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Abstract

In recent years, microplastics (MPs) pollution in agricultural soils has increased markedly,
largely due to the improper management of plastic mulch films used to improve crop
growing conditions. In this context, the present study evaluated the use of biochar (BC) as a
soil amendment for mulch-derived MPs-contaminated soils in a radish (Raphanus sativus L.)
crop under greenhouse conditions. A pot experiment was established in soils contaminated
with MPs (0.5% w/w) and amended with four BC rates (w/w): 0% (Control), 1% (BC1),
3% (BC3), and 5% (BC5). Soil physicochemical indicators were assessed, together with
germination, leaf, and radish bulb growth parameters. The experiment was conducted
under greenhouse conditions until the radishes reached commercial maturity. Most of the
soil’s physicochemical indicators, such as hydrogen potential (pH), electrical conductivity
(EC), water holding capacity (WHC), total organic carbon (TOC), organic matter (OM),
total nitrogen (TN), ammonium (N-NH4") and nitrates (N-NO; ), showed significant
differences between treatments (p < 0.05), with the exception of the carbon-nitrogen ratio
(C/N), which did not vary significantly (p > 0.05). No significant differences were observed
among treatments (p > 0.05) for germination indicators. For leaf traits, dry biomass was
significantly lower in BC1 than in the other treatments (p < 0.05). For radish bulb traits,
fresh weight was significantly higher in BC3 (p < 0.05) compared with the other treatments.
Similarly, total plant fresh weight showed significant differences among treatments, with
BC3 exhibiting the highest value (p < 0.05). Overall, the BC3 treatment provided the
greatest improvement in radish development in MPs-contaminated soil. However, further
research involving different types of MPs, BCs, or other crop species is needed to more
comprehensively assess the impact of BC on agricultural soils contaminated with MPs.
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1. Introduction

Unfortunately, the release of microplastics (MPs) into the environment continues to
rise, with the potential to affect both soil properties and plant growth [1]. MPs, commonly
defined as persistent plastic particles smaller than 5 mm, encompass a broad range of
physicochemical characteristics [2]. Because these properties differ markedly from those
of mineral and organic soil constituents, their presence can modify key soil parameters
such as bulk density (BD), aggregate stability, hydrogen potential (pH), and electrical
conductivity (EC). These changes may, in turn, influence other indicators of soil quality
and ecosystem functioning. Multiple pathways contribute to the accumulation of MPs in
soils, including mismanaged plastic waste, the application of sewage sludge and treated
wastewater, irrigation water, agricultural plastic films, and both organic and mineral
fertilizers [3]. One of the most significant sources among these is the use of plastic film
mulch. This agricultural input has proven highly effective in regulating soil temperature
and moisture, reducing pesticide requirements, preventing erosion, and suppressing weed
growth [2,4]. However, inadequate end-of-life management of mulch films can lead to their
fragmentation into large quantities of MPs, thereby making a substantial contribution to
microplastic contamination in agricultural soils.

Plastic waste can detrimentally affect soil structure, water holding capacity (WHC),
and other critical properties, ultimately undermining the sustainable use of agricultural
land [4]. Moreover, owing to their low biodegradability, MPs can persist in soils for
extended periods, exerting adverse impacts on both physicochemical and biological soil
indicators [3,5]. Among the most prevalent MPs in agricultural soils are polyethylene (PE)
particles, frequently associated with the use of plastic mulch [6]. In addition to altering
soil properties, MPs have been reported to reduce total plant biomass and decrease plant
height and root length [7,8]. These effects are likely linked to shifts in rhizosphere microbial
communities, which in turn can impair plant growth and development [9].

Biochar (BC) is a porous carbonaceous material produced by the thermochemical
conversion of organic matter (OM) under oxygen-limited conditions [10]. Its application as
a soil remediation agent has gained increasing prominence in agriculture due to its favorable
properties. The physicochemical characteristics of BC, including its three-dimensional,
highly porous structure, make it an effective tool for long-term carbon (C) sequestration,
as well as for the adsorption and, in some cases, degradation of contaminants [4]. In
addition, BC exhibits distinctive chemical, physical, and biological attributes that render it
a highly versatile material with multiple environmental and agronomic applications [11].
Its potential as an accessible and strategic resource for sustainable agriculture lies in its
capacity to retain substantial amounts of C in soil over extended periods, thereby improving
soil fertility, enhancing crop yields, and contributing to climate change mitigation [12]. BC
also acts as an efficient reservoir for nutrients and water, further promoting soil fertility and
plant growth [3,13]. Moreover, owing to its high C and hydrogen (H) content and absorbent
properties, BC has been proposed as a promising strategy to mitigate soil contamination by
MPs in agricultural systems [14].

Radish (Raphanus sativus L.) is a root vegetable widely cultivated and consumed
worldwide, most commonly eaten raw, particularly in salads. Cultivated varieties exhibit a
broad range of skin colors (red, purple, black, yellow, white, and pink), while the inner flesh
is typically white [15]. According to Jiang et al. [16], radish is widely used in environmental
pollution assessment owing to its well-developed root system. Similarly, Wang et al. [17]
report that radish forms a pronounced storage organ and can serve as an indicator species
in ecological assessments of seed germination, as well as root and shoot growth.

In this context, the present study aimed to evaluate the effects of applying different
concentrations of BC on radish germination and growth, as well as on the properties of soils
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contaminated with MPs derived from plastic film mulch. Our hypothesis is that applying
BC at some of the concentrations used improves both plant and soil characteristics. It is
expected that the findings will support the development of strategies to improve the quality
and productivity of agricultural soils affected by this type of contamination.

2. Materials and Methods

The experiment was conducted in a tunnel-type greenhouse (4.6 m long x 2.1 m
wide x 2.1 m high) covered with a PE film. The greenhouse is located at the National
Technological Institute of Mexico (TecNM), Celaya campus, in Celaya, Guanajuato, Mexico
(20°32'16.3" N, 100°48'53.9” W). Radish plants were grown in soil contaminated with MPs
originating from plastic mulch film. BC was incorporated as a soil amendment at four
rates (0%, 1%, 3%, and 5% w/w) to evaluate its effects on soil properties, as well as on seed
germination, plant growth, and leaf and radish bulb development. Germination indicators
were assessed during the first week of the experiment, specifically on days 3 and 7 after
sowing. At harvest, soil, leaf, radish bulb, and whole-plant (leaf + bulb) indicators were
determined to quantify the response of the radish-soil system to BC application under
MPs-contaminated conditions.

2.1. Soil

The experiment was conducted using agricultural soil collected in the municipality of
Celaya, Guanajuato, Mexico (20°28'27.0” N, 100°49'51.2" W). The history of agricultural
management of this soil in recent years has been the cultivation of alfalfa in rotation
with barley and corn crops. It has been cultivated and irrigated using common practices.
This ensures that the soil meets the conditions of fertile soil. Soil sampling followed
the guidelines of NOM-021-RECNAT-2002 [18]. A representative area of 4800 m? was
delineated and subdivided into three sections of 1600 m? each. Within each section, samples
were collected in a zigzag pattern from the arable layer (0-30 cm). Ten subsamples per
section were obtained and combined to form one composite sample of approximately 20 kg
per section, yielding a total of 60 kg of soil. The soil was transported to the laboratory
in plastic bags, air-dried, homogenized, and passed through a 2 mm sieve. Finally, the
processed soil was stored at 4 °C until subsequent physicochemical characterization.

2.2. Biochar and Microplastics

The BC used in this study was purchased from P. F. Harris Manufacturing Company,
LLC (Cartersville, GA, USA) and was produced by pyrolysis of pine wood, according to
the supplier’s specifications. The main reason for choosing a commercial BC, especially one
made from pine wood, was its constant availability and controlled purity as a commercial
product, which ensures greater consistency and reproducibility in future experiments,
unlike other BCs such as those made from agricultural waste that can vary seasonally or
by production batch. MPs were generated from agricultural plastic mulch film, a material
widely used in crop production and recognized as a significant source of MPs in agricultural
soils [19]. The mulch film was obtained from Grupo Los Encinos (Puebla, Mexico), with a
thickness of 100 gauge and a silver-on-black color pattern. According to the manufacturer,
the black layer suppresses weed growth, whereas the silver layer reflects light and heat,
reducing aphid and whitefly activity and enhancing photosynthesis by reflecting solar
radiation. For the experiment, the plastic film was cut with scissors into fragments of
approximately 1 mm?. Subsequently, the fragments were passed through a 2 mm sieve to
ensure the fragment size.
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2.3. Characterization of Materials

2.3.1. Physicochemical Characterization of Soil and Biochar

The physicochemical characterization of the soil and BC was performed in triplicate.
Soil texture was determined by granulometric analysis using the Bouyoucos hydrometer
method [20], obtaining the sand (SND), silt (SLT), and clay (CLY) fractions, expressed as
percentages. Texture class was assigned using the U.S. Department of Agriculture (USDA)
textural triangle [21]. Soil pH was measured following Thomas et al. [22] in a 1:2.5 (w/v)
soil-to-water suspension using a Denver Instrument UB-10 pH/mV meter (Denver, CO,
USA). Soil EC was determined according to Hendrickx et al. [23] in a 1:5 (w/v) soil-to-water
extract using a Horiba F-74BW digital multimeter (Horiba Ltd., Kyoto, Japan), and values
were expressed in dS m~!. WHC was evaluated following Alef and Nannipieri [24] by
placing 20 g of dry soil on Whatman No. 2 filter paper (Whatman Inc., Solna, Sweden),
adding 100 mL of distilled water, and allowing the system to equilibrate for 24 h. WHC
was calculated from the difference in weight between the wet filter with soil and the dry
filter (control) and expressed as a percentage. Total organic carbon (TOC) was determined
by chemical oxidation with 5% (w/v) potassium dichromate (K;Cr,O7) on 1 g of dry
soil, and the resulting concentration was quantified at 600 nm using a Metash UV-5300H
spectrophotometer (Shanghai Metash Instruments Ltd, Shanghai, China), following the
colorimetric method of Walkley and Black [25]. All spectrophotometric measurements
were obtained with the same instrument. OM was estimated by multiplying TOC by
the Van Bemmelen factor (1.724) [26]. Total nitrogen (TN) was determined according to
Bremner [27] using 0.7 g of dry soil and an MDK-6 Kjeldahl microdigester (Novatech,
San Pedro Tlaquepaque, Mexico) for sample digestion; TN was quantified at 660 nm and
expressed as a percentage. The carbon-to-nitrogen ratio (C/N) was calculated from TOC
and TN values. Ammonium (N-NH,") and nitrate (N-NO3 ™) contents were determined
by extraction with 0.5 M potassium sulfate (K,SO4) in a 1:5 (w/v) soil-to-extractant ratio,
following the procedure described by Conde et al. [28]. Spectrophotometric determinations
of N-NH4" and N-NO3~ were carried out at 660 nm and 410 nm, respectively, following
Alef and Nannipieri [24], and results were expressed as mg N kg~! dry soil. Exchangeable
cations, including potassium (K*), calcium (Ca2*), magnesium (Mg?*), and sodium (Na*),
were quantified after microwave-assisted digestion by inductively coupled plasma (ICP),
according to the procedure for determining exchangeable bases in soil via ammonium
acetate extraction and ICP-PLASMA analysis; results were expressed as meq 100 g1 dry
soil [29]. Cation exchange capacity (CEC) was determined following the methodology
of Cottenie [30] and reported as meq 100 g~! dry soil. As for the BC, pH and EC were
determined using a 1:20 (w/v) BC-to-water suspension [31]; EC values were expressed in
dS m~!. The humidity and ash content were determined according to the international
standard procedure [32], expressed as a percentage. Organic carbon (OC) and OM were
determined by the calcination method [33], expressed as a percentage. Total carbon (TC) and
TN were determined by the Dumas combustion method [34], expressed as a percentage.
Finally, phosphorus (P), potassium (K) and sulfur (S) were determined by microwave
digestion/ICP-OES [35], expressed as a percentage.

2.3.2. Molecular Characterization of Biochar and Microplastics

The functional groups of BC were analyzed by Fourier transform infrared spectroscopy
(FTIR) using a Thermo Scientific Nicolet i510 spectrophotometer (Thermo Fisher Scientific,
Inc., Waltham, MA, USA). Translucent potassium bromide (KBr) pellets were prepared, and
spectra were acquired in reflectance mode over the range 4000-400 cm !, with a resolution
of 8 cm~! and 25 scans per sample [36]. In parallel, MPs obtained from plastic mulch were
characterized molecularly by attenuated total reflectance FTIR (ATR-FTIR) using the same
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instrument equipped with a ZnSe ATR unit (Thermo Fisher Scientific, Inc., Waltham, MA,
USA). Spectra were recorded in reflectance mode over the range 4000-500 cm ™!, with a
resolution of 8 cm~! and 25 scans [37].

2.4. Experimental Design in Greenhouse

The experiment was conducted using a completely randomized design. A MPs
concentration of 0.5% (w/w) was selected based on previous studies reporting negative
effects on soil quality [38] and on documented levels of MPs in agricultural soils where
plastic mulch is used [39]. Four treatments were established with three replicates per
treatment, for a total of 36 experimental units: Control (soil without BC), BC1 (soil with 1%
w/w BC), BC3 (soil with 3% w/w BC), and BC5 (soil with 5% w/w BC).

Prior to radish sowing, and following the supplier’s recommendations, soil was pre-
incubated with BC for seven days. BC was mixed thoroughly with the soil according to
each treatment, and distilled water was added to reach field capacity. Each treatment was
implemented in pots measuring 12 cm in height, 14 cm in upper diameter, and 10 cm in
lower diameter. After seven days of pre-incubation, MPs were incorporated into the soil
to achieve a final concentration of 0.5% (w/w) in all treatments. Each pot was filled with
600 g of treated soil and sown with 20 radish seeds (Raphanus sativus L., cv. Champion)
purchased from Semillas El Trébol (Cuautitldan, Mexico).

The experiment started on 23 October 2024. Throughout the experimental period, soil
moisture was maintained at approximately 30% (w/w) using the gravimetric (weighing)
method to meet the water requirements of radish plants. Greenhouse temperature and
relative humidity were continuously monitored with a UbiBot WS1 WiFi wireless temper-
ature and humidity logger equipped with an external temperature probe. Harvest was
performed once the radishes reached commercial maturity.

2.5. Soil and Plant Analysis
2.5.1. Soil Collection and Characterization

To evaluate the effect of BC on soils contaminated with MPs, soil samples were
collected from each treatment immediately after harvest. Samples were air-dried, and
physicochemical indicators (pH, EC, WHC, TOC, OM, TN, C/N, N-NH;*, and N-NO; )
were determined following the methodologies described in Section 2.3.1.

2.5.2. Germination Parameters

To assess germination, the number of seedlings emerged in each pot was recorded three
and seven days after sowing. Based on these data, germination rate (GR), germination vigor
(GV), and germination speed (GS) were calculated using Equations (1)—(3), respectively [40].

germinated seeds at day 7
total number of tested seeds

GR (%) = x 100 1)

GV (%) = germinated seeds at day 3

~ total number of tested seeds X100 @

GS (%) = germl'nated seeds at day 3 100 3)
germinated seeds at day 7

2.5.3. Plant Collection and Characterization

Radish plants were harvested once they reached commercial maturity. Bulbs and
leaves were carefully rinsed with distilled water to remove adhering soil particles prior
to measurement. Bulb length and diameter were determined using an electronic digital
caliper (Shanghai Hengliang Measuring Tool Co, Ltd., Shanghai, China), and leaf length
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was measured with the same instrument. Fresh weights of bulbs and leaves were recorded
with a Citizen CX 220 analytical balance (Citizen Pvt. Ltd., Gosheim, Germany). Dry
biomass of bulbs and leaves was obtained by drying samples at 65 °C to constant weight in
a RIOSSA® HCF-41 oven (RIOSSA, Zapopan, Mexico) [41]. Moisture content was calculated
from the difference between fresh and dry weights. Based on these measurements, total
plant weight, total dry biomass, and total moisture content (bulbs + leaves) were calculated.

2.6. Statistical Analysis

All experiments in this study were performed in triplicate. Prior to statistical analysis,
data normality was evaluated using the Anderson-Darling test (p > 0.05). Subsequently,
data were analyzed in Minitab 18 (Minitab, LLC, State College, PA, USA, 2017) and sub-
jected to analysis of variance (ANOVA) to assess treatment effects (p < 0.05). When signif-
icant differences were detected, Fisher’s least significant difference (LSD) test (p < 0.05)
was applied for pairwise comparison of treatment means. Graphs were generated using
OriginPro 9.0 (OriginLab Corporation, Northampton, MA, USA).

3. Results and Discussion

Throughout the experiment, the average temperature in the greenhouse was 19.77 °C,
and the average relative humidity was 58.69%. These conditions were found to be optimal
for radish growth.

3.1. Soil and Biochar Characterization

The results of the soil characterization used in this experiment are presented in Table 1.
The soil exhibited a clay texture (26.76% sand, 51.24% clay, and 22.05% silt) according to
the USDA texture triangle, with an BD of 1.26 g cm 3. Castelan-Vega et al. [42] note that
this soil texture contributes to low porosity, suggesting that the incorporation of BC could
effectively mitigate this issue. In agreement with this, Hazelton & Murphy [43] highlight

that soils with a clay texture and an apparent density between 1.2 and 1.4 g cm ™3

are
susceptible to compaction. Regarding pH and EC, values of 7.11 and 0.23 dS m~! were
recorded, respectively. Both values fall within the optimal range for fertile soils, as outlined
by NOM-021-RECNAT-2002 [18]. The pH of 7.11 is considered neutral (6.6-7.3), which is
suitable for most crops [43]. Additionally, EC values below 1 dS m ™! are typically associated
with negligible salinity effects [18]. The soil’'s WHC was 98.14%, and the TOC content was
1.7%, equivalent to 2.99% OM. This OM value is considered average for agricultural soils
(1.6-3.5%) according to NOM-021-RECNAT-2002 [18]. TN was measured at 0.21%, and the
C/N ratio was 7.99. While the TN value is within the typical range, the C/N ratio is lower
than the recommended value for agricultural soils, where the ideal range is between 10 and
12 [43]. Soils with low values for OM are more susceptible to degradation [43], making
the incorporation of BC a promising strategy to increase OM and mitigate its gradual
loss. Regarding inorganic nitrogen, the values obtained for N-NH4* and N-NO3; ™~ were
15.28 mg N-NHy* kg ! dry soil and 36.64 mg N-NO3 ~ kg~! dry soil, respectively, which
are considered adequate for agricultural soils [43]. In terms of exchangeable cations, the
values obtained were 23.33 meq 100 g~! for Ca?*, 5.97 meq 100 g~! for Mg?*, 1.68 meq
100 g~! for K*, and 1.26 meq 100 g~! for Na*. These values fall within the high range
for Mg2+, K*, and Na*, and are considered very high for CaZ* [43]. Finally, the CEC was
measured at 32.27 meq 100 g1, which is classified as high for agricultural soils (25-40 meq
100 g~!). This value is particularly significant, as CEC plays a critical role in regulating soil
structural stability, nutrient availability for plant growth, soil pH, and the soil’s response to
fertilizers and other soil amendments [43].
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Table 1. Physicochemical characterization of the soil.
Indicator Value Indicator Value
SND 26.71 & 1.25 TN 0.21 4+ 0.008
CLY 51.22 +1.35 C/N 7.99 + 0.62
SLT 22.05 + 1.15 N-NH,* 1528 £1.71
Texture Clayey N-NOs3~ 36.64 4-2.43
BD 1.26 4 0.05 Ca%t 23.33 £ 5.52
pH 7.11 £ 0.04 Mgz+ 5.97 + 0.95
EC 0.23 +0.01 K* 1.68 +£1.02
WHC 98.14 + 3.14 Na* 1.26 4+ 0.64
TOC 1.7 £ 0.04 CEC 32.27 + 6.09
OM 2.99 + 0.08

SND: sand (%); CLY: clay (%); SLT: silt (%); BD: bulk density (g cm~3); pH: hydrogen potential; EC: electrical
conductivity (dS m~1); WHC: water holding capacity (%); TOC: total organic carbon (%); OM: organic matter
(%); TN: total nitrogen (%); C/N: carbon-nitrogen ratio; N-NHg*: ammonium (mg N-NH;* kg~! dry soil);
N-NO; ~: nitrates (mg N-NO3; ~ kg~! dry soil); Ca®*: calcium (megq. 100 g~!); Mg?*: magnesium (megq. 100 g 1);
K*: potassium (meq. 100 g~1); Na*: sodium (meq. 100 g~1); CEC: cation exchange capacity (meq. 100 g~ '). The
values reported represent the mean + standard deviation (n = 3 replicates).

The physicochemical characterization of the BC used in the experiment is presented in
Table 2. The BC showed a pH of 10.2 and an EC of 8.16 dSm ™!, values that were higher than
those recorded in the soil. Usha et al. [44] found that the pyrolysis temperature is crucial
for determining the pH of BC, reporting values between 6.29 and 8.39 for BC obtained from
pine wood at 450 °C and 650 °C, respectively. Brar et al. [45] found a similar pH value
(9.9), although their EC value (1.54 dS m~!) was lower than that of our BC. Regarding
other physical properties, the moisture and ash content were 8.33% and 10.4%, respectively.
This latter value agrees with the 10.1% reported by Berndrdez-Rodas et al. [46] for pine
wood BC. The material presented OC values of 52% and OM values of 89.6%. These values
are key to improving the amount of organic matter in soil with degradation problems or
contamination issues. Among the key chemical indicators are TC and TN, with values of
71.61% and 1.01%, respectively, obtained for each indicator. The TC value is similar to the
71.95% obtained by Berndrdez-Rodas et al. [46] for pine wood BC. The TN levels are higher
than those reported by Ahmed et al. [47], who found values between 0.7% and 0.8% for
different parts of the pine. Finally, concentrations of P, K and S of 0.2%, 1.43% and 0.07%,
respectively, were obtained. These values are within the range (0.01-0.13%) reported by
Usha et al. [44] for S in pine wood BC obtained at different temperatures.

Table 2. Physicochemical characterization of biochar.

Indicator Value Indicator Value
pH 10.2 +£0.17 TC 71.63 +1.3
EC 8.16 £ 0.82 TN 1.01 + 0.02

Humidity 8.33 £0.43 P 0.2 +0.02
ash 104 £+ 0.2 K 1.43 +0.17
ocC 52 +£0.1 S 0.07 +0.01
oM 89.6 +£0.2

pH: hydrogen potential; EC: electrical conductivity (dS m~!); Humidity (%); ash (%); OC: organic carbon (%);
OM: organic matter (%); TC: total carbon (%); TN: total nitrogen (%); P: phosphorus (%); K: potassium (%);
S: sulfur (%). The values reported represent the mean =+ standard deviation (n = 3 replicates).

3.2. Molecular Characterization of Biochar and Microplastics

Figure 1a presents the FTIR spectrum of the BC used in the experiment, obtained
using a KBr pellet. FTIR spectroscopy provides detailed insights into the functional
groups present in the OM of BC. The most prominent peaks are observed at approxi-
mately 871 cm~1,1039 em~1, 1432 em !, and 3411 em !, corresponding to aromatic C-H
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stretching, C-O stretching, aromatic C=C stretching, and —OH stretching, respectively.
According to Song et al. [48], the peak near 871 cm ™! may be attributed to an increase in
the condensation of organic compounds in BC. The broad band in the 3000-3600 cm ™!
range clearly indicates the presence of —OH groups, which may represent both moisture
and phenolic groups [48]. Lastly, the peak around 1039 cm~! is associated with C-O
vibrations [48].

(a)
C-O stretching
C-H stretching
S C=C stretching
< \
~ -OH stretching
()
O
c
©
O
[ -
(@)
)
e
<
L} I L} I L) I L) I L) l )

— T
4000 3500 3000 2500 2000 1500 1000 500
(b)

CH, asymmetric stretching

\ CH, symmetric stretching

/

angular deformation CH,

/ N

Absorbance (AU)

I

|
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 1. (a) Fourier transform infrared spectroscopy (FTIR) spectrum of the biochar (BC) used in
the experiment, acquired using a KBr pellet, and (b) Attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR) spectrum of the plastic mulch used in the experiment to extract
microplastics (MPs).

Figure 1b presents the FTIR spectrum of the plastic mulch used in the experiment,
obtained via ATR-FTIR analysis. The prominent peaks at 2923 cm~1, 2855 cm 1, 1534 em !,
1453 cm ™!, and 716 cm ™! are clearly evident. According to Hernandez et al. [49], these

bands are characteristic of PE. The two most intense peaks, at 2923 cm~1 and 2855 cm ™1,
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correspond to the asymmetric and symmetric stretching vibrations of -CHj, which are typi-
cal of plastic polymers. The peaks at 1453 cm ! and 716 cm ! indicate angular deformation
of -CHj, a feature that is particularly distinctive of PE compared to other polymers [49].

3.3. Soil Parameters After Harvest

The results of the ANOVA for soil indicators across the four treatments are presented in
Table 3. The C/N ratio did not show significant differences between treatments (p > 0.05).
In contrast, EC, WHC, N-NH,*, and N-NO3 ™~ concentrations exhibited significant differ-
ences (p < 0.05). Additionally, the remaining soil indicators demonstrated highly significant
differences (p < 0.01).

Table 3. One-way analysis of variance of soil.

Indicators F Sig.
pH 141.33 0.000 **
EC 6.71 0.014 *

WHC 4.55 0.038 *
TOC 16.58 0.001 **
OM 16.58 0.001 **
TN 14.4 0.001 **
C/N 1.29 0.343 "¢
N-NH,* 6.44 0.016 *
N-NO3;™ 4.17 0.047 *

pH: hydrogen potential; EC: electrical conductivity; WHC: water holding capacity; TOC: total organic carbon;
OM: organic matter; TN: total nitrogen; C/N: carbon-nitrogen ratio; N-NH;*: ammonium; N-NO; ~: nitrates.
ns: not significant (p > 0.05); *: significant (p < 0.05); **: highly significant (p < 0.01).

Figure 2 presents the results for each soil indicator following radish harvest. For pH,
values ranged from 7.47 to 7.78, exhibiting an upward trend as the concentration of BC
increased, with highly significant differences between the four treatments (p < 0.01). This
behavior may be closely related to the high pH (10.2) obtained in the characterization of
the BC used (Table 2). These findings align with those of Palansooriya et al. [50], who
reported a significant increase in soil pH (p < 0.05) when using four different types of
BC. The authors attributed this effect to the alkaline nature of the BC used. Similarly,
Su et al. [51] observed a significant pH increase when BC was added to soil contaminated
with PE (p < 0.05). This effect is likely due to the fact that BC produced at high temperatures
contains higher levels of ash and alkaline salts, which contribute to increased soil pH [52].
Additionally, Palansooriya et al. [41] observed a significant increase in soil pH (p < 0.05)
in soils contaminated with polystyrene (PS) in lettuce crops. They attributed this effect
to the alkaline nature of the BC used (pH 9.1), as the ions Ca?*, Mg2+, K*, and Na* can
remain in the residual ash in the form of oxides or carbonates. These ions can be released
into the soil solution, where they exchange with acidic ions, thereby raising the soil pH.
Similarly, Xu et al. [53] found that the addition of BC derived from kitchen waste increased
soil pH, reaching a value of 7.4 compared to the initial pH of 6.3. This pH increase was
attributed to the release of cations such as Na*. Ran et al. [54] also reported an increase
in pH in soil contaminated with polypropylene (PP) MPs when BC was added. In their
study, soil pH increased from 7.0 to 7.34, with significant differences between treatments
(p < 0.05). This change was closely linked to the basic cations present in BC, such as Ca*,
Mg2+, and K*, which can be converted into alkaline substances, such as oxides, hydroxides,
and carbonates, during the pyrolysis process [55]. Once these components dissolve in the
soil, BC acts as a liming agent, effectively raising the soil pH [56].
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Figure 2. Soil parameters after harvesting radishes grown in soil contaminated with microplastics
(MPs) and amended with biochar (BC) at concentrations of 0% (control), 1% (BC1), 3% (BC3) and 5%
(BC5). (a) pH: hydrogen potential; (b) EC: electrical conductivity; (¢) WHC: water holding capacity;
(d) TOC: total organic carbon; (e) OM: organic matter; (f) TN: total nitrogen; (g) C/N: carbon-
nitrogen ratio; (h) N-NH4": ammonium; (i) N-NOj; : nitrates. Identical letters indicate no significant
differences between treatments, according to Fisher’s means comparison test (p < 0.05). Vertical bars
represent the mean =+ standard deviation of three replicates.
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Figure 2b demonstrates that EC follows a similar pattern to pH, with an increase
in BC concentration corresponding to higher EC values. However, the BC1 treatment
exhibited behavior similar to the control, while the BC3 and BC5 treatments showed
significant differences (p < 0.05) from the other treatments, with values of 0.304 dS m!
and 0.308 dS m~!, respectively. This behavior, like the pH, can be explained by the value
obtained in the BC characterization (Table 2). This pattern aligns with the findings of
Palansooriya et al. [50], who also reported an increase in EC upon incorporating two types
of BC into soils, suggesting a comparable trend for this indicator. This increase in EC
could be attributed to the fact that soil moisture may have facilitated the mineralization
of inherent organic OM, gradually releasing inorganic salts, thereby increasing the EC of
the soil [50,57]. It is important to note that while EC increased in all treatments, the values
did not reach levels that would compromise soil health, as they remained below 2 dSm™1,
the recommended threshold for arable soils according to NOM-021-RECNAT-2002 [18].
Furthermore, Mon and Ueno [55] highlight that an increase in EC is beneficial for soils with
initially low EC, as such soils tend to lose nutrients easily due to their limited capacity to
retain cations. In contrast, Palansooriya et al. [41] found no significant differences (p > 0.05)
between the MPs-only and BC treatments in terms of EC, which could be attributed to
variations in the type of BC used in each study.

In terms of WHC, the four treatments exhibited similar values, ranging from 106.6%
to 112.4%, with significant differences (p < 0.05) observed only between the BC1 treatment
and the BC3 and BC5 treatments, while no significant differences were found compared to
the control (Figure 2c). This suggests that BC may enhance the soil’'s WHC.

Figure 2d—f show that TOC, OM, and TN followed similar trends, with significant
differences (p < 0.05) observed between the BC3 and BC5 treatments in comparison to
the control and BC1 treatments. In all three cases, values increased as BC concentration
increased, mirroring the pattern seen for pH and EC. Notably, the BC5 treatment exhibited
the highest values for both TOC and OM, with 1.87% and 3.22%, respectively, representing
a 19.5% increase compared to the control treatment for both indicators. This may be closely
related to the high values of C and N in the BC (Table 2), which helps to increase the
concentration of these indicators. Similarly, C1g et al. [58] observed an increase in soil
OM following wheat harvest as the concentration of BC increased. In a similar line, Silva
et al. [59] reported a linear increase in soil organic C with rising BC concentrations in
soil cultivated with common beans under greenhouse conditions. Both studies attribute
this effect to the high molecular stability of BC derived through pyrolysis, which, unlike
pyrogenic C, inhibits oxidation.

TN followed a similar trend, with the BC5 treatment exhibiting the highest value
of 0.14%, reflecting a 21.4% increase compared to the control treatment. In this context,
Su et al. [51] found no significant differences (p > 0.05) between PE-contaminated soils
amended with BC, although they did observe a higher TN value in the BC-amended soils.
In contrast, Palansooriya et al. [41] reported significant differences (p < 0.05) in both TOC
and TN when BC was added to soils contaminated with MPs, with values doubling in
the BC-amended treatments. Several studies have demonstrated that, due to its porous
structure and large surface area, BC has the ability to retain nitrogen (N), thereby increasing
its concentration in soil [60].

Among the physicochemical indicators measured, only the C/N ratio did not exhibit
significant differences (p > 0.05) between treatments, with values ranging from 12.3 to 13.2.
In relation to TOC and the C/N ratio, Latini et al. [61] observed a notable increase in these
indicators upon incorporating various types of BC. They attributed the observed changes
in the C/N ratio to increased microbial activity, which was enhanced by the addition of BC,
providing additional nutrients for soil microorganisms.
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Regarding N-NH,*, the BC1 treatment showed a significant difference (p < 0.05) com-
pared to the other treatments, reaching 12.96 mg N kg~! dry soil, a 16.7% increase over the
control treatment. Similarly, Palansooriya et al. [41] reported a significant increase (p < 0.05)
in N-NH4* when BC was added to PS-contaminated soils in lettuce crops. Similarly,
N-NO;~ followed a comparable trend, with the BC1 treatment showing a higher value of
18.28 mg N kg ! dry soil, a 20.4% increase compared to the control treatment. Regarding
these two indicators, Su et al. [51] found no significant differences (p > 0.05). However,
they observed a reduction in N-NH;* following BC addition, while N-NO;~ showed an
increase, though this change was not statistically significant (p > 0.05). They suggest that,
due to the presence of oxygenated functional groups such as hydroxyl, phenolic hydroxyl,
and carboxyl in BC, its addition to soil increases the electron content, which promotes
the formation of N-NO3 ™. In contrast, the study by Ran et al. [54], which is similar to
the present work, reported a significant increase (p < 0.05) in both N-NH;* and N-NO3~
concentrations when BC was added to soils used for pepper cultivation. Similarly, Mon
& Ueno [55] observed an increase in these two indicators when BC was incorporated into
soil at application rates of 10 and 25 t ha~!. The authors attribute these changes to the
retention of released N on the BC surface, which enhances N availability in the soil. Finally,
in the study by Palansooriya et al. [41], no significant differences (p > 0.05) were observed
between the MPs-only treatment and the MPs + BC treatment for these two indicators.
This discrepancy may be related to the type of BC used in each experiment, as BC derived
from carbohydrates at lower pyrolysis temperatures has been found to reduce inorganic
N in soil more effectively than other BC types [55,62]. On the other hand, according to
Zhao et al., [63] microplastics change the microbial community and therefore the enzymatic
activity related to nitrogen fixation, leading to an effect on these two indicators.

3.4. Germination Parameters

As can be seen in Table 4, with regard to germination indicators, there were no
significant differences between treatments for any indicator (p > 0.05).

Table 4. One-way analysis of variance of radish plant germination variables.

Germination Parameters F Sig.
GV 0.78 0.539 ™
GR 0.81 0.523 "¢
GS 1.2 0.368 "

GV: germination vigor; GR: germination rate; GS: germination speed; ns: not significant (p > 0.05).

Figure 3 shows that, for germination on day three, GV values were above 65% in all
treatments. Although an increase in GV was observed with higher BC concentrations, no
significant differences were found between treatments (p > 0.05). Regarding germination
on day seven (Figure 3b), GR values exceeded 85% in all treatments, with the highest value
in the BC1 treatment; however, again, no significant differences were observed between
treatments (p > 0.05). Similarly, Mon & Ueno [55] found no significant differences (p > 0.05)
in radish germination on day seven, whether BC was applied alone or in combination
with organic and inorganic fertilizers. Additionally, Busch et al. [64] reported that peanut
shell BC had no significant effect (p > 0.05) on barley seed germination. In contrast,
Solaiman et al. [65] observed differences in wheat seed germination when varying the types
and concentrations of BC. Their results showed a general trend of decreased germination as
BC concentration increased. According to these authors, the effects on germination depend
on the crop type. In contrast, C1g et al. [58] found that GR increased as BC concentrations
increased, with the highest value recorded in the 10% BC treatment. On the other hand,
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Ao et al., [66], determined that PE-MPs alone do not significantly affect (p > 0.05) the
germination rate of radish in different soils, so it can be concluded that radish germination
is not easily influenced by external agents to the soil.

Finally, a key parameter related to germination on days three and seven is GS, where
the BC5 treatment exhibited the highest value, at 83.32%. However, no significant dif-
ferences were observed compared to the other treatments (p > 0.05). Nyambo et al. [67]
evaluated the effect of different types of BC on radish seed germination, although the
specific days of measurement were not reported, and concluded that, unlike the present
study, the addition of BC significantly enhanced seed germination (p < 0.05). Similarly,
Ali et al. [68] observed that BC concentrations ranging from 0% to 3% positively influenced
corn seed germination, with an increase in germination up to a concentration of 2.5%,
followed by a decline when the concentration was increased to 3%.
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Figure 3. (a) GV: germination vigor; (b) GR: germination rate; (c¢) GS: germination speed of radish
seeds grown in soil contaminated with microplastics (MPs) amended with biochar (BC) at concen-
trations of 0% (Control), 1% (BC1), 3% (BC3) and 5% (BC5). Identical letters indicate no significant
differences between treatments, according to Fisher’s means comparison test (p < 0.05). Vertical bars
represent the mean + standard deviation of three replicates.

3.5. Leaf Parameters After Harvest

Table 5 presents the analysis of variance for the radish plant indicators. The indicators
that did not show significant differences (p > 0.05) between treatments included leaf mois-
ture, bulb length, dry bulb biomass, and dry plant biomass. In contrast, bulb diameter, bulb
weight, and total plant weight exhibited highly significant differences between treatments
(p < 0.01), while the remaining indicators showed significant differences (p < 0.05).
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Table 5. One-way analysis of variance of radish bulbs, leaf and plant variables.

Indicator Indicators F Sig.
length 4.54 0.039 *
weight 6.03 0.019*
Leaf dry biomass 4.16 0.048 *
humidity 3.5 0.07 ns
length 2.74 0.113 ™
diameter 15.89 0.001 **
Bulb weight 14.15 0.001 **
dry biomass 1.96 0.198 ™
humidity 4.8 0.034 *
weight 16.91 0.001 **
Plant dry biomass 24 0.143 s
humidity 4.5 0.039 *

ns: not significant (p > 0.05); *: significant (p < 0.05); **: highly significant (p < 0.01).

As shown in Figure 4a, the BC1 treatment resulted in the longest leaf length, mea-
suring 9.5 cm, which represents a 14.8% increase compared to the control treatment. This
treatment exhibited significant differences (p < 0.05) when compared to both the control

and BC5 treatments.
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Figure 4. (a) Length, (b) weight, (c) dry biomass, and (d) moisture content of radish leaves grown
in soil contaminated with microplastics (MPs) amended with biochar (BC) at concentrations of 0%
(Control), 1% (BC1), 3% (BC3), and 5% (BC5). Identical letters indicate no significant differences
between treatments, according to Fisher’s means comparison test (p < 0.05). Vertical bars represent

the mean =+ standard deviation of three replicates.

In terms of leaf weight and dry biomass (Figure 4b,c), the BC1 treatment showed
significant differences (p < 0.05) compared to the other treatments, with values 0of 2.02 g
and 0.09 g for each indicator, respectively. These values represent decreases of 21.4% and
50%, respectively, compared to the control treatment. Regarding leaf moisture, the values
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were similar across all treatments, ranging from 92.7% to 95.2%. A significant difference
(p < 0.05) was observed only between the BC1 treatment and the control, with the BC1
treatment showing a higher moisture content of 95.2%, compared to 92.75% for the control
treatment. In a similar study, Palansooriya et al. [41] used PS-contaminated soil in lettuce
crops but found no significant differences (p > 0.05) in the number of leaves, plant height,
weight, or dry biomass. Conversely, Ran et al. [54] reported that the application of BC to
soils contaminated with MPs increased the abundance of beneficial bacteria, particularly
enhancing the N and phosphorus (P) metabolic cycles in both soil and plants, thereby pro-
moting the growth of pepper plants in MP-contaminated soils. Additionally, Liu et al. [69]
observed that combining plastic film mulching with BC improved C sequestration in the
soil, reduced greenhouse gas emissions, and increased maize yield in agricultural soils.

3.6. Post-Harvest Radish Bulb Indicators

Figure 5 presents the indicators measured in the radish bulb. Regarding bulb length
(Figure 5a), the BC3 treatment exhibited the highest value, reaching 4.3 cm, with significant
differences (p < 0.05) only when compared to the BC1 treatment. Although no significant
differences (p > 0.05) were observed relative to the control, the BC3 treatment showed
an 11.3% increase over the control. In this context, Ke et al. [70] and Nyambo et al. [67]
reported no significant differences (p > 0.05) in radish bulb length between soils amended
with and without BC. In contrast, Adekiya et al. [71] found a significant increase (p < 0.05)
in both the length and width of the radish bulb in soils amended with BC compared to the
control treatment without BC.

Regarding bulb diameter and weight (Figure 5b,c), the BC3 treatment again recorded
the highest values, with 2.68 cm and 14.47 g, respectively, for each indicator. These values
represent a 22.6% increase in diameter and a 41.6% increase in weight compared to the
control treatment. In the study by Nyambo et al. [67], although no significant differences
(p > 0.05) were found, radishes grown in the presence of BC were generally larger. The
authors attribute this observation to improved nutrient availability resulting from the
application of BC. Baloch et al. [72] also note that bulb size, including length and width,
is influenced by the physicochemical properties of the soil, such as WHC, BD, and poros-
ity, as well as external factors like fertilization and organic OM content. In this context,
Adekiya et al. [71] identified a positive correlation between radish bulb length and soil
porosity, suggesting that the increased porosity, facilitated by BC, may play a role in the
observed enhancement of this trait. Similarly, Tartaglia et al. [73] demonstrated that a 5%
BC treatment significantly improved both the number of fruits per tomato plant and the
average weight of the tomatoes.

With respect to dry biomass, significant differences (p < 0.05) were found exclusively
between the BC1 and BC3 treatments. The BC3 treatment achieved the highest biomass
value (0.95 g), marking a 15.7% increase relative to the control and a 28.4% improvement
compared to BC1. In a related experiment involving PE-MPs at concentrations of 0.1% and
1% w/w, Wu et al. [74] reported a significant increase (p < 0.05) in dry biomass when BC
was incorporated into both MP-contaminated treatments. In a similar vein, Ran et al. [46]
observed a marked increase (p < 0.05) in pepper weight when BC was applied to soils
contaminated with MPs. Regarding moisture content, values ranged from 90.6% to 93.41%,
with significant differences (p < 0.05) between the BC1 and BC3 treatments, compared to
both the control and BC5 treatments.
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Figure 5. (a) Length, (b) diameter, (c) weight, (d) dry biomass, and (e) moisture content of radishes
grown in soil contaminated with microplastics (MPs) amended with biochar (BC) at concentrations of
0% (Control), 1% (BC1), 3% (BC3), and 5% (BC5). Identical letters indicate no significant differences
between treatments, according to Fisher’s means comparison test (p < 0.05). Vertical bars represent
the mean =+ standard deviation of three replicates.

3.7. Plant Parameters After Harvest

In terms of plant weight (Figure 6a), the BC3 treatment recorded the highest value,
17.2 g, reflecting a 35.9% increase relative to the control. For dry biomass, significant
differences were observed only between the BC3 and BC1 treatments, with no notable
differences between either of these and the control treatment.

In a study by Su et al. [51], the application of PE and BC to soybean plants resulted in
a significant increase (p < 0.05) in plant weight for the BC treatment. However, during the
flowering and harvest stages, above-ground biomass was significantly reduced (p < 0.05) by
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5.5% and 11.1%, respectively, in the PE treatment compared to the BC treatment. Similarly,
C1g et al. [58] reported an increase in the fresh weight of wheat plants with 2.5% and 5% BC
concentrations, but a decrease was observed at 10% BC compared to the 5% treatment. A
comparable trend was observed for dry biomass: treatments with 2.5% and 5% BC showed
significant increases (p < 0.05) compared to the control, while the 10% BC treatment resulted
in a reduction relative to the lower concentrations. A similar pattern was observed in the
present experiment, where the highest BC concentration (5%) led to a decrease in both
weight and dry biomass compared to the 3% BC treatment. Finally, for plant humidity,
values ranged from 91.1% to 93.5%, with significant differences (p < 0.05) observed only
between the BC1 and BC3 treatments compared to the control. According to Zhao et al., [63],
the addition of BC to soil contaminated with MPs restored the diversity of the bacterial
community, which was beneficial in improving the stability of the soil contaminated with
MPs. They also suggest that BC can help plants resist energy deficits induced by MPs stress
by increasing glucose metabolism in root systems.
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Figure 6. (a) Weight, (b) dry biomass, and (c) moisture content of radish plants grown in soil
contaminated with MPs amended with BC at concentrations of 0% (Control), 1% (BC1), 3% (BC3),
and 5% (BC5). Identical letters indicate no significant differences between treatments, according to
Fisher’s mean comparison test (p < 0.05). Vertical bars represent the mean =+ standard deviation of
three replicates.

4. Conclusions

The increasing accumulation of plastic materials, particularly MPs, in agricultural
soils is a growing environmental concern, as current agricultural practices lead to the
widespread presence of this contaminant in fields globally. This study aimed to assess the
impact of BC as a soil amendment on both soil properties and radish (Raphanus sativus)
plants in soils contaminated with MPs from plastic mulch. The results revealed significant
differences (p < 0.05) in all soil indicators, except for the C/N ratio. Specifically, as the BC
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concentration increased, improvements were observed in soil pH, EC, WHC, TOC, OM,
and TN. In contrast, no significant differences (p > 0.05) were observed in germination
parameters, indicating that BC had no discernible effect on radish seed germination under
the conditions tested. Regarding leaf indicators, the BC1 treatment exhibited lower values
for both weight and dry biomass compared to the other treatments. Conversely, in terms of
radish bulb indicators, the BC3 treatment demonstrated the highest values, a trend also
reflected in the overall plant growth. In conclusion, a 3% (w/w) BC concentration is deemed
optimal for enhancing radish production in MPs-contaminated soils. While our study
demonstrates the technical feasibility of the remediation strategy, large-scale profitability
requires a comprehensive life cycle assessment and the consideration of local and lower-cost
biomass sources than pine wood for biomass production. Although this study provides
valuable information on the use of BC as an amendment in soils contaminated with MPs,
further research with different crops and soil types is also needed to develop more effective
strategies for mitigating the adverse impacts of MPs.
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Abbreviations

The following abbreviations are used in this manuscript:

N-NH;* Ammonium BD bulk density

BC Biochar ANOVA analysis of variance

C carbon C/N carbon-to-nitrogen ratio
CEC Cation exchange capacity CLY clay

Ca?* calcium EC electrical conductivity

FTIR Fourier transform infrared spectroscopy ~ ATR-FTIR  attenuated total reflectance FTIR
GR germination rate GS germination speed

GV germination vigor H hydrogen

pH hydrogen potential Icp inductively coupled plasma
LSD least significant difference Mg?* magnesium

MPs microplastics N-NO3~ nitrate
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N nitrogen OM organic matter

K potassium P phosphorus

PE polyethylene PP polypropylene

K>S0, potassium sulfate SND sand

SLT silt Na* sodium

S Sulfur TOC Total organic carbon

TN Total nitrogen USDA U.S. Department of Agriculture
WHC water holding capacity
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