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ABSTRACT
Crude oil contamination significantly alters soil properties, posing 
environmental risks and challenges for sustainable development. 
This study investigates the potential of low-temperature thermal des
orption (LTTD) at 110°C as an environmentally friendly remediation 
technique for crude oil-contaminated soils. Soil samples contaminated 
with crude oil from Nigeria’s Niger Delta were analyzed for changes in 
Atterberg limits, specific gravity, linear shrinkage, sodium percentage 
(PS), and total dissolved solids (TDS). After LTTD treatment at 110°C for 
30 minutes, the soils were assessed using gas chromatography, Fourier 
transform infrared spectrometry, X-ray diffraction, and scanning elec
tron microscopy to evaluate microstructural and mineralogical 
changes. Contamination increased plasticity, shrinkage, and dispersiv
ity, while reducing specific gravity. LTTD successfully removed up to 
96% of hydrocarbons, but also caused a 15% weight change and minor 
alterations in hydrocarbon functional groups. Scanning electron 
microscopy revealed particle agglomeration after remediation, which 
may help counter the increased dispersivity caused by contamination. 
X-ray diffraction showed no significant mineralogical changes in the 
remediated soils. LTTD at 110°C proves effective in reducing hydro
carbons and mitigating crude oil-induced soil degradation, contribut
ing to sustainable environmental management.
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Environmental remediation; 
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remediation; erosion 
susceptibility

1. Introduction

Growing industrialization and urbanization have placed significant demands on the envir
onment, leading to degradation and climate change (Kumar, Kumar, and Singh 2020, Nasir, 
Canh, and Lan Le 2021). Soil, a critical component of the environment, interacts dynami
cally with the atmosphere and water bodies (Wei et al. 2021). Efficient soil management, 
including contemporary treatments for contamination and erosion, is essential for achiev
ing several United Nations Sustainable Development Goals, such as good health, zero 
hunger, and clean water and sanitation (Rodrigo-Comino et al. 2020). Furthermore, 
sustainable soil management is linked to food and water security, energy security, ecosystem 
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services, biodiversity protection, and climate change mitigation (McBratney, Field, and 
Koch 2014).

Crude oil contamination remains one of the most severe global environmental challenges 
(Bashir et al. 2020; Buzmakov, Egorova, and Gatina 2019). Oil spills can occur during 
production, transportation, or storage, and may also result from natural seepage, sabotage, 
vandalism, or theft (Ukhurebor et al. 2021; Wizor and Wali 2020; Yeeles and Akporiaye  
2016). While crude oil production has improved global living standards, it has also posed 
significant risks to aquatic and terrestrial ecosystems, causing land use disruption, altera
tions to the physical and chemical properties of soil and water, socio-economic challenges, 
and geotechnical problems (Bonatesta et al. 2022; Ghasemzadeh, Ostovar, and Karimi 2023; 
Magris and Giarrizzo 2020; Ostovar et al. 2021).

The global demand for oil continues to rise, increasing the frequency and scale of 
environmental pollution through oil spills (Kang et al. 2020). Nigeria, a leading oil produ
cer, is among the top five countries most severely affected by petroleum-related environ
mental damage (Albert, Amaratunga, and Haigh 2018; Kadafa 2012). Data from the 
Nigerian Oil Spill Detection and Response Agency (NOSDRA) indicate that in 2022 
alone, approximately 45,193.125 barrels of oil, equivalent to about 226 tanker trucks, were 
spilled into the Nigerian environment – a volume comparable to one-sixth of the Exxon 
Valdez oil spill in 1989 (260,000 barrels). Such spills have profound physical, ecological, and 
chemical impacts on the environment, contributing to widespread degradation and toxicity 
(Ndimele et al. 2018).

While extensive research has examined the ecological impacts of crude oil spills 
(Buzmakov, Egorova, and Gatina 2019), the effects on the geotechnical properties of soils 
have been less frequently reported, particularly in the context of tropical residual soils 
(Ostovar et al. 2021). High soil dispersivity, which has been linked to foundation failures, 
erosion, and subsidence, poses significant geotechnical risks (Hoseinimighani and Szendefy  
2022; Savaş 2016; Vakili, Ghasemi et al. 2018; Vakili, Selamat et al. 2018). Dispersive soils, 
characterized by high levels of exchangeable sodium ions and susceptibility to erosion, 
present substantial challenges to infrastructure stability (Bell and Maud 1994; Umesh, 
Dinesh, and Sivapullaiah 2011; Yuan et al. 2021). Although research indicates that certain 
contaminants can increase soil dispersibility and erodibility (Chuchkalov, Fadeev, and 
Alekseev 2020; Portelinha et al. 2021), the specific effects of crude oil contamination on 
the dispersibility and erodibility of soils remain largely unexplored. Understanding how 
contaminants alter the physical and engineering properties of soils is crucial for effective 
soil management. Construction on contaminated soils requires an understanding of how 
contaminants have modified the soil’s natural properties, often necessitating special engi
neering precautions rather than remediation alone. For example, changes in shear strength 
affect bearing capacity, while alterations in soil permeability influence consolidation rates 
and drainage properties.

Various remediation techniques have been employed to address crude oil contamination 
in soils, including physical, thermal, chemical, and biological methods (Ahmad 2020; Kang 
et al. 2020). Among these, thermal treatment is widely used due to its high removal 
efficiency, low cost, and relatively short treatment time (Liu et al. 2019; Merino and 
Bucalá 2007). Thermal treatment methods include thermal desorption and incineration, 
with incineration temperatures ranging from 730°C to 1200°C (Asghar et al. 2016) and 
thermal desorption occurring at either low (100–350°C) or high temperatures (350–600°C) 
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(Falciglia, Giustra, and Vagliasindi 2011). Due to its lower environmental impact and 
energy consumption, thermal desorption is preferred over incineration (Lim, Lau, and 
Poh 2016). Achieving effective remediation of crude oil-contaminated soils at lower tem
peratures is a more sustainable environmental management strategy.

This study investigates the influence of crude oil contamination on the properties of 
lateritic soils and assesses the effectiveness of LTTD as a remediation method at a drying 
temperature of 110°C.

2. Materials and methods

Four soil samples were collected from freshly exposed road cut materials at different 
locations along a major highway in southwestern Nigeria, as shown in Figure 1. To 
ensure uniformity in grain size, the samples were sieved through a No. 40 sieve to 
obtain particles finer than 425 µm. Grain size was considered a critical factor due to its 
impact on the efficiency of thermal desorption during the remediation of oil- 
contaminated soils (Falciglia, Giustra, and Vagliasindi 2011; Liu et al. 2019; Zhao 
et al. 2019)

Each soil sample, weighing 1 kg, was spiked with 150 mL (145 g) of crude oil sourced 
from the Nigerian Niger Delta, resulting in a contamination level of 145 g/kg or 150 mL/kg. 
The contaminated samples are shown in Figure 2. A portion of each contaminated sample 
(10 g) was subjected to a lab-scale remediation test through oven drying at 110°C for 30  
minutes, which will henceforth be referred to as “remediation” in this article. After cooling 
at room temperature, the weight changes were recorded.

Figure 1. Geologic map showing sampling locations.
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The mineralogical composition of both the natural and remediated soil samples was 
analyzed using X-Ray Diffractometry (XRD) with a Malvern Panalytical Empyrean XRD, 
employing a copper tube at 40 mA and 45 mV, and measuring from 3.5º to 70º 2ϴ. The 
chemical composition was determined using X-Ray Fluorescence (XRF) with a 4 kW Rigaku 
Primus IV, equipped with a rhodium tube. Scanning Electron Microscopy (SEM) was 
performed on both natural and remediated samples to observe structural changes induced 
by contamination and remediation, using a Jeol JSM6610 with a tungsten filament, 
equipped with an Ultradry JED-2300 EDS.

Gas Chromatography Mass Spectrometry (GC-MS) was conducted on contaminated and 
remediated samples following a modified United States Environmental Protection Agency 
(EPA) extraction method (Method 8270C). The Total Petroleum Hydrocarbons (TPH) of 
the untreated and treated soil samples were determined. Hydrocarbons with the highest 
concentrations were identified and reported in this study based on the GC-MS library 
available for the analysis. While TPH encompasses a wide range of hydrocarbon com
pounds, this work specifically highlights those with the highest relative abundances in the 
samples. Each sample (5 g) was mixed with 5 g of anhydrous sodium sulfate and homo
genized. The mixture was transferred to pre-cleaned extraction tubes, and 40 mL of 
dichloromethane was added. After standing for 30 minutes, the tubes were shaken vigor
ously for 30 minutes. The solvent layers were filtered using filter papers, and the procedure 
was repeated with 25 mL of dichloromethane. The extracts were combined, concentrated on 
a rotary evaporator, exchanged with 10 mL of n-hexane, and reconcentrated to 1 mL for 
cleanup. The cleaned extracts were analyzed for hydrocarbon content using a GC-MS 

Figure 2. Contaminated soil samples.
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equipped with an Elite-5 MS (5% diphenyl/95% dimethylpolysiloxane) fused capillary 
column.

The removal efficiency (RE) was calculated using Equation 1: 

Where Co is the initial contaminant concentration in soil (mg/kg), and C is the residual 
concentration after thermal treatment.

Fourier Transform Infrared (FT-IR) spectroscopy was employed to analyze the chemical 
bonds in the contaminated and remediated samples using the potassium bromide pellet proce
dure. A mixture of 5 mg of soil and 1 g of potassium bromide was pressed at 34.5 MPa − 69 MPa 
and analyzed using an FT-IR Nicolet IS5 Thermoscientific machine. Each sample was scanned 
eight times. To assess the dispersivity potential of the soils, a chemical digestion method using 
Aqua Regia was performed. Each soil sample (1 g) was digested with 9 mL of concentrated nitric 
acid (HNO3) and 3 mL of concentrated hydrochloric acid (HCl) in a digestion flask. After 
heating to expel brown nitrous fumes, the sample was cooled and filtered into a 50 mL standard 
flask. The filtrate was analyzed for Na+, Ca2+, Mg2+, and K+ using Atomic Absorption 
Spectroscopy (AAS). The ion concentrations (mg/L) were converted to milliequivalents per 
liter using Equation 2: 

The Total Dissolved Solids (TDS) were calculated using Equation 3: 

The Percentage of Sodium (PS) was calculated using Equation 4 and plotted against TDS to 
determine the dispersivity of the soils: 

The liquid limit (WL), plastic limit (WP), linear shrinkage (LS), and specific gravity (SG) of 
the natural and contaminated soils were determined following the British Standard (1990) 
using soil fractions passing through a 0.045 mm sieve. The WL was determined using the 
Casagrande method, while the WP was assessed using the thread-rolling test. LS was 
measured using a half-cylindrical brass mold of approximately 14 cm in length and 1.25  
cm in radius. SG was determined by the pycnometer method.

3. Results and discussion

3.1. Properties of the natural soils

The properties of the natural soils prior to oil contamination are summarized in Table 1. 
The WL of the soil samples ranges from 40.2% (L2) to 57% (L4), indicating variability in 
water-holding capacity. The WP varies between 25.9% (L2) and 32% (L4), while the 
plasticity index spans from 14.3% (L2) to 26.1% (L3). These values suggest that the soil 
samples exhibit moderate to high plasticity, with L2 being the least plastic and L3 the 
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most. SG values range from 2.50 (L4) to 2.58 (L3), reflecting the mineralogical composi
tion of the soils. LS percentages, which measure the soil’s tendency to shrink upon 
drying, are relatively consistent across samples, with L2 showing the lowest shrinkage 
(9.8%) and L4 the highest (11.1%).

Quartz is a dominant mineral in all samples, comprising 30% to 40% of the soil composition. 
The abundance of quartz contributes to the overall strength and durability of the soils. Feldspar 
minerals, including plagioclase and K-feldspar, are also significant, with their combined con
centrations ranging from 28% to 35%. Notably, sample L4 lacks plagioclase but contains 23% 
K-feldspar, indicating variations in feldspar content among the samples. Mica, a phyllosilicate 
mineral, is present in all samples, ranging from 9% (L4) to 15% (L1), adding to the soils’ plasticity 
and affecting their engineering properties. Kaolinite, the sole clay mineral identified, is found in 
concentrations between 12% (L1) and 18% (L4). This suggests that the soils have moderate clay 
activity, which could influence their plasticity and shrinkage behavior. The presence of goethite 
in all samples except L3 further contributes to the soil’s mineralogical composition, providing 
additional stability and affecting the soil’s color.

In terms of chemical composition, silica (SiO2), alumina (Al2O3), and iron oxide (Fe2O3) 
are the predominant oxides in all samples. SiO2 content ranges from 54.18% (L1) to 65.75% 
(L3), with higher silica content correlating with increased quartz percentages. Al2O3 con
centrations vary between 14.99% (L3) and 20.53% (L1), reflecting the presence of alumi
nosilicate minerals like feldspars and kaolinite. Fe2O3 levels are consistently high, indicating 
the presence of iron-bearing minerals such as goethite, which is present in all samples 
except L3.

The Loss on Ignition (LOI), which measures the amount of volatile materials in the soil, 
is lowest in Sample L3 (4.37%), indicating a relatively lower organic content or fewer 
volatiles compared to the other samples. This lower LOI value could be related to the 

Table 1. Physical, geochemical and mineralogical properties of the natural 
soils.

S/N L1 L2 L3 L4

Liquid limit (%) 51.9 40.2 52.3 57
Plastic limit (%) 28.4 25.9 26.2 32
Plasticity index (%) 23.5 14.3 26.1 25
Specific gravity 2.55 2.53 2.58 2.5
Linear shrinkage (%) 10.6 9.8 10.4 11.1
Quartz (%) 35 30 39 40
Plagioclase (%) 12 8 11 0
K-feldspar (%) 16 25 24 23
Mica (%) 15 12 12 9
Kaolinite (%) 12 15 14 18
Goethite (%) 10 10 0 10
SiO2 (%) 54.18 54.98 65.75 60.3
TiO2 (%) 1.65 0.91 0.8 0.74
Al2O3 (%) 20.53 20.19 14.99 19.51
Fe2O3 (%) 10.28 9.49 7.94 8.05
MgO (%) 1.01 0.32 0.26 0.19
MnO (%) 0.05 0.08 0.16 0.07
CaO (%) 0.93 0.31 0.6 0.21
Na2O (%) 0.23 0.13 0.38 0.13
K2O (%) 2.59 4.37 4.85 4.21
P2O5 (%) 0.23 0.07 0.08 0.06
LOI (%) 7.84 7.43 4.37 6.71
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higher quartz content and lower presence of other minerals that contribute to volatilization 
upon heating.

3.2. Effect of oil contamination on the index properties of the soils

The index properties examined in this study include WL, WP, linear shrinkage, and specific 
gravity. Oil contamination significantly impacted these properties across all soil samples. 
Notably, there was a substantial increase in the WL, WP, plasticity index, and linear shrinkage, 
while SG decreased (Table 2). These changes suggest that oil contamination affects the soil’s 
physical characteristics, making it more plastic and less dense.

The increase in soil plasticity is evident in the Casagrande plasticity chart (Figure 3), where the 
contaminated soils plot further away from the high plasticity demarcation line. This finding 
aligns with previous studies by (Abousnina et al. 2015), which also reported an increase in 
plasticity due to oil contamination. According to (Carter and Bentley 1991), the plasticity index is 

Table 2. Index properties of the natural and crude oil contaminated soils.
WL (%) PL (%) PI (%) SG LS (%)

L1 Natural soil 51.9 28.4 23.5 2.55 10.6
Contaminated soil 65.8 38.7 27.1 2.46 13.5
Change (%) 26.8 36.3 15.3 −3.5 27.4

L2 Natural soil 40.2 25.9 14.3 2.53 9.8
Contaminated soil 69.4 39.3 30.1 2.41 13.1
Change (%) 72.6 51.7 110.5 −4.7 33.7

L3 Natural soil 52.3 26.2 26.1 2.58 10.4
Contaminated soil 61.5 33.2 28.3 2.43 12.2
Change (%) 55.8 51.1 60.5 −4.7 31.7

L4 Natural soil 57 32 25 2.5 11.1
Contaminated soil 72.9 42.3 30.6 2.37 13
Change (%) 27.9 31.0 19.8 −5.3 15.6

WL liquid limit; WP: plastic limit; LS: linear shrinkage: SG: specific gravity.

Figure 3. Casagrande chart showing the change in plasticity of the soils due to contamination.
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a measure of a soil’s sensitivity to moisture changes. The observed increase in PI indicates that the 
oil-contaminated soils have a higher capacity to absorb water, making them less stable under load 
until a significant change in moisture content occurs.

Sample L2 exhibited the most significant increase in Atterberg limits and linear shrink
age, which is particularly noteworthy given that in its natural, uncontaminated state, L2 had 
the lowest Atterberg limits, linear shrinkage, and quartz content (Table 3). This suggests 
that L2 is highly sensitive to oil contamination, with its physical properties being more 
severely altered compared to the other samples.

The strong correlation between the plasticity index and the remolded shear strength and 
compressibility of soils, as noted by (Carter and P 1991), implies that the increase in PI 
observed here corresponds to a reduction in soil strength and an increase in compressibility 
due to oil contamination. Furthermore, the observed increase in LS indicates that the 
contaminated soils are more prone to cracking, shrinking, and expanding characteristics 
that could have significant implications for the structural stability of foundations and other 
engineering applications involving these soils (Widjaja 2021).

A paired t-test was employed to assess the significance of differences between the 
geotechnical properties of uncontaminated and contaminated soils. The results of the 
t-test (Table 3) indicated significant differences in properties such as WL, PL, PI, SG, and 
LS between the natural (uncontaminated) and contaminated soils (p < .05). These findings 
suggest that contamination has a statistically significant impact on the geotechnical proper
ties of the soil.

In summary, oil contamination has led to a marked increase in the plasticity and shrinkage 
potential of the soils, while decreasing their specific gravity. These changes suggest that the 
contaminated soils would be less stable, more compressible, and prone to greater volume 
changes, making them less suitable for use in construction without remediation.

3.3. Effect of oil contamination on the dispersivity of the soils

Dispersive soils are highly susceptible to erosion due to their high content of exchangeable 
sodium ions. These soils are particularly concerning because they are prone to breaking down 
and dispersing in water, leading to erosion and other geotechnical issues (Umesh, Dinesh, and 
Sivapullaiah 2011). The PS is a key indicator of sodium ion concentration in soil, with values 
higher than 60% typically signifying dispersive behavior (Fan and Kong 2013).

In the natural, uncontaminated state, the PS of the studied soils ranges from 54% to 61%, with 
only one sample (L4) reaching 61%. However, upon contamination, the PS increases across all 

Table 3. Statistical T-test results for the properties of the uncontaminated and contaminated soils.
Levene’s Test for 

Equality of Variances t-test for Equality of Means

F Sig. t df Sig. (2-tailed) Mean Difference Std. Error Difference

95% Confidence Interval 
of the Difference

Lower Upper

WL 0.320 0.592 −3.937 6 0.008 −17.050 4.331 −27.647 −6.453
PL 0.138 0.723 −4.341 6 0.005 −10.250 2.361 −16.027 −4.473
PI 3.314 0.119 −2.417 6 0.052 −6.800 2.814 −13.685 0.085
SG 0.035 0.858 4.844 6 0.003 0.123 0.025 0.061 0.184
LS 0.000 1.000 −6.467 6 0.001 −2.475 0.383 −3.411 −1.539
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samples, ranging between 60% and 63%. This increase suggests that oil contamination exacer
bates the soils’ susceptibility to dispersion. The presence of exchangeable sodium and the amount 
of total dissolved solids (TDS) in the pore water largely determine a soil’s dispersive behavior; 
higher sodium levels correlate with greater dispersion potential, while lower TDS further 
increases this susceptibility (Bell and Maud 1994).

To evaluate this relationship, the TDS was plotted against the PS using a criterion 
established by (Sherard, Dunnigan, and Decker 1976) as cited in (Bell and Walker 2000). 
Although the soil samples do not fit perfectly into the established demarcation lines, a clear 
trend is observed: the contaminated samples shift into the region identified as dispersive soils, 
whereas the natural soils are classified as marginally dispersive (Figure 4). It is important to 
note that this classification chart was developed for soils from temperate regions, while the 
studied soils are tropically weathered residual soils. This discrepancy might explain why the 
samples do not align perfectly with the established classification lines.

Given these findings, there is a need for more research on tropically weathered residual 
soils, which are common in tropical regions like the study area. Developing a more suitable 
classification system for these soils will aid in the easy identification of dispersiveness, which 
is crucial for construction and foundation work in the tropics. Soil dispersivity is closely 
linked to its erodibility and susceptibility to piping in earth embankments (Gerber and Von  
1987). As many earth dams are constructed using locally available residual materials, it is 
vital to pay close attention to soil dispersivity to prevent dam failures and severe erosion.

Atterberg limits and clay content are critical physical properties influencing soil dispersiv
ity (Fan and Kong 2013). The observed increase in both shrinkage capacity and plasticity in 
the contaminated soils suggests a possible relationship between increased plasticity and 
dispersivity (Nagy, Nagy, and Kopecskó 2016, Sherard, Dunnigan, and Decker 1976).

3.4. Effectiveness of LTTD thermal desorption on the contaminated soils

The effectiveness of LTTD in remediating contaminated soils was assessed by measuring 
weight changes before and after the remediation process, while accounting for soil moisture 

Figure 4. Potential dispersivity chart based on TDS and PS (after (Sherard, Dunnigan, and Decker 1976)).
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content. A consistent 15% reduction in weight was observed across all samples after oven 
drying for 30 minutes (Figure 5). This weight loss is primarily attributed to moisture loss 
during the drying process. To provide a more precise assessment, the removal efficiency was 
determined based on the initial and final hydrocarbon content of the four predominant 
hydrocarbons identified through GC-MS: Heptadecane, Pentadecane, 2,6,10,14, 
Pentacosane, and Nonadecane (Table 4). Post-remediation, the concentration of these hydro
carbons decreased markedly, demonstrating the efficacy of the LTTD process. The average 
removal efficiency ranged from 30% to 96%, reflecting variable success across different soil 
samples and indicating that the process effectively targets hydrocarbon volatilization, parti
cularly for heavy hydrocarbons.

Table 4 shows an unexpectedly high removal efficiency for pentacosane, the compound 
with the highest boiling point (402°C) (Griesbaum et al. 2000). This observation may 
initially appear counterintuitive, but studies suggest that LTTD can be enhanced by bio- 
oxidative and soil enzymatic reactions, which effectively lower the desorption temperature 
needed for hydrocarbons in soils (Liao et al. 2024; Viamajala et al. 2007). These bio- 
oxidative processes help break down hydrocarbons, facilitating their removal even at 
temperatures below their typical boiling points. This interaction between thermal and 

Figure 5. Comparison of contaminated soil weights before and after remediation.

Table 4. Comparison of hydrocarbon content in contaminated and remediated soils.
SN Soil Type Heptadecane Pentadecane, 2,6,10,14 Pentacosane Nonadecane

L1 Conc. in unremediated soil (mg/l) 220.04 188.5 87.81 80.54
Conc. in remediated soil (mg/l) 52.11 45.69 12.55 34.42
Removal efficiency (%) 76.32 75.76 85.71 57.26

L2 Conc. in unremediated soil (mg/l) 69.22 60.7 18.41 43.83
Conc. in remediated soil (mg/l) 29.89 26.2 7.46 19.41
Removal efficiency (%) 57 57 59 56

L3 Conc. in unremediated soil (mg/l) 115.79 101.55 98.37 84.66
Conc. in remediated soil (mg/l) 5.9 5.16 2.05 3.78
Removal efficiency (%) 94.9 94.92 97.92 95.54

L4 Conc. in unremediated soil (mg/l) 128.59 125.32 116.07 120.49
Conc. in remediated soil (mg/l) 97.54 85.55 78.05 83.26
Removal efficiency (%) 24.15 31.73 32.76 30.9
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biological mechanisms likely accounts for the high removal efficiency observed for penta
cosane, enabling effective desorption within the study’s temperature range.

Among the samples, L3 exhibited the highest removal efficiency, while L4 showed the 
lowest. Notably, L3 also had the lowest Loss on Ignition (LOI) and the highest silica content, 
suggesting a potential correlation between these properties and the effectiveness of the 
LTTD process. Conversely, L4, which demonstrated the least removal efficiency, had the 
lowest feldspar and mica content. However, the differences in mineral content across the 
samples were not statistically significant enough to definitively link the observed removal 
efficiencies to the specific mineralogical or chemical characteristics of the soils. The 
presence of goethite, a mineral that imparts a distinctive color, was noted in samples L1 
and L2, both of which contained 10% goethite. This was reflected in their post-remediation 
coloration (Figure 6). While goethite’s role in the remediation process is not fully under
stood, its presence could potentially influence the thermal desorption outcomes.

This observation underscores the effectiveness of LTTD in reducing hydrocarbon con
centrations in contaminated soils. However, the variability in removal efficiency across 
different soil samples highlights the importance of understanding the influence of soil 
mineralogy and chemistry on the remediation process. This could help in improving the 
predictability and optimization of LTTD for various soil types, enabling more efficient and 
targeted remediation strategies.

3.5. Comparison of Fourier transform infrared (FTIR) spectroscopy for contaminated 
and remediated soils

The FTIR spectra of the contaminated soils are shown in Figure 7 while the quantitative 
results of the FTIR of the soils is presented in Table 5. The spectra of the contaminated 
sample L1C and its remediated counterpart L1R displayed characteristic bands at 3626.5129 
and 3699.1345 cm−1, respectively, corresponding to O-H stretching. This indicates the 
presence of hydroxyl groups in both samples, which are associated with water and possibly 
alcohols or phenols. Absorption bands at 2924.4959 and 2917.5792 cm−1 signify 
C-H stretching vibrations of the methylene group, indicating the presence of hydrocarbons 
in the contaminated sample. A significant observation is the presence of a sharp and intense 

Figure 6. Remediated samples. Note the relatively dark colours of samples L1 and L2 after remediation.
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band at 2350.48 cm−1, corresponding to the C≡N stretches of nitrile in sample L1C, which is 
absent in its remediated counterpart L1R. This suggests that nitrile compounds, which may 
be part of the crude oil contaminants, were effectively removed by the LTTD process. 
Additionally, the C-O stretch observed at 887.6080 cm−1 in L1C but absent in L1R further 
indicates the removal of specific organic contaminants through remediation.

The spectra of the contaminated sample L2C and its remediated counterpart L2R 
displayed similar characteristic bands. The peaks at 700.86 cm−1 are the asymmetric stretch
ing vibrations of C – O showing carboxylate groups, confirming the presence of these 
ligands within the contaminated sample and their absence in the remediated sample. This 
disappearance of carboxylate groups in L2R supports the effectiveness of the remediation 
process. In the spectra of remediated sample L3R (Figure 7 and Table 5), the C≡N stretches 

Figure 7. Comparison of FT-IR spectra of selected contaminated and remediated samples (L1, L2, L3, and 
L4 represent contaminated soil samples; L1R, L2R, L3R, and L4R represent the corresponding remediated 
samples).
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bands of nitrile at 2350.48 cm−1, present in the contaminated sample L3C, are absent, 
demonstrating the removal of nitrile compounds. However, C=N stretches bands of 
imine appear in both contaminated and remediated samples, suggesting that some nitro
gen-containing compounds may persist post-remediation but possibly in altered forms.

The spectra of the contaminated sample L4C displayed characteristic bands at 3629.9711  
cm−1 due to the stretching vibration of the O – H bonds from surface-absorbed water, 
which is less intense in the dehydrated form (L4R). The N-H in L4C, identified as 
a secondary amine, shows a weak band at 3678.3881 cm−1, which may indicate partial 
transformation during remediation. The C-H stretching vibrations of the methylene group 
were present in both L4R and L4C, indicating the presence of hydrocarbons in both 
samples. The presence of an intense band at 2346.97 cm−1 (C≡N stretches of nitrile) and 

Table 5. Quantitative result of FT-IR on the contaminated and remediated samples.
S/N Peak (Cm−1) Functional Group Remark

L1C(contaminated)
1. 3622,00 −OH Hydroxyl group of alcohol or phenol
2. 2924,29 −CH stretching CH of sp3 aliphatic compound
3. 1631,00 C=O stretching C=O stretching of carbonyl of ester
4. 1460,14 C-H bending C-H of aliphatic
L1R(remediated)
1 3623,00 −OH Hydroxyl group of alcohol or phenol
2. 2923,29 −CH stretching C-H of aliphatic
3 1629,00 C=O stretching C=O stretching of carbonyl
4 1459,14 C-H bending C-H of aliphatic

L2C(contaminated)
1 3699,36 −OH Hydroxyl group of alcohol or phenol
2 2926,29 −CH stretching C=C stretching of aromatic
3 1633,00 C=O stretching C=O stretching of carbonyl
5 1457,00 C-H bending C-H of aromatic
L2R(remediated)
1 3622,00 −OH Hydroxyl group of alcohol or phenol
2 2924,29 −CH stretching C-H of aliphatic
3 1632,00 C=O stretching C=O stretching of carbonyl
4 1458,14 C-H bending C-H of aliphatic
L3C(contaminated)
1 3697,36 −OH Hydroxyl group of alcohol or phenol
2 2923,29 −CH stretching C=C stretching of aromatic
3 1864,18 C=O stretching C=O stretching of carbonyl of ester
4 1633,00 C=O stretching C=O stretching of carbonyl
5 1460, 14 C-H bending C-H of aromatic
L3R(remediated)
1 3696,36 −OH Hydroxyl group of alcohol or phenol
2 2923,29 −CH stretching C=C stretching of aromatic
3 1870,00 C=O stretching C=O stretching of carbonyl of ester
4 1628,00 C=O stretching
5 1459,14 C-H bending C-H of aromatic
6 1029,00 C-O stretching C-O of alcohol

L4C(contaminated)
1 3696,36 −OH Hydroxyl group of alcohol or phenol
2 2923,29 −CH stretching C=C stretching of aromatic
3 1633,00 C=O stretching C=O stretching of carbonyl
4 1462,14 C-H bending C-H of aliphatic
5 1010,00 C-O stretching C-O of alcohol
L4R(remediated)
1 3622,00 −OH Hydroxyl group of alcohol or phenol
2 2924,29 −CH stretching C-H of aliphatic
3 1635,00 C=O stretching C=O stretching of carbonyl
4 1457,00 C-H bending C-H of aliphatic
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1634.58 cm−1 (C=N stretches of imine) in remediated sample L4R, but absent in L4C, 
suggests the transformation of some organic contaminants rather than their complete 
removal. The absorbance band at 1862.82 cm−1, indicating the stretching vibration of 
(C=O) bonds found in COO-, present in L4R but not in L4C, confirms the conversion of 
certain organic contaminants during the remediation process. The C=C stretches in aro
matic rings and the C-Cl stretches observed in the region 621.33 cm−1 in L4C but absent in 
L4R further support the efficacy of the remediation process in reducing specific contami
nant groups.

The FT-IR spectra (Figure 7) revealed the presence of C-Cl stretching, nitrogen- and 
oxygen-containing compounds, and aromatics in the contaminated soils. These results 
indicate the presence of functional groups that may originate from either the crude oil 
used or the soil matrix itself. Chlorinated compounds, while not typical in all crude oils, 
could occur as trace contaminants introduced naturally or through chemical additives 
during oil processing. Their minimal presence may influence hydrocarbon interactions 
with the soil particles, affecting adsorption and desorption behaviors. The nitrogen- and 
oxygen-containing compounds, along with aromatics, are consistent with the composition 
of heavier fractions of crude oil, which commonly contain heteroatoms. These polar 
functional groups can increase hydrocarbon polarity, leading to stronger interactions 
with specific soil minerals. For instance, in soils with lower quartz content, such as L1 
and L2, these polar interactions may enhance adsorption. While Table 4 highlights the 
prominent n-alkanes targeted in the GC-MS analysis, FT-IR provides a broader spectrum of 
functional groups, including those not explicitly listed in the table. These compounds could 
influence the efficiency of LTTD. Polar and chlorinated compounds, for example, often 
require higher energy for volatilization, potentially contributing to the variation in removal 
efficiencies observed among the samples. This may explain the lower removal rates for L4, 
which could be attributed to the specific interactions between hydrocarbons and the soil 
composition.

The FTIR findings show the successful removal and transformation of various organic 
contaminants from the crude oil-contaminated soils through the LTTD process. The 
disappearance of nitrile, carboxylate, and other functional groups in the remediated samples 
indicates the process’s effectiveness in reducing the contaminant load, thereby improving 
soil quality.

3.6. Impact of contamination and remediation on soil mineralogy

X-ray diffraction analysis was conducted to compare the mineralogy of the natural soil 
samples with those of the remediated contaminated soils, as illustrated in Figure 8. The 
results reveal no significant changes in mineralogy post-remediation. Similarly, the quanti
tative analysis presented in Figure 9 confirms that the mineralogical composition of the soils 
remained largely unaffected by both contamination and the LTTD process. However, the 
content of some minerals exhibited slight variations due to contamination and the LTTD 
process (Figure 9). In soils L1, L2, and L3, quartz content increased with contamination and 
desorption, while in L4, quartz content decreased. For plagioclase feldspar, this mineral was 
present in the uncontaminated sample of L1 but absent in the remediated sample. In 
contrast, plagioclase feldspar content increased in L2 and decreased in L3 after contamina
tion and thermal desorption. K-feldspar and mica generally decreased across L1, L2, L3, and 
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L4 soils due to contamination and thermal desorption, with the exception of L4, where 
K-feldspar showed a slight increase. Kaolinite content exhibited a minimal increase after 
contamination but remained unchanged following thermal desorption in L2 and L4. 
Goethite content increased slightly in L1 and decreased in L2 after contamination and 
thermal desorption, while it was not detected in L3 or in the uncontaminated sample of L4. 
Moreover, contamination and the LTTD process did not significantly alter the peak 
positions of key minerals such as kaolinite, goethite, and quartz. This observation aligns 
with findings from Afolagboye et al. (2023) and Liu, Liu, and Hu (2015).

The stability of the soil’s mineralogical composition despite contamination and remedia
tion can be attributed to the inherent resilience of the minerals present. Quartz, feldspars, 
mica, and kaolinite, which are predominant in these soils, are chemically stable and resistant 
to thermal processes at the low temperatures used during LTTD (Afolagboye et al. 2023). 
These minerals typically require much higher temperatures to undergo any significant 
chemical or structural changes (Ketterings, Bigham, and Laperche 2000), explaining why 
their composition remained largely unaffected during the remediation process. 
Consequently, the effectiveness of LTTD in hydrocarbon removal was achieved without 
compromising the fundamental mineral structure of the soils.

3.7. Effect of low temperature thermal desorption on microstructure of 
contaminated soils

The Scanning Electron Micrographs (SEM) of natural soils were compared with those of 
remediated samples, as shown in Figure 10. The micrographs reveal notable agglomeration 
of soil particles following remediation, indicating that the LTTD process affected the soil 
structure. Although no visible traces of crude oil remain in the soil matrix, remnants of 

Figure 8. X-Ray diffractograms of the natural and remediated soil samples.
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adsorbed oil are evident as a coating on the soil particles, even after they were layered with 
carbon. This oil coating suggests that while LTTD effectively removed most hydrocarbons, 
some residual oil remains bound to the particles.

Additionally, the SEM images indicate a reduction in porosity, with soil particles 
appearing more densely packed after remediation. This reduction in porosity likely results 
from the agglomeration process, where soil particles fuse or cluster together under the 
influence of heat, reducing the spaces between them. The observation that thermal reme
diation, even at a relatively low temperature of 110°C, leads to particle agglomeration is 
consistent with findings reported by (O’Brien et al. 2018). This suggests that the LTTD 
process not only removes contaminants but also alters the microstructure of the soils, 
potentially affecting their permeability and other related properties.

4. Conclusion

Soil samples spiked with crude oil from the Nigerian Niger Delta were investigated for 
changes in their physical and chemical properties, and the effectiveness of LTTD at 110°C 
was assessed. The study revealed that crude oil contamination significantly increased the 
plasticity and shrinkage properties of the soils, raising concerns about potential foundation 
stability issues. Additionally, changes in total dissolved solids (TDS) and PS indicated an 
increase in soil dispersivity, which could make contaminated soils more susceptible to 

Figure 9. Comparison of quantitative mineralogical composition of natural and remediated soils. l1: l1 
contaminated soil; l1r: l1 remediated soil; l2: l2 contaminated soil; l2r: l2 remediated soil; l3: l3 
contaminated soil; l3r: l3 remediated soil; l4: l4 contaminated soil; l4r: l4 remediated soil.
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Figure 10. SEM images of natural and remediated soils (L1, L2, L3, and L4 are contaminated soil samples; 
L1R, L2R, L3R, and L4R are the corresponding remediated samples).
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erosion. LTTD at 110°C effectively removed up to 96% of hydrocarbons from the con
taminated soils. However, this remediation process also led to a reduction in soil porosity 
and caused agglomeration of soil particles, as observed through microstructural analysis. 
This agglomeration may help mitigate the increased dispersivity resulting from oil con
tamination, potentially reversing some of its negative effects. Importantly, X-ray diffraction 
analysis showed no significant mineralogical changes in the soils due to either contamina
tion or LTTD remediation, indicating that the fundamental mineral structure of the soils 
remained largely unaffected. These findings suggest that while LTTD is effective for con
taminant removal, its impact on the structure and behavior of residual soils, such as lateritic 
soils, must be carefully considered, particularly in engineering contexts where soil stability 
is critical. LTTD at lower temperatures offers promise for addressing crude oil-induced soil 
degradation, aligning with sustainable environmental management objectives. Future 
research should focus on understanding the influence of residual soil mineralogy and 
chemistry on LTTD efficacy and ensuring the structural integrity of treated soils, with the 
aim of optimizing remediation strategies for various soil types.
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