wo 2012/085964 A 1[I N0F 00 0O -0 0O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2012/085964 A1l

28 June 2012 (28.06.2012) WIPO I PCT

(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
B09C 1/06 (2006.01) HO5B 6/10 (2006.01) kind of national protection available): AE, AG, AL, AM,
. o . AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(21) International Application Number: CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
PCT/IP2010/007395 DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
(22) International Filing Date: HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
21 December 2010 (21.12.2010) KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
. MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(25) Filing Language: English OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD, SE, SG,
(26) Publication Language: English SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR, TT, TZ,

UA, UG, US,UZ, VC, VN, ZA, ZM, ZW.

(71) Applicant (for all designated States except US): Empire . o
Technology Development LLC [US/US]; 2711 (84) Designated States (uniess otherwise indicated, for every
Centerville Road, Suite 400, Wilmington, Delaware, 19808 kind of regional protection available): ARIPO (BW, GH,
(US). GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
M, ZW), Furasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
(72) Inventor; and TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
(75) Inventor/Applicant (for US only): HANASAKA, Fumi- EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
hiro [JP/JP]; 205, Ease-Court Katsura, 139, Katsura Shim- MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
izu-cho, Nishikyo-ku, Kyoto-shi, Kyoto, 6158013 (JP). TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,

(74) Agents: INABA, Yoshiyuki et al.; TMI ASSOCIATES, ML, MR, NE, SN, TD, TG).

23rd Floor, Roppongi Hills Mori Tower, 6-10-1, Rop-
pongi, Minato-ku, Tokyo, 1066123 (JP).

Published:

with international search report (Art. 21(3))

(54) Title: SOIL REMEDIATION SYSTEMS AND METHODS

[Fig- 1]

110

Figure 1

GAS

COMPUTING
DEVICE

104

(57) Abstract: Soil remediation systems containing at least one heating device configured to heat contaminated soil for remediation
and at least one storage tank configured to contain an ionic liquid are described. The soil contaminated by a volatile compound is
heated by the heating device to vaporize the volatile compound, which is trapped by the ionic liquid.



WO 2012/085964 PCT/JP2010/007395

Description

Title of Invention: SOIL REMEDIATION SYSTEMS AND

[0001]

[0002]

[0003]

[0004]

[0005]

[0006]

[0007]

[0008]

[0009]

METHODS
Technical Field

Systems and methods for remediating contaminated soil, and more particularly
systems and methods for volatilizing substances contained in soil and collecting the

substances for reuse using an absorbing liquid are disclosed.

Background Art

Soil remediation techniques have become increasingly important due to deterioration
of soil environments, especially in the regions and places where development activities
are taking place. Depending on the nature of contaminated soil, an appropriate
technique may be used. For example, an electrolysis reduction method may be used for
remediation of heavy metal-contaminated soil. In an electrolysis reduction method,
contaminated soil is slurried with an electrolysis solution (e.g., hydrochloric acid), and
then a voltage is applied to electrodes arranged in the resulting slurry whereby a heavy
metal (e.g., lead) is deposited on and collected from one of the electrodes.

Such a soil remediation technique using the electrolysis reduction method, however,
cannot be used for soil contaminated by volatile organic materials such as halogenated
compounds. Accordingly, remediation of hazardous organics-contaminated soil may
need a technique of, for example, heating contaminated soil at a high temperature, or
alternatively causing chemical reactions of the hazardous organics, to decompose the
hazardous organic compounds into harmless compounds.

Accordingly, a soil remediation technique capable of recycling or reusing the volatile
organic compounds extracted from the contaminated soil would prove to be widely
useful.

Brief Description of Drawings

Figure 1 is a schematic illustration showing an example of a soil remediation system
arranged in accordance with the present disclosure.

Figure 2 is a schematic illustration showing an example of a conveyor of a soil re-
mediation system arranged in accordance with the present disclosure.

Figure 3 is a block diagram illustrating an example of a computing device that is
arranged for a soil remediation system in accordance with the present disclosure.

Figure 4 is a flow chart illustrating an example of a soil remediation method that is
arranged for a soil remediation system in accordance with the present disclosure.

Figure 5 is a schematic illustration showing an example of a distillation apparatus of

a soil remediation system arranged in accordance with the present disclosure.
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Figure 6 is a schematic illustration of another example of a soil remediation system
arranged in accordance with the present disclosure.

Figure 7 is a schematic illustration of yet another example of a soil remediation
system arranged in accordance with the present disclosure.

Detailed Description

Reference will now be made in detail to embodiments, examples of which are 1il-
lustrated in the accompanying drawings. The drawings are intended to be explanatory
and may not be drawn to scale. In the following detailed description, numerous
specific details are set forth in order to provide a thorough understanding of the present
disclosure. However, it will be apparent to one of ordinary skill in the art that the
present disclosure may be practiced without these specific details. In other instances,
well-known methods, procedures, components, and circuits have not been described in
detail so as not to unnecessarily obscure aspects of the embodiments.

The present disclosure describes techniques, devices, apparatuses, systems, and
methods for soil remediation including, but not limited to, heating contaminated soil by
a heating device to vaporize at least one volatile substance, and introducing the
vaporized volatile substance into an absorbing liquid contained in a storage tank to trap
the vaporized volatile substance. Further, the present disclosure describes techniques,
devices, apparatuses, systems and methods for extraction including, but not limited to,
removing the volatile substance from the absorbing liquid.

Figure 1 is a schematic illustration showing an example of a soil remediation system.
Referring to Figure 1, a soil remediation system 100 may include at least one va-
porization apparatus 110 for configured to vaporize at least one volatile substance
contained in soil and at least one storage tank 120 configured to contain at least one
absorbing liquid for trapping or collecting the vaporized volatile substance. Further,
the soil remediation system 100 may include an distillation apparatus 130 configured
to distill off the volatile substance collected from the absorbing liquid. The soil re-
mediation system 100 may be controlled by a computing device 300. The soil re-
mediation system 100 may be located at or near the soil to be treated, or alternatively,
at a location distant from the soil to be treated. The system may be fixed in its location,
or may be portable. Portable systems may be mounted on a variety of vehicles such as
trucks, trains, trailers, wagons, airplanes, helicopters, boats, barges, submarines, and so
on. The soil for remediation may contain one or more volatile substances or con-
taminants. Volatile substances may be organic compounds. Volatile substances may be
hazardous or non-hazardous. Examples of organic compounds include, but are not
limited to, 1,2-dichloroethane, 1,1-dichloroethylene, 1,2-dichloroethylene,
1,3-dichloropropene, dichloromethane, tetrachloroethylene, 1,1,1-trichloroethane,

1,1,2-trichloroethane, trichloroethylene, carbon tetrachloride, tetrachloroethylene,
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dioxin, and polychlorobiphenyls (PCBs). Further, some aromatic hydrocarbon
compounds such as benzene and toluene are also considered to be hazardous
substances. The soil remediation system 100 may operatively communicate with an
incoming conveyor 102 and an outgoing conveyor 104 in order to deliver the soil.

[0015]  The vaporization apparatus 110 may include a conveyor 111 and a heating device
112. In the present disclosure, the conveyor 111 may be, but not limited to, a screw
conveyor or a belt conveyor. In another example, an extruder may be used, instead of
the conveyor 111, to convey the soil. The soil may be extruded against an extrusion
plate of the extruder. The conveyor 111 may include an entry port 113, a conveyor
body 114, a discharge port 115, and a power transmission mechanism 116. The entry
port 113 typically includes a hopper 113a configured to receive the soil from the
incoming conveyor 102. A portion of the entry port 113 may function as a pre-heat
chamber 113b to pre-heat the soil before the soil is introduced into the conveyor body
114. The entry port 113 may further include a soil cutter (not shown) to grain the
clump of the soil. The entry port 113 may further include a mesh or other grading
devices to separate the soil by particle size. The entry port 113 may be configured to
exclude rocks, manmade debris, or other large particles. The opposite end of the entry
port 113 communicates with an inlet of the conveyor body 114. As shown in Figure 2,
the conveyor body 114 may include a structural enclosure 1141 in the form of a hollow
duct, and a conveyor screw 1142 arranged therein. The length, diameter, and other di-
mensions of the conveyor body 114 may generally be any length, and can be selected
according to the desired scale and throughput of the vaporization apparatus. In an
example, the length of the conveyor body 114 may be, but not limited to, about 1
meter, about 2 meters, about 3 meters, about 4 meters, about 5 meters, and so on; and
the internal diameter of the conveyor body 114 may be, but not limited to, about 1
meter, about 2 meters, about 3 meters, about 4 meters, about 5 meters, and so on.
Although not shown, the conveyor screw 1142 may be supported by bearings. The
screw pitch of the conveyor screw 1142 is not limited. Although the typical conveyor
screw is shown in Figure 2, a various types of conveyor screws may be used. For
example, a cetreless-typed screw may be used. In another example, the conveyor screw
1142 may be configured by a ribbon screw or a cut flight screw. An upper portion of
the enclosure 1141 of the conveyor body 114 may be perforated along the conveying
direction thereof with one or more holes 1143, which are hermitically connected to a
pipe 106 to deliver the vaporized substance, together with a carrier gas, to the storage
tank 120.

[0016]  Returning to Figure 1, the power transmission mechanism 116 may be configured to
include a motor 116a and to drive the conveyor screw 1142 to axially rotate. The

rotation of the conveyor screw 1142 allows the soil introduced from the entry port 113
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to travel in a direction of the arrow A (see also Figure 2). The linear flow rate of the
soil through the conveyor body 114 may generally be any rate, and can be selected
according to the desired scale and throughput of the vaporization apparatus. An
example of the linear flow rate of the soil may be, but not limited to, about 0.1 meter/
minute, about (.5 meter/minute, or about 1 meter/minute. The soil conveyed through
the conveyor body 114 is discharged from the discharge port 115, and may then further
be delivered to a desired destination by the outgoing conveyor 104. The discharged soil
may be used as backfill. Alternatively, the soil may further be introduced into another
soil remediation system to collect another substance.

The heating device 112 is configured to heat the soil being conveyed through the
conveyor body 114. The residence time of the soil in the conveyor body 114 can easily
be calculated by dividing the length by the linear flow rate, and generally can be any
length of time. For example, in a case where the length of the conveyor body 114 is
about 3 meters and the flow rate is about 0.1 meter/minute as discussed above, the soil
traveling through the conveyor body 114 may be heated for about 30 minutes. The
residence time may vary according to the size and scale of the vaporization apparatus,
the desired throughput, the volatile compounds to be removed, and the degree of con-
tamination of the soil. In the present invention, the heating device 112 may be, but not
limited to, an induction heating device. Induction heating devices are capable of
heating an electrically conductive object by electromagnetic induction. In a case where
an object to be heated is an insulating material, the induction heating devices may heat
a susceptor electromagnetically, thereby allowing the insulating material to be heated
by heat transferred from the susceptor. The susceptor may be configured from tungsten
or graphite. Typically, soil may include iron, and carbon and its allotropes, and thus
they may function as the susceptor in the introduction heating process. Susceptor
materials may be added to the soil prior to treatment. This, however, does not mean
that the induction heating device in the present disclosure excludes arranging of a
susceptor herein. In a non-limiting example, a susceptor may be provided on a surface
of the shaft of the conveyor screw 1142. In another example, a gas burner may be used
as the heating device 112. The gas burner may heat a part or whole of the conveyor
body 114 under control of the computing device 300. Alternatively, the soil may be
heated with electrically-heated wiring located in the conveyor body 114.

The heating device 112 may include a work coil 1121 and an AC power source 1122.
The work coil 1121 may be in the form of a continuous tube or pipe, which may be
made of electrically-conductive metal such as copper. The work coil 1121 is wounded
around an outer surface of the conveyor body 114. It should be understood that a
plurality of work coils 1121 may be provided. The work coil 1121 is electrically

connected with the AC power source 1122. Although not shown in Figure 1, the work
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coil 1121 may also be connected with a cooling device so that a cooling medium, such
as water, can circulate through the inside of the work coil 1121. The circulating
cooling medium may remove Joule heat from the work coil 1121, thereby preventing
electrical resistivity of the work coil 1121 from adversely increasing.

A heating temperature of the heating device 112 may be selected depending on the
boiling point of the volatile substance to be removed from the soil. An example of the
heating temperature is in a range of about 100 to about 150 degrees Celsius, about 150
to about 200 degrees Celsius, or about 200 to 250 degrees Celsius. For example, the
boiling point of 1,2-dichloroethane is known to be about 83.5 degrees Celsius. Thus, in
order to remove 1,2-dichloroethane from the soil, the heating temperature may be
selected at a temperature at or above the volatile substance's boiling point, e.g., about
100 degrees Celsius. Alternatively, removal of 1,1,2-trichloroethane from soil may be
performed with a heating temperature of about 125 degrees Celsius, above the
substance's 114 degrees Celsius boiling point.

The AC power supply 1122 is configured to supply a high-frequency alternating
current to the work coil 1121. The power output of the AC power supply 1122 as well
as the frequency of AC used may be selected depending on various factors, such as the
volume or the nature of the soil, or coupling between the work coil and the soil. An
example of the range of the power output may be, but not limited to, about 1 kW-about
3000 kW, and an example of the range of the frequency of AC may be, but not limited
to, about 1kHz-about 300 kHz.

In some embodiments, the vaporization apparatus 110 may further include a device
for pre-heating the soil. In the present disclosure, a pre-heating device 117 is mounted
on the pre-heat chamber 113b of the entry port 113. The pre-heating device 117 may
be configured to pre-heat the soil by electromagnetic induction. The pre-heating tem-
perature by the pre-heating device 117 may be at a temperature below the boiling point
of the volatile substance contained in the soil.

In some embodiments, the vaporization apparatus 110 may further include a gas
supplier 118 configured to supply a carrier gas to the conveyor body 114. The carrier
gas may be composed of an inert gas, such as nitrogen or argon. The carrier gas may
contain molecular oxygen (O,) or lack molecular oxygen. The carrier gas may reduce
or prevent oxidation of the volatile substance in the conveyor body 114. If the volatile
substance is susceptible to oxidation, having a low or zero concentration of molecular
oxygen in the carrier gas may reduce or eliminate the oxidation. The carrier gas may be
heated sufficiently in order to prevent the internal temperature of the conveyor body
114 from significantly decreasing. In some cases, the carrier gas may be heated to the
same or similar temperature as the temperature of the conveyor body 114. The amount

and flow rate of carrier gas may vary widely according to the size and scale of the va-
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porization apparatus 110. An example of an amount of the carrier gas supplied may be,
but not limited to, about 100 mL/minute, about 200 mL/minute, about 300 mL/minute,
about 400 mL/minute, or about 500 mL/minute. The mixed gas of the vaporized
volatile substances and the carrier gas may be routed to the storage tank 120 via the
pipe 106. In order to maintain the temperature of the vaporized volatile substance, a
heater or insulation may be installed on all or a portion of the pipe 106.

The storage tank 120 is configured to contain an ionic liquid ("IL") to function as an
absorbing liquid for the vaporized volatile substance. The storage tank 120 may be
connected in gas connection with conveyor body 114. The pipe 106 extending from the
conveyor body 114 is arranged to extend to or into the storage tank 120. The pipe 106
may include a sparger at the distal end thereof to efficiently dissolve the vaporized
target substance.

An ionic liquid is a salt in the liquid state which has a melting point at, or below,
room temperature. Ionic liquids may contain at least one cation and at least one anion.
The miscibility of ionic liquids with water or organic solvents may vary with side
chain lengths on a cation and with choice of anion. Many ionic liquids may have low
combustibility, excellent thermal stability and wide liquid regions. Ionic liquids exhibit
low vapor pressure. Thus, use of ionic liquids may reduce or eliminate the necessity of
considering dissolution into gas phases and supercritical fluid phases, and emission to
environments.

Further, gas absorption by ionic liquids may be a physical absorption process. Thus,
a target gas may easily be captured or trapped in a manner of bringing into contact with
an ionic liquid, and subsequently extracted under reduced pressure. In addition, the
ionic liquid from which the gas has been extracted may be reused or recycled.

A wide variety of ionic liquids may be used as the absorbing liquid because ionic
liquids typically have melting points lower than the boiling point of a volatile
substance. Further, the ionic liquid may be selected so as not to dissolve the carrier gas
to be used. In the present disclosure, the ionic liquid may include, for example, imi-
dazolium salt, pyridinium salt, pyrrolidinium salt, ammonium salt, and phosphonium
salt. Specific examples of ionic liquids include 1-butyl-3-methylimidazolium hexafluo-
rophosphate [BMIm][PF¢], 1-butyl-3- methylimidazolium
bis(trifluoromethylsulfonyl)imide [BMIm][TFSI], 1-hexyl-3-methylimidazolium hex-
afluorophosphate [HMIm][PF¢], 1-hexyl-3-methylimidazolium tetrafluoroborate
[HMIm][BF,], 1-hexyl-3-methylimidazolium trifluoromethanesulfonate [HMIm][CF;
SQO;], 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [HMIm][TFSI],
I-octyl-3-methylimidazolium hexafluorophosphate [OMIm][PF],
I-octyl-3-methylimidazolium tetrafluoroborate [OMIm][BF,],
1-butyl-2,3-dimethylimidazolium tetrafluoroborate [BDMIm][BF,],
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1-butyl-2,3-dimethylimidazolium trifluoromethanesulfonate [BDMIm][CF;SO;],
1-hexyl-2,3-dimethylimidazolium tetrafluoroborate [HDMIm][BF,],
1,3-diallylimidazolium bis(trifluoromethylsulfonyl)imide [AAIm][TFSI],
1-butylpyridinium tetrafluoroborate [BPy][BF,], 1-hexylpyridinium tetrafluoroborate
[CePyl[BF,], 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
[BMPyrr][TESI], 1-butyl-1-methylpyrrolidinium trifluoromethanesulfonate
[BMPy][CF;SOs], N,N,N,N-dimethyl-methyl-2-methoxyethylammonium tetrafluo-
roborate [DMMMoeAM|][BF,], and tricyclohexyl(tetradecyl)phosphonium
bis(trifluoromethylsulfonyl)imide [TCTDP] [TFSI].

The ionic liquid containing the volatile substance may be disposed of without further
processing, or the volatile substance may be removed from the ionic liquid. The dis-
tillation apparatus 130 is configured to distil the volatile substance from the absorbing
ionic liquid in a distillation process. The term "distillation," as used throughout the
specification, is intended to include any types of processes of separating mixtures
based on differences in their volatilities from a liquid mixture. Various known dis-
tillation techniques may be used for the soil remediation system arranged in ac-
cordance with the present disclosure. An example of a schematic configuration of the
distillation apparatus will be discussed later with reference to Figure 5.

Figure 3 is a block diagram illustrating an example of the computing device 300 that
is arranged for a soil remediation system in accordance with the present disclosure. In
a very basic configuration 302, the computing device 300 typically includes one or
more processors 304 and a system memory 306. A memory bus 308 may be used for
communicating between processor 304 and the system memory 306.

Depending on the desired configuration, the processor 304 may be of any type
including, but not limited to, a microprocessor (micro-P), a microcontroller (micro-C),
a digital signal processor (DSP), or any combination thereof. The processor 304 may
include one more levels of caching, such as a level one cache 310 and a level two
cache 312, a processor core 314, and registers 316. An example processor core 314
may include an arithmetic logic unit (ALU), a floating point unit (FPU), a digital signal
processing core (DSP Core), or any combination thereof. An example memory
controller 318 may also be used with processor 304, or in some implementations
memory controller 318 may be an internal part of processor 304.

Depending on the desired configuration, the system memory 306 may be of any type
including, but not limited to, a volatile memory (such as RAM), non-volatile memory
(such as ROM, flash memory, etc.) or any combination thereof. The system memory
306 may include an operating system 320, one or more applications 322, and program
data 324. An application 322 may include a control program 326 that is arranged to

control the soil remediation system 100. The control program 324 may select, for
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example, a delivery rate of the conveyor 111. Further, the control program 324 may
control an heating temperature by the heating device 112. The program data 324 may
include control data 328 that may be useful for selecting the delivery rate as well as the
heating temperature as is described herein. In some embodiments, the application 322
may be arranged to operate with the program data 324 on the operating system 320
such that the selected heating temperature is adjusted and maintained. This described
basic configuration 302 is illustrated in Figure 3 by those components within the inner
dashed line.

The computing device 300 may have additional features or functionality, and ad-
ditional interfaces to facilitate communications between the basic configuration 302
and any required devices and interfaces. For example, a bus/interface controller 330
may be used to facilitate communications between the basic configuration 302 and one
or more data storage devices 332 via a storage interface bus 334. Data storage devices
332 may be removable storage devices 336, non-removable storage devices 338, or a
combination thereof. Examples of removable storage and non-removable storage
devices include magnetic disk devices such as flexible disk drives and hard-disk drives
(HDD), optical disk drives such as compact disk (CD) drives or digital versatile disk
(DVD) drives, solid state drives (SSD), and tape drives to name a few. An example
computer storage media may include volatile and nonvolatile, removable and non-
removable media implemented in any method or technology for storage of information,
such as computer readable instructions, data structures, program modules, or other
data.

The system memory 306, removable storage devices 336 and non-removable storage
devices 338 are examples of computer storage media. Computer storage media
includes, but is not limited to, RAM, ROM, EEPROM, flash memory or other memory
technology, CD-ROM, digital versatile disks (DVD) or other optical storage, magnetic
cassettes, magnetic tape, magnetic disk storage or other magnetic storage devices, or
any other medium which may be used to store desired information and which may be
accessed by computing device 300. Any such computer storage media may be part of
the computing device 300.

The computing device 300 may also include an interface bus 342 for facilitating
communication from various interface devices (e.g., output devices 342, peripheral in-
terfaces 344, and communication devices 346) to the basic configuration 302 via a bus/
interface controller 330. Example output devices 342 include a graphics processing
unit 348 and an audio processing unit 350, which may be configured to communicate
with various external devices such as a display or speakers via one or more A/V ports
352. Example peripheral interfaces 344 include a serial interface controller 354 or a

parallel interface controller 356, which may be configured to communicate with
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external devices such as input devices (e.g., keyboard, mouse, pen, voice input device,
touch input device, etc.) or other peripheral devices (e.g., printer, scanner, etc.) via one
or more I/0O ports 358. An example communication device 346 includes a network
controller 360, which may be arranged to facilitate communications with one or more
other computing devices 362 over a network communication link via one or more com-
munication ports 364.

The network communication link may be one example of a communication media.
The communication media may typically be embodied by computer readable in-
structions, data structures, program modules, or other data in a modulated data signal,
such as a carrier wave or other transport mechanism, and may include any information
delivery media. A "modulated data signal" may be a signal that has one or more of its
characteristics set or changed in such a manner as to encode information in the signal.
By way of example, and not limitation, the communication media may include wired
media such as a wired network or direct-wired connection, and wireless media such as
acoustic, radio frequency (RF), microwave, infrared (IR) and other wireless media.
The term computer readable media as used herein may include both storage media and
communication media.

The computing device 300 may be implemented as a portion of a small-form factor
portable (or mobile) electronic device such as a cell phone, a personal data assistant
(PDA), a personal media player device, a wireless web-watch device, a personal
headset device, an application specific device, or a hybrid device that include any of
the above functions. The computing device 300 may also be implemented as a personal
computer including both laptop computer and non-laptop computer configurations.

Figure 4 is a flow chart illustrating an example of a soil remediation method that is
arranged for a soil remediation system in accordance with the present disclosure. The
method may be performed under control of the computing device 300 of the soil re-
mediation system 100.

Referring to Figure 4, in an operation 410, a predetermined amount of the ionic
liquid is provided in the storage tank 120. In an operation 420, the vaporization
apparatus 110 is warmed up. Specifically, the conveyor screw 1142 of the conveyor
111 starts to rotate at a predetermined rate, and an AC power with a predetermined
frequency is applied to the work coil 1121. In an example, the rotation rate of the
conveyor screw 1142 may be selected so that the flow rate of the soil is about 0.1
meter/minute. Further, the power output of about 3000 kW and the frequency of AC of
about 3 kHz may be applied. In some embodiments, the pre-heating device may also be
driven. Further, the carrier gas sufficient to fill the inside of the conveyor body 114 is
supplied to the conveyor body. In an example, the carrier gas of about 200 mL/minute

may be supplied. In addition, the cooling medium may be circulated through the work
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coil. After the completion of the warm-up, in an operation 430, a contaminated soil
which may contain at least one volatile compound is introduced into the entry port 113
of the conveyor 111. In an operation 440, the soil is conveyed through the conveyor
body 114 on heating by the heating device 112. In this operation, the volatile
compound depending on the heating temperature may be vaporized and sent out to the
storage tank 120 via the pipe 106, together with the carrier gas. In the meantime, the
remedied soil is discharged from the discharged port 115. In an operation 450, the
vaporized volatile substances delivered to the storage tank 120 through the pipe 106 is
trapped and dissolved in the ionic liquid. By way of the above remediation process, the
contaminated soil has been remedied, while the volatile compound is collected in the
ionic liquid. After the above remediation process, in an operation 460, the ionic liquid
which dissolves the volatile compound therein is optionally fed to the distillation
apparatus 130, and the volatile compound is distilled off from the ionic liquid.

Figure 5 is a schematic illustration showing an example of the distillation apparatus
130 of the soil remediation system 100 arranged in accordance with the present
disclosure. Depending on the desired configuration, the distillation apparatus may be
of any type including, for example, a simple distillation, a fractional distillation
(rectification) apparatus, a steam distillation apparatus, and a vacuum distillation
apparatus. For illustrative purposes only, the distillation apparatus 130 is shown and
described as a vacuum distillation apparatus.

Referring to Figure 5, the distillation apparatus 130 may include a distillation column
131, a vacuum pump 132, a condenser 133, a recovery tank 134, and a refrigeration
device 135. The distillation column 131 is configured to contain the ionic liquid. The
ionic liquid may be fed from the storage tank 120 via a pipe 108. In an example, a
bubbling pipe 136 may be arranged to extend into the distillation column 131. The
bubbling pipe 136 may communicate with the gas supplier 118 (see also Figure 1). In a
bubbling process, a bubbling gas (e.g., a nitrogen gas) is fed via the bubbling pipe 136
into the ionic liquid contained in the distillation column 131. The distillation column
131 includes an outlet located at an upper portion thereof, and a pipe 137 is her-
mitically connected to the outlet. The pipe 137 extends to the recovery tank 134 via the
condenser 133. The vacuum pump 132 is operatively connected with the distillation
column 131 via the pipe 137 and configured to in part reduce the internal pressure of
the distillation column 131. By way of reducing the internal pressure of the distillation
column 131, the volatile substance dissolved in the ionic liquid may be vaporized, and
the vaporized volatile substance may be introduced into the condenser 133 via the pipe
137. The condenser 133 is configured to condense the vaporized volatile substance into
its liquid phase. The condenser 133 may include a cooling device (not shown). The

liquid-phase volatile substance is introduced into the recovery tank 134. The recovery
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tank 134 may be refrigerated by the refrigeration device 135. The refrigeration device
may include a cooling medium such as liquid nitrogen. Depending on the nature of the
volatile substance, the recovery column 134 may contain the volatile substance in the
liquid phase or solid phase. The recovered volatile substance may be reused, recycled,
or disposed. Further, the residual ionic liquid may also be reused or recycled.

In another example, the distillation apparatus 130 may further include a reboiler 138
configured to heat the ionic liquid at a predetermined temperature in order to facilitate
the distillation process.

Further, the distillation apparatus 130 may be adapted for fractional distillation to
separate different substances from the ionic liquid. The distillation apparatus 130 may
include a configuration capable of repeating vaporization-condensation cycles. For
example, the distillation column 131 may include trays or packings arranged therein.

In some embodiments, the soil remediation system 100 may be adapted for repeating
heating-trapping cycles. Figure 6 is a schematic illustration of another example of a
soil remediation system 100 arranged in accordance with the present disclosure. As
shown in Figure 6, the soil remediation system 100 may include a plurality of heating
devices 112A and 112B to extract multiple volatile substances based on differences in
their volatilities. While Figure 6 shows two heating devices, any multiple number of
heating devices may be used, such as 2, 3, 4, 5, 6, and so on. The plurality of the
heating devices 112A and 112B may be installed on the conveyor body 114 along the
conveying direction of the conveyor 111. The plurality of the heating devices 112A
and 112B may be configured to heat the soil at different temperatures depending on the
boiling points of the multiple volatile substances. The plurality of heating devices may
be arranged such that the soil is exposed to lower temperatures at the beginning of the
conveyor body, and higher temperatures at the end of the conveyor body. The multiple
heating devices may be connected to multiple storage tanks, each containing the same
or different ionic liquids. The computing device 300 may control the plurality of the
heating devices 112A and 112B independently. In an example, in a case where the
volatile substances are 1,2-dichloroethane whose boiling point is 83.5 degrees Celsius
and 1,1,2-trichloroethane whose boiling point is 114 degrees Celsius, the heating tem-
peratures of the plurality of heating devices 112A and 112B are selected at about 100
degrees Celsius and 150 degree Celsius, respectively.

Although not shown in Figure 6, the storage tank or storage tanks 110 may be
provided depending on the characteristics of an ionic liquid or ionic liquids. The ionic
liquid of, for example, 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide may absorb both of 1,2-dichloroethane and 1,1,2-trichloroethane, and thus the
conveyor body 114 may communicate with a single storage tank 120 via the pipes
106A and 106B. Alternatively, two different storage tanks 120 may be used to
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separately contain the two volatile substances.

Figure 7 is a schematic illustration of yet another example of a soil remediation
system 100 arranged in accordance with the present disclosure. The soil remediation
system 100 shown in Figure 7 may include a plurality of vaporization apparatuses
110A-110C arranged in series. In this example, the conveyor bodies 114-114C
adjacent to each other may be connected via the chutes 115', respectively. The
conveyor bodies 114-114C may generally be connected by any type of connector, such
as chutes or conveyor belts. Thus, the soil can be conveyed through the conveyors
111A-111C without exposure to the atmosphere. In another example, opening and
closing hatches may be located in the connector. The hatch may prevent the volatile
substance from diffusing into the adjacent conveyor bodies. The computing device 300
may control opening and closing of the hatch in accordance with the progress of
heating of the soil. Each of the plurality of vaporization apparatuses 110-A-110C may
include the same basic configuration as discussed above. The computing device 300
(not shown in Figure 7) may control the power transmission mechanisms 116A-116C
so as to drive the conveyor 111A-111C in synchronization. Also, the computing device
300 may control the heating devices 112A-112C independently so that they heat the
soil at the different temperatures depending on target substances. In an example, the
heating temperatures of the heating devices 112A-112C may be selected at about 100
degrees Celsius, at about 150 degrees Celsius, and at about 200 degrees Celsius, re-
spectively. At least one substance vaporized in each of the conveyor bodies
114A-114C by the heating devices 112A-112C may be introduced to the storage tanks
120A-120C via pipes 106A-106C. As discussed above, depending on the charac-
teristics of the ionic liquids relative to the target substances, a plurality of vaporized
volatile substances may be introduced to a single storage tank. The multiple storage
tanks may contain the same or different ionic liquids. While Figure 7 is drawn with
three conveyor bodies, any number of conveyor bodies may be connected, such as 2, 3,
4,5, 6, and so on.

As aresult of various configurations described in detail above, the soil remediation
system and method arranged in the present disclosure is capable of remedying con-
taminated soil, while vaporizing at least one volatile compound from the soil and
trapping it by an ionic liquid. Further, the at least one volatile compound may be sub-
sequently separated from the ionic liquid by distillation.

While the invention has been described with respect to a limited number of em-
bodiments, those skilled in the art, having benefit of this disclosure, will appreciate that
other embodiments can be devised which do not depart from the scope of the invention
as disclosed herein. Accordingly, the scope of the invention should be limited only by

the attached claims.
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Claims

A soil remediation system comprising:

a conveyor including an enclosure and configured to convey soil for re-
mediation through the enclosure ;

a heating device configured to heat the soil conveyed in the enclosure
to vaporize a substance contained in the soil; and

a storage tank in gas connection with the enclosure to receive the
vaporized substance extracted from the soil by heating,

wherein the storage tank is configured to contain an ionic liquid
adapted to trap the vaporized substance.

The soil remediation system according to claim 1, wherein the heating
device comprises an induction heating device configured to induce heat
electromagnetically.

The soil remediation system according to claim 1, wherein the heating
device is configured to heat the soil at a temperature equal to or greater
than the boiling temperature of the substance contained in the soil.

The soil remediation system according to claim 1, further comprising a
gas supplier configured to supply a carrier gas to the enclosure.

The soil remediation system according to claim 4, wherein the carrier
gas comprises nitrogen.

The soil remediation system according to claim 1, further comprising a
pre-heating device configured to pre-heat the soil at a temperature
below the boiling temperature of the substance contained in the soil.
The soil remediation system according to claim 1, further comprising a
distillation apparatus configured to distil off the substance from the
ionic liquid.

The soil remediation system according to claim 1, wherein the ionic
liquid comprises at least one selected from the group consisting of imi-
dazolium salt, pyridinium salt, pyrrolidinium salt, ammonium salt, and
phosphonium salt.

The soil remediation system according to claim 1, wherein the ionic
liquid liquid comprises at least one selected from a group consisting of
1-butyl-3-methylimidazolium hexafluorophosphate,
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide,
1-hexyl-3-methylimidazolium hexafluorophosphate,
1-hexyl-3-methylimidazolium tetrafluoroborate,

1-hexyl-3-methylimidazolium trifluoromethanesulfonate,
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1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide,
I-octyl-3-methylimidazolium hexafluorophosphate,
I-octyl-3-methylimidazolium tetrafluoroborate,
1-butyl-2,3-dimethylimidazolium tetrafluoroborate,
1-butyl-2,3-dimethylimidazolium trifluoromethanesulfonate,
1-hexyl-2,3-dimethylimidazolium tetrafluoroborate,
1,3-diallylimidazolium bis(trifluoromethylsulfonyl)imide,
I-butylpyridinium tetrafluoroborate, 1-hexylpyridinium tetrafluo-
roborate, 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide, 1-butyl-1-methylpyrrolidinium tri-
fluoromethanesulfonate,
N,N,N,N-dimethyl-methyl-2-methoxyethylammonium tetrafluo-
roborate, and tricyclohexyl(tetradecyl)phosphonium
bis(trifluoromethylsulfonyl) imide.

A soil remediation system comprising:

a conveyor including an enclosure and configured to convey soil for re-
mediation through the enclosure ;

a plurality of heating devices associated with portions of the enclosure ,
respectively, wherein the plurality of heating devices are configured to
heat the soil conveyed in the enclosure to different temperatures to re-
spectively vaporize different substances contained in the soil; and

a plurality of storage tanks in gas connection with the respective
portions of the enclosure associated therewith to receive the respective
different vaporized substances;

wherein the plurality of storage tanks are configured to contain ionic
liquids, respectively, the ionic liquids being adapted to trap the re-
spective different vaporized substances.

The soil remediation system according to claim 10, wherein the
plurality of heating devices heat the soil at different temperatures, re-
spectively.

The soil remediation system according to claim 10, wherein at least one
of the plurality of the heating devices comprises an induction heating
device configured to induce heat electromagnetically.

The soil remediation system according to claim 10, further comprising
a gas supplier configured to supply a carrier gas to the hollow duct.

A soil remediation system comprising:

a plurality of conveyors each including an enclosure and each

configured to convey soil for remediation through the enclosure ,



WO 2012/085964

[Claim 14]

[Claim 15]

[Claim 16]

[Claim 17]

[Claim 18]

15

PCT/JP2010/007395

wherein the plurality of conveyors are operatively connected in series;
a plurality of heating devices configured to heat the soil conveyed in
the respective enclosures of the conveyors associated therewith to re-
spectively vaporize different substances contained in the soil; and

a plurality of storage tanks in gas connection with the respective en-
closures of the conveyors associated therewith to receive the respective
different vaporized substances extracted from the soil by heating,
wherein the plurality of storage tanks are configured to contain ionic
liquids, respectively, the ionic liquids adapted to trap the respective
different vaporized substances.

The soil remediation system according to claim 14, wherein the
plurality of heating devices heat the soil at different temperatures, re-
spectively.

The soil remediation system according to claim 14, wherein at least one
of the plurality of the heating devices comprises an induction heating
device configured to induce heat electromagnetically.

The soil remediation system according to claim 14, further comprising
a gas supplier configured to supply a carrier gas to the hollow duct of
the at least one of the plurality of the conveyors.

A soil remediation system comprising:

a plurality of soil remediation subsystems,

wherein each of the plurality of soil remediation subsystems comprises:
a conveyor including an enclosure and configured to convey soil for re-
mediation through the enclosure ;

a heating device configured to heat the soil conveyed in the enclosure
to vaporize a substance contained in the soil; and

a storage tank in gas connection with the enclosure to receive the
vaporized substance;

wherein the storage tank is configured to contain an ionic liquid
adapted to trap the vaporized substance, and

wherein: a) the conveyors of the plurality of soil remediation
subsystems are operatively connected in series; and b) the heating
device of each of the plurality of soil remediation subsystems are
configured to heat the soil to a different temperature.

A soil remediation method comprising:

providing soil;

providing an ionic liquid adapted to trap a substance contained in the

soil for remediation;
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heating the soil to vaporize the substance; and

trapping the vaporized substance in the ionic liquid.

The soil remediation method according to claim 19, wherein the
heating includes electromagnetic induction heating.

The soil remediation method according to claim 19, further comprising
supplying a carrier gas to the soil so as to carry the gaseous substance
to the ionic liquid.

The soil remediation method according to claim 19, further comprising
pre-heating the soil at a temperature below the boiling temperature of
the substance contained in the soil.

The soil remediation method according to claim 19, further comprising
extracting the substance from the ionic liquid after the trapping step.
The soil remediation method according to claim 19, further comprising:
providing a plurality of ionic liquids adapted to respectively trap a
plurality of different substances contained in the soil; and

repeating the heating step and the trapping step such that the different
vaporized substances are trapped by the respective ionic liquids.

The soil remediation method according to claim 24, wherein, in the
repeating of the heating steps, different temperatures at which the soil
is heated are selected for the respective heating steps.

The soil remediation method according to claim 24, further comprising
removing the substance from at least one of the ionic liquids after at

least one of the trapping steps.



1/7

PCT/JP2010/007395

WO 2012/085964

[Fig. 1]

0¢l

148)°

33IA3d

ONILNAWOD

Ol

8Ll

d311ddNsS
SVO

T

zLL 00€

ecllL

c0l

I 24nd1g

(0135




2/7

WO 2012/085964 PCT/JP2010/007395

[Fig. 2]

{115

1141

///

///106
t1143

06

1
QRLA

&1143

Figure 2
1121

106

t1143

g

saodlenas
G566 G566 Go00

1121

|

le)
1O 114
O
1142




(F€€) sng IDVRIALN] IDOVIOLS

PCT/JP2010/007395

3/7

WO 2012/085964

[Fig. 3]

_
_
_ - -9 - -9 - -9
_ - > - - b
_ .
(29¢) PN (0gg) (aaH “8) (aaa/an &)
©momaa L Ly (49¢) (09¢) (—)|  TIONINOD (8€€) IOVIOLS (9g¢) HOVAOLS
ONLLAANOD \ (s)od AHV ATTIOLINOD PN IDVRIAINT /SNg TV AONI-NON TTEVAONTY
J— o N m "' wWwon MIOMIAN N—
| _ _ {TEC) SEDIAIA IOVIOLS
_ (9%€) SIDTAT(J NOLLVIINIAIROD) _| —_— s e e o o
N _
| [ (80¢) sng AdoNa N _
(95£) =5
_ | _
NRade TN X ! N I
_ \_(Hv muﬁmmiéu | S 1 (82€)
NI i Q1) ! VIV TOMINOD I
| TITIVIVI | i :
(86¢) - : TITIOUINOY) AMOWAN : |
A L A Z ' '
§ ) (s)od PN I 1T m ‘ _
_ o/ P —) m _ . m (o) VIV RVID0U |
_ \_(Hv FATIONTINGD = . (91¢) : _
_ HDVIALINI = | | SUHLSIONY] i
TVIIIS Z i i R _
| £ I (1) " (oze) _
_ _ = i ' INVIDOI] TOALNOD
(550 SEOVATAIN] IVl ] (I dsa/ndi/niv ; |
_ | THOD) YOSSTIIOAJL : _
! - i (22E) NOILVOTTdd
| (05€) LIND | ; @1e) oLe) : A I
_ \(Hv ONISSEDOU] I VO IOV : (0z%) I
_ oany | 7 TAAT] 1 THAT] : Oce
(zeg) i i WHISAS DNILVYEIQ) |
A 1 A = 4 1
{ (S) 130 N (I dsa / on/dn m _
T av ) | “ NV /IO
a A | 4 H 1
_ (8¥¢) LINN | | F0E) HOS54008] ' ‘ |
AHv DONISSEOON] i ! (90C) ATOWHAN WHISAG I
| SOIHAVIS) | e i
_ | (20E) NOLLVEMORNOD OISV |_
SHOIAS(] INdL
_ (479] a no ~_ (00C) TOIAI(] ONLLNINOY

¢ ainsLy



4/7

WO 2012/085964 PCT/JP2010/007395

[Fig. 4]
Figure 4
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