria, and the total number of
fungi for residential and public utility facilities [46].

Considering the average daily values of the number of microorganisms obtained in
the present study, the number of bacteria in Rooms no. 2 and 5 was exceeded. In addition,
the number of fungi in all rooms exceeded the WHO’s recommendations [47]. Referring to
the Polish guidelines, only the number of fungi in Room no. 1 (reception) was exceeded,
where, most often, there was an open window allowing for the inflow of atmospheric air,
which was highly contaminated with fungi during the research period.

Statistical analysis showed that atmospheric air could be the fungi source in the fitness
club rooms tested. This hypothesis could be tested by comparing the indoor air’s fungal
composition to the outdoor air. In contrast, the source of bacteria in the indoor air was
probably of human origin, as suggested by the highest values observed in the room where
the most intense exercises were performed. This conclusion is supported by previous
studies showing that bacteria can be over two times more abundant indoors than outdoors,
especially in poorly ventilated and heavily occupied premises [14,48].

Although it is known that microclimate conditions, especially temperature and relative
air humidity, as a rule, correlate with the number of microorganisms in the air in the
rooms [49,50], this was not observed in the current research. This is probably because the
environment of fitness clubs is very specific and unstable, which is mainly related to the
varying number of people, who are carriers of specific microbiota, perform exercises of
varying intensity, enter/leave rooms, open/close doors, open/close windows, turn on/off
fans and air-conditioners, etc. These overlapping factors have unpredictable results; future
research should introduce systems for continuously monitoring the microbiological air
quality in sports facilities.

2.4. Determination of Surface Microbial Contamination

The highest number of bacteria was found in the shoe cabinet and on the table in
the reception area, which was used by people waiting (3.8 CFU cm−2). No bacteria were
found on the exercise bike saddle and at the bottom of the locker used to store personal
belongings (0 CFU cm−2). The highest number of fungi was found on the MMA training bag
(6.2 CFU cm−2), while no fungi were present at the bottom of the storage locker (Figure 3).
Significant differences were observed in the concentration of bacteria and fungi between
the tested surfaces (p < 0.05).

Few studies have presented a quantitative assessment of microbial surface contamina-
tion in sports facilities. In the present study, surface microbiological contamination was
lower than that in the previously published studies. Boonrattanakij et al. conducted micro-
biological tests on sports equipment (i.e., bicycle handle, dumbbell, and sit-up bench) [5].
The number of bacteria on the examined surfaces (bicycle handle, dumbbell, and sit-up
bench) ranged from 3.9 × 102 CFU cm−2 to 3.7 × 103 CFU cm−2.

Notably, guidance was posted in the cloakroom and gym for users to disinfect the
exercise equipment and cabinets for personal belongings to prevent the spread of COVID-
19. Based on the obtained results, it can be concluded that the users did not follow the
recommendations in all cases and/or disinfection was ineffective.
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Figure 3. Microbiological contamination of surfaces.

2.5. Diversity of Microorganisms in the Fitness Center Environment

The results from the high-throughput DNA sequencing of the settled dust sample
collected at the fitness club revealed a high diversity of microorganisms (Figure 4a). In to-
tal, four hundred and twenty-two (422) genera of bacteria representing 21 phyla were
detected in the dust. Although the number of phyla was high, most shared a mini-
mal number of classified reads. The most abundant phyla belonged to Cyanobacteria
(46%), Proteobacteria (30%), Actinobacteriota (14%), Firmicutes (6%), and Bacteroidota (2%)
(Figure 4a). The high number of reads from the Cyanobacteria phylum was a surprise. A
closer analysis of the reads based on a sequence similarity search employing the NCBI
Nucleotide collection database revealed that these sequences were mainly derived from
pine (Pinus spp.) chloroplast DNA, which suggests that the dust sample was primarily
contaminated with pollen.

The most abundant bacteria identified in the settled dust from the gym in ques-
tion belonged to the genus Paracoccus (5.8%), Sphingomonas (3.9%), Micrococcus (3.8%),
Escherichia-Shigella (2%), Acinetobacter (1.5%), Enhydrobacter (1.5%), Corynebacterium (1.5%),
Kocuria (1.5%), 1174-901-12 (Rhizobiales; 1.2%), Bacillus (1.1%), and Rubellimicrobium (1.1%).
The presence of mitochondrial DNA was most probably due to the contamination of the
dust sample with pine pollen.

Following this, the presence of potentially hazardous bacterial genera sequences,
according to Directive 2019/1833/EC [51], was checked among the classified reads of the
dust sample. Twenty-eight hazardous genera (Groups 2 or 3) were identified; however,
their share in the total number was very low (<7.5% of all classified reads). Of these, the
most abundant genera were Escherichia-Shigella (2%), Corynebacterium (1.4%), Bacillus (1%),
and Staphylococcus (0.8%) (Figures 4 and S3).
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a b

Figure 4. Phylogenetic distribution of bacteria sequences in the settled dust sample; (a) assigned to
the phyla, (b) assigned to the genera; unidentified—unidentified sequences; sparse—reads assigned
to low abundant phyla (less than 1% of all classified reads).

So far, the bacteria Bacillus, Corynebacterium, Kocuria, Micrococcus, and Pseudomonas
Staphylococcus have been reported as characteristic of the environment of sports facili-
ties, identified by classical (culture) methods [1,17,52]. Turkskani et al. isolated bacteria
from two Saudi Arabian gyms and identified them based on gene sequences of their 16S
rRNA [53]. The authors determined the phylogenetic affiliation of the detected bacteria to
the following genera: Bacillus, Brachybacterium, Geobacillus, Microbacterium, Micrococcus, and
Staphylococcus. Moreover, Haghverdian et al. demonstrated the prevalence and transmissi-
bility of S. aureus on the surfaces (floor, balls, hands) in sports facilities [15]. The authors
observed the viability of S. aureus on sequestered sports balls for 72 h, while another work
demonstrated the survival of S. aureus strains for up to 12 days on inanimate surfaces [54].
Recently, Szulc et al., (2023) published the results of the first metagenomic analysis of
a bioaerosol from a sports center (a room with a climbing wall). The authors identified
bacteria mainly belonging to the genus Cellulosimicrobium, Stenotrophomonas, Acinetobacter,
Escherichia, and Lactobacillus in these environments [7].

The present study detected bacteria of the Paracoccus, Sphingomonas, Enhydrobacter,
Rubellimicrobium and 1174-901-12 genus, with a share of more than 15%, which have never
previously been identified in sports facilities.

Paracoccus was isolated from various environments including soils, salines, marine
sediments, wastewater, and biofilters. Most include saprophytes, but one species of P. yeei
is known to be associated with opportunistic infections in humans [55,56]. Additionally,
Rubellimicrobium are environmental bacteria observed in the soil, air, and slime on industrial
machines [57]; therefore, their presence in a fitness club is unsurprising.

Sphingomonas has also been isolated from many environmental samples (soil, sediment,
water) including samples chemically contaminated with azo dyes, phenols, dibenzofurans,
insecticides, and herbicides [58]. Many Sphingomonas strains have been isolated from
human clinical specimens and hospital environments where Sphingomonas paucimobilis, S.
mucosissima, and S. adhesiva are most associated with human infections [59].

Genus 1174-901-12 has previously been isolated from soil, ceramic roofs, and photo-
voltaic panels [60], indicating that its source may be the external environment or building
materials in the fitness club building.

So far, only one species of Enhydrobacter is known (E. aerosaccus), which was isolated
from a eutrophic lake. These bacteria are rare and poorly described in the literature;
therefore, it is challenging to conclude their source in the studied fitness club and their
potential effects [61].

The ITS-based analysis revealed that, in total, four hundred and eight (408) genera of
fungi representing 11 phyla were detected in the dust. The most abundant phyla belonged
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to Ascomycota (36.4%), Basidiomycota (28.4%), Arthropoda (11.4%), and Anthophyta (8.7%)
(Figure 5a).

a b

Figure 5. Phylogenetic distribution of fungi sequences in the settled dust sample; (a) assigned to the
phyla, (b) assigned to the genera; unidentified—unidentified sequences; sparse—reads assigned to
low abundant phyla (less than 1% of all classified reads).

The most abundant fungi identified in the settled dust from the gym in question
belonged to the genus Mycosphaerella (13.2%), Citellophilus (11.3%), Fusarium (4.1%), Cla-
dosporium (3.7%), Sporobolomyces (1.9%), Mycena (1.9%), Alternaria (1.7%), Trametes (1.6%),
Xylodon (1.4%), Itersonilia (1.2%), Vishaniacozyma (1.2%), Epicoccum (1.1%), and Filobasidium
(1.0%) (Figure 5b).

Seven genera of the hazardous category (Groups 2 or 3), according to Directive
2019/1833/EC were found, and their share in the total number was very low (less than
1.5% of all classified reads). Of these, the most abundant genera were Cladosporium (3.7%),
Aspergillus (0.9%), and Penicillium (0.4%) (Figure S4).

Żyrek et al. indicated the presence of the yeast Candida sp. Małecka-Adamowicz
et al. found fungi from the genus Cladosporium, and to a lesser extent, Penicillium, Fusarium,
Acremonium, Alternaria, and Aureobasidium [1,52]. The occurrence of potentially allergenic
molds of the genera Aspergillus and Cladosporium in Czech sports facilities was described
in [18]. Viegas et al. identified 25 species of fungi occurring in ten gymnasia and found
mainly molds from the following genera: Cladosporium, Penicillium, Aspergillus, Mucor,
Phoma and Chrysonilia as well as yeasts from the genera: Rhodotorula, Trichosporon mu-
coides and Cryptococcus uniguttulattus [62]. Szulc et al. indicated the dominance of fungi:
Mycosphaerella, Botrytis, Chalastospora, Cladosporium, Itersonilia, Malassezia, Naganishia, Sac-
charomyces, Sporobolomyces, Trichosporon, and Udeniomyces in sports facilities for climbing
activities [7].

The results obtained in the present study differed from the literature data. The gen-
era of fungi: Acremonium, Aureobasidium, Penicillium, Aspergillus, Candida, Mucor, Phoma,
Chrysonilia, Rhodotorula, Trichosporon and Cryptococcus, which dominated in earlier studies,
were found in low quantities, from 0.01% to 0.8% [52,62], which may be related to the
seasonal variability of the types of fungi dominant in the atmospheric air shaping the
qualitative composition of indoor fungi.

Moreover, in the present research, the following fungi: Citellophilus, Mycena, Tramates,
Xylodon, Vishniacozyma, Epicoccum, and Filobasidium were identified for the first time in gym
facilities. These fungi are common genera and likely come from the outdoor air. They are
known as plant parasites but can also be allergic to humans, are often linked to decreased
pulmonary function and asthma admissions, and may cause infections, particularly in
immunosuppressed patients [63–70].
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It should be mentioned that the use of high-throughput sequencing on the Illumina
platform made it possible to identify a greater variety of microorganisms found in sports
facilities than that previously described in the literature. Metagenomic analysis is increas-
ingly used to study various environmental samples such as soil, water, technical materials
(e.g., cardboard, cellulosic materials, collagen), settled dust, and many others [71–73]. The
advantage of this method is the identification of microorganisms directly from the test
sample, skipping the cultivation stage, which prevents the loss of species of microorganisms
that cannot grow under laboratory conditions [74].

2.6. Assessment of SARS-CoV-2 Virus Presence in the Fitness Center Environment

Selected surfaces in Room no. 2 (gym) were tested for the SARS-CoV-2 virus. In the
case of the treadmill touch panel, the result was positive (Table 2). The results suggest a
real risk of the spread of the COVID-19 pandemic in gyms and fitness clubs.

Table 2. Detection of SARS-CoV-2 on the fitness center surfaces.

Sample No. Description
RNA Concentration,

μg/mL
SARS-CoV-2 RNA

1 Treadmill touch panel 66 Present

2 Panel and grips of
elliptical cross trainer 63 Absent

3 Multi-gym grips panel 63 Absent

It is worth mentioning that between 74 and 164 cases of COVID-19 per day were
recorded in Poland between 26 and 30 of July 2021. In the province where the fitness center
in question was located, cases ranged between 1 and 13 per day [75]. The detection of
the SARS-CoV-2 virus suggests a real risk of the spread of COVID-19 in gyms and fitness
clubs. However, studies involving a larger number of tested samples are needed to confirm
this hypothesis.

The risk of the transmission of COVID-19 may arise from close contact, the emission
of droplets, or through fomites. Intensive physical activities in a fitness center favor these
factors, mainly due to the increased physical contact, increased concentration of exhaled
respiratory droplets in a confined space because of vigorous breathing, and shared com-
munal space and equipment [76]. No RNA of SARS-CoV-2 was detected in the previously
performed air and surface studies at a fitness center in the U.S. [77].

SARS-CoV-2 transmission in sports facilities has been previously proven in positive
PCR tests of infected users and workers [78]. Conversely, in Norway, Helsingen et al. tested
3764 individuals divided into two groups (with and without access to training at a fitness
center) [79]. They found a difference of 0.05% (one versus zero cases) in SARS-CoV-2 RNA
test positivity between training and non-training individuals. The authors stated that
good hygiene and physical distance in fitness centers did not increase the infection risk
of SARS-CoV-2 for individuals without COVID-19-relevant comorbidities in such spaces.
Therefore, it is essential to make the users and employees of these facilities aware of the
principles of sanitary safety and the proper disinfection of hands and sports equipment.

2.7. Directions for Minimizing Microbiological and Chemical Threats in the Sports Facilities

The benefits of physical activities should be strengthened by reducing the exposure to
physicochemical and microbiological contamination and consequently by minimizing the
risk of possible adverse health effects for users in sports facilities [80].

In the tested fitness club, we found a high concentration of dust, microorganisms,
and the SARS-CoV-2 virus. It is worth mentioning that the performed studies had some
limitations resulting from (a) the uniqueness of the sample (only one fitness club was tested);
(b) the season in which the samples were taken due to the influence of external bioaerosols
on the amount and composition of internal bioaerosols; (c) the holiday/vacation season,
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which meant that the number of users was lower than the rest of the year; (d) the small
number of samples taken for analysis for the detection of SARS-CoV-2 and metagenomic
analysis. However, studies suggest that air purification systems with proven effectiveness
are needed for continuous operation during opening hours in sports facilities.

Various chemical and physical methods are currently known and tested for air dis-
infection. Air disinfection includes filtration, ozonation, exposure to ultraviolet radiation,
photocatalysis, and cold plasma [81]. Recently, it has been proposed to use strong electric
fields in which the destruction or electroporation of microorganisms occurs [82]. Among
these disinfection techniques, chemical fogging, ozonation, and UV radiation of the air
are the main solutions available on the market [81]. These methods are currently used in
clinical and pharmaceutical objects; however, they seem suitable for sports facilities.

One of the ways to prevent the spread of viruses and pathogenic microorganisms in
sports facilities is to use floors that feature antibacterial properties and other materials (e.g.,
clothing and towels) with biostatic properties.

It is worth noting that one of the practices related to preventing the spread of the
COVID-19 pandemic was the introduction of spray bottles filled with a disinfectant solution
in sports centers for wiping the exercise equipment after use. It should be noted that these
practices have their weaknesses.

Rarely are surface disinfectants at sports facilities in their original packaging, allowing
the center to control their composition and the concentration of active substances. Therefore,
it is crucial to use EPA-approved disinfectants, consider the type of disinfected surfaces
(metal, plastic, leather, etc.), and prepare working solutions of disinfectants following the
manufacturer’s guidelines, labeling them properly, and providing detailed instructions
for use for the end users. This is important because the effectiveness of disinfection will
depend on the contact time of the preparation used with the surface. Common misconduct
is spraying and immediately wiping off sports equipment. Such disinfection will not be
effective and will even become dangerous for the user and the environment. Therefore,
the staff at sports clubs must be properly prepared (trained) to use appropriate safety
procedures and personal protective equipment (if necessary) during disinfection. An alter-
native to sprayed disinfectants can be disinfectant-impregnated wipes, consisting of towels
saturated with diluted disinfectant and other compounds (i.e., surfactants, preservatives,
enzymes, and perfumes) [83]. Staff and the users of exercise facilities should wash their
hands with water and plain soap before entering and leaving and before and after any
contact with other people and equipment in sports facilities and avoid sharing towels
(preferably use disposable paper towels) and other personal items. Wounds, cuts, scrapes,
etc., should be covered with a clean, dry dressing to prevent contamination. The World
Health Organization (WHO) recommends alcohol-based formulations to disinfect hands;
such formulations have been shown to inactivate SARS-CoV-2 efficiently.

Moreover, hydrogen peroxide or povidone-iodine and other biocides possess antiviral
properties and can be used to disinfect biological surfaces [84]. The sharing of exercise
equipment should be avoided if possible. If this is not possible, the use of a towel is
recommended, or, for example, gloves that provide a barrier between the skin and such
equipment. After the entire working day, the facility staff should wash and disinfect
all common exercise equipment used on a given day. Moreover, objects inside a sports
facility that require special attention include countertops, light switches, faucet handles,
and doorknobs. Staff should be excluded from the use of damaged equipment (e.g., torn
upholstery) that cannot be properly disinfected due to damage.

Future research should aim at introducing Internet of Things (IoT) technology sys-
tems of constant air quality monitoring in sports facilities (e.g., using multiple sensors
including microfluidic chips as well as developing warning systems against exceeding
the concentration of suspended dust, or the recommended number of microorganisms in
the air).
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3. Materials and Methods

3.1. Tested Fitness Center and Sampling Strategy

The research was conducted in a fitness club in Zduńska Wola (central Poland). The
tested fitness center is located in a service and commercial building built in the1990s and
operates from Monday to Friday from 8:00 to 22:00 and on the weekends from 9:00 to 15:00.
The characteristics of the rooms under study are presented in Table 3. Samples of the air were
collected from five fitness center rooms equipped with an occasional air conditioning system.

Table 3. Characteristics of the sampling sites at points in the tested fitness center.

Room
No.

Description
Area,
m2 Surface Sampling Sites

Number of
Users

Number of
Ceiling

Fans/Opening
Windows

Airconditioning
Number of

Samples

1 Reception 18

Table for the waiting,
receptionist’s desk,

armrest on the
couch, chair

2–12 1/1 No N = 60
n = 4

2 The gym 220

Treadmill touch panel,
the touch panel of the

cross trainer,
mirror, thick mat

on the floor

1–9 3/6 Yes
(2 units)

N = 60
n = 4

3
Fitness room
on the first

floor
100

Thin exercise mat,
MMA bag,

small “ovoball”,
1 kg dumbbell holder

1–11 2/5 Yes
(1 unit)

N = 60
n = 4

4
Fitness room

on the
second floor

85

Large exercise ball,
exercise bike saddle,
trampoline handle,

8 kg dumbbell holder

1–12 2/6 Yes
(1 unit)

N = 60
n = 4

5 Women’s
cloakroom 26

Mirror, the bottom of the
locker, the external part

of the locker,
shoe cabinet

1–5 1/0 No N = 60
n = 4

6
Atmospheric
air (external
background)

-
Parking lot located 10 m
from the entrance to the

fitness club building
- - - N = 60

n = 0

“-”—not applicable; N—number of air samples collected during the whole working week, collected in triplicate;
n—total number of surface samples.

Moreover, control samples (atmospheric air) in front of the building were collected
simultaneously. Samples were collected during the entire working week (Monday–Friday)
at 8:00, 12:00, 16:00 and 20:00 under normal operating conditions. At the same time,
the microclimate and particulate matter concentrations were analyzed. The microbial
contamination was also assessed for 20 surfaces in the fitness center (Table 3). The chemical
contamination of the air was checked in the gym (Room no. 2) in comparison to the control
atmospheric air (Room no. 6).

Additionally, three samples were taken from the surface of Room no. 2 (gym) to verify
the presence of the SARS-CoV-2 virus. A pooled sample of settled dust was also collected
to determine the biodiversity of the microorganisms.

3.2. Microclimate, Particulate Matter Concentration Carbon Dioxide, and Formaldehyde Analysis

A VelociCalc® Multi-Function Velocity Meter 9545 (TSI, Dallas, TX, USA) thermo-
anemometer was used to establish the temperature, relative humidity, and airflow rate
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at the selected workstations. The measurements were taken over 2 min at 1 s intervals;
averages were logged for each sampling variant (day/hour/location).

The concentration of particulate matter (PM1; PM2.5; PM4; PM10; PMtotal) was mea-
sured using a DustTrak™ DRX Aerosol Monitor 8533 portable laser photometer (TSI, USA).
The detection range for particles with diameters ranging from 0.1 to 15 μm was between
0.001 and 150 mg m−3. The measurements were carried out in triplicate for each location
at 1.5 m from the ground level. The sampling rate was set to 3 L min−1 and the sampling
interval to 5 s. The total sampling time was 3 min. The carbon dioxide and formalde-
hyde concentrations were measured using a M200 Multi-functional Air Quality Detector
(Temtop, China).

3.3. Volatile Compounds Analysis

Detailed analysis of the volatile compounds was carried out using headspace solid-
phase microextraction coupled to gas chromatography-mass spectrometry (HS-SPME-GC).
Tedlar bags (5 L) were used for the collection of air samples from Rooms no. 2 and 6 (gym
and external background). For extraction of the volatile compounds from the air samples,
the solid-phase microextraction technique was used with the fiber covered with 50/30 μm
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) phase (length 1 cm).
The SPME fiber was inserted via the sampling port, followed by exposure for 60 min at
20 ◦C. After the adsorption of volatiles, the fiber was retracted into the needle and trans-
ferred to the inlet of the GC apparatus for the desorption of analytes. Desorption was
carried out for 5 min at 250 ◦C. Before each extraction, the fiber was heated for 10 min in the
inlet of the GC apparatus at 260 ◦C for cleaning. A GC-MS system was used for the volatile
compound analysis (GC Agilent 7890A and MS Agilent MSD 5975C, Agilent Technologies,
Santa Clara, CA, USA). The compounds were separated on a capillary column DB-1ms
60 m × 0.25 mm × 0.25 μm (Agilent Technologies, Santa Clara, CA, USA). All injections
were performed in a splitless mode. As a carrier gas, helium was used with a flow rate of
1.1 mL/min. The GC oven temperature was programmed to increase from 30 ◦C (10 min)
to 70 ◦C at a rate of 2 ◦C/min and kept for 2 min, then to 235 ◦C at a rate of 10 ◦C/min,
and finally kept for 3.5 min. The MS ion source, transfer line, and quadrupole analyzer
temperatures were 230, 250, and 150 ◦C, respectively. The electron impact energy was set at
70 eV. The mass spectrometer was operated in full scan mode (SCAN). The qualification of
volatiles was performed by a comparison of the obtained spectra with the reference mass
spectra from the NIST/EPA/NIH mass spectra library (2012; Version 2.0 g) or with mass
spectra obtained from the GC standards and confirmed with the use of the deconvolution
procedure. Then, retention indices (RI) were calculated according to the formula proposed
by van den Dool and Kratz [85] relative to a homologous series of n-alkanes from C5
to C20. Retention indices were compared with the literature data [86]. Data processing
was conducted with Mass Hunter Workstation Software (Agilent, Santa Clara, CA, USA).
The relative amounts of volatile compounds were calculated by the individual peak area
relative to the total peak areas.

3.4. Determination of Airborne Microorganism Number

Air samples were collected in triplicate (20–100 L) per sampling site at the height of
about 1.5 m from ground level with an airflow rate of 100 L min−1 using a MAS-100 Eco Air
Sampler (Merck, Darmstadt, Germany), according to EN 13098 [87]. The microbiological
contamination of the air was determined using: TSA (tryptic soy agar, Merck, Germany)
with (0.2%) nystatin to determine the number of bacteria and MEA (MALT EXTRACT agar,
Merck, Germany) medium with (0.1%) chloramphenicol to determine the fungi number.
The samples were incubated at either 25 ± 2 ◦C for 5–7 days (fungi) or 30 ± 2 ◦C for
48 h (bacteria). After incubation, the colonies were counted and corrected based on Feller’s
statistical correction table. The results were calculated as the arithmetic mean of three
independent repetitions and expressed in CFU m−3.

51



Molecules 2023, 28, 3560

3.5. Determination of Surface Microbial Contamination

Samples from 20 different surfaces throughout the facility (two independent repeti-
tions) were collected on the first day of testing (Monday) between 8:00 and 10:00 using
Hygicult® TPC (Orion Diagnostica Oy, Espoo, Finland) with the Total Plate Count medium.
The collected samples were incubated at 30 ± 2 ◦C for 3–5 days. Next, the colonies were
counted, and the results (arithmetic mean of two independent repetitions) were expressed
in CFU cm−2.

3.6. Detection of SARS-CoV-2

Swabs were taken from approx. 100 cm2 from three surfaces (treadmill touch panel,
panel and grips of elliptical cross trainer, and multi-gym grips) located in the gym (Room
no. 2) using R9F buffer (A&A Biotechnology, Gdańsk, Poland). The surfaces were selected
based on the highest frequency of use, the presence of direct contact with the user’s hands,
and their vicinity to the breathing zone. RNA isolation was performed with the CoV RNA
Kit (A&A Biotechnology, Poland). The presence of the SARS-CoV-2 virus RNA in the
tested samples was confirmed by Real-Time PCR with Taq-Man probes. The presence of
SARS-CoV-2 was tested using the MediPAN-2G+ FAST COVID test (Medicofarma, Warsaw,
Poland) kit by A&A Biotechnology (Poland) according to the manufacturer’s instructions.
The test detects fragments of two SARS-CoV-2 genes (i.e., ORF1ab (nsp2) and gene S). A
synthetic fragment of a plant virus genome was used as a control.

3.7. Determination of Biodiversity

Dust deposited on the surface of the gym equipment (10–12 devices located 0.5–2 m
from the ground) was collected with steely, dry swabs and refrigerated overnight (4 ◦C).
Then, the samples were combined into one and used for DNA extraction. According to the
manufacturer’s instructions, genomic DNA was extracted using the Soil DNA Purification
Kit (EURX, Poland). The presence of genomic DNA in the tested samples was confirmed
with fluorimetry (Qubit). The extracted DNA concentration was 1 μg mL−1. Universal
primers amplifying the 16S rRNA bacterial gene’s fragment and fungal ITS regions were
used in the reaction [88–90]. Q5 Hot Start High-Fidelity 2X Master Mix (NEB, Ipswich, MA,
USA) was used for PCR according to the manufacturer’s instructions. The libraries were
prepared and sequenced by Genomed (Warsaw, Poland) using the paired-end technology
on the Illumina MiSeq (2 × 300 nt) platform with the use of a v3 Kit (Illumina, San
Diego, CA, USA). Automatic initial analysis was performed on the MiSeq sequencer using
MiSeq Reporter (MSR) v2.6. The obtained results were next subjected to bioinformatic
analysis. Adapter sequences were removed from the reads, which were next subjected to
quality control with the Cutadapt program using quality (<20) and the minimal length of
(30 nt) threshold [91]. Library reads 16S were further processed using the DADA2 package
to separate sequences of biological origin from those generated during the sequencing
process. This package was also used for selecting unique sequences of biological origin,
the so-called amplicon sequence variant (ASV). Bioinformatics analysis of the reads for
species-level classification was performed using the QIIME 2 program based on the Silva
138 database using a hybrid approach [92]. First, ASV sequences were compared with the
database to find identical reference sequences using the VSEARCH algorithm [93]. Next,
the atypical sequences left over from the previous step were classified based on machine
learning, which was performed using SKLearn. ITS library reads classification at the species
level was performed using QIIME based on the UNITE v8 reference database [94]. After
filtering, as described above, the reads were clustered based on the reference database
using the UCLUST algorithm. Chimeric sequences were removed using the USEARCH
(usearch61) algorithm. Finally, the taxonomy was assigned to the reference database using
the BLAST algorithm. Sequencing data files in the FASTQ format were deposited in the
NCBI Sequence Read Archive (SRA) under BioProject accession number PRJNA818521
(BioSampleAcc. SAMN26866224 and Run Acc. SRR18428312 and SRR18428311).
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3.8. Statistical Analysis

Statistical analysis was carried out with Statistica 13.1 (Statsoft, Tulsa, OK, USA).
Descriptive statistics were calculated for all variables of interest. For the microclimate
parameters and the number of microorganisms in the air, one-way analysis of variance
(ANOVA) was performed for data grouped depending on the sampling day, hour, and
location. ANOVA assumptions were checked with the Shapiro–Wilk and Levene tests.
When a statistical difference was detected, the means were compared using Tukey’s post
hoc test or Dunn’s post hoc tests. Full-factorial ANOVA was performed for the particulate
matter concentration, followed by Tukey’s post hoc test. In the case of surface microbial
contamination, the Fisher–Snedecor test was carried out for the number of microorganisms
averaged over the tested surfaces. The variances in the number of bacteria and fungi on the
examined surfaces were heterogeneous. Thus, a t-test was performed for unequal variances.
All tests were performed at a significance level of 0.05.

Linear regression was performed to check a correlation between the number of bac-
teria and fungi in the air and other measured parameters. To describe the strength of
the correlation, the Evans (1996) guide for the absolute value of correlation coefficient r:
0.00–0.19 “very weak”; 0.20–0.39 “weak”; 0.40–0.59 “moderate”; 0.60–0.79 “strong”; 0.80–1.0
“very strong” [95] was used.

4. Conclusions

High particulate matter, especially the PM2.5 concentration, was observed in fitness
centers that exceeded the environmental threshold and supports statements that air quality
inside sports facilities can be worse than that outdoors. Moreover, chemical markers such
as CO2 concentration and VOCs (phenol, toluene, and 2-ethyl-1-hexanol) may be useful for
air quality monitoring in sports facilities.

Additionally, the concentration of airborne microorganisms was high compared to
the previous research and literature recommendations. It is also noteworthy that genera
of bacteria (Escherichia-Shigella, Corynebacterium, Bacillus, Staphylococcus) and fungi (Cla-
dosporium, Aspergillus, Penicillium), potentially belonging to the second and third groups of
health hazards following Directive 2019/1833/EC, were detected, albeit at relatively low
concentrations. In addition, other species that may be allergenic (Epicoccum) or infectious
(Acinetobacter, Sphingomonas, Sporobolomyces) and the SARS-CoV-2 virus were detected.

Due to the possibility of high contamination with chemicals, CO2, bacteria and fungi,
and the spread of the SARS-CoV-2 virus in sports facilities, air purification systems with
proven effectiveness are also needed (e.g., UV flow lamps, photocatalytic ionizers) for
continuous operation during opening hours. Future research should aim at introducing
systems of constant air quality monitoring in sports facilities (e.g., using multiple sen-
sors including microfluidic chips) and developing warning systems against exceeding
the concentration of suspended dust or the recommended number of microorganisms
in the air.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28083560/s1, Table S1: Number–size distribution of
airborne particles detected at the tested locations. Table S2. Volatile compounds identified in the
gym; Table S3: The average number of microorganisms in the tested fitness club; Figure S1. Microcli-
matic conditions (means with SD): (a) daily averages, (b) averaged over sampling time of the day,
(c) averaged over sampling location; statistically different samples were marked with different letters;
no letters indicate no statistical differences (Tukey’s test, α = 0.05); Figure S2. Averaged values of
the total PM concentration (means with SD): (a) daily, (b) over sampling time of the day, (c) over
sampling location; statistically different samples were marked with different letters; (Tukey’s test,
α = 0.05); Figure S3: Phylogenetic distribution of hazardous bacteria sequences assigned to genera in
the settled dust sample; Figure S4: Phylogenetic distribution of hazardous fungi sequences assigned
to genera in the settled dust sample.
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Abstract: Inductively coupled plasma mass spectrometry (ICP-MS) has been used to measure the
concentration of trace and rare earth elements (REEs) in soils. Geochemical certified reference
materials such as JLk-1, JB-1, and JB-3 were used for the validation of the analytical method. The
measured values were in good agreement with the certified values for all the elements and were
within 10% analytical error. Beach placer deposits of soils mainly from Odisha, on the east coast
of India, have been selected to study selected trace and rare earth elements (REEs), to estimate
enrichment factor (EF) and geoaccumulation index (Igeo) in the natural environment. Enrichment
factor (EF) and geoaccumulation index (Igeo) results showed that Cr, Mn, Fe, Co, Zn, Y, Zr, Cd and
U were significantly enriched, and Th was extremely enriched. The total content of REEs (ΣREEs)
ranged from 101.3 to 12,911.3 μg g−1, with an average 2431.1 μg g−1 which was higher than the
average crustal value of ΣREEs. A high concentration of Th and light REEs were strongly correlated,
which confirmed soil enrichment with monazite minerals. High ratios of light REEs (LREEs)/heavy
REEs (HREEs) with a strong negative Eu anomaly revealed a felsic origin. The comparison of
the chondrite normalized REE patterns of soil with hinterland rocks such as granite, charnockite,
khondalite and migmatite suggested that enhancement of trace and REEs are of natural origin.

Keywords: soils; trace elements; rare earth elements; geoaccumulation index; enrichment factor;
ICP-MS

1. Introduction

Environmental pollution has pervaded many parts of the world due to anthropogenic
activities such as urbanization, exploration, mining of natural resources, industrialization,
etc., which has resulted in contamination of trace elements (TEs) and REEs into the environ-
ment directly or indirectly [1–3]. Natural contents of REEs in soil are highly influenced by
their parent materials, weathering and pedogenesis processes [4]. In soil, the enrichment
of REEs is mainly controlled by the abundance of REE-bearing minerals such as apatite,
allanite, bastnaesite, monazite, xenotime and zircon [5]. There are a few reports showing a
gradual increase in REEs in soil by anthropogenic activities [6,7]. The REEs background
data could be used as baselines to identify contamination level as well as quantitative
risk assessment in soils. Therefore, monitoring of TEs and REEs is essential for the estab-
lishment of baselines from the viewpoint of environmental pollution or contamination.
Geochemical analyses of natural materials (soils, sand, etc.) are necessary to determine
the level of contamination, and to elucidate whether it is from geogenic or anthropogenic
sources [8]. Environmental contaminations have been evaluated using two pollution in-
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dices such as the enrichment factor (EF) and geoaccumulation index (Igeo), to identify the
degree of contamination in soil and sediments and their origin [9].

Beach placer deposits are formed by sediments produced through weathering and
erosion of rocks (i.e., igneous, sedimentary and metamorphic rocks) that are transported
by rivers and streams to coastal areas. During these processes heavy minerals (specific
gravity, ρ > 2.89 g/cm3) such as monazite, ilmenite, zircon, rutile, garnet, and sillimanite are
accumulated along the beaches [10]. Monazite [(Ce, La, Nd, Th) PO4] is an important heavy
mineral containing a high concentration of Th and rare earth elements (REEs), especially
light REEs (LREEs) [11,12].

Recently, increasing attention has been paid towards not only environmental radioac-
tivity studies but also to the origin of beach placer deposits in the southwest coast of Sri
Lanka [13], Sithonia Peninsula, Greece [14], Calabria, Italy [15], Langkawi, Malaysia [16],
Chittagong, Bangladesh [17], and Mandena, Madagascar [18]. Several Indian coastal areas,
well-known as high background radiation areas (HBRAs), with beach placer deposits have
been investigated; these areas are in Karnataka [19]; Andhra Pradesh [20]; Kerala [21];
Tamil Nadu [22–24] and Odisha [25–28].

The Odisha state is an important littoral state on the eastern coast of India, and
the coastal stretch between the Rushikulya river and Gopalpur town is known as the
Chhatrapur–Gopalpur beach placer deposit. The total weight percentage of heavy minerals
in this beach placer deposit ranges from 2.9 to 20.4%. It includes heavy minerals such as
garnet, hornblende, ilmenite, magnetite, monazite, pyroxene, rutile, sillimanite, sphene,
tourmaline and zircon [29,30]. Due to the high accumulation of monazites, ilmenites and
rutiles minerals in the beach sand, this region has been explored by Indian Rare Earth
Limited (IREL) and an extensive exploration process is in progress [10]. Eventually, this
will lead to the possibility of anthropogenic contamination in the environment. There-
fore, environmental monitoring studies with respect to pollution and contamination are
necessary.

In Odisha’s coastal soils, there is a lack of TEs and REEs data of bulk sand and soil
in the Chhatrapur–Gopalpur beach placer deposits. The REEs background data could be
used as baselines to identify contamination level as well as to conduct a quantitative risk
assessment in soils. Therefore, analyses of TEs and REEs in soils have been carried out
using inductively coupled plasma mass spectrometry (ICP-MS) to evaluate two pollution
indices, the enrichment factor (EF) and geoaccumulation index (Igeo), to identify the degree
of environmental contamination.

(1) To validate analysis of TEs and REEs with certified reference materials using ICP-MS;
(2) Determination of TEs and REEs in Chhatrapur–Gopalpur beach placer-deposit soils;
(3) Estimation of EF and Igeo of TEs to evaluate natural enrichment and anthropogenic

contamination in soils;
(4) To understand the origin/source of TEs and REEs in beach placer-deposit soils.

2. Results and Discussion

2.1. Analytical Validation of TEs and REEs

In this study, geochemical certified reference materials (CRMs) such as Japan lake
sediment (JLk-1) and Japan basalts (JB-1 and JB-3), supplied by the Geological Survey of
Japan, were used to the validate analytical method for TEs and REEs using ICP-MS. The
concentrations (μg g−1) of TEs such as Cr, Mn, Fe, Co, Ni, Cu, Zn, Rb, Sr, Zr, Cd, Cs, Ba, Pb,
Th and U and REEs (Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) are given in
Table 1. The TEs and REEs results were compared with the certified values of CRMs [31,32].
The recovery of the mean measured values of JLk-1, JB-1 and JB-3 for TEs and REEs ranged
from 90 to 110%.
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Errors of analysis are represented as standard deviation (SD) which refers to the
precision [33]. The accuracy as a relative bias (RB%) of the measurement of TEs and REEs
was ≤10%. This states that the reproducibility as a measure of precision of the analytical
method is in good agreement with the certified values for TEs and REEs, i.e., within
analytical error of 10%. The same method was applied to all soils.

2.2. TEs in Beach Placer-Deposit Soils

The mean concentration of TEs (μg g−1) of each sample location from the study area
are summarized in Table 2. The results showed that the mean concentration of elements in
the soils are in the following order: Fe > Mn > Th > Ba > Zr > Y > Cr > Zn > Pb > U > Rb >
Co > Sr > Ni > Cu > Cs > Cd.

The Fe (iron) concentration in samples varied from 19,000 to 150,000 μg g−1 with an
average of 57,508 μg g−1, i.e., higher than World Health Organization (WHO) global limit
(50,000 μg g−1) [34]. The Fe concentration was high in the samples collected from Aryapalli,
Boxipalli, Kanamana, Gopalpur and Matikhalo. The Mn concentration varied from 460
to 3700 μg g−1 with an average value of 1300 μg g−1 and was less than the WHO critical
value (2000 μg g−1) [34]. However, Aryapalli samples showed Mn concentration more
than 2000 μg g−1.

Concentration of Th ranged from 35.0 to 900 μg g−1 with a mean value of 390 μg g−1.
The high concentration of Th in the soils is attributed to the presence of monazite minerals.
U concentration varied from 1.4 to 53.2 μg g−1 with a mean value of 14.6 μg g−1. Pb
concentration ranged from 16.2 to 65.0 μg g−1 with a mean value of 40.0 μg g−1. The
highest Pb concentration was observed at Aryapalli, however all samples were below
global limit 85 μg g−1. The presence of Pb in the human body causes damage to bones and
organs such as the liver, kidneys, brain, lungs, and central nervous system. Ba concentration
varied from 3.4 to 385 μg g−1 with a mean value of 142 μg g−1. The highest concentration
of Ba was observed at Jagnyasala.

Zn concentration varied from 27.0 to 250 μg g−1 with a mean value of 103 μg g−1. The
highest concentration of Zn was observed at Aryapalli, Kanamana, Matikhalo and Venka-
traipur. Zr concentration varied from 2.2 to 370 μg g−1 with a mean value of 102 μg g−1,
which was less than the average upper continental crust (UCC) value of 190 μg g−1. Cr
concentration varied from 35.6 to 180 μg g−1 with a mean value of 83 μg g−1. The mean
concentration was less than the global limit of 150 μg g−1. The highest concentration of
Cr was observed at Aryapalli. A high concentration of Cr causes skin related diseases.
Co concentration varied from 10.4 to 75.0 μg g−1 with a mean value of 27.4 μg g−1. Ni
concentration varied from 1.1 to 24.5 μg g−1 with a mean value of 12.0 μg g−1. Other trace
elements were in very low concentrations—below the recommended global limits.

2.3. Enrichment Factor (EF) of TEs in Soil

The EF results of trace elements in soils are given in Table 3. The results showed that
Th was extremely enriched in Aryapalli, highly enriched in Boxipalli, significantly enriched
in Kanamana, Badaputti, Matikhalo, Gopalpur, Kalipalli, Chhatrapur and Venkatraipur,
and moderately enriched in Basanaputi. U was extremely enriched in Aryapalli, highly
enriched in Boxipalli, significantly enriched in Kanamana, Matikhalo, Gopalpur, Kalipalli,
Chhatrapur, and Venkatraipur and moderately enriched in Badaputti. The extreme en-
richment of Th and U in the soils could be explained mainly by the presence of monazite
minerals and felsic-source rocks in the study area. There were no anthropogenic activities
related to the enrichment of Th and U.
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Cr, Mn, Fe, Co, Zn, Y, Zr, and Cd were significantly enriched in Aryapalli samples.
Cs has been significantly enriched in Chhatrapur and Boxipalli. Mn, Fe and Co were
significantly enriched in Kanamana samples. Cr, Mn and Co were significantly enriched in
Gopalpur samples. Cr, Mn, Fe, Cu, Sr, and Cs were significantly enriched in Chattrapur
samples. Cr and Co were significantly enriched in Matikhalo samples. Mn and Y were
significantly enriched in Boxipalli samples. The significant enrichment of Cr may be due to
the mafic-source rock present in the study area. Mn and Fe enrichment may be due to the
presence of ilmenite mineral present in the study area.

2.4. Geoaccumulation Index (Igeo) of TEs in Soils

The results of Igeo values for the elements in soils are presented in Table 4. Th was
extremely enriched in Aryapalli, Boxipalli, Kanamana and Matikhalo, and highly enriched
in Gopalpur, Kalipalli and Venkatraipur. Enrichment of Th in Chhatrapur was moderate
to high, whereas it was moderately enriched in Badaputti and Basanaputti and slightly
enriched in Jagnyasala and Kalyaballi. U is moderately to heavily enriched in Aryapalli and
Boxipalli, slightly enriched in Kanamana, Matikhalo, Kalipalli, and Venkatraipur. Pb and
Y were slightly enriched in Boxipalli. Mn, Co and Zn were slightly enriched in Aryapalli.
The slight enrichment of Pb is due to the mining activities near the Aryapalli and Boxipalli
study areas.

2.5. Geochemistry of REEs in Soils

The mean concentrations of light and heavy REEs (LREE and HREE) from all samples
are given in Table 5 along with descriptive statistics. The mean ∑LREEs (2308.8 μg g−1)
concentration was about 17 times higher than the UCC value (132.5 μg g−1). On the other
hand, the mean ∑HREEs (71.2 μg g−1) concentration was five times higher than the UCC
value (13.9 μg g−1). The total concentrations of ∑REEs ranged from 101.3–12911.3 μg g−1

with a mean value of 2431.1 μg g−1. The mean ∑REEs concentration was 16 times higher
than the UCC value (146.4 μg g−1) [35].

The enrichment of REEs (μg g−1) was in the following order: Ce (1121.5) > La (540.7)
> Nd (458.5) > Pr (119.1) > Sm (66.9) > Gd (39.9) > Dy (13.4) > Er (5.4) > Yb (4.3) > Tb (4.2)
> Ho (2.0) > Eu (1.9) > Lu (0.9) > Tm (0.9). The REEs concentrations exhibited the same
order as for the Oddo-Harkins rule with two exceptions (i.e., depletion of Eu and slight
enrichment of Lu). This type of small exception in the order of REE concentrations has
been observed in Cuban soils [36]. The REEs concentration in the study area has been
arranged in decreasing order as follows: Aryapalli > Boxipalli > Kanamana > Gopalpur >
Matikhalo > Chhatrapur > Venkatraipur > Kalipalli > Badaputti > Basanaputti > Kalyaballi
> Jagnyasala.

Pearson’s correlation coefficients (significant at the 99% level) were used to un-
derstand the relationship between Th, U and REEs. The coefficients are presented in
Table 6. The results indicate that there is a stronger correlation in LREEs than HREEs. Th
showed a stronger positive correlation with LREEs (R2 = 0.64 to 0.90) compared to HREEs
(R2 = 0.46 to 0.83). This positive correlation between Th and LREEs corroborates that Th
is a high-field-strength element and strongly supports the presence of monazite minerals.
REEs showed similarities in behaviour including low solubility and immobility during
weathering and sedimentation [37]. U also showed a strong positive correlation with all
REEs (R2 = 0.62 to 0.99).
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Table 5. Descriptive statistics of REEs (μg g−1) in soils (n = 36).

Element Mean Min Median Max Skewness Kurtosis CV

La 540.76 17.65 334.97 2770.36 1.86 3.67 1.16

Ce 1121.56 40.62 687.72 5797.34 1.90 3.81 1.16

Pr 119.09 3.91 68.66 638.91 1.94 4.09 1.20

Nd 458.58 16.10 269.25 2557.04 2.06 4.78 1.22

Sm 66.88 2.74 41.37 389.59 2.25 6.12 1.22

Eu 1.96 0.31 1.49 7.96 2.06 4.78 0.88

Gd 39.97 1.96 24.16 228.39 2.25 6.05 1.19

Tb 4.23 0.34 2.46 26.18 2.67 8.97 1.21

Dy 13.44 1.40 7.70 89.13 3.32 13.93 1.19

Ho 2.05 0.23 1.23 11.03 2.62 8.22 1.07

Er 5.37 0.64 3.67 32.50 3.23 13.28 1.08

Tm 0.93 0.09 0.51 4.99 2.37 5.71 1.19

Yb 4.30 0.65 3.12 26.32 3.61 16.44 1.05

Lu 0.95 0.10 0.46 5.66 2.50 6.65 1.26

ΣREE 2431.19 101.31 1469.72 12,911.35 1.98 4.32 1.17

ΣLREE 2308.82 85.40 1403.06 12,160.34 1.94 4.04 1.18

ΣHREE 71.24 6.48 44.25 421.50 2.65 8.88 1.14

Eu/Eu* 0.21 0.06 0.11 0.78 1.59 1.39 0.95

Ce/Ce* 1.46 0.98 1.04 4.51 2.51 4.66 0.75

(La/Sm) N 5.31 2.87 4.92 10.06 2.29 4.58 0.29

(La/Yb) N 84.35 5.40 82.44 211.66 0.28 −1.15 0.70

(Gd/Yb) N 7.23 1.27 7.25 18.59 0.39 −0.70 0.64

CV, coefficient variant; Min, minimum; Max, maximum. Eu/Eu* and Ce/Ce* are the calculated europium and cerium anomalies,
respectively. Subscript N indicates chondrite normalized values.

Table 6. Pearson correlation coefficient of Th, U and REEs in soils (n = 36).

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Th U

La 1.00
Ce 1.00 1.00
Pr 1.00 1.00 1.00
Nd 1.00 1.00 1.00 1.00
Sm 1.00 1.00 1.00 1.00 1.00
Eu 0.79 0.80 0.79 0.77 0.77 1.00
Gd 0.99 0.99 1.00 0.99 1.00 0.81 1.00
Tb 0.98 0.98 0.99 0.99 0.99 0.79 1.00 1.00
Dy 0.95 0.95 0.95 0.96 0.97 0.75 0.97 0.99 1.00
Ho 0.88 0.89 0.89 0.87 0.88 0.95 0.91 0.91 0.89 1.00
Er 0.91 0.91 0.91 0.91 0.93 0.86 0.94 0.96 0.97 0.97 1.00
Tm 0.67 0.68 0.68 0.64 0.65 0.96 0.70 0.68 0.64 0.92 0.80 1.00
Yb 0.85 0.85 0.86 0.86 0.88 0.77 0.89 0.92 0.96 0.91 0.98 0.70 1.00
Lu 0.61 0.62 0.62 0.58 0.58 0.95 0.64 0.61 0.57 0.87 0.74 0.99 0.63 1.00
Th 0.90 0.90 0.90 0.89 0.87 0.64 0.86 0.83 0.75 0.68 0.69 0.50 0.60 0.46 1.00
U 0.95 0.95 0.95 0.96 0.97 0.78 0.97 0.99 0.99 0.91 0.96 0.69 0.93 0.62 0.75 1.00
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In this study, Leedey chondrite values [38] were used for REEs normalization of soils.
The chondrite normalized REE patterns of soils are shown in Figure 1. The soils showed
enrichment of LREEs and a flat HREEs pattern with negative Eu anomaly. Although the
absolute concentrations of REEs in the soils were different, the distribution of chondrite
normalized REE patterns of individual samples was remarkably similar. The chondrite
normalized REE patterns uniformly showed a high concentration of LREEs and a relatively
high concentration of Gd, Tb and Dy in all samples.

Figure 1. Chondrite normalized REE patterns of soils and hinterland rocks.

The europium (EuA) anomaly of the samples was estimated as follows:

EuA =
EuN√

SmN × GdN
(1)

here, SmN and GdN are the concentrations of samarium and gadolinium of the bulk soils
normalized with respect to the chondrite value.

An Eu anomaly value equal to 1 indicates no anomaly. If the value is >1, there is a
positive anomaly and if <1, there is a negative anomaly. All the samples had prominent,
negative Eu anomalies (Figure 1). The Eu anomaly values of the soils ranged from 0.06 to
0.78. Similar observations in coastal sediments have been reported in the literature [39,40].
The negative Eu anomaly is a peculiar characteristic of felsic rocks, e.g., granite [41]. The
soils had higher LREE/HREE ratios with a strong negative Eu anomaly, which suggested
that the soils might have been derived from a felsic source.

The LREEs enrichment and positive correlation of Th in soils confirmed the presence
of monazite mineral, and the relatively high concentration of Gd, Tb and Dy might be
due to the presence of hornblende, pyroxene and garnet. To confirm the source rocks of
the Chhatrapur–Gopalpur beach placer deposits, the REE patterns of various rock types
present in the hinterland regions compared with soils are shown in Figure 1. The hinterland
rocks comprised charnockite, khondalite, migmatite, monazite-bearing granite and garnet-
bearing granite. The REE data on hinterland rocks were mainly granite [42], migmatite
and charnockite [43] and khondalite [44]. The chondrite normalized REE patterns of
charnockite, khondalite, granulite and granite were plotted to compare them with soil
patterns. The obtained chondrite normalized REE patterns of soils were almost same as
the chondrite normalized REE patterns of granite, migmatite, khondalite and charnockite.
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Hence, granite, charnockite, and migmatite might be the major source rocks for monazite
and other heavy minerals present in the soils.

2.6. Possible Source for TEs and REEs Enrichment in Soils

The TEs and REEs in soils were normalized with UCC and plotted in Figure 2. The
UCC-normalized multielement diagram showed the enrichment of Mn, Fe, Co, Zn, Y, Pb,
Th, U and REEs. Among these, Th and REEs are more enriched. Whereas the other elements
were depleted compared to UCC values. The elements’ enrichment values observed from
the calculated EF, Igeo, and UCC normalized patterns were almost similar in the soils.

Figure 2. Plot showing UCC-normalized TEs and REEs patterns.

The EF results show the enrichment of Mn and Fe, which could be due to presence of
a solid solution form of ilmenite (Fe, Mn, Ti)O3. These minerals are manganiferous end
members of the solid solution series [45]. The EF and Igeo results showed high enrichment
of Th as well as high concentration of REEs, which could be assigned to the presence of
monazite minerals in the soils. Therefore, it indicated that the enrichment of high Th, U
and REEs are from natural origin and without involvement of any anthropogenic activities.

3. Materials and Methods

3.1. Study Area

The Chhatrapur–Gopalpur beach placer deposits are in the Ganjam district of Odisha,
India. These areas extend 20 km length from Chhatrapur City in the north to Gopalpur
Town in the south (19◦ 15′–19◦ 35′ N Lat; 84◦ 50′–85◦ 00′ E Long) with an average width of
more than 2 km. A map showing the locations of sampling stations is given in Figure 3.
The Bay of Bengal is on the south-eastern side of the study area, and the Eastern Ghats
Mobile Belt (EGMB) is on the north and north-western sides. The main drainage system of
this area is the Rushikulya River, which originates from the highlands of the EGMB and
flows to the sea near Chhatrapur City. Many streams originate in the nearby coastal hills
which are ephemeral in nature and could be major suppliers of sediments [46].
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Figure 3. Map showing geographical locations of soils and ambient dose rates. (KAN—Kanamana; BAS—Basanaputti;
BAD—Badaputti; MAT—Matikhalo; GOP—Gopalpur; ARJ—Aryapalli; KAL—Kalyaballi; JAG—Jagynasala; CHA—
Chhatrapur; KLI—Kalipalli; BOX—Boxipalli; VEN—Venkatraipur). This map was prepared using Arc GIS 10.1. and
enhanced using Coral draw software.

The Chhatrapur–Gopalpur beach placer deposits overlay high-grade granulite and
intrusive rocks of the EMGB. The major litho-units of the EMGB are khondalite, charnockite
and migmatite. The heavy minerals in the beach placers are ilmenite (39.01 mt), garnet
(29.40 mt), sillimanite (17.91 mt), rutile (1.81 mt), zircon (1.33 mt) and monazite (1.13 mt) [11].
This study area has paleo dunes, sand bars, planted beach ridges, and red soils with heavy
minerals [29].

3.2. Sampling and Sample Preparation

Soil samples were collected from a surface layer (0–10 cm depth) using a Daiki soil
sampler. At each sampling point, five samples were taken from an area of about 1 m2, and
these samples were mixed to form a composite sample. Before collection, stones, grass,
litter, roots, and shoots were removed from the surface layer. The sampling site selection
was based on ambient dose rate, measured using a CsI (Tl) scintillation survey meter (PDR-
101, Hitachi-Aloka Medical, Ltd., Tokyo, Japan). Three composite samples were obtained
from each sampling location. Approximately 2 kg of each of the 36 composite samples
were collected from corresponding 12 sampling locations of the study area. These were
brought to the laboratory and air-dried at room temperature. After manually removing
remaining roots, shoots, and stones, they were sieved using a 2 mm mesh sieve. The sieved
samples were oven-dried at 110 ◦C for 24 h. Then, all samples were pulverized using a ball
mill to less than 150 μm in size prior to chemical decomposition.

3.3. Measurement of Trace Elelements and REEs

About 250 mg of homogenized soil samples were ashed in a muffle furnace (KDF-S70,
Kyoto, Japan) to decompose organic matter. In the furnace, temperature was increased
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sequentially as follows: 100 ◦C for 2 h, 200 ◦C for 3 h and 600 ◦C for 5 h. After that it
was allowed to cool down for a further 7 h. The furnace-dried samples were chemically
digested using a microwave (Milestone MLS 1200 Mega, Sorisole, B.G., Italy) in a closed
PTFE pressure vessel with a mixture of concentrated HNO3, HF, HClO4 and HCl (Tama
Pure Chemical Industries, Kawasaki, Japan). The microwave digestion was carried out in
two steps. In step one, a mixture of concentrated HNO3 (3 mL), HF (2 mL) and HClO4
(0.5 mL) was added, and the digestion method was operated at a temperature of 80 ◦C and
600 W power for 2 h, including cooling time. In step two, a mixture of HNO3 (3 mL) and
HF (1 mL) was added and the method was similar to step one. The microwave-digested
solution was followed by open digestion using aqua regia (HCl (3 mL): HNO3 (1 mL)) at
200 ◦C for 2 h in a clean fume hood. After complete evaporation of aqua regia, the residue
was dissolved in 10 mL of 6 M HCl and dried completely. Finally, the sample solution was
prepared in 20 mL of 3% HNO3. An experimental blank solution was also processed in the
same way.

An internal standard Rh was spiked into each diluted sample to correct the signal
attenuation due to the presence of various constituents in the samples (matrix effect) as
well as for possible changes during ICP-MS measurement. The concentrations of TEs
(Al, Cr, Mn, Fe, Co, Ni, Cu, Zn, Rb, Sr, Cd, Ba, Pb, Th and U) and REEs (Y, La, Ce,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu) in the decomposed samples were
determined using an ICP-MS system (Agilent Technologies 8800 Triple Quad, Tokyo, Japan).
The ICP-MS instrument was equipped with a MicroMist nebulizer and a Peltier-cooled
(2 ◦C) Scott-type spray chamber for sample introduction. There was also an octopole-
based collision/reaction cell, located between two quadrupole analyzers. The instrument
was operated in a gas mode with He (flowing at 5 mL/min) to remove polyatomic ion
interferences in case of multielement analysis. The analytical procedure has been described
elsewhere [33]. The ICP-MS detection limit was calculated as three times the standard
deviation of the calibration blank measurements (n = 5). The detection limits varied from
(0.03 to 0.2) × 10−6 μg g−1 for all elements.

3.4. Pollution Indices

The pollution indices are an objective tool to assess the enrichment of elements in
soils. The individual indices were used to obtain information on the level of soil pollution
using each element’s analysed data. The complex indices were used to determine the
total pollution of an area. The simultaneous use of several indicators allows us to assess
the pollution of soil with elements more accurately [47]. The pollution indices, namely
enrichment factor (EF), and geoaccumulation index (Igeo), were used in the present study
to evaluate the level of contamination in the soils.

In the present study, the EF was used to evaluate the influences of natural enrichment
and anthropogenic contamination in the soils with respect to the reference sample in the
study area. The EF was calculated using Equation (2).

EF(El) =

Conc(El)sample
Conc(X)sample

Conc(El)Re f Sample
Conc(X)Re f Sample

(2)

here, “El” is the element under consideration, “Conc” is concentration (μg g−1), and “X”
stands for the reference element [48]. The subscripts “sample” and “Ref. sample” indicate
their respective concentrations.

The normalized EF has been applied to differentiate element sources as anthropogenic
or natural [49]. The TEs, Th, U, and Al average values of Jagnyasala samples (Table 2)
are used as a reference sample for this calculation. In general, the EF was classified as
unpolluted (EF < 2); moderate (2 < EF < 5); significant (5 < EF < 20); very high (20 < EF < 40),
and extremely high (EF > 40). Soil samples’ contamination level can be categorized based
on the enrichment factor.
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The Igeo was calculated using Equation (2), proposed by [50]. The Igeo classification
was used to determine the level of contamination.

Igeo = Log2[Ci/1.5Bi] (3)

here, Ci is the element concentration in soil, Bi is the geochemical background value of an
element (average value of UCC) and 1.5 is the coefficient of variation attributed to natural
rock.

The geochemical background values of Cr, Mn, Fe, Co, Ni, Cu, Zn, Rb, Sr, Y, Zr, Cd,
Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Pb, Th, and U are 92, 774,
79344, 17.3, 47, 28, 67, 84, 320, 21, 193, 0.09, 4.9, 624, 31, 63, 7.1, 27, 4.7, 1, 4, 0.7, 3.9, 0.83,
2.3, 0.3, 2, 0.31, 17, 10.5, and 2.7 μg g−1, respectively [35]. There are seven classifications in
this category. These are: uncontaminated (Igeo ≤ 0; Class 0), uncontaminated to moderately
contaminated (Igeo 0–1; Class 1), moderately contaminated (Igeo 1–2; Class 2), moderately to
strongly contaminated (Igeo 2–3; Class 3), strongly contaminated (Igeo 3–4; Class 4), strongly
to extremely contaminated (Igeo 4–5; Class 5), and extremely contaminated (Igeo ≥ 5; Class 6).
In this study, the contamination is considered as enrichment.

4. Conclusions

In this study, the concentration of TEs and REEs in Odisha beach placer-deposit
soils were determined. EF values showed extreme enrichment of Th, U and significant
enrichment of Cr, Mn, Fe, Co, Zn, Y, Zr, Cd and Cu. The extreme enrichment of Th was
followed by U, Mn, Co, and Zn, Pb and Y, a slight enrichment was observed in the Igeo
results. The enrichment of Mn, Fe, Co, Zn, Y, Pb, U, Th, and REEs was observed in the
multielement diagram normalized with UCC values. The high concentrations of Fe and
Mn were due to the presence of ilmenite heavy mineral, U was due to the presence of
zircon, and the enrichment of LREEs and Th was due to the presence of monazite in the
soils. Investigation of the REEs geochemistry revealed that the sources of monazite and
other heavy minerals might have been derived from charnockite, migmatite, khondalite
and granite rocks of the EGMB. The enrichment of elements in the soils is natural in origin.
Consequently, the present data in this study will be used as a baseline for future monitoring
of TEs and REEs levels in Chhatrapur–Gopalpur beach placer-deposits soils, where it
is expected that substantial economic exploration into heavy minerals will occur in the
coming decades.
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Abstract: Chromium (Cr) can exist in several oxidation states, but the two most stable forms—Cr(III)
and Cr(VI)—have completely different biochemical characteristics. The aim of the present study
was to evaluate how soil contamination with Cr(III) and Cr(VI) in the presence of Na2EDTA affects
Avena sativa L. biomass; assess the remediation capacity of Avena sativa L. based on its tolerance index,
translocation factor, and chromium accumulation; and investigate how these chromium species
affect the soil enzyme activity and physicochemical properties of soil. This study consisted of a pot
experiment divided into two groups: non-amended and amended with Na2EDTA. The Cr(III)- and
Cr(VI)-contaminated soil samples were prepared in doses of 0, 5, 10, 20, and 40 mg Cr kg−1 d.m. soil.
The negative effect of chromium manifested as a decreased biomass of Avena sativa L. (aboveground
parts and roots). Cr(VI) proved to be more toxic than Cr(III). The tolerance indices (TI) showed that
Avena sativa L. tolerates Cr(III) contamination better than Cr(VI) contamination. The translocation
values for Cr(III) were much lower than for Cr(VI). Avena sativa L. proved to be of little use for the
phytoextraction of chromium from soil. Dehydrogenases were the enzymes which were the most
sensitive to soil contamination with Cr(III) and Cr(VI). Conversely, the catalase level was observed to
be the least sensitive. Na2EDTA exacerbated the negative effects of Cr(III) and Cr(VI) on the growth
and development of Avena sativa L. and soil enzyme activity.

Keywords: Cr(III); Cr(VI); plant tolerance to chromium; chromium translocation in the plant; soil
biochemical properties

1. Introduction

Chromium is one of the transition metals, and is found in group VI B of the periodic
table. It occurs in several oxidation states, the most common and stable of which are
Cr (III) and Cr (VI), which differ in their chemical characteristics [1–4]. Chromium (III)
exists in the following species: Cr3+, Cr(OH)2

+, Cr(OH)3, Cr(OH)4
−, and Cr(OH)5

2−,
which may occur in soil or water. Chromium (III) readily combines with oxygen to form
hydroxides, sulfates, and chelate organic bonds [5]. Cr(III) can also be oxidized into Cr(VI)
in high-redox soils [3,6]. These properties of chromium (III) translate to a low mobility and
make it significantly less bioavailable and toxic than chromium (VI) [7,8]. The primary
chromium (VI) species are CrO4

2−, HCrO4
−, and Cr2O7

2− anions, namely K2CrO4 and
K2Cr2O7 [1,9]. Chromium (VI) is a potent oxidant, and can be reduced to Cr(III) in the
presence of organics. The more acidic the environment, the more quickly the reduction
occurs [2]. Chromium (VI) is pathogenic to humans [10–12], animals [13], plants [14], and
microorganisms [15]. Chromium was chosen for this study due to it being one of the most
toxic metal pollutants [16,17].

In plants, the toxic effects of Cr manifest as delayed seed germination, root damage
and reduced root growth, reduced biomass, reduced plant height, impaired photosynthesis,
membrane damage, leaf chlorosis, necrosis, low grain yield, and, ultimately, plant death [18].
Chromium is a fairly active metal and readily reacts with environmental oxygen. Trivalent
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and hexavalent chromium are the most stable forms of Cr in nature. In addition, Cr(VI)
exhibits higher toxicity than Cr(III) due to its higher solubility and mobility in the aqueous
system [19]. Both valence states of Cr, i.e., Cr(III) and Cr(VI), are taken up by plants [10].
Cr(VI) is actively taken up into plant cells by sulfate carriers [20]. On the other hand, Cr(III)
enters passively through plant cell wall cation exchange sites [21]. In addition, carboxylic
acids which are present in root secretions facilitate the solubilization of Cr and, thus, its
uptake by plants [22].

Chromium is released naturally in the environment through rock and soil erosion,
as well as by volcanic eruptions [23,24]. Its anthropogenic sources include steelmaking,
papermaking, textile manufacturing, fertilizer production, pesticide production, galva-
nization, tanning, pigment manufacturing, nuclear weapon production, and the electronic
industry [7,24–28]. Global chromium production increased from 23.7 to 41 million tonnes
during the period from 2010 to 2021. Leading chromium producers include South Africa,
India, Kazakhstan, and China [29]. The total chromium emissions in the European Union
amounted to 296 tonnes in 2019, of which Poland accounted for 36 tonnes [30]. Chromium—
released into the atmosphere as fly ash from CHP plants and other industrial facilities—can
settle on plants and soils around the emission source or be transported by wind over long
distances (depending on the size of the particles), causing plant and soil pollution [24].

Phytoextraction is a technique used to effectively remove chromium from contami-
nated soils by harnessing hyperaccumulator plants, which can collect and accumulate heavy
metals in their aboveground parts at levels 100 times higher than other plants [31,32]. Phy-
toextraction can be bolstered by amending the soil with chelating agents, which can desorb
metals and increase their uptake through the roots of plants [33]. EDTA (ethylenediaminete-
traacetic acid) is the most effective, most popular, and a relatively stable chelator [34–36].
An important application of EDTA is in fixing the ions of various metals, for example
bismuth, chromium (III), zinc, zirconium, aluminum, cadmium, cobalt, magnesium, copper,
nickel, lead, thorium, vanadium, and iron (III), by forming stable and soluble chelate
complexes [37–40]. The chelation capacity of EDTA is strong enough to even form com-
plexes with alkaline earth metals [41]. The most commonly used chemical compound in
phytoextraction is the disodium salt of ethylenediaminetetraacetic acid—Na2EDTA [42–44].
This substance, also known as Complexone III, can form chelate complexes with metal ions
when dissolved in water [45]. Na2EDTA has been the subject of pot experiments on induced
phytoextraction [35,36,43,45]. Depending on the dosage, type of metal, species of plant,
and characteristics of the soil, the effectiveness of Na2EDTA for phytoextraction can vary
considerably: from having no significant effect on metal uptake to an over 100-fold increase
in phytoextraction capacity [35,36,43,45]. Na2EDTA has non-specific chelating properties
for heavy metals such as Cr, Pb, Cu, and Zn [43,45–47]. Avena sativa L. was selected in
this study for its potential usefulness in the reclamation of heavy-metal contaminated
soils [48]. Due to it having a high calorific value, its grain has also been used for energy
purposes, mainly for heating, especially in Scandinavian countries, with Sweden being the
primary user [49]. Oats are also often used for human and animal consumption, at least in
Scandinavian countries. The results of this study are, therefore, also of relevance for uptake
in humans/animals. Oat has also found many less conventional uses—it has been used
as a component of cat litter and biodegradable plastics [50]. Therefore, determining the
impact of growing plants on soils containing metal complexes with Na2EDTA is a key area
of research. This raises the question of what effect Na2EDTA has on a crop such as Avena
sativa L. and on biomass production, as well as on the biochemical and physicochemical
properties of the soil in the presence and absence of Cr(III) and Cr(VI).

The aim of the present study was to evaluate how soil contamination with Cr(III) and
Cr(VI) in the presence of Na2EDTA affects Avena sativa L. biomass, assess the remediation
capacity of Avena sativa L. based on its tolerance index, translocation factor, and chromium
accumulation, and investigate how these chromium species affect the soil enzyme activity
and physicochemical properties of soil.
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2. Results

2.1. Effect of Chromium on Avena sativa L. Growth and Development

Chromium phytotoxicity (expressed as the reduction in biomass yield) varied de-
pending on the soil contamination with Cr, the oxidization state of Cr, and the Na2EDTA
amendment (Figure 1).

0% 20% 40% 60% 80% 100%

AP

R
Deh

Cat
Ure

Pac
Pal

Glu
Aryl

Cr dose

Cr form

Na2EDTA

Cr dose x Cr form

Cr dose x Na2EDTA

Cr form x Na2EDTA

Cr dose x Cr form x
Na2EDTA
Error

Figure 1. Percentage share of observed variability factors η2. Explanations: AP—aboveground parts;
R—roots; Deh—dehydrogenases; Cat—catalase; Ure—urease; Pac—acid phosphatase; Pal—alkaline
phosphatase; Glu—β-glucosidase; Aryl—arylsulfatase.

Cr(III) and Cr(VI) stunted aboveground and root biomass growth in Avena sativa L.
(Figure 2a,b). The aboveground biomass progressively diminished against the control as
the levels of chromium (III) and chromium (VI) in the soil increased. The reduction was
more pronounced in the Cr(VI)-contaminated soil than in the Cr(III)-contaminated soil
samples. In sites with 40 mg Cr(VI) and Cr(III) kg−1 DM of soil, reductions in the biomass
of the aboveground parts of Avena sativa L. were observed by 78% and 13%, respectively,
compared to the uncontaminated sites. On the other hand, the reduction in biomass was
higher for roots than for aboveground parts (Figure 1b). The greatest reduction in yield was
recorded for Cr(VI) contamination. The root biomass in these objects decreased significantly
by 75% compared to the control, while, for chromium (III), it decreased by 12%. Na2EDTA,
introduced into the soil, caused a reduction in the yield of Avena sativa L. (Figure 1a,b). In
the series with chromium (VI), a dose of 40 mg Cr(VI) kg−1 caused the greatest reductions
in the biomass of aboveground parts and roots, by 87% and 81%, respectively, compared to
the uncontaminated sites.

The tolerance indices (TI) showed that Avena sativa L. was more tolerant to Cr(III)
contamination than to Cr(VI) contamination. This was particularly noticeable for the highest
chromium dose (40 mg kg−1). In the no-Na2EDTA group, the indices were: 0.871 (aerial
parts) and 0.876 (roots) for Cr(III), and 0.224 and 0.254, respectively, for Cr(VI) (Figure 3).
In the Na2EDTA-amended group, the values were: 0.917 (aerial parts) and 0.574 (roots) for
Cr(III), and 0.127 and 0.192, respectively, for Cr(VI).

Avena sativa L. (aboveground parts and roots) specimens exposed to Cr(VI) absorbed
higher amounts of chromium than than those exposed to Cr(III) (Table 1). In the no-Na2EDTA
group, the aerial parts of Avena sativa L. which were grown on Cr(VI)-contaminated soil con-
tained 6.21 mg kg−1 chromium, compared to the 1.66 mg kg−1 for Cr(III). The chromium
levels in the roots were 45.40 and 41.30 mg kg−1, respectively. In the Na2EDTA-amended
group, the Cr(VI)-contaminated specimens contained 16.30 (aboveground parts) and
86.80 (roots) chromium, compared to the 2.19 and 47.90 mg kg−1, respectively, found
in the Cr(III) runs. The Cr levels in the soil followed a similar pattern, with higher con-
centrations found in the Cr(VI)-contaminated soils than in the Cr(III) ones—61.60 and
43.30 mg kg−1. Na2EDTA induced higher levels of chromium in the soil.
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(a) (b)

Figure 2. Yield of aboveground parts (a) and roots (b) of Avena sativa L. (g dm kg−1 soil) from soil
contaminated with chromium (III) and (VI) with Na2EDTA. Explanations: 1–0 mg Cr kg−1 of soil;
2–5 mg Cr kg−1 of soil; 3–10 mg Cr kg−1 of soil; 4–20 mg Cr kg−1 of soil; 5–40 mg Cr kg−1 of soil;
I–Cr(III); II–Cr(VI); C—control, E—Na2EDTA. Homogeneous groups (a–m) were created separately
for aboveground parts and roots.

Figure 3. Tolerance index (TI) of Avena sativa L. to soil contamination with chromium (III) and (VI).
Explanations: 1–0 mg Cr kg−1 of soil; 2–5 mg Cr kg−1 of soil; 3–10 mg Cr kg−1 of soil; 4–20 mg
Cr kg−1 of soil; 5–40 mg Cr kg−1 of soil; I—Cr(III); II—Cr(VI); AP—aboveground parts; R—roots;
C—control, E—Na2EDTA. Homogeneous groups (a–i) were created separately for aboveground parts
and roots.
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Table 1. The content of chromium in Avena sativa L. and soil in mg kg−1 d.m.

Cr Dose mg
kg−1 d.m. Soil

Aboveground Parts Roots Soil

Cr(III) Cr(VI) Cr(III) Cr(VI) Cr(III) Cr(VI)

Control

0 1.22 f 1.34 e 12.90 h 25.30 f 19.30 g 20.10 e

40 1.66 d 6.21 b 41.30 d 45.40 c 43.30 d 61.50 b

Na2EDTA

0 0.88 g 0.50 g 28.40 e 24.20 g 17.60 h 19.20 f

40 2.19 c 16.30 a 47.90 b 86.80 a 44.10 c 64.90 a

Homogeneous groups (a–h) were created separately for aboveground parts, roots, and soil.

There was a higher chromium content in the soil in the experimental series with
Cr(VI) than that with Cr(III). This is due to the greater phytotoxic properties of Cr(VI) than
Cr(III). This resulted in a lower uptake of chromium by Avena sativa L. from soil in the
Cr(VI)-contaminated series than the Cr(III)-contaminated series.

Avena sativa L. absorbed more chromium from the soils contaminated with Cr(III) than
those contaminated with Cr(VI) (Table 2). Chromium uptake was inhibited by the addition
of Na2EDTA. The metal mobility in Avena sativa L. was determined using the translocation
factor (TF), which was calculated from the chromium levels in the aerial parts and roots
(Table 2) The Na2EDTA-amended group had 12% higher TF values for the Cr(III) plants
and 27% higher TF values for the Cr(VI) plants compared to the no-Na2EDTA group. The
translocation values for Cr(III) were much lower than those for Cr(VI), though they below
1.0 in both cases.

Table 2. Uptake (D) chromium by Avena sativa L. and indices of translocation (TF) chromium,
accumulation (AF), bioaccumulation index in aboveground parts (BFAG), bioaccumulation index in
roots (BFR).

Cr dose
mg kg−1 d.m. Soil

D
μg kg−1 TF AF BFAG BFR

Cr(III) Cr(VI) Cr(III) Cr(VI) Cr(III) Cr(VI) Cr(VI) Cr(III) Cr(VI) Cr(VI)

Control

0 23.86 f 39.25 b 0.10 c 0.05 d 0.73 f 1.33 b 0.06 b 0.07 b 0.67 f 1.26 c

40 52.73 a 23.48 g 0.04 e 0.14 b 0.99 d 0.84 e 0.04 b 0.10 b 0.95 e 0.74 f

Na2EDTA

0 27.86 d 22.42 h 0.03 f 0.02 g 1.66 a 1.29 b 0.05 b 0.03 b 1.61 a 1.26 bc

40 33.06 c 24.54 e 0.05 de 0.19 a 1.14 c 1.59 a 0.05 b 0.25 a 1.09 d 1.34 b

Homogeneous groups (a–h) were created separately for each coefficient.

The highest accumulation factor (AF) was observed for Avena sativa L. grown with
Cr(VI) and Na2EDTA, which reached 1.59 (Table 2). AF > 1 was also noted for plants
exposed to Cr(III) and Cr(VI) with Na2EDTA, as well as Cr(VI) without Na2EDTA. Similarly,
BFR > 1 was recorded for Cr(III)- and Cr(VI)-contaminated soil with Na2EDTA, as well
as for the no-Cr(VI)/no-Na2EDTA specimens (Table 2). The aerial parts of Avena sativa L.
showed very low levels of bioaccumulated chromium, whether with or without Na2EDTA
(Table 2). The highest BFAG (0.25) was observed for the Cr (VI) + Na2EDTA soil.

2.2. Effect of Chromium on Biochemical and Physicochemical Parameters of Soil

In our experiment, the chromium dose accounted for from 14% (dehydrogenases) to
51% (arylsulfatase) of the effect on the enzyme activity, the Cr oxidation state accounted
for from 0% (urease) to 31% (β-glucosidase), and the Na2EDTA amendment accounted for
from 4% (β-glucosidase) to 71% (urease) (Figure 1). The effect of soil contamination with
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chromium (III) and (VI) on soil enzyme activity was interpreted using principal component
analysis (PCA) (Figure 4). The combined principal components account for 72.64% of the
variation in original variables, of which PCA 1 accounted for 47.61%, and PCA 2 accounted
for 25.03% (Figure 3). Two homogeneous groups formed around the principal components.
The first group comprised catalase, arylsulfatase, β-glucosidase, and alkaline phosphatase
vectors, whereas the second comprised acidic phosphatase, dehydrogenases, and urease.
The vectors situated along the axes suggest that chromium (III) and (VI) had an adverse
effect on soil enzyme activity. The soils that were uncontaminated with Cr(III) and Cr(VI)
had the highest rates of enzyme activity, both in the Na2EDTA and no-Na2EDTA groups.
The distribution of the data points relative to the vectors seems to indicate that added
Na2EDTA not only did not reduce chromium (III) and (VI)-induced stress, but actually
exacerbated the adverse effect of Cr on soil enzyme activity.
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Figure 4. Activity of enzymes in soil contaminated with chromium (III) and (VI) with Na2EDTA
presented by the PCA method. Explanations: 1–0 mg Cr kg−1 of soil; 2–5 mg Cr kg−1 of soil;
3–10 mg Cr kg−1 of soil; 4–20 mg Cr kg−1 of soil; 5–40 mg Cr kg−1 of soil; I—Cr(III); II—Cr(VI);
C—Control, E—soil with Na2EDTA, Deh—dehydrogenases; Cat—catalase; Ure—urease; Pac—acid
phosphatase; Pal—alkaline phosphatase; Glu—β-glucosidase; Aryl—arylsulfatase.

The values of the index of the chromium effects on soil enzyme activity (IFCr) confirm
that chromium had an adverse effect on the biochemical characteristics of soil (Table 3).

Dehydrogenases were found to be the most sensitive to Cr(III) and Cr(VI), whereas
catalase proved to be the most resistant. Cr(VI) had more of an inhibitory effect on the tested
enzymes than Cr(III). No positive effect of Na2EDTA was observed for the tested enzymes.

Organic carbon content, total nitrogen content, pH, CEC, and BS were mostly unaf-
fected by the chromium species which were tested, remaining fairly stable throughout the
study period (Table 4). The hydrolytic acidity increased (except for Cr(VI)-contaminated
sites with Na2EDTA), and the sum of the base exchangeable cations decreased (except for
the site with the highest Cr(III) dose in the series without Na2EDTA) under the influence
of applied chromium compounds. Soil amendment with Na2EDTA caused higher values
of soil pH, but did not significantly alter the other parameters which were studied. In the
Cr(III) specimens, the chromium (III) dose was significantly negatively correlated with
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the activity of catalase, alkaline phosphatase, β-glucosidase, and arylsulfatase, as well as
organic carbon content, total nitrogen content, pH, and base saturation (Table 5). In the case
of the chromium (VI) specimens, the Cr(VI) dose was significantly negatively correlated
with Avena sativa L. yield (aerial parts and roots), the activity of all of the tested enzymes,
the contents of Corg and NTotal, and the EBC and BS values (Table 6).

Table 3. Index of the effect of chromium (III) and (VI) with Na2EDTA on enzyme activity.

(a)

Cr Dose
mg kg−1 d.m.

Soil

Dehydrogenases Catalase Urease

Cr(III) Cr(VI) Cr(III) Cr(VI) Cr(III) Cr(VI)

Control

5 −0.01 a −0.37 i −0.02 a −0.01 a −0.04 a −0.04 a

10 −0.15 c −0.49 j −0.03 a −0.01 a −0.03 a −0.03 a

20 −0.16 d −0.88 o −0.04 a −0.02 a −0.03 a −0.03 a

40 −0.17 e −0.95 p −0.04 a −0.02 a −0.04 a −0.06 ab

−
X −0.12 A −0.67 C −0.03 D −0.01 B −0.04 A −0.04 A

Na2EDTA

5 −0.10 b −0.45 k −0.01 a −0.01 a −0.08 abc −0.07 ab

10 −0.23 f −0.75 l −0.02 a −0.01 a −0.08 abc −0.04 a

20 −0.25 g −0.78 m −0.03 a −0.01 a −0.123
bcd −0.16 be

40 −0.35 h −0.83 n −0.03 a −0.01 a −0.21 e −0.20 e

−
X −0.23 B −0.70 C −0.02 C −0.01 A −0.12 B −0.12 B

(b)

Cr dose
mg kg−1 d.m.

Soil

Acid Phosphatase Alkaline Phosphatase β-glucosidase Arylsulfatase

Cr(III) Cr(VI) Cr(III) Cr(VI) Cr(III) Cr(VI) Cr(III) Cr(VI)

Control

5 −0.08 abc −0.02 ab −0.01 bc −0.06 cd −0.01 a −0.06 abc −0.01 a −0.36 c

10 −0.11 cd −0.18 d −0.08 cd −0.10 cd −0.02 a −0.06 abc −0.09 ab −0.37 c

20 −0.12 cd −0.35 e −0.09 cd −0.11 d −0.03 a −0.16 cd −0.13 b −0.46 cde

40 −0.13 cd −0.52 f −0.11 d −0.12 d −0.03 a −0.23 d −0.14 b −0.54 e

−
X −0.11 B −0.27 C −0.07 C −0.10 D −0.02 A −0.13 C −0.09 A −0.43 B

Na2EDTA

5 −0.01 a −0.10 bcd −0.04 bce 0.07 a −0.02 a −0.06 abc −0.37 c −0.48 de

10 −0.02 a −0.13 cd −0.05 cd 0.04 ab −0.05 ab −0.15 bce −0.41 cd −0.50 de

20 −0.08 abc −0.37 e −0.06 cd −0.02 bc −0.05 ab −0.16 bce −0.45 cde −0.51 de

40 −0.10 bcd −0.37 e −0.09 cd −0.07 cd −0.06 abc −0.24 d −0.50 de −0.52 e

−
X −0.05 A −0.24 C −0.05 B 0.01 A −0.05 B −0.15 D −0.43 B −0.50 C

Homogeneous groups (a–n) were generated separately for each enzyme; homogeneous groups for means were
calculated separately for each enzyme (A–D).
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3. Discussion

3.1. Effect of Chromium on Avena sativa L. Growth and Development

Our study found that Cr(III) and Cr(VI) did not disrupt Avena sativa L. growth and
development at doses of 5 mg kg−1 soil, but did result in diminished aerial and root biomass
at levels from 10 to 40 mg kg−1 d.m. soil. The inhibitory effect of chromium on Avena
sativa L. was determined by the oxidation state. The 40 mg Cr(VI) and Cr(III) kg−1 d.m.
soil runs showed a diminished aerial biomass of Avena sativa L.—that was 78% and 13%
lower than in the non-contaminated specimens, respectively. The decrease for the roots was
75% for Cr(VI) and 12% for Cr (III). Cr(III) is less toxic due to its extremely low solubility,
which prevents it from entering groundwater or being taken up by plants. Cervantes
et al. [51] found that a Cr(III) dose of 100 mg kg−1 caused a 40% reduction in the growth
of the aerial parts of barley, whereas Cr(VI) reduced growth by 75% (aerial parts) and
90% (roots). Another study, by Wyszkowska et al. [4], showed that Cr(VI), at 60 mg kg−1,
reduced the aboveground biomass of Zea mays by 90% and the root biomass by 92%. This
significant negative effect of Cr (VI) on plants—which also emerged in our study—is
caused by disrupted water management, manifested by the wilting and chlorosis of young
leaves [47,52]. The reduced biomass is due to the toxic effect of Cr(VI) on photosynthesis
and the hindered water/nutrient transport from the soil [53,54]. Stunted root growth
may be attributed to the inhibition of root proliferation and elongation, preventing roots
from absorbing water and nutrients from the soil [47,55]. Plants take up Cr(III) through
a passive mechanism via diffusion at the cell wall cation exchange site [56]. Cr(VI) has
structural similarity to phosphate and sulfate, so its uptake occurs through an active process
via phosphate and sulfate transporters [57]. The active transport of Cr(VI) results in its
immediate conversion to Cr(III) in roots through the action of iron reductase enzymes [58].
This converted Cr(III) binds to the cell wall, thus inhibiting its further transport to the
aboveground parts of the plant [59]. In our study, the lower tolerance index (TI) values
indicate that Cr(VI) was more toxic to Avena sativa L. than Cr(III), and this was further
exacerbated by Na2EDTA. This is corroborated by Bareen et al. [60], who demonstrated an
intensified phytotoxic effect on Sorghum bicolor and Pennisetum glaucum in specimens treated
with both Na2EDTA and Cr(VI). The detrimental effects of Na2EDTA may be caused by an
impaired uptake of essential nutrients, such as Zn2+ and Ca2+, which in turn decreases cell
wall elasticity and viscosity, hampers cell division, disrupts transpiration, and damages
cell membranes [61,62]. In the present study, chromium accumulation in the aerial parts
and roots was found to be higher in the runs of soil samples contaminated with this metal.
According to Rai et al. [53], the chromium concentration in plants will vary depending on
the plant species, the metal dose, and the duration of the experiment. For example, Zea
mays grown on soil contaminated with 10 and 20 mg Cr(VI) kg−1 for 30 days contained 15.2
and 16.3 mg Cr kg−1 in its aerial parts, respectively [62]. Wyszkowska et al. [4] reported
chromium concentrations from 0.66 to 1.04 mg kg−1 in the aerial parts of Zea mays, and
from 1.23 to 17.67 mg kg−1 in the roots, when applying doses of 60 mg Cr(VI) kg−1. Cicer
arietinum L. grown on soil contaminated with from 25 to 75 mg Cr(VI) per kg−1 soil has
been shown to accumulate from 0.0002 to 0.0001 mg chromium kg−1 in its roots and
from 0.0009 to 0.0005 mg kg−1 in its aerial parts [55]. Similarly, Cr accumulation between
0.01 and 0.03 mgkg−1 has been demonstrated in Oryza sativa L. that has been exposed
to 2.5–200 mg kg−1 Cr(VI) [63]. In the present study, the aerial parts of Avena sativa L.
grown on soil contaminated with 40 mg Cr kg−1 contained 1.66 mg Cr(III) and 6.21 mg
Cr(VI) per kg−1, whereas the roots contained 41.30 and 45.40 mg kg−1, respectively. The
greater accumulation of chromium in Avena sativa L. roots, as observed in our study, may
be attributed to the reduced transport of chromium from the root to the aerial parts of the
plant. The plants may immobilize chromium by compartmentalizing it into the vacuoles,
or storing it in the cation exchange sites of the xylem parenchyma cells—a natural defense
strategy against metal toxicity [64]. Some smaller proteins act as natural chelates, binding
as cations to Cr ions and inhibiting Cr transport [55]. The higher chromium accumulation in
the roots may also be explained by the reduction of Cr(VI) to the poorly-soluble Cr(III) [53].
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The effect of chromium on Avena sativa L. is particularly well demonstrated by the values
of the bioaccumulation factors for the aerial parts (BFAG) and the roots (BFR), as well as
by the translocation factor (TF). Bioaccumulation is the ability of plants to neutralize toxic
metals into non-toxic or less toxic forms in different plant organs [65]. The BFAG value for
Avena sativa L. was found to be < 1.0, making the plant a poor candidate for chromium
(III) and (VI) phytoextraction. The TF index values were also lower than 1, suggesting that
Avena sativa L. has a limited capacity to transport chromium from the root to the aerial
parts [66,67].

The present study also showed that the addition of Na2EDTA increased chromium
levels and accumulation in Avena sativa L. Na2EDTA can bind to chromium to form a
Cr-Na2EDTA complex or, alternatively, can increase the concentration of the soluble and
exchangeable form of Cr by lowering soil pH, thereby increasing bioavailability and pro-
moting transport [68]. In our study, the TF values were higher in Cr(VI)-contaminated
samples, and were increased by Na2EDTA. Han et al. [69] and Ebrahimi et al. [70] also noted
increased Cr accumulation and translocation values in their Cr(III)-contaminated samples,
with Na2EDTA amendment leading to their further increases in Phragmites australis (Cav.)
and Brassica juncea.

3.2. Effect of Chromium on Biochemical and Physicochemical Parameters of Soil

Soil enzymes are synthesized by microorganisms and act as biological catalysts which
are involved in metabolic processes that break down organic matter. They reflect the
microbial activity in the soil and serve as indicators of metabolic capacity trends in an
environment [71,72]. Enzyme tests are considered to be one of the cheapest and easiest
techniques for quantifying soil contamination [73–75]. The reduction of soluble Cr (VI)
to insoluble Cr (III) occurs only in the surface layer of aggregates with higher available
organic carbon and higher microbial respiration [76,77]. Therefore, spatial biochemical and
microbiological measurements within soil aggregates are needed to characterize and predict
the fate of chromium contamination [76]. Soil enzymatic activity is highly sensitive to both
natural and anthropogenic disturbances and shows a rapid response to induced changes.
Therefore, enzyme activity can be considered an effective indicator of changes in soil quality
resulting from environmental stress [78]. The present study found that 5 mg kg−1 was the
only dose of Cr(III) and Cr(VI) that did not affect enzyme activity to a significant degree.
Higher levels of the two metal species inhibited the activity of dehydrogenases, catalase,
acidic phosphatase, β-glucosidase, and arylsulfatase, with Cr(VI) being the stronger in-
hibitor of the two metal species which were tested. Similar findings were reported by
Wyszkowska [79], who demonstrated suppressed activity of dehydrogenases, acidic phos-
phatase, and alkaline phosphatase after exposure to chromium (VI). The results for urease
activity were less clear-cut, with Cr(VI) having a stimulating effect at 10 to 40 mg Cr(VI)
kg−1 soil and an inhibitory effect at the higher doses of 50, 100, and 150 mg Cr(VI) kg−1. Of
the enzymes that were analyzed, dehydrogenases were found to be the most sensitive to
soil contamination with chromium. Dehydrogenases, being intracellular enzymes, occur ex-
clusively in living cells, and the release of heavy metals (including chromium) into the soil
can reduce the abundance and activity of reducing/oxidizing microbes [72,80]. Studies by
Huang et al. [72] and Peng et al. [81] also demonstrated this sensitivity of dehydrogenases
to chromium pollutants. Conversely, catalase proved to be the least sensitive to Cr(III) and
Cr(VI) contamination. This is probably due to a reaction between the metal ion in the soil
and the functional group of catalase [82,83]. Our findings are corroborated by the results
reported by Samborska et al. [84], Al-Khashman and Shawabkeh [85], and Schulin [86].
The chromium-induced inhibition of enzymes may be due to the interaction with the
enzyme substrate, denaturation of the enzyme protein, and interaction with its active
components [73]. Na2EDTA did not eliminate the damaging effects of Cr(III) and Cr(VI) on
soil biochemistry—rather, it actually intensified them. The low effectiveness of Na2EDTA
against chromium may stem from the fact that anionic Cr prevents the formation of a
stable complex with Na2EDTA. Na2EDTA is considered to be the most effective synthetic
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chelator for the removal of cationic metals, but less so for anionic metals [44,87]. A study by
Mahmood-ul-Hassan et al. [88] showed that Cr concentrations were significantly higher in
soils enriched with Na2EDTA than in soils without its addition. Komárek et al. [89] showed
a correlation between soluble Cr concentrations with Na2EDTA addition and indicated that
dissolved metals persist in contaminated soil even after crop harvest. The use of Na2EDTA
is problematic, not only because of the excessive mobilization of metals compared to uptake
by plants [90], but also because metal complexes with Na2EDTA persist for a long time [91],
hence the risk of excessive leaching of soluble metals to deeper depths, which can result in
the contamination of shallow groundwater [90].

4. Materials and Methods

4.1. Soil Preparation

Soil samples were taken from the surface layer (0–20 cm deep) in Tomaszkowo near
Olsztyn, Warmińsko-Mazurskie Voivodeship, Poland (53.7161◦ N, 20.4167◦ E). The soil was
crumbled and air-dried, then passed through a 0.5 mm mesh sieve. The choice of soil was
primarily dictated by the fact that Poland—which lies in the Central European zone of the
subboreal belt and has a temperate climate with oceanic influence—is dominated by zonal
soils. These include brown soils, which account for approximately 52% of the country’s
area, forming on clay and loam [92]. Prior to the experiment, the soil was analyzed for
particle size distribution and basic physicochemical properties (Table 7).

Table 7. Some physicochemical properties of the soil used in the experiment.

Type of
Soil

Granulometric
Composition (%) pHKCl

Corg Ntotal HAC EBC CEC
BS%

Sand Silt Clay g kg−1 mmol(+) kg−1 Soil

ls 69.41 27.71 2.88 6.09 6.18 1.27 8.81 24.00 32.81 73.14

ls—sandy loam, Corg—total organic carbon, Ntotal—total nitrogen, HAC—hydrolytic acidity, EBC—total exchange-
able cations, CEC—total exchange capacity of soil, BS—basic cations saturation ratio in soil.

4.2. Experimental Procedure

The experiment was conducted in 3.5 kg plastic pots in a greenhouse and consisted
of 20 runs in four replications each. The experiment was divided into two groups: non-
amended and amended with 1.5 g Na2EDTA (di-Sodium versenate dihydrate pure p.
a., producer POL-AURA, Morąg, Poland) per kg−1 soil. For each run, 3.5 kg soil was
weighed and contaminated with (depending on the run): Cr(III) as KCr(SO4)2.12H2O and
Cr(VI) as K2Cr2O7 at 5, 10, 20, and 40 mg Cr kg−1. Soils uncontaminated with Cr(III) and
Cr(VI) served as the control. In 2015, chromium was classified as one of the six pollutants
which are highly dangerous to human health [93]. Na2EDTA input was set based on
Zou et al. [43] and Neugschtner et al. [45]. To provide optimal conditions for Avena sativa
L. growth and development, all pots were fertilized with the following macro-nutrients:
N—140 mg [CO(NH2)2], P—60 mg [KH2PO4], K—120 mg [KH2PO4+KCl], and Mg—20 mg
[MgSO4·7H2O]. All components (Cr(III) and Cr(VI), Na2EDTA, and the fertilizers) were
thoroughly mixed with the soil and brought to a moisture content of 50% capillary water
capacity. The thus-prepared soil was then potted and sown with the Avena sativa L. cultivar
‘Bingo’ (12 plants per pot). Day time ranged from 13 h, 5 min to 16 h, 51 min. The average
air temperature was 16.6 C and air humidity was 77.5%. The experiment lasted for 60 days.

4.3. Assessment of Plant Growth Performance

Once Avena sativa L. was harvested (BBCH 61—beginning of flowering), the dry
mass yield of aboveground parts and roots was measured. Chromium was quantified in
the aerial (aboveground) parts and roots with ICP-OES (N) (inductively coupled plasma
optical emission spectrometry) in Thermo Scientific iCAP 7400 Duo with a TELEDYNE
CETAC ASX-560 autosampler (Thermo Scientific, Waltham, MA, USA) according to PN-

87



Molecules 2023, 28, 4693

ISO-11466:2002 [94], after microwave mineralization with 3:1 concentrated nitric acid
(V)/hydrogen peroxide.

4.4. Biochemical Determinations

Once Avena sativa L. was harvested, the soil samples (passed through a 2 mm mesh
sieve) were tested for the activity of dehydrogenases [EC 1.1] (according to the procedure
provided by Öhlinger [95]), as well as catalase [EC1.11.1.6], urease [EC 3.5.1.5], acid phos-
phatase [EC 3.1.3.2], alkaline phosphatase [EC 3.1.3.1], β-glucosidase [EC 3.2.1.21], and
arylsulfatase [EC 3.1.6.1] (according to Alef and Nannpieri [96]). Extinction of enzymatic
reaction products was measured by a PerkinElmer Lambda 25 spectrophotometer (Peabody,
MA, USA). Biochemical determinations were performed in triplicate. The protocol used for
the enzyme activity assay is detailed in Zaborowska et al. [97] and Borowik et al. [98].

4.5. Physicochemical and Chemical Tests

The soil samples were tested for soil pH hydrolytic acidity (HAC), sum of exchangeable
base cations (EBC), organic carbon (Corg), total nitrogen (Ntotal), total cation-exchange
capacity (CEC), and base saturation (BS). The test protocol is provided in our previous
publications [99,100]. Chromium content of the soil was assayed in non-contaminated pots
and those contaminated with 40 mg Cr per kg−1 dm soil, after microwave mineralization
in an extract of 1:3 concentrated nitric acid (V)/concentrated hydrochloric acid (aqua regia).
The assay was done by means of ICP-OES according to PN-ISO 11047:2001(A) [101].

4.6. Calculations and Statistics

Chromium uptake, tolerance index, translocation factor, bioaccumulation factors, and
accumulation factor were calculated from Avena sativa L. biomass (aboveground parts and
roots) and the plant/soil levels of chromium. Index of chromium effect on soil enzyme
activity was also calculated. The index computation methods are detailed in our previous
papers [4,102].

The results were statistically processed by analysis of variance (ANOVA) at p ≤ 0.05,
using STATISTICA 13.1 [103]. Homogeneous groups were generated using Tukey’s test for
the following variables: yield of Avena sativa L. (aboveground parts and roots), Cr(III) and
Cr(VI) in plants and soil, and indices of phytoremediation capacity. Applying multivariate
exploratory techniques using Statistica 13.1 software [84], enzyme activity in soil contam-
inated with Cr(III) and Cr(VI) and with the addition of Na2EDTA was analyzed using
principal component analysis—PCA. In turn, the analysis of variance (ANOVA) was used
to calculate the coefficient of variation (%) for all considered variables (η2). The Pearson
linear correlation coefficient was also calculated for the variables.

5. Conclusions

Chromium(VI) caused a greater reduction in the aerial and root biomass of Avena
sativa L. compared with Cr(III). The tolerance indices (TI) showed that Avena sativa L. was
observed to be more tolerant to Cr(III) contamination than Cr(VI) contamination. The
translocation value which was recorded for Cr(III) was much lower than for Cr(VI), though
it was at TF < 1 in both cases. Judging by the BFAG < 1, the species does not seem to be
suited for chromium (III) and (VI) phytoextraction. Dehydrogenases were found to be
the enzymes which were the most sensitive to soil contamination with Cr(III) and Cr(VI).
Conversely, catalase was the least sensitive. At 5 mg kg−1, the two chromium species did
not affect enzyme activity to a significant degree. However, the higher doses of 10, 20, and
40 mg Cr(III) and Cr(VI) kg−1 reduced the yields and soil enzyme activity. Na2EDTA not
only did not reduce Cr(III)- and Cr(VI)-induced stress, but actually augmented the adverse
effect of Cr on Avena sativa L. and soil enzyme activity.
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Abstract: The goal of the present study is to assess the soil quality in Bulgaria using (i) an appropriate
set of soil quality indicators, namely primary nutrients (C, N, P), acidity (pH), physical clay content
and potentially toxic elements (PTEs: Cu, Zn, Cd, Pb, Ni, Cr, As, Hg) and (ii) respective data mining
and modeling using chemometrical and geostatistical methods. It has been shown that five latent
factors are responsible for the explanation of nearly 70% of the total variance of the data set available
(principal components analysis) and each factor is identified in terms of its contribution to the
formation of the overall soil quality—the mountain soil factor, the geogenic factor, the ore deposit
factor, the low nutrition factor, and the mercury-specific factor. The obtained soil quality patterns
were additionally confirmed via hierarchical cluster analysis. The spatial distribution of the patterns
throughout the whole Bulgarian territory was visualized via the mapping of the factor scores for all
identified latent factors. The mapping of identified soil quality patterns was used to outline regions
where additional measures for the monitoring of the phytoavailability of PTEs were required. The
suggested regions are located near to thermoelectric power plants and mining and metal production
facilities and are characterized by intensive agricultural activity.

Keywords: soil analysis; nutrients; potentially toxic elements; multivariate statistics; principal
components analysis; cluster analysis; kriging; soil management

1. Introduction

Soil quality can be defined as the ability of the soil to perform functions for its in-
tended use. The capacity of the soil to function involves the balance and integration of
sustained biological productivity, environmental quality and plant and animal health [1].
Soil quality cannot be measured directly because of its broad and integrative factors related
to different soil uses. Soil quality evaluations are based on soil indicator (attributes) mea-
surements, which reflect the inherent soil properties. Human management and natural
disturbances can lead to significant changes in soil properties, which require a soil monitor-
ing network, including the proper selection of an indicator data set related to reliable soil
quality assessment.

Some reviews of national soil monitoring networks in Europe reveal serious defi-
ciencies in monitoring the functional capacity of different soils and their changes over
time [2,3]. The inspection of national monitoring networks emphasizes clearly unbalanced
data sets with a dominance of chemical parameters in soil at the expense of biological and
physical indicators [3]. Some of the indicators related to a decline in soil biodiversity and
soil erosion are measured very rarely, whereas those related to soil compaction and the
decline in soil organic matter and soil contamination are measured at almost all sites [2].
The other important drawback of soil monitoring in Member States of EU is the lack of
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harmonization of their national networks [4] regarding their design [2,3], soil sampling
density [3] and method of analysis [5]. The overcoming of the above-mentioned obstacles
and the expansion of the scope of monitored soil functions could be achieved via the
establishment of an EU-wide monitoring network, which is the aim of the European-scale
LUCAS soil survey (Land Use and Coverage Area Frame Survey) [2].

The Bulgarian soil quality monitoring network is no exception, and it contains well-
documented records concerning basic chemical soil indicators and potentially toxic ele-
ments. The good sampling density provides the opportunity for the reliable monitoring of
some of the basic soil functions like primary productivity, nutrient cycling and soil contam-
ination [3]. Usually, such data sets are used for establishing the geochemical background
and threshold of chemical elements [6], but incorporating basic soil chemical indicators
in data modeling could provide important information for the phytoavailability of PTEs.
The prolonged existence of PTEs in the ecosystem poses a potential risk to human health,
caused by the consumption of contaminated plants or the direct inhalation of soil parti-
cles [7]. Despite the lower levels of industrial pollution in recent years, it is essential not
to underestimate the concerns related to PTEs [8]. Although PTEs like Cu, Mn and Zn are
essential micronutrients for plants, their high concentrations could cause toxic effects and
serious risks for the food chain [7].

Along with the selection and assessment of an optimal set of soil indicators [3], such a
complex and multivariate task as soil quality assessment requires adequate data treatment.
The application of multivariate statistical methods, like cluster analysis (CA) and principal
components analysis (PCA), can not only reveal hidden interactions between different soil
indicators but also identify the factors affecting soil quality, including natural processes
and anthropogenic pressures [9–21]. In most of the aforementioned studies, multivariate
exploratory approaches are used in order to reveal and estimate the anthropogenic sources
of potentially toxic elements.

A solid approach for visualizing the regional distribution of soil indicators or achieved
latent factors is geostatistics, namely kriging interpolation using geographical information
system (GIS) techniques. This method is often used to illustrate the spatial distribution of
soil indicators [11,15,18–26] and, less frequently, to project the spatial distribution of the
identified latent factors on a map [10,14,23,27].

The aim of the present study is to reveal the latent factors controlling the soil quality of
Bulgarian territories based on the soil indicators collected during the Bulgarian soil quality
monitoring program. The GIS-based mapping of soil quality pattern distributions was
carried out in order to evaluate the impact assessment of PTEs in agricultural land areas.

2. Results

2.1. Basic Statistics

The 347 topsoil samples of the Bulgarian soil quality monitoring network were ana-
lyzed for thirteen soil indicators, namely the pH, the main nutrients (organic carbon—C;
total nitrogen—N; total phosphorus—P), physical clay content and eight potentially toxic
elements (Cu, Zn, Cd, Pb, Ni, Cr, As, Hg). Thus, the input data matrix consists of 347 rows
(objects) and 13 columns (variables). The basic statistics of the input data are provided in
Table 1.

Table 1. Basic statistics of the input data set (n = 347).

Dimension Mean St. Dev. Median Minimum Maximum

C g kg−1 18.8 10.7 16.0 0.31 113
N g kg−1 1.81 0.96 1.60 0.40 9.91
P mg kg−1 881 585 740 199 4634

Physical clay % 51.6 19.6 57.5 9.79 83.0
pH - 6.78 0.98 6.80 3.80 8.80
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Table 1. Cont.

Dimension Mean St. Dev. Median Minimum Maximum

Cu mg kg−1 31.4 30.8 23.7 3.60 351
Zn mg kg−1 63.5 22.3 64.3 1.26 162
Cd mg kg−1 0.23 0.31 0.16 0.02 4.32
Pb mg kg−1 20.5 17.8 16.8 3.07 200
Ni mg kg−1 35.8 20.2 35.4 1.20 208
Cr mg kg−1 53.0 34.7 45.4 2.30 213
As mg kg−1 8.21 11.3 6.70 0.04 159
Hg mg kg−1 0.15 0.13 0.12 0.01 0.97

2.2. Chemometric Data Interpretation

Multivariate statistical methods (CA and PCA) were applied to uncover the relation-
ships between three groups of parameters: basic soil characteristics (pH and physical clay),
nutrient elements (C, N and P) and eight potentially toxic elements (Cu, Zn, Cd, Pb, Ni, Cr,
As, Hg). First, PCA (Varimax rotation normalized mode) was performed. The PCA results
show that the first five latent factors (PCs) explain more than 65% of the total variance. The
factor loadings of the selected PCs are presented in Table 2.

Table 2. Factor loadings for five latent factors and their conditional names.

PC1 PC2 PC3 PC4 PC5

C 0.63 a −0.04 0.00 −0.59 0.20
N 0.73 b 0.00 0.09 −0.52 0.00
P −0.02 0.00 0.08 −0.83 −0.08

Physical Clay −0.02 0.50 0.05 0.06 −0.39
pH 0.10 0.24 0.04 0.16 −0.79
Cu −0.05 0.24 0.72 0.06 0.08
Zn 0.16 0.14 0.70 −0.28 −0.04
Cd 0.78 −0.01 −0.03 0.15 −0.08
Pb 0.64 −0.09 0.26 −0.01 0.07
Ni −0.05 0.90 0.05 −0.03 −0.11
Cr −0.04 0.87 0.10 0.00 0.13
As 0.13 −0.12 0.70 0.02 −0.07
Hg 0.15 0.18 0.03 0.30 0.68

Expl.Var.% 15.73 15.37 12.21 11.74 10.25
Conditional name Mountain soil Geogenic Ore deposits Low nutrition Hg-specific

a Factor loadings with absolute values between 0.4–0.7 are underlined. b Factor loadings with absolute values
above 0.7 are shown in bold.

The factor score plot presented in Figure 1 illustrates the distribution of sampling
points according to the first two principal components. For sampling points with higher
PC1 factor scores, the mountain soil pattern prevails (Figure 1a), while for points with
higher PC2 factor scores, the geogenic origin dominates.

The relationships between soil parameters obtained in PCA were almost entirely con-
firmed via the application of hierarchical cluster analysis to the same data set
(z-standardized input values, squared Euclidean distances as a measure of similarity
and Ward’s method of linkage). The grouping of measured soil indicators is presented in
Figure 2. Three major clusters are formed: C1 (C, N, Cd, Pb, P); C2 (Cu, Zn, As, Hg); and
C3 (physical clay, pH, Ni, Cr).
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Figure 1. Plot of PC1 vs. PC2 factor scores: (a) colored by PC1 factor score values; (b) colored by PC2
factor score values.

Figure 2. Hierarchical dendrogram of the clustering of the 13 soil indicators.

2.3. Mapping of Principal Components

The next step of the study is to explore the spatial distribution of the principal compo-
nents using GIS-based maps of the respective sampling sites’ factor scores. According to
the factor scores of the 347 samples, kriging maps for each one of the five latent factors are
presented (Figure 3). The spatial distribution of the principal components is an appropriate
method for outlining the regions that are typical for a given factor and for clarifying the
origin of a specific component.
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Figure 3. Spatial distribution of the principal components and soil sites determined using the PCA.

3. Discussion

3.1. Basic Statistics

According to the mean values obtained from basic statistics, the soils studied have a
medium content of C and N. The C/N ratio shows that most of the soils are characterized
by high quality humus, type mul, in which stable organic humates predominate [28]. The
confidence interval of the mean pH value characterizes the soils as neutral (from slightly
acidic to slightly alkaline). The content of physical clay in most of the soil samples shows
that they have good physical and physicomechanical properties, as only 7.8% of the samples
were characterized as sands with a physical clay content of less than 20%. The concentration
of potentially toxic elements in the samples from the Bulgarian soil quality monitoring
network shows low levels of anthropogenic impact. Only 6.1% of the soil samples had
PTE concentrations at higher values than the maximum allowable concentrations [29], and
there were mainly located in the western and southeastern parts of Bulgaria. The observed
exceedances (twenty-one in total) are as follows: five for Cu, one for Cd, three for Pb, three
for Ni, three for Cr and six for As.

3.2. Chemometric Data Interpretation

The selected five latent factors (PCs) in the PCA analysis explain more than 65% of the
total variance.

The first latent factor (PC1) explains 15.73% of the total variance of the data set. It
reveals the relationship between the nutrient elements carbon and nitrogen and the metals
Cd and Pb. Such a “pattern” can be related to mountain soils in the Bulgarian network,
mainly belonging to the Balkan and Rhodope tectonic zones [30]. It is typical for such soils
that the mobility of Cd and Pb is controlled by soil organic matter [21,31].

In PC2, significant loadings possess Ni, Cr and physical clay. This factor is condition-
ally named “geogenic” [23] and explains 15.37% of the data set variance. Many studies
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confirm that Ni and Cr content in soil depends on the soil formation and composition of the
parent rock material [16,21]. The same conclusion is reported in soil quality studies where
only metals are included as indicators [9,18,23,32]. It should be noted that the moderate
presence of Cu, Zn and Hg in this factor is an indicator for a specific “natural” content of
these metals, which originate in the Earth’s crust.

PC3 explains 12.21% of the total variance and can be conditionally named “ore de-
posits”. It resembles the relationship between the significantly contributing Cu, Zn and As
and the moderately participating Pb. Usually, these elements are pollutants that originate
mainly from industrial, mining and agricultural activity [19–21,32,33], but their significant
presence in the Earth’s crust may be related to mineral ore deposits (Figure 4). Arsenic is
generally recovered from sludge and flue dust in smelters. Furthermore, there are arsenic
emissions in coal-burning areas. Its presence in non-ferrous ores is generally regarded to
be an environmental problem and not a benefit [34].

Figure 4. Simplified tectonic map of Bulgaria with major exploited ore deposits, metal smelters and
thermoelectric power plant.

The behavior of carbon and nitrogen is quite interesting. They participate significantly
in the formation of two factors—PC1 and PC4. In the fourth factor, C and N are logically
connected with P also being a typical nutrient (all three elements have negative factor
loadings in PC4). This factor explains 11.74% of the data set variance and can conditionally
be named “low nutrition”. The appearance of such a factor in the data structure modeling
via PCA could be related to the low humus content in soils, as well as to soils subject to
nutrient components exhaustion at intensive agriculture.

The fifth factor (10.25%) reveals a positive relationship between physical clay and pH,
which contradicts previous studies [11,35]. The significant factor loadings in PC5 lead to
the conclusion that in the Bulgarian soil quality network, high concentrations of Hg are
observed in sandy acidic soils. Since anthropogenic sources of Hg are limited within the
territory of Bulgaria, the elevated values of Hg can be considered baseline levels, especially
in the soils mentioned above. This can be confirmed via the comparison of the mean values
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of Hg in the FOREGS geochemical database (0.016 mg kg−1) [36] and those in this data set
(0.15 mg kg−1).

In general, the results of both multivariate statistical approaches reveal similar patterns
of similarity between the soil indicators used—one can identify the same factors responsible
for the linkage and correlation between soil indicators, namely geogenic (cluster 3), nutri-
tional (cluster 1) and ore deposits (cluster 2). By using PCA the data interpretation could
be additionally improved by commenting on some other features of the data structure, like
the specification of the mountain soil type and the unexpected mercury content.

3.3. Mapping of Principal Components

For better description and interpretation of the obtained results a simplified tectonic
map of Bulgaria [37] is presented on Figure 4. Moreover, the major exploited ore deposits,
as well as the biggest metal smelters and thermoelectric power plant are also indicated.

The first latent factor is related to mountain soils pattern. As expected, sites with the
highest factor scores of PC1 are situated mainly in the largest Bulgarian mountains—Rila,
Pirin, the Rhodopes, and the Balkans. This spatial distribution confirms that the high
content of Pb and Cd is prevalent in mountain soils, such as Cambisols and Luvisols, and
is not due to industrial activity in these regions. Moreover, the highest factor scores of
PC1 are observed in areas with lead–zinc ore deposits (the central Rhodope zone and the
western part of the Balkan zone) and copper mining areas (western part of the Balkan zone
and the eastern part of the Srednogorie zone). It should be mentioned that the high factor
scores in the central Srednogorie zone may be due to anthropogenic impact caused by
contamination with Cd from the biggest coal-fired power plant in Bulgaria (Maritsa Iztok
complex) (Figure 4) [38].

The geogenic factor (PC2) has higher factor scores in soils from the South Carpathian
orogenic system, western Balkan Zone and eastern part of Srednogorie Zone. Most of
the samples are from Chernozems and Vertisols soil types, which are characterized with
high physical clay content. The sample sites with low factor scores of PC2 are mainly of
Fluvisol, Cambisol and Leptosol soil types with high sand content. The abovementioned
soil patterns correspond well with the origin and mapping of the “geogenic” principal
component. In previous studies [38], it has been discussed that the presence of ophiolite
and diabase–phylitoide complexes in the western Balkan Zone and igneous basic rocks
in the western and eastern part of the Srednogorie Zone [39] confirmed the parent rock
control of Ni and Cr. Again, high factor scores can be observed in the central Srednogorie
zone that could be due to contamination caused by the Maritsa Iztok complex (Figure 4).

The PC3 map presents a spatial distribution of elevated factor scores regions coinciding
with the ore deposits in Bulgaria, mainly copper, lead–zinc and polymetallic ores (Figure 4).
Dimitrova et al. [40] reported higher concentrations of Cu, Zn, As and Pb in northwestern
Bulgarian soils caused by mining activities in the region. It has already been mentioned
that the largest mining areas are in the central Rhodope zone, the western part of the Balkan
zone and the eastern part of the Srednogorie zone, but unexploited ore deposits are also
located in the southern central part of the Moesian platform [41].

Most of the soil samples with the lowest factor scores of PC4, which indicates high
nutrient content, are from the most fertile and agricultural (arable) type—Chernozem.
These sites are the best for agricultural use, such as Dobrudzha (northeastern Bulgaria) and
the valleys of the rivers Iskar, Struma and Vacha. The average concentration of nutrients
for the samples with the lowest factor scores (below −1) comprises a very high content of
C and P and a high content of N, whereas those with the highest factor scores (above 1)
have an average content of C and low content of N and P.

The soil samples, which have high scores in the Hg-specific factor (PC5) are mainly
derivedfrom three soil types: Cambisols, Leptosols and Fluvisols. The parent material of
the first two types are non-carbonate rocks, which have high acidity and low physical clay
content (a high content of sand). The mean mercury concentration in the Bulgarian soil
quality monitoring network (0.15 mg kg−1) is quite high and follows the trend reported in
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other European studies, where soil mercury content increases from northern to southern
Europe [42]. The high factor scores in the western Balkan zone and the central Rhodope
zone are in a good agreement with the ore deposits, as the elevated Hg soil content in
central Srednogorie region is presumably also due to the coal-fired power plant [38]. The
northeastern part of Moesian platform (near the town of Silistra) is not an anthropogenically
influenced area, which is an indication that such high Hg levels could be considered as
baseline ones for the respective region.

The simultaneous consideration of the spatial distribution of soil quality patterns
and arable land coverage could outline the regions where additional measures for the
monitoring of the phytoavailability of PTEs and their transfer to plants are appropriate.
The elevated concentrations of Cd and Pb (associated with PC1) are mainly found in
mountain regions with limited agricultural activity. Concerning geogenic PTEs, in PC2, Ni
and Cr require special measures for the monitoring of their phytoavailability only in the
central Srednogorie region, which is affected by the Maritsa Iztok thermoelectric power
plant. The most anthropogenically influenced soil quality pattern (PC3) presenting ore
deposits and related mining and metal production activities has to be examined carefully.
Excluding the regions with elevated factor scores of geogenic factor (PC2), which could be
an indication for the higher regional background concentrations of Cu, Zn, As and Pb, the
western Srednogorie zone remains an anthropogenically polluted region with significant
agricultural activities. The previous study in this region [7] outlines EDTA soil extraction
as a reliable procedure for the phytoavailability estimation of As, Cd, Cr, Cu, Mn and
Pb. The soil–plant transfer of the main contaminants of Cu and As around the copper
mining and smelter factories is controlled mainly by soil pH, total organic matter and
CaCO3. The transfer coefficient of Cu is positively correlated with soil pH and CaCO3
and negatively with total organic matter. These relationships can be explained by the
increasing stability of the Cu(II)-EDTA complex at higher pH values and the binding ability
of organic soil fractions. The reason for positive correlation between soil–plant transfer
and total organic matter can be found in the dissolution of As, which is bound to soil
humic substances at the pH of the EDTA leaching procedure. The soil–plant transfers
of Zn and Pb are controlled by Al and Fe soil contents, respectively. The only region
with a significant presence of Hg-specific soil quality patterns (PC5) and with significant
agricultural activity is the aforementioned central Srednogorie region, which is affected by
the Maritsa Iztok thermoelectric power plant. It can be concluded that the soil management
of the western and central Srednogorie zone needs additional measures for the monitoring
of PTEs’ phytoavailability.

4. Materials and Methods

4.1. Sampling and Chemical Analysis

In general, the sampling and sample preparation procedures are fully described in
national directives and documents, according to international standards (ISO 10381-2:2005,
ISO 10381-4:2005 and ISO 11464:2006) [43–45]. The 347 topsoil samples of the Bulgarian soil
quality monitoring network were collected at depths of 0–20 cm and in the intersections of
an orthogonal 16 km grid across the whole country (Figure 5).

Soil sampling was performed in the 2004–2009 period, and the soil samples were
taken from different types of land with different usages. For each sample, a total of
13 soil indicators were measured as follows: pH, main nutrients (organic carbon—C; total
nitrogen—N; total phosphorus—P), physical clay content and 8 potentially toxic elements
(Cu, Zn, Cd, Pb, Ni, Cr, As, Hg).

The main soil indicators (pH, physical clay) and the nutrients were determined via
the following analytical methods: pH (ISO 10390:2005) [46]; organic carbon via sulfo-
choromic oxidation (ISO 14235:2002) [47]; total nitrogen via the modified Kjeldahl method
(ISO 11261:2002) [48]; and total phosphorus via a validated method based on acid mixture
microwave digestion and analyzed through ICP-OES. The particle size distribution was
determined through the method of sieving and sedimentation (ISO 11277:2009) [49]. Only
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a fraction of the physical clay (percentage of the soil particles with diameters of less than
0.02 mm) was used for statistical modeling.

Figure 5. Locations of sampling points of the Bulgarian soil quality monitoring network.

The soil aqua regia extraction of potentially toxic elements was performed according
to ISO 11466:1995 [50]. Six of the elements (Cu, Zn, Cd, Pb, Ni, and Cr) were determined
via atomic absorption spectrometry (ISO 11047:1998) [51], and As and Hg were determined
using ICP-MS, according to the CEN/TS 16171:2012 [52] standard.

4.2. Data Analysis Methods

For the chemometric assessment and interpretation of the obtained data, two multi-
variate statistical approaches were used: cluster analysis [53] and principal components
analysis [54].

Cluster analysis (CA) is a well-known and widely used classification approach in
chemometric and environmetric studies, with its hierarchical and non-hierarchical algo-
rithms. The main goal of the hierarchical agglomerative cluster analysis was to sponta-
neously classify the data into groups of similarity (clusters). Usually, the sampling sites
in traditional monitoring surveys are considered objects for classification, but it is also
possible to search for links between the variables (different soil quality indicators) that
characterize them. A preliminary step of CA is the normalization of the raw input data
(e.g., autoscaling or z-transformation) in order to avoid the influence of the different range
of chemical dimensions (concentration). As a result, normalized dimensionless numbers
replaced the real data values. Then, the distance between the objects (or the variables) of
classification was determined, usually by applying squared Euclidean distances as a simi-
larity measure. There are a wide variety of hierarchical algorithms for object linkage—the
single linkage, the complete linkage or the average linkage methods—but Ward’s method
is predominantly used, because it achieved balanced clustering, while taking into account
the intra- and inter-cluster distances. The CA results are normally depicted using a tree-like
scheme with a hierarchical structure called a dendrogram.

Principal components analysis (PCA) is widely used as a dimension-reducing, -
modeling and -display method, which allows the estimation of internal relations in the data
set. PCA enables the reduction of the coordinate system of the variables in the direction of
the highest variance. The input variables are converted into new ones, which are better
descriptors of the data structure. The new variables, called principal components (PCs) or
latent factors, are a linear combination of the original variables. Usually, just a few of the
latent factors account for a large part of the data set variation. Thus, the data structure in a
reduced variable space can be observed and interpreted. As a result of PCA, the autoscaled
original data matrix (D) was transformed into a product of two matrices as follows:

D = UVT + E
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where VT is factor loadings matrix, revealing the contribution of each one of the original
variables (indicators) to the newly formed principal components; U is factor score matrix,
providing the new coordinates of each object (sampling point) in the new space of principal
components; and E is residual matrix.

In this study, the Varimax rotation mode of PCA was applied for the better interpreta-
tion of the system (soil quality), as it increases the role of the soil indicators with higher
impacts on the formation of principal components and decreases the role of soil indicators
with lower impacts.

A GIS-based approach was chosen to present the spatial distribution of principal
components achieved via PCA analysis. Principal components maps were plotted using the
kriging interpolation of principal component factor scores (row of matrix U) of all sampling
points from the Bulgarian soil quality monitoring network.

5. Conclusions

The present study is a pioneer effort to integrate all aspects of a proper soil quality
assessment for the territory of Bulgaria. The use of state-of-the-art monitoring and analytical
and chemometric approaches made it possible to better understand and classify the factors
related to different soil patterns in the country, such as spatial, geogenic, nutritional and
anthropogenic. The mapping, based on the chemometric results, offers an additional
insight into the soil specificity throughout the country through the specific distribution
of the identified soil quality patterns. The content of potentially toxic elements in the soil
samples reveals the low level of anthropogenic impact, as higher values of Ni and Cr are of
geogenic origin and higher values of Pb and Cd are mainly observed in mountain regions;
higher values of Cu, Zn and As are mainly found in regions with ore deposits; and higher
values Hg can mainly be located in site-specific sandy acidic soils.

Such an assessment of the soil quality of a whole country requires many different
prerequisites, namely a well-organized soil sampling network; well-trained analytical
staff able to perform advanced determinations of all specific soil quality indicators—both
structural and chemical; and the correct classification, modeling, and interpretation of the
collected data. The proposed methodology is able to outline the anthropogenically influ-
enced regions characterized by intensive agricultural activity where additional measures
for the impact assessment of PTEs are required.

The results obtained via data mining and modeling ensure better soil quality manage-
ment and sustainability as well as efficient agricultural decision making.

Author Contributions: Conceptualization, V.S. and S.T.; methodology, S.T.; software, M.P., V.S. and
S.T.; validation and formal analysis, G.Y., M.H. and M.P.; investigation, G.Y., M.H., M.P., N.D., V.S.
and S.T.; resources, G.Y., M.H., M.P., N.D., V.S. and S.T.; data curation, G.Y., M.H., M.P., N.D., V.S.
and S.T.; writing—original draft preparation, G.Y., M.H., M.P., N.D., V.S. and S.T.; writing—review
and editing, G.Y., V.S. and S.T.; visualization, G.Y., M.P. and S.T.; supervision, N.D. and S.T.; project
administration, N.D. and S.T.; funding acquisition, N.D. and S.T. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the National Science Program “Environmental Protection
and Reduction of Risks of Adverse Events and Natural Disasters”, approved by the Resolution of
the Council of Ministers, No. 577/17 August 2018, and supported by the Ministry of Education
and Science (MES) of Bulgaria (agreement No. Д01-271/9 December 2022). The work was partially
supported by the National Science Fund (project DFNI E 02/7-12 December 2014).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the authors.

102



Molecules 2023, 28, 6091

Acknowledgments: This work was carried out within the framework of the National Science Pro-
gram “Environmental Protection and Reduction of Risks of Adverse Events and Natural Disas-
ters”, approved by the Resolution of the Council of Ministers, No. 577/17 August 2018, and sup-
ported by the Ministry of Education and Science (MES) of Bulgaria (agreement No. Д01-271/9
December 2022). This work was partially supported by the National Science Fund (project DFNI E
02/7-12 December 2014.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available.

References

1. Karlen, D.L.; Mausbach, M.J.; Doran, J.W.; Cline, R.G.; Harris, R.F.; Schuman, G.E. Soil quality: A concept, definition, and
framework for evaluation (a guest editorial). Soil Sci. Soc. Am. J. 1997, 61, 4–10. [CrossRef]

2. Van Leeuwen, J.P.; Saby, N.P.A.; Jones, A.; Louwagie, G.; Micheli, E.; Rutgers, M.; Schulte, R.P.O.; Spiegel, H.; Toth, G.; Creamer,
R.E. Gap assessment in current soil monitoring networks across Europe for measuring soil functions. Environ. Res. Lett. 2017,
12, 124007. [CrossRef]

3. Morvan, X.; Saby, N.P.A.; Arrouays, D.; Le Bas, C.; Jones, R.J.A.; Verheijen, F.G.A.; Bellamy, P.H.; Stephens, M.; Kibblewhite, M.G.
Soil monitoring in Europe: A review of existing systems and requirements for harmonization. Sci. Total Environ. 2008, 391, 1–12.
[CrossRef] [PubMed]

4. Batjes, N.H. Options for Harmonising Soil Data Obtained from Different Sources; ISRIC—World Soil Information: Wageningen, The Netherlands, 2023.
5. Cornu, S.; Keesstra, S.; Bispo, A.; Fantappie, M.; Smreczak, B.; Wawer, R.; Pavlů, L.; Sobocká, J.; Bakacsi, Z.; Farkas-Iványi, K.;
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Abstract: The temporal dynamics of anthropogenic impacts on the Pchelina Reservoir is assessed
based on chemical element analysis of three sediment cores at a depth of about 100–130 cm below
the surface water. The 137Cs activity is measured to identify the layers corresponding to the 1986
Chernobyl accident. The obtained dating of sediment cores gives an average sedimentation rate of
0.44 cm/year in the Pchelina Reservoir. The elements’ depth profiles (Ti, Mn, Fe, Zn, Cr, Ni, Cu, Mo,
Sn, Sb, Pb, Co, Cd, Ce, Tl, Bi, Gd, La, Th and Unat) outline the Struma River as the main anthropogenic
source for Pchelina Reservoir sediments. The principal component analysis reveals two groups of
chemical elements connected with the anthropogenic impacts. The first group of chemical elements
(Mn, Fe, Cr, Ni, Cu, Mo, Sn, Sb and Co) has increasing time trends in the Struma sediment core
and no trend or decreasing ones at the Pchelina sampling core. The behavior of these elements is
determined by the change of the profile of the industry in the Pernik town during the 1990s. The
second group of elements (Zn, Pb, Cd, Bi and Unat) has increasing time trends in Struma and Pchelina
sediment cores. The increased concentrations of these elements during the whole investigated period
have led to moderate enrichments for Pb and Unat, and significant enrichments for Zn and Cd at the
Pchelina sampling site. The moderately contaminated, according to the geoaccumulation indexes,
Pchelina Reservoir surface sediment samples have low ecotoxicity.

Keywords: Pchelina Reservoir; sediment; principal component analysis; Mann–Kendall test; ecotoxicity

1. Introduction

Chemical elements are among the most widespread of the various pollutants origi-
nating from anthropogenic activities, particularly from mining, metallurgy and smelting
waste sites. They are one of the most persistent pollutants in the environment, since they
do not decompose, nor do they biodegrade into simpler and less harmful substances. Their
concentrations in water are quite variable, with the highest concentrations found in the
suspended matter (insoluble substances) and the lowest in the liquid phase [1–3]. The
distribution of the elements is primarily on the surfaces of sediments, suspended particles,
and other solids, decreasing in the order: suspended matter > sediment > water [4,5].
Chemical processes occurring in natural waters, such as oxidation, can cause them to
precipitate from the solution [6].

As an integral part of natural water sources, sediments play an important role in
the biogeochemical cycle of the elements, as they are the site of deposition and chemical
transformation of many compounds entering the water bodies [7]. The elements enter
surface waters from many sources, in the form of atmospheric deposits, or are leached
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from rocks and soil. They are not biodegradable, but bind to proteins, thus being stored in
the bodies of water organisms or excreted in their feces [8], which under certain conditions
leads to secondary contamination of the water bodies. In natural waters, chemical elements
are found in many forms: as free ions (the most toxic forms for living organisms); in the
form of various complexes; as precipitated compounds suspended in the aqueous phase;
and adsorbed on the surface of other suspended or colloidal particles [9].

The history of anthropogenic water pollution can be determined by analysis of sedi-
ments [10–12]. Reservoir sediments provide fine-scale information on the historical record
of metal pollution in a watershed [13–15]. They have recorded the elemental deposition
and thus allow establishing a connection between the temporal evolution of the pollution
and historical changes in smelting and waste treatment processes [13]. The resulting com-
positional datasets are usually tested by principal component analyses, self-organizing
maps, and cluster analyses, with their pollution load index (PLI), index of geoaccumulation
(Igeo) and enrichment factors (EFs) being calculated [16–26].

Reservoir sediments accumulate at a high rate (usually > 2 cm/year [27]), in contrast to
river sediments (usually < 0.3 cm/year [26]), which is why they can reveal the accumulation
of the elements over time. Due to these sedimentation rates, reservoir sediments are
considered to be slightly affected by early diagenesis processes and provide preserved
historical elemental inputs. Reservoir sediments are also of great concern, since they
can turn from a sink to a source of chemical elements for fluvial systems by diffusion at
the water/sediment interface, bioturbation or resuspension due to dredging or flooding.
Thus, it is important to determine the intensity of pollution by inventorying the elemental
concentrations and their spatial distribution in sediments [28].

Pchelina Reservoir was built in 1975 and serves not only as a secondary precipitator of
the Struma River but also as a source for irrigation and industrial water supply of Pernik
Municipality, Bulgaria. The total volume of the reservoir is 54.8 million m3 (of which the
useful volume is 19.3 million m3), and its depth reaches 19 m [29]. The main sources of
water pollution at Pchelina Reservoir are defined as point and diffuse. Point sources are the
sewerage systems from the settlements, discharged without purification in treatment plants,
the wastewater treatment plants, the industrial sites, the tailings, and the mines. Diffuse
sources of pollution are unregulated landfills for solid waste, settlements without sewerage,
landfills, and agricultural activities such as animal husbandry. The main pollutant of the
river Struma is the town of Pernik, the heavy industry of which has traditionally been
dominated by mining activities and metallurgy. The industrial profile of the town changed
in the 1990s, but the wastewaters discharged into the river are still collected in the Pchelina
Reservoir. The only available studies of the sediments of Pchelina Reservoir were made by
Meuser and co-authors [30,31].

This study aims to propose a methodology for assessing the temporal dynamics of
anthropogenic impacts on sediments of Pchelina Reservoir. The proposed methodology
includes: (i) analysis of chemical elements and 137Cs radionuclides of three sediment cores
taken from three selected sampling points in Pchelina Reservoir, (ii) multivariate and time
trend statistical analysis of the sediment cores data, and (iii) calculation of enrichment
factors and geochemical indexes of surface sediments followed by ecotoxicity assessment
using Phytotoxkit F ™ bioassay.

2. Results

To reveal the relationships between the analyzed chemical elements and/or layers in
the sediment cores, a principal component analysis (PCA) was applied. The input data
set used for PCA consists of 58 objects (layers in the sedimentary cores) and 20 variables
(analyzed chemical elements). PCA of the data from the three sedimentary cores revealed
that the first three main components describe almost 80% of the variation of the data. The
number of latent variables is determined based on their eigenvalues and the internal model
validation error. In the formation of the first principal component, explaining 41.53% of
data variance, the following elements have a significant impact: Mn, Fe, Cr, Ni, Cu, Mo, Sn,
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Sb and Co (Figure 1). This component separates the elements into two groups according to
their time trends in Struma sediment core: (i) Mn, Fe, Zn, Cr, Ni, Cu, Mo, Sn, Sb, Pb, Co,
Cd and U have increased concentrations with time; and (ii) Ti, Ce, Tl, Bi, Gd, La and Th
have decreased or non-significant time trends.

Figure 1. Factor weights and factor scores of the first principal components (the numbers on the graph indicate the historical
sequence of layers in sediment core with the first (1) being the oldest).

The second principal component (22.16%) is formed by Ce, Gd, La, Th, and Ti, which
significantly decrease over time in the sedimentary cores at Struma and Svetlia rivers
(Figure 2). These decreasing trends do not lead to a significant change in the contents
of the elements in the Pchelina Reservoir, which are comparable to the contents in the
sedimentary cores near the Struma and Svetlia at the beginning of the period.

Figure 2. Factor weights and factor scores of the second principal components (the numbers on the graph indicate the
historical sequence of layers in sediment core with the first (1) being the oldest).

The third principal component (15.44%) is formed by the elements Zn, Pb, Cd, Bi and
Unat. The factor scores of the layers of the Pchelina core show a particularly pronounced
positive trend, which leads to the formation of two groups of layers. The first group,
covering the beginning of the studied period (1–11), has contents comparable to the
sedimentary core of the Svetlia (anthropogenically undisturbed river), while the contents of
the elements in the second group (12–23) are the highest for all the three studied sediment
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cores (Figure 3). The layers in the Struma sediment core have medium factor scores between
both groups of Pchelina sediment core.

Figure 3. Factor weights and factor scores of the third principal components (the numbers on the graph indicate the
historical sequence of layers in sediment core with the first (1) being the oldest).

137Cs has been widely applied as an environmental tracer in the study of sediment
recent deposition history (usually within the last 50 years) [32,33]. Each of the 2 cm
sediment core fractions was analyzed for its 137Cs content. Only in one of these fractions for
each sediment core, radioactivity (γ-activity) was found and the content of 137Cs measured
was between 32.8 Bq/kg to 55.3 Bq/kg specific activities. Based on these findings, a
conclusion was drawn that, on average, 15 cm of sediment was deposited in the 34 years
since the Chernobyl incident (1986). This means that the average sedimentation rate at
the sampling points in Pchelina Reservoir is 0.44 cm/year. Such results differ from the
literature values—usually > 2 cm/year [27,34]—but are closer to the reported values for
the rates of river sediment—usually < 0.3 cm/year) [30].

The element depth profiles of sediments from Pchelina Reservoir at the different
sampling points (Pchelina, Struma and Svetlia) are shown in Figure 4. Red points indicate
the sample in which the highest radioactivity (γ-activity) has been registered, which
corresponds to the Chernobyl pollution of 1986. A similar approach was used by Audry
et al. [13] for the sediment core dating of the Lot River reservoirs.

To determine whether significant time trends of elements were observed, the Mann–
Kendell test was performed. The results are presented in Table 1, with significant trends
(p < 0.05) marked with “+” for increasing and “−” for decreasing trends. The significant
time tendencies in the sediment cores influenced by the flowing rivers reveal that Struma
River (sampling point 1) is the main source of Pchelina Reservoir pollution.

According to the sedimentation rate calculations, it is assumed that any concentration
of each element in a layer more than 6 cm below the sample, which corresponds to the
Chernobyl pollution (marked in red in Figure 4), is a background concentration. The
average result for Fe (used as a conservative element) of all such samples was calculated for
each sampling point and used to obtain the enrichment factor for the sample corresponding
to 2020 (top layers, Table 2).
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Figure 4. Elements’ depth profiles of sediment cores taken at Pchelina, Struma and Svetlia.
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Table 1. Trend analysis of sediment cores at three sampling points.

Element Pchelina Struma Svetlia

Bi +
Cd + +
Ce – –
Co + –
Cr +
Cu – +
Fe – +
Gd –
La – –
Mn +
Mo +
Ni – +
Pb + + –
Sb – +
Sn – +
Th + –
Ti – –
Tl + –

Unat + + +
Zn + +

Table 2. Enrichment factor (EF) in the three sampling points (yellow—moderate enrichment, red—
significant enrichment).

Element EF Struma River EF Svetlia River EF Pchelina

Ti 0.3 1.2 1.8
Mn 0.5 1.3 1.3
Fe – – –
Zn 0.7 1.8 7.6
Cr 0.7 1.3 1.4
Ni 0.5 1.4 1.5
Cu 0.5 1.4 2.4
Mo 1.0 1.3 1.2
Sn 0.7 1.4 1.3
Sb 2.0 1.7 1.3
Pb 0.4 1.2 3.6
Co 0.5 1.2 1.8
Cd 1.8 3.2 7.5
La 0.2 1.4 1.7
Ce 0.2 1.4 2.4
Tl 0.4 2.7 3.5
Bi 0.4 1.9 1.3
Gd 0.2 1.3 1.7
Th 0.2 1.4 2.3

Unat 0.4 2.8 3.5

Significant enrichment is observed only in the reference point (Pchelina), in terms of
Zn and Cd (7.6 and 7.5, respectively). Regarding Cd, the enrichment in Svetlia is moderate
(3.2). The enrichment factor is 1.8 in the Struma, which shows significant pollution with this
metal in the entire Reservoir. Except for these elements, moderate enrichment is observed
for Cu, Pb, Ce and Th only at Pchelina, as well as for Tl and Unat in Svetlia and Pchelina.

The same approach for determination of the reference concentration (average of
all results for the layers more than 6 cm below the sample, which corresponds to the
Chernobyl pollution—marked in red in Figure 4) for each of the studied elements was used
to determine the geoaccumulation index. The results are presented in Table 3.
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Table 3. Geoaccumulation index (Igeo) in the three sampling points (yellow—uncontaminated to
moderately contaminated sample, red—moderately contaminated sample).

Element Igeo Struma Igeo Svetlia Igeo Pchelina

Ti −1.01 −1.06 −0.70
Mn −0.03 −0.95 −1.19
Fe 0.85 −1.37 −1.58
Zn 0.32 −0.55 1.35
Cr 0.26 −0.97 −1.13
Ni −0.01 −0.91 −1.00
Cu −0.02 −0.90 −0.31
Mo 0.84 −0.98 −1.35
Sn 0.44 −0.93 −1.26
Sb 1.87 −0.61 −1.18
Pb −0.36 −1.15 0.27
Co −0.11 −1.10 −0.74
Cd 1.69 0.30 1.33
La −1.24 −0.90 −0.79
Ce −1.34 −0.88 −0.34
Tl −0.58 0.06 0.25
Bi −0.61 −0.44 −1.19
Gd −1.51 −0.99 −0.85
Th −1.28 −0.91 −0.37

Unat −0.33 0.14 0.21

It is evident from Table 3 that for most elements, the geoaccumulation index corre-
sponds to an uncontaminated sample. This result is especially important for the sediments
at the inflow of the Svetlia River (sampling point 2), where only for Cd, Tl and Unat the
index corresponds to an unpolluted to moderately polluted sample. The geoaccumulation
index in the sediments at the inflow of the Struma River (sampling point 1) corresponds
to an unpolluted to moderately contaminated sample for Fe, Cr, Mo and Sn and to a
moderately polluted sample for Sb and Cd. The geoaccumulation index for the sediments
of Pchelina Reservoir from the village of Radibosh (sampling point 3), which corresponds
to an unpolluted to moderately polluted sample in terms of Pb, Tl and Unat (similar to the
sediments in Svetlia) and a moderately polluted sample in terms of Zn and Cd (analogous
to the sediments in the Struma). The moderate contamination of the sediments of Pchelina
Reservoir in all sampling points with Cd is impressive. Similar results were obtained for
sediments of Wadi Al-Arab Dam, Jordan [35], where sediments were found uncontami-
nated with Mn, Fe, and Cu, moderately contaminated with Zn, and strongly to extremely
contaminated with Cd. Ye et al. [36] compared deposits of “heavy metals”, accumulated in
the water-level-fluctuation zone before and after the submergence period and found that
Cd is the main pollutant of the sediment.

The results of the conducted biotest Phytotoxkit F ™ are presented in Table 4 and
reveal the low ecotoxicity of the surface sediments from Pchelina Reservoir.

Table 4. Ecotoxicological studies using Phytotoxkit F ™ applied to the sediments from the three
sampling points.

Sampling Point Ecotoxicological Effect SG (%) Ecotoxicological Effect RG (%)

Struma 0 23.26
Svetlia 0 17.56

Pchelina 0 −0.26

The indicator related to seed germination (SG) of Sinapis alba shows the lack of
ecotoxicological effect. This means that the number of germinated seeds in the analyzed
sediments is equal to their number in the control sample, in this case, all 10 seeds have
germinated. The ecotoxicological effect, reflecting the growth of the roots of Sinapis alba, is
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relatively weak, as it is highest in the sample from Struma River, and even shows a negative
value in Pchelina (hormesis). This means that the roots of the test species used are longer
than the control sample.

3. Discussion

The background concentrations strongly depend on geological characteristics such as
mineral composition, grain size distribution and organic matter content. Thus, establishing
geochemical background concentrations of chemical elements is a very important step in
environmental pollution assessment [37]. 137Cs as an indicator of sedimentation processes
is consistent as it binds almost irreversibly to clay and silt particles and because of its
relatively long half-life (t1/2 = 30.2 years). Moreover, the Chernobyl nuclear accident of
1986 has been recorded by the European sediments. Thus, 137Cs activity depth profiles are
often used for sediment core dating [38].

Based on the measurement of γ-activity and the calculated sedimentation rate in the
Pchelina Reservoir of an average of 0.44 cm/year, it can be assumed that three of the
points under 1986 (marked in red) are samples of sediment (approximately 6 cm), and
the rest are from the natural soil cover, flooded during the construction of the Reservoir
(1975). The remaining samples should contain levels of the elements that correspond to the
background concentrations of these elements before they are anthropogenically affected.
This was the basis for the analysis of the elements’ core depth profiles in the present study.
It is noteworthy that the concentrations of most of the studied elements increase, except for
Bi, La, Ti, Tl, where the concentrations decrease over time, while Ce, Gd, Th practically do
not change.

The PCA results divided the analyzed chemical elements into three groups. The
elements with significant impact in the formation of the first principal component (Mn,
Fe, Cr, Ni, Cu, Mo, Sn, Sb and Co) have an increasing time trend in Struma sediment core
(sampling site 1) and no trend (Co, Cr, Mn, Mo) or a decreasing one (Cu, Fe, Ni, Sb, Sn)
at the Pchelina sampling site. The factor scores of the layers in the Pchelina sediment
core (sampling site 3) increase until the late 1990s and at the end of the investigated
period decreased to the levels between 1988 and 1994. The absence of an increasing trend in
concentrations of the abovementioned elements at the reference point for Pchelina Reservoir
(between the inflows of the two rivers—Struma River—anthropogenically affected and
Svetlia River—anthropogenically unaffected) could be explained by the changed profile of
the industry in the town of Pernik during the 1990s, since when mining and metallurgy
have not been so dominant. These observations are supported by the calculated EFs and
geoaccumulation indexes for the top layer at the Pchelina sampling site where only for Cu
moderate enrichment is observed.

The chemical elements associated with the second principal component (Ce, Gd, La,
Th, and Ti) have decreasing time trends in both sediment cores at the two river inflows and
excluding Th in the Pchelina sediment core too. These elements have no anthropogenic
origin and the moderate enrichment of Ce and Th at the Pchelina sampling site could be
attributed to their geochemical immobility [39]. The third group of chemical elements (Zn,
Pb, Cd, Bi and Unat) forming the third principal component have significant increasing
trends in Struma and Pchelina sediment cores. This leads to the formation of two distinct
groups of layers in the Pchelina sediment core before and after the 1990s (layers 11 and
12). The increased concentrations of these elements at the end of the investigated period
have led to moderate enrichments for Pb and Unat, and significant enrichments for Zn and
Cd at the Pchelina sampling site. The respected geoaccumulation indexes confirm these
observations with uncontaminated to moderately contaminated values for Pb and Unat,
and moderately contaminated ones for Zn and Cd. The results from the present study
largely confirm the conclusions made by Meuser and co-authors in 2006 [40] where the
impact of industry located in the region of Pernik town results in increased concentrations
of Pb, Cd, Cr, Cu and Zn.
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The results of the conducted biotest Phytotoxkit F ™ reveal the low ecotoxicity of
surface sediments, which is an indication that the concentrations of the elements clas-
sifying the Pchelina Reservoir samples as moderately contaminated has no significant
ecotoxicological effect.

4. Materials and Methods

4.1. Sampling

The sampling of the bottom sediment materials was carried out in the period July–
September 2020. Three locations in the Pchelina Reservoir were selected (Figure 5). Sam-
pling point 1 is located at the inflow of the Struma River into the Pchelina Reservoir. Sam-
pling point 2 is located at the inflow of the Svetlia River into the Pchelina Reservoir. The
sampling point in Pchelina Reservoir—at the village of Radibosh (sampling point 3)—was
chosen between the inflows of the two rivers—Struma River (anthropogenically affected
by the industry located in the region of Pernik town) and Svetlia River (anthropogenically
unaffected)—as a reference point.

 

Figure 5. Sampling locations (1-Struma, 2-Svetlia and 3-Pchelina).

Thin-walled tubes with small diameters, which ensures mechanical immersion in the
sediment’s mass, were used for obtaining semi-intact specimens of fine-grained sediment
samples. The basic components of tube-type samplers include steel grade S355 hardened
cutting tip, body tube or barrel, and a threaded end. Pipes with a diameter of 48 × 1 mm
were used, coupled to a nozzle to reach a depth of approximately 1.20 m (4 ft) below the
water surface. The entire Shelby tube system follows the design requirements of ASTM
D1587/D1587M–15 [41].

Sampling was carried out with a percussion-swirling motion by hand. Separate
sampling tubes were packed and marked on-site and transported to the laboratory at 4 ◦C.

4.2. Sediment Digestion

Sediment samples were first pre-grinded, sieved through 2-mm sieves and homoge-
nized. Sub-samples of 0.25 g were accurately weighed using an analytical balance, 10 mL
of conc. Hydrofluoric acid (HF, 47–51%, Fisher Chemicals, Waltham, MA, USA, Trace
Metal Grade) was added and the mixtures were left for 24 h. Subsequent dissolution was
performed using a sand bath after adding an additional amount of 10 mL conc. HF (47–51%,
Fisher Chemicals, Waltham, MA, USA, Trace Metal Grade) and 5 mL conc. Perchloric acid
(HClO4, 70% Fisher Chemicals, Waltham, MA, USA, Trace Metal Grade). The samples were
heated until the acid mixture was reduced to 1/3 of the initial volume. Then portions of
10 mL conc. HF were added and heating in a sand bath was performed until complete
dissolution of the sediments. Then two portions of 10 mL conc. Nitric acid (HNO3, 67–69%,
Fisher Chemicals, Waltham, MA, USA, Trace Metal Grade) were added and the samples
were heated in a sand bath until the volume was reduced to 0.5–1 mL. After cooling, the
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samples were quantitatively transferred to 50 mL polyethylene tubes by repeated washing
with double deionized water. All samples were initially diluted to 50 mL, and immediately
before instrumental measurement, an additional dilution of 1 mL to 14 mL was performed.

4.3. Sediment Analysis
4.3.1. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

The sediment samples were analyzed using Perkin-Elmer SCIEX Elan DRC-e ICP-
MS (MDS Inc., Concord, ON, Canada) with cross-flow nebulizer. The spectrometer was
optimized (RF power, gas flow, lens voltage) to provide minimal values of the ratios
CeO+/Ce+ and Ba2+/Ba+ as well as maximum intensity of the analytes. The concentrations
of 20 elements (Bi, Cd, Ce, Co, Cr, Cu, Fe, Gd, La, Mn, Mo, Ni, Pb, Sb, Sn, Th, Ti, Tl, Unat
and Zn) were determined. Coefficients for the reduction of the analytical signal (RPa,
Dynamic Bandpass Tuning parameter), pre-optimized for sediment matrix, were used for
the determination of Fe, Mn, and Ti using ICP-MS. They are presented in Table 5.

Table 5. RPa coefficients used for the determination of Fe, Mn and Ti, in sediment samples.

Isotope RPa Coefficient

47,49,50Ti 0.012
54Fe 0.014
56Fe 0.016
57Fe 0.013

55Mn 0.014

Chemical elements were determined under standard conditions. In the course of the
analysis, the appropriate isotopes of the elements in terms of natural distribution and
low spectral interference were selected. External calibration by matrix-matched standard
solutions was performed. Single element standard solutions of Bi, Cd, Ce, Co, Cr, Cu, Fe,
Gd, La, Mn, Mo, Ni, Pb, Sb, Sn, Th, Ti, Tl, Unat and Zn (Fluka, Steinheim, Switzerland)
with initial concentration of 1000 mg/L were used to construct the calibration curve after
appropriate dilution. The multielement calibration standard solutions were prepared in the
concentration range from 0.2 to 20 mg/L for Fe, Mn and Ti, and in the range 0.01 to 100 μg/L
for the other elements. All standard solutions were prepared with double deionized water
(Millipore purification system Synergy, Molstheim, France). The calibration coefficients
for all calibration curves were at least 0.99. The linearity was proven to be four orders of
magnitude for Fe, Mn, and Ti, and five orders of magnitude for the other elements. The
operating conditions of the ICP-MS are listed in Table 6.

Table 6. ICP-MS instrumental conditions for the determination of chemical elements in sediment samples.

Instrument Operating Conditions

Cooling Ar gas flow 15 L/min
Auxiliary Ar gas flow 1.20 L/min

Nebulizer gas flow 0.85 L/min
Lens voltage 6.00 V

ICP RF power 1100 W
Integration time 2000 ms

Dwell time 50 ms
Acquisition mode Peak hop

Sample uptake rate 2 mL/min
Rinse time 180s

Rinsing solution 3% HNO3

To verify the accuracy of the analysis, stream sediment certified reference materials
STSD-1 and STSD-3 of (Canada Center for Mineral and Energy Technology, Geologi-
cal Survey of Canada) were subjected to analysis using the same sample preparation.
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Tables 7 and 8 present the experimentally determined and the certified values of the an-
alyzed elements in the certified reference materials STSD-1 and STSD-3, respectively. If
the values of the analytical yields are in the range of 97–108%, the method is consid-
ered fit-for-purpose. All measurements were performed in triplicate and the mean value
was reported.

Table 7. Measured and certified values of the sediment certified reference material STSD-1.

Element Isotope
LOQ
(μg/g)

Measured Value
in STSD-1 (μg/g)

Certified
Value (μg/g)

Recovery %

Ti 46 1.28 4632 4600 100.7
Mn 55 0.98 3918 3950 99.2

Fe % 57 1.04 4.73 4.7 100.6
Zn 64 0.17 174 178 97.8
Cr 52 0.17 65.9 67 98.4
Ni 62 0.06 25.3 24 105.4
Cu 65 0.12 37.4 36 103.8
Mo 95 0.07 1.37 <5 –
Sn 116 0.22 4.13 4 103.3
Sb 123 0.07 3.42 3.3 103.6
Pb 208 0.08 35.6 35 101.9
Co 59 0.03 17.4 17 102.6
Cd 112 0.02 1.39 – –
Ce 140 0.03 50.1 51 98.2
Tl 205 0.02 0.45 – –
Bi 209 0.02 0.69 – –
Gd 158 0.03 5.6 – –
La 139 0.03 29.2 30 97.3
Th 232 0.2 3.83 3.7 103.5

Unat 238 0.2 8.0 8 100.4

Table 8. Measured and certified values of the sediment certified reference material STSD-3.

Element Isotope
LOQ
(μg/g)

Measured Value
in STSD-3 (μg/g)

Certified
Value (μg/g)

Recovery %

Ti 46 1.28 4370 4400 99.3
Mn 55 0.98 2763 2730 101.2

Fe % 57 1.04 4.49 4.4 102.0
Zn 64 0.17 214 204 105.1
Cr 52 0.17 82.5 80 103.1
Ni 62 0.06 29.2 30 97.3
Cu 65 0.12 38.8 39 99.4
Mo 95 0.07 5.92 6 98.6
Sn 116 0.22 4.31 4 107.6
Sb 123 0.07 4.16 4 104.0
Pb 208 0.08 41.8 40 104.4
Co 59 0.03 16.15 16 100.9
Cd 112 0.02 1.09 – –
Ce 140 0.03 62 63 98.5
Tl 205 0.02 0.42 – –
Bi 209 0.02 0.45 – –
Gd 158 0.03 5.2 – –
La 139 0.03 38.4 39 98.5
Th 232 0.2 8.6 8.5 101.5

Unat 238 0.2 10.3 10.5 97.6

4.3.2. Gamma-Spectrometry

The individual sediment samples were air-dried and cleaned from plant impurities
(roots, leaves, shells, etc.), followed by sieving through 2-mm sieves and homogeniza-
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tion. Samples of about 10 g were packed in standard geometry vessels and measured by
gamma-spectrometry for the determination of the total activity of 137Cs. The activity of
radionuclides was measured using HPGe detector Canberra 7229 (energy resolution 1.8
and efficiency 16% at 1332.5 keV) coupled to a 4196-channel analyzer Canberra 35Plus.
The calibration was achieved using national standard radioactive solutions and standard
samples, produced, and standardized at Czech Metrology Institute (Serial No.: 130520-
1785043). The accuracy and precision of the analysis have been verified by participation in
International Atomic Energy Agency (IAEA) round robin tests. All measurements were
performed in triplicate and the mean value was reported.

4.3.3. Ecotoxicological Studies

The ecotoxicological test Phytotoxkit F ™ [42] measures the reduction of seed ger-
mination (SG) and the growth of young roots (RG) of selected higher plants (Sorghum
saccharatum, Lepidium sativum and Sinapis alba) when seeded in contaminated samples
for several days compared to a control sample.

Sample preparation included drying, grinding, and sieving through 2-mm sieves as
a preliminary step. Then the Phytotoxkit F ™ tests were performed on water-saturated
samples. It was experimentally found that 35 mL of distilled water was required to achieve
100% saturation of control soil with a volume of 90 cm3. The determination of the water
retention capacity of the analyzed sediments was performed on a representative sample
(mean of the three analyzed sediments). To 60 mL of distilled water, 90 cm3 of the sample
was added and after equilibrium was reached, the volume of excess water (15 mL) was
measured, and the volume of water required to achieve saturation of the sample was
calculated (45 mL).

The first step of conducting the Phytotoxkit F ™ test was to place 90 cm3 of each of the
studied sediments, as well as of the control sample, in special plastic test plates. This was
followed by hydration with the necessary volume of distilled water to achieve saturation,
placement of black filter paper, seeding of 10 seeds of the test plant (Sinapis alba—white
mustard) and closing the test plate. Two repetitions for each sediment sample were made,
and 3 for the control sample—Reference OECD soil for Phytotoxkit test (Microbiotests, Gent,
Belgium). The test plates were placed vertically in an incubator for 72 h at a temperature of
25 ± 1 ◦C in the dark. As the last step, the number of germinated seeds was counted and
the length of the roots was measured, using the free software ImageJ [43].

The ecotoxicological effect (%), reflecting the germination of the seeds is calculated
by 100 × (A − B)/A, where A is the average number of germinated seeds for the control
sample and B is the average number of germinated seeds for the analyzed sample.

The ecotoxicological effect (%), reflecting the growth of the roots, is calculated by
100 × (A − B)/A, where A is the mean length (mm) of the plant roots from the control
sample and B is the mean length (mm) of the plant roots from the sample.

4.4. Statistical Analysis
4.4.1. Principal Component Analysis (PCA)

The Principal Component Analysis (PCA) is a multivariate approach to data reduction.
The aim is to find and interpret the latent interdependencies between the variables (chemical
elements) in the data set. Such variables form new ones, called latent factors or principal
components. In addition to discovering the data structure, the PCA data set can be
modelled, compressed, classified and visualized on a plane. The main task in PCA is the
decomposition of the data matrix into two parts—a matrix of factor results and a matrix of
factor weights. The factor weights show the participation of each of the old variables in
the formation of the main components while the factor results are the coordinates of the
objects (layers in the sedimentary cores) in the newly formed variables. The determination
of the number of significant principal components is based on their eigenvalues and the
percentage of explained variation in the data.
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4.4.2. Mann–Kendall Test

The Mann–Kendall test is a non-parametric approach for estimating time trends. The
assessment uses all possible discrepancies between the values for a given layer of sediment
with those of previous years. Positive differences (increase in the concentration of the
element) are marked with +1, negative (decrease in the concentration of the element) with
−1, and the lack of difference with 0. The test takes into account only the sign of the
differences. The null hypothesis is that there is no time trend, the alternative hypothesis
is that there is a positive or negative time trend. The direction of the trend is determined
by the sign of the S statistics, which is the difference between the number of positive and
negative differences. At the assumed significance level (α = 0.05), the null hypothesis is
rejected at values of p < 0.05.

4.4.3. Enrichment Factor (EF)

To distinguish anthropogenic pollution from the natural content of elements in the sed-
iment, enrichment factors (EF) were calculated by comparing the measured concentrations
of chemical elements with the geochemical background values of the study area. To avoid
erroneous enrichment results, geochemical normalization based on the concentration of a
conservative element is usually used. The purpose of normalization is to correct changes
in the nature of the sediment that may affect the distribution of contaminants. Al, Fe, Th,
Ti and Zr are usually used as conservative elements [15,44]. The normalized enrichment
factor (EF) is determined by the metal/X concentration ratio (X = Fe, Al, Th, Ti, Zr) divided
by the background metal concentration/background concentration ratio X:

EF =

(
Me
X

)
sample(

Me
X

)
background

, (1)

Five levels of pollution are often identified—EF < 2: low enrichment; EF 2–5: mod-
erate enrichment; EF 5–20: significant enrichment; EF 20–40: strong enrichment; EF > 40:
extremely strong enrichment. In addition, values of 0.5 ≤ EF ≤ 1.5 suggest that the concen-
tration of the elements may come entirely from natural weathering processes. However,
EF > 1.5 shows that a significant part of the microelements did not come from the earth’s
crust, i.e., their origin is from other sources, such as point and non-point pollution and
biota [17].

4.4.4. Geoaccumulation Index (Igeo)

A similar approach was used for the determination of the Geoaccumulation In-
dex (Igeo):

Igeo = log2

(
Cn

1.5Cre f

)
, (2)

where Cn is the concentration of the element in the sample and Cref is the background
concentration [45].

The coverage factor of 1.5 used allows the normalization of possible variations in the
data for background concentrations, which may also be due to anthropogenic pollution.
7 classes of contamination are known depending on the Geoaccumulation Index (Igeo ≤ 0
—uncontaminated sample; 0 < Igeo < 1 uncontaminated to moderately contaminated sample;
1 < Igeo < 2 moderately contaminated sample; 2 < Igeo < 3 moderately to highly contami-
nated sample; 3 < Igeo < 4 heavily contaminated sample; 4 < Igeo < 5 heavily to extremely
contaminated sample; Igeo > 5 extremely contaminated sample) [14,46–48]. The highest
class corresponds to at least a 100-fold difference with the background concentration.
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5. Conclusions

Based on the measurement of γ-activity of the technogenic 137Cs, an accumulation of
an average of 15 cm of sediment was established for 34 years, at a sedimentation rate of an
average of 0.44 cm/year.

The distribution of the concentrations of chemical elements in the sediment from the
three sampling points (1—Pchelina Reservoir at the flow of Struma River, 2—Pchelina
Reservoir at the flow of Svetlia River and 3—Pchelina Reservoir near the village of Radi-
bosh) is presented. PCA of the data shows three main components, which describe nearly
80% of the variation of the data. The first main component (41.53% of the data variation)
contains Mn, Fe, Cr, Ni, Cu, Mo, Sn, Sb and Co. The factor scores show that the concen-
trations of these elements decrease in the order Pchelina > Struma > Svetlia. All these
elements have a positive time trend in the Struma sediment core, which is an indication
that most of the elements in the Reservoir come through the anthropogenically affected
river Struma. The second main component (22.16%) is formed by Ce, Gd, La, Th, and Ti,
which decrease significantly with time in Svetlia and Struma. The third main component
(15.44%) is formed by the elements Zn, Pb, Cd, Bi and Unat. The factor scores of the layers
in the sedimentary cores show the anthropogenic origin of most of these elements. There is
an increase over time in the sedimentary cores in Struma and Pchelina. The increase in the
sedimentary layers of Pchelina is especially pronounced. In the first group (beginning of
the studied period), there are contents comparable to the sediment core of Svetlia, while
the contents of the elements in the second group are the highest for the three studied
sediment cores.

To distinguish anthropogenic pollution from the natural content of elements in the
sediment, enrichment factors (EF) have been calculated for which Fe concentrations have
been used as a conservative element. Significant enrichment was observed only at the refer-
ence point (Pchelina), for Zn and Cd. In terms of Cd, the enrichment in Svetlia is moderate.
The enrichment factor is 1.8 in the Struma, which shows significant contamination with this
metal in the entire Reservoir. Except for these elements, moderate enrichment is observed
for Cu, Pb, Ce and Th only in Pchelina, as well as for T1 and Unat in Svetlia and Pchelina.
For most elements, the geoaccumulation index corresponds to an uncontaminated sample.
In Svetlia, only for Cd, T1 and Unat the index corresponds to an uncontaminated to mod-
erately contaminated sample. The index of geoaccumulation in the sediments of Struma
corresponds to an uncontaminated to moderately contaminated sample for Fe, Cr, Mo and
Sn and to a moderately contaminated sample for Sb and Cd. The geoaccumulation index
for the sediments of Pchelina corresponds to an unpolluted to moderately contaminated
sample for Pb, Tl and Unat (similar to the Svetlia sediments) and a moderately polluted
sample for Zn and Cd (similar to the Svetlia sediments). Moderate contamination of the
sediments of Pchelina Reservoir in all sampling points is from Cd.

The results of the Phytotoxkit F bioassay revealed the low ecotoxicity of Pchelina
Reservoir surface sediments in terms of both seed germination (SG) and root growth (RG)
of the plant species Sinapis alba.
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Abstract: Different hypotheses have been tested about the fractionation and bioavailability of rare
earth elements (REE) in mangrove ecosystems. Rare earth elements and bioavailability in the
mangrove ecosystem have been of significant concern and are recognized globally as emerging
pollutants. Bioavailability and fractionation of rare earth elements were assessed in Jazan and
AlWajah mangrove ecosystems. Comparisons between rare earth elements, multi-elemental ratios,
geo-accumulation index (Igeo), and bio-concentration factor (BCF) for the two mangroves and the
influence of sediment grain size types on concentrations of rare earth elements were carried out. A
substantial difference in mean concentrations (mg/kg) of REE (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, and Lu) was established, except for mean concentrations of Eu, Gd, Tb, Tm, and
Lu. In addition, concentrations of REEs were higher in the Jazan mangrove ecosystem. However,
REE composition in the two mangroves was dominated by the lighter REE (LREE and MREE), and
formed the major contribution to the total sum of REE at 10.2–78.4%, which was greater than the
HREE contribution of 11.3–12.9%. The Post Archean Australian Shale (PAAS) normalized values
revealed that lighter REE (LREE and MREE) were steadily enriched above heavy REE. More so, low
and negative values of R(H/M) were recorded in the Al Wajah mangrove, indicating higher HREE
depletion there. The values of BCF for REEs were less than 1 for all the REEs determined; the recorded
BCF for Lu (0.33) and Tm (0.32) were the highest, while the lowest BCF recorded was for Nd (0.09).
There is a need for periodic monitoring of REE concentrations in the mangroves to keep track of
the sources of this metal contamination and develop conservation and control strategies for these
important ecosystems.

Keywords: mangrove; rare earth elements; distribution; bioaccumulation; Avicennia marina; Red Sea

1. Introduction

The Red Sea is a channel that forms a linkage between the Mediterranean Sea (north)
and the Indian Ocean (south). The sea is a marine biodiversity hotspot with a high
abundance of coral reefs, mangroves, and sea grass [1,2]. In aquatic ecosystems such
as the Red Sea, suspended sediments and particulate matter may account for almost 90%
of metal burden [3].

Rare earth elements (REEs) are a collection of seventeen chemical elements in the
periodic table and are generally trivalent elements, excluding Ce and Eu, which tend to
exist as Ce (IV) and Eu (II). REEs starting from La and ending with Sm are considered
light rare earth elements (LREEs), while those ranging between Gd and Lu are considered
heavy rare earth elements (HREEs) [4]. The light rare earth elements (LREEs) and heavy
rare earth elements (HREEs) have analogous geochemical behaviors. They give a better
understanding of complex procedures of a geochemical nature that single proxies cannot
readily discriminate due to their coherent and expectable characteristics [4,5].

REEs do not occur in pure metal form even though they occur in nature, although
Promethium, the rarest, only occurs in trace quantities in natural materials as it has no stable
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or long-term isotopes [6]. Globally, REEs are recognized as emerging micro-pollutants
in aquatic ecosystems [7,8]. Modern technologies, on the other hand, utilize REE for its
unique physicochemical properties in high-tech applications [9]. For example, AgInSe2
(AIS) is one of the most attractive materials in thin film solar cell applications because
of its high optical absorption coefficient [10]. As a result, it is unlikely that REE would
spread naturally in most coastal habitats such as mangroves because they have already
been impacted by anthropogenic activities [8,11,12].

Mangroves are important intertidal coastal systems that provide multiple ecological
functions. They regulate material exchange at the interfaces between land, atmosphere, and
marine ecosystems [13,14]. Mangrove ecosystems are dynamic in nature, often subjected to
rapid changes in physicochemical properties such as water content, pH, salinity, texture,
and redox conditions due to tidal flushing, and the associated flooding could influence
metal contamination. Flooding may develop redox cycles in the aquatic environment,
with alternating periods of oxidizing and reducing conditions [12,15–17]. Therefore, the
application of REE can be useful in tracing the channels and processes in which these
elements are involved, particularly in contaminated environments such as those found in
the Jazan and AlWajah mangrove ecosystems and their biota.

Notably, there are few or no studies providing a comprehensive investigation of the
bioavailability of rare earth elements in the mangrove ecosystems of Jazan and AlWajah in
the northern and southern central Red Sea. As a result, this study will open the way for
periodic monitoring of REE concentrations in mangrove ecosystems, as well as tracking the
sources of metal contamination, allowing for the development of policies for the control
and conservation of these important ecosystems.

2. Results

2.1. REE Composition in Sediment and Influence of Grain Sizes

In this study, the results for REE composition in sediment showed significant variation
(t-test, p < 0.05) between the two mangrove ecosystems investigated (Table 1). A substantial
difference in mean concentrations (mg/kg) of REEs (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, and Lu) was also recorded; however, except for the mean concentrations
of Eu, Gd, Tb, Tm, and Lu, significantly higher concentrations of REEs were recorded in
sediment samples collected from the Jazan mangrove ecosystem (Table 1). Generally, the
concentrations of REEs were lowest in the Al Wajah mangrove ecosystem. The sum of REEs
(∑REE = 112.54 ± 10.48 mg/kg) recorded at the Jazan mangrove was about double that
of Al Wajah (∑REE = 78.47 ± 7.89 mg/kg). Nevertheless, the REE composition in the two
mangroves was dominated by the lighter REEs (LREE and MREE) and formed the major
contribution to the total sum of REEs at 10.2–78.4%, which was greater than the HREE
contribution of 11.3–12.9%. In addition, the sum of LREEs (La, Ce, Pr, Nd) was about seven-
and eight-fold that of the composition of MREEs (Sm, Eu, Gd) and HREEs (Tb, Dy, Ho, Er,
Tm, Yb, Lu), respectively (Table 1).

Table 1. Rear earth elements’ composition (mg/kg) and fractions in northern and southern central
Red Sea mangroves.

AlWajah Jazan AlWajah Jazan

Sediment Average p-Value Leaves Average p-Value

La 12.67 ± 1.73 17.95 ± 2.32 15.31 ± 2.64 0.007 La 0.70 ± 0.11 0.86 ± 0.12 0.78 ± 0.08 0.887
Ce 28.59 ± 2.68 38.35 ± 4.46 33.47 ± 4.88 0.004 Ce 1.48 ± 0.13 1.64 ± 0.20 1.56 ± 0.06 0.776
Pr 3.61 ± 0.23 5.73 ± 0.12 4.67 ± 1.06 0.001 Pr 0.18 ± 0.02 0.34 ± 0.01 0.26 ± 0.07 0.766
Nd 16.62 ± 2.14 22.60 ± 3.59 19.61 ± 2.99 0.002 Nd 0.63 ± 0.09 0.79 ± 0.03 0.71 ± 0.06 0.775
Sm 3.62 ± 0.29 5.65 ± 0.19 4.64 ± 1.02 0.020 Sm 0.17 ± 0.01 0.32 ± 0.04 0.25 ± 0.05 0.895
Eu 0.96 ± 0.05 2.34 ± 0.06 1.65 ± 0.69 0.318 Eu 0.06 ± 0.01 0.21 ± 0.01 0.14 ± 0.05 0.448
Gd 3.43 ± 0.30 5.45 ± 0.21 4.44 ± 1.01 0.449 Gd 0.15 ± 0.02 0.32 ± 0.04 0.24 ± 0.07 0.669
Tb 0.58 ± 0.04 0.89 ± 0.03 0.74 ± 0.16 0.496 Tb 0.05 ± 0.01 0.21 ± 0.01 0.13 ± 0.07 0.768
Dy 3.32 ± 0.31 5.09 ± 0.06 4.21 ± 0.89 0.001 Dy 0.12 ± 0.02 0.28 ± 0.02 0.20 ± 0.06 0.557
Ho 0.66 ± 0.07 0.94 ± 0.02 0.80 ± 0.14 0.004 Ho 0.05 ± 0.01 0.22 ± 0.01 0.14 ± 0.09 0.975
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Table 1. Cont.

AlWajah Jazan AlWajah Jazan

Sediment Average p-Value Leaves Average p-Value

Er 1.92 ± 0.20 3.27 ± 0.02 2.60 ± 0.68 0.001 Er 0.09 ± 0.02 0.24 ± 0.01 0.17 ± 0.04 0.856
Tm 0.32 ± 0.03 0.52 ± 0.01 0.42 ± 0.10 0.128 Tm 0.05 ± 0.01 0.24 ± 0.01 0.15 ± 0.03 0.368
Yb 1.89 ± 0.20 3.25 ± 0.02 2.57 ± 0.68 0.001 Yb 0.07 ± 0.02 0.22 ± 0.01 0.15 ± 0.08 0.697
Lu 0.29 ± 0.02 0.51 ± 0.01 0.40 ± 0.11 0.136 Lu 0.05 ± 0.01 0.21 ± 0.01 0.13 ± 0.04 0.849
∑REE 78.47 ± 7.89 112.54 ± 10.48 95.51 ± 17.04 0.001 - 3.84 ± 0.76 5.94 ± 0.91 4.98 ± 0.22 0.568
(La/Yb)n 0.49 ± 0.02 0.41 ± 0.01 0.45 ± 0.04 0.008 - - - - -
(Sm/La)n 1.96 ± 0.04 2.17 ± 0.02 2.07 ± 0.12 0.005 - - - - -
(Yb/Sm)n 1.03 ± 0.01 1.13 ± 0.01 1.08 ± 0.05 0.006 - - - - -
R(M/L) 0.25 ± 0.01 0.28 ± 0.03 0.27 ± 0.12 0.043 - - - - -
R(H/M) −0.02 ± 0.01 0.030 ± 0.001 0.005 ± 0.030 0.004 - - - - -
δCe 0.97 ± 0.11 0.86 ± 0.09 0.92 ± 0.06 0.023 - - - - -
δEu 1.27 ± 0.46 1.98 ± 0.39 1.63 ± 0.36 0.015 - - - - -

The values in the table are mean ± standard error.

The principal component analysis biplot revealed the influence of sediment grain size
types on REE concentrations in sediment and the site’s contribution to the total variation
(Figure 1A). The relationship revealed by the PCA was based on component 1 (52.3%)
and component 2 (16.7%), accounting for the total variation of 69.0% (Figure 1A). The
coarse sediment correlation grain size and clay silt grain size showed a positive correlation
with REEs (Figure 1A,B). The PCA loadings further confirm the positive relationship
between the coarse sediment (r = 0.04) and clay silt sediment (r = 0.58) with the REEs
to be true (Figure 1B). In addition, clay silt sediment (r = 0.58) has more influence on
the concentrations of REEs in the sediment than the other sediment grain sizes; this is
revealed to be true in Figure 1B. Relationship analysis based on the site revealed that the
Jazan mangrove ecosystem is more influenced by rare earth elements than the Al Wajah
mangrove ecosystem.

Figure 1. Cont.
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Figure 1. Principal component analysis biplot (A) and loadings (B) for the relationship between
rare earth elements in AlWajah and Jazan mangrove ecosystems. G—Gravel, CSTP—Clay and Silt
particles, CS—Coarse sandy.

2.2. Fractionation of REE and Sediment Quality Index

The Post-Archean Australian Shale (PASS) (Taylor and McLennan, 1985) normalized
REE patterns of the sediments for the two mangrove ecosystems plotted provide a better
understanding of the pattern of accumulation of REE in this study (Figure 2). The results
reveal ∑REE relative enrichment and comparative trends of fractionation for REE. The
fraction (La/Yb)n was higher (0.49) in the Al Wajah mangrove than the Jazan mangrove
(0.41), with an average of 0.45 ± 0.04 for the two mangroves (Table 1). For the fractions
using (Sm/La)n, a significantly higher value (2.17) was revealed at Jazan, while the lowest
value was recorded in Al Wajah sediment samples. The average value for the (Sm/La)n
fraction was 2.07, which is the highest median proportion when compared to other fractions,
revealing a significant LREE and MREE accumulation (Figure 2; Table 1). The Al Wajah
mangrove had the lowest value (1.03) of (Yb/Sm)n, while a significantly higher value (1.13)
was recorded for sediment sampled from the Jazan mangrove ecosystem. The average for
(Yb/Sm)n in the two mangrove ecosystems was 1.08.

The multi-elemental ratios R(M/L) and R(H/M) indicate positive values correspond-
ing to patterns of fractionation with average MREE enrichment and average HREE deple-
tion. This was supported by the positive range values for R(H/M), the very low positive
value for R(H/M) in Jazan, and the negative value at the Al Wajah mangrove, and also a
range value from negative to positive (Table 1). There was more enrichment of MREEs at
Jazan, with the highest value of R(M/L) (0.28). The low values of R(H/M) and the negative
value for Al Wajah indicate HREE depletion, with even more depletion at the Al Wajah
mangroves. There exists a significant difference (t-test; p < 0.05) in the multi-elemental
ratios (R(M/L) and R(H/M)) between the two mangrove ecosystems. Ce and Eu anomalies
in the two mangroves were revealed by computing the anomalies during the normal and
expected shale-normalized REE concentrations, to enable quantification of the probable
anomalous concentration. The result revealed a small negative anomaly for Ce, as the
average value was almost equal to one. Congruent with the average value, the values of
Ce in Al Wajah (0.97) and Jazan (0.86) are still small and negative, with that of Al Wajah
being slightly lower. In contrast, the Eu anomaly is small and positive (1.63), with slightly
lower (1.27) and higher (1.98) Eu anomaly values at the Al Wajah and Jazan mangroves,
respectively (Figure 2; Table 1).
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Figure 2. Rare earth elements/Post-Archean Australian Shale (REE/PAAS) patterns for sediments of
northern and southern central Red Sea mangrove ecosystems. Values are mean ± standard error.

The sediment quality index used in this study was the geo-accumulation index (Igeo),
which has seven classes of enrichment as described by Muller (1969). Using the Igeo,
sediments from the two mangroves were strong to extremely contaminated (4 ≤ Igeo ≥ 5)
with La, Ce, Pr, Nd, Sm, and Gd, and moderately to strongly contaminated (1 ≤ Igeo ≥ 3)
with Dy, Er, and Yb (Figure 3). In addition, Igeo revealed that the sediment was not
contaminated (<0) with Eu, Tb, Ho, Tm, or Lu, with negative Igeo values (Figure 3).

Figure 3. Geo-accumulation index of rare earth elements at Al Wajah and Jazan mangrove ecosystems.
Values are mean ± standard error.

2.3. REEs in Mangrove Avicennia Marina and Bio-Concentration Factor (BCF)

The REE concentration in A. marina leaves was not significant (t-test; p > 0.05) between
the two mangrove ecosystems assessed (Table 1). However, a similar pattern of REE
distribution in A. marina leaves and mangrove sediment was established, with higher
concentrations in Jazan mangrove leaves. The higher sum total of REEs in A. marina leaves
from the Jazan mangrove was about 1/18 of the total sum in sediment, while the lowest
value for A. marina leaves in the Al Wajah mangrove was about 1/20 of the sum total in
sediment (Table 1). This indicates that the ∑REE in the Al Wajah and Jazan mangrove
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sediments were 20- and 18-fold that of the ∑REE in their A. marina leaves, respectively.
This is supported by the distribution of REEs in sediment and leaves presented in Figure 4,
with higher distributions in sediment than leaves and in the Jazan and Al Wajah mangrove
ecosystems. For specific REEs in A. marina leaves and sediment, the heat map shows that
all the concentrations of the 14 REEs determined in A. marina leaves are associated (0.0–0.5)
with the concentrations in the sediment (Figure 5). However, the BCF values are less than 1
for all the REEs determined; the recorded BCF values for Lu (0.33) and Tm (0.32) were the
highest, while the lowest BCF recorded was for Nd (0.09) (Figure 6).

B 

A 

Figure 4. Box and violin plot for distribution of REE in mangrove sediment (A) and A. marina (B). The
boxplot for each mangrove displayed the distribution based on the minimum, median, and maximum
value, while the violin plot depicts the distribution and density of variables for each mangrove.
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Figure 5. Heat map for the relationship between rare earth elements in sediment and A. marina.

Figure 6. Bio-concentration factor (BCF) for REE composition in northern and southern central Red
Sea mangrove ecosystems. Values are mean ± standard error.

3. Discussion

3.1. Influence of Sediment Grain Size on REE Concentrations and Fractionation

Studies indicate that sediment grain size type is a vital factor for REE accumulation
in sediments from the Al Wajah and Jazan mangrove ecosystems; this was supported by
results from the two mangroves subjected to data analysis. Aquatic ecosystems encompass
a combination of diverse products of physicochemical processes functioning in various
aspects of drainage basins [18]. This could be linked to or support the influence of grain
size types on elements concentrations and distribution, which has also been reported
previously to partly reflect the impacts of the hydrodynamic environment [19]. It is impor-
tant to note that transportation, resuspension, and deposition of allochthonous sediments
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into an aquatic environment such as the mangrove ecosystem could be influenced by
hydrodynamics [19,20]. However, the fractionation of REEs is largely due to mineralogical
controls and the diversity of sediment detrital minerals composed of different grain size
types triggered by the complex nature of patterns for drainage weathering and hydro-
dynamic sorting [21,22]. In other studies, different minerals were reported to compose
specific REE characteristics due to different grain size types, and differentiation in sizes
during transportation and sediment deposition caused some level of differentiation in
mineralogy [18,21].

Fine-grain particles have large surface area as one of their properties that can influence
an increase in element sorption [23,24]. As such, it is reasonable to hypothesize that there
exists a positive correlation between clay silt sediment particles and concentrations of
REEs. This could constitute a reason for or enable a better understanding of the correlation
between the sediment grain size types and concentrations of REEs in this study [25,26].
Variations in metal concentrations and distribution and their relationship with sediment
grain size types have been reported elsewhere, and notably, these studies demonstrated
that fine-grain sediment in mangroves possess the capacity for adsorption of REEs [27,28].

The Jazan mangrove is a coastal area open to the public with lots of industrial activities
and other anthropogenic activities, and this together with changes in sediment nature
(grain size) could form a major reason for higher concentrations of REEs [12,29]. Notably,
∑REE in Jazan mangrove sediment was almost two-fold that of the ∑REE determined in Al
Wajah mangrove sediment, which is a natural reserve area with rare or few anthropogenic
activities. Elsewhere, in the assessment of REEs in six mangrove ecosystems in the central
Red Sea [19], the average of ∑REE (42.56 mg/kg) was lower than (about 1/3 of) the value
reported from Jazan mangrove (112.54 mg/kg) in this study was established. In another
study on the Egyptian coast of the Red Sea [30], the ∑REE (47.55 mg/kg) reported was
about 1/2 of the ∑REE (112.54 mg/kg) in the Jazan mangrove ecosystem. The depletion of
HREEs relative to the lighter ones observed in this study is similar to previous observations
elsewhere on the assessment of REEs in mangroves and mangrove soil profiles [11,24,31].
HREE depletion in benthic sediment could be as a result of their greater tendency towards
the formation of soluble carbonates in a stable state and complexes of organic forms with
ligands than the lighter REEs (LREE and MREE) [32]. HREEs have a high tendency towards
being less reactive than LREEs and MREEs, and are well adapted or linked with phases
in solid states because they have more pronounced complexation together with ligands
located on surfaces of colloids and particles [19,33]. The removal and/or preference of
LREEs could also be based on this phenomenon [11].

3.2. REE Fractionation and Sediment Quality Index (Igeo)

The utilization of Post-Archean Australian Shale (PAAS) [34] in the normalization
of REE concentrations in sediments of marine ecosystems is vast and quite vital in re-
vealing the comparative fractionation of REEs and the source of REEs, and enables an
easy comparison of various findings in ecosystems. The results of REE fractionation are
widely utilized as tracers for the determination of the effect of contamination sources and
mangrove sediment on flora and fauna diversity, and determination of the chemistry of the
environment [8,19].

The use of REE fractionation in the determination of detailed LREE, MREE, and
HREE enrichment is vital in the assessment of REEs in an ecosystem, even though direct
computation using the sum of the concentrations is measured initially. It is important to
note that (La/Yb)n, (Sm/La)n, and (Yb/Sm)n fractions of Post-Archean Australian Shale
(PAAS) normalized values were used as a model for REE fractionation and represent LREEs,
MREEs, and HREEs, respectively [12,24]. Higher fractions of PAAS normalized (Sm/La)n
were recorded in Al Wajah (1.96) and Jazan (2.17) compared to (Yb/Sm)n, and the average
(Sm/La)n (2.07) being higher than the average (Yb/Sm)n (1.08) is an indication of the
predominance of lighter REEs (LREEs and MREEs) over HREEs in sediments, and more
precisely, the levels of lighter REEs (LREEs and MREEs) in Jazan are higher than those of
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the Al Wajah mangrove. However, the higher fraction (La/Yb)n (0.49) at Al Wajah than
(La/Yb)n (0.41) is an indication of the predominance of LREEs at Al Wajah, while MREEs
and HREEs were predominant at the Jazan mangrove, as reflected by the higher values of
(Sm/La)n (2.17) and (Yb/Sm)n (1.13).

Fractionation of REEs has also been defined by some authors using a scale of 1; a
ratio equal to 1 was stated to be an indication of no fraction, whereas a ratio < 1 indi-
cates depletion, and a ratio > 1 implies enrichment of REEs [12,35]. In support of the
aforementioned, multi-elemental ratios R(M/L) and R(H/M) with positive and negative
values signify fractionation patterns enriched with lighter rare earth elements (MREEs and
LREEs), and depletion of HREEs [36,37]. In another study, in the Pichavaram mangrove
ecosystem, similar findings were reported on REE fractionation, with an insight into higher
concentrations of lighter REEs being linked to clay-silt sediment composition in the man-
grove ecosystem [37,38]. This was supported by the positive correlation (r = 0.58) between
the clay silt grain size type and the lighter REEs. Nonetheless, it is critical to note that
deposition of sediment in a high-sediment regime and rapid burial could lead to a reduced
time frame of exposure to REEs in dissolved form with sediment. This causes a restriction
in the capacity of adsorption of the sediment and the possibility of REE depletion, leading
to dissimilarities in concentrations of REEs in mangrove sediment [11,37].

Geo-accumulation index (Igeo) is an important sediment quality index used for the
determination of the extent of contamination of metal and the role of human activities in
sediment metal accumulation [29,39,40]. Anthropogenic sources such as industrialization
and chemicals or substances from anthropogenic activities such as pesticides and fertilizers
contained in agricultural waste could form the key reason for strong to extreme contamina-
tion (4 ≤ Igeo ≥ 5) of certain REEs determined in this study [41–44]. Notably, REEs are often
used as fertilizers, which is a direct approach or application to plant/sediment interphase
for the purposes of growth, yield, and quality improvement. However, this process or
usage of REEs could increase their concentration and sediment or soil contamination [9].

The use of the various applications in several technologies for different materials’
production and finished products involves the exploitation of REEs; this has led to pristine
ecosystem contamination as a result of poor methods of industrial effluent disposal [9,19].
Dy, Er, and Yb might have originated primarily from anthropogenic activities and crustal
material due to their moderate to strong (1 ≤ Igeo ≥ 3) contamination of the sediment.
Conversely, the negative Igeo (Igeo < 0) values for Eu, Tb, Ho, Tm, and Lu suggest
possible sources of these REEs to be local and natural [19,45]. Similarly, in China, high REE
contamination was linked to anthropogenic activities such as industrial activities, with iron
and steel smelting as the major activities [29,46].

3.3. Bio-Concentration Factor (BCF) and REE in Avicennia Marina

Bioaccumulation of metals in plants due to the interaction between plants and sed-
iment is commonly evaluated using Bio-Concentration Factor (BCF) [19,24]. The values
for BCFs for all the REES determined in this study were less than 1 (BCFs < 1); this either
signifies hypo-accumulation of the REEs by A. marina mangrove or the role of an effective
mechanism that is involved in detoxification or exclusion of chemicals in A. marina [19,47].
Elsewhere, in islands of Indian Sundarban and some mangroves stands in the central Red
Sea, results of BCFs reported from these mangroves were in line with our findings with
BCFs for REEs less than 1 (BCFs < 1). However, the highest BCF (0.33) determined in this
present study was almost three-fold that of the highest value of BCF (0.10) established in
Indian Sundarban [12], and 0.01 times greater than the highest BCFs previously determined
in six mangroves from the central Red Sea [19].

The composition of bioavailability forms of sediment REEs and the presence of an
efficient mechanism or capacity for REE uptake in the plant can significantly affect the
phytoextraction of REEs [19,48]. The major reason for the substantial dissimilarity in REE
composition in A. marina leaves could be due to the bioavailable REE content in the two
mangroves investigated. Previous studies have established a positive correlation between
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increased REE phytoextraction, the concentration of REE in sediment, and environmental
variations due to anthropogenic influence or weathering of chemical nature, with the
tendency of affecting REE sequestration [19,49].

4. Materials and Methods

4.1. Study Area

The Red Sea of Saudi Arabia encompasses an area of mangroves of approximately
135 Km2, and the mangroves are disseminated to the northern boundary at 28.207302◦ N [50].
The arid environment with high temperatures and sparse rainfall is associated with the
central Red Sea. In the central Red Sea of the kingdom of Saudi Arabia, some mangrove
habitats appear as a narrow fringe supporting halophytes. These mangroves could at times
be flooded [26,51]. The abundance of mangroves and levels of anthropogenic activities were
used as criteria in the selection of the mangrove ecosystems investigated. Two (2) mangrove
ecosystems in Jazan and AlWajah (Figure 7) were selected to accomplish our objectives.
In the Jazan mangrove (16◦56′38.3′′ N, 42◦32′31.9′′ E), there are various anthropogenic
activities, with less control in the catchment, while the Al Wajah mangrove (25◦18′25.9′′ N,
37◦06′51.1′′ E) is a reserved area with fewer anthropogenic activities and control of such
activities. These two mangrove ecosystems are dominated by monospecific stands of the
Avicennia marina.

Figure 7. Map showing Al Wajah and Jazan mangrove ecosystems in northern and southern Central
Red Sea.
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4.2. Sampling and Determination of REE

Thirty (30) samples in each mangrove ecosystem (a total of 60 samples) were collected
from two mangrove ecosystems in the northern and southern central Red Sea, Saudi Arabia.
A. marina leaves and mangrove surface sediments between 0–20 cm were sampled twice
monthly from May 2020 to April 2021 from Jazan and Alwajah mangrove ecosystems. At
the time of sample collection, variation in the water depth was from 1 to 11 m. For each
ecological unit, 15 sediment samples and leaf samples each from 15 mangrove trees were
collected in replicate. Van Veen grab-250 cm2 was utilized in the collection of sediment
samples, which were kept in zip lock bags inside an icebox to be transferred to the laboratory
for further analyses. For sediment samples, 0.4 g was weighed into a digestion vessel of
50 mL capacity, and 8 mL HNO3:HCl (1:1) for acid digestion was added. An Anton-
Paar PE Multiwave 3000 microwave oven was then used for the digestion of samples at
200 ◦C for 1 h [52]. Digested samples were kept in a volumetric flask at room temperature,
and topped up to 50 mL with Ultrapure Millipore Q water, shaken, and allowed to sit
overnight. Filtration of the solution was done using a GF/F filter (Whatman), which was
then analyzed for concentrations of rare earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, and Lu) using an Agilent 7700× dual pump Inductively Coupled
Plasma-Mass Spectrometer (ICP-MS) [53].

For leaf samples, samples were cleaned using deionized water. Both leaf and sediment
samples were dried in an oven at 40–45 ◦C for 48 and then crushed into powder form
with agate mortar and pestle and sieved through 53 μm nylon mesh. The leaf sample
was acid digested in HNO3:H2O2 (3:1) at 180 ◦C for 45 min using 0.2 g of the sieved
samples. The formation of calibration curves was achieved by analyzing standard mixture
solutions comprising 14 elements at concentrations of 0.5, 1, 5, 10, 20, 50, and 100 μg/L,
with 0.999 linear fitting rates. The analytical method for quality control was assessed
using standard reference materials GSS-1 and GSV-2 for sediments and leaves, respectively.
To confirm repeatability and sensitivity, the solutions of known concentrations used as
standard solutions were placed into the sequence of samples for every eight samples. The
repossessions of REEs in percentage from the accuracy of the analytical method ranged
from 92.68–103.21% and 81.82–116.67% for sediment and leaves, respectively (Table S1,
Supplementary Materials). The acceptance of analytical precision and accuracy was based
on when the standard deviation was <5% for the rare earth elements from the results of the
replications of measurements of the samples and standards.

4.3. Grain Size Analysis in Sediment

The total weight of the oven-dried sediment was measured. Fragmentation of so-
lidified aggregates was done by soaking the dried sediments in distilled water for 24 h.
The sediments were washed and separated into fractions of gravel (>2 mm), coarse grain
(0.063~2 mm), and mud (clay and silt, <0.063 mm) after passing through 0.063 mm and
2 mm sieves. The computation of percentages of sediment grain sizes relative to the
total weight was achieved after the fractions from the residue were dried at 40 ◦C and
weighed [26,38,54].

4.4. Sediment Quality Index and Bio-Concentration Factor (BCF)

The geo-accumulation index based on seven enrichment classes (Table S2,
Supplementary Materials) [55] was utilized as the sediment quality index, and was used
to measure REE contamination levels in the sediment of the two mangroves investigated
using the following formula:

Igeo = log2

[
Cn

1.5 × Bn

]
(1)

where Cn = Concentration of a particular REE in the sediment, Bn = Geochemical back-
ground level of that REE obtained for sedimentary rocks (Shales) as described by Turekian
and Wedepohl [56], and 1.5 = Correction factor [57] to reduce the effect of variations as a
result of sediment lithology.
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The bioavailability of REE in A. marina was determined using the bio-concentration
factor (BCF) to reveal the efficiency of the mangrove to accumulate REEs using the
following formula:

BCF =
Cleaves

Csediment
(2)

where Cleaf and Csediment = Concentrations of a given REE in leaves and sediment, respectively.

4.5. Data Analyses

The Student’s t-test was used for comparison between mean REE concentrations in
sediments, leaves, BCF, Igeo, and sediment grain sizes of the two mangrove ecosystems.
Principal component analysis (PCA) biplot and loadings were used to determine the
relationship between sediment grain sizes and REE concentrations in sediments, while a
heat map was used to determine the relationship between REEs in sediment and A. marina
leaves. The data were analyzed using R for Windows (v. 4.0.3).

The pattern of distribution and REE bioavailability were categorized using fraction
ratios (La/Yb, Sm/La, and Yb/Sm) after the concentrations of REE were normalized (n) to
the Post-Archean Australian Shale (PAAS) [34]. The calculation of multi-elemental ratios
was done as described by Duvert et al. [36] and Noack et al. [58] using the formulas below:

R(M/L) = log
MREEn

LREEn
= log

[
(Gdn + Tbn + Dyn)/3

(Lan + Prn + Ndn)/3

]
(3)

R(H/M) = log
HREEn

MREEn
= log

[
(Tmn + Ybn + Lun)/3

(Gdn + Tbn + Dyn)/3

]
(4)

where R(M/L) = Ratio between medium and light REEs, R(H/M) = Ratio between heavy and
medium REEs, and n refers to PAAS-normalized concentrations.

The non-inclusion of Ce and Eu in the formulas is because of their potential to exhibit
an oxidation state. However, a geometric method was used to compute the anomalies of Ce
and Eu; this was achieved by assuming that the closest neighboring elements act linearly
on log-linear plots [36,59]. The formulas below were used to compute the anomalies:

δCe =
2Cen

Lan + Prn
(5)

δEu =
2Eun

Smn + Gdn
(6)

where δCe and δEu are the measure of the anomalies for Ce and Eu, and n refers to PAAS
normalized concentrations.

5. Conclusions

Fractionating causes a significant enrichment of lighter REEs over HREEs in Al Wajah
and Jazan mangroves. This is supported by positive and negative multi-elemental ratios
R(M/L) and R(H/M), and the enrichment of lighter REEs over the HREEs is attributed
to HREEs having a high tendency towards being less reactive than LREEs and MREEs,
and the preference for removal of the lighter REEs. However, a higher fraction (La/Yb)n
(0.49) at Al Wajah than (La/Yb)n (0.41) is an indication of the predominance of LREEs at Al
Wajah, while MREEs and HREEs were predominant at the Jazan mangrove, as reflected
by the higher values of (Sm/La)n (2.17) and (Yb/Sm)n (1.13). In addition, the anomalies
of Eu were negative for the two mangroves investigated, possibly as a result of dominant
reducing conditions in mangrove sediments.

The REE concentrations in Al Wajah and Jazan mangrove ecosystems were significant,
with higher concentrations in the Jazan mangrove ecosystem. Different anthropogenic
impacts in these two mangroves could form the key reasons for the differences recorded.
Clay silt sediment grain size type influences increase REE concentration; however, BCF
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reveals hypo-accumulation potential or capacity of REE by A. marina, with similarity in
REE distribution patterns in sediment and A. marina. In addition, using the scale of Igeo,
based on six classes of classification of the level of contamination, the mangrove sediments
were not significantly different and were strong to extremely contaminated with La, Ce, Pr,
Nd, Sm, and Gd, and moderately to strongly contaminated with Dy, Er, and Yb, but not
contaminated (<0) with Eu, Tb, Ho, Tm, or Lu, showing negative Igeo values. In addition,
BCFs for all the REEs determined in this study signify hypo-accumulation of the REEs by
A. marina mangrove or the role of an effective mechanism that is involved in detoxification
or exclusion of chemicals in A. marina. There is a dire need for periodic monitoring of REE
concentrations in the mangroves investigated, especially the Jazan mangrove ecosystem.
This is to keep track of sources of this metal contamination and to develop strategies for
control and conservation of these important ecosystems.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/molecules27144335/s1. Table S1: Analytical results achieved
on certified reference materials for sediment and leaves; Table S2: Classification of Sediment quality
(Geo-Accumulation Index).
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Abstract: Contaminants of emerging concern (CEC) localize in the biome in variable combinations of
complex mixtures that are often environmentally persistent, bioaccumulate and biomagnify, prompt-
ing a need for extensive monitoring. Many cosmetics include UV filters that are listed as CECs, such
as benzophenone derivatives (oxybenzone, OXYB), cinnamates (2-ethylhexyl 4-methoxycinnamate,
EMC) and camphor derivatives (4-methylbenzylidene-camphor, 4MBC). Furthermore, in numerous
water sources, these UV filters have been detected together with Bisphenols (BPs), which are com-
monly used in plastics and can be physiologically detrimental. We utilized bioluminescent bacteria
(Microtox assay) to monitor these CEC mixtures at environmentally relevant doses, and performed the
first systematic study involving three sunscreen components (OXYB, 4MBC and EMC) and three BPs
(BPA, BPS or BPF). Moreover, a breast cell line and cell viability assay were employed to determine
the possible effect of these mixtures on human cells. Toxicity modeling, with concentration addition
(CA) and independent action (IA) approaches, was performed, followed by data interpretation using
Model Deviation Ratio (MDR) evaluation. The results show that UV filter sunscreen constituents and
BPs interact at environmentally relevant concentrations. Of notable interest, mixtures containing any
pair of three BPs (e.g., BPA + BPS, BPA + BPF and BPS + BPF), together with one sunscreen component
(OXYB, 4MBC or EMC), showed strong synergy or overadditive effects. On the other hand, mixtures
containing two UV filters (any pair of OXYB, 4MBC and EMC) and one BP (BPA, BPS or BPF) had a
strong propensity towards concentration dependent underestimation. The three-component mixtures
of UV filters (4MBC, EMC and OXYB) acted in an antagonistic manner toward each other, which was
confirmed using a human cell line model. This study is one of the most comprehensive involving
sunscreen constituents and BPs in complex mixtures, and provides new insights into potentially
important interactions between these compounds.

Keywords: bisphenol A; bisphenol A analogues; sunscreens; toxicity of mixtures; acute toxicity;
environmental pollution

1. Introduction

For years, the increase in anthropopressure on the natural environment, resulting from
economic, industrial and agricultural activity, has caused significant changes to both abiotic
and biotic systems. Numerous reports provide information about contaminant facilitated
degradation and disintegration of the natural environment. For several years, a key interest
has been to understand the environmental and biological effects of compounds generally
referred to as CECs (contaminants of emerging concern) [1]. CECs typically exhibit a high
level of environmental persistence and are not easily biodegradable, often demonstrating
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the ability to bioaccumulate and biomagnify. Moreover, most of these contaminants are
considered to be bioavailable and capable of disrupting endocrine systems [2].

The cosmetic industry is flooding the market with numerous products in different
formats. A wide range of new cosmetics enter the market each season, including products
that protect the skin from harmful UV radiation. Many of these products contain highly
diverse chemicals, including UV filters, which are considered CECs. These chemicals
encompass organic compounds that are classified into different families, such as benzophe-
none derivatives (e.g., oxybenzone (OXYB)), salicylates, cinnamates (e.g., 2-ethylhexyl
4-methoxycinnamate (EMC)), camphor derivatives (e.g., 4-methylbenzylidene-camphor
(4MBC)), p-aminobenzoic acid and its derivatives. Furthermore, CEC listed inorganic
compounds are also used as UV filters, such as titanium dioxide (TiO2) and zinc oxide
(ZnO), which create a physical barrier to excessive solar radiation [3].

Oxybenzon (OXYB) is a popular ingredient in UV-protective products, owing to its
low production price, ease of synthesis and high solubility in organics. Along with its
threats to animal species, OXYB also threatens plant species, due to the fact that at relatively
low concentrations (e.g., 5 μM), it can cause negative reactions in plant photosynthesis
systems [4], excessive production of reactive oxygen species (ROS) and disassembly of
membranes in algae [5]. Furthermore, several studies performed on fish (Danio rerio and
Oryzias latipes) demonstrate that exposure to OXYB (at 749 μg/L median measured levels)
greatly impacts fecundity, lowering the number of eggs laid and hatched [6].

2-Ethylhexyl 4-methoxycinnamate (EMC) is used as a UV filter to help in the treatment
of sunburns and scars. EMC is detectable in samples of almost all everyday consumer prod-
ucts, in dust collected in private and public buildings, sewage sediments, surface waters
and even mammalian excrements at levels of up to several hundred nM [7]. Considered
a CEC, in some species it has been shown to be a possible factor in reproduction impair-
ments at very low levels, including 0.4 mg/kg (Potamopyrgus antipodarum) and 10 mg/kg
(Melanoides tuberculata) [8].

4-Methylbenzylidene-camphor (4MBC) is also commonly used in multi-ingredient
sunscreen compositions. 4MBC is also detectable in dust and sewage waters at elevated
levels (1780 μg/kg d.w.) [9], resulting from the flushing of household waters, surface out-
flows and industrial discharges [10]. Moreover, like other UV filters, 4MBC may be present
in plastics and other everyday items, posing an additional risk to marine ecosystems.

Much more is known about the environmental impact of bisphenol analogues, in-
cluding BPA, BPS and BPF. These compounds are commonly used in the production of
polycarbonate plastics, epoxy resins, food storage containers, plastic helmets, toys, as well
as many other products. BPF-based resins have very good viscous properties and are
resistant to organic solvents; therefore, it is more and more commonly used in industry.
Furthermore, public acceptance that BPA exposure induces hormonal impairment has led
to a considerable increase in the use of BPS. Unfortunately, this means that “BPA-free”
products are not free of BPS. The presence of bisphenol analogues is ubiquitous, having
been reported in indoor dust, foodstuffs, surface water, sewage sludge, sediment samples,
human urine, blood and in maternal and cord serum, generally with concentration levels
lower than BPA, but in the same order of magnitude [11–14].

Toxicological studies have been carried out for most of the UV filter and bisphenol
compounds, which revealed that they cause adverse changes in living organisms, includ-
ing affecting survival, behavior, growth, metabolism, development and reproduction, in
addition to showing hormonal-like activity [15]. Given the properties of such xenobiotics, it
is essential to carry out research aimed at determining the ecological impact resulting from
their common presence in the environment. Unfortunately, most research focuses on the
quantification of contaminants in the samples. Such information is obviously very useful,
yet it may not be sufficient for a complete assessment of the environmental condition, as
it does not allow for the determination of an actual biological impact of given pollutant,
especially when considering the fact that contaminants do not occur individually within
the environment but are found as mixtures.
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The co-occurrence and the resulting interactions of contaminants make it extremely
difficult to foresee the environmental and physiological effects of such exposure. Therefore,
it becomes necessary to identify and determine the type of interactions that occur between
contaminants (first in model mixtures then in relation to environmental concentration
levels). To date, the research carried out in this area has primarily focused on determining
the impact of mixtures comprising UV filters [16]. However, it is apparent in the envi-
ronment that such contaminants co-occur in mixtures with other xenobiotic compounds,
which can significantly alter the level and action of their toxicity. Our study is the first
systematic attempt to understand the combined impact of these emerging pollutants using
bioluminescent bacteria and then testing if these responses can be recapitulated in human
cancer cells. In this way, we not only test the effects of various pollutant mixtures, but try
to confirm the relevance of the results using human cells.

2. Results

In the following subsections, the results of mixture toxicity studies with bioluminescent
bacteria are given.

2.1. Impact of Three-Component Mixtures on BPA Toxicity
2.1.1. BPA + OXYB + Second Bisphenol

Results of the impact of a third component on the toxicity of BPA and OXYB—in
the form of MDR values—are given in Supplementary Table S1 and Figure 1. With the
CA model, the impact of BPS on the BPA + OXYB mixture had a clear concentration
dependence trend (Figure 1A), whereby increasing BPS concentrations moved the mixture’s
toxicological potential into strong synergy. On the other hand, in the IA model, at the
lowest concentration of BPS, the impact clearly went in the direction of antagonism. A
similar trend was observable when the third component was BPF, but the magnitude of
this action was clearly weaker.

 

Figure 1. MDR values of Aliivibrio fischeri bioluminescent bacteria results for: (A) CA modeling of the
BPA, OXYB and BPS mixture, (B) CA modeling of the BPA, OXYB and BPF mixture, (C) CA modeling
of the BPA, 4MBC and BPS mixture, (D) CA modeling of the BPA, 4MBC and BPF mixture, (E) CA
modeling of the BPA, EMC and BPS mixture, (F) CA modeling of the BPA, EMC and BPF mixture
(n = 2). Red color indicates confirmed synergy, blue indicates antagonism, while yellow and green
refer to under- and overestimation, respectively.
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2.1.2. BPA + OXYB + Second UV Filter

Underestimation was observed in nine cases in our studies to understand the impact
of EMC on a BPA + OXYB mixture. At the lowest concentrations, this three-component mix-
ture had a trend towards synergy (for CA modeling, refer to Supplementary Table S1 and
Figure 1B). This may suggest and justify continuing studies in the direction of low-content
mixtures, which more precisely reflect environmentally relevant mixture compositions.
Nevertheless, both IA and CA models adequately showed variation of toxicity with three-
component mixtures in our study with bioluminescent bacteria.

2.1.3. BPA + 4MBC + Second Bisphenol Analogue

Results of a third component on the toxicity of a BPA and 4MBC mixture are presented
in Supplementary Table S2 and Figure 1C, in the form of MDR values. Interestingly, a trend
was observed when the concentration of a second bisphenol analogue (BPS) was increased,
where the mixture components became synergistic in their behavior (such as in the case
of BPA + OXYB + second bisphenol analogue). In the case of BPF, with CA modeling,
this trend was also observable, but the magnitude was weaker. IA modeling resulted in a
tendency towards overestimation.

2.1.4. BPA + 4MBC + Second UV Filter

The impact of EMC on the toxicity of a BPA + 4MBC mixture was very well forecasted
by the IA model (refer to Supplementary Table S2); The CA model predicted several
instances of underestimation, and this behavior was observed in only six cases of EMC C1
and C2.

2.1.5. BPA + EMC + Second Bisphenol Analogue

A CA model of a BPA, EMC and BPS mixture showed synergistic effects in all cases
and underestimated the impact (Figure 1E and electronic Supplementary Table S3). Some
concentration dependence was also visible in mixtures containing the lowest BPS content,
as well as with BPA C2 and C3. With increasing EMC concentration, the mixture became
more synergistic. Similar behavior was noticeable for mixtures where BPF was present as
the third component (Figure 1F), but there was only one confirmed case of synergy. On the
other hand, both for BPS and BPF, in almost all cases, the IA model showed no significant
interactions (only one case of overestimation was observed—C1 BPS + C1 BPA + C2 EMC).

2.2. Impact of Three-Component Mixtures on BPS Toxicity
2.2.1. BPS + OXYB + Second Bisphenol

MDR results of the BPF impact on a BPS + OXYB mixture are presented in Supple-
mentary Table S4 and Supplementary Figure S2A. For all cases, for BPS C1 no significant
discrepancies between observed and calculated toxicity values were present using either
the CA or the IA model. The OXYB and BPF mixture showed underestimation (for C1 BPF)
and synergy (C2 and C3 of BPF) with BPS C2, having a clear concentration-dependence
trend; interestingly, BPS C3 made all mixtures synergistic.

2.2.2. BPS + OXYB + Second UV Filter

The impact of 4MBC and EMC on BPS + OXYB toxicity are presented in Supplemen-
tary Figure S2B,C, respectively, as well as in Supplementary Table S4. At the lowest BPS
concentration studied, both models indicated no interactions between any chemical found
in the mixture. The BPS C2 and C3 concentration dependence trend was similar to one
observed with the BPS + OXYB + BPF cocktail; however, the IA model showed a trend
towards overestimation. Interestingly, EMC C2 and C3 exhibited a strong undeniable
synergistic impact on all BPS + OXYB mixtures, while the impact of EMC C1 was underes-
timated, with a trend towards synergy at the lowest concentrations of all analytes present
in the cocktail.
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2.2.3. BPS + 4MBC + Second UV Filter

Results of MDR for mixtures containing BPS, 4MBC and EMC are presented in
Supplementary Figure S2D, as well as in Supplementary Table S5. EMS had a tendency to
underestimate the impact on the BPS and 4MBC mixture in almost all cases studied. Of
note, at environmentally relevant levels, almost all other mixtures confirmed the synergistic
impact (with CA model) of these pollutant cocktails.

2.2.4. BPS + EMC + Second Bisphenol

The CA model of BPS + EMC mixtures with BPF again showed interesting trends
(Supplementary Figure S2E and Supplementary Table S6). The lowest BPS concentrations,
with increasing concentrations of BPF and EMC, had a trend towards synergy. The mag-
nitude of this trend was not strong but was noticeable. The BPS C2 and C3 concentration
levels trended towards a slight weakening of synergy, the only exception being the mixture
of BPS C2 + EMC C3 + BPF C2, which showed signs of underestimation. The IA model was
again resistant to concentration variations and was not suitable for predicting plausible
synergy/antagonism of chemicals acting in a similar manner.

2.3. Impact of Three-Component Mixtures on BPF Toxicity
2.3.1. BPF + 4MBC + Second Bisphenol

In the case of CA modeling, BPS had a clear synergistic impact on the BPF + 4MBC toxico-
logical output of the bioluminescent bacteria. Interestingly, a trend of going from underestima-
tion to synergy was clearly correlated with increasing BPS content (Supplementary Figure S3A
and Supplementary Table S7). From an aqueous ecosystems point of view, this may demon-
strate the detrimental effects of replacing BPA with BPS in everyday products/plastics
production and uncontrolled waste disposal.

2.3.2. BPF + 4MBC + Second UV Filter

The impact of EMC and OXYB on the toxicity of BPF + 4MBC is presented in a graphic
manner in Supplementary Figure S3B,C, respectively (as well as in Supplementary Table S7).
No cases of synergy were present (except one result of the mixture with OXYB), and under-
estimation was confirmed in all cases of BPF C3.

2.3.3. BPF + OXYB + Second UV Filter

The results of MDR modeling for BPF + OXYB + EMC are presented in Figure S3D
(and in Supplementary Table S8). The behavior of these three-component mixtures was
similar to the ones shown in Supplementary Figure S2B,C, with many underestimated
cases confirmed. Only one case of synergy was indicated.

2.4. Mixture of Three UV Filters Studied

The CA model for three compounds theoretically acting with the same MOA (Mode of
Action) reflects the impact of such mixtures on bioluminescent bacteria (data presented in
Supplementary Table S9). The results of MDR for the IA modeling are shown in Figure 2,
where a clear trend towards overestimation was visible, indicating that sunscreen compo-
nents compete at the concentrations studied.
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Figure 2. MDR values for IA modeling of the 4MBC, OXYB and EMC mixture of bioluminescent
bacteria results (n = 2). Red color indicates confirmed synergy, blue indicates antagonism, while
yellow and green refer to under- and overestimation, respectively.

2.5. Human Breast Cell Toxicity with MCF10A—A Non-Tumoral, Epithelial Cell Line

In order to study the possible impact of selected UV filters (EMC and 4MBC) with BPA
and DBP (dibutyl phthalate) on human breast cells (with a non-tumoral, epithelial cell line
named MCF10A), we first performed dose-response studies on each of the single substances
(data not shown), which was followed by experiments using mixtures, performed for 24 and
72 h. The concentrations studied are given in Section 4.6. (for CA and IA models). Both UV
filters studied had an antagonistic impact on the BPA and DBP mixture (see Table 1). The IA
model was the more reliable one, as the chemicals belonged to different classes. The studies
showed a small decrement of magnitude for antagonism with increasing concentrations of
DBP in the mixtures with prolonged exposure time, while 4MBC appeared to be a stronger
antagonist when compared to EMC.

Table 1. MDR results of CA and IA toxicity modeling with MCF10A human breast cancer cells
(MDR values > 2.0 exhibit antagonism, MDRs < 0.5 show synergism and MDR values of 0.50–0.71
and 1.40–2.00 mean, respectively, under- and overestimation of the presented models *, n = 3).

S3: EMC S3: 4MBC

24 h 72 h 24 h 72 h

CA IA CA IA CA IA CA IA

C1 BPA + C1 DBP + S3 C1 0.923 2.728 0.852 2.521 0.980 2.897 1.003 2.964
C1 BPA + C1 DBP + S3 C3 0.921 2.708 0.836 2.553 0.970 2.879 1.033 3.018
C1 BPA + C2 DBP + S3 C1 0.869 2.543 0.835 2.486 0.931 2.722 0.856 2.573
C1 BPA + C2 DBP + S3 C3 0.851 2.500 0.774 2.355 0.932 2.756 0.869 2.576
C1 BPA + C3 DBP + S3 C1 0.857 2.492 0.780 2.327 0.907 2.632 0.829 2.506
C1 BPA + C3 DBP + S3 C3 0.840 2.464 0.761 2.309 0.895 2.634 0.856 2.563

* red color indicates confirmed synergy, blue indicates antagonism, while yellow and green refer to under- and
overestimation, respectively.

3. Discussion

UV filter compounds are commonly used as active ingredients in many personal care
products (PCPs) to protect against sunburns, premature aging and skin cancer caused
by the UV light irradiation [17]. In order to ensure PCPs provide adequate protection,
a mixture of individual substances, which usually contain three to eight UV filters, is
common [3]. Growing concern among consumers about the harmful effects of solar ra-
diation has significantly increased the use of products containing sunscreens, which is
directly contributing to their presence in the biome. Currently, there are no regulations
inhibiting such combinations [18]. As a consequence, UV filters have been detected in
different environmental samples in the ng/L to low μg/L range. For example, OXYB has
been detected in seawater samples in the range 13.2 ± 0.4–31.7 ± 0.25 ng/L [19] and <5 to
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19.2 μg/L [17]. Moreover, OXYB has been detected in freshwater with quantitative levels
ranging from 5 to 79 ng/L, as well as in bottom sediments ranging from <7–82.1 ng/g
d.w. [19] and <0.03–65.7 ng/kg d.w. [20]. Some organic UV filters (such as 2-hydroxy-4-
methoxybenzophenone, 4-methylbenzylidene camphor and isoamyl 4-methoxycinnamate,
among others) have been shown to accumulate in mussels, corals, crabs and fish, with
concentrations ranging from few to hundreds of ng/g d.w. (e.g., OXYB and EMC have been
detected in cod liver tissue in the range <20–1037 ng/g and <30–36.9 ng/g, respectively [19]
(Langford et al., 2015)) and in the livers of dolphins [21].

Our study shows, for the first time, how given selected mixtures of BPs and sunscreen
constituents interact in three-component mixtures, at environmentally relevant concentra-
tions. Interestingly, mixtures containing two BPs (BPA + BPS, BPA + BPF, BPS + BPF) and
one sunscreen component (OXYB, 4MBC or EMC), show strong synergy in a prevailing
number of tests. Moreover, mixtures containing two UV filters (any pair of OXYB, 4MBC
and EMC) and one BP (BPA, BPS or BPF) have a strong underestimation potential, which is
clearly concentration dependent. The three-component mixtures of UV filters (4MBC, EMC
and OXYB) act in an antagonistic manner for each other. Interestingly, the antagonist effects
of BPs and these UV filters are conserved in a model human cell line, indicating that these
results may be relevant for mammals. We also show that BPF and BPS have as significant
impact on the toxicity of these mixtures, which is in agreement with the effects of BPA.

The results show important synergistic interactions between BPs and the three sun-
screen constituents, which belong to different chemical classes. The strongest synergy
relate to the synergy within three-component mixtures that hold two different types of
bisphenols and each of the three sunscreens (see Figure 1A,C,E). The results point out that
BPS seems to be important for the synergy action for both OXYB and 4MBC, while the
highest doses of EMC are important for the synergy action with the two other BPs. The
consistent dose dependency driven by both the BPS and EMC suggest that further studies
should be addressed to understand better the mechanisms behind these three-component
mixture effects. Overall, our new data suggest that closer attention should be paid to the
potential of sunscreens to be much more detrimental in environmentally occurring pollu-
tant mixtures, when compared to their individual effects. The synergy of these UV filters
with BPs, which are known to leak out of plastic containers, should prompt investigations
into the coexistence of these products in several different kinds of situations. This includes
when sunscreens are stored in plastic containers for a long time, sometimes at relatively
high temperatures, and then applied to the human skin in relatively high doses [22]. It is
relevant, in this context, that sunscreens have the ability to penetrate deep into skin tissues,
where they are likely to enable the transfer of other compounds [23–25]. For example,
in comprehensive skin tests, EMC was shown to penetrate deep into skin tissue. While
the penetration was less significant, similar observations have been reported for OXYB
and its metabolites [26]. It was also reported that exposure of human macrophages to
EMC led to reduced immunity, increasing the risk of asthma and allergy-related com-
plications, due to elevated excretion of cytokines [27]. Limited studies can be found on
the interactions between sunscreen constituents and other pollutants [28]. In the work of
Brand et al. [29], scientists confirmed enhanced penetration of selected pesticides (e.g., 2,4-
D (2,4-Dichlorophenoxyacetic acid), DEET (N,N-diethyl-m-toluamide), paraquat, parathion
and malathion) when hairless mouse skin was co-exposed to titanium and zinc oxides [29].
In the work of Marrot [30], the possible explanation for elevated atopy or eczema during
periods of increased pollution exposure (heavy metals or polycyclic aromatic hydrocarbons
(PAHs)) include oxidative stress, inflammation and metabolic impairments correlated to
more frequent use of sunscreens. It would be important to investigate if BPs can potentially
contribute to such sunscreen-related effects.

The antagonistic actions of these pollutants at environmentally relevant doses are also
potentially very important. Our finding that three-component mixtures of UV filters (4MBC,
EMC and OXYB) act in an antagonistic manner highlights their potential underestimation
for biological consequences. Moreover, we found that such antagonist actions could be
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replicated in a human breast cell model, suggesting this may also be relevant for mammalian
models, something that is worth further experimental consideration. Such antagonist effects
can potentially skew conclusions of testing in different biological models. We also highlight
the importance of using different experimental models to confirm such findings. Our study
highlights the importance of dose dependency for both these types of pollutants, justifying
the necessity to perform mixture studies using a wide range of concentrations.

Mixtures of UV filters and BPs have never been studied before with the help of marine
organisms, and these results open up a new field for experimental design. Until now,
only single pollutants belonging to UV filters have been studied with microorganisms
belonging to different trophic levels. OXYB appears to be the most toxic substance among
the UV filters, considering studies on microalgae (I. galbana), where OXYB was found
to have an EC50 of 13.87 μg/L, followed by EMC (EC50 74.73 μg/L) and 4MBC (EC50
171.5 μg/L) [31]. In another model, employing Mediterranean mussel (M. galloprovincialis),
the 4MBC solution (EC50 587 μg/L) was found to be the most toxic among the UV filters
studied, while slightly lower toxicities were found for EMC (EC50 3110 μg/L) and OXYB
(EC50 3470 μg/L). Studies using sea urchins (P. lividus) showed that this organism was
more susceptible to EMC (EC50 284 μg/L) and 4MBC (EC50 854 μg/L), when compared
with exposure to OXYB (EC50 3280 μg/L) [32]. Based on these results, it can be suggested
that each marine organism responds to BPs and sunscreens components in a different
manner. Individual predispositions and environmental conditions may also contribute,
but further studies investigating the co-present pollutants are warranted to understand
real-world consequences.

4MBC is known to cause detrimental effects in several test models. For example,
4MBC has been extensively investigated in terms of impact on reproductive systems. The
Japanese rice fish, also known as the medaka (Oryzias latipes), is a fresh and brackish water
fish, making it a good model for upper-tier ecotoxicological battery testing. Exposing
adult male medaka to 4MBC resulted in disruptive spermatogenesis at doses of 5 and
50 μg/L. While 5 μg/L solutions greatly impacted estradiol and vitellogenin concentrations
in the female plasma [33]. Furthermore, exposure of medaka eggs to a 4MBC solution
resulted in prolonged hatching times. Japanese mussels (Ruditapes philippinarum) exposed
to 4MBC at concentrations from 1–100 μg/L resulted in physiological stress due to elevated
levels of antioxidant enzymes (GST) and proteins related to the inhibition of apoptosis
(BCL2) and cellular stress (GADD). Sea snail larvae (Sinum vittatum) exposed to 2.57 mg/kg
solutions of 4MBC had a decreased harvesting rate, while oxygen stress indicators were
not impaired in these test organisms [34]. Moreover, the cell viability, oxidative stress and
growth impairments as toxicological endpoints were studied with Tetrahymena thermophile
protozoans [35] exposed separately to 4MBC and EMC. The EC50 of 4MBC, after 24 h
exposure, reached 5.125 mg/L, while toxicological endpoints of growth inhibition and cells
vitality (5 mg/L at 6 h) were correlated with an ability to break down cellular membranes
at 15 mg/L after 4 h post exposure. 4MBC has also been studied in mammals, including
humans and rats, where plasma concentration levels were measured after application
of a sunscreen product (containing 4% of 4MBC) to the skin [36]; the maximum plasma
values reached 200 pmol/mL. Only a small portion of 4MBC glucuronide metabolite was
detected in human urea samples, confirming the low metabolic capability of humans in
4MBC transformation processes. Bearing in mind all of the above, it becomes evident how
important it is to study CEC mixtures in various organisms and cell lines, which belong to
different trophic levels, as pollutant cocktails greatly lower effective concentration values
in the case of synergy confirmation.

The UV filters and BPs we tested are commonly found together in numerous water
bodies [37]. Large studies, performed to determine over 100 CECs, confirmed the co-
presence of sunscreen active components and BPs in effluents from wastewater treatment
plants [38], although in lower concentrations than studied here. Oxybenzone and BPs
were also instrumentally determined in samples collected from the Niger River delta [39],
confirming a necessity for considering any environmental sample as a cocktail of numerous
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unknown ingredients and their metabolites/transformation products. Certainly, more
work is needed to learn the mechanism of the enhanced toxicity of mixtures studied here,
but our findings suggest that the action of a mixture of UV filters and BPs interfere with
each other. Mixtures containing any of the two BPs studied and one sunscreen show a clear
tendency towards underestimation and synergy, while the effect for cocktails containing
any two UV filters studied and one BP show a slightly weaker effect. Overall, we find
that underestimation events seem to be more frequent and there is a clear concentration
dependence trend. Our results suggest that more studies looking at the direct interaction of
these sunscreen and BP molecules with their potential cellular protein targets are warranted.

4. Materials and Methods

4.1. Chemicals and Reagents

Three different organic UV-filters were selected in this study, i.e., OXYB (oxybenzone,
CAS no. 131-57-7), 4MBC (4-methylbenzylidene-camphor, CAS no. 36861-47-9) and EMC
(2-ethylhexyl 4-methoxycinnamate, CAS no. 5466-77-3), and three bisphenol-analogue
compounds, i.e., BPA (bisphenol A, CAS no. 80-05-7), BPF (bisphenol F, CAS no. 620-92-
8) and BPS (bisphenol S, CAS no. 80-09-1), which were purchased from Sigma Aldrich
(Darmstadt, Germany). HPLC grade MeOH (methanol, CAS no. 67-56-1) was purchased
from Merc (KGaA, Darmstadt, Germany). Ultrapure water was produced by a Milli-Q
Gradient A10 system equipped with an EDS-Pak cartridge to remove endocrine disrupting
compounds (Merck–Millipore, Darmstadt, Germany).

Chemicals used for Microtox® were purchased from Modern Water Ltd. (New Castle,
DE, USA). These were 2% NaCl solution, lyophilized Aliivibrio fischeri bacteria, Microtox
Diluent, Osmotic Adjusting Solution (OAS) and Reconstitution Solution (RS). The instru-
ments and equipment used during the studies were Microtox® 500 analyser of Modern
Water Ltd. (Modern Water Ltd., USA) and electronic pipettes (Mettler Toledo, Columbus,
OH, USA; Eppendorf, Hamburg, Germany).

The breast cell line MCF10A was donated by Professor Anna-Karin Olsson from the
Dept. of Medical Biochemistry and Microbiology (IMBIM), Uppsala Biomedical Center
(BMC), Sweden. MCF10A cells were maintained as a monolayer in T-75 cell culture plastic
flasks (Corning Life Science, Amsterdam, the Netherlands) containing 12 mL of growth
medium, trypsinized (Trypsin, no phenol red, Gibco™, Catalog number: 15090046) and
split 1:4 every 3 days. Complete growth medium consisted of Dulbecco’s Modified Eagle
Medium with F-12 (DMEM/F-12, Gibco™, Catalog number: 31331028) supplemented with
5% horse serum (Horse Serum, heat inactivated, Gibco™, Catalog number: 26050088),
0.5 mg/mL hydrocortisone (Sigma-Aldrich, H0888, (Stockholm, Sweden)), 100 ng/mL CT
(Cholera Toxin, Sigma-Aldrich, C8052), 10 mg/mL insulin (Sigma-Aldrich, I6634), EGF
(20 ng/mL, Human Epidermal Growth Factor (EGF) Recombinant Protein, Gibco™, Catalog
number: PHG0311) and 5 mL P/S (Penicillin-Streptomycin, Gibco™, Catalog number:
15140148 ()). Cell cultures were maintained at 37 ◦C and 5% CO2 in a humidified incubator.

4.2. Preparation of Model Solutions

Before starting the tests, working solutions (C1 = 5 μM, C2 = 10 μM, C3 = 20 μM)
were prepared by diluting the stock solutions with MeOH and ultrapure Milli-Q water,
previously made by dissolving accurately weighted amounts of analytical standards in
HPLC grade MeOH (4 mg/mL). All individual stock solutions were stored in the dark
at −20 ◦C. The working solutions were freshly prepared before each set of analysis. The
amount of MeOH was set at a maximum of 2% in these solutions for all toxicity tests and
was used as the solvent control medium. In Table 2, the basic information on the studied
sunscreens and BPA analogues are given [21,40].
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4.3. Preparation of Ternary Mixtures

The mixtures were prepared via mixing three different compounds diluted to re-
quested concentrations. The general scheme used to prepare the mixtures is shown below.
The same approach followed suitably for C2 and C3 of S1 (C stands for concentration and S
for substance/analyte in mixture). In this way, all mixtures were prepared and studied in
duplicated experiments as follows:

Mixture 1: S1C1 + S2C1 + S3C1
Mixture 2: S1C1 + S2C1 + S3C2
Mixture 3: S1C1 + S2C1 + S3C3
Mixture 4: S1C1 + S2C2 + S3C1
Mixture 5: S1C1 + S2C2 + S3C2
Mixture 6: S1C1 + S2C2 + S3C3
Mixture 7: S1C1 + S2C3 + S3C1
Mixture 8: S1C1 + S2C3 + S3C2
Mixture 9: S1C1 + S2C3 + S3C3
Mixture 10: S1C2 + S2C1 + S3C1
Mixture 11: S1C2 + S2C1 + S3C2
Mixture 12: S1C2 + S2C1 + S3C3
Mixture 13: S1C2 + S2C2 + S3C1
Mixture 14: S1C2 + S2C2 + S3C2
Mixture 15: S1C2 + S2C2 + S3C3
Mixture 16: S1C2 + S2C3 + S3C1
Mixture 17: S1C2 + S2C3 + S3C2
Mixture 18: S1C2 + S2C3 + S3C3
Mixture 19: S1C3 + S2C1 + S3C1
Mixture 20: S1C3 + S2C1 + S3C2
Mixture 21: S1C3 + S2C1 + S3C3
Mixture 22: S1C3 + S2C2 + S3C1
Mixture 23: S1C3 + S2C2 + S3C2
Mixture 24: S1C3 + S2C2 + S3C3
Mixture 25: S1C3 + S2C3 + S3C1
Mixture 26: S1C3 + S2C3 + S3C2
Mixture 27: S1C3 + S2C3 + S3C3
In parallel with mixtures, studies using single compounds in respective, environmen-

tally relevant concentrations were performed for every experiment run (experiments were
performed on a daily routine for the same standards, solutions and bacterial reagents
batch). The raw dose-response data for the studied compounds are presented in electronic
Supplementary Materials as Figure S1.

4.4. Acute Toxicity Determination of the Mixtures

In order to determine the toxicity of the analytes of interest and their ternary mix-
tures, a standard Microtox® acute assay has been performed. To achieve a ready-to-use
bacterial suspension, the lyophilized Aliivibrio fischeri bacteria were rehydrated with 1 mL
of RS. The cell suspension was immediately transferred into a glass cuvette placed in the
reagent well of the analyzer maintained at 5.5 ± 1.0 ◦C. Subsequently, 100 μL of bacterial
solution and 900 μL of working solutions were added into the test vials. Before starting
the test, an osmotic adjustment was performed, using a saline solution to make the sample
salinity optimal (above 2%) for Aliivibrio fischeri. The cuvettes were incubated at 15 ◦C. The
toxicity was determined based on the inhibition of the light naturally emitted (at 490 nm
wavelength) by the bacteria after its exposure to a standard solution/mixture sample. The
bioluminescence level was detected by Microtox® Model 500 Analyzer. Measurements of
the luminescent output of the bacteria were recorded and compared with the light output
of the control sample after 30 min. Each assay was performed in a duplicate. For quality
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control—according to delivery certificates—the phenol and copper (II) sulphate were used
as positive controls.

Change of bioluminescence after t time was calculated according to Equation (1):

% bioluminescence change t = [Gt/(1+ Gt)] · 100 (1)

where G (gamma correction factor) was calculated with Equation (2):

Gt = [(Rt · I0)/It] − 1 (2)

where It is the bioluminescence of bacteria in real sample at time of t, I0 is the initial
bioluminescence of bacteria in real samples and Rt is calculated with Equation (3):

Rt = Ict/Ic0 (3)

where Ict is the bioluminescence of bacteria in control sample after t time of incubation and
Ic0 is the initial bioluminescence of bacteria in control.

4.5. Modeling and MDRs Calculations

The modeling calculations and MDR have been done according to standardized
procedures described in detail in [41]. Mathematical modeling has been performed with
concentration addition (CA) and independent action (IA) approaches, followed by the data
interpretation with the Model Deviation Ratio (MDR) evaluation as presented in details
in [42]. Here, the CA was assessed by using Equation (4):

ECxmix =

(
n

∑
i=0

pi
ECxi

)−1

(4)

where ECxmix is the total concentration of the mixture that causes x effect, pi indicates the
proportion of component i in the mixture, n indicates the number of components in the
mixture and ECxi indicates the concentration of component i that would cause x effect.

The independent action model is used to test toxicants in a mixture for a dissimilar
mode of action, assuming that they act independently; the IA model is a statistical approach
to predict the chance that one of multiple events will occur. The total mixture effect is
calculated using Equation (5):

E(cmix) = 1 −
n

∏
i=0

(1 − E(ci)) (5)

where E(cmix) is the total concentration of the mixture and E(ci) is the concentration expected
from component i.

The CA model does not account for a possible interaction between different chemicals
in the mixture and the deviations of tested mixture toxicity from the predicted one could be
evidence for synergistic or antagonistic interaction between chemicals. To outline significant
deviations (interactions between chemicals) the model deviation ratio (MDR) approach is
applied. MDR (unitless) is defined with Equation (6):

MDR =
Expected toxicity
Observed toxicity

(6)

where Expected toxicity is the effective concentration toxicity for the mixture predicted by
the CA/IA model and Observed toxicity is the effective concentration toxicity for the mixture
obtained from toxicity testing.

MDR values below 0.5 indicate the presence of synergism, values in the range 0.5–0.71
indicate underestimation of the model, values in the range 1.4–2.0 indicate overestimation
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of the model and values above 2.0 indicate antagonism. All calculations were performed
with Microsoft Excel 2016 standard set.

4.6. Methodology of Human Breast Cell Line Studies

Human breast epithelial cells (MCF10A) were seeded in 250 μL complete growth
medium within the inner wells of a 96-well plate (Corning Life Science, Amsterdam, the
Netherlands) at a density of approximately 2 × 104 cells/well. The outer wells were
excluded from the experiment and filled in with PBS. To permit cell adhesion and adaption
to the novel environment, the cells were placed in a humidified incubator at 37 ◦C and
5% CO2 for 24 h. After 24 h, the cells were exposed to different combination of pollutant
mixtures (C1 = 1 μM, C2 = 5 μM and C3 = 10 μM), which were dissolved in DMSO (dimethyl
sulfoxide, Invitrogen™, Catalog number: D12345). Then, after 24 and 72 h (in different
trials), PrestoBlue™ HS Cell Viability Reagent (Invitrogen™, Catalog number: P50200. Pub.
No. MAN0018371) was employed to test the cell viability, which reflects cell proliferation.
The data were further analyzed in Microsoft Excel and GraphPad Prism (version 9.0.0).
Each treatment was conducted with at least three biological replicates.

5. Conclusions

The increasing emissions of CECs into the environment prompts scientists to intensify
their research related to the determination of interactions between chemicals co-present
in complex matrices. Mixtures of CECs are found in practically all industrial and public
service branches; from pharmaceutics, health, wastewater treatment, catalyst applications,
ecosystem monitoring, life cycle assessment and many others. Thus, it is increasingly
important not only to develop new tools to instrumentally determine the content of given
CEC mixtures, but also to validate and adjust already known approaches. Further develop-
ment of advanced mathematical tools to confirm possible interactions that occur between
pollutants are warranted, especially for mixtures of higher orders.

This study is one of the most comprehensive on the interactions of compounds in
complex mixtures, providing evidence for the notion that concentrations of a given CEC
plays a crucial, and sometimes unpredictable, role in exerting cellular or physiological
impacts on a living organism. Our mathematical approach and experimental setup enable
the collection of rational and reliable data, which prompt conclusions on how to assess the
potential overadditive or canceling effects of cocktail components. The findings presented
here are an important next step for a better understanding of how to perform complex
toxicological studies in a systematic manner, and how to evaluate a model’s validity relating
to dissimilar groups of pollutants and cells/organisms belonging to different trophic levels.

In our opinion, this work adds new insights into the field of mixtures impact on
biota and confirms the necessity to increase the number of studies on complex mixtures
of chemicals affecting biota and, gradually, start introducing requirements on admissible
concentrations of particular chemicals, bearing in mind their toxicological impact on biota
when present in mixtures. In such cases, law and policy makers need reliable sources of
information to present and suggest realistic and achievable goals in directives aimed at
minimizing the impact of versatile pollutant cocktails on humans.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27103260/s1, Figure S1. The raw dose-response data
for (a) BPA, (b) BPS, (c) BPF, (d) OXYB, (e) EMC and (f) 4-MBC that were used to pre-select concentra-
tion levels of mixtures components in this research (bars represent SD values for n = 2); Figure S2.
MDR values of bioluminescent bacteria results for: (A) CA modeling of the BPS, OXYB and BPF
mixture, (B) CA modeling of the BPS, OXYB and 4MBC mixture, (C) CA modeling of the BPS, OXYB
and EMC mixture (D) CA modeling of the BPS, 4MBC and EMC mixture, (E) CA modeling of the BPS,
EMC and BPF mixture (n = 2). Red color indicates confirmed synergy, blue indicates antagonism,
while yellow and green refer to under- and overestimation, respectively; Figure S3. MDR values of
bioluminescent bacteria results for: (A) CA modeling of the BPF, 4MBC and BPS mixture, (B) CA
modeling of the BPF, 4MBC and EMC mixture, (C) CA modeling of the BPF, 4MBC and OXYB
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mixture (D) CA modeling of the BPF, OXYB and EMC mixture (n = 2). Red color indicates confirmed
synergy, blue indicates antagonism, while yellow and green refer to under- and overestimation,
respectively; Supplementary Table S1. MDR results of studies on the impact of three-component
mixtures on BPA, BPS, BPF, 4MBC, EMC and OXYB toxicity (MDR values >2.0 exhibit antagonism,
MDRs < 0.5 show synergism and MDR values of 0.50–0.71 and 1.40–2.00 mean, respectively, under-
and overestimation of the presented models; for values of particular concentrations C1, C2 and C3 of
all analytes, please refer to Section 2.2. in the main text) (n = 2); Supplementary Table S2. MDR results
of studies on the impact of three-component mixtures on BPA, BPS, BPF, 4MBC and EMC toxicity
(MDR values > 2.0 exhibit antagonism, MDRs < 0.5 show synergism and MDR values of 0.50–0.71
and 1.40–2.00 mean, respectively, under- and overestimation of the presented models; for values of
particular concentrations C1, C2 and C3 of all analytes, please refer to Section 2.2. in the main text)
(n = 2); Supplementary Table S3. MDR results of studies on the impact of three-component mixtures
on BPA, BPS, BPF, 4MBC and EMC toxicity (MDR values > 2.0 exhibit antagonism, MDRs < 0.5 show
synergism and MDR values of 0.50–0.71 and 1.40–2.00 mean, respectively, under- and overestimation
of the presented models; for values of particular concentrations C1, C2 and C3 of all analytes, please
refer to Section 4.2. in the main text) (n = 2); Supplementary Table S4. MDR results of studies on
the impact of three-component mixtures on BPA, BPS, BPF, 4MBC and EMC toxicity (MDR values
> 2.0 exhibit antagonism, MDRs < 0.5 show synergism and MDR values of 0.50–0.71 and 1.40–2.00
mean, respectively, under- and overestimation of the presented models; for values of particular
concentrations C1, C2 and C3 of all analytes, please refer to Section 4.2. in the main text) (n = 2); Sup-
plementary Table S5. MDR results of studies on the impact of three-component mixtures on BPA, BPS,
BPF, 4MBC and EMC toxicity (MDR values > 2.0 exhibit antagonism, MDRs < 0.5 show synergism
and MDR values of 0.50–0.71 and 1.40–2.00 mean, respectively, under- and overestimation of the
presented models; for values of particular concentrations C1, C2 and C3 of all analytes, please refer to
Section 4.2. in the main text) (n = 2); Supplementary Table S6. MDR results of studies on the impact
of three-component mixtures on BPS, BPF and EMC toxicity (MDR values > 2.0 exhibit antagonism,
MDRs < 0.5 show synergism and MDR values of 0.50–0.71 and 1.40–2.00 mean, respectively, under-
and overestimation of the presented models; for values of particular concentrations C1, C2 and C3 of
all analytes, please refer to Section 4.2. in the main text) (n = 2); Supplementary Table S7. MDR results
of studies on the impact of three-component mixtures on BPF, 4MBC, BPS, OXB and EMC toxicity
(MDR values > 2.0 exhibit antagonism, MDRs < 0.5 show synergism and MDR values of 0.50–0.71
and 1.40–2.00 mean, respectively, under- and overestimation of the presented models; for values of
particular concentrations C1, C2 and C3 of all analytes, please refer to Section 4.2. in the main text)
(n = 2); Supplementary Table S8. MDR results of studies on the impact of three-component mixtures
on BPA, BPS, BPF, 4MBC and EMC toxicity (MDR values > 2.0 exhibit antagonism, MDRs < 0.5 show
synergism and MDR values of 0.50–0.71 and 1.40–2.00 mean, respectively, under- and overestimation
of the presented models; for values of particular concentrations C1, C2 and C3 of all analytes, please
refer to Section 4.2. in the main text) (n = 2); Supplementary Table S9. MDR results of studies on the
impact of three-component mixtures on OXYB, 4MBC and EMC toxicity (MDR values > 2.0 exhibit
antagonism, MDRs < 0.5 show synergism and MDR values of 0.50–0.71 and 1.40–2.00 mean, respec-
tively, under- and overestimation of the presented models; for values of particular concentrations C1,
C2 and C3 of all analytes, please refer to Section 4.2. in the main text) (n = 2).
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Abstract: Advanced oxidation processes (AOPs) have been introduced to deal with different types of
water pollution. They cause effective chemical destruction of pollutants, yet leading to a mixture of
transformation by-products, rather than complete mineralization. Therefore, the aim of our study
was to understand complex degradation processes induced by different AOPs from chemical and
ecotoxicological point of view. Phenol, 2,4-dichlorophenol, and pentachlorophenol were used as
model pollutants since they are still common industrial chemicals and thus encountered in the
aquatic environment. A comprehensive study of efficiency of several AOPs was undertaken by using
instrumental analyses along with ecotoxicological assessment. Four approaches were compared:
ozonation, photocatalytic oxidation with immobilized nitrogen-doped TiO2 thin films, the sequence
of both, as well as electrooxidation on boron-doped diamond (BDD) and mixed metal oxide (MMO)
anodes. The monitored parameters were: removal of target phenols, dechlorination, transformation
products, and ecotoxicological impact. Therefore, HPLC–DAD, GC–MS, UHPLC–MS/MS, ion
chromatography, and 48 h inhibition tests on Daphnia magna were applied. In addition, pH and total
organic carbon (TOC) were measured. Results show that ozonation provides by far the most suitable
pattern of degradation accompanied by rapid detoxification. In contrast, photocatalysis was found to
be slow and mild, marked by the accumulation of aromatic products. Preozonation reinforces the
photocatalytic process. Regarding the electrooxidations, BDD is more effective than MMO, while the
degradation pattern and transformation products formed depend on supporting electrolyte.

Keywords: chlorophenols; Daphnia magna; electrooxidation; ozonation; phenol; photocatalysis

1. Introduction

Today’s highly chemicalized world is far from reaching toxic-free environment. For
example, in 2021 European Environment Agency reported that alarming share of European
freshwaters during 2013–2019 had excessive levels of pesticides [1]. In a broader sense, less
than 38% of waters are claimed to have good status and 75–96% of European seas exhibit
contamination issues [2]. The latter points to a fact that no balance between anthropogenic
pressure and waters’ self-cleaning capabilities is yet established, even though more than
90% of urban wastewater across the EU is thought to be collected and treated [3]. Therefore,
there is a growing commitment to understand and manage pollution, especially with
persistent organic micropollutants.

Phenol and chlorophenols (CPs) are representative examples of a wider group of
phenolic pollutants. Their presence in the environment is due to intensive historical
use, drinking water chlorination, biodegradation of organochlorinated chemicals, and
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their importance in the chemical industry [4–7]. Phenol and some CPs are hyper-volume
production chemicals, according to OECD. What is more, pentachlorophenol is believed
to be the most common chlorinated industrial chemical in the EU [8]. In general, high
acute toxicity and genotoxicity are reported, especially for polychlorinated CPs and their
degradation products. Nevertheless, total global production of commercial CPs is estimated
to tens of kilotons per year and phenol’s production is only slightly less [9]. Used in industry,
phenols are prevalent components of industrial wastewaters. Thus, they are continuously
transferred into ecosystems and they accumulate in the sediments, as well as biota, where
they appear to be ubiquitous. CPs in surface waters reach 2–2000 ng/L [5]; phenols, on the
other hand, yet higher concentrations.

Advanced oxidation processes (AOPs) become well-established technology for water
treatment in the last decades. Phenol concentrations > 5 mg/L [10] or even considerably
smaller concentrations of CPs that are found in wastewaters are, in practice, biologically
non-degradable, but their removal has been proven to be quickly achieved by many physical
methods [4], wet-oxidations, ozonation, and many homo-/heterogenic AOPs so far, which
include additions of catalysts and/or electro-, photo- or sonochemical treatment [6,7,11–14].
Considerable research has been taking place also regarding removal of other phenolic
pollutants, e.g., nitrophenols, by AOPs that use sustainable materials [6,15]. Nevertheless,
despite being optimized and highly effective for the removal of target phenols, complete
mineralization is usually not readily achieved by most of the AOPs. Therefore, their
chemical pathways from removal of parent compound to the mineralization in connection
with the assessment of biological effects remain only rarely studied. For example, the latter
aspect has so far been in the case of CPs reviewed by Karci, focusing on Fenton oxidation
and UV/H2O2 treatment [6].

Ozonation (OZ) is a ‘quasi’ AOP that has one of the longest histories of use and
research, reaching far back in the 20th century. A considerable amount of work has been re-
ported so far on the removal of phenol (PHN) [16–20], 2,4-dichlorophenol (DCP) [18,21,22]
and pentachlorophenol (PCP) [22–25], some reviewed, for example, by Pera-Titus et al. [12]
Studies in majority concluded that OZ exhibits high effectivity in removal of target phenol
and CPs by progressive formation of multiple C–O and C=O bonds before or after destruc-
tion of aromatic ring, as well as cleavage of labile C–Cl, C–H, and C–C bonds. This is
possible through molecular or radical mechanism [14]. Yet only the minority of studies on
OZ assess ecotoxicity specifically on water flea Daphnia magna [26] or study transformation
products (TPs) by wide variety of analytical techniques [18–21,23], especially by mass
spectrometry. One important study on degradation pathways—with a wide repertoire of
identified TPs—was reported and discussed by Oputu et al. [20] A variety of TPs have
been identified so far; the most significant and abundant already in the previous two
decades [18,22,27,28].

The synthesis of advanced materials is a driving force for the development of new,
increasingly more effective AOPs. Photocatalysis (PC) stands out as a perspective tech-
nology. A wide variety of photocatalysts are being assessed, but TiO2-based are by far
the most prevailing. Use of immobilized (less researched) TiO2 thin films on various
supports, e.g., glass, metal oxides, and fibres, represents a new alternative to the use of
conventional powder forms. Photocatalysts can be, moreover, easily doped with, e.g.,
Pt, Sb, N, C, thus reinforcing photoactivity [11,29]. Focusing on immobilized TiO2, the
majority of research is placed on kinetics and target removal of PHN with optimizations
of process parameters [30,31], such as those reported by Nickheslat et al. [32], Dougna
et al. [33] or Sampaio et al. [34] According to our knowledge, only a minority of studies
focuses on DCP [35,36] or PCP removal [36,37]. Moreover, assessments of ecotoxicity or
induced chemical transformations are absent; only basic TPs (e.g., hydroxyphenols, organic
acids) were identified solely by HPLC–UV [11,31,33,37].

During OZ of phenols, highly oxidized and hydrophilic ring-opening products, such
as simple carboxylic acids, are selectively formed but accumulated. Their degradation
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could be faster by subsequent PC. Such complementarity has been stimulating interest in
the sequential method (SQ) [38,39], but research on it is scarce, according to our survey.

AOPs are continuously being developed to reach a ‘low-cost, high-tech, chemical-free’
ideal. One such opportunity has been seen in electrochemical oxidation (EO), by which
degradation is achieved at mild conditions during electrolysis [7,13]. Lab-scale optimiza-
tions of parameters—using boron-doped diamond [40–42] or metal-oxide [41–44] anodes
in different supporting electrolytes—to reach optimal phenol removal efficiency versus
energy consumption are being widely reported. Meanwhile, monitoring the evolution and
toxicity of formed TPs is highly disregarded. Significant research on this matter (PHN
only) has been, for example, performed by Jiang et al. [40], Barışçı et al. [44], Amado-Piña
et al. [17], and Xing et al. [41], again mainly using HPLC–UV.

There is a lack of knowledge of induced degradation processes and pathways, for
which there are no in-depth studies and comparisons available. As so, we focused on
profound analyses of degradation processes of PHN, DCP and PCP induced by: OZ; PC
with N-doped TiO2 thin films on glass plates (N-TiO2

im.) and photooxidation (PO); SQ
(OZ followed by PC); and EO either with boron-doped diamond (BDD) or mixed-metal
oxide RuO2-IrO2 (MMO) anode in two different supporting electrolytes. A wide range of
analytical techniques were applied to obtain information about parent phenol removal,
degradation progressivity, mineralization, and dechlorination, along with evolution of TPs.
Moreover, ecotoxicological insight was gained by assessing ecotoxicity of treated fractions
on water flea Daphnia magna for the first time for some of the above AOPs.

2. Materials and Methods

2.1. Chemicals and AOP Treatment

Chemicals. All the chemicals in the present study were bought from Sigma-Aldrich
(Steinheim, Germany), Fluka (Seelze, Switzerland), Merck (Darmstadt, Germany), Kemika
(Zagreb, Croatia), Fisher Scientific (Loughborough, UK), etc. Purity was at least p.a. or
was not less than 98%. Further details about standards, reagents, solvents, materials for
AOPs, and additional chemicals for identification can be found in Supplementary Materials
(Section S1).

General AOP treatment procedure. Prepared test mixture (Table 1) was transferred into a
reactor and treated with the selected method. During treatment, sampling was performed
at exact time intervals. Collected aliquots (2–20 mL) were stored in plastic vials in freezer at
−20 ◦C. Detailed descriptions of procedures are accessible in the Supplementary Materials
(Sections S2–S5). PCP solutions were always prepared in concentrations less or equal to
approximately 10 mg/L due to poor solubility in water.

AOP materials & configurations. During ozonation, the gaseous mixture O2/O3 was con-
tinuously introduced in the reactor containing test solutions. Photocatalysis was achieved
by using N-doped TiO2 synthesized by the sol-gel method from a TiCl4 precursor. It was
immobilized on glass plates in the form of thin films using the dip-coating technique. A
photocell with a continuous flow of O2 placed in a UVA-illuminator was used. Electrooxi-
dation was achieved in an electrochemical cell with a mesh-type anode (BDD, MMO) and
cathode (stainless steel). For details see the Supplementary Materials (Sections S2–S5).

Table 1. List of test mixtures in ultrapure water (MQ) containing 10 or 50 mg/L phenol (PHN),
2,4-dichlorophenol (DCP) or pentachlorophenol (PCP) treated with several AOPs, namely, ozonation
(OZ), photocatalysis (PC), photooxidation (PO) ozonation followed by photocatalysis (sequential
method, SQ), electrooxidation (EO) either with BDD or MMO anode in supporting electrolyte.

No. AOP Phenols Approx. conc.
(mg/L)

Solvent;
Initial pH

Max. TT
(min)

1 OZ PHN 10 MQ; 8
60DCP 10

PCP 10
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Table 1. Cont.

2 OZ PHN 50 MQ; 8
8DCP 50

3 OZ PHN, DCP, PCP 10, 10, 10 (mix) MQ; 8 3

4 PC & PO PHN 50 MQ, 8
180/300DCP 50

PHN 10
DCP 10
PCP 10

5 SQ PHN 20 MQ; 8
0.2 (OZ);
180 (PC)

DCP 20
PCP 10

6 EO/BDD
EO/MMO

PHN
PHN

50
50 2 g/L NaCl; 6 60

120

7 EO/BDD
EO/MMO

PHN
PHN

50
50 2 g/L Na2SO4; 6 160

160

2.2. Instrumental Analysis

High-performance liquid chromatography coupled to diode-array UV detection. HPLC–DAD
(HPLC System 1100 Series, Agilent Technologies, Santa Clara, CA, USA) was used for
determination of target phenols (PHN, DCP, PCP) and chosen TPs (hydroquinone, catechol,
tetrachlorohydroquinone), semiquantitative estimation of p-benzoquinone, and a number
of chromatographic peaks (with UV-absorptivity). The used column was Kinetex XB-C18,
150 mm × 4.6 mm, 5 μm, 100 Å (Phenomenex, Torrance, CA, USA) and guard column
Gemini-C18, (Phenomenex, Torrance, CA, USA). Flow rate was 0.7 mL/min. Conditions
I were: mobile phase A—10% acetic acid in MQ; B—acetonitrile; separation programme
(min-%A/%B): 0–90/10, 3–90/10, 10–60/40, 17–20/80, 23–20/80, 24–90/10, 25–90/10,
2 min post time; UV-Vis detection at 254, 270, 285, 305 nm. Conditions II were: mobile
phase A—10 mM H3PO4 in MQ; B—acetonitrile; separation programme (min-%A/%B):
0–100/0, 6–100/0, 9–40/60, 12–20/80, 15–20/80, 16–100/0, 17–100/0, 2 min post time;
UV-Vis detection at 254 and 210 nm.

Ultra-high-pressure liquid chromatography coupled to mass spectrometry. Specific TPs were
tracked by LC–MS/MS (Vanquish LC System, TSQ Quantis, Thermo Fisher Scientific,
Waltham, MA, USA) with negative electrospray ionization. The column, guard column and
flow rate were the same as in HPLC–DAD. Mobile phase composition was A—0.1% formic
acid in MQ and B—acetonitrile; separation programme (min-%A/%B): 0–90/10, 3–90/10,
10–60/40, 17–20/80, 23–20/80, 24–90/10, 25–90/10, 2 min post time. For MS analysis,
N2 (Messer, Bad Soden, Germany, 99.999%) was used as sheath/aux/sweep gas (AU):
70/24/0.5. The ion source was at 385 ◦C and the nebulizer gas was at 520 ◦C. Capillary
voltage was set to −200 V. Spectra were recorded in TIC full Q3 scan mode (m/z 61–355)
with no source fragmentation nor collision-induced dissociations in collision cell.

Gas chromatography coupled to mass spectrometry. Volatile and semipolar products were
selectively extracted by solid-phase microextraction (SPME) by immersion of the CAR-
PDMS, PA or PEG fibre (Supelco, Bellefonte, PA, USA) for 30 min at 30 ◦C in a 5 mL sample
with 0.2 mL of 0.1 M H2SO4 added. Liquid–liquid extraction (LLE) in ethyl acetate and
n-hexane was also conducted. Either LLE or SPME extracts were analysed by GC–MS
(FOCUS GC, ISQ, Thermo Fisher Scientific, Waltham, MA, USA). Conditions I were: DB-
624 column (30 m × 0.25 mm, 1 μm, Agilent J&W, Folsom, CA, USA); He flow was set to
0.8 mL/min; splitless injection with surge mode; inlet temperature 260 ◦C; temperature
programme (50 ◦C, 5 min; 110 ◦C, 10 ◦C/min; 210 ◦C, 15 ◦C/min, 3 min; 230 ◦C, 10 ◦C/min,
8 min; 240 ◦C, 10 ◦C/min, 10 min; 250 ◦C, 10 ◦C/min); ion source temperature 250 ◦C; MS
transfer temperature 250 ◦C; MS was operated in TIC mode in the range m/z 42–350. LLE
extracts were also analysed with GC–MS/MS (TRACE 1300 GC, TSQ 9000, Thermo Fisher
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Scientific, Waltham, MA, USA) at the following conditions II: HP-5MS column (30 m ×
0.25 mm/0.25 μm, Agilent J&W, Folsom, CA, USA); He flow set to 1.0 mL/min; splitless
injection; inlet temperature 280 ◦C; temperature programme (50 ◦C, 3 min; 60 ◦C, 2 ◦C/min,
1 min; 140 ◦C, 5 ◦C/min, 1 min; 320 ◦C, 10 ◦C/min, 1 min); ion source temperature 280 ◦C;
MS transfer temperature 280 ◦C; MS was operated in TIC mode in the range m/z 42–350.

Ion chromatography. Protic species were identified (succinate/malate) and quantified
(formiate, oxalate/fumarate, maleate, and Cl−) or semiquantified (glyoxylate/glycolate/
acetate) by anion-exchange IC (Dionex ICS 5000, Thermo Scientific, Sunnyvale, CA, USA),
consisting of a gradient pump, an electrochemical suppressor (Dionex AERS 500, 4 mm) and
a conductivity detector. The column was AS11-HC (4 × 250 mm, Dionex, Thermo Scientific,
Sunnyvale, CA, USA) and flow rate 1.0 mL/min. Mobile phase composition was A—MQ,
B—10 mM NaOH in MQ, C—100 mM NaOH in MQ. Separation programme (time-A/B/C):
0–95/5/0, 30–85/15/0, 35–70/15/15, 55–67/15/18, 60–60/15/25, 70–95/5/0, 10 min post
time). Suppressor was set to 50 mA.

Total organic carbon (TOC), pH measurements, and UV spectroscopy. TOC (TOC multi
N/C 3100, Analytik Jena, Jena, Germany) according to ISO 8245, 1999, pH (SevenEasy,
Mettler Toledo, Columbus, OH, USA) and UV spectra (Agilent Cary 60 UV-Vis, Agilent
Technologies, Santa Clara, CA, USA) in the range 200–450 nm were additionally determined
in some cases for non-specific estimation of mineralization, evolution of acids or changes
in chromophores.

2.3. Inhibition on Daphnia magna

Ecotoxicity was assessed by 48 h ecotoxicological testing of acute inhibition of mo-
bility of water flea Daphnia magna (Cladocera, Crustacea) according to standard protocol
described in OECD Guidelines No. 202 [45]. More details are given in the Supplementary
Materials (Section S6).

Each treated sample (i.e., ozonated, photocatalyzed, photooxidized, electrooxidized)
was previously diluted with OECD test medium (test mixture) by appropriate factor
to reach the referential ‘test’ concentration of target phenol (γx). Chosen γx for PHN
(50 mg/L), PHN (10 mg/L), PHN for EO by BDD/NaCl, DCP, and PCP were 10.0, 5.0,
5.0, 2.5, 0.6 mg/L, respectively. For example, ozonated 10 or 50 mg/L DCP sample at a
chosen treatment time was diluted 4 or 20 times, respectively. The tests were conducted
in 3 separate determinations in microtiter plates, each containing 10 mL of chosen test
mixture and 10 less than 24 h old Daphnia offspring were added. Incubation of organisms
in samples was conducted for 48 h in the dark at room temperature. After the incubation,
inhibition (%inh) was determined according to Equation (4) in Section 2.4.

2.4. Numerical Evaluation

Approximate treatment time needed for reaching x% removal of target phenol (TTx%).
Approximation of the estimated pseudo 1st kinetic order constant of degradation (kr)

kr =
ln(2)

estimated hal f time (t1/2)
OR estimated from graphs ln[parent phenol] = f (TT) (1)

Approximate level of mineralization at a certain time (%min)

%min = 100 − 100 × TOC (treated sample)
TOC (untreated sample)

(2)

Dechlorination extent at a certain treatment time (%dec)

%dec =
moles (Cl− in treated sample)−moles (Cl−in untreated sample)

y×moles (DCP and/or PCP in untreated sample) × 100
y = 2 for DCP; y = 5 for PCP

(3)
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Normalized relative amount of chosen transformation product (< product >)

< product > =
peak area in chromatogram (chosen product)

the biggest peak area (chosen product in the same set of samples)
(4)

Relative descriptor of a chosen transformation product (RD)

RDprod. =
γ (product in treated sample)×molar mass (parent phenol)

Ef f ×a×γ (parent phenol in untreated sample)×molar mass (product)

(Ef f =
γ (parent phenol in treated sample)

γ (parent phenol in untreated sample) )
(5)

Complete theoretical conversion ‘C6H5–xOClx → a chosen product’ (a is 3 and 6 for oxalic
and formic acid, respectively) is assumed, regardless of other chemical transformations
and changes in the volume of test mixture due to sampling during AOP treatment.

Acute 48-h mobility inhibition with water flea Daphnia magna (%inh)

%inh =
No. of immobilized Daphnia after incubation

No. of Daphnia in the test mixture at the beginning
× 100 (6)

3. Results and Discussion

The motivation was to fully understand complex degradation processes of phenol
(PHN), 2,4-dichlorophenol (DCP), and pentachlorophenol (PCP) in different matrices from
chemical and ecotoxicological point of view. A focus was placed on profound analyses of
treated fractions. This allowed a comparison of four approaches for chemical degradation:
ozonation (OZ), photocatalytic oxidation with immobilized N-doped TiO2 thin films on
glass supports (PC), their sequence (SQ), and anodic electrooxidations (EO) by BDD and
MMO anode, thus covering a wide range of three advanced technologies.

In order to collect data on target degradation progress, dechlorination, mineraliza-
tion, changes in pH, chemical transformations, and evolution of selected by-products,
numerous analytical methods and procedures were applied. Such as: HPLC–DAD, pH
measurement, TOC determinations, UV spectroscopy, solid-phase microextraction (SPME)
or liquid–liquid extraction (LLE) followed by GC–MS or GC–MS/MS, UHPLC–MS/MS,
ion chromatography (IC), and ecotoxicological mobility inhibition tests on Daphnia magna
water flea. All of these are further described in the following section.

3.1. Removal of Target Phenols, Mineralization, and Progressivity

To describe the efficiency of the removal, we used several descriptors that are explained
in Section 2.4, namely: treatment time (TT) needed for reaching > 95% target phenol
removal (TT>95%), estimated pseudo first-order kinetics constant (kr; Equation (1)), and
level of mineralization (%min; Equation (2)).

Ozonation (OZ). Results indicate that at the initial pH of 8, a favourable degradation
process of phenols is possible, which includes rapid target degradation, depending on
their chemical structure (correlation with nucleophilicity, mechanism, and intermediates),
medium complexity (competition for O3 consumption), and initial concentrations (substrate
loads). All of that is reflected in Figure 1a and is in agreement with the literature [12,18].
In all cases, pseudo first-order kinetics could be approximated, e.g., estimated pseudo
first-order constants (kr) for PHN and DCP in separate solutions reached 0.6 and 2.1 min−1

(50 mg/L), respectively, whereas for the mixture they were 1.9, 2.8, and 4.9 min−1 for
PHN, DCP, and PCP, respectively. The approximate TT>95% were 4, 2, and ~0.1 min for
PHN, DCP (50 mg/L), and PCP (10 mg/L), respectively (Figure 1a). The higher the initial
concentration or the greater the amount of co-substrates (see OZ of mixture), the longer
TT>95%. Described progressivity was primarily reflected in: (i) a sudden drop of pH
from 8 to 3–4, with the formation of organic acids; (ii) compounds detected by HPLC–
DAD (e.g., absorption decline < 255 nm, as well as evolution of extra polar products with
minimum retention); and (iii) an increase in the number of IC peaks (showing a quick
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evolution of protic species), presented in the Supplementary Materials (Section S2.1). Since
OZ proceeds in acidic medium, reactions of substrates with O3 were assumed to be taking
part on the gas–liquid interface, especially in the early stage [24,27]. Reaching strongly
acidic pH was thought to greatly influence degradation process. Mineralization was, on
the other hand, not readily achieved. For example, only 50, 40, and 40%min for PHN, DCP,
and PCP (10 mg/L), respectively, was measured after 10 min.

Legend:  PHN,  DCP,  PCP. 

Figure 1. Treatment time for reaching > 95% removal (see Section 2.4) of phenol (PHN), 2,4-
dichlorophenol (DCP) and pentachlorophenol (PCP) (TT>95% in min) after treatment with (a) ozona-
tion (OZ), and (b) photocatalysis (PC), sequential method (SQ), and electrooxidation with BDD
anode in NaCl (BDD/NaCl) and Na2SO4 (BDD/Na2SO4) (note: numbers in parentheses are initial
concentrations in mg/L).

Photocatalysis (PC) and photooxidation (PO). In general, selective, robust, and rapid
degradation is considered for OZ, while mild and slow degradation is known for PC. Data
concerning PC (i.e., UV/O2/TiO2

im. system) indicate up to a 100-times longer treatment
time (reaching few hours) than those characteristic for OZ (reaching few minutes). TT
also depends on specific parameters, such as number of C–Cl bonds [35,36] and initial
concentration [35]. This is in accordance with [12,27] which reported that PC is significantly
less efficient than OZ. For example, estimated kr was 0.01, 0.02, and 0.03 min−1 for PHN,
DCP, and PCP (10 mg/L), respectively, but 0.005 and 0.008 min−1 for PHN and DCP
(50 mg/L), respectively. Therefore, TT>95% are above the 3-h time range. By increasing the
number of C–Cl bonds and initial concentration, removal was faster (Figure 1b), which
shows phenols’ reactivity. PCP has the greatest number of labile C–Cl bonds, the smallest
pKa, and the highest UVA absorptivity (at 365 nm); therefore, its degradation was the
fastest. PO (i.e., UV/O2 system; absence of N-TiO2

im.) was found to be the least effective
and the slowest, since removal efficiency was up to 500 times lower than for PC. This is
especially true in the case of PHN where only 2% removal was reached after 5 h treatment.
In addition, estimated kr were <10−5, <10−3, and 0.006 min−1 for PHN, DCP (50 mg/L), and
PCP (10 mg/L), respectively (Figure 2). Effect of UV light was, therefore, the highest in the
case of PCP (90% removal reached after 5 h) due to the progressive breakage of C–Cl bonds
on the aromatic ring. Mineralization after >180 min of PC treatment was estimated to be 60,
70, and 60% for PHN, DCP, and PCP (10 mg/L), respectively, whereas no mineralization
was induced by PO. UV spectroscopical data on PC of PHN and DCP (50 mg/L) further
support the facts described above, as there was a slow decrease in characteristic peak
absorptivity (270 nm for PHN, 285 nm for DCP) during treatment. Finally, assessment of
HPLC and IC chromatogram peaks may give overall conclusion that PC and PO processes
are more selective, and less dynamic in contrast to OZ (see Supplementary Materials
Section S3.1).
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Legend:  
Inner circle (PO) 

 PO of PHN 
 PO of DCP 
 PO of PCP 

Outer circle (EO) 
MMO/NaCl of PHN 
 MMO/Na2SO4 of PHN 

 

Figure 2. Maximum removal % of phenol (PHN), 2,4-dichlorophenol (DCP), and pentachlorophenol
(PCP) achieved by 300 min of photooxidation (PO), 120 min of electrooxidation with MMO in NaCl,
and 160 min with MMO in Na2SO4.

Sequential method (SQ). In the case of SQ, a direct comparison to PC or OZ alone is
not possible due to different initial concentrations used in experiments. Nevertheless,
experiments show a contrast between OZ and PC, where OZ was considerably faster
(Figure 1b), as already discussed. For example, a 0.2 min ‘flash’ of OZ removed almost
all PCP and approximately 75% of DCP and 25% of PHN. So, SQ may provide a faster
option as opposed to slow PC. Examples of chromatograms are given in the Supplementary
Materials (Section S4.1). On the other hand, it should be noted that during OZ, the pH
suddenly dropped to <6 while, interestingly, during PC the pH did not change significantly.

Electrooxidation (EO). Only PHN degradation (50 mg/L) was investigated by EO.
Removal was the fastest in NaCl as the supporting electrolyte. In the case of BDD/NaCl,
TT>95% was only below 35 min (Figure 1b) but chlorinated aromatics were formed which
were almost completely removed after 60 min. Whereas in the case of MMO, TT>95%
was up to 120 min; also due to mild polychlorination (Figure 2). The process was the
most progressive with BDD, which can be estimated also from HPLC chromatograms.
On the other hand, EO in Na2SO4 was slower, selective, and less dynamic. Less HPLC–
DAD-detectable peaks were generated in comparison to EO/NaCl (see the Supplementary
Materials, Section S5.1). If BDD and MMO are compared, treatment with BDD was effective
on a long run, as 96% removal after 160 min was achieved (Figure 1b). In contrast, an
MMO anode provided only less than 10% removal (Figure 2). Data are comparable to the
literature [17,40,44].

3.2. Dechlorination of Chlorophenols

Monitoring of Cl− concentration allowed us to track the breakage of C–Cl bonds,
referred to as dechlorination. From it, the overall amount of remaining chlorinated com-
pounds can be estimated. The applied descriptor was the dechlorination extent (%dec),
explained in Section 2.4 (Equation (3)).

Ozonation. During OZ, fast (<3 min) and complete dechlorination could be observed.
Curves for dechlorination extent (Figure 3) are in all cases of the same shape, marked by a
fast increase in Cl− concentration, but more steady changes in the later stage of OZ. This
points to the probability that more labile C–Cl bonds on C atoms that are part of aromatic
structures (Ar–Cl) are quickly broken. The same is valid for OZ of mixture, where 100%
combined dechlorination of PCP and DCP was reached after only 3–4 min (data not shown).
All in all, non-chlorinated TPs were in the majority expected during and after OZ, which
is favourable.

Photocatalysis and photooxidation. During PC, the dechlorination process was much
slower than in OZ, expanding to 2–5 h (Figure 3), which is proportional to slower removal
efficiency (see Section 3.1). For example, in the first hour of PC there was still >50% of
chlorinated organic compounds (including non-degraded DCP and PCP), and then from
the third hour onwards, most of the chlorine was already in the form of Cl−, which is
favourable (Figure 3). Nevertheless, long-term dechlorination efficiency could be predicted
since more than 80%dec was achieved after a 5-h treatment. In the PO experiments, cleavages
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of C–Cl also occurred, especially in the case of PCP, rather than DCP (Figure 3b), suggesting
that UVA irradiation plays an important role not only in PCP removal but also in its
dechlorination (<60%dec reached after 5 h). In comparison, Gunlazuardi and Lindu [37]
reported on the much slower PCP’s release of Cl− ions.

 
Legend:  OZ,  SQ,  PC (10 mg/L),  PC (50 mg/L),  PO. 
Note: In the case of sequential method (SQ), 1st point represents Cl  concentration after ozonation 
(OZ). 

Figure 3. Dechlorination (i.e., conversion of organic chlorine into chloride; see Equation (3) in
Section 2.4) of (a) 2,4-dichlorophenol (DCP) and (b) pentachlorophenol (PCP) during ozonation (OZ),
photocatalysis (PC), photooxidation (PO), and sequential method (SQ).

Sequential method. Similar to removal efficiency (Figure 1), OZ with subsequent PC
also reinforced dechlorination process (Figure 3). With 0.2 min of OZ, it was possible to
declare >60%dec and fast dechlorination. However, with subsequent PC, the process steadily
slowed down.

3.3. Transformation Products and Possible Degradation Pathways
3.3.1. General Identification

Several analytical techniques were applied to separate and identify the transformation
products (TPs) forming during treatment: HPLC–DAD, UHPLC–MS/MS, liquid–liquid
extraction (LLE) or solid-phase microextraction (SPME) followed by GC–MS, LLE followed
by GC–MS/MS, and IC (see Section 2.2). A list of some identified TPs is given in Table 2,
where they are numbered from A1 to D16. A part of TPs were identified by several
analytical techniques, while some of them only by one of the applied techniques, thus
lowering the identification certainty.

Ozonation. OZ is considered very effective in destruction of the phenols’ stable
aromatic structure in contrast to other AOPs due to direct reaction with bipolar O3
molecule [14,17,20]. In general, degradation is characterized by many stages, as suggested
by Figure 4. The first indicator of any chemical transformation was the change in colour of
solutions. Firstly (Table 2), rapid and simultaneous formation of 1,2- and 1,4-aromates, e.g.,
hydroxyphenols, benzoquinoids (B12,14,15, C1–6), and others (A10–16, B2–6,7) characteris-
tically occurred, reported also in [20,21,23,24], due to substitutions on orto and para sites
with further oxidations [24]. In smaller extent, partially dechlorinated CPs were formed
(B10), also mentioned in [18,25]. Opening of the oxidized aromatics’ benzene ring may
have led to the formation of multifunctional carbonyl compounds, and from there on to
condensation and cyclization reactions leading to furans, cyclopentanones etc. (C9–15),
similarly as in [16,17,20,27]. A degradation process is highly progressive, but it was termi-
nated by the formation of C1–4 simple organic acids (e.g., oxalic, formic, acetic; D9,12–16)
that are known to accumulate because of their stability towards O3 [17,24,28]. Further
reactions between acids, oxidations [20], cyclizations, cycloadditions, peroxidations, redox
transformations [17], addition reactions with bond breakages [28], and further ozonolysis
might proceed as well, as suggested from literature [20]. In addition, the initial stages of
OZ and higher initial concentrations of phenols brought about oxidative coupling reactions,
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resulting in formation of chlorinated and/or polyhydroxylated coupling products in traces
(most probably phenoxyphenols, biphenyls, dibenzodioxins and others; A1–5,7). Their m/z
with isotopic fingerprints were specifically detected by UHPLC–MS/MS (Table 2) due to
good ionization by negative ESI and are therefore only suggested as possible, but those TPs
were highlighted also by Oputu et al. [20] and Hirvonen et al. [22]. The respective products
were more numerous in the case of OZ of CPs. For example, number of coupling products
was 1 and 8 for PHN and DCP, respectively. These reactions were also non-specifically
confirmed by a sudden drop in pH and by number and peak types detected by HPLC–
DAD and IC. The above highlighted and many other transformations are described also in
literature [6,16,18–21,24,28], especially recently by Oputu et al. in 2020 [20]. For example,
decrease in absorption < 255 nm indicated a rapid formation of simple acyclic compounds,
such as organic acids.

 
Description: aromatic coupling products (C6+)  parent phenol (C6)  hydroxyphenols, 
benzoquinoid species and condensates (C6)  C4–6 organic acids or condensation products  C2–3 
unsaturated organic acids  simple C1–3 saturated organic acids. 

Figure 4. General scheme of the suggested degradation process during ozonation (partially adopted
from [6,16–21,24,28]).

Photocatalysis and photooxidation. In the literature, target identifications of TPs in PC
are prevailing, using only HPLC–UV. A look into identified TPs (Table 2) suggests that
PC was incapable to efficiently open the aromatic ring. Thus, there was a prevalence of
reactions on the aromatic ring [27]. For example, degradation was marked by formation of
benzoquinones, hydroxyphenols (B10,12,14,15), less chlorinated chlorophenols (B10) [36],
as well as dimers, adducts, biphenyls or phenoxyphenols which are thought to be product
of (oxidative) coupling, i.e., formations of C–O and C–C bonds (A1–5,7). These predomi-
nated in the first 2 h of PC, and mostly in the case of PO, so their formation was accelerated
by UVA irradiation. The formation of all mentioned aromatics was a result of radical
hydroxylations, photoinduced oxidations, reductive/hydroxylative dechlorinations, and
other substitution reactions. Consequently, CPs, hydroxyphenols, and benzoquinones are
by far the most frequently identified in the literature, such as hydroquinone (C4), catechol
(C6) and p-benzoquinone (C2) [11,31,33,37]. UVA irradiation plays a significant role in the
cleavage of C–Cl bonds and coupling reactions, but only the presence of photocatalyst
allows for increased destruction of aromatic structures. Radical reactions induce also other
transformations, such as photooxidations, cyclizations, coupling reactions, and conden-
sations resulting in evolution of simpler compounds, e.g., hydroxycyclopentanediones
(C13,14), reported also in [35]. Cyclized organic oxygen derivatives (C11,13,14, D1), and or-
ganic acids (D9) also appeared during PC, but in very low concentrations, and are reported
also in [11,12]. As dechlorination was slow, more chlorinated aromatics were detected.
In the case of PC of PHN, UV spectroscopy showed a gradual increase in the secondary
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absorption peak ranging 280–310 nm, which could have possibly indicated the formation of
various quinoid or condensed aromatic species. During treatment, the overall absorptivity
gradually decreased, and the absorption peaks were no longer clearly defined. Moreover,
there were less HPLC–DAD peaks, which would indicate formation of simple non-aromatic
compounds.

Sequential method. TPs in SQ treated samples were similar to those in OZ which were
then further degraded by PC (Table 2). Interestingly, there were fewer coupling products
detected although they are otherwise typical of PC; possibly because of preozonation.

Electrooxidation. As already mentioned, EO in electrolyte NaCl is the most effec-
tive for the removal of PHN, yet the least successful since there was unfavourable for-
mation of chlorinated aromatics due to in situ electrogeneration of chlorinating agents.
In the case of BDD/NaCl, chlorinated aromatics (mostly chlorophenols, B10, reported
also by Chatzisymeo et al. [43]) were preferentially formed (Table 2). However, after
60 min they were broken down into chlorinated carbonyl compounds and polychloro-
hydrocarbons (C8–10,14,16, D2,3,6–8,10,11), e.g., chloroform, tetra/pentachloropropenes,
tetrachloroetene, tetrachlorocyclopropanes, etc. Thus, ring-opening reactions effectively
occurred. MMO/NaCl treatment was characterized by an even greater generation of
chlorinated aromatics which were accumulated (A1–5,7, B10,12, C3). For example, even
after 120 min of EO they still prevailed; contrarily, in the case of BDD they were quickly
degraded. Despite extensive and rapid target degradation of PHN in NaCl, we cannot
speak of a successful process.

On the other hand, slower EO in Na2SO4 provided more acceptable chemical trans-
formations. Non-chlorinated, hydroxylated and/or highly oxidized aromatics were pref-
erentially formed (Table 2), such as hydroquinone, catechol, p-benzoquinone, and or-
ganic acids [40,44], as well as some coupling products. On the long run, aromatic ring
might have been opened. MMO was an exception since progressivity was slower. Thus,
p-benzoquinone accumulated in a relatively big proportion. Moreover, there were fewer
TPs identified than during EO/NaCl. In addition, probably relatively greater amount of
p-benzoquinone was generated by MMO than by BDD, as estimated from peak areas in
HPLC–DAD. Hydroquinone, catechol, p-benzoquinone, and organic acids (e.g., fumaric,
oxalic, maleic) formation were in majority identified by target analysis with HPLC–UV also
in the literature [17,40,42,44].
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Table 2. Transformation by-products (TPs) of phenol (PHN), 2,4-dichlorophenol (DCP), pen-
tachlorophenol (PCP) and their mixture during ozonation (OZ), photocatalysis (PC; #1), photooxida-
tion (PO; #2), sequential method (SQ), and electrooxidation (EO) with BDD (#3) and MMO (#4) anode
in NaCl and Na2SO4 (for decription of table’s structure and colours, see footnotes).

 A B C D 
1 

 

    

 

        

 
    

 1,2 2   1,2    1   
            
3,4        

2 
 

    

 

     

 

    

 

    
 1,2 2    1,2 1     
            
3,4    3,4 3,4 3  

3 
  

 1,2 1,2 2  1,2    1,2    
            
3,4 3   3,4  3  

4 
    

 

    

 
    

 
    

1,2 1,2 2    1      
            
3,4 3   3,4 3,4   

5 
    

 

    

 

    

 

    
 1,2 2       1   
            
3,4        

6 
    

 

    

 

        

   1   1      
            
 3  3 3,4 3 3  

7 
 

  
 1,2 2  1,2        
            
3,4 3 3,4  3  3  

8 
    

 
    

 

    

 

    

            
            
 3   3  3  

9 
    

 1         1  
            
   3 3    

10 
    

    1,2 1,2       
            
  3,4  3 3 3  

11 
 

    

 

    

 

    

 

    
             
            
      3  

12 
 

    

 
    

 

    

 

    
    1,2        
            
  3,4    3,4  

13  
    

 
    

 

    

 
    

       1  1 1  
            
      3,4 3 

14 
    

 
    

 

    

 

    
    1 1,2  1  1,2 1,2 1,2 
            
  3,4  3,4  3,4 3 

15 
 

    

 
    

 

   

 

    
1,2    1      1 1 
            
        

16 
 

    

 

    

 

   

 
    

1         1,2 1,2 1,2 
             
   3 3 3   

Descriptive 
sub-tables:  

 

Colours:  ▮ ‒ Confirmed or ▮ ‒ suggested structure. 
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3.3.2. Monitoring of the Selected Products

Hydroquinone (HQ), catechol (CT), tetrachlorohydroquinone (TH), and organic acids
(oxalic, OX; formic acid, FO) were quantified from their respective calibration curves ob-
tained by HPLC–DAD and IC (Figures 5 and 6). By IC, acetic/glyoxylic/glycolic, maleic,
succinic/malic, propionic, lactic, fumaric acid (FM; note: coelution with oxalic acid but dif-
ferentiated by HPLC–DAD) could also be detected. Relative abundance of p-benzoquinone
(BQ), as well as other identified TPs was monitored according to Equation (4) (Section 2.4).

 

 
Legend:  [HQ],  [CT],  [TH],  < BQ >,  < PHN >,  < DCP >,  < PCP > (notation 
[product] represents concentration in mg/L, whereas notation <product> represents relative amount 
in %). 
Note: ‘ 30 min’ in graphs (e) and (f) actually represents 0.2 min OZ. 

Figure 5. Concentrations (left y-axis) of hydroquinone (HQ), catechol (CT), and tetrachlorohydro-
quinone (TH), and normalized relative amount (right y-axis; see Equation (4) in Section 2.4) of parent
phenols (PHN, DCP, PCP) and p-benzoquinone (BQ) during (a) ozonation of phenol (PHN) (50 mg/L);
(b) ozonation of mixture (10 mg/L each); (c) photocatalysis of PHN (10 mg/L); (d) photocatalysis and
photooxidation of pentachlorophenol (PCP) (10 mg/L); (e) sequential method of PHN (approximately
20 mg/L); (f) sequential method of PCP (approximately 10 mg/L).
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Legend:  PHN,  DCP,  PCP; darker colour (early degradation stage; i.e., relative descriptor, 
RD, at treatment time when <80% removal was reached or after ‘flash’ ozonation in the case of SQ); 
lighter colour (later degradation stage; i.e., relative descriptor, RD, at treatment time when >80% 
was reached or after photocatalysis in the case of SQ); * Possibly a mixture of oxalic and fumaric 
acid; values in parenthesis (x-axis) are initial concentrations of target phenols. 

Figure 6. Presence of (a) oxalic and (b) formic acid in early and later degradation stages (quantified by
relative descriptor, RD, according to Equation (5) in Section 2.4) of phenol (PHN), 2,4-dichlorophenol
(DCP) and pentachlorophenol (PCP) reached by ozonation (OZ), photocatalysis (PC), photooxidation
(PO), and electrooxidation (EO) with BDD and MMO anode in NaCl and Na2SO4.

Ozonation. The results generally show that organic acids were rapidly formed during
OZ (mostly oxalic, but also formic, maleic, and acetic/glyoxylic/glycolic acid); those were
slowly degraded afterwards (Figure 6). Monitoring of aromatic representatives (HQ, CT,
TH, BQ; Figure 5a,b) indicate that their formation was favourable only in the initial OZ
stages, which means that the aromatic ring was later opened due to ozonolysis, resulting
in acyclic compounds and/or their condensates. Interestingly, HQ evolution was more
favourable than CT’s (Figure 5a,b).

Photocatalysis and Photooxidation. Unlike with OZ, the amounts of HQ, CT, BQ, and
TH were considerable, and they were long-lasting. For example, during PC of PHN,
concentrations of HQ and CT were reaching up to approximately 7 and 3 mg/L, respectively,
while during PO of PHN concentrations were only 0.3 and <0.2 mg/L (data not shown),
respectively. Similar examples are given in Figure 5c,d. Thus, the formation of organic acids
was much slower (similar to slower degradation process), reaching lower concentration
ranges (Figure 6). CT formation was, again, slower than HQ’s and it reached lower
concentrations in both PC and PO processes, reported also in [34]. In the case of PCP
degradation, formation of quite persistent TH stands out, indicating substitution reaction
on the para site. UVA irradiation in the absence of photocatalyst still triggered the formation
of HQ, and CT, but to a much lower extent. This indicates that photolysis of C–H and/or
C−Cl bonds on the aromatic ring and possibly the incorporation of oxygen may have
also led to oxidations to some extent. Additionally, several findings can be obtained from
Figure 7. In the first phase, chlorohydroxyphenol was formed directly from DCP (oxidative
dechlorination), and in the later phase it might have been also formed by hydroxylation of
monochlorophenol itself, which had been previously generated by reductive dechlorination
of DCP. The following pathways could be proposed: DCP ⇒ dichlorohydroxyphenols +
PHN + chlorohydroxyphenol + [monochlorophenol ⇒ chlorohydroxyphenol].
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Legend:  <PHN>,  <monochlorophenol>,  <chlorohydroxyphenol>,  and  <dichloro-
hydroxyphenol, isomer 1 and 2>. 

Figure 7. Normalized relative amount of chosen products (see Equation (4) in Section 2.4) in ozonated
2,4-dichlorophenol (DCP) (50 mg/L) determined by SPME/GC–MS.

Sequential method. In comparison, the decomposition pattern of PHN and DCP by SQ
might have been similar to PC’s, except the concentrations of aromatic TPs were lower, as
these are rapidly formed and destructed during OZ. Production of acids was also lower
due to long PC (Figure 6), but SQ of PCP is an exception since most of it had been already
effectively degraded by preozonation, and thus, acids’ production was higher. In the case
of PHN (Figure 5e), HQ and CT were formed immediately with OZ, and during PC their
concentrations remained mostly unchanged. Moreover, in the case of PCP (Figure 5f), with
previous OZ, it was possible to lower the TH evolution extent effectively, which would
have otherwise been formed by PC.

Electrooxidation. In the case of BDD/NaCl, 2,4-dichlorophenol was detected up to
concentration 29.0 mg/L; in addition, approximately six times higher concentrations were
determined after 160 min of MMO/NaCl than after 35 min of EO with BDD/NaCl. A
similar trend can be concluded for other chlorophenols (Figure 8). During EO/Na2SO4, HQ
was detected in all cases in concentrations < 0.5 mg/L, whereas lower concentrations of CT
were found only in the BDD/160 min sample. BQ evolved in all samples, regardless of the
anode and electrolyte used. In addition, degraded PHN was almost entirely converted into
BQ after 160 min of MMO/Na2SO4 treatment. Acid formation was relatively low, which is
proportional to a slow degradation process (Figure 6).

 
Samples:  PHN treated with BDD in NaCl for 35 min,  PHN treated with BDD in NaCl for 
60 min,  PHN treated with MMO in NaCl for 120 min. 

Figure 8. Relative amount of aromatic products (see Equation (4) in Section 2.4) in electrooxidized
samples PHN determined by SPME/GC–MS (normalized for each product to the highest peak area
of the three analyzed samples).
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3.4. Detoxification Estimated from Acute Ecotoxicity Tests with Daphnia magna

Detoxification of pollutants is the ultimate goal of all degradation technologies, and
not just the removal of parent phenols. Therefore, tests on aquatic invertebrates, such
as water fleas, are extremely important, as these organisms frequently come into contact
with pollutants, which can affect the whole freshwater ecosystem. The advantage of the
applied tests is the ability to non-specifically evaluate the inhibitory and biological effects
of mixtures of all known and also unknown TPs. Results are shown in Table 3, showing
determined 48-h acute inhibition of the mobility of Daphnia magna (see Equation (6) in
Section 2.4) after incubation of test organisms in diluted samples (AOP-treated phenols).

Table 3. Comparison of the inhibition (%inh) on D. magna organisms (i.e., detoxification extent; see
Equation (6) in Section 2.4) of treated phenol (PHN), 2,4-dichlorophenol (DCP), pentachlorophenol
(PCP), and mixture solutions with ozonation (OZ), photocatalysis (PC), photooxidation (PO), sequen-
tial method (SQ) and electrooxidation with BDD and MMO in NaCl and N2SO4 at different treatment
times (TT).

PHN TT0% TT0–25% TT25–50% TT50–100% >TT100%

OZ (50 mg/L)

OZ (10 mg/L)

PC (50 mg/L)

PC (10 mg/L)

PO

SQ OZ PC PC PC

BDD/NaCl

MMO/NaCl

BDD/Na2SO4

MMO/Na2SO4

DCP TT0% TT0–25% TT25–50% TT50–100% >TT>100%

OZ (50 mg/L)

OZ (10 mg/L)

PC (50 mg/L)

PC (10 mg/L)

PO

SQ OZ OZ OZ & PC PC

PCP TT0% TT0–25% TT25–50% TT50–100% >TT>100%

OZ

PC

PO

SQ OZ OZ OZ & PC PC

Mixture TT0% TT0–25% TT25–50% TT50–100% >TT>100%

OZ *

Legend: � < 20%inh, � 20−39%inh, � 40−59%inh, � 60−79%inh, � > 80%inh; � – not determined. Note: Notations ‘OZ’
and ‘PC’ were added in SQ. * TTx% for PHN degradation.

Ozonation. Rapid and complete dechlorination (see [21,24]), high preference to break
down phenols’ aromatic ring and progressive formation of accumulative organic acids, seen
as a sudden drop in pH [16–18,27], are the reasons for rapid detoxification (Table 3). OZ
allowed for quick detoxification which was achieved after less than 1 min treatment, which
is similar to findings in [26]. This is true for OZ of 50 and also 10 mg/L of chosen phenols
(Table 3). Moreover, inhibition on D. magna did not increase during treatment, which means
that less toxic TPs—relative to DCP and PCP—were formed (Table 3). However, this is not
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the case for PHN, where the first increase in inhibition might have been the result of the
formation of oxidized aromatics (e.g., 48hEC50 ratio for HQ and 4,4′-biphenydiol relative
to PHN is 0.004 and 0.1 for D. magna, respectively [46]), and the second increase perhaps
due to oxalic acid formation [17].

Photocatalysis and Photooxidation. Described facts on PC in sections above are the
reason for slow decline in inhibition of the treated samples, and even slower detoxification
reached by PO (Table 3). Uniquely for PHN, an increase in inhibition was characteristic
for both concentrations used. This was due to the formation of highly oxidized aromatics,
such as (chloro)hydroxyphenols, CPs, and (polychlorinated) phenoxyphenols/biphenyls,
which tend to be more toxic and bioavailable to D. magna. For example, 48hEC50 ratio for
DCP, PCP, HQ, and triclosan relative to PHN is 0.1, 0.007, 0.004, and 0.02 for D. magna,
respectively [46]. If transversely compared, inhibitions were higher and longer lasting
(despite the same dilution factor) when higher initial concentrations were used (Table 3).

Sequential method. SQ provided immediate detoxification by ‘flash’ OZ, which other-
wise could not be readily achieved by PC alone. Only in the case of PHN, again, inhibition
increased and persisted (Table 3); most likely due to coupling products and photolysis
reactions of TPs themselves.

Electrooxidation. During EO/NaCl, inhibition was significantly increased, e.g., MMO
inhibition was 100% even after 120 min treatment (Table 3). This was most likely due to
the presence of chlorophenols, which are much more toxic than PHN (e.g., 48hLC50 for
2-chlorophenol, 2,4-dichlorophenol, and 2,4,6-trichlorophenol relative to PHN is 0.35, 0.21,
and 0.17, respectively, for D. magna [47]). Such a remarkable increase in toxicity represents
an unfavourable decomposition process of PHN. On the other hand, despite the initial 94%
inhibition, complete detoxification followed in the case of BDD after 35–60 min electrolysis
(Table 3). This was due to the gradual decomposition of chlorinated aromatics into much
less toxic and volatile chlorinated alkenes and carbonyl compounds, according to 48hLC50
data for D. magna in [47]. In the case of EO/Na2SO4, after 160 min of treatment with BDD,
a final 0%inh could be achieved, but with MMO as much as 100%inh was measured (Table 3).
Nevertheless, there was an intermediate increase in inhibition, which was possibly a result
of the increased amount of BQ and other analogous aromatics. For example, in MMO, BQ
was the predominant TP that accumulated. In conclusion, results discussed in the previous
sections greatly reflect in ecotoxicological data, that can be also compared to tests on other
organisms, e.g., L. sativa [17] and V. fischeri [44].

4. Conclusions

The study is focused on a representative family of ubiquitous and genotoxic pollu-
tants: phenolic compounds, namely, phenol, 2,4-dichlorophenol and pentachlorophenol.
Their chemical fate and potential impact on water organisms during four types of AOP
treatments (ozonation, photocatalytic oxidation with immobilized N-TiO2 thin films, their
sequence, and anodic electrooxidation) were investigated, using a variety of complementary
techniques for instrumental analysis along with ecotoxicological assessment.

Results indicate that ozonation causes a favourable decomposition process from all
viewpoints, which includes rapid target degradation (depending on structure, presence of
co-substrates and initial concentration), fast and complete dechlorination, the rupture of
aromatic structure and the progressive formation of organic acids. Incomplete mineraliza-
tion but rapid detoxification is characteristic. Photocatalysis is a much slower degradation
processes compared to ozonation. It shows the inability to open the aromatic ring efficiently
and quickly, which reflects in the persistence of reactions on the aromatic ring and coupling
of aromatics. The latter is manifested in increased inhibition of treated samples on D. magna,
which only slowly decreases. An alternative approach for the destruction of pollutants
might be seen in ozonation followed by photocatalysis, i.e., the sequential method, which
is demonstrated to shorten the required time of degradation processes and to reinforce the
dechlorination along with detoxification. As for electrochemical degradation, our results
justify the use of more efficient BDD anode but also a need for proper electrolyte selection
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since the latter affect chemical transformations. Phenol removal is by far the fastest and
most efficient in electrolyte NaCl, but it is accompanied by unfavourable formation of chlo-
rinated transformation products. On the other hand, less effective degradation yet more
favourable reactions and detoxification trends are provided by electrooxidation in Na2SO4.

Such a multidisciplinary approach to research the chemical degradation of pollutants
induced by various AOPs is important for environmental protection. The use of many
aspects of sample analysis with the combined expertise of analytical chemistry, environ-
mental chemistry, environmental engineering, materials science, and ecotoxicology is rarely
reported in the literature but is essential for evaluation of any AOP. In the future, in-depth
research shall be performed in the field of (i) combination of complementary AOPs, such as
ozonation followed by photocatalysis, in order to develop optimal sequential AOPs and to,
therefore, minimize their limitations. Furthermore, (ii) there is also a necessity to assess
phenols’ fate during treatment with AOPs in (semi)real matrices, suchlike model and real
waste/surface waters. Finally, (iii) their natural chemical transformations and stability shall
be investigated so as to model their real persistency.
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//www.mdpi.com/article/10.3390/molecules27061935/s1, Table S1: Process parameters used for
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at TT 0 min, (b) at TT 1.5 min, and (c) at TT 4 min, as well as (d) IC chromatograms at TT 0.5 min,
and (e) at TT 4 min; Table S2: Process parameters used for photocatalysis and photooxidation
(reference [48]); Figure S2: HPLC–DAD chromatograms of photocatalytic treatment of (a) PHN (initial
conc. ~50 mg/L) at TT 180 min, of (b) DCP (initial conc. ~50 mg/L) at TT 90 min, and of (c) PCP (initial
conc. ~10 mg/L) at TT 180 min, as well as (d) IC chromatogram of photocatalytic treatment of DCP
(initial conc. ~50 mg/L) at TT 180 min; Figure S3: HPLC–DAD chromatograms of photooxidation of
(a) PHN (initial conc. ~50 mg/L) at TT 180 min, (b) DCP (initial conc. ~50 mg/L) at 180 min, and of
(c) PCP (initial conc. ~10 mg/L) at TT 180 min, as well as (d) IC chromatogram of photooxidation of
DCP (initial conc. ~50 mg/L) at TT 180 min; Figure S4: HPLC–DAD chromatograms of the sequential
method of: (a) PHN after flash ozonation and (b) after 120 min of photocatalysis; (c) DCP (initial conc.
~20 mg/L) after flash ozonation and (d) after 120 min of photocatalysis; Table S3: Process parameters
used for anodic electrooxidations; Figure S5: HPLC–DAD chromatograms of electrooxidation of PHN
(initial conc. ~50 mg/L) (a) by BDD in Na2SO4 at TT 160 min, (b) by MMO in Na2SO4 at TT 160 min,
(c) by BDD in NaCl at TT 35 min, (d) by BDD in NaCl at TT 60 min, and (e) by MMO in NaCl at TT
120 min; Figure S6: General procedure of ecotoxicity tests following OECD Guidelines No. 202.
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Abbreviations

AOP (advanced oxidation process), BDD (boron-doped diamond), BQ (p-benzoquinone), CP
(chlorophenol), CT (catechol), DCP (2,4-dichlorophenol), EO (electrooxidation), FM (fumaric acid),
FO (formic acid), HQ (hydroquinone), MMO (mixed-metal oxide), MQ (ultrapure water), OX (oxalic
acid), OZ (ozonation), PCP (pentachlorophenol), PHN (phenol), PO (photooxidation), SQ (sequential
method, i.e., ozonation followed by photocatalysis), RD (relative descriptor calculated by Equation
(5) in Section 2.4), TH (tetrachlorohydroquinone), TOC (total organic carbon), TP (transformation
by-product), TT and TTx% (treatment time and treatment time for reaching x% phenol removal).
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Abstract: Coconut oil as a natural solvent is proposed for green downscaling solvent extractive
determination. Determination of Cu(II) using 1,5-Diphenylcarbazide (DPC) was selected as a model
for the investigation. Cu(II)-DPC complexes in aqueous solution were transferred into coconut oil
phase. The change of the color due to Cu(II)-DPC complexes in coconut oil was followed by using a
smartphone and image processing. A single standard concept was used for a series of Cu(II) standard
solutions. A downscaling procedure using a 2 mL vial provided a calibration: color intensity = −142
[Cu(II)] + 222, (R2 = 0.98), 10% RSD. Using a well plate, a calibration was: color intensity = 61 [Cu(II)]
+ 68 (R2 = 0.91), 15% RSD. Both were for the range of 0–1 ppm Cu(II). Application of the developed
procedure to water samples was demonstrated. The developed procedures provided a new approach
of green chemical analysis.

Keywords: coconut oil; natural solvent; downscaling extraction; colorimetric solvent extraction
determination; copper (II); diphenylcarbazide; diphenylcarbazone; green chemical analysis

1. Introduction

Solvent extraction spectrophotometric determination has long been deployed for vari-
ous analytes. Spectrophotometric determination of Cd(II) using dithizone was performed
by extracting the complex into chloroform [1]. Using 1,5-diphenylcabazide (DPC), Cu(II)
could be determined spectrophotometrically after extracting into benzene [2]. Fe(II) and
Fe(III) could be extracted into 1-pentanol using anthranilic acid for spectrophotometric
determination [3]. Complexing with 4-(2-pyridylazo)-resocinol, Pb(II) was spectropho-
tometrically determined in isobutyl methyl ketone [4]. Extraction of Zn(II) with ethylth-
ioacetoactate into ethyl acetate allowed Zn(II) determination [5]. For Sb(III) and Sb(V), the
determination was made by using mandelic acid and malachite green with extraction into
chlorobenzene solvent [6]. Spectrophotometric solvent extraction determination of Ni(II)
with di-2-pyridyl ketone benzoylhydrazone reagent and chloroform was reported [7].

Due to concerns about toxicity of the organic solvents used for the extraction, re-
placement of once popular solvents was gradually implemented. For example, benzene
was at one point replaced by toluene, then by carbon tetrachloride or chloroform. And
gradually use of such solvents for these purposes has been declining [8,9]. One of the green
analytical chemistry approaches engages with research for greener alternatives for toxic
organic solvents to minimize unfavorable impacts [10–13].

Recently, vegetable oils have been viewed favorably, in applications for food [14–16],
health [17–19], and cosmetic [20–22] purposes, due to their properties in biodegradability,
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and excellent environmental aspects such as low ecotoxicity and low toxicity toward
humans, apart from their global availability [23]. Some vegetable oils, namely, rapeseed
oil, peanut oil, and coconut oil, were reported for sample preparation of high performance
liquid chromatography (HPLC) determination of polycyclic aromatic hydrocarbons (PAHs)
by using the oils to extract PAHs from polluted quagmires [24]. Coconut oil offers some
characteristics suitable to an organic solvent for extracting some species from the aqueous
to the organic phase, compared to the conventional solvents, such as its dielectricity
(dielectric constants of 2.2 for coconut oil, compared with 2.3 and 2.4 for benzene and
toluene, respectively, see Table S1). Coconut oil contains higher unsaturated fatty acids
among vegetable oils, especially lauric acid (C12:0) [23], apart from other fatty acids.

Recently, use of smartphones with image processing has been incorporated in cost-
effective colorimetric determination as a part of modern green chemical analysis [25,26].

In this work, considering the high local abundance of coconut oil not only in Southeast
Asia, but also in various tropical areas, and although it has been applied for solvent
extraction in a sample preparation step for HPLC analysis of PAHs as above mentioned [24],
our attempts were to introduce coconut oil as a natural alternative solvent to enable a new
greener approach for solvent extraction colorimetric determination. Determination of
Cu(II) using DPC was selected as a model for demonstrating this approach. Investigation
of downscaling procedures employing a smartphone colorimetric determination was made
for solvent extractive determination employing natural coconut oil solvent. This approach
would lead to greener chemical analysis that provides benefits to the environment.

2. Results and Discussion

2.1. Reinvestigation for Cu(II) Extraction toward the Reaction between Cu(II) and DPC

Solvent extraction determination of Cu(II) employing DPC color reagent and benzene
as solvent was reported [2]. Cu(II) reacts with DPC to form complexes, possibly with the
oxidized form of DPC, diphenylcarbazone, in an alkaline aqueous medium [27,28]. The
complexes would be then extracted into an organic phase. The method was selected as a
model for this work. Following the conditions reported in [2] but with modifications, an
investigation was made. Figure 1 illustrates the spectrum of the benzene extract. The ab-
sorption maximum exhibited at 549 nm, which agreed with the previous findings [2]. Other
organic solvents, namely, toluene, DCM, and DCE were also investigated for extraction of
Cu(II)-DPC complexes under the same concentrations and conditions. Some properties of
the solvents are represented in Table S1. The absorption maxima of the extracts using the
investigated solvents exhibited practically the same wavelength (545 ± 4 nm).

Figure 1. Visible spectra of Cu(II)-DPC complexes in solvents. Spectra: (a) toluene, (b) benzene,
(c) 1,2-dichloroethane, (d) coconut oil, and (e) dichloromethane; for coconut oil, was normalized
using OriginPro 2023 program (adjacent-averaging, points of window: 30).

Coconut oil was investigated as an alternative solvent for this purpose. Using the same
conditions as previously, the spectrum (in Figure 1) exhibited an absorption maximum at
practically the same wavelength as with the above conventional organic solvents. With gas
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chromatographic information, it was found that all the chromatograms were identical (see
Figure S1).

The absorbance (0.518) of Cu(II)-DPC extract in coconut oil was observed to be lower
than that in toluene (0.977) and that in benzene (0.794) but it was in the same order as with
in DCE (0.551) which was higher than with DCM (0.279).

Considering the toxicity of the solvents, coconut oil is considered to be nontoxic (hazard
rating = 0), while the others are in the rating of level 2 apart from DCE being level 3. In
the development of the solvent extraction determination techniques, benzene, toluene, and
carbon tetrachloride were popularly used in the early stages. Coconut oil behaves differently
from the other solvents in term of viscosity (see the values in Table S1). With this viscosity
behavior, after the extraction, coconut oil may entail difficulty in transferring its aliquot for
absorbance measurement by a conventional spectrophotometer. To overcome the difficulty,
solvent extraction colorimetric determination of Cu(II) with DPC using coconut oil as solvent
could make use of a smartphone camera, which is nowadays employed for colorimetry. Such
a procedure with downscaling would also lead to green chemical analysis.

2.2. Downscaling Using a Small Vial

The design of downscaling the extraction was aimed to microliter scale operation. A
small vial (2 mL capacity) that is usually used for chromatographic purposes, was used as
an extraction container. The volumes of both aqueous and organic phases were designed for
downscaling and were equally of 600 μL each. For solvent extraction, DCM has been used
more favorably than toluene, benzene, and DCE; however, from the results in Table S1, DCE
provided similar results to coconut oil. For this study, DCE and coconut oil were further
investigated, and a single standard approach was incorporated. The coloring reagent
(DPC) was added into the aqueous solution containing Cu(II) in buffer, instead of having
DPC in organic phase as earlier. By doing this, Cu(II) should react with excess DPC to
form Cu(II)-DPC complexes, which would be more efficiently extracted into the organic
layer. The procedure was modified from earlier experiments. A standard Cu(II) solution
(2.4 ppm) was used as a single standard solution for various Cu(II) standard concentrations
in aqueous phase. For the 1 ppm Cu(II) final concentration of aqueous phase (600 μL),
250 μL of the standard Cu(II) solution (2.4 ppm) was pipetted into a small vial, followed by
150 μL DI water, then 100 μL Na2HPO4 buffer (1 M) and 100 μL DPC (10 mM), resulting in
the final concentrations of 0.2 M and 1.67 mM for buffer and DPC, respectively. The mixture
was mixed well before equilibrating with 600 μL DCE for 1 min by hand. A series of 0.2,
0.4, 0.6, 0.8, and 1 ppm Cu(II) final concentrations were prepared similarly by varying the
volumes (50, 100, 150, 200, and 250 μL) of the single standard Cu(II) solution (2.4 ppm)
and DI water volumes of 350, 300, 250, 200, and 150 μL, respectively. For blank, only
400 μL DI water without the standard Cu(II) solution was pipetted. After equilibrating,
each vial was left to stand for phase separation. It was observed the clear phase septation
could be observed nearly immediately after standing. Agitation was not observed in the
experiments performed at the temperature of 35 ± 5 ◦C. The vials were photographed
under the conditions described in Section 3.3 as illustrated in Figure S2a. After taking
the photograph, each organic layer was transferred for absorbance measurement. The
photograph was further processed for RGB mode [25], by ImageJ Software (version 13.0.6,
National Institutes of Health, Bethesda, MD, USA) with RGB profile function. G intensity is
observed to be the highest among Red (R), Green (G), and Blue (B) values. The calibration
graphs can be obtained by a plot of G intensity versus Cu(II) concentrations while for
conventional spectrophotometry, a calibration graph was from a plot of absorbance versus
Cu(II) concentrations.

Similarly, coconut oil was used for the downscaling operation using a small vial
for extraction under the same conditions as the procedure using DCE. Using coconut oil
provided better sensitivity (considering from the slopes of calibrations), when using a
smartphone detection, as shown in Table 1. Although coconut oil provided the better
observed sensitivity, due to its viscosity, it is not practical to transfer the organic phase from
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the extraction vial into a cuvette for absorbance measurement using a spectrophotometer.
The cumbersomeness was in addition to the fact that phase separation of the aqueous-
coconut oil phases needed a longer period than that of aqueous-DCE phases. In Table 1,
the results obtained by taking photographs are presented.

Table 1. Calibration graphs obtained from extraction of Cu(II) using DPC in a small vial.

Solvent
Calibration Equation

Conventional Spectrophotometry Image Processing

1,2-Dichloroethane Absorbance = 0.58 [Cu(II)] + 0.08, (R2 = 0.98) G intensity = −134 [Cu(II)] + 234, (R2 = 0.97)
Coconut oil − G intensity = −142 [Cu(II)] + 222, (R2 = 0.98)

As detecting using a smartphone and image processing offers a conventional means
for investigating, factors affecting the downscaling extraction determination of Cu(II) using
DPC were further investigated.

The effect of DPC concentration was investigated by using the previous conditions
for extraction of 1 ppm Cu(II) (final concentration of 600 μL), with varying final DPC
concentrations in 600 μL aqueous solutions of 0.17, 0.83, 1.67, and 2.50 mM, providing mole
ratios of DPC:Cu(II) of 11, 53, 106, and 160. It was observed that the G intensity of the
extract became constant after the mole ratio (DPC:Cu(II)) of 53. The DPC concentration of
1.7 mM was used for further experiments. It was indicated that the ratio of DPC:Cu(II) was
already in excess to extract Cu(II) into the DCE phase with maximum extraction efficiency.
This was indicated by the constant G intensity.

Under the above conditions (with 1.7 mM DPC in 600 μL aqueous 1 ppm Cu(II)
solution), apart from 1 min, shaking times of 0.5, 2, and 3 min were studied. It was
observed that shaking times of 1 min or more resulted in the same G intensity. So, 1 min
hand shaking time should be suitable for the extraction.

The volumes of DCE solvent were studied for 300 and 200 μL in addition to 600 μL for
the extraction using the previous conditions. Using DCE of 600, 300, and 200 μL provided
calibration equations (plot of G intensity versus Cu(II) concentration): G intensity = −134
[Cu(II)] + 234 (R2 = 0.97), G intensity = −236 [Cu(II)] + 219 (R2 = 0.99), and G intensity
= −322 [Cu(II)] + 219 (R2 = 0.99), respectively. As expected, the lower volumes of DCE
used would result in higher sensitivity (slopes). Although the sensitivity may be gained,
however, there may be a problem in obtaining clear phase separation, as well as prob-
lems in transferring the organic phase for absorbance measurement using a conventional
spectrophotometer.

It should be noted that using a smartphone camera for detection, 12 extraction vials
can be handled for one run. It could be designed for 4 extraction vials for standards together
with 4 samples in duplicate to be operated simultaneously for the extraction process. The
12 extraction vials after phase separation could be one-shot-photographed under the light-
control-set up (see description in the Materials and Methods section). Figure S2 represents a
one-shot-photograph of a set of 12 extraction vials. With this handling, a sample throughput
would be gained compared to the conventional spectrophotometric procedure.

2.3. Downscaling Using a Well Plate

The downscaling extraction was further designed using a well plate aiming for lower
volume (microliter scale operation) with higher sample throughput. In a 96-well plate,
each well (capacity of 300 μL) would serve as an extraction container. An extraction was
performed by having an equal volume of 120 μL each of aqueous and organic phases. Some
preliminary investigations on light control for photography were made (see Section S3.2.1
in Supplementary Materials). For extraction, intensity (ΔG) of the extract could be then
evaluated by ΔG intensity = G intensityempty well − G intensityextract well.

In such a well, 120 μL aqueous solution containing Cu(II) standard (0.6 ppm) in
Na2HPO4 buffer (0.2 M) and DPC (1.7 mM) was prepared by using an auto-pipet with
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a single standard solution approach similar to the above manipulation but with 5 folds
lesser amounts. With using the auto-pipet, the solution would be mixed well. The aqueous
solution was then equilibrated with 120 μL organic solvent. Using a multichannel auto-
pipet, the equilibrating could be done for 8 extractions (8 wells) simultaneously. This would
lead to enhanced sample throughput.

DCE as well as coconut oil were studied for extraction. As DCE has higher density
than water, it would be expected that after phase separation, the DCE phase would be at
the bottom of the well plate. Photographing of the experiment was made at the bottom. For
coconut oil, it would be expected that the organic phase would be at the upper layer, due to
its lower density. For this, the photograph was taken at the top of the well plate. Figure 2
represents the intensity signal (G intensity) profiles obtained using the above-described
conditions. The profiles were at 1 and 5 min after the equilibrating. The profiles of both
solvent extractions, in each well, exhibited two parts, namely at the middle and at the
edge of the well, although it could be observed more on DCE than that of coconut oil. For
coconut oil, a plateau shaped signal profile was pronounced more than the observation
on the DCE’s. For coconut oil, a more reproducible profile pattern was observed. The
profiles at 1 and 5 min were the same. Less reproducible profiles among the wells were
seen for DCE and the signal profiles at 1 min showed a difference from 5 min. During
the experiments, for DCE, it was observed that the DCE extract became gradually more
viscous as a function of time. It could be that a component of the well plate (polystyrene)
may dissolve (see Figure S4). The DCE was not used further.

Figure 2. The intensity signal (G intensity) profiles of organic extract (from aqueous Cu(II)-DPC)
using DCE at 1 min (a) and at 5 min (b) and coconut oil at 1 min (c) and at 5 min (d).

Further study was made for standing time after the extraction. Under the above
conditions, a standing period between 1–5 min was investigated. It was found that the
same color intensity value of the organic (coconut oil) phase was obtained after 1 min. A
standing time of 1 min was selected for further experiments.

For equilibrating aqueous-organic phases, this was done via using an auto-pipet by
aspirating and dispensing from and to the well. The number of aspirating and dispensing
cycles was studied. It was found that 15 or more cycles resulted in constant color intensity
value of the organic extract. So, an operation with 15 cycles was selected for equilibrating
the aqueous-organic phases.

Fixing the aqueous solution (Cu(II) and DPC in the buffer as above condition) of
120 μL, a series of the aqueous solutions containing 0, 0.2, 0.4, 0.6, and 0.8 ppm Cu(II)
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was extracted with 120 μL coconut oil. Experiments were repeated with the coconut oil
of volumes of 60 and 40 μL. Three calibration graphs were obtained for the extractions
with 120, 60, and 40 μL coconut oil. It was found that the calibration graph due to 40 μL
coconut oil had the highest slope followed by the calibration graph of 60 μL coconut oil.
The calibration graph with 120 μL coconut oil showed the lowest slope value but higher
precision. This could be due to the coconut oil in the extraction playing a role in the organic
phase adhering to the wells’ sidewalls and affecting the photography.

2.4. Analytical Performance
2.4.1. Analytical Characteristics of the Downscaling Extraction Using Vial

The downscaling for extraction determination of Cu(II) using DPC involve handling
solutions of less than 1 mL. Extraction performance and determination of Cu(II) were compa-
rable to the conventional milliliter level extraction. A linear calibration (0–1 ppm Cu(II)) was
absorbance = 0.90 [Cu(II)] + 0.12 (R2 = 0.99) when using a spectrophotometer, while the smart-
phone provided: G intensity = −133 [Cu(II)] + 173 (R2 = 0.99). The relative standard deviations
(RSD) of both detections were less than 10% (0.4 ppm Cu(II)). Limits of detection (LODs)
(3σ [29]) were estimated to be 0.02 and 0.1 ppm, while limits of quantitation (LOQs) (10σ [29])
being 0.1 and 0.4 ppm for spectrophotometric and smartphone detection, respectively. A set
of 12 extraction vials could be handled in one run for extraction and detection by smartphone,
see Figure S2. This made the procedure with smartphone detection more convenient than
measuring absorbance by a spectrophotometer as no organic extract has to be transferred from
the extraction vial to a cuvette. The 12 extraction vials of the set may comprise four standards
for calibration and eight vials for four samples in duplicate, or various possibilities of other
arrangements could be made. For the set of 12 extraction vials, a one run experiment may
take 20 min, including building calibration and evaluation of the results.

2.4.2. Analytical Characteristics of the Downscaling Extraction Using Well Plate

With a well plate, further downscaling could be operated with even smaller volumes
(120 μL). The number of extraction units can be increased; 32 wells out of 96 wells would
provide reasonably good results due to different light distribution occurring to some wells,
see Figure S3. The 32 wells could be arranged for four standards in duplicate for duplicate
calibration, in order to check the photographic conditions, and then 24 wells could hold
12 samples in duplicate (as illustrated in Figure S3b). Arrangement in other patterns may
also be designed. After extraction, the plate was photographed in one shot. The operation
of 32 extractions on one plate took 20 min, including image processing and evaluation. A
calibration (0–1 ppm Cu(II)) was ΔG intensity = 61 [Cu(II)] + 68 (R2 = 0.91) with RSD of less
than 15% (0.4 ppm Cu(II)). LOD (3σ) and LOQ (10σ) were evaluated to be 0.1 and 0.2 ppm,
respectively. The operation using the well plate provided higher sample throughput than
the throughput by the procedure using vials.

2.5. Applications

The proposed procedures have been applied to six local tap and drinking water
samples. It was found that Cu(II) were less than LODs. All the samples were spiked with
0.4 ppm Cu(II). The results are presented in Table 2. The extraction procedure using a
spectrometer was treated as a reference method. The results by all the procedures agreed
each other and with the reference method.
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Table 2. Assay of Cu(II) in tap and drinking water samples spiked with 0.4 ppm Cu(II).

Samples

Vial Procedure Well Plate Procedure

Visible Spectrophotometer Smartphone Camera Smartphone Camera

Cu Found (ppm) %Recovery Cu Found (ppm) %Recovery Cu Found (ppm) %Recovery

1 0.41± 0.02 103 ± 3.70 0.41 ± 0.02 103 ± 4.88 0.34 ± 0.01 85 ± 1.49
2 0.34 ± 0.00 85 ± 0.00 0.44 ± 0.00 110 ± 0.00 0.40 ± 0.00 103 ± 1.05
3 0.40 ± 0.01 100 ± 1.27 0.45 ± 0.01 113 ± 1.12 0.40 ± 0.03 100 ± 7.41
4 0.37 ± 0.01 93 ± 1.37 0.40 ± 0.01 100 ± 2.50 0.45 ± 0.00 113 ± 0.97
5 0.37 ± 0.01 93 ± 1.37 0.43 ± 0.02 108 ± 3.53 0.40 ± 0.01 100 ± 3.23
6 0.41 ± 0.01 103 ± 2.44 0.44 ± 0.01 110 ± 1.15 0.34 ± 0.01 85 ± 3.18

3. Materials and Methods

3.1. Chemicals and Reagents

All chemicals and reagents were analytical grade. Deionized (DI) water was used
throughout. All glassware was soaked overnight in 10% w/v nitric acid solution (QRëC,
Auckland, New Zealand), followed by rinsing with DI water prior to use.

A pure virgin coconut oil was obtained from Theppadungporn Coconut Co., Ltd.,
Bangkok, Thailand, and used without further treatment. The other chemicals included
benzene (99.7%, Merck, Darmstadt, Germany), toluene (99.5%, VWR Chemicals, Solon,
OH, USA), dichloromethane (DCM) (99.8%, Fisher Scientific, Waltham, MA, USA) and
1,2-dichloroethane (DCE) (99%, Loba Chemie, Mumbai, India).

As coconut oil posts freezing temperature of 25 ◦C [30], all experiments were carried
out at a temperature of 35 ± 5 ◦C so that a clear organic solvent would be established.

A stock solution of 1000 ppm Cu(II) was prepared from copper sulfate (CuSO4·5H2O)
(Kemaus, New South Wales, Australia). Working standard solutions of Cu(II) were prepared
daily by appropriate dilutions of the stock solution with DI water. A solution of 10 mM
DPC (Loba Chemie, Mumbai, India) was prepared by dissolving of 60 mg of the solid DPC
in 12 mL of acetone (99.5%, Loba Chemie, Mumbai, India), followed by making up the
volume with DI water in a 25 mL volumetric flask. A Na2HPO4 buffer solution (pH 9)
was prepared by dissolving 8.90 g Na2HPO4·2H2O (Kemaus, New South Wales, Australia)
in hot DI water; after complete dissolution, the volume was made up with DI water in a
50 mL volumetric flask.

3.2. Reinvestigation of Cu(II)-DPC Extracted into Organic Solvents

In a 60 mL polypropylene bottle, a mixture (5 mL) containing Cu(II) standard (0.6 ppm)
and Na2HPO4 buffer (0.4 M) was equilibrated with DPC in benzene (0.4 mM, 7 mL). After
vortexing for 1 min, it was left to stand for 10 min. An aliquot of benzene layer was transferred
into a cuvette for recording visible absorption spectra, having a reagent blank as reference. The
other organic solvents, namely, toluene, DCM, and DCE were also investigated for extraction
of Cu(II)-DPC complexes followed the same concentration and conditions.

3.3. Downscaling Solvent Extraction Determination of Cu(II) Using DPC
3.3.1. Using a Small Vial

Using an extraction vial (2 mL, clear color, KIMA, Bangkok, Thailand), 600 μL of
aqueous solution containing Cu(II) with DPC in Na2HPO4 buffer was equilibrated with
600 μL of organic solvent. It was left to stand for phase separation before colorimetric
measurement of the organic layer. The colorimetric measurements were made by using
a smartphone camera (Galaxy Note 10 plus, Samsung, Seoul, Republic of Korea) and a
spectrophotometer (Lambda35, PerkinElmer, Waltham, MA, USA).

For smartphone detection, the digital image of the extract vials was taken using
smartphone camera with manual mode (ISO 200, Shutter Speed 3000, Zoom 1x and F1.5),
under the light-controlled box see Figure 3a. The image was processed for the RGB profile
using ImageJ Software (version 13.0.6, National Institutes of Health, Bethesda, MD, USA)
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with RGB profile function, by creating region of interest (ROI) with line across organic
layer of every vial under investigated. Average G value was obtained from the ROI of each
organic extract in the vial.

Figure 3. Illustration of the set ups for: (a) the extraction procedure using a small vial; (b) the extrac-
tion procedure using a well plate. LB1 = light control box (UDIOBOX UDIO BIZ, 40 × 40 × 40 cm,
Bangkok, Thailand); V = small vial; LED = light emitting diode (LED) light source; W-SM = win-
dow for smartphone, LB2 = light control box (15 × 11 × 25 cm); LED = LED light source (LD-160,
14 × 5.7 × 9.5 cm, Lightdow, Shenzhen, China); WP = well plate; W-SM = window for smartphone.
Note: the dimensions are not to scale.

For spectrophotometric detection, after extraction, the 500 μL of DCE extract was
transferred into a cuvette for absorbance (543 nm) measurement by a spectrophotometer.

3.3.2. Using a Well Plate

Using a well plate (Nunc™ MicroWell™ 96-Well, Nunclon Delta-Treated, Flat-Bottom
Microplate (167008), Thermo Scientific, Waltham, MA, USA), 120 μL of aqueous solution
containing Cu(II) with DPC in Na2HPO4 buffer was equilibrated with 120 μL of organic
solvent using multichannel auto-pipet (8 Channel pipettor (AP-8-200), Axygen, CA, USA). It
was then photographed for colorimetric measurement of the organic layer. The colorimetric
measurement was made by using a smartphone camera with manual mode as mentioned
above, under the light-controlled box (see Figure 3b). The image was processed for the
RGB profile using ImageJ Software (version 13.0.6, National Institutes of Health, Bethesda,
MD, USA) with the function of RGB profile by having ROI with line across the well plate.
Average G value could be obtained from the ROI of each organic extract in each well.

4. Conclusions

Coconut oil as a natural organic solvent is proposed as an alternative for solvent
extraction colorimetric determination. Proof of the concept was demonstrated by the
downscaling procedure for the determination of Cu(II) with DPC using a smartphone
detector. Development of the downscaling procedures was based on using a small 2 mL
vial and a 96 well microplate. Application to water samples was demonstrated. This
new approach of green chemical analysis should be explored further for routine analysis
in the real world. Various benefits would be obtained including cost-effective analysis,
simple operation, on-site analysis, and environmentally friendly processes that are also less
hazardous to the operator. Evaluating the developed procedures by the Green Analytical
Procedure Index (GAPI) approach [31] (see Figure S5), extraction with coconut oil using
well plates was the greenest, while the downscaling procedure using vials was greener
compared to the traditional procedure [2]. It is very much of interest to investigate using
other vegetable oils for green solvent extraction colorimetric determination, as a new

181



Molecules 2022, 27, 8622

approach for cost-effective green chemical analysis. This approach also supports the United
Nations Sustainable Development Goals (SDGs).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27238622/s1, Table S1: Some properties of the solvents
and spectrophotometric information of Cu(II)-DPC complexes in the solvents; Figure S1: Chromato-
graphic chromatograms of different coconut oils: (a) CHAOKOH brand lot1 (manufacture date
February 2020), (b) CHAOKOH brand lot2 (manufacture date August 2020), (c) COCOLOVE brand,
and (d) KING ISLAND brand; Figure S2: Extraction of Cu(II) via vial procedures using (a) DCE sol-
vent and (b) coconut oil solvent; Figure S3: The well plate used for the extraction, (a) the empty well
plate; (b) the well plate after extraction indicating with labels of standards and samples; Figure S4:
DCE extract observed to be more viscous as function of time (extraction of aqueous Cu(II)-DPC
into DCE in a polystyrene well plate; Figure S5: Evaluating the developed procedures by GAPI:
(a) traditional [2]; (b) the developed procedure using vial with DCE; (c) the developed procedure
using well plate with coconut oil [32–42].
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Abstract: In this study, a novel biomass adsorbent based on activated carbon incorporated with sulfur-
based binary metal oxides layered nanoparticles (SML-AC), including sulfur (S2), manganese (Mn),
and tin (Sn) oxide synthesized via the solvothermal method. The newly synthesized SML-AC was
studied using FTIR, FESEM, EDX, and BET to determine its functional groups, surface morphology,
and elemental composition. Hence, the BET was performed with an appropriate specific surface area
for raw AC (356 m2·g−1) and modified AC-SML (195 m2·g−1). To prepare water samples for ICP-OES
analysis, the suggested nanocomposite was used as an efficient adsorbent to remove lead (Pb2+),
cadmium (Cd2+), chromium (Cr3+), and vanadium (V5+) from oil-rich regions. As the chemical
structure of metal ions is influenced by solution pH, this parameter was considered experimentally,
and pH 4, dosage 50 mg, and time 120 min were found to be the best with high capacity for all
adsorbates. At different experimental conditions, the AC-SML provided a satisfactory adsorption
capacity of 37.03–90.09 mg·g−1 for Cd2+, Pb2+, Cr3+, and V5+ ions. The adsorption experiment
was explored, and the method was fitted with the Langmuir model (R2 = 0.99) as compared to the
Freundlich model (R2 = 0.91). The kinetic models and free energy (<0.45 KJ·mol−1) parameters
demonstrated that the adsorption rate is limited with pseudo-second order (R2 = 0.99) under the
physical adsorption mechanism, respectively. Finally, the study demonstrated that the AC-SML
nanocomposite is recyclable at least five times in the continuous adsorption–desorption of metal ions.

Keywords: biomass; food waste; removal; heavy metal ions; nanocomposite; layered metal–sulfur

1. Introduction

Ions of heavy metals are frequently discovered in products generated by the oil
industry. Vanadium (V3+), lead (Pb2+), chromium (Cr3+), and cadmium (Cd2+) are some
examples of heavy metal ions that can be found [1]. Significant opportunities exist for
these metal ions to enter groundwater, surface water, and drinking water because of a wide
range of processes, including oil processing (extraction, shipping, and storage), mining,
and other activities; as a result, the danger posed to the environment as well as to the
health of humans is increased [2]. To prevent diseases and syndromes in humans, metabolic
processes require trace amounts of heavy metals [3]. However, because heavy metals are
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used in a wide variety of industrial processes and are typically deposited in water, an excess
amount of heavy metals can cause significant health issues in humans, such as degenerative
processes in the muscles, body, and nervous system [3,4]. Therefore, monitoring and
removing heavy metal ions from environmental water supplies is essential. The allowed
levels for Cd2+, Cr3+, Pb2+, and V5+ in drinking water have been established at 5 μg L−1,
50 μg L−1, 10 μg L−1, and 100 mg L−1, respectively [2].

Several methods including bioremediation, electrocoagulation, reverse osmosis, oxida-
tion, filtration, nanofibrous membrane, biochar, and adsorption [5–8] have been employed
to remove heavy metal ions from water samples. Numerous benefits and drawbacks exist
for each of these methods. For example, chemical precipitation creates hazardous waste,
photocatalysis and reverse osmosis create secondary pollution, and ion exchange and filter-
ing require advanced technology. Oxidation is also non-regenerative. Electrocoagulation
and membrane technology are both intricate processes that result in unfavorable sludge.
Even though bioremediation is a technology that is recognized to be safe, it is costly and
cannot be applied in extreme conditions [5,6]. Due to their many advantages, researchers
continue to be intrigued by adsorption-based approaches as highly efficient methods for
treating water, especially for removing heavy metal ions. These advantages include the fact
that they do not introduce secondary pollutants into the environment, are inexpensive, can
be regenerated, require little complex equipment, and have high adsorption capacity [1,4,5].

Adsorbents for removing heavy metal ions have been made from various micro/nanoscale
materials, including biomass, montmorillonite, carbon-based material, polymers, metal–organic
framework, and metal oxides. Most proposed materials have drawbacks such as high price, lack
of stability, insufficient sorption capacity, ineffective removal effectiveness, poor selectivity, and
the generation of secondary pollutants [4,7]. Activated carbon (AC) is a highly porous adsorbent
used in the adsorption process to control air and water pollution. This is because activated
carbon possesses cationic and anionic nature [9], a high surface area, is cost-effective, has rapid
biodegradability [10], is structurally reliable and thermally stable [2,6]. Coal-derived commercial
activated carbon is commonly used to remove dissolved solids and ionic contaminants from
potable water and industrial effluent, including heavy metal ions and synthetic colors. However,
its high price, difficulty in regeneration, and disposal problems restrict its usefulness. Pro-
ducing activated carbon from inexpensive agricultural products or materials (biochar) such as
pomegranate peels and other food waste is one option to cut expenses [6]. There is a significant
amount of potential for biochar AC as an adsorbent to be utilized in the process of modifying
or reactivating the surface. The addition of metal oxide nanoparticles to AC can result in an
improvement in both the efficiency and stability of the adsorption process [2].

The cations present between the layers of negatively charged metal-layered solids
can be exchanged effectively. They are rigid and unaffected by temperature fluctuations.
Additionally, compared to compounds with a single layer, they exhibit improved properties
as a result of the synergistic interaction between the several phases [11]. The layers only
have a weak connection to one another, but the ions that are intercalated between them help
to keep them stable. The fact that these layered heterostructures have multiple functions
makes them an extremely attractive topic of study. When distinct cations are intercalated,
they can generate a wide variety of diverse characteristics and structures. They are less
hazardous and less leachable due to features including biocompatibility, pH-dependent
solvability, and the special intercalating property [2]. Metal-layered ion exchangers based
on sulfides have remarkable adsorption and selectivity capabilities towards metal ions,
and their removal kinetics are extremely fast. Highly selective and excellent ion exchange
properties are displayed by inorganic ligands composed of sulfide metals because (1) the
incorporated ions diffuse freely and can access the interior of the metal–ligand layers with
relative ease and (2) the basic ligand forms strong interactions with the inserted metal
ions [12]. Since soft Lewis basic sulfides have a high affinity for soft Lewis acidic metal
ions, the ions are strongly adsorbed by the sulfides [2].

Herein, highly mesoporous activated carbon made from pomegranate peels was
chemically precipitated with sulfur-based metal-layered manganese and tin ions to boost
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its adsorption capacity and efficiency. According to the literature reviews, the diffusion
and nonisotopic exchanger processes are likely to be responsible for the ability of metal
cation-doped adsorbent to selectively extract cations from complex matrix [2]. Utilizing
FTIR, SEM, EDX, and BET to characterize the SML-AC nanocomposite, newly synthesized
materials were employed as an adsorbent to remove Pb2+, Cd2+, Cr3+, and V5+ ions from
oil-field water samples. Langmuir, Freundlich isotherm, and kinetic models were used to
verify the experimental procedure and adsorption capacity.

2. Results and Discussion

2.1. Adsorbent Characterization
2.1.1. FTIR Spectroscopy

Surface functional groups of pristine AC and AC-SML were considered with FTIR, as
shown in Figure 1. According to the AC spectrum, the band at 3400 cm−1 corresponds to
the O-H groups anchored onto the carbon material. The IR bands at 2905 cm−1, 1712 cm−1,

and 1450 cm−1 and attributed to C-H, C=O, and C-C/C=C stretching of AC functionals
and the skeleton of the carbon framework. After incorporating sulfur-layered metal oxide
into AC, the IR spectrum of AC-SML showed a new sharp peak at 1020 cm−1 and small
peaks at around 500 cm−1. It should be noted that the peaks that appeared in the wide
range of 500–1050 cm−1 corresponded to the presence of metal–carbon (M-O-C) and sulfur–
metal (M-S-M) linkage in the nanocomposite. This claim is confirmed by a previous
study which demonstrated that the extensive bands 500–900 cm−1 are attributed to the
metallic layered derived from the M-O stretching and O-M-O bonding [13,14]. Hence,
the proposed characteristics of IR bands in both spectra of AC and AC-SML imply the
successful incorporation of sulfur–metal layered into the activated carbon.

Figure 1. FTIR spectroscopy of pomegranate peel AC and AC-SML.

2.1.2. SEM Microscopy

The newly synthesized pristine AC and AC-SML surface morphology were investi-
gated using FESEM. Figure 2a illustrates the micrograph of AC. It is the external surface of
the activated carbon which is quite irregular and full of cavities due to alkaline activation.
After the immobilization of sulfur-layered metal oxide onto AC (Figure 2b), the micrograph
indicates the formation of circular and bulk substances over AC. This trend confirms the
formation of AC-SML nanocomposite.
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Figure 2. FESEM micrograph for raw nano AC (a) and modified AC-SML (b). EDX spectrum and
elemental composition for raw AC (c) and AC-SML nanocomposite (d).

2.1.3. EDX Spectroscopy

To verify the presence of the preferred elements on plain AC and AC-SML nanocom-
posite, the EDX technique was utilized. Figure 2c,d represents the EDX signals and weight
percentage of AC and AC-SML nanocomposite elements. The elemental analysis demon-
strates the presence of two main elements over plain AC: carbon (73.24%) and oxygen
(26.76%). Hence, after incorporating metal-S-oxide nanoparticles onto the AC surface, the
expected elements were observed such as C, O, S, Mn, and Sn, with a weight percentage of
67.91%, 23.53%, 5.25%, 1.10%, and 2.14%, respectively. The EDX additionally performed
the good dispersion of sulfur and layered metal (Sn-S-Mn) oxides on the activated carbon.

2.1.4. BET Surface Area

Specific surface area is an imperative factor in adsorption chemistry since it directly
reflects the sorption capacity. BET technique based on the N2 adsorption–desorption pro-
cess utilized to record the surface area of plain AC and AC-SML nanocomposite. The
N2 adsorption–desorption curve is shown in Figure 3 for AC (a) and AC-SML nanocom-
posite (b). The specific surface area values were obtained at 356 m2·g−1 and 195 m2·g−1,
respectively. The specific surface area is decreased after incorporating sulfur-based metal
oxide into the AC. The high specific surface area value for plain AC is probably due to the
porous structure, which also provided a higher pore diameter (3.38 nm) than the modi-
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fied nanocomposite (2.92 nm). The pore volume and diameter indicate that the prepared
materials are mesoporous, which is appropriate for adsorption.

 

(a) (b) 

Figure 3. BET-N2 adsorption-desorption process for plain AC (a) and AC-SML nanocomposite (b).

2.2. Adsorption Parameters
2.2.1. Types of Materials

The influence of the types of adsorbent material (raw Ac and AC-SML) on adsorbent
efficiency was studied in similar conditions (dosage of 100 mg, pH 4, and time 60 min).
According to Figure 4, the raw AC shows high efficiency for Cd2+ and Pb2+ ions and
low efficiency for Cr3+ and V5+. This probably is due to the occupation of AC active
sites with Cd2+ and Pb2+ ions, since it is rich in oxygenated functional groups. Moreover,
after modification of AC with doping SML (Sn-S-Mn) nanoparticles, an increment in the
adsorption percentage was observed for selected metal ions (Cd2+, Cr3+, Pb2+, and V5+).
This phenomenon can be associated with the enhancement of the electrostatic interaction
between sulfur (S2−) and a selected metal cation. Hence, the trend (Figure 4) reflects
the synergetic effect of AC-SML nanocomposite for the uptake of Cd2+, Cr3+, Pb2+, and
V5+ cations.

Figure 4. Influence types of materials on adoption efficiency.
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2.2.2. Effect of Solution pH

The solution pH was investigated from 2 to 7 since metal ions are highly influenced
by solution pH. In the survey literature, the selected metal ions are existing in different
states, including cadmium: 2–8.5 (Cd2+), 8.6–10.5 (Cd(OH)−), 10.6–12 (Cd(OH)2)aq [15];
chromium: 1–3 (Cr3+), 3.1–6 (Cr(OH2+)), 6.1–8 (Cr(OH+)2), 8–2 (Cr(OH)3) [16]; lead: 1–6.1
(Pb2+), 6.2–8.5 (Pb(OH)−), 8.6–11 (Pb(OH)2 aq) [17], and vanadium: pH 2–3 (VO2), 3.1–4
(VO(OH3)0), 4.1–8.5 (VO2(OH)2

−), 8.6–10 (VO3(OH)2−). Removal efficiency is experimen-
tally investigated for selected heavy metal ions and shown in Figure 5. As can be seen,
Cd2+ and Pb2+ provided low efficiency at low pH, which can be defined through the un-
desired protonation of the adsorbent surface followed by electrostatic repulsion. It is also
noteworthy that the proton ions (H+) trade competition with metal cations to adsorb over
nanocomposite. Due to electrostatic interaction and coordination, the favorable removal
efficiency was obtained for Cd2+ and Pb2+ at pH 4 to 6. A slight decrease in efficiency at
pH 6–7 is due to the formation of metal hydroxide (Pb(OH)−). Chromium and vanadium
showed different trends due to their neutralization in the presence of a hydrogen wealthy
medium. The other reason that may additionally interact in such pH-dependent behavior
is the specific constructions and geometries of the metal cations with pH, which increased
the adsorption efficiency. However, pH 4 was the best experimental condition for all
metal cations.

Figure 5. Effect of solution pH on metal ion removal efficiency.

2.2.3. Effect of Adsorbent Dosage

The amount of adsorbent is vital for the quantitative removal of adsorbate in the
adsorption process. This is described via the adsorbent dosage in the range of 10–150 mg, as
shown in Figure 6. The removal profile reflected that the adsorption efficiency is increasing
for all selected metal cations. However, the quantitative adsorption efficiency increased
from 52% to 95% when sorbent material varied from 10 to 80 mg. After that, the efficiency
slightly changed up to 150 mg. Hence, the efficiency expansion can be attributed to more
adsorption sites on the adsorbent since the solid phase surface area increases exponentially
with the regular degree of adsorbent dosage. Thus, 80 mg was selected for all metal cations
with maximum adsorption efficiency.
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Figure 6. Effect of AC-SML dosage on metal ion removal efficiency.

2.2.4. Effect of Time

Adsorption’s contact time is another crucial parameter for the effective uptake of
metal ions from an aqueous solution. The impact of contact time for the adsorption of
the selected heavy metal cation was investigated in the exclusive times in the range of
5–240 min. Figure 7 indicates that the removal increased gradually from 25% to 80% for
all metal cations by increasing the time up to 120 min, except vanadium with 96%. With
additional increase in the contact time up to 240 min, adsorption efficiency no longer
extends significantly for vanadium, but the adsorption efficiency of lead, cadmium, and
chromium ions increases to >92%. The first stage (5–120 min) is performing the availability
of the active site to uptake metal cations, and after that, the adsorption sites are saturated,
and the system reaches equilibrium [18]. Finally, the 120 min was selected for the further
procedure due to the high percent removal.

Figure 7. Effect of contact time on metal ion removal efficiency.

2.3. Adsorption Kinetics

The adsorption time limitation is performed with kinetic models of pseudo-first-order
and pseudo-second-order models. The linear varieties of the proposed kinetic models can
be estimated with Equations (1) and (2), respectively.

Ln(Qe − Qt) = LnQe − k1t, (1)

t/Qt = 1/k2Q2
e + t/Qe (2)

191



Molecules 2022, 27, 8841

The parameters are the following: Qe (mg/g) is equilibrium adsorption capacity,
Qt (mg/g) adsorption capability at any time t. The time constates of k1 (1/min) and
k2 (g/mg/min) corresponds to the first-order and second-order models, respectively.

Figure 8a,b reflects the linear plots of kinetic models, which are plotted Ln(Qe−Qt)
versus time and t/Qt versus time, and the values of parameters are listed in Table 1. Based
on the determination coefficient (R2), the contact time was fitted with pseudo-second
order (>0.99) as compared to pseudo-first order (0.88–0.96). In addition, Qe values (theory)
of second-order models were in good agreement with experimental adsorption capacity.
Therefore, the kinetic rate is limited with pseudo-second order, in which the adsorption
process has been controlled with electron sharing and electrostatic interactions.

 

Figure 8. Kinetic models of pseudo-first order (a) and pseudo-second order (b).
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Table 1. Kinetic models and parameters for selected heavy metal ions.

Kinetic Models Parameters Cd2+ Cr3+ Pb2+ V5+

pseudo-first order
R2 0.898 0.888 0.965 0.834

k1 (1/min) 0.009 0.006 0.0121 0.0135
qe (mg·g–1) 19.16 16.74 22.07 16.31

pseudo-second order
R2 0.999 0.998 0.993 0.998

k2 (g/mg/min) 0.0012 0.0018 0.0012 0.0015
qe (mg·g–1) 25.71 23.25 27.77 28.08

2.4. Adsorption Equilibrium and Isotherm Models

The impact of the initial concentration of selected heavy metal ions is experimented
on to consider the equilibrium capability of AC-SML nanocomposite. For this, 10 mg of
AC-SML was applied to adsorb the Cd2+, Cr3+, Pb2+, and V5+ with a concentration range of
5–300 mg·L−1 in 120 min contact time. The equilibrium isotherm (Qe vs. Ce) was recorded
and plotted as shown in Figure 9. The isotherm graph shows the expected Qe increases
from 3 mg·g−1 to 85 mg·g−1 via increasing the concentration of selected heavy metal ions
until it reaches equilibrium. The isothermal evaluation revealed that the adsorption process
follows the IUPAC regular pattern (Type II) [19]. This pattern described the adsorption
process following a monolayer pattern.

Figure 9. Equilibrium adsorption capacity versus the initial concentration.

Hence, isotherm models were utilized to explore the adsorption pattern and mecha-
nism. Therefore, the well-known isotherm models, namely Langmuir, Freundlich, Dubinin–
Radushkevich (DR), and free energy were used to describe the adsorption pattern and
adsorption mechanism. Langmuir is attributing the monolayer adsorption onto the ho-
mogenous surface. Freundlich reflects the multilayer adsorption onto the heterogeneous
surface. DR confirms the multilayer adsorption over either homogenous or heterogeneous
surfaces. Free energy suggests the adsorption of machoism, physical or chemical. Hence,
the proposed models’ linear mechanism formed by the following Equations (3)–(5):

Ce/Qe = Ce/Qm + 1/KLQm (3)

ln Qe = ln KF + (1/n) ln Ce (4)

ln Qe = ln QS − Kad

(
ε2
)

(5)

ε = RT ln (1 + 1/Ce) (6)

E = (2Kad)
−1/2 (7)
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In the equations, Qm (mg·g−1) is maximum adsorption capacity, KL (L·mg−1), Kad,
and KF [(mg/g)(L/mg)1/n] correspond to Langmuir, DR, and Freundlich constants, re-
spectively. Ce (mg·L−1) equilibrium concentration of heavy metal ions and 1⁄n reflect the
favorability of the adsorption process. Qs (mg·g−1) is the DR theoretical sorption capacity.
Finally, E is sorption energy (Equation (7)), directly displaying the adsorption mechanism.
The E values < 40 kJ/mol are the physisorption mechanism, and E > 80 kJ/mol is the
chemisorption mechanism [20,21].

The corresponding linear models of every isotherm have been plotted (Figure 10a,b),
and the parameters of every model were calculated in Table 2. Based on the values of
R2, it used to be assumed that both Langmuir (R2 > 0.92) and Freundlich (R2 > 0.90)
models observe to describe the adsorption of selected heavy metal ions onto the AC-SML
adsorbent nanocomposite. Hence, adsorption can be either monolayer or multilayer, with
a maximum adsorption capacity of 37.03 mg·g−1 to 90.09 mg·g−1 for all selected metal
ions. Moreover, the appropriate values of R2 of the DR model confirm the favourability
of the multilayer pattern. The values of energy approved the physisorption mechanism
for both monolayer and multilayer adsorption patterns for selected heavy metal ions over
AC-SML nanocomposite.

Figure 10. Adsorption isotherm models of Langmuir (a) and Freundlich (b).
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Table 2. Langmuir, Freundlich, DR models and free Energy for adsorption of selected heavy metal
ions over AC-SML nanocomposite.

Isotherms Parameters Cd2+ Cr3+ Pb2+ V5+

Langmuir
Qm (mg g−1) 37.03 78.74 35.21 90.09
kL (L mg−1) 0.144 0.055 0.061 0.184

R2 0.998 0.921 0.985 0.991

Freundlich

KF [(mg g−1) (L mg−1)1/n] 4.42 5.51 6.17 14.11
n 2.59 1.75 2.79 2.59

R2 0.936 0.905 0.953 0.878

Dubinin–Radushkevich

Qs (mg g−1) 18.61 24.98 22.39 38.29
Kad (mol2/kJ2) 2.908 2.161 0.736 0.592

R2 0.864 0.848 0.886 0.903
Energy E (kJ/mol) 0.41 0.48 0.82 0.91

2.5. Mechanism Study

The proposed adsorption mechanism between the selected heavy metal ions and
AC-SML is investigated, as graphically shown in Figure 11. Hence, based on the pH study,
high efficiency was obtained in the pH ranges of 4–6. Therefore, the possible electrostatic
interactions and coordination between Cd2+, Cr3+, Pb2+, and V5+ and functional groups
(sulfur-metal) of the AC could be the reason for the high removal efficiency at pH 4–6. In
addition, the lower removal efficiency at low pH (<4) may be because of the AC-SML’s
protonation of active sites as well as the competition of H+ for adsorption, while at high
pH > 7, the selected metal cations are present as hydroxide form (M(OHx)−), which is the
prominent repulsion force interactive between the adsorbates and negative surface charge
of adsorbent (AC-SML-).

Figure 11. Schematic of the proposed mechanism for heavy metal ion removal by AC-SML.

2.6. Regeneration

To study the regeneration, 80 mg of the AC-SML was positioned into a test tube,
including selected Cd2+, Cr3+, Pb2+, and V5+. After each adsorption process, the adsorbates
were desorbed using 5 mL (HCl, 0.1 M) after being shaken for 30 min. Then, launched
heavy metal ions were measured with ICP-OES. Then, the AC-SML was washed with
excess distilled water and reused for a further experimental process for repeated five
adsorption–desorption cycles. The adsorption efficiency was obtained 85%, 81%, 87%,
80% for Cd2+, Cr3+, Pb2+ and V5+, respectively. This procedure indicated that the removal
effectivity of selected heavy metal ions does not reduce notably for up to five cycles. Thus,
it can be claimed that the AC-SML nanocomposite can be regenerated for five adsorption–
desorption cycles.
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2.7. Comparison

Table 3 indicates that the freshly synthesized AC-SML nanocomposite could be note-
worthy for removing Cd2+, Cr3+, Pb2+, and V5+ ions. Compared to other adsorbents, the
AC-SML nanocomposite showed high adsorption capacity at pH 4. The adsorption process
duration was relatively fast. The AC-SML’s improved adsorption capacity was due to the
doping of the sulfur metal layer oxides on the AC, enhancing interactions with heavy metal
ions and resulting in significant removal.

Table 3. Comparison of AC-SML with other published adsorbents for heavy metal sorption.

Adsorbent Heavy Metals pH Time (min) Qe (mg/g) Ref.

AC-SML Pb2+, Cd2+, Cr3+, V5+ 4 120 37–90 This study
AC-metal phosphate layered Pb2+, Cd2+, Co2+, V5+, Ni2+ 6 140 20–140 [2]

AC-silica Pb2+, Cd2+, Ni2+ 7 200 61–400 [22]
Magnetic sporopollenin-polyaniline Pb2+ 6 90 163.93 [5]

Magnetic graphene oxide-TiLa Pb2+ 5 120 112 [4]
Alginate@MgS Pb2+ 4 140 84.74 [1]

3. Material and Methods

3.1. Material

Tin (II) chloride (SnCl2), manganese (II) chloride tetrahydrate (MnCl2·4H2O), chromium
(III) nitrate nonahydrate (Cr(NO)3·9H2O), cadmium chloride hemipentahydrate (CdCl2·2.5H2O),
lead nitrate (Pb(NO3)2), ammonium metavanadate (NH4VO3), hydrochloric acid (HCl, 37%),
sodium hydroxide (NaOH), and sodium chloride (NaCl) were purchased from Merck Chemicals.

3.2. Adsorbent Synthesis
3.2.1. Pretreatment and Synthesis AC

The nanosized pomegranate peel-activated carbon was prepared according to the
previous study [9]. Briefly, the raw pomegranate peel (PG) was washed and dried in the
laboratory under ambient temperature and dark place. The dried and clean pomegranate
peel was ground into a fine powder and sieved properly (<150 μm). Then, lignans were
extracted by combining 20 g of pomegranate peel powder with 6 g of NaOH in 200 mL of
distilled water and stirring for 24 h. After being diluted and filtered through filter paper, the
mixture was rinsed with excess distilled water and finally dried in an oven at a temperature
of 85 ◦C. Next, the uniformly sized powder was carbonized in a furnace at 400 ◦C for 3 h
(under an N2 atmosphere) to produce biochar. Using a mass ratio of 5:1 (AC/NaOH),
120 mL of distilled water, and vigorously stirring at 120 ◦C for 2 h, we thoroughly combined
the produced carbon with the NaOH solution. Following filtration of the solution, the
isolated product was dried in an oven at 120 ◦C for 10 h. It was transferred to the furnace to
finish the activation process and heated to 800 ◦C for 2 h. After being neutralized in 0.01 M
HCl and excess distilled water, AC was dried in an oven at 90 ◦C for 24 h [2].

3.2.2. Synthesis of SML-AC

Subsequently, 1 g S2, 0.1 g SnCl2, and 0.1 g MnCl2 were added to a solution containing
2 g of the dried AC in 150 mL of distilled water, and the combination was agitated at 45 ◦C
for 3 h (pH 9). Afterward, the solid was separated from the mixture and heated in the
furnace for 2 h at 650 ◦C. The product (SML-AC) was then rinsed with extra distilled water
and dried in an oven at 85 ◦C for 18 h [23–25] (Figure 12).
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Figure 12. A schematic for SML-AC synthesis and removal procedure.

3.3. Adsorbent Characterization

A Bruker Equinox 55 spectrometer was used to conduct Fourier-transform infrared
spectroscopy (FTIR) in the 400–4000 cm−1 wavenumber region to identify the functional
groups of the newly synthesized material. The surface morphology and elemental structure
of the AC and SML-AC were examined using a field emission scanning electron microscopy
(FESEM) TESCAN MIRA3 equipped Energy Dispersive X-ray Analysis (EDX). Brunauer–
Emmett–Teller (BET) determined the surface area and pore size.

3.4. Removal Procedure

First, 30 mL of the sample solution that contained 30 mg·L−1 of the target analytes
mixed with 40 mg of the SML-AC adsorbent. After 30 min of orbital shaking on a shaker,
the mixture was then centrifuged to separate the SML-AC from the mixture (4000 rpm,
6 min). Lastly, a syringe filter made of cellulose with a mesh size of 0.2 was used to filter
5 mL of the supernatant, which included the metal ions in residual concentration. This
sample was immediately subjected to an inductively coupled plasma optical emission
spectroscopy (ICP-OES) analysis. In the adsorption trials, multiple critical parameters such
as pH (ranging from 2 to 7), SML-AC quantity (ranging from 10 to 150 mg), and contact
duration (ranging from 5 to 240 min) were explored and improved to produce acceptable
results from the adsorbent. Required parameters were calculated below [1,26].

Removal efficiency (R%) =

(
C1 − Ce

C1

)
× 100 (8)

Adsorption capacity (qe) =

(
V
m

)
× (C1 − Ce) (9)

C1 and Ce are initial and residual concentrations of ions (mg·L−1), respectively. V is
the initial sample volume (mL), qe is the equilibrium adsorption capacity (mg·g−1), and W
represents the adsorbent dosage (mg).

4. Conclusions

This study developed an efficient nano-sized adsorbent for removing heavy metal ions
from aqueous solutions using a metal–sulfur-layered oxide immobilized on pomegranate
peel-derived activated carbon. The nanocomposite was prepared and used for removing
selected heavy metal ions (Cd2+, Cr3+, Pb2+, and V5+) from the water sample at pH 4. The
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equilibrium isotherm models were used to explain the adsorption capacity, which obtained
37.03, 78.74, 35.21, and 90.09 mg·g−1 for Cd2+, Cr3+, Pb2+, and V5+, respectively. The
Langmuir and Freundlich model and free Energy findings were carried out in the selected
heavy metal ions adsorption process following monolayer and multilayer sorption patterns
underneath the physical adsorption process. The kinetic rate was limited with pseudo-
second order followed by electron sharing and electrostatic interactions. Hence, with a high
removal efficiency of >90% for all selected heavy metal ions, the AC-SML nanocomposite is
an efficient adsorbent for removing Cd2+, Cr3+, Pb2+, and V5+ from aqueous media.
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Abstract: Manure is a major source of soil and plant contamination with veterinary drugs residues.
The aim of this study was to evaluate the uptake of 14 veterinary pharmaceuticals by parsley
from soil fertilized with manure. Pharmaceutical content was determined in roots and leaves.
Liquid chromatography coupled with tandem mass spectrometry was used for targeted analysis.
Screening analysis was performed to identify transformation products in the parsley tissues. A
solid-liquid extraction procedure was developed combined with solid-phase extraction, providing
recoveries of 61.9–97.1% for leaves and 51.7–95.6% for roots. Four analytes were detected in parsley:
enrofloxacin, tylosin, sulfamethoxazole, and doxycycline. Enrofloxacin was detected at the highest
concentrations (13.4–26.3 ng g−1). Doxycycline accumulated mainly in the roots, tylosin in the leaves,
and sulfamethoxazole was found in both tissues. 14 transformation products were identified and their
distribution were determined. This study provides important data on the uptake and transformation
of pharmaceuticals in plant tissues.

Keywords: pharmaceuticals; parsley; plant metabolism; plant uptake; transformation products;
LC-MS/MS analysis

1. Introduction

Animal manure and liquid manure are commonly used for fertilization and reclama-
tion of agricultural land. Due to their high content of organic matter, nitrogen, phosphorus
and micronutrients, they are natural alternatives to nitrogen fertilizers [1]. One of the major
concerns of using natural fertilizers is the presence of pharmaceutical residues [2]. Both
pharmaceuticals and their metabolites are present in the feces of humans and animals
undergoing antibiotic therapy [3]. The use of natural fertilizers in the form of manure
results in the introduction and dissemination of pharmaceutical contaminants (FCs) in the
environment, and may promote the spread of drug resistance in bacteria [4].

Once released into the environment, depending on their physicochemical properties,
FCs can accumulate in the soil, contaminate groundwater, and be uptaken, absorbed or
immobilized by plants [5]. FCs can be uptaken with water or nutrients via the root pathway
and translocated between tissues [6]. There are three mechanisms of nutrient uptake from
the soil via the root pathway: root uptake, mass flow, and diffusion [7]. Accumulation
of FCs in plant tissues depends on the cellular structure of the plant’s tissues and the
molecular weight, polarity, lyophilicity, and ionic form of these compounds [8].

After absorption of FCs from the soil, they can metabolize in the plant. Transformation
products (TPs) of phase I, II, and III metabolism of various FCs have been detected in plant
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tissues [9]. Tian et al. [9] observed the formation of clarithromycin and sulfadiazine TPs
in leaves and roots of lettuce grown under hydroponic conditions in the presence of FCs.
Eight clarithromycin metabolites were identified during phase I of plant metabolism and
two sulfadiazine metabolites were formed during phase II of metabolism. Other studies
have also shown that FCs from the macrolide, tetracycline and sulfonamide groups were
metabolized according to phase I or phase II reactions after plant uptake [9].

Absorption and subsequent bioaccumulation and biotransformation of FCs in edible
plants carry a risk of transmission to the human gastrointestinal tract [10,11]. Studies on
the pharmacokinetics of sulfamethoxazole and tetracycline were conducted using Chi-
nese cabbage (Napa cabbage) and water spinach grown under hydroponic conditions [12].
The study found that the accumulation capacity of the pharmaceutical depends on var-
ious physicochemical properties, for example tetracycline had a higher concentration
(77–160 μg g−1) than sulfamethoxazole (18–38 μg g−1). Moreover, both plants showed
that the drug accumulated mainly in the roots and to a lesser extent in the green parts,
confirming that these compounds were uptaken from the environment. Studies conducted
on herbs and grasses treated with penicillin, sulfadiazine and tetracycline confirmed that
the roots were most strongly affected by FCs compared to the steams and leaves [13]. Addi-
tionally, the presence of FCs in the soil disrupted homeostasis in the plant body, reduced
the elemental content of the plant and led to salt stress.

The aim of this study was to evaluate the bioavailability of 14 selected veterinary
FCs by parsley plant (Petroselinum crispum) from manure-fertilized soil. The conditions for
extraction and determination of 14 FCs were developed using high-performance liquid
chromatography coupled with tandem mass spectrometer (LC-MS/MS). LC-MS/MS is a
superior analytical technique for the determination of trace amounts of FCs in environmen-
tal samples [14]. Both the time of flight (TOF) and LTQ-Orbitrap analyzers were preferred
due to their high full-scan detection sensitivity, mass accuracy and fast data acquisition.
In our research, we used a QTRAP spectrometer, combining the triple quadrupole op-
erating modes with a linear ion trap. This device is suitable for both targeted analyses
using the Multiple Response Monitoring Mode (MRM). Additionally QTRAP produces a
high amount of fragment ion data which is necessary for retrospective analysis of analyte
transformation products. Representatives of FCs from the groups of tetracyclines (tetracy-
cline (TC), oxytetracycline (OTC), doxycycline (DOX)), sulfonamides (sulfamethoxazole
(SMX), sulfadiazine (SFD)), fluoroquinolones (ciprofloxacin (CIP), levofloxacin (LVF), en-
rofloxacin (ENF)), macrolides (clarithromycin (CLR), tylosin (TYL)), metronidazole (MET),
trimethoprim (TRI), vancomycin (VAN), and clindamycin (CLD) were selected based on
the World Health Organization (WHO) report [15]. The selected FCs include the most
commonly used drugs in human and veterinary medicine, however there are few reports
of soil contamination in Poland by FCs. In Poland the most commonly applied FCs in
pig, bovine and poultry productions are tetracyclines (TC, DOX, OTC), fluoroquinolones
(mainly ENF), sulfonamides (mainly SMX and SFD) combined with TRI and macrolides
(mainly TYL) [16,17]. The contamination of agricultural soils in northern Poland with
residues of selected FCs was also assessed. Selected FCs were present in 21 agricultural soil
samples out of 39 tested, and the concentrations of SMX, MET, TRI, TYL, ENF ranged from
3.6 to 57 μg·kg−1 [18].

A field experiment was conducted in which two types of animal manure (poultry or
cattle) were introduced into the soil, in which parsley was sown and grown. The control
sample was unfertilized soil, free from FCs’ contamination. The experiment was conducted
over a four-month growing period. Bioaccumulation of FCs was evaluated by determining
their concentrations in parsley leaves and roots collected after the plant vegetation period
(targeted analysis). Additionally, FCs’ transformation products present in parsley leaves
and roots were identified using semi-untargeted and untargeted analysis.
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2. Materials and Methods

2.1. Chemicals

Analytical standards TC, OTC, DOX, ENF, LVF, CIP, TYL, TRI, MET, CLR, CLD, SMX,
SFD, and VAN were purchased from Sigma-Aldrich (St. Louis, MO, USA). Hypergrade
acetonitrile (ACN), methanol (MeOH) and water were purchased from Merck (Darmstadt,
Germany). Analytical-grade formic acid (FA), hydrochloric acid (HCl), acetic acid (AcA),
sodium hydroxide (NaOH), ethylenediaminetetraacetic acid (EDTA), 25% ammonium
hydroxide solution, MeOH, ethanol, ACN and chloroform were purchased from CHEMM-
PUR (Piekary Śląskie, Poland). Analytical-grade phosphate dibasic dehydrate (>98%) and
citrinic acid monohydrate (>98%) were purchased from Sigma-Aldrich.

OASIS HLB (500 mg, 6 mL), OASIS WCX (60 mg, 3 mL), and OASIS MAX (150 mg,
6 mL) cartridges were purchased from Waters (Eschborn, Germany). BAKERBONDTM

Octadecyl (C18) (500 mg, 6 mL) cartridges were purchased from BAKERBOND® (J.T. Baker,
Philipsburg, PA, USA).

2.2. Preparation of Standard Solutions

The standard stock solutions of all FCs were prepared in 1.0 mg·mL−1 concentration.
TC, OTC, DOX, TYL, TRI, SMX, ENF, LVF, MET, CLR, and CLD were diluted in MeOH.
CIP was diluted in 1% FA in MeOH, VAN in MeOH:H2O (1:1; v/v) and SFD in acetone.
Calibration solutions of FCs in the range of 1.0 to 1200.0 ng·g−1 were prepared in MeOH.
At the validation stage, a mixture of working solutions with a defined concentration were
added to the parsley root and leaf (blank samples). All the solutions were stored in the
freezer at −18 ◦C and in the dark. The working solutions were stored for a maximum of
one week.

2.3. Sample Collection

The field experiment was conducted between June and September 2019. Eight experi-
mental plots of 4 m2 were prepared. In the poultry manure samples, the FCs’ concentration
was relatively low, DOX and CIP were found at the concentrations of 330.3 ± 40.1 ng·g−1

and 30.0 ± 2.5 ng·g−1 respectively. In the bovine manure and soil, none of the studied
drugs were detected. A low amount of selected FCs in manure samples was the basis
for additional supplementation of the manure with 4 selected FCs: DOX, ENF, SMX,
TYL at a concentration of 50 μg·g−1 manure. The selected FCs are the most commonly
used in the treatment of cattle and poultry from among the 14 veterinary pharmaceuti-
cals studied in this work. Six plots were treated with manure, three of which were with
bovine manure (PMBA–bovine manure-supplemented plots) and three with poultry ma-
nure (PMPA–poultry manure-supplemented plots), respectively. Another two control plots
were not fertilized with manure (CP). Parsley (Petroselinum crispum) was selected as the
crop because of its fast growth and high ecological tolerance to anthropogenic pollution.
Parsley samples (roots and leaves) were collected using the envelope method from five
points of each plot into sterile plastic containers [19]. The samples were transported imme-
diately under darkness and cool conditions to the laboratory, where composite samples
were prepared. Parsley root was separated from the leaf and washed with double distilled
water, then the samples from univariate plots were combined to form composite samples,
homogenized, frozen at −20 ◦C, and then freeze-dried. Freeze-drying was carried out
under 0.035 mbar at −50 ◦C ALPHA 1–2 LDplus (CHRIST, Osterode am Harz, Germany).
Immediately before extraction, the freeze-dried parsley samples were ground to a powder
using an electric grinder MK70 dott (ELDOM, Katowice, Poland).

2.4. Selection of Conditions for FCs’ Extraction from Plant Tissues
2.4.1. Extraction of FCs from Parsley Leaves

(a) Examination of Solid-Liquid Extraction (SLE) Procedure

5–15 μg mixture of FCs in 3 mL MeOH was added to 0.5 g of ground freeze-dried
parsley leaf. The sample was mixed and the solvent was evaporated naturally in the air.
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SLE was performed using solutions of McIlvain buffer (pH = 4), MeOH, ethanol, ACN, and
their mixtures (Table S1). The volume of extractant was 10–20 mL for a single extraction;
for double extraction, 2 × 10 mL or 2 × 15 mL of solvent was used. Samples were shaken
for 30 min or 2 × 30 min at 750 rpm (single extraction/double extraction) using Vibramax
100 (Heidolph, Schwabach, Germany). For each repetition, the samples were centrifuged
for 10 min at 8000 rpm, and the supernatants were combined after double extraction. For
liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) analysis,
1.0 mL of extract was collected.

(b) Examination of Solid-Liquid Extraction Combined with Liquid-Liquid Extraction
(SLE-LLE) Procedure

500 ng of FCs’ standard mixture was added to 0.5 g of freeze-dried parsley leaf, which
was allowed to stand for 24 h to adsorb the analytes and evaporate the solvent in the air.
The extraction was performed using 10 mL of solvent, and the sample was centrifuged at
8000 rpm for 10 min and the supernatant collected and extracted using 5 mL of chloroform.
The extracts were evaporated under a stream of nitrogen and dissolved in 1 mL MeOH:0.1%
FA in H2O (1:1; v/v).

(c) Examination of Solid-Liquid Extraction Combined with Solid-Phase Extraction (SLE-
SPE) Procedure

500 ng of FCs mixture in MeOH was added to 0.5 g of ground freeze-dried parsley leaf,
and the solvent was evaporated. The analytes were extracted using a mixture of McIlvaine
buffer (pH = 4):ACN (1:1; v/v) (single or double extraction). The extracts were adjusted to
pH = 3 using concentrated HCl and diluted to 500 mL using distilled water, so that the
volume fraction of organic solvent was below 3%.

The utilization of SPE in the purification step of the extracts was studied. Different
types of sorbents were examined, including OASIS HLB (500 mg, 6 mL), OASIS MAX
(150 mg, 6 mL), BAKERBONDTM Octadecyl (C18) (500 mg, 6 mL) and tandem OASIS
WCX (60 mg, 3 mL) as a precolumn. Sorbents were conditioned in the same manner using
6 mL of MeOH, 0.1 M HCl, and distilled water, respectively. Different solvents or mixtures
of solvents were used for the elution of analytes: MeOH, 0.1% acetic acid (AcA) in MeOH,
2% FA in ACN/MeOH mixture (8:2 v/v), and 0.1% NH3 in MeOH, (3–10 mL) (SLE-SPE
L1–SLE-SPE L6; Table S2). Eluates were evaporated to dryness under a stream of nitrogen.
Immediately before LC-MS/MS analysis, the evaporated residue was dissolved in a mixture
of MeOH:0.1% FA in H2O (1:1; v/v).

2.4.2. Extraction of FCs from Parsley Root

500 ng of a standard in MeOH was added to 0.5 g of parsley root powder and left
in the air for 24 h to evaporate the solvent. SLE was then performed using 10 mL of
solvent or mixture of solvent, including MeOH, ACN, 0.2 M NaOH, acetone, McIlvain
buffer (pH = 4), and 0.1 M EDTA (SLE-SPE R1: McIlvaine buffer (pH = 4):ACN (1:1; v/v);
SLE-SPE R2: McIlvaine buffer (pH = 4):MeOH (1:1; v/v); SLE-SPE R3: McIlvaine buffer
(pH = 4):MeOH (1:1; v/v), McIlvaine buffer (pH = 4):ACN (1:1; v/v); SLE-SPE R4: McIlvaine
buffer (pH = 4):ACN (1:1; v/v), 0.2 M NaOH:acetone (1:1; v/v); SLE-SPE R5: McIlvaine
buffer (pH = 4):MeOH (1:1; v/v), 0.2 M NaOH:acetone (1:1; v/v); SLE-SPE R6: ACN:
McIlvaine buffer (pH = 4):0.1 M EDTA (2:2:1; v/v/v)). Single extraction was carried out
for 30 min by shaking at 750 rpm, and then centrifuged for 10 min at 8000 rpm. In the
case of multiple SLEs, the extracts were combined. Samples were diluted to 250 mL using
distilled water and adjusted to pH = 3 using FA. SPE was performed using OASIS HLB
sorbents (500 mg, 6 mL). Conditioning was performed using 6 mL of MeOH, 0.1 M HCl,
and distilled water, respectively. The sorbents were vacuum-dried for 20 min, and the
analytes eluted with 6 mL of MeOH and 4 mL of 0.1% AcA in MeOH. The samples were
evaporated to dryness under a stream of nitrogen and dissolved in 1 mL of MeOH:0.1% FA
in H2O (1:1; v/v).
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2.5. Sample Preparation

SLE extraction or two-step SLE combined with SPE were used to extract FCs from
plant tissues. The best FCs’ extraction parameters were as follows:

2.5.1. Parsley Leaf–Developed Procedure I (Extraction of TC, OTC, DOX, CIP, ENF, LVF,
CLD, VAN)

15 mL of McIlvaine buffer (pH = 4):ACN mixture (1:1; v/v) was added to 0.5 g of
freeze-dried parsley leaf and extracted for 30 min. The sample was centrifuged at 8000 rpm
for 10 min, the supernatant collected, and a second extraction was performed using the
same solvent mixture. The supernatants were combined, diluted to 500 mL using distilled
water and adjusted to pH = 3 using HCl. In the case of SPE extraction, OASIS HLB sorbent
(500 mg, 6 mL) was used and conditioned with 6 mL of MeOH, 0.1 M HCl, and H2O,
respectively. The sample solution was passed through the sorbent at a rate of 3 mL·min−1

and then the sorbent was vacuum-dried. Elution was performed using 10 mL of 2% FA in
MeOH:ACN (2:8; v/v) and 10 mL of 0.1% NH3 in MeOH. The residue was evaporated to
dryness under a stream of nitrogen, dissolved in 1 mL of 0.1% FA in H2O:MeOH (1:1; v/v)
and centrifuged at 8000 rpm for 5 min. The supernatant was collected and analyzed using
LC-MS/MS.

2.5.2. Parsley Leaf–Developed Procedure II (Extraction of MET, SMX, SFD, TRI, TYL, CLR)

0.5 g of freeze-dried leaf sample was extracted twice with 10 mL of MeOH. Each
extraction was conducted by shaking the sample at 750 rpm for 30 min, and centrifuged
at 8000 rpm for 10 min. The supernatants from the two extractions were combined and
evaporated to dryness under a stream of nitrogen. The residue was then dissolved in 1 mL
of 0.1% FA in H2O:MeOH (1:1; v/v) and centrifuged at 8000 rpm for 5 min. The clear
supernatant was analyzed using LC-MS/MS.

2.5.3. Parsley Root–Developed Procedure (Extraction of 14 FCs)

10 mL of ACN:McIlvaine buffer (pH = 4):0.1 M EDTA mixture (2:2:1; v/v/v) was added
to 0.5 g of freeze-dried parsley root and extracted for 30 min at 750 rpm, and centrifuged at
8000 rpm for 10 min. The supernatant was collected and diluted to 250 mL with distilled
water and adjusted to pH = 3 using FA. The sample was applied to OASIS HLB sorbent
(500 mg, 6 mL), conditioned as in SLE-SPE procedure for leaves (SLE-SPE L1, Section 2.4.1).
Elution was performed using 6 mL of MeOH and 4 mL of 0.1% acetic acid in MeOH. The
sample was evaporated to dryness under a stream of nitrogen and dissolved in 1 mL of
0.1% FA in H2O:MeOH (1:1; v/v) immediately before analysis.

2.6. Instrumental and Analytical Conditions

Dionex UltiMate 3000 HPLC system (Dionex Corporation, Sunnyvale, CA, USA)
equipped with: rapid separation pump, autosampler, thermostatted column compartment
was used for the analysis of FCs. Dionex Chromeleon TM 6.8 software was used to control
the chromatography system. The HPLC system was coupled with an AB Sciex Q-Trap®

4000 mass spectrometer (Applied Biosystems/MDS SCIEX, Foster City, CA, USA). Detailed
conditions for LC-ESI-MS/MS determination of 14 FCs were discussed in our previous
publication [20]. Briefly, ZORBAX SB-C3 column (150 mm × 3.0 mm i.d., 5 μm, Agilent
Technologies, Santa Clara, CA, USA) column was used for chromatographic separation.
Elution was performed using a gradient mixture of 0.1% FA in water and ACN. Total
analysis time was 10 min, the column temperature was maintained at 30 ◦C and the
injection volume was 5 μL. All FCs were analyzed in positive ionization mode. Each
sample was analyzed in multiple reaction monitoring mode (MRM) using the two highest
precursor ion/product ion transitions.
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2.7. Method Validation

The developed SLE-SPE procedure and LC-MS/MS method for determination of
14 FCs in the parsley root and leaf samples was validated. Linearity range, limit of
detection (LOD) and quantification (LOQ), recovery, accuracy, precision and matrix effect
were studied by analysis of FCs’ standards. Calibration curves were obtained by analyzing
the calibration solutions of concentration between 1 ng·g−1 and 1200 ng·g−1. Quantitative
analysis was conducted by calculating the ratios between each analyte’s peak area and the
peak area of the calibration curve. Regression equations for each analyte were obtained
using the linear regression method. The degree of curve model fit was assessed using the
determination coefficient (R2). LOQ was determined as the lowest point on the calibration
curve, LOD was calculated as 33% LOQ.

The matrix effects (ME) were evaluated by comparing the peak area of FCs diluted in
the blank sample (extract of parsley root or leaf) to the peak area of the analytes diluted with
pure solvent. Blank samples of parsley root and leaf were previously analyzed to confirm
the absence of any significant peak at MRM transitions. The optimized MS parameters
(declustering potential, collision energy, collision cell exit potential) for the selected MRM
transitions for each compound were given in our previous publication [20]. Recovery was
calculated as the ratio of the measured signal analyte area in the sample after extraction
(FCs added before extraction) related to the signal area of the analyte in the matrix solution
(FCs added after extraction). The recovery was determined at three concentration levels:
low-quality control (LQC = 100 ng·g−1), middle-quality control (MQC = 400 ng·g−1), and
high-quality control (HQC = 1000 ng·g−1). Precision and accuracy were determined at
the same concentration levels. Accuracy was defined as the relative error (RE), precision
was determined to form on the coefficient of variation (CV). Analyses were performed in
six replications.

2.8. Identification of Transformation Products of Selected FCs in Plant Tissues

Two approaches were used to identify TPs in plant tissue samples: screening and
untargeted analysis. Environmental samples were analyzed by LC-MS/MS in different
modes of linear ion trap. The ion source parameters and ionization mode were the same as
for targeted analysis (Section 2.6). Intelligent data acquisition (IDA) mode was used for
screening analysis, combining pseudo-monitoring multiple reactions (p-MRM) mode of
operation with enhanced product ion scanning (EPI). The development of p-MRM method
consisted of collecting literature data on TPs of selected FCs and their characteristic MRM
transitions, and then creating a list of TPs in MRM mode. According to IDA criteria, if
a compound’s signal intensity exceeded 500 cps and was in the range of 100–1500 Da,
then EPI mode was activated and the full mass spectrum recorded. Confirmation was
obtained through comparison of the obtained mass spectra of TPs with those available in
the literature [20,21]. The use of p-MRM-IDA-EPI reduced the amount of data obtained in
the next step.

For untargeted analysis, full data collection mode (EMS) was used in combination with
EPI. IDA criteria were the same as for p-MRM-IDA-EPI. After recording mass spectra by
EPI-IDA-EMS for the identified compounds in the sample, the focus was on retrospective
analysis of spectra that were not recorded in p-MRM-IDA-EPI. Where possible, the data
obtained were confirmed using databases or literature.

3. Results and Discussion

3.1. Development of the Extraction Procedure for the Isolation of FCs from Plant Tissues
3.1.1. Parsley Leaves–Development of SLE Procedure

McIlvain buffer (pH = 4) and organic solvents, including MeOH, ethanol, ACN, and
acetone (Table S1), were used to extract FCs from leaf samples [6,10]. Table S3 shows analyte
recoveries obtained using SLE for parsley leaves. The shaking time and intensity were
chosen based on the stability data of the determined compounds (unpublished material).
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Notably, the utilization of only organic solvents provides inefficient extraction of
selected FCs from the parsley matrix. The following extraction efficiencies were obtained:
30.1–80.2% for MeOH, 18.8–87.5% for MeOH:ACN (1:1; v/v), whereas the lowest efficiency
was obtained for ACN with only 2.9–63.2%. According to Table S3, it was possible to
perform SLE extraction of 7 analytes (SMX, SFD, CLR, MET, TRI, TYL, ENF) using only
MeOH, with recoveries above 60%. Performing double extraction with MeOH resulted
in higher recoveries of ENF, TYL, TRI, MET, and SFD (above 80%). In the case of SLE
of tetracyclines, sulfonamides, and fluoroquinolones from lettuce, carrot, tomato, and
walnut leaf samples, a mixture of ACN:acetone (1:1; v/v, pH = 3) can be used as the
extractant [22,23]. According to reports, the procedure of double extraction of SLE using
MeOH and 5% FA in MeOH without a sample purification step gives the selected extraction
of 59 FCs from samples of 8 edible plant species [24]. The McIlvaine buffer (pH = 4) (SLE
L4) was suitable for the extraction of all analytes with a recovery of 31.5% (LVF)–102.8%
(VAN). The pH of the extraction buffer is important to improve the solubility of FCs due to
their low pKa in the range 1.8–6.6 for all analytes except CLD and CLR [20].

According to the literature, improved extraction of FCs can be achieved by modi-
fying the composition of the McIlvaine buffer solution through addition of an organic
solvent [11,25]. In order to recover analytes not extracted by McIlvaine buffer (pH = 4), a
mixture with an organic solvent (methanol or ACN) was prepared in a volume ratio of
1:1. McIlvaine buffer (pH = 4) with an organic solvent increased the recovery of fluoro-
quinolones, sulfonamides and TRI and CLR. After using ACN mixture, higher recoveries
were obtained for tetracyclines (TCs: 71.3–91.6%) and sulfonamides (SAs: 76.8–95.9%),
compared to MeOH (TCs: 64.2–79.6%, SAs: 66.2–90.4%). It was found that the presence of
McIlvain buffer allowed the extraction of analytes with high polarity, and the addition of
ACN allowed the extraction of more non-polar compounds [25–27]. Therefore, a mixture
of McIlvain buffer (pH = 4):ACN was used in further experiments. The use of double
extraction with McIlvain buffer (pH = 4):ACN mixture further increased the recovery (66.0%
(CIP)–96.7% (CLR)) (SLE-SPE L7) compared to single extraction (SLE-SPE L5). In the final
procedure described in Section 2.4, the solvent volume was increased from 10 mL to 15 mL
due to the high solvent absorption of the freeze dried plant material, which significantly
reduced the final extractant volume.

The extraction mixture of 0.2 M NaOH with acetone (SLE-SPE L8) for the extraction
of fluoroquinolones (FQs) was examined [26]. The recovery of FQs was below 40.1%, and
the supernatant solution was turbid and thick. SLE with aqueous NaOH solution is often
used to extract plant proteins due to alkaline conditions being easier to cleave H-bonds
that stabilize the protein structure [28]. It is known that the extraction of FCs from parsley
leaves using 0.2 M NaOH:acetone mixture promotes coextraction of plant proteins followed
by denaturation [29]. Therefore, a suitable procedure suitable for soil matrices, would not
translate to plant tissue matrices. A mixture of MeOH:EtOH:H2O was also studied, as well
as a mixture where water was replaced with McIlvaine buffer (pH = 4) (SLE-SPE L9) [30].
The recoveries for both mixtures were lower than McIlvaine buffer (pH = 4):ACN mixture
(1:1; v/v).

3.1.2. Parsley Leaves–Combining SLE-LLE Procedures

Leaves have a complex organic matrix, consisting of compounds such as lignin, cellu-
lose, proteins, flavonoids, tannins and plant pigments that can affect the efficiency of the
extraction process [31]. The main problem with SLE for the preparation of leaf samples
is co-extraction from the plant pigment matrix. Reports commonly employ chloroform
to extract chlorophyll from plants and its mixtures [32]. Chloroform has low polarity
compared to the other organic solvents used, with dipole moments of chloroform (1.04 D),
ACN (3.92 D), methanol (1.70 D), and water (1.85 D), hence, it could be used to purify plant
extracts containing FCs. Figure S1 compares the obtained results after purification of plant
extracts, with chloroform in aqueous (aq.f) and organic (org.f) fractions.
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The use of chloroform at the LLE stage for purification of SLE extracts did not improve
extraction efficiency. It was observed that the recovery of tetracyclines and CLD in the
aqueous fraction increased (37.6–83.43%) compared to pure MeOH. However, 23.0–63.3% of
some analytes (LVF, ENF, TYL, TRI, MET, CLR) were also soluble in the organic fraction. The
partial solubility of the aforementioned six FCs in chloroform was due to the formation of H-
bonds between the analytes and chloroform. According to the Lewis theory, chloroform is
an electron pair acceptor, and the -NH2, -NHR2, -NR3, -OH, =O groups present in the drug
structure act as an electron pair donor [33]. The combined SLE-LLE method significantly
degraded the recovery of SAs and VANs. Therefore, the LLE step was abstained for the
purification of the plant matrix.

3.1.3. Parsley Leaves–Combining SLE-SPE Procedures

The use of SPE for the purification of parsley leaf extracts was studied. SPE sor-
bents of different natures were tested: anion-exchangeable (MAX), cation-exchangeable
(WCX), hydrophilic-lipophilic balance (HLB) and silica gel modified with octadecylsilane
groups (C18). Sorbent selection consisted of two criteria: effective retention of FCs and
removal/retention of matrix components. The obtained results are shown in Figure S2.
Previous studies have examined the tandem combination of two different sorbents, where
one sorbent was used for retention of matrix constituents and the other for retention of
analytes. For example, the tandem combination of cation exchange sorbents (SCX and
MCX) with HLB has been successfully applied to extract FCs from plant tissues [34,35].
In our study, we tested the tandem combination of WCX and C18 sorbent (for retention
of matrix components) with HLB sorbent (for retention of analytes). The results showed
that 10 of 14 analytes were retained on WCX sorbent and the recoveries were in the
range of 8.1% (SMX)–49.7% (CLR). C18 sorbent retained 12 of 14 analytes with recoveries
ranging from 1.9% (TC)–41.1% (SMX). Due to high analyte loss, WCX and C18 as pre-
columns in tandem SPE were not used. The employment of strong anion exchange sorbents
(SAX/MAX) and/or HLB for the extraction of FCs from solid samples has been extensively
reported [21,32] and promotes the separation of analytes in good recoveries. In our study,
we also tested the feasibility of MAX and HLB sorbents. The recovery of FCs with MAX
sorbent was in the range of 1.1% (MET)–70.1% (CLR), with recoveries below 35% for 9 of
14 analytes. The best recovery was obtained for the HLB sorbent, where all FCs, except
metronidazole, had recovery in the range of 44.4% (CLR)–106.8% (OTC). Therefore, the
HLB sorbent was selected for further study.

In the next step, SLE extraction was combined with SPE and parameters such as
solvent composition for SLE, sample volume after dilution (so that the volume percentage
of organic solvent did not exceed 3%), volume and solvent composition for SPE elution
were selected. The selection of solvents for SLE is summarized in Table S3. The comparison
of FCs’ extraction efficiency in parsley leaf SLE-SPE procedures (SLE-SPE L1–SLE-SPE L6)
is shown in Figure 1, and their parameters are summarized in Table S2. First, one-step
(SLE-SPE L1) and two-step (SLE-SPE L2) SLE extraction were performed, followed by SPE
extraction under the same conditions. Analyte recoveries for the single extraction were
lower (13.0–45.9%) than for the two-step extraction (14.2–67.8%). Commonly, multiple
solvent SLE is used for FCs’ extraction from real samples because, in multi-stage extraction,
the distribution coefficient is established at each stage, which makes extraction more
effective [36,37]. Additionally, the utilization of solvents of different composition at each
step as in L2, allows the extraction of FCs with different polarities [6,9,34]. Hence, in
SLE-SPE L3 procedure, the volume of elution solution was increased from 10 mL to 20 mL,
which increased the recovery of CIP, LVF, ENF, TYL, CLR, and CLD. In another modification
(SLE-SPE L4), 0.1% AcA in MeOH and 0.1% NH3 in MeOH were used for elution. The
application of two-step elution under extreme pH conditions promoted the extraction of a
wider group of FCs with different pKa values. Reports have shown that the most common
elution of analytes from HLB sorbent after passing the plant matrix extract is carried out
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under inert conditions–MeOH [6,9], although our study indicated that sequential elution
with solvents of different pH gave a higher recovery of FCs.

Figure 1. Comparison of the efficiency of FCs’ extraction process following SLE-SPE procedure from
parsley leaf.

Finally, we modified the SLE step by increasing the volume of solvent in a single
extraction from 10 mL to 15 mL and eliminated the extraction with McIlvain buffer (pH = 4)
with MeOH, replacing it with ACN in both extraction steps (SLE-SPE L5, SLE-SPE L6).
In addition, 2% FA in a mixture of MeOH:ACN (SLE-SPE L5) and 0.1% AcA in MeOH
(SLE-SPE L6) were tested in SPE step as low pH eluent, 0.1% NH3 in MeOH was used for
the second elution in both cases. Both procedures gave recoveries above 50% for all analytes
except MET (4.3–4.7%) and CLR (44.4–45.8%). Application of SLE-SPE L5 and SLE-SPE
L6 procedures allowed efficient extraction of 8 FCs: TC, OTC, DOX, CIP, ENF, LVF, VAN,
CLD (Figure 1). The SLE-SPE L5 procedure gave better recoveries of the aforementioned
compounds compared to SLE-SPE L6, respectively: 68.1% (VAN)–97.1% (OTC), 54.1%
(VAN)–106.8% (OTC), hence, it was used as one of the sample preparation procedures for
parsley leaves. The efficiency of SLE-SPE L5 extraction was low for the other 6 analytes
(SMX, SFD, MET, TRI, TYL, CLR), so it was necessary to use a procedure based on double
SLE extraction with MeOH for their separation (SLE L1, without using SPE; recoveries
61.9–89.9%).

3.1.4. Parsley Root–Development of SLE-SPE Procedure

SLE-SPE extraction of five selected FCs from parsley root has already been studied by
our research team [38]. In the present study, the SLE-SPE procedure was also used to extract
14 selected analytes, and the SLE step was modified. Figure 2 compares the efficiency of
FCs’ separation from parsley root using SLE-SPE procedures. In all procedures (SLE-SPE
R1, SLE-SPE R6), SPE extraction conditions were the same (Section 2.4.2). The majority
of known SLE-SPE procedures have been validated for soil matrices, but less frequently
for plant samples. Compared to parsley leaf, parsley root contains much fewer coeluting
matrix compounds (essential oils, flavonoids) [39], which affect the extraction efficiency of
FCs. Mixtures of McIlvain buffer (pH = 4) with organic solvents (ACN, MeOH) were used
for the SLE of soil matrices [25,40]. For extraction of FCs from plant material (roots, leaves,
seeds), the same SLE-SPE-based procedures are commonly applied, which differ in analyte

208



Molecules 2022, 27, 4378

recoveries depending on the studied tissue [9,23]. The selection of SLE-SPE extraction
conditions from parsley root was similarly performed as for the leaf samples (Section 3.1.1).
Performing a single extraction with a mixture of McIlvaine (pH = 4):ACN buffer (SLE-SPE
R1) and McIlvaine (pH = 4):MeOH buffer (SLE-SPE R2), gave FCs recoveries of 23.4%
(SMX)–78.2% (CIP) and 20.5% (ENF)–93.3% (DOX), respectively. Single SLE-SPE R1 and
SLE-SPE R2 extractions were ineffective in the separation of SAs and FQs from the root
matrix. Two-step SLE and combination of the mixtures in a single procedure was examined
to increase recovery (SLE-SPE R3). In SLE-SPE R3, a significantly higher recovery of CLR
(84.4%) and a slight increase in recovery of SMX (33.8%) and SFD (40.1%) were observed.
Improved extraction efficiency of fluoroquinolones was examined using extraction under
alkaline conditions (SLE-SPE R4, SLE-SPE R5) as the second SLE step, which worked well
for soil matrices [26]. The use of a mixture of 0.2 M NaOH with acetone improved the
recovery of fluoroquinolones (CIP: 69.8–108.9%, LVF: 37–69.8%, ENF: 57.5–88.3%), but
decreased significantly the recovery of TRI, MET, and CLD, hence, this approach was not
examined further. Finally, a one-step extraction with a mixture of ACN:McIlvaine buffer
(pH = 4):0.1 M EDTA (2:2:1; v/v/v) (SLE-SPE R6) was used, which gave good recoveries
for all analytes 51.7–95.6% and the highest repeatability (CV: 2.5–9.6%). Procedures using
0.1 M EDTA in mixtures of different compositions have been reported for soil matrices and
manure [25], but have not been applied to the separation of FCs from plant roots.

Figure 2. Comparison of efficiencies using SLE-SPE procedures for the separation of analytes from
parsley root: SLE-SPE R1: McIlvaine buffer (pH = 4):ACN (1:1; v/v); SPE-SPE R2: McIlvaine buffer
(pH = 4):MeOH (1:1; v/v); SLE-SPE R3: McIlvaine buffer (pH = 4):MeOH (1:1; v/v), McIlvaine buffer
(pH = 4):ACN (1:1; v/v); SLE-SPE R4: McIlvaine buffer (pH = 4):ACN (1:1; v/v), 0.2 M NaOH:acetone
(1:1; v/v); SLE-SPE R5: McIlvaine buffer (pH = 4):MeOH (1:1; v/v), 0.2 M NaOH:acetone (1:1; v/v);
SLE-SPE R6: ACN: McIlvaine buffer (pH = 4):0.1 M EDTA (2:2:1; v/v/v).

3.2. Method Validation

Tables S4 and S5 present the validation parameters of the developed LC-MS/MS
method for parsley root and leaf matrix, respectively. Validation was performed using FCs-
free sample extracts prepared according to the procedure described in Section 2.4, enriched
with the appropriate amount of analytes. Analyses were performed in six independent
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replicates. Calibration curves were linear in the range of 1–1200 ng·g−1 for all analytes
except VAN and TC, for which the range was 5–1200 ng·g−1. The coefficient of fit for the
curves (R2) was in the range of 0.9858–0.9988, indicating a good fit of the curves. The
sensitivity of the method was determined by LOD and LOQ, which were 0.3–1.6 ng·g−1

and 1.0–5.0 ng·g−1, respectively.
Accuracy and precision were determined at three concentration levels (100 ng·g−1,

400 ng·g−1, 1000 ng·g−1). The precision determined as RE (%) was less than 9.60% for
the extracts from parsley root and 7.90% from parsley leaf extracts. The precision of
the method determined by CV was in the range of 0.40–7.56% for the root matrix and
0.49–11.42% for the parsley leaf matrix. The recoveries determined for the parsley root
matrix were in the range of 51.7% (MET)–95.6% (CLR) in HQL samples. In the case of
the parsley leaf sample, the recoveries of 6 analytes (SMX, SFD, MET, TRI, TYL, CLR)
in double MeOH extraction procedure were in the range of 61.9% (CLR)–89.9% (TYL) in
HQL samples. In the parsley leaf SLE-SPE procedure, the recoveries of the remaining
8 analytes (TC, OTC, DOX, CIP, ENF, LVF, VAN, CLD) were in the range of 67.3% (CIP)–
97.1% (OTC) in HQL samples. The recoveries obtained were satisfactory and similar to
those previously reported for plant matrices [36,41]. The selectivity of the method was
obtained by comparing the chromatograms recorded in MRM mode for the analytes after
extraction of the plant material and the blank. No interference of matrix components was
observed in the chromatograms, with retention times corresponding to the analytes.

The matrix effect was also examined for both extracts from parsley root and leaf
samples (Tables S4 and S5). The matrix effect was influenced by both matrix type and
sample preparation [42]. It was observed that the matrix effect significantly affected the
signal intensity of analytes SFD (signal attenuation, ME = −11.35%) and CLD (signal
enhancement, ME = 11.31%) for parsley root matrix. For the other analytes, the matrix
effect was negligible (ME < 7.81). Similarly for parsley leaf, where ME was in the range of
−6.74–7.96%.

3.3. Investigation of FCs Accumulation in Plant Tissues

Four FCs were detected in plant tissue samples collected from plots enriched with
poultry manure (PMPA) and cattle manure (BMPA): DOX, TYL, SMX and ENF (Table 1).
ENF was detected at the highest concentration, ranging from 23.9–29.3 ng·g−1 in parsley
leaves, and detected at 13.4–25.3 ng·g−1 in parsley roots (Table 1). For example, in a
report, three crop species (soybean, corn, and bean) were examined, where root absorption
was the main route of ENF uptake by the plant, and its content was in the range of
1.68 ng g−1–26.17 μg·g−1 [43]. Parsley samples showed slightly higher ENF content in
parsley leaves than parsley roots. The different tendency in accumulation was probably
related to morphophysiological differences between plant species, in which the type and
distribution of tissues and the presence of apoplastic barriers limited the transport of
selected ionic forms of pharmaceuticals in the plant [44]. SMX was detected in trace
amounts (<6.83 ng·g−1) in all parsley samples grown in manure-enriched soil (PMPA,
BMPA). According to literature data, SMX is present in the soil environment in anionic
form, which causes repulsion from the root cell apoplast and reduces its uptake from the
soil [45]. Another reason for low uptake may be the rapid degradation rate of SMX in the
soil under environmental conditions [45]. TYL was only detected in parsley leaves, but its
concentration was below LOQ (<1.0 ng·g−1). In 11 vegetables grown in TYL-enriched soil,
0.2–2.4 ng·g−1 was detected, and in most cases the result was below LOQ [3]. According to
the literature, TYL in water, soil or manure environment is biodegradable up to 30 days [46].
Our results for parsley samples confirmed the low absorption of TYL by the plant.
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Table 1. Concentrations of selected pharmaceuticals in plant tissues.

Concentration (ng·g−1 Dry Weight) (SD)

PMPA BMPA CP

Tissues leaf root leaf root leaf root
TC nd nd nd nd nd nd

OTC nd nd nd nd nd nd
DOX 2.1 (0.7) 14.0 (0.5) 3.0 (0.1) 13.6 (4.4) nd nd
CIP nd nd nd nd nd nd
ENF 23.9 (3.0) 13.4 (0.5) 29.3 (3.9) 25.3 (3.7) nd nd
LVF nd nd nd nd nd nd
MET nd nd nd nd nd nd
CLR nd nd nd nd nd nd
CLD nd nd nd nd nd nd
SMX 2.3 (0.1) <LOQ 2.3 (0.2) 6.8 (2.2) nd nd
SFD nd nd nd nd nd nd
TYL <LOQ nd <LOQ nd nd nd
TRI nd nd nd nd nd nd

VAN nd nd nd nd nd nd
PMPA-soil plots supplemented with poultry manure; BMPA-soil plots supplemented with bovine manure;
CP-control plots without supplementation; nd–not detected.

In the case of DOX, higher concentrations were detected in the roots (13.62–14.02 ng·g−1)
than in the green part of the plant (2.06–3.08 ng·g−1). DOX in soil is resistant to degradation
processes and has a half-life of 533 days [47]. Additionally, it does not show toxic properties
to plants and adult earthworms [48]. However, studies conducted by Litskas et al. [49]
concurrently confirm that DOX has an inhibitory effect on earthworm reproduction in
soil, where the abundance of juvenile organisms was significantly lower in soil enriched
with this FC. DOX is mobile in the environment and detectable in soil solutions [48]. It
is the least studied pharmaceutical in the whole group of tetracyclines, where studies
have shown that DOX was not detected in lettuce [36], while it was present in radish and
pak choi [50] when grown in soil supplemented with DOX. The range of concentrations
of pharmaceuticals determined in our study (1.0–29.3 ng g−1) was comparable to those
reported, where 1.6–2.8 ng·g−1 ENF, 0.5–1.5 ng·g−1, TYL and SMX 0.05–6.8 ng·g−1 were
detected [10].

Once absorbed by edible plants, FCs are carried back into the food chain, potentially
endangering human health. FCs’ residues in edible plants induce antibiotic resistance
development and promote the transfer of antibiotic-resistant bacteria to humans [51,52].
In a study conducted in Germany for 1001 food plants for 5 bacterial strains, the drug
resistance genes DOX, ENF, SMX and TYL were detected. Relatively high resistance
rates E. faecalis were also observed for doxycycline (23%) and tylosin (10%) [53]. Another
concern about FCs in food is the development of severe allergic reactions. The constant
consumption of even low amounts of FCs in food can reduce fertility, be carcinogenic and
cause obesity [54].

3.4. Identification of Transformation Products of Selected FCs in Plant Tissues

The photolysis of selected FCs is limited to the top layer of soil where light reaches
(7–8 mm), and its rate is two orders lower than for the process carried out in water [55,56].
Direct photodegradation is not considered the main pathway for FCs’ degradation in
soils. FCs are efficiently transformed and degraded by bacterial strains and fungi present
in soils [56,57]. Thus, it was assumed that both TPs formed in the soil and adsorbed
by the plant and those formed by FCs’ metabolism may be present in the tissues of har-
vested plants.

10 ENF TPs and two DOX TPs were detected in plant samples grown in manure-
fertilized soils. SMX216 was detected in parsley root samples from PMPA and BMPA
plots, and SMX158 was only detected in parsley root from PMPA plot. Table 2 shows the
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distribution of TPs according to the plot where parsley was grown. Structure identification
of TPs was performed in two steps: first, screening analysis using pseudo-MRM mode;
then structures were confirmed by recording mass spectra using EMS-IDA-EPI. Table 3
shows the structures of the identified TPs and their characteristic p-MRM transitions. The
obtained results were confirmed based on literature data.

Table 2. Identified transformation products in parsley leaf and root samples.

Lp. TPs
PMPA BMPA CP

Leaf Root Leaf Root Leaf Root

1 ENF263 + + + + − −
2 ENF330 − + − + − −
3 ENF390 − + − + − −
4 ENF282 + − + − − −
5 ENF342 + − − + − −
6 ENF376 + − + − − −
7 ENF334 + − + − − −
8 ENF306 + − + − − −
9 ENF223 − + − + − −
10 ENF291 − + − + − −
11 DOX274 − + − + − −
12 DOX399 − + − + − −
13 SMX158 − + − − − −
14 SMX216 − + − + − −

According to the obtained results, different tissue distribution of ENF TPs was ob-
served, four ENFs were detected exclusively in leaves (ENF282, ENF376, ENF334, ENF306),
four exclusively in roots (ENF330, ENF390, ENF223, ENF291), and two (ENF263, ENF342)
in both leaf and root. Two TPs formed by attachment of a hydroxyl group to a quinolone
ring (ENF376) or piperazine ring (ENF390) were identified. In ENF390, the ethyl chain at
the nitrogen atom on the piperazine ring was additionally oxidized. ENF328 was formed by
defluorination of ENF, cleavage of the ethyl group from the piperazine ring, and subsequent
oxidation. Hydroxylation and oxidation are typical reactions in biotic transformations of
FCs [58]. ENF376 has been described as a ENF metabolite produced by basidiomes [59] and
detected in chicken tissues after ENF administration [60]. To date, ENF376, ENF390 and
ENF328 have only been identified after ENF photodegradation processes [61,62]. The four
ENF TPs were formed by piperazine ring opening. ENF306 was formed by dissociation of
the ethyl group from the piperazine ring and opening with loss of C2H4. For ENF334, loss
of C2H4 from the piperazine ring was also observed, but a carbonyl group was attached at
the nitrogen atom instead of an ethyl group. ENF330 was formed by dissociation of fluorine
and ethyl group and opening of the piperazine ring followed by oxidation. ENF291 was
formed by cleavage of the piperazine ring and loss of the secondary amine nitrogen, fol-
lowed by oxidation of the methylamine group. Therefore, the transformation of FQs present
in soil was mainly by oxidation of the piperazine side chain, although the fluoroquinolone
ring remained intact [55]. ENF306, ENF330, and ENF291 are photodegradation products of
ENF or its metabolite CIP [62,63], and ENF334 is a metabolite isolated from pharmaceutical
slime [64]. Hence, it was possible that these four TPs were formed in the environment and
uptaken by the plant. Three TPs were formed by detachment of the main groups that form
ENF. ENF342 was formed by dissociation of fluorine from the quinolone ring. Fluorine dis-
connection occurred by photodegradation [62] and microbial degradation [20]. ENF263 was
formed by C-N bond disruption and piperazine ring disconnection. ENF223 was formed by
dissociation of the cyclopropyl ring from the ENF263 molecule. According to the literature,
ENF263 and ENF223 are formed by biodegradation carried out by microorganisms [58,64].
DOX accumulated mostly in the parsley roots, its two TPs, DOX399 and DOX274, were
detected. DOX399 was formed via C-C bond cleavage and dissociation of the amide group
from the DOX ring. The transformation pathway leading to the formation of DOX274 from
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DOX was studied in photodegradation and involved C-C bond breaking, C-N bond break-
ing and dehydration reactions sequentially [65]. The transformation pathways of DOX
under environmental conditions have not been reported in detail. DOX TPs were detected
in the photodegradation process [65], but it was disregarded that they were formed by
microbial activity or plant metabolism. Two SMX TPs were also detected in parsley roots.
SMX158 was formed via S-N bond cleavage and detachment of the isoxazole ring. SMX216
was formed via isoxazole ring opening and dissociation of the -C2H4 group. Reports have
described SMX158 TPs in the degradation of SMX under ionizing radiation, which may
suggest that it was formed by SMX oxidation [66] and microorganisms [67]. However,
SMX216 was identified as a metabolic product of sulfate-reducing bacteria, hence, it was
observed more frequently in oxygen-deficient environments in its free form [68]. As noted,
transformation of pharmaceuticals in the environment can occur due to biotic (microbial
activity) and abiotic (photolysis) factors [43]. The response of the plant organism to FCs’
transformation products and their tissue distribution depends on the plant species [43,44].
The metabolism of FCs is generally considered to be the detoxification mechanism of the
plant; however, there is concern that some metabolites may have the ability to acquire or
potentiate bactericidal activity [9,44].

Table 3. Compilation of the determined pharmaceuticals and their identified transformation products.

Analytes Formula
[M + H]+

(m/z)
Fragmentation Ions

(m/z)
Structure Ref.

Pharmaceuticals

DOX C22H24N2O8 445.2 428.2
154.1

[20]

ENF C19H22FN3O3 360.7 316.2
245.1

 

TYL C46H77NO17 916.1 174.2
775.5

 

SMX C10H11N3O3S 253.9 92.0
108.0
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Table 3. Cont.

Analytes Formula
[M + H]+

(m/z)
Fragmentation Ions

(m/z)
Structure Ref.

Transformation products

ENF263 C13H11FN2O3 263.0 245.0
204.0

 

[46,49,69–71]

ENF330 C17H19N3O4 330.0 312.0
284.0

 

[62]

ENF390 C19H20FN3O5 390.0 372.0

 

[61]

ENF328 C17H17N3O4 328.0 310.0
300.0

 

[62]

ENF342 C19H23N3O3 342.0
324.0
301.3
297.0

 

[62]

ENF376 C19H22FN3O4 376.1 358.1
340.1

 

[59,62,72]

ENF334 C16H16FN3O4 334.0 316.0
217.0

 

[63,64]
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Table 3. Cont.

Analytes Formula
[M + H]+

(m/z)
Fragmentation Ions

(m/z)
Structure Ref.

ENF306 C15H16FN3O3 306.9
288.0
271.0
145.0

 

[73,74]

ENF223 C10H7FN2O3 223.0 207.0
190.0

 

[64]

ENF291 C14H11FN2O4 291.0
273.0
245.0
217.0

 

[63]

DOX274 C16H18O4 275.0

275.0
257.0
247.0
229.0

 

[65], this
work

DOX399 C21H21NO7 400.0

400.0
283.0
265.0
211.0

 

[75], this
work

SMX158 C6H7NO2S 158.0 140.0
92.0

 

[66]

SMX216 C7H9N3O3S 216.0 156.0
202.2 [68]

4. Conclusions

In this study, efficient methods were developed for the extraction of 14 common FCs’
contaminants from parsley root and leaf samples. The LC-MS/MS technique was used
for determination. Depending on the matrix and compound properties, double SLE with
MeOH (leaf tissue: TYL, TRI, MET, CLR, SMX, SFD) or combined SLE-SPE (leaf tissue: TC,
OTC, DOX, CIP, ENF, LVF, CLD, VAN; root tissue: all FCs) was used. Analyte recoveries
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from leaf and root tissues were at satisfactory levels (51.7–97.1% for HQL samples), and
LOQs ranged from 1–5 ng·g−1.

Veterinary drug residues introduced with animal manure to the soil were adsorbed
by plants to varying degrees. DOX, TYL, SMX and ENF were detected in plant samples.
DOX bioaccumulated mainly in parsley roots, whereas higher concentrations of ENF were
detected in parsley leaves. TYL was not detected in plant roots, and concentrations in leaves
were below LOQ, indicating its poor bioaccumulation in the plant. SMX was detected in
all plants grown in manure-amended soil. Screening analysis identified 14 transformation
products of ENF, SMX, and DOX. ENF TPs were formed through hydroxylation, oxidation,
and piperazine ring opening reactions. In the case of SMX and DOX, TPs were formed by
C-C and S-N bond-breaking.

Due to the widespread practice of zoonotic fertilizer utilization, FCs can be transferred
to food crops and subsequently enter the human food chain. Although the concentrations of
detected FCs in parsley were at low levels (<29.26 ng·g−1), their ability to accumulate and
further metabolize in living tissues is of concern. Further studies are needed to determine
the extent of the risks from the use of zoonotic fertilizers.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27144378/s1, Figure S1: Comparison of the efficiency
of analyte extraction following SLE procedure combined with LLE purification stage (matrix: parsley
leaves: LLE solvent: chloroform). Figure S2: Comparison of sorbents used for purification of extracts
in SLE-SPE procedure of parsley leaf. Eluent composition for MAX, C18, HLB: 0.1% AcA in MeOH
(10 mL), 0.1% NH3 in MeOH (10 mL), for WCX:MeOH (3 mL), 2% FA in MeOH/ACN (2:8; v/v) (3 mL).
Table S1: Variable parameters in tested SLE procedures. Table S2: Variable parameters in tested
SLE-SPE procedures. Table S3: The application of different solvents to SLE procedure for parsley leaf
samples. Table S4: The analytical method parameters and extraction recovery of antibiotics in parsley
root samples at three different concentrations (n = 6). Table S5: The analytical method parameters
and extraction recovery of antibiotics in parsley leaf samples at three different concentrations (n = 6).
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