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Abstract: Open burning of agricultural waste is a common practice in both developed
and developing regions of the world, and the emissions pose serious inputs for ambient
concentrations of atmospheric particulate matter (PM). In addition, when agricultural
waste burning is combined with open-air burning of domestic waste such as plastic, rags,
or tires, the potential risk of generating toxic emissions increases. PM samples produced
via controlled burning of selected waste types were tested in our laboratory using the
No. 227 OECD Guideline for the Testing of Chemicals: Terrestrial Plant Test. Comparing
two recommended test species, lettuce (Lactuca sativa) and mustard (Sinapis alba), L. sativa
showed significantly higher sensitivity, as treatment elucidated biomass reduction (Df = 1,
F = 16.43, p = 0.000385), the biomass of the treated plants was 61.4-91.7% of the control
plants. In our investigation inhibition in photosynthetic pigment activity chlorophyll-b in
lettuce (Df = 1, F = 3.609, p = 0.0701) was found. The levels of the stress enzyme peroxidase
increased significantly in the case of both test species (L. sativa: Df = 1, F = 6.76, p = 0.0112;
S. alba: Df = 1, F = 49.99, p = 1.63 × 10−9), indicating that peroxidase could be regarded as
the most sensitive indicator of air pollution. The bioaccumulation pattern was also assessed,
proving the risk of significant bioaccumulation of potentially toxic compounds in edible
parts of the vegetables tested. Both test plants accumulated higher molecular weight PAHs
in significant quantities, as the concentration of 5-ring PAHs was 43.2 µg/kg in mustard
and 49.35 µg/kg in lettuce.

Keywords: domestic waste; illegal burning; particulate matter; phytotoxicity; OECD
terrestrial plant test

1. Introduction
The 2008/50/CE Directive of the European Union defined atmospheric particulate

matter (PM) as one of the most dangerous pollutants to human health. Threshold levels
are set for 10 µm-diameter (PM10) and 2.5 µm-diameter (PM2.5) particles; nevertheless,
these thresholds are often exceeded [1]. Biomass burning is a major contributor, especially
in the cold season when biomass such as wood or pellets is used for heating. However,
Puxbaum et al. demonstrated that biomass combustion tracers, such as levoglucosan, could
be found at rural European sites even in the warm season [2]. Potential sources include the
burning of garden waste, such as cut branches, leaves, etc. Green waste burning in gardens
both in suburban and rural areas is a widespread practice in European countries [3].
Reasons for doing so can be simple convenience; however, proper waste management
practices can still be lacking. Composting can be a viable alternative; however, there are
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certain materials that cannot be composted, for example, fruits or leaves that are infected
by bacteria, fungi, or other parasites.

In Europe, open-air combustion of garden waste is not allowed in certain countries [4].
In Hungary, however, it can be practiced under strictly controlled conditions. Real environ-
mental issues emerge when garden waste is co-combusted with household waste such as
plastic, used furniture, rags, or other pieces. Burning domestic waste either in the open air
or indoors in stoves is strictly prohibited; still, it is a practice that can be widely experienced.

Open burning generates significant emissions of particulate matter, especially PM2.5

and finer fractions [5]. Depending on the type of waste burned, particles bind potentially
toxic heavy metals and polycyclic aromatic hydrocarbons (PAHs) [6]. As co-combustion of
household and garden wastes can occur in the vegetation period, plants can be seriously
impacted both in the gardens and in the surrounding natural environments.

Plants are exposed to PM and PM-bound compounds via different pathways. Particles
can be deposited on plant surfaces and onto the soil, carrying potentially toxic compounds.
In addition to dry deposition, wet deposition is also an important pathway [7]. In this
process, toxicants are washed out by rain or snow.

Potentially toxic compounds can exert direct phytotoxic effects mostly via the for-
mation of reactive oxygen species (ROS) [8], and they can also accumulate in the edible
parts of garden plants. Consumption of impacted vegetables and crops plays an important
exposure route for humans both for PAHs and heavy metals. Leafy vegetables are especially
at risk as they reportedly accumulate higher concentrations due to their enlarged foliar
surface [6].

To obtain a comprehensive picture of the potential impacts, this study investigates the
phytotoxicity and bioaccumulation effects of particulate matter from mixed waste burning
using standardized plant testing. The No. 227 OECD Guideline for the Testing of Chemicals:
Terrestrial Plant Test (hereinafter referred to as ‘Guideline’) was adapted and modified to
assess the phytotoxic responses of two recommended test species, lettuce (Lactuca sativa)
and mustard (Sinapis alba). The Guideline was originally designed to test the phytotoxicity
of general chemicals, biocides, and crop protection products used in agriculture [9]. As the
protocol described by the Guideline uses foliar application of test substances, it has also
been proven applicable to investigate the effect of water-soluble components of PM [10]. In
addition, foliar treatment could also be used to follow the bioaccumulation of PM-bound
materials [11]. While diverse studies are already available to examine the deleterious effects
of potentially toxic PM-bound compounds, this protocol makes it possible to separately
investigate phytotoxicity posed by wet deposition.

The Guideline uses the following end-points: biomass, shoot length, and visual symp-
toms for phytotoxicity assessment. However, biochemical end-points have also shown good
discriminative power when deleterious effects of urban PM were quantified on roadside
plants [12] following the treatment protocol described by the Guideline. Biochemical end-
points involve photosynthetic pigment levels and antioxidant or stress enzymes. Inhibition
of photosynthetic activity has also been a traditionally applied end-point in air pollution
studies, as earlier papers have reported decreased levels of chlorophyll-a and -b [13]. Air
pollutants have been demonstrated to cause inhibitory effects on protein synthesis [14], and
foliar protein content is a sensitive and easy-to-measure indicator of air pollution [15]. An-
tioxidant enzymes such as ascorbate peroxidase (APX), catalase (CAT), peroxidase (POD),
and superoxide dismutase (SOD) play a key role in the antioxidant defense system of plants.
They have an old and established use in the assessment of airborne pollution [16,17].
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2. Materials and Methods
2.1. Sampling and Sample Preparation

PM10 samples from the controlled burning of a model domestic waste were col-
lected on quartz filters. Experimental conditions and detailed procedures are given in
Hoffer et al. [18]. Shortly, each waste specimen is combusted in a commercially available
cast-iron stove (Servant S 114, with a heating capacity of 5 kW). This model is generally
used in Hungary. Prior to each combustion experiment, the stove was preheated with
charcoal for about 1 h. The temperature of the flue gas was regularly checked, and the
mean temperature value was 299 ◦C. PM10 samples were collected on 150 mm diameter
quartz filters (Advantec QR100 quartz fiber—Frisenette Aps, Knebel, Denmark, binder-free)
using a high-volume aerosol sampler (Kalman System Co., Budapest, Hungary; flow rate:
32 m3/h).

Based on the data of the (Hungarian) National Statistics Agency on the typical compo-
sition of domestic waste in Hungary, the following ratios were applied (Table 1).

Table 1. Composition of the model waste burned during the experiment.

Biological 46%

Plastics 15%
Textile 13%

Treated wood 12%
Paper/cardboard 8%

Rubber 4%
Used oil 2%

Filters were processed to prepare aqueous extract as follows. Each filter was cut into
small pieces and placed in a beaker containing 200 mL of high-purity water. The beaker
was covered and kept at room temperature for 24 h. During that time, pieces were stirred
several times. The sample was filtered through a 0.45-µm pore size filter. One portion was
used immediately for the first treatment, and the remaining extract was stored at −18 ◦C.

2.2. Analytical Determinations

PAHs were measured following MSZ (Hungarian Standard) 1484-6:2003 [19] using an
Agilent 6890GC 5973E MSD GC-MS. The equipment used was an HP-6890 gas chromato-
graph coupled to an HP 5973 quadrupole mass spectrometer (low-resolution single MS,
Agilent Technologies, Palo Alto, CA, USA).

During our measurements, one composite sample was made from each batch of test
plants (mustard vs. lettuce, control vs. treated plants). First, 10 g of plant material was ho-
mogenized with 10 g of anhydrous sodium sulfate in a ceramic mortar and extracted using
an ultrasonic extraction method with 20 mL n-hexane three times for 20 min. Then, 10 mL
of acetone and 100 µL of 0.01 µg/mL deuterated PAH surrogate mixture (Naphtalene-d8,
Acenaphthene-d10, Phenanthrene-d10, Chrysene-d12, Benzo(a)pyrene-d12, Perylene-d12;
Restek Corporation, Bellefonte, PA, USA) were added to the extract and it was concentrated
in a dry nitrogen stream to 1 mL and the dissolvent was changed to hexane. Next, 100 µL of
0.01 µg/mL internal standard mixture (2-floro-biphenyl and p-terphenyl-d14) was added
(the final concentration was 4 µg/L water). The GC column was 30 m × 0.25 mm i.d., film
thickness 0.25 µm, ZB-Semivolatiles (Phenomenex, Torrance, CA, USA).

A five-level internal calibration was used. The first level was the limit of quantitation,
and the last level was 80% of the linear range. The limits of detection (LOD) values of
accumulated PAHs in plant samples were 0.01 µg/kg.
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Heavy metal concentrations were determined according to EPA 6010C: 2007 using
ICP-OES Thermo iCAP 6300 (Kromat Ltd., Budapest, Hungary). HNO3 acid was used
to acidify water samples before the measurement. The LOD were Hg 0.2 µg/L; Cd, Sb
0.5 µg/L; Au, As, Co, Sn, Pb, Cr, Ti, Se 1 µg/L; Mo, Ni 2 µg/L; Fe, Mn, Cu, Zn 5 µg/L; Al,
B, Ba, Sr 10 µg/L. The linearity of the calibration curve was checked daily.

Quality control: Analysis of the samples was carried out in the testing laboratory at
the Laboratory of the ELGOSCAR-2000 Environmental Technology and Water Manage-
ment Ltd. Balatonfűzfő, Hungary, accredited by the National Accreditation Authority,
registration number NAH-1-1278/2015. The measurements were performed according to
laboratory accreditation procedures in compliance with ISO/IEC 17025:2018 [20] and with
the laboratory’s internal quality management system guidelines.

2.3. Phytotoxicity Testing

Treatment of selected test species, L. sativa and S. alba, was performed based on the No.
227 OECD Guideline for the Testing of Chemicals: Terrestrial Plant Test protocol. In order
to assess the phytotoxicity of the sample, the following end-points were used: biomass (as
the measure of growth impairment), photosynthetic pigments, and peroxidase activity.

The steps of the test procedure are summarized in Figure 1.
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Figure 1. Steps of the phytotoxicity testing procedure.

2.3.1. Treatment of Test Plants

Mustard and lettuce seeds were purchased from Rédei Kertimag Zrt. In the case of
lettuce, the ’King of May’ variety was selected. A total of 25–25 seeds were sown in pots of
15 cm diameter in commercial soil (pH: 6.8 ± 0.5; N (m/m%): min 0.3; P2O5 (m/m%): min
0.1; K2O (m/m%): min 0.3). Cultivation of the test plants was performed in a glasshouse,
and the environmental conditions were as follows: temperature: 22 ◦C ± 10 ◦C; humidity:
70% ± 25%; photoperiod: minimum 16 h light; light intensity: 350 ± 50 µE/m2 s. These
conditions were in harmony with the requirements of the Guideline.

Three consecutive treatments were applied at 1-week intervals. The first treatment
(Day 0) was carried out when the plants reached the 4 true leaf stage; additional treatments
were applied on Day 7 and Day 14.

Treatment implied that the test substance (extract) was sprayed on the surface of the
test plants using a CONXIN Q1P-CX01-380 portable electric paint spray gun (CONXIN
Ltd., Zhejiang, China) with an application volume of 5 mL/pot/treatment [21]. The test
was terminated on Day 21. Above-ground parts were cut with a pre-washed scissor and
were immediately taken to the laboratory. They were washed with ionic load-free water
and kept in the freezer (−20 ◦C) until analysis.

Control groups were also used, where seedlings received foliar spraying with tap
water on the same day as treated plants; 10-10 replicates (10-10 pots) were included both in
the control and treatment groups.

2.3.2. Photosynthetic Pigment Measurements

Photosynthetic pigment contents were determined by the spectrophotometric
method [22]. A 0.2 g sample was taken from the leaf of each plant (10-10 plants in each
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group). The sample was homogenized with 15 mL of 80% acetone (Fisher Chemicals,
≥99.8%, ACS; VWR International Ltd., Debrecen, Hungary) and centrifuged at 4500 rpm
for 10 min (Mistral 2000 MSE, DJB Labcare Ltd. Newport Pagnell, Buckinghamshire,
UK). The supernatant was separated and diluted with 80% acetone to a final volume of
25 mL. Absorbance was measured at 440 nm, 645 nm, 663 nm, and 750 nm using a UV-VIS
spectrophotometer (Metertech SP8001, ABL&E-JASCO, Budapest, Hungary).

The following equations were used for final calculations:

Chl-a = [9.78 × E663 − 0.99 × E645] [V/1000 × W]

Chl-b = [21.4 × E645 − 465 × E663] × [V/1000 × W]

Car = [4.69 × E440 − 0.268 × (5.13 × E663 + 20.41 × E645)] × [V/1000 × W]

where E: extinction values at wavelengths; V: final volume (25 mL); W = mass of sample
(0.2 g).

2.3.3. Peroxidase (POD) Activity

A total of 0.2 g leaf material per plant was taken, and the sample was frozen and
homogenized in an ice-cold mortar and pestle in phosphate buffer (50 mmol/L, pH 7)
containing 1 mmol/L EDTA and 0.5 mmol/L Phenylmethylsulfonyl fluoride (PMSF).
Prepared samples were centrifuged for 20 min at 15,000× g at 4 ◦C. Tetramethylbenzidine
(TMB) peroxidase activity (A 654) was measured following the protocol described in
Imberty et al. [23] with minor modifications.

2.4. Bioaccumulation Studies

Lettuce and white mustard test plants were grown and treated according to the
227 OECD Guideline simultaneously with the vegetative vigor test. Similarly to the
vegetative vigor test, plants received 3 treatments. Plants were cut on Day 28, and freshly
cut leaves were washed with ionic-free water and kept in a freezer (−20 ◦C) until analysis;
10-10 plants of each species were used, also 10-10 control plants were grown. They received
spraying with tap water.

2.5. Calculations and Statistical Methods

The analyses were carried out using one-way ANOVA in the R Statistical Environ-
ment. Statistical analyses were performed using the R 4.0.0 program (http://cran.r-project.
org/src/base/R-4/R-4.0.0.tar.gz, accessed on 24 August 2024) packages Rcmdr, ssplines;
RcmdrMisc; car; carData; sandwich; effects.

Bioconcentration Factors (BCF) were calculated according to the formula given by
Kacálková and Tlustoš [24]:

BCF =
PAH concentration in treated plants [µg/kg]

PAH concentration in the aqueous extract [µg/L]

3. Results and Discussion
3.1. Composition of the Extract

A total of 19 PAHs were found in the extract, including the 16 priority EPA PAHs
(Table 2). These are defined by the US Environmental Protection Agency (EPA) as posing
the highest environmental risk [25].

The dominant PAHs in the extract were phenanthrene (47.2 µg/L), fluoranthene
(22 µg/L), and pyrene (19.3 µg/L). Considering their potential sources, their occurrence
cannot be regarded as specific, as different burning activities resulted in the emission of
these PAHs. Kwarteng et al. detected high concentrations of phenanthrene, fluoranthene,

http://cran.r-project.org/src/base/R-4/R-4.0.0.tar.gz
http://cran.r-project.org/src/base/R-4/R-4.0.0.tar.gz
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and pyrene when occupational exposures to PM2.5-associated PAHs were monitored at
a waste recycling site in Ghana [26]. Phenanthrene was also a dominant PAH when
emissions from green waste burning [27] or from the open burning of agricultural debris [28]
were characterized.

Table 2. Concentration of PAHs in the waste PM10 extract.

Number of Rings PAHs PM10 Extract (µg/L)

two rings Naphthalene 0.931
2-methyl-naphthalene 0.377
1-methyl-naphthalene 0.323

three rings Acenaphthylene 7.41
Acenaphthene 4.65

Fluorene 6.13
Phenanthrene 47.2

Anthracene 8.97
four rings Fluoranthene 22

Pyrene 19.3
Benzanthracene 1.55

Chrysene 2.9
five rings Benzo(b)fluoranthene 1.03

Benzo(k)fluoranthene 0.38
Benzo(e)pyrene 0.271
Benzo(a)pyrene 0.603

Dibenzo(a.h)anthracene 0.379
six rings Indeno1.2.3CD-Pyrene 0.108

Benzo(g.h.i)perylene 0.477

Total PAHs 125

The 5-ring dibenzo(a.h)anthracene and 6-ring benzo(g.h.i)perylene were detected
in relatively high concentrations, 0.379 and 0.477 µg/L. One potential source can be,
for example, polyurethane (PU). Kováts et al. found similarly high concentrations of
these PAHs when PU was burned under similar controlled conditions [6]. The joint
presence of benzo(a)pyrene and indeno1.2.3CD-pyrene can be attributed to waste tire
components. Capozzi et al. measured PAH accumulation in Robinia pseudoacacia leaves in
areas where waste burnings randomly occur and attributed the occurrence of these PAHs
to tire burning [29]. Mentes et al. measured PAH emission from waste tire combustion at
different temperatures. A wide range of PAHs were detected in the samples; total PAH
concentration decreased with increasing temperature from 18.83 mg total PAH kg−1 fuel
burned at 650 ◦C to 1.91 mg total PAH kg−1 fuel burned at 900 ◦C [30].

Of potentially toxic heavy metals, Sb and Zn were detected in considerable concentra-
tions (Table 3). One of the potential sources of Sb can be the polyethylene terephthalate
(PET) content of the waste burned. PET has become the most used material for food and
beverage packaging [31] but also represents an important share of household waste [32].
Antimony trioxide (Sb2O3) is used as a catalyst during the manufacture of PET, leaving
a residual antimony content reaching as high as 300 mg/kg [33]. Sb has demonstrated
phytotoxicity. Zhu et al. reported that in higher plants, Sb disturbed the ROS balance [34].
Ba also occurred in high concentration, 23 µg/L. Different Ba compounds are used in
various plastics; BaSO4 is most commonly applied as an inert white filler and extender [35].
Barium is a nonessential element for plants, and it causes reported toxicity only in excess
concentrations [36].



Atmosphere 2025, 16, 164 7 of 16

Table 3. Concentration of heavy metals in the PM10 extract.

Waste PM10 Extract (µg/L)

Ag <1.000
Al <10.0
As <1.000
B <10.0

Ba 23
Cd <0.500
Co <1.000
Cr <1.000
Cu <5.00
Mo <2.00
Ni <2.00
Pb <1.000
Se <1.000
Sb 6.2
Sn <1.000
Zn 219
Na <0.500
Hg <0.200

Zn was detected in PM10 samples when different plastic materials were burned under
controlled conditions in a comparative study by Kováts et al. Zn concentrations were in
the range of 8.23–78.8 µg/kg, with polyvinyl chloride (PVC) emitting the highest value [6].
Valavanidis et al. measured potentially toxic heavy metal concentrations in particulate
soot emissions from the controlled combustion of six different plastic materials such as
polyvinyl chloride, low- and high-density polyethylene, polystyrene, polypropylene, and
polyethylene terephthalate [37]. In comparison to all other samples, PET burning emissions
contained high amounts of Al, Pb, Cu, Ni, and Zn. Hama et al. reported that in PM2.5

samples from solid waste burning, Zn and Pb were found in high concentrations [38].
Peter et al. detected a wide range of toxic heavy metals such as As, Cd, Cu, Cr, Ni, Pb, Se,
and Zn in PM2.5 samples in a municipal waste dumpsite affected by accidental or deliberate
burning [39]. Heavy metals were even detected in firewater samples from experimentally
burned waste dumps [40].

Zn has been experimentally shown to induce antioxidative responses [41]. In heavy
metal-polluted soils, Zn was found to be the principal cause of the phytotoxic effects [42].

3.2. Phytotoxicity Assessment

Table 4 gives a summary of phytotoxicity test results, comparing the two test plants.
L. sativa showed higher sensitivity, as 3 test end-points indicated a toxic effect.

Table 4. Summary of phytotoxicity test results. +: significant effect recorded; 0: effect recorded
was non-significant.

Standard End-Point Lactuca sativa Sinapis alba

OECD 227 Biomass + 0
Chl-a 0 0
Chl-b + 0

Carotene 0 0
POD + +
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3.2.1. Decrease in Biomass

Considering biomass reduction after the treatment, lettuce showed a significant re-
sponse (Df = 1, F = 16.43, p = 0.000385) (Figure 2). Mustard was non-responsive (Df = 1,
F = 0.156, p = 0.694).
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Figure 2. Decreased biomass in treated lettuce plants in comparison to the control.

Reduced biomass in treated groups seems to be a general symptom when the delete-
rious effects of air pollution are examined. Kováts et al. evaluated the phytotoxic effects
of urban PM2.5 extract on 13 common roadside plants and found biomass reduction to
have the highest discriminative power [12]. Biomass was reported as the most sensitive
end-point in the study of Storch-Böhm et al. when test plants were exposed to diesel engine
exhaust [43]. Pavlík et al. treated Lactuca sativa plants with atmospheric PM suspensions.
A wide range of symptoms were detected, including reduced biomass in treated plants [44].

Treatment with individual PAHs also triggered growth inhibition in several stud-
ies. Foliar application of anthracene resulted in reduced biomass and a decrease in pho-
tosynthetic performance in lettuce plants [45]. Similar treatment with anthracene and
benzo(k)fluoranthene caused biomass reduction in celery plants [46]. Phytotoxicity of at-
mospheric phenanthrene was linked with biomass decrease in clover [47]. Foliar exposure
to phenanthrene caused a concentration-dependent reduction in growth, photosynthesis,
and chlorophyll contents in the study of Ahammed et al. [48].

3.2.2. Chlorophyll-a and Chlorophyll-b Content

As indicated in Table 4, the only measurable effect was experienced in the case of
chlorophyll-b in lettuce (Df = 1, F = 3.609, p = 0.0701). White mustard did not show any
significant response.

A decrease in chlorophyll content in polluted sites can be associated with the inhibition
of chlorophyll biosynthesis, chloroplast damage, or enhanced chlorophyll degradation [49].
These will, in turn, negatively influence photosynthetic rates and productivity [50].

Reduction in photosynthetic pigment content has been considered as an ultimate
answer to air pollution. Total chlorophyll content was used as a measure of plant tolerance
to air pollution in a wide range of studies [51–54]. Different photosynthetic pigments,
however, might show different and species-dependent sensitivity without clear tendency.
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Giri et al. assessed the impact of air pollution on Azadirachta indica, Nerium oleander,
Mangifera indica, and Dalbergia sissoo. In the case of N. oleander, Chl-a showed a higher
reduction than Chl-b but in the case of M. indica, the trend was just the opposite [55].
Azadirachta indica, Nerium oleander, Mangifera indica, and Ficus bengalensis were used in a
similar study [56]. Chl-a showed a higher reduction than Chl- b in polluted sites in the
case of A. indica, N. oleander, and F. benghalensis; however, M. indica showed a different
response again, similarly to the previously cited study. Interestingly, carotenoid reduction
showed very similar values for all species. Joshi and Swami [57] also reported species-
dependent differences in the sensitivity of Chl-a and Chl-b when the effects of traffic-related
air pollution were assessed on 6 different tree species.

In our study, white mustard did not show significant responses in any of the photosyn-
thetic pigments. Joshi et al., on the contrary, detected changes in all pigments when white
mustard was collected from clean and urban/industrial sites in India. The study, however,
used exposure covering several months, much longer than the 21 days of our test [58].

3.2.3. Peroxidase Activity

Increased activities of peroxidase were found in both test plants (Figure 3). The
differences between the control and treated groups were significant (in the case of lettuce,
Df = 1, F = 6.76, p = 0.0112, while in the case of mustard, Df = 1, F = 49.99, p = 1.63 × 10−9).
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In our study, increasing POD activities were measured. The changes in POD activity
can be considered as a general and sensitive indicator of plant stress [59]. Earlier studies
used this biomarker for assessing the impact of air pollution on plants [16]. Both atmo-
spheric PAHs and heavy metals have been reported to elucidate oxidative stress via the
overproduction of reactive oxygen species (ROS). Excess ROS triggers the activation of
antioxidant enzymes such as peroxidases [60].

In previous studies, POD was found to be the most sensitive end-point in plant stress
experiments assessing the phytotoxicity of both heavy metals [61] and PAH exposure [62].
Our results are in harmony with the results of other investigations, where raised activity of
peroxidase has been reported as a general response to PM-bound toxic compounds [63].
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3.3. Bioaccumulation and Bioconcentration of PAHs

All PAHs measured in the extract (Table 2) were accumulated in the leaves of both the
mustard and lettuce test plants. Table 5 gives their concentration in the PM extract as well
as in the plants. Additionally, calculated BCFs are given.

Table 5. Concentration of PAHs in the test plants and calculated BCF values.

PAHs Treated Mustard
(µg/kg) BCF Treated Lettuce

(µg/kg) BCF

Naphthalene 19.5 20.9 102 109.6
2-methyl-naphthalene 1.4 3.7 8.7 23.1
1-methyl-naphthalene 1.1 3.4 5.3 16.4

Acenaphthylene 2.2 0.3 3.58 0.5
Acenaphthene 0.8 0.2 2.22 0.5

Fluorene 2.5 0.4 7.8 1.3
Phenanthrene 4.5 0.1 88 1.9

Anthracene 2.8 0.3 8.8 1.0
Fluoranthene 14.3 0.7 37.5 1.7

Pyrene 10.2 0.5 25.2 1.3
Benzanthracene 6.3 4.1 15.8 10.2

Chrysene 22.4 7.7 2.14 0.7
Benzo(b)fluoranthene 16.9 16.4 17.8 17.3
Benzo(k)fluoranthene 4.6 12.1 7.7 20.3

Benzo(e)pyrene 8.9 32.8 8 29.5
Benzo(a)pyrene 4.1 6.8 8 13.3

Dibenzo[a.h]anthracene 8.7 23.0 7.85 20.7
Indeno1.2.3CD-Pyrene 2.6 24.1 2.6 24.1
Benzo(g.h.i)perylene 9.3 19.5 8.5 17.8

Total PAHs 143.1 367

Comparing the accumulation capacity of the two test plants, lettuce had a better
accumulation rate. Total PAHs amounted to 367 µg/kg, while the concentration of total
PAHs was 141.3 µg/kg in mustard. Lettuce has a high foliar surface, with a thin cuticula,
making the plant very sensitive to foliar deposition of contaminants. It has been proven
to have outstanding bioaccumulation potential [64,65]. In a lab-scale accumulation study,
lettuce test plants were treated with diesel exhaust PM2.5 extract, and these test plants
accumulated 18 PAHs being present in the sample [11]. Field studies also indicate that
lettuce generally accumulates a wide range of PAHs [12].

While mustard is a widely used test species, rather scarce information is available
considering its bioaccumulation potential. Other Brassicaceae species have been mentioned
in literature studies, but in comparative studies, they generally show lower accumulation
potential than lettuce. Chen et al. measured the concentration of 16 PAHs in home gardens
affected by straw burning. These concentrations were in the range of 208.7 to 269.5 µg/kg
in lettuce but reached lower values in cabbage: 114.5 to 175.1 µg/kg. Accumulation in
Chinese cabbage was similar to lettuce, ranging from 200.8 to 295.1 µg/kg [66]. Jia et al.
collected different vegetable samples from near industrial areas of Shanghai and found
highest concentrations in romaine (up to 458.0 µg/kg), followed by Chinese cabbage
(up to 348.1 µg/kg), lettuce (up to 319 µg/kg), and finally in Shanghai green cabbage
(284 µg/kg) [67]. Rocket (Eruca sativa Mill.) was found to show lower PAH accumulation
than lettuce in a comparative study by Kováts et al. when foliar uptake of PAHs from an
aqueous extract of diesel aerosol sample was assessed using different test plants [6].

Differences were found both in the total accumulation capacity of the two plants
and in the accumulation pattern (Figure 4). Considering lower molecular weight (LMW)
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PAHs, mustard accumulated in total 22 µg/kg of 2-ring PAHs, 12.8 µg/kg of 3-ring PAHs,
and 53.2 µg/kg of 4-ring PAHs, while these figures were 116 µg/kg, 110.4 µg/kg, and
80.4 µg/kg in case of lettuce. However, when the accumulation of higher molecular weight
(HMW) PAHs is compared, values fall very close to each other. Mustard accumulated
43.2 µg/kg of 5-ring PAHs, and lettuce 49.35 µg/kg. Similarly, mustard accumulated
11.9 µg/kg of 5-ring PAHs, and lettuce 11.1 µg/kg.
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Figure 4. Accumulation pattern of different molecular weight PAH groups in the test plants.

Most studies agree that bioaccumulation is more effective for LMW PAHs. However,
different plant species reportedly have different bioaccumulation capacities. Teke et al.,
for example, found a significant correlation between PAH BCFs and molecular weights
in lettuce [11]. Mustard, on the other hand, showed higher bioconcentration for HMW
PAHs [68]. According to Chen et al., the ratio between LMW and HMW PAHs was 65.5%
and 34.5% in lettuce, 80% and 20% in cabbage, and 66.8% and 33.2% in Chinese cabbage
when the effects of biomass burning were assessed in home gardens [66].

Accumulation of PAHs in vegetables might pose human health risks as well, con-
sidering that dietary uptake is the major exposure route of these compounds in compar-
ison to inhalation [69]. The International Agency for Research on Cancer overviewed
the potential carcinogenicity of 16 polycyclic aromatic compounds present in food (re-
viewed by Sampaio et al. [70]). According to this classification, benzo(a)pyrene is car-
cinogenic to humans, benzanthracene, benzo(b)fluoranthene, benzo(k)fluoranthene, and
dibenzo[a.h]anthracene are probably carcinogenic to humans, finally, chrysene and the
6-ring indeno1.2.3CD-pyrene and benzo(g.h.i)perylene are possibly carcinogenic to hu-
mans. These compounds were found in the tested plants in measurable quantities (Table 5),
e.g., the concentration of the probably carcinogenic benzo(b)fluoranthene amounted to
16.9 µg/kg in mustard and 17.8 µg/kg in lettuce.

3.4. Limitations of the Study

Although open burning of domestic waste is a worldwide problem, the composition
of the waste shows geographical differences. The model waste used in our burning ex-
periment was based on Hungarian statistical data, with the highest ratio of plastics (15%),
followed by textiles (13%) and treated wood (12%). The dominance of plastics was reported
in studies from South Africa [71] and from Nepal, as well [72]. A US study, however, also
included glass (e.g., bottles) and metals (e.g., cans) simulating so-called barrel burning [73].
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The composition of the waste burned will influence the quality of emissions. Our study
concentrated on compounds with well-known phytotoxic potential, such as PAHs and
heavy metals, but other studies address compounds that are potentially hazardous for
human health, such as polychlorinated dibenzo-p-dioxins and dibenzofurans [74] or en-
docrine disrupters [75]. The major limitation of the study, however, is that, at present, the
magnitude of the problem (e.g., the number of households following this illegal practice in
Hungary) is not known, which might identify a gap both for scientists and policy-makers.

4. Conclusions
Open burning of domestic waste is a worldwide problem. Though more and more

studies are addressing the possible impacts emissions might pose to human health, inves-
tigations concerning ecosystem-level impacts are still rare. In this study, the phytotoxic
effects of particulate matter originating from controlled burning of garden and household
waste were assessed. The sensitivity of two test plants, mustard and lettuce, was also
compared. While lettuce showed moderate phytotoxic effects, mustard was less respon-
sive as only peroxidase level reduction indicated the deleterious effect of the treatments.
Amongst all biological end-points, the stress enzyme peroxidase proved the most sensitive.
Bioaccumulation of particle-bound polycyclic aromatic hydrocarbons was also evaluated.
In lettuce, a significant accumulation of 16 EPA PAHs was experienced; this test species
showed, in general, a higher accumulation capacity than mustard. However, bioaccumula-
tion of heavier (5- and 6-ring PAHs) was very similar in both plants. As consumption of
PAH-contaminated food is the most significant exposure pathway for humans, these results
will most possibly indicate the human health risk open burning of waste might pose. While
burning household waste is illegal in Hungary (similar to many countries in Europe), more
stringent educational campaigns might be needed to stop this kind of practice. In addition,
the role of local governments needs to be emphasized as they also play a vital role in more
effective control of such behavioral practices.
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