(12) STANDARD PATENT (11) Application No. AU 2002247237 B2

(19) AUSTRALIAN PATENT OFFICE

(54) Title
Suppressed chromatography and salt conversion system
(51) International Patent Classification(s)
GO1N 30/02 (2006.01) GO1N 30/88 (2006.01)
GO1N 30/64 (2006.01) GO1N 30/96 (2006.01)
GO1N 30/84 (2006.01) GO1N 30/60 (2006.01)
(21) Application No: 2002247237 (22) Date of Filing:  2002.02.28

(87) WIPO No:  WO002/071052

(30) Priority Data

(31) Number (32) Date (33) Country
09/797,914 2001.03.01 us
(43) Publication Date: 2002.09.19

(43) Publication Journal Date:  2003.03.13
(44) Accepted Journal Date: 2007.02.08

(71) Applicant(s)
Dionex Corporation

(72) Inventor(s)
Saini, Sheetal;Srinivasan, Kannan;Avdalovic, Nebojsa

(74) Agent / Attorney
Davies Collison Cave, 1 Nicholson Street, MELBOURNE, VIC, 3000

(56) Related Art
WO 1994/018555




0 02/071052 A3

(19) World Intellectual Property Organization

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

International Bureau

(43) International Publication Date
12 September 2002 (12.09.2002)

(10) International Publication Number

WO 02/071052 A3

(51

@1
@2)
25)
26)

(30

(71

(72)

International Patent Classification”: GOIN 30/02,
27/04
International Application Number: PCT/US02/06227

International Filing Date: 28 February 2002 (28.02.2002)
Filing Language: English
Publication Language: English

Priority Data:

09/797,914 1 March 2001 (01.03.2001) US

Applicant: DIONEX CORPORATION [US/US]; 1228
Titan Way, Sunnyvale, CA 94088-3603 (US).

Inventors: SRINIVASAN, Kannan; 620 Iris Avenue,
Sunnyvale, CA 94086 (US). SAINI, Sheetal; 39900
Blacow Road, Apt. 45, Fremont, CA 94538 (US). AV-
DALOVIC, Nebojsa; 20350 Stevens Creek Blvd., #205,
Cupertino, CA 95014 (US).

(74

(81)

(84)

Agents: BREZNER, David, J. et al.; Flehr Hohbach Test
Albritton & Herbert LLP, Suite 3400, 4 Embarcadero Cen-
ter, San Francisco, CA 94111-4187 (US).

Designated States (national): AE, AG, AL, AM, AT, AU,
AZ,BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, IEC, LL, ES, I'L, GB, GD, GL, GH,
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, L.C,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SD, SE, SG,
SI, SK, SL, TJ, TM, TR, TT, TZ, UA, UG, UZ, VN, YU,
ZA, ZM, ZW.

Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Furasian patent (AM, A7, BY, KG, K7, MD, RU, TJ, TM),
European patent (AT, BE, CH, CY, DE, DK, ES, FI, FR,
GB, GR, IE. IT, LU, MC, NL, PT, SE, TR), OAPI patent
(BF, B, CF, CG, CI, CM, GA, GN, GQ, GW, MI., MR,
NE, SN, TD, TG).

Published:

with international search report

[Continued on next page]

(54) Title: SUPPRESSED CHROMATOGRAPHY AND SALT CONVERSION SYSTEM

18 12 ( )M"14
Qki 26
20
28
30~
-10

(57) Abstract: Mcthod and apparatus for suppressed ion analysis in which a sample solution of analyte (c.g., anion) in an cluent of
electrolyte counterions (e.g., sodium), is chromatographically separated. Then, the counterions are suppressed in a suppression zone
and removed and used Lo converl the analyle ions Lo salt [orm in a salt-converting zone. The suppression and salt-converting zones
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bases formed from them (e.g., in membrane suppressor devices) are detected. Also, salt conversion can be performed using two ion

exchange packed bed salt convertors in which one bed is on-line while the other is regenerated, [ollowed by a reversal of [low.
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SUPPRESSED CHROMATOGRAPHY AND
SALT CONVERSION SYSTEM

BACKGROUND OF THE INVENTION

The present invention relates to a method and apparatus using ion chromatography

(“IC”) in which the suppressed analyte is converted to a salt prior to detection.

Ton chromatography is a known technique for the analysis of ions which typically
includes a chromatographic separation zone using an eluent containing an electrolyte,
and an eluent suppression stage, followed by detection, typically performed by a
conductivity detector. In the chromatographic separation stage, ions of an injected
sample are eluted from a separation column. In the suppression stage, electrical
conductivity of the eluent electrolyte is suppressed but not that of the separated ions.
In the first generation of ion chromatography, suppression or stripping of electrolyte
used an ion exchange resin bed. In an improved form of suppression, a charged
membrane in the form of a fiber or sheet is used in place of the resin bed. In sheet
form, the sample and eluent are passed on one side of the sheet with a flowing
regenerant on the other side of the sheet. The sheet comprises an ion exchange
membrane partitioning the regenerant from the effluent of chromatographic separation.
The membrane passes ions of the same charge as the exchangeable ions of the membrane
to convert the electrolﬁe of the eluent to weakly ionized form, followed by detection of

the ions.
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One effective form of suppressor is described in U.S. Patent No. 4,999,098, In this
apparatus,. the sﬁppfessor includes at least one regemerant compartment and one
chromatographic effluent corﬁpartment separated by an ion exchange membrane sheet.
The shéet allows transmerﬁbrane passagé of ions of the same éharge as its exchaﬁgeable
ions. Ion exchange screens are used in the regenerant and effluent compartments. Flow
from the effluent compartment is directed to a detector, such as an electrical conductivity
detector, for detecting the resolved ionic species. The screens provide ion exchange sites
and serve to provide site to site transfer paths across the effluent flow channel so that
suppression capacity is no longer limited by diffusion of ions from the bulk solution to the
membrane. A sandwich suppressor is also disclosed including a second membrane sheet
opposite to the first membrane sheet and defining a second regenerant compartment.
Spaced electrodes are disclosed in communication with both regenerant chambers along
the length of the suppressor. By applying an electrical potential across the electrodes,
there is an increase in the suppression capacity of the device. The patent discloses a
typical regenerant solution (acid or base) flowing in the regenerant flow channels and
supplied from a regenerant delivery source. In a typical anion analysis system, sodium
hydroxide is the eluent and sulfirric acid is the regenerant. The patent also discloses using
water to replace the regenerant solution in the electrodialytic mode. In an improved
form of membrane suppressor, described in U.S. Patent No. 5,352,360, effluent from

the detector is recycled through the regenerant flow channels.

In Berglund, 1., et al. Anal. Chem. 63: 2175 (1991), another muitiple detector system is
described. Here, conventional IC is performed using a first conductivity detector. The
effluent from that detector is passed sequentially through cation exchange and anion
exchange conversion zones. For anion analysis, the effluent from the first detector is in
the usual IC form of HX (wherein X is the analyte anion) as it exits from the suppressor.
Two different types of convertors are disclosed. In a sequential packed column form, the
effluent first passes cation (sodium) exchange resin and then anion (hydroxide) exchange
resin, resulting in sequential conversion first to NaX salt and thereafter to NaOH. A
permselective membrane-type convertor is also disclosed for such sequential conversion.
After conversion, the ion conductivity of the sodium hydroxide is measured in the second

detector and compared to the ion conductivity of the first detector. The paper states that
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the data reveals peaks due to very weak acids hidden in the suppressed base line or
overlapped with strong acid peaks. It further states that this method allows an estimation
of the pK of the analyte peak and perr.hit's approximate quantitation without standard:s.
Problems with that system inclﬁde the following: (1) incomplete conversion of the acid -
form analyte to NaOH due to differences in ion exchange selectivity between hydronium
and sodium, and analyte anion and hydroxide on the cation and anion exchange resins
respectively; and (2) analyte band dispersion in the ion exchange columns must be
compensated for when ratioing the signals from the two detectors. For weak acids, for
example, it can be more of a problem, because there is less free hydronium ion available

to exchange for sodium ion.

In PCT Publication WO 9418555, apparatus and mcthod§ are disclosed using IC
principles in which different detectors provide useful comparative signals. Specifically,
in one form of the apparatus, separating means, typically in the form of a chromatographic
resin column, separates the analyte ions in the presence of an eluent comprising
electrolyte. The effluent from the separating means flows through suppressor means for
converting the electrolyte to weakly ionized form and the analyte ions to acid or base
form. The suppressed effluent flows through a first detector for detecting the conductivity
of the ionic species and generates a first signal. This portion of the system is conventional
suppressed IC. The effluent from the first detector flows through a salt convertor for
converting the analyte ions in acid or base form and to salt form. Then, the conductivity
of the salt form of the analyte is measured in a second detector means and a second signal
is generated. The first and second signals are analyzed to represent a defined relationship

between the output signals.

In one embodiment of WO 9418555, the analyte ions in acid or base form are converted
to their corresponding salts in a single conversion with salt-forming ions of opposite
charge. For example, for analyte anions represented by "X", and using Na* ion, NaX is
measured in the second detector means. This is referred to herein as the "single
conversion mode." It discloses a salt convertor which minimizes dispersions which
could skew peak ratios of the single conversion type. One disclosed single conversion

convertor is an on-line microelectrodialytic ion source which supplies the salt-forming ion
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* through a membrane. It includes a salt-forming ion source channel, a suppressor effluent

flow channel and a permselective ion exchange membrane partitioning the two channels.

The membrane includes exchangeable ions of the same charge as the salt;forﬁing ions

~ and is resistant to transmembrane passage of the ionic species. ‘An electrical potential is

applied between the ion source channel and suppressor effluent flow channel. The latter
channel is in fluid communication with the effluent from the suppressor. In operation, the
signal generated in the first conductivity detector for the acid or base form of the analyte
is evaluated with the signal generated in the second ion conductivity detector for the salt
form of the analyte to provide extremely useful information. Other disclosed single
conversion convertors include the use of an ion exchange membrane barrier without
electrolysis, but with external acid or base concentrations sufficient to overcome the
Donnan barrier. Still other systems include the use of a porous membrane barrier using
the application of current or differential pressure to drive the acid or base salt-forming
ions into the suppressor effluent flow channel. Single conversion is also disclosed by
flowing the suppressor effluent stream through an ion exchange medium such as a column
of an ion exchange resin bed having exchangeable ions of opposite charge to the analyte

ions.

WO 9418555 also discloses a “double conversion mode” in which the analyte ions are
twice-converted. In this instance, the analyteionis converted to a salt of (2) the same type
of counterion as in the single conversion mode, and (b) a common single ion of the same
charge as the analyte ion by simultaneous ion exchange of the acid of base form of the
analyte ions with the selected anion and cation. In one embodiment using a permselective
membrane, the suppressor effluent flows in a central channel flanked by two ion source
channels, one including anions and the other including cations. Permselective membranes
separate the ion source channels from the suppressor effluent flow channel and include
exchangeable ions of a type which permit transport of such cations and anions into the
suppressor effluent flow channel to accomplish double comversion. In another
simultaneous double conversion, the suppressor effluent flows from the first detector
through ion exchange medium such as an ion exchange resin bed, including exchangeable
anions and cations of the same type desired as in the permseleciive membrane.

Sequential double conversion is also disclosed. In one embodiment, the suppressor
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effluent flows from the first detector sequentially through two ion exchange columns of

_opposite charge. For example the first column includes a common, smgle ion of the same

' charge as the analyte ions so that a converted acid or base w1th a4 common anion or cation

is formed in the first column which is passed to the second column for conversion to a

salt, or the order of the columns may be reversed. Also, it discloses a permselective

'membrane system for the sequential double conversion embodiment.

Another attempt to convert suppressed chromatography effluent to a salt using a
membrane suppressor in the chemical mode with countercurrent flow is disclosed in
Yuan Huang, Shi-fen Mou, Ke-na Liu, J. Chromatography, A 832:141-148 (1999). In
this approach, only enough regenerant solution was provided so that suppression was
incomplete. However, it is difficult to control the background and noise. The device
is extremely sensitive to both the regenerant flow rate and the eluent flow rate for a

given regenerant concentration.

U.S. Patent No. 4,455,233 discloses another approach to salt conversion, using an
eluent with an acid or base with a co-ion of the same charge as the ions analyzed, in
which the co-ions being in the hydronium or hydroxide form. In this approach, the
electrolyte for anions is an acid and the eluent for the cation is a base. Both the eluent
and the analyte are converted to salt form. Although the eluent has a lower conductivity
in the salt form than the conductive form, the background in this approach can be as
high as 100 US/cm. Such high backgrounds result in higher chromatographic noise.
The above approach is generally not compatible with commonly used eluents for ion
chromatography and require eluents that readily get converted to the salt form of lower

background.

There is a need in suppressed chromatography for efficient systems to convert weakly
dissociated analytes into salt form and to facilitate detection of such analytes or

subsequent reaction products against a low background.
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One aspect of the pre.sent. invention relates to a method for suppreséed ion analysis.of a
plurality of different'anéljite ions in a sample solution, each of the analyte ions being of
a common charge, positive or negative. The method includes the following steps: (a)
eluting the sample solution with an eluent, comprising electrolyte counterions of opposite
charge to the analyte ions, through a separating medium effective to separate the analyte
ions to form a separating medium effluent stream, (b) flowing the separating medium
effluent stream through a suppression zone in which electrolyte counterions are removed
to convert the electrolyte to weakly ionized form to form a suppressor sample effluent
stream, and () converting the analyte jons in the suppressor sample effluent stream into
salts in a salt-converting zone by reaction with salt-forming ions of opposite charge
comprising the removed electrolyte counterions to form an analyte salt stream.

Thereafter, the analyte salt or an acid or base formed from that product are detected.

In another aspect of the invention, the salt conversion is performed in a first packed bed
salt convertor including an ion exchange medium with exchangeable cations or anions
by reaction with ions of opposite charge to the analyte ions comprising to form a first
analyte salt stream. At the same time, an at least partially exhausted second packed bed
salt convertor is regenerated to salt-forming cations or anions. The analyte ions in the
first analyte salt stream are detected. Then, flow through the first and second packed
bed salt convertors is reversed so that the first one is being regenerated while a second
analyte salt stream is formed in the second packed bed salt convertor. Then, the analyte

ions in the second analyte salt stream are detected.

Another embodime;nt of the invention comprises apparatus for performing the above
methods including (a) a chromatographic separator having an inlet and an outlet for
separating said avalyte ions in the presence of an eluent comprising electrolyte
counterjons of opposite charge to said analyte ions, and (b) a suppressor-salt convertor
comprising a suppressor sample flow channel separated from a suppressor regenerant
flow channel by a suppressor ion exchange membrane having an upstream and a

downstream salt-forming zone portion, said suppressor sample flow channel having an



WO 02/071052 PCT/US02/06227

10

15

20

-7-

outlet and an inlet communicating with said chromatographic separator outlet, said
suppressor sample flow channel inlet and suppressor regenerant flow channel inlet being

on the upstream side of each of said flow channels so that flow therethrough is in the

~ same direction, the suppressor ion exchange membrane in the downstream salt-forming -

zone portion having exchangeable ions in the electrolyte counterion form serving to

convert said analyte ions to salts of said electrolyte counterion.

In another apparatus according to the invention, the suppressor and salt convertor are
remote from each other. The salt convertor has a regenerant flow channel inlet and
analyte salt-forming flow channel inlet disposed near their upstream ends so that flow

is in the same direction through both channels.
BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1-6 are schematic flow diagrams of different apparatus for performing the present

invention.

FIGS. 7 and 9-12 are comparative chromatograms comparing use of systems according

to the present invention and the prior art.
FIGS. 8 and 13 are diagrams of response curves using the present invention.

FIGS. 14 and 15 are schematic flow diagrams of different apparatus according to the

present invention using packed bed salt convertors.
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

The system of the present invention is useful for determinihg a large number of ionic
species so long as the species to be determined are solely anions or solely cations. A
suitable sample includes surface waters, and other liquids such as industrial chemical
wastes, body fluids, beverages such as frult juices and wines and drmkmg water. When

the terms “analyte” or “analyte ions” are used herein, they include spec1es in ionic form
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-and components of molecules which are ionizable under the conditions of the present

system.

The purpose of a coriventional suppressor is to reduce thé conductivity and noise of the
analysis stream background while enhancing the conductivity of the analytes (i.e.,
increasing the signal/noise ratio) particularly for well ionized species, while maintaining

chromatographic efficiency.

Referring to FIG. 1, a simplified apparatus for performing one embodiment of the
present invention is illustrated. The system includes a chromatographic separator,
typically in the form of a chromatography column 10, which is packed with a
chromatographic separation medium. In one embodiment, the medium is in the form
of ion exchange resin. In another embodiment, the medium is a porous hydrophobic
chromatographic resin as described in U.S. Patent No. 4,265,634, Any

chromatography separator can be used as is known to those skilled in the art.

Arranged in series with column 10 is a suppressor-salt convertor 12 which serves to
suppress the conductivity of the electrolyte of the eluent from column 10 but not the
conductivity of the separated analyte ions. In this embodiment, the analyte ions in the
suppressed eluent are converted into an analyte salt stream in the downstream portion

of suppressor-salt convertor 12 as described hereafter.

The effluent from suppressor-salt convertor 12 is directed to a detector, preférably in
the form of a flow-through conductivity cell 14, for detecting the separated or resolved
analyte ions. A suitable sample stream of analyte ions is supplied through sample
injection valve 16 which is passed through the system in the solution of eluent from
eluent source reservoir 18 drawn by pump 20 and then passes through sample injection
valve 16. The chromatography effluent solution leaving column 10 is directed to a
suppressor zone in suppressor-salt convertor 12 in which the electrolyte is converted to
a weakly conducting form. In a downstream salt convertor zone of convertor 12, the
analyte jons are converted to an analyte salt stream which is passed through conductivity

I
cell 14 in which the presence of the analyte ions produces an electrical signal
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proportional to the amount of analyte ions. Such signal is typically directed from the
cell to a conductivity meter, not shown, thus permitting detection of the concentration

of separated aﬁalyte ions.

In the schematic illustration of FIG. 1, the chromatography effluent is directed in line
22 through suppressor sample flow channel 24 of suppressor-salt convertor 12 separated
by suppressor ion exchange membrane 26, having exchangeable ions of opposite charge
to the analyte ions, {rom suppressor regenerant flow channel 28. The effluent from
detector 14 can be recycled in line 30 stream supplied to the inlet of flow channel 28
and out line 32 to waste. Alternzitively, an independent source of regenerant (not
shown) may be pumped through line 30. The streams in flow channels 24 and 28 flow

concurrently (in the same direction).

The general configuration of suppressor-salt convertor 12 as illustrated in schematic
form can be of the general type known in the IC field as a membrane suppressor. Any
of the conventional forms of membrane suppressor may be used in accordance with the
present invention such as the ones described in U.S. Patent Nos. 4,999,098 and
5,352,360. A preferred form of membrane suppressor is illustrated in FIGS. 2-5 of
those patents which illustrate an electrolytic “sandwich suppressor.” Instead of only
including a single membrane as schematically illustrated in FIG. 1 herein, the
embodiment of FIGS. 2-5 includes a central suppressor sample channel for
chromatography effluent defined on both sides by flat permselective membrane sheets.
Suppressor regenerant flow channels are defined on both sides of the sandwich
suppressor. As illustrated schematically in FIG. 4 of U.S. Patent No. 5,352,360,
electrodes of opposite charge are disposed to communicate, respectively, with each of
the suppressor regenerant flow channels. The present description will refer to this

electrolytic form of membrane device.

A suppressor of the general design sold by Dionex Corporation under the trademark
ASRS suppressor can be used except that the system is set up so that all streams flow
concurrently. In conventional operation of an ASRS suppressor, the regenerant stream

flows countercurrent to the chromatography effluent stream ensures that the tip of the
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-suppressor is in suppressed form so that the membrane closest to the cathode is in the

hydronium form. The electrolyte counterion (sodium) is predominantly drawn across
the membrane in the upstream half of the device which is in cation form. Thus, the

downstream portion of the analyte stream is substantially in the hydronium ion form.

FIG. 2 is a schematic view illustrating the reactions which occur in one embodiment of
suppressor-salt convertor 12 of FIG. 1 used for the analysis of analyte anions. The
suppressor of FIG. 2 includes two permselective ion exchange membranes 40 and 42
defining therebetween a central suppressor sample channel 44. Outside of membranes
40 and 42 are suppressor regenerant flow channels 46 and 48 contained within the
interior walls by a suppressor not shown but illustrated in detail in the above patents.
Electrodes in the form of anode 50 and cathode 52 communicate with the outer walls
of channels 46 and 48, respectively. Ion exchange medium, preferably in the form of
ion exchange screens (not shown), are preferably included in channels 44, 46 and 48
and form a bridge between the electrodes on the outside of the channels and membranes

40 and 42 and between membranes 40 and 42 in the central channel.

Effluent from chromatography column 12 flows through inlet 54 into channel 44, and
out outlet 56 isolated from flow channels 46 and 48 by membranes 40 and 42 as
illustrated in FIGS. 3 and 4 of U.S. Patent No. 5,352,360. In this embodiment, water
is supplied as the regenerant stream in regenerant channels 46 and 48 flowing in the
direction of arrow A. First the upstream or suppression zone of suppressor-salt
convertor 12 will be described. Water is electrolyzed in channel 46 to provide
hydronium jon which passes through membrane 40. Assuming sodium hydroxide
electrolyte used during chromatography, the electrolyte counterion is sodium which
passes through membrane 42 under the influence of cathode 52. Hydroxide is converted
to water in the chromatography effluent flowing through central channel 44 also in
direction A. In the negatively charged suppressor flow channel 48, the sodium ion is

converted to sodium hydroxide.

The suppression zone reactions and conditions are substantially the same as the reactions

that take place in the aforementioned Patent 5 ,352,360. A feature of this embodiment



WO 02/071052 PCT/US02/06227

10

15

20

25

30

-11-

which distinguishes from that patent is that the analyte ions flowing in the suppression
zone sample eluent stream channel 44 are converted into a salt in a salt-forming zone
by reaction with salt-formidg ions of opposite charge. Such salt:forming ions comprise
electrolyte counterions (e.g., éodium) removed during suppression. - As illustraté,d in
FIG. 2, the salt-forming zone is coextensive with the outlet end of membranes 42
includes exchangeable ions in sodium form which supply the ions to convert the analyte
to an analyte salt stream. Conditions in the sali-forming zone are selected so that
suppression is substantially complete (the same degree of suppression as in a
conventional suppressor with an ASRS suppressor) in the inlet or upstream portion of
the suppressor. Sufficient electrolyte counterion is present at the downstream or exit end
of the membrane 42 to permit conversion of the analyte ions to a salt form (e.g., NaA)
wherein “A” represents analyte ion and “Na” is a representative counterion of the
electrolyte. In the embodiment of FIG. 1, suppressor-convertor 12 is an electrolytic
sandwich configuration with concurrent flow of the chromatography effluent in channel
44 and the regenerant in channels 46 and 48 to effectuate substantially complete
suppression in the upstream or suppression zone while simultaneously converting the
analyte to salt form in the downstream or salt-forming zone at the outlet of the

suppressor.

One way to facilitate salt formation using concurrent streams in a conventional ASRS
suppressor is to flow the suppressor effluent through the longer chamber of the ASRS
device. This can be accomplished by reversing the polarity of the electrodes as
illustrated schematically in FIG. 2. Regenerant flow is also reversed and is concurrent
with the eluent flow. At the inlet in the device, the eluent ions are drawn towards the
cathode and replaced by the hydronium ions from the anode. The function of
suppression is still maintained by the flux of hydronium ions and sodium ions through
the ion exchange membranes. Since the exit end of the device is continuously flushed
with suppressed effluent, these ion exchange sites are in the electrolyte counterion
(sodium) form. Reversal of polarity causes the regenerant stream, into which the
electrolyte counterions are transmitted through the membrane 42, to flow through a

longer flow channel 48. The net effect of reversing the pdlarity is to ensure that the

¢
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outlet end of suppressor-salt convertor 12 is in the salt form and available for converting

the suppressed analytes to the salt form.

Alternatively, the electrode length can be shértened at the downstream or outlet end
without changing the polarity of the device. Specifically, for example, the electrode
length can be adjusted to extend extensively with about 30-90% of the upstream or inlet
portions of the membranes bounding the central flow channel 44 of the device,
preferably about 40% to 60% and most preferably about 50%. In this way, the desired
degree of conversion to a salt can be controlled because of a lack of potential being

applied in part or all of the salt convertor zone.

' While conversion to the salt form may result in a lower response for fully dissociated

species, the conversion to the salt form for weakly dissociated species results in an

improved linearity and, depending upon the small pKa, an improved response.

The degree of conversion to a salt form is dependent on the pKa and concentration of
the analytes. The analyte has to be in the ionized form for good conversion. The extent
of conversion can be monitored by comparing the peak response in the suppressed mode
versus the salt formation mode. For strongly ionized species, the conversion to the salt
form results in a decline in response when compared to the suppressed mode. The
extent of conversion can be calculated from the expected conductivity response for a
given analyte concentration which in turn can be calculated from the equivalent
conductance and concentration of the individual ions. For weakly dissociated species,
the conversion to the salt form results in improved linearity of response with
concentration. If excellent linearity of response is observed for a weakly ionized species
over a wide range of concentration (for example, 0-50 ppm), then constant conversion
of the analytes (o the salt form can be inferred in that concentration range. A smaller
range of linearity implies constant conversion in the range where linearity was observed
and lesser conversion in the non-linear regime. It is also possible to calculate the extent
of conversion by calculating the anticipated response for a given concentration. The
condition to accomplish substantially complete suppression in the suppressor zone and

salt conversion in the salt form would be apparent to those skilled in the art. Under
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typical operation conditions, salt conversion can be accomplished with at least about
10% of the outlet or downstream length of the membrane 42 exchangeable ions

predominantly in the electrolyte coun_terion -form, more preferably 30% to 90% and

- most preferably 40% to 60%. One suitable test for monitoring salt conversion is by

plotting a response versus concentration curve for the detected analytes. A linear
response for weakly dissociated species implies constant conversion. The length of the
outlet or downstream length can be adjusted to allow for complete conversion in a
desired range of concentration. The extent of ionization of some weakly dissociated
species can be controlled by the extent of leakage across the membrane and this is done

by adjusting the length of the outlet or downstream length.

The degree of conversion to a salt is the salt-forming zone can be measured, e.g., by
ion chromatography of the electrolyte counterion after salt formation. Suitably, at least
about 10% conversion takes place, preferably at least about 40-60%, and more
preferably at least about 80% to as high as about 95-100%.

In another alternative of the integral suppressor-ion convertor 12 of FIGS, 1 and 2, not
shown, the outlet end of membranes 40 and 42 may be formed of material which has
exchangeable ions of opposite polarity. For example, for anion analysis, the exit end
of membranes 40 and 42 may be in the form of exchangeable cations. Similar spacial
relations to the foregoing discussion of the shortening of the electrode length apply.
The principle is that the system is adjusted to ensure that the outlet or downstream end

of the membrane in the salt-forming zone is in the electrolyte counterion form.

Another embodiment of the integral suppressor-ion convertor 12 is illustrated in FIG.
3. The outlet ends of membranes 40 and 42 are maintained in electrolyte counterion
form by the use of short electrodes of opposite polarity to anode 50 and cathode 52.
Like parts will be designated by like numbers in FIGS. 2 and 3. As illustrated, for
anion analysis, cathode 60 is disposed at the outlet end or downstream of anode 50 and
an anode 62 is disposed at the outlet end or downstream of cathode 52. The relative
length of the upstream electrodes for suppression and downstream electrodes for salt

conversion can be adjusted depending upbn the desired degree of conversion to the salt
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form while maintaining full conversion to the suppressed form in the upstream

. suppression portion of the suppressor. Typically, the upstream electrode is at least as

long as the downstream electrode,preferably the ratio is at least 1:0.4, more preferably
at least 1:0.2 or higher. Alternatively, the applied potential can be varied to adjust the

degree of salt conversion.

The system of FIGS. 1-3 has been described with respect to the analysis of anions. It
is also applicable to the analysis of cations with an appropriate modification of the
device to reverse polarity. Thus, the cathode and anode are reversed, the exchangeable
ions of the suppressor ion exchange membrane are switched to the anion form rather
than the cation form, and the electrolyte counterions are anionic, such as MSA, as is

conventional in cation chromatography.

Referring to FIG. 4, another embodiment of the invention is illustrated in which
suppression and salt conversion are performed in separate communicating devices. In
other words, the salt-forming communicates with but is remote from the suppression
device. Referring to FIG. 4, the sample effluent from chromatography (line 22 in FIG.
1) flows in line 70 into the suppressor sample flow channel 72 of suppressor 74
separated by a suppressor ion exchange membrane 76 from suppressor regenerant flow
channel 78. For anion analysis, suppressor 74 can be a conventional electrolytic
suppressor of the type sold under the ASRS trademark by Dionex Corporation with
countercurrent flow. (A second set of downstream electrodes as described above may
beused.) The suppressed chromatography effluent flows out line 80 into optional first
detector 82 for detection of the suppressed resolved sample as a conventional

chromatography.

The effluent from detector 82 flows through line 84 into the salt convertor regenerant
flow channel 86 of salt convertor 88 separated by salt convertor ion exchange membrane
90 from the salt convertor regenerant flow channel 92. As with the salt-forming zone
of FIGS. 1-3, flow in channels 86 and 92 is concurrent. Membrane 90 has
exchangeable ions of the same charge as the electrolyte counterions. The function of

salt convertor 88 is the same as the function of the salt-forming zone in the integral
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suppressor-salt convertor 12 of FIG. 1. Similar principles apply for accomplishing salt
conversion. One difference is that salt conversion is independent of suppression
because they are accomplished in different devices. One advantége of this System i's that
it can be operated continuously with no external regenerant solution. .Since in this
system suppression is accomplished in the first device, both the suppressed and the salt

form of the analytes can be monitored using independent detectors.

The effluent from flow channel 86 flows through line 94 into a second detector 96
which detects the analyte ions in salt form as described for FIG. 1. The effluent from
detector 96 flows through line 98 and serves as the regenerant stream for suppressor
regenerant flow chaﬁnel 78. The effluent from channel 78 flows in line 100 to the inlet
of salt convertor regenerant flow channel 92. The effluent from flow channel 92 flows
to waste through line 102. In this system, no external regenerant stream is required for

either suppressor 74 or salt convertor 88.

In another embodiment, the suppressor of WO 99/44054 could be used as the
suppressor in a system using a remote salt convertor so that the suppressor effluent is

the source of salt-forming ions.

In another embodiment, illustrated in FIG. 5, the analyte ions are first converted to salt
form and optionally detected, as described above. Thereafter, the analyte salt is
converted to an acid or base of the electrolyte counterions for improved conductivity
during detection. By way of example, if “A” generally designates an analyte anion and
“M?” designates the electrolyte counterion used in the salt convertor, the analyte ion is
converted to MA. In the acid or base convertor, MA is converted to the base MOH.
Thus, in the second stage detection the electrolyte counterions are detected in hydroxide
form, an indirect measure of the analyte ions in the sample. In one embodiment, the
acid or base convertor uses an ion exchange membrane with exchangeable ions of
opposite charge to the ion exchange membrane in the salt convertor. Aliernatively, a

packed bed acid or base convertor may be employed.
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For cation analysis, a typical eluent is MSA, and the analyte ion (e.g., Na%) is

converted to sodmm MSA form by a salt convertor either in integral form with the

" suppressor as in FIG: 1 or in a remote unit as in FIG. 4. Thereafter, the NaMSA is .

converted to the HMSA acid form by passing through an anion suppressor such as the

ASRS® suppressor sold by Dionex Corporation operated in a recycle mode.

FIG. 5 illustrates one embodiment of the sequence of salt conversion followed by acid
or base conversion. Suppressed chromatography effluent in line 110 is directed into
the analyte flow channel 112 of salt convertor 114 separated from salt convertor
regenerant flow channel 116 by salt convertor ion exchange membrane 118. (In an
alternate embodiment, not shown, the operation of salt convertor 114 can be the same
as that of salt convertor 88 in FIG. 4 and so the description of that embodiment will be
incorporated by reference.) The sample effluent converted to an analyte salt in flow
channel 112 flows through line 120 into detector 122 which detects the analyte salt in
the stream. The analyte in 120 may be detected in detector 122 with part of it

optionally flowing to waste in line 123.

Effluent from detector 122 flows in line 124 into an acid or base convertor 126 wherein
the analyte salt of the electrolyte counterion is converted into an acid or base of that
counterion for subsequent detection. A suitable non-electrolytic acid or base convertor
is of the type sold by Dionex Corporation under the trademark AMMSIII. As
illustrated, the analyte salt in the form of MSA flows into acid or base convertor flow
channel 128 which is separated from acid or base flow channel 130 by ion exchange
membrane 132 having exchangeable ions of opposite charge to membrane 118 and thus
of the same charge as the analyie cation. In the analysis of cations, analyte cations are
exchanged for hydronium ions to form the acid of the electrolyte counterion and the
electrolyte counterion M is converted to the MOH for hydroxide form. The effluent
from channel 116 flows in line 134 to the inlet side of flow channel 130 serving as the
aqueous solution for continuously regenerating acid or base convertor 126. The effluent
from channel 130 flows to waste in line 136. The acid or base channel 128 flows in line

138 to detector 140 and where the acid or base is detected. The effluent from detector

I
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140 flows in line 142 and serves as the ion source in channel 116 fdr salt convertor 114.

In an alternative embodiment, not shown, salt conversion ‘may be accomplished in
integral suppressor-salt convertor as illustrated in FIG. 1 followed by conversion to an

acid or base in the manner described in FIG. 5.

One advantage of the above acid or base conversion system illustrated-for cation
analysis is that the acid formed may be more conductive than the suppressed base form
for both highly dissociated and partially dissociated analyte ions. For example, consider
sodium and ammonium as the analytes. Under normal suppression, the sodium and
ammonium with counterions are converted to sodium hydroxide and ammonium
hydroxide. The conversion to a salt in the salt convertor results in lower sensitivity for
sodium because, for example, in the NaMSA form, MSA ion have a lower equivalent
conductance than hydroxide ion. For ammonium, this conversion may result i‘n
improvement and sensitivity (depending on its concentration). Thus, the salt form for
fully dissociated species has a lower response than the suppressed form. On
reconverting the analyte to the MSA acid form, the MSA form becomes more
conductive than both the salt and the suppressed form. This is due to the fact that
hydronium ion is more conductive than hydroxide ion. Thus, improved sensitivity for

all cations may be achieved in this double conversion.

In another embodiment, combining a salt convertor and an acid or base convertor
similar to the system of FIG. 5, is illustrated in FIG. 6. In this instance, an acid or base
convertor using an electrolytic suppressor of the type sold by Dionex Corporation under
the trademark ASRS is used for analysis of cations instead of the non-electrolytic acid
or base convertor 126 described with respect to FIG. 5. Referring to FIG. 6, salt
convertor 114 is of the same type as salt convertor 114 in FIG. 5 except for the source
of regenerant solution. The inlet sample stream 110 is of the same type as in FIG. 5.
Like parts will be designated like numbers for FIGS. 5 and 6. In distinction to FIG. 5,
in FIG. 6 the effluent from detector 140 flows through line 150 and recycles to acid or
base convertor 126 serving as the regenerant liquid source in channel 130 which flows

countercurrently to the analyte salt ﬂowil{g in channel 128. The effluent from channel
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130 flows in line 152 to the inlet side of channel 116 in salt convertor 114. The effluent
from channel 116 flows to waste in line 154. The flow systems of FIGS. 5 and 6 are

different ways of accomplishing the same functions. First, conversion to salt and then

to an acid or base.

In another embodiment, not shown, the packed bed suppressor of WO 99/44054 could

be used as the acid or base convertor.

In another embodiment of the present invention illustrated in FIG. 14, a packed bed
form of salt convertor is illustrated in place of the membrane device salt convertors
described above. Asused herein, the term “packed bed” refers to the packed bed of the
type described in U.S. Patent No. 5,773,615 or alternative flow-through ion exchange
materials such as disclosed in Exampie 7 of that patent. In the embodiment of FIG. 14,
two packed bed devices are used in which one packed bed device is regenerated while
the other one is used for salt conversion. Upon exhaustion of the packed bed device in
use, the valve is switched to regenerate the exhausted suppressor while using the other
regenerated packed bed device. The system of FIG. 14 ﬁsing the electrolyte counterion
as a source of regenerant could also be used with a single packed bed but this would

require downtime or regeneration so it is less desirable than the continuous system of
FIG. 14.

Referring to FIG. 14, the chromatography portion of the system can be the same as that
described above with respect to FIG. 1 through chromatography column 10 and line 22.
(Alternatively, the suppressor could be one or two packed bed suppressors such as
described in U.S. Patent No. 5,597,734.) Thus, this portion of the system will not be
described. The effluent from the chromatography column flows in line 70 to the
suppressor sample flow channel 72 of suppressor 74 separated by suppressor ion
exchange membrane 76 from suppressor regenmerant flow channel 78. Since the
suppressor of FIG. 14 can be of the same type of the suppressor of FIG. 4 as described
above, like numbers will be used to designate like parts in these two suppressors. The
effluent from flow channel 72 flows through line 200 into conductivity cell 202 of the

type described above. In the illustrated dual salt convertor embodiment, the effluent
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from detector 202 flows in liﬁe 204 to valve 206 and exits valve 206 in line 208 which

flows into the first packed bed salt convertor 210 containing ion exchange material such

‘as a packed bed of ion exchange resin 212 with exchangeable ion of opposite charge to

the aﬁalyte ions. In convertor 210, the analyte ions are converted into a salt form of the
electrolyte counterion in an analogous but reversed way to suppression as described in
U.S. Patent No. 5,773,615. Salt conversion in a packed bed is also described in WO
9418555.

The principles in converting the acid or base form of the analyte into a salt are the same
as those described above in that the acid or base form of the analyte is converted to the
electrolyte counterion salt of the analyte. As in conventional suppression, the
electrolyte counterion is in weakly ionized form in line 200 with the analyte ion
typically an acid or base form which can be detected as in conventional chromatography
by conductivity detector 202. The salt converted analyte exiting convertor 210 flows
in line 214 to a second valve 216 and from there in line 218 to a second conductivity
cell 220 in which the analyte in salt form is detected. The effluent from conductivity
detector 220 flows in line 222 to the inlet side of the regenerant flow channel 78 ‘of
suppressor 74. As described above, flow in channels 72 and 78 are countercurrent as
in a conventional suppressor. The effluent from suppressor regenerant flow channel
flows in line 224 back to valve 216 and into line 226 into the bottom of the second salt
convertor 228 containing a packed bed of resin particles 230 as illuétrated. The effluent
stream from the regenerant flow channel 78 includes electrolyte counterions which have
migrated across ion exchange membrane 76 according to the well known principles of
membrane suppression. During salt conversion in packed bed 230, the electrolyte
counterions are depleted and replaced by hydronium ions or hydroxide ions.
Thereafter, packed bed 230 is regenerated by flowing the electrolyte counterions in line
224 through line 226 into packed bed 230 to convert the exchangeable ions of the ion
exchange resin back into electrolyte counterion form. From there, the regenerant
stream flows in line 232 back through valve 206 and to waste in line 240. The depleted
packed bed used for salt conversion may be available in the hydronium or hydroxide
form and may be used for the conventional suppression mode. This automatically

Il
converts the packed bed to the eluent counteranion or cation form.
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When on-line salt convertor 210 is exhausted, valves 206 and 216 are switched to

reverse the flow of the analyte and regenerant streams flowing through convertors 210

. énd 228. With the ‘}alving switéhqd, convertor 210 is régen@rat‘ed and com;erto_r 230

is on-line with the analyte serving to convert the analyte to the salt. In this way, the
system is used continuously with one packed bed salt convertor being used to convert
the analyte to salt while the other one is being regenerated followed by valve switching
for use of the other suppressor on-line for salt conversion while the first one is
regenerated. This systcm can be used continuously with the electrolyte counterion
which migrates across suppressor ion exchange membrane 76 being used as the

regenerant for the packed bed salt convertor.

In another embodiment illustrated in FIG. 15,¢a system is illustrated for using two
packed beds in which a first one is used on-line for salt conversion while the second one
is regenerated followed by a switching of the valve so that the second salt convertor is
on-line while the first one is regenerated. This is the same as FIG. 14. However, in
FIG. 15, an external source of regenerant solution, typically in the form of an acid or
base such as the electrolyte used for the eluent, can be used for regeneration. In that
regard, a valving system can be used similar to that set forth in U.S. Patent No.
5,773,615 which describes an alternate suppression and regeneration of two packed bed

suppressors followed by reversal of flow for continuous operation.

Referring to FIG. 15, one embodiment of a continuous system for suppression and
regeneration using two packed beds and an external regenerant reservoir is illustrated.
A stream of chromatographically separated and suppressed analyte from a conventional
suppressed ion chromatography system flows into the system in line 250 into valve 252
and from there through line 254 into first packed bed salt convertor 256 containing a
packed bed of ion exchange particles 258 typically in the form of the electrolyte
counterion. Whenusing a sodium hydroxide electrolyte in the chromatography effluent,
the ion exchange resin may be in the form of the electrolyte counterion or sodium.
Alternatively, the electrolyte counterion may be in any form of the same charge as the
electrolyte counterion such as other alkali metal salts such as lithium, cesium, or

potassium. From bed 256, the analyte salt stream flows in line 260 to valve 262 and
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from there to a detector in the form of conductivity cell 266 and then through line 268

to waste.

Simultaneous with salt conversion in salt convertor 256, salt convertor 270 containing -
ion exchange packed bed 272 is regenerated. In the illustrated embodiment, a solution
of electrolyte counterion or other ions suitable for salt conversion 274 is contained in
reservoir 276. A suitable pump such as pressurized gas in line 278 forces an electrolyte
counterion in a liquid stream to flow through line 280 into valve 260. From there, the
liquid flows in line 282 into the bottom of packed bed 272 and flows therethrough to
regenerant exhausted exchangeable ions such as in the hydronium or hydroxide form
into the form of the electrolyte counterion. The effluent stream from packed bed 270
flows through line 284 back through valve 252 and from there through line 286 to

waste.

The system is used with the illustrated valve setting while packed bed 256 contains
sufficient electrolyte counterions to convert the analyte in line 254 to analyte salt in line
260.

When the exchangeable ions in packed bed 258 are exhausted so that the analyte ions
are not effectively converted to salt form, valves 252 and 260 are reversed. In this
instance, the electrolyte source from reservoir 276 flows upwardly through bed 258 to
convert the exchangeable ions to electrolyte counterion form while convertor 270 is on-
line converting analyte ion to analyte salt form. In this manner, flow through the two
packed beds is reversed so that one is used for salt conversion while the other one is
regenerated followed by a reversal of the valving resulting in continuous operation of
the system. In one alternate system, not shown, the suppressors can be in the packed

bed form rather than membrane suppressors.

With packed bed devices, the capacity of the bed can be calculated and based on the
analyte concentrations an estimate of the regeneration time can be easily derived. The
membrane and packed bed devices of the present invention may be operated

. . » 4
continuously or discontinuously as described above.
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All publications-referred to in this specification are incorporated herein by reference.

As set forth above, for simplicity, substantial portions of the present specification and

many claims refer to two channel ion exchange membrane devices for suppression, salt
conversion and/or acid or base conversion. One flow channel of the described
membrane devices contain the sample stream and the other contains a stream that
interacts with the sample stream by supplying or receiving ions (“the interacting flow
channel™). Such claims are intended to encompass both a two channel membrane device
and a three channel device containing two membranes as described above with respect
to the suppressor membrane device of FIGS. 2-5 in U.S. Patent No. 5,352,360 as
schematically illustrated in FIGS. 2 and 3 herein. Thus, for example, when the claims
refer to a first electrode communicating with a sample flow channel, this encompasses
direct communication (as by direct contact of the first electrode with the sample flow
channel), or indirect communication (as by direct contact of the first electrode with the
third flow channe! adjacent to the second membrane separating the sample flow channel
from the third flow channel in the sandwich membrane device), in which the first
electrode is of opposite charge to the second electrode communicating (typically

directly) with the interacting flow channel.
To illustrate the present invention, the following examples of its practice are provided.
Example 1

This example illustrates the operation of the system of FIG. 1. A Dionex Corporation
DX500 system was used for this testing with a Dionex CS12a column and 20 mN MSA
eluent. A commercially available Dionex CSRS ultra suppressor was used as the
suppressor device and operated in the recycle mode of operation. The analytes
comprised of a mixture of lithium, sodium, ammonium, potassium, calcium and
magnesium. The CSRS ultra suppressor was first operated at 100 mA in the normal
mode of operation. The regenerant flow was then switched to the concurrent flow mode
(or reversed flow mode) as per the current invention and the device was powered at 100

mA. The chromatograms were compared as shown in FIG. 7. The sensitivity for all
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the peaks were lower in the salt form, however, ammonia showed a higher relative

response than the other ions in the salt form for this concentration. .
Example 2

This example compares to operation of a conventional suppressor and suppression-salt
conversion as in FIG. 1. The efficiencies between the normal and the reverse flow
mode were compared in this example and is shown in the following Table 1. The
results indicated superior performance of the reversed mode of operation, which is

another benefit of converting the analytes to the salt form.

TABLE 1
COMPARISON OF EFFICIENCY-NORMAL vs. REVERSE MODE
Normal Efficiency Reversed Efficiency
Lithium 5146 6751
Sodium 6033 7132
Ammonium 4567 6367
Potassium 6908 7464
Magnesium 3958 ’ 4531
Calcium 4220 4750
Example 3

Response versus concentration curves were generated by monitoring the response for
the ions in the normal and the reverse mode of operation for a range of concentration
up to 50 ppm. All other conditions were similar to Example 1. The results are plotted
for ammonia in FIG. 8 and indicates linear response up to 50 ppm for the reverse mode
of operation. The normal mode of operation showed poor linearity, The correlation
coefficient for linearity for the reverse mode was 0.997 indiéating linear response and
complete dissociation of the ions in the salt form. The correlation coefficient for

linearity for the reversed mode was 0.997 indicating linear response and constant
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conversion to the salt form. In comparison to the above result, the normal mode

showed non-linear behavior particularly when the concentration of ammonia increased.

" This can lead to quantitation errors. This examplé shows the method of the present

invention has excellent linearity leading to improved quantitation.
Example 4

In this example, 10 ppb of ammonia was injected in the presence of 1000 ppm of
sodium and the suppressor was operated both in the normal and the reversed mode of
operation. All other conditions were similar to Example 1. The results as shown in
FIG. 9 indicated a lower shift in the baseline for the reversed mode of operation.
Roughly, 40 nS/cm shift was observed due to the high level of sodium in the sample
stream for the normal mode of operation. The reversed mode showed a much lower
baseline shift of roughly 5 nS/cm indicating superior performance for this application.
The noise was also lower in the reversed mode indicating that the sensitivity would be

higher for this application in the reversed mode of operation.
Example 5

This example shows the operation of the system of FIG. 1. A Dionex Corporation
DX500 system was fitted with an AS11 column and a gradient separation was attempted
for a mixture of anions in both the normal and the reversed mode of operation. The
analytes comprised of Bromate, Azide, Selinite, Sulfate and Phthalate ions. The
gradient conditions were 0.5 mM to 30 mM NaOH for the first 16 minutes of operation
and then up to 25 rqinutes at 30 mM NaOH for 1 ml/min. The suppressor was operated
in the reversed mode of operatioﬁ and the polarity was reversed to ensure that the tip
of the suppressor was in the salt form. The results as shown in FIG. 10 indicated
higher relative response for the weak acids in the salt form. Carbonate was poorly
detected in the normal mode of operation and was detected with high sensitivity in the
reversed mode of operation again demonstrating superior performance of the devices

of the present invention. g
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Example 6

- A Dionex Corporation DX500 system was used for this festinngith a Dionex CS12a.

column and 20 mN MSA eluent. A modified version of the 4 mm Dionex CSRS ultra
suppressor was used as the suppressor device. The modification consisted of reducing
the length of the anode to about 75% of the channel length. The net result of this
change was a higher level of leakage of the regenerant across the suppressor as evident
by the higher background. The suppressor was operated at 100 mA with the regenerant
flow switched to the concurrent flow mode (or reversed flow mode) as per the current
invention and the device was powered at 100 mA. The device produced negative peaks
for an injection of 250-ppb concentration for a mixture of cétions as shown in FIG. 11a.
The device when injected with 750-ppb showed a mixture of both positive and negative
peaks making integration difficult (FIG. 11b).

Example 7

The experimental setup was similar to Example 6 with the exception that an additional
2 mm AMMS device was used for converting the cation analytes to acid form. This
setup is shown in FIG. 5. The regenerant waste is diverted from the first suppressor
to the AMMS suppressor in this mode. Thus, continuous conversion of the analytes to
the eluent form is accomplished. The device is injected with the same samples from
Example 6. Positive peaks with high sensitivity were observed as MSA and is shown
in FIGS. 12a and 12b. The peak response in this mode was (area and height) higher

than the salt form.
Example 8

The experimental setup was similar to Example 7 with the exception that a number of
standards between O and 8 ppm were injected. The response versus concentration
curves showed excellent linearity for all the cations including ammonia in the above
concentration range. Correlation coefficient of greater than 0.999 was achieved for all

of the ions. Response versus concentration curve for ammonia is shown in FIG. 13.
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Throughout this specification and the claims which follow, unless the context requires
otherwise, the word "comprise”, and variations such as "comprises” and "comprising", will
be understood to imply the inclusion of a stated integer or step or group of integers or steps

but not the exclusion of any other integer or step or group of integers or steps.

The reference in this specification to any prior publication (or information derived from it),
or to any matter which is known, is not, and should not be taken as an acknowledgment or
admission or any form of suggestion that that prior publication (or information derived
from it) or known matter forms part of the common general knowledge in the field of

endeavour to which this specification relates.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A method for suppressed ion analysis of a plurality of different analyte ions in a
sample solution, each of said analyte ions being of a common charge, positive or negative,
said method comprising:

(@) eluting said sample solution with an eluent, comprising electrolyte
counterions of opposite charge to said analyteions, througha separating medium effective
to separate said analyte ions to form a separating medium effluent stream,

()  flowing said separating medium effluent stream through a suppression
zone in which electrolyte counterions are removed to convert said electrolyte to weakly
ionized form to form a suppressor sample effluent stream, and

(c)  converting said analyte ions in said suppressor sample effluent stream into
salts in a salt-forming zone by reaction with salt-forming ions of opposite charge

comprising said removed electrolyte counterions to form an analyte salt stream.

2. The method of Claim 1 further comprising the step of

(d)  detecting said analyte ions in salt form in said analyte salt stream.

3. The method of Claim 1 in which step (b) is performed by flowing said separating
medium effluent stream through a suppressor sample flow channel in said suppressor zone
separated from a suppressor regenerant flow channel by a suppressor ion exchange
membrane having exchangeable ions of opposite charge to said analyte ions, and flowing
a regenerant stream through said suppressor regenerant flow channel, said electrolyte
counterions being removed from said separating medium effluent stream by passing
across said suppressor ion exchange membrane into said suppressor regenerant stream to

form a suppressor regenerant effluent stream containing electrolyte counterions.

4, The method of Claim 3 in which said separating medium effluent stream in said
suppressor sample flow channel and said suppressor regenerant stream in said suppressor

regenerant flow channel flow in the same direction.
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5. The method of Claim 3 in which said salt-forming zone is coextensive with the

outlet section of said suppressor ion exchange membrane which includes exchangeable

ions in the form of said electrolyte counterions, a portion of which form salts with said

sample analyte ions.

6. The method of Claim 5 for the analysis of anion analytes in which an electrical
potential is applied across said suppressor ion exchange membrane in said suppression
zone between an anode communicating with said suppressor sample flow channel and a

cathode communicating with said suppressor regenerant flow channel.

7. The method of Claim 6 in which an electrical potential is applied across said
suppressor ion exchange membrane in said salt-forming zone between a cathode
communicating with said suppressor sample flow channel and an anode communicating

with said regenerant flow channel.

8. The method of Claim 5 for the analysis of cation analytes in which an electrical
potential is applied across said suppressor ion exchange membrane in said suppression
zone between a cathode communicating with said suppressor sample flow channel and an

anode communicating with said suppressor regenerant flow channel.

0. The method of Claim 6 or 8 in which an electrical potential is applied across said
suppressor ion exchange membrane in said salt-forming zone between an anode
communicating with said suppressor sample flow channel and a cathode communicating

with said regenerant flow channel.

10.  The method of Claim 6 in which an electrical potential is not applied across at

least a portion of said salt-forming zone.

11.  The method of Claim 3 in which step (c) is performed by flowing said
suppressor regenerant effluent stream through a salt converting zone remote from said
suppression zone having a salt convertor regenerant flow channel separated by a salt

convertor ion exchange membrane, having exchangeable ions of opposite charge to said
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analyte ions, from an analyte salt-forming flow channel, and flowing said suppressor °
sample flow stream through said analyte salt-forming flow channel, said electrolyte
counterions passing from said salt convertor regenerant flow channel through said salt
coﬁvertor ion exchadge membrane from said regenerant effluent stream into said analyte

salt-forming flow channel to form said analyte salt stream.

12, The method of Claim 11 in which an electrical potential is applied across said salt
convertor ion exchange membrane between a cathode communicating with said analyte
salt-forming flow channel and an anode communicating with said salt convertor

regenerant flow channel.

13.  The method of Claim 11 in which an electrical potential is applied across said salt
convertor membrane between an anode communicating with said analyte salt-forming
flow channel and a cathode communicating with said salt convertor regenerant flow

channel.

14.  The method of Claim 11 further comprising the step of:

(d detecting said analyte ions in salt form in salt analyte salt stream.

15.  The method of Claim 14 in which after, detection in step (d), said analyte salt

stream is recycled to said suppressor regenerant flow channel.

16.  The method of Claim 11 in which an electrical potential is applied across said
salt convertor ion exchange membrane between first and second electrodes of opposite
charge communicating with said salt convertor regenerant flow channel and said analyte

salt-forming flow channel, respectively.

17.  The method of Claim 16 in which said analyte ions are of negative charge, said

first electrode is an anode and said second electrode is a cathode.

18.  The method of Claim 16 in which said analyte ions are of positive charge, said

/
first electrode is a cathode and said second electrode is an anode.
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19.  The method of Claim 11 in which the streams in said analyte salt-forming flow

channel and said salt convertor regenerant flow channel flow in the same direction.

20.  The method of Claim 1 further comprising the step of:

(d) flowing said analyte salt stream through an acid or base convertor to form
an effluent siream comprising acid of said electrolyte counterions for analyte ions of
positive charge and a base of said electrolyte counterions for analyte ions of negative
charge, and '

© detecting said electrolyte counterions in said acid or base electrolyte

counterion effluent stream.

21.  The method of Claim 20 in which step (d) is performed by flowing said analyte
salt stream through a sample flow channel of said acid or base convertor separated by
an acid or base convertor ion exchange membrane having exchangeable ions of the same
charge as said analyte ions from an acid or base convertor, regenerant flow channel, and
flowing an acid or base stream through said acid or base convertor regenerant flow

channel.

22.  The method of claim 21 in which, after detection in step (e), said acid or base
electrolyte counterion effluent stream is recycled to said acid or base convertor

regenerant flow channel.

23.  The method of Claim 1 in which said salt-forming zone comprises at least a first
packed bed salt convertor including ion exchange medium with exchangeable electrolyte

counterions.

24, The method of claim 23 in which said first packed bed salt convertor is
periodically regenerated by a stream of said eluent electrolyte counterions that are

removed from said suppression zone.

25.  The method of Claim 24 including a second packed bed salt convertor including

ion exchange medium with exchangeable electrolyte counterions which are regenerated
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by a stream of said eluent electrolyte counterions that are removed from said

suppression zone.

26.  The method of Claim 25 in which the flow to said first and second packed bed
salt convertors is reversed so that said first packed bed salt convertor is being

regenerated while said second one converts said analyte ions into an analyte salt stream.

27. A method for suppressed ion analysis of a plurality of analyte ions in a sample
solution, each of said analyte ions being of a common charge, positive or negative, said
method comprising:

(@) eluting said sample solution with an eluent, comprising electrolyte
counterions of opposite charge to said analyte ions, through a separating medium
effective to separate said analyte ions to form a separating medium effluent stream,

(b) flowing said separating medium effluent stream through a suppression
zone in which said electrolyte counterions are removed to convert said electrolyte to
weakly ionized form to form a suppression zone effluent stream comprising said analyte
ions in acid or base form,

(c)  converting said analyte ions in said suppression zone effluent stream into
a salt in a first packed bed salt convertor including an ion exchange medium with
exchangeable cations or anions by reaction with ions of opposite charge to said analyte
ions to form a first analyte salt stream,

(d)  at the same time as step (c), regenerating an at least partially exhausted
second packed bed salt convertor to salt-forming cations or anions,

(e detecting said analyte ions in said first analyte salt stream,

® reversing flow through the first and second packed bed salt convertors
‘so that said first one is being regenerated while a second analyte salt stream is formed
in said second packed bed salt convertor, and

(g)  detecting said analyte jons in said second analyte salt stream.

28. Apparatus designed to carry out the method according to claim 1, said

apparatus comprising:
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(a) a chromatographic separator having an inlet and an outlet for separating
said analyte ions in the presence of an eluent comprising electrolyte counterions of
opposite charge to said analyte ions, and

) a shppressor-salt convertor comprising a suppressor sample flow channel
separated from a suppressor regenerant flow channel by a suppressor ion exchange
membrane having an upstream portion and a downstream salt-forming portion, said
suppressor sample flow channe! having an outlet and an inlet communicating with said
chromatographic separator outlet, said suppressor sample flow channel inlet and
suppressor regenerant flow channel inlet being disposed at the upstream side of each of
said flow channels so that flow therethrough is in the same direction, the ion suppressor
exchange membrane in the downstream salt-forming portion having exchangeable ions
in the electrolyte counterion form serving to convert said analyte ions to salts of said

electrolyte counterion.

29.  The apparatus of Claim 28 further comprising an acid or base convertor
comprising an acid or base convertor sample flow channel having an inlet and an outlet
and separated by an acid or base convertor ion exchange membrane from an acid or base
conversion flow channel having an inlet and an outlet, said ion exchange membrane
including exchangeable ions of the same charge as said analyte ions, said acid or base
convertor sample flow channel inlet communicating with said suppressor sample flow

channel outlet.

30. ~ Apparatus designed to carry out the method according to claim 1, said
apparatus comprising:

(a) a chromatographic separator having an inlet and an outlet for separating
said analyte ions, in the presence of an analyte comprising electrolyte counterions of
opposite charge to said analyte ions to form a separating medium effluent stream,

(b) a suppressor comprising a suppressor sample flow channel, separated
from a suppressor regenerant flow channel having an inlet and an outlet by a suppressor
ion exchange membrane, said last named inlet communicating with said

chromatographic separator and an outlet, and
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c) a salt convertor comprising a salt convertor ion exchange membrane
separating an analyte salt-forming flow channel having an inlet and an outlet from a salf
convertor regenerant flow channel having an inlet and an outlet, said analyte ‘salt-
forming flow channel inlet communicating with said suppressor sample flow channel
outlet, said salt convertor regenerant flow channel inlet communicating with said

suppressor regenerant flow channel outlet.

31.  The apparatus of claim 30 in which said salt convertor regenerant flow channel
inlet and analyte salt-forming flow channel inlet are disposed near the upstream ends

thereof so that flow therethrough is in the same direction.

32.  The apparatus of Claim 30 further comprising an acid or base convertor
comprising an acid or base convertor sample flow channel having an inlet and an outlet
and separated by an acid or base convertor ion exchange membrane from an acid or base
conversion flow channel having an inlet and an outlet, said ion exchange membrane

including exchangeable ions of the same charge as said analyte jons.

33.  The apparatus of Claim 30 further comprising a detector having an inlet and an
outlet, said acid or base convertor sample flow outlet communicating with said detector
inlet and said detector outlet communicating with said acid or base conversion flow

channel inlet.

34.  The apparatus of Claim 30 further comprising a detector having an inlet and an
outlet, said acid or base convertor sample flow channel outlet communicating with said
detector inlet and said detector outlet communicating with said suppressor regenerant

flow channel inlet.
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35. A method according to claim 1 or claim 27, substantially as hereinbefore described

with reference to the Examples or Figures.

36.  Apparatus according to claim 28 or claim 30, substantially as hereinbefore

5 described with reference to the Examples or Figures.
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