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(57) Abstract: An electrolytic CO,-removal device (10) for anion analysis ot a liquid sample. The device includes a basic chamber
(20) and CO»-permeable tubing (14) in the basic chamber. Anion exchange membranes (26, 28) are disposed on opposite sides of the
basic chamber, and electrodes (30, 34) are disposed outside the membranes. The device can be integral with a suppressor in an ion
chromatography system and/or an aqueous stream purifier. Also, methods performed by the device.
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COp-REMOVAL BEVICE AND METHOD

BACKGROUND OF THE INVENTION

{0801} In suppressed ion chromatography (“IC7) of anions, agueous eluent solutions of cation
carbonate/bicarbonate and hydroxide herein carbonate/bicarbonate or hydroxide elnents) are most
commonly used. Carbonate cluents, which are used primarily in isocratic separations, are
suppressed to carbonic acid. Depending on the concentration of the eluent, the conductivity of the
suppressed cluent is typical 10-20 gS/cm. The higher background conductivity results in greater
noise and reduced analyte intensity {signal) which compromises detection Himits. Hydroxide cluents,
which arc used in both the isocratic and gradient mode, suppress to water, and the background
conductivity can be as low as low as 0.2 uS/cm. In practice, background conductivities of
suppressed hydroxide are usually i the range of 1-3 puS/cm due to contamination of the chuent with

ambient carbon dioxide.

{6062} Carbonate cluents typically contain both carbonate (CO5™ ) and bicarbonate (HCO: ). One of
the advantages of carbonate eluents is the case of controlling the ratio of carbonate to bicarbonate,
thereby affecting the selectivity of the separation. Unlike hydroxide eluents, where care must be
taken to prevent contamination from ambient carbon dioxide, carbonate-based elucnts do not suffer
from this problem, Many IC stationary phases have been developed for carbonate cluents which

take advantage of the monovalent/divalent nature of carbonate cluents.
i
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{0083} With hydroxide-based cluents or water used to clectrolytically gencrate hydroxide, the
presence of carbon dioxide in the air causes contamination of the cluent. Carbonate contamination of
hydroxide cluents compromises the chromatographic separation. Also, the detector response of
analyte anions is affected by the increase background conductivity as the result of carbonate.
Samples containing carbonate can interfere with the separation and detection of analyies as well,

Thus, there is a need in IC for carbonate removal devices.

{8084} Dionex Corporation sells two COp-removal devices, under the CRD 200 and the CRD 300
tradenames. The CRD 200 is used to remove CO; present in hydroxide cluents and sarples and is
placed between the suppressor outlet and the conductivity cell inlet. The CRD 300, which offers
greater CO» removal capacity, 1s used primarily with carbonate cluents and is also placed between
the suppressor outlet and the conductivity cell inlet. The CRD 200 and CRD 300 both use a liguid or
gas flow stream on the outside of the fiber to remove the carbonic acid as it diffuses from the nside
of the fiber to the outside. Thus Liguid or gas flow (regenerant) prevents the accumulation of
carbonic acid on the outside of the fiber membrane, The CRD 200 and CRD 300 use either a
pumped external chemical regenerant (base) or a vacuwmmm pump to remove the carbonate. The base
regenerant promotes the diffusion of the carbonic acid through the fiber membrane since carbonic
acid {carbon dioxide} is readily soluble in base. As the base regenerant passes throngh the
decarbonation chamber, the base becomes contaminated with carbonate and is then diverted to

waste, Thus, periedic base regeneration is used in this system.
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SUMBMARY OF THE INVENTION

{00051 One embodiment of the invention is an clectrolvtic COy-removal device comprising

(a} a basic chamber comprising basic medium comprising an agueous cation hyvdroxide

sohition;

(b} a COz-permeable barrier which substantially blocks the passage of water, said basic

medinm being on one side of said COp-permeable barrier;

(¢} a liguid sample stream flow channel on the opposite side of said COz-permeable

barrier from said basic chamber, and having an miet and an outlet;
5 &

) a first anion exchange membrane on one side of said basic chamber;
(€) a second anion exchange membrane on the opposite side of said basic chamber from

said first anon exchange merbrane;

) a first electrode on the other side of said first anion exchange membrane from said

basic medium; and

(&) a second electrode on the other side of said second anion exchange membrane from

Lo

said basic medium,

{0006} Another embodiment is a method for removing CO; from an aqueous Hiquid sample stream, said

method comprising

(a) flowing said aqueous liguid sample stream containing CO, through a higuid sample
stream flow channel in an electrolytic COs-removal device on one side of a CO»-permcable barrier

from a basic chamber comprising basic medium comprising an aqucous cation hydroxide solution,
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said CO»-permeable barrier permitting the passage of CO; gas but substantially blocking the passage

of water; and
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(b} passing a current through a first anion exchange membrane on one side of said basic
chamber from a cathode on the opposite side of said first anion exchange membrane from said basic
chamber, said current passing through said basic chamber and a second anion exchange membrane
on the opposite side of said basic chamber from said first anion exchange membrane to an anode on
the oppostte side of said basic chamber from said second anion exchange membrane, to regencrate

said basic medinm.

BRIEF DESCRIPTION OF DRAWINGS

180087} Figure [-8 arc schematic representations of devices according to the invention.

{0088} Figure 9-11 depict experimental results iHhustrating the present invention.

DETAILED DESCRIPTION OF THE PREVERRED EMBODIMENTS

[3809] The system of the present invention relates to devices and methods for removing carbon
dioxide (COh) from flowing agoeous liguid streams. In one embodiment, the device s used to
remove £ from flowing agueous eluent streams, e.g. carbonate {carbonate/bicarbonate) or
hydroxide chuents, including injected samples of analytes to be detected. The analytes comprise a
number of ionic species to be determined, particularly anions. Suitable samples include surface
waters, and other liquids such as industrial chemical waste, body fluids, beverages and drinking
water. When the term “ionic species” is used, it includes specics in 1onie form and components of
molecules which are tonized prior to detection. The COy-removal device can be used alonc oras a

section in an integrated device including one or more other sections which perform other functions.
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{0010} In one embodiment, the CO,-removal device is used in combination with a chromatography
apparatus, particularly an ion chromatography apparatus. lon chromatography systems for anion
analysis typically include (a) a chromatography scparation column for separating the sample anion
ionic species in an cluent, (b} a suppressor through which the effluent from the chromatography
column, including separated ionic specics, flows, to suppress the cluent, and {(¢) a detector, typically
a conduchivity detector including a flow-through conductivity cell, to detect the separated jonic
species downstream of the suppressor. When used in an ion chromatography system, the CO»-
reraoval device typically is disposed downstream of the suppressor and upsiream of the flow-through

conductivity cell of a conductivity detector.

{0011} In general, any of the well-known 1on chromatography systems, ¢.g., as tlustrated in U.S.

Patent Nos. 3,897,213, 3,920,397, 3,925,019, 3,956,559, or 5,352,360 may be employed.

{0012} Figurc | schematically illustrates one cmbodiment of an clectrolytic COy-removal device
according to the fovention. The COy-removal device 10 is sapplied with a flowmg aqueous liquid
stream 12 containing CO; to be removed. In one embodiment, eluent 1s ingected with a liquid
sample containing ionic species to be separated in a chromatography separator. Liquid stream 12 18
the eluent, containing the 1onic species separated in the chromatography column (also referred to as a
separator or chromatographic separator). One such eluent contains a mixture of a cation {e.g.,
sodium or potassinm) carbonate/bicarbonate mixture and/or a cation hydroxide. The cluent-
containing injected sample flows through a chromatography column, not shown, in which the ionic
species are separated. The effluent from the chromatography columm flows through a suppressor

and then o a detector,
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{0013} In the embodiment of Figure 1, stream 12 18 the effluent from a suppressor which flows to the
COy-removal device 10 disposed between the suppressor and a detector of an ion chromatography
system. Stream 12 is pumped through device 10 using the pump system, not shown, of a typical ion
chromatography system. As illustrated in Figure 1, stream 2 flows through tubing 14 and then to a
detector 16, typically through the conductivity cell of a conductivity detector. Device 10 and tubing
14 can simnilar to the suppressor device described with respect to Figure 5 of Publication No, US
2006/06057733 A1, published March 16, 2006, with differences in function and structure which will
be apparent from the following description. Suppression, or rernoval of the eluent connection form
the agueous sample stream for anion analysis flowing through said tubing disclosed inthe
publication, 1s a totally different mocthod from the COz-removal method performed in the apparatus

of the present invention,

{0014} The COy-permeable barrier in the form of tubing 14 of the present mvention functions fo
rerove CO; from the higuid lowing through the tubing, not cations as in a suppressor. Tubing 14 1s
a barrier permeable to OO, but substantiaily blocks the passage of water, other than possible
msignificant leakage, and substantially blocks the passage of analyte tons. The COp-permeable
barrier preferably is highly permeable to CO; and is not well-adapted for transmitted cations for

suppression,

{8815} In one embodiment, the COs-permeable barrier has the permeability for COs s deseribed in
paragraph 41 of published application US 2006/6037911. In this embodiment "permeability” for the
volatile component of interest to be removed from the hquid stream (CO, gas) in contact with the

membrane can be assessed by the fractional removal achieved when a liguid stream containing the

6
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said component passes through the CO, removal device, Such fractional remmoval s at least 50%,
more preferably at least 60%. 70%, 80%, 90% or more, In a preferred embodiment, the removal of a
volatile component, ¢.g., CO,, is greater than 90%, more preferably at least 92, 94, 96, 98%, 99% or
more. Percent CO, removal or reduction can be calculated from the residual background in the case
of carbonate or bicarbonate eluent or the residual peak height of the CO, peak originating from

dissolved CO; in the sample n the case of a hydroxide eluent.

{0016} In another embodiment, the permeability to CO; is as described in paragraph 42 of that
publication in which CO; is the gas of interest. In this embodiment, the permeability of the
membrane may be determined by the permeability of the CO; to be removed in barrers as measured
by the method of UK, Patent No. 5,439,736, preferably at least 100 barrers, more preferably at least

1,000 barrers, 30,000 barrers, 40,000 barrers or more,

{8017} In another embodiment, the CO»-removal barrier is “substantially non-retentive
electrostatically for charged 1onic species”. This term 1s defined for the outlet only of a membrane
suppressor in paragraphs 15 and 16 published application US 2008/0064731 Al. Specifically
herein, no substantial amount of charged 1onic species would be retained by the barrier. Tnone
erabodiment, the barrier in the device is substantially free of ion exchange sites. In another
embodiment the barrier has functionally enhanced 1on exchange sites of positive and negative
charge. In contrast to the publication, not just the outlet but substantially the entire length of the

barrier in the COy-removal device is substantially non-retentive,
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{0018} The physical dimensions of the tubing of the present invention may he similar to that

described in paragraph 17 of the above publication. Thus, tubing 14 may be a “capillary tubing”.

188319} Specific suitable materials to be used for tubing 14 are described in Publication No. US
2006/0037911 Al, published February 23, 2006, For cxample, any of the materials to describe the
hollow fibers in paragraphs 3-11 or 33-40 of that publication may be used. Specifically, as described
in US Patent No. 5,439,736, alkylated polysiloxane polymer deposited onto polymeric hollow fibers,
porous TTFE tubing (Goretex®), silicone tubing, porous polypropylene tubing coated with silicone,
or Tetlon AF® gas permcable tubing may be eraployed. Similarly, the coated materials described in

paragraphs 37 through 42 of that publication may be employed.

{0020} As illustrated in the cmbodiment of Figure |, the CO-removal device 10 includes a housing
18, suitably formed of a non-conductive {¢.g., plastic) cylindrical colunmm, with flow-through ports
meluding tubing 14 having an inlet 14a and an cutlet 14b, The tubing typically projects through
hquid tight fittings into and out of housing 18 1n direct or indirect fhuid communication with the
outlet of a chromatography column, not shown, An example of indirect commumication would be
where a sappressor 18 disposed between the chromatography colomn and the tubing mlet 144,
Tubing outlet 14b projects through the housing and 1s connecied to tubing 14 in communication with

the inlet of flow-through detector 16, e.g. the conductivity cell of a conductivity detector.

{0021} As set forth above, the electrolytic COz-rernoval device 10 of the present imvention has a

general structore similar to that of Figure 5 of the US 2006/0057733 publication. As illustrated in
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Figure | herein, device 10 includes a basic chamber 20 on the exterior of the tubing disposed in

housing 18.

{8822} Basic chamber 20 includes basic medinm 24, specifically an agueous solution of a cation
hydroxide, ¢.g., sodium hydroxide or potassium hydroxide, ¢.g. at a pH of at least 9, preferably at
icast 12. The basic medium may also include anion exchange packing formed of material such as
described in Publication US 2006/0057733 in a mixture of the solution and packing. The cation
hydroxide solution bathes the exterior of tubing 14, Housing 10 may include fill ports 22a and 22b
to fill chamber 20 with solution and anion exchange material. i one embodiment, the packing
material comprises a packed bed of anion exchange particles, typically anion cxchange resin.
Alternatively, the packing material can be a flow-through monolithic anion exchange packing.
Preferably, the anion exchange packing and basic solution substantially fills the basic chamber 20 to
ensure that the exterior of tubing 14 is bathed with the hydroxide solution. The solution is static or

non-tlowing during operation.

[8023] Iv a less preferred aliernative embodiment, not shown, a sohution of cation material such as
cation hydroxide, can flow between ports 22a and 22b during operation. The basic medium 1s on the
exterior of the tubing while the higud sample stream Hows through a hquid sample strear flow
channel, 1.e., the interior of the tubing on the opposite side of the CO;-permeable barrier from the

basic chamber.

{0024} Asillustrated, a first anion exchange membrane 26 is disposed on one side of the basic

chamber 20 and spaced-apart second anion exchange membrane 28 is disposed on the opposite side
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of basic chamber 20 from membrane 26. Thus, basic chamber 20 is defined at its ends (i.c. sides) by
membranes 26 and 28 and around its periphery by housing 18, typically in cylindrical form. As used
herein, the terms “ion exchange, cation exchange, or anion exchange membranes” are used broadly
to define a barrier including ton exchange sites which selectively pass ions of one charge, positive or
negative, while substantially blocking the passage of water and ions of opposite charge to the ion
exchange sites. Thus, the anion exchange membranes 26 and 28 mchide exchangeable anions which
pass anions but not cations through the wall of tubimg 14 to basic mediurn 24, (This 1s 1n contrast to
Figure 5 of US 2006/0057733 which is of opposite polarity, 1.¢., for anion analysis, the membranes
of the publication include exchangeable cations, not anions, and the basic medium also is basic.)
Thus highlights the function of the anion exchange membranes of the present invention which serve
the fonction of passing anions so that anion exchange packing and basic sohition can be
electrochemically regenerated to maintain the anton exchange packing and basic solution
substantially in the hydroxide form (regenerated form) and to provide a means for removal of the
carbon dioxide in sample stream 12 which has diffused from through tubing 14 imto basic chamber

20.

{0025} Basic medinm 24 preferably provides continuous contact between anion exchange
membranes 26 and 28 to provide a complete electrical path.  When used, the anion exchange
packing serves several functions. First it acts as a reservoir 1o retain the removed carbonate. The
resin also serves as an clectrical conduit for the removed carbonate to electrophoretically flow
towards the anode, through the anion exchange membrane and into the anode chamber. The anion
exchange resin also provides an electrical condut for the hydroxide which is produced as the

10
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cathode and serves to maintain the anion exchange resin and basic sohution “substantially” in the
hydroxide form. As illustrated, the basic medium cation hydroxide is static non-flowing during

COs-removal,

{8026} For anion analysis, first electrode 30 18 in the form of a cathode and is disposed on the other
side of anion exchange membrane 26 trom the basic medium 24 in basic chamber 20, As illustrated,
electrode 30 1s disposed in a flow-through electrode chamber 32, Second electrode 34, an anode in
the illustrated system, is disposed on the other side of membrane 28 from basic medium 24, As
illustrated, clectrode 34 is disposed in flow-through ¢lectrode chamber 36, The electrodes and their
chambers may be of the type described in US 2006/0057733 with respect to Figure 5 and the
Examples in that specification using the device of Figure 5 and in Figure 2 of ULS. Paient No.
6,027,643, Tt is noted that no external or mdependent source of agueous solution s required to flow

the solution through chambers 32 and 36 becanse the effluent from the detector 16 1s recycled

through the electrode chambers, This also climnates the need for an additional pump.

{06271 Thus, one distinguishing characteristic of the device of Figure | from that of Figure 5 0 US
2006/0057733 is that, for andon analysis, the membrane of that poblication are for passing positively
charged 1ous, as illustrated in paragraph 45 of that publication, cation exchange membranes are used
in combination with cation exchange medium external to the tubing for anion analysis. Membrane
70 is explicitly disclosed to be cation exchange membrane in Figure 5, and paragraph 68 of

Example 6 describes the construction of that device as using cation exchange membranes.

!



WO 2012/129010 PCT/US2012/028933

[8028] In the embodiment of Figure 1, a conduit 40 provides fluid communication between the
outlet of detector 16 and the indct of electrode chamber 32, so that the liguid can flow through
chamber 32 out in conduit 42 to recycle through chamber 36 to waste in line 44, This provides a
flowing rinse stream in chambers 32 and 36 to carry away the CO, removed as carbonate or
bicarbonate from the system. In a less preferred alternative embodiment, not shown, the flow from

detector 16 may be from chamber 36 to chamber 32, i.¢., in the reverse divection.

{0029} In operation of the device in Figure 1, aqueous solution 12, typically cluent containing
scparated analytc ionic specics, flows through inlet 14a, CO; in solution 12 passes across from the
interior to the exterior of tubing wall 14 into the basic medium 24 in basic chamber 20 wherein it is
converted to carbonate form. Hydroxide jons generated during electrolysis at electrode 30, a cathode
for anion analytes, pass across anion exchange membrane 26 mto basic medium 24, CO; passing
across the wall of tubing 14 1s converted into carbonate 1ons in basic medium 24, Under the
influence of the electric field, carbonate 1ons in basic medium 24 are drawn towards anode 34, pass

across anion exchange membrane 28 into anode chamber 36 and are removed as carbonic acid.

{06301 When a DC voltage is applied between electrodes 30 and 34, hydroxide produced at cathode
32 passes through membrane 26 towards anode 34, Under the imfluence of the electric field, anions
present in the basic solution, and anion exchange packing, if present, (primarily hydroxide and
carbonate} migrate towards anode 2&, pass through membrane 28 and then to anode chamber 34,
The anious in chamber 34 are then removed by a ligmd flowing stream, which, as ilfustrated,
originates from chamber 30 by recycle. Liguid supphed to electrode chamber 34 typically is

suppressed ehient from the detector cell waste in hine 40,
12
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{0031} The reactions in the clectrode chambers 32 and 36 and in basic medinm 24 are as follows. In

the cathode, water is clectrolyzed (reduced) according to the following cquation
2H-0 + 2¢- — 20H + H,
In the anode chamber, water is electrolyzed (oxidized} according to the following equation
H20 — Ze-+ 2H + 1/20,

In tubing 14, carbonic acid can dissociate to carbon dioxide and water according to the following

equation
HCOs = COz + Ha0

The carbon dioxide can then diffuse through the walls of tubing 14 in to basic medium 24 where the

carbon dioxide is converted to carbonate according to the equations
COy+ OH — HCOY
HCO; + O = COy™ + 10

{8032] In another embodiment, not shown, the device of Figure 1 can be used for the removal of
CO, from a hgqud sample prior to injection into an eluent. In this instance, strearm 12 18 an agueous
figuid sample, and there 18 no need for detector 16, In this embodiment, it would be desirable to
acidify the sample to convert carbonate ion to carbonic acid prior to the {flow of the sample into inlet
{4a, Such acidification can be performed by passing this liguid sample through a cation exchange

device in the hydronium ton form.
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{0033} The embodiment of Figure 1 shows cluent solution from a chromatographic separator
flowing into tubing 14 of the COy-removal device, Here, the sole fluid communicating with the

COs-removal device s supplied from the separator outlet.

{8034} A number of embodiments will now be described in where the COy-removal device
compriscs one section or part of an integral {combined) apparatus for performing COx-removal in
combination with at least an additional section or part performing ancther function. As used herein,
the term “COs-removal device” refers to such a device by itself or to a CO,-removal section of such
a combined or integral device. The terms “COy-removal device” and “COs-removal section” will be
used interchangeably to describe such a device by itself and/or a section of the combined or integral

device,

{0035} Figure 2 iHustrates one embodiment of such a combined or integrated apparatus which
compriscs one section, which is a COp-romoval device of the type described with respect to Figure 1,
in combination with a suppressor section. {The terms “combined” and “integrated” will be use
interchangeably.} Like part will be designated with like numbers for the COj-removal device of
Figure | and the COy-removal section of the mtegrated COr-removal device/suppressor of Figure 2.
The combined device of Figure 2 additionally includes a suppressor section and a central flow
channel to be described using a different flow pattern. In the embodiment of Figure 2, flow from
the chromatographic separator first is directed mito the suppressor section of the device. Thus, the

suppressor section will be described first.

14
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{8036} Referring specifically to Figure 2, an aqueous solution 50, specifically an eluent, containing
analyte ionic species, ¢.g. previously separated in a chromatography separator, flows into an inlet
52a of suppressor section 52 which comprises cation exchange medium 54, suitably packing.
Suppressor section 52 also includes spaced first and second cation exchange membranes 56 and 38,
respectively, flanking opposite side of ion exchange medium 54, Electrode 34 1s on the other side of
membrane 38 from cation exchange mediom 54 in suppressor section 32, Electrode 34 also is on the
other side of anion exchange membrane 28 from basic wmedium 24 in COz-removal section 20, Here,
the nomber 10 refers to both the independent self-contained COz~-removal device of Figure 1 and the
COz-removal section in Figore 2, Medium 54 can be any of the known flow-through ion exchange
media used in suppressors of the prior art. Thus, cation exchange mediom 54 can comprise a cation

exchange resin packed bed or a flow-through cation exchange monolith,

{0037} Central flow channel 60 is defined by the space between anjon exchange membrane 28 and
cation exchange membrane 36, Central flow channel 60 further comprises ion exchange mediom 61
and has an inlet 60a and an outlet 60b. The function of the ion exchange medium 61 is to maintain a
contingous electrical connection between cation exchange membrane 56 and anion exchange
membrane 28 and allows for a flow path through central flow channel 60 for removal of eluent
connter ions and carbonate. The ion exchange medivm 61 is compromised of flow-through ion
exchange material and can be anion exchange, cation exchange or a mixture or anion and cation
exchange. Like suppressor cation exchange medium 34, ion exchange medium 61 can be in a form

such as a packed bed of ion exchange resin or a flow-through monolith. Any of the foregoing ion

R
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exchange materials listed are suitable because the applied electric field will result in eluent cations

{Na+ or K+), hydroxide and carbonate migrating into the central tlow channel.

{8838} In the embodiment of Figure 2, the aqueous liguid stream 50 enters suppressor section 52
through inlet 52a and exit through outlet 52b. As illustrated, outlet 52b is connected to inlet 14a of
tubing 14 by conduit 62. Tubing cutlet 14b is connected to detector 16 as in Figure 1 and from there
to the inlet of electrode chamber 32 by conduit 40 as i Figure 1. However, in contrast to Figure 1,
the device of Figure 2 includes a nuxing tee or a splitter valve 64 which directs one portion of the
effluent from detector 16 through conduit 40 and another portion of the detector effluent through
conduit 66 to inlet 60a of central flow channel 60, Thus, as iHustrated, the outlet of the sample
strearn flow channel in the interior of tubing 14a 15 in fluid commumication with the inlet of detector
16, and the detector outlet is mn find comnronication with electrode 30 in chamber 32, Also,
Figure 2, electrode 30 1s a cathode in operation and 15 10 fhuid communication with electrode 34 (an

anode in operation) through conduit 42,

{0039} In the embodiment of Figure 2, suppression is performed by suppressor section 52 integrated
into the device. Thas, agueouns liguid stream S0 may be connected directly to the outlet of a
chromatographic separator, not shown, without external suppression and could coraprise an cluent
mcluding analyte ionic species previously separated in a chromatographic separator. As is well
known, such eluent could inclade a cation (sodium or potassivim) carbonate/bicarbonate eluent, a
cation hydroxide such as sodinm or potassivm hyvdroxide, or a mixture of them. During operation of
the device of Figure 2, the eluent from the chromatographic separator flows through inlet 52a of

suppressor section 52, There, the ehient counter-ions to the analyte, e.g., sodium or potassinm, are
16
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retained on the cation exchange medium, Under the mfluence of the clectrical ficld applied between
cathode 30 and anode 34, the cluent cations pass through cation exchange membrane 56 to contral
flow channcel 60. Hydronium ions produced at anode 34 pass into cationic exchange medinm 54
through cation exchange membrane 58 to substantially regenerate 1on exchange medium 54. Cation
exchange membranes 56 and 58 are the same general type as anion exchange membranes 26 and 28

except that the exchangeable 1ons are of opposite charge.

{8048} The chucnt suppressed in suppressor section 52 flows out outlet 52a through conduit 62 to
inlet [4a of tubing 14 in carbon-dioxide removal section 10. Exterior to tubing 4 in basic chamber
20 1s the basic medium 24 of the type described above which is continuously regenerated by
hydroxide produced at cathode 30 flowing across anion exchange membrane 26 drawn toward anode
34 through the basic mediom 24, The terms “ion exchange packing” and “ion exchange medium”
are used interchangeably herem. The reactions which oceuor i suppressor section 54 are generally

the same as m a packed bed electrolytic suppressor, ¢.g. as disclosed in ULS, Patent No. 6,508,985,

{0041} In the iflustrated device, recyele is accomplished by splitting the effluent or waste from
detector 16 and directing i both to the central flow channel 60 and to clectrode 30 in electrode
chamber 32 (a cathode in the embodiment of Figure 2). However, in a less preferred embodiment,
the flow between the electrode chambers could be reversed. The flow from electrode chambers 32
and central flow channel 6{ can be balanced by adjusting the pressure drop through the flow paths.
This can be accomplished by using small bore tubing, Water for the anode and cathode chambers
preferable is substantially ton-free to prevent jons from being drawn into the suppressor section 52

and COp-removal section 10, In the device of Figure 2, when a DC voltage is applied between the
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electrodes, clectrolysis of water occurs in both the anode and the cathode. Anode 34 is the source of

hydroninm ions for suppression in suppressor section 52,

18042} The flow of ions in the embodiment of Figure 2 is illustrated for a system which includes
cluent {c.g., sodium carbonated/sodinm bicarbonate) from the chromatography separator fed to inlet
52a of suppressor section 52, Thus, the OH ions produce at cathode 30 pass through anion exchange
membrane 26 into the basic medium 24, The carbon dioxide which passes from the interior of
tubing 14 into basic medium 24 is converted to carbonate ion which flows across anion exchange
membrane 28 under the influence of the electric ficld between cathode 30 anode 34, Hydronium
ions generate at anode 34 pass through cation exchange membrane 58  into suppressor section 52 to
regenerate cation exchange roedium therein, Sodiur ions from the eluent in suppressor section 52
pass through cation exchange membrane 56 into central flow channel 60, wherein the sodivm iouns

’

are converted to sodium carbonate/sodivm bicarbonate and pass to waste in hine 72,

{8043} Tv a typical operation of the device of Figure 2, a carbonate/bicarbonate eluent from an anion
separator is directed to the inlet of the suppression section 52 in which the sodium or potassivm
carbonate/bicarbonate solution is converted to carbonic acid. The analyte anions are converted to
the acid forma, Under the influence of the apphied DC electric ficld, the cluent cation migrates
throngh the cation exchange medium in section 52 towards the cathode.  When the cluent cation
reaches the cation membrane 56 of central flow channel 60, the eluent cation passes through cation
membrane 56 and into central flow channel 60 where a flow of liquid removes the eluent cation.

Hydronium, electrolytically produced at anode 34, passes through cation exchange membrane S8
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into suppression section 52 and continues to migrate towards cathode 32, The clectrolytically

produced hydroninm keeps the cation exchange medium 54 of suppression scction 52 regenerated.

8044} The hquid flow from suppression section outlet 52b is directed to tubing inlet 14a. The
suppressed cluent {carbonic acid) passes through the interior of tubing 14 resulting in the diffusion
of carbon dioxide through the tubing wall and into the medium 24 in which the carbon dioxide is
present as carbonate, With a DC clectric ficld applied, carbonate electrophoretically migrates
towards anode 34, When the carbonate reaches membrane 2¥, the carbonate passes through
membrane 28 and into central flow channcl 60 where a flow of liguid removes the carbonate.
Hydroxide, electrolytically produced at cathode 30, passes through membrane 26 into medium 24
and continies to migrate towards anode 34, Thus, the electrolytically-produced hydroxide keeps
basic medium 24 continuously regenerated. The hquid flowing out tubing outlet 14b 1s divected
through detector 16. Thus, the liquid stream is split to direct a portion of the flow to the central flow
channel 60 to remove the eluent cations and carbonate, while the other portion of the stream s
directed to cathode chamber 32 to anode chamber 36 and then to waste.  Splitting of the stream

prevent electrolytic gases from passing through central flow channel 60.

{0045} Referring to Figure 3, another embodiraent of an integrated or combined apparatus is
ilfustrated which includes a COp-removal device in one section and a suppressor device in another
section. Like parts will be designated with like mumbers for the embodiments of Figures 2 and 3. In
the embodiment of Figure 3, all flow from detector 16 is through conduit 40 to electrode (cathode)
30 in electrode {cathode) chamber 32, In this embodiment, the flow to inlet 60a of central flow

channel 60 is from anode 34 in chamber 36 through outlet 36a into condnit 70, and inlet 60a of
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central tlow channel 60. Thus, the flow 1s from the outlet of detector 16 through cathode chamber
32 to anion chamber 36 through central flow channel 60 and from there to waste in line 72, In this
erabodiment, a device 73 is provided for removal of the hydrogen and oxygen gases generated
during clectrolysis in the electrode chambers prior to passing back through central flow chamber 60,
One embodiment of the device comprises a catalytic gas climination device illustrated in U.S, Patent
No. 7,585,679 which converts hydrogen and oxygen gases to water, Other known devices to remove
the gases include de-gasser such as a vacuum de-gasser. Alternatively, back pressure can be apphied

to the central flow channel outlet to keep the electrolytic gases (oxygen and hydrontum) in solution,

{8046} Another embodiment of an integrated or combined suppressor and COs-removal device
according to the invention is iHlustrated i Figure 4. This device is similar to that of Figure 3 except
that 1t is adapted to purify the solution exiting central flow channel 60 i line 72 to form all or part of
the eluent solution to be directed to the chromatography separator. This recycle employs the
principles and flows of chuent recycle or eluent regeneration as deseribed in US 7,329,346, and
7,585,679 and US App. 20609 0188798, The device includes an anion trap 74 in fine 40 between
detector 16 and electrode chamber 32, A suitable anion trap including anton exchange resin and is
sold by BHonex Corporation under the name TAC-2 (trace anion concentrator-2). The device of
Figure 4 also includes a cation trap 76 in line 72 of a conventional type such as a packed bed of
cation exchange resin such as sold by Dionex Corporation under the name CTC-1 {cation trap
column-1). The solution cxiting cation trap 76 includes recycled cluent sodimm or potassium
carbonate/sodium bicarbonate and/or sodium or potassivm hydroxide which has been purified to a

sufficient extent to be used as an cluent for the sampie to be separated by a chromatography
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scparator, Thus, the eluent in conduit 72 can be recycled for use as the eluent source for the cluent

and sample flow to the chromatography separator,

18047} Referring to Figure 5, another embodiment is Hlustrated of a combined device including a
COs-removal section and a suppressor section similar to that of Figure 4 for cluent recycle. Like
parts will be designated with like nombers. Here, a separate water source 78 is employed. The
effluent from detector 16 flows through anion trap 77 into central flow channel 60 (instead of into
cathode chamber 32 as illustrated i Figure 4). The solution flows from central flow channel 60
through outlet 60b through conduit 76 to cation trap 76 and is recycled as an cluent source. Here,
water from an external water source 78 flows through conduit 84 under influence of pump 86 into
anion chamber 36 and in condut 88 back to cathode chamber 32. This configuration uses separate
water source 78 for the electrode rinse solufion which is recycled. This eliminates the use of a

device for removing the oxygen and hydrogen gases generated during electrolysis.

{0048} Figure 6 iustrates an integrated device mcloding a COsr-rernoval section, a suppressor
section, and a central flow channel. The device of Figure 6 is similar to the devices of Figures 2-5;
however the polarity is reversed. Like parts will be designated with like numbers. Here, the external
plumbing and devices external to the integrated device are different. The integrated device
additionally performs the function of water purtfication for cluent generation, Specifically, it
mcludes water source 90 (¢.g. deionized water} which flows in conduit 92 to the inlet 60a of central
flow channel 60 and through outlet 60b in conduit 94 to electrolytic eluent generator 96 (e.2., the
type described in U1.S. Patent No. 7,153,476}, A liguid sample, including ionic species to be

separated, is injected in sample injector 98 into the eluent exiting generator 96 and flows throngh

21



WO 2012/129010 PCT/US2012/028933

anionic separator 100 from there in conduit 102 into inlet 52a of suppressor section 52, The cluent
exits suppressor section 52 in outlet 52b and flows in line 103 to tubing inlet 14a, Solution exiting
tubing outlet 14b flows through detector 16 and 1s recycled in conduit 40 to electrode chamber 32,
Here, elcctrode 30 is an anode and clectrode 24 is a cathode, Thus, the polarity of the system in
Figure 6 is reversed in comparison to that of Figure 5. The device performs three functions: water
purification for water supplied to an electrolvtic eluent generator, suppression, and carbon dioxide
rernoval, Tn this embodiment, the central flow channel mediom 60 deionizes and polishes the water
supplied to clectrolytic eluent generator 96, After passing through elucnt generator 96, the polishe
water with the injected sample flow to separator column 100, Contaminant ions mn water source 90,
including carbonate, can be removed in central flow channel medinn 60 under the influence of the
eleciric field apply between anode 30 and cathode 34, The effluent waste solution from detector 16

is recycled for use as the electrode rinse solution directed to electrode chamber 32 and 36.

49} Referring o Figure 7, a COs-removal device 1s used as a section of an integrated apparaius
8049} Ref gioF 7,aCO id i £ i tegrated 3
which mnchide a COz-removal section and an electrolytic agueous stream {e.g. agueous cluent)
purifier section. In this device, the suppressor is external to the integrated device. Like parts will be

designated with like numbers for the COs~removal section of Figure 2.

{88530 Reforring specifically to Figure 7, a third anion exchange membrane 110 is spaced from the
second anion exchange membrane 28 on the opposite side of membrane 28 from basic medimm 24,
An aqueous stream purifving section 112 is defined by the space between anion exchange

membranes 28 and 110, Purifving section 112 further comprises aqueous stream purifying ton

=~
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exchange mediumm 114 dispose in the space between membranes 28 and 110, Here, clectrode 34 (a
cathode} in clectrode chamber 36 1s disposed on the other side of anion exchange membrane 110

from agueous purifying anion exchange medium 114,

{0051} As illustrated in Figure 7, the device contains only three (anion) exchange membrancs.
Moreover, there are only two chambers to the interior of the clectrode chambers 32 and 36 in this
device, in contrast to the three-chamber integrated devices of Figures 2-6. Further, the polarity of
the electrodes is reversed from that in Figures 1-5. Thas, in this device, electrode 30 is an anode
while electrode 34 1s a cathode. As illustrated, the agueous stream to be purified includes cluent, ¢.g,
in the form of a cation hydroxide such as potassinm or sodinm hydroxide, which is gencrated
externally to the integrated device. Here, the integrated device 1s an electrolytic eluent punifier in
combination with a COs-rerooval device used as part of an ion chromatography systemn which
ncludes an electrolytic eluent generator between a water source and the purifier. The eluent
generator, chromatographic separator, and suppressor arve external to the integrated device, as will be

described below.

{8052} Referring again to Figure 7, purified water such as deionized water from a reservoir {16 is
directed in line 118 to an electrolytic eluent generator 120 of the foregoing type. The eluent stream
is directed in line 121 to the inlet of purifier section 112 and flows through purifier section medinm
114, through hine 122 to anion separator 124, Sample is injected in sample injector 126, After
separation of the sample jonic species in separator 124, the cluent flows through external electrolytic

suppressor 128 such as the type sold by Dionex Corporation under the designation ASRS (anion

3
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scif-regenerating suppressor), and into the inlet 14a of tubing 14 in the COy-removal device section

20 of the type described above,

{8853} The purifier ion exchange medium 114 includes exchangeable anions, suitably a flow-
through bed of anion cxchange resin or a monolith with anion exchange sites. A preferable anion
exchange mediurm is high capacity anion exchange resin such as Dowex 1x8 (hydroxide form) or
high capacity anion e¢xchange monolith such as that used in the Dionex Cation Atlas suppressor. The
anion exchange medium serves to retain and remove contaminate anions, including carbonate,
Contaminant anions and carbonate can originate in the water source 116 or from the eluent generator
and compromise chromatographic analysis. Removing contamninant anions from the cluent before
the ingection valve results in improved chromatography.  The solution exits tubing 14 and is
detected by detector 16, suitably the conductivity cell of a conductivity detector. The waste effluent
from detector 16 can flow in a recycle line 130 to rinse electrode (anode) 30 in clectrode chamber
32. Afier passing through chamber 32, the solution can also be used to rinse cathode 34 m chamber
36 by flowing in on line 132 to chamber 36, Alternatively, in a less preferred embodiment, the flow

from detector 16 may be reversed so that it flows to chamber 36 prior to flowing to chamber 32,

{0034} In the embodiment of Figure 7, the suppressor is external to the integrated COz-removal and
eluent purtfier device. Also, the eluent at purifving section 112 operates on the high pressure side of
the electroivtic cluent in generator 120, so that purifying section 112 can have a pressure rating that
exceeds the operating pressure of the anion separator 124, In operation, hydroxide ions generated at
electrode (cathode} 34 flow across anion exchange membrane 110 into purifier section 112. The

eluent purtfier section 112 removes trace anionic purities from the electrolytically generated eloent.
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At the anode 30, hydronium ion s produced by the clectrolysis of water. The hydronium pairs with
hydroxide or trace anions that are migrating from the purifier section 112 and the CO; removal
section 20, Substantially all carbonate that is present in the eluent, cither from injected sample or

from ambient CO» absorbed by the basic cluent, will be removed in the purificr section 20,

{0055} In another embodiment, illustrated by Figure 8, an electrolytic water purifying section is
combined with a CO,-removal section in an integrated device. Like parts with the foregoing figures
will be designated with like numbers for the systems of Figures 6, 7 and 8. Here the deionized water
from reservoir 90 flows in line 92 to a water purifying scction 140 meluding water purifying on
exchange medium 142, A third anion cxchange membrane 144 is disposed on the other side of anion
membrane 28 from COy-removal section 20 and is spaced from membrane 28. The space between
membranes 28 and 144, central flow chamber 60, is filled with 1on exchange mediom 61 such as
mixed or composite ion exchange resin, Medium 61 contains both anion and cation exchanges
packing and serves as a source of hydronium and hydroxide produced by water splitting. The
generated hydroxide passes through anion exchange membrane 28 and serves to regenerate basic
medium 24, Hydronium ion produced in medivnm 61 acts as the counter ions for contaminant anions

removed from purifving section 140 through anion exchange membrane 144,
ying £ g

{80536] Water purifving section 140 is defined on one side by anion exchange membrane 144 and on
the other side by spaced cation exchange membrane 146, Electrode (cathode) 34 m electrode
chamber 36 is disposed on the opposite side of cation exchange membrane 146 from water purifying

section 140,
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{8057} The water purified in scction 140 flows to eluent generator 120, which generates hydroxide
cluent. Sample s injected at sample injector 126 downstream from chuent generator 120, The
generated elucnt flows mto anion separator |24 to external suppressor 128 of the type described with

respect to Figure 7. After flow through suppressor 128, the solution flows into tubing 14 in COy-

removal section 20 and from there to detector 16,

{0058} After flow through detector 16, the waste solution can be sphit by tee 64 so that one portion
flows as a rinse solution past clectrode 30 in chamber 32, and from there in line 132 as a rinse for
electrode 34 and chamber 36, As with respect to Figure 7, in a less preferred embodiment, the

direction of flow through the electrode chambers can be reversed.

{8059} Here, water purifying section 140 further purifics water from source 90. The purificr
medium 142 can contain only anion exchange resin, but preferably also contains cation exchange
resin to contain contaminant cations, The ton exchange mediom 142 serves to remove trace ionic
contaminants from the feed water used for electrolytic eluent generation. In one embodiment, the i1on
exchange mediurn 142 15 at least partially antonic, It may contain a layer of anion exchange medium
{42a at the inlet of section 140 adjacent to membrane 144 and also adjacent to a layer of mixed or
composite 1on exchange material 142b disposed towards the ountlet of section 140. A mixed resin is
typically a mixture of anion and cation exchange material where the anion to cation capacity ratio of
the mixture s approximately 111, A composite ion exchange medium ts mixture of anion and cation
exchange material where the capacity ratio is greater than or less than 1. Typical ratios for a
composite mixture are greater than 1.2 or less than .8 (anion to cation capacity ratio). A layer of

anion exchange medium 142a at the inlet of punifving section 140 improves removal of antonic
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species. Cationic species are removed in a second medium layer 142b towards the outlet of
purifying charmnber 140, Layer 142b of mixed or composite ion exchange material near the outlet
enhances removal of cationic species and also produces hydronium and hydroxide (via water
splitting} to regencrate the anion cxchange and mixed/composite layer. In another embodiment, the

medium 142 may be anion exchange, mixed or a composite of anion and cation cxchange material.

{8060} Advantages of the foregoing system inchude the combination into a single device of either a
COy-removal device and a suppressor or of a CO;-removal device and an cluent or water purifier or

combinations thereof. The device can be used with carbonate and hvdroxide eluents,

{0061} In order to further tlustrate the present invention, the following non-himiting exarples are

provided.

Example 1. Removal of CO; from a Suppressed Carbonate Eluent using the Device of

Figure 1

18062} An electrolytic carbon dioxide removal device as shown in Figure 1 was constructed using
machined high density polyvethylene hardware to retain the electrodes, membranes and resin. The
machined body had an internal bore with a diameter 01 .95 cm and a length of 3.8 cm. This cavity
defined the basic chamber {or decarbonation chamber). The body was threaded externally on cach
end allowing internally threaded end caps to terminate the body. Each end of the body had a female
44-28 fitting perpendicular to the bore which connected the decarbonation chamber to the outside of
the body. A cylindrical tubing sleeve was constructed from XN-5340 extruded polypropylenc
netting {Industrial Netting, Inc, Minneapolis, MIN). The tubing slecve was approximately 0.6 e in
diameter and 3.2 cm in length. A 150 cm length of 300 um id x 420 pm od stlicone coated

polypropylene tubing ( CRD tubing, Dionex Corp., Sunnyvale, CA) was wrapped around the tubing
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sleeve and the ends of the tubing were imserted through the Y4-28 fitting through hole so to bring the
tubing cnds to the exterior of the body. The CRD tubing cnds were then inserted into 5 om of 0.0207
x 0.062” Tefzel tubing to slecve the CRD tubing allowing the tubing to be connected to standard

chromatography fittings. Threaded bolts and ferrules were attached to cach end of the Tefzel tubing

which scaled the CRD tubing into Tefzel sleeve and machined body.

{0063} Platinum clectrodes were placed in cach end cap. Anion exchange membranes (Electropure
Exccllion [-200 anion membrane — hydroxide form, a product of SnowPure Inc, San Clemente, CA)
were placed in direct contact with the electrodes forming the anode and cathode chambers, The
anode chamber end cap assembly was then threaded to the body.  The decarbonation chamber was
filled with anion exchange resin (DOWEX™ {x4- 200 mesh, a product of the Dow Chemical
Company, Midland, MI) in the hydroxide form, Sodinm hydroxide (0.25M) was then added drop
wise to fill the decarbonation chamber. Finally, the cathode chamber end cap assembly was

threaded on the opposite end of the body to seal the decarbonation chamber.

{8064} The device of Figure 1 was tested using a Dionex DX 500 lon Chromatography system {(a
product of Dionex Corp, Sunnyvale, CA) consisting of a GPS0 pump, two CD235 conductivity
detectors and a LC30 chromatography oven. The mjection valve was fitted with a 20 pL loop and a
anion standard (Table T) was injected. An eluent of 4.5 mM sodiurn carbonate and |.4 mM sodium
bicarbonate was pumped at a flow of 1.2 mL/mun to a analytical anion exchange coluron
(AG22/A822 a product of Dionex Corp., Sunnyvale, CA ) and then to a Dionex ASRS-300
clectrolytic suppressor, A first conductivity cell was placed at the eluent outiet of the ASRS, From
the first conductivity cell, the suppressed eluent was connected to the indet (anode end) of the
electrolytic CO» acid removal device described above. The eluent flow from the device outlet was
directed to the second conductivity cell. The second conductivity cell putlet flows to the device
cathode chamber, then the anode chamber and finally to the ASRS regenerant in and to waste. An
Agilent E3611A DC power supply {(Agilent Corp., Santa Clara, CA) was used to power the device of
Figare 1 at a constant current of SOmA (approximately 30V, Figure 9 is a chromatogram of a seven

anion standard obtained with the system above. The background conductivity from the suppressor
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was 17.9 uS/cm. After passing through the device, the background conductivity decrcased to 1.22

uS/cm. This represents a 93.2% reduction in the background conductivity,

{8865} The system of Figure 1 was used to generate the chromatograms of Figure 10 by decreasing
the flow rate to 0.60 mb/min. At the lower flow rate, the background conductivity from the
suppressor decreased from [7.0 to 0.72 nS/cm, representing a 95.8% reduction in the background
conductivity. The lower flow rate increascs residence time in the decarbonation tubing which result

in improved carbon dioxide removal compared to the higher flow rate.

Table §

Number | Analyte | Concentration
{mg/L}
1 F 2
2 C 10
3 NO, 1G
4 Br 10
5 NG; 1¢
6 PO, 20
7 50" 10

Example 2. Removal of CO; using the Device of Figure 1

{0066} In this example, deionized water was pumped directly to the first conductivity cell (no

separator column or suppressor). The measured conductivity of the deionized with the first
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conductivity cell was 0.82 uS/cm. From the first conductivity ccll, the water was then directed to the
mlet of the device of Figure 1. The measured conductivity at the second cell was 0.23 pS/om

demonstrating the ability of the Figure | device to remove carbon dioxide from deionized water,

Example 3. CO2 Removal and Suppression using the Integrated Electrolytic Suppressor and

Carbon Dioxide Removal Device of Figure 2

{8867} An integrated clectrolytic anion suppressor and carbon dioxide-removal device as shown in
Figure 2 was constructed using machined high density polyethyiene hardware. The device consisted
ot two bodigs, a coupler to connect the bodies and two end caps. The coupler had a through hole of
diameter of .95 cm and the depth of the through hole was 0.95 cm. The coupler also had two ¥4-28
female fittings allowing liguid flow through the coupler. One body was constructed as the
decarbonation chamber as described in Example 1, except that the end cap used to form the anode
chamber was replaced with a coupler. The coupler contained an anion exchange membrane on the
decarbonation chamber side. The coupler was filled with cation exchange resin (DOWEX™ 50x4-
200 mesh, a product of the Dow Chemical Company, Midland, M1} in the hydrontum form. On the
suppressor chamber side of the coupler a cation exchange membrane exchange membrane
{Electropure Excellion I-100 cation exchange membrane, a product of SnowPure Inc, San Clemente,
C A} was placed, Next, the second body (suppressor section) was attached to the coupler and the
body filled with cation exchange resin (DOWEX™ 50x4-200 mesh, a product of the Dow Chemical
Company, Midland, MI). A cation exchange membrane was placed on the anode chamber side of
the suppression charmber body. A platinam electrode (anode) was placed m the anode end cap and

the end cap attached to the suppression chamber body.

{8068} The device of Figure 2 was tested using a Dionex DX500 lon Chromatography system {a
product of Dionex Corp, Sumoyvale, CA) consisting of a GP30 pump, two CD25 conductivity
detectors and a LC30 chromatography oven. An eluent of 4.5 mM sodium carbonate and 1.4 mM

sodiurg bicarbonate was pumped at a flow of 1.2 mL/min to a analvtical anion exchange colomn
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(AG22/A822 a product of Dionex Corp., Sunnyvale, CA). From the analytical column, the flow was
dirccted to the inlet of the suppressor section, A first conductivity ccll was placed at the cluent
outlet of the suppressor section of the device of Figure 2. From the first conductivity cell, the
suppressed chient was then directed to the inlet of the COy-removal section chamber and then to the
second conductivity cell. From the sccond conductivity cell, the flow is split (via a tee) and directed
to the cathode chamber and the central flow chamber (coupler). The flow from the cathode chamber
passcs through the anode chamber and then to waste. An Agilent E3611 A DC power supply
{Agilent Corp., Santa Clara, CA) was used to power the deviee of Figure 2 at a constant current of
40 mA (approximately S0V), Figore 11 is a chromatogram of a seven amon standard obtained with
the systern above, The background condoctivity from the suppression chamber was 19.0 uS/cm and
after passing through the decarbonation chamber, the background conductivity decreased to 1.54

wS/em representing a 1.9 % reduction in the background conductivity.
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WHAT 5 CLAIMED i5s:

i. An electrolytic COp-removal device comprising

{(a) a basic chamber comprising basic medinm comprising an aqueous cation hydroxide
solution;

(b} a COn-permeable barrier which substantially blocks the passage of water, said basic

medium being on one side of said COs-permeable barier;

(<) a liguid sample stream flow channel on the opposite side of said COy-permeable

barrier from said basic chamber, and having an inlet and an outlet;
{d} a first anion exchange membrane on one side of said basic chamber;

(e} a second anion exchange membrane on the opposite side of said basic chamber from

said first anion exchange membrane;

() a first electrode on the other side of said fivst aruon exchange membrane from said

basic medium; and

(2} a second electrode on the other side of said second anion exchange membrane from

said basic median

2. The removal device of Claim 1 in which said basic medium further coruprises anion
exchange packing.

3. The removal device of Claim 1 in which said COy-permeable barrier is capable of removing
at least 90% of the CO, in a higuid stream containing CO» flowing through said sample stream flow

channel.

3
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4. The removal device of Claim 1 in which said CO,-permeable barrier is substantially non-

retentive electrostatically for charged ionic species.

5. The removal device of Claim 1 in which said CO;-permeable barrier comprises tubing, said
figuid sample stream flow channel comprises the interior of said tubing, and said basic chamber

comprises a chamber exterior to said tubing and in contact therewith,

6. The removal device of Claim 1 in a higuid chromatographic system further comprising a
liguid chromatography scparator having an inlet and an outlet, said separator outlet being in fluid

communication with said liguid stream flow channel inlet.

1

The removal device of Claim 6 further comprising

{(h) first and second electrode chambers in which said first and second electrodes are

disposed; and

(1) a detector having an inlet and ontlet, said Hgmd sample stream flow channel being in
fluid communication with said detector inlet, and said detector inlet being m fhud communication

with said first electrode chamber.

3. The removal device of Claim 7 in which said first elecirode chamber is in fluid

communication with said second elecirode chamber.

9, The removal device of Claim 7 in which the flutd communication from said separator outlet

to satd liguid stream flow channel is the sole fluid source commumication with said removal device.

10. The removal device of Claim 6 forther comprising a suppressor, having an inlet and an
outlet, said suppressor inlet being in fluid commumnication with said separator outlet and said

sappressor outlet being mn fluid comnmnication with said hquid sample stream flow channel.

i1, An integrated combined apparatus comprising the removal device of Claim 1 in one section

and a suppressor in another section, said combined apparatus further comprising

U3
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(h) a suppPressor section commprising cation exchange packing and spaced first and sccond

cation exchange membranes flanking opposite sides of said cation exchange packing;

(i) a central flow channel defined by space between said second anion exchange
membrane and said first cation exchange membrane, further comprising ion exchange medium, and
having an inlet and an outlet, said second clectrode being disposed on the other side of said second

cation exchange membrane from said cation cxchange packing.

12 The combined apparatus of Claim 11 in combination with a detector having an inlet and an
outlet, said sample stream flow channel outlet being in fluid commumication with said detector inlet

through a first conduit and said detector outlet being in fluid communication with said first clectrade.

3. The combined apparatus of Claim 12 in which said first electrode is in fluid communication

with said second electrode,

4. The combined apparatus of Claim 12 in which said detector outlet 1s in fluid commumication

with said central flow channel

13, The combined apparatus of Claim 12 in a liguid chromatography system further comprising a
higuid chromatography separator baving an jolet and an outlet, said separator outlet being in flnid

communication with said suppressor section.

16. The combined apparatas of Clairo 11 in which said COy-permeable barrier 1s substantially

uncharged on its sample stream flow channel side.

i7. The combined apparatus of Claim 11 in which said second electrode 18 in flaid

communication with said central flow channel inlet through a second conduit.

1&. The combined apparatus of Claim 17 further comprising a gas removal device disposed in the

second conduit.
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19,  The combined apparatus of Claim 12 further comprising an ion exchange trap disposed in

said first conduit,

20. The combined apparatus of Claim 11 in which said CO,-permeable barrier comprises tubing,
said liquid sample stream flow channel comprises the interior of said tubing, and said basic chamber
comprises a chamber exterior to said tubing and in contact therewith, said detector outlet being in

fluid communication with said central flow channel inlet through a third conduit.

21. The combined apparatus of Claim 20 further comprising an ion cxchange trap in said third
conduit.
22, The combined apparatus of Claim 11 1n combination with a water source, an eluent generator

having an inlet and an outlet and a chromatography separator having an inlet and and outlet, said
water source being in fluid communication with said central flow channel inlet, said central flow
channel outlet being in fluid communication with said eluent generator inlet, said eluent generator
inlet, said cluent gencrator outlet being in fluid communication with said separator inlet and said

separator outlet being in fhuid commumication with said suppressor section cation cxchange packing.

23. A combined apparatus comprising the COz-removal device of Claim 1 and an agueous

stream purifier device, satd combined apparatus further comprising

{(h} a third anion exchange membrane spaced from said second anion exchange

membrane on the opposite side of said second anion exchange membrane from said basic chamber;

(i) a central flow channel defined by the space between said second and third anion

exchange membranes further comprising ion exchange mediunyg
&

M a cation exchange membrane spaced from said third anion exchange membrane; and

U3
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k) a aqueous stream purificr section defined by the space between said third anion
exchange membrane and said cation exchange membrane, said aqueous stream purifying section
further comprising agueous stream purifying ion exchange medium disposed in said last named
space, said second electrode also being disposed on the other side of said cation exchange membrane
from said aqueous stream purifier section,

24. A combined apparatus comprising the COy-removal device of Claim 1 and an agqueous

stream purifier device, further comprising

{(h) a third anion exchange membrane spaced from said second anion exchange

membrane on the opposite side of said second ion exchange membrane from said basic medium; and

{1} an aqueous stream purifying section defined by the space between said second and
third anion exchange membranes, said aqueous stream purifying section further comprising agueous
stream puritying ion exchange medium disposed in said last named space, said second electrode also
being on the other side of said third anion exchange membrane from said agueous stream purifying

anion cxchange medinm.

25. A method for removing CO; from an aqueous hiquid sample stream containing O, said

method comprising

{(a) flowing satd agueous liquud sample stream containing €O, through a higuud sample
stream flow channel in an electrolytic COsx-removal device on one side of a CO»-permeable barrier
from a basic chamber comprising basic medium comprising an agueous cation hydroxide solution,
said COy-permeable barmier permitting the passage of €O gas but substantially blocking the passage

of water; and

() passing a current through a first anion exchange membrane on one side of said basic
chamber from a cathode on the opposite side of said first anion exchange membrane from said basic

chamber, said current passing through said basic chamber and a sccond anion exchange membrane
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on the opposite side of said basic chamber from said first anion exchange membranc to an anode on
the opposite side of said basic chamber from said second anion exchange membrane, to regenerate

said basic medium,

20. The method of Claim 25 in which said CO,-permeable barrier i1s substantially non-retentive

electrostatically for charged tonic species.

27. The method of Claim 25 in which at least 90% of the CO; in said hiquid sample stream is

removed while performing said method.

28. The method of Claim 25 in which said cation hydroxide solution is non-flowing while

performing said method.

29. The method of Clairn 25 1 which said basic medium further comprises anion exchange
packing.
30. The method of Claim 25 1 which said COs-permeable barvier comprises tubing, said lgunid

sample stream flow channel comprises the interior of said tubing, and said basic chamber comprises

a charaber exterior to said tubing and in contact therewith,

53

{. The method of Claim 25 further comprising chromatographucally separating analytes in said

Hguid sample stream, and in which said hiqud sarople stream is the hiquid sample stream of step (a).

32, The method of Claim 25 forther comprising suppressing said Hguid sample stream between

chromatograph separation and COp-removal.

33 The method of Claim 25 further comprising flowing the liquid sample stream cxiting from
the liquid sample stream flow channel through a detector, and past said cathode and anode in a

cathode chamber and an anode chamber, respectively,

L3
~d

¢
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34, The method of Claimm 25 i which the sole source of liquid into said removal device is the

flowing aquecous liguid stream in step (a).

35. The method of Claim 25 further comprising suppressing said sample stream prior to step (a),
said method being performed in a combined electrolytic COy-removal and suppressor device, said

method comprising

(<) prior to step {(a), electrolytically suppressing said liguid sample stream, including
separated analytes, by flowing said sample sircam through cation exchange packing in a suppressor
section of said combined device flanked by first and second cation exchange membrancs,

respectively, on opposite sides of said cation exchange packing; and

(d) flowing an agueous liguid through a central flow channel flanked on one side by said
first anion exchange membrane and on the other side by said first cation exchange membrane, said
central flow channel including ion exchange medium, said current also passing through said central
flow channel, said first cation exchange membrane, said cation exchange packing, and sccond cation
exchange membrane to an anode on the opposite side of said basic chamber from said second cation

exchange membrane.

36. The method of Claim 25 further comprising purifying an aqueous cluent stream, using an
clectrolytic COx-removal and aqueous stream purificr combined device said method further

CoTprising

() prior to step {(a), flowing an cluent stream through an agqueous stream purifier section
of said combined device, said purifier scction comprising aqucous stream purificr ion exchange
medium flanked by said second anion exchange membrane and a third ion exchange membrane, said
current being passed from a cathode on the opposite side of said third anion exchange membrane
from said purificr ion exchange membrane from said basic medium through said purifier ion

exchange medium and said basic medium to said anode.
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