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A remediation strategy for tropical soils contaminated with petroleum hydrocarbons was
evaluated. The objective of this research was to evaluate the most efficient particle size
of the NFU (Disused Neomatic) in the absorption of the remaining crude oil and to
determine the decrease in volatiles after a spill in three types of Amazonian soils of
different textures; Determine the type of soil where the NFU is most effective in order to
propose improvements in the decontamination process. Three soil mixtures M1, M2 and
M3 with different proportions of clayey, sandy, silty and peat soil were characterized.
Duplicate samples (M1-D, M2-D, M3-D) were worked in parallel to validate the results
under replicated conditions, differentiated by their textural content and proportion of
peat. A crude oil spill (24°API) was simulated, incorporating 12-mesh NFU particles,
and the F1-F3 fractions of total petroleum hydrocarbons were monitored using EPA
method 8015. The NFU showed a maximum adsorption capacity of 1.976 g/g after 20
minutes of contact, higher than that of 8-mesh NFU (1.462 g/g). Spectroscopic analysis
confirmed a predominant surface adsorption mechanism. Bioassay tests with
Petroselinum crispum indicated that parsley germination and growth were higher in
NFU-treated soils, especially in M1, with an average growth of 24.5 cm in 5 months. A
significant reduction in the F2 fraction of TPH was observed in M3-D soils (from
2236.58 to 862.75 mg/kg), suggesting a combined effect of physical adsorption and
favorable soil conditions. NFUs showed potential to reduce hydrocarbon compounds and

facilitate plant recovery, thus contributing to environmental remediation.
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1. INTRODUCTION

Soil contamination by petroleum-based hydrocarbons
represents an environmental problem on a global scale,
severely affecting biodiversity, agricultural productivity and
human health [1, 2]. More than 1.3 million oil spill events are
reported annually worldwide, compromising about 0.1% of
the earth's surface [3, 4]. The persistence of compounds such
as polycyclic aromatic hydrocarbons (PAHs), coupled with
their low solubility and high toxicity, makes their removal
difficult and generates long-term impacts on affected
ecosystems [5, 6]. These effects are aggravated in tropical soils
such as those of the Peruvian Amazon, which have high
acidity, low fertility, high humidity, predominant clay
structure and poor aeration, factors that limit microbiological
activity and hinder natural bioremediation processes [7, 8]. In
this region, Ultisols are predominant (~65%) and are
distinguished by their high clay content, low cation exchange
capacity, and acidic pH. There are also Alfisols, which are
more fertile; Inceptisols, with young profiles and variable
texture; and Entisols, of a sandy nature and low nutrient
retention capacity [9]. According to INIA [9], Amazonian
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soils show considerable textural variations depending on the
area, which justifies the formulation of three representative
mixtures (M1, M2 and M3), combining different proportions
of sand, silt and clay with 50-53% peat. The latter acts as an
enhancer of microbial structure, moisture, and activity, as well
as contributing to hydrocarbon adsorption [10, 11].

In the Peruvian context, the northern Amazon, particularly
in the Loreto region, is highly exposed to oil pollution due to
extractive activities and the transport of crude oil through the
North Peruvian Pipeline, an infrastructure that runs
approximately 600 km from the jungle to the coast [12]. This
pipeline has been the subject of multiple questions for
operational failures, including accidental spills, leaks, and
poor waste disposal [13]. National legislation, through
Supreme Decree No. 011-2017-MINAM, establishes
environmental quality standards for agricultural soils, setting
maximum permissible limits of 200 mg/kg for light fraction
hydrocarbons (F1, C6—C10), 1200 mg/kg for the medium
fraction (F2, >C10-C28) and 3000 mg/kg for the heavy
fraction (F3, >C28-C40) [14]. However, concentrations of the
F2 fraction that far exceed the limits have been reported in
areas near the pipeline, evidencing the urgent need to
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implement remediation strategies [15].

Oil pollution compromises not only the mineralization of
soil organic matter, but also water retention, nutrient
availability, and porous structure, directly affecting
agricultural productivity and ecological resilience [16, 17]. In
addition, volatile components of hydrocarbons pollute the air
and water, expanding the range of environmental impact [18].

While phytoremediation and microbial bioremediation are
eco-friendly techniques, their efficacy depends on specific
conditions (such as pH, nutrients, and moisture) and typically
require months or years to achieve significant
decontaminations [19-21]. In contrast, end-of-life tires (NFUs)
can act immediately as physical adsorbents, trapping
hydrocarbons by direct contact and without relying on the
biological environment. Studies show that particles derived
from tires retain volatile compounds such as benzene and n-
hexane with adsorption capacities in the range of 180-924
mg/kg [22]. Likewise, sulfur tires have demonstrated an
adsorption capacity greater than 833 mg/g for dyes and
antibiotics, which supports the idea of their high surface
affinity [23]. NFUs do not require complex biological
conditions, are applied directly in the field, and promote the
circular economy by reusing industrial waste, positioning
them as an effective, sustainable and fast alternative to
traditional methods.

Various techniques for remediating contaminated soils have
been studied, including physicochemical processes such as
thermal extraction, advanced oxidation, and soil washing, as
well as biological methods such as bioremediation and
phytoremediation [24-27]. However, these strategies are often
costly, technically complex, or slow to implement in tropical
areas that are difficult to access [28].

In this scenario, the use of low-cost adsorbent materials,
such as lignocellulosic waste [29], natural zeolites [30] and
end-of-life tires (NFU) [31], has emerged as a viable
alternative. NFUs are materials composed mainly of
vulcanized solid hydrocarbons, with very low chemical
activity, but with high hydrophobic affinity, which makes
them preferential sorbents for hydrocarbons [32, 33]. Recent
research has shown that screened NFU particles (e.g., through-
mesh 12) can adsorb more than 2 g of oil per gram of sorbent,
thanks to their high surface area and microporous structure
[34].

Despite its potential, the application of NFU in the
remediation of contaminated tropical soils is still limited.
Studies focused on Amazonian areas, characterized by soils of
low fertility, high humidity and moderate surface salinity, are
scarce [35, 36]. In addition, the chemical interaction between
NFU and hydrocarbons, analyzed by FTIR spectroscopy, has
revealed predominantly surface adsorption mechanisms with
minimal chemical modifications, indicating a physical
retention process [37, 38].

The objective of this research is to evaluate the efficiency
of end-of-life tire particulate matter (NFU) as a sorbent of
petroleum hydrocarbons in soils of the northern Amazon of
Peru, determining its adsorption capacity, its effects on the
physicochemical properties of the soil, and its contribution to
plant recovery and the specific objectives are to evaluate
which particle size distribution of the NFU is most efficient in
absorbing the remaining crude oil; to determine the decrease
in volatiles after a spill in three types of Amazonian soils of
different texture; and to establish in which type of soil the NFU
is most effective in order to propose improvements and
standardize its application in decontamination processes.
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The present research addresses a significant knowledge gap:
the lack of accessible, low-cost technologies adapted to the
soil and climatic conditions of the rainforest for the
remediation of oil-contaminated soils [39].

This proposal is mainly aligned with Sustainable
Development Goal (SDG) 15: Life on Land, promoting the
restoration of degraded soils, and with SDG 12: Responsible
Production and Consumption, through the recovery of
hazardous solid waste such as NFU in environmental
remediation processes [40].

Finally, the study proposes a sustainable, replicable and
scalable solution, aimed at strengthening the environmental
resilience of Amazonian territories to the impacts of the oil
industry.

2. METHODOLOGY

Soil samples were collected in three areas of the Loreto
region, Peru, located in the districts of San Juan Bautista
(Maynas), Iquitos (urban area) and the banks of the Nanay
River (Maynas-Iquitos). At each sampling point, a mechanical
pit of up to 3 meters deep was made using a backhoe,
following the guidelines of the ASTM D420-18 standard for
site characterization and taking representative samples for
surface analysis [41]. Subsequently, altered samples were
obtained from each soil stratum, collecting at least 2.5 kg per
sample, sufficient volume for granulometric and consistency
limit tests, in order to obtain representative samples for
textural classification under the SUCS system (ASTM
D2487), which defines the laboratory procedures,
granulometry and plasticity necessary for the assignment of
textural groups [42]. Samples were stored in hermetically
sealed plastic bags, appropriately labeled, to prevent cross-
contamination and moisture loss during transport to the
laboratory. The textural characterization of the soils was
carried out according to the following methodologies:
granulometric analysis by sieving according to ASTM D-422
and Technical Standard NTP 339.128 [43]; SUCS
classification of the soil according to ASTM D-2487 [44] with
sieves according to NTP 350.001 and was also measured at
natural soil moisture, using the gravimetric procedure of
drying according to ASTM D-2216 [45].

Table 1. Formulations and texture of soils representative of
Amazonian soils

Mixture Sand Slime Clay Peat  Predominant
(%) (%) (%) (%) Texture
M1 29.0 12.0 11.0 50.0 Sandy-silty
loam
M2 23.0 5.0 22.0 50.0 Clay loam
M3 17.0 — 30.0 53.0 Clay

The preparation of contaminated soil mixtures was carried
out after the textural characterization of the soils in the
Laboratory of the Department of Analytical Chemistry of the
Faculty of Chemistry and Chemical Engineering of the
Universidad Nacional Mayor de San Marcos., based on the
results obtained and on edaphic studies characteristic of the
Peruvian Amazon [9], in order to simulate real contamination
conditions on a laboratory scale. The mixtures were
formulated using 50% black peat as a common substrate, in
order to maintain conditions of humidity and organic matter
similar to those observed in the field. Three formulations were



developed with different proportions of mineral textures,
representative of Amazonian soils as shown in Table 1.

Each mixture was duplicated (M1-D, M2-D, M3-D) to
validate the reproducibility of the procedure. The mixtures
were prepared manually, homogenizing the components until
a uniform distribution was obtained.

To simulate the spill, 10 mL of 24°API crude oil was added
per 2000 g of soil mixture, distributing it evenly. Next, 50 g of
end-of-life tire particles (NFU) screened to 12 mesh were
applied, placed on the surface of the contaminated soil to
evaluate their surface adsorption capacity. To simulate a spill,
crude oil of 24°API (PetroPert1) was used. Aluminium trays
containing 2 kg of each soil mixture were contaminated, to
which 10 mL of oil was added, distributing it homogeneously.

A Physical-Chemical and Instrumental characterization of
the jungle soils was carried out, according to the requirements
established in the ECA for soils in Peru, and the analytical
procedure EPA 8015, standard for the analysis of total
petroleum hydrocarbons (TPH) in aqueous samples by gas
chromatography (GC): the light fractions F1 (C6-C10),
medium fractions F2, (C10-C28) and heavy fractions F3 (C28-
C40) of the TPH present in the soil. Temperature, pH,
electrical conductivity and humidity were determined. The
monitoring of the experimental units was carried out weekly
for a period of ten months for the 3 varieties of soil.

The effective dimension and adsorption capacity of the
NFU was evaluated after sieving the material with meshes No.
8 (2.36 mm), No. 10 (2.00 mm) and No. 12 (1.70 mm). To
determine the adsorption capacity of crude oil, the procedure
of the "Oil Adsorption — Short Test" section of the ASTM
F72612 standard was adapted to a reduced scale: 4 g of NFU,
contact times of 10, 15 and 20 min with constant agitation
were used, and measurements were made in triplicate. This
method is designed to evaluate the performance of sorbents
against non-water-miscible liquids and has previously been
successfully applied to tire rubber to verify its high adsorption
capacity of crude oil and similar compounds [46, 47]. Once the
most effective mesh was identified, due to its higher
adsorption levels, 50 g of 12 mesh (1.7 mm) through-NFU was
applied to the surface of each experimental unit in the mixtures
M1, M2 and M3 (and their duplicates). The material was
evenly distributed, including controls without NFU for
comparison. This procedure was specially adapted to simulate
direct contact between the NFU and the crude oil, maintaining
the rigor of the F726 method and recording reproducible
results in each replicate.

Fourier transform spectroscopic analysis was performed
with a Perkin Elmer FTIR Spectrum Two spectrophotometer,
in absorbance mode and in a spectral range of 4000 to 400
cm™!, with the aim of determining whether the interaction
between particulate rubber and petroleum generated structural
changes in the functional groups of the material. which would
make it possible to establish whether the process corresponds
predominantly to surface adsorption or structural absorption.
The analysis was carried out at three different times, using four
samples: first, the standard NFU (without contact with oil) as
a base sample to compare possible structural modifications;
second, the NFU after 1 month of contact with oil, compared
to the standard NFU to evaluate early changes; third, the NFU
after 6 months of contact with oil, again compared with the
NFU standard to evaluate long-term changes and finally the
original oil vs. the NFU after 6 months of contact with
recovered oil, to identify possible alterations in the chemical
composition of the NFU. These analyses were represented in
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three comparative graphs, corresponding to the three key
moments mentioned. In this way, the possible modification of
the rubber during the interaction process was evaluated.

To evaluate the potential for plant recovery of the treated
soils, trials were carried out where the growth of Petroselinum
crispum (parsley) as a bioindicator plant was evaluated. This
species was selected for its sensitivity to soil contaminants, its
rapid growth cycle, easy availability, and for having been
successfully used in previous studies on phytoremediation
under controlled conditions [48-50]. Its physiological
behaviour allows early detection of alterations in the quality of
the substrate, facilitating the evaluation of the effect of the
treatments applied. During the remediation bioassays, two
complementary experimental approaches were applied:
Leonard jars and cardboard seedbeds.

In the first case, soil mixtures and their duplicates were
used: M1, M1-D; M2, M2-D; M3 and M3-D, each treated with
NFU, in a system of adapted Leonard jars, In the first case, soil
mixtures and their duplicates: M1, M1-D; M2, M2-D; M3 and
M3-D, each treated with NFU, in a Leonard pitcher system
that allowed for root and shoot monitoring under semi-
hydroponic conditions. To ensure homogeneous nutritional
conditions in all experimental units, a mineral nutrient solution
(SM) was used, which was placed in the lower compartment
of each bottle. This solution was absorbed by capillarity
through a wick into the upper substrate, composed of the soil
mixtures contaminated with oil and treated or not with NFU.
MS made it possible to maintain adequate humidity in the
system and provide essential macro and micronutrients,
preventing plant growth from being limited by nutritional
deficiencies. The solution was prepared in a total volume of 5
liters with the following concentrations per liter: NH4NOs
(10.0 g), KoHPOs4 (2.5 g), KH2PO4 (2.0 g), MgSO4 (0.5 g),
NaCl (0.1 g), CaCl: (0.1 g) and trace amounts of FeSQOa. 1.0
mL/L of a microelement solution containing HsBOs (2.86
g/L), ZnSO4-7H-0 (0.22 g/L) and MnClz-4H-O (1.81 g/L) was
also added. This formulation was adapted from recent studies
using Leonard's pitcher system and similar mineral solutions
to evaluate phytoremediation in contaminated soils in closed
cropping systems [51, 52]. This approach was inspired by the
standard solution developed by Hoagland and Arnon, widely
used in hydroponic studies to avoid interference from the
nutritional properties of the soil [53].

Soil

contamineu 40 cm
with petrol- |
25cm
Mineral

solution

Figure 1. Schematic of the Leonard jar system used in this
study



Figure 1 shows a second assay of the germination of parsley
seeds in various cardboard seedbeds with the three types of
soils previously treated with NFU (M1, M1-D, M2, M2-D, M3
and M3-D) and inorganic fertilizer, to which worm humus was
added 10 g for every 30 g of soil. varying the following
parameters: Concentration of contaminant (oil mass/soil
mass), amount of NFU sorbent/soil mass, germination time. A
post-remediation soil characterization was carried out
applying appropriate statistical methods to evaluate the
absorption efficiency of oil by the NFU, the possible
degradation of hydrocarbons, the assimilation of nutrients by
each type of soil according to the mixtures used.

Statistical analyses of variance (factorial ANOVA) were
applied using Python, evaluating the effect of the factors "soil
type" and "time" on the dependent variable "average plant
growth". A significance level of p<0.05 was considered.

3. RESULTS AND DISCUSSION

By the physical characterization of the soils according to the
methods ASTM D-422, ASTM D2216 and NTP 339.128, 3
types of soils were classified: 1) Poorly graded sand, average
humidity 9.60%, classified as (SP) A-3 (0). 2) Sandy clay of
low plasticity, medium humidity 19.9%; reduced percentage
of fine particles, classified as (SP) A-4(0). 3) Inorganic silt,
moisture 18.38%; appreciable percentage of fine particles, of
low plasticity, classified as (ML) A-4.

In Table 2, the pH of the soils is 5.20-5.53 slightly acidic
which does not favor degradation processes, this result differs
from another study which presents a strongly acidic hydrogen
(pH) potential (3.98—4.38) [54, 55]. This difference is due to
the fact that 50% of all samples contain black peat which has
the characteristic of being more alkaline, which is reflected
when comparing these results. Electrical conductivity (EC)
values between 1.866—3.479 dS/m according to the references
for soils with a low risk of salinity are >2dS/m and those with
a moderate risk of salinity are between 2-4 dS/m) [56] and are
interpreted as soils with a higher presence of salts, unfavorable
for the soil and crops [57]; limitations for microbiological
development [58] From the mechanical analysis of soil
samples to determine their texture, a certain disadvantage is
observed for the passage of water, oxygen and nutrients
necessary in the soil [59]. However, these values of clay and
sand indicate a higher cation exchange capacity (CEC) [60],
which allows us to know the amount of negative charges
present on the surfaces of minerals and soil organic elements,

which is proportional to the amounts of cations that can be
superficially immobilized. About half of the volume of a floor
is porous space; The size, number, shape, continuity and
distribution of pores largely determine the retention and
movement of air and water in the soil [61].

According to Table 3, all samples exceeded the petroleum
hydrocarbon (HP) limit for F2; being within the ECA in F1
and F3. M3 and M3-D* were the soils with the lowest
contamination as they had a higher percentage of clay,
characterized by having smaller pores and higher humidity
that increases plasticity, added to their higher electrical
conductivity (EC), would indicate moderate levels of salinity.
clay soils: EC may be due to a higher content of soluble salts
and nutrients; salinity would act as a barrier to the penetration
of non-polar pollutants and higher humidity would favour
microbial degradation of oil.

The study shows the 24°API petroleum sorbent capacity of
the NFU particulate matter classified in three sieves, for three
test times and 4.0 £ 0.01 grams of sample; The results are
presented in grams of oil per gram of sorbent (g/g).

Table 4 summarizes the results of the test of the oil sorbent
capacity in grams of oil of 24°API, per gram of particulate
sorbent of NFU (g/g), classified by 3 sieves and test times. It
is observed that the larger particle size 8 mesh through-mesh,
has a lower oil removal efficiency (1,462 g/g) since smaller
particles have a higher surface area-to-volume ratio compared
to larger particles [62]. This increased surface area provides
more contact points for the oil to adhere to, improving
adsorption capacity [63-65], more convenient for the
remediation process: which is observed in the 12 mesh
through-NFU which favors its interaction with oil due to its
large available external surface area, porosity, hydrophobicity
and durability [66]. The adsorption capacity (1,976 g/g) for 20
minutes of the NFU through mesh 12 is similar to the value of
other studies where the adsorption capacity of tire dust oil
(1,962 g/g) was determined, 0.5-2 mm (1,760 g/g) granules,
2.5-3.5 mm (1,604 g/g) granules, and TDF (1,422 g/g) at a
fixed dose of 2 g adsorbent for 30 minutes and with stirring
[67]. Compared to techniques such as phytoremediation or
bioremediation, which require specific soil conditions,
specialized microorganisms and long deadlines, NFU
adsorption allows for direct, physical and immediate
intervention. In addition, it does not depend on limiting
biological factors such as temperature or microbial activity,
which makes it especially useful in Amazonian environments
of difficult access and high humidity [68, 69].

Table 2. Physicochemical parameters recorded in the period: August, 2023 — June, 2024

Sample % Humidity Range pH Range Salinity Value (dS/m)
M1 2,90 -3,12 5,20 -5,25 3,479

MI1-D* 2,96 — 3,00 5,25-5,28 2,416
M2 3,32-3,52 5,40 — 5,43 2,029

M2-D* 3,30-3,51 5,40 — 5,45 1,866
M3 6,57 -17,00 5,50 -5,53 3,195

M3-D* 6,57 -17,03 5,51 -5,53 2,652

Table 3. TPH analysis results by EPA-8015 method

Total Petroleum Hydrocarbons M-1 M-2 M-3 M-1D M-2D M-3D
F-1 (C6-C10) 44,47 10,291 3,179 2,27 2491 <2.01
F-2 (C6-C10) 3883,27 3422,59 2236,58 2892,27 5965,12 862,75
F-3 (C6-C10) 301,65 276,37 231,86 276,07 862,74 91,04
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Table 4. NFU capacity for crude oil sorption 24°API

Mesh No. Mesh Intern Mesh Mesh Intern
8 Intern10 12

Time 10 1,372 1,455 1497 1,592 1,972 1,960

(min) 15 1,380 1461 1,501 1,598 1,974 1,962

20 1,386 1462 1,502 1,600 1,976 1,963

Likewise, the FTIR spectra shown in Figures 2-4 were run.
Figure 2 presents a graph after 1 month of the o0il-NFU
interaction. The gray spectrum of the "NFU pattern" (without
petroleum) is characterized by a long, thin band with two
peaks around 3000 cm™ representing the functional groups
present in vulcanized rubber, where the stretching vibrations
of the C-H bonds predominate. Two small peaks around 1600

%T
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cm! are identified, which may be related to the deformation
vibrations of functional groups present in the polymeric matrix
of the NFU that contains functional groups such as carbonyl
(C=0), hydroxyl (-OH), and other groups, which enhance oil
adsorption through hydrophobic interactions, hydrogen bonds,
and electrostatic attractions [70-72]. Adsorption performance
is mainly influenced by these groups [73]. The drop in
spectrum towards 450 nm indicates minimal absorption in this
region, consistent with the basic composition of the NFU. The
NFU-oil spectrum in Figure 1 reveals a change in the spectral
structure: a small peak is identified around 1600 cm™,
suggesting the presence of characteristic C=C bonds of the
aromatic hydrocarbons of petroleum; this spike may indicate
the formation of interactions between the petroleum molecules
and the surface of the NFU.

23 T T
4000 3500 3000

2500

2000 1500 1000 450

cm-1

Figure 2. FTIR spectra of the NFU standard and NFU/oil at 1 month of interaction
Gray spectrum: NFU, Blue spectrum: NFU with petroleum. Performed on 14 August 2024
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Figure 3. FTIR spectra of the NFU standard and NFU/oil at 6 months of interaction
Red spectrum: NFU. Blue spectrum: NFU with petroleum. Performed on 27 January 2025
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Figure 4. NFU/oil and oil FTIR spectra at 6 months of interaction
Gray spectrum: NFU with petroleum; Blue spectrum: oil. Held February 05, 2025
Soil functional groups were determined by Fourier transform infrared spectroscopy (FTIR, recording in the range of 450 to 4000 cm ')

Table 5. Germination percentages of parsley (Petroselinum crispum) in petroleum-contaminated soils remediated with NFU in
Leonard jars and seedlings

Leonard Jugs Concentration 5

Seedlings 2 Months Concentration 60

Seedlings 1 Month Concentration 60

mL/kg mL/kg mL/kg

Sample Germination, % Germination, % Germination, %

M1 80,0 80,0 60,0
M1-D* 60,0 40,0 20,0

M2 60,0 60,0 20,0
M2-D* 70,0 60,0 20,0

M3 50,0 20,0 0
M3-D* 50,0 20,0 0

Table 6. Average growth of parsley plants in soil MT1, MT2 and MT3 and their duplicates in Leonard jars exposed to the
environment for 5 months (March-July 2024)

Time, months

Height in cm

MT1 MTI1-D* MT2 MT2-D* MT3 MT3-D*

1 8,4 7,6 6,2 7,4 2,5 1,0

2 15,2 12,9 12,9 13,0 8,1 2,3

3 17,3 15,7 10,2 14,2 10,4 4,2

4 20,1 17,8 15,2 16,0 14,1 6,4

5 24,5 20,3 17,3 19,5 16,1 10,2

Table 7. Results of the ANOVA factorial
Source of Variation Sum of Squares GL Middle Square F P-Value F Critical
Time 1 286,98 5 257,40 61,40 0,0 3,85
Sample 1 142,32 5 77,65 18,52 0,00 3,85

Error 104,79 25 4,19
Total 2 534,09 35

The FTIR spectrum in Figure 4: At 6 months after the oil-
NFU interaction, the spectrum of the NFU without oil or
"pattern" (red) shows the same characteristics as the gray
spectrum "NFU pattern" in Figure 1. In contrast, the NFU-
petroleum spectrum (blue) presents a series of modifications
that suggest an interaction with hydrocarbon compounds:
there is a small convex prominence between 3500 and 3000
cm™', corresponding to the stretching vibration of O-H [74]
indicating the incorporation of polar petroleum compounds or
slight surface changes of the rubber after prolonged contact
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with the hydrocarbon and the environment. Antisymmetric
stretch vibrations are observed between 3000-2800 cm™ from
—CH;, which correspond to TPH [75] A key difference is found
in the 1500-1300 cm™ region, where the NFU without oil
showed only two small peaks, while the NFU-oil presents a
short band with two more defined adsorption peaks, this
widening located at the same time as the antisymmetric and
symmetric stretch vibrations of COC [76]. The difference in
the initial transmittance values between the two spectrums is
remarkable: the NFU without oil shows 60% and the NFU-oil
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89%; such an increase suggests that the interaction with the oil
would have modified the surface of the NFU by reducing the
number of exposed active functional groups or generating a
surface film of hydrocarbons that alters the way IR radiation
is absorbed or reflected, which provides key information to
understand the mechanism of interaction between the NFU-
oil: Surface adsorption predominant due to the presence of
new bands and the change in signal strength in the NFU
spectrum with oil. The prominence at 3500-3000 cm™ could
indicate physical interactions with polar compounds in
petroleum, although no drastic change is observed, it suggests
that there would be no deep chemical absorption; but if it
presents surface diffusion as part of its oil adsorption
mechanism; since the lower transmittance in the spectrum of
NFU with petroleum compared to that of pure petroleum and
the persistence of the bands at 1500 cm™ and 1000 cm™
suggests that aromatic hydrocarbons and other compounds
would have remained within the NFU matrix, due to their
natural oil-absorbing and hydrophobic properties [74].

The results in Tables 5 and 6 show that parsley seed
germination is significantly affected by the amount of oil in
the soil and the mass of NFU used; both germination
percentage and leaf growth increase in samples containing
50% peat. However, without the addition of NFU, only a scant
germination occurred, (1 out of 5 seeds) indicating that from a
contamination with 60 mL of crude oil’kg of soil, the
properties of the soil are significantly altered, stimulating the
blockage of soil pores, resulting in complications such as
reduced bioactivity and degradability from biota to pollutants
[77]. The germination of parsley seeds also showed notable
differences between the different soil samples: in Table 5, the
MT1 and MT2 samples at 5 months in Leonard's jars,
presented better average germination rates of 70% and 65%,
respectively, while MT1 MT2 and MT3 had an average
growth of 22.4; 18.4 and 13.2 cm, for 5 months. The use of
parsley (Petroselinum crispum) as a plant bioindicator was
intentional due to its recognized sensitivity to hydrocarbons,
salinity, and heavy metals, as well as its shallow root system
and rapid growth. Previous studies have successfully used it in
phytotoxicity tests in oil-contaminated soils, making it a
suitable model plant for evaluating remediation processes in a
short period. Table 4 shows that at 2 months the samples from
the seedbeds, MT1 and MT2 maintained a similar behavior
with averages of 60%, while MT3 presented 20% and at one
month, they showed a germination of 40% in MT1, 20% in
MT2 and 0% in MT3.

Plant Growth vs Time
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Figure 5. Graph of the average growth of parsley plants
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Figure 5 shows plant growth in cm vs time in the 3 soil types
and their duplicates. Table 7 shows the results of the Factorial
ANOVA using the Python program, in which time and
samples are taken as independent factors or variables, and the
dependent variable is the average growth of the plants.

The factorial ANOVA (Table 7) shows a statistically
significant influence of the factors time and sample on the
average height of the plants, suggesting that both factors are
crucial for the development of parsley plants. The analysis by
minimum significant difference indicates that the average
growth in the remediated soil samples is statistically similar
throughout the test time. Figure 4 confirms that until the 4th
month, all the plants followed a regular growth trend,
especially in the remediated ones, but from the 5th month, the
plants showed a deviation from the original trend, coinciding
with climate change in Lima, as rainfall increased. The very
small P-value (1.08 e-07) indicates significant differences in
growth between the different samples, suggesting that there
are specific factors affecting each sample. The textural
composition of the MT1, MT2 and MT3 samples is essential
to understand the differences in plant growth: MT1 achieved
greater growth due to the balanced proportion of clay, sandy
and silty soil, added to 50% peat that provides a good balance
of water retention and aeration, creating a favorable
environment for plant growth. In MT2 an intermediate growth
was observed, it contains more clay soil than MT1 which can
limit growth compared to MT1 and the lower proportion of
silty and sandy soil, which can slightly affect aeration and
drainage; MT3 presented the lowest growth as it has more clay
soil, which contributes to greater water retention and smaller
particles can lead to a more compact environment that does not
favor root growth.

4. CONCLUSIONS

The present study demonstrated that the use of end-of-life
tire particulate matter (NFU), especially the 12-mesh through-
point, constitutes an effective and low-cost alternative for the
remediation of tropical soils contaminated with petroleum
hydrocarbons. The high adsorption capacity recorded (up to
1.976 g/g) is attributed to the high porosity, specific surface
and hydrophobicity of the NFU, favoring the surface retention
of light and medium fractions of the oil.

Physicochemical and spectroscopic characterization by
FTIR suggests that the mechanism of 0il-NFU interaction is
predominantly physical, with no evidence of significant
chemical transformation, which reinforces its stability and
functionality as a reusable sorbent. Likewise, the effect of
NFU on soil properties improved soil wettability, a condition
that, together with peat content, favored plant development in
bioassays with Petroselinum crispum.

It was evidenced that soils with lower clay content (M1 and
M2) showed better responses in terms of germination and
growth, indicating a relevant influence of soil texture on
remediation efficiency. The reduction of F2 fractions in treated
soils, particularly in M3-D (in the order of 60%), highlights
the potential of this technology to attenuate hydrocarbon
pollution in Amazonian conditions.

However, it is necessary to consider that the tests were
carried out under controlled laboratory conditions. It is
recommended to extend the study in field scenarios, evaluate
the possible release of residual compounds from the NFU and
analyze its long-term behavior in natural systems. This


https://www.sciencedirect.com/science/article/pii/S2213343725008292#bib5

research represents a significant step towards the design of
sustainable, replicable and scalable solutions for the recovery
of soils affected by extractive activities, aligning with
Sustainable Development Goals 12 and 15.
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