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Abstract: This study aimed to assess the bioremediation of soils polluted with fuel oil 6 (FO6) using
diffuse reflectance (DR) spectroscopy in the visible and near infrared (Vis-NIR) electromagnetic
spectrum. To achieve our goal, we determined the spectral signature of fuel oil 6 (FO6),
developed a calibration model to quantify the total petroleum hydrocarbons (TPH), and assessed
the bioremediation in soils contaminated with FO6 and inoculated with Pseudomonas aeruginosa.
Surface soil samples (SS) (0–30 cm depth) from uncontaminated Entisol soil from Termoesmeraldas
Thermal Power Plant, Ecuador and quart sand (QS) samples were spiked with FO6 at a known
contamination of 0.5, 1, 3, 6, 9, 12 wt.% on a gravimetric basis. A sample of contaminated Entisol
soil was taken to isolate P. aeruginosa from a spill site located in Termoesmeraldas. P. aeruginosa
was successfully augmented in a molasses medium. The results suggested that the C–H stretch
combination overtone band around 2300 nm is the one that makes the significant contribution to
the FO6 spectral signature and for the analysis of FO6 contaminated Entisols soil. The calibration
model for QS samples and SS showed an excellent agreement with experimental data R2 = 0.9989 and
R2 = 0.9968, respectively. The TPH at 0, 7, 14, 21, and 23 days after inoculation were found using a
calibration model developed and the Unach hydrocarbon index (UHI). While the QS samples showed
the lower recovery rate (13.6%), the Entisols SS showed the higher recovery rate (45.8%) in 23 days.
The use of DR spectroscopy and determination of the FO6 spectral signature allowed the assessment
of the bioremediation process of QS and Entisols SS samples. The results showed that DR decreased
with increasing the FO6 concentration and soil properties affected the degree of biodegradation.

Keywords: fuel oil 6; spectral signature; entisols soil; soil bioremediation; hydrocarbon index;
total petroleum hydrocarbons

1. Introduction

Fuel oil 6 (FO6) is the heaviest commercial fuel that can be obtained and is one of the primary
sources of energy in the production of electricity in several countries. Fuel oil 6 is the leading petroleum
product present in leaks and spills, especially in the contamination of soil resource during production,
transport, storage, and utilization. Soil contamination with FO6 has global dimensions and a significant
impact on the long-term functioning of the soil ecosystem (water infiltration, percolation and retention,
gas exchanges, soil organic matter and mineral nutrients dynamics, soil microbial biomass, diversity
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and activity, and the susceptibility of soil to erosion). There is a considerable gap in the understanding
of the impact of soil contamination with FO6 and the long-term recovery of soil functionalities,
as well as on the resilience of the soil ecosystem. There is a need to develop technologies and a soil
remediation technique to reduce the environmental footprint and set a platform for land reuse [1].
In this framework, bioremediation approaches have the potential to remediate sites while enhancing
soil properties that support soil microbiota and plant communities. Bioremediation is the use of
microorganisms and other soil inhabitants owing to their diverse metabolic capabilities to degrade,
remove or otherwise control contaminants [2] and is believed to be non-invasive, and its cost is less
than that of traditional techniques [3]. Bacteria are the most active agents in petroleum biodegradation.
Nearly a hundred species of bacteria, representing thirty microbial genera, have been found to degrade
petroleum products [4–6]. One of the most consistently isolated hydrocarbon-degrading bacteria from
soil is Pseudomonas [7]. Pseudomonas aeruginosa produces rhamnolipids, a biosurfactant useful in the
removal of oils and related products [8].

The overtone (harmonics) of fundamental modes of vibration of FO6 hydrocarbons enables
its identification through portable instruments or remote sensing processes based on the diffuse
reflectance (DR) spectrum (through its spectral signature). Scafutto et al. [9] measured and assembled
in a spectral library the DR spectra of several mineral substrates impregnated with crude oils (API 19.2,
27.5, and 43.2), diesel, gasoline, and ethanol. Scafutto et al. [9] showed the potential of DR spectroscopy
identifying contaminant density and the level of impregnation in soils mixtures using close- and
far-range remote sensing techniques. Chakraborty et al. [10] studied the effects of soil type and organic
carbon on VisNIR reflectance spectra of two contaminated soils. Chakraborty et al. [10] concluded
that DR spectroscopy is a promising tool that would enable soil and environmental scientists to
characterize contaminated soils at a much larger scale and for larger geographic areas. Douglas
et al. [11] demonstrated that partial least-regression analysis with full cross-validation of spectral
reflectance data estimates the amount of polycyclic aromatic hydrocarbons in petroleum-contaminated
tropical rainforest soils to inform risk assessment and remediation. Okparanma et al. [12,13] used
DR spectroscopy to develop soil maps of polycyclic aromatic hydrocarbons, and they concluded that
the Vis-NIR DR spectroscopy approach might be useful for monitoring hydrocarbon contamination
in a petroleum release site. Douglas et al. [14] concluded that Vis-NIR spectroscopy coupled with
a random forest artificial intelligent algorithm offers an effective method for rapid quantification of
total petroleum hydrocarbons (TPH) in soils. Schwartz et al. [15] concluded that DR spectroscopy
could be used as a viable, rapid, cost-effective, environmentally friendly tool to determine TPH
in five contaminated soils (Tipic xerofluvent, Tipic xerochrept, Tipic Chromoxerert, Lithic ruptic
xerochrept, and Lithic haploxeroll) spiked with a known concentration of 95 octane fuel, diesel,
and kerosene. However, in our knowledge, there are no studies of Entisols soil spiked with heavy
crude oil (FO6 API 11.5◦). Moreover, there are no studies that couple DR spectroscopy and FO6, despite
the energetic relevance of FO6 and the frequent FO6 spill.

The Federal Institute of Geosciences and Natural Resources of Germany showed that airborne
hyperspectral remote sensing could be used to detect hydrocarbons [16]. Hydrocarbons have typical
characteristics that become visible in the DR spectrum [16]. Two hydrocarbon quantity indicators based
on DR spectroscopy have been proposed to map petroleum hydrocarbons in soil: (1) The hydrocarbon
index proposed by Kühn et al. [17] and Smejkalová et al. [18] and (2) the hydrocarbon index proposed
by National Aeronautics and Space Administration (NASA) [18–20]. Both studies yielded limited
results [13]. More recently, García et al. [21] developed a methodology that allows to quantify the
hydrocarbons in the soil using DR spectroscopy. This study aimed to assess the bioremediation
of soils polluted with FO6 by means of DR spectroscopy in the Vis-NIR electromagnetic spectrum.
To achieve our goal, we determined the spectral signature of fuel oil 6 (FO6), developed a calibration
model to quantify the total petroleum hydrocarbons (TPH), and assessed the bioremediation in soils
contaminated with FO6 and inoculated with P. aeruginosa.
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2. Materials and Methods

2.1. The Study Area, Soil Sampling, and Pretreatment

Pristine soil samples (SS) were collected from three selected uncontaminated sites from the lands
of Termoesmeraldas Thermal Power Plant, Ecuador (0◦57′33” N and 79◦39′14” W). Thermoesmeralda
is located in a coastal area to 18 mamsl in the Esmeraldas Province. The predominant soils in the
study site are derived from the alluvial plain, which has been formed as a result of the flooding of the
Esmeraldas River, and its texture is silty–loam (clay (10%), silk (52%), and sand (38%)). According to the
United States Department of Agriculture (USDA) soil taxonomic order, the soil sampled belongs to the
order Entisols, suborder Fluvents, and the Ustifluvents group. Typical reported means of soil nutrients
concentrations are 926.64 mg N/kg, 148.5 mg P/L, 2175 mg K/L, 3100 mg Mg/L, and 11,500 mg Ca/L.
The mean pH and total organic carbon value are 7.2 and 1.35%, respectively.

Surface soil samples (0–30 cm depth) were collected by first removing the organic materials such
as crop residues and grasses from the surface. We collected 5 kg of soil in each site, and then the three
samples were mixed and homogenized to have 15 kg of noncontaminated bulk soil. The soil sample
was stored in a polythene zipper bag and transported to the laboratory for soil processing and analysis.
Before use, soil subsamples were sifted through a 2 mm sieve and sterilized in an autoclave for 4 h and
at 115 ◦C.

One group of 18 soil samples (SS) were spiked with FO6 at a known contamination of 0.5, 1, 3, 6, 9,
and 12 wt.% on a gravimetric basis. Based on these 18 samples (three samples for each concentration),
a calibration model was developed. Additional, 3 soil samples were spiked with FO6 at a concentration
of 6 wt.% on a gravimetric basis and for the monitoring bioremediation experiment.

A sample of contaminated soil was taken to isolate P. aeruginosa from a spill site located in
Termoesmeraldas. We collected the soil sample using the directed sampling method from a 15 cm
depth in plastic containers and preserved until shipment.

2.2. Quartz Sand Sampling and Pretreatment

Quartz sand (QS) (Arenas®Colma Fina provided by Sika Ecuatoriana S.A. (Quito, Pichincha,
Ecuador)) sized from 400 to 74 µm was used for the FO6 spectral signature determination, calibration
model development, and monitoring the bioremediation experiment.

One group of 18 QS samples were spiked with FO6 at a known contamination of 0.5, 1, 3,
6, 9, and 12 wt.% on a gravimetric basis. Based on these 18 samples (three samples for each
concentration), a calibration model was developed, and the spectral signature of QS was determined.
Additional, 3 QS samples were spiked with FO6 at a concentration of 6 wt.% for the monitoring
bioremediation experiment.

2.3. Fuel Oil 6

The FO6 provided by Termoesmeraldas Thermal Power Plant is the residue that remains after the
distillation of crude oil to obtain gasoline, naphtha, and diesel. Consequently, the FO6 composition
is more complicated than other petroleum products, and its impurity content is higher. Table 1 lists
the physicochemical characteristics of the FO6. The carbon range (number of carbon atoms) within
FO6 varies from C20 to C40 (alkenes), and approximately 25% are polycyclic aromatic hydrocarbons
(PAHs), 15% paraffinic, 45% naphthenic, and 15% of compounds containing metals, oxygen or sulfur.
The PAHs are dangerous and persistent FO6 compounds that can put people’s health at risk and cause
harm to the environment. Alkenes, in general, have toxic, carcinogenic, and mutagenic properties and
represent a significant danger to health and the environment [6].
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Table 1. The physicochemical characteristics of fuel oil 6.

Property Value

Gravity API, @ 60 ◦F * 11.5◦

Kinematic Viscosity @ 50 ◦C * 628.4 cSt
Water and sediment * 0.05 vol.%

Ashes * 0.056 wt.%
Conradson coal waste * 15.5 wt.%

Asphaltenes 12.8 wt.%
Vanadium * 242 ppm

Sodium * 17 ppm
Nickel * 79 ppm
Sulfur * 1.96 wt.%

Paraffins ** 5.9 vol.%
Alkylbenzenes ** 1.9 vol.%
Naphthalenes ** 2.6 vol.%
Phenanthrenes ** 11.6 vol.%

Other Aromatic Hydrocarbons ** 57.8 vol.%

References [21] * and [22] **.

2.4. Pseudomonas Aeruginosa Isolation and Identification

1. Growth medium: Twelve Petri plates that have a thin layer of agar-based growth medium—DifcoTM

Cetrimide agar base (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) were prepared
by spreading 15 to 20 mL of agar-base on the plate’s bottom.

2. Inoculation of the growth medium: One gram of contaminated soil was mixed with 9 mL of
sodium salt solution (NaCl 1%) to obtain a 10−1 dilution, and it was vortex shaken for 1 min.
The contaminated soil was diluted to 10−2, 10−3, 10−4, 10−5, and 10−6. One milliliter of each
dilution was spread in a Petri plate to obtain six plates with an inoculated growth medium. Then,
inoculated agar plates were incubated for 24 h a 36 ◦C.

3. Identification: The identification of the bacterial strain was carried out by applying the API-20e kit
(bioMerieux Inc., Hazelwood, MO, USA), which serves to identify a different genus of bacteria and
gram-negative bacilli. This kit works through 20 microcapsules containing different dehydrated
reagents. These reagents, when coming into contact with the bacteria, produce a reaction that
generates a specific coloration of the bacteria under study. It is considered a positive reaction in
those where a color change has occurred. Based on the colors generated by each reaction and
the numbering system for tests with positive results, a numerical code is obtained. The code
was used as input in a macro found on page http://www.biomerieux-usa.com/clinical/api.
The results of this macro confirmed that the combination of colors obtained corresponded 99.7%
to P. aeruginosa.

2.5. Bioaugmentation

1. All the remains in each inoculated agar plate were placed in 1 liter of molasses (Brix grade 85) at
6 wt.%, and we left them in incubation 24 h a 35 ◦C.

2. One milliliter of culture (molasses and P. aeruginosa) was mixed with 9 mL of distilled water
to obtain a 10−1 dilution in a tube. Similarly, we prepared dilutions at 10−2, 10−3, 10−4, 10−5,
and 10−6.

3. One milliliter of each dilution was spread in an agar-based growth medium to obtain six plates
with an inoculated growth medium. Then, inoculated agar-based growth medium plates were
incubated in an inverted position (agar side up) at 36 ◦C for 24 h.

4. Total cell count was determined before and after bioaugmentation. The counting method was
counting chamber (hemocytometer). Thus, bioaugmentation was verified from the difference
between the number of colonies forming units (CFU) prior to inoculation (433 × 104 CFU (Plate 3)

http://www.biomerieux-usa.com/clinical/api
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and 68 × 105 CFU (Plate 4) given as average 5.57 × 106 CFU) and the number of CFU after
the bioaugmentation process: 1031 × 106 CFU. Given the initial volume of the dilution, it is
considered that the dilution concentration is 1031 × 106 CFU/mL.

2.6. Inoculation of FO6 Contaminated Samples

Before leaving in incubation the 1 litre of molasses with the remains of the inoculated agar
plate (see paragraph 1, Section 2.4), we took 20 mL of culture solution and spread in 200 g of FO6
contaminated sample. A glass stir stick was used to homogenize the mixture. We spiked with
FO6 21 SS and 21 QS samples.

Upon the inoculation of the contaminated samples, we record the DR spectra of the 21 SS and
21 QS samples used for the development of a calibration model and assessing the bioremediation
experiment. For the bioremediation experiment, the recorded DR spectrum count as the spectrum on
day 0 (D0), the contaminated samples were left in incubation at 36 ◦C. The contaminated samples were
taken out and returned to the incubation environment on day 7, 14, 21, and 23, with the purpose of
registering their DR spectrum.

2.7. Measurement of Reflectance Spectra

The DR spectra of samples were measured in a proximal mode over the VisNIR region
(350–2500 nm) using a portable spectroradiometer (Fieldspec®4 radiometer, Analitical Spectral Devices
Inc., Boulder, CO, USA) and a halogen–quartz–tungsten lamp as a light source. About 200 g of
each sample was placed near the instrument detector in a black holder of high-density polyethene
(10 cm diameter), and the surface was gently levelled with a metal spatula. The DR spectrum was
recorded by illuminating the sample with a 75 W Lowel Pro-Light lamp at a 45◦. The optic of the
radiometer was vertically aligned with the axis passing through the geometric center of the samples,
and its height was adjusted in such a way that only light reflected from the surface of the materials
filled the field of view of the instrument. The detector distance to the surface of the samples was
30 cm. A spectralon panel (Labsphere Inc., North Sutton, NH, USA) with 99% reflectance was used to
optimize and white-zreference the spectroradiometer.

The internal configuration of the spectroradiometer consists of three detectors, each collecting
spectra from three different spectral regions: 350–1000 nm, 1000–1800 nm, and 1800–2500 nm.
The spectra collected by these detectors were not spliced, so each spectrum was corrected, splicing
the three aforementioned spectral regions and using the ASD ViewSpec ProTM software (ASD Inc.,
Boulder, CO, USA). Spectra were recorded consecutively in different angular orientations to eliminate
undesirable effects in the spectrum. DR spectra were recorded when the sample was in each of the
following angular positions: 0, 90, 180, and 270 degrees. These angles correspond to the angle that
sustains the line that divides the sample into two halves, with the vertical plane that contains the light
source and the detector. In its initial position, this angle is zero, which means that the line segment
that divides the sample in two is in the reference plane. Once the spectra were registered in this
position, the sample was rotated 90 degrees in the clockwise direction, and new spectra were recorded.
This process continued until the total rotation angle was 270 degrees. In each of these angular positions,
10 spectra were recorded consecutively and repeatedly. Thus, 40 spectra were recorded for each sample.
Spectral reflectance data for each sample were generated by arithmetic averaging of four replicated
measurements (40 spectra) for that sample. Table 2 shows the total number of the registered spectrum.
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Table 2. The total number of diffuse reflectance spectra recorded.

Angular
Position

Spectra
Recorded

Spectra
Per Sample Samples Spectra Per Day Monitoring

Days Total Spectra

Spectral signature and calibration model

0◦ 10
90◦ 10

180◦ 10
270◦ 10 40 6 × 3 × 2 40 × 36 = 1440 1 1 × 1440 = 1440

Bioremediation

0◦ 10
90◦ 10

180◦ 10
270◦ 10 40 3 × 2 40 × 6 = 240 5 5 × 240 = 1200

2.8. Fuel Oil 6 Spectral Signature

The combination of overtones of vibrational modes of C–O, C–H, N–H, and OH characterize the
DR spectrum of FO6. The elucidation of the spectral signature of the sample from the DR spectrum is
not a straightforward task. Therefore, we visually compared the DR spectrum of the pristine sample
and contaminated sample, and the first derivate of the DR spectra of the pristine sample and the first
derivative of the DR spectrum of the contaminated sample. We used the Savitzky–Golay algorithm
(second order polynomial and window of 10 wavelengths), implemented in the Origin Lab 9.1 platform
(http://www.originlab.com) for the calculation of the first derivative of the DR spectra. The first
derivative of the DR spectra makes it possible to more easily visualize the aspects of the DR spectrum
that are exclusively due to the FO6, achieving the identification of DR spectrum regions that are mainly
due to the presence of FO6.

2.9. Determination of the Total Petroleum Hydrocarbon Using the Unach Hydrocarbon Index

The Unach hydrocarbon index (UHI) and the total petroleum hydrocarbons (TPH) were calculated
following the procedure reported by García et al. [20]. The UHI and TPH values were calculated using
the equations in row 4 in Table 3 and Equation (1), respectively.

TPH =
n

∑
i=0

ai+1(UHI)i (1)

In Equation (1), n represents the degree of the polynomial function, and it represents a generic
value of the set of values of the polynomial function coefficients, which result from fitting the
experimental data to a polynomial function; ai+1 represents a generic value of the set of values
of the polynomial function coefficients, which result from adjusting the experimental data to a
polynomial function. The polynomial function works as a calibration model for further quantification,
and it is one for each material being studied. For the sake of clarity, we show in Table 3 a
resume of hydrocarbons indicators based on DR spectroscopy and proposed by Kühn et al. [17],
Smejkalová et al. [18], NASA [5,18,19], and García et al. [20].

http://www.originlab.com
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Table 3. Hydrocarbon quantity indicators based on diffuse reflectance spectroscopy.

Indicators

KHI = λ1−λ2
λ3−λ1

(ρ3 − ρ1) + (ρ1 − ρ2)
[17,18]

ρ1, ρ2, and ρ3 are the measured values of the reflectance at the
wavelength λ1 = 1705 nm, λ2 = 1729 nm, and λ3 = 1741 nm,
respectively.

NHI = ρ1+ρ3
2×ρ2

[5,18,19]

ρ1, ρ2, and ρ3 are the measured values of the reflectance at the
wavelength λ1 = 2297 nm, λ2 = 2313 nm, and λ3 = 2329 nm,
respectively.

UHI = a + b R1
R
+ c R2

R
+ d R3

R
[20]

R1 =
[

ρ2230+ρ2231+...+ρ2230+m
1+m

]
; R2 =

[
ρ2285+ρ2286+...+ρ2285+m

1+m

]
;

R3 =
[

ρ2314+ρ2315+...+ρ2314+m
1+m

]
; R = R1+R2+R3

3 .
The “rho” character represents the measured value of
reflectance; the subscripts represent the range of wavelengths
expressed in nanometers; m, represents the width of the range
of wavelengths, and it is expressed in multiples of units of
nanometers. Letters “a”, “b”, “c”, and “d” are constants.

Finally, we developed a calibration model for estimating the total petroleum hydrocarbon from
the DR spectrum of the sample under bioremediation. We used a one-way ANOVA and p = 0.05
followed by a Tukey’s HSD (Honestly significant difference) test to evaluate if there was a statistically
significant difference in the TPH values. The Minitab 2009 (Minitab Inc., State College, PA, USA) was
used for the statistical analysis of the data.

3. Results and Discussion

3.1. Fuel Oil 6 Spectral Signature

The FO6 spectral signature in the QS sample was appreciated around 2270 nm (Figure 1).
Although the FO6 concentration was 0.5% on gravimetric bases, it was possible to elucidate the
FO6 spectral signature. This result agrees with Cloutis’s [23] conclusion that potential spectral bands
for hydrocarbon overtones are around 1700 nm and between 2200 and 2300 nm in the DR spectrum.
Cloutis [23] reported the DR spectrum of medium-bitumen tar sand and observed hydrocarbons
combined vibrational fundamental mode around 2300 nm. Similarly, Hörig et al. [16], while studying
the potential detection of petroleum hydrocarbons by the airborne hyperspectral remote sensing,
reported spectral features in the DR spectrum around 1730 nm and 2300 nm [24]. More recently,
Scafutto et al. [9] reported that absorption bands exhibited by crude oil and fuels are attributed
to primary overtone combination of C–H stretching modes of saturated CH2 and terminal CH3,
or aromatic C–H functional groups [9].

The first derivative of the DR spectra exhibits a spectral feature around 2270 nm due to FO6
(Figure 1b). A similar spectral feature was presented in the DR spectrum of the sample spike with
FO6 (Figure 1b), while it was not present in the DR spectra of the uncontaminated sample (Figure 1a).
The absorption band around 2300 nm can be attributed to FO6 spectral signatures (stretch + bend)
and therefore linked to petroleum hydrocarbons [11,14]. Therefore, we used the absorption bands of
hydrocarbons around 2300 nm to identify uncontaminated from contaminated samples and to develop
a calibration model to quantify the TPH in FO6 contaminated soils.
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its global intensity as the FO6 concentration increases (Figure 2), as expected [16]. The three vertical 
bars highlight the petroleum 2nd and 1st overtone C–H stretch band (1700 nm) and the C–H stretch 
combination overtones band (2300 nm). Chakrabory et al. [10] reported that the 1st overtone of the 
C–H stretch band makes the most significant contribution for analysis of oil systems. However, our 
results suggest that the C–H stretch combination band is the one that makes the significant 
contribution for analysis of FO6 systems. Thus, we developed the UHI and later the FO6 
concentration calibration model to quantify the TPH [20].  

Figure 1. (a) Fuel oil 6 spectral signature of pristine quartz sand. (b) The first derivative of the diffuse
reflectance spectra shown in (a). (c) Fuel oil spectral signature of quartz sand spike with 0.5 wt.% on
gravimetry bases. (d) The first derivative of the diffuse reflectance spectra shown in (c).

3.2. Calibration Model

A visual inspection of the DR spectra in Figure 2 indicates that they are systematically affected by
the amount of FO6. Although the broad bands resulting from C–H overtones hinder the quantitative
interpretation of DR spectra, the DR spectra of QS and soil spiked with FO6 decreases in its global
intensity as the FO6 concentration increases (Figure 2), as expected [16]. The three vertical bars highlight
the petroleum 2nd and 1st overtone C–H stretch band (1700 nm) and the C–H stretch combination
overtones band (2300 nm). Chakrabory et al. [10] reported that the 1st overtone of the C–H stretch
band makes the most significant contribution for analysis of oil systems. However, our results suggest
that the C–H stretch combination band is the one that makes the significant contribution for analysis
of FO6 systems. Thus, we developed the UHI and later the FO6 concentration calibration model to
quantify the TPH [20].
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at a lower concentration and collapses at a concentration bigger than 4 wt.% in QS samples and 

Figure 2. The diffuse reflectance spectra of (a) quartz sand and (b) soil samples spiked with fuel oil 6.

For the sake of clarity and the comparison purpose, the values of the Khun (KHI), NASA (NHI),
and UHI are shown in Figure 3. UHI behavior is more intuitive than the other indices. The value
of UHI increases as the FO6 concentration increases (Figure 3e,f), while the KHI (Figure 3a,b) works
well at a lower concentration and collapses at a concentration bigger than 4 wt.% in QS samples and
ultimately collapses in an SS. The NHI values decrease as the FO6 concentration increases, and it is
more sensitive at a lower FO6 concentration (3 wt.%). However, its global magnitude decreases in SS.



Resources 2019, 8, 36 10 of 14

Resources 2018, 7, x FOR PEER REVIEW  10 of 15 

10 
 

ultimately collapses in an SS. The NHI values decrease as the FO6 concentration increases, and it is 
more sensitive at a lower FO6 concentration (3 wt.%). However, its global magnitude decreases in SS.  

 

Figure 3. Hydrocarbon index values in quartz sand and soil samples spiked with fuel oil 6 at a 
concentration of 0.5, 1, 3, 6, 9, and 12 wt.%. (a) and (b) Khun hydrocarbon index (KHI). (c) and (d) 
NASA index (NHI). (e) and (f) Unach index (UHI). 

The calibration model for QS samples and SS shows an excellent agreement with experimental 
data R2 = 0.9989 and R2 = 0.9968, respectively (Figure 4). The SS calibration model suggests that other 
spectral features mask the FO6 features around 2300 nm, and the range of variation of the soil UHI 
decreases, and so does its sensibility. However, the calibration model shows good results in sandy 
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concentration of 0.5, 1, 3, 6, 9, and 12 wt.%. (a,b) Khun hydrocarbon index (KHI). (c,d) NASA index
(NHI). (e,f) Unach index (UHI).

The calibration model for QS samples and SS shows an excellent agreement with experimental
data R2 = 0.9989 and R2 = 0.9968, respectively (Figure 4). The SS calibration model suggests that other
spectral features mask the FO6 features around 2300 nm, and the range of variation of the soil UHI
decreases, and so does its sensibility. However, the calibration model shows good results in sandy soil.
Cloutis [23] reported a similar result in medium-bitumen tar sand.
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3.3. Assessing Bioremediation

The results suggest that the dominant mechanism in the degradation of FO6 was biodegradation,
which was carried out by P. aeruginosa, since before its contamination with FO6, the samples were
sterilized in an autoclave for 4 h and at 115 ◦C and later inoculated with P. aeruginosa. Thus, the global
reflectance increased as more days passed after the inoculation and the bioremediation advance.
The DR spectra of contaminated samples tend to be more similar to uncontaminated samples (Figure 5).

P. aeruginosa is one of the best degraders of crude oil, and it is the main degrader responsible for
the bioremediation process. In this process, FO6 is a rich source of organic compounds that serve as
nutrients for the growth and development of P. aeruginosa. Darsa and Thatheyus [6] reported that
P. aeruginosa exhibits an excellent ability to degrade n-hexadecane (C16H34). Das and Chandran [25]
reported that P. aeruginosa in its catabolic cycle produces a biosurfactant called rhamnolipid, an enzyme
considered biosurfactant that allows it to take the carbon from the hydrocarbon. The biosurfactant acts
as an emulsifying agent that decreases surface tension and forms micelles.

The average values of the hydrocarbon indices—UHI and TPH (Table 4)—decreased along the
experimental period, suggesting that FO6 biodegradation by Pseudomonas in the QS sample and SS
contaminated with FO6 decreased 13.6% and 45.8% in 23 days, respectively. While the QS samples
showed the lower recovery rate (13.6%), the Entisols SS showed the higher recovery rate (45.8%).
Our results suggested that P. aeruginosa did not survive in the QS samples, whereas it survives in
SS. In the literature, it is accepted that temperature, pH, and availability of carbon nutrients such
as N and P, among others, control the biodegradation process [25]. We did not measure any of
this parameter because we were more interested in performing DR spectroscopy to assess the FO6
contaminated sample.
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Figure 5. Diffuse reflectance spectra of Quartz sand (a) and soil samples (b) spiked with FO6 and
inoculated with Pseudomonas aeruginosa on day 0 (D0). Diffuse reflectance spectra recorded on day 0 (D0),
4 (D4), 7 (D7), 11 (D11), 14 (D14), 21 (D21), and 23 (D23) after inoculation. At the bottom is the DR
spectrum on D0 and at the top is the spectrum reflectance spectrum of pristine quartz sand (QS) and
soil sample (SS).
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Table 4. Hydrocarbon index (UHI) and total petroleum hydrocarbons (TPH) in samples spiked with
fuel oil 6 on day 0 and going through a bioremediation process.

Day 0 Day 7 Day 14 Day 21 Day 23

Mean Unach hydrocarbon index (UHI), a.u

Quartz sand 48.464 48.224 45.324 43.946 43.433
Soil sample 13.221 10.516 9.614 9.200 8.476

Mean total petroleum hydrocarbons (TPH), wt.%

Quartz sand
5.3137

(0.1076) *
a

5.2784
(0.1685) *

a

4.8551
(0.1735) *

b

4.6586
(0.1437) *

b

4.5863
(0.1408) *

b

Soil sample
5068

(0.1860) *
a

3.718
(0.4352) *

b

3.281
(0.0506) *

bc

3.085
(0.0454) *

c

2745
(0.0319) *

c

* Standard deviation in the parentheses. Means that do not share a letter are significantly different.

4. Conclusions

The use of DR spectroscopy and determination of the FO6 spectral signature allowed the
assessment of the bioremediation process of QS and Entisols SS samples spiked with FO6 and
inoculated with P. aeruginosa. The results showed that DR decreased with increasing the FO6
concentration, and soil properties affected the degree of biodegradation.

P. aeruginosa has shown to be highly effective as a bioremediation agent in the restoration of
Entisols soil ecosystems contaminated with FO6. Thus, bioremediation with P. aeruginosa represents a
viable technical solution for the disposal and remediation of Entisols soils contaminated with FO6,
since the rate of recovery was 45.8% in 23 days.

The molasses inoculum was very convenient and practical for the bioaugmentation of P. aeruginosa.
This bioaugmentation methodology showed great potential for the remediation of soils contaminated
with FO6.

The UHI and the calibration model to quantify TPH have shown to be convenient for the
assessment of the bioremediation process of sandy soil and Entisols soil. However, more studies
are necessary to validate the use of the UHI and DR spectroscopy in other soils.
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