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(57) ABSTRACT 

A zero-valent metal emulsion is used to dehalogenate 
solvents, such as pooled dense non-aqueous phase liquids 
(DNAPLs), including trichloroethylene (TCE). The zero- 
valent metal emulsion contains zero-valent metal particles, 
a surfactant, oil and water. The preferred zero-valent metal 
particles are nanoscale and microscale zero-valent iron 
particles 
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ZERO-VALENT METAL EMULSION FOR 
REDUCTIVE DEHALOGENATION OF 

DNAPLS 

ORIGIN OF INVENTION 

The invention described herein was made in the perfor- 
mance of work under a NASA contract and by an employee 
of the United States Government and is subject to the 
provisions of Public Law 96-517 (35 U.S.C. 8 202) and may 
be manufactured and used by or for the Government for 
governmental purposes without the payment of any royalties 
thereon or therefore. In accordance with 35 U.S.C. 8 202, the 
contractor elected not to retain title. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates generally to the use of a zero-valent 

metal emulsion to remediate halogenated solvents found in 
water. Preferably, zero-valent iron emulsions containing 
nanoscale or microscale iron particles are used to remediate 
dense non-aqueous phase liquid (DNAPL) sources found in 
groundwater. 

2. Description of the Background Art 
Remediation of halogenated solvents, such as trichloro- 

ethylene (TCE), halogenated hydrocarbons, and other chlo- 
rinated solvents, is of great concern due to their toxicity and 
their persistence in the environment. Halogenated solvents, 
such as TCE. enter the groundwater and soil environments 
through improper disposal practices. These halogenated 
solvents are used in industry as degreasers; in the production 
of dry cleaning fluids, spot removers, insecticides and 
pesticides, as well as in many other manufacturing pro- 
cesses. Because of halogenated solvents' wide variety of 
uses they have become ubiquitous in the environment. 
According to the US. Environmental Protection Agency 
(USEPA), TCE has been found in at least 852 of the 1430 
National Priorities List sites (ATSDR 1995). 

When released into the ground, halogented solvents, such 
as TCE, will sink through the subsurface soil and ground- 
water until it is contained by a non-permeable surface such 
as bedrock. At this point it will pool and slowly dissolve into 
any water that it comes into contact with. Halogenated 
solvents, such as TCE, that have higher densities than water 
are referred to as dense nonaqueous phase liquids 
(DNAPLs). Due to the low solubility of many halogenated 
solvents, for example, TCEs low solubility ( 1 . 1 ~ 1 0 ~  m a ) ,  
the pool will continue to contaminate groundwater for 
extended periods of time. As the groundwater is in constant 
motion, this pool can contaminate very large areas of 
potential drinking water. Breakdown of the halogenated 
solvents in natural environments is very slow and produces 
other potential harmful by-products that are also regulated 
by the USEPA in Title 40 Code of Federal Regulations. 
Currently, the maximum contaminant level of TCE accept- 
able in ground water established by the EPA is 4-5 p a .  

2 
The surface plant requires constant monitoring; it produces 
hazardous wastes, and requires an energy source to operate 
the pumps and strippers. Due to TCEs low solubility in 
water, remediation of the groundwater using pump-and-treat 

5 technologies will take very long periods of time (e.g. 
decades) in order to maintain protection of human health and 
the environment. The pump and treat technologies primarily 
provide containment, rather than remediation. Because of 
the length of time necessary in the pump and treat 

io technologies, high operation and maintenance cost over the 
time period of remediation are incurred. 

Several pilot and full-scale projects for remediation of 
DNAPLs employ the use of a permeable reactive barrier 
wall (PRBW) placed within groundwater. The PRBW is 

15 installed across a path of a contaminated plume. The con- 
taminants are removed or degraded producing decontami- 
nated water on the down gradient side of the wall. The use 
of zero-valent metals, such as iron, to reductively dechlori- 
nate DNAPLs has been employed as the reactive material in 

20 these PRBWs. The use of PRBWs has several advantages 
over the traditional pumpand-treat methods of remediation. 
This process produces little waste and is much less labor 
intensive. Since it is a passive system, mechanical failures 
are eliminated. The most prominent drawback of the use of 

25 an in-situ permeable reactive wall is that, like pump-and- 
treat systems, it never actually treats the contaminant pool. 
These processes rely on the DNAPL dissolution and trans- 
port for treatment. Again, the process of complete remedia- 
tion will take an extended period of time. 

Currently, there are no available proven technologies that 
can treat 100% of DNAPL sources. These sources include 
free-phase, residual phase, and sorbed (or matrix diffused) 
phases of DNAPL. Attempts have been made to remove the 
DNAPL sources through heating to enhance volatilization. 

35 Such heating techniques have included steam injection and 
radio-frequency-heating. However, this approach is limited 
because of the energy costs associated with heating the 
groundwater and the exponential volume of areas that will 
need to be treated to ensure that the entire DNAPL source is 
encountered and treated. 

An alternative approach has been to Rood the source area 
with surfactants or oxidizing agents. DNAPL contaminates 
are remediated by injecting a surfactant to either solubilize 

45 or mobilize the DNAPL pool. The presence of surfactant 
micelles increases the solubility of the DNAPL in the 
groundwater. This method of remediation is unique in that it 
actually confronts the pools of DNAPL. However, DNAPLs 
such as TCE are more subject to uncontrolled migration 

5o using this technique and could produce larger contamination 
zones. Additionally, these surfactants only travel through 
most permeable zones. DNAPL pools diffuse into geological 
areas of low permeability preventing their 100% removal 
that is required to prevent the remaining DNAPL from 

Therefore, a critical need exists for technologies that can 
effectively treat DNAPL sources in the saturated zone and 

30 

55 re-contaminating the groundwater. 

Traditionally, the method of choice for remediation of 
TCE has been accomplished by pumping the contaminated 
water to a surface plant and removing the TCE by air 60 
stripping or granular activated carbon adsorption. The SUMMARY OF THE INVENTION 
decontaminated Water is then of into Wastewater To overcome the foregoing problems, the present inven- 
treatment plants or re-injected into the ground. tion comprises a zero-valent metal emulsion containing 

hmpand-treat technology has many limitations. Install- zero-valent metal particles, surfactant, oil and water, and a 
ing the surface plant is very costly. Additionally, although 65 method of using the same, to enhance dehalogenation of 
the initial depletion of TCE is quite high, the depletion levels dense non-aqueous phase liquid (DNAPL) sources. The 
off to values that are sometimes above the regulatory levels. zero-valent metal emulsion is particularly suited for deha- 

result in both their destruction and containment with reduced 
treatment times and lower costs. 

. 
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logenation of solvents including, but not limited to, trichlo- 
roethene (TCE) and other halogenated hydrocarbons. 
In a preferred embodiment, microscale and nanoscale iron 

particles are used as the zero-valent metal particles. Micros- 
cale and nanoscale iron particles are excellent reactive 
media to incorporate into a preferred zero-valent iron emul- 
sion due to their reactivity, low cost, and natural presence in 
the subsurface. However, other zero-valent metal particles 
and combinations may be used to dehalogenate a DNAPL 
source. For example, iron particles doped with palladium are 
useful zero-valent metal particles to dehalogenate DNAPLs. 
Also, a variety of bimetallic particle combinations are useful 
in dehalogenating DNAPL sources. 

Food grade vegetable oils and various cationic, anionic 
and nonionic surfactants are preferred components in the 
generation of the zero-valent metal emulsion. Preferably, 
food-grade surfactants are used because of their low toxicity. 

In the preferred zero-valent iron emulsion, a very active 
zero-valent iron emulsion contains 32-53 wt. % oil, 36-59 
wt % water, 6.4-10.6 wt. % iron particles, 1.0-1.8 wt. % 
surfactant More preferably, the zero-valent iron emulsion 
contains 42.7 wt. % oil, 47.4 wt. % water, 8.5 wt % iron 
particles, 1.4 wt. 8 surfactant. However, other ranges of oil, 
water, iron particles, and surfactant may also be effective to 
dehalogenate DNAPLs. 

The zero-valent metal emulsion that is generated is 
hydrophobic, which allows the DNAPL source, for example 
W E ,  to enter through an oil membrane where it can difise 
to the zero-valent metal particle and undergo degradation. In 
contrast, an aqueous slurry of reactive iron particles would 
be rejected by the hydrophobic DNAPL pool. 

The zero-valent metal emulsion efficiently degrades 
DNAPLs, such as TCE, and challenges the DNAPL pool. 
The preferred zero-valent iron emulsion containing zero- 
valent nanoscale or microscale iron particles reductively 
dehalogenates DNAPLs to non-toxic hydrocarbons, such as 
ethene. The effectiveness of the degradation may be deter- 
mined by comparing the rate constants of degradation of 
DNAPLs, such as TCE, of pure zero-valent metal particles 
to the rate constants of the zero-valent metal emulsion. 

The zero-valent metal emulsion may be delivered to the 
DNAPL phase in a variety of ways. Ideally, the DNAPL 
phase would be located and defined. In one embodiment, the 
zero-valent metal emulsion is delivered in-situ to contami- 
nation pools via a system of injection wells. The injection 
wells are permanent structures that are left in the ground for 
repeatedly injecting the zero-valent metal emulsion into the 
ground. Alternatively, the zemvalent metal emulsion may 
be delivered to the DNAPL using direct push technology. 
This technology includes push rods that are advanceD 
specified distances into the injection site. The zero-valent 
emulsion is delivered to the DNAPL through holes in a distal 
portion of the push rods. When the injection of the zero- 
valent metal emulsion is complete, the push rods are 
removed from the ground. It is also possible to deliver the 
zero-valent metal emulsion by way of slurry injection into a 
soil matrix. 

The present invention overcomes the previous under- 
standing that the incorporation of zero-valent metal 
particles, such as iron particles, into a liquid membrane 
micelle would lead to passivation of the particle surface with 
regard to its ability to dehalogenate compounds. Kinetic 
studies have shown that the dehalogenation rates of a 
zero-valent metal emulsions are very high, and in fact, are 
much higher than free zero-valent metal particles with 
regard to the dehalogenation pools of pure DNAPL. 

4 
A beneficial feature of the zero-valent metal emulsion is 

that no halogen-containing atoms exit from the micelle 
during remediation. The zero-valent metal emulsion draws 
free DNAPL into the inside of the micelle where the 

s degradation reaction takes place. For example, during the 
remediation of WE, no chlorinated daughter-products have 
been found to exit from the micelle. The only degradation 
by-products that have been detected are hydrocarbons, such 
as ethene, which are easily degraded by biological action 

Additionally, the zero-valent metal emulsion is simple to 
prepare and is relatively inexpensive. The zero-valent emui- 
sion is made from environmentally compatible components. 
The preferred surfactant is of the food-grade quality, and the 

1s liquid membrane preferably consists of a vegetable oil 
which is biodegradable. Since the zero-valent metal emul- 
sion can be injected into the DNAPL zone by using simple 
push wells and incur no continuing operating costs, use of an 
zero-valent emulsion possesses an economic advantage over 

20 a long-term pump and treat methodology. Because of the 
thousands of DNAPL sites in the United States alone, use of 
this technique would generate millions of dollars in eco- 
nomic improvement within the remediation community. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

As discussed in the previous section, the present invention 
comprises a zero-valent metal emulsion containing zero- 
valent metal particles, surfactant, oil and water, and a 

30 method of using the same, to enhance the dehalogentation of 
dense non-aqueous phase liquid (DNAPL) sources. 
Although the present invention is particularly suitable for 
the dechlorination of trichoroethene (TCE), other DNAPL 
sources may likewise be remediated using the subject zero- 

The zero-valent metal emulsion contains a surfactant 
stabilized biodegradable oil-in-water emulsion with zero- 
valent metal particles contained within emulsion micelles. In 
one preferred embodiment, a mo-valent iron emulsion 

40 containing zero-valent nanoscale iron particles or micros- 
cale iron particles is used to dehalogenated DNAPLs. 
However, other zero-valent metal particles and combina- 
tions may be used, including various bimetallic particle 
combinations and, more specifically, iron particles doped 

45 with palladium. In the preferred zero-valent iron emulsion, 
a very active zero-valent iron emulsion contains 32-53 wt. 
8 oil, 36-59 wt % water, 6.4-10.6 wt. % iron particles, 
1.0-1.8 wt. % surfactant. More preferably, the zero-valent 
iron emulsion contains 42.7 wt. 8 oil, 47.4 wt. 8 water, 8.5 

50 wt 5% iron particles, 1.4 wt. 8 surfactant. However, other 
ranges of oil, water, iron particles, and surfactant may also 
be effective to dehalogenate DNAPLs as shown in the 
Examples below. 

Zero-valent metal particles have been proven to effec- 
55 tively degrade halogenated solvents. For example, the 

mechanism and reaction rates of which iron reduces chlo- 
rinated aliphatics has been studied extensively due to iron's 
low cost and low toxicity. The half reaction of (Fe') to 
(Fez) as seen in Equation 1 has a reduction potential of 

60 -0.44OV. The estimated standard reduction potentials of 
alkyl halides at a pH of 7, as in Equation 2, ranges from t0.5 
to +1.5V. Therefore, the net reaction (Equation 3) is ther- 
modynamically favorable. 

Feo+Fez++2e- (1) 

RX+%-+H++M+X- (2) 

Feo+RX+H++Fe2++RH+X- (3) 

io and are non-toxic. 

2s 

3s valent metal emulsion. 

65 
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These equations indicate that the iron assisted reductive 
dehalogenation of the chlorinated solvents is a corrosive 
process. 

Additionally, the pathways of the dehalogenation of 
DNAPL’s such as TCE have been proposed. TCE undergoes 
hydrogenolysis where the replacement of each of the three 
chlorines occurs sequentially. TCE reduces to cis- 1,2- 
dichloroethene, trans- 1,2-dichloroethene, and 1 , l -  
dichloroethene. These intermediates in turn reduce to vinyl 
chloride, ethene and ethane. 

In use, DNAPL sources diffuse through the oil membrane 
of the zero-valent metal emulsion whereupon they reach the 
surface of the zero-valent metal particles where dehaloge- 
nation takes place. A hydrocarbon reaction by-product of the 
dehalogenation reaction, for example ethene, diffuses out of 
the emulsion micelle and vents to the aquifer. 

The zero-valent metal emulsion may be delivered to the 
DNAPL phase in a variety of ways. Ideally, the DNAPL 
phase would be located and defined. In one embodiment, the 
zero-valent metal emulsion is delivered in-situ to contami- 
nation pools via a system of injection wells. The injection 
wells are permanent structures that are left in the ground for 
repeatedly injecting the zero-valent metal emulsion into the 
ground. The injection wells may contain screen portions 
through which the zero-valent metal emulsion may pass in 
order to contact the DNAPL phase. Alternatively, the zero- 
valent metal emulsion may be delivered to the DNAPLusing 
direct push technology. This technology includes push rods 
that are forced into the injection site. A distal portion of the 
push rods has a series of holes along its length for delivering 
the zero-valent emulsion. The push rods are advanced h r -  
ther into the soil depending on the amount and depth of the 
contamination. When the injection of the zero-valent metal 
emulsion is complete, the push rods are removed from the 
ground. It is also possible to deliver the zero-valent metal 
emulsion by way of slurry injection into a soil matrix. This 
process decreases the need for long-term treatment and 
monitoring of the contaminated areas. 

EXAMPLES 

To test the effectiveness of the present invention, a 
number of zero-valent iron emulsions were prepared to 
demonstrate their ability to degrade halogenated solvents, 
such as TCE. It was shown that zero-valent iron emulsions 
are far superior in their ability to degrade a free-phase of a 
halogenated solvent, specifically TCE, as compared to the 
use of pure zero-valent iron particles, which are rejected by 
the TCE phase. The zero-valent metal emulsion possesses 
the ability to pull DNAPL-phase TCE into its micelle 
structure where degradation of TCE takes place. Zero-valent 
iron emulsions degrade the pure TCE phase at a rate 
comparable to the degradation of dissolved phase TCE by 
iron particles, while pure iron particles have a very low 
degradation rate on free-phase TCE. No chlorinated 
by-products from the degradation of TCE pass out of the 
micelle wall. The only degradation praducts that have been 
observed to exit h m  the zero-valent metal emulsion are 
ethene and other trace amounts of hydrocarbons. Thus, from 
a chemistry point of view, the zero-valent metal emulsion is 
a very viable methodology for remediating pools of DNAPL 
in groundwater. 

The zero-valent iron emulsions contain a plurality of iron 
particles (either microscale or nanoscale iron particles), 
surfactant, water and oil. The zero-valent iron emulsion is 
preferably made in an inert atmosphere with a minimum 

amount of oxygen present in order to prevent the zero-valent 
iron emulsion from being oxidized. Since increased surface 
area of the zero-valent iron particles relates to the rate of 
DNAPL degradation, two different sizes of zero-valent iron 

5 particles are preferred. First, zero-valent iron particles 
(referred to herein as nanoscale iron particle) were synthe- 
sized in the laboratory. These nanoscale iron particles have 
a mean particle diameter in the range of 10&300 nm. 
Second, zero-valent iron particles (referred to herein as 

10 microscale iron particle) were purchased commercially and 
have a particle diameter range of 1-3 microns. The micros- 
cale iron particles were tested to determine if they could be 
emulsified as easily as the nanoscale iron particles. Also, the 
microscale iron particles were tested to determine if they had 

15 an activity that would make them viable candidates as 
substitutes for the nanoscale iron particles. An example of 
the microscale iron particles which may be used are com- 
mercially available Alfa Aesar 1-3 micron iron powder, 
98%. Conversely, the nanoscale iron particles were synthe- 

To make the microscale iron particles, approximately 
twice the amount of required microscale iron powder (1-3 
pn particle diameter) was added to a vacuum filter apparatus 
using Whatman 41 filter paper on a Buchner funnel. Sequen- 

25 tially and rapidly, under a flow of nitrogen, 25 ml of a 1% 
H2S0, solution, 25 ml deionized water, and 25 ml of a 150 
corn oil:hexane mixture were added. All of the solutions 
previously mentioned were purged with nitrogen for at least 
fifteen minutes. The microscale iron particles are then dried, 

3O scraped off, and stored under nitrogen until the iron- 
emulsion system is generated. The purpose of the addition of 
the dilute solution of corn oil is to produce a thin protective 
film of oil on the microscale iron particles to prevent any 
oxidation until the zero-valent iron emulsion is generated. 

Nanoscale iron particles were prepared by adding a 1.6 M 
NaBH4 aqueous solution dropwise to a 1.0 M 
Fq.(S04),.6H,0 aqueous solution at ambient temperature 
with magnetic stirring. Ferric iron @e3+) is reduced accord- 

20 sized in the laboratoy. 

35 

4o ing to the following equation: 

Fe(H20)63*+3BH.-+3H20+Feo+3B(OH),+10.5H, (4) 

The precipitated nanoscale iron particles are collected by 
filtration under a nitrogen atmosphere, washed with deion- 

45 ized water and dried in a stream of flowing nitrogen. The 
samples are stored under nitrogen in an inert atmosphere 
glove box until they are ready to be used. 

A large variety of anionic, cationic, and nonionic surfac- 
tants may be used to make the zero-valent metal emulsion, 

50 examples of which are listed in Table 1. The surfactant that 
produces the most stabilized zero-valent metal emulsion is 
Rhodacal N (CAS 9084-06-04). However, the preferred 
surfactant is a food-grade surfactant because of its low 
toxicity and environmental impact. 

TABLE 1 
55 

Surfactants for the zero-valent mtal emulsion. 

TradeName Chemical Name CAS # 

Aerosol OT (10% Sodium sulfoccinate 577-1 1-7 
and 75%) 

Arhce.183 Sorbitan sesquioleate 8007-43-0 
FOodgradC 

Alkamuls PSMO-20 Sorbitan monooleate 9005-65-6 
65 Foodgrade (Ethoxylated) 

Lonzest STO Sorbitan Triokate 26266-58-0 
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TABLE 1-continued 

Surfactants for the zero-valent metal emulsion. 

Trade Name Chemical Name CAS# 

Rhodacal DS-4 Sodium Dodecylbenzene 25155-304 

TABLE 3 

sulfonate 
Rhodacal N Sodium Napthalene Sulfonate 9084-06-4 

Rhodapon I 
FoOdgG3lk 
span 60 
Foodgrade 
Span 80 
Foodgrade 
span 85 
FOOdgde 
Tween 61 

Tween 65 

Tween 80 

Tween 81 

Tween 85 

S B  
( F O I Y I U W ~ ; ~ ~  Polymer) 
Sodium Lauryl Salfate 

Sorbitan Monoslearate 

Sorbitan Monooleate 

Sorbitan Triokate 

Polyoxyethykne-sorbitan 
Monostrearate 
Polyoxyethyiem-sorbitan 
Tristeanate 
Polyoxyethyh-sorbitan 
Monooleate 
Polyoxyethylene-sorbitan 
Monooleate 
Polyoxyethylene-sorbitan 
Trioleate 

151-21-3 10 

1338-41-6 

1338-43-8 

26226-58-0 15 

9005-67-8 

9005-714 

9005-65-6 2o 

9005-65-6 

9005-70-3 

25 

After the microscale and nanoscale iron particles are 
generated, the appropriate amount of microscale or nanos- 
cale iron particles, surfactant, and oil are added to a Teflon 
beaker. Under a stream of nitrogen, the beaker is placed 
under an emulsifier at approximately half depth, and turned 
on to low speed. Deionized water is then added. The power 
of the emulsifier was slowly raised until a power of 3 out of 
10 and the solution was emulsified for 6.0 minutes. The 35 
iron-emulsion system is then removed and stored under 
nitrogen. Table 2 lists the ratios of nanoscale iron particles, 
food-grade surfactant, oil and water that produced the most 
stable iron-emulsion systems. 

30 

40 

TABLE 2 

Amounts of components used in making the most stable food-grade 
iron emulsion systems. 

Combinations of microscale iron. surfactant (rhodacal N) and corn oil 
used in makine initial iron emulsion 

Emulsion ID Iron&) Surfactant&) Water(ml) oil(m1) 

E124a 2 5 20 20 
El% 5 4 20 20 
El27a 8 4 20 20 
E128a 10 4 m 20 
E129a 10 4 m 10 
B130a 15 5 m 10 
E136a 5 4 m 5 
E137a 10 4 m 5 
E138a 15 5 20 5 
E139a 5 5 20 5 
E140a 10 4 m 5 
E141a 15 5 m 5 
E142a 5 4 20 5 
E143a 10 4 20 5 
E144a 15 5 m 5 
E156a 10 3.5 m 5 
E157a 8 3.5 m 5 
E154a 12 4.5 20 5 
E155a 8 4.5 m 5 
E153a 8 4 m 5 
E160a 5 4 m 20 
E161a 5 4 20 15 
E162a 5 4 m 10 
E150a 5 4 m 2 
E151a 10 4 20 2 
E152a 15 4 m 2 
E165a 10 8 m 40 
E166a 5 4.5 20 20 
E167a 5 3.5 20 20 

E169a 6 4.5 m 20 
E163a 5 7. m 20 
E161a 5 I 20 20 
E2ooa 10 2 10 5 
E201a 5 1 5 5 
E202a 10 2 10 2 
E203a 10 1 10 5 
E204a 10 0 10 4 
E205a 10 2 10 1 
E206a 10 1 10 0 
E207a 10 1 10 1 

10 0 10 0 
EZ09a 10 0 10 1 
E21Oa 10 1 10 2 
E211a 10 2 10 1 
E212a 10 3 10 1 
E213a 10 1 10 0 

E168a 6 4.0 20 20 

i 

I 

RhodaponLSB#4 6.0 0.50 10 30 
RhodaponLSB#4 6.0 1 .o 30 30 Once the iron emulsions were generated, they were 
S p 8 0 # 4  6.0 0.50 10 30 observed for physical characteristics such as density relative 
AllramulsPMSO-20 6.0 1.0 30 30 50 to water and spherical emulsion micelles. This was achieved 
#5 by adding approximately 2 grams of iron emulsion to 

approximately 35 ml of water to a 40 ml vial, shaking the span 85 #5 6.0 0.50 10 

mixture, and letting the mixture settle. Additionally, aliquots 
of iron emulsions that proved to be most reactive were 

An additional visual experiment was designed to deter- 
mine if the iron emulsion was actually challenging the 
DNAPL pool. In an inert atmospheric environment, 10 ml of 
pure TCE dyed with Sudan red and 15 ml of deoxygenated 

60 water were added to three 40 ml vials. To one of these vials, 
1 .O g of pure nanoscale iron particles were added. To another 
1.0 grams of iron emulsion span85 #5 was added. The 
systems were observed and compared. 
Solution Bag Studies 

Since it was necessary to take multiple analyses over a 
period of days to test the iron emulsion’s ability to reduce 
TCE, the following experiments were set-up in Tedlar bags. 

i: span 85 #5 6.0 1.0 30 

55 photographed using a high magnification microscope. 

EXPERIMENTAL STUDIES 

The a plurality Of iron- 
emulsion systems that were produced containing microscale 
iron particles. These zero-valent iron emulsions (also 
referred to as iron emulsions) were studied to determine 
their effectiveness in remediating TCE. Solution Bag 65 
studies, Pool Bag studies, Jar studies and Headspace Pool 
studies were conducted and the results were analyzed. 
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These bags allow for the periodic removal of representative 
samples without generating headspace. Bag studies were 
set-up in an inert atmosphere box to prevent competing 
oxidation of iron particles with atmospheric oxygen. 
Additionally, groundwater has a low level of dissolved 
oxygen, and running the experiments anaerobically seemed 
to best mimic real conditions. 

Each 1 .O L Tedlar bag was disassembled and placed into 
a controlled inert atmosphere work area. To each bag, an 
appropriate amount of iron-emulsion was added by weight 
(See Table 4). 

TABLE 4 

Amounts of comwnents used in the solution ban studies. 

h u l .  TCE Soh. Imn (g) per 
Bag Id or Iron (g) (ml) 300 ml Soln 

Control VCE solution only) 0 300 2.0 
Iron Only (w/TCE solution) 2.0 300 2.0 
Imn Only (wDCE solution) 2.0 300 2.0 
E124a 11.0 300 2.0 
E124a D 11.0 300 2.0 
E126a (bottom) 10.6 300 2.0 
E126a (bottom) D 10.6 300 2.0 
E136a (bottom) 14.0 300 2.0 
E136a (bottom) D 14.0 300 2.0 

In an effort to make direct comparison of each iron- 
emulsions' rate constant to the rate constant of pure iron 
particles, an appropriate amount of iron-emulsion was added 
to each bag so that it contained 2.0 g of iron particles. The 
bags were reassembled. A solution of approximately 5 mg/L 
TCE was made by taking 8.0 ml of a saturated TCE: water 
solution, and adding it to 4OOO ml of nitrogen purged 
deionized water. Three hundred grams of this diluted solu- 
tion was pumped into each Tedlar bag. The bag was then 
burped to remove any headspace present. The approximately 
5.0 ppm solution was then analyzed by gas chromatography 
to get an accurate initial TCE concentration. Within each 
batch of bag studies, each iron-emulsion to be analyzed was 
setup in duplicate. A control bag was also setup to monitor 
TCE loss and to determine if any impurities had been 
introduced. Each of these bags was monitored on a regular 
basis for TCE and its chlorinated by-products 1,l- 
dichlorethene, cis-l,2-dichloroethene, trans- 1,2- 
dichlorothene, and Vinyl chloride. The two carbon (C,) 
containing nonhalogenated by-products (ethane, acetylene, 
and ethane) could not be resolved chromatographically 
using various columns that have been proven to separate the 
chlorinated by-products. Therefore, these C2 compounds 
were quantified using the response factor or calibration 
curve of ethene. Although this is not an accurate measure of 
the production of each of these gases, it serves the purposes 
of being able to relatively quantifi the by-products. 
TCE Pool Bag Studies 

The TCE pool bag studies were setup similarly to the TCE 
solution bag studies except that 100 fl of pure TCE was 
added to the bags after 300 ml of nitrogen purged deionized 
water was pumped in. These bags were also monitored for 
TCE and breakdown products by gas chromatography on a 
regular basis. 
Jar Studies 

The purpose of the jar studies was to visualize the 
reduction of the TCE pool as well as to observe the possible 
migration of the TCE into the iron-emulsion. Sudan Red 5, 
a dye that only enters non-aqueous liquids, was added to 
commercial grade TCE. The test containers were 250-d jars 
filled with domestic sand. To these jars, 9.0 ml of dyed TCE 

10 
was injected and approximately 5 ml of various iron- 
emulsions were injected. Table 5 lists the different iron- 
emulsion systems that were setup for jar studies. Nitrogen 
purged deionized water was added to generate zero head- 

5 space. A septum-lined lid with two resealable ports was 
placed on the jar. 

The jars were photographed periodically to visually moni- 
tor the TCE degradation. Aliquots that were analyzed by 
drawing 500 ml portions of the jar sample while sirnulta- 

,o neously adding 500 pl of nitrogen purged deionized water. 
These samples were then monitored periodically for TCE 
and break down products. These samples foamed in the 
purge and trap auto sampler causing instrumentation prob- 
lems. 

TABLE 5 15 

Amounts of each inn-emulsion in Jar Study 

Emulsion Weight Emulsion (g) 
~ ~ 

20 E124 
E1248 Top 
E124a Bot 
E126a Top 
E136n Bot 
E201 a 

25 E204a 
E205a 
E2Wa 
E208a 
E209a 
E213a 
E2 14a 30 

11.11 
9.16 
9.44 
8.85 

11.43 
10.85 
12.84 
13.30 
11.82 
14.01 
11.19 
12.35 
9.14 

~~ ~ 

Headspace Pool Study 
A headspace TCE pool study was designed in an effort to 

get analytical data to support the conclusion that the iron- 
35 emulsion would actually challenge the DNAPL pool and 

thus remediate more efficiently than a pure-iron particle 
containing slurry. For each sample, 100 pl of pure TCE and 
1.0 g of nanoscale iron-emulsion or iron (as listed in Table 
2) were added and brought to a volume of 25 ml of 

40 deoxygenated water in 30 ml crimp top vials in an inert 
atmospheric environment. The vial tops were sealed pro- 
ducing 5 ml of inert headspace at atmospheric pressure. 
Prior to analysis, the vials were brought to 30" C. and 
equilibrated for at least 5.0 minutes. 500 fl aliquots of 

45 headspace were analyzed by GC/FID periodically and moni- 
tored for C, gas formation. 
Reactivity of the Iron-emulsion 

Unreactivity Concerns 
Since the dehalogenation reaction of TCE occurs at the 

50 surface of the iron particle, one of the greatest concerns is 
whether incorporating the iron particle into an iron-emulsion 
would make it unreactive. To address this concern, TCE 
degradation was monitored when specific amounts of iron- 
emulsion were added to TCE solutions. The rate of degra- 

55 dation was compared to controls that contained only TCE 
solution and to controls that contained pure iron and TCE 
solution. Lnitial studies did show C, generation from the 
samples that contained iron-emulsion and samples that con- 
tained pure iron particles. The numerous detector responses, 

60 in addition to the ethene peaks, are representative of other 
non-chlorinated by-products. 

This production of ethene shows that this iron-emulsion 
may indeed be used as a viable DNAPL remediation tool. To 
further demonstrate the iron-emulsion's ability to effectively 

65 remediate DNAPL pools, kinetic studies were employed. 
These studies also compared varying reactivities from dif- 
ferent combinations of amounts of each of the iron, oil, 
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water, and surfactant. Of the combinations tested, as seen in 
Table 3, mixtures E124a, E126a and E136a possessed the 
desired characteristics of a potential iron-emulsion can& Many different iron-emulsions were generated that had 
date. Specifically, each iron-emulsion contained spherical the initial properties that were required to effectively treat 
structures that were denser than water, and maintained 5 DNAPL pools. Specific ratios of oil, water, iron particles and 
structural stability when immersed in water. surfactant were tested for their relative reactivities in the 

reductive dehalogenation of DNAPL pool. It was found that 
the reactivity of the iron-emulsion could be optimized by 
adjusting the specific ratios of components and by the choice 

ponent ratio of: 6.0 g nanoscale iron, 1 .O gram surfactant, 30 
m~ watery and 30 corn oil, p r o d u d  *e most reactive 
iron-emulsion. Its reactivity has been proven to be at least 

15 increased reactivity was determined to be based on the 

CONCLUSION 

TCE Sorption Observed 
upon inspection of the data retrieved from these b e t i c s  

studies, it was noticed that the TCE concentration of the 

than the control sample, which did not an iron- 
emulsion or iron particles.  his leais to the conclusion that 
the iron-emu~sion was not only into 

elusion was 

iron-emulsion samples contained considerably less lo of surfactants. The edible surfactant span 85 with a corn- 

he 

by the presence of low 
by-products, but it was also absorbing the TCE. This con- 

recoveries on samples that c o n b e d  iron-emulsions. These 
low smogate recoveries were directly r e l a d  to the low 

two Orders Of 

increased reactive surface m a  generated by the Uon- 

greater than Uon Idone. 

ability to enter the DNAPL POo1 and 
TCE recovery (Table 6). reduction to occur from within the pool. Hydrophilic iron 

slumes were shown to be rejected by the DNAPL pool 
20 leaving the particle sitting upon the surface of the pool. In 

addition to the iron-emulsion’s ability to enter and remediate 
the DNAPL pool, the addition of the iron-emulsion increases 
the solubility of TCE in water. This allows other remediation 

TABLE 6 

TCE and surrogate recoveries for solution bag studies from analysis 
2 daw after exmimental sctun. 

systems that focus on the ground water to more effectively 
25 remove the DNAPL from a contaminated site. Sample TCE Concentration @noI/l) Surrogate. Recovery 

50 92% Although the present invention has been disclosed in Control (TCE only) 
Cootml WI Pure Iron 46 110% 
Emulsion 124a 11 22% terms of a number of preferred embodiments, it will be 
Emulsion 1268 32 69% understood that numerous modifications and variations 

could be made thereto without departing from the scope of Emulsion 1368 14 32% 

30 the invention as defined by the following claims: 
To further evaluate this sorption, iron-emulsions were 

made that were not fortified with iron particles. These 

GclFID along with the bag samples that were setup to 35 
determine the rates of reactivities of the various iron- 
emulsions. The data in Table 7 also supports the hypothesis 
that the iron-emulsions were significantly absorbing the 
TCE from the solution. 

What is claimed is: 
1. A zero-valent metal emulsion comprising, 

b) 1.0-1.8 wt 46 a surfactant; 
C) 32-53 wt. % an O& and 
d) 36-59 wt. 96 water. 
2. The zero-valent metal emulsion of claim 1, comprising: 
a) 8.5 wt. % zero-valent iron particles; 
b) 1.4 wt. 46 surfactant; 
c) 42.7 wt. % oil; and 

iron-emulsiom were as bag and a) 6.610.6 wt. a plurality of mo-vdent iron particles; 

40 
TABLE 7 

Sormion determined by emulsions without iron. 

Weight AVG 
sample (g) %Reoovery %sorption 

E124b (no Imn) 12.0 42 58 

E136b (no Iron) 11.2 59 41 
E126b (no Iron) 16.6 60 40 

Sorption of DNAPLs could be an added advantage to the 
iron-emulsion remediation, in that it could help immobilize 
or contain the DNAPL pools while remediation is occurring. 
Other proposed remediation technologies, such as surfactant 
rinsing, have been challenged by DNAPL mobilization that 
can increase the area of the contaminated sites. 

d) 47.4 wt. 96 water. 
3. The zero-valent metal emulsion of claim 1, wherein 

said plurality of zero-valent iron particles is a plurality of 
nanoscale zero-valent iron particles or a plurality of micros- 
cale zero-valent iron particles. 

4. The zero-valent metal emulsion of claim 3, wherein 
said plurality of nanoscale zero-valent iron particles are 
100-300 nm in diameter. 

5. The zero-valent emulsion of claim 3, wherein said 
plurality of microscale zero-valent iron particles are 1-3 
microns in diameter. 

45 
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