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PATENT

APPARATUS AND METHOD FOR |
PHOSPHATE-ACCELERATED BIOREMEDIATION

BACKGROUND OF THE INVENTION

1. Field of the Inverition:

The present invention relates to in situ bioremediation of

contaminated soil and groundwater. In particular, the invention

relates to an apparatus and method for adding vapor-phase nutrients to

a contaminated subsurface region to stimulate the growth of

contaminant-degrading microorganisms.- The United States

Government has rights in this invention pursuant to Contract No. DE-

AC09-89SR18035 between the U.S. Department of Energy and

Westinghouse Savannah River Company.

2. Discussion of Background:

Soil and groundwater contamination are ranked among the most

serious pollution: problems'of_‘_,t'he_iﬁdust:ﬁal.izé'd'natioﬁsi It is estimated

that over.15% of community drinking water supplies in the United

States are contaminated with chlorinated hydrocarbons.

Contamination damages the local ecosystem and may pose health

problems if local groundwater is used as a source of drinking water or

irrigation water, or if the soil is used for growing crops.

A number of methods are available for.treating contaminated

soil and groundwater. Soil can be treated simply by excavation and

off-site disposal. Groundwater may be removed along with excavated

e e p————— g
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soil or be pumped to the surface of the earth for treatment. In situ
remediation techniques include stripping of volatile contaminants, as in
the horizontal well systems described by Corey, et al. in commonly--
assigned U.S. Patents 4,832,122 (In-Situ Remediation System and
Method for Contaminated Groundwater) and 5,186,255 (Flow
Monitoring and Control System For Injection Wells), the disclosures
of which are incorporated herein by reference.

Bioremediation of contaminated sites relies on natural processes
to break down, immobilize or detoxify the contaminated soil or water.
Bioremediation techniques are effective for treating many organic
contaminants, hovs;éver, bioremediation may be inefficient and time-
consuming when compared to other treatment methods. Many months
of treatment may be needed before contamination is reduced to
acceptable levels.

Remediation rates can be increased by increasing the supply of
nutrients for the indigenous contaminant-degrading microorganisms,
for example, by increasing the concentrations of oxygén, nitrogen and
phosphorous at the site, and adding trace inorganic nutrients such as
iron, magnesitim and jrri’ar.i'gé“_n‘e‘sé‘f "Tn"addition, indigenous microbial
populaitions:;_nay‘ be supplemented with naturally-occurring or
genetically altered exogenous microorganisms. When the contaminant
concentration decreases to acceptable levels, the nutrient supply is
terminated and the microbial population returns to background,
pretreatment levels. For example, Jhaver, et al. (U.S. Patent No.
4,401,569) pump contaminated groundwater to the surface, add
microorganisms and nutrients such as oxygen, nitrogen, and carbon

dioxide, then return the mixture to the ground for recirculation

-
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through the contaminated area to Jeach out and biodegrade the

contaminants.

Instead of pumping contaminated groundwater to an above-

ground treatment center, water, oxygen, and nutrients such as

phosphates, nitrates and alkali metals may be supplied in situ via
injection wells. See Ely, et al. (U.S. Patent No.'4,765,902), Raymond
(U.S. Patent No. 3,846,290), Nortis, et al. (U.S. Patent No.
4,849,360). Bacterial cultures can be added to the site, together with
air and nutrients, thereby facilitating metabolization of hydrocarbons
in the soﬂ (Hater et al., U.S. Patent No. 4,850,745).

Treatment may include the methods disclosed in commonly
assigned patent applications Serial No. 07/935,950, filed 08/27/92
(Bioremediation of Contaminated Groundwater) and Serial No.
07/896,762,.filed 06/10/92 (Method and System for Enhancing
Microbial Motility), the disclosures of which are incorporated herein
by reference. In the former application (Serial No. 07/935,950),
nutrients are injected cyclically to ‘stimulate the growth and

reproduction of indigenous rmcrooroamsms that are capable of

aerobically. deoradmvthe contarmnants Treatment i carried out by

penod1cally 1nJect1n° a mixture of the nutrient and an oxygenated
fluid, followed by injection of the oxygenated fluid alone. The
nutrient builds up the concentration of microbes capable of degrading
the contaminants; the absence of the nutrient forces the microbes to
degrade the contaminants in an oxygen-enriched, aerobic environment
for that degradation. Treatment is continued -uhtil the subsurface
concentration of contaminants is reduced to a preselected level. The

latter application (Serial No. 07/896,762) discloses-attracting
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indigenous microbes to the site by placing a quantity of
tetrachloroethylene (TCE) near the contaminants.

The effectiveness of these techniques is limited by the ability to
effectively disperse a sufficient supply of nutrients throughout the
contaminated site. Injection of liquid nutrients (including liquids,
liquid droplets and aerosols) has not been successful because liquids
tend to adsorb to the soil near the injection location, thus do not
disperse to provide general stimulaﬁbn in the entire contaminated site.

The resulting high concentration of nutrients near the injection point

can lead to biological growth so immediate and rapid that it plugs the

injection well, precluding further injection.

Nutrients that are supplied in gaseous form diffuse much more
readily throughout the site, and thus are available to microorganisms
at the site. Many nutrients, including oxygen, nitrogen, carbon
dioxide, ammonia and methane, are widely available in gaseous form.
However, there are no nontoxic compounds of phosphorus, a
necessary nutrient for growth and reproduction, that are 0ase:o'us at
environmental temperatures. Therefore phosphorus is usually

supplied in aqueous' solution (Lawes et al U.S. Patent No. 4,749,491,

'Raymond U.S. Patent No. 3,846,290) or as an air-vapor mixture

(Graves, et al., U.S. Patent No. 5,178,491). Graves, et al. contact a
phosphoric acid solution with a carrier gas (such as air) so that the gas
picks up some of the phosphate molecules, then inject the mixture into
a bioremediation site. Phosphoric acid (H3POy4) is formed by
dissolving solid phosphorus pentoxide (P20s)-in water, thus, the
phosphate concentration of the gas-vapor mixture is limited by the

vapor pressure of the dissolved solid. Only. a small fraction of the
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phosphorus in the solution is available for vapor-phase transport; most
of the phosphorus is in the form of dissociated phosphate ions, which A
remain in solution and cannot evaporate into the gas. ‘Consequently,
large volumes of phosphoric acid are needed for sufficient nutrition. -
In addition, phosphoric acid is corrosive and difficult to handle, and
the system does not allow precise control of the amount of phosphate
transferred to the gas.

There is a need for an efficient, cost-effective method for
delivering vapor-phase nutrients, particularly phosphates, to
contaminated soil and groundWater to enhance in situ bioremediation.
The ability to supply controlled amounts of phosphorous is critical to
the future success and reliability of in situ bioremediation

technologies.
SUMMARY OF THE INVENTION

According to its major aspects and broadly stated, the present

invention is an apparatus and method for supplying a vapor-phase

nutnent to contaminated: soil. - The appatatus includes a housing

adapted for contalmno a ‘quantity of a volatile liquid nutrient, a

. conduit in fluid communication with the interior of the housing, and

means for contacting a gas flowing through the conduit with the
nutrient so that a portion thereof is vaporized and transferred to the
gas. The resulting gas-nutrient mixture is delivered to the
contaminated site via a system of injection and extraction wells

configured to the site.
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In use, a gas such as air or nitrogen is flowed through the
apparatus where a portion of the liquid nutrient e\}aporates and is
transferred to the gas in vapor form. Remediation is carried out by
injecting the mixture of gas and nutrient vapor into the contaminated
site. The mixture is drawn through the site so that the nutrient is
available to stimulate growth and reproduction of subsurface
microorganisms that are capable of degrading the contaminants.
Treatment is continued until the contaminant concentration at the site
is reduced to acceptable levels.

An important feature of the invention is the mixing of carrier
gas with a liquid. A predetermined quantity of the liquid nutrient (up
to the vapor pressure of the liquid) is transferred to a carrier gas
flowing through the conduit, allowing delivery of controlled amounts
of nutrient vapor to the site. Because the nutrient is delivered to the
site in vapor form, it readily disperses throughout the site without
clogging and is available to stimulate the growth of subsurface
contaminant-degrading microorganisins. Thé transfer of liquid to the
carrier gas may be achieved using a countercurrent flow contactor,

. sparger, bubbles, diffﬁ"sé'_r:or infusion pump.

Another important feature of the present invention is the choice
of nutrient, preferably a volatile, substantially nontoxic and
nonflammable organic phosphate that is a liquid at environmental
temperatures, such as triethyl phosphate or tributyl phosphate.
Because of its high-vapor pressure, the liquid evaporates readily and
mixes with the gas, thus, a mixture containing a high concentration of
nutrient vapor can be delivered throughout the bioremediation site.

Unlike solutions formed by dissolving solid compounds into a liquid,

e ey ———— T
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where only a small fraction of dissolved molecules can evaporate due

to the low vapor pressure of the dissolved compound, substantially all

- of the liquid nutrient is available for evaporation and transfer to the

gas.

Still another feature of the present invention is the combination
of injecﬁon and extraction wells to establish a flow gradient through
the soil. By properly configuring the wells in view of the size and
shape of the contaminated plume, the subsurface geology of the area,
groundwater flow rates in the area, and drilling economics, the entire
plume or any part can be quickly saturated with the microbial
nutrient. '

Other features and advantages of the present invention will be
apparent to those skilled in the art from a careful reading of the
Detailed Description of a Preferred Embodiment presented below and

accompanied by the drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

. In the drawings,
Fig. 1 is a schematic view of an apparatus according to a

preferred embodiment of the present invention,

Fig. 2 is a schematic view of an apparatus according to another
preferred embodiment of the invention;

Fig. 3 shows.a bioremediation apparatus according to the
invention; and -
Fig. 4 is another bioremediation apparatus according to the

invention.
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DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT

In the following description, similar components are referred to
by the same reference numeral in order to simplify the understanding
of the sequential aspect of the drawing's.

Referring now to Fig. 1, there is shown a schematic view of an

apparatus according to a preferred embodiment of the present

invention. An apparatus 10 for supplying vapor-phase nutrients

includes a housing 12 with an inlet 14 and an outlet 16. If desired, a
reservoir 18 is provided, in fluid communication with housing 12. A
first pump 20 pumps a carrier gas‘ to inlet 14 through a first conduit
22; a second pump 24 pumps gas from outlet 16 to a second conduit
26. Housing 12 contains a gas-liquid contactor device 28, such as a
countercurrent contactor, diffuser, bubbler or sparger. Housing 12
and reservoir 18 contain a liquid nutrient 30, to be described below.

A carrier gas, represented by arrows 32, is pumped through
conduit 22 into device 28 by first pump 20. As carrier gas 32 contacts
liguid_ nutrient 30, a Pgrti%‘)’.n'- of liquid fiutrient 30 evaporates and is
'tféﬁéfeneé{ té) cérﬁef gas 32. The resulting mixture of gas and
nutrient vapor, represented by arrows 34, is pumped into conduit 26
by second pump 24. As more and more of liguid nutrient 30
evaporates, additional liquid nutrient 30 may be supplied to housing 12
from reservoir 18 (if present).

Housing 12 may be provided with means for changing the
temperature of liquid nutrient 30 in order to change its vapor

pressure. The vapor pressure of a substance is defined asithe pressure

e e D ©
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exerted by a vapor in equilibrium with the substance. The vapor
pressure is proportional to the temperature, as given by Antoine's

equation:
log Py = A - B/(T + O)),

where Py is the vapor pressure, T is the absolute temperature (°C +
273.15), and A, B and C are constants for a particular substance.

Thus, nutrient 30 may be heated to increase its vapor pressure and

‘transfer a greater amount of vapor to carrier gas 32, or cooled to

decrease the vapor pressure and transfer less vapor to carrier gas 32.
Housing 12 may be provided with internal or external heating coils for
heating liquid nutrient 30, a heating/cooling jacketin thermal contact
with the wall of housing 12, or a conduit 40 in thermal contact with
housing 12 that carries waste heat from other apparatus (not shown) at
the bioremediation site.

An alternative preferred embodiment of the present invention is

shown in Fig. 2. An apparatus 50 includes a conduit 52, a housing 54

_ containing a liquid I;iut-riem_a such.as liquid nitrient 30, a pump 56, and

a conduit 58 in fluid communication with conduit 52. Pump 56 is any

tyi)e of pump that is capable of injecting predetermined, controlled
amounts of the liquid nutrient into conduit 52, including but not
limited to an infusion pump, a syringe pump, or a high pressure liquid
chromatography (HPLC) pump. |

A first pump 60 draws a carrier gas to-conduit 52; a second

pump 62 pumps‘ a mixture of the gas and nutrient vapor from conduit -

52 to a bioremediation site (not shown). .An in-line mixer 64 maybe
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provided for enhancing the mixing of vaporized nutrient with the
carrier gas. Mixer 64 is any device that causes turbulent flow in the
interior of conduit 52 so that carrier gas and nutrient vapor flowing
through the conduit 52 are well mixed.

Pump 60 pumps a carrier gas, represented bykarrows 66, into
conduit 52. Infusion pump 56 draws liquid nutrient from housing 54
and injects a controlled amount of the nutrient directly into conduit
52, where the nutrient immediately disperses into a vapor 70. Mixer
64 (if present) ensures that the carrier gas 66 and vapor 70 are well

mixed. Nutrient-enriched gas rep:resente‘d by arrows 68 is drawn

. from conduit 52 by second pump 62. If desired, the temperature of

carrier gas 66 or the liquid nutrient, or both, may be controlled in
order to control the vapor pressure of the liquid nutrient.

Carrier gas 66 can contain an amount of nutrient no greater
than the vapor pressure of the liquid nutrient, that is, the partial
pressure of the vaporized nutrient in the gas-vapor mixture is no
greater than the vapor pressure of the liquid nutrient. Therefore, the
maximum flow rate of pump 56 is given by:

Qmax = ﬁlfsngas,

where Qmax is the flow rate of the liquid nutrient in L/min, Qgas is the

flow rate of the carrier gas (the pumping rate of pump 60) in L/min,

B1 is the vapor pressure of the liquid nutrient in atm, and f2 is a

conversion factor relating the flow rate of the-liquid nutrient to the

flow rate of the vaporized nutrient. Conversion factor B2 is a constant -

for a particular substance, approximately.given by:
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Bo = 4.1 x 10-5 (w/d),

where w is the molecular weight of the liquid nutrient in g/mole and d
is its density i g/cm3. Preferably, the liquid nutrient is supplied ata
flow rate between approximately 0.1 ml./min and 10 ml/min. ( '

The flow rate needed to obtain a gas-vapor mixture containing a

predetermined vol.% of nutrient vapor is given by:
Qtarget = (V/ 100)B2ans, oI
Qrarget = 4.1 X 10-7 (w/d)VQgas,

where Qtarget is the flow rate of the liquid nutrient (the flow rate of
infusion pump 56) and V is the desired vol.% of nutrient vapor in the
gas-vapor mixture.

Apparatus 10 and apparatus 50 may be operated with a carrier

gas such as air, oxygen—ennched a1r _nitrogen, -oxygen-nitrogen

rmxtures and so forth The optlmum choice of carrier gas depends on
20

the types of contarmnants present in at the site, the nutrients present in
the soil, and whether anaerobic or aerobic degradation, or both, is to
be stimulated. Thus, for anaerobic degradation, the carrier gas may
be nitrogen; for aerobic degradation, air, oxygen-enriched air, or
nitrogen-oxygen mixtures. If desired, the mixture may contain other
gases such as methane, propane, carbon dioxide and so forth.

Suitable nutrients for the practice of the invention include

~ volatile, substantially nontoxic and nonflammable-compounds thatare
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liquid at environmental temperatures (that is, temperatures between
. apprommately -20° C and 50° C). The compounds contain needed
nutrients (nitrogen, phosphorus, etc.) in forms that can be metabohzed '
by subsurface microorganisms. By "liquid” is meant substantially
pure compounds that are liquids in at least a portion of this
temperature range, as opposed to soluble compounds and solutions
thereof. Liquids are preferred since, in general, liquids have higher
vapor pressures than solids. The hiOHer the vapor pressure, the
greater the concentration of vaporized nutnent m the gas-vapor
mixture supplied by apparatus 10, 50, and the more efficient the
delivery of nutrients to the site.

As noted above, the carrier gas can contain an amount of
nutrient vapor up to the vapor pressure of the liquid nutrient. Thus, if
the vapor pressure Py of the liquid is 1 mm at a temperature T, the
gas-vapor mixture may contain as much as 0.13 vol.% nutrient vapor.
If the vapor pressure is 5 mm, the mixture may contain 0.66 vol.%
nutrient vapor. To ensure that adequate amounts of the putrient are
delivered to the bioremediation si}é, the nufrient liquid preferably has
a vapor jgreséﬁfé of 4t least gpp‘roﬁimafely 0.1 mm Hg at the injection |
temééramre; N

For delivery of phosphorus to contaminated soil, liquid organic
phosphates are preferred, although inorganic phosphates with
sufficiently high vapor pressures may be used. Suitable organic
phosphates include friethyl phosphate (CgH1504P) and tributyl
phosphate ((C4Ho0)3PO). Triethyl phosphate is a liquid at
environmental temperatures, with vapor pressures (in mm Hg)of 1

mm at 39.6° C, S mm at 67.8° C and 10 mm at 82.1° C. Data on
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vapor pressures of many organic and inorganic compounds are

available in various standard references, including the CRC Handbook

of Chemistry and Physics, 71st Edition (1990), pp. 6-50 - 6-73. These -

data are incorporated herein by reference. Many volatile liquid
organophosphates are not suitable for use with the invention due to
their flammability and/or toxicity. For example; trimethyl Phosphate
(C3HoO4P) has a vapor pressure of 1 mm at 26.0° C (higher than the
vapor pressure of triethyl phosphatej, but is toxic and flammable;
volatile organo-dichlorophosphates such as phenyl dichlorophosphate -
(CeHsCl202P) are toxic. ?herefore,'carididaté cbmpdunds for use
with the invention are best chosen by evaluating the physical data
(vapor pressure, molecular weight and volume, and so forth) in
conjunction with reference data on toxicity and flammability, for
example, the data available in Materials Safety Data Sheets (MSDS)
provided by manufacturers.

Apparatus 10 and apparatus 50 can be used to supply nutrient-
enriched gas to any desired bioremediation apparafus, including
systems with horizontal an_d vertical iﬁjection wells such as those

shown in Figs. 3 apd 4. Referring now to Fig. 3, there is shown a

cross-sectional view of 4 bioremediation site with an apparatus for

delivering nutrienf—enriched gas according to the present invention.
The subsurface structure under the earth's surface 100 includes an
upper, unsaturated (vadose) zone, indicated generally at A, and a
lower, saturated zone, indicated generally at B. Zones A and B meet
at a water table 102. A contaminant plume 104 lies below surface
100, located partly in zone A and partly in zone B, or entirely within

one of zones A or B. Plume 104 may contain any.of a variety of
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contaminants, including aromatics, alkanes, olefins, alcohols, esters,
ketones, halogenated and chlorinated hydrocarbons, PCBs, dioxins and
so forth. The term "contaminant” as used herein refers to any organic
compound which is removable from the soil by bioremediation.

A remediation apparatus 120 includes an injection well system
122 having a shaft 124 leading to an injection well 126. A pump 1238
is operatively connected to shaft 124. Injection well 126 is situated
below plume 104 in saturated zone B. An extraction well system 130
is placed on an opposing side of plume 104, and includes a shaft 132,
an extraction well 134 positioned above plume 104 in vadose zone A,
and a pump 136. A testing module 140, to be described more fully
below, may be operatively connected to shaft 132 and pump 136 in
any convenient location.

Horizontal wells 126 and 134 each have a plurality of apertures
142, such as slots or perforations. Apertures 142 are large and
numerous enough to allow gases to flow freely therethrough, but
narrow enough to keep soil paﬁicles from blocking the flow.
Alternatively, wells 126 and 134 may be sﬁn'ounded by mesh sleeves
(not shown) to preveﬁt ft)_loéking ofapertures 142by soil particles but
allow the. fréé f'l'cy)'w’ of gas out of well 126 and into well 134.

Another remediation apparatus 150 is shown in Fig. 4.
Apparatus 150 includes an injection well 152 having a pump 154
operatively connected thereto. An extraction well 160, with a pump
162, is situated so that plume 104 is located between wells 152 and
160. A testing module 164 may be operatively-connected to extraction

well 160 and pump 162. Wells 152 and 160 each have a plurality of
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apertures 166 formed fherein, similar in form and function to
apertures 142 of above-described horizontal wells 126 and 134.

An apparatus for supplying vapor-phase nutrients, such as
above-described apparatus 50 (or apparatus 10) is in fluid
communication with shaft 124 of remediation apparatus 120 (shaft 152
of apparatus 150). If desired, second pump 62 of apparatus 50 (or
pump 24 of apparatus 10) may serve as input pump 128, 154 of
remediation apparatus 100, 150, reépectively. Gas drawn through
plume 104 by pumps 136, 162 may be recycled to input shafts 124,
152, respectively, or filtered as needed and vented to the atmosphere.

Site characteristics such as the size and shape of plume 104, the
types of contaminants in Aplumé'104, the subsurface geology of the
area, fluid flow rates in the area and drilling economics dictate the
dimensions, the numbers of injection and extraction wells, and the
orientation of apparatus 120, 150. For example, where plume 104 is
situated partly or wholly in saturated zone B, horizontal wells may be
preferable to help prevent spreading of plume 104 during: treatment.
The injection and extraction wells of the apparatus may be oriented at
angles other. than fhose shéwn in Figs. 3 ‘and 4, or the extraction wells
may be omitted.

Treatment of plume 104 is initiated after placement of the
remediation apparatus. The treatment process will be described with
reference to a remediation apparatus 120 with a nutrient-supplying
apparatus 50 as illustrated in Fig. 3. However, it will be understood
that similar procedures are employed with apparatus 10 and any

convenient injection/extraction well system.

e e YT
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The baseline microbial characteristics of the subsurface
environment are determined before treatment. Site characterization =

data are obtained from test site core samples, and may include such

. analyses as acridine orange direct counts, aerobic heterotrophic plate

counts, phospholipid fatty acid measurements, DNA probes
fluorescent antibody probes, plasmid frequency, total phosphorus and‘ ‘
organic carbon, total nitrogen (measured by the Kjeldahl method,
where an estimate of the total amount of nitrogen in an organic
substance is made by measuring the amount of ammonia that can be
formed from it, or other suitable techniqueé); pitrate, and so forth.
Growth of subsurface microorganisms may be evaluated by visual
inspection of groundwater samples, for example, subjective evaluation
of sample turbidity and surface film growth in sample containers.

If desired, the site may be initialized by activating pump 136 to
extract air from extraction well system 130 and establish a flow
gradient across plume 104. The optimum extraction rate depends on
the subsurface soil conditions and is best established by a modest
degree of experimentation and observation for each particular site.

Pump 136. draws gas, mdlcated oenerally by arrows 144 (arrows 168

of F1g..4), from IHJGCHOII well 126 across plume 104 into extraction

well 134,

At suitable intervals, off-gas samples are withdrawn at testing
module 140 and assayed. The types of assays depend on the nature of
the contaminants in plume 104, and may include tests for methane,
oxygen, and hydrocarbon concentration, total-volatile organic
contaminants (VOC), TCE, polychloroethylene (PCE), and potential
breakdown products of TCE and PCE (including cis-DCE, trans-DCE,
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vinyl chloride, and carbon dioxide). Altemat;lvely, module 140 may
include means for conducting the analyses. Contaminants may be -
removed before venting the off-gas to the atmosphere or recycling to
input shaft 124, such as by filtering through an activated carbon filter.
Pump 136 is operated until sampling confirms that steady state
concentrations have been reached.

After steady state offgas contaminant concentrations are
reached, pump 128 injects a gas-vapof mixture, supplied by apparatus
50, into injection well 126 while pump 136 continues to draw offgas
from extréc_tion well 134.‘ T.héfoptimum ﬂox'z‘/mrates of pumps 128 and
136 depend on the soil type. In order fo maintain a flow gradient

across plume 104, the extraction rate of pump 136 is preferably the

‘same or higher than the injection rate of pump 128. However,

depending on the nature and amounts of contaminants in plume 104,
hazardous contaminants removed by abjotic processes such as air
stripping may need to be filtered from the extracted off-gas for
subsequent disposai, increasing the expense.of the remediation process.
Nonhazardous end products of contaminants degraded in situ'may

simply be left in place. In addition, it is preferred that substantially all

the nutrients supplied by apparatus 50 are dispersed throughout the

treatment region rather than withdrawn via extraction well 134.
Therefore, the extraction rate is chosen to optimize the supply of
nutrients to plume 104 while minimizing air stripping, preferably to a
value no more than approximately 20% higher than the injection rate.
By way of example, for sandy soils where the €ktraction rate of pump

136 is 240 SCFM (standard cubic feet/min; about 6.8 m3/min or 6.8 x -

e -
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103 L/min), the preferred injection rate of pump 128 is approximately
200 SCFM (about 5.7 m3/min).

The mixture of carrier gas and nutrient vapor is drawn across
plﬁme 104 to stimulate growth and reproduction of indigenous |
micreorganisms. The increased availability of nutrients due to
injection of the carrier gas and nutrient vapor mixture stimulates
greatly increased growth and reproduction of indigenous subsurface
" microorganisms. These frﬁcroorganisms, in turn, degrade the
contarmnants in plume.104. .

~ Injection of the gas-vapor mixture continues until contaminant
concentrations in plume 104 are reduced to acceptable levels. The
time required for treatment depends on the size of plume 104, the
concentration of contaminants in the plume, the local subsurface soil
conditions, the types of microorganisms at the site, and the flow rates
of pumps 128 and 136. Soil, groundwater and off-gas samples may be
collected and tested at intervals during treatment for measuring
concentrations of the contaminants at various positions-in plume 104,
concentrations of subsurface nﬁcrooroanisms temperature pH,
dissolved oxygen conductivity, & and oxidation-reduction potential.
VOC analyses may be performed on oroundwater and off-gas samples,
1nclud1ng measurements of methane, and potential daughter products
of the contaminants. Bacterial counts may be obtained by any
convenient method.

Apparatus 50 supplies a mixture of vapor-phase phosphates and
cartier gas to the site. The phosphate vapor provides phosphorus, a
necessary nutrient for growth and reproduction of the subsurface

r:;ieroorganisms. The gas is selected depending-on the types of
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contaminants that are found in plume 14. For many types of

contaminants, air is preferred because of its low cost. However, other

‘gases including oxygen (O»), nitrogen (N2), nitrous oxide (N20),

ammonia (NHy), methane (CH4) and propane (CH3CH2CHz) may be
added if desired. For contaminants that are biodegradable by aerobic
microorganisms, the carrier gas is air, oxygen-enriched air, or a
nitrogen-oxygen mixture. For contaminants that are degradable by
anaerobic microorganisms, the mixture contains nitrogen. Sites
contaminated with gasoline, oils and other similar hydrocarbons may
need only vapor—phés'eﬂphosphate_:_s iémd air. When plume 14 contains
chlorinated solvents, carbon (methane, propane, carbon dioxide) may
be added to provide energy to support the growth of suitable
microbial communities. By way of example, if plume 104 contains
TCE, a suitable gas mixture includes air and methane in a
concentration of less than approximately 5 vol.%, as described in
aforementioned patent application Serial No. 07/935,950.

Preferably, the nutrients supplied by apparatus 50, together with
the nutrients already available at the site, optimize the growth of
suitable qpntarfﬁ;;ant-dpgraciing microorganisms and the contaminant
degradation rate. Microorganisms are known to contain carbon,
nitrogen and phosphorus in approximately constant relative
concentrations, known as the "bulk” or "biomass" C:N:P ratio. Since
the microorganisms utilize carbon, nitrogen and phosphorus as
nutrients in approximately the same proportions as the bulk C:N:P
1atio, optimum growth and reproduction of  fnicrobial community is
seen when these elements are available in approximately that ratio.

Use of the bulk C:N:P ratio for process control.allows regulation'si
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the microbial community and contaminant degradation rate to
maximize contaminant decay without overstimulating or clogging the
formation. The C:N:P ratios of living organisms are generally
similar, however, different types of microorganisms may differ in
their ability to utilize various nutrients. The uptake of nutrients by
microorganisms may also depend on the arnbient environmental
conditions, including the types of contaminants present at the site, soil
pH, exidation-reduction potentials and availability of water. In
addition, differential, absorptron of various nutrients by the soil may
affect the availability of those nutrients throuOhout the site. Thus, the
optimum C:N:P ratio of the injected gas-vapor mixture is site-specific,
and is best selected based on the types of soil present at the site, the
types of microorganisms and the types of contaminants to be degraded.
Alternatively, the sité may be assayed to determine the
availability of needed nutrients, and only those nutrients which are
needed to stimulate the growth of suitable contaminant-degrading
microorganisms are sﬁpplied. According to Liebig's Law of the

Minimum, those essential nutrients for which the ratio of supply to

‘demand reaches a rmmmum w111 bethe first to be removed from the

environment. Therefore the growth of a microbial community is
limited by the supply of the least-abundant nutrient, generally
phosphorus. The composition of the gas-vapor mixture may be
adjusted to provide additional phosphorus (and other nutrients as
needed) so that the-C:N:P ratio of the available nutrients at the site is
approximately equal to the bulk C:N:P ratio.-~

During treatment, the composition of the gas-vapor mixture

-may be adjusted depending on the results-of the.above-describedests.
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For example, the flow rate of pump 128 may be changed to inject
more or less of the gas-vapor mixture, the concentration of
phosphorus in the mixture may be increased to stimulate growth of the
microbial community and increase the contaminant degradation rate,
the phosphorus concentration may be reduced to prevent clogging, and
so forth.

An apparatus according to the present invention was tested by. .
drilling a horizontal well approximately 300' (about 91 m) long and

150" (about 46 m) deep below a contaminant plume (similar to well

‘126 of Fig. 3) The well was apprommately 30' - 40' (about 9 - 12 m)

below water table 102, and was used to inject air, other gases, and
vapor-phase phosphates into the side. An extraction well such as well
134, approximately 175' (about 53 m) long and 75' (about 23 m) deep
in vadose zone A, was used to extract residual contamination above
water table 102, extract material sparged from the water table 102,
and control the distribution and migration of injected nutrient gases.
The site was contaminated with chlorinated solvents, necessitating the

addition of carbon to provide energy to support growth of the

_ subsurface microbial community.

Gases supplied to the site included O, and N> (as air), CHa,
NoO and vapor-phase phosphorous (triethyl phosphate, TEP). The
test included the following steps: (1) continuous vacuum extraction
from well 134; (2) continuous air injection into well 126; (3)
continuous injection of air containing 1 vol.% CHa; (4) continuous
injection of air containing 4 vol.% CHy; (5) continuous injection of air
with periodic pulses of CHa (1 vol.%; 4 vol.%); and (6) injection of a
mixture of air, N20. and TEP with periodic-pulses of CHa (1-4
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vol.%). Vacuum extraction from well 134 continued during steps (2)
- (6).

Data were collected throughout the test to evaluate the progress
of biodegradation at the site. Key indicators included fluorescent
antibody counts of known contaminant-degrading microorganisins,
DNA probes and chemical measurements to determine the expression
of contaminant-degrading enzymes, measures of microorganism
numbers and types, chemical measurements (including measurements
of daughter prod_ucfs and: b_reakd(?wn products of contaminants) and
'TCE mineralization analyses. T _

TCE mineralization analysés proved to be a good performance
indicator, correlating well with the other measures listed. Analysis
consisted of a comparison of the rate of disappearance of 14C-labeled
TCE in groundwater samples and controls over a period of two days.
14C-labeled TCE was injected into sealed tubes containing 10 mL of
groundwater taken from plume 104 and incubated at the original in

situ temperature for 48 hours. The radioactive and nonradioactive

. CO2 concentration in the samples was determined using gas

ehrorhatography and gas propoftional counting.

Pilosphorus was supplied in the form of vapor-phase triethyl
phosphate (TEP). TEP was selected based on its relatively high vapor
pressure (1 mm at 37.6° C), low toxicity and low flammability. In
addition, TEP is less soluble in water, less reactive and less corrosive
than many solutions of phosphorus compounds (including phosphoric
acid), resulting in the potential for more uniform spread into plume
104 as well as reduced handling and engineering problems. While not.

wishing to be bound by. theory, the presence of organic groups
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suggests the possibility that microbial stimulation will be more
uniform (i.e., "time released") because of the need to convert'the TEP
to orthophosphate through biological removal of the organic chains.

An initial laboratory study demonstrated that vapor-phase TEP
could be utilized by the microbial community in a manner analogous
to inorganic orthophosphate. TCE mineralization tests were
performed with several combinations of nutrients. Mineralization
rates were measured on a relative scale, with O being the lowest

observed rate and ++++ the highest. The results were as follows:

Mineralization Rate

Nutrient(s) 0 - ++++)
CHy, NH4 N
CHy, inorganic orthophosphate -+
CHgy4, TEP ottt
CHy, N2O e
CHgy, NHa, TEP -+
NHq ' +
CHa 0

The lowest mineralization rate (0) was for CHy alone; the
highest rates (++++) were found for CHs and inorganic
orthophosphate, and CHy and TEP. These results demonstrated that
vapor-phase TEP stimulated and could be utilized by the contaminant

degraders in the microbial community. Therefore, TEP was selected -

. for the vapor-phase nutrient injection (step (6))-

e e et T e S =
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As discussed above, the attainable concentration of TEP vapor
in the gas-vapor mixture is limited by the vapor pressure of liquid
TEP. Thus, if the vapor pressure is 1 mm at the gas injection
temperature, the gas-vapor mixture may contain as much as 0.13
vol.% TEP. A TEP concentration of 0.007 vol.% was selected for the
test, based on optimizing the C:N:P ratio in the injected gas. Carbon,
nitrogen and phosphorus were supplied in a ratio of approximately
100:56:5, similar to the bulk composition of suitable contaminant-
degrading microbial cells at the test site.

For an air injection rate of 200 SCFM (about 5.7 m3/min or 5.7
x 103 L/min), the target flow rate of vapor-phase TEP was 0.014
SCFM (about 0.4 L/min). The molecular weight and volume of TEP
at atmospheric pressure are 182.2 g/mole and 24.5 L/mole,
respectively. Therefore, the flow rate of pump 56 was selected to
inject 2.95 g/min (2.75 ml/min) of liquid TEP into conduit 52, or
approximately 1.06 gallons/day (about 4.0 L/day) liquid TEP. A total
of 100 gallons (about 380 L) of TEP was volatilized into the air-
nitrogen mixture over a period of 93 days.

TCE ,nﬁnéral_izagipq 'i"esults indicatéd that TEP injection

pgffénne’d as.expécted'. Prior to addition of phosphorus, the sitewide

. 48-hour mineralization rates ranged from 0% to 3%-with a mean of

about 2.5%. During the addition of TEP, the sitewide 48-hour
mineralization rates increased, ranging from 3% to 26% with a mean
of about 15%. Upon addition of TEP, the concentration of
chlorinated solvents in soil gas samples from-above water table 102

dropped substantially and rapidly. These results indicate that the

__ phosphorus stimulated contaminant-degrading microorganisms inthe
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groundwater, while the concentration changes above water table 102
indicate that the added phosphorus impacted a relatively large-region,
passing through the 30' - 40' (about 9 - 12 m) of water-saturated soil
into vadose zone A.

Apparatus 10 and apparatus 50 may be used with injection and
extraction wells confi gured to the particular site. Treatment regimens
may include continuous air-phosphate injection, injection of
phosphates and other nutrients (nitrogen, methane, etc.), and pulsed
treatment as described in aforementioned application Serial No.
07/935,950. A mixture of vapor-fhase p.hosphates, oxygen and
methane may be injected periodically to stimulate growth and
reproduction of subsurface methanotrophs, and a phosphate-oxygen
mixture injected continuously. The treatment cycle is repeated until
the contaminant concentration is reduced to acceptable levels. It will
be evident that, by an appropriate choice of gases and other nutrients,
pulsed treatment may be used for stimulating microorganisms other
than methanotrophs. |

A remediation apparatus as described above provides significant

‘advantages over presently-available nutrient delivery techniques. The

use of ,\-folatil'e quuid nutrients allows the efficient, controlled delivery
of the nutrients in vapor form. Because liquids typically have much
higher vapor pressures than solutions of solid compounds or the solids
themselves, the gas-vapor mixture can contain high concentrations of
nutrients for stimulating growth of contaminant-degrading
microorganisms. The vaporized nutrients are dispersed throughout
the contaminated site, avoiding the problems of plugging and

micfobial overgrowth that are found with liquid.injection. - The use of
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injection and extraction wells configured to the site allows efficient
delivery of the gas-nutrient vapor mixture.

Biodegradation of contaminants by indigenous subsurface
microorganisms provides an effective pathway for removal of the
contaminants, and use of the invention results in significant reductions
in the time required to complete treatment. Furthermore, the
microorganisms can access subsurface formations that may be difficult
to access by air stripping alone. Microorganisms are known to
biodegrade hundreds of organic compounds, including TCE, PCE,
benzene, toluene, and xylene. These poliutants are widespread, and
must be reduced to very low levels (less than 5 ppb) for groundwater
to be considered non-polluted.

It will be apparent to those skilled in the art that many changes
and substitutions can be made to the preferred embodiment herein
described without departing from the spirit and scope of the present

invention as defined by the appended claims.

e e+ e e T
e e e e e T :
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ABSTRACT OF THE DISCLOSURE

An apparatus and method for supplying a vapor-phase nutrient
to contaminated soil for in situ bioremediation. The apparatus
includes a housing adapted for containing a quantity of the liquid
nutrient, a conduit in fluid communication with the interior of the
housing, means for causing a gas to flow through the conduit, and
means for contacting the gas with the liquid so that a portion thereof
evaporates and mixes with the gas. The mixture of gas and nutrient
vapor is deli_vé;ed’ to the contaminated site via a system of injection
and extraction wells configured to the site. The mixture has a partial
pressure of vaporized nutrient that is no greater than the vapor
pressure of the liquid. If desired, the nutrient and/or the gas may be
heated to increase the vapor pressure and the nutrient concentration of
the mixture. Preferably, the nutrient is a volatile, substantially
nontoxic and nonflammable organic phosphate that is a liquid at
environmental temperatures, such as triethyl phosphate or tributyl

phosphate.

e e e




.ot Vil

o=

&7 |

‘liii;n. :""”””!

ﬂégx 527
-__‘_L ANGRAY

557







