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Abstract

Purpose: Bioremediation allows specific microorganisms to biodegrade petroleum contaminants, yielding carbon dioxide
and water as mineralization products. This study applied an adapted microcosm a post-fire refinery soil sample
containing diesel and AFFF (aqueous film forming foam). Methods: Along with the respirometric assays containing
diesel and AFFF, we also determined the toxicity of each contaminated soil to Lactuca sativa seeds. Our method was
based on the indirect measure of organic compounds biodegradation via CO, output through time. The experiment
captured CO, with an alkaline KOH solution. The CO, amount was quantified in the residual KOH, according to
conductivity changes. Results: A greater respiration rate in soil contaminated with diesel (more than 4.0 + 1 mS/cm
average values compared to other assays) was observed. Higher CO, outputs were related to an increased
biodegradability. We also observed the growth of a fungus flora on macroscopic scale. The biodegradation activity was
near detection limits in AFFF contaminated soils during the entire data collection, justified by toxicity results. The
contamination by AFFF significantly affect the soil in tested concentrations, whereas 0% of the seeds germinated in
AFFF only and AFFF and diesel mixtures. Conclusions: Contamination by firefighting foams was toxic to lettuce seeds,
although it is commercially distributed and described as an environmentally safe compound. Our results indicate
otherwise, since the fluorinated waste was not biodegradable nor inert. Still, we conclude that the contamination by diesel
positively affected CO, production in soil as it was successfully degraded by local microflora, whereas AFFF inhibited
microbial activity.
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1. Introduction

Since the 1970s, economic growth and development in Brazil demanded a major restructuring of the petroleum industry
and its entire production chain. The petroleum industries resulting from this expansion are currently one of the main
sources of environmental pollution in South America, responsible for serious accidents involving oil and its derivatives.
Contaminations may occur at any stage of oil production, including extraction, refining, transport or storage (Kulkamp,
2003).

From the moment fuel reaches the ground, its components are separated into three phases: dissolved, liquid and gaseous.
A small fraction of the components of this mixture dissolves in ground water, a second portion is retained in the porous
spaces of the soil in its pure liquid form (residual saturation) and the third part evaporates, giving rise to atmospheric
contamination (Nadim et al., 1999).

Contamination by petroleum by-products can be hazardous as certain compounds may remain in the environment for
long periods. They also contaminate aquifers and springs which are often used for urban and industrial supply
(Montagnolli, 2011). Moreover, fires and explosions are as severe as environmental pollution. According to NFPA
(1991), both fires and pollution are likely in confined spaces (such as fuel storage tanks at refineries or gas stations) and
in wide-open areas (such as wells and spills).

Diesel oil is a widely used hydrocarbon in Brazil, due to the extensive use of roads by transportation and cargo services.
According to the ANP (2015), diesel consumption exceeded 56 million m® this year. Referring to data from 2016, there
were at least five major road accidents and refinery fires between July and December. All those accidents lead to the
combustion of diesel with the presence of fires. In these cases, the use of water is not always the most appropriate
procedure to contain fires, thus extinguishing foams are applied. However, these foams may also remain in the soils
mixed with the fired hydrocarbon.

The contamination of hydrocarbons with the extinguishing foam has a considerable impact, since the diesel, is not
characterized with high volatilization. Diesel oil also has slower degradation rates compared to other petroleum
derivatives such as gasoline. Thus, it is possible that co-contamination may have an even greater permanence in soil and
lead to the formation of contamination plumes more easily.

Bioremediation techniques rise as low cost alternatives that can be applied to contamination scenarios, by using
biological agents to biodegrade hazardous residues, either in situ or ex situ. Natural attenuation result in the
mineralization of the pollutant, that is, the release of carbon dioxide, water and biomass from indigenous microorganisms
(from the site itself, without any interference from other technologies). According to Mariano (2006), this is due to an
oxidation-reduction reaction in which the hydrocarbon is oxidized and the electron acceptor is reduced. In aerobic
biodegradation, the acceptor would be oxygen (O,). Three factors are necessary for biodegradation: contact between the
microorganism and the substance to be degraded; favorable environmental conditions for the microorganism to perform
degradation and; the microorganism must be able to perform the degradation or transformation of the substance
(Domingues, 2007).

One method of monitoring biodegradation is respirometry, which studies an aerobic system from the amount of CO,
produced and O, consumed in contaminated sites. This research used respirometric assays by Bartha and Pramer (1965)
adapted to evaluate the indirect CO, release of soils contaminated with diesel oil and extinguishing foam. Furthermore,
toxicological tests are of great importance in in environmental studies and bioremediation processes. Toxicity tests allow
researchers to evaluate whether or not biodegradation has successfully reduced the toxic potential of any given
contaminant. This work studied, by seed germination tests, the degree of toxicity of contaminants in the soil before and
after the treatment by bioremediation. The major milestones when investigating AFFF and diesel oil biodegradation in
this research was to relate the biodegradation process from each soil sample with either one of the contaminants or both,
thus presenting a mathematical model that best suit the dynamics of biodegradation.



2. Methods

2.1. Soil sampling

Soil samples were taken from the Experimental Garden of the Sao Paulo State University in Rio Claro (22 °© 23'47.4 "S
47 °© 32'40.0" W). The site has a history of contamination with petroleum products for previous biodegradation studies.
Thus, we analyzed the activity of autochthonous microorganisms. We analyzed the bioremediation process using such
adapted microbiota.

2.2 Respirometry in real climatic conditions and laboratory environment

This work proposed an adapted respirometry test in real climatic conditions replicating those found in major scale
contaminations. Our respirometer was used to measure the biodegradation based on alkaline potassium hydroxide
solutions (KOH) capacity to capture CO, for later chemical analysis. We proposed an outdoors experimental setup to
allow natural environment variables to cause weathering. This approach differs from the usual respirometry assays, that
are stored in incubators. Plastic containers with lid and disposable cups were used for the insertion of soil and alkaline
solutions of KOH (Figure 1).

Our simulated scenarios were similar to the concentrations usually found after fires in the petrochemical industry,
specifically the combustion of diesel oil with the use of extinguishing foam (AFFF). Pilot tests were carried out in real
weather and controlled laboratory conditions. We monitored the concentrations of both contaminants and CO, yields. In
order to better evaluate microbial activity in soil, we decided to carry out the duplicates with a full control set. Assays
were labeled as follows: control (C) - soil control without contaminants; contaminated control with diesel oil and soil
(D); contaminated control with AFFF and soil (F); and co-contaminated assay with diesel and AFFF (B).

2.3. Microcosm setup
The optimized setup was performed as described in Table 1 after a series of pilots and concentration variations to obtain
the best balance between representativeness and experimental response.

Table 1 — Respirometric assays.

Assay (ID) Soil (g) Diesel oil (mL) AFFF (mL)
Control (C) 100.00

AFFF (F) 100.00 10.00
Diesel (D) 100.00 5.00
Co-contamination (B) 100.00 5.00 10.00
KOH 20.00

The assays were conducted in triplicate. All 12 assays were performed separately, each in a different flask, using plastic
containers with minimum carbon dioxide loss during the process. Figure 1 shows the layout of the assays.
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Figure 1 — Experimental setup in plastic containers.

The real climatic condition assays were allocated for 5 weeks in the Experimental Garden of the UNESP Campus of Rio
Claro to allow biodegradation in local weather. Assays were subsequently exposed to controlled laboratory conditions
and monitored for 8 weeks in incubators. Each assay was measured weekly according to the conductivity of residual
solutions of KOH in mS (Siemens) after a 5x dilution in CO,-free water (100 mL).

2.4. Standard curve of conductivity (S) and molarity of CO,

Lower conductivity data output meant higher the CO, values produced by the microbiota within the respirometers. The
CO, when in contact with the solution reacted with the alkali and formed carbonate ions. Traditionally, the quantification
of carbon dioxide is done by acid / base titration following a stoichiometric ratio, however, we applied conductivity to
quantify CO, saturation levels. Alkaline and carbonates are water soluble, where ions are dispersed and have the ability
to conduct electricity. Conductivity is measured by ionic concentration yielded during CO, neutralization. Data on



transformation and biodegradation analysis were based on a standard linear standard curve from Siemens to moles based
on the chemical equation stoichiometry:

2KOH + CO; = K,CO3 + H,0

Throughout each weekly respirometric activity, the 0.40 mol / L potassium hydroxide solution (KOH) was converted into
a 0.20 mol / L potassium carbonate solution (K,COs) in contact with CO,. A series of standard solutions were made by
varying the volume of the two solutions, where maximum and minimum saturation of CO, in KOH had their values
calculated. The actual respirometric data from the microbiota was calculated according to the conductivity data from
these standard solutions and the calibration curves.

2.5. Toxicity of contaminants in lettuce seeds

The AFFF toxicity was determined in triplicates, within five dilutions as shown in Table 2 using lettuce seeds as test-
organisms. The toxicity study of soil contaminants was carried out in three different approaches: evaluation prior to and
post biodegradation process and a sole analysis of AFFF toxicity in different dilutions. The toxicity tests using soil used
the same setup and contents as the respirometric assays from Table 1.

Table 2 — AFFF dilutions used in toxicity assays.

Assay (ID) Soil (g) AFFF (mL)
1:1 (A) 5.00 2.00
1:2 (B) 5.00 1.00
1:5(C) 5.00 0.40
1:10 (D) 5.00 0.20
1:100 (E) 5.00 0.02

All toxicity tests were performed using lettuce seeds free of any previous chemical treatment with pesticides. In our pre-
and post-biodegradation setup, 20 seeds were placed in Petri dishes with filter paper along with a solution of sample
leachate supernatant, obtained from stirring at 150 rpm for 24 hours on a shaker table and then subjected to freezing until
counting time. The flasks contained 5.0 g of soil and 25.0 ml of deionized water according to Montagnolli et al. (2017).
The plates were finally covered by plastic-film so that no moisture loss occurred. They were incubated at 22 + 1°C for
120 hours. After the incubation time the germinated seeds were counted, measuring the root and hypocotyl of each
seedling. A germination threshold of at least 2 mm of radicle growth was considered.

2.6. Mathematical modelling

The respirometric data are adjusted to CO, production models, based on Equation 1 proposed by Montagnolli et al.
(2015) to determine maximum biodegradation time and expected CO, yields from each given substrate.

B = Bmaxl/(1 + [(Bmax—Bo)/ Bo] e-rt) D

Where B is CO, Produced; Bmax is the maximum CO, production; Bo is the initial production of CO,; R is the
maximum specific production rate for a particular oil; T is time.

The use of statistical tools and proposition of different models helps to determine which best fits and how biodegradation
profiles vary over time. For the data modeling, the SYSTAT SIGMAPLOT 10 platform was used to fit the equations to
CO, data.

3. Results and Discussion

3.1. CO, production yields

The CO, production profile was measured though 13 weeks. It is worth mentioning from our pilot assays that a stable
CO, curve was only observed in PTFE plastic packages, which were not subject to CO, leaking throughout the long-term
data collection.

Real weather assays, susceptible to local climate variations, yielded CO, amounts either above (in summer) or below (in
winter) our technique measurement window. In other words, respirometry was a very sensible technique to detect
variations in CO, concentrations within mild weather conditions. Extreme temperatures were beyond the resolution limit
of our method. Temperature is a decisive factor in processes that involve microbial activity, and climatic conditions at
that time presented high variation and amplitude, this may have affected the biodegradation process. Temperature and
pressure directly interfere in the microbial metabolism much more than the contaminants. As a result, all subsequent
respirometric assays were conducted in laboratory conditions. Conductivity values were more stable in incubators, thus
allowing CO, monitoring.

The alkaline solution of KOH standardized allowed the conversion of conductivity to CO, moles with the lowest
deviation possible. Thus, with the standard solution of KOH and potassium carbonate solution (K,CO3), we established a
conversion factor (Figure 2).
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Figure 2 — Standard curve to convert CO, concentration from conductivity values in respirometers.

The weekly conductivity data was normalized according to blank KOH solutions. Weekly and accumulated
biodegradation results though 90 days are shown in Figures 3 and 4, respectively.
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Figure 3 — Weekly CO, production.
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Degradation rate peaked between the 6th to the 8th weeks in D and B, with the highest microbial activity and CO, release
values. The D assays were the ones with the highest conductivity output, followed by B, C and F (in this order).

There was a decrease in microbial activity and CO, release in all respirometers from the 8th to the 13th week. However,
the values were never null. The assays C and F were the ones that presented the lowest results of CO, production
throughout respirometry. We did not observe in C and F typical biodegradation curves, whose profile is usually
associated to growth and death of microbial cultures. Instead, constantly low production over time was observed.



The control assays presented basal biodegradation results, with little to no activity. CO, release was restricted, since they
did not have a large nutrient presence. The only likely substrate were endogenous substrates in the soils matrix.

The respirometry assays D showed the highest microbial respiration and degradation results, and as can be seen in Figure
3. The soil was covered in visible mycelia growth (fungi), confirming viable conditions to the indigenous microbiota. On
the other hand, F assays were the ones with the lowest biodegradation rates, even below the control respirometers (C).
Such results triggered further analysis in subsequent experiments to verify the toxicity of each contaminant. The toxicity
assays are discussed in the next section of this paper.

Assays B also showed signs of biodegradation. A very similar microbial growth was seen on B respirometers compared
to the micellar morphology observed in D assays. The visible biomass, however, was less apparent. Growth was very
likely allowed due to the presence of diesel in the soil, but the AFFF presence caused a minor disturbance and inhibited
full colonial development.

The assays D and B showed degradation peaks of approximately 1700 and 1150 umoles of CO,, respectively at 7 and 6
weeks. They both showed a decay of carbon dioxide production. The control assays C presented a constant activity of
CO, release, not due to degradation and, the F assays had minimum degradation values without significant peaks.

The accumulated CO, production (Figure 4) ranks the total organic matter mineralized by microorganisms and provides
insights on biodegradability. The D assays contained the most biodegradable substrate, with a cumulative release of CO,
of approximately 9000 pmol, followed by (B) assays with release of 5000 umol. F assays ranked last, with a total
degradation of 580 CO, umol.

3.2. Toxicological analysis

3.2.1. AFFF toxicity

Due to the observation of AFFF interference in microbial metabolism in respirometric assays, we further expanded our
investigation on AFFF toxicity. We verified five different dilutions of the contaminant towards seed growth. The limit
and critical point of foam toxicity was found within our five different dilutions.

The vegetable tissue growth is presented in Figure 5. Growth results greater than 1.0 cm have been obtained from the C
test, which was also considered the critical toxicity index in our study.
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Figure 5 — Lactuca sativa tissue growth in AFFF dilutions.

The AFFF contaminant presents a certain level of toxicity, which, in a certain moment, causes the soil to reestablish itself
and to allow the germination even in unfavorable environment. According to Barbosa (2000), the contaminant is
considered toxic when there is inhibition of growth up to 1 cm, hence AFFF becomes non-toxic only at a concentration of
1: 5 (test C) as previously termed as critical toxicity index.

3.2.2 Toxicity before and after biodegradation

Before biodegradation, only seeds in control C and diesel D germinated, with 100% germination. Assays F and B did not
show any growth activity in root and hypocotyl tissues. The qualitative analysis and plotting were averaged from the root
and hypocotyl measurements of each quadruplicate assay (Figure 6).
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Figure 6 - Lactuca sativa tissue growth before and after biodegradation.

According to Figure 6 (left), the growth and germination of lettuce seeds occurred only in assays C and D, both growing
6 cm of vegetable tissue before biodegradation. From this result, we concluded that even prior to the bioremediation
process by respirometry, the diesel was not toxic to the soil biota at the proposed concentrations and still had fairly
comparative results to the control soil, free of recent contaminations.

The AFFF containing assays F and B showed a high degree of toxicity in the contaminating foam, with 0% of
germination when in soil alone, and also with the presence of diesel, which in this situation played a more secondary role.
When the diesel was placed separately in D, the development of plant tissue was still observed.

Post-degradation analyzes (Figure 6, right) were also conducted to investigate how bioremediation would affect toxicity.
For this test, we checked whether the AFFF showed diminished signs of biodegradation, even if not significant, relative
to its pre-degradation toxicity. In dilution tests, high germination rates were obtained in relation to AFFF. Thus, we also
decided to conduct undiluted tests to verify if original concentrations, even with little degradation, would decrease the
toxicity of AFFF. Thus, as in the dilution tests, duplicate assays of each triplicate experiment were performed, each of
them being individual, since the degradation process was isolated, with a total of 24 toxicity experiments.

On the F assays, the toxicity of original concentrations becomes minimal, having practically 100% of germination in all
the referring tests. Thus, it could be concluded that considering the 1:1 concentrations, the bioremediation process
became effective in reducing contaminant toxicity, but not representative of significant degradation. According to the B
assays, the germination was low in both respirometers. In other words, when not combined, contaminants (either diesel or
AFFF) presented a favorable environment (soil) for the growth of a microbiota. The germination B assays was
approximately 75% on average, non-toxic to the environment, but with lower growth activities. Therefore, the previously
toxic contents in respirometric assays F and B had a comparable growth rate to non-toxic contaminants in soil (over 60%)
and an approximate tissue growth of 3 cm after the biodegradation process.

3.3. Biodegradation modelling based on microbial growth kinetics

The distribution patterns of CO, production within 90 days allowed the analysis and fitting of mathematical models
related to the biodegradation process (Figure 7). The adjusted kinetic parameters of this process predicted the expected
kinetic behavior of each respirometric assay in their respective accumulated CO, production rates during the
biodegradation process.

10000

10000
C D %
8000 8000 =t
S 8000 6000
E
2
«
Q
O 4000 4000
2000 S 2000
=
i gan .,4/./4'
[ - v 0
0 20 40 60 80 100 0 20 40 60 80 100
10000 10000
8000 - F 8000 B
3 6000 6000
E
= L]
~ —5
8 4000 4 4000 °
.
2000 2000
.
> oo ®: =1 L
0 0

20 40 60

Time (days)

80

40 60 80

Time (days)

Figure 7 — Fitted CO, production curve.

100



The most significant parameter extracted from the modelling is presented as Bmax, which corresponds to maximum CO,
produced from the substrate. Biodegradation ceases beyond 90 days after initial inoculation. The Bmax value for B
assays is 4757.38 umol, whereas C assay is expected to produce 2832.86 pmol. The lowest expected CO, yield occurs in
F assays, with 588.90 pmol. The kinetic analysis confirms that the foam is a biodegradation inhibitor.

Higher CO, values produced during biodegradation were expected when both contaminants (diesel oil and AFFF) were
combined, due to AFFF surfactant properties. The foam promotes contact surfaces between diesel and aqueous soil
medium, allowing an interaction zone containing the hydrophobic medium and microorganisms present in hydrophilic
medium. Higher values of diesel oil degradation are to be expected, since its hydrocarbon structure could be broken
down more easily than AFFF. Fluorinated compounds are extremely rigid, due to CF bonds in their hydrophobic part,
which in turn decreases their biodegradability.

However, our research reached an unexpected result, in which diesel oil was the contaminant that had the highest rates of
biodegradation, whereas firefighting foam halved significantly most microbial activities. This data was reaffirmed by
seed testing, verifying that the foam could not perform its role as a surfactant. It was also a low biodegradable
contaminant, with extremely high toxicity before the microbial attenuation process. The toxicity of the foam however,
decreased after 90 days, when and a high germination could be finally observed.

Conclusions

Biodegradation viability studies offer alternatives towards the treatment of contaminants with minimum resources. Our
research provided new insights on diesel contaminants and extinguishing foam. The simulated post-fire scenario within
our respirometers allowed the development on how the environment would react to the entry of these contaminants and
how the toxicity would be reestablished after contamination.

The results of the study under real climatic conditions were satisfactory, however, it was observed that, during the winter
and summer seasons, large differences in temperature broaden the CO, production value outside of respirometers
resolution limits. Still, we can conclude that temperature is a crucial factor in the AFFF + diesel biodegradation process.
In other words, the proposed respirometry technique was found not suitable for degradation studies with large climatic
variations. The high sensitivity of the method, combined with high variability in respiration rates, caused contaminations
in colder places to be inhibitory or extremely high when seasonality factors are not isolated.

With seed testing prior to the respirometry process, we found that there is a high degree of toxicity in the AFFF
extinguishing foams, contrary to what is presented by most manufacturers and suppliers. However, after the
bioremediation treatment from respirometric assays, germination in F and B could be verified. Thus, long-term
biodegradation is expected to occur, even if not significantly. The diesel oil, however, had a high degradation, showing
increased microbial activity during the 90 days of study. It is also worth mentioning that the soil already had a history of
contamination with petroleum products, thus natural selection towards the most adapted microorganisms may have
happened. Still, the combination of respirometry and phytotoxicity methods can be applied to different types of
contaminated soils, where laboratory tests are essential to predict the kinetics of on-site degradation and toxicity
parameters.

Acknowledgements
CAPES, CNPq and IBRC-UNESP.

References
ANP, Agéncia Nacional de Petréleo. Disponivel em: <http://www.anp.gov.br> Acesso em: agosto 2016.

AYERS, R. S.; WESTCOT, D. W. A qualidade da Agua na agricultura. Campina Grande: UFPB, 1999.
BARBOSA, R.M. Avaliacdo do impacto de lodos de estacio de tratamento de agua a biota aquatica através de

estudos ecotoxicologicos. 2000, 200p. Tese (doutorado) — Escola de Engenharia de Sdo Carlos. Universidade de Sao
Paulo. Sao Carlos, 2000.

BARTHA, R.; PRAMER, D. Features of a flask and method for measuring the persistence and biological effects of
pesticides in soil. Soil Science, v. 100, n. 1, p. 68-70, 1965.

BAKER, K. H. e HERSON, D. S. Bioremediation. McGraw-Hill, Inc, Environmental Microbiology Associates, Inc.
Harrisburg, Pennsylvania, 1994. 375p.

BERNARDES, R. S.; SOARES, S. R. A. Fundamentos da Respirometria no controle de polui¢iao da agua e do solo.
Editora Universidade de Brasilia: Finatec, Brasilia, DF, 2005. 164p.

BOBERT, M.; PERSSON, H.; PERSSON, B. Foam Concentrates: Viscosity and Flow Characteristics. Fire Technology,
v. 33, n. 4, p. 336-355, 1997.



CETESB — Companhia de Tecnologia e Saneamento Ambiental. Solos — Determinacio da Biodegradacéiio de Residuos
— Método Respirométrico de Bartha. Norma técnica L.6.350. Sio Paulo, 15f,1990.

COSTA, M. R, Uso da Respirometria para Avaliacio da Biodegradacio Aerdbia de Lixiviado de Residuos Sélidos
Urbanos em Latossolo Vermelho-Escuro. 2009. 125p. Dissertagdo (mestrado). Departamento de Engenharia Civil e
Ambiental. Faculdade de Tecnologia — Universidade de Brasilia. Brasilia/DF.

COSTA FILHO, G. F., Biodegradagio de Oleos Derivados do Petréleo e de Origem Vegetal Estimulada por
Biossurfactantes em Meio Aquoso e Monitoramento de sua Toxicidade. 2011. 69p. Trabalho de Conclusdo de Curso
(Trabalho de Conclusdo de Curso em Ecologia). Instituto de Biociéncias. Universidade Estadual Paulista “Julio de
Mesquita Filho”. Rio Claro/SP.

CORDAZZO, J. Modelagem e simulacio numérica do derramamento de gasolina acrescida de alcool em aguas
subterraneas. Dissertagdo (mestrado). Departamento de Engenharia Mecanica), UFSC — Florianopolis, SC, 2000.

CORSEUIL, H. X.; ALVAREZ, P. J. J. Natural bioremediation perspective for BTX contaminated groundwater in
Brazil: effect of ethanol. Wat. Sci. Tech., v. 34, p.311-318, 1996.

DOLFING, J. Energetics of anaerobic degradation pathways of chlorinated aliphatic compounds. Microbial Ecology, v.
40, n. 1. p. 2-7, 2000.

DOMINGUES, R. F. Estudo da biodegradacio de éleo lubrificante automotivo. 2007. 128 p. Monografia (Trabalho
de Conclusdo de Curso em Ciéncias Biologicas) — Universidade Estadual Paulista “Julio de Mesquita Filho”. Rio
Claro/SP.

FERREIRA, E. D. S., Aplicacdo da respirometria na caracterizacio do esgoto doméstico afluente a uma ETE por
processo de lodos ativados. 2002. 140p. Dissertacdo (mestrado). Universidade de Brasilia. Brasilia/DF.

FETTER, C. W. Contaminant Hydrogeology. New York: Macmillan, 1993.
FETZNER, S. Bacterial dehalogenation. Applied Microbiology and Biotechnology, v. 50, n. 6, p. 633-657, 1998.

FIGUEREDO, R. C. R.; RIBEIRO, F. A. L.; SABADINI, E. Ciéncias de Espumas — Aplicacdo na Extingdo de Incéndios.
Quimica Nova, v. 22, n. 1, 1999.

GALLEGO, J. L.; LOREDQO, J.; LLAMAS, J. F.; VASQUEZ, F.; SANCHEZ, J.
Bioremediation of diesel-contaminated soils: evaluation of potential in situ techniques by study of bacterial degradation.
Biodegradation, v.12, p. 325-335, 2001.

GUIGUER, N. Polui¢io das aguas subterrineas e do solo causada por vazamentos em postos de abastecimento.
Waterloo Hydrogeologic, Inc. 356p., 2000.

ISTOK, J.; FIELD, J.; DOLAN, M.; LEE, J. H. Monitoring Bioaugmentation with Single-Well Push-Pull Tests in
Sediment. Environmental Science and Technology, v. 44, n.3, p. 1085— 1092, 2010.

KATAOKA, A. P. A. G. Biodegradagao de residuo oleoso de refinaria de petréleo por microorganismos isolados de
“landfarming”. Tese (Doutorado) — Instituto de Biociéncias, Unesp — Rio Claro, 2001.

KERNANSHANI, A.; KARARNANEYV, D.; MARGARITIS, A. Kinetic modeling of the biodegradation of the aqueous
p-xylene in the immobilized soil bioreactor. Engineering Journal, v. 27, n. 3, p. 204-211, 2006.

KULKAMP, M. S., Atenuacido natural de hidrocarbonetos de petréleo em um aquifero contaminado com
derramamento simultineo de d6leo diesel e etanol. 2003. 134p. Dissertagdo (mestrado). Programa de Pds- Graduacao
em Engenharia Ambiental. Universidade Federal de Santa Catarina. Santa Catarina/SC.

MANCINI, T. M., Métodos de caracterizacio de areas potencialmente contaminadas por hidrocarbonetos de
petréleo. 2002. Monografia. (Trabalho de Conclusao de Curso em Geologia). Instituto de Geociéncias e Ciéncias Exatas,
Universidade Estadual Paulista “Julio de Mesquita Filho”. Rio Claro/SP.

MARIANO, A. P., Avalia¢iio Do Potencial de Biorremediacio de Solos e de Aguas Subterrineas Contaminados
com Oleo Diesel. 2006. 162p. Tese (doutorado). Instituto de Geociéncias e Ciéncias Exatas. Universidade Estadual
Paulista “Julio de Mesquita Filho”. Rio Claro/SP.



MELLO, G. S. L., Avaliaciao da viabilidade da utilizacio do teste respirométrico de Bartha para determinar a
biodegradacio de hidrocarbonetos aromaticos polinucleares em solo tropical: caso do Fenantreno. 2005. 191p.
Dissertacdo (mestrado). Universidade de Sao Paulo. Sao Paulo/SP.

MEMBRE, J. M.; THURETTE J.; CATTEAU, M. Modeling the growth, survival and death of Listeria monocytogenes.
Journal of Applied Microbiology, v. 82, n. 1, p.345-350, 1996.

MOREIRA, F. M. S. Microbiologia e Bioquimica do solo. 2° edi¢do. Lavras: Editora UFLA, 2006.

MONTAGNOLLI, R. N. Biodegradacio de Derivados de Petréleo com a aplicacio de biossurfactante produzido
por Bacillus subtilis. 2011. 249 p. Dissertagdo (mestrado) - Universidade Estadual Paulista “Julio de Mesquita Filho”.
Rio Claro/SP.

MONTAGNOLLI, R. N. Incéndios de petrdleo e petroquimicos: Biorremediacdo de areas afetadas. 2015. 267 p.
Tese (doutorado) — Universidade Estadual Paulista “Jilio de Mesquita Filho”. Rio Claro/SP.

MONTAGNOLLI, R. N.; LOPES, P. R. M.; BIDOIA, E. D. Screening the toxicity and biodegradability of pretoleum
hydrocarbons by a rapid colorimetric method. Arch Environ Contam Toxicol, p. 12, 2014.

NADIM, F.; HOAG, G. E.; LIU, S.; CARLEY, R. J.; ZACK, P. Detection and remediation of soil and aquifer systems
contaminated with petroleum products: an overview. J. of Petrol.
Sci. and Eng., v.26, p. 169-178, 1999.

NAVARRETE, A.A. Algas na desintoxicacio do solo de landfarming de refinaria de petréleo. 2006. 100p.
Monografia. (Trabalho de Conclusdo de Curso). Universidade Estadual Paulista. Rio Claro/SP.

NFPA (National Fire Protection Association). Fire Protection Handbook, 17th ed. Quincy:
NFPA, 1991.

NUVOLARI, A. Aplica¢ao de lodo de esgotos municipais no solo: ensaios de respirometria para avaliar a
estabilidade do lodo. 1996. 158p. Dissertacdo (mestrado). Faculdade de Engenharia Civil. Universidade Estadual de
Campinas. Campinas/SP.

REGIS, G. Tratamento eletrolitico das dguas residuarias de uma indistria produtora de antioxidante de borracha
visando sua biodegradacio. 2000. 117p. Disserta¢do. (mestrado). Universidade Estadual Paulista. Rio Claro/SP.

REICHARDT, K e TIMM, L. C. Solo, planta e atmosfera: conceitos, processos e aplicacdes. Editora Manole Ltda.,
Barueri, SP, 478p. 2004.

SCHMIDT, S. K.; SIMKINS, S.; ALEXANDER, M. Models for the kinetics of biodegradation of organic compounds
not supporting growth. Applied and Environmental Microbiology, v. 50, n. 2, p.323-331, 1985.

UNITED STATES ENVIRONMENTAL PROTECTION AGENCY. USEPA. Assessing UST corrective action
technologies: early screenig of clean-up technologies for the saturated zone. EPA/600/2-90/027. p.124, 1990.

UNITED STATES ENVIRONMENTAL PROTECTION AGENCY. USEPA. Office of
Compliance. Office of Enforcement and Compliance Assurance. Profile of the petroleum refining industry.
Washington, 1995.

VON SPERLING, M., Principios Basicos do Tratamento de Esgotos - Principios do Tratamento Biolégico de Aguas
Residuarias — Vol. 2, 1996. Departamento de Engenharia Sanitaria e Ambiental, Universidade Federal de Minas Gerais,
Belo Horizonte, MG, 211p.

WHITACRE, D. Reviews of Environmental Contamination and Toxicology. 5th ed. New York: Springer Science &
Business Media, 2008.

YOUNG, L. Y. Anaerobic degradation of aromatic compounds. Em: Microbial degradation of aromatic compounds.
GIBSON, D. T. (ed.). Marcel-Dekker-Inc., New York, pp. 487-523, 1984.



