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Soil Remediation Techniques
1.0- Introduction

Soil is a vital natural resource that is essential to all forms of life. It provides a habitat for living organisms, while regulating the flow of gases and water flow through infiltration. Without soil, landscapes would be without water, meaning that there would be no chance for plants to grow and animal life could not exist (Kutilek & Nielsen, 2015). Soils contain a variety of naturally occurring compounds including metals, phosphates, carbonates, nitrates and hydrocarbons that are produced by microbiological activity of indigenous microorganisms found within the soil, and the decomposition of organisms, such as plants and animals (Chen et al, 2003).   

However, soils also contain many unnaturally derived compounds that have entered the soil via wind, groundwater or a range of anthropogenic activities. Once the quantities of these soil contaminants exceed natural levels, soil pollution is generated, and the concentrations of toxic chemicals present in the soil become high enough to pose a risk to the ecosystem, as well as human health (EPC, 2017). Consumption of fruits and vegetables that have been grown in contaminated soil pose a clear risk to human health once consumed. In addition to this, the groundwater which runs through these contaminated soils also becomes contaminated, before ultimately ending up in our water systems as drinking water.

The most common soil and groundwater contaminants are mineral oils and chlorinated hydrocarbons, as well as lead and other heavy metals (EEA, 2010) that have derived through industrial production and large-scale use of fertilisers and fossil fuels (Meuser, 2013). Due to the vast increase in soil pollution, as well as research into the potential negative impact on present and future human and environmental health, many new technologies have been created in an attempt to prevent, or minimise, the potential risks carried by soil pollution. 

2.0- Soil Remediation Technologies
With ever increasing quantities of waste materials being derived from industrial activities, soil pollution has become a serious problem regarding sustainability, by endangering the health of future populations and the environment. Many soil remediation techniques have been developed in an attempt to clean and improve the quality of soil and groundwater, in order to prevent further negative effects on the natural environment. There are many soil washing technologies used in current industry that have proven effective in remediating contaminated soils. These technologies can be split into ex situ methods, such as excavation and off-site treatment or disposal, or in situ methods such as air sparging, soil vapour extraction, thermal soil remediation, bioremediation and phytoremediation. The remediation technique most applicable to the particular soil being treated depends on the types of contaminants present, the location of the site and the properties of the soil being treated, such as its permeability and moisture content. Each method possesses a number of advantages and disadvantages, so an assessment of the applicability of each remediation technique, as well as the overall costs involved, must be carried out. 

2.1- Air Sparging and Soil Vapour Extraction
Air sparging involves injecting large volumes of air into aquifers within soils that are contaminated with volatile organic compounds (VOCs), such as Benzene and MTBE. VOCs are one of the most frequent contaminants of soil, due to the huge quantities of petroleum used worldwide (Thompson, 2003). The process of air sparging forces the contaminants out of the saturated zone, and up into the unsaturated zone above, through a process known as volatilization (EPA, 1996). This allows for the contaminants to be extracted via another soil remediation technique known as Soil Vapour Extraction. Soil Vapour Extraction involves the application of a vacuum to a contaminated soil, in order to create a flow of air through the soil that transports the contaminants towards extraction wells for removal (Suthersan, 1999). When the two methods are used in conjunction with one another, they provide one of the most effective remedies for treatment of VOC-contaminated soils, and at a relatively low cost (DOD, 1994).
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Fig. 1- General Diagram of an Air Sparging System (Smith, 1995)


2.2- Excavation
The process of excavation as a soil remediation technique involves physically extracting contaminated soil from a site using mechanical machinery such as excavators and dumpers. The removed soil can either be treated in situ at an alternative area of the site, or it can be transported away to be disposed of (Suer and Andersson-Skold, 2010), or to be treated ex situ using alternative soil remediation techniques. The applicability of excavation as a method of soil remediation relies primarily on the location and makeup of the soil requiring excavation. Often, excavation is an impractical solution, for example when contaminants have spread to undermine structures such as buildings that remain in use.  However, on the contrary, excavation may also be the only applicable solution. This holds, for example, when underground structures have been identified as a source of contamination and the removal of said structures is the only feasible option that can provide total decontamination.

2.3- Thermal Soil Remediation
Thermal Soil Remediation is the process of removing contaminants from a soil through heating. A network of pipes are installed into the soil, in which high temperature gases circulate through and heat the soil by conduction. Once the soil reaches high enough temperatures, its organic pollutants become volatile and isolate from the contaminated soil through evaporation (Saadaoui et al, 2008). Thermal remediation has many advantages, with it being a fast process that is adaptable to a wide range of pollutants and applicable for the majority of soil types (Li et al, 2015). However, thermal soil remediation works most efficiently at higher temperatures, and so in order to be effective, the energy inputs required are high, meaning raised costs as well the requirement of burning fossil fuels.

2.4- Bioremediation
Bioremediation is the treatment of polluted soils using indigenous microorganisms to break down and destroy contaminants present within the soil. This method offers an environmentally friendly alternative to many other soil remediation techniques, with minimal energy requirements and lower costs when the site conditions are well suited to this type of remediation (Sharma, 2012). The rate at which degradation occurs depends on the microbial population present within the contaminated soil, and so for bioremediation to be successful, the environmental conditions must promote microbial growth (Vidali, 2001). There is therefore a requirement of optimal temperatures and moisture contents within the soil, along with the need for sufficient nutrient availability. 

2.5- Phytoremediation
Phytoremediation is a soil remediation method that utilizes plants to extract contaminants from soils through use of their ability to evapotranspire groundwater and act as hyperaccumulators of contaminants (Prasad, 2003). Phytoremediation is effective in treating soil contaminated with organic pollutants and xenobiotics, such as heavy metals and agricultural and industrial chemicals, providing a cheaper and exceptionally more environmentally friendly solution to site restoration than many other physical or chemical approaches (Schroder, 2003). 
Through evolution, plants have gained the potential to deal with toxic compounds present in their environment. They can extract contaminants from the ground, sequester them in their cell walls and metabolize them, degrading them into non-toxic substances that may even be useful to the plants as sources of carbon, phosphorus, nitrogen and sulphur (Saier and Trevors, 2010). 

3.0- Advantages and Disadvantages of Different Technologies

3.1- Air Sparging and Soil Vapour Extraction
Air sparging and Soil Vapour Extraction have proven to be effective in the removal of several types of contaminants from soils, including lighter petroleum compounds and chlorinated solvents (Reddy et al, 1995). However, the cost and effectiveness of this method depends significantly on the conditions and properties of the soil undergoing treatment. Low-permeable soils are difficult to treat, as they slow down the movement of vapours, while air sparging has proven to be ineffective on extracting contaminants with low Henry’s law constants (Di Julio & Drucker, 2002). 
Depending on the permeability of the soil and its water content (Schubert et al, 2011), as well as the contaminants present and the actual area of land being treated, the amount of time taken to successfully remediate contaminated land through air sparging can range greatly. A review of case studies carried out by Bass et al (2000) showed that the average time taken for successful air sparging systems to operate was 16 months, however the remediation times in successful systems ranged up to as long as 4 years. Therefore, the capacity of air sparging as a choice of remediation technique on a soil must be analysed beforehand to ensure that it is the most applicable method.
Fig.2 below shows how general factors may be taken into account when determining the applicability of air sparging on remediating a particular contaminated soil. 

[image: ]
Fig.2- diagram indicating how general factors can be used to determine the applicability of air sparging (NFESC, 2001)
3.2- Excavation
Although excavation and off-site treatment is one of the most efficient and least time-consuming solutions for soil remediation (Kuppusamy et al, 2016), the key issue regarding excavation lies in the overall costs involved. The operation requires costly excavation work, as well as transportation costs, while ex situ remediation costs must be accounted for also. In addition to the high costs involved, excavation results in high levels of emissions, through both on site activities and transportation. The majority of emissions released when using excavation as a method of soil remediation contain carbon dioxide, which has proven to cause global warming and damage human health (Sakaguchi et al, 2015). Excavation also possesses the risk of causing a spread of contaminants to clean soil, either during excavation or during transit to off site remediation facilities. Transportation of contaminated soil through populated areas may also upset communities (Pavel and Gavrilescu, 2008).  

3.3- Thermal Remediation
As mentioned in Chapter 2.3, the efficiency of thermal remediation in the removal of contaminants from a soil is dependent on the temperatures being reached. Fig. 3 below shows how different temperatures effected the removal rate of PBDEs found in a particular soil during research thermal soil remediation experiments carried out by Tan et al, 2015.
[image: ]
Fig. 3- Curve Graph comparing the removal rates of PBDEs in a particular soil under different desorption temperatures (Tan et al, 2015)
As can be seen in the graph, the time taken for the contaminant to erase is greatly influenced by the temperatures used. Higher temperatures require more energy input through burning fossil fuels. However, modern thermal soil remediation technologies, such as Thermopile, use as much as 10 times less energy than many traditional thermal systems, by re-using gases and using desorbed contaminants that are captured by the gas streams as fuel (Cappuyns, 2013). 
A case study carried out by Bouckenooghe et al (2011) on a former industrial site in Flanders, Belgium, compared the overall environmental impact between soil treatment through thermal soil remediation compared to excavation with off-site treatment. The site in question had been contaminated through the use of several solvents over the past 4 decades, including Exxsol, an aliphatic hydrocarbon with a boiling point between 200°C and 240°C that had formed a light non-aqueous phase liquid (LNAPL) layer on the groundwater within the soil. The case study used two analytical methods, namely the REC method and the BATNEEC method, which concluded that the environmental impacts of the thermal remediation technology were lower than that of excavation and off-site treatment, primarily due to the overall emissions produced when transporting to off-site treatment facilities. 

3.4-  Bioremediation
Many soil remediation techniques leave behind, or use as a means of enhancement, daughter compounds that are potentially toxic to the environment. Bioremediation, however, results in the complete removal of contaminants, therefore removing the possibility of future issues that may arise from alternative methods. The graph shown in Fig.4 below gives an example of how the number of microorganisms present within a particular soil relates to the amount of nitrogen available as a source of nutrient. An increase in the number of microorganisms results in a period of nitrogen depletion, which in turn results in a drop in the microorganism population. Bioremediation works in a similar way to this, in that once the microbes used during Bioremediation have completely degraded the contaminants, and the presence of these contaminants has been removed, the microbes simply die off, leaving only residues that are generally harmless to the environment, such as carbon dioxide, water and cell biomass (Kensa, 2011)

[image: ]
Fig.4- The relationship between amounts of nitrogen and number of microorganisms present within a particular soil (Vokes, 2013)
In order to be an effective solution to soil remediation, bioremediation requires optimal temperatures and moisture contents within the soil. If achieving these conditions is not possible, two techniques that may be utilised to enhance bioremediation of contaminated soils are biostimulation and bioaugmentation. Biostimulation involves the addition of nutrients, via fertilisers, into a contaminated soil, in order to stimulate the growth of indigenous microorganisms that have the ability to degrade the pollutants (Thieman and Palladino, 2009). Bioaugmentation on the other hand involves adding exogenous biodegrading microorganisms into the contaminated soil, in order to assist the indigenous microorganisms, which are already present within the soil, in degrading the pollutants (Li et al, 2017).
In addition to the requirement of specific conditions for bioremediation to be effective, there is also concern regarding the effect of this method on the microorganisms. When these microorganisms are exposed to high concentrations of metal, it may have a detrimental effect on them. Therefore, bioremediation of heavy metal contaminated soil through use of microorganisms is only effective when the concentration of metals in the soil is low (Kumar and Gopal, 2015). 

3.5- Phytoremediation
[bookmark: _Hlk501047954]Phytoremediation, like all soil remediation techniques, has its advantages as well as disadvantages. It can take several years for complete soil treatment through phytoremediation (Palmroth et al, 2006). This means that the land in question may not be available for use for a long period of time and so if there is a requirement for the soil to be treated quickly, other remediation techniques must be considered instead. Phytoremediation is also greatly influenced by the soil and climate conditions of the site, and it is only effective for moderately hydrophobic compounds (Kamath et al, 2004). However, if phytoremediation is an applicable option and is suitable to the site in question, it carries many benefits including reduced costs and a greatly reduced negative impact on the environment. It requires no consumption of fossil fuels, while the plants absorb carbon dioxide from the air. If the climate in the location being treated is suitable to the plant species being used, the cost and maintenance required for this remediation technique is minimal (Schwitzguebel et al, 2011)

3.6- Cost comparison of different techniques
Due to the fact that site conditions present on different contaminated areas will always vary, cost estimates for one site will differ to that of other sites, and so establishing cost data for remediation technologies can be difficult. Additional information will always be required to obtain accurate cost comparisons on the suitability of different soil remediation techniques on a particular site, however we can use a number of general factors that provide sufficient data that allows us to derive an estimated evaluation of the costs of different methods, with patterns in unit cost (EPA, 2000). 
Table 1 shows an example of general parameters for eight different types of template sites that are critical elements for comparing costs of ground water remediation techniques. 

	Template Number
	Depth to Water Table (m)
	Aquifer Thickness (m)
	Aquifer Permeability (cm/sec)
	Ground Water Flow Rate (m/year)

	1
	4.6 (15 ft)
	7.6 (25 ft)
	5.0 x 104
	3 (10 ft/yr)

	2
	4.6 (15 ft)
	7.6 (25 ft)
	2.5 x 102
	150 (500 ft/yr)

	3
	4.6 (15 ft)
	21 (70 ft)
	5.0 x 104
	3 (10 ft/yr)

	4
	4.6 (15 ft)
	21 (70 ft)
	2.5 x 102
	150 (500 ft/yr)

	5
	30 (100 ft)
	7.6 (25 ft)
	5.0 x 104
	3 (10 ft/yr)

	6
	30 (100 ft)
	7.6 (25 ft)
	2.5 x 102
	150 (500 ft/yr)

	7
	30 (100 ft)
	21 (70 ft)
	5.0 x 104
	3 (10 ft/yr)

	8
	30 (100 ft)
	21 (70 ft)
	2.5 x 102
	150 (500 ft/yr)

	
Table 1- General Parameters for Comparing Costs of Ground Water Remediation Technolgies (National Research Council, 1997)



4.0- Conclusion
The Industrial Revolution, together with the continuous development of new technologies and the ever-increasing human population, has led to an enormous rise in atmospheric emissions, and an increased amount of potentially harmful chemicals polluting the earth’s soils. As of June 2016, there was an estimated 340,000 sites in the United Kingdom that were expected to be contaminated and requiring remediation (EEA, 2016. Soil Contamination Widespread in Europe). Due to this, the requirement of soil remediation techniques already being used, and indeed the requirements for new, more advanced technologies is clear. Soil remediation technologies have proven successful in remediating contaminated with soil, however there is a requirement to switch to more sustainable methods. As can be seen in the above assessment, there are a number of contributing factors limiting our choice of remediation methods, however it is clear that some methods, when applicable, hold many advantages over others.
The energy demands required for air sparging, soil vapour extraction and excavation mean that these techniques have a negative impact on the environment, despite their key aim to reduce the impact of contaminants within the soil. Additionally, Thermal remediation requires energy inputs to provide high temperatures, although modern techniques have become more energy efficient (Cappuyns, 2013). Another issue in regards to the use of thermal remediation is the risk of altering soil properties. The high temperatures have been proven to diminish nutrients available in the soil, creating poor conditions for plants and microorganisms (O’Brien et al, 2017).
 Bioremediation offers a potential environmentally-friendly solution to contaminated soil treatment, however it requires specific conditions in order to do so without the addition of environment-modifying techniques, such as biostimulation and bioremediation. Biostimulation requires the use of potentially harmful fertilisers to enhance biodegradation, while the addition of exogenous microbes into a soil through bioaugmentation may alter the ecology of the soil, potentially causing post-remediation risk to environmental health (Abioye, 2011)
Plants have the potential to convert harmful contaminants found within soil into useful sources of nutrition (Yadav et al, 2015) . Therefore, phytoremediation does not require the use of, or result in the production of, harmful substances that may be as, or even more, toxic than the contaminants being removed. This means that, when applicable and suitable to the particular contaminated soil, phytoremediation is a desirable solution with minimal impact on human health and the environment.
Soil remediation techniques were created in order to reduce the potential harm posed on human health and the environment, so it is clearly of interest to switch to methods that use less energy and do not leave behind alternative toxic substances. Further research and investment is vital in order to create new environmentally-friendly technologies to provide sustainable soil remediation options. 
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