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(57) Abstract: A system and process for the recovery of at least one halogenated hydrocarbon from a gas stream. The recovery in-
cludes adsorption by exposing the gas stream to an adsorbent with a lattice structure having pore diameters with an average pore
opening of between about 5 and about 50 angstroms. The adsorbent is then regenerated by exposing the adsorbent to a purge gas
under conditions which cfficiently desorb the at least one adsorbed halogenated hydrocarbon from the adsorbent. The at least one
halogenated hydrocarbon (and impurities or reaction products) can be condensed from the purge gas and subjected to fractional
distillation to provide a recovered halogenated hydrocarbon.
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SYSTEMS AND METHODS FOR GAS TREATMENT
Field
[0001] The present application relates generally to the recovery of halogenated
hydrocarbons from a gas stream. Generally speaking the recovery is for the purpose of
the extension of their life cycle or disposal. More particularly, the present application
relates to the recovery from a gas stream by adsorption; subsequent desorption and
recovery from the desorption gas by condensation; and subsequent separation and
purification by fractional distillation of halogenated hydrocarbon inhalation anesthetics.

Background

[0002] Halogenated hydrocarbon compounds include the families of compounds:
bromo-, fluoro- and/or chloro- ethers, fluorinated alky! ethers, chlorofluorocarbons and
chlorofluoro ethers and their derivatives. These families of compounds are typically used
as solvents, refrigerants, anesthetics, aerosol propellants, blowing agents and the like.
Many of these compounds are widely used and are routinely discharged into the
atmosphere. Particularly in the case of medical anesthetic gases, if these compounds
could be recovered, retrieved and purified to medical standards there would be a
considerable cost saving and reduction in environmental pollution. In view of the possible
negative effects of halogenated hydrocarbons that are released into the atmosphere,
attempts have already been made to recover such gases.

[0003] In view of the rising costs of the inhalation anesthetics and the
environmental effects (e.g. toxic greenhouse and ozone depletion) of the drugs, attempts
are being made to recover the inhalation anesthetics before the anesthetics are
discharged into the atmosphere. A system can be provided for recovering inhalation
anesthetics from gas streams exiting anesthetic gas machines (which may include patient
exhalent following administration to a patient) by capturing scavenged gas containing the
anesthetic rich gas stream, removing water vapor and then extracting the anesthetic
using either a cryogenic process in which the vapors of the anesthetics are condensed to
liquid phase, or an adsorbent material which is processed later to remove the anesthetics.
The collected liquid anesthetics can then be reintroduced directly into an anesthetic gas
machine. Such approach has little if any facility to control bacterial contamination and
potentially recycles harmful microorganisms to another patient or the anesthetic gas
machine in general. Additionally, there is no assurance that the condensed drugs are
separated into individual components and that each recycled drug meets the appropriate
medical standards and regulations.
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[0004] In another approach for recovering inhalation anesthetics, an adsorbent
material in an appropriate container is used to adsorb the inhalation anesthetics from the
gas stream exiting the anesthetic gas machine. When the adsorbent material is saturated,
the container is removed and placed in a regeneration system. A purging gas, such as
steam, is used to remove the anesthetics from the adsorbent material. The purged gas is
then collected, water is removed therefrom, and the anesthetics are condensed and
subjected to fractionation to separate out the individual anesthetics. Such an approach
can be difficult as steam, having an elevated temperature, can cause catalytic reactions
with the adsorbent and adsorbate leading to a product breakdown and pure yields of the
recovered anesthetics. Furthermore, such an approach can be difficult because a number
of different inhalation anesthetics may be used in one operating room and each inhalation
anesthetic may require different adsorbents and differing desorption requirements.
Further, methods of separating a number of different inhalation anesthetics can be very
complex due to differing chemistries and the potential for impurities, including by-
products, in the combined materials. .

[0005] Examples of anesthetics which can be captured are sold under the trade-
marks ETHRANE and FORANE, and are disclosed in U.S. Pat. Nos. 3,469,011;
3,527,813, 3,535,388; and 3,535,425. The respective chemical formulae for these
anesthetics are: 1,1,2-trifluoro-2-chloroethyl difluoromethyi ether and 1-chloro-2,2,2-
trifluoroethy! diflioromethyl ether. These chemicals are also commonly known as
“enflurane” and “isoflurane”, respectively.

[0006] Other anesthetics of particular importance are sold under the trade-marks
SUPRANE and ULTANE, and are disclosed in U.S. Pat. Nos. 3,897,502; 4,762,856; and
3,683,092. The respective chemical formulae for these anesthetics are: 2,2, 2-trifluoro-1-
fluoroethyl-difluoromethyl ether and 2,2, 2-trifluoro-1-[trifluoromethylilethyl fluoromethyl
ether. These chemicals are commonly known as “desflurane” and “sevoflurane”,
respectively. They are highly volatile organic compounds, produced in a liquid form and
then evaporated and mixed with other carrier medical gases, such as nitrous oxide,
oxygen and/or medical air in the anesthetic gas machine before administered to a patient
to be used as an inhalation anesthetic. The gas stream exiting the anesthetic gas
machine is rich with inhalation anesthetics and contains entrained CO, and moisture and
possibly some by-products that potentially result from the anesthetic gas mix recirculation
stream passing over soda lime absorbent in the patient breathing circuit.

[0007] While there may be methods and systems for adsorbing some of these
anesthetics individually or for purifying some of these chemicals individually to a level for

medical use, effective methods and systems of selective recovering anesthetics or a
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mixture of anesthetics from a gas stream, for separating the anesthetics, if necessary,
and for purifying the anesthetics would be economically advantageous.

[0008] It is, therefore, desirable to provide a system and method for at least some
of capturing, recovering, retrieving, separating and purifying a variety of inhalation
anesthetics such as desflurane and/or sevoflurane from a gas stream that overcomes at
least some of the problems with conventional systems. It would be similarly desirable to
provide a system and method for at least some of capturing, recovering, separating and
purifying halogenated hydrocarbons generally.

[0008a] Any discussion of documents, acts, materials, devices, articles or the like
which has been included in the present specification is not to be taken as an admission
that any or all of these matters form part of the prior art base or were common general
knowledge in the field relevant to the present disclosure as it existed before the priority
date of each claim of this application.

[0008b] Throughout this specification the word "comprise", or variations such as
"comprises" or "comprising", will be understood to imply the inclusion of a stated element,
integer or step, or group of elements, integers or steps, but not the exclusion of any other

element, integer or step, or group of elements, integers or steps.

Summary

[0009] Some embodiments relate to an adsorbent for adsorbing a halogenated
hydrocarbon, the adsorbent comprising: a first silica having an organophillic pore lattice
structure with an average pore opening of between 5 and 10 angstroms, and a second
silica having an organophillic pore lattice structure with an average pore opening of
between 15 and 30 angstroms, the first silica being separated from the second silica.
[0009a] Some embodiments relate to an adsorbent system for adsorbing a
halogenated hydrocarbon, the adsorbent system comprising: a first adsorbent consisting
of silica with an organophillic pore lattice structure with an average pore opening of
between 5 and 10 angstroms and a specific surface area of about 400 m%g and less than
about 1.0wt% Al,O3; and a second adsorbent consisting of amorphous silica with an
organophillic pore lattice structure with an average pore opening between 15 and 30
angstroms and a specific surface area of 750m?g and less than 1.0wt% Al,Os; the first
adsorbent being separated from the second adsorbent.

[0009b] Some embodiments relate to a process for the recovery of at least one
halogenated hydrocarbon from a gas stream, the process comprising the steps of:
exposing the gas stream to at least two adsorbents wherein a first adsorbent consists of
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silica with an organophillic pore lattice structure with an average pore opening of between
5 and 10 angstroms and a specific surface area of 400 m?g and less than 1.0wt% Al,O;
and a second adsorbent consists of amorphous silica with an organophillic pore lattice
structure with an average pore opening between 15 and 30 angstroms and a specific
surface area of 750m?%g and less than 1.0wt% Al,Os; removing from the gas stream the at
least two adsorbents containing the adsorbed at least one halogenated hydrocarbon; and
regenerating the at least two adsorbents in a purge gas by exposing the at least one
adsorbent to the purge gas under conditions which desorb the at least one adsorbed
halogenated hydrocarbon from the at least one adsorbent.

[0009c¢] Some embodiments relate to an adsorbent system for adsorbing at least
one anesthetic, the adsorbent system comprising: an input for receiving a gas stream
containing the at least one anesthetic from at least one operating room exhaust; a non-
chemical dryer connected to the input; a chemical dryer connected to the non-chemical
dryer; a filter connected to the chemical dryer for removing bacterial and particulate
matter; and an adsorber unit connected to the filter for adsorbing the at least one
anesthetic from the gas stream, the adsorber unit comprising at least a first and a second
adsorbent having pore diameters large enough to permit molecules of the at least one
anesthetic to pass therethrough and be adsorbed in internal cavities of the at least one
adsorbent, the first adsorbent consisting of silica having an organophillic pore lattice
structure with an average pore opening of between 5 and 10 angstroms and a specific
surface area of 400 m%g and less than 1.0wt% Al,O; and the second adsorbent
consisting of amorphous silica having an organophillic pore lattice structure with an
average pore opening between 15 and 30 angstroms and a specific surface area of
750m?%g and less than 1.0Wt% Al,Os.

[0009d] Some embodiments relate to a method comprising using at least two
adsorbents for the adsorption of an inhalation anesthetic, wherein a first adsorbent
consists of silica with an organophillic pore lattice structure with: an average pore opening
of between 5 and 10 angstroms large enough to permit molecules of the anesthetic to
pass therethrough and be adsorbed in internal cavities of the adsorbent, a specific
surface area of 400 m?/g, and less than 1.0wt% Al,Os, and a second adsorbent consists
of amorphous silica with an organophillic pore lattice structure with: an average pore
opening between 15 and 30 angstroms large enough to permit molecules of anesthetic to
pass therethrough and be absorbed in internal vavities of the adsorbent, a specific
surface area of 750 m?g, and less than 1.0wt% Al,Os, the first adsorbent being separated
from the second adsorbent.
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[0009¢] In one aspect of the application, described in more detail below, there is
provided a process for the recovery of at least one halogenated hydrocarbon from a gas
stream, the process comprising: exposing the gas stream to an adsorbent with a lattice
structure having pore diameters large enough to permit molecules of the at least one
halogenated hydrocarbon to enter and be adsorbed in internal cavities of the adsorbent
lattice, the adsorbent having a pore lattice structure with an average pore opening of
between about 5 and about 50 angstroms; removing from the gas stream the adsorbent
containing the adsorbed at least one halogenated hydrocarbon; and regenerating the
adsorbent with a purge gas by exposing the adsorbent to the purge gas under conditions
which efficiently desorb the at least one adsorbed halogenated hydrocarbon from the
adsorbent. In particular, the process is intended to operate without causing catalytic
reaction; without adsorbate breakdown and with high yields.

[0010] In some cases, the average pore opening is between about 5 and about
10 angstroms. In other cases, the average pore opening is between about 15 and about
30 angstroms. The adsorbent can be a SiO, based organophilic material having a SiO,
content of 90 wt% or greater. The adsorbent can be less than 10% by weight of Al,O;.
The adsorbent can be substantially free of Al,O;. The adsorbent can have a weight ratio
of SiO,: Al,Oz of 98 : 1 or greater. The adsorbent can have less than about 1% by mass
of cation. The adsorbent can have a neutral surface. The adsorbent can have a specific
surface area of about 400 to about 1500 m%g. The adsorbent can have a specific surface
area of about 500 to about 1250 m?g. The adsorbent can have a specific surface area of
about 600 to about 900 m%g. The adsorbent can have average pore size of 20
angstroms, and/or a surface area of 750 m?/g.

[0011] During the process, the adsorbent can be exposed to the gas stream until
at least just prior to the adsorbent being saturated. In other cases the adsorbent can be
exposed until after being saturated.
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[0012] The at least one halogenated hydrocarbon can be removed from the purge
gas by condensing the at least one halogenated hydrocarbon. The at least one
halogenated hydrocarbon can be an inhalation anesthetic. The anesthetic can be
sevoflurane, desflurane, halothane, isoflurane or enflurane. The at least one halogenated
hydrocarbon can be a bromochlorofluoro ether, a fluorinated alkyl ether, a
chlorofluorocarbon, a chloroftucro ether, or one of their derivatives.

[0013] The gas stream can be a gas stream exiting an anesthetic gas machine, a
gas stream of a patient breathing circuit within an anesthetic gas machine, or a gas
stream associated with a hospital’'s central collection system for the hospital’s anesthetic
gas machines’ exhaust streams. The anesthetics in the gas stream can be selectively
adsorbed on the adsorbent material; and the anesthetics adsorbed on the adsorbent
material can be desorbed from the adsorbent material, condensed, separated and each
purified to medical standards.

[0014] Exposing the gas stream to the adsorbent can comprise passing the gas
stream through a bed of the adsorbent contained in a canister. Exposing the gas stream
to the adsorbent can comprise passing the gas stream through a bed of the adsorbent
contained in a central collector or a canister, which is capable of adsorbing halogenated
hydrocarbons from multiple gas streams, such as the gas stream from the hospital central
anesthetic gas machines’ gas disposal pipe.

[0015] The process can further comprise: detecting the at least one halogenated
hydrocarbon exiting the bed of adsorbent, actuating a detectable alarm to indicate that
the bed of adsorbent is saturated, and replacing the saturated adsorbent with unsaturated
adsorbent. The saturated adsorbent can be heated to an elevated temperature at
controlled process conditions during regeneration of the adsorbent to assist in desorption
of the at least one halogenated hydrocarbon from the adsorbent. The saturated adsorbent
can be heated with microwaves. A purge gas can be heated prior to being fed through or
passed through the saturated adsorbent to raise the temperature of the saturated
adsorbent to the elevated temperature. The elevated temperature can be in the range of
30 °C to 220 °C. In some cases, the elevated temperature can be between 30 °C and 180
°C. The purge gas can be heated to a temperature in the range of 30 °C to 220 °C. In
some cases, the purge gas can be heated to a temperature between 30 °C and 180 °C.
The purge gas can be an inert gas such as nitrogen.

[0016] The at least one halogenated hydrocarbon can be a mixture of at least two
different anesthetics, the adsorbent can be configured to adsorb the at least two different
anesthetics, the purge gas can desorb the at least two different anesthetics from the

adsorbent into the purge gas, and where the process can further comprise: condensing
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the two different anesthetics desorbed into the purge stream into liquid form, and purifying
the condensed liquid form of the two different anesthetics by fractional distillation to
isolate and separate purified, anesthetics. The fractional distillation can be performed
under either vacuum or pressure. The process can further comprise washing the
condensed liquid that is a mixture of different anesthetics with water before purification by
fractional distillation.

[0017] The mixture of the at least two different anesthetics purified by fractional
distillation can comprise 2,2,2-trifluoro-1-fluoroethyl-difluoromethyl ether and 2,2,2-
trifluoro-1-[trifluoromethyllethyl fluoromethyl ether.

[0018] In a further aspect, there is provided a use of an adsorbent having a pore
lattice structure with an average pore opening between about 5 and about 50 angstroms
for the adsorption of an inhalation anesthetic. The inhalation anesthetic can be 2,2,2-
trifluoro-1-fluoroethyl-difluoromethyl ether or 2,2, 2-trifluoro-1-[trifluoromethyl]ethyl
fluoromethyl ether. In some cases, the average pore opening is between about 5 and
about 10 angstroms. in other cases, the average pore opening is between about 15 and
about 30 angstroms. The adsorbent can be a SiO, based organophilic material having a
SiO;, content of 90 wt% or greater. The adsorbent can have less than 10% by weight of
Al,O;. The adsorbent can be substantially free of Al,O;. The adsorbent can have a weight
ratio of SiO,: Al,O; of 98 : 1 or greater. The adsorbent can have less than about 1% by
mass of cation. The adsorbent can have a neutral surface. The adsorbent can have a
specific surface area of about 400 to about 1500 m?/g. The adsorbent can have a specific
surface area of about 500 to about 1250 m?/g. The adsorbent can have a specific surface
area of about 600 to about 900 m?%/g.The adsorbent can have average pore size of 20
angstroms, and/or a surface area of 750 m*/g.

[0019] In a further aspect, there is provided an adsorbent for adsorbing a
halogenated hydrocarbon, the adsorbent having a pore lattice structure with an average
pore opening between about 5 and about 50 angstroms, less than 10% by weight of
cation; and a surface area of between about 400 m%g and about 1500 m%g. In some
cases, the adsorbent has an average pore opening between about 5 and about 10
angstroms. In other cases, the average pore opening is between about 15 and about 30
angstroms. The adsorbent can be a SiO, based organophilic material having a SiO,
content of 90 wt% or greater. The adsorbent can have less than 10% by weight of Al,Os.
The adsorbent can be substantially free of Al,O;. The adsorbent can have a weight ratio
of Si0,: ALO; of 98 : 1 or greater. The adsorbent can have less than about 1% by mass
of cation. The adsorbent can have a neutral surface. The adsorbent can have a specific

surface area of about 400 to about 1500 m?/g. The adsorbent can have a specific surface
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area of about 500 to about 1250 m?/g. The adsorbent can have a specific surface area of
about 600 to about 900 m%g.The adsorbent can have average pore size of 20 angstroms,
and/or a surface area of 750 m?/g

[0020] In a further aspect, there is provided an adsorbent system for adsorbing
halogenated hydrocarbons, the adsorbent system comprising: one adsorbent having a
pore lattice structure with an average pore opening of between about 5 angstroms and
about 10 angstroms; less than 10% w/w of Al,Q,, a surface area of between about 400
m?/g and about 1500 m?/g; and another adsorbent having a pore lattice structure with an
average pore opening of between about 15 angstroms and about 30 angstroms; less than
10% wiw Al,O5, surface area of between about 400 m%g and 1500 m%g.

[0021] In a further aspect, there is provided a sensor for detecting the presence of
halogenated hydrocarbons in a gas stream, the sensor comprising: an electrical current
generator for passing a current through the gas stream; a conductivity sensor for
determining the thermal conductivity of the gas stream based on the current passing
through the gas stream; a processor for comparing the thermal conductivity with
predetermined values to determine if halogenated hydrocarbons are present in the gas
stream.

[0022] In a further aspect, there is provided an adsorbent system for adsorbing
anesthetics, the adsorbent system comprising: an input for receiving a gas stream
containing the anesthetics from an operating room exhaust or the hospital central
anesthetic gas exhaust; a non-chemical dryer connected to the input; a chemical dryer
connected to the non-chemical dryer; a filter connected to the chemical dryer for
removing bacterial and particulate matter; and an adsorber unit connected to the filter for

adsorbing the anesthetics from the gas stream.

Description of the Figures
[0023] Other aspects and features of the present application will become
apparent to those ordinarily skilled in the art upon review of the following description of
specific embodiments in conjunction with the accompanying figures.
[0024] Embodiments will now be described, by way of example only, with
reference to the attached Figures, wherein:
FIG. 1ais a schematic of a system for capturing anesthetics from a gas
stream exiting an anesthetic gas machine;
FIG. 2 is a schematic of a system for capturing anesthetics from a gas
stream within a patient breathing circuit of an anesthetic gas machine:
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FIG. 3 is a schematic of a central collection system for capturing
anesthetics from multiple anesthetic gas machines or a hospital central anesthetic
gas exhaust.

FIGs. 4a-c are schematics of contemplated embodiments of the central
coliection system,

FIG. 4d is a schematic of a contemplated “layered” canister with two
adsorbent layers;

FIG. 5 is a schematic of a system used to regenerate the adsorbed
material in a canister and recover the captured material;

FIG. 6a is a schematic of a single column, batch distillation apparatus for
purifying the components of the captured material;

FIG. 6b is a schematic of a multi-column, batch distillation apparatus for
purifying the components of the captured material;

FIG. 7 illustrates the mass change over time of a canister and a trap, each
filled with an adsorbent and having desflurane passed therethrough;

FIG. 8 illustrates the mass change over time of a canister and a trap, each
filled with an adsorbent and having sevoflurane passed therethrough;

FIG. 9 illustrates the mass change over time of a canister and a trap, each

filled with two adsorbents and having sevoflurane passed therethrough.

Detailed Description

[0025] Generally, the present application relates to methods and systems for
capturing a variety of halogenated hydrocarbons and for purifying the captured
compounds. Compounds generally known as halogenated hydrocarbons include bromo-,
chloro- and/or fluoro-ethers, fluorinated alky! ethers, chloro- fluorohydrocarbons,
chlorofluoroethers and their derivatives.

[0026] Inhalation anesthetics are well known types of halogenated hydrocarbons
which include isoflurane (Forane™), enflurane (Enthrane ™), halothane (Halothane ™),
methoxyflurane (Penthrane™), desflurane (Suprane™) and sevoflurane (Ultane™).
[0027] Other well known halogenated hydrocarbons include the variety of
refridgerant gases, such as Freons™ (which include trichlorofluromethane, and
dichlorodifluoromethane). This family of halogenated hydrocarbon compounds includes,
for example, an alkyl group or ether group substituted with one or more of chloro-, fluoro-
and bromo- groups.

[0028] While the following description relates to the recovery of various inhalation

anesthetics, it is appreciated that the principles of the application, which are
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demonstrated by the following embodiments, can be equally applicable to the recovery of
other types of halogenated hydrocarbons.

[0029] During surgery, a patient is treated with inhalation anesthetics by way of an
anesthetic gas machine. It is appreciated that the use of the term “patient” is in a general
sense and should not be limited to human patients. It is understood that anesthesia is
practiced on a variety of mammals, not only humans, but also animals such as horses,
cattle and other forms of livestock, domestic pets and the like.

[0030] The inhalation anesthetics are first partly evaporated in the vaporizer of the
anesthetic gas machine and typically delivered in combination with “medical air”, which is
typically a combination of oxygen and/or nitrous oxide and/or air. As the patient breathes
the gas stream containing the anesthetic (with support of a respirator), a desired degree
of unconsciousness is achieved and monitored by the anesthetist. Typically, not all of the
anesthetic is adsorbed or metabolized by the patient. Flow rates of the gas stream to the
patient may be in the range of 0.5 to 7 liters per minute, where the concentration by
volume of the anesthetic may be in the range of 0% to 8.5% depending on numerous
factors and conditions evaluated and monitored by the anesthetist.

[0031] It is important to ensure that the gas mixture containing anesthetic being
administered by the anesthetic gas machine is not exhausted into the operating theatre,
because exposure to the anesthetics can have both short term and long term effects on
the people in the operating room. As such, scavenging systems are typically provided to
contain the anesthetic rich gases (which may include patient exhalent) and/or externally
divert the anesthetic rich gases outside of the operating room. In the present
embodiments, the anesthetic rich gas is adsorbed on an adsorbent before the gas is
vented to the atmosphere.

[0032] In one embodiment of a collection system herein, the collection may be
performed using an container collection system. A container collection system is
understood to be a collection system where one or more canisters are used to collect
anesthetics from a single anesthetic gas machine or from multiple anesthetic gas
machines. One embodiment of a container collection system is illustrated in FIG. 1 where
a single canister is in line with the outlet of the anesthetic gas machine. in this system the
patient represented at 10 is connected to a mask (not shown) having a gas line 14
communicating therewith. The desired mixture of anesthetic and carrier gas or gases is
delivered in gas line 14 to the patient 10. The anesthetic rich gas is returned in exhalent
line 16 to the anesthetic gas machine 18. The anesthetic gas machine 18, which is
supplied with an anesthetic and carrier gases (for example medical air - in this example,

oxygen and air) in oxygen line 20, anesthetic line 22 and air line 24, is operated to
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introduce the desired mixture in gas line 14. The anesthetic rich gas in exhalent line 16 is
discharged from the anesthetic gas machine 18 via discharge line 26. A canister 28,
having an inlet line 30 and an outlet line 32, is interposed in discharge line 26 at a
position outside of a patient breathing circuit. The anesthetic rich gas in discharge line 26,
therefore, flows through the canister 28 before ultimately exhausting to atmosphere 34.
With some anesthetic gas machines, the patient breathing circuit can be open,
semiclosed or closed. An open circuit results in no rebreathing by the patient of the gas
returned to the anesthetic gas machine via exhalent line 16. A semiclosed circuit results
in partial rebreathing by the patient of the gas returned to the anesthetic gas machine via
exhalent line 16. A closed circuit results in complete rebreathing by the patient of the gas
returned to the anesthetic gas machine via exhalent line 16. Anesthetic gas machines
with semiclosed or closed circuits can use a CO, absorber to scrub the patient’s exhaled
carbon dioxide.

[0033] The canister 28 is charged with an adsorbent that adsorbs the anesthetic
from the gas stream exiting the anesthetic gas machine, intending to leave the stream
discharge to atmosphere 34 substantially free of inhalation anesthetic. An anesthetic
sensor 36 may be provided in exhaust line 38 to sense the presence of anesthetics
exiting from the canister 28. It is appreciated that an adsorption front of adsorbed
anesthetics travels along the bed of adsorbent towards the canister outlet as the
anesthetic is adsorbed. Such an adsorption front will usually have a curved profile across
the canister as it approaches the outlet. The sensor would sense when any portion of the
adsorption front has broken through the adsorbent into the outlet. Replacement of the
canister may be desirable at this time even though the bed of adsorbent may not be fully
saturated with anesthetic. The anesthetic sensor 36 may be connected via a signal line
40 to the anesthetic gas machine 18, or to some remote monitoring station (not shown).
The anesthetic gas machine 18 or remote monitoring station may be equipped with an
alarm 42 which is actuated when the anesthetic sensor 36 senses anesthetics in exhaust
line 38. The alarm can be a light and/or audible alarm. This would indicate to the
anesthetist or a technician that the canister 28 should be replaced so that continued
recovery of anesthetics is achieved. It is appreciated that a bypass 44 controlled by a
bypass valve 46 may be provided to route the gas stream exiting the anesthetic gas
machine 18 past the canister 28 during replacement of the canister. In this instance, a
shut-off valve 48 is provided in discharge line 26 to shut off the supply to canister 28
during replacement of the canister. Instead of bypass 44 and shut-off valve 48, a three-

port valve could direct the flow of gas past the canister 28 during replacement of the
canister.
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[0034] There may be cases where the medical air supply may be left on even
though no anesthetic is being used. In such a situation, it is undesirable to continue to
flow medical air through the canister since the continuous flow of medical air can slowly
desorb the anesthetics previously captured. In order to address such a situation, a
second anesthetic sensor 50 may be provided in discharge line 26 in order to detect
anesthetics. In the event that no anesthetics in the flow are detected by the anesthetic
sensor 50, bypass 44, controlled by bypass valve 46, could be triggered to route the
medical air directly to the atmosphere at 34.

[0035] As discussed above, anesthetic gas machines can include partially closed
or closed breathing circuits. In such breathing circuits, patient exhalent is circulated
through the breathing circuit via a ventilator and is scrubbed to remove exhaled carbon
dioxide before being re-breathed by the patient. In an alternative collection system,
termed an “breathing circuit collection system”, the anesthetics are adsorbed by a
canister in-line with the breathing circuit. The canister of this embodiment is positioned to
adsorb anesthetic gas hefore the anesthetic gas machine discharges the exhaust gas to
atmosphere.

[0036] As illustrated in FIG. 2, the anesthetic gas machine 18 accepts an
anesthetic and carrier gases (for example medical air -- in this example, oxygen and air)
in oxygen line 20, anesthetic line 22 and air line 24. These are mixed in mixer 51a. The
anesthetic rich gas is delivered to patient 10 via gas line 14. Patient exhalent is returned
to the anesthetic gas machine 18 via patient exhalent line 16. The returned gas is
delivered to ventilator 51b via ventilator line 51c. The anesthetic rich gas is delivered to
carbon dioxide scrubber 51d via scrubber line 51e and scrubbed of carbon dioxide. The
scrubbed gas is delivered to canister 28 via canister inlet line 30. The canister 28 is
charged with an adsorbent that adsorbs the anesthetic from the gas stream exiting the
carbon dioxide scrubber 51d.

[0037] Although FIG. 2 illustrates the canister 28 as being positioned after the
ventilator 51b and scrubber 51d, it should be understood that the relative positions of the
ventilator, scrubber and canister along the breathing circuit could be changed.

[0038] The gas flowing out of canister outlet 32 is directed via a circulation valve
51f either back to the mixer 51a or, via discharge line 26, out of the anesthetic gas
machine 18 and ultimately to atmosphere 34. An anesthetic sensor 36 may be provided in
discharge line 26 to sense the presence of anesthetics exiting the anesthetic gas
machine 18. Sensors and valves, such as those described above with regard to the

container collection system, could be used to determine when the canister needs to be
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replaced and to direct the flow of gas around the canister during replacement of the
canister.

[0039] In an alternative system, illustrated in FIG. 3, the anesthetics are captured
by a central adsorber collection system 52. A central adsorber collection system is
understood to be a collection system that takes as its input anesthetics from multiple
anesthetic gas machines (e.g. 18', 18" and 18""), which may be located in multiple
operating rooms. This central collection system would operate in a similar fashion to the
container collection system described above, in that the central adsorber collection
system would be charged with at least one adsorbent which selectively adsorbs the
anesthetics from the combined gas streams exiting the anesthetic gas machines,
intending to leave the discharge stream substantially free of anesthetics for ultimately
exhausting to atmosphere 34. The central adsorber collection system may include several
adsorbers and each geometrically sized to facilitate larger volume of adsorbate in the
system and/or less frequent replacements and/or desired longer adsorption time.

[0040] An anesthetic sensor 36’ may be provided in the central adsorber
collection system exhaust line 38’ to sense the presence of anesthetics exiting the central
adsorber collection system. The anesthetic sensor 36’ would sense when anesthetics
have broken through the adsorbent into the exhaust and prompt a user with feedback
(e.g. an alarm) to change the adsorbent by, for instance, replacing one or more
adsorbers, replacing the adsorbent in one or more adsorbers, or regenerating the
adsorbent. Trap 54 may be provided in the exhaust line 38’, located before the system
exhausts to the atmosphere 34, in order to reduce the possibility that anesthetics are
released to the atmosphere. The trap 54 may have the same adsorbent as the central
adsorber collector, or may have a different adsorbent, such as activated carbon, silicalite,
or molecular sieves.

[0041] An alternative to providing the anesthetic sensor 36’ for sensing an
anesthetic in the exhaust line is to provide a weight sensor (e.g. a load cell) such that the
weight of the capture device (or adsorbent or canisters) could be monitored and the user
could be prompted to change or regenerate the adsorbent once a predetermined weight
of anesthetic was collected in the central adsorber collection system.

[0042] In another alternative to using the anesthetic sensor 36’, historical loading
patterns could be used to determine an appropriate time to change or regenerate the
adsorbent or to determine an appropriate adsorber size to support a given time of
collection. Replacement or regeneration of the adsorbent in any of the above alternatives

may be desirable even though the adsorbent is not fully saturated with anesthetic.
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[0043] Sensors 56°, 56” and 56" may be provided in central adsorber collection
system inlet lines 26', 26” and 26™". The sensor 56’, 56" and 56’ sense the presence of
anesthetics in the medical air and/or operation of the anesthetic gas machine. In cases
where no anesthetics are detected, or if the associated anesthetic gas machine is not in
operation, inlet lines 26’, 26" and/or 26"’ may be closed off to isolate the appropriate
operating room from the central adsorber collection system 52. The inlet lines 26, 26"
and 26™ may alternatively be used to route the medical air, via bypass 58, to the
atmosphere and away from the central collection system 52. Closing off the inlet lines 26’
26" and 26" or routing the medical air through bypass 58 can be achieved using bypass
valves 59', 59" and 59"

[0044] One example of such a sensor is a sensor which can be used to detect
anesthetics in the exhaust line. Such a sensor could measure thermal conductivity of the
gas in the exhaust line and transform the thermal variations into an electrical signal.
Thermal conductivity of the gas stream with anesthetic is a physical property found to
vary under normal operating conditions of the anesthetic gas machine. Such a signal
could be used to provide a numerical indication of the concentration of anesthetic in the
exhaust line. As described above, the signal could also be used to operate a valve to
isolate the operating room or to route the medical air to the atmosphere. Another example
of an appropriate sensor would be a pressure sensor or valve which would detect
pressure coming from the anesthetic gas machine.

[0045] One of the issues involved in a central adsorber collection system relates
to the flow rate and concentration of anesthetics in the flow. Typically, a hospital
scavenging system uses a pump or blower device 60 located before the central collection
system to draw the gas stream from various operating rooms into the scavenging system.
This device draws the gas stream originating from the anesthetic gas machines 18’, 18”
and 18", as well as additional “make up” air. An increased flow rate due to the make up
air results in a dilution of the concentration of anesthetics 22’, 22" and 22™, This dilution
can be, for example, in the range of 1:20 (volume of anesthetic gas stream from the
anesthetic gas machine: volume of flow entering the hospital scavenging system and
passing through the central collection system) since the flow rate from an anesthetic gas
machine can be about 2 L/min, while the flow rate entering the hospital scavenging
system can be 40 L/min. Given the dilution of anesthetics passing through the central
collection system, the capture device (e.g. each canister of the central collection system
specifically, or the central collection system in general) should be designed to ensure that
the residence time is adequate for the adsorbent material to adsorb the anesthetics.
Changing the residence time can be effected by changing the volume of the capture
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device or by changing the flow rate of the gas. It is appreciated that the relationship
between these variables is given by the equation: Residence Time = Capture Device
Volume / Gas Flow Rate.

[0046] FIGs. 4a, 4b and 4c show alternative embodiments for canisters making up
the collection systems described above. Fig 4d shows one embodiment of the
components which could be included in a canister. The collection system may be made
up of a single canister of adsorbent (FIG. 4a), or may have multipie canisters of the same
or various types of adsorbents. Canisters may be of the same or different sizes or
capacities. The multiple canisters of adsorbent may be in series (FIG. 4b) or in parallel
(FIG. 4c). With multiple canisters in parallel, the collection system may first pass the input
gas through one or more canisters until the adsorbent in that canister (or canisters) is
saturated, and then pass the input gas through another canister or set of canisters. This
could be achieved by including anesthetic sensors 62 and 62’ in the exhaust line of each
canister to detect when anesthetic gases have broken through the adsorbent of that
canister into the exhaust, and bypasses controlled by bypass valves 64 and 64’ to route
the input gas around that canister. Alternatively, the collection system could route the
input gas away from a canister when the canister reaches a predetermined weight. In
another embodiment, the collection systems may pass the input gas through all the
parallel canisters at the same time.

[0047] In various cases, the canisters making up a collection system may include
different adsorbent materials, and may be of different geometrical configurations, different
weights and volumes, different materials of construction, and have different capacities for
adsorption. The specific variables can be chosen in view of the variable concentrations of
the anesthetic gas in the administered gas mixture; the variable flow rates of the
administered gas mixtures; the various scavenging systems commonly used in hospitals
(active or passive); the various anesthetic gas machine exhausts; the different anesthetic
gas machine type of outlets; and other operating room settings. The configurations of the
canisters for a particular application can be adapted to meet a hospital’s requirements for
the frequency of adsorber replacement, space requirements, or various other factors.
[0048] In each case, the canister can be configured to facilitate adsorbent loading
and unloading, to provide proper connection to the anesthetic gas exhaust outlet; to
ensure gas stream flow distribution during adsorption and regeneration; to provide easy
handling; and to accommodate space availability.

[0049] A canister, a canister collection system, or a central adsorber collection
system may be filled with more than one adsorbent. In such a situation, the different

multiple adsorbents may be layered in separate “beds” within the single canister, as
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illustrated in FIG. 4d where 66 identifies a first bed, 68 identifies a second bed and 70
identifies a mesh which keeps the beds separate but allows the gas to flow from the inlet
end of the canister to the outlet end of the canister. The canister illustrated in FIG. 4d also
shows a diffuser 71 at the inlet end, which distributes gas throughout the canister thereby
reducing the possibility that there are pockets of adsorbent which do not contact the gas
stream.

[0050] Such a layered system could be used in a “staged” adsorption where the
objective of each layer is to adsorb a specific target compound or compounds (e.g. the
objective of the first layer would be to adsorb water, the objective of the second layer
would be to selectively adsorb desflurane and isoflurane, and the objective of the third
layer would be to adsorb sevoflurane). Such a layered bed could be removable from the
canister for separate regeneration of the multiple adsorbents. It is appreciated that such a
layered canister could be used in both the central coliection system described above, as
well as the container collection system described previously.

[0051] In one embodiment of a “staged” adsorption canister, the first layer
contacted by the mixture of anesthetics could be a layer of adsorbent having an average
pore diameter of between about 5 angstroms and about 10 angstroms. This first
adsorbent would adsorb one or more anesthetics, while not adsorbing other anesthetics.
[0052] The second layer contacted by the anesthetics could be a layer of
adsorbent having an average pore diameter of between about 15 angstroms and about
30 angstroms. This second adsorbent would adsorb one or more anesthetics, including,
for example, sevoflurane. In such an embodiment of a “staged” adsorption canister,
adsorption of a mixture of desflurane and sevoflurane could result in preferential
adsorption of desflurane on the first layer and preferential adsorption of sevoflurane on
the second layer.

[0053] The collection systems may have one or more in-line filter (not shown) to
remove particulates and/or biological contamination before the contamination reaches the
central collector. The filter can be a 0.2 micron, hydrophobic, gas cartridge filter. An
example of such a filter is the High Flow TETPOR™ |l pharmaceutical grade gas
cartridge filter made by Domnick Hunter Limited, England.

[0054] It may be advantageous to remove specific targeted compounds from the
gas flow using one or more selective adsorbents before the gas flow passes through the
central collection system or container collection system. Moisture can be removed using a
condenser (not shown) and/or may be removed using 3A, 4A, or other known
conventional desiccants (not shown) having appropriately sized pores to avoid adsorbing

the anesthetics. In order to prevent or reduce decomposition of an anesthetic caused by
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the desiccant, it may be desirable to first remove moisture using a condenser and then
appropriately limit the amount of desiccant used to dry the gas flow and/or select a
desiccant which does not result in decomposition of the anesthetic. The desiccant may be
separated from the adsorbent used to adsorb the anesthetics, with the desiccant and
adsorbent being located in separate canisters.

[0055] With regard to the decreased adsorption capacity of the material in the
presence of water, Table 1, below, shows the breakthrough and maximum capacity of two
particular halogenated anesthetics (sevoflurane and desflurane) on an adsorbent with
and without water. The adsorbents were placed in lab-sized canisters, having a capacity
of about 1 kg of adsorbent, which are smaller than commercially sized canisters.
Breakthrough capacity of water was 127g and the maximum capacity of water was 322g.
As can be seen, breakthrough capacities and maximum capacities of both sevoflurane

and desflurane are significantly reduced in the presence of water.

Breakthrough capacity (g) Maximum Capacity (g)
Sevoflurane Desflurane Sevoflurane Desflurane
wiout w/out wiout wlout
w/ Hzo w/ Hzo w/ H20 w/ Hzo
HZO Hzo Hzo Hzo

188 378 113 234 300 542 210 369
Table 1
[0056] According to one embodiment herein, the canister is charged with an

adsorbent material having an organophillic pore lattice structure. The adsorbent can be
based on SiO,~-based molecular sieves. Molecular sieves should be understood to be
materials which contain tiny pores of a relatively precise and relatively uniform size.
Materials used as an adsorbent for gases and liquids can include aluminosilicate
minerals, clays, porous glasses, microporous charcoals, zeolites, active carbons, silical
gel or synthetic materials.

[0057] The adsorbent can have an average pore opening of about 5 to about 50
angstroms. In particular embodiments, the adsorbent can have an average pore opening
of about 5 to about 10 angstroms. In other embodiments, the adsorbent can have an
average pore opening of about 15 to about 30 angstroms. It has been found that
adsorbent material with an average pore size greater than 15 angstroms can be used to
adsorb one or more anesthetics. Anesthetics able to be adsorbed by an adsorbent having
an average pore opening greater than 15 angstroms include sevoflurane and desflurane.
[0058] Molecular sieves based on SiO, typically have a formula of

M (Al203),(SiO,), where M is a cation. It is preferable to avoid adsorbent materials with a
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basic surface as some halogenated hydrocarbons can be degraded under basic (i.e. high
pH) conditions. Since Al,O; is basic in character (typically existing as AI(OH), under
neutral conditions), adsorbents contemplated in the present application preferably have
less than about 10% by total weight of Al,O;. More preferably, the adsorbent used in the
present application has less than 5% by total weight of Al.O;. An adsorbent which is
substantially free of Al,O, is particularly preferable. 1t would be understood that an
adsorbent which is “substantially free of Al,O;” is an adsorbent which has no more than
about 1% w/w of Al,Os.

[0059] Adsorbent material with a neutral surface (i.e. with low levels of cations in
the lattice) is preferable, since cations (such as Na®, K*, Ca®", AP’ etc) may cause
catalytic reactions and degradation of the halogenated hydrocarbon being adsorbed. An
adsorbent material with a neutral surface would be understood to mean an adsorbent
having less than 1%, preferably less than 0.1% and particularly preferably less than
0.01%, by mass, of cation.

[0060] It would be understood that changes in pore size and active surface area
of the material would affect the total amount of halogenated hydrocarbon which could be
adsorbed. Adsorbent having a specific surface area of about 400 m%g to about 1500 m%g
could be used. According to one embodiment, the adsorbent is an amorphous silica
adsorbent that has an average pore size of about 20 angstroms, a specific surface area
of about 750 m%g, a pore volume of about 0.4 mL/g and has less than about 1.0 wt%
Al,Os.

[0061] The canister can be charged with an additional adsorbent material that has
a pore lattice structure with an average pore opening of between about 5 and about 10
angstroms. This additional adsorbent material can be used to adsorb one or more
anesthetics. One anesthetic which is able to be adsorbed by the additional adsorbent
material is desflurane. Using the additional adsorbent material would allow selective
adsorption of desflurane from a mixture of desflurane and sevoflurane.

[0062] According to one embodiment, the additional adsorbent material is a silica
adsorbent that has average pore size of about 6 angstroms, a specific surface area of
about 400 mzlg, a pore volume of about 0.14 mL/g, and has less than about 1.0 wt%
ALO;.

[0063] in one embodiment, the canister, which may be cylindrical in shape, has
an inlet located at or near the bottom and an outlet at the other end. The inlet can be
attached via a pipe to a diffuser at the bottom of the canister, as illustrated in FIG. 4d.
Alternatively, the inlet and an outlet can both be located at the same end. The canister

could be made from any material with appropriate heat resistant and corrosion resistant
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properties. The material could be, for example, ceramic, glass, engineered plastic or
stainless steel, such as S8316.

[0064] The gas stream in discharge line 26 exiting the anesthetic gas machine 18
(see FIG. 1) typically contains moisture. This has presented significant problems in the
past in attempting to recover anesthetics from gas stream exiting anesthetic gas
machines. In order to overcome this problem, the moist gas stream may be first passed
through a hydroscopic adsorbent which adsorbs the moisture, but has pore sizes that
avoid the adsorption of anesthetic. In this manner, the moist gas stream can be dried
prior to capture of the anesthetic on the adsorbent. It is would be readily understood that
the hydroscopic adsorbent could be placed inside or outside the canister, as long as it
was in-line with the anesthetic adsorbent and adsorbed the moisture before the gas
stream passed through the anesthetic adsorbent.

[0065] A single patient is usually treated with a single anesthetic. However, during
the time that a container collection system or a breathing circuit collection system is
attached to an individual anesthetic gas machine, several different operations may occur
with different anesthetics being used. Additionally, in a central adsorber collection system,
each anesthetic gas machine in each operating room of a hospital may be using different
anesthetics. In either of the above situations, a canister of adsorbent in either of (i) a
central adsorber collection system or (ii) an canister collection system would be exposed
to several anesthetics, in sequence or simuitaneously. Different anesthetics may have
different effects on the anesthetic adsorbents. It is believed that the adsorption of an
anesthetic results in heat generated during the adsorption process. It is therefore
sometimes desirable to first capture one or more specific anesthetics using a first
anesthetic adsorbent before capturing one or more other anesthetics. In a similar manner,
it may be desirable to remove as much water as possible before adsorbing the inhalation
anesthetic in order limit the heat released during the adsorption process.

[00686] Canisters loaded with adsorbed anesthetics can be subjected to a process
to regenerate the anesthetic adsorbent in the canister 28 and to recover the anesthetic
material. An embodiment of a general desorption system is illustrated in FIG. 5. A
desorption system could process a single canister at a time or multiple canisters in series
or in parallel. A desorption system could be integrated with a central collection system so
that the adsorbent of the central collection system could be regenerated without having to
be removed from the central collection system.

[0067] In the system of FIG. 5, the canister may be heated within a desorption
vessel 72, to enhance the desorption of the adsorbed anesthetics. In one example, the
adsorbents are heated to a temperature range of about 25 °C to about 220 °C.
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Preferably, the desired temperature is between 60 °C and 120 °C. It is appreciated that
with different types of halogenated hydrocarbons, different temperature ranges may be
necessary to desorb the compounds. In order to heat the adsorbents within the canister
to the desired temperature, the desorption vessel 72 may be a conventional oven having
heating coils surrounded by insulating material. It is understood that in view of the
transparency of the anesthetic adsorbing material to microwaves, a microwave oven may
be substituted for the conventional oven.

[0068] While FIG. 5 shows one canister, it should be appreciated that the
desorption process could be run with more than one canister (not shown) connected in
paraliel or in series.

[0069] A purging gas is passed through the canister 28 to desorb the organic
anesthetics from the adsorbent or adsorbents. In accordance with a particular aspect of
this application, the purging gas is an inert gas. The inert purging gas can be nitrogen. In
one arrangement, the canister or canisters are not contained within a heated desorption
vessel 72 (such as a conventional or microwave oven) but heat for desorbing the
anesthetics can come from heated purging gas.

[0070] The purging gas may be heated using a heater 74. As noted above, in
some cases, the adsorbents in canister 28 may be heated by heating the nitrogen gas or
air purging stream, even if direct application of heat to the canister is not applied. in
accordance with the embodiment illustrated in FIG. 4, nitrogen gas is heated in heater 74
to the desired temperature in the range of about 25 °C to about 220 °C. Preferably, the
desired temperature is between about 60 °C and about 120 °C. FIG. 4 shows the
desorption system as a closed loop, the purging gas being continuously recycled. Any
loss of purging gas from the system (e.g. due to removal of material from the system) can
be replenished via purging gas source 76.

[0071] It may be desirable to desorb canister 28 at a higher temperature, for
example if removal of water is desired, typically after the anesthetics have already been
desorbed. In such a situation, canister 28 and/or the purging gas stream can be heated to
about 200 °C or higher. It may even be desirable to heat the canister 28 and/or the
purging gas stream to as high as 1000 °C in order to more thoroughly regenerate the
canister.

[0072] It is appreciated that temperature and pressure both affect the amount of
time required to regenerate the adsorbent. Increasing the temperature and/or decreasing
the pressure reduce the amount of time required for desorption, while decreasing the
temperature and/or increasing the pressure would increase the amount of time required
for desorption.
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[0073] In some situations, it may be desirable to desorb the canister under a
partial vacuum since the reduced pressure would reduce the temperature required to
regenerate the adsorbent, and thereby reduce decomposition of any temperature
sensitive adsorbed anesthetics. In an embodiment where the desorption process is
operated under vacuum, the adsorbents may be heated to 50 °C to effect desorption of
the anesthetics. In an embodiment at standard pressure, the adsorbents may be heated
to about 120 °C to effect desorption of the anesthetics. It is believed that at a reduced
pressure, the canister 28 could be regenerated at temperatures between about 50 °C and
about 60 °C. Regeneration of adsorbent could also be achieved at temperatures as low
as 25 °C, where the time for regeneration is thereby extended.

[0074] The purging gas passes through the adsorbents in the canister 28. The
purging gas exits the canister 28 through purging gas exit line 78 and may pass through a
temperature sensor 80. The temperature sensor 80 provides an indication of the
temperature of the purging gas in the exit line 78. When the temperature of the purging
gas in the exit line 78 achieves a temperature nearing that of the temperature in purging
gas entrance line 82, it can be determined that the adsorbents are at a temperature
approximating the inlet temperature and that most of the anesthetics have been
desorbed. The system is then run for a desired period of time beyond that point to ensure
complete desorption. Alternatively, the purging gas can be run for a predetermined time,
with the predetermined time being based on empirical knowledge gained from historical
desorption experiments. In another alternative, a sensor can be used to determine the
presence of anesthetic in the exit line.

[0075] The desorption process may be automated and a temperature sensor 84
may be included in the inlet side to measure the temperature of the incoming stream. By
way of a suitable microprocessor, the signals from the temperature sensors 80 and 84
may be fed to a control system 86 which compares the temperatures and actuates a
signal to indicate that canister regeneration process is complete. It is appreciated that
regeneration of the adsorbents may take place at lower temperatures outside of the
preferred range.

[0076] It is appreciated that, adsorbents may be removed from their canister and
placed with adsorbents removed from other canisters. The combined adsorbents may
then be regenerated in a separate vessel in a manner as discussed above with respect to
a single canister.

[0077] The stream of purging gas coming from the canister via the purging gas
exit line 78 can optionally be passed through an aqueous condenser 90 to remove water

from the gas stream. This aqueous condenser 90 can be operated at a temperature of,
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for example, 0 °C to 20 °C. The gas stream can then be optionally passed through a
desiccant dryer 92 to remove any residual water. The desiccant dryer 92 could,
preferably, remove sufficient moisture to lower the dew point to below about -60 °C. The
moisture content (i.e. dew point) could be measured, for example, with moisture sensor
93. The dessicant dryer 92 could include multiple containers of dessicant and the gas
stream could be directed through the containers in series and/or in parallel, in a similar
manner as discussed with regard to the canisters of adsorbent illustrated in FIG. 4a-c.
[0078] The gas stream can also be passed through a microfilter 94 to remove any
particulates and/or biological contamination. In one embodiment, the filter is a 0.2 micron,
hydrophobic, gas cartridge filter. An example of such a filter is the High Flow TETPOR™
Il pharmaceutical grade gas cartridge filter made by Domnick Hunter Limited, England.
Finally, the gas stream can be passed through hydrocarbon condenser 96. The purpose
of the hydrocarbon condenser 96 is to remove, in liquid form, the anesthetic from the
purge gas. The hydrocarbon condenser 96 can be cooled with an appropriate coolant
(such as liquid nitrogen, silicone oil cooled by dry ice, or gaseous nitrogen at cryogenic
temperature), which can be fed through the hydrocarbon condenser 96 via coolant inlet
98 and coolant exit 100. This provides sufficiently cool temperatures in the hydrocarbon
condenser 96 to cause the anesthetics to condense and collect, via connection line 102,
in vessel 104 as halogenated condensate 106. The hydrocarbon condenser 96 can be
operated at a condensing temperature between about -20 and about -100 °C. In particular
embodiments, the hydrocarbon condenser 96 can be operated at a condensing
temperature between -20 and -85 °C. The gas stream can be recycled to the heater 74
via recycle line 108. A sensor capable of detecting anesthetic could also be used to
adjust the conditions at the hydrocarbon condenser 96.

[0079] It would be appreciated that any of the noted elements (e.g. desiccant 92,
microfilter 94 or the like) could be doubled, tripled, quadrupled, or otherwise and could be
attached in serial or in parallel as a way of introducing redundancy and continuous
operation into the system. In the situation where elements are arranged in paraliel it may
be advantageous to include a sensor or timer to shift between parallel streams. For
example, where there are multiple desiccant dryers 92, it may be advantageous to also
include a moisture sensor 93 which could detect moisture in the gas stream exiting the
first desiccant dryer 92 and switch the gas stream to a second desiccant dryer arranged
in parallel. One example of moisture sensor 93 is a dew point monitor.

[0080] As discussed above, a mixture of anesthetics may be adsorbed by the
anesthetic adsorbing material. Hence, the halogenated condensate collected from the

desorption process may consist of a mixture of anesthetics and may also include
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additional decomposition products and other compounds or impurities. Regardless of the
composition of the halogenated condensate, the individual anesthetics are preferably
separated, isolated and purified to predetermined standards, which may include medical
standards at which the recovered anesthetics can be administered to patients. The
medical standards for each anesthetic have a regulated purity level, normally in excess of
95 wt%, with the remaining impurities also having specified limits. An alternative
predetermined standard may be to provide a level of purity that could then conventiently
be subject to additional processing to reach the medical standard. For example, the
anesthetics could be provided in a form suitable to be a raw material for subsequent
processing.

[0081] To achieve the desired purity, the halogenated condensate can be
subjected to fractional distillation. It is understood that it would be possible to operate a
distillation process as either a batch or continuous process. It is appreciated that a single
column of appropriate length could be used to purify all the anesthetics, or that a multi-
column system could be used. It is also appreciated that distillation could be used to
purify only a single anesthetic (such as desflurane, sevoflurane or isoflurane) while
leaving the remaining anesthetics in the halogenated condensate. in this manner, the
halogenated condensate could be enriched with one or more of the anesthetics.

[0082] An embodiment of a distillation system with a single column, used for a
batch process, is illustrated in FIG. 6a. Halogenated condensate is heated in reboiler 108
and fed to column 110. The vapors in column 110 are condensed in condenser 112. A
vacuum system 114 at the top of the column 110 could allow the distillation process to be
performed under a partial vacuum. The condensed liquid exiting the condenser 112 is
split into two streams: collection stream 116, which is purified liquid coliected in collector
118; and return stream 120, which is a stream that re-enters the distillation column 110.
The ratio between the collection stream 116 and the return stream 120 is termed the
‘reflux ratio”. A properly chosen reflux ratio aids in achieving the desired purity.

[0083] The distillation system illustrated in FIG. 6a could also include one or more
testing points along the column, such as via testing ports 122 and 124, which could be
used to test the temperature and composition of the vapors in the column during
distillation. The temperature and / or the composition of the vapors could be used to set
the reflux ratio and/or the amount of energy used to heat the reboiler 108.

[0084] Another system is a multi-column, batch distillation system, an example of
which is illustrated in FIG. 6b. This system consists of a multistage fractional distillation
system having three distillation columns 110a, 110b and 110c. The halogenated

condensate is heated in reboiler 108a and rises into column 110a. Sufficient energy is
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applied to reboiler 108a to cause the liquid to boil and provide a vapor take-off in vapor
take-off line 112a. The vapor in line 112a is fed to the bottom of column 110b.
Condensate from the bottom of the column 110b is fed back into the top of column 110a
via condensate return line 114a. In a similar manner, the vapor in vapor take-off line 112b
is fed to the bottom of column 110c. Condensate from the bottom of column 110c¢ is fed
back into the top of column 110b via condensate return line 114b. The vapor in vapor
take-off line 112¢ can be condensed in condenser 122. A vacuum system 124 at the top
of the distillation column 110c can allow the distillation process to be performed under a
partial vacuum. The condensed liquid exiting the condenser 122 is split into two streams:
collection stream 126, which is a purified liquid collected in coliector 128; and return
stream 130, which is a stream that re-enters the distillation column 110c. As discussed
above, the ratio between collection stream 126 and the return stream 130 is termed the
“reflux ratio”. A properly chosen reflux ratio aids in achieving the desired purity.

[0085] It will be appreciated that any of the contemplated distillation systems may
be operated at atmospheric pressure or under a partial vacuum or under pressure.
Additionally, the contemplated distillation systems could have in-line analysis capability to
determine the temperature and composition of the liquid and/or vapor phase at any point
along the column. This in-line analysis capability could be connected to a computer
controlled automatic feedback system which could control the amount of heat applied to
the reboiler, the pressure in the column, and/or the reflux ratio in order to regulate the
distillation process.

[0086] The contemplated distillation columns may be packed with an appropriate
packing to increase the internal surface area of the column and increase the number of
theoretical plates per unit length of column. Examples of an appropriate packing material
could include metal, ceramic or glass.

[0087] The reboiler of the contemplated batch distillation systems may be
operated at a first setting in order to process a first component of a mixture before being
operated at a second setting in order to proces a second component of the mixture. The
reboiler(s) may be operated between about 500 kW and about 1500 kW, but the actual
setting is a function of the quantity and composition of the material in the reboiler,
including, for example, the refiux ratio.

[0088] In one particular embodiment of a multi-column, batch distillation system
used for proof of concept and interim processing, distillation column 1 can be 190” in
length and 3” in outside diameter. Distillation column 2 can be 202” in length and 3" in
outside diameter. Distillation column 3 can be 166" in length and 3” in outside diameter. In
another particular embodiment, distillation column 1 can be 166" in length and 3” in
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outside diameter. Distillation column 2 can be 176" in length and 3" in outside diameter.
Distillation column 3 can be 115" in length and 3” in outside diameter. The packing
material in the columns can be a 0.24 inch protruded metal ribbon, with a surface area of
372 square feet per cubic foot. Such a packing material can have a packing factor of 420.
One example of such a packing material is 0.24-Inch Pro-Pak Protruded Packing.

[0089] Within a mixture of anesthetics, a number of impurities can also be
present. These impurities may include chloromethane; 2,2,2-trifluroethanol; chloromethy!
2,2 2-trifluoromethyl-ethyl ether; 1,1,1,3,3,3-hexafluoroisopropanol; [(CF3),CHO],=CH;;
and/or (CF;),CHOCH,0CH,CF,. Such impurities may result in azeotropic mixtures with
one or more of the anesthetics, resulting in reduced effective yields during distillation. In a
situation where impurities are present, it may be desirable to reduce the amount of or
remove the impurities from the halogenated condensate before distillation is performed.
As one example, the halogenated condensate may be washed with water, preferably in
about a 1:2 wt/wt ratio. The water washing may be repeated until desired specifications
(for example, a desired reduction in the amount of impurities) are met. In the situation
where 1,1,1,3,3,3-hexafluoroisopropanol is present, it may be desirable to wash with
water until the level of 1,1,1,3,3,3-hexafluoroisopropanol is less than about 1.5% wt/wt,
and preferably less than 0.1% wt/wt. The level of 1,1,1,3,3,3-hexafluoroisopropanol may
be analyzed by gas chromatography or other suitable analytical technique.

[0090] Without limiting the scope of the present application, the following
examples exemplify aspects of and information relating to the embodiments herein. The
following examples were performed in laboratory situations using experimental canisters.
It will be understood that the experimental canisters may be smaller than commercially
sized canisters.

[0091] Example 1

[0092] The breakthrough and maximum adsorption capacities of an adsorbent
was determined for desflurane and sevoflurane. A canister was filled with about 1,100
grams of an adsorbent. The adsorbent was an amorphous silica adsorbent with an
average pore size of about 20 angstroms, a specific surface area of about 750 m?g, and
fess than about 1.0 wt% Al,Os. Desflurane at a concentration of 6% by volume, in
nitrogen was passed through the canister at a rate of 2 liters per minute. The outlet gas
was passed through a second canister (the “trap”) having the same adsorbent as the first
canister. FIG. 7 shows the mass changes of the canister and trap over time. It can be
seen that the breakthrough capacity of the canister is about 234 g of desflurane, while the
maximum capacity is 369 g of desflurane. In this case, breakthrough is deemed to be the
point when the weight gain in the trap exceeds 5 grams.
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[0093] In a similar experiment, sevoflurane, at a concentration of 2% by volume in
nitrogen, was passed through a canister of 1,100 g of adsorbent at a rate of 2 liters per
minute. The outlet gas was passed through a trap having the same adsorbent as the
canister. FIG. 8 shows the mass changes of the canister and trap over time. It can be
seen that the breakthrough capacity of the canister is 378 g of sevoflurane, while the

maximum capacity is 461 g of sevoflurane.

[0094] Example 2

[0095] The breakthrough and maximum adsorption capacities of a canister
containing layers of two adsorbents was determined for sevoflurane. A canister was
provided with about 550 grams of a first adsorbent and about 550 grams of a second
adsorbent. The two adsorbents were kept separated and not mixed. Gas passing through
the canister would first contact the first adsorbent and then contact the second adsorbent.
The first adsorbent was a silica adsorbent with an average pore size of about 6
angstroms, a specific surface area of about 400 mzlg, and less than about 1.0 wt% Al QOs.
The second adsorbent was an amorphous silica adsorbent with an average pore size of
about 20 angstroms, a specific surface area of about 750 m?g, and less than about 1.0
wt% AlLO;. FIG. 9 shows the mass changes of the canister and trap over time. It can be
seen that the breakthrough capacity of the canister is 172 g of sevoflurane, while the

maximum capacity is 237 g of sevoflurane.

[0096] Example 3

[0097] Multi-canister setups were evaluated for optimization of the collection of
anesthetics. In this procedure, two canisters of adsorbent were placed in series and
subjected to routines that would likely be carried out in a normal operating room. Table 2
describes the routines for each “day” in the operating room. Each loading period was
separated by a 5 minute purge of 10 L/min of nitrogen gas. Furthermore, an “idle” period
of 30 minutes after every post-operation purge was included, which represented the

inactive period between operations.

Day | Case Description Total loading (h)

Sevoflurane | Desflurane

1 | Load with 2% sevoflurane for 2 hours, repeat 3 times. 6 0

2 | Load with 2% sevoflurane for 2 hours, repeat 2 times. 4 )
Load with 6% desflurane for 1 hours, repeat 2 times.
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3 | Load with 2% sevoflurane for 1 hours, repeat 3 times. 3 3
Load with 6% desflurane for 1 hours, repeat 3 times.
4 | Load with 2% sevofiurane for 1 hours, repeat 2 times. 2 4
Load with 6% desflurane for 2 hours, repeat 2 times.
5 | Load with 6% desflurane for 2 hours, repeat 3 times. 0 §]
Table 2
[0098] A trap was placed in series after the two canisters. The trap was also

monitored for changes in weight. Table 3 shows the weight changes of the three canisters

at the end of each “day”.

Weight gain (grams)
Day Canister 1 Canister 2 Cumulative Trap

1 151 1 152 0

2 349 20 369 -2

3 377 235 612 3

4 365 372 737 123

5 353 419 772 174
Table 3
[0099] In comparison, a 1-canister system was evaluated using a similar setup.

Using a 1-canister system, 353 grams of anesthetics were adsorbed. It would be
expected that a 2- canister system would adsorb twice as much, or 706 grams. Since 772
grams of anesthetics were actually adsorbed using a 2- canister system, a surprising
additional 66 grams were adsorbed when the two canister were placed in series. Given
that the total amount of anesthetic used in these procedures was 946 grams, the
additional 66 grams represents an additional collection of about 7%. It is believed that the
first canister is driven to a maximum since it continues to be exposed to anesthetic while

the second canister is also collecting anesthetics.

[00100] Example 4

[00101] The effect of the adsorbent composition on sevoflurane was evaluated by
adsorbing sevoflurane on a variety of adsorbents. The various adsorbents had varying
compositions of SiO, and Al,O. Table 4 shows five silica gel and zeolite adsorbents, with
amounts of Al,O, ranging from 20 wt% to < 0.5 wt%. About 100 grams of sevoflurane was
adsorbed onto the adsorbents and then subsequently desorbed for 4 hours using nitrogen
at temperatures between 95°C and 130 °C. The composition of the resulting desorbed
mixture was determined by gas chromatography. Table 4 shows that adsorption of
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sevoflurane increases and decomposition of sevoflurane decreases as the amount of

Al,Os in the adsorbent decreases.

Adsorbent #100 #200 # 300 #400 #500
AlLO3 (wt %) 20 15-20 15 3 <0.5%
GC Analysis (%)
sevoflurane 0.2 38.6 97.68 99.93 99.78
1.1,13,3,3- 3.6 47.1 2.23 0.06 0.02
hexafluoroisopropanol
Others 96.2 14.3 0.09 0.01 0.2
Table 4
[00102] In the preceding description, for purposes of explanation, numerous details

are set forth in order to provide a thorough understanding of the embodiments. However,
it will be apparent to one skilled in the art that other arrangements and embodiments
would be feasible.

[00103] The above-described embodiments are intended to be examples only.
Alterations, modifications and variations can be effected to the particular embodiments by
those of skill in the art without departing from the scope of the application, which is
defined solely by the claims appended hereto.
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CLAIMS:

1. An adsorbent for adsorbing a halogenated hydrocarbon, the adsorbent
comprising: .

a first silica having an organophillic pore lattice structure with an average pore
opening of between 5 and 10 angstroms, and

a second silica having an organophillic pore lattice structure with an average pore

opening of between 15 and 30 angstroms, the first silica being separated from the second
silica.

2. The adsorbent according to claim 1, wherein the adsorbent has less than 10% by
weight of Al,Os.
3. The adsorbent of either claim 1 or 2, wherein the adsorbent is configured to

adsorb the halogenated hydrocarbon from a gas stream comprised of air mixed with the
halogenated hydrocarbon and the adsorbent is configured such that the gas stream flows
through the first silica and then the second silica.

4. The adsorbent according to any one of claims 1 to 3, wherein the first silica has an
average pore size of about 6 angstroms and the second silica has an average pore size
of about 20 angstroms.

5. The adsorbent according to any one of claims 1 to 4, wherein at least one of the
first silica and second silica comprise a silica gel.

6. The adsorbent according to claim 5, wherein the silica gel has an average surface
area in the range of 400 to 750 m?/g.

7. The adsorbent according to any one of claims 1 to 6, wherein the halogenated
hydrocarbon comprises a plurality of halogenated hydrocarbons.

8. The adsorbent of claim 7, wherein the plurality of halogenated hydrocarbons
comprise desflurance and sevoflurane.

9. The adsorbent according to any one of claims 1 to 8, wherein the second silica
comprises amorphous silica.
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10.  An adsorbent system for adsorbing a halogenated hydrocarbon, the adsorbent
system comprising:

a first adsorbent consisting of silica with an organophillic pore lattice structure with
an average pore opening of between 5 and 10 angstroms and a specific surface area of
about 400 m?/g and less than about 1.0wt% Al,Os; and

a second adsorbent consisting of amorphous silica with an organophillic pore
lattice structure with an average pore opening between 15 and 30 angstroms and a
specific surface area of 750m?/g and less than 1.0wt% Al,Os;

the first adsorbent being separated from the second adsorbent.

11. A process for the recovery of at least one halogenated hydrocarbon from a gas
stream, the process comprising the steps of:

exposing the gas stream to at least two adsorbents wherein a first adsorbent
consists of silica with an organophillic pore lattice structure with an average pore opening
of between 5 and 10 angstroms and a specific surface area of 400 m%/g and less than
1.0wt% Al,O3 and a second adsorbent consists of amorphous silica with an organophillic
pore lattice structure with an average pore opening between 15 and 30 angstroms and a
specific surface area of 750m?g and less than 1.0wt% Al,Ox;

removing from the gas stream the at least two adsorbents containing the
adsorbed at least one halogenated hydrocarbon; and

regenerating the at least two adsorbents in a purge gas by exposing the at least
one adsorbent to the purge gas under conditions which desorb the at least one adsorbed
halogenated hydrocarbon from the at least one adsorbent.

12, The process according to claim 11, wherein the at least one halogenated
hydrocarbon is a mixture of at least two different anesthetics, the at least two adsorbents
adsorb the at least two different anesthetics, the purge gas desorbs the at least two
different anesthetics from the at least one adsorbent into the purge gas, and wherein the
process further comprises:

condensing the two different anesthetics desorbed into the purge stream to
provide a condensate comprising a mixture of the two different anesthetics; and

processing the condensate to isolate separate, purified, anesthetics.

13. The process according to claim 12, wherein the at least one halogenated
hydrocarbon in the condensate is isolated by fractional distillation.
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14. The process according to claim 13 where the fractional distillation is performed
under either a partial vacuum or increased pressure.

15. The process according to either claim 13 or 14 further comprising the step of

washing the condensate with water before or after purification by fractional distillation.

16. The process according to any one of claims 11 to 15, wherein at least one of the
at least two adsorbents is heated to an elevated temperature during regeneration of the at
least one adsorbent to assist in desorption of the at least one halogenated hydrocarbon
from the at least one adsorbent.

17. An adsorbent system for adsorbing at least one anesthetic, the adsorbent system
comprising:

an input for receiving a gas stream containing the at least one anesthetic from at
least one operating room exhaust;

a non-chemical dryer connected to the input;

a chemical dryer connected to the non-chemical dryer;

a filter connected to the chemical dryer for removing bacterial and particulate
matter; and

an adsorber unit connected to the filter for adsorbing the at least one anesthetic
from the gas stream, the adsorber unit comprising at least a first and a second adsorbent
having pore diameters large enough to permit molecules of the at least one anesthetic to
pass therethrough and be adsorbed in internal cavities of the at least one adsorbent, the
first adsorbent consisting of silica having an organophillic pore lattice structure with an
average pore opening of between 5 and 10 angstroms and a specific surface area of 400
m?/g and less than 1.0wt% Al,O; and the second adsorbent consisting of amorphous
silica having an organophillic pore lattice structure with an average pore opening between
15 and 30 angstroms and a specific surface area of 750m?%g and less than 1.0wt% Al,Os.

18. The system according to claim 17, wherein the adsorber unit comprises a canister
containing the first and second adsorbent and configured to efficiently adsorb the at least

one anesthetic gas from a plurality of gas streams in a central collection configuration.

19. A method comprising using at least two adsorbents for the adsorption of an

inhalation anesthetic, wherein a first adsorbent consists of silica with an organophillic
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pore lattice structure with: an average pore opening of between 5 and 10 angstroms large
enough to permit molecules of the anesthetic to pass therethrough and be adsorbed in
internal cavities of the adsorbent, a specific surface area of 400 m%g, and less than
1.0wt% Al,O3, and a second adsorbent consists of amorphous silica with an organophillic
pore lattice structure with: an average pore opening between 15 and 30 angstroms large
enough to permit molecules of anesthetic to pass therethrough and be absorbed in
internal vavities of the adsorbent, a specific surface area of 750 m?/g, and less than
1.0wt% Al,QOs, the first adsorbent being separated from the second adsorbent.
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