Pollution of the Subsurface from DNAPLs: what are the sources, where do we find them, and what methods can we use to remediate them?
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Why Protect Groundwater?

Groundwater comprises 96% of the world’s total fresh water resources, excluding ice found at the polar caps.[7]  As such, it is important that we protect it from pollution, especially from that which will have long-term effects on our ecosystem.  As examples of such long-term effects, we can look at the environmental catastrophe at Love Canal (NY, USA) to understand that the consequences of unregulated, uncontrolled dumping of toxic chemicals.  We can also consider the fact that although DDT, DDE, DDD, and PCBs were banned by the EPA decades ago (1970’s), we still find these toxic chemicals in fish today that are caught in affected water bodies.  Finally, toxic chemicals are dangerous at very low levels (chronic toxicity).  Thus, one can appreciate that the magnitude of the problem when even relatively small amounts are spilled: in Cape Cod, MA (USA), 1,500 liters of NAPL (perchloroethylene PCE and trichloroethylene TCE) have created a plume of 40,000,000,000 liters.[3]
Categories of Groundwater Contamination 

Many categories of contamination can occur.  A list of possible contaminants include: heavy metals such as lead, mercury, and chromium; biological contaminants such as fecal coliform, Escherichia coli, fecal streptococci; xenobiotics (pharmaceuticals, hormones, etc.), and toxic liquid chemicals like pesticides (usually soluble in water), and organic compounds.  Of particular importance are the chlorinated hydrocarbons because they typically have a low solubility water, however, the solubility level is many time greater than the safe drinking level.  These compounds are known as DNAPLs.
What is a DNAPL ?

The acronym NAPLs represents non aqueous phase liquids.  As mentioned, they dissolve only slightly in water–so little that most chemists would, in fact, say that they are insoluble and exist as a separate phase–a non-aqueous phase.  However, the toxicity of these compounds is so high that, even at this low level of solubility, they can easily contaminate drinking water sources.  Some of these NAPLs are lighter than water and are termed LNAPLs, while those that are heavier are called DNAPLs and by having a density greater than water they can ‘sink’ below the groundwater level and be found deep within an aquifer.
Considering the earlier example given of a wide-spread contamination found in Cape Cod.  TCE solubility is 1,100 mg/l in water.  It would take 1,324 liters of water to dissolve 1 liter of TCE.  But the drinking water standard (in the United States) is only 0.08 mg/l - about 13 thousand times smaller than the solubility! Thus, if we dilute the 1,324 liter of contaminated water with an equal volume of clean water, we will have double the volume of water that is about 6.5 thousand times greater than the allowable level.  This dilution would need to be performed many more times, in fact, to dilute the water so that it is below the safe drinking water level, and each time the volume of contaminated water doubles.  Thus, it is easy to understand how 1,500 liters of a DNAPL in Cape Cod created such a large volume of contaminated water or a ‘plume’.
Where do we find NAPLs?
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Naturally, NAPLs that are contaminating the subsurface are found in locations where they are used and/or stored.  For example, both PCE and TCE were widely-used by dry cleaning establishments, so that they are commonly found in the soils beneath or near those business.  Solvents are used to clean oily parts and can be found in the vicinity of engine manufacturers, airports, and ink/dye industries.  Of course, where gasoline, heating oil, and other fuels are stored such as transportation facilities, apartment complexes, utility companies, are often locations of NAPL contamination.  In addition to urban and industrial areas, rural areas can also be affected: wood preservatives used in the lumber industry have been found to contaminate groundwater supplies.  In the past, chemical processes used evaporation ponds and liquid waste disposal ponds to discard chemicals that were not useful.  This practice was both legal and common place in industry at that time. 
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Capillary Trapping

A logical approach to address the problem of NAPL contamination would be to simply pump the NAPL out of the ground.  Two main problems prevent this from being a viable alternative.  First, the exact location of the NAPL within the subsurface is difficult to determine.  Detecting dissolved compounds within the groundwater provides evidence that the NAPL is in the vicinity, but it is not easy to understand precisely where.  Once released by way of a leak, the NAPL will travel downward, its path governed by gravity forces capillary forces (Figure 1).  High interfacial tension exists between water and NAPL that leads to the development of high capillary forces when the two liquids are within the small pore spaces of the soil.  These capillary forces increase when the spaces get smaller (Figure 2).  Thus, when the moving DNAPL encounter a layer of fine sand or clay material, it may find it easier to move horizontally instead of vertically.  

These capillary forces are also part of the reason that we cannot recover the DNAPLs by simply water flooding and pumping them out of the subsurface.  The capillary forces will trap the DNAPL within the pore spaces, requiring very high viscous forces to dislodge them.  To understand this trapping phenomena, we consider the dimensionless trapping number, NT, The trapping number is essentially the ratio of the forces that will dislodge the DNAPL, viscous and gravity forces (or buoyant forces), to the trapping forces, interfacial tension.  Previous definitions exist for the ratio of viscous to capillary forces (the capillary number, NC) and for the ratio of gravity to capillary forces (NB or bond number).  Thus, these two dimensionless numbers NB and NC can be computed first and then used to compute the trapping number, NT.
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where:

kw = intrinsic permeability



        (Φw)  = potential gradient (water)
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   σ = interfacial tension



    
       = flux of water phase
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μw = water viscosity


where: 

kw = water permeability



      
       ρ1 , ρ2 = density of the displacing and displaced fluid, respectively
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The Trapping Number, NT, written in terms of capillary and bond numbers [1, 4] as follows: 



where 

α,γ = dip and flow angle, respectively

Jin [1] and Pennell et al. [4] introduced the trapping number concept.  When the trapping number is low, mobilization of DNAPL is prevented because capillary forces dominate over viscous and gravity forces.  Pennell et al. [4] suggest that if the trapping number exceeds about 10-5, the trapped DNAPL be mobilized.  And therein lies the difficulty–to achieve such a high trapping number in the field is impossible, making it impractical to use water in order to push the trapped DNAPL toward a pumping well and extract it from the subsurface.  Another means is needed to recover DNAPL! 
Surfactant Flooding 

Currently, most environmental practitioners do not try to recover DNAPL.  Instead, they pump out the contaminated groundwater and treat it.  This approach, called ‘Pump and Treat’ or P&T is the most widely-used approach to recover DNAPLs from the subsurface.  It is a slow process, since the amount of the contaminant that is recovered from the water is very small owing to the low aqueous solubility of the DNAPL.  Surfactants offer two mechanisms for recovering DNAPLs: mobilize DNAPL by reducing DNAPL/water interfacial tension and increase DNAPL’s aqueous solubility–called solubilization–as an enhancement to P&T.  The first approach has not been used out of concern among regulator agencies that mobile DNAPL will travel further downward and become harder to recover.  The second approach has been well-studied and applied successfully in several pilot-scale and full-scale tests within the last 15 years.[2]  It is known as “Surfactant Enhanced Aquifer Remediation” or SEAR.  There are many design aspects to a SEAR implementation that would be too lengthy to review here.  A useful source of information is the “Surfactant–enhanced aquifer remediation (SEAR) design manual” from the U.S. Navy Facilities Engineering Command.[6]
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