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La bioaccesibilidad como herramienta de planificacion de
la biorremediacion de suelos contaminados con petroéleo

Abstract

Soil contamination caused by petroleum-related oil spills is a relevant problem in the
Ecuadorian Amazon region. Bioremediation is a usual technique to clean up the soil. In
this study, treatment efficiency in soils contaminated by Total Petroleum Hydrocarbons
(TPH) was evaluated using microcosms (natural attenuation vs. biostimulation) and
field assays (landfarming and windrows with and without aeration). Moreover, the final
TPH of each experiment was contrasted with the concentration of non-bicaccessible
hydrocarbons, following the hypothesis that only the bio-accessible fraction of
contaminant can be metabolized. The TPH remotion in field assays was higher than
in microcosms assays, observing that aeration is a crucial factor. In microcosms, there
were no statical differences between natural attenuation and biostimulation. There was
no observed clear relation between non-accessible hydrocarbons and the end-point
remediation. However, the method must be standardized according to the potential
application of this parameter to set up feasible bioremediation goals.

Keywords
Bioremediation efficiency, petroleum-hydrocarbons, soil contamination, risk assessment,
Ecuadorian Amazon region, oil liability

Resumen

La contaminacion de suelos por hidrocarburos de petréleo en la Amazonia ecuatoriana
es un problema ambiental relevante. La biorremediacién es ampliamente utilizada
para remediar este suelo. En este estudio se evalud la eficiencia de tratamiento al
aplicar biorremediacién en microcosmos (atenuacién natural vs bioestimulacion),
y condiciones de campo (“landfarming” y biopilas con y sin aireacion, cada uno) en
suelos contaminados, con hidrocarburos totales de petroleo (TPH). Las concentraciones
no removidas de TPH fueron comparadas con la concentracion de hidrocarburos no
bioaccesibles, cuantificados para cada tratamiento utilizando tres métodos de extraccion
no exhaustiva con alcoholes (1-propanol, 50% 1-propanol y 1-butanol), con la hipdtesis
de que solo las fracciones bioaccesibles pueden ser biodegradadas. Se observd una
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mayor eficiencia de remocién de TPH en los ensayos de campo que en los de laboratorio,

determinandose que la aireacion es un factor clave en la biorremediacién. En los ensayos
aaness  de laboratorio no se observéd un efecto significativo al aplicar bioestimulacion. No se
Ingenierias , .z . ey .

observd una correlacion entre los valores de bioaccesibilidad de hidrocarburos y los

concentracién final de TPH. Estos resultados sugieren que la bioaccesibilidad deberia ser

usada como herramienta para establecer metas de biodegradacion factibles por lo que

el método requiere ser estandarizado.

Palabras clave
Eficiencia de biorremediacion, hidrocarburos de petréleo, suelo contaminado, analisis
de riesgo, regién amazdnica ecuatoriana, pasivo ambiental

INTRODUCTION

Modern society bases its economy on petroleum (and its derivatives); therefore, this
natural resource is a crucial commodity in the financial system and global economy.
Petroleum exploitation involves activities implying many potential environmental
impacts [1], mainly affecting soil and water. Oil spills are difficult to avoid during
petroleum extraction, processing, and delivery, even when all requlatory requirements
are fulfilled [2]. Soil is a receptor of pollutants of anthropogenic origin that contribute
to land degradation with negative consequences on the food chain, public health,
and water and air quality [3,4]. Soil protection is key to achieving the Sustainable
Development Goals proposed by the United Nations [5].

Bioremediation is a cost-effective and commonly used technique for treating soils and
sediments contaminated with petroleum hydrocarbons [6]. However, the efficiency
of this process is usually affected by many factors, such as microbial composition, the
contaminant (toxicity, structure, concentration), environmental conditions (pH, salinity,
nutrients availability), cometabolism, type of process (aerobic vs. anaerobic), mass
transfer limitation, and bioavailability of contaminant [7].

Biodegradability is the assimilation of a compound (pollutant) by organisms for the
biosynthesis of cellular components or complete mineralization to obtain energy
or inorganic nutrients. The composition of the microbial community during the
degradation process is dynamic, the predominant group being bacteria [8,9].

Favorable environmental conditions for the growth of microorganisms are necessary for
bioremediation. Microorganisms need the proper nutrients to produce the necessary
enzymes to break down the contaminants. Also, nutrients, pH, temperature, and moisture
influence microbial growth. Therefore, the proper environmental conditions must be
established (and maintained) to ensure that microorganisms can degrade a pollutant [1].

Recalcitrance and persistence are closely related. According to the European
Environmental Agency, the term recalcitrant is “applied to pollutants which are not
biodegradable or are only biodegradable with difficulty” [10]. Persistence is a broader
concept; a chemical is persistent if it is not degraded by biological, chemical, or physical
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processes. Persistence, often assessed with bioaccumulation and toxicity, is a significant
complex criterion for remediation assessment [11].

Bioavailability is the degree to which chemicals present in the soil may be taken up
or metabolized by human or ecological receptors or are available for interactions with
biological systems [12]. According to [13], bioavailability has two complementary
sides: accessibility and chemical activity. Bioaccessibility describes the total fraction of
contaminants potentially available over time [14]; this fraction reduces the time and
cost associated with determining bioremediation treatment of contaminated soils [15].

On the other hand, chemical activity is measured with equilibrium sampling devices and
quantifies the potential for spontaneous physicochemical processes (such as diffusion,
sorption, or partitioning).

The assessment of these two aspects allows risk evaluation of polluted places and tailoring
to specific protection goals. The main reason is that the mere presence of a contaminant,
by definition, does not mean an actual risk or a measurable effect on an ecosystem [13,16].

At a field scale, bioremediation is performed either in situ or ex situ. In situ techniques have
the remarkable advantage that the material is treated in the same place where the spill
occurred; therefore, the transport of polluted soil (and associated costs) is avoided. On the
other hand, ex situ techniques require the movement of polluted soils. Ex situ techniques
are more efficient than others and, generally, require less time to complete the process.
Moreover, their monitoring is easier, and so is ensuring proper conditions (@among them,
maintaining the homogeneity of the material) to facilitate the remediation process [17,18].

In the Ecuadorian Amazon region, around 2,550 pollution sources, categorized as tailing
ponds, waste pits, and spills, were attributed to former oil industry activities in the country
[19]. The estimated amount of polluted soil is around 5,317,808 m?. Up to July 2022, EP
PETROECUADOR and its Project Amazonia Viva (PAV.) had eliminated 1,095 pollution
sources and cleaned up to 1,431,000 m? of soil. The average cost for each cubic meter of
cleaned soil is 65.84 USD. Remediation results comply with Ecuadorian standards, which
are presented in Table 1 [20]. PAV. had been using either landfarming or windrows for the
remediation of soils since these strategies showed cost and social advantages.

Table 1. Standards for soil quality according to Ecuadorian legislation applicable to remediation of soil
contaminated with petroleum-hydrocarbons. (Ministerio del Ambiente del Ecuador, 2015)

colutant | mit | Solwe |
. Residential Industrial | Agricultural
50

Total Petroleum
Hydrocarbons (TPH) ma/kg 230 620 620 1
Aromatic Polycyclic
Hydrocarbons (PAH) mag/kg 213 1237 5227 12
Cadmium (Cd) mag/kg 4 10 10 2
Nickel (Ni) mg/kg 100 100 50 50
Lead (Pb) ma/kg 140 150 150 60

DOI: https://doi.org/10.18272/aci.v15i1.2705


https://doi.org/10.18272/aci.v14i2.2307

Articulo/Article
Seccién B/Section B

Vol. 15, nro.1
D: 2705

avances
endencias e
ingenierias

Bioaccessibility as a tool for planning bioremediation of petroleum-polluted soil
Hidalgo-Lasso / Garcia-Villacis / Lépez / Yanez-Torres / Marin / Urvina / Vargas-Jentzsch (2023)

This study aimed to evaluate landfarming and windrows as bioremediation techniques
for removing Total Petroleum Hydrocarbons (TPH) from soils under field conditions in
the Ecuadorian Amazon rainforest. These results were compared with TPH removals
achieved under laboratory conditions. At this stage, bioaccessibility estimations were
proposed as a theoretical maximum of TPH removal to calculate efficiencies. The
importance of bioavailability in setting up feasible bioremediation goals is discussed.

MATERIALS AND METHODS
Characteristics of polluted soil and treatment center

A mixture of 1,000 m* of contaminated soil was obtained from a pollution source of
petroleum activities located in the province of Francisco de Orellana, in the Ecuadorian
Amazon region. The soil was taken to the Treatment Center CGP_YU_04 (E 301908.7556
W 9946516.921) for the bioremediation assays. CGP_YU_04 consisted of a flat surface
with a slope of 2%, was waterproofed with compacted clay, and had a perimeter canal
for retrieving and treating leach. Relevant meteorological data during the trials were:
average semi-annual precipitation of 1,774.1 mm and semi-annual average absolute
maximum temperature of 34.3 °C.

The soil had an average density of 1.35 g/cm?® and a pH of 5.67. According to the USDA
texture triangle, the soil is classified as clay-loam. Previous to the assays, the soil was
homogenized for three days using a hydraulic backhoe loader (CATERPILLAR model 420-
E), and stones and any other debris were removed.

Assays under laboratory conditions

One kilogram of soil was collected from the stock located at CGP_YU_04, keeping
sterile conditions. Prior to the experiment, it was passed through a 2-mm stainless steel
sieve. Biodegradation assays using slurry-phase microcosms were done following the
methodology proposed by Kuppusamy et al., 2016 [17].

Two treatments were carried out using 1 L sterile glass bottles: Biostimulation (TL ) with
100 cm? of soil, 200 cm? of distilled water, and 15 cm?® of basal mineral medium without
carbon, supplemented with crude oil of “Planta de Tratamiento de crudo” (Mills et al.,
1978)[21]; and  No-biostimulation (TL,), without the addition of medium. Microcosm
experiments were incubated at 30 °C in the dark and stirred at 120 rpm using two Wise-
Cube shaking incubators model WIS-20R.

To accommodate the measurement of many parameters throughout the experiment,
multiple replicate microcosms were set up for each treatment and sacrificed after the
sampling.

In total, 36 microcosms were made (2 treatments x 3 replicates x 9 samplings).
Sampling was performed on days 1,7, 14, 21, 28,56, 72, 84, and 112. Assays were done
at Centro de Investigacion de Tecnologias Ambientales in Joya de Los Sachas, Orellana
Province (Ecuador).
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Assays under field conditions

The windrows and landfarming techniques, with and without mechanical aeration, were
tested, for comparative purposes, in experimental units of 120 m?. The following were
the tested treatments: Windrows without aeration (W), Windrows with aeration (W+A),
Landfarming without aeration (L), and Landfarming with aeration (L+A) (Fig. 1). The
treatments were tested in triplicate. Volumes were determined through RTK. surveying
technology using a Trimble G.PS. model TSC3. A windrow unit had a length of 20 m, a
width of 2.5 m, and a height of 2.4 m. A landfarming unit had a length of 40 m, a width
of 7.5 m, and a height of 0.4 m.

Figure 1. Bioremediation field assays. A) Windows. B) Landfarming. Source: Authors.

For landfarming, aeration was planned biweekly and carried out by plowing with a
MASSEY-FERGUSON tractor model 4291 and the same backhoe described before for
windrows. Static aeration was not possible for windrows since the soil is easily compacted
in the absence of movement due to its clay content, the influence of rainwater, and high
temperatures.

The sampling of each experimental unit was done according to the guidelines detailed
in [22]. After the aeration, one kilogram of soil composed of 10 subsamples was collected
for each treatment. For the windrows, subsamples were collected following a zig-zag
pattern from the base, center, and top. For landfarming, samples were collected from
the surface layer (20 cm in depth) following an X pattern.
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Samples were collected on days 1,7, 14, 28, 56, 84, 112, and 140. Due to adverse climatic
conditions (heavy rain) and unavailability of machinery for aeration, no samples were
collected on days 21 and 72.

Analytical methods

Before chemical and microbiological analysis, the soil samples were air-dried at room
temperature. For each experiment (laboratory and field conditions), the following
parameters were analyzed: TPH, Hydrocarbon-Degrading Microorganisms (HDM), and Total-
Heterotrophic Microorganisms (THM). Non-Bioaccesible-Hydrocarbons concentration was
quantified only at the beginning (day 7) because this parameter provides a theoretical
approach to the amount of contaminant potentially available over time [15]. The pH value
was measured at the beginning and end using the electrometry method EPA 9045D [23].

Three grams of soil were used to determine TPH concentration following the method
EPA 8440 [24] with a Nicolet™iS™ 5 FTIR Spectrometer (Thermo Scientific™). To quantify
Non-Bioaccesible-Hydrocarbons, the procedure described by [15] was applied. This
procedure is based on non-exhaustive extractions with different alcohols. In short, 5 g
of soil was mixed with 50 mL of alcohol at 150 rpom for 60 min (temperature 25 °C). The
following alcohols were tested: 1-butanol (99.5%, Fischer Scientific), 1-propanol (99.5%,
Sigma-Aldrich), and 1-propanol (50%, Sigma-Aldrich). Afterward, the suspension was
centrifuged at 3,000 G for 5 min. Non-bioaccessible hydrocarbons were quantified in the
pellet using the Method EPA 8440 [24]. The content of Bioaccesible-Hydrocarbons was
obtained by the arithmetical subtraction of Non-Bioavailable Hydrocarbons from TPH.

HDM was determined by counting colonies growing on a Solid Basal Mineral Medium
(NH,CI:2.0 g/L, KH,PO,: 0.89 g/L, Na ,HPO,: 1.25 g/L, FeCl,: 0.6 mg/L), as described in [25],
and supplemented with petroleum as the only carbon source (23°API coming from the
deposit tanks of EP PETROECUADOR Sacha-oil facilities, province of Orellana, Ecuador).
Plates were incubated for up to 48 h at 30 °C, and THM was determined by counting
colonies growing on Nutrient Agar (Merck) [12].

Statical analysis
As mentioned before, all analyses were carried out in triplicate. Using the individual analysis
results, the average, standard deviation, and percentage error were calculated for each

parameter. By the use of the Infostat software, degradation curves of each treatment were
compared to each other by applying ANOVA and a Tukey test with a significance of 0.05.

RESULTS

[15] mentioned that THM prefers a nearly neutral pH; they observed the maximum
degradation of petroleum hydrocarbons at a pH of 7.5.

At the laboratory scale, the initial pH value of the soil was 5.67 and was easily adjusted

to pH 7.00 by adding a 0.1 N NaOH solution. A periodical adjustment was necessary. The
final pH values were between 6.78 and 6.91. At the field scale, the initial pH values of soils
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were between 4.64 and 5.57, and they reached values of 5.02 to 5.60 with the addition of
agricultural lime. In this case, a pH value of 7.00 was not achieved.

TPH remotion

The degradation curve of TPH in laboratory assays shows a total TPH-remotion of 25.15%
inTL, and 26.50% in TL,. Both curves have a correlation index of 0.877, without a statical
difference (P<0.05). A fluctuating TPH was observed with periodic increments (days 7,
21, and 72) and decrements (days 14, 56, and 112). No stabilization of the curve was
observed. Day 112 was considered the end of the experiment in concordance with
observations in real scenarios in the field (Fig. 2A).

On the other hand, field assays show TPH-remotion of 11.2, 27.9, 28.6, and 43.6% for W,
W+A, L, and L+A, respectively. Three different statistical groups were found—W+AIR and
L+AIR, W, and L—evidence that aeration during soil treatments is a crucial factor in TPH-
remotion (see Fig. 2B). Similarly to laboratory assays, fluctuating TPH was observed, with
two increments on days 28 and 112. TPH at day 140 was considered the end-point, with
TPH comparable to day 84. Tables ST and S2 of Supplementary Material show the rates
of TPH-remotion in laboratory and field assays.

12.000,00 TPH - remotion, laboratory assays “

11.000,00 -
10.000,00
9.000,00 | 110
800000 | 111
700000 |
600000 |
500000 |
400000

TPH (mg(kg)

0 7 14 21 28 56 72 84 112
Day

9.000,00 TPH - remotion, field assays B
8.500,00
8.000,00
7.500,00
7.000,00
6.500,00
6.000,00
5.500,00
5.000,00
4.500,00
4.000,00

—— WD
—=—  WID+AR

--a-- LANDF

TPH (mg / k)

—x—  [ANDF+ARR

0 7 14 56 84 140
Day

Figure 2. TPH-remotion curves. A) Laboratory assays. B) Field assays.
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Prediction of end-point remediation using non-bioaccessibility of hydrocarbons

A correlation was expected between the non-accessible hydrocarbon concentration and
the final TPH (end-point remediation). However, the three alcohol-extraction methods
used to quantify the non-bioaccessibility hydrocarbons do not show a clear correlation
to the final TPH, with correlation coefficients of 0.23, 0.45, and 0.73 when the extraction
was performed with 1-butanol, 1-propanol, and 50% 1-propanol, respectively (Table 2).

Table 2. Non-bioaccessible Hydrocarbons quantified using three alcohol-extraction protocols.

TPH (mg/kg) TPH removed 1-propanol 50% 1-propanol m

Treatment
TPH removed (%)
Non-Bioaccesible-
Hydrocarbons (mg/kg)
TPH removed (%)
Non-Bioaccesible-
Hydrocarbons (mg/kg)
TPH removed (%)
Non-Bioaccesible-
Hydrocarbons (mg/kg)
TPH removed (%)

1L 951350 | 7,12039 | 222.28 2515 | 185178 | 8054 | 691488 | 2732 | 37,769.90 | -297.01
1L 951350 | 6992.29 | 72127 2650 | 299406 | 6853 | 640825 | 3264 | 9863425 | -936.78
W | 857847 | 761860 | 55641 1119 | 162940 | 8101 | 574765 | 3300 | 659407 | 23.13
WA | 755798 | 545268 | 493.77 2786 | 1189.27 | 8426 | 440120 | 4177 | 6,050.73 19.94

L 771246 | 5503.00 | 606.74 2865 949.69 8769 | 387852 | 4971 | 463636 | 3988
L+A | 833065 | 469644 | 54076 4362 | 103325 | 8760 | 419334 | 4966 | 333654 | 5995

The non-bioaccessible hydrocarbons detected using 50% 1-propanol were comparable
tofinal TPHin treatmentsTL, TL,, and L+A, while the results with the 1-butanol extraction
were related to W, W+A, and L. The non-bioaccessible hydrocarbon method determined
with T-propanol did not relate to any treatment (Fig. 3).

8.000,00
7.000,00
6.000,00
5.000,00 —— Final TP
= (mg/kg
':? 4.000,00 —-——- |-
= propanol
E 300000 N o 50%1-
- S propanol
200000 - Ss
VU 4 Seo == 1-butanol
1.000,00 Iiniad T N
0,00
Lo 1N W W+A L L+A

Figure 3. Prediction of end-point remediation using 3-alcohol extraction methods of non-accessible hydrocarbons.
Data of 1-butanol on treatments TLO and TL1 are not shown because values are higher than the initial TPH.
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Growth curves of microorganisms

For laboratory experiments, growth curves for THM and HDM in the treatment TL,
and TL, did not show statistical differences (p=0.517 and p= 0.346, respectively). The
population of THM varies from 6.15x10% to 1.03x10° CFU/g, and HDM varies from 1.6x10*
to 1.05x10” CFU/g.

Tables 3 and 4 show a low correlation coefficient between the TPH of each treatment and the
logarithm of count CFU of THM and HDM, obtaining correlation coefficients less than 0.15.

Table 3. ANOVA Friedman (0.05) of THM in lab and field assays.

Lab assays

THM
(UFC/qg)

Standard

Correlation
Deviation v

Treatment with TPH (R?)

599
594

0.31
0.30

0.11
0.11

5.1
509

0.143
0.119

0.517

A

Field assays

6.17
6.08
6.1
594

0.68
042
0.51
043

0.26
0.16
0.19
0.16

11.06
6.98
8.32
7.22

0313
0436
0.001
0.144

0.507

> > > >

Table 4. ANOVA Friedman (0.05) of HDM in lab and field assays.

Lab assays

TL

1

559
5.80

0.84
0.80

0.28
0.27

15.04
13.79

0016

0.347

Treatme HDM | Standard v Correlation letter
(UFC/g) | Deviation with TPH (R?)
1L, 0.155 A

A

Field assays

W 52 053 020 | 1013 0.005 A

WA 5.28 0.58 022 | 1101 0.731 A
0.875

L 529 0.62 023 | 1171 0.363 A

L+A 511 0.51 0.19 991 0.538 A

Inthe same way, in the field assays, four treatments had similar results without a statistical
difference, p= 0.5071 for THM and p=0.8751 for HDM. A higher correlation coefficient
was obtained in count CFU of HDM to windrows with air with TPH (R?= 0.731). In the
remaining treatments, the correlation coefficient was less than 0.44.

DISCUSSION
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Evaluation of landfarming and windrows as bioremediation techniques

In this study, bioremediation in microcosms reveals that biostimulation does not
produce a significantly better performance than natural attenuation. In contrast to other
research [26,27, 28], where it is observed that bioremediation in laboratory conditions
gets a similar or greater remotion of TPH compared to field assays, in this study, the
percentages of TPH remotion in microcosms were lower than field assays except for
windrows treatment. This result suggests that environmental conditions typical of the
Amazon region, specifically the sun radiation, high humidity, and high temperatures that
raise soil temperature, could promote biodegradation in field assays. Previously it was
observed that both physicochemical (temperature, initial hydrocarbon concentration)
and biological variables play a fundamental role in TPH remotion [29].

Treatment efficiency under field conditions varies according to the treatment method:
landfarming or windrows. Overall, landfarming had a better performance than windrows
for TPH removal: 43.62% of efficiency vs. 27.86% for the respective aerated treatments.
Even the non-aerated landfarming treatment (28.65% of efficiency) obtained similar
results as the aerated windrows. This fact implies that landfarming is a feasible alternative
to treatment; it is impossible to give enough aeration. However, the main disadvantage
is the necessary area. In our trials, we needed 300 m? of surface to treat 120 m? of soil for
landfarming, which means 2.5 m*/m? of soil treated.

Meanwhile, for windrows, the same volume was treated in 50 m?, equivalent to 0.42
m?/m?soil treated. Therefore, landfarming needs six times more space than windrows.
Accordingly, it could be improved by increasing the height of the landfarming unit.
Therefore, having an appropriate machine to work deep enough and remove the
complete volume of soil in treatment is necessary.

Comparing the non-aerated vs. aerated treatments for each case (W vs. W+A and L vs.
L+A) shows that air injection is essential for effective biodegradation. However, other
research has reported that a 10-40% oxygen level is required for effective hydrocarbon
biodegradation [30].

In contrast with other studies of bioremediation counting of THM and HDM, microbial
countings do not correlate with the TPH degradation rates [31]. No significant difference
was found between the treatments in the field and laboratory assays. However, the
population of THM and HDM had moments of increase throughout the 112 days of the
project, which indicates that the number of microbial populations was not influenced
by the bioremediation treatments, suggesting that the composition of the microbial
population is affected by the environmental conditions and the composition of the
hydrocarbons. Similar results have been reported in [32].

Prediction of end-point remediation using non-bioaccessibility of hydrocarbons
The 50% 1-propanol extraction method showed a high correlation coefficient with the
final TPH in this study. However, this value is not near zero to accurately be used to

predict biodegradation end-points, as suggested by [33].

In previous research about the application of non-bioaccessible hydrocarbons to predict
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end-point bioremediation, fractions of hydrocarbons were analyzed separately, obtaining
specific correlation coefficients for each one [15,34,35]. This study aimed to quantify the
bioaccessibility of TPH related to estimating the maximum TPH removal in field assays. The
results obtained reflect the analysis for a few samples (three for each treatment); therefore,
the next step is to standardize the extraction method using more samples and different
soils. [36] obtained similar results by analyzing Polycyclic Aromatic Hydrocarbons.

This study was performed in 2018 with the available information [15]; however,
the international standard ISO 16751:2020 (2020) [37] for assessing the potentially
bioavailable fraction of non-polar organic compounds could be used.

The local environmental legislation determines remediation goals, and in cases
like Ecuador, this is related to the removal of a pollutant and measured for its total
concentration. Therefore, and according to Table 2, if the value of the bioavailable
fraction is not enough to fulfill the requirement of the environmental legislation, a non-
biological treatment is needed to achieve the remediation goals, either as the primary
treatment or as a complementary one. The latter drives the necessity to incorporate
Bioavailability analysis before starting remediation treatments. A decision matrix is
presented in Figure 4 for the decision of the chosen technology implemented for the
remediation process.

Lab analysis: Are there enough Comp}ementary spi\
Sl I total conc. and bioaccessible pollutants to . analysis to dle.termme
Ol samping 1= bioaccessibility achieve a remediation goal y necessities
of target pollutant according to local for biostimulation
legislation? needs
Bioloaical Confirmation Design of
0 treatr?]em of treatment [« bioremediation
1 units strategy
Non-biological
or hybrid
treatment
I y
no s the
remediation

qoal
achieved?

Figure 4. Decision matrix for choosing technology in the soil remediation process. Source: Authors.
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The Ecuadorian environmental legislation determines that remediation goals are
related to the total concentration of contaminants. Therefore, if the bioavailable fraction
is not enough to fulfill the requirement of the environmental legislation limits, a non-
biological treatment is needed to achieve the remediation goals. So, it will be necessary
to incorporate bioavailability before starting remediation treatments to estimate the
treatment time and the other resources needed.

Scientific developments in bioavailability are not always translated into approaches
ready to use for regulators; thus, within the regulatory frameworks are uncharted fields
regarding regulation and approval of organic chemicals.

A survey conducted in the UK about bioavailability applicability in risk-based regulation
contacted 375 local authorities. 78% of the respondents expressed concern that the
lack of statutory guidelines was hampering the application of bicavailability to the
risk assessment and management of contaminated land. However, bioavailability in
regulatory frameworks is still a fair limit in some countries (the Netherlands and Australia)
[11,14, 38].

In this research, neither Landfarming nor Windrows reached TPH concentrations to meet
Ecuadorian standards, being necessary to complement biological processes with other
technologies to meet those legal requirements. For example, a Life Cycle Assessment
performed on another remediation project in a nearby area (Joya de Los Sachas,
Ecuador) recommended lowering the use of vehicles and heavy machinery and making
thoughtful route planning to maintain the sustainability of the whole process [39].
Then, the question remains on whether it is necessary to keep working on the pollutant
degradation if the toxicity associated with bioaccessible hydrocarbons is not a problem
since most bioaccessible fractions were already (bio)degraded. These additional works
may negatively impact the sustainability of the project.

CONCLUSIONS

Landfarming was more efficient than windrows. In all cases, aeration is a decisive factor
for TPH removal; however, it is necessary to make a previous characterization that
includes bioaccessibility measurements to determine the biodegradable fractions and
establish realistic remediation goals.

Itis necessary to apply a standardization on the method to quantify the bioaccessibility
of hydrocarbons in soils using the protocol described at ISO 16751. Moreover, further
tailor-made research on field conditions is needed to corroborate what the literature
says: bioavailability, biodegradability, and toxicity are highly correlated. Developing this
research may lead to obtaining analytical tools to prioritize the treatment of pollutants
with high risk in contrast to the ones with higher concentrations.

Bioaccessibility and bioavailability are concepts that should be integrated into the
Ecuadorian environmental legislation to improve the assessment of remediation projects.
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