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Scientists have long researched to understand the environment and man’s place
in it. The search for this knowledge grows in importance as rapid increases in
population and economic development intensify humans’ stresses on ecosystems.
Fortunately, rapid increases in multiple scientific areas are advancing our un-
derstanding of environmental sciences. Breakthroughs in computing, molecular
biology, ecology, and sustainability science are enhancing our ability to utilize
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areas of advancement in the environmental sciences. They will represent an excel-
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Preface

Pollution resulting from anthropogenic actions represents a serious threat to life on
Earth, and to restore damaged ecosystems, it is necessary to implement remediation
strategies. These strategies can involve living organisms (biological remediation) or
nonliving sources (physicochemical remediation). However, biological strategies
are often more cost-effective for large-scale remediation of organic and inorganic
pollutants.

Addressing soil contamination requires a multifaceted approach that combines moni-
toring, assessment, and targeted remediation techniques. By considering different
perspectives and insights on this issue, we can work towards protecting the environ-
ment, promoting sustainability, and safeguarding human health.

This volume includes six chapters written by experts that describe soil contamination
sources and remediation strategies. The book provides an overview of ecosystem
approaches and phytotechnologies and their cumulative significance in solving vari-
ous environmental problems. This book’s main purpose is to offer readers, ranging
from undergraduate students to researchers, extensive knowledge of soil contamina-
tion and the various strategies proposed to remediate these pollutants.

I am highly grateful to all our contributors for readily accepting our invitation to not
only share their knowledge and research but also for unifying their diverse knowledge
and expertise to create their chapters. I greatly appreciate their commitment.

I am also grateful to the staff at IntechOpen, particularly Mr. Josip Knapic, for their
generous cooperation at every stage of the book’s production.

Dr. Khalid Rehman Hakeem
Faculty of Science,

Department of Biological Sciences,
King Abdulaziz University,
Jeddah, Saudi Arabia

University Centre for Research and Development (UCRD),
Chandigarh University,
Punjab, India






Chapter1

Effect of Contamination on
Geotechnical Characteristics of Soil

Mahdi Khodaparast and Amir Khoshgoftar

Abstract

Soil contamination by petroleum contaminants and their derivatives considers
one of the most important environmental hazards all around the world. Nowadays,
with development of oil industry, there is a high probability of oil spills into the soil.
This phenomenon, in addition to the environmental damages, causes changes in
the physical, chemical and mechanical properties of soil. The effects of pollutants
on granular and fine-grained soils will differ. This effect is physical in granular soil
and changes the soil texture and structure in cohesive fine-grained soil. This chapter
reviews the results of adding petroleum contaminants to the soil. it showed that
changes in the geotechnical parameters of the soils were dependent on the type of soil,
type of pollutant and duration of contamination. The primary effects were decreases
in the internal friction angle, California bearing ratio and permeability of the soil
and increases in the cohesion and Atterberg limits of the soil. The shear strength of
the contaminated soil showed no definite or constant trend of change. When con-
taminated with acidic sludge (burnt-oil waste derivatives), despite an increase in the
cohesion of the soil, a decrease in the internal friction angle caused a decrease in the
shear strength.

Keywords: direct shear test, shear strength, petroleum pollutants, geotechnical
properties, soil structure

1. Introduction

The effect of hydrocarbon pollution on the soil has attracted attention in recent
years [1, 2]. Such pollutants not only damage the soil ecosystem and change its
physical and mechanical properties, but also endanger the safety of civil engineering
structures [3]. Petroleum is used to produce valuable products such as plastic, chemi-
cal fertilizers and as raw materials for the production of chemicals. More than two
million tons of oil are produced globally every day, and about 10% of petroleum and
its derivatives seep into underground water from leakages from storage tanks, pipe-
lines, tankers and as waste from factories. In addition to reaching underground water,
the pollution will spread horizontally through the soil by capillary forces to pollute
even more soil [4-6].

Studies conducted in 1978-1992 have reported 33% of water and soil pollution
resulted from improper storage and transportation and 67% resulted from defects
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and accidents during transportation of oil products via pipelines and oil tankers [7].
Although washing, as well as chemical and biological methods, have been introduced
to clean contaminated soil, they are costly and have limitations [8]. An in-depth study
of the geotechnical behavior of contaminated soil indicates that it would be more
economical to use contaminated soil onsite for road infrastructure or other construc-
tion projects [9, 10].

Crude oil and its derivatives are mainly composed of hydrocarbons, nitrogen
compounds, sulfur, organic metal compounds and mineral salts [11]. The duration
of contamination, type of pollutant and the type of soil will affect the geotechnical
properties of the polluted soil [12]. Any change in the shear resistance and other engi-
neering characteristics of contaminated soil layers can cause a decrease in the stability
of slopes, decrease the bearing capacity and increase the total and relative settlement
of structural foundations [13].

The penetration rate of oil pollutants into the soil will depend on the soil char-
acteristics (porosity, permeability, water content, etc.), as well as the nature and
quantity of compounds in the pollutant [14, 15]. Fine-grained soils have a higher
probability of contamination with petroleum substances and their derivatives because
they have a larger specific surface area than coarse-grained soils. Fine et al. [14]
introduced a parameter called the sensitivity index ranging from 0 to 1 for different
types of soil. This index for sand should fall into the range of 0.01-0.1 and for clay in
the range of 0.6-0.9.

Pollution in coarse-grained soil will cause physical interactions where the pollut-
ant is connected to the soil by a weak van der Waals bond. In fine-grained soil, it will
cause physical and chemical interactions as the pollutants are generally connected by
covalent bonds. In clay soil, it will cause a decrease in the double layer thickness and
a decrease in the dielectric constant, the result of which will be flocculation of the
clay soil [16]. In order to improve its geotechnical characteristics, materials such as
cement, lime, fly ash and nano-additives have been added [17, 18].

The soil investigated in this chapter study has exposed to pollutants and waste from
a petroleum factory. This included the waste from burnt oil from a refinery. Different
studies have been conducted on the effect of hydrocarbons and petroleum pollutants,
including crude oil, gasoline, diesel, motor oil and burnt motor oil in fine and coarse
soils, but little study has been done on soil contamination by waste from burnt oil from
refineries [19-21]. Large-scale oil refinery fires have occurred in Salafchegan industrial
region of Qom province in Iran and many other countries. The resulting waste prod-
ucts spread into the ground, causing extensive soil contamination. Dirt filter contami-
nants and acidic sludge are primary types of burnt oil refinery waste and the effects
of these on the strength and compaction parameters of clayey sand are discussed in
this chapter. The mechanism by which acidic sludge affects soil properties has been
investigated and indicates that acidic sludge plays a determining role in the soil quality.

2. Oil contaminants and derivatives

Over the last few decades there has been an increased public awareness of environ-
mental issues, particularly when the contamination of sand, water, and air is involved.
Worldwide, scientists and environmentalists are faced with the challenge of overcom-
ing the detrimental effects of the contamination of sand, air, and water. Oil leakage
from pipelines, underground and surface fuel storage tanks, pollution by oil deriva-
tives, especially waste from burnt oil from a refinery, waste disposal and management
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Figure 1.

FTIR vesults for: (a) acidic sludge; (b) dirt filter contaminants.

are the main sources of oil pollution. In this chapter firstly, different types of soil with
different weight percentages were mixed with crude oil and its derivatives and then
tested to determine the effect of the pollutant on the shear strength, compaction,
Atterberg limits, permeability, etc. of the soil and secondly, to investigate the effect
of soil pollution caused by different percentages of acidic sludge and dirt filter residue
resulting from the treatment of burnt oil (0%, 3%, 6%, 9%), compaction tests were
done on the contaminated soil samples according to ASTM D698 [22].

The primary components of these two contaminants as determined from x-ray
florescence (XRF) and Fourier-transform infrared spectroscopy (FTIR) tests were
ferrum, cuprum, plumbum, zinc, phosphorus, dust, halogenated compounds, gly-
cols, carbon, polymers, asphaltene, polymethacrylates, phenols, sulfonates, amines,
phosphonates, and thiophosphonates. The results of XRF and FTIR testing are shown
in Table 1 and Figure 1 respectively.
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3. Effect of contamination on soil geotechnical parameters
3.1 Effect of contamination on soil compaction parameters

In order to investigate the effect of burnt oil refinery waste on the maximum dry
unit weight of the soil, modified compaction tests were performed at zero moisture
content for different percentages of contaminants. Figure 2 shows that, generally,
with the increase of the polluting substance, the maximum dry specific weight of
clayey sand soil decreases but when the percentage of water is zero with an increase
the hydrocarbon material from the dirt filter residue and acidic sludge to the clayey
sand soil to 4.2% and 5.1%, respectively, the maximum dry specific weight of the soil
increased. The reason for this could be the ease of movement of the soil particles rela-
tive to each other after they were contaminated with acidic sludge, which reduced the
void ratio of the soil. A further increase in the percentage of contaminants filling the
pores between the soil grains caused a decrease in the specific dry weight of the soil.

s 19.6 1
2
g 19.4
)
E = 19.2
E’“‘E‘- 19
a5
S’
z 18.8
£
5 18.6 . r r . .
= 0 4 6 8 10
Contaminant Content (%)
—&— Acid Sludge --++¢-+ Dirt Filter
Note: water content = 0
- 1Ol q
‘s 100
2
-
=
-
8
58
g 971
g
2 96 T T T T ]
] 0 2 4 . 6 8 10
= Contamination Content (%)
= &= curde oil- Fazeli et al. [23] ++++¢--+ Dirt filter- khoshgoftar et al. [13]
—&— Acid sludge- khoshgoftar et al. [13] gas oil- Fazeli et al. [23]

—8&— curde oil- Karpuzeu et al. [28]
Note: water content # 0

Figure 2.
Maximum specific dry weight of clayey sand soil vs. contamination content: (a) in current vesearch; (b) in
current and other research.
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Table 2 show that with the contamination of the soil by hydrocarbon substances
and its derivatives, the maximum dry weight of the soil and the optimum moisture
content generally decreased.

Shin et al. [30] and Baiazidi et al. [19] studied sandy soil contaminated with gas
oil and stated that, when gas oil surrounded the soil particles, the capillarity cre-
ated between the contaminated particles and water caused the soil grains to become
trapped. Because the water and pollutant both have low densities and are almost
incompressible compared to soil, this caused a decrease in the maximum dry weight
of the soil. The decrease in the optimum moisture percentage resulted from the space
between the soil grains being filled with pollutant. The soil then reached the maxi-
mum dry weight at a lower optimum moisture percentage. This caused an improve-
ment in the compaction parameters of the soil [13, 31].

In fine-grained soil, because petroleum compounds have a very low dielectric
constant and exhibit non-polarity, they become separated from the surface of the clay

References Soil type Type of Content (%) curing MDD OMC
contamination period
Khoshgoftar et al. SC, Iran Acid sludge 0-3-6-9 One day FID —
[13]
Fazeli et al. [23] SC, Iran Gas oil 0-2-4-6 One D D
Crude oil month D D
Safehian et al. [24] CH, Iran Gas oil 0-4-8-12— A week D FID
16-20
Khamehchiyan SP, Iran Crude oil 0-4-8-12-16 One D D
etal. [25] SM month D D
CL D D
Nasehi et al. [21] SP, Iran Gasoil 0-3-6-9 One D D
cL month D D
ML D D
Abdelhalim et al. SM, Engine oil 0-3-5-8-10- Three I D
[26] Malaysia 15-20 days
SC I D
Yazdi and Sharifi ML, Iran Gasoline 0-3-6-9-12 A week
(271 One
month
Karpuzcu etal. SC, Turkey Crude oil 0-6-12 two weeks D D
[28] CL D D
Hamidi and SC-SM, Crude oil 0-3-5-7 A week D D
Karimi [20] Iran
Karkush and Jihad CH, Iraq Kerosene 0-10-20-30- One I D
(29] 40-50-60 month

Note: MDD, maximum dry density; OMC, optimum moisture content; FID, first increased and then decreased; I,
increased; D, decreased.

Table 2.
Optimal moisture percentage and maximum specific dry weight of soil types contaminated with hydrocarbon and
non-carb on materials.
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grains and the double layer and move into the pore fluid, causing a gap between the
clay particles and acting as a load insulator. This act is electrical and has a negative
effect on the electrostatic attraction field of clay particles (fine-grained soil acts like
coarse-grained soil) and contributes to a reduction in the amount of water required
for compaction of samples [23].

The addition of a hydrocarbon to the soil will produce about half of the amount
of soil compaction that the addition of water will because water molecules are
bipolar and hydrocarbon molecules are non-polar and the clay particles do not tend
to absorb them [24].

3.2 Effect of contamination on soil resistance parameters
3.2.1 Internal friction angle and soil cohesion (direct shear test)

As the soil particles were contaminated with acidic sludge, the contaminant settled
between the soil particles and bind to non-polar acidic sludge compounds and active
soil surface substances, including SiO2, by Van Der Waals interactions (Figure 3).
An increase in the contaminant content increased the Van Der Waals force, leading
to an increase in soil cohesion. Soil cohesion also increased with an increase in the
dirt filter contaminant content owing to the inherent structure of the contaminants.
The dirt filter contaminants behaved like fine-grained soil when added to granular
soil, which resulted in an increase in soil cohesion. The increasing trend in soil
cohesion is presented in Table 3 with increases in the contaminant contents. Other
researchers also have reported an increase in soil cohesion due to the high viscosity of
hydrocarbon materials, but some researchers also have reported a decrease caused by
contamination of the soil with hydrocarbons. Karkush and Kareem [29] reported a

%o 9
JXEXR
T i 1 ~®
&) i M 0,0’0‘0%
o0 oo ¥ T
. . Grain of soils after contamination - :’2;?)\ ? ?.
0 (0]
. = 0. P ~~ o > @ @/.
@ "o N o’
. s” e 9 00 ]
L‘ Acidic sludpe
Figure 3.
Soil particles before and after contamination with acidic sludge.
Oil type Vertical stress (kPa) Contaminant content
0 3 6 9
Acid sludge 10-30-50 0.13 0.225 0.167 0.192
50-100-150 0.06 0.207 0.229 0.258
Dirt filter 10-30-50 0.129 0.16 0.182 0.342
50-100-150 0.06 0.393 0.364 0.5

Table 3.
Soil cohesion resulting from dirt filter vesidue and acidic sludge.
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Oil type Vertical stress (kPa) Contaminant content
0 3 6 9
Acid sludge 10-30-50 49 41 39 38
50-100-150 47 41 37 33
Dirt filter 10-30-50 49 48 44 43
50-100-150 47 45 34 34
Table 4.

Soil internal friction angle vesulting from dirt filter residue and acidic sludge.

decrease in the cohesion of clay soil with low plasticity properties when contaminated
with 20% crude oil. This decrease could be due to a decrease in the dielectric constant
and in the double layer thickness of the clay soil and change the structure of the soil to
a scattered state (fine-grained soil will resemble granular soil).

Table 4 shows changes in the internal friction angle of the soil with the addition
of both acidic sludge and dirt filter residue. As shown, the acidic sludge hydrocarbons
moved between the soil particles and eliminated direct contact between them. Asa
consequence, the soil particles were able to slide relative to one another, leading to
areduction in the soil friction angle. Also, the addition of dirt filter residue caused
the soil grains to become surrounded by a cover of filter particles, which reduced the
roughness of the soil particles and the internal friction angle of the soil.

Table 5 show the results for other contamination soils. The changes in the internal
friction angle and cohesion of the contaminated soil generally decreased, depend-
ing on the type of soil and the pollutant. For granular soil, lubrication between the
grains which caused sliding of the grains and a decrease in the internal friction angle.
Saberian and Khabiri [33] reported an 18% decrease in the internal friction angle with
the addition of 8% of gas oil to poorly grained sandy soil.

Khoshgoftar et al. [13] reported that the addition of 9% acidic sludge and dirt filter
residue from burnt oil treatment decreased the tightness of the connection between
the soil particles. The roughness of the soil particles and the ease with which the soil
grains slid relative to one another caused a 24% decrease in the internal friction angle
at a compression level of 1.7 g/cm; under vertical stresses of 50, 100 and 150 kPa. In
fine-grained soil, the internal friction angle generally increased because of floccula-
tion of the clay soil with the increase of hydrocarbon pollutants [25]. Clay with a low
plasticity property of 16% showed an 8° increase in the internal friction angle.

3.2.2 California bearing ratio (CBR)

One of the most important soil resistance tests for evaluation of contaminated
soil for use in road construction is the CBR test. With an increase in the percentage
of hydrocarbon pollutants in the soil, the CBR will generally decrease because of the
effect of lubrication between the soil grains which allows them to slide relative to each
other. Table 6 shows some of the most important studies in this area. As can be seen,
the soil resistance generally decreased in soil contaminated with hydrocarbons and
the granular and clay soils behaved differently.

Figure 4 shows the CBR values for sandy and clay soils contaminated with burnt
engine oil, which revealed that the CBR for all types of sandy soil initially increased
and then decreased. In clay soil, with a high specific surface area for the clay particles,
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References Curing Vertical Cont Type of Soil @ C
period stress (%) contamination type ©) (kPa)
(kPa)
Khoshgoftar One day 50-100- 0 Acid sludge SC 42 1
etal. [13] 150 3 35 135
6 34 21
9 34 26.3
0 Dirt filter 42 1
3 41 26.5
6 40 26.7
9 34 169
Shirdel and A week 50-75-100 0 Crude oil CL 27 24.2
I[\;I;}Qrchian 10 27 283
20 31 279
30 24 27
0 Gasoil 27 24.2
10 29 234
20 35 22.6
30 * *
Abdelhalim Three 14.3-24.1- 0 Motor oil SM 40 175
etal. [26] days 437 3 37 179
5 33 186
8 32 18.6
10 29 191
0 SC 35 35
3 30 357
5 28 339
8 27 313
10 25 264
9 32 6.8
12 31 71
15 30 73
Table 5.

Cohesion and internal friction angles of soil contaminated with hydrocarbons by maximum specific dry weight

density.

the amount of pollutant surrounding the particles per unit volume was higher and
caused more slippage of particles and, subsequently, a greater decrease in the CBR

compared to granular soil.

3.3 Effect of oil contamination on Atterberg limits

When the soil is contaminated with the hydrocarbons found in oil and its deriva-
tives, changes in the repulsive force, cation exchange capacity and viscosity cause
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References Soil Type of Content curing CBR
type contamination (%) period
Abdelhalim et al. [26] SM Motor oil 0-3-5-8-10 Three days D
SC FDI
Al-Sanad et al. [34] SP Crude oil 0-2-4-6 FID
Rasheed et al. [35] SPSM Gasoil 0-3-5-7.5 One day D
Kerosene
Chouraetal. [36] SP Crude oil 0-5-10-15 I
Alhassan and Fagge SP Crude oil 0-2-4-6 D
[37] Used engine oil D
CL Crude oil D
Used engine oil D
Karpuzcu etal. [28] CL Crude oil 0-6-12 Two weeks D
SC I

Note: D, decreased; 1, increased; FDI, first decreased and then increased; FID, first increased and then decreased.

Table 6.
CBR of soil contaminated with hydrocarbons.

5 24 1 e
QO 16 A

B 4

0 T T T T 1

0 2 4 6 8 10
Contamination Content (%)
e SM-Abdelhalim et al. [26] 4 SC-Abdelhalim etal. [26]
SP-Alhassan and Fagge [37]

Figure 4.
CBR vs. increase in burnt oil vesidue for all soil types.

changes in the plastic limit, liquid limit and plasticity index of the soil. Table 7 show
the Atterberg limits by the type of soil contaminated based on the type of pollutant,
duration of pollution and type of soil. In general, with an increase in the soil contami-
nation, leading to an increase in cohesion between the soil grains, the Atterberg limits
increased. With an increase in pollution, the Atterberg limits decreased slightly and
then remained the same. With an increase in the length of the contamination period,
the Atterberg limits decreased.

As can be seen in Figure 5, with the passage of time (about 1 month) after
gasoline pollution, the liquid limit of the soil decreased compared to a shorter period
(one week) [27].
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References Soil type Type of Content (%) Curing PL LL PI
contamination period
Fazeli et al. [23] SC Gasoil 0-2-4
Iran Crude oil
Roshanghiyas and CL Crude oil 0-2-4-6- One
Bagheripour [38] Iran 8-10 month
Abdelhalim et al. SC Motor oil 0-3-5-8-10 Three D D D
[26] Malaysia days
SM D D D
Malaysia
Kermani and Ebadi CL Crude oil 0-4-8-12 A week I I D
[7] Iran
Karkush and CL Fuel oil 0-10-20 Four days I D D
Kareem [29] Iraq
Hamidi and Karimi SC-SM Crude oil 0-3-5-7 A week I I I
[20]
Iran
Eissa [39] CH Gasoline 0-2-4-8- Ten days D D D
10-16
Egypt
Karkush and Jihad CH Kerosene 0-10-20-30- One I I I
[40] o 40-50-60 month
Iraq

Note: PL, plastic limit; LL, liquid limit; PI, plastic index; D, decreased; I, increased.

Table 7.
Atterberg limits of soil types contaminated with hydrocarbon and non-carbon materials.

4% Yazdi and Sharifi [27] 28 Yazdi and Sharifi [27]

41
- B —~ 27.5
5 40 \ 5 -
=39 .__ —s—7Day & 27 \H\i —i—7 Day
E 38 \‘“o E 26.5 e
o i o —8—15Day ' *9° e 15 Day
= ¥ / 2 26 et 5
=, - a0 Day = —e— 30 Day
g‘ 36 30 Day E i
=l = |

a4 ’ ‘ ' : 25 4 , ; : : - ,

0 2 4 6 8 10 12 0 2 4 6 8 10 12
Contamination Content (%) Contamination Content (%)
Figure 5.

Liquid and plastic limits of ML soil contaminated with gasoline.

3.4 Effect of oil contamination on soil permeability

Table 8 show that, with the contamination of all types of soil with hydrocarbons,
the permeability generally decreases. Iloeje and Aniago [42] recorded a decrease 27%
with 8% crude oil contamination of clay soil. The reason for the decrease in perme-
ability can be due to the filling of the space between the soil grains by the hydrocar-
bon materials, which are of high viscosity and make movement through the space
between the soil grains more difficult. Baiazidi et al. [19] and Gillot [44] reported
that, because of the hydrophobic nature of hydrocarbons, they form an imperme-
able curtain in front of the water and some of the water’s energy is used to tear this
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References Soil Type of Content Results Mechanism
type contamination (%)
Baiazidi et al. GM Diesel 0-3-6— D Due to the hydrophobicity of
[19] Iran 8-11 hydrocarbon materials and the
swelling of clay particles
SM D
Iran
Oyediran and Sw Crude oil 0-10 D Due to the high viscosity of crude
Enya [41] Nigeria oil and the filling of the empty
space between the grains
Hamidi and SC-SM Crude oil 0-3-5-7 I With the increase in pollution, due
Karimi [20] Iran to the decrease in the dielectric
constant and the thickness of the
double layer of the coagulated
soil grains, the space between the
grains increases.
Iloeje and CL Crude oil 0-2-4-6-8 D Filling the empty space between
Aniago [42] Nigeria the grands
Jedari and CL Kerosene 0-3-6-9 D Due to the high viscosity of
Farahani [43] Iran hydrocarbon materials, water flow
becomes difficult
Gasoil D
CH Kerosene
fran Gasoil

Note: D, decreased; I, increased.

Table 8.
Permeability of soil types contaminated with hydrocarbon substances.

hydrocarbon layer. They also stated that, in fine-grained soil, when water-soluble
materials enter the water-rich soil particles, water and other cations that surround the
water-rich layer (double layer of clay minerals) may be absorbed by the components.
The substitutes for the organic molecules can enter the interlayer spaces and cause
swelling of the clay layer.

Some researchers have reported that, with soil pollution by hydrocarbons, the
dielectric constant and the thickness of the double layer will decrease, which will cause
flocculation of the soil particles and increase the space and permeability between the
grains [20, 45]. As this pollutant has a high pH, soil particles could dissolve in it, which
would increase the space between the grains and the soil permeability.

4. Conclusion

The effect of contamination on the mechanical properties of soil were reviewed to
evaluate their suitability for engineering applications and the following conclusions
can be drawn:

* The rate of change of some of the geotechnical parameters of contaminated soil
decreased with the passage of a long time (one month compared to one week),
but the rate of change of other parameters increased.
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Contamination with 4.2% acidic sludge and 5.1% dirt filter residue produced
the maximum specific dry weight of the soil. Further increases in the amount of
pollutant caused filling of the pores between the soil grains and caused the rate
of change to decrease.

The low dielectric constant and non-polarity of hydrocarbon pollutants reduced
the double layer thickness in clay, which caused it to flocculate and form a
granular soil structure.

With the contamination of clay soil, the changes of Atterberg limits were gener-
ally increased.

In granular soil, the pollutant surrounded the soil grains and, because of their
high viscosity, caused lubrication of the soil grains, which reduced the internal
friction angle and increased the compaction parameters of the soil.

The shear strength of soil contaminated with hydrocarbons showed no definite
and constant trend of change. Acidic sludge as a pollutant, despite the increase
in soil adhesion, caused a decrease in the internal friction angle of the soil and
increased its shear resistance. Dirt filter residue as a pollutant increased the
shear resistance of the soil because of the large increase in adhesion, despite the
decrease in the internal friction angle.

The high viscosity of hydrocarbons in the soil generally increased soil cohesion.
Contamination by hydrocarbon substances caused filling of the empty spaces

between the soil grains. This, along with the high viscosity of the petroleum
substances caused a general decrease in permeability.

Author details

Mahdi Khodaparast™* and Amir Khoshgoftar’

1 Faculty of Engineering, Department of Civil Engineering, University of Qom, Iran

2 Faculty of Engineering, Geotechnical Engineering, Department of Civil
Engineering, University of Qom, Iran

*Address all correspondence to: khodaparast@qom.ac.ir

IntechOpen

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

13



Perspectives and Insights on Soil Contamination and Effective Remediation Techniques

References

[1] Tumanyan A, Tyutyuma N,
Bondarenko A, ShcherbakovaN. Influence
of oil pollution on various types of soil.
Chemistry and Technology of Fuels and
Oils. 2017;53(3):369-376. DOI: 10.1007/
s10553-017-0813-7

[2] Errington I, King CK, Houlahan S,
George SC, Michie A, Hose GC. The
influence of vegetation and soil
properties on springtail communities in
a diesel-contaminated soil. Science of
the Total Environment . 2018;619-
620:1098-1104. DOI: 10.1016/j.
scitotenv.2017.11.186

(3] Haghsheno H, Arabani M.
Geotechnical properties of oil-polluted
soil: A review. Environmental Science
and Pollution Research International.
2022;29(22):32670-32701. DOI: 10.1007/
s11356-022-19418-1

[4] Prasanna G, Manoharan S. A review
on effect of crude oil on the geotechnical
properties of soil. International

Journal of Research in Engineering and
Technology. 2016;3:1234-1236

[5] Tajik M. Assessment of
geoenvironmental effect of petroleum
pollution on coastal sediments of
bushehr province-iran [thesis]. Tehran,
Iran: Tarbiat Modares University; 2004
(in Persian)

[6] Tuncan A, Pamukcu S. Predicted
mechanism of crude oil and marine
clay interactions. In: Usmen A, editor.
Environ Geotech. Rotterdam: Balkema;
1992. pp. 109-121

[7]1 Kermani M, Ebadi T. The effect of
oil contamination on the geotechnical
properties of fine-grained soils.

Soil and Sediment Contamination:
An International Journal.

14

2012;21(5):655-671. DOI: 10.1080/
15320383.2012.672486

[8] Riser E. Remediation of Petroleum
Contaminated Soils: Biological, Physical,
and Chemical Processes. New York,
United States of America: CRC Press; 1998

[9] Al-Rawas AA, Hago AW, Al-Sarmi H.
Effect of lime, cement and Sarooj
(artificial pozzolan) on the swelling
potential of an expansive soil from Oman.
Building and Environment. 2005;40:681-
687. DOLI: 10.1016/j.buildenv.2004.08.028

[10] Virkutyte ], Sillanpda M,
Latostenmaa P. Electrokinetic soil
remediation — Critical overview.
Science of The Total Environment.
2002;289:97-121. DOI: 10.1016/
S0048-9697(01) 01027-0

[11] Jukic A. Petroleum Refining and
Petrochemical Processes Crude Oil:
Composition, Classification. Croatia:
Faculty of Chemical Engineering and
Technology University of Zagreb; 2013.
pp. 37-46

[12] Cyrus S, Kumar T, Abraham B,
Sridharan A, Jose B. Effect of industrial
wastes on the physical and engineering
properties of soils. Proceedings of Indian
Geotechnical Conference GEOtrendz.
2010;1:16-18

[13] Khoshgoftar A, Khodaparast M,
Sedighi M. Effect of residues from a
burnt oil refinery on the compaction
parameters and strength of clayey sand.
Bulletin of Engineering Geology and the
Environment. 2021;80(8):6331-6341.
DOI: 10.1007/s10064-021-02320-4

[14] Fine P, Graber E, Yaron B.
Soil interactions with petroleum
hydrocarbons: Abiotic processes.



Effect of Contamination on Geotechnical Characteristics of Soil

DOI: http://dx.doi.org/10.5772/intechopen.1004215

Soil Technology. 1997;10(2):133-153.
DOI: 10.1016/S0933-3630(96)00088-8

[15] Nudelman N, Rios I, Katusich O. Fate
of the oil residuals in Patagonian soils
effects of the environmental exposure
time. Journal of Environmental Risk
Assessment and Remediation. 2002;3:1-8

[16] Singh S, Srivastava R, John S. Studies
on soil contamination due to used

motor oil and its remediation. Canadian
Geotechnical Journal. 2009;46(9):1077-
1083. DOI: 10.1139/T09-047

[17] Mohammadi M, Khodaparast M,
Rajabi AM. Effect of nano calcium
carbonate (nano CaCOs) on the strength
and consolidation properties of clayey
sand soil. Road Materials and Pavement
Design. 2021;23(10):2394-2415.

DOI: 10.1080/14680629.2021.1976255

[18] Mohammadi M, Rajabi AM,
Khodaparast M. Experimental and
numerical evaluation of the effect of
nano calcium carbonate on geotechnical
properties of clayey sand soil. KSCE
Journal of Civil Engineering. 2022;26:35-
46. DOLI: 10.1007/s12205-021-1914-8

[19] Baiazidi O, Mohammadi SD, Tajik M.
Investigation of gasoil contamination
effect on the engineering properties

of surface soils around the hamedan

oil storage [thesis]. Hamedan, Iran:
University of BUAIi Sina Faculty of
Sciences Department of Geology; 2013
(in Persian)

[20] Hamidi A, Karimi AH. Effect of
phytoremediation on compression
characteristics of silty clayey

sand contaminated with crude

oil. International Journal of Civil
Engineering. 2021;19(8):995-973.
DOI: 10.1007/s40999-021-00609-9

[21] Nasehi SA, Uromeihy A,
Nikudel MR, Morsali A. Influence of

15

gas oil contamination on geotechnical
properties of Fine and coarse-grained
soils. Geotechnical and Geological
Engineering. 2016;34(1):333-345.
DOI: 10.1007/s10706-015-9948-7

[22] ASTM D698-12E2. Standard Test
Methods for Laboratory Compaction
Characteristics of Soil Using Standard
Effort (12 400 Ft-Lbf/ft3 (600 kN-M/
m3)). West Conshohocken, PA:
ASTM (American Society for Testing
and Materials); 2007. DOI: 10.1520/
D0698-12E02

[23] Fazeli G, Farrokhi F, Firoozfar A.
Determination and evaluation of bearing
capacity of clay soil contaminated

with oil pollutants and studying

the geotechnical characteristics of

the substrate [thesis]. Zanjan, Iran:
University of Tabriz Faculty of Civil
Engineering; 2019 (in Persian)

[24] Safehian H, Rajabi AM,
Ghasemzadeh H. Effect of diesel-
contamination on geotechnical
properties of illite soil. Engineering
Geology. 2018;241:55-63. DOI: 10.1016/j.
enggeo.2018.04.020

[25] Khamehchiyan M, Charkhabi AH,
Tajik M. Effects of crude oil
contamination on geotechnical
properties of clayey and sandy soils.
Engineering Geology. 2007;89(3-4):220-
229. DOI: 10.1016/j.engge0.2006.10.009

[26] Abdelhalim RA, Ramli H,

Selamat MR. Investigating the impacts
of oil contamination on geotechnical
properties of laterite soils. Innovative
Infrastructure. Solutions. 2022;7(321):1-
14. DOI: 10.1007/s41062-022-00901-0

[27] Yazdi A, Sharifi E. Effects of
contamination with gasoline on
engineering properties of fine-grained
silty soils with an emphasis on the
duration of exposure. SN Applied



Perspectives and Insights on Soil Contamination and Effective Remediation Techniques

Sciences. 2021;3(7):1-31. DOI: 10.1007/
$42452-021-04637-x

[28] Karpuzcu M, Arbili M, GhaffooriF,
Cabalar A. An assessment of the effects
of light crude oil on the geotechnical
properties of Asoil. International Journal
of Advances in Mechanical and Civil
Engineering. 2018;5:1-4

[29] Karkush MO, Kareem ZA.
Investigation of the impacts of fuel oil on
the geotechnical properties of cohesive
soil. Engineering Journal. 2017;21(4):127-
137. DOI: 10.4186/ej.2017.21.4.127

[30] Shin EC, Lee IB, Das BM. Bearing
capacity of a model seal footing on crude
oil contaminated sand. Geotechnical and
Geological Engineering. 1995;17(9):1-12

[31] Rajaee F, Lashkaripour GR,
Nikudel MR, Ghfoori M. Investigation
of engean-oil contamination effect
ongeothechnical properties of soil
[thesis]. Mashhad, Iran: Ferdowsi
University; 2012 (in Persian)

[32] Shirdel M, Makarchian M.
Investigation of the impact of
considerable oil contamination on
mechanical properties of fine-grained
soils. Marine Engineering. 2020;16(3):97-
106. DOI: 10.29252/marineeng.16.32.97

[33] Saberian M, Khabiri MM. Effect of
oil pollution on function of sandy soils
in protected deserts and investigation
of their improvement guidelines

(case study: Kalmand area, Iran).
Environmental Geochemistry and
Health. 2016;40(1):243-254.

DOI: 10.1007/s10653-016-9897-y

[34] Al-Sanad HA, Eid WK,

Ismael NF. Geotechnical properties
of oil-contaminated Kuwaiti sand.
Journal of Geotechnical Engineering.
1995;121(5):407-412. DOI: 10.1061/
(ASCE)0733-9410(1995)121:5(407)

16

[35] Rasheed Z, Ahmed F, Jassim H.
Effect of crude oil products on the
geotechnical properties of soil. WIT
Transactions on Ecology and the
Environment. 2014;186:353-361.
DOI: 10.2495/ESUS140301

[36] Choura M, Salhi S, Cherif F.
Mechanical behaviour study of soil
polluted by crude oil: Case of Sidi
El Itayem oilfield, Sfax. Tunisia.
Environmental Earth Sciences.
2009;59(3):573-580. DOI: 10.1007/
s12665-009-0055-z

[37] Alhassan HM, Fagge SA. Effects of
crude oil, low point pour fuel oil and
vacuum gas oil contamination on the
geotechnical properties sand, clay and
laterite soils. International Journal of
Engineering Research and Applications.
2013;3(1):1947-1954

(38] Roshanqghiyas M, Bagheripour M.
Effect of crude oil contamination on

the geotechnical properties of kaolinite
clay soil in the road. Transportation
Infrastructure Engineering. 2019;5:101-
112. DOI: 10.22075/]J TIE.2019.17368.1371

[39] Eissa AM. Effects of gasoline-
contamination on geotechnical
properties of clayey soil. African Young
Geotechnical Engineers Conference.
2016;16(12):1-11

[40] Karkush MO, Jihad AG. Studying
the geotechnical properties of clayey
soil contaminated by kerosene. Key
Engineering Materials. 2020;857:383-
393. DOI: 10.4028/www.scientific.net/
KEM.857.383

[41] Oyediran I, Enya N. Crude oil effects
on some engineering properties of sandy
alluvial soil. International Journal of
Mining and Geological Engineering.
2022;56:7-10. DOI: 10.22059/
[JMGE.2020.283051.594815



Effect of Contamination on Geotechnical Characteristics of Soil
DOI: http://dx.doi.org/10.5772/intechopen.1004215

[42] Iloeje A, Aniago V. Effect of crude
oil on permeability properties of the
soil. International Journal of Trend in
Scientific Research and Development.
2016;1(1):39-43. DOI: 10.31142/
ijtsrd5724

[43] Jedari C, Farahani M. Permeability
and compression characteristics of clay
contaminated with kerosene and gasoil.
International Journal of Architecture,
Urbanism and Civil Engineering.
2018;1(3):1-10. DOI: 10.33544/mjauce.
v1i3.72

[44] Gillott JE. Clay in Engineering
Geology. 2nd ed. The University of
Cagary, Canada: Elsevier Science
Limited; 1987

[45] Ostovar M, Ghiassi R,

Mehdizadeh MJ, Shariatmadari N.
Effects of crude oil on geotechnical
specification of sandy soils. Soil

and Sediment Contamination: An
International Journal. 2021;30(1):58-73.
DOI: 10.1080/15320383.2020.1792410

17






Chapter?2

A Review of the Effect of
Hydrocarbon Contamination
on Soil Resistance Parameters

Mahdi Khodaparast and Amir Khoshgoftar

Abstract

Oil contamination and derivatives are some of the types of pollution that can lead
to irreparable damage to the environment. Oil pollution affects the mechanical,
chemical, and dynamic properties of the soil. Petroleum contaminants alter the
structure of cohesive and granular soil. The double-layer thickness of clay will change,
causing the structure of the clay soil to become similar to granular soil. The results
of adding oil contaminants to the soil showed decreases in the internal friction angle
and increase in the cohesion of the soil. The shear strength of the contaminated soil
showed no definite or constant trend of change. When contaminated with acidic
sludge (burned-oil waste derivatives), despite an increase in the cohesion of the soil,
a decrease in the internal friction angle caused a decrease in the shear strength. The
dilatancy angle decreased as the dirt filter contaminant content increased. In more
compact samples, the soil dilatancy angle remained constant after the addition of 3%
dirt filter contaminants at high and low vertical stresses and did not affect the declin-
ing trend for shear strength.

Keywords: hydrocarbon contamination, soil resistance, geotechnical properties,
soil dilatancy angle, direct shear test

1. Introduction

About 83.6 million barrels of crude oil are produced in the world daily and a
significant portion of it penetrates to the soil due to different reasons. This infiltration
can occur by leaking of the transmission pipes or overturning of the crude oil trans-
mission tankers. The soil of refineries is contaminated with oil materials for various
reasons [1]. Biological, Washing, physical, and chemical methods have been intro-
duced to clean contaminated soil, but they are costly and have limitations [2]. In some
cases, due to the large volume of the operation of moving contaminated soil and the
difficulty and uneconomicality of cleaning contaminated soil, the same contaminated
soil can be used, and the shear strength parameters were considered as a criterion for
subsequent designs [3, 4].

Soil contamination with hydrocarbon substances can change the physical,
chemical, and resistance parameters of the soil. So far, there have been many
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studies on the impact of various types of oil pollution on fine- and coarse-grained
soils, and sometimes different results have been obtained. These differences are
mainly due to the different reactions that different types of soil show against
different types of pollution [5]. The poorly graded sandy soil contaminated with
crude oil was examined, and it was found that, as the percentage of oil contami-
nants increased, the shear strength decreased. Crude oil and its derivatives are
mainly composed of hydrocarbons, nitrogen compounds, sulfur, organic metal
compounds, and mineral salts [6]. The duration of contamination, the type of
pollutant, and the type of soil will affect the geotechnical properties of the polluted
soil [7]. Any change in the shear resistance and other engineering characteristics
of contaminated soil layers can cause a decrease in the stability of slopes, decrease
the bearing capacity, and increase the total and relative settlement of structural
foundations [8].

Nasehi et al. [9], by performing a direct shear test on the ML, CL, and SP soil
contaminated with gas oil, showed a decrease in the optimum moisture content,
soil friction angle, and relative soil density and an increase in soil cohesion with an
increase in the contaminant content. Also, Saberian and Khabiri [10] stated that with
sand pollution to 8% of gas oil, the optimum moisture content decreased by 4 percent
and increased the maximum dry unit weight from 18.25 to 19.27 kN/m’.

Karkush and Kareem [11] stated that by performing a direct shear test on clayey
soil contaminated with 20% crude oil, the internal friction angle of the soil decreases
by 12 degrees. They also discovered a 28.5% reduction in undrained soil cohesion.
Kermani and Ebadi [12] tested clay soil contaminated with oil and reported that
increased oil contamination decreased soil cohesion.

The soil investigated in this chapter has been exposed to pollutants and waste
from a petroleum factory. This included the waste from burned oil from a refin-
ery. Different studies have been conducted on the impact of hydrocarbons and
petroleum pollutants, including crude oil, gasoline, diesel, motor oil, and burned
motor oil in fine and coarse soils, but little study has been done on soil contamina-
tion by waste from burned oil from refineries. Burned oil refining factories bury
this substance, which causes soil pollution. A literature review showed that the
contamination of different types of soil by hydrocarbons would cause different
changes in the soil geotechnical parameters. The results of these studies should be
compared and analyzed; therefore, a complete and accurate study of the mecha-
nisms of hydrocarbon contamination and its derivatives on the characteristics of
the soil is required. This chapter was conducted to investigate differences in the
process of change in the geotechnical parameters of all types of soil contaminated
with hydrocarbons, especially acidic sludge and dirt filter residue, both waste
products from a burned oil refinery.

2. Data and method

In previous studies, different types of soil with different weight percentages were
mixed with crude oil and its derivatives and then tested to determine the impact of
the pollutant on the resistance soil, compaction, soil settlement, etc. of the soil. In
this chapter, the results of changes in the parameters of the contaminated soil were
extracted using the data available from other research with the help of appropriate
software (Get Data Graph Digitizer) and evaluated and analyzed. And secondly, in
order to identify the contamination effect of materials obtained from the burning oil
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treatment on the compaction parameters of the soil, a modified proctor test was per-
formed according to standard ASTM D698 [13] as well as a 100 x 100 mm sample box
direct shear test to check the trend of soil resistance parameters according to standard
ASTM D3080 [14] with contamination percentages of 0, 3, 6, and 9.

The choice of these pollutant values is to investigate the effect of low pollution
on the geotechnical properties of the soil because when the contamination is high,
it is taken into consideration and cleaned, while it may be ignored in low pollution
percentages. Shroff [15] also showed that the maximum percentage of oil contamina-
tion in soils is about 10%.

The shear test was performed with a vertical stress of 10, 30, and 50 kPa with dry
unit weight 1.7 and 1.9 g/cm? to investigate the effect of the depth of contaminated
soil according to Table 1.

2.1 Soil properties and study area

The studied soil was collected from the landfill site of the waste from the burned
oil refining factories located in the industrial city of Salafchegan. As shown in
Figure 1, the city of Salafchegan is located 35 kilometers west of Qom. This city is
located on the Qom- Arak road. The geological setting of the Saveh-qom basin is also
presented in Figure 2 [17]. The soil gradation (SC) test was performed according to
the standard of ASTM D422 [18], and the characteristics of the studied soil are shown
in Table 2 (Figure 3).

2.2 Contaminant properties

In this chapter, firstly, different types of soil with different weight percentages
were mixed with crude oil and its derivatives. Secondly, the waste material from the
burned oil refining factories (acidic sludge and dirt filter) was used as a pollutant.
The primary components of these two contaminants, as determined from x-ray
fluorescence tests, were zinc, ferrum, plumbum, cuprum, phosphorus, dust, glycols,
carbon, phenols, polymers, asphaltene, polymethacrylates, sulfonates, amines and
phosphonates. The results of XRF testing are shown in Table 3, respectively.

Number of tests Type/Value Parameter
2 Acidic sludge Contaminant type
Dirt filter
2 17 Dry unit weight (kN/m?)
19
2 0.1-0.3-0.5 Vertical load steps (kg/cm3 )
0.5-1-1.5
4 0 Contamination content
3
6
9
Table 1.
Test conditions.
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Figure 1.
(a) Position of the Qom city, (b) Position of the Salafchegan city, and (c) Satellite image of Salafchegan
industrial region.
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Regional geology of a sector of Central Iran comprising the Salafchegan city [16].

22



A Review of the Effect of Hydrocarbon Contamination on Soil Resistance Pavameters
DOI: http://dx.doi.org/10.5772/intechopen.1006747

NMC o OMC ® Ydmin (KN/m?) Yd max PL LL C. C, Parameter
(%) (kN/m’) (%) (%)
351 89 14.72 20.48 15 30 4.52 331.92 Value
Table 2.
Soil properties.
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Figure 3.
Grain-sige distribution curve of soil.

3. The effect of contamination on soil geotechnical parameters

The effect of pollution on granular soils is physical, and on cohesive soils, it is a
change in soil texture. Generally, cohesive soil is more affected by oil contamination.
Past research shows that soil compaction and resistance parameters decrease when
hydrocarbon substances contaminate soil.

3.1 Compaction parameters

The modified compaction test was carried out on contaminated soil with zero
moisture percentage in order to identify the effect of the contamination of materials
resulting from the treatment of burned oil on the compaction parameters of the soil.
Figure 4 shows that with the increase of acid sludge contaminations up to 4.2% due to
the reduction of void soil and easier sliding of grains soil, the maximum dry soil unit
weight increases. But with increasing contamination due to the separation of grains of
soil from each other, the maximum dry soil unit weight decreases.

With 5.1% contamination of the dirt filter, first, the specific weight of the soil
increased, then due to the filling of the spaces between the soil grains, the specific
weight decreased.

The results of other researchers are shown in Table 4, as it is clear that the specific
dry weight of the soil decreased with the increase of contamination.

Figures 5 and 6 show that the addition of 12% crude oil to the soil caused a 2.5%
decrease in the maximum dry weight and a 50% decrease in the optimum mois-
ture content [25]. Karkush and Jihad [27] and Ghadyani et al. [24] stated that soil
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Maximum dry unit weight of soil by percentage of (a) dirt filter, and (b) acidic sludge contaminants.

References Soil Type of Content Curing MDD OMC
type contamination (%) period
Sarmadi et al. [19] SP Iran Kerosene 0-3-6-9- Two D D
12-15 weeks
Fazeli et al. [20] SC, Iran Gas oil 0-2-4-6 One D D
month
Crude oil D D
George etal. [21] SM Gas oil 0-4-8-12 A week FID
India
Khamehchiyan et al. SP, Iran Crude oil 0-4-8- One D D
[22] 12-16 month
SM D D
CL D D
Nasehi et al. [9] SP, Iran Gas oil 0-3-6-9 One D D
month
CL D D
ML D D
Roshanghiyas and CL Iran Crude oil 0-2-4-6— One I D
Bagheripour [23] 8-10 month
Ghadyani et al. [24] CH Iran Kerosene Gas oil 0-3-6-9 One I D
month I
Karpuzcu etal. [25] SC, Crude oil 0-6-12 Two D
Turkey weeks
CL
Choura et al. [26] SP Crude oil 0-5-10
Al-Sanad et al. [5] SP Crude oil 0-2-4-6 I
Kuwait

Note: MDD: Maximum dry density, OMC: Optimum moisture content, FID: First increased and then decreased, I:
Increased, D: Decreased.

Table 4.

Optimal moisture percentage and maximum specific dry weight of soil types contaminated with hydrocarbon and
non-carbon materials.
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Optimum moisture percentage of soil contaminated with crude oil.

contaminated by hydrocarbon substances would reach the maximum dry weight of
the soil at a lower optimum moisture percentage.

3.2 Soil resistance parameters
3.2.1 The effect of contamination on the internal friction angle of the soil

Mohr-Columb rupture cover is generally curved, but it is linear in low vertical
stresses, and the results presented by the researchers are also assumed to be linear.
Usually, with the addition of hydrocarbon materials to the soil, these materials are
placed between the soil grains and cause a decrease in the firm connection between
the soil particles and the easier sliding of the soil grains on each other, and finally, the
internal friction angle of the soil is reduced.

Asitis clear in Table 5, with the increase of soil contamination, the friction angle
of the soil decreases.

As shown in Figure 7, with an increase in vertical stress, the process of reduc-
ing the internal friction angle of the soil has increased. As the soil particles became
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Dry unit weight (kN/m>) Vertical stress (kg/cmz) Contaminant content
0 3 6 9
(@
17 0.1-0.3-0.5 44 43 42 38
0.5-1-1.5 42 41 40 34
19 0.1-0.3-0.5 49 48 44 43
0.5-1-15 47 35 34 34
(b)
17 0.1-0.3-0.5 44 42 41 41
0.5-1-1.5 42 35 34 34
19 0.1-0.3-0.5 49 41 39 38
0.5-1-1.5 47 41 37 33
Table 5.

Soil friction angle according to percentage of (a) dirt filter, and (b) acidic sludge contaminants.
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*U.W= Unit Weight (kN/m?) *#* N §= Normal Stress (kg/cm?)
Figure 7.

Variation of internal friction angle of soil contaminated with different percentages of acidic sludge.

more compacted, acidic sludge had the function of a lubricant that reduced friction
between soil particles. The internal friction angle of the soil sample with higher
vertical stress with a dry unit weight 17 kN/m? has decreased by about 8 degrees, and
the sample with a dry unit weight 19 kN/m’ has decreased by about 14 degrees.

As can be seen in Figure 8, the dirt filter grains are placed around the soil grains,
causing the soil grains to move away from each other and lose them—roughness and
friction of the soil.

Figure 9 shows the process of reducing the internal friction angle of soil contami-
nated with dirt filters on heavy and light vertical stresses. The reason for this reduc-
tion is because the polluting substance is placed between the soil grains, causing the
grains to move away from each other. As a result, the internal friction angle of the soil
decreases.
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Figure 8.
Behavior of soil contaminated with dirt filter.
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Figure 9.
Variation of internal friction angle of soil contaminated with different percentages of dirt filter.

3.2.2 The effect of contamination on the soil cohesion

By adding the polluting substance to the soil particles, the particles of this polluting
substance are placed between the soil grains, and its surface active agents create a
van der Waals bond with silica and other soil elements due to the non-polarity of
the acidic sludge. The pollution of these bonds has increased, and the soil particles
around the acid sludge particles begin to bond and finally stick to the particles, which
results in an increase in soil cohesion.

By adding a dirt filter to the soil, the cohesion of the soil increases, which is due to
the change in the nature of the soil. With increasing pollution, granular soil behaves
like cohesion soil. This process of increasing cohesion is shown in Table 6.

Figures 10 and 11, respectively, show the increase in cohesion of soil contaminated
with acidic sludge and dirt filters under light and heavy stresses.

Table 7 shows the results for other contamination soils. The changes in the internal
friction angle and cohesion of the contaminated soil generally decreased, depending
on the type of soil and the pollutant. For granular soil, lubrication between the grains
caused grain sliding and a decrease in the internal friction angle.

3.2.3 The effect of contamination on the shear strength of soil

Figure 12 shows that the shear strength of soil contaminated with acidic sludge,
which is dependent on the combined effects of the internal friction angle and soil
cohesion, had no clear and constant trend of change. In general, except at a vertical
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Dry unit weight (kN/m>) Vertical stress (kg/cmz) Contaminant content
0 3 6 9
(@
17 0.1-0.3-0.5 0.051 0.166 0.119 0.12
0.5-1-1.5 0.107 0.265 0.267 0.169
19 0.1-0.3-0.5 0.129 0.16 0.182 0.342
0.5-1-1.5 0.06 0.393 0.364 0.5
(b)
17 0.1-0.3-0.5 0.05 0.074 0.076 013
0.5-1-1.5 0.11 0.135 0.21 0.263
19 0.1-0.3-0.5 013 0.225 0.167 0.192
0.5-1-1.5 0.06 0.207 0.229 0.258
Table 6.

Soil cohesion resulting from (a) dirt filter contaminants, and (b) acidic sludge.
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Figure 10.
Variation of cohesion of soil contaminated with different percentages of acidic sludge.

stress of 0.1 kg/cm2, the shear resistance of the soil decreased. It is evident that, with
an increase in the vertical stress of the soil, its shear resistance increased as the soil
grains grew close together and the grains locked.

Low vertical stresses such as 0.1 kg/cmz, contamination caused an increase in
the shear resistance of the soil. At a higher vertical stress, the soil shear resistance
decreased when contaminated with pollutants. The reason for this could be that,
under a vertical stress of 0.1 kg/cm’, the addition of a pollutant to the soil caused
the filling of the space between the grains and eventually caused them to lock. This
increased the shear resistance of the soil. Under vertical stresses, with the closeness of
the grains, the addition of a pollutant increased the distance between the grains and

29



Perspectives and Insights on Soil Contamination and Effective Remediation Techniques

=g U W=17 - N.§=0.1-0.3-0.5 === U W=19 - N.§=0.1-0.3-0.5
U.W=17-N.8=0.5-1-1.5 U.W=19 - N.§=0.5-1-1.5
0.58 +
~ 05+
B ool
g 0.34 + -
s e
'% 0.26 + 0-",.«"
= - =~ -
S M8 L L el —nno oW
0.1 A e . e e
0.02 ¥ : : ‘
0.0 3.0 6.0 9.0
Dirt Filter percent (%)
*U.W= Unit Weight (kN/m?) ** N.S= Normal Stress (ke/cm?)
Figure 11.

Variation of cohesion of soil contaminated with different percentages of dirt filter.

References Curing Vertical  Content Type of Soil Soil Soil
period stress (%) contamination  type friction  cohesion
(kPa) angle (kPa)
)
Safehian et al. [28] A week 50-100- 0 Gasoil CH 39 52
150 4 37 413
8 36 34.5
12 36 325
16 35 31
20 34 30.6
Khamehchiyan One 55-110- 0 Crude oil SP 35 0
etal. [22] Month 160 4 0 33
8 32 8
12 29 76
16 27 6.2
0 SM 33 274
4 33 199
8 32 22.7
12 26 20.8
16 26 34
0 CL 26 74.8
4 27 284
8 28 194
12 29 194
16 34 18
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References Curing Vertical ~ Content Type of Soil Soil Soil
period stress (%) contamination type friction cohesion
(kPa) angle (kPa)
)
Saberian and 55-111- 0 Gas oil SP 39 0
Khabiri [10] 222 3 35 102
5.25 32 174
8 31 26.7
Nasehi et al. [9] One 24-44— 0 Gasoil CL 19 121
Month 64 3 14 114
6 6 14.3
9 6 14.6
0 ML 21 9.9
3 18 9.8
6 14 11.3
9 11 12.4
0 SP 20 74
3 19 84
6 15 124
9 14 12.2
Askarbioki et al. 48 Hours  50-100- 0 Gasoline SC 28 14.9
[29] 150 1 25 137
3 23 135
5 23 13
Rasheed et al. [30] One Day 0 Gasoil SPSM 12 18
3 17 11
5 26 4
75 32 1.1
Gasoline 12 18
3 14 16.5
5 15 14.2
75 20 12.3
Karkush and Four 50-110- 0 Crude oil CL 37 66
Kareem [11] Days 220 10 30 37
20 25 22
Choura et al. [26] 0 Crude oil SP 31
5 52
10 40
Karpuzcu etal. Two 100- 0 Crude oil CL 26 0
[25] Weeks 200-300 6 31 29
12 23 673
0 SC 39 244
6 30 102.4
12 36 1395
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References Curing Vertical ~ Content Type of Soil Soil Soil
period stress (%) contamination type friction cohesion
(kPa) angle (kPa)
)
Sarmadi et al. [19] Two 50-100- 0 Kerosene SW 38 0
Weeks 150-
200-250 3 ¥ >6
6 33 6.4
9 32 6.8
12 31 71
15 30 73
10 20 41
20 18 36
30 18 32
Table7.

Cohesion and internal friction angles of soil contaminated with hydrocarbons by maximum specific dry weight density.
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Figure 12.
Shear strength of soil contaminated with acidic sludge under vertical stress (0.1, 0.3, 0.5, 1, 1.5 kg/em®) at a
specific dry weight of 1.9 g/cm?.

made it easier for the soil grains to slide relative to one another. As a result, the shear
resistance of the soil decreased.

Figure 13 shows that the shear strength of soil contaminated with dirt filter
residue increased at all vertical stresses except 1.5 kg/cm?. Under a vertical stress of
0.1 kg/cm2, with the addition of 9% dirt filter residue to the soil, its shear strength
increased from 0.221 to 0.479 kg/cm’.

3.3 Soil vertical deformation

As shown in Figures 12 and 13, when the soil is contaminated, the vertical defor-
mation does not show very different behavior in different percentages of contami-
nation. In fact, in soil samples, there is a lot of conflict between the grains and the
locking between them, and the grains cause expansion and expansion of the soil
by moving on each other. In general, in most of the stresses, soil contamination has
reduced the expansion of the soil (Figures 14 and 15).
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Figure 13.
Shear strength of soil contaminated with divt filter under vertical stress (0.1, 0.3, 0.5, 1 and 1.5 kg/em?) at specific
dry weight of 1.9 g/cn?’.
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Figure 14.

Horigontal displacement-vertical displacement diagram of acid sludge samples with different contamination
percentages under vertical stress of 1 kg/em? and dry specific gravity of 1.7 g/en?.
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Horizontal displacement-vertical displacement diagram of dirt filter samples with different contamination
percentages under vertical stress of 1 kg/cm® and dry specific gravity of 1.7 g/cm?.
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3.4 Effect of oil on soil structure

Clay particle placement can be categorized as mass or complex, coagulated or
non-coagulated [31-33]. Therefore, the particles tend to be oriented face-to-face in a
dispersed or divergent structure. If the forces are attractive, the particles tend to be
oriented corner-to-face or corner-to-corner depending on the complex structure of
the particles [34-36].

Considering that the structure of soil particles depends on the charge capacity of
the electrostatic field, when clay is contaminated by hydrocarbons, their low dielec-
tric constant and non-polarity will reduce the absorption capacity and force between
the particles. This has a function similar to insulation; thus, it will affect the overall
structure of the clay particles. As a result, the electrostatic field between the particles
will push them toward repulsion and the degree of flocculation of the structure will
decrease, giving it a scattered appearance [20].

Figure 16 shows that, with the addition of crude oil contamination to clay soil,
the stickiness and low dielectric constant of the crude oil will cause a decrease in
the double layer thickness that will cause edge-to-edge or edge-to-side formation
of the soil particles. This means that, practically, the soil will become coagulated or
flocculated.

Figure 17 shows that the addition of crude oil pollutants to a mixture of sandy
and clay soil caused it to become flocculated with a scattered structure. The specific
surface area of the soil decreased. This decreased the specific surface area of the
soil and indicated a decrease in the resistance of the soil affected by the crude oil
contamination [39].

In granular soil, unlike fine-grained soil, where the structure of the soil changes,
the contaminant will surround the soil grains. The high viscosity of the hydrocarbon
materials will cause lubrication between the soil grains and ultimately lead to a
decrease in the surface tension between soil grains.
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Figure 16.
SEM images of soil texture at 10,000x for uncontaminated samples and 20% crude oil contamination [37].
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Figure 17.
SEM images of soil texture at 20000x of samples of: (a) 60% kaolinite +40% sand; (b) 60% kaolinite +40% sand
+16% crude oil [38].

4. Discussion

Nowadays, the change of geotechnical characteristics of soil as a result of pollu-
tion by petroleum materials is considered as one of the challenges of geotechnical
engineers. In this chapter, the effect of this pollution on the parameters of shear
strength and shear behavior was investigated by performing direct shear tests and
compression tests.

The results of the compaction test showed that soil contamination with hydrocar-
bon materials increases the compressibility of the soil. In fact, the high viscosity of
hydrocarbon materials compared to water makes it easier for grains to move and slide
more easily, which makes it possible to achieve higher densities.

The shear strength of the soil contaminated with hydrocarbon materials does not
have a clear trend, but generally the internal friction angle of the soil decreases due to
the easier sliding of the soil grains and the cohesion of the soil increases.

5. Conclusion
The following are the results of the present study

* the increase of acid sludge contaminations up to 4.2% due to the reduction of
void soil and easier sliding of grains soil, the maximum dry soil unit weight
increases.

* the dirt filter grains are placed around the soil grains, causing the soil grains to
move away from each other and lose them—roughness and friction of the soil.

* with the addition of hydrocarbon materials to the soil, these materials are placed
between the soil grains and cause a decrease in the firm connection between the
soil particles and the easier sliding of the soil grains on each other, and finally,
the internal friction angle of the soil is reduced.
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* Under similar experimental and loading conditions, an increase in the contami-
nant content decreased the soil dilatancy angle. Under general conditions, the
shear strength of soil will decrease with a decrease in the soil friction angle,
which will decrease the dilatancy angle, except where the contaminant acts as a
lubricant between soil particles.

* Dirt filter contamination at a dry unit weight of 1.7 g/cm® under high and low
vertical strengths caused the contaminants to act as lubricants and boosted the
shear strength of the soil. Further contamination filled the void spaces between
the soil particles and caused a decreasing trend in soil shear strength.

6. Proposals for future research

In order to better analyze, suggestions for future research are presented as follows:

* Investigation of Shear Modulus variations of crude oil contaminated clay on
small-strain range.

* The influence of hydrocarbon materials on the geotechnical properties of soil
with Bending element, reinforcement column test.

* Designing a neural network in order to predict changes in geotechnical param-
eters of different soils using the results and data provided by other researchers.

* Investigating the effect of oil contamination on other geotechnical soil param-

eters including consolidation, Bearing capacity, settlement, permeability coef-
ficient, liquefaction potential, and slope stability.
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Chapter 3

Soil Biogeochemical Factors
Influencing Mobilization of Toxic
Elements in Mine-Contaminated
Soils and Remediation Potential
of Plants

Albert Kobina Mensah and Emmanuel Amoakwah

Abstract

This study provides a current review on the impact and presence of potentially
toxic elements (PTEs) in the environment as they pertain to mining operations.
Emphasis is placed on the significance of implementing strategies to mitigate PTE
contamination to safeguard the health of humans, plants, and animals. The sig-
nificance of soil biogeochemical or governing factors that affect the mobilization
of potentially toxic elements in mine-contaminated soils is examined in this study.
Furthermore, these parameters assist the researcher or scientist in determining
which remediation and mitigation strategies are most suitable for the contaminated
site. The paper explains how soil pH impacts the toxicity and behavior of metal
and nonmetal species. It describes how the mobility of cationic trace elements is
enhanced at lower pH levels, whereas the mobility of anionic species is increased
at higher pH levels. Additionally, the significance of soil redox chemistry in rela-
tion to the mobility and solubility of trace elements, specifically in the presence
of inundation, is thoroughly elaborated in this review. Furthermore, this study
presents the impact of redox conditions on the fare of transport of PTEs in flooded
soils and aquatic environments. Ultimately, we argue compelling justifications for
eco-friendly alternatives, revegetation, phyto-cleaning of PTEs, and restoration of
contaminated mine sites.

Keywords: soil redox chemistry, sesquioxides, phytoremediation, potentially toxic
elements, arsenopyrites, soil biogeochemistry

1. Introduction

Mining has serious consequences for the environment, causing soil and water
quality to deteriorate as heavy metals accumulate. This has an unfavorable effect on
the aquatic habitats of various fish species. The activity also has an impact on the
volume of water supplied to mining towns, resulting in an increase in water treatment
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costs. This, in turn, has a negative impact on the economic well-being of those who
live in these areas and rely on water supplies. According to Mensah et al. [1] and
Mensah and Tuokuu [2], the long-term social and environmental effects of mining

in host communities can be attributed to a number of flaws, including insufficient
community participation or involvement of project-affected individuals, difficult and
time-consuming registration processes for small-scale mining businesses, insufficient
mining policies, and lax enforcement of mining regulations [4].

Potentially toxic elements (PTEs) like arsenic, cadmium, mercury, lead,
antimony, selenium, and thallium can be found naturally in the environment but
are also released by humans, notably in mining and industrial processes. These
PTEs can contaminate the land, water, and air, causing serious health concerns to
people and other species. High PTE concentrations can cause acute toxicity and
even death, while low quantities can cause diseases and problems to develop over
time. The presence of PTEs in mining sites is a big concern since it can contaminate
nearby vegetation, crops, soil, surface water, and groundwater. Strategies for land
restoration and alternative land use are required to reduce these dangers and protect
human, plant, and animal health. Arsenic, for instance, is a well-known carcinogen
that can result in a variety of cancers. Other PTEs, such as cadmium, mercury, and
lead, have a negative impact on human health, disrupting vital enzymes, kidney
function, and brain processes. Overall, the presence of PTEs in the environment
poses serious health hazards, necessitating comprehensive management and
remediation measures.

To ensure the mining industry’s long-term sustainability, polluted and damaged
mining sites must be gradually restored and rehabilitated during the active period and
at the end of the mine’s project life cycle. Furthermore, it is critical to apply sustain-
able measures to repair the damage caused to the land during mineral extraction,
restore mine sites, and ensure the safe reutilization of the land. Inevitably, such mea-
sures must be implemented to preserve the survival of the ecosystem and the well-
being of both humans and animals in mining areas. There is an urgent need for mild
remediation studies to address the potential harm caused by contaminated abandoned
gold mining spoils [3]. One of the strategies employed is “green remediation,” which
has been identified as a moderate in situ remediation strategy [4].

So far, a variety of physical and chemical techniques have been used or proposed
to restore or recover the integrity of polluted and deteriorating mine sites. The use of
physical and chemical stabilizing techniques in the restoration of mine-affected lands
is a topic of ongoing discussion in scientific literature. These processes have the ability
to either impede or facilitate the movement of potentially hazardous elements (PTEs)
in contaminated areas [5, 6]. The physical strategy mostly involves filling excavated
holes, modifying the topography, and then removing contaminated dirt from the
surface and replacing it with clean, uncontaminated topsoil. Furthermore, the
physical method uses containment techniques like barriers, caps, and liners to prevent
dangerous substances from migrating and spreading into the surrounding ecology
and mining communities [7].

Chemical treatments using oxides (e.g., iron oxides) have also been used to sta-
bilize pollutants, reducing their solubility and thereby reducing their environmental
and human health consequences [5, 8, 9]. Mensah et al. [3] found that using compost
and manure on an abandoned mining site contaminated with As in Ghana increased
the bioavailable As content by 332 and 315%, respectively. Hussain et al. [10] found
that applying cow dung manure to an arsenic-contaminated area increased soil
organic carbon content. This, in turn, reduced the availability of As in a paddy field
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in Pakistan. Alternatively, changes in soil pH and redox conditions may cause the
dissolution of organic carbon and metal oxides used in chemical treatments. They
may then release these compounds when PTEs adhere to or are absorbed by their
surfaces, contaminating groundwater and the food chain [11-13]. Furthermore, Yang
etal. [14] observed that applying biochar to a polluted area during floods increased
the solubility of arsenic (As), resulting in higher mobilization and release of the
contaminants.

Thus, the successful deployment of these physicochemical technologies to repair
large areas of heavily polluted land may necessitate major financial investment as well
as specialist skills in attentive monitoring, continuing quantification, and evaluation.
At the same time, the viability of employing these approaches to rehabilitate substan-
tial areas of polluted and deteriorating mining sites may fall short of the standards
for socioeconomic and environmental sustainability for the mining corporation, local
population, and adjacent ecosystems.

Phytoremediation through revegetation, which uses plants to restore polluted and
damaged mine sites, could be a low-cost way for the mining industry to achieve long-
term sustainability for the host mining community, its environment, and its economy.
For example, the strategy could be used to address heavy metal contamination issues
in gold mine soils [15, 16]. Therefore, by reducing food chain contamination, limit-
ing the mobility of PTEs, reducing metal transfer into surface and groundwater, and
guaranteeing a metal-contaminated-free environment, and mine land revegetation
could lessen the negative effects of PTEs on human health. Furthermore, revegeta-
tion may aid with carbon sequestration, regulate wind and water erosion, guarantee
water quality, lessen runoff from contaminated mining waste, preserve and improve
soil fertility, and conserve soil moisture. In Ghana, revegetation is still a developing
environmental engineering science that requires more in-depth investigation and
study to expand its applicability. In addition, the pros and cons of various case stud-
ies, experiments done in the field and in a greenhouse, and applications in restoring
mine-damaged sites from different mining companies in Ghana need to be docu-
mented and carefully evaluated. By so doing, the success stories and positive lessons
can be upscaled and the challenges rectified to clean and reclaim the country’s many
polluted and degraded mine sites. To this end, we critically:

i. provide the most recent review and elucidation on the factors that could influ-
ence mobilization and bioavailability of PTEs; and

ii. appraise the science of revegetation for phytoremediation of PTE-
contaminated mine sites.

2. Soil biogeochemical factors influencing bioavailability and
mobilization of potentially toxic elements

2.1Influence of soil pH

Soil pH is an important component influencing sorption and desorption, oxida-
tion state, solubility, mobility, and therefore toxicity of metal and nonmetal species
in soils [17-19]. Under acidic conditions, H+ ions displace metal cations from soil
components’ cation exchange complexes (CECs), causing metals to be liberated from
sesquioxides and variable-charged clays where they have been chemisorbed (specific
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adsorption). Metal retention by soil organic matter is also worse at low pH, resulting
in more accessible metal in the soil solution. As a result, numerous cationic PTEs,
including as Cd, Cu, Hg, Ni, Pb, and Zn, become more soluble and mobile in soil solu-
tions at low pH (below than 5.5). Thus, for cationic trace elements, lower pH results
in more mobility and availability, whereas higher pH leads in greater mobility and
availability for anionic species (e.g., [17]). For anionic PTEs, the argument is that as
pH increases, the electronegativity of silicate secondary minerals decreases, facilitat-
ing availability. Furthermore, at high pH, the positive charge on the surfaces of oxides
declines, as does their activity and efficacy for sorption, and thus, their retention

for anionic PTEs decreases [20], whereas cationic characteristics rise. Many earlier
investigations have revealed the impact of pH on PTE solubility and availability.

For example, Mamindy-Pajany et al. [21] stated that analyzing the behavior of
As(V) on mineral adsorbents containing Fe (e.g., hematite and goethite) as a func-
tion of pH helps in determining the best treatment for As stabilization in polluted
sediments. Furthermore, in their investigation on the mobility and phytoavailability
of Asin contaminated soil, Beiyuan et al. [22] found that pH is an important environ-
mental component, with higher As mobility occurring at lower redox potential and
higher pH. Furthermore, batch leaching tests at various pH levels by Al-Abed et al.
[23] revealed a strong pH dependence on As and Fe leaching. This experiment aimed
to better understand the effect of pH on As availability and solubility, as well as to
explain pH as a significant element in adsorption and mobility.

According to Violante et al. [19], as pH increases within a specific range, soil
sorption capacity reduces due to a decrease in the positive charge of minerals. Thus,
increasing pH reduces the soil’s sorption capacity for anionic PTE species [19]. Previous
writers (e.g., [24-26]) interpreted anions’ sorption capability in terms of “inner-sphere
sorption and outer-sphere sorption” phenomena. They discovered that ions or mol-
ecules that are precisely sorbed replace OH- or OH2 groups on the surfaces of variable
charge minerals. These reactions occur at low pH and cause OH- groups to receive
protons. ‘Inner-sphere sorption” is also known as particular sorption [26]. Arsenic
species such as As(V) and As(III) form inner-sphere complexes [19]. O’Reilly et al. [27]
pointed out that depending on pH of the medium and surface coverage, As(V) may
form different surface complexes on inorganic soil components. For instance, As(V)
is sorbed more than As(III) in a wide range of pH. Arsenite, on the other hand, is also
reported to be sorbed more than arsenate in basic pH medium on ferrihydrite [19].

Mamindy-Pajany et al. [21] used adsorbate and adsorbent surface charge phenom-
ena and ionization capabilities to explain the pH dependence of As species adsorp-
tion. They also said that negatively charged arsenate species (H2AsO*, HAsO4%, and
AsO4”) predominate at higher pH. The surface charge of adsorbents is determined
by proton transfer processes between the solution and the mineral surface, which can
be positive, negative, or zero depending on the pH level. Iron oxides, for example,
have a point of zero charge that corresponds to the pH value (pHZPC: pH at the zero
point of charge), which means that the mineral surface charge is zero. In this regard,
Mamindy-Pajany et al. [21] found that arsenate adsorption is facilitated when the
surface charge of adsorbents is positive.

2.2 Influence of soil redox chemistry

Water saturation in sediments and soils affects their chemical and biological
characteristics, microbial populations, and soil activities. Soils in such settings go
through a series of reducing and oxidizing reactions when they transition from
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aerobic to anaerobic conditions during flooding [28]. Thus, the redox potential (EH)
determines the solubility of anions and cationic PTEs during flooding conditions.
This occurs either directly through changes in the soil EH caused by wetting and
drying regimes or indirectly through changes in pH, dissolved organic carbon (DOC),
and the chemical behavior of Al, Fe, Mn, and S [11, 17, 29, 30].

For example, a decrease in EH during flooding and rainy regimes may increase
pH, hence improving As mobility, and vice versa [30, 31]. Also, redox potential could
trigger metal reduction during reducing periods (e.g., from AP* to Al*, Fe** to Fe*",
and Mn’* to Mn™"), resulting in the release of arsenic or mercury linked to reduc-
tively dissolved Al/Fe/Mn oxides. The opposite is true when oxidizing conditions are
prolonged and dry.

Redox also influences PTE mobilization by inducing indirect changes in soil
organic matter. Soil carbon is commonly considered as an excellent transporter of
metals and nonmetals. This is because carbon’s surface contains many positive ions,
which provide fertile sorption grounds for PTEs and so reduce or increase their
mobility. Under redox circumstances, organic matter has a wide range of effects on
PTE mobility.

Mensah et al. [32] presented the following ideas for controlling or governing PTE
mobility via the content of C or OM: (i) reductive dissolution of organic matter (OM)
leading to the release of bound-PTE; (ii) pH change accompanying reduction reac-
tions involving OM desorption—causes desorption of held-PTE; (iii) production of
dissolved organic matter due to the presence of microbial biomass reduction of micro-
bial biomass present in soil, which ultimately will affect PTE release; and (iv) reduc-
tive dissolution of organic matter leading to the release of Mn- and Fe-oxyhydroxides
bound to organic matter.

The availability of potentially mobile PTE fractions influences the redox poten-
tial, which governs PTE’s environmental toxicity. For example, potentially mobile
fractions of As include un-specifically bound As, As specifically sorbed on mineral
surfaces, As bound to amorphous and low crystalline iron oxides, and As bound to
crystalline iron oxides [33, 34]. These fractions may become available due to envi-
ronmental changes such as pH and redox conditions. For example, during reducing
circumstances, As bound to Fe oxide fractions may be liberated [12], making it avail-
able for environmental pollution and accumulation in the food chain. Thus, flooding
conditions and prevailing EH may influence plant uptake and translocation of critical
elements and pollutants [35, 36].

Furthermore, redox circumstances have a significant impact on the fate of PTE
such as As or Hg movement by changing their oxidation states. This impacts their
mobility and toxicity in watery situations and waterlogged soils [37]. As previously
stated, As(III) is more mobile than that of As(V). This could be aided by the presence
of reducing chemicals in soil, which can reduce As(V) to As(III). Thus, the addition
of organic matter or purposeful waterlogging of fields could hasten this decline and
boost As availability [30, 38]. As(V) is extensively retained by inorganic soil compo-
nents; hence, microbial oxidation causes As to be immobilized. Arsenic is present in
well-drained soils as As(V), and in reduced soils as As(III), along with the elemental
form As (As-0) and arsine (H2As) [39].

2.3 Influence of metal oxyhydroxides (Al/Fe/Mn)/sesquioxides

Metal oxides (Al, Fe, and Mn) have an important role in PTE mobility in soils and
aquatic systems. Sesquioxides is the usual word for these metal oxides. Sesquioxides
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are oxides of an element or radical with a 2:3 ratio of the element’s and oxygen’s atom
counts. Sesquioxides include oxides of phosphorus (III) and aluminum (A1203). Many
sesquioxides, such as aluminum oxide AL,O;, lanthanum (III) oxide La,0;, and iron
(IIT) oxide Fe;0s, contain a metal in the +3-oxidation state along with the oxide ion O,".

Sesquioxides of iron and aluminum are found in soil. Alkali metal sesquioxides are
unique in that they include both peroxide and superoxide ions. For instance, rubidium
sesquioxides Rb4Og are produced as (Rb*)4(0,7%) (072),. Other exceptions to sesqui-
oxides of metalloids and nonmetals include phosphorus (III) oxide P,Og, dinitrogen
trioxide N,0s, and boron trioxide B,0s.

Metal oxides have high, active surface areas and are amphoteric, making
them ideal for soil pollutant sorption and immobilization via specific sorption, copre-
cipitation, and the formation of inner- and outer-sphere complexes [8, 39]. Thus, the
surfaces of iron hydrous oxides may play a crucial role in the preservation of PTE. A
positive charged surface, for example, promotes As adsorption, and vice versa.

Metal oxides with large surface areas, such as ferric oxides, manganese oxides, alu-
minum oxides, titanium oxides, magnesium oxides, and cerium oxides, are regarded
potential adsorbents for PTE treatment [40, 41]. Mench [42] found that applying iron
oxides to As-contaminated garden soils resulted in decreased water extractable-As
content and lower uptake in plant tissues.

Similarly, Hartley and Lepp [43] evaluated the efficacy of four Fe-bearing addi-
tions for As reduction in three contaminated soils (canal dredging, coal fly ash depos-
its, and low-level alkali waste). Goethite outperformed iron grit, iron II sulfate + lime,
and iron III sulfate + lime in terms of reducing plant shoot As content.

Furthermore, the processes of protonation and deprotonation of metal oxyhy-
droxides or sesquioxides are dynamic mechanisms that have the ability to govern
or manage the behavior of PTEs in polluted watersheds, floodplains, wetlands, and
degraded mining regions. These mechanisms become obvious as the pH rises and the
redox potential drops.

Metal oxyhydroxides are protonated in an acidic environment and deprotonated ina
high pH environment. Surfaces hydrolyze when exposed to high pH levels, resulting in
an increased presence of hydroxyl ions. This increase in hydroxyl ions reduces the sur-
faces’ sorption capacity. In the aforementioned cases, cationic PTEs like lead, cadmium,
copper, zinc, and other comparable elements show enhanced sorption. Such activities
reduce the accessibility of toxic metals, reducing their potential to damage the surround-
ing ecosystem and, as a result, minimizing contamination throughout the food chain.

Furthermore, these characteristics increase the mobility and accessibility of anionic
PTEs like arsenic and selenium. As a result, the surrounding ecology degrades and
the food chain in these locations becomes more contaminated. Sesquioxide surfaces,
particularly those consisting of aluminum, iron, and manganese, undergo protonation
when exposed to lower pH conditions. These effects increase metal oxides’ adsorption
capacity for anionic PTEs while decreasing their ability to retain cationic PTEs.

As aresult, protonation and deprotonation mechanisms are critical in determin-
ing the accessibility or absorption of PTEs in food crops growing in these areas.
Furthermore, these systems control the flow of potentially hazardous elements
(PTESs) into accessible surface and groundwater reservoirs.

2.4 Influence of soil organic matter

Soil carbon is primarily a transporter of PTEs. For example, it influences As
(im)mobilization through a variety of mechanisms, including the formation of
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carbonates, carbon-As complexes, the presence of functional groups on carbon
surfaces, the presence of positive and negative surface ions, indirect effects on
medium pH, and the supply and activation of microbes required for As reduction and
oxidation. For example, a lower pH reduces organic matter’s negative surface charge,
increasing its As adsorption ability, and vice versa.

Carbonates in calcareous soils or sediments act as an excellent buffer against pH
drop [28]. Thus, the formation of carbonates from soluble organic carbon, such as
during soil liming, may enhance the presence of negative charges while also facilitat-
ing the solubility and mobilization of As.

Organic matter indirectly influences the outcome of As transport and migration
by serving as a food supply for bacteria. Furthermore, supply of C can stimulate
microbial population and activity. This could catalyze a sequence of redox reactions
in the presence of electron acceptors (such as oxygen and iron) [28]. These interac-
tions significantly influence the mobility and availability of As in contaminated
mining spoils. For example, adding wastewater to soils could increase carbon
supply and nutrient content. As a result, crowded microorganisms may improve
As reduction into more reduced forms [44]. Section 3 goes into greater detail about
the effects of redox on PTE mobilization. 3. Humic acids released during organic
matter decomposition affect the availability of PTEs significantly. The abundance of
humic compounds in the native soil considerably influences the availability of PTEs.
Humic acids with high molecular weight strongly bind PTEs, making them inacces-
sible in soil solutions and so limiting their release and availability for environmental
pollution and food chain contamination. Low molecular weight humic acids, on the
other hand, can chelate PTEs and prevent them from adsorbing on solid surfaces,
increasing their mobility. Thus, low molecular weight humic acids are extremely
active in soil and improve PTE binding abilities. Humic acids are significantly pH
dependent, as shown by the following reaction:

R-COOH <> R-COO +H" 1)

where R is the carbon chain of organic matter.

This charge acquisition by organic matter occurs as a result of ionization, in which
H+ is dissociated from or onto the active functional group, and the charge produced is
highly dependent on soil pH. The negatively charged deprotonated form (R-COO-) is
abundant and predominates at neutral to high soil pH, and it has the ability to adsorb
cationic PTEs.

Heavy metals are soft acids, which can form organometallic complexes with
organic matter’s functional groups. The most active functional groups are carboxyl,
alcohols, and phenols. As a result, the binding capability of the functional groups has
a significant impact on metal availability. Dissolved organic carbon has been shown to
reduce metal adsorption onto soil constituents by either competing for free metal ions
and generating organometallic complexes or preferring adsorbed onto the solid phase.
This phenomenon is more noticeable and effective at near-neutral soil pH because
free metal ions are more readily available at high pH values.

The addition of organic matter to the soil enhances its Cation Exchange Capacity
(CEC), allowing the soil to retain considerable amounts of cationic PTEs. As previ-
ously stated, this ability is largely dependent on soil pH. Humic acids develop a
larger surface area at pH 6-8, and PTE retention peaks [45]. Humic acids’ affinity for
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PTEs rises in this pH range, controlling and influencing metal mobility. It should be
noted that the stability of metal-ligand reduces as soil pH decreases, which supports
R-COO- participation in metal complexation.

2.5 Influence of soil cation exchange capacity

The soil’s cation exchange capacity is the ability to replace an ion on exchangeable
sites with another ion having a higher or similar charge. This is caused by pH changes
on the soil’s colloidal surface or the displacement of one ion or charged particle by
another as a result of ionic size differences. Because of its higher positive charge,
aluminum has the ability to displace calcium from exchange sites. In some situations,
magnesium, which has an ionic size similar to calcium, may substitute for each other
on the exchange site. Thus, CEC controls soil ion binding capability [5].

The presence of positive or negative charges on the soil colloid influences its ability to
restrict the flow of potentially harmful substances. The soil colloid serves as the location
for soil reactions at the exchange site. For example, soils with a higher cation exchange
capacity will be better able to retain cationic PTEs. Thus, soils with a high concentration
of negative ions will be better able to inhibit the passage of positive or cationic PTE.

The kind of soil influences the mobility of PTEs and CECs. For example,
Palansooriya et al. [5] found that soil containing clay minerals, metal oxides, and
organic matter improves CEC and provides a larger surface area for PTE sorption,
restricting PTE mobility. Soil organic matter, for example, consists of decomposed plant
and animal wastes, as well as microbes. In addition, SOM contains humus or humic
chemicals, which work synergistically to reduce PTE mobility at contaminated mine
sites. Organic matter mostly retains PTE through ion exchange, complexation, and
adsorption. Furthermore, the presence of phenols, carboxyl, carboxylate, and amino
functional groups on soil organic matter surfaces provides PTE binding sites [5].

2.6 Effects of particle size distribution

PTE mobility is regulated by the distribution of soil particle sizes, which is
dictated by the proportions of clay, silt, and sand. Soils with a higher percentage of
clay contain more positive and negative ions. These ions help to regulate the release
and liberation of potentially hazardous elements (PTEs) in contaminated watersheds,
floodplains, agricultural areas, and mine sites. The clay fractions of the soil size distri-
bution have larger concentrations of sesquioxides, notably Al, Mn, and Fe, than the
coarse fractions, such as sand particles. Palansooriya et al. [5] support this position,
reporting that soils with a high concentration of clay minerals have a stronger poten-
tial to adsorb chemicals due to their permanent or changeable charges, allowing them
to retain more PTEs. Furthermore, the large surface area of clay particles allows for
the absorption of both positively and negatively charged PTEs.

Furthermore, the clay fractions are predominantly composed of sulfides and have
a higher surface area. The presence of sulfides controls arsenic release, as demon-
strated by Mensah et al. [46] in their investigation of the consequences of arsenic
contamination and its influence on human health in mine spoils in Ghana’s southwest
region.

It has previously been discovered that in extremely low oxygen conditions (i.e.,
decreased environments such as flooded and waterlogged habitats), sulfide formation
is enhanced by the reduction of sulfate compounds, which results in the creation of
Cd with sulfide minerals (i.e., CdS). According to Palansooriya et al. [5], this effect
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occurs in decreased paddy soils, where Cd solubility declines as CdS production
increases. This occurrence highlights the relevance of sulfide in immobilizing Cd,
particularly in paddy rice fields.

2.7 Effects of soil electrical conductivity (soil salinity)

Soil electrical conductivity (EC) is a chemical characteristic that influences the
movement of PTEs in contaminated soils. Higher soil EC values are an indication of
increased salinity and higher pH. High soil salinity is typically linked to an improve-
ment in the soil exchangeable cations (Ca, K, Mg, and Na). These positive soil major
elemental nutrients have the potential to compete with cationic PTEs for available
adsorption sites [28]. Concomitantly, this may cause increased mobility of PTEs in
soil with high salt content. Cadmium and other PTEs have a tendency to combine
with chlorides in saline soil and cause in their mobility [47].

2.8 Effects of aging of the mine spoil

The age of contaminated sites and the duration of their abandonment and lack
of reclamation both have a simultaneous impact on the accumulation, availability,
and subsequent release of potentially toxic elements (PTEs). When compared to
older soils, younger soils typically have a higher proportion of potentially mobile
components of PTEs or also include a bigger quantity of mobile PTEs. When it comes
to older soils, the proportions of PTEs that are either unavailable or residual generally
take precedence.

Consequently, the age of the mine sites (whether active or abandoned spoils
and tailings) that have been contaminated or degraded may consequently have
an effect on the relative ease with which a metal or metalloid becomes available
for release into the environment that is surrounding it, may contaminate the food
chain, and may have an impact on the health of both animals and humans. To be
more specific, it is projected that the residual percentage of the PTE that is present
in the mining sites or the polluted mine spoils and tailings will contain a greater
concentration of PTE.

Therefore, it is anticipated that an abandoned mine waste or residue that has not
been reclaimed for a long period of time will slowly transfer PTEs from the accessible
or available portion or the potentially mobile portion into the inaccessible portions. In
this regard, Antoniadis et al. [17] showed that the PTE may be kept irreversibly onto
interlayer soil sites over time, and that it can be hindered by lattice-fixed cations such
as K or occluded by developed Al polymers.

In aged polluted mining sites, the phenomenon of soil pedogenesis will progres-
sively relocate the elements from the accessible portion, leading them to become
enclosed or immobilized by the crystalline. Consequently, the elements will gradually
transition from primary minerals to secondary minerals. According to Shaheen and
Rinklebe [48], an increase in the age of soil causes progression of pedogenesis and
may result in an increase in the amount of crystalline Fe-oxides and hydroxides pres-
ent in the soil. In addition, the ratio of Feo to Fed, which is also known as the activity
ratio, can provide an indication of the age of the soil and show that there is a gradual
shift towards crystallinity of Fe oxides with increasing age [48, 49]. Thus, it can be
argued that older contaminated sites may be predominantly characterized by second-
ary minerals of elements. As a result, older mine spoil or tailings may have a higher
concentration of unavailable forms of potentially toxic elements (PTEs), known
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as the residual fraction, compared to younger or currently active mining tailings or
spoils.
This assertion is corroborated and supported by Mensah et al. [46], who
found that secondary forms of arsenic, specifically scorodite, were prevalent in
abandoned mine tailings, while primary forms were dominant in the active tailing
in a study concerning arsenic contamination, potential mobilization and human
health outcomes in southwestern Ghana. They further explained that the pres-
ence of scorodite in the mine tailings suggests that this secondary form of arsenic
developed due to exposure to oxygen at the site. This happened due to oxidation
and weathering of the primary mineral dominant at the site (i.e., arsenopyrite)
[50, 51]. Similarly, Drewniak and Sklodowska [52] showed that scorodite is the
most dominant secondary As mineral in mine-waste heaps and industrial deposits.
The site has been abandoned and left bare at the area over many years without
any reclamation or provision of protective measures (e.g., vegetation cover). Von
der Heyden [53] contended that these observations indicate that any remedial action
implemented at such sites should target and focus on mitigating scorodite rather than
arsenopyrites.

2.9 Influence of anions (chlorides, sulfate, phosphate, nitrate)

The chemistry of anions may greatly influence the release pattern and environ-
mental ecotoxicology of PTEs from the mining spoil. Their chemistry also affects
the choice soil remediation strategy for ameliorating contaminated and degraded
mine sites. For instance, Mensah et al. [3] in a soil remediation incubation study
found that higher contents of chloride were associated with manure and NPK fertil-
izer that were applied to a highly As-contaminated mine tailing. They explained
that chloride may displace As-anions from sorption sites, particularly in manure
and inorganic fertilizer enriched soils, improving their future uptake, availability,
and release.

It has earlier been reported that the presence of chloride may affect the mobiliza-
tion of As from the soil either via competition with As(V) or As (III) for available
adsorption sites or by altering the electrostatic charge on soil minerals [31]. Generally,
the presence of anions in the contaminated mine sites will cause mobilization PTEs
and will restrict availability of positive PTEs. For instance, the presence of anions
such as carbonates, chloride, phosphates, sulfates, and nitrate on the soil exchange-
able sites may displace radical or ion of equal or lesser ionic size. Additionally, they
increase the production of negative charges on the soil colloid and hence increase
their sorption capacities for cationic PTES. On the other hand, their dominance on
the exchange site facilitates the mobilization and hence the availability of metalloids.

3. Remediation of PTE-contaminated sites

Given the previously described environmental and human health risks posed by
mining spoils to residents in mining towns, it is critical that gold mining be done in
a sustainable manner. This involves the cleanup and repair of mine-contaminated
and degraded areas. This section briefly discusses the many green and sustainable
remediation solutions available for cleaning and lowering PTE contamination in
mining lands. Recent and extensive assessments of these green technologies and
sustainable solutions have been offered by Hou et al. [54], Palansooriya et al. [5], and
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Wang et al. [9]. Bolan et al. [39] evaluated the literature on the remediation of trace
element-contaminated soils and classified soil amendment approaches into mobiliza-
tion and immobilization strategies.

3.1 Mobilization strategies for PTE remediation
3.1.1 Use of organic amendments

Organic soil materials are generally added to the soil to improve the soil physical,
chemical, and biological properties. They thus improve the soil structure, improve the
water holding capacity of soils, regulate soil temperature, regulate soil pH, improve
the nutrients and organic matter status of the soil, as well as improve microbial popu-
lation and activities. Consequently, soil amendments improve soil quality, encourage
plant growth, and enhance crop performance. In other instances, organic soil amend-
ments are added with the purpose of cleaning the soil and ameliorating presence of
toxic elements in contaminated soil and water.

For instance, organic amendments such as sewage sludge (biosolids), manure,
biochar, and composts can be added to the heavy metal-contaminated soils to increase
mobility for subsequent uptake by plants. In this regard, Redman et al. [55] reported
increases in leachable As from soils amended with compost. This was attributable to
dissolved organic carbon (DOC) competition with As for sorption sites. Shaheen et al.
[56] found that irrigation of soil with sewage effluent led to an increase in total As by
3.3 folds as compared to irrigation with clean water.

Furthermore, under flooding conditions, Yang et al. [14] discovered that pig-
prepared biochar improved As solubility, which boosted its mobilization and release.
They attributed this observation to two factors: (i). “anion exclusion” caused by the
electrostatic repulsive force between negatively charged pig biochar and the domi-
nant negative As species (e.g., HyAsOy4, H,AsO,, HAsO,*, and AsO,*) and (ii). the
production of soluble phosphate by the pig biochar, which competed with As anions
for binding sites on soil particles.

3.1.2 Application of inorganic fertilizers and liming materials

Acidification of the soil has a tremendous effect of enhancing the mobility of trace
elements in the soil [57]. This occurs at low pH values. Application of ammonium-
based fertilizers has the tendency to decrease the pH of the soil. When ammonium-
based fertilizers (e.g., (NH4),SO,) are applied to the soil, there are principally two
fates of the NH," released.

Firstly, NH," undergoes the process of acidification through which H" ions are
released. Nitrification is the conversion of NH," ions into nitrate ions through an
intermediate process. The process is a 2-stepwise reaction.

2NH4+ + 02 Nitrosomonas and nitrococcus 2N02 + ZHZO + 4H+ (2)

2NO* +0, »2NO; (3)

The release of H" ions in the first reaction causes an increase in soil acidity, and
therefore, the pH of the soil is lowered. Under this acidic condition, the solubility of

51



Perspectives and Insights on Soil Contamination and Effective Remediation Techniques

heavy metals is enhanced, and they are made available to be taken up by plants. In this
scenario, trace elements or PTEs have increased capacity to be absorbed by plants and
consequently results in contamination of the food chain. Pueyo et al. [58] showed that
the use of ammonium-based fertilizers increases the solubility of heavy metals such as
Cu by creating strong amino complexes.

Secondly, the NH," ion released after the application of ammonium-based fertil-
izers can also be taken up by plants directly. In this case, H" is released by the plants
upon the uptake of NH4", and this H" released also lowers the pH of the soil. More
importantly, nitrogen is a major element needed by plants for their physiological
functions. Therefore, application of N fertilizers is important to help improve the
nutritional status of the soil medium, and also, it contributes immensely to plant
nutrition. In this case, the plants produce a significant amount of biomass to accu-
mulate elevated levels of heavy metals. This scenario increases the uptake and phy-
toavailability potential of hyperaccumulators.

Inorganic amendment like CaCl, is also known to facilitate the uptake of heavy
metals by plants. Most experiments that critically examine the mobility of metals
using salt as an amendment to enhance phytoextraction focus on the application of
CI” salts, more especially CaCl,. The application of chlorides results in the formation
of complexes of heavy metals with the chloride anion, for instance, CdCI" complexes.
Application of salt (CaCl,) to the soil results in the dissociation of the salt to positively
charged and negatively charged ions. The cationic component has the propensity to
undergo an exchange reaction with heavy metals on the sorption sites, and Cl-metal
complexes are formed, which are soluble. Concurrently, the divalent cation Ca®* can
remove the already adsorbed metals from the exchange complex into the soil solution;
hence, the metals become bioavailable. McLaughlin et al. [59] reported a significant
increase in the uptake of Cd by tubers of Solanum tuberosom after the application of
chloride.

Application of P fertilizers to As-contaminated soils can increase As availability
and consequent environmental health threats. The role of P in As fate of transport and
release has been extensively explained in previous sections. Thus, P fertilizers may be
used to enhance the phytoextraction efficiency of hyperaccumulating plants for As.

Liming can also be done to increase and enhance mobilization strategies for As
removal. Generally, liming is carried out to correct the soil pH, by decreasing the
presence of protons and increasing the presence of hydroxyl ions on the soil colloids.
Liming materials, for example, carbonates, oxides, and hydroxides of Ca, Mg, and
Na, can be used to raise the soil pH and reduce acidity. Also, eggshells, mussel shells,
and oyster shells, biochar, red mud, and clay minerals have soil liming abilities [5].

Calcite (CaCO;) at high soil pH values has the tendency to sorb Cd as CdCo;3, and
this makes Cd unavailable. Other metals also succumb to sorption by calcite and
hence are made unavailable, and this possibly explains why acidic soils are limed to
reduce the availability of metals to plants. The affinity of calcite for metals is related
to their ionic strength. This is more evident for Cd** that, at high pH, substitutes for
Ca”* by chemisorption because the radius of Cd fits better for this process [45].

Applying higher amounts of MgO may result in the mobilization of anionic PTEs,
such as As, and immobilization of beneficial micronutrients such as Fe, Mn, and Zn
[60]. It is thus recommended that determining suitable soil qualities and predicting
expected soil pH are key things to consider prior to addition of lime [5]. Nonetheless,
applying liming materials together with other soil amendments can maximize liming
efficiency and reduce the associated-environmental effects. Higher pH, reduction in
acidity, production of more negative ions and charges, and increased formation of
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total CO5> associated with liming are key reasons underpinning their influence on As
mobility.

3.2 Immobilization strategies for PTE remediation

Immobilization of As could also be achieved chiefly through adsorption, precipita-
tion, and complexation reactions that result in the redistribution of contaminants
from solution phase to solid phase and consequently reduce their bioavailability.
Examples include clay, cement, zeolites, minerals, phosphates, organic composts, and
microbes [39]. Some studies (e.g., [43, 61]) have indicated the potential of residues
such as red mud and iron oxides for treating As-contaminated sites and reducing their
bioavailability. Others have combined treatments, such as modified red mud or iron
oxide, with biochar to reduce As bioavailability and release into the environment [62].
Most immobilization technologies may be performed ex situ or in situ. In situ processes
are preferred due to lower labor and energy requirements, but implementation of in
situ will depend on specific site conditions [7]. The overall method for solidification/
stabilization treatment operations is to combine or inject treatment ingredients into
contaminated soils [7].

3.3 Plant techniques for PTE remediation

This method involves the use of plants to facilitate removal of metal and metal-
loid contaminants from the soil matrix [63-65]. According to Jiang et al. [66],
phytoremediation, a green approach using plants to remediate toxic compounds, is a
cost-effective, socially acceptable, and environmentally friendly technology for soil
and groundwater cleanup. Reeves et al. [65] claimed that hyperaccumulator plants
have concentrated on the prospect of removing significant amounts of the element
from the soil while using standard fertilizers. They added that the rate of biomass
production and the concentration of the desired element that can be achieved in
harvestable plant matter are critical factors to be considered when selecting species
for phytoremediation. Other factors to consider in selecting suitable species for mine
land remediation are provided by other authors [63, 67, 68]. It is thus recommended
that hyperaccumulation plants are those plant species that are capable of accumulat-
ing 1000 mg As/kg in the dry matter of any aboveground tissue [69, 70]. Recently,
Mensah et al. [63] have observed that Chromolaena odorata, an indigenous plant near
an abandoned mining spoil in Ghana, could offer potential for cleaning As from
mining sites. In that study, Chromolaena odorata had As translocation factor of 4.7,
further implying its ability to accumulate As from the mining soils. Translocation
factor, bioconcentration factor, and bioaccumulation factors are other indices used to
appraise the phytoremediation potential of plant species.

3.4 Revegetation of degraded and contaminated mined soils

According to Blum [71], the conventional approach to remediating degraded soils
involves implementing extended periods of forest fallowing in a rotational manner.
The composition and density of the soil have a direct impact on the long-term stabil-
ity of the recovered plant community [72]. Soil serves as the fundamental basis for
this process. In order to restore land to its original state and maintain a self-sustaining
ecosystem, reclamation strategies should encompass various aspects such as soil
structure, soil fertility, microbial populations, topsoil management, and nutrient
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cycling [72]. The reclamation and revegetation of abandoned mined areas are fre-
quently constrained by several physical and chemical characteristics found in the soil.
These characteristics encompass, but are not restricted to, low pH levels, elevated
metal and metalloid concentrations (including metal salts), insufficient nutrient
levels (e.g., N, P, and K), and inadequate or absent soil structure.

Mining activities can lead to the degradation or loss of soil structure and func-
tions, resulting in soil toxicity, limited nutrient availability, and unfavorable soil
texture. The form and function of soil, while constituting only a component of a
larger ecosystem, serve as a microcosm that reflects the characteristics and dynamics
of the entire ecosystem. According to Bradshaw [73], if these issues are not addressed,
the re-establishment of vegetation and the restoration of ecosystem function may
prove to be challenging or unattainable.

In order to enhance the effectiveness of rehabilitation and reforestation efforts, it
is imperative to conduct studies and analyses on the biological and physiological traits
of regenerated or newly planted trees, as well as the underlying mechanisms that
impact their productivity [74].

In laboratory settings, mulches have been observed to enhance soil moisture
conditions. However, it is important to note that achieving successful revegetation in
real-world environments necessitates the elimination of salts from the root zone, as
highlighted by Grigg et al. [75]. The presence of high salinity is a significant con-
straint for the establishment of plants, as it hampers the process of seedling emer-
gence by delaying germination [76]. Consequently, this leads to an extended period
during which the growth medium has to retain moisture [77]. Additionally, it hinders
the growth of plants by inducing osmotic stress, hence exacerbating the issue of low
moisture availability from precipitation [75].

The management of topsoil plays a crucial role in reclamation plans as it serves
to mitigate nitrogen losses while simultaneously enhancing soil nutrient levels and
microbial activity. According to Sheoran et al. [72], revegetation is well recognized and
considered to be an effective method for mitigating erosion and safeguarding soil qual-
ity during the reclamation process. Ecological restoration and mine reclamation have
emerged as integral components of the sustainable development agenda in numerous
nations. Sheoran et al. [72] add that effective planning and environmental manage-
ment practices can significantly mitigate the environmental consequences associated
with mining activities, hence contributing to the preservation of ecological variety.

When endeavoring to rehabilitate a native ecosystem, the initial revegetation
attempt is unlikely to provide vegetation that is identical to the original. The primary
objective of the initial revegetation effort is to develop the fundamental elements
necessary for a self-sustaining system, ensuring that the ideal vegetation complex
is achieved through successional processes (see Sheoran et al., [72]). The optimal
period for initiating vegetation growth is contingent upon the temporal pattern and
consistency of precipitation throughout the seasons. It is imperative to ensure that all
necessary preparation tasks are carried out prior to the period when seeds are most
likely to encounter the requisite conditions for germination and viability, namely,
consistent rainfall and appropriate temperatures [72].

Coppin et al. [78] provide a definition of revegetation as the systematic undertak-
ing of vegetation establishment and subsequent maintenance, which is carried out
as an integral component of reclamation, rehabilitation, or restoration efforts. One
example of land reclamation is the filling of surface mines, followed by the recontour-
ing of the land and the establishment of a vegetative cover that serves to safeguard the
soil [79].
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The primary emphasis of mine restoration endeavors has been directed towards
nitrogen-fixing species belonging to the legume family, as well as various grasses,
herbs, and trees. According to Sheoran et al. [72], plants that possess the ability to
tolerate metals have proven to be efficacious in soils that are both acidic and contain
high concentrations of heavy metals. Wong [80] argues that the restoration of plant
cover on overburden dumps can effectively achieve several objectives, including stabi-
lization, pollution control, visual enhancement, and mitigation of risks to human
populations.

Phytoextraction, which involves the use of green plants for remediation purposes,
shows promise as a feasible approach for the decontamination of extensive soil areas.
Furthermore, it has been suggested that this method could potentially serve asa
viable alternative to existing soil clean-up techniques [81-85].

The presence of vegetation has a crucial function in safeguarding the soil surface
from erosion and facilitating the formation of fine particles [86, 87]. The degradation
process can be reversed through the stabilization of soils, achieved by the growth
of vast root systems. After being established, plants have the ability to enhance soil
organic matter, reduce soil bulk density, regulate soil pH, and facilitate the upward
movement and accumulation of mineral nutrients in an accessible state.

The root systems of these organisms enable them to function as scavengers of
nutrients that are not easily accessible. The nutrients are accumulated by plants and
subsequently redeposited onto the soil surface in the form of organic matter. This
organic matter facilitates the availability of nutrients via microbial decomposition
[87-90].

4. Revegetation in mitigating soil pollution with potentially toxic elements

According to Mensah et al. [46] and Ramirez et al. [91], mine wastes are important
sources of contamination and point-sources for potentially toxic elements (PTEs) in
soil, including Al, As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, Ti, V, and Zn. PTEs may be trans-
ferred into surrounding plants, food crops, soil, surface water, and plants as a result
of these. Metal pollution in soils and sediments may have long-term health effects on
people and ecosystems by affecting aquatic life, food safety, and water quality.

In other situations, children who frequently use metal-contaminated terrain or
abandoned mine sites as playgrounds run the danger of ingesting metal through their
diet [92, 93]. Furthermore, as noted by Mensah et al. [46], communities may pass
through unfenced abandoned mine spoil sites and breathe in polluted dust or con-
sume contaminated mine wastes. In areas with gold mining, oral consumption of soil
PTEs continues to be a significant exposure pathway that affects human health [46,
93, 94]. This could happen accidentally by ingesting dust, dirt, and soil, or purpose-
fully by engaging in geophagy, which is the deliberate consumption of soil or earth
materials like clay [95]. In Latin America and Africa, pregnant women frequently
engage in the practice of geophagy [95, 96]. As is known to be present in metal ores,
tailing deposits, soil, and dust in gold mining sites, raising serious health risks for
both humans and animals [96].

For example, both acute and long-term exposure to As may result in health issues
for humans, including skin damage, symptoms of cancer, and abnormalities in the
circulatory system [97, 98]. Moreover, Wilson disease, which impairs the function of
several organ systems, including the liver and the brain, is brought on by an excessive
buildup of copper in the body as a result of consuming tainted food and water [99].
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Furthermore, health issues like reproductive, developmental, hepatic, hematological,
and immunological health defects; abortions, infertility; birth defects; and malfor-
mations may be linked to exposure to and accumulation of Cd, Cr, Pb, Ni, and V in
essential body organs [100].

However, the positive environmental effects on ecological integrity and human
health resulting from improper management of mine wastes [101], runoff from
stockpiles [1], and abandonment of mine spoils left untreated [46] often outweigh the
benefits associated with goldmining in Ghana, such as the creation of jobs and gov-
ernment revenues. These activities worsen the anthropogenic release and migration of
PTEs into the environment, which has an impact on people’s livelihoods and health.

Remediation of metal contamination issues in gold mine spoils has primarily
involved soil washing and flushing [9, 39], removal and replacement of contaminated
soil with clean soil [102], and chemical stabilization using oxides to reduce metal
solubility [5, 8, 9]. In some cases, containment techniques have been used to lessen the
migration and transfer of harmful components. These techniques include the use of
built barriers, caps, and liners [7].

The two main drawbacks of these techniques are their high cost to many mining
corporations and their difficulty level. Furthermore, PTEs cannot decompose like
organic chemicals do; thus, the cleanup usually involves either removing them [15] or
employing stabilization and immobilization strategies to reduce their uptake, surface
runoff, or leaching [5, 39].

In order to address the issue of heavy metal contamination in gold mine soils, phy-
toremediation—the use of native plants—is suggested as a practical and affordable
option to environmental management [15, 16]. When selecting potential plants for
contaminated site phytoremediation, some authors (e.g., [67, 103-105]) have recently
suggested that it may be wise to use well-adapted native species of the locality under
investigation. Additionally, native and indigenous species are favored over foreign
ones since they may be more suited to the local environment and fully integrate into
the functioning ecosystem [68].

According to Ashraf et al. [106], phytoremediation is still a young field of study
that requires further in-depth research to fully understand its applications. For exam-
ple, the potential of native plants like Pueraria montana, Alchornea covdifolia, Lantana
camara, and Pityrogramma calomelanos-fern [102, 104 107, 108] to clean mine-
contaminated spoils has been investigated by Mensah et al. [63]. There is a potential
of cleaning up these PTEs with native plant species. Chromolaena odorata (TF for
As=47 Cu=51,Ti=14,Zn =2.0) and fern (TF for As = 1.50, Cu =14, Ti=1.8,

Zn = 2.1) can be used to achieve phytoextraction. Their greater TFs for these elements
suggest that Chromolaena odorata would be a better choice than fern. Furthermore,
Alchornea cordifolia and Pueraria montana can be utilized for Cu, Ti, and Zn phytore-
mediation due to their TFs above 1. For Cu and Zn, lantana camara could potentially
be a possibility. As a result, native plants like Chromolaena odorata and Pityrogramma
calomelanos-fern can extract As, Cu, Ti, and Zn from multielement-contaminated
mine soils and farms.

In Cd-contaminated soils in China, Liu et al. [107] investigated Lantana camara
exclusively for Cd remediation and discovered that the plant exhibited high Cd
tolerance, with bioaccumulation and translocation values more than 1. Furthermore,
Pteris vittata L. showed a high potential for Pb phytoextraction among the nine native
plants that Ashraf et al. [106] investigated for metal cleanup of contaminated mine
tailings in Malaysia. Thus, by reducing food chain contamination, limiting their
mobility, reducing metal transfer into surface and groundwater, and guaranteeing
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a metal-contamination-free environment, phytoremediation lessens the negative
effects of PTEs on human health. Furthermore, phytoremediation may help with
carbon sequestration, regulate wind and water erosion, guarantee water quality,
lessen discharge from tainted mining waste, preserve and improve soil fertility, and
save soil moisture.

In Mensah et al. [32], it was shown that the incorporation of manure and iron
oxide (MFE) resulted in the phyto-stabilization of Co, Mn, Hg, Mo, Ni, and Zn in
ryegrass, as evidenced by bioconcentration factor (BCF) values exceeding 1. The
results of the study indicated that the effectiveness of ryegrass phyto-stabilization
was significantly improved with the combined application of manure and iron oxide.
Therefore, it was inferred that the simultaneous utilization of manure and oxides
can be employed on mine tailings to enhance the growth of ryegrass and mitigate the
release of potentially toxic elements (PTEs) into the surrounding environment.

Mensah et al. [3] conducted a 60-day pot experiment to explore the potential of
ryegrass (Lolium perenne) along with different soil organic and inorganic amend-
ments in phyto-cleaning. Arsenic in a heavily contaminated gold mining spoil in
southwest Ghana. They found that ryegrass might be more useful for phytostabiliza-
tion as its roots concentrate more As than its shoot. This was further supported by
higher BCF above 1 as well as lower BAC and TF < 1.

4.11dentifying appropriate phytoremediation technology
4.1.1 Direct and assisted phytoremediation

Phytoremediation can be classified into two distinct categories, namely, direct and
indirect. The process of indirect or plant-assisted remediation entails the cooperative
interaction between plants and a method of soil improvement in order to alleviate the
existence of pollutants in soil that has been subjected to contamination.

4.1.2 Indirect or assisted phytovemediation

Soil amelioration encompasses the process of enhancing soil quality through the
incorporation or application of various organic or inorganic soil supplements. These
amendments may include substances such as biochar, compost, manure, iron oxide,
inorganic fertilizers, sewage sludge, red mud, and other similar materials. These
adjustments may be included alone or in conjunction with one another.

Pot experiments can be applied in evaluating and choosing an appropriate reveg-
etation scheme for restoring a degraded mining site. According to Tordoff et al. [86],
large-scale revegetation methods can first be tested in small-scale glasshouse pot
experiments, followed by larger field trial programs. In this manner, the principal
constraints to plant growth are identified, and appropriate corrective therapy can be
selected and planned [109].

Overall, pot experiments in soil science offer a controlled and flexible platform
for investigating a wide range of research questions related to soil properties, plant
growth, nutrient management, and environmental impacts. The findings from these
experiments contribute to the development of sustainable agriculture practices and
environmental management strategies.

In a study conducted by Addai et al. [110], it was observed that the application of
rice husk biochar, poultry litter compost, and NPK, either individually or in combina-
tion, to a gold mine tailing contaminated soil resulted in significant improvements in
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various soil properties. These improvements included an increase in soil pH, organic
matter content, and available phosphorus, as well as an enhancement in the cation
exchange capacity (CEC) with respect to calcium, potassium, magnesium, and
sodium ions. Additionally, the application of these amendments led to a reduction in
the levels of exchangeable acidity within the mine tailings.

Furthermore, using tailings enhanced with nitrogen, phosphorus, and potas-
sium (NPK) resulted in a significant 42% increase in nitrogen uptake. Furthermore,
applying biochar and NPK to tailings increased plant uptake of phosphorus (P) and
potassium (K) by 128 and 101%, respectively. In terms of PTE uptake, specifically Pb,
Hg, As, Cd, and Cr, the use of biochar, poultry litter compost, and their combinations
resulted in a reduction of Hg uptake (measured in mg/kg) in the pot by up to 49%
when compared to the control group.

The ability of plants to absorb high amounts of metal in a short period of time
has a significant impact on phytoremediation efficiency. Hyperaccumulators acquire
significant amounts of metal in their tissue independent of metal concentration in the
soil [111], as long as the metal is there.

This is in contrast to the moderate accumulators that are now being used for phy-
toextraction, where the amount of absorbed metal is proportional to the concentra-
tion of the soil. Although the total metal content of the soil is substantial, the fraction
easily available in the soil solution controls the effectiveness of metal absorption by
plant roots. To improve the speed and quantity of metal removal by plants, some
studies propose the use of various compounds to increase the amount of accessible
metal for plant uptake. Acidifying agents [112, 113], fertilizer salts [114], and chelat-
ing compounds [81, 83] are among the chemicals proposed for this purpose. These
compounds increase the quantity of bioavailable metal in soil solution by either
freeing or displacing metal from the soil’s solid phase or making precipitated metal
species more soluble.

Research in this area has been relatively successful, but the prudence of releasing
huge amounts of harmful metal into soil water is debatable. The availability of heavy
metals in the soil solution, which enhances plant uptake, is critical to the efficacy of
phytoextraction. Several adjustments have been recommended to increase the avail-
ability of heavy metals for successful phytoextraction research.

4.1.3 Direct or unaided phytoremediation

In contrast, direct phytoremediation refers to the process in which plants directly
or naturally absorb and break down contaminants within their tissues. This approach
may entail the direct establishment of vegetation on the degraded soil without the aid
or involvement of soil amendments. Typically, this classification of natural rejuvena-
tion entails the utilization of native or indigenous plant species that are adapted to the
prevailing climate and soil conditions in the specific geographic area.

To obtain a comprehensive understanding of species selection and potential sur-
vival within degraded mining spoil, it is advisable for the project officer or environ-
mentalist to conduct an observation of the immediate vicinity, such as the abandoned
mine tailings. The identification of species thriving at the periphery of a damaged
ecosystem or mine spoil provides insight into whether those species have the potential
to endure the adverse conditions of the deteriorated or nutrient-depleted mining site.
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4.2 Plant elemental uptake, phytoremediation potential, and identifying plant
species for phytoremediation

The determination of plant element uptake and phytoremediation potential
involves assessing the ability of certain plant species to absorb and accumulate
contaminants from the soil, water, or air, with the goal of remediating polluted envi-
ronments. This process helps in understanding which plants are effective at phytoex-
traction (removing contaminants from the soil) and phytostabilization (reducing the
mobility of contaminants) and can be used to guide phytoremediation strategies.

To ensure the successful identification of appropriate plant species for phytoreme-
diation endeavors, it is crucial to take into account the efficacy of metal accumulation.
Plants can be categorized according to the degree of metal accumulation they exhibit,
as well as the specific plant organ in which the accumulation occurs. The evaluation of
metal accumulation in plants entails the examination of trace element concentrations
in various plant organs, including shoots, roots, stems, fruits, seeds, and other plant
components.

The assessment of a plant species’ ability to tolerate and accumulate metal in
their tissues is conducted by comparing concentration values with both normal and
phytotoxic quantities. The assessment of a plant’s potential to accumulate elements
is conducted by comparing its accumulation levels with the established threshold
criterion. These calculations can be applied to phytoremediation experimental trials
and projects carried out in either the greenhouse or in the field. They can similarly be
applied to studying and quantifying bio-accessibility and toxicity of metals in food
crops that are grown in contaminated areas.

The determination of the phytoremediation capacity of the chosen plant species
can be achieved by considering two primary parameters or indices:

i. Soil-to-plant transfer factor and
ii. Root-to-shoot plant transfer factor
4.2.1 Soil-to-plant transfer factors

The bioconcentration factor (BCF) and bioaccumulation coefficient (BAC) are
used to evaluate the accumulation of trace elements (PTE) in plant roots and shoots.
BCF calculates the ratio of element concentration in plant roots to soil content (Eq.
(5)), whereas BAC computes the ratio of element concentration in plant shoots to soil
content. These criteria evaluate a plant species’ capacity to extract PTE from polluted
soil. Fitz and Wenzel [115], Yoon et al. [116], and Shaheen and Rinklebe [48] all found
that plants with BCF/BAC values less than one are not suitable for phytoextraction.

PTE content in shoot
BAC = 4)
Total PTE content in soil
BCF PTEcontentinroot )

B Total PTE contentin soil
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4.2.2 Root-to-shoot plant transfer factor

The translocation factor (TF) is a crucial parameter for assessing the phytoreme-
diation potential of plant species. It quantifies the upward mobility of elements from
belowground biomass to aerial parts, such as shoot, stem, or leaf ((Eq. (6)). A TF of
1is recommended for categorizing a plant species with phytoremediation potential.
The TF describes the characteristic nature of hyper-accumulating species and is a
decisive parameter for classifying plant species for phytoremediation.

Fe PTE contentin shoot
" PTEcontentinsoil

(6)

4.3 Phytoremediation mechanisms by plant species

Phytoremediation is actually a generic term for numerous mechanisms through
which plants actually use to remove contaminants from polluted environments.
Plants may break down or degrade organic pollutants or remove and stabilize met-
als at the contaminated sites. This may be done through one or a combination of
the methods described below. The methods used to phytoremediate heavy metal
contaminants differ slightly from those used to remediate sites polluted with organic
contaminants. Many techniques and applications are represented under phytoreme-
diation, and each has its own mechanism of action for phytoremediating metal-pol-
luted environment (Figure 1). They differ in the way plants can remove, immobilize,
or degrade contaminants, as well as the type of contaminants that the plant species
can target.

Phytoextraction is a process whereby plant roots absorb pollutants and then
accumulate them in their aboveground tissues [117]. Phytoextraction is a frequently
employed technique in remediation practices, involving the collection and disposal
of contaminated plants, or, alternatively, the extraction of valuable pollutants for
commercial purposes, as described by McIntyre [118]. According to the research
conducted by Pathak et al. [103], it has been observed that over 500 plant species
possess the ability to collect significantly elevated concentrations of heavy metals in
their aboveground structures.

Phytodegradation is a process that involves the utilization of plants and their
associated enzymes to break down organic contaminants, typically occurring within
the plant tissues [118]. These substances are effective for chemical compounds that
exhibit mobility within plants, such as herbicides [119].

Phytostabilization is a remediation technique that involves the utilization of
specific plant species to mitigate the movement of contaminants, particularly heavy
metals, and hinder their dispersion, such as by leaching into groundwater or entering
the food chain. This is achieved by diminishing their bioavailability [117].

Phytovolatilization refers to the process through which plants ingest pollutants,
such as mercury (Hg) and selenium (Se), convert them into volatile forms and subse-
quently release them into the environment as gases [120].

Phyto-stimulation, often referred to as rhizo-degradation, is a process wherein
plants boost soil microbial activity in the root zone to facilitate the decomposition
of organic pollutants, such as petroleum hydrocarbons [119]. Plants secrete sugars
and acids, which serve as stimulants for microbial activity, leading to the process of
biodegradation of organic pollutants.
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Nevertheless, phytoremediation is subject to several restrictions, such as the
extended duration it necessitates and the need for meticulous agronomic mainte-
nance. Gerhardt et al. [121] argue that the process of phytoremediation, particularly
for inorganic contaminants, can result in a substantial time burden due to the delayed
reutilization of the land compared to conventional techniques. The consequence of
this is the immobilization of capital, a factor that necessitates careful consideration
during the process of cost analysis.

Furthermore, the efficacy of the technique is constrained to pollution levels that
are classified as low to moderate. Additionally, the selection of specific plant species
is necessary, taking into consideration their suitable root depth and contact area.
Ultimately, the implementation of suitable agricultural techniques, encompassing
crop management, harvesting, processing, and disposal, is important in order to
effectively mitigate the potential re-release of toxins into the surrounding ecosystem.

5. Concluding remarks and future research

Mining has significant environmental and social impacts, including soil
degradation, water quality issues, and adverse effects on fish habitats. To achieve
long-term sustainability, the mining industry must restore and rehabilitate polluted
sites throughout the project life cycle. Metal oxides, such as Al, Fe, and Mn, play
a crucial role in the mobility of PTEs in soils due to their large surface areas. Soil
organic matter influences PTE mobilization through carbonates, organometallic com-
plexes, and other factors. Green remediation, a low-cost approach using plants, could
address heavy metal contamination issues, reduce food chain contamination, limit
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Figure 1.
An overview of different mechanisms of action for phytoremediating metal-polluted environment.

61



Perspectives and Insights on Soil Contamination and Effective Remediation Techniques

metal transfer into surface and groundwater, and guarantee a metal-contaminated-
free environment. Revegetation may also aid in carbon sequestration, regulate wind
and water erosion, and conserve soil fertility. Further research is needed to expand
revegetations applicability in Ghana.
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Territorial Governance and Social
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of Contaminated Soils
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Abstract

Territorial governance evaluates the management and government of public poli-
cies from a perspective of social participation for the dynamics of territorial cohesion
of contaminated soils for their initiation, implementation, and evaluation, which
is why, when applying governance, it monitors the impact of socio-environmental
conflicts generated by soil contamination, since each area and region is different
and, therefore, different management alternatives and guidelines must be applied
for the remediation of areas affected by contaminants, such as oil spills, pesticides,
and heavy metals. On the other hand, residents must be considered and involved in
carrying out the biorecovery and stabilization of contaminated soils.

Keywords: management, sustainability, conflicts, pollution, socio-environmental,
public policies

1. Introduction

Soil is an essential, nonrenewable resource, providing food and supporting aquatic
systems, vegetation, and all biotic and nonabiotic components. The importance of
soil is increasing because this natural resource is threatened by pollution, which has
significantly reduced its quality [1, 2].

Soil contamination is sometimes due to natural processes (volcanic eruptions,
earthquakes, and tsunamis, to name a few) and due to anthropogenic activities, such
as extraction of metals (trace and heavy metals), chemical products (pesticides, oil,
polymers, plastics, and other waste), and radioactive waste (nuclear energy genera-
tion and byproducts from nuclear technology) [3].

These substances are carcinogenic, teratogenic, and mutagenic. When they have
high concentrations for long periods of time, they become potentially toxic to socio-
ecosystems because they accumulate and get biomagnified until they cause damage to
nature and humans [4, 5]. In this sense, the effects of pollution on the environment
and humans can be slow (chronic) or can act quickly (acute) and, therefore, multiple
studies are required over time to know the effects and simultaneous adverse reactions
on environmental and human health [6].
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Likewise, the effects of pollution occur at all spatial scales, and it must be con-
sidered that the environment is continuous and does not obey political limits [6-8].
For many governments, implementing public environmental policies to remediate
contaminated soils is becoming a priority because, within the framework of planetary
limits [9], six of the nine limits are transgressed, suggesting that the planet Earth is no
longer a safe operating space for humanity [10].

Given this concern, alternatives that are friendly to the natural environment are
sought to achieve, in this case, the remediation of contaminated soils, for example,
there are biotechnologies such as green and sustainable remediation where the
processes are considered biological-ecological, social-anthropological, and economic-
administrative for remediation and restoration projects in contaminated areas
(Figure1) [11-14].

Likewise, for remediation and restoration processes, people must be considered
and involved to create scenarios where cooperation, communication, and trust
between actors (society, business, government, academia, and civil associations) are
visualized to create an ideal environment for solving problems, conflicts, and socio-
environmental repercussions due to soil contamination and, thereby, reducing and
solving the socio-environmental crisis of the territory [15-17].

Territorial governance

Biological-
ecological

Green and
sustainable
remediation

Economic- Social-
administrative anthropological

Social participation

Figure 1.
Linking processes between social participation, the axes of sustainable remediation, and territorial governance.
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Although there is technical and scientific evidence on soil contamination
worldwide [18], it seems that this does not matter and that the real concern is to
continue generating more viable economic development at the expense of nature,
that is, underestimating the biocapacity and importance of recovering the affected
soils [14, 19].

Preventing the environmental, social, and economic collapse of a territory due to
soil contamination must be focused on the multiplicity of biotechnologies that can be
implemented for the remediation of the affected areas, taking into account the differ-
ent spatial, temporal, and social scales within of the complex framework of adaptive
(sub)system and socio-ecological systems so that, with this, territorial governance
can be managed [20, 21].

Territorial governance refers to the complex, multifaceted, and plural process
between the different actors for decision-making, that is, it seeks adaptive efficiency
and requires flexibility, experimentation, and learning with different interests and
the common good within a given space [22, 23] in this case, areas impacted by pollu-
tion. Whereas the authorities seek to apply remediation strategies.

Now, territorial governance is required not only to consider political management,
but the coordination of one or more modes of governance must be considered using
different instruments, methods, and strategies under social participation to overcome
governance failures and, at the same time, to achieve sustainable remediation of
contaminated soils [24-26]. Therefore, the objective of this work is to analyze territo-
rial governance as a strategy in the search for social participation in the remediation
of contaminated soils.

2. Territorial governance, social participation, and contaminated soils

Governance seeks cooperation between governments, public and private administra-
tions, nongovernmental actors, and civil society in the development of public policies
for a common good [27]. Furthermore, by applying good governance, the management
objectives will be effective and successful, considering international agreements, to use
processes, techniques, and methods to provide a solution to a given problem [28].

In this sense, social participation supports decision-making and solutions at the
local, regional, and even territorial level in a participatory manner, since the effective
participation of society manages to contribute to legal instruments and territorial
planning plans, that is, if citizens are considered, their contributions to caring for the
environment and the economy of the territory would be favorable [29, 30].

Likewise, this social participation collaborates, empowers, and creates social
management within public environmental policies on soil contamination issues,
which generates debates around decision-making processes, especially those related
to physical and chemical methods, biological and soil resource management, as well
as the damage caused to the natural resources of the territory (Figure 2) [31-34].

When applying territorial governance, the participation of public administra-
tion, political science, and social participation is considered within the strategies to
shape the behavior of the actors to generate strategies and rules for the application of
biotechnologies in the remeasurement process of contaminated soils and the envi-
ronmental regulation of companies is not compromised toward the sanitation of the
affected socio-ecosystem [8, 25].
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Figure 2.
Social participation of a community in Tabasco, Mexico, regarding its natural resources in the territory.
Photographs: José¢ G. Chan-Quijano.

However, it must be considered that soil contamination may be different in the
concentration levels of the contaminant, in its distribution over the territory and that
the contaminant will be different, for example, heavy metals, metalloids, hydrocar-
bons, pesticides, plastics, and emerging contaminants, to name a few. Furthermore,
the biogeochemical behavior of each pollutant in the system will cause damage at
different scales to natural resources and humans [31, 34-36].

Therefore, territorial governance and social participation are two conceptual
and practical methods that develop strategies within remediation biotechnologies to
achieve effectiveness in the recovery of contaminated soils, that is, from a political
and social sphere, they can generate methods for choosing, controlling, and replacing
viable techniques for the recovery of the contaminated area [37, 38].

In this context, and at the same time, a capacity for monitoring and principles of
public policy will be generated in the administration of resources and environmental
policies (regulatory framework and government effectiveness toward the problem),
and, above all, the consideration of citizens in the participation of the remeasurement
of the contaminated environment in conjunction with territorial governance and
emotions toward nature (Figure 3).

Therefore, considering the previous principles and following up on the problem, it
is crucial to develop methods and techniques to evaluate the potential risks of human
exposure to contaminants and decide the concentration thresholds in soils to protect
the health of the socio-ecosystems [3, 43]. Because soil contamination continues to
increase and remediation practices are few, social participation must be considered to
achieve sustainable remediation in conjunction with territorial governance.
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Public policy principles in the Contaminated soils
remediation of contaminated soils

¢ Identification of the source of

contamination.
* The diversity of soils in a single
Contaminated soils territory.
e The different contaminants

Social participation and their toxicity.
/ \ /_ e Environmental and human
health.
,~—Territorial governance | o Use and function of the land.
o Classification of remediation

/ biotechnology.

 Specific laws and regulations.

Social participation Territorial governance

e Sociology and environmental * Socioecological justice.
anthropology of the contaminated ¢ Green criminology of the area affected
area. by pollution.

* Dynamics and ways of life of the e Specific laws, rules, and regulations.
territory. e Socio-environmental and  socio-

* Decision making in biotechnology ecological responsibility.
to implement for remediation. e Political and institutional dimension

* Socio-environmental impact. in decision-making for remediation.

* Problems, conflicts, and e Levels of government, their
repercussions. commitment and political will.

e Perceptions and subjectivities of | e State secretaries for stronger
the subjects (environmental, social, decisions on the care and remediation
and economic). of contaminated environments.

* Management and information of the
area.

Figure 3.
Principles and interaction between territorial governance, social participation, and the remediation of
contaminated soils within environmental policy. Source: own elaboration based on Refs. [23, 39-42].

3. Humans and nature: the socio-environmental emergency
of contaminated soils

The link between humans and nature supports knowing that epistemological
and methodological forces for the metatheoretical formulation to seek the socio-
environmental stability of the affected socio-ecosystems, in this case, soil contamina-
tion. Legally, this problem (company-society-government) is given attention, but
with flaws in the environmental legal system since it seems that nature is absent due
to monetary interest [44, 45].

When looking for alternatives for management, remediation, and restoration of
contaminated soils, it is, without a doubt, taking society into account so that citizens
can understand their concerns about the affected environment that surrounds them
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and, with this, achieve this change of thinking about its environmental rationality not
only with the view that a payment will be received for compensation for the damage
caused but also to achieve a democracy of the Earth, that is, that with the same social
participation the socio-ecosystem affected by pollution [46-48].

According to the above, there are various biotechnologies, for example, bioreme-
diation, phytoremediation, and electroremediation, to mention a few, but they are
applied from an ecological-biological perspective for the remediation of contami-
nated soil. However, it is necessary to apply these techniques, but considering society
and, at the same time, the territorial governance of the affected socio-ecosystem,
that is, apply the ecological-biological, social-anthropological, and economic-
administrative axes for sustainable remediation [11, 49, 50].

On the other hand, within territorial governance, green criminology can be
brought closer to environmental policy through the studies of environmental crimes
and crimes derived from soil contamination by various organic and inorganic pollut-
ants, since these compounds are factors that threaten the natural components of the
socio-ecosystems. Therefore, green criminology offers an epistemological, theoreti-
cal, and methodological framework to understand the legal framework that, in turn,
will achieve successful and efficient remediation [51-53].

In this context, the environmental crisis is a civilizational crisis and human irre-
sponsibility in the face of contamination of socio-ecological systems and is driven by a
lack of being and a will to power in environmental politics, that is, there is a struggle for
life [54]. Finally, we must rethink the current state of contaminated soils in the territory
and, with this, achieve an alternative that goes beyond what is legal, that is, society itself
is aware of the damage being caused to the ground which, many times, is irreparable.

4. Perspective of the state and social consciousness: case studies
in the remediation of contaminated soils

At the international level, there are a few initiatives on the soil protection regime,
including the issue of contamination and remediation measures, which could gen-
erate a serious risk to environmental and human health, as well as put at risk the
long-term sustainable development of the land’s soils [55-57]. In this sense, a holistic
perspective must be applied where the environmental, social, and economic benefits
of remediation are maximized and, with this, territorial governance and socio-envi-
ronmental management of contaminated sites must be put into practice [58].

Territorial governance and socio-environmental management propose that the
remediation of contaminated soils within public environmental policy should be a
priority for policymakers, professional organizations, and all parties interested in
environmental protection; therefore, a multidisciplinary scenario must be applied
where side effects are considered, as well as socioeconomic aspects [59]. Likewise,
human environmental ethics must be part of the reciprocal relationships between
nature and social conscience.

Within environmental awareness, emerging collaborative contributions must be
applied where the capacity for self-design of contaminated soils is based on systemic
approaches that help to remediate, restore, and conserve socio-ecosystems (Table 1)
[60, 64]. Furthermore, in the social consciousness of the subjects what is sought is the
redefinition of sustainability and new rationalities with an orientation toward gover-
nance and participation with other actors so that the State can develop more specific
public policies for the recovery and remediation of the contaminated soils [50].

78



Territorial Governance and Social Participation for the Remediation of Contaminated Soils
DOI: http://dx.doi.org/10.5772/intechopen.1005663

Emerging collaborative ~ Characteristics Link to remediation
contribution
Care of the place It considers the relationship of the Examines the perception and concern

subjects with their natural environment,
which they appropriate physically and
spiritually (worldview) where they
establish their home and, therefore, take
care of natural resources.

about the contamination of the area
and seeks remediation and restoration
of the affected socio-ecosystem, being
careful not to look at the area asa
monetary resource.

Care of power

Examines how the subjects of the
affected areas participate in decision-
making with aspects of environmental
public policy and territorial governance.

Explores the need to apply socio-
ecological justice under the study of
green criminology and environmental
ethics in social awareness toward
conservation.

Care of the common

good

It explores collective action and provides
information on recovery practices for
the common good, that is, it seeks new
strategies and methodologies based on
nature or people themselves.

It recognizes that contaminated soils
are integrated with the social system,
which is why it seeks to co-manage
sustainable biotechnologies by
incorporating environmental policies to

solve common problems.

Source: Prepared based on Refs. [60—63].

Table 1.
Collaborative contributions under social awareness for the self-design of strategies for the remediation of
contaminated soils.

According to the collaborative contributions, the social awareness of the subjects
and the State within their participation in territorial governance is that there are cases
that have managed to apply some remediation method, for example, in Mexico, the
national remediation program of contaminated sites with the objective of applying
priority strategies and specific actions, as well as interinstitutional coordination tasks
for the implementation or operation of the remediation of contaminated soils, taking
into account participation and social well-being [65].

In Japan, they have the objective of applying technical development strate-
gies to advance the application of viable technologies for final disposal areas of
contaminated soils. Regarding regulatory aspects, managed recycling of removed
soil and final disposal of removed soil will be applied. This soil will be converted
to recycled material through quality adjustment and other processes to match the
conditions of the materials to be used. In addition, they consider the social aspect
of the care of human and environmental health and, with this, what they seek is
trust and acceptability to increase social benefits and reduce the perception of
risk [66, 67].

For its part, the United States is implementing best management practices where
remediation technology can be used to reduce the environmental footprint and, in
addition, focuses on using passive treatment systems and installing soil covers with an
integration approach. Renewable energy is used on-site to recover natural resources
through restoration and socio-environmental management plans [68].

Finally, and based on the examples, it is noted that there is international concern
about contaminated soils, but there is still a lack of international regulation that sup-
ports the remediation and restoration of contaminated soils and, thereby, preserving
the quality and functionality of the soil to ensure long-term environmental sustain-
ability [19, 27, 48]. These synergistic actions, which consider both nature and society,
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provide a sustainable and efficient alternative for the State, together with territorial
governance and social participation, to achieve green and sustainable remediation of
contaminated soils.

5. Conclusions

Soil contamination is increasing, and remediation alternatives are not always
viable due to the socio-environmental problems that are generated by society-
business-government. Given this problem, the strategy of working with social
participation is planned so that recovery strategies are generated from society
itself, as well as the selection of the most viable remediation biotechnology for the
affected area.

Social participation must be a priority in remediation projects for contaminated soils
to generate strategies based on the same people to recover the affected socio-ecosystems.
Likewise, working with territorial governance opens the opportunity to have principles
and guidelines from environmental policy to remediate contaminated soils.

Sustainable remediation under its different axes can be an alternative for recover-
ing the contaminated socio-ecosystem, but at the same time, it generates rationality
and environmental awareness in society itself. Finally, at an international level,
there is still a need to carry out remediation projects for contaminated soils where
social participation is considered and, with this, a restoration of the recovered site is
subsequently achieved.
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Chapter 5

Managing Drill Cuttings Waste
in Our Age

Mary Allagoa

Abstract

Oil and gas drilling processes produce drill cutting wastes around the world. Drill
cuttings are formed from the drill well bore to the earth’s surface and differ from
a fine to pebble size rock. They carry with them petroleum hydrocarbons; water,
and various drill mud. Drill cuttings have been treated with several methods over
the years. The method include, thermal technology, solidification/stabilization, bio
remediation and mechanochemical method. This chapter explains few techniques
employed in drill cuttings treated waste, which may be convenient and affordable.
This will heighten the need for bio-treating drill cuttings before disposal to ease the
level of environmental pollution.

Keywords: management, sustainability, pollution, socio-environmental, public policies

1. Introduction

Oil and gas operations create drill cutting wastes around the world [1]. Before
now, these drill cuttings were usually dumped into water bodies or land without
recourse to any form of treatment [2]. Drill cuttings refer to any material (solids)
removed from a borehole while drilling petroleum wells. Drill cuttings are granular
in nature, and constitute solid phase of the waste stream [3]. The chemical character-
istics of the drill cuttings depend to a greater extent on the chemistry of the drilling
fluid and mud additives used in the drilling process [4]. Drilling muds are liquids used
in the drilling process, which comprises of water, oil or synthetic based. Drilling muds
are essentially made of oil or water, ground rock and clays [5]. Studies has shown that
synthetic muds are not breaking down naturally in sea water as quickly as expected
and are most harmful because they contain large quantities of hydrocarbon. Drill cut-
tings are characterised by relatively high content of polycyclic aromatic hydrocarbon
and heavy metals [6]. PAH has negative influence on animal and plant organisms.
PAHs have been discussed in numerous research works as environmentally harmful
because they are or can become carcinogenic or mutagenic [7-10]. According to the
international center for soils and contaminated sites [11]. PAHs are defined by their
high durability in the environs, which allows them to store in the soil for numerous
period and degrade with difficulty. Because of this, there is need to have these drill
cuttings treated before disposal.
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1.1 Treatment method of drill cutting
1.1.1 Thermal treatment technologies

Thermal technologies use high temperatures to reclaim or destroy contaminated
material. They can be classified into two class (Figure 1) [12]. The first function
by the use of incineration to destruct hydrocarbons by heating them to very higher
temperatures (1200-1500°C) in the existence of air. Incineration is not normally used
for drilling waste material but has greater relevance for materials like medical waste
material and Convert them into less bulky materials that are non- hazardous or less
hazardous prior to incineration [13]. The second group called thermal desorption uses
a non- oxidizing process to vaporize volatile and semi-volatile through the applica-
tion of heat. Of the various technologies involved in thermal desorption, thermal
phase separation (TPS) is the most popular and consist of five subsystems [14]. The
five subsystems are pre-treatment system; the anaerobic thermal desorption unit
(ATDU), solid discharge and conditioned sub system, vapor recovery unit (VRU),
and finally water treatment unit (WTU). Thermal desorption technologies rely
on volatilization; treatment ratio is connected to the volatility of the toxins. Hence
thermal desorption well removes Low Molecular Weight (LMW) hydrocarbons,
aromatic and other volatile organics while High Molecular Weight (HMW) PAHs are
less easily separated. Costs of thermal treatments are quite prohibitive [15], personnel
and equipment is exposed to the resulting fugitive dusts.

1.1.2 Solidification/soldification

These involve the mechanical binding of the cuttings to form a solid block as a
result of the chemical interaction between the cuttings, the solidifying and solidify-
ing agents [7-10]. These approaches are aimed at ensuring that residual oil and heavy

TREATMENT METHOD OF DRILL CUTTING

— > ;
Thermal treatment technologies

Solidification/encapsulation/stabilization

ey Mechano-chemical

and bioremediation

Figure 1.
Drill cutting treatment methods.
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metals in the pre- treated, mud coated cuttings are prevented from leaching to allow
for their land application or their use as road construction materials. Al-Ansary

and Al-Tabbaa [16] studied Stabilization/solidification of synthetic petroleum drill
cuttings. They ascertained the leachability results and display the reduction of the
synthetic drill cuttings to a stable non-reactive hazardous waste, defiant with the UK
approval criteria for non-hazardous landfills. Boutammine et al. [17] uses stabiliza-
tion/solidification (S/S) and combined with biological treatment on drill cuttings.
The experimental solidification tests were analyzed. The results display at 28 days of
curing show the UCS was importantly affected by additives. A similar exercise carried
out in Southern Louisiana University indicated that cuttings stabilized in a silica
matrix had a pH > 11 and did not support plant growth when land applied [18].

1.1.3 Mechanochemical (MC)

Mechano-chemical is a method projected since 1902. Presently is effectively
exploited in different fields. It has also been recommended in the past for clean-
ing organic wastes material. Mechanochemistry explains the mechanical breakage
of intramolecular bonds by external force, where contacts between micronized
molecular solids are defined by the mechanical action for common motion. Mechano-
chemical treatment allows chemically stable galactic organic unit to act at compara-
tively moderate operating conditions owing to mechanical energy transferred when
grinding [19]. Processes includes; Grinding, milling, shearing, scratching, polishing,
and rapid friction which provide the mechanical impact for mechanochemistry. The
following are factors affecting the milling process [19]. These are; Soil composition
and characteristics, Properties of the contaminant, Optimum milling duration and
Ball to soil ratio. Mechanochemistry covers solid-state reactions by friction at lubrica-
tion of rapidly moving cold contacting surfaces, and single bond breaking or cutting
[20] (See below) for brief description (Figure 2).

1.1.4 Bioremediation technology

It could be called bio-restoration, meaning giving nature a helping hand.
Bioremediation can be characterized as any procedure that uses micro- organisms to
decontaminants pollutant. To its original condition [21-24]. Example are land farm-
ing, composting, bioreactors, bioventing, bio filters, bio-augmentation, bio stimula-
tion, remediation by enhanced natural attenuation (RENA) [25].

flint etc
—_—
surface plasma

exciting applications

R/\/\/\ /\/\ R
polymer radicals . and nanodissection

(semi)metals, weak and strong covalent bonds, explosives

impact

Figure 2.
Processes involved in this treatment [20].
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* Bio stimulation- is the process of introducing additional nutrients in the form
of organic and/or inorganic fertilizers into contaminated system. These require-
ments can gradually be satisfied by addition of nitrate, phosphate and sulphate
containing salts.

* Bio venting- method of treating contaminated soils by drawing oxygen through
the soil to stimulate microbial activities.

* Bio reactors: container or reactor may be used to treat liquids or slurries.

* Bio augmentation: involves bacterial cultures to a contaminated medium. It also
involves the introduction of microorganisms (cultured) into a contaminated
system. These practices take care of the events of the absence of competent
naturally occurring microbes. Although some of these specialize microbes are
naturally occurring; others can be synthesize in the laboratory [21-24].

* Remediation by enhanced natural attenuation (RENA) - is an in situ strategy that
involves the combined application of bio stimulation with inorganic fertilization
and certain agro technical processes like tilling in windrow to decontaminate a
polluted matrix. Bio-stimulation helps to increase the activities of indigenous
heterotrophic bacteria (HTB) and hydrocarbon — utilizing bacteria (HUB) while
tilling helps to improve aeration [21-24].

» Composting is a involves aerobic conditions in a matric phase environment. It
is a successful strategy for the successful recycling of organic wastes [21-24].
Composting is an aerobic process consisting of aerating sludge mixed with co-
compost such as saw dust and animal manure. Composting is increasing being the
preferred methods of treatment of municipal sludge’s because the process produces
marketable end products that can be used as a container and organic fertilizer.

Composting involves the addition of organic matter to promote the develop-
ment of a wide range of microbes to breakdown complex contaminant under a good
temperature, moisture and nutrient level [21-24].

Once after initiating composting its proceeds in two phase namely; high rate
phase and curing phase. During high rate phase, thermophilic temperature (50°C
and above) are reached owning to increased microbial activity and heat generation
by biodegradable component in the compost. The curing phase is a low temperature
stage, which follows after the rapidly degradable components are utilized. After these
stages, the material will stabilized and is ready for land application. Meanwhile, to
maintain the thermophilic temperature range, periodic turning is necessary [21-25].
Composting is divided into four major micro biological stages which are; tempera-
ture, mesophilic, thermophilic, cooling and maturation. Composting had some viable
advantages including relatively low capital and maintenance cost, simple design and
operation, and some removal of oil pollution. Composting consist of three major
types of feed; the material been degraded (industrial waste), amendment (easily
degraded organics; nutrients and microbes) and bulking agents (such as wood chips,
saws dust, rice hulls, farmyard manure used for moisture control). Bulking agent
are materials of low density when with soils; reduce the soil bulk density, produce
higher porosity, may produce higher oxygen which may form water stable aggregates
[21-25]. These alteration to a soil will gain aeration and microbial action. Too much
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moisture may impede thermophilic condition and too little moisture can seriously
reduce reaction rate. As a result of these processes, nitro aromatic are converted into
nontoxic end product such as mono and di — amino toluene and carbon-dioxide.

* Phytoremediation: uses plant and micro-organisms to make contaminant harm-
less [26]. Although, report by [27] states that phytoremediation involves the
translocation and transpiration.

2. Materials and methods

2.1 Laboratory analysis

The samples was air-dried and weighed. The ratio of samples to the solvent was
1:2. The required quantity of analytical grade hexane and dichloromethane. The dry/
cold extraction was applied and gas chromatography machine used (Table 1).

2.2 Determine PAHs sources

PAH ratios determine PAH sources, clarify samples by locations, and estimate
(Table 2) [30].

2.3 Benzo[a]Pyrene equivalent (B[a]Peq) estimation

BaP equivalent concentration (BaPeq) evaluated the toxicities of PAHs in sampling
sites. Therefore, the total PAH concentration is expressed as B[a]Peq to illustrate the
toxic potency [31]. As proposed earlier by [31, 32], the B[a]Peq is the summation of
the B[a]Peqi. It is the value for specific PAHs or individual PAH concentrations in the
sample (cPAHi) multiplied by its toxic equivalency factor (TEFPAHi).

Bla]|Peq=Y.(BaPeqi) =X (cPAHix TEFPAHi) or X BaPeq=Y.CixTEFi (1)

Where Ci is the concentration of individual PAHs, TEFi is the corresponding toxic
equivalency factor (Table 3).

Reactor Compost

Control Untreated drill-cuttings

SAMPLE A Drill cuttings + top soil + (PD + SD) i.e. 4:1:1;2000 g + 500 g + 500 g
SAMPLE B Drill cuttings + top soil + SMSi.e. 4:1:1;2000 g + 500 g + 500 g

SAMPLE C Drill cuttings + top soil + (PD + SD) i.e. 4:1:2; 2000 g + 500 g + 1000 g
SAMPLE D Drill cuttings + top soil + SMS i.e. 4:1:2; 2000 g + 500 g + 1000 g

SAMPLE E Drill cuttings + top soil + (PD + SD) i.e. 4:1:4; 2000 g + 500 g + 2000 g
SAMPLE F Drill cuttings + top soil + SMS i.e. 4:1:4; 2000 g + 500 g + 2000 g

SAMPLE G Drill cuttings + top soil + (PD + SD) + SMSi.e. 4:1:1;2000 g + 500 g + 500 g

PD - Poultry droppings, SD — Saw dust, SMS — Spent mushroom substrate.

Table1.
Experimental layout.
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PAHs ratio Values Source Reference
Y LMW/ HMW <1 Pyrogenic/Anthropogenic [28]
>1 Petrogenic/natural

Ant/(ant + Phe) <0.1 Petrogenic/natural [29]
>0.1 Pyrogenic/Anthropogenic

BaA/(BaA + CHR) <0.2 Petrogenic/natural [30]
0.35 Combustion

Table 2.

Diagnostic ratios used in this study with their typical values for particular processes.

PAHs Toxicity equivalent factor Reference
Naphthalene 0.001 [32]
Phenanthrene 0.001
Anthracene 0.01
Acenaphthelene 0.001
Acenaphthylene 0.001
Flourene 0.001
Pyrene 0.001
Chrysene 0.01
Benzo[a]anthracene 01
Fluoranthane 0.001
Table 3.

Toxicity equivalent factor value of the individual PAHs.

2.4 Quantification and characterization of degradation

The biodegradation rates of PAHs were evaluated by comparing the reaction rate
constants of the pseudo-first-order kinetics refereed to [9].

K1
logCo — Ct =logCo — *1 2
08-0 08%0 (2.303} @

Make K; the subject formula

K1 zg* (logCo)—(logCo—Ct)J 3)

K - The apparent constant reaction rate of the pseudo-first-order (1/week), t-
Time (weeks).

Then, the half-life of the respective PAHs:

T1/2 = 0.693/K1 (3).
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Biodegradation efficiency (BDE):

BDE(%) =% 100 )

Where C, — initial concentration C, — final concentration.

2.5 Statistical analysis

The data were presented as the mean of triplicates (n = 3) + standard error. ANOVA
or general linear model (GLM) tests in MINITAB 16.0 was identified as p < 0.05.

3. Results

The ) 14PAHs reduced at a reasonable rate. Sample A at 4 weeks had ) 14PAHs
to be 12747.4 mg/kg which reduced to 9107.9 mg/kg at about 28.6%. Sample B with
11195.5 mg/kg reduced to 3912.0 mg/kg at 65.1% while Sample C had 11646.5 mg/
kg which reduced to 6296.8 mg/kg at about 45.9%. And Sample D reduced from
10897.2 to 4704.5 mg/kg at 56.8% while Sample E had a 50.2% with a value of
6113.0 to 3041.7 mg/kg after 4 and 8 weeks. Sample F & G reduced at 53.6 & 48.3%
respectively. The concentration reduced from 4266.4 to 1978.7 mg/kg and 7543.2 to
3898.6 mg/kg in sample F & G respectively. For Bio degradation Efficiency (BDE),
the % ranges from 11.1-86.0% in Sample A, Sample B had 15.6-90.6% while Sample
C had 18.5-95.8%. Yet, 27.5-81.9% were observed for sample D and 27.9-90.7% in
sample E. Additionally, Sample F (25.4-82.2%) while sample G (8.5-89.6%) respec-
tively. For the individual PAHs, B[a]Ant had the lowest BDE in Sample A & D while
PHE had the lowest BDE in Sample C and F. The PAHs Indeno [1-3] ANT, Indeno
[1,2,3-cd]PY and FLUROANT were the lowest BDE in sample B, E and G respec-
tively. The highest BDE values were observed for Blb] FLOURANT in Sample C and
E while Sample A,B,D,F & G show CHRY, B[A]PY, FLUORNAT, DIBENZ[A,H]
ANT & INDENO[1,2,3]ANT with the highest BDE respectively. The PAHs in this
study were group on ring bases. Where NAP (32 ring), ACE, ACY, FLUORENE,
PHE & ANT as ) 3 rings. FLUORANT, B[A]JANT & CHRYS were ) 4 rings and B[b]
fluornt, B[A]PY, INDENO(1,2,3) ANT, DIBENZ(a,h)ANT as )5 rings. In Addition,
INDENO [1,2,3-cd] PYR is ) 6 ring. The rings were 2,3,4, 5 and 6 rings respectively.
As seen, at 4 weeks ring 2 (0.16%), Y3 ring (29.60%), > 4 ring (30.63%), ) 5 ring
(16.62%) and Y 6 ring (22.99%). Further at 8 weeks we have % of the rings to be
Y2 rings (0.16%), Y 3 rings (32.19%), Y. 4 rings (34.10%), Y5 rings (11.10%) and
Y 6 rings (22.44%). Pearson correlation at 4 and 8 weeks show a value of 0.847 and
there was a highly significant different with the amendment at 8 weeks as p < 0.05
(Figure 3; Tables 4-6).

To further investigate possible sources of PAH pollution, Principal Component
Analysis was performed using the correlation matrix of the log-transformed PAH
levels. One principal components PC1 with eigenvalue >1 were extracted and explained
88.8% (High loading variables are presented). PC1 was characterized by high loadings
of PAHs with 2-3 ring, 4 ring, and 5-6 ring. The 14 PAHs had high loading where the
variable depict the seven amendments. Thus, PC1 had a proportion of 88.8% of the
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Figure 3.
Show an evenly distribution of the PAHs values after normality test at 4 and 8 weeks transformed with log 10.

4 Weeks (%)

COMPOST 2 3 4 5 6
1 0.39 48.82 3843 511 725
2 0.02 33.39 28.69 12.28 25.62
3 0.27 30.02 40.64 2041 8.66
4 0.10 25.24 27.36 15.07 32.22
5 0.13 2117 25.86 22.00 30.83
6 0.12 21.12 19.67 2593 3317
8 Weeks (%)
1 048 56.65 34.21 442 4.23
2 0.03 34.01 44.40 1117 10.39
3 0.35 3721 38.19 12.19 12.06
4 0.07 2734 3344 11.05 28.09
5 0.08 18.04 25.72 11.49 44.67
6 0.07 24.26 21.00 18.04 36.64
Table 4.

Rings % distribution on and after bio-vemediation.

total variance and reflected the contribution of anthropogenic to the origin of PAHs

at 4 weeks. At 8 weeks, Eigenvalue was 5.8522 greater than 1 hence only PC1 was
described by high loading of PAHs with a proportion of 83.6% of the total variance and
reflected the contribution of anthropogenic activities to the origin of PAHs. The PCA
results, in combination with diagnostic ratios, suggested that anthropogenic sources
were probably the main sources. PAH ratios were calculated to determine PAH sources.
The calculated ratios were ) LMW/Y HMW, Ant/ (Ant+ Phe), and BaA/ (BaA + Chry).
Their values were < 1, >0.1, and > 0.35 respectively. Sample A toxicity values reduced
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Variable PC1 PC2 PC3 PC4 PC5 PCeé PC7
1 0.336 -0.821 0.329 -0.134 0.057 0.090 0.273
2 0.392 0.096 0.499 —0.045 -0.117 -0.318 —0.687
3 0.380 —0.202 —0.468 0.709 —0.100 -0.286 —0.048
4 0.392 0.040 —-0.295 -0.091 0.435 0.658 —-0.357
5 0.385 0.270 —0.087 —0.288 0.557 -0.503 0.351
6 0.374 0.441 0.437 0.359 -0.179 0.350 0.437
7 0.383 0.078 -0.373 —0.508 —0.664 0.021 0.095
Eigenvalue 6.2178 0.4170 0.1308 0.1072 0.0882 0.0277 0.0114
Proportion 0.888 0.060 0.019 0.015 0.013 0.004 0.002
Cumulative 0.888 0.948 0.967 0.982 0.994 0.998 1.000
Tables.

Eigen-analysis of the correlation matrix (4 weeks).

Variable PC1 PC2 PC3 PC4 PC5 PCé6 PC
1 0.330 -0.814 —0.242 -0.129 0.058 0.340 0.184
2 0.396 0.010 -0.121 0.319 -0.736 -0.341 0.261
3 0.387 —0.047 —0.034 0.698 0.385 —-0.067 —0.455
4 0.387 0.065 0.632 —0.028 0.352 -0.138 0.550
5 0.383 0.434 0.070 -0.041 —-0.206 0.781 -0.077
6 0.369 0.360 —-0.661 —0.316 0.341 —-0.232 0.164
0.390 -0.108 0.290 —0.541 -0.153 —0.284 —0.596
Eigenvalue 5.8522 0.5088 0.2354 0.2092 0.0835 0.0639 0.0470
Proportion 0.836 0.073 0.034 0.030 0.012 0.009 0.007
Cumulative 0.836 0.909 0.942 0.972 0.984 0.993 1.000
Table 6.

Eigen-analysis of the correlation matrix (8 weeks).

from 281.8 to 191.5 of 32.0% while Sample B, C, D, E, F & G toxicity potency values
were 86.0, 69.2, 56.9, 57.8, 50.3 and 82.2%. In Addition, Sample B, C, D, E, Fand G
values were reduced from 679.4 to 94.5 Ba mgPeq kg, 543.0 to 197.2, 316.9 to 136.6, 304.1
t0128.2, 467.0 to 232.2 and 532.4 to 94.9 respectively. The samples had the following
values of k and t;/,: Sample A (k 0.005-0.655 week 1 & Ty 1.1-148.7 week), Sample

B (k 0.002-0.278 week ! & T/, 2.5-283.9 week), Sample C (k 0.004-0.446 week 1&
T1/, 1.4-194.4 week), Sample D (k 0.003-0.148 week 1 & Ty 4.7-211.1 week), Sample
E (k 0.009-0.155 week * & Ty, 4.5-78.5 week), Sample F (k 0.010-0.807 week 1&
T1/, 0.9-72.6 week) and Sample G (k 0.007-0.343 week 1 & Ty, 2.0-96.0 week).

4. Discussion

PAHs are of great concern due to their documented carcinogenicity and endo-
crine disruptive activity [7-10]. The 5 and 6-ring PAHs had degraded the least in this
study, these may be due to sequestration in the compost matrix [33]. Co-composting
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of PAH-contaminated soil with poultry manure was investigated by [34]. Studies by
Refs. [35-38]; established that high molecular weight PAHs are more recalcitrant in the
environment and may resist both chemical and microbial degradation. Nevertheless,
Composting not only promotes the growth of plants but also enhances the growth and
activities of soil microbes [38]. Poultry droppings (PD), when added may therefore
serve as a nutrient supplement to the soil microbial population needed to stimulate
biodegradation of the total and poly-aromatic hydrocarbons, thereby ameliorating the
risk these compounds pose to environment [39]. Some studies [40-42]; found greater
disappearance rates after inoculating their samples with white rot fungi. In this study,
SMS was able to degrade a significant amount of 3, 4, 5, and 6 rings, which indicates
the potential of SMS to degrade PAHs. A lot of substrates can encourage the fungal
degradation of organic pollutants. Spent mushroom compost provides bulk nutrients for
indigenous soil micro flora and contains considerable microbial activity [40-43]. These
can be shown by [44], they tested the potential of a mixed substrate used for mushroom
cultivation (MCS) in the bioremediation of aged, PAH-contaminated soil. Three PAHs,
anthracene, benzo(a)pyrene and benzo(a)anthracene, were most subject to degrada-
tion, which is consistent with the PAH degradation features of fungal laccase. Since
poultry manure is rich in carbon and mineral nutrient, particularly nitrogen [45] and
SMS have the ability to degrade lignin and PAHs. A combination of poultry droppings
and SMS degraded the PAHs better in the drill cuttings than when with one amendment.
Another study by [46], show a high degradation percentages of total hydrocarbons
(82%), n-alkanes (96%) and the 16 USEPA-listed polycyclic aromatic hydrocarbons
(93%), when applying 75 and 33% of organic wastes. Although, [46] suggest the
application of 75% organic waste produced better result when compared to 33%. In
general, the physicochemical properties are the main factor that determines the level
of PAHs in the environment and soil sorption of the compound [47]. For the toxicity
equivalent values in this study, the total BaPeq (Toxicity values) of 12PAHs in drill
cuttings was higher than urban soil in Lisbon, Portugal (229 mg BaPeq/kg [48], Hunpu
(52.31 pg/kg) [49], Xinzhou (34 pg/kg) [50], Liaohe estuary (30.0 pg/kg) and Yellow
River Delta (11.92 pg/kg) [51] and lower in Palermo, Italy (151-4291 mg BaPeq/kg, [48].
Also, Canadian Soil Quality Guidelines for commonly occurring parent PAHs for the
protection of environmental and human health provide PAH guidelines were based on
the PAHS’ carcinogenic effects [52]. Biodegradability is usually explained by first-order
kinetics [39]. In Ref., [39] explained this by suggesting that the higher the biodegrada-
tion rate constants, the faster the rate of biodegradation, and consequently, the lower
the half-life. The inconsistent effects of nutrient, positive or negative, were clarified by
[53], who proposed a resource-ratio theory to envisage how competition for growth-
limiting resources influenced biological diversity and function within a biotic com-
munity. Braddock et al. [54] recommended that the optimization of the biodegradation
rate, by a specific nutrient ratio may differ as dissimilar PAH-degrading microorganisms
require different ratios. The effects of biodegradation, the role, and ratio of different
nutrients, and the selection of particular degraders, require further research [53].

5. Conclusion

Based on the results obtained in this study, the following conclusions are drawn;

* Using the two types of wastes (plant and animal) is more preferable. Since they
both have different properties that have effect on the PAHs.
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* Using more quantity of amendment is more effective to degrade PAHs as regard
to this study.

* P.Ostreatus degrades PAHs better than poultry dropping. Since P. ostreatusis a
non - invasive and non-pathogenic fungus, commonly grown and eaten. It may

be more readily accepted by the public for bio-remedial application.

* For composting, large quantity of amendment may be better to enhanced
degradation.

Drill cuttings values exceed the safe limit and therefore remain unsafe for land
disposal without prior treatment.

6. Recommendation
This study therefore recommends that:

* Drill cuttings should be bio-treated, to bring the contaminant level to acceptable
limits, before its land disposal to reduce the level of environmental pollution.

* Oil based mud should be banned while drilling by oil companies except the
companies treat the drill cuttings before disposal.

* I recommend that composting should be used with two amendments in treating
drill cuttings.

* The findings in this study should be adapted by exploration and production
(E&P) waste management companies that are into drill cuttings treatment to
reduce the enormous amounts of money, energy and pollution associated with
thermal treatment technologies.
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Abstract

Strengthening agriculture is crucial for ensuring food security for the world’s
expanding population. Endophytes, microorganisms that live within plant tissues
without harming the host, can colonize these tissues. They promote plant growth,
serve as biocontrol agents, and naturally shield the host from a variety of biotic and
abiotic challenges. Each year, the emergence of numerous stresses in crops leads to a
decrease in yield, resulting in significant losses. To mitigate these losses and manage
plant pests and diseases, various effective strategies should be employed. Endophytes,
being environmentally friendly, non-toxic, and cost-effective, could serve as an alter-
native for farmers aiming for sustainable agriculture. This chapter will discuss the
biochemical, molecular, and genetic mechanisms of endophytes in enhancing stress
tolerance in different crops and their role as biological control agents. Furthermore,
endophytes and their metabolites should be explored as potential beneficial agents in
the biological control of plant pests and diseases, extending the investigation up to the
multi-omics level.

Keywords: bacterial endophytes, fungal endophytes, biocontrol, abiotic stress,
biotic stress, phytopathogen

1. Introduction

Sustainable agriculture aims to address climate change, a major hurdle in achiev-
ing food security for the expanding global population. This predicts a 1.7-4.8°C rise in
global temperatures by the twenty-first century, altering precipitation patterns [1, 2].
Over the past three decades, climatic changes have induced abiotic stress, reducing
global agricultural productivity by 1-5% and necessitating a 70-100% increase in
food supply by 2050 [3]. Climate change poses a significant threat to ecology and
impacts both short-term and long-term food production, primarily through green-
house gas (GHG) emissions [3].
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The excessive use of synthetic pesticides during the green revolution has predicted
adverse environmental impacts, including pesticide resistance, insect resurgence,
harm to nontarget organisms, and environmental pollution. This necessitates a
long-term conservation strategy to protect plants [4, 5]. A comprehensive solution
is needed to eliminate the insecurities associated with food production and environ-
mental conservation, which are exacerbated by various pests and diseases that infest
crops, such as fungi, bacteria, viruses, and nematodes. Alternative strategies that
protect plants using microorganisms and biological control agents appear more reli-
able and environmentally friendly [6]. Key microorganisms associated with plants,
such as endophytes, could play a vital role in mitigating crop responses to climate
change [7, 8].

Endophytic microorganisms, which live within plant tissues without causing
harm, are the subject of extensive global research aimed at enhancing agricultural and
environmental sustainability [9]. These organisms are typically fungi or bacteria [10].
Studies suggest that endophytes offer a promising solution for managing pests, plant
diseases, and environmental stresses [11-13]. Therefore, the use of naturally occur-
ring beneficial endophytes for disease management could be an alternate approach
to improving the resilience of crop varieties and plant resistance [14]. This would
reduce chemical inputs and environmental stress without negative impacts. Beneficial
endophytic bacteria present in plant tissues provide a a potential natural solution
for stressed environments [15]. Upon inoculation, endophytic microorganisms are
known to modify their hosts’ genome, epigenome, proteome, and metabolome to
adapt to biotic and abiotic stressors. Plants inoculated with endophytes develop a
modified “ome,” enhancing their ability to withstand various biotic and abiotic chal-
lenges, such as diseases, salt, and drought. The molecular mechanisms through which
endophytes aid crops in coping with abiotic stress remain unclear. However, recent
advances in mass spectroscopy (MS) and high-throughput sequencing technology
(HTST) have raised hopes for a comprehensive examination of genes and proteins
that will elucidate the molecular interactions between plant endophytes under both
abiotic and abiotic stress conditions [16, 17]. This chapter discusses the biochemical
and genetic pathways of endophytic microorganisms as biological control agents in
the managing biotic and abiotic stresses.

2. Abiotic and biotic stresses in plants

Plants can be affected by various pressures, including biotic stress inducers,
nutritional or vital ion shortages, or antagonistic or poisonous compounds in their
surroundings [18]. Biotic and abiotic stressors account for 30-50% of agricultural
losses worldwide [19]. The main abiotic stressors are temperature, salinity, drought,
flooding, trace metals, and nutritional deficiencies (Figure 1). Biotic stressors can be
caused by pathogenic microbes up to insects or nematodes.

3. Endophytic microorganisms

Endophytic microorganisms, such as bacteria, fungus, and actinomycetes, are
prevalent in the tissues of all plant species and do not harm or cause disease [9].
Numerous microbial communities are associated with plants, and these communities
can respond to their host plant in a positive, negative, or neutral way. The subgroup of
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Figure 1.

Effect of abiotic and biotic stress on plants (from the authors’ study).

the rhizosphere microbiome known as plant growth-promoting endophytes signifi-

cantly influences plant microecosystems [20, 21]. They coexist and multiply in plant
tissues, such as stems, roots, seeds, fruit, buds, and leaves, without endangering the
host plants [22].

3.1 Endophyte diversity and classification

Endophytes or internal microorganisms are a group of microbes and fungi that live
inside plant tissues and organs. These microbes are usually in a symbiotic relationship
with plants and have multiple effects on plant health and performance [23]. Below
are some types of endophytes, their classification and distribution in plants and plant
environments:

1. Endophytic fungi: this includes fungi such as Sclerotinia, Fusarium, Trichoderma,
and Penicillium. These fungi can form the roots, stems, and leaves of living
plants [24].

2.Endophytic bacteria: bacteria, such as rhizobium, rhizovactinum, endophytes,
and other endophytes can live in plant tissues and provide nitrogen fixation,
growth hormone production, and stress resistance [25].

3.Endophytic viruses: these are viruses that live inside plants and can affect the
structure and function of the plant [26].

The classification of these endophytes is usually based on their physiological,
morphological, and genetic characteristics. Also, they can be classified based on host
types (plant species), environmental requirements, and biological effects [27].
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The distribution of these endophytes also varies with the type of plant, different
environmental conditions, including soil, amount, temperature, and amount of light.
Some endophytes may coexist exclusively with one plant species, while they may be
found in different plant species [28]. Consequently, further studies in this field can
contribute to a better understanding of the types of endophytes, their role in plant
maintenance, and their contribution to plant health and performance [29].

3.2 Methods for studying endophytes

Studying endophytes involves various methods and techniques to isolate, identify,
and understand their interactions with host plants and their environments [30]. Here
are some common methods used in the study of endophytes:

1.Isolation and cultivation:

* Surface sterilization: plant tissues are surface sterilized using chemical agents
(e.g., bleach, ethanol) to remove superficial microorganisms [31].

* Tissue dissection: tissues (e.g., roots, stems, and leaves) are dissected asepti-
cally to access endophytes residing within plant tissues [32].

* Culture media: endophytes are cultured on specific growth media optimized
for their growth and isolation [33].

¢ Incubation conditions: cultures are incubated under controlled conditions
(e.g., temperature, humidity) to promote the growth of endophytic microor-
ganisms [34, 35].

2. Molecular techniques:

* DNA extraction: DNA is extracted from isolated endophytes using various
extraction methods [36].

* PCR (polymerase chain reaction): PCR techniques are employed to amplify
specific regions of microbial DNA (e.g., 16S ribosomal RNA (rRNA) for bac-
teria and internal transcribed spacer (ITS) region for fungi) for identification
and phylogenetic analysis [37].

* Sequencing: DNA sequencing technologies (e.g., Sanger sequencing, Next-
Generation Sequencing) are utilized to determine the genetic sequences of
endophytes for species identification and diversity analysis [38].

* Metagenomics and metatranscriptomics: these approaches analyze the col-
lective genetic material (DNA or RNA) of microbial communities, including
endophytes, within plant tissues without the need for cultivation [39].

3.Microscopic examination

* Light microscopy: microscopic examination of stained tissue sections or
microbial cultures allows for the visualization and morphological characteriza-
tion of endophytes [40].

108



Endophytic Microorganisms: Harnessing Biological Control for Biotic and Abiotic Stress...
DOI: http://dx.doi.org/10.5772/intechopen.1005390

* Fluorescence microscopy: fluorescent dyes can be used to visualize endophytes
within plant tissues, providing insights into their localization and interactions
with host cells [41].

4. Physiological and functional studies

* Physiological assays: Biochemical and physiological assays are conducted to
assess the metabolic activities and functional traits of endophytes, such as
nitrogen fixation, hormone production, and disease suppression [42].

* Inoculation experiments: Inoculation of plants with purified endophyte
cultures or community mixtures helps to elucidate the effects of endophytes on
host growth, stress tolerance, and disease resistance [43].

5.Ecological and population studies:

* Field surveys: Collection and analysis of plant and soil samples from natural
habitats provide insights into the diversity, distribution, and ecological roles of
endophytes in different ecosystems [44].

* Longitudinal studies: Monitoring changes in endophyte communities over
time in response to environmental factors, host plant development stages, and
disturbances (e.g., climate change and land use change) [45].

6.Bioinformatics and data analysis:

* Bioinformatics tools and software packages are used to analyze sequencing
data, construct phylogenetic trees, and assess microbial diversity and commu-
nity composition [46].

* Statistical analyses help to interpret experimental results, identify significant
associations between endophytes and host plants, and infer ecological patterns
and processes [47].

By integrating these methods, researchers can gain a comprehensive under-
standing of the diversity, ecology, and functions of endophytes in plant-microbe
interactions.

3.3 Case studies of endophyte application in agriculture

Case studies and applications of endophytes in agriculture are currently one of the
most used and attractive fields in agricultural science research. Endophytes, as inter-
nal microorganisms of plants, can have positive effects on the growth, development,
and performance of plants. Below are some case studies of endophyte applications in
agriculture:

3.3.1 Increasing vesistance to environmental stresses

Studies have shown that some endophytes can provide plants with greater resis-
tance to environmental stresses, such as drought, salinity, temperature, and plant

109



Perspectives and Insights on Soil Contamination and Effective Remediation Techniques

diseases [16]. For example, some endophytes can improve plant resistance to soil
salinity and promote root system development under stressful conditions [48].

3.3.2 Nitrogen fixation

Endophytic bacteria such as rhizobium are able to convert molecular nitrogen into
forms that can be absorbed by the plant and stabilize it in the soil by creating symbi-
otic relationships with self-feeding plants. This application provides improvement of
soil quality and nitrogen efficiency in agriculture [49].

3.3.3 Increasing the growth and yield of plants

Some endophytes can increase plant performance. This increase may be due to
increased uptake of nutrients, production of plant growth hormones, and control of
diseases and pests [50].

3.3.4 Biological control of pests and diseases

Some endophytes can act as biological control agents to control plant pests and
diseases. This method reduces the need to use chemical poisons in agriculture, and on
the other hand, it also serves the environment and human health [51].

3.3.5 Improving the quality of agricultural products

Endophytes can make significant improvements in the quality of agricultural
products, such as increasing nutrient content, producing antioxidants, and improving
the appearance of products [52].

In general, the use of endophytes in agriculture is considered as a sustainable and
effective way to increase productivity and preserve the environment, and further
research in this field continues.

3.4 Role of endophyte in abiotic stress management

Endophytes govern multiple host activities such as immune system stimulation,
growth and development, and resistance to biotic and abiotic challenges in symbiotic
partnerships with a wide range of plant species [9]. They primarily provide stress
resistance on plants by (1) triggering the host plant’s stress-regulating system [53, 54]
and (2) producing antistress chemicals on their own [55, 56]. Abiotic stresses, such as
heat, salinity, and drought, impact plants and cause cellular and molecular deteriora-
tion by lowering productivity and yield [57, 58]. In response to these abiotic stresses,
endophytes produce scavenger molecules like reactive oxygen species (ROS), upregu-
late certain stress-responsive genes, synthesize antistress metabolites, and promote
the accumulation of certain suitable solutes in plants [59]. Plants can withstand
abiotic stress due to phytohormones generated by endophytes, including salicylic acid,
jasmonic acid, gibberellic acid, indole acetic acid (IAA), and brassinosteroids [60, 61].

3.5 Role of endophyte in biotic stress management

Biotic stress, particularly that brought on by bacterial and fungal phytopathogens,
is the primary source of pre- and post-harvest losses in the agricultural sector [62].
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A plant’s generalized defense mechanism cannot completely release pressure or satisfy
the requirements of multitrees tolerance for a plant to grow and survive. Current
strategies for obtaining stress-resistant cultivars include genetic engineering, as well
as chemical and physical techniques. However, their ability to withstand stress is
short-lived, and they are not environmentally sustainable. Thus, utilizing naturally
occurring beneficial endophytes for disease management could be an alternate
method for enhancing crop types’ resilience and plant resistance [14]. This will lessen
environmental stress without having a negative impact, in addition to lowering
chemical inputs. Beneficial endophytic bacteria found in plant tissues offer a possible
natural remedy for stressed environments. Endophytes, which are fungi or bacteria,
have enormous potential for use as biocontrol agents. They oppose disease-causing
phytopathogens and also lessen the damage that the pathogens are assumed to have
caused. They generate different antioxidants and a number of functional antiviral and
antibacterial metabolites to inhibit infections [63].

4. Biological control

Plant diseases pose a constant threat to global food security. Existing tools often fall
short of controlling these diseases and minimizing losses. These diseases harm food
and plant resources and limit output in both tropical and temperate regions of the
world. Despite their evolutionary differences (an oomycete and an invertebrate spe-
cies, respectively), there are some management-related commonalities between them.
The wide variety of hosts combined with the emergence of virulent strains/popula-
tions makes it challenging to use nonhost crops and resistant cultivars [64]. The use of
chemical pesticides is not always practical or efficient due to insensitive strains, cost,
or application technique [65]. Moreover, the pesticide industry has faced challenges in
developing new pesticide compounds. Society expects higher quality and less environ-
mental impact in addition to food production security [66]. These factors have driven
the search for environmentally friendly, innovative, and efficient pest management
strategies, making biopesticides a valuable tool in combating plant disease losses [67].

So, what exactly is biological control? The traditional definition of biological
control is a reduction in a pathogen population (inoculum) or in the disease determi-
nants caused by an organism other than a human or plant [68]. It is also described as
an effort to use preexisting relationships and natural processes to transfer a common
event from nature to agricultural systems [69]. However, most, if not all, biological
control agents have proven to be capable of intimately interacting with and/or colo-
nizing plants in some way. They have established a sophisticated system of interking-
dom communication with plants that uses a molecular language for signaling [70].

4.1 Biocontrol mechanisms under bacterial endophytes

Bacterial endophytes that promote plant growth can help limit the growth of plant
diseases. They trigger induced systemic resistance (ISR), an innate plant defense
mechanism, and they also synthesize a range of antibiotic chemicals and enzymes
with antagonistic action toward phytopathogens [71]. The ability to invade plant
tissues may be another biocontrol mechanism, although quantitative research on
this is challenging (even in dwellers of the rhizosphere) [72]. However, there is some
evidence to suggest that the colonization and competition of beneficial bacteria can
reduce the severity and frequency of plant diseases (Figure 2) [73].
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Figure 2.
Mechanism of endophytic bacteria in biocontrol (from to the authors’ study).

4.2 Biocontrol mechanisms under fungal endophytes

In general, a few key concepts are accepted for the study of biological control agents
(BCAs) and endophytic fungi. These include the following: (i) endophyte-induced
activation of the plant defense system,; (ii) suppression through mycoparasitism;

(iii) inhibition through antibiosis; and (iv) competition for nutrients and space [74].
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— | *Induction of biotic and abiotic
stress tolerance
Indirect method: A
*Nutrient completion *Growth promotion
*Plant growth promotion —_—

*Systemicresistance induction Host plant

Fungal endophyte

Figure 3.
Mechanism of endophytic fungal in biocontrol (from the authors study).
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Additionally, multiple processes may be triggered simultaneously and at most times.
In general, improving plant health and suppressing disease can be achieved by
modifying the level of plant growth hormone or acquiring nutrients to promote plant
growth [75]. Endophytes can serve as a biocontrol agent in addition to providing pro-
tection to the host plant throughout its life cycle. To prevent plant diseases and pro-
mote sustainable agriculture, endophytes are used as biocontrol agents. Endophytes
can produce metabolites that are antibacterial, insecticidal, antioxidant, antitumor,
and antiviral, in addition to having antagonistic activity against phytopathogens that
cause disease (Figure 3).

5. Endophytic microbes and pollution remediation
Endophytes can reduce disease and protect plants through different ways:

1. Competition and antagonism: endophytes compete with pathogens for space
and nutrients within the plant [76]. By occupying niches that pathogens would
otherwise exploit, endophytes can effectively inhibit the growth and establish-
ment of pathogens [77].

2. Production of antimicrobial compounds: many endophytes produce secondary
metabolites with antimicrobial properties [78]. These compounds can directly
inhibit the growth of plant pathogens, providing a protective shield for the host
plant [79].

3.Induced systemic resistance (ISR): endophytes can trigger the plant’s defense
mechanisms, enhancing its ability to resist diseases [80]. This is often achieved
through the activation of systemic acquired resistance (SAR) or induced system-
ic resistance (ISR), which primes the plant’s immune system for a more effective
response against pathogens [81].

4.Enhancement of plant fitness: some endophytes promote overall plant health
and fitness, making the plant less susceptible to diseases [82]. This can involve
various mechanisms, such as improving nutrient uptake, enhancing stress toler-
ance, and stimulating growth [83].

5.Biocontrol agents: certain endophytes act as biocontrol agents, actively attack-
ing and killing pathogens within the plant tissues. This direct antagonism can
significantly reduce disease severity and incidence [84].

6. Cross-protection: endophytes may confer resistance to multiple pathogens
simultaneously or provide protection against different types of stresses. This
cross-protection can be particularly valuable in environments where plants are
exposed to multiple disease threats [85].

Overall, harnessing the potential of endophytes holds promise for sustainable
disease management in agriculture and forestry. By exploiting the natural symbiotic
relationship between plants and these beneficial microorganisms, it’s possible to
develop eco-friendly strategies for disease control while reducing reliance on chemical
pesticides.
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6. The potential application of endophytes in phytopathogen management

Microbial biocontrol agents have been widely used recently to manage pests and
diseases when crops are being stored pre- or post-harvest [86]. Microbial antagonists are
popular worldwide due to their nontoxic and affordable nature. In addition to negatively
affecting the natural texture and quality of crops and fruits, readily available chemical
pesticides are also harmful to consumers’ health. Farmers and horticulturists extensively
use these pesticides in the field and during storage. In the past 20 years, there has been an
increase in the use of microbial antagonistic pest and disease management [86]. However,
because endophytic bacteria may better colonize and acclimatize to stressful environ-
ments than other microbial species, using them as biocontrol agents has greater advan-
tages [87]. All of these rhizospheric microorganisms—mycoparasitism, competition for
nutrients and space, lytic enzyme production, bioactive compound synthesis, antibiotics,
antimicrobials, and volatiles—have biocontrol mechanisms that directly impede the
growth of phytopathogens and reduce the incidence of disease. These mechanisms are
also shared by endophytes. They protect against pathogen invasion while subtly activat-
ing the host plants’ systemic and local plant defense mechanisms [88].

7. Plant stress tolerance mediated by endophytes

Potential endophyte entry, colonization, and interactions with host plant tissues
are summarized in Figure 4. Plant pattern recognition receptors (PRRs) blend with
the chitin deacetylase enzymes that fungal endophytes produce to enter the host plant
[89]. According to additional data, certain endophytic bacteria may release their
microbe-associated molecular patterns (MAMPs), which could cause plant PRRs to
misidentify the bacterium or trigger a weak and temporary defense response [90].

Endophyte

Cellulase, ACC
i S Defense Pectinase deaminase
response ;
Phytohormone ROS
Figure 4.

Plants and endophytes interaction. The figure depicts the intevaction between endophytes and their hosts. It
highlights how the type of endophyte influences their colonization of a plant and their interaction with it.

Endophyte:
released
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Bacterial endophytes often enter through apertures created by the elongation zones
or the formation of lateral roots [91]. On the other hand, fungal endophytes can enter
the plant as spores through herbivory or insects, or they can spread vertically, from
mother plants to the seeds of their progeny plants [92]. To facilitate their entry, certain
endophytes also produce enzymes that break down cell walls. These endophytes are
not recognized by the host plant’s PRRs due to their unique MAMPs. Endophytes
assist plants in responding to stress by producing phytohormones and detoxifying the
reactive oxygen species (ROS) [93]. The figure also includes a key to abbreviations such
asJA is for jasmonic acid, SA stands for salicylic acid, PAMPs for pathogen-associated
molecular patterns, PTI for pathogen-triggered immunity, ACC for aminocyclopro-
pane-1-carboxylic acid, ROS for reactive oxygen species, MAMPs for microbe-associ-
ated molecular patterns, PR for pathogenesis-related, and ET for ethylene. R-avrisa
virulence effector, or resistance gene. This information is part of the author’ study [94].

8. Biochemical and genetic pathways of endophytes in tolerance to biotic
and abiotic stresses

8.1 Biochemical and genetic pathways of endophytes in abiotic stress

Endophytic bacteria and fungi play a crucial role in enhancing plant resistance to
abiotic stressors through genetic and metabolic mechanisms [6, 95-97]. The genetic
routes involve the interaction of endophytes with the host plant’s genome, which can
trigger plant resistance through gene expression [6, 95]. The metabolic routes involve
the production of phytohormones and the detoxification of reactive oxygen species
(ROS) by endophytes, which help plants respond to stress [6, 96, 97]. The following
provides a thorough explanation of the genetic and metabolic routes used by endo-
phytes under abiotic stress.

8.1.1 Biochemical pathways
8.1.1.1 Antioxidant engymes

Endophytic plants produce antioxidant enzymes, including peroxidase (POD),
catalase (CAT), and superoxide dismutase (SOD). These enzymes assist in lessening
oxidative damage to plant cells by scavenging reactive oxygen species (ROS) produced
under abiotic stress [98].

8.1.1.2 Osmoprotectant accumulation

Endophytes aid in the production and accumulation of osmoprotectants like
proline, glycine betaine, and soluble carbohydrates in plant cells. In situations of
water shortage or salinity, these substances function as osmolytes, assisting plants in
maintaining cellular turgor and safeguarding cellular structures [99].

8.1.1.3 Abscisic acid (ABA) regulation

Abscisic acid, a crucial plant hormone involved in stress responses, is regulated by
endophytes. Under drought stress, ABA promotes the production of stress-responsive
genes and aids in stomatal closure, and reduces water loss [100].

115



Perspectives and Insights on Soil Contamination and Effective Remediation Techniques

8.1.1.4 Induction of heat shock proteins (HSPs)

Heat shock proteins are molecular chaperones that are induced to express by
endophytes. Under conditions of heat stress, HSPs help fold proteins, prevent protein
denaturation, and protect cellular proteins overall [101].

8.1.1.5 Phytohormone crosstalk

Endophytes control the relative amounts of phytohormones, such as ethylene
(ET), salicylic acid (SA), and jasmonic acid (JA). The interactions between these hor-
mones significantly influence plant responses to a variety of abiotic stressors [102].

8.1.2 Genetic pathways
8.1.2.1 Activation of stress-responsive genes

When endophytes are present, plant hosts’ stress-responsive genes are made
to express more. These genes could produce proteins that improve stress tolerance
through different mechanisms such as antioxidant defense and osmoprotectant [99].

8.1.2.2 Transcription factor regulation

Endophytes affect the transcription factors responsible for controlling the
expression of genes that respond to stress. For example, dehydration-responsive
element-binding/C-repeat binding factor (DREB/CBF) transcription factors promote
tolerance to cold stress [103, 104].

8.1.2.3 Epigenetic modifications

Endophytes have the ability to cause epigenetic changes that control the expres-
sion of genes linked to stress, such as histone acetylation and DNA methylation. These
adjustments result in long-term changes in the plant’s stress response [105].

8.1.2.4 RNA-mediated regulation

Endophytes possess the remarkable ability to modulate RNA-based regulatory
systems within plants. These regulatory pathways involve small interfering RNA
(siRNA) and microRNA (miRNA). The impact of these compounds extends to
post-transcriptional gene silencing and the control of abiotic stress response in plants
[106]. Furthermore, endophytes establish symbiotic connections with plants, sig-
nificantly contributing to the host’s defense against biological stressors. This defense
mechanism operates through intricate biochemical and genetic pathways [107].
Notably, the specific mechanisms employed by endophytes may vary depending on
the type of endophyte and the specific of biotic stress faced [80].

8.2 Biochemical and genetic pathways of endophytes in biotic stress
The interaction between endophytes and plants involves complex genetic and

metabolic processes. These mechanisms enhance the host’s resistance to biotic stresses
[93]. Let us delve into a detailed exploration of these pathways:
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8.2.1 Biochemical pathways
8.2.1.1 Antibiotic and antifungal compound production

Endophytes play a crucial role in inhibiting the growth and development of patho-
genic microorganisms. They achieve this through the production of antibiotics and
antifungal chemicals. These bioactive substances serve as direct defense mechanisms
against biotic stress [108].

8.2.1.2 Induced systemic vesistance (ISR)

Endophytes induce systemic resistance in plants by releasing signaling molecules,
such as ethylene (ET), salicylic acid (SA), and jasmonic acid (JA) [81]. These signal-
ing pathways activate the host plant’s defense mechanisms, fortifying its ability to
fend off future pathogen attacks [109].

8.2.1.3 Cell wall-degrading enzymes

Endophytes produce specialized enzymes, including gluconates and chitinases,
which play a crucial role in breaking down pathogen cell walls. By doing so, endo-
phytes hinder pathogen invasion and protect plant tissues [84].
8.2.1.4 Phytoalexin accumulation

Phytoalexins are bioactive molecules synthesized by plants as a defense mecha-
nism against pathogens. Endophytes actively promote the accumulation of phytoalex-
ins, bolstering the ability to combat biotic stress [110].
8.2.1.5 Modulation of plant hormones

Endophytes exert influence over plant growth and development by regulating
plant hormones such as auxins, cytokinins, and gibberellins. This hormonal
modulation indirectly contributes to the plant’s resistance against biotic
stress [111].
8.2.2 Genetic pathways
8.2.2.1 Activation of pathogenesis-related (PR) proteins

Endophytes express pathogenesis-related (PR) proteins within the host plant.
These proteins possess antibacterial properties and are pivotal for the plant’s defense
against infections [112].
8.2.2.2 Transcriptional vegulation of defense genes

Endophytes modulate the expression of plant defense genes. Among these
genes are those encoding antimicrobial peptides, secondary metabolite-

producing enzymes, and other defense-related proteins, all of which experience
upregulation [113].
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8.2.2.3 Recognition and signaling pathways

Endophytes engage in intricate recognition and signaling pathways during interac-
tion with plants. Plant receptors detect microbial patterns, triggering subsequent
signaling cascades that fortify the plant’s defense mechanisms [93].

8.2.2.4 MicroRNA (miRNA) and small interfering RNA (siRNA) pathways

Endophytes exert influence over RNA-based regulatory pathways, including
miRNA and siRNA. These pathways play pivotal roles in post-transcriptional gene
silencing and modulate a plant’s response to external stressors [2].

8.2.2.5 Epigenetic modifications

Endophytes induce epigenetic alterations within plants, such as histone acetylation
and DNA methylation. These modifications regulate the expression of defense-related
genes, leading to dynamic changes in the plant’s response to biotic stress over time
[114]. Through their cooperative engagement in these intricate biochemical and
genetic pathways, endophytes establish a symbiotic connection with plants, bolster-
ing the host’s resistance against biotic stressors [30]. Notably, the specific mechanisms
employed by endophytes may vary based on the type of endophyte and the specific
biotic stress encountered [80].

9. Challenges and limitations in endophyte research and application

The use of endophytes in agriculture and other fields of application faces chal-
lenges and limitations, which include the following:

1.Identification and isolation: identification and isolation of endophytes is often
time-consuming and difficult. Some endophytes may not be suitable for growth
in laboratory conditions and require special conditions, which complicates the
process of isolation and identification [115].

2. Stability and biogenetics: the stability of endophytes in different environments
and conditions can be a challenge. Many endophytes survive only in certain
conditions of the host and lose their ability to grow and function in conditions
outside their natural environment [116].

3. Effective use: effective use of endophytes means providing efficient and prac-
tical methods for farmers. This includes efficient isolation, preservation, and
application processes for farms and agricultural environments [117].

4.Side effects: side and unwanted effects of endophytes may cause problems for
plants or the environment. For example, some endophytes may unexpectedly
have deleterious effects on plant growth and development or increase resistance
to agrochemicals [118].

5.Legal issues and regulations: the use of endophytes in agriculture may be
accompanied by legal regulations and restrictions related to agriculture and
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the environment. For the use of endophytes as pest and disease control agents,
there can be strict regulations that require case-by-case approvals and special
permits [119].

Nevertheless, considering the great potential that endophytes have for improv-
ing agricultural systems, continuous efforts are being made to manage the existing
challenges and limitations and provide effective solutions for the optimal use of these
microorganisms.

10. Future and perspective

Endophytic microorganisms hold significant promise for sustainable agriculture
and ecosystem resilience when employed as biological control agents to manage both
biotic and abiotic stresses. As we look ahead, several exciting developments are on the
horizon:

* Advancing understanding of endophyte-plant interactions: ongoing progress in
microbial ecology and genetics will deepen our comprehension of the intricate
interactions between endophytes and plants. This knowledge will pave the way
for the development of specialized and targeted therapies.

* Harnessing modern technologies:

o Metagenomics: leveraging metagenomic approaches will allow us to explore
the genetic diversity of endophytes comprehensively. This knowledge
can inform strategies to design or enhance advantageous traits in these
microorganisms.

o Synthetic biology: by applying synthetic biology techniques, we can engineer
endophytes with specific stress-reducing capabilities. These modifications will
enhance their effectiveness in mitigating plant stress.

* Endophytic consortia for robust defense:

o Combining endophytes with diverse functional strengths into consortia may
yield a comprehensive defense against a wide spectrum of biotic and abiotic
stresses. Synergistic interactions within these consortia can amplify their
protective effects.

* Precision agriculture and customized endophyte selection:

o Crop stress profiles: precision agriculture will enable tailored endophyte selec-
tion based on specific crop stress profiles. Matching endophytes to the unique
needs of each crop will optimize stress management.

o Environmental factors: considering environmental conditions (such as soil
type, climate, and local microbiome) will further refine endophyte application
strategies.
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* A new era of sustainable stress management:

o As we integrate these advancements, we anticipate a paradigm shift in stress
management techniques. Customized endophytes, informed by cutting-edge
science, will play a pivotal role in sustainable and highly effective stress
mitigation.

11. Conclusion

In the pursuit of environmentally friendly and sustainable crop protection,
endophytes emerge as powerful biological control agents, replacing traditional
chemical interventions. These remarkable microorganisms not only manage stress but
also influence hormone balance and nutrient uptake, thereby enhancing overall plant
function.

Here are key takeaways:

* Stress-tolerant endophytes for enhanced crop productivity:
o Endophytes exhibiting stress tolerance hold immense commercial potential.
By harnessing their features, we can develop bioinoculants that significantly

improve crop productivity, especially in challenging conditions.

o These bioinoculants act as allies, bolstering plant resilience against both biotic
and abiotic stressors.

* Promoting biodiversity and ecological balance:

o Leveraging the diversity of endophytes contributes to biodiversity within the
plant microbiome. This intricate web of interactions fosters ecological balance
and strengthens the overall ecosystem.

* Unleashing the full potential of endophytes:
o To fully realize the promise of endophytes, continued research, rigorous field

testing, and exploration of diverse endophyte strains are essential.

o Modern techniques, including metagenomics and synthetic biology, will guide
the development of specialized endophytes tailored to specific stress scenarios.

In summary, the symbiotic relationships between endophytic microbes and plants
offer a promising avenue for addressing the multifaceted challenges posed by agri-
cultural stress. As we delve deeper into this fascinating field, resilient and sustainable
agricultural systems will thrive.
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