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Innocuous Oil as an Additive for Reductive Reactions Involving Zero Valence Iron 

JW Cary and KJ Cantrell 

Pacific Northwest Laboratoryi 

Richland, Washington 

Abstract 

Reductive reactions involving zero valence iron appear to hold promise for in situ remediation of 

sites containing chlorinated hydrocarbon solvents and certain reducible metals and radionuclides. 

Treatment involves the injection of metallic iron and the creation of low levels of dissolved oxygen in the 

aqueous phase through oxidation of the metallic iron. The use of a biodegradable immiscible and 

innocuous organic liquid such as vegetable oil as an additive offers several intriguing possibilities. The oil 

phase creates a large oil-water interface that is immobile with respect to flow in the aqueous phase. This 

phase will act as a trap for chlorinated hydrocarbons and could potentially increase the reaction efficiency 

of reductive dehalogenation of chlorinated hydrocarbons by the metallic iron. When iron particles are 

suspended in the oil before injection they are preferentially held in the oil phase and tend to accumulate at 

the oil-water interface. Thus oil injection can serve as a mechanism for creating a stable porous .curtain of 

metallic iron in the vadose to maintain a low oxygen environment which will minimize the consumption of 

the iron by molecular oxygen. 

1 Pacific Northwest Laboratory is operated for the U. S. Department of Energy by Battelle Memorial 
Institute under Contract DE-AC06-76RLO 1830. 
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Introduction 

Chlorinated hydrocarbons and certain oxyions such as CrO^-, UC-22+, and Tc04- can be reduced 

in aqueous solutions when in contact with metallic iron (Gillham et al., 1993; Matheson and Tratnyek, 

1993; Blows, 1992, and Kaplan et al., 1994). The reduction results in the dehaiogenation of the 

chlorinated hydrocarbons and precipitation of the oxyions as insoluble oxides or hydroxides. This type of 

reaction holds much promise for cost-effective remediation of a variety of polluted aquifer plumes. 

At this time there is insufficient data to obtain unanimous agreement on all details of the chemical 

reactions involved in the reduction process. In the case of the chlorinated hydrocarbons, it is believed 

that the reductive dehaiogenation proceeds according to the following reaction: 

Fe° + RCI + H+ -> Fe2+ + RH + CI- (1) 

To begin any of the remediation processes suggested by these initial observations, metallic iron 

must be emplaced into the aquifer. The iron is also an efficient reductant of dissolved oxygen. After the 

metallic iron is oxidized it is no longer effective. Injection of innocuous oil as an additive with the metallic 

iron could potentially prolong the effective lifetime of a metallic iron barrier because heterotrophic 

microorganisms will use the oil as a substrate and cause the dissolved oxygen concentrations to be 

reduced to very low levels, thus minimizing the consumption of metallic iron. The use of innocuous oil for 

in situ remediation has been proposed for a variety of purposes, Streile et al. (1991), Cary et al. (1994). 

Rapid reduction of nitrates in groundwater has been demonstrated in laboratory studies using vegetable 

oils injected into aquifer materials (Hunter and Follet, USDA, Agriculture Research Service. Fort Collins, 

CO, personal communications). 

Discussion 

Studies on the application of iron reduction of chlorinated hydrocarbons and oxyions as a means 

of remediation are presently focused on aquifer environments. However, the use of vegetable oil as an 

additive with the iron may lead to application of the reducing reactions to remediation in the vadose zone 

as well as aquifers. There are a number of interesting possibilities to consider. 
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When an immiscible organic liquid, such as oil is injected into an aquifer where the pore space is 

filled with water, water is displaced from the larger pores and seeks "preferential" pathways, outward and 

upward, toward the aquifer-vadose zone interface as shown in Figure 1. When the injection is stopped, 

the flow of oil also stops and interfacial surface tension breaks the continuous oil flow path into a series of 

discreet globules and ganglia as shown in Figure 2. These globules are stable and do not move, even 

though the ground water flows freely past them, Cary et al. (1989). In essence one has a plume or cloud 

of discreet immobile oil globules that form a screen or filter for the aquifer's water. The shape and density 

of this plume of bubbles depends in part on the pore size distribution of the aquifer material but most 

importantly on the injection pressure of the oil. 

On the other hand injection of an immiscible organic liquid into the vadose zone leads to quite a 

different result. During the injection of an oil, air is displaced from the pores as well as small amounts of 

water. When injection is stopped the oil does not divide into discreet bubbles but continues to spread out 

in a thin continuous film that separates the air and water phases as shown in Figure 3. Very large water-oil 

and oil-air interfacial areas can be formed (Cary, 1994). 

Some effects of using vegetable oil as an additive with iron injection can be easily demonstrated 

for both the water saturated aquifer and the partially water saturated vadose zone type of environments. 

Sandy loam soil was placed in a flask and saturated with water leaving about 2 cm of water standing above 

the soil surface. A second flask was prepared in the same way except that approximately 2 percent 

vegetable oil was mixed into the soil before it was saturated with water. Three pieces of iron wire were 

then inserted into each flask and the flasks were placed in a two mil plastic bag to reduce evaporation. 

After one month at room temperature, the flasks were inspected. The flask with no oil appeared to be 

unchanged, i.e., the soil was still covered with 2 cm of clear water. However, the flask with vegetable oil 

had developed a layer of orange precipitate on the soil surface which was also covered with 2 cm of water. 

Inspection of the iron wires inserted into the flasks also showed differences. Wire from the soil with 

vegetable oil had a smooth dark grey surface while wire from the soil without oil was also this dark grey 

color but much more rough and corroded. Evidently microbiological activity In the soil with oil significantly 

reduced the soluble oxygen content. As a result, the oxidation of the iron in the flask with the oil was 
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greatly reduced so that ferrous ions were able to diffuse up into the sediment-water interface before the 

orange ferric precipitate formed. 

Nearly the same results were observed when iron wire was inserted in moist sandy loam held in 

flasks that were not water saturated but enclosed in a 2.7-mil-thick plastic sack. Wire in the soil with 

vegetable oil developed the same smooth dark grey surface while wire in the moist soil without oil formed a 

rough corroded surface. This suggests that vegetable oil, even in the vadose zone may be capable of 

holding the oxygen content around the iron wire low enough to greatly reduce the oxidation of the iron. 

When the purpose of the oil is to serve as a substrate for microorganisms, a rapidly 

decomposable type will be chosen. There has been some concern that this could cause slime to develop 

and completely plug pores around the point of injection. However, it seems likely that this could be over 

come by temperature control. Consider, for example, preheating the ground with steam injection or 

perhaps just prewarming or cooling the oil itself to a temperature that is not lethal for dormant forms of 

microorganisms but still sufficiently high or low enough to reduce metabolism until the oil has had enough 

time to spread out into a thin film as shown in Figure 3. Pore slime plugging is not apt to be a problem for 

aquifer injection because the immobile globules form almost immediately after injection is stopped and the 

rate of metabolism is severely limited by the amount of oxygen available. 

Iron particles are more hydrophobic than hydrophilic, that is, they are preferentially wet by organic 

liquids rather than by water. Consequently, iron particles suspended in oil will tend to stay in the oil phase 

rather than move into an adjacent liquid water phase. When iron particles are suspended in vegetable oil 

and the mixture is floated on a water surface in a glassflask, the iron particles eventually settle into the oil 

water interface but do not enter the water and sink to the bottom of the flask. The oil-water interface, over 

a period of time then becomes a zone of obvious microbial activity. This easily observable phenomena 

raises additional interesting possibilities concerning the use of innocuous oil as an additive with iron to 

promote reductive remediation of sites with chlorinated hydrocarbons. 

Consider the case where iron particles are mixed with vegetable oil before injection. Some time 

after injection most of the iron particles will end up in the oil-water interface and the interface is immobile 

with respect to flow in the liquid water phase in both aquifer and vadose zone conditions. Because 
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chlorinated hydrocarbons are more soluble in the oil phase than in the aqueous phase, the oil will absorb 

hydrocarbons from both the water and the gas phases. Much of the absorption will occur through the oil-

water interfaces where iron is present. This could be a very efficient way to obtain reduction of the 

organics. At the present time it is not known whether or not chlorinated hydrocarbons are efficiently 

reduced in an oil-water interface containing elemental iron. However as the oil is consumed by microbial 

digestion the iron particles and the chlorinated hydrocarbons will be brought into closer contact, making it 

likely that reduction will occur at some point as the vegetable oil content approaches zero. 

The alternative is to inject the iron particles in the aqueous phase separately from the injection of 

oil. This will also result in the phase configuration shown in Figures 2 and 3, but the iron particles will be 

settled out in the solid-water interface. The vegetable oil then assumes two roles in the remediation. It 

holds the aqueous phase at a low level of soluble oxygen, thus increasing the efficiency of the metallic 

iron because its rate of oxidation will be decreased. The oil will also serve as a trap or sink for chlorinated 

hydrocarbons. As reduction of the hydrocarbons occurs in the aqueous phase, the oil will serve as a 

source of chlorinated hydrocarbons as they diffuse back into the aqueous phase and are reduced. 
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