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Abstract

The combination of bioremediation and thermal remediation techniques, known as thermally
enhanced bioremediation, aims to efficiently remove soil contaminants. However, increasing the
temperature in remediation processes can have negative impacts on soil microorganisms. Therefore,
we aimed to evaluate the effects of soil heating and naphthalene contamination on soil quality and
phytotoxicity variables. To simulate thermally enhanced bioremediation, soil samples were
artificially contaminated — with 5 naphthalene concentrations (0, 50, 100, 250 and 500 mg of
naphthalene/kg of soil) and incubated at temperatures of 28, 38, 48 and 58 °C. The factors effects
were determined using microbiological bioindicators — microbial activity and biomass, metabolic
quotient and bacterial count on petri dishes, and phytotoxicity — germination and root length of
lettuce seeds, assessed immediately and after 15 and 30 days of contamination. Based on the
bioindicators applied, it was found that immediate contamination with naphthalene implied a
reduction in biomass and microbial growth associated with greater environmental stress, due to
increasing qCO2 values, at high concentrations (250 and 500 mg /kg). The temperature range
between 28 and 38 °C stimulated the growth of microbial communities, regardless of concentration.
These results indicate that temperature ranges below 40 °C are promising for application in
thermally enhanced bioremediation strategies, as they benefit soil microorganisms and potentially
favor contaminant degradation.

Keywords: naphthalene; bioremediation; temperature; bioindicators

1. Introduction

The assessment of sensitive organisms, such as primary producers, detritivores, and
microorganisms, can help identify environmental impacts. Therefore, these organisms are considered
bioindicators and have potential applications in environmental quality studies [1-3]. Microorganisms
play an important ecological role in the environment, influencing biogeochemical cycling,
decomposition, and transformation of contaminants, and are sensitive to environmental changes
[4,5]. Biological analyses enable us to understand direct effects on organisms, while chemical analyses
do not provide sufficient information on the bioavailability of contaminants and effects on living
organisms [6].

Soil contamination affects the microbial community [7,8], impacts soil organic matter and
biological activity [9-11] and impairs the quality of life and health of the population [12,13]. Polycyclic
aromatic hydrocarbons (PAHs) are considered dangerous and persistent contaminants in the soil
[14,15]; naphthalene, for example, is a low molecular weight PAH with only two aromatic rings. As
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it is a simpler PAH, it can be used as a model for the study of PAHs, due to its lower molecular
weight, greater solubility in water compared to other PAHs, and abundance in nature [16-18].

Soil contaminated with naphthalene can be remediated by applying bioremediation techniques
[11,19,20], with increased removal efficiency associated with temperature variation [19,21-24]. Thus,
thermally enhanced bioremediation can be applied to remove naphthalene, since traditional
techniques applied worldwide, such as Pump-and-Treat (P&T) and Multi-Phase Extraction (MPE),
are not very effective [25,26]. Thermally enhanced bioremediation combines bioremediation
techniques with thermal remediation in order to overcome the limitations of applying these methods
in isolation, combining their benefits and increasing the efficiency of the soil decontamination process
[22,27-29].

Regarding the remediation of soils contaminated with naphthalene, few studies evaluate the
impacts of the contaminant using bioindicators directly in the soil [24,30-33], i.e., most studies isolate
microorganisms and study them in lab conditions using culture media. Thus, evaluating
bioindicators directly in soil samples would be closer to reality, even on a laboratory scale, prior to
in situ testing. Thus, a gap was observed in this type of study for Brazilian tropical soils, making it
relevant to investigate the association between temperature variation and its effects on microbiota
and phytotoxicity.

Thus, this study aims to investigate the effect of soil heating and naphthalene contamination
using microbiological variables of soil quality and phytotoxicity. It also aims to assess the impact of
immediate contamination by increasing doses of naphthalene and to determine temperature and
concentration ranges with effects on soil quality variables, verifying the applicability of these
variables as bioindicators in the thermally enhanced bioremediation of naphthalene-contaminated
soils.

2. Materials and Methods

2.1. Soil Sampling

Soil samples were collected at depths of 0 — 10 cm, at coordinates 22°24'19.2”S 45°25'42.5”W, in
Itajuba (MG), following the guidelines of Santos et al. (2015) [34]. The sampling area has soils
classified as Red-Yellow Argisol (equivalent to Acrisols in the World Reference Base for Soil
Resources — WRB classification [35]), which is the predominant class in the municipality of Itajuba
[36]. These soils are characterized by the presence of a textural B horizon, with low clay activity, or
high activity when combined with low base saturation or aluminum content [37].

The samples were stored in plastic bags and immediately transported to the Microbiology
Laboratory of the Center for Environmental Quality Studies (CEQUAM) at Federal University of
Itajubad (UNIFEI), where they were stored in a cold room and prepared for the experiments.

2.2. Soil Characterization

Basic chemical analysis of the soil samples was conducted at the Soil Analysis Laboratory of the
Federal Institute of Southern Minas Gerais (IFSULDEMINAS) — Inconfidentes Campus. The
following were analyzed: pH in water; phosphorus (P); potassium (K); calcium (Ca); magnesium
(Mg); H+ aluminum (Al potential acidity); sum of bases (SB); cation exchange capacity (CTC);
percentage of saturation by bases (%V); percentage of aluminum saturation (%m);
calcium/magnesium ratio (Ca/Mg) and magnesium/potassium ratio (Mg/K); boron (B); zinc (Zn); iron
(Fe); manganese (Mn); copper (Cu); organic matter (OM) and remaining phosphorus [38].

Soil texture was analyzed by particle size analysis, using the pipette method, in triplicate. The
soil samples collected were initially air-dried and then sieved to obtain air-dried fine soil [38].
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2.3. Preparation of Soil Samples

As a first step toward understanding the application of thermally enhanced bioremediation in
tropical soils, microcosms replicating field conditions (in situ) were constructed in the laboratory. The
treatments were combinations of two factors: temperature variation (28, 38, 48, and 58 °C) and soil
contamination of naphthalene at different concentrations (0, 50, 100, 250, and 500 mg/kg). The
experiments were performed with three randomly distributed replicates.

The soil samples were sieved through a 2 mm. All material was weighed and contaminated, a
process carried out by mixing naphthalene (NAP — C10HS8) in its solid, powdered form with the soil.
Subsequently, 100 g of contaminated soil were separated into each microcosm assembled in plastic
cups sanitized with 70% alcohol and exposed to ultraviolet light, for 15 min. The sample units were
covered with plastic film to reduce moisture loss. To simulate thermally enhanced bioremediation,
the containers were taken to the incubator with four controlled temperatures, 28, 38, 48, and 58 °C.
The moisture content of the samples was maintained at 60% of water retention capacity by
maintaining water mass.

2.4. Biological Analysis

The microbiological analyses performed consisted of microbial activity and biomass and
metabolic quotient — or specific respiration rate (qCO2) [39-41]. In addition, total bacteria counts were
performed in Petri dishes, using adapted methodologies [42-44]. Furthermore, to assess the
effectiveness of thermal bioremediation, soil toxicity was evaluated through the root growth of
lettuce seeds (Lactuca sativa) using the methodology recommended by the US EPA (1996) [45] and
OECD (2006) [46].

After contamination and preparation of the samples, microbiological and phytotoxicity analyses
were performed to verify the effects of the contaminant doses immediately after contamination. To
understand how thermal bioremediation influences the microbial community and phytotoxicity, soil
samples were incubated for 15 and 30 days. After these periods of thermally enhanced
bioremediation simulation, microbiological and phytotoxicity analyses were also performed to
observe the possible existence of a trend in the behavior of biological variables over time.

2.4.1. Microbial Activity, Biomass, and Metabolic Quotient

To determine microbial activity and biomass and metabolic quotient, the irradiation-incubation
method proposed by Ferreira, Camargo, and Vidor (1999) [40] was used. For this purpose, 40 g of soil
were irradiated using a microwave oven to eliminate microorganisms through electromagnetic
irradiation, with inoculation of 2 g of unsterilized soil sample. In another jar, 40 g of soil was not
irradiated. All samples, as well as the blank, were incubated for 10 days at 28 °C, without light, in
order to prevent algae growth.

Microbial activity was determined by titration with 1 mol/L HCl for the non-irradiated samples,
whose CO2 was captured by 1 mol/L NaOH solution after the addition of BaCl2 and phenolphthalein
[39]. The carbon in the microbial biomass was quantified by the difference in carbon released between
irradiated and non-irradiated samples [40]. Thus, qCO2 was calculated as the ratio of microbial
activity and biomass [41].

2.4.2. Total Bacteria Count in Petri Dishes

To count bacteria on Petri dishes, 10 g of soil were diluted in 90 ml of saline solution (0.9%). The
sample was shaken at 100-150 rpm for approximately 20 min. Successive dilutions were performed
from the initial dilution 10! (1 mL of sample: 9 mL of 0.9% NaCl) to 10-. The inoculum of 0.05 mL of
the 10 dilution (previously verified as the best dilution for counting) was spread with a Drigalski
loop on 6 cm diameter Petri dishes containing Plate Count Agar (PCA) medium - specific for bacterial
growth and counting, with three replicates [42—44]. The cultures were incubated for 3 days at 28 °C,
and bacterial growth was subsequently evaluated. The number of Colony Forming Units (CFU) is
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determined by multiplying the number of colonies present in the Petri dish by the corresponding
dilution factor (in this case 10-#) and by the sample volume [42].

2.4.3. Phytotoxicity Test

To evaluate the germination and root length of lettuce seeds, the methodologies described in US
EPA (1996) [45] and OECD (2006) [46] were applied. A total of 20 Lactuca sativa L. seeds were placed
in Petri dishes with filter paper to enable seed adhesion, and 5 ml of soil extract was added. The
extract was obtained using a soil:water ratio of 1:5 with agitation for 24 h and separated by
centrifugation for 30 min. The dishes were incubated at 25+1 °C for 120 h. After the incubation period,
the number of germinated seeds and root lengths were evaluated. The results are presented in terms
of the ratio between the measured length of each sample and the control.

2.4. Statistical Analysis

All analyses were performed with a 95% confidence level using R Studio 2024.12.0 Build 467
software [47], and the following packages: vegan (version 2.6.10), factoextra (version 1.0.7), ggplot2
(version 3.5.1), RColorBrewer (version 1.1-3) [48-51]. Shapiro-Wilk test was applied to evaluate the
normality of the data; however, since the data did not meet the assumption of normal distribution,
PERMANOVA (Permutational Multivariate Analysis of Variance), a nonparametric version of the
multivariate analysis of variance test, was applied [52]. To understand the distribution of treatments,
exploratory multivariate analyses were estimated and evaluated: principal component analysis
(PCA).

3. Results

3.1. Physicochemical Characterization of the Soil

The results of the physicochemical analysis of the soil (Table 1) indicate that it is a clayey soil —
with a high clay content, acidic due to its low pH in water (5.04), with high potential acidity given by
the high H+Al value (8.28), low base sum (SB), and despite being an A horizon, it has a low organic
matter content (1.45 dag/dm?). It is also characterized as low-fertility soil, with low concentrations of
calcium (Ca) and magnesium (Mg). In contrast, the soil macronutrients are at satisfactory levels, while
the micronutrients vary, with adequate levels.

Table 1. Results of the physicochemical analysis of the soil.

Parameter Unit Result
Clay % 47,00
Silt % 11,64
Total sand % 41,36
Organic Matter dag/dm3 1,45
pH - 5,04
P mg/dm? 32,6
K mg/dm? 233,6
Ca cmol/dm?3 04
Mg cmol/dm? 0,17
Al cmol/dm3 0,9
H+AIl cmol/dm3 8,28
SB2 cmol/dm3 1,2
Ca/Mg 2,49
Mg/K 0,29
V3 % 12,66
m* % 42,86
T5 cmol/dm?3 9,48
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Zn mg/dm? 2,3
Fe mg/dm? 66,9
Mn mg/dm? 14,2
Cu mg/dm? 1,6
B mg/dm3 0,2
S mg/dm? --

! Potential acidity (H+Al). 2 Base sum (SB). 3 Base saturation (V%). ¢+ Aluminum saturation (m%). 5 Total cation

exchange capacity (T).

In this context, the soil used simulates a situation of significant environmental stress, with
characteristics of Argisols and Cambisols, the predominant classes in the studied region [36].
Furthermore, the area where the soil was collected is not used for agriculture, so it has not undergone
management and corrections, which explains its high acidity, low SB, and significant presence of
exchangeable aluminum. Thus, the chemical results show that this soil is vulnerable to contamination
with HPAs and other contaminants, with a risk of mobility and lower degradation potential. In
addition, the content of organic matter (OM) in the soil is related to the degradation of PAHs. Soils
with a higher pH and OM content tend to have a lower concentration of these contaminants, as they
reduce their availability [53]. Higher percentages of OM in the soil increase the efficiency of
hydrocarbon biodegradation in fuel-contaminated soils [54]. Thus, the use of this soil in the study
realistically simulates a contamination situation in a typical tropical region soil.

3.2. Results of Biological Analysis

Soil contamination results in immediate and long-term effects, and its influence on
microbiological and phytotoxicity variables in tropical soil is assessed immediately. The
PERMANOVA analysis (Table 2) showed that, after contamination, the different doses of
naphthalene caused statistically significant multivariate changes in the dependent variables (p =
0.001), affecting the microbiota and phytotoxicity —related to the germination and root length of
lettuce seeds. It should be noted that, for microbiological variables such as activity, biomass, and
qCO,, the immediate effect considers the 10-day incubation period, due to the methodology
employed [40].

In addition to contaminant concentration, temperature is a factor that interacts with
microbiological degradation processes, so both factors influence the efficiency of thermal
bioremediation. PERMANOVA (Table 2) showed that after 15 days of contamination, there was
interaction between temperature and concentration, indicating the multivariate effect of the
combination of factors. Individually, the temperature had a significant effect, while concentration did
not. The same effects were observed after 30 days of contamination. Thus, the interaction between
the factors for 15 and 30 days demonstrates that the efficiency of thermal bioremediation depends on
the temperature applied and the concentration of the naphthalene.

Table 2. PERMANOVA Test with 1 x 103 permutations for experimental factors.

Time p Value

(Days) Interaction Temperature Concentration
TO - - 0,001*
T15 0,001* 0,001* 0,078
T30 0,001* 0,001* 0,1

* Asterisk indicates statistically significant difference in p values at 95% confidence levels.

The effects of soil contamination and incubation on microbiological and phytotoxicity variables
can be complex due to changes and relationships in environmental variables related to the dynamics
of the contaminant in the soil. Thus, principal component analysis (PCA) (Figure 1) was applied to
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simplify the interpretation and relationship between the variables used and the effect of the

treatments.
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Figure 1. Principal Component Analysis (PCA) of: (a) immediate contamination data; (b) 15 days of incubation
(T15), and (c) 30 days of incubation (T30). Abbreviations: Activ: Microbial activity; Bio: Microbial biomass;
QCO2: Metabolic quotient; Count: Bacterial count on plate; Germ: Germination of lettuce seeds (L. sativa); Leng:

Lettuce root length (L. sativa).

Immediately after contamination (T0), principal component analysis of the effects of soil
contamination explained 68.4% of the data by the first two components, with PC1 accounting for
41.6% and PC2 accounting for 26.8% (Figure 1). Principal component 1 was related to microbiological
variables (biomass, activity, and metabolic quotient), while PC2 was more closely related to variables
related to phytotoxicity (germination and root length of lettuce seeds). The increase in naphthalene
concentration resulted in higher activity and qCO2 values, indicating greater stress on the microbial
community, while the lower concentrations (0, 50, and 100 mg/kg) are positioned in the first and
second quadrants, with higher biomass values, demonstrating greater microbial growth without
damage to the microbial community. In the second quadrant, it can be seen that the concentrations
of 50 and 100 mg/kg presented values related to lower phytotoxicity with higher germination and
lettuce length. As for the phytotoxicity variables, these are inversely proportional to phytotoxicity
itself, i.e.,, high values of germination and root length of lettuce seeds indicate low values of
phytotoxicity and vice versa.

The analyses performed immediately after contamination show variations in microbial behavior
and phytotoxicity according to the doses of the naphthalene. The different behaviors are associated
with the grouping and correlations of microbiological variables related to microbial development
(microbial biomass and bacterial count on plates), environmental stress variables (microbial activity
and qCO2), and phytotoxicity (germination and root length of lettuce seeds). The immediate effects
of naphthalene contamination include increased microbial stress and increased phytotoxicity of the
samples.

In thermal bioremediation, the association between temperature and naphthalene concentration
resulted in different effects on soil microorganisms, which could be assessed by microbiological and
phytotoxicity bioindicators. In order to understand the interaction between the factors, temperature,
and concentration, PCA was then applied. When conducting this analysis for T15 (15 days of

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.0986.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 July 2025 d0i:10.20944/preprints202507.0986.v1

8 of 16

incubation), we verified the explanation of the microbiological variables by PC1 and phytotoxicity
variables associated with PC2 (which follows the same pattern observed immediately after
contamination) (Figure 2). In PC1, higher values were found related to the growth and development
of microbial communities at lower temperatures (28 and 38°C), with less impact on microbial
communities at high concentrations of the naphthalene. For temperatures of 48 and 58°C, there were
lower bio and cont values and higher microbial activity and qCO2 values, indicating that at these
temperatures, microbial communities experienced greater environmental stress, exceptionally less
stress for the 48°C and 500 mg/kg treatment. In general, temperatures between 28 and 38°C positively
influenced the growth and development of microbial communities with less stress, which may be
beneficial in thermal bioremediation.

In T15, information on phytotoxicity was verified —related to the germination and root length
of lettuce seeds in the second principal component (PC2)— there is evidence that the application of
temperature resulted in a reduction in naphthalene phytotoxicity, with the highest association of
treatments at 38 and 48 °C in the positive direction of PC2, which indicates lower phytotoxicity, given
the inverse relationship between the variables lettuce seed germination (germ) and lettuce root length
(leng) and phytotoxicity. Some treatments with different naphthalene concentrations varied from this
pattern, such as 0 mg/kg at 38 °C, which is negatively positioned in PC2, while 0 and 250 mg/kg at 58
°C have positive values in PC2, indicating that these treatments have lower phytotoxicity, i.e., higher
values for germination and lettuce length.

The behavior of phytotoxicity and soil microbiota may be due to the presence of contaminants
over time. After 30 days of incubation (T30), a similar relationship to the previous ones (T0 and T15)
was found between the main components: PC1 related to microbiological variables and PC2 related
to phytotoxicity ones (Figure 2). Treatments allocated in the first and second quadrants are more
closely related to biomass, while the third and fourth quadrants are more closely related to microbial
activity, metabolic quotient (qCO2), and bacterial plate count.

4. Discussion

Multivariate analysis immediately after contamination (T0) demonstrated increased microbial
stress because of increasing naphthalene doses. Studies indicate that increased concentrations of
HPAs [55-58], fossil fuels [56], and pesticides [59] also result in changes in the microbial community.
The stress of the soil microbiota in the face of different naphthalene concentrations is mainly indicated
by qCO2, which is inversely proportional to biomass and demonstrates how the community is in
terms of energy efficiency [60]. Based on these results, it is possible to define contamination limits
with less impact on the microbiota.

The factors—temperature and naphthalene concentration —interacted in a complex manner on
the variables. For T15, temperature mainly influenced stress and microbial growth; concentration
showed greater variability in responses for all variables. The bacterial count on plates and biomass
are associated with the growth and reproduction of microorganisms [56], depend on an optimal
temperature range [61-63], and generally increase at lower contaminant concentrations [33]; while
microbial activity and qCO2 are associated, demonstrating the stress caused by the treatments [60].
The effect of temperature on biomass and microbial activity has been verified in previous studies [64—
66] and influences, above all, the efficiency of bioremediation [67]. The concentration of contaminants
is also a factor associated with the variability of microbiological response, which can be harmful
[68,69] or a stimulus [57,70]. Thus, in the evaluation of thermal bioremediation, both factors must be
considered; further studies may quantify the degradation of the contaminant, which, in addition to
being biodegraded, is influenced by temperature, with changes in its physical-chemical
characteristics, such as volatility and bioavailability.

The changes presented in the microbiological variables related to changes in temperature and
naphthalene concentration can influence the bioremediation of the contaminant. Temperature is a
factor that contributes directly to biodegradation. The literature shows the influence of temperature
on the bioremediation of contaminants such as HPAs [71,72], heavy metals [73,74], and BTEX [75].
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As evaluated by PCA, the following trends were observed in the treatments: at 28 and 38°C, higher
biomass and bacterial plate counts, with lower activity and qCO2; for higher temperatures (48 and
58°C), the opposite behavior was observed. This trend indicates the relationship between
microbiological variables and the bioremediation of contaminants. The reduction in microbial activity
in T15 may be associated with the reduction of HPAs [76]. A study points to a negative correlation
between qCO2 and plastic compound mineralization [77], and microbial biomass is indicated as the
variable most associated with the degradation of petroleum compounds [78] and the mineralization
of heavy metals [79]. Furthermore, enzymatic activity and characterization of the microbial
community can be correlated with the degradation of heavy metals [79,80], and there is also a strong
correlation between microbial growth and BTEX (benzene, toluene, ethylbenzene, and o, m, and p-
xylenes) degradation [75]. These relationships between variables demonstrate that microorganisms
are capable of using the contaminant as an energy source, which contributes to the growth,
reproduction, and greater stability of microbial communities. Thus, future studies may apply these
bioindicators in assessing the effects of contamination and the efficiency of naphthalene and other
PAH removal, in addition to evaluating cases of co-contamination.

The phytotoxicity variables showed varying relationships to temperature and concentration
treatments. According to the PCA of T15, treatments with better microbial performance have higher
phytotoxicity, which may be related to the formation of by-products that are more toxic than the
original contamination, a result also found by other researchers [22,81,82] and divergent from other
investigations [83,84]. To confirm the phytotoxicity results, it would be appropriate for future studies
to apply more than one plant indicator species. In general, the absence of naphthalene (0 mg/kg)
resulted in better performance in terms of phytotoxicity, which indicates that the presence of the this
contaminant tends to contribute to an increase in toxicity [85,86], with exceptions for treatment with
higher concentrations, such as 48°C : 500 (mg/kg) and 38°C :250 (mg/kg), which present toxicity
variable values close to the absence of the contaminant.

Thus, over time or 30 days after incubation (T30), there was a higher bacterial plate count,
microbiological stress, and higher toxicity at lower temperatures (28°C); while temperatures such as
48 and 58°C showed higher biomass and lower stress, despite having a lower plate count. The high
respiration rate (activity) may be related to the use of the naphthalene as an energy source [56], but
the association with the increase in qCO2 points to stress due to the presence of the contaminant [87].
Furthermore, soils with higher contamination may have higher microorganism counts and higher
activity due to contaminant degradation [88].

Thus, in the lower temperature treatments, there was a higher bacterial count, which may
indicate greater competition and consequently greater scarcity of resources, which increased stress
in these samples. There may also have been greater growth of bacteria species that provide benefits
to others in response to increased stress — commensalism [89-91]; while bacteria that resisted
temperature and naphthalene contamination conditions showed growth with less stress, which may
have occurred due to the selection of specific bacteria for these conditions [92,93]. Furthermore, the
change in the plate count ratio and stress variables can be explained by the change in the structure
and composition of the microbial community [94], which may be independent of the presence of the
contaminant. More studies are necessary to understanding the dynamics of microbial communities
and their adaptive mechanisms are recommended, maybe by genetic sequencing or related
evaluation.

Regarding phytotoxicity, higher temperatures (48 and 58°C) and lower contaminant
concentrations (0 and 50 mg/kg) were associated with higher values of lettuce seed length and
germination, indicating lower phytotoxicity. Therefore, increasing temperature may influence the
reduction of naphthalene phytotoxicity [95,96]. Therefore, after 30 days of contamination (T30), both
microbiological variables and phytotoxicity indicated changes in soil interactions, which may point
to the degradation and disappearance or unavailability of the contaminant during the experiment,
since naphthalene can become bio available between 25 and 29 mg/kg [76].
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The variables evaluated allow us to distinguish moments in the thermal bioremediation process,
such as the immediate action of the contaminant, its use as a carbon source, and the possible
disappearance of the contaminant. Therefore, for the application of thermal bioremediation, the
removal of the contaminant over time should be evaluated —with an indication for shorter time
intervals, so that an optimal time for applying the remediation technique can be defined.

According to multivariate analysis, there was a change in the response of microorganisms along
with the varied temperature and contaminant doses. Temperatures of 28 and 38 °C, regardless of
naphthalene concentration, (favored promoted) the microbial growth, which enhances
biodegradation [24,61,62,97-100]; in contrast, higher temperatures were harmful to microorganisms.
Prior studies indicate that temperatures below 40°C are effective in removing naphthalene and
promoting microbial growth [20,21,23,98,101-103]. Thus, in this work, we confirmed that
temperatures between 28 and 38 °C are recommended for the thermal bioremediation of
naphthalene-contaminated soils.

5. Conclusions

This study investigated the effects of thermal bioremediation of naphthalene on soil microbial
and some phytotoxicity variables related to L. sativa growth. The soil microbial and phytotoxicity
variables showed sensitivity to the temperature, incubating period and naphthalene concentrations
and are recommended as bioindicators for future applications, with emphasis on the metabolic
quotient, microbial biomass, and bacterial count on plates, as they provide a comprehensive overview
of the microbial community’s response to environmental changes. Immediately after contamination,
milder concentrations (0, 50, and 100 mg of naphthalene/kg of soil) showed benefits to microbial
growth; however, there was an increasing stress and a reduction in the microbial community at high
concentrations (250 and 500 mg/kg).

The results showed that 48 and 58 °C caused greater negative impacts on the soil microbiota,
and temperatures of 28 and 38 °C favored (increased) microbial growth. Thus, for thermal
bioremediation of naphthalene-contaminated soils, the application of temperatures below 40 °C is
recommended due to the less impact on the microbial community.
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The following abbreviations are used in this manuscript:

Activ Microbial activity

Bio Microbial biomass

QCO2 Metabolic quotient

Count Bacterial count on plate

Germ Germination of lettuce seeds (L. sativa)
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Leng Lettuce root length (L. sativa)
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