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DESCRIPTION

Field of the Invention

[0001] The present invention is directed to a method of oxidizing an organic compound
present in soil, groundwater, process water or wastewater comprising contacting such organic
compound with a persulfate and an organic acid.

Background of the Invention

[0002] The presence of volatile organic compounds ("VOCs"), semi volatile organic
compounds ("SVOCs") or pesticides in subsurface soils and groundwater is a well-documented
and extensive problem in industrialized and industrializing countries. Many VOC's and SVOC's
are compounds which are toxic or carcinogenic, are often capable of moving through the soil
under the influence of gravity and serve as a source of water contamination by dissolution into
water passing through the contaminated soil. lllustrative of such organic contaminants are
compounds such as trichloroethylene (TCE), vinyl chloride, tetrachloroethylene (PCE),
methylene chloride, 1,2-dichloroethane, 1,1,1-trichloroethane (TCA), carbon tetrachloride,
chloroform, chlorobenzenes, benzene, toluene, xylene, ethyl benzene, ethylene dibromide,
methyl tertiary butyl ether, polyaromatic hydrocarbons, polychlorobiphenyls, phthalates, 1,4-
dioxane, nitrosodimethyl amine, and methyl tertbutyl ether.

[0003] In many cases discharge of these compounds into the soil leads to contamination of
aquifers resulting in potential public health impacts and degradation of groundwater resources
for future use. Treatment and remediation of soils contaminated with VOC or SVOC
compounds may be expensive, require considerable time, and in many cases be incomplete or
unsuccessful. Treatment and remediation of volatile organic compounds that are either
partially or completely immiscible with water (i.e., Non Aqueous Phase Liquids or NAPLs) have
been particularly difficult. Also treatment of highly soluble but biologically stable organic
contaminants such as MTBE and 1,4-dioxane are also quite difficult with many conventional
remediation technologies. This is particularly true if these compounds are not significantly
naturally degraded, either chemically or biologically, in soil environments. NAPLs present in the
subsurface can be toxic to humans and other organisms and can slowly release dissolved
aqueous or gas phase volatile organic compounds to the groundwater resulting in long-term
(i.e., decades or longer) sources of chemical contamination of the subsurface. In many cases
subsurface groundwater contaminant plumes may extend hundreds to thousands of feet from
the source of the chemicals resulting in extensive contamination of the subsurface. These
chemicals may then be transported into drinking water sources, lakes, rivers, and even
basements of homes through volatilization from groundwater.

[0004] The U.S. Environmental Protection Agency (USEPA) has established maximum
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concentration limits for various hazardous compounds. Very low and stringent drinking water
limits have been placed on many halogenated organic compounds. For example, the
maximum concentration limits for solvents such as trichloroethylene, tetrachloroethylene, and
carbon tetrachloride have been established at 5 .mu.g/L, while the maximum concentration
limits for chlorobenzenes, polychlorinated biphenyls (PCBs), and ethylene dibromide have
been established by the USEPA at 100 .mu.g/L, 0.5 .mu./L, and 0.05 .mu.g/L, respectively.
Accordingly, there is a need for improved methods of achieving environmental remediation.

[0005] Curtin et al, Ascorbate-induced oxidation of formate by peroxodisulfate: product yields,
kinetics and mechanism, Res. Chem. Intermed., Vol. 30, No. 6, pp. 647-661 (2004) discloses
that the rate constant (k) of the reaction of persulfate with ascorbic acid to produce an active

SOy radical is 0.02, thereby indicating that ascorbic acid is ineffective to activate persulfate.

[0006] Huling et al, Groundwater Sampling at ISCO Sites: Binary Mixtures of Volatile Organic
Compound and Persulfate, Ground Water Monitoring & Remediation 31, no. 2/Spring
2011/pages 72-79 disclose the use of high levels of ascorbic acid (of molar ratios of 4:1or
greater of ascorbic acid:persulfate) to preserve samples of sodium persulfate and VOCs for
analytical purposes. The addition of such high proportions of ascorbic acid deactivates the
persulfate without significantly reducing the amounts of VOCs (benzene, toluene, m-xylene,
perchloroethylene and trichloroethylene) present in such samples, further suggesting that
ascorbic acid is ineffective to activate persulfate in remedial situations.

[0007] Accordingly, it is completely unexpected that the addition of lesser proportions of
ascorbic acid and/or other organic acids selected from the group consisting of formic acid,
oxalic acid, lactic acid and citric acid will effectively activate persulfate such that organic
contaminants contacted with such mixture will be effectively oxidized.

[0008] Other methods for oxidation of organic contaminants present in soil and water are
disclosed for example in documents XP 055140123, WO0O2006/128797 A1, WO 2011/067721
A2 and CN 102 180 540 A.

Summary of the Invention

[0009] The present invention is directed to a method of oxidizing an organic compound
present in soil, groundwater, process water or wastewater comprising contacting such organic
compound with a persulfate and an organic acid according to claim 1.

Description of the Preferred Embodiments

[0010] The present invention is directed to a method of oxidizing an organic compound
present in soil, groundwater, process water or wastewater comprising contacting such organic
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compound with a persulfate and an organic acid according to claim 1.

[0011] The present invention is a method for remediation of soil, sediment, clay, rock, and the
like (hereinafter collectively referred to as "soil"); groundwater (i.e., water found underground in
cracks and spaces in soil, sand and rocks); process water (i.e., water resulting from various
industrial processes) or wastewater (i.e., water containing domestic or industrial waste)
contaminated with volatile organic compounds, semi-volatile organic compounds, pesticides or
herbicides. In addition, it may be used to treat sludges, sands or tars.

[0012] lllustrative of the organic contaminants which may oxidized by the process of this
invention are trichloroethylene (TCE), vinyl chloride, tetrachloroethylene (PCE), methylene
chloride, 1,2-dichloroethane, 1,1,1-trichloroethane (TCA), carbon tetrachloride, chloroform,
chlorobenzenes, benzene, toluene, xylene, ethyl benzene, ethylene dibromide, methyl tertiary
butyl ether, polyaromatic hydrocarbons, polychlorobiphenyls, phthalates, 1,4-dioxane,
nitrosodimethyl amine, and methyl tertbutyl ether.

[0013] The persulfates which may be employed include mono- and dipersulfates, as well as
mixtures thereof. Preferably, dipersulfates such as sodium persulfate, potassium persulfate,
and/or ammonium persulfate are employed, with sodium dipersulfate being particularly
preferred.

[0014] The organic acid which is employed in the practice of this invention is selected from the
group consisting of ascorbic acid, formic acid, oxalic acid, lactic acid and citric acid. Preferably
such organic acid is ascorbic acid. As is employed herein, the term "organic acid” is intended to
include compounds, such as salts, which will form such acid in use upon contact with water,
provided that such acid-forming compound does not comprise another component (such as a
diavlent or trivalent metal ion) which is known to activate persulfate.

[0015] The molar ratio of organic acid to persulfate is between 1:10 and 2:1.

[0016] In the practice of the present invention, the persulfate and organic acid may be
combined into an aqueous composition prior to treatment and co-injected into the
environmental medium to be treated. Alternatively, such components may be sequentially or
simultaneously injected into such environmental medium.

[0017] When used in the environmental remediation of soil and/or groundwater, the persulfate
should be employed in amounts sufficient to satisfy the soil oxidant demand, compensate for
any decomposition and oxidize and destroy the majority if not all of the organic compounds.
Soil oxidant demand, (SOD), is the loss of persulfate due to reaction with soil matrix
components as well as through auto-decomposition of the persulfate, as well as the chemical
oxidant demand, and to compensate for any decomposition of the peroxygen compound.

[0018] One method for calculating the preferred amount of persulfate to be used per unit soil
mass (for an identified volume of soil at the site) is to first determine the minimum amount of
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persulfate needed to fully satisfy soil oxidant demand per unit mass of uncontaminated soil. A
contaminated soil sample from the identified volume of soil is then treated with that
predetermined (per unit mass) amount of persulfate; and the minimum amount of persulfate
required to eliminate the organic compounds in that treated sample is then determined.
Chemical reaction stoichiometry governs the mass/mass ratios and thus the total amount
required to achieve the desired result. In actuality the amount of persulfate injected into various
locations at a single contaminated site will vary depending upon what is learned from the core
samples and other techniques for mapping the subsurface conditions. SOD also may be

calculated according to the formula (I):
SOD=V*(Co-Cp¥M, (D)
Where V=volume of the groundwater used in the sample

Cg=initial concentration of persulfate at time 0
Cy=concentration of persulfate after 48 hours

Ms=mass of soil used in the sample

[0019] Depending upon the type of soil, target compounds, and other oxidant demand at the
site, the concentrations of persulfate in the solution used in the present invention may vary
from about 0.5 mg/L to greater than about 450,000 mg/L. The preferred concentrations are a
function of the soil characteristics, including the site-specific oxidant demands. Hydrogeologic
conditions govern the rate of movement of the chemicals through the soil, and those conditions
must be considered together with the soil chemistry to understand how best to perform the
injection. The techniques for making these determinations and performing the injections are
well known in the art. For example, wells or borings can be drilled at various locations in and
around the suspected contaminated site to determine, as closely as possible, where the
contamination is located. Core samples can be withdrawn, being careful to protect the samples
from atmospheric oxidation. The samples can then be used to determine soil oxidant demand,
chemical (e.g. VOC) oxidant demand and the oxidant stability existing in the subsurface. The
precise chemical compounds in the soil and their concentration can be determined.
Contaminated groundwater can be collected. Oxidants can be added to the collected
groundwater during laboratory treatability experiments to determine which compounds are
destroyed, in what order and to what degree, in the groundwater. It can then be determined
whether the same oxidants are able to destroy those chemicals in the soil environment.

[0020] The goal is for the concentration of persulfate in the injected solution to be just enough
to result in the persulfate reaction front traveling throughout the area of contamination
requiring treatment in sufficient quantity to oxidize the contaminants present. (The saturated
soil zone is the zone of soil which lies below the water table and is fully saturated. This is the
region in which groundwater exists and flows.) In certain saturated soil zones where the natural
velocity of the groundwater is too slow for the purposes of treatment within a certain timeframe,
the velocity of groundwater can be increased by increasing the flow rate of the injected
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persulfate solution or installation of groundwater extraction wells to direct the flow of the
injected persulfate solution. Certain soils to be treated may be in unsaturated zones and the
method of persulfate injection may be based on infiltration or trickling of the persulfate solution
into the subsurface to provide sufficient contact of the soils with the injected chemicals.

[0021] In addition, the persulfate and activator may be applied and distributed through the
soils, in either saturated or unsaturated conditions through the use of a soil blending process.
Such a process makes use of in situ soil blenders, such as rotating drum heads, auguring
devices or excavator / backhoe mixing, to blend the oxidant and activator into the soil and
provide a more homogenous mixture, allowing for improved contact between the contaminant
and the oxidant.

[0022] The process of the present invention may be employed in situ or ex situ. For in situ soil
treatment, injection rates must be chosen based upon the hydro geologic conditions, that is,
the ability of the oxidizing solution to displace, mix and disperse with existing groundwater and
move through the soil. Additionally, injection rates must be sufficient to satisfy the soil oxidant
demand and chemical oxidant demand in a realistic time frame. It is advantageous to clean up
sites in both a cost effective and timely manner. Careful evaluation of site parameters is crucial.
It is well known that soil permeability may change rapidly both as a function of depth and lateral
dimension. Therefore, injection well locations are also site specific. Proper application of any
remediation technology depends upon knowledge of the subsurface conditions, both chemical
and physical, and this process is not different in that respect.

[0023] The following Examples are provided to further illustrate the invention.

Examples

Example 1

[0024] Benzene and trichloroethylene were added to tap water to produce a test solution
comprising 6.3 mg/L of benzene and 1.5 ppm of TCE. This test solution was poured into 40 mL
vials and sodium dipersulfate (PS) added to a final concentration of 5.0 g/L. Ascorbic acid (AA)
was added in solid form in those AA/PS ratios listed in Table 1 below. Control samples
containing only the test solution; and containing only 5.0 g/L PS were also prepared. The
samples were sealed without leaving any headspace. The samples were stored at 25° C for
one day.

[0025] After such storage, the benzene and TCE concentrations present in each sample vial
were determined using GC-MS (Shimadzu GCMS-QP2010) and a Purge & Trap sample
concentrator (O.l. Analytical 4560), according to EPA methods 5030 and 8260. The results of
such testing are summarized in Table 1.
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Table 1

Testing at 25° C

Sample AA:PS Molar Ratio Benzene (ppm) TCE (ppm)
1-A No PS or AA 6.26 1.45

1-B PS only 1.33 0.55

1-1 1:10 0 0

1-2 1:4 0 0

1-3 1:2 0 0

1-4 1:1 0 0

Example 2

[0026] The procedure of Example 1 was repeated, except that the samples were stored at 2°
C. The results of such testing are summarized in Table 2.

Table 2

Testing at 2° C

Sample AA:PS Molar Ratio Benzene (ppm) TCE (ppm)
2-A No PS or AA 6.33 1.48

2-B PS only 6.26 1.43

2-1 1:10 0.22 021

2-2 1:4 0.14 0.15

2-3 1:2 0 0

2-4 1:1 0 0

[0027] A comparison of Table 1 and Table 2 shows that the process of this invention is effective
at lower temperatures of less than 20° C, and more typically of less than 10° C at which most
in situ environmental remediation must take place.

Example 3

[0028] Benzene and trichloroethylene were added to tap water to produce a test solution
comprising 32.7 mg/L of benzene and 18.3 ppm of TCE. The test solution was then divided
into two parts, and sodium dipersulfate (PS) was added to one part to a final concentration of
5.0 g/L, and to the second part - to a final concentration of 1.0 g/L. These test solutions were
poured into 40 mL vials, to which ascorbic acid (AA) was added in solid form in those AA/PS
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ratios listed in Table 3 below. Control samples containing only the test solution; and containing
only 5.0 g/L PS and 1.0 g/L PS were also prepared. The samples were sealed without leaving
any headspace. The samples were then divided into two parts. One part was stored at 25° C
for two days, and the second at 2° C for two days.

[0029] After such storage, the benzene and TCE concentrations present in each sample vial
were determined using GC-MS (Shimadzu GCMS-QP2010) and a Purge & Trap sample
concentrator (O.l. Analytical 4560), according to EPA methods 5030 and 8260. The results of
such testing are summarized in Tables 3-6.

Table 3

Testing at 25° C; 5.0 g/L PS
Sample AA:PS Molar Ratio Benzene (ppm) TCE (ppm)
3-A No PS or AA 32.5 18.1
3-B PS only 20.6 12.1
3-1 1:10 4.11 2.01
3-2 1:4 2.5 1.6
3-3 1:2 1.2 0.4
3-4 1:1 0.9 0.1
3-5 2:1 2.7 1.3
3-6 3:1 15.0 10.1
3-7 4:1 28.7 16.6
3-8 6:1 30.3 16.7
3-9 8:1 31.8 17.2
Table 4

Testing at 25° C; 1.0 g/L PS
Sample AA:PS Molar Ratio Benzene (ppm) TCE (ppm)
4-A No PS or AA 32.6 18.2
4-B PS only 247 13.4
4-1 1:10 6.5 4.8
4-2 1:4 4.0 3.1
4-3 1:2 2.1 1.7
4-4 1:1 1.4 1.0
4-5 2:1 53 4.6
4-6 3:1 15.7 11.0
4-7 4:1 29.5 16.5
4-8 6:1 30.5 17.2
4-9 8:1 32.4 17.8

Table 5
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Testing at 2° C; 5.0 g/L PS
Sample AA:PS Molar Ratio Benzene (ppm) TCE (ppm)
5-A No PS or AA 32.6 18.3
5-B PS only 29.3 17.6
5-1 1:10 4.9 2.7
5-2 1:4 2.6 1.3
5-3 1:2 1.2 0.7
5-4 1:1 0.5 0.2
5-5 2:1 4.4 1.9
5-6 3:1 13.8 10.1
5-7 4:1 30.6 16.4
5-8 6:1 30.9 17.2
5-9 8:1 31.6 17.0
Table 6

Testing at 2° C; 1.0 g/L PS
Sample AA:PS Molar Ratio Benzene (ppm) TCE (ppm)
6-A No PS or AA 32.7 18.3
6-B PS only 30.6 18.1
6-1 1:10 12.2 8.7
6-2 1:4 53 3.6
6-3 1:2 4.2 2.7
6-4 1:1 3.8 1.7
6-5 2:1 6.5 4.2
6-6 3:1 18.0 11.0
6-7 4:1 29.9 17.7
6-8 6:1 32.3 17.7
6-9 8:1 32.9 18.2

[0030] The data in Tables 3 through 6 show that the process of this invention is effective at
AA:PS molar ratios in the range of about 1:10 to about 3:1. The process is effective at lower
temperatures (2° C) which are frequently encountered in environmental remediation.

Example 4

[0031] Benzene was added to tap water to produce a test solution comprising 9.1 mg/L of
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benzene. This test solution was poured into 40 mL vials and sodium dipersulfate (PS) added to
a final concentration of 5.0 g/L. Those organic acids indicated were added in those Acid/PS
ratios listed in Table 7 and Table 8 below. Control samples containing only the test solution;
and containing only 5.0 g/L PS were also prepared. The samples were sealed without leaving
any headspace. One part of the samples was stored at 25° C, and another part at 2° C for one
week. Samples were tested periodically for benzene concentration using GC-MS (Shimadzu
GCMS-QP2010) and a Purge & Trap sample concentrator (O.l. Analytical 4560), according to
EPA methods 5030 and 8260. The results of such testing are summarized Table 7 and Table 8.
Table 7

Testing at 25° C

Sample Acid Acid:PS Molar Ratio Benzene (ppm)

1 Day 4 days
7-A - No PS or Acid 9.1 9.08
7-B - PS only 3.53 1.03
7-1 Oxalic 1:10 3.04 0.87
7-2 Oxalic 1:4 2.70 0.72
7-3 Oxalic 1:2 2.59 0.65
7-4 Citric 1:10 2.96 0.12
7-5 Citric 1:4 2.11 0.00
7-6 Citric 1:2 1.91 0.00
7-7 Formic 1:10 2.45 0.00
7-8 Formic 1:4 1.56 0.00
7-9 Formic 1:2 0.75 0.00
7-10 Lactic 1:10 2.86 0.45
7-11 Lactic 1:4 2.48 0.38
7-12 Lactic 1:2 2.28 0.30
Table 8

Testing at 2° C
Sample Acid Acid:PS Molar Ratio Benzene (ppm)
1 day 4 days 8 days

8-A - No PS or Acid 9.14 9.12 9.13
8-B - PS only 8.58 6.60 3.71
8-1 Oxalic 1:10 7.99 6.22 3.09
8-2 Oxalic 1:4 6.82 5.77 2.78
8-3 Oxalic 1:2 5.99 4.68 215
8-4 Citric 1:10 6.11 3.94 2.01
8-5 Citric 1:4 5.49 3.53 1.44
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Testing at 2° C
Sample Acid Acid:PS Molar Ratio Benzene (ppm)
1 day 4 days 8 days

8-6 Citric 1:2 4.82 3.10 0.87
8-7 Formic 1:10 5.95 3.89 1.93
8-8 Formic 1:4 519 3.13 1.26
8-9 Formic 1:2 452 2.84 0.72
8-10 Lactic 1:10 8.04 6.33 3.32
8-11 Lactic 1:4 7.22 5.42 2.85
8-12 Lactic 1:2 6.55 4.81 2.43

[0032] The data in Tables 7 and 8 show that oxalic acid, citric acid, formic acid and lactic acid
are all effective activators for PS, at both 2° C and 25° C.
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Patentkrav

1. Fremgangsmade til oxidering af en organisk forbindelse, der
er til stede i jord, grundvand, procesvand eller spildevand, som
omfatter etablering af kontakt mellem den organiske forbindelse
og (1) et persulfat og en organisk syre valgt fra gruppen, der
bestdr af ascorbinsyre, myresyre og malkesyre; eller (ii) et
persulfat, som er natriumdipersulfat, og en organisk syre valgt
fra gruppen, der bestar af oxalsyre og citronsyre;

kendetegnet wved, at

molforholdet mellem den organiske syre og persulfat er mellem
1:10 og 2:1.

2. Fremgangsmade ifglge krav 1, hvor persulfatet er et
dipersulfat.

3. Fremgangsmade ifglge krav 2, hvor dipersulfatet er
natriumpersulfat.

4, Fremgangsmade ifeglge krav 1, hvor den organiske syre er
ascorbinsyre.

5. Fremgangsmade ifglge krav 1, hvor den organiske kontaminant

er valgt fra gruppen, der bestadr af trichlorethylen (TCE),
vinylchlorid, tetrachlorethylen (PCE), methylenchlorid, 1,2-
dichlorethan, 1,1,1-trichlorethan (TCA), carbontetrachlorid,
chloroform, chlorbenzener, benzen, toluen, xylen, ethylbenzen,
ethylendibromid, methyl-tertier butylether, polyaromatiske
carbonhydrider, polychlorbiphenyler, phthalater, 1,4-dioxan,
nitrosodimethylamin og methyl-tertbutylether.

6. Fremgangsmade ifglge krav 1, hvor fremgangsmaden udfgres
in situ.
7. Fremgangsmade ifglge krav 1, hvor fremgangsmaden udfgres

ex situ.
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8. Fremgangsmade ifelge krav 6, hvor persulfatet og den

organiske syre tilsattes samtidigt.

9. Fremgangsmade ifelge krav 6, hvor persulfatet og den

5 organiske syre tilsattes sekventielt.
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