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Abstract

Oil exploration and production generate large quantities of waste, which may contain contaminants such as barium
and lead. Therefore, more studies aimed at decreasing the levels of heavy metals in contaminated sites, using methods
such as phytoremediation, are needed. In a preliminary assay, samples of soil contaminated with oil drilling waste were
incubated with different concentrations (2 or 6 mmol L") of ethylenediaminetetraacetic acid (EDTA). Subsequently,
an experiment was conducted in a greenhouse to evaluate the phytoremediation potential of the tree Cordia africana.
EDTA induced mobilization and translocation of lead, manganese, and iron into the C. africana leaves but had no
effect on barium. The quantity of heavy metal contaminants accumulated in the plant vegetative parts showed that
C. africana cannot be used as a phytoextractor for the tested metals; however, it can be used as a phytostabilizer.
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1. INTRODUCTION AND OBJECTIVES

The search for alternative energy sources to fossil fuels,
which began in the late 1990s, has not decreased the permanent
search for oil and gas. The search for new oil and gas fields in
Brazil and worldwide has been increasing and may generate
large amounts of waste, requiring adequate disposal and/or
treatment sites (Bauder et al., 2005).

Oil exploration generates wastes from well drilling,
and these wastes have polluting potential and are mainly
constituted by fragmented rocks mixed with drilling fluid.
These pollutants contain hydrocarbons and heavy metals such
as iron, manganese, lead, and, especially, barium (Magalhées
et al., 2014; Sampaio et al., 2015).

Drilling fluid is a circulating fluid used to aid perforation
Its main functions are to maintain the stability of the borehole,
remove cuttings from the borehole, prevent the inflow of fluids
from the permeable rocks that are penetrated, and control

the formation pressures and the concentration of suspended
particulate matter (Caenn et al., 2011). Among the products
used in this fluid, barite, or natural barium sulfate (BaSO4),
stands out due to its high density, but other heavy metals are
also commonly present (Lima et al., 2012).

The aim of phytoremediation is to remove part of the
contaminants in the soil and/or to stabilize contaminants
remaining in the soil in small labile forms, decreasing
the possibility of leaching and consequent groundwater
contamination (Neugschwandtner et al., 2008).

The plants selected for phytoremediation can sometimes
only be used in large heavy metal-polluted areas after the soil
contaminant levels decrease to phytotoxicity thresholds. A
combined approach with the goal of immobilizing or removing
contaminants, followed by a ground cover, would be promising
to recover the biological activity of soils (Evangelou et al., 2007).

Pereira et al. (2012, 2013) observed a high tolerance of
Cordia africana to high concentrations of heavy metals, such as
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zinc, cadmium, and lead, thereby showing the plant’s potential
for phytostabilization. Cordia africana is a semideciduous tree
native to Africa, approximately 10 m high. It belongs to the
family Boraginaceae and has simple leaves, long branches,
axillary and terminal inflorescences with white flowers, and
flowers in the spring (Lorenzi et al., 2003).

Soil contamination with the heavy metals usually
contained in oil well drilling and prospecting wastes has been
investigated in a site that has been used for the disposal of
these wastes for more than 20 years, located in Santa Maria
do Oeste, Parand, Brazil (Andrade et al., 2014).

The aim of this study was to investigate EDTA-induced
phytoextraction by C. africana from soil contaminated with
oil well drilling and prospecting wastes.

2. MATERIALS AND METHODS

The contaminated soil consisted of a mix of deposited
oil well drilling and prospecting wastes and local soil (Red
Latosol; Oxisol, according to the USDA soil classification)
with the following composition: 52% silt, 38% sand, and 10%
clay (Donagema et al., 2011).

The soil presented a high concentration of base cations,
with 9.5 cmol dm™ Caand 2.0 cmol_dm™ Mg, an approximate
pH of 8.3, and a carbon concentration of 1.4 g kg™'. The soil
barium, lead, manganese, and iron concentrations were 6,700,
570, 614, and 30,319 mg kg soil, respectively.

To investigate the effect of EDTA on the heavy metal
geochemical fractions, 15 plastic pots were filled with 100 g
of contaminated soil and incubated with or without two
EDTA concentrations (2 or 6 mmol L") for 120 days with
five replicates per treatment.

After incubation, a soil sample was collected and air-dried,
and the concentrations of the studied heavy metals in the
different geochemical fractions were analyzed. A sequential
extraction method was used, according to Ure et al. (1993) and
modified by Rauret et al. (1999), to separate the extractable
metals into the following four fractions:

o Acid soluble and/or, specifically, exchangeable
fraction (F1) = 0.11 mol L' CH,COOH.
Samples of 1 g of soil were placed in Falcon centrifuge
tubes, 40 mL of 0.11 mol L' acetic acid was added,
and the tubes were shaken in a horizontal shaker
for 20 hours. The samples were then centrifuged
for 15 minutes at 3000 rpm. The supernatant was
removed, and the pellet was washed with deionized
distilled water, before the addition of the following
extraction solution. The washing procedure consisted
of adding 10 mL of deionized water to each tube,

shaking the tubes for 15 minutes, and centrifuging
them for phase separation. The supernatant was
removed and added to the supernatant resulting
from the first extraction, and distilled water was
added to the mix to obtain a final volume of 50 mL.

+  Oxide-bound fraction (F2) = 0.1 mol L NH,OH.HClI,
pH =2. Forty milliliters of 0.1 mol L™ hydroxylamine
was added to the washed pellet, shaken for 20 hours,
and centrifuged for 15 minutes at 3000 rpm. The
supernatant was removed, and the pellet was washed
as described for the first extraction. Distilled water
was added to the supernatant to obtain a final volume
of 50 mL.

+  Organic matter-bound fraction (F3) =8.8 mol L" H,O,
+ 1 mol L! CH,COONH,, pH = 2.0. Ten milliliters
of 8.8 mol L hydrogen peroxide was added to the
washed pellet resulting from the second extraction
and incubated for 1 hour at room temperature with
occasional manual shaking. The samples were placed
in a water bath at 85 °C until the volume was reduced
to 23 mL. Next, 10 mL of “C” solution was added
to each tube, and the tubes were again placed in the
water bath until the volume was reduced to 23 mL;
50 mL of 1.0 mol L' ammonium acetate was then
added, as described for the previous extractions.

o  Residual fraction (F4) = Pseudo-total metal contents —
(F1 + F2 + F3). Determination of pseudo-total metal
contents (aqua regia): 1 g of soil was placed in a glass
tube containing 1 mL of deionized water, 7 mL of
12 mol L' HCI was added, followed by 2.3 mL of
15.8 mol L' HNO,, drop by drop, to remove the
foam formed, and the mixture was allowed to stand
for 18 h at room temperature for slow oxidation of
the soil organic matter. After cooling, the solution
was filtered using a Millipore filter (0.45 pm pore),
and deionized water was added to obtain a final
volume of 50 mL.

The experiment was conducted in a greenhouse at Federal
Rural University of Rio de Janeiro (Universidade Federal Rural
do Rio de Janeiro — UFRR]). Contaminated soil collected in
Santa Maria do Oeste, Parana, Brazil, was used as the growth
substrate for C. africana.

Three treatments were tested: control, which received only
deionized water and nutrients, and two treatments with a single
application of either 2 or 6 mmol L' EDTA. Five replicates
were performed per treatment, yielding 15 experimental units.
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Seedlings (200 days old) were transferred to pots with 4 kg
of soil contaminated with oil well drilling and prospecting
waste. The seedlings selected were as homogeneous as
possible: approximately 70 cm in height and between 0.93;
and 1.14 cm in stem diameter at 5 cm above ground, with
17-19 leaves. One seedling was planted per pot, resulting in
15 plants. Soil moisture was maintained at 80% field capacity
throughout the experiment. Plants received nutrient solution
(25% Hoagland) starting at 30 days after the plant transfer
into the pots.

Four C. africana seedlings were collected before planting,
and the barium, lead, manganese, and iron concentrations
in the leaves, stems, roots, and substrate were quantified
to determine naturally occurring concentrations in the
seedlings before their transfer into the substrate and in the
substrate. EDTA was applied to plants 250 days after sowing.
The EDTA treatments consisted of 2 mmol L™ or 6 mmol L™
applied in a single dose.

Three months following the EDTA application, the
plants were harvested (shoot and root) for analysis of the
metal uptake by the plants. The plants were separated into
root, main stem, secondary stems and leaves. The substrate
was separated from the plant and stored in plastic bags for
subsequent air drying and chemical analyses. The plants were
washed in running water for the removal of macroscopic
material and separated into roots and shoots, and the plant
parts were washed with deionized water. The plants were
air dried and put in a drying oven at 70 °C until a constant
weight was achieved. The dry material was ground through
a 20-mesh sieve in a Wiley mill and digested according to
the USEPA 3050B method.

The metal accumulation and translocation index (TT)
were calculated with dry weights for each plant part. TT is
the ratio between the total content of a given element in the
shoot and its total content in the whole plant; that is, it is the
percentage content translocated from roots into leaves and
stems (Abichequer & Bohnen, 1998).

The barium, lead, manganese, and iron concentrations
in the soil and plant extracts were quantified by inductively
coupled plasma optical emission spectrometry (ICP-OES) using
a Perkin Elmer Optima 3000 plasma emission spectrometer,
with a detection limit (DL) of 0.036 mg kg' for barium,
0.25 mg kg' for lead, 0.20 mg kg' for iron, and 0.30 mg kg'
for manganese and a quantification limit (QL) of 0.36 mg kg'
for barjium, 0.5 mg kg' for lead, 0.7 mg kg' for manganese,
and 0.4 mg kg' for iron. The DL was calculated as the average
blank value plus three times its standard deviation for all
analyses (10 replicates). The measurements of the pseudo-
total concentrations of barium, lead, manganese, and iron
in the soil and plants were validated by an analysis of the
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following certified reference materials: NIST SRM 2709a -
San Joaquin Soil, presenting 979 + 28 mg kg! barium (95%
recovery), 17.3 mg kg’ lead (92% recovery), 539 mg kg
manganese (94% recovery), and 33,600 mg kg iron (89%
recovery); SRM 1573a — tomato leaves with 63 mg kg™ barium
(93% recovery), 246 mg kg manganese (92% recovery), and
368 mgkg'iron (95% recovery); and SRM 1547 - peach leaves
with 0.87 mg kg lead (90% recovery). The values obtained
for the reference materials were within the ranges accepted
by the National Institute of Standards and Technology (NIST)
as normal for soil and plant samples.

An analysis of variance was performed using the F-test
(p<0.05), followed by Tukey’s test (p<0.05), with SAS® 9.2
software (SAS Institute Inc., Cary, NC, USA).

3. RESULTS AND DISCUSSION

The geochemical fractionation of soil samples was analyzed
following sample incubation with 0, 2, and 6 mmol L' EDTA
for 120 days. Statistically significant differences were observed
in the barium content of F2 fractions (Figure 1a), indicating
that the EDTA concentrations tested were not sufficient to
promote a pronounced dissolution of the less labile fractions.

Opverall, the application of 2 or 6 mmol L' EDTA had
little effect on the geochemical fractionation of barium, lead,
manganese, and iron compared to the control treatment.

Barium was almost exclusively detected in the most
recalcitrant fraction (F4), with only small concentrations being
observed in the remaining soil fractions (Figure 1).

Although the barium contents in the F2 fractions were
statistically significantly different between the different
treatments, the differences were numerically small. The observed
low barium concentrations and the labile forms confirm the
low solubility of barite, which is composed mainly of barium
sulfate (Sposito, 2008) and is a component of the drilling fluid.

Approximately 10% of the total lead was detected in F1
(exchangeable and carbonate bound), and approximately
30% in F2 (Figure 1b). The binding of lead with carbonates
and oxides was previously reported by Pichtel et al. (2000),
and Xia et al. (2009) showed that lead has high affinity for Fe
oxides, especially manganese oxides.

No significant differences in Pb were observed with
the EDTA addition for fraction F1 (Tukey test at p<0.05;
Figure 1b). This result is in contrast with the results of
Pereira et al. (2010), who observed a pronounced increase
in the lead in a soil solution with the addition of 0.5 g kg
EDTA. The increase in EDTA concentration had no significant
effect on the geochemical fractionation of lead.

High manganese concentrations were observed for
fractions F1 and F2 (Figure 1c), showing higher Mn lability
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in the fraction containing iron and manganese oxides, which
were present both in more reducible and amorphous forms.

Silveira et al. (2006) showed that the sequential extraction
method used in the present study allows for a part of these
oxides to be detected as a part of F4, indicating that they are
less soluble than they appear.

The high quantity of manganese recovered in F2 was
likely correlated with the high quantity of lead in this fraction
(almost 30%) due to the high lead affinity for manganese
oxides (Ma & Uren, 1998).

Iron was the analyzed metal with higher percentage in
fraction F4, being practically absent from F1 (Figure 1d).
However, a significant increase in iron was found in F1 with
the application of 6 mmol L' EDTA. This may have been due
to the dissolution of iron and it’s binding with EDTA as a
result of the high stability constant of iron-EDTA complexes
(1.4 x 10%). Vaxevanidou et al. (2008) observed partial
dissolution of crystalline iron oxides in soil incubated with
300 mmol L' EDTA.

After plant transfer, plant height and diameter quickly
increased. The growth in height decreased during the
colder months, but the stem continued to thicken until
plant harvesting.

No significant differences in the dry matter production
of the leaf, main and secondary stems, or root of C. africana
were observed. However, a tendency for lower dry matter
production with the highest EDTA dose was observed.
Statistically significant differences were only observed for the
total plant dry weight between the 6 mmol L' EDTA-treated
plants and the control plants, followed by the treatment
with 2 mmol L*EDTA (Table 1). Significantly higher dry
matter production in the control plants than in the plants
with EDTA application has been previously observed in
Brachiaria and corn, indicating EDTA toxicity to plants
(Santos et al., 2006). Neugschwandtne et al. (2008) found
visible toxicity symptoms with the application of higher
EDTA doses (6 and 9 mmol kg' EDTA), causing plant death
before the harvest time.

Figure 1. Geochemical fractionation of barium (a), lead (b), manganese (c), and iron (d), with and without EDTA addition.

*Standard deviations lower than 20% of the average value are not represented.

Floresta e Ambiente 2020; 27(1): 20170852



Table 1. Dry matter production of the different vegetative parts of Cordia africana.

Treatments

Dry weight (grams per pot)

Metals Phytoextraction by Cordia africana 5-8

Control 15.73N8 25.40N8
(£0.6) (£3.0)
15.79N8 2522, ™

il
2 mmol L' EDTA (+1.5) (+2.1)
12.22N8 20.55N8

-1
6 mmol L' EDTA (£23) (+2.7)

Whole plant
31.53N8 41.1388 113.79A
(+35.0) (+2.8) (£4.7)
26.95 N 41.01M 108.97 AB
(£2.9) (£2.0) (£2.9)
24.05N8 33,7788 90.59 B
(+£3.1) (+4.1) (+6.8)

Values followed by different letters within the same column are significantly different according to Tukey’s test at p<0.05. NS: nonsignificant.

EDTA effectively promoted lead, iron, and manganese
uptake and translocation into the C. africana leaves, but
not barium uptake, for which no significant differences
in leaf concentrations were observed between treatments
(Table 2). This may be explained by the low solubility
of barite (BaSO,). However, the stem and root barium
concentrations were higher for the treatments with EDTA
addition than for the control treatment. The observed
barium concentrations, which were higher than 500 mg kg
regardless of the presence of EDTA, showed a high capacity
of C. africana for barium extraction. Pichtel et al. (2000)
studied 14 plants, and all had insignificant barium uptake.

Few studies have found barium concentrations within the
range considered normal in plant tissues. However, values
between 90 and 106 mg kg were found in corn plants
grown in soil treated with sewage sludge (Nogueira et al.,
2010) as were values up to 4970 mg kg™ in soybean grown
hydroponically (Suwa et al., 2008).

Except for barium, the leaf metal concentrations were higher
for treatments receiving EDTA. Low EDTA concentrations
increase the solubilization of metals present in soil, which
may cause plant toxicity (Neugschwandtner et al., 2008;
Santos et al., 2006). Thus, the observed toxicity symptoms
may have been caused by lead and/or EDTA toxicity.

Table 2. Average metal concentration (mg kg™) in the leaves, stems, and roots of Cordia africana for the three treatments.

Leaves

. 583N 602 515N 178
a (+77.8) (+0.0) (+0.0) (+0.0)
207A 183A

LY i (% 0.0) (% 0.0) e

- 403B 6278 2029A 80A
(£113.4) (+0.0) (+0.0) (£0.0)

Mn 126B 178B 472A 9B
(+18.3) (% 60.4) (£200.9)  (£0.7)

205N 234N 319B 517AB 597A
(£ 0.0) (£0.0) (£ 0.0) (£ 0.0) (£0.0)

2.1B 32A 37B 48B 100A
(£0.0) (+0.0) (£0.0) (£0.0) (£0.0)
54B 94A 4297NS 4063NS 305788
(+0.0) (£0.0) (+0.0) (£0.0) (+0.0)

7B 43A 153B 98B 221A
(+0.8) (+23.8) (+ 35.0) (% 2.0) (+ 40.0)

Values followed by different letters within the same row were significantly different according to Tukey’s test, at p < 0.05, for each plant

part. NS: nonsignificant.
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No significant differences were found for the quan-
tity of the accumulated barium in the leaves and stems
of C. africana (Table 3). However, the quantity of the ac-
cumulated barium in the roots was significantly higher
for the EDTA treatments; that is, the quantity of the ac-
cumulated barium was higher in the presence of EDTA.
This was also observed for iron in the roots. The induc-
tion of heavy metal uptake by roots was also observed
by Doumett et al. (2008). However, the highest lead and
manganese accumulation was observed in leaves for the
treatments with EDTA. Santos et al. (2006) cite several
studies reporting increased heavy metal concentrations

Amaral Sobrinho NMB, Andrade AFM, Lima ESA, Zonta E, Magalhdes MOL

in leaves due to the presence of EDTA. This is a con-
cern because C. africana is a deciduous plant, and the
shedding of its leaves would return the metals to the soil
via leaf degradation. Furthermore, this could spread the
contamination (Lorenzi et al., 2003). Pichtel et al. (2000)
mentions this concern with leaf shedding and dispersal
in bioremediation areas. Considering only leaves, which
are shed and dispersed, and more environmentally im-
portant, the TI was 0, 72.3, and 55.0% for lead and 58.1,
51.1, and 43.7% for barium for the same sequence of
treatments. Overall, the TI for lead, iron, and manganese
increased with EDTA application (Table 4).

Table 3. Accumulated quantities (mg) of heavy metals in leaves, branches, and roots of Cordia africana for the three treatments.

8 9.2A 9.5A 6.8B 4.3
a (+1.3) (+0.5) (+1.4) (+2.4)
3.3A 2.3A
L5 il (+0.6) (+0.4) il
Ee 6.4B 10B 25A 2.0A
(+2.0) (+3.4) (£7.4) (£0.2)
Mn 2.B 2.8B 6.0A 0.2B
(£0.4) (£0.9) (£ 1.6) (£ 0.0)

5.1 5.3N8 9.7B 13.9A 15.5A
(+2.5) (£1.2) (x1.9) (x2.0) (+1.6)
0.05¢ 0.73Ns 1.1288 1.2788 2.5N8
(£0.0) (£0.9) (£0.5) (£0.2) (£1.3)

1.4B 2.1A 134A 108AB 79B
(£0.2) (£0.2) (£24.5) (£15.1) (£13.7)

0.2B 1.0A 4.9A 2.7B 5.7A
(£0.0) (£ 0.6) (£1.3) (£0.3) (£0.9)

Values followed by different letters within the same row were significantly different according to Tukey’s test at p < 0.05 for each plant

part. NS: nonsignificant.

Table 4. Translocation index (TI) in Cordia africana plants (average).

EDTA Ba
(mmol L?)
0 (f?fz)
2 @12
6 (i.ée)

Pb Fe Mn
%

0.0 4.5 28.1
(£0.0) (x1.4) (£9.0)
71.2 8.3 49.7
(+5.6) (£ 3.0) (£9.7)
41.9 23.8 47.0
(£7.7) (+ 8.0) (+£7.5)
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The efficiency of phytoextraction was evaluated by
calculating the remediation factor (RF), according to the
following equation:

RF = [M(plant) X plant weight / M(soil) X pot weight]x 100

Where M is the concentration of the contaminant metal.

The RF of C. africana for barium was 0.05% for the
control, 0.05% for the split application, and 0.045% for the
single application of EDTA.

However, for lead, the values were 0 for the control, 0.15%
for the split application, and 0.13% for the single application
of EDTA. These values are lower than the 1% considered to
be necessary by Huang et al. (1997) for phytoextraction to
be economically viable.

The accumulated quantity of the contaminant metals
in the vegetative plant parts showed C. africana cannot be
considered a phytoextractor for these metals. However, it
can be used as a phytostabilizer.

Remediation of the studied soil through metal removal
using phytoextraction was not effective for the studied metals,
as low heavy metal accumulation occurred in the plant, and
low remediation factor values were observed. However, C.
africana was observed to be an adequate soil-stabilizing agent
because it grew well in soil with high concentrations of barium,
lead, iron, and manganese and showed a tolerance to EDTA.

4. CONCLUSIONS

EDTA increased the accumulated quantity and TI for
lead, manganese, and iron in C. africana and also increased
the barium concentrations in C. africana roots but not its
translocation to the shoot.

The low remediation factor values contraindicate the use
of C. africana in phytoextraction. However, the tolerance of
C. africana to heavy metals and EDTA toxicity, under the
studied conditions, indicates that this plant can be used for
phytostabilization of contaminated areas.
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