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ABSTRACT: The objective of this study was to evaluate changes in soil metal contents in an Ultisol cultivated
with forage cactus (Nopalea cochenillifera) irrigated with diluted treated oil produced water (TOPW). The
experiment was conducted in a randomized block design with five replications. The treatments consisted
of 100% underground water (T1); 75% underground water plus 25% TOPW (T2); 50% underground water
plus 50% TOPW (T3); 25% underground water plus 75% TOPW (T4); and 100% TOPW (T5). The plots
consisted of 25 pots of 20 L in a greenhouse, in Mossord, RN, Brazil. Soil samples from the 0-0.10 m and
0.10-0.20 m layers were collected at 240 days after planting, and Fe, Mn, Cu, Zn, Cr, Ni, Cd, and Pb contents
were evaluated. The use of irrigations with diluted TOPW caused no contamination of the soils cultivated
with forage cactus by the evaluated metals. T2 presented the lowest metal contents. Cr and Pb contents in
the soil were significantly high, indicating that the application of TOPW should not be used continuously
in the same area.
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Concentragao de metais em solo irrigado com dilui¢des
de agua tratada produzida do petroleo

RESUMO: Objetivou-se com este estudo avaliar a alteragdo nos teores de metais em um Ultisol, cultivado
com palma forrageira (Nopalea cochenillifera) e irrigado com dilui¢des de agua produzida de petroleo tratada.
O experimento foi montado no delineamento em blocos casualizados, com cinco tratamentos (T1 - 100% de
agua subterranea; T2 - 75% de agua subterrdnea mais 25% de agua produzida; T3 - 50% de agua subterranea
mais 50% de dgua produzida; T4 - 25% de dgua subterranea mais 75% de dgua produzida; e T5 - 100% de agua
produzida), com cinco repeti¢des. O trabalho foi conduzido em 25 vasos de 20 L dentro de casa de vegetagio,
em Mossord, RN. Aos 240 dias apds o plantio foram coletadas amostras do solo, nas profundidades de 0 a
0,10 m e de 0,10 a 0,20 m, para avaliacao dos metais Fe, Mn, Cu, Zn, Cr, Ni, Cd e Pb. O uso de dilui¢des da
agua produzida do petréleo tratada ndo acarretou contaminacdo do solo cultivado com palma forrageira em
relagdo aos metais, sendo que no T2 houve os menores aportes de metais. Ocorreu aumento significativo de
Cr e Pb no solo, indicando que a aplicagdo de agua produzida do petrdleo tratada nio deve ser realizada de
forma continua em uma mesma area.

Palavras-chave: residuo industrial, redso, elementos traco, mobilidade
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Metal contents in soils irrigated with diluted treated produced water from oil

INTRODUCTION

Many exploration and production activities, including oil
industries, produce large quantities of residues and effluents.
The greatest volume of effluents from oil industries is the
produced water, which consists of a mixture of water from
natural formation (larger part) below or inside oil and gas
reservoirs, reinjected water, and chemical compounds used
during the drilling, stimulation, production, and oil-water
separation processes (Santos et al., 2014; Drioli et al., 2016).

A water-oil proportion of 10.5:1 is estimated for 2020 in
the world, considering onshore and offshore explorations,
expecting a produced water volume from oil extraction of
approximately of 54 billion m® (BP, 2017).

The possibility of reusing these produced waters for
irrigation of agricultural crops is interesting for the oil industry
and farmers, especially those in semiarid regions, such as the
Northeast of Brazil (Sousa et al., 2016).

However, produced water should not be applied at excessive
rates to the soil surface or reused without treatment, because it
may present high contents of disperse oil, total dissolved solids,
inorganic chemical compounds, and heavy metals (Al-Ghouti
etal., 2019), requiring previous evaluations for accumulations
of potentially toxic elements in the soil and plant tissues
(Ferreira et al., 2015; Pica et al., 2017; Echchelh et al., 2019).

In this context, the objective of this study was to evaluate
changes in soil metal contents in an Ultisol cultivated with
forage cactus (Nopalea cochenillifera) irrigated with diluted
treated oil produced water, in Mossord, RN, Brazil

MATERIAL AND METHODS

The experiment was conducted from January to September
2018 in a greenhouse of the Department of Agricultural
and Forest Sciences (DCAF) of the Federal Rural University
of the Semi-arid Region (UFERSA, West campus), in the
municipality of Mossoro, state of Rio Grande do Norte (RN),
Brazil (5°12'11.25"S, 37°19'25.77"W, and altitude of 18 m).
The climate of the region is BSh, according to the Koppen
classification (Alvares et al., 2013).
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The soil used in the experiment was classified as an
Ultisol, which was collected at the UFERSA Rafael Fernandes
Experimental Farm, in the district of Alagoinha, rural area of
Mossord. The soil was subjected to chemical analyses before
the experiment (Table 1), at the Laboratory of Soil, Water, and
Plant Analysis (LASAP-UFERSA), following the methodology
described by Teixeira et al. (2017).

The produced water was obtained from an oil field in
the district of Jucuri, which is in a rural area of Mossord,
RN, Brazil. The water was stored in the experiment site and
treated with AGEFLOC/DW-3753, which is a strongly cationic
polyelectrolyte organic polymer used for flocculation of
suspended matter in oil fields and general water.

The underground water used to dilute the treated oil
produced water (TOPW) was from a tubular well of the Water
and Sewer Company of Rio Grande do Norte (CAERN).

The treatments followed the recommendations for
wastewater dilution in underground water proposed by
Costa et al. (2018) to minimize risks of soil salinization and
sodification.

The experiment was conducted in a randomized block
design with five treatments and five replications. The
treatments consisted of 100% underground water (T1); 75%
underground water plus 25% TOPW (T2); 50% underground
water plus 50% TOPW (T3); 25% underground water plus 75%
TOPW (T4); and 100% TOPW (T5).

TOPW samples were collected from the five treatments
every two months during the experiment, totaling four samples
per treatment. The TOPW chemical analyses (Table 2) were
carried out following the recommendations of the Standard
Methods for the Examination of Water and Wastewater (Rice
etal., 2012).

The experimental plots were represented by 25 pots of 20 L
lined up on bricks with 0.19 m height, spaced 1.20 m between
blocks and 0.50 m between plots of the same block. The pots
were filled with approximately 1.0 kg of crushed stones (9.5-19 mm)
covering the base of the pots, a polypropylene mesh over the
crushed stones, and 12 kg of soil; 16-mm diameter holes were
drilled in the bottom of each pot to drain the TOPW surplus.

Table 1. Initial chemical attributes of the soil used in the experiment

Layer Fe Mn Cu
H
) P
6.10
4.80

0-0.10
0.10-0.20

1.56
1.95

0.56 0.01
0.55

0.02

Zn Cr Ni Cd Pb
(mg dm®)
0.021 0
0.006 0 0

0.20
0.20

0.01
0.16

Table 2. Means and standard deviations for chemical attributes of the diluted treated water produced from oil used for irrigation

of soils cultivated with forage cactus, using four samples collected during the experiment period
Mean and standard deviation

Chemical attributes

T1 T2

pH 883 + 037 8.87 = 0.54
Fe (mg L) 0.007 =+ 0.01 0.014 = 0.02
Mn (mg L) 0.005 = 0.01 0.013 = 0.02
Cu (mg L) 0.003 =+ 0.01 0.004 =+ 0.01
Zn (mg L) 0.003 = 0.01 0.009 = 0.01
Cr (mg L") 0.013 = 0.01 0.019 = 0.02
Ni (mg L) 0 =0 0.002 = 0

Cd (mg L) 0.012 = 0.01 0.011 = 0.01
Pb (mg L) 0120 =+ 0.10 0.080 =+ 0.10

T3 T4 T5

882 = 0.54 878 = 044 8.78 = 051
0.006 =+ 0.01 0.007 = 0.01 0.010 =+ 0.02
0012 = 0.02 0.016 = 0.03 0012 =+ 0.02
0.004 = 0.01 0.004 = 0.01 0.003 =+ 0.01
0.006 =+ 0.01 0.015 = 0.01 0.006 =+ 0.01
0.015 = 0.02 0.012 =+ 0.02 0.011 = 0.01
0002 = 0 0 =0 0 =0
0.005 = 0.01 0.008 = 0.01 0.004 =+ 0.01
0.015 =+ 0.02 0.088 =+ 0.08 0.055 + 0.06

T1 - 100% underground water; T2 - 75% underground water plus 25% treated produced water from oil TOPW; T3 - 50% underground water plus 50% TOPW; T4 - 25% underground

water plus 75% TOPW; and T5 - 100% TOPW

R. Bras. Eng. Agric. Ambiental, v.24, n.10, p.672-678, 2020.



674

Forage cactus (Nopalea cochenillifera (L.) Salm-Dick) seeds of
the cultivar Mitida were sown in the pots.

A localized irrigation system was used, which consisted of
five 62 L PVC tanks, one for each treatment; five circulation
pumps with self-ventilated electric motors (EBD250076;
Metalcorte/Eberle, Caxias do Sul, Brazil); and lateral lines
composed of 16-mm polyethylene pipes with microtube
emitters, which conducted the TOPW to the pots with a mean
flow 0f 0.01 m* h'".

One forage cactus cladode was planted per pot on January
25,2018. The cladodes were buried up to half their length, with
the cut part facing the soil, which was manually compacted
around the cladodes to allow a better fixation and facilitate their
development. The forage cactus water demand was determined
using fitting coefficients for reference evapotranspiration
(ET,) based on the Penman-Monteith equation (Allen et al.,
2006). The total irrigation depth was determined using a water
balance, in which the depths applied were always from the
irrigation with diluted TOPW, and the water losses were from
the crop evapotranspiration (ETc) and drainage. After reaching
soil moisture at field capacity with underground water, all pots
were irrigated only with the diluted TOPW.

The crop coeflicient (Kc) of 0.7 was used for the forage
cactus at all stages, since information on irrigation for this
crop in greenhouses are not found in the literature. Studies
with field experiments reported Kc of 0.4 (Consoli et al,,
2013), 0.52 (Queiroz et al., 2016), and 0.7 (Arba et al., 2016)
for forage cactus crops.

The first irrigation applying the diluted TOPW, according
to the treatments, was on February 5, 2018. The irrigations
were carried out every seven days.

A total irrigation depth of 155.3 mm was applied to each
treatment during the 240-day cycle of the forage cactus plants
in the greenhouse (Table 3).

Fertilizers were not applied to prevent them to mask the
data of the soil analyses at the end of the experiment; thus, the
forage cactus plants received only nutrients from the diluted
TOPW.

Simple soil samples were collected from the 25 experimental
plots at the end of the experiment, considering the 0-0.10 and
0.10-0.20 m layers, using a Dutch auger. The samples were
stored in labeled sterile plastic bags and taken to the LASAP-
UFERSA to quantify iron (Fe), manganese (Mn), copper (Cu),
zinc (Zn), chromium (Cr), nickel (Ni), cadmium (Cd), and lead
(Pb) contents, using an atomic absorption spectrophotometry
and following standards established by Teixeira et al. (2017).

Table 3. Irrigation depths of treated produced water from
oil (TOPW) and underground water (UW) applied to each
treatment for soils cultivated with forage cactus over the
experiment period

Treatments —1OC W depth UW depth Total depth
(mm)
T 0.0 155.3 155.3
12 38.8 116.5 155.3
T3 777 77.6 155.3
T4 116.5 38.8 155.3
15 155.3 0.0 155.3

T1 - 100% underground water; T2 - 75% underground water plus 25% TOPW; T3 - 50%
underground water plus 50% TOPW; T4 - 25% underground water plus 75% TOPW;
and T5 - 100% TOPW

R. Bras. Eng. Agric. Ambiental, v.24, n.10, p.672-678, 2020.
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The statistical analyses were carried out using mean data
of soils of the two layers. The data of trace elements were
subjected to analysis of variance by the F test at p < 0.05, and
when significant, orthogonal contrasts were applied to compare
the means, using the Sisvar 5.6 program (System for Analysis
of Variance) developed by Ferreira (2014).

RESULTS AND DISCUSSION

Soil pH presented no significant changes (p < 0.05) as
a function of the treatments. However, the contrast C4 was
significant (p < 0.05), indicating that the pH of the treatment
T2 was lower than that of the treatment T1. This was probably
because of the higher release of H* ions by the forage cactus
in T2 during the nutrient absorption process to balance soil
charges. The mean pH of the soil used in the experiment
(7.1-7.8) classifies it chemically as a weak alkalinity soil,
and agronomically as a very high pH soil (>7.0) (Ribeiro et
al., 1999). Moreover, the pH of the irrigated solution in all
treatments was higher than 7.0, indicating more OH- than H+
and lower risks of desorption and solubility of metals in the soil.

The orthogonal contrast C1 presented significant effects,
indicating higher Cr and Pb contents in the treatment that
received only treated produced water from oil (TOPW) (T5)
than those in the other treatments (Table 4). This was probably
because they were complexed to organic matter and are not
essential to the forage plant species used, and because of the
contribution of the solutions applied. The highest Cr and Pb
contents were found in T5, which were below the limits of
75 and 72 mg dm?, respectively, established by the Brazilian
National Council for Environment (CONAMA; Resolution
no. 420/2009; Brasil, 2009). The contents of other metals (Fe,
Mn, Cu, Zn, Ni, and Cd) showed no significant variation due
to the application of diluted TOPW, probably because of the
low contribution of the solutions used to supply these elements
and because some of them are essential micronutrients to
plant nutrition.

Figure 1 presents the Fe, Mn, Cu, and Zn contents in the
50il 0-0.10 and 0.10-0.20 m layers at the end of the experiment.
Small variations were found for Fe contents between the
soil layers because it is a very mobile element that is evenly
distributed in the soil. Nevertheless, the highest contents were
found in the 0-0.10 m layer, except for the treatment T4, which
presented higher contents of this element in the deeper layer
(Figure 1A).

According to the interpretation class of micronutrient
availability of the Soil Fertility Commission of the State of
Minas Gerais (CFSEMG) (Ribeiro et al., 1999), the mean Fe
contents found in both layers of the studied soil are classified
as very low (< 8 mg dm~). The CONAMA (Resolution
no. 420/2009; Brasil, 2009) presents no limit values for Fe
contamination. The low Fe contents found can be related to
high soil pH, because the highest availability of this nutrient
is found within a pH range of 4.0 to 6.0 (Novais et al., 2007).

The soil Mn contents found (Figure 1B) were higher in
the deeper layer in all treatments, except for the treatment
T3. The highest Mn values in the surface layer were found
for T1 (underground water). Under different experimental
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Table 4. Means and orthogonal contrasts for chemical attributes of soils cultivated with forage cactus irrigated with diluted
treated produced water from oil (TOPW)

Soil chemical attributes”

Treatments H Fe Mn Cu Zn Cr Ni Pb
B (mg dm3)

T 7.47 2.43 0.45 0.002 0.20 0.017 0.003 0.0004 0.06
T2 7.05 2.45 0.39 0.002 0.21 0.019 0.003 0.0006 0.05
T3 7.46 2.50 0.40 0.002 0.20 0.020 0.004 0.0004 0.11
T4 7.49 2.62 0.44 0.002 0.20 0.018 0.003 0.0004 0.10
T5 7.13 2.55 0.40 0.001 0.21 0.029 0.006 0.0008 0.27
CONAMA? - - - 60 300 75 30 1.3 72
Mean 7.32 2.51 0.42 0.002 0.20 0.021 0.004 0.0005 0.12
CV (%) 412 9.00 15.95 146.20 10.87 26.36 124.93 88.13 73.44
Standard Error 0.13 0.10 0.03 0.001 0.01 0.002 0.002 0.0002 0.04
Significance ns ns ns ns ns 0.02* ns ns 0.01**
Significance of contrasts

Contrast C11s x 11 + 12+ 13+ 74 ns ns ns ns ns 0.01** ns ns 0.01**
Contrast Cora x (11 + 12+ 13) ns ns ns ns ns ns ns ns ns
Contrast Cams x 11+ 12) ns ns ns ns ns ns ns ns ns
Contrast Ca1o « 11 0.04* ns ns ns ns ns ns ns ns

'Mean values from samples of the 0-0.10 and 0.10-0.20 m soil layers; °CONAMA - CONAMA Resolution no. 420/2009; Brasil, 2009; T1 - 100% underground water; T2 - 75%
underground water plus 25% TOPW; T3 - 50% underground water plus 50% TOPW; T4 - 25% underground water plus 75% TOPW; and T5 - 100% TOPW; ns - not significant

A. Fe (mg dm-?) B. Mn (mg dm)
0 0.6 12 1.8 24 3 0 0.15 0.3 0.45 0.6
00 A 'l 'l 'l J 0 Il Il A J
%0.1 J—J;O.l -
L . #]
2 JI a)
X
02 02
——T] -4-T2 —a—T3 —%-T4d ——T5 —o—T] -4-T2 —a—T3 T4 —%—T5
C. Cu (mg dm-3) D. 7Zn (mg dm-3)
0 0.002 0.004 0.006 0.008 0.01 0 0.06 0.12 0.18 0.24 0.3
0 A A A 'l J 0 L L L 'l J
%01 . %0.1 .
bl L
A A
0.2 4 0.2
——T] -4-T2 —=—T3 kT4 —=T5 ——T] -&=T2 —8—T3 ¥ Td —T5

T1 - 100% underground water; T2 - 75% underground water plus 25% TOPW; T3 - 50% underground water plus 50% TOPW; T4 - 25% underground water plus 75% TOPW; and
T5 - 100% TOPW
Figure 1. Distribution of Fe (A), Mn (B), Cu (C), and Zn (D) contents in the 0-0.10 and 0.10-0.20 m layers of soils cultivated

with forage cactus irrigated with diluted treated oil produced water (TOPW)

Figure 1C shows that the Cu contents were lower in the
0.10-0.20 m layer, except for T1, which had similar contents

conditions, Weber et al. (2017) evaluated three production
cycles of sunflower irrigated with produced water and found

decreases in Mn contents throughout the soil profile, regardless
of the treatment used, and with underground water (control).

Based on Ribeiro et al. (1999), the mean Mn contents
found are classified as very low (< 2 mg dm™) for the two
evaluated soil layers. The CONAMA (Resolution no. 420/2009;
Brasil, 2009) presents no limit values for prevention of soil
contamination by Mn.

in both layers, and T3, which presented higher Mn contents
in 0.10-0.20 m layer.

From the environmental point of view, Cu contents in
both layers were below the limit of 60 mg dm™ (dry weight)
established by the CONAMA (Resolution no. 420/2009; Brasil,
2009) for prevention of soil contamination by residues and
effluents.

R. Bras. Eng. Agric. Ambiental, v.24, n.10, p.672-678, 2020.
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Preston et al. (2014) established reference values for soil
quality regarding heavy metals for soils of the state of Rio
Grande do Norte, Brazil. Based on these reference values, the
mean Cu contents found in both evaluated soil layers were
below the maximum limit of 13.69 mg dm".

The Zn contents were higher in the deeper layer for T1, T2,
and T4, and higher in the surface layer for T3 and T5 (Figure
1D). The Zn contents were classified as very low (< 0.4 mg dm™)
for both soil layers, according to Ribeiro et al. (1999). The
mean soil Zn contents were below the reference value (23.85
mg dm?) established by Preston et al. (2014); and below the
limit (300 mg dm) established by the CONAMA (Resolution
no. 420/2009; Brasil, 2009).

Soils from basic igneous rocks are richer, and those from
sedimentary arenite rocks are poorer in Zn contents (Novais et
al., 2007). The low Zn contents found can be explained by the soil
used in the experiment, which was from an area with geological
predominance of limestones from the Jandaira formations,
which encompass calcarenite and bioclastic calcilutite, and
arenites from the A¢u formations (Angelim et al., 2006).

According to Novais et al. (2007), the highest Mn, Cu,
and Zn availabilities are found under a pH range of 5.0 to 6.5;
however, the soil used in the experiment presented pH above
this range, thus expressing low values for these elements.

Cr contents were practically unchanged in both soil layers
(0-0.10 and 0.10-0.20) in all treatments; T5 presented the
highest values in both layers (Figure 2A).

According to the CONAMA (Resolution no. 420/2009;
Brasil, 2009), the mean Cr contents found in both layers were

A. Cr (mg dm3)

0 0.01 0.02 0.03 0.04 0.05

Depth (m)
(=]

0.2 -

—o—T] -4-T2 —a—T3 wxnT4d ——T5
C. Cd (mg dm™)

0 0.0004 0.0008 0.0012 0.0016 0.002

Depth (m)
=1

02 -

——T] -4-T2 —8—T3 kT4 —%—T5
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below the limit considered for prevention of toxicity (75 mg dm™).
Considering the reference values established by Preston et al.
(2014), Cr contents were also below the limit of 30.94 mg dm.

The highest Ni contents were found for T5 (only TOPW)
in both soil layers, and the lowest was found for T1 (only
underground water) in the soil surface layer (Figure 2B). Costa
(2018) found different results, with higher Ni contents in the
soil surface layer when irrigated only with underground water
(control). The mean Ni contents in both layers were below the
limit of 30 mg dm™, which was established by the CONAMA
(Resolution no. 420/2009; Brasil, 2009) for prevention of toxicity;
and also below the reference values for Ni contents (19.84 mg
dm) in soils of Rio Grande do Norte (Preston et al., 2014).

Cd contents were higher in the deeper soil layer for T1, T2,
and T5; and lower for T4. Only T3 had similar Cd contents in
both layers (Figure 2C). According to Cunha et al. (2008), Cd is
highly mobile in the soil and is found mainly at the exchangeable
stage. According to the limits established by the CONAMA
(Resolution no. 420/2009; Brasil, 2009), the Cd contents found
in both soil layers were below the limit (1.3 mg dm™) considered
for prevention of toxicity. The Cd contents found were also below
the reference value (0.1 mg dm) established for soils of the Rio
Grande do Norte (Preston et al., 2014).

The lower Pb contents were found for T2 in both soil layers.
T1 and T3 had practically similar Pb contents in both layers,
whereas T4 had higher contents in the deeper layer, and T5
had higher contents in the surface layer (Figure 2D). According
to the CONAMA (Resolution no. 420/2009; Brasil, 2009), the
Pb contents found in both layers were below the limit of

B. Ni (mg dm-)

0 0.002 0.004 0.006 0.008 0.01

Depth (m)
(=]

0.2 -
——T] -&-T2 —a—T3 ¥ T4 ——T5
D. Pb (mg dm)
0 0.08 0.16 0.24 0.32 0.4
0 L L 'l 'l ]
A
= \
= \
= 0.1 \
o \
] \
%
02
——T1]1 -&2-1T2 —a—T3 -¥%-T4 —T5

T1 - 100% underground water; T2 - 75% underground water plus 25% TOPW; T3 - 50% underground water plus 50% TOPW; T4 - 25% underground water plus 75% TOPW; and

T5 - 100% TOPW

Figure 2. Distribution of Cr (A), Ni (B), Cd (C), and Pb (D) contents in the 0-0.10 and 0.10-0.20 m layers of soils cultivated
with forage cactus irrigated with diluted treated produced water from oil (TOPW)

R. Bras. Eng. Agric. Ambiental, v.24, n.10, p.672-678, 2020.
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72 mg dm?, which was established for prevention of toxicity.
The Pb contents found were also below the reference value
(16.18 mg dm™) established by Preston et al. (2014) for soils
of Rio Grande do Norte. Lima & Meurer (2013) reported that
Pb has high probability of accumulation in organic matter, and
its absorption by the plant depends on its content and form in
the soil. However, PB is a metal that can be absorbed at low and
high concentrations, despite of being little mobile in the soil.

CONCLUSIONS

1. The use of irrigations with diluted treated produced water
from oil does not cause contamination of soils cultivated with
forage cactus (Nopalea cochenillifera) by Fe, Mn, Cu, Zn, Cr,
Ni, Cd, and Pb.

2. The Cr and Pb contents in soils cultivated with forage
cactus irrigated with 100% treated produced water from oil
were significantly higher than those in soils irrigated with
100% underground water.
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