CAPI LLARY | ON CHROVATOGRAPHY BACKGROUND OF THE | NVENTI ON [oo00i] |on

chromat ography (1 C) has becone a w dely used anal ytical technique for the
det er m navo@oef34®ni oni ¢ and cationic anal ytes in vari oreTABIWSH33¥BY I'i ces
since it was introduced in 1975. lon chromatography today is perforned in a
nunber of separation and detection nodes. |on chromat ography with
suppressed conductivity detection is the nost widely practiced formof the
techni que. I n suppressed conductivity detection, an eluent suppression
device, ternmed a suppressor, converts the eluent into a weakly conducting
form and enhances the conductance of target analytes. The ori ginal
suppressors were colums packed with ion-exchange resins in appropriate
ionic forns. Those packed-bed suppressors had a relatively | arge dead

vol ume and required off-line chem cal regeneration. To overcone this

probl em suppressors based on ion-exchange fibers and ot her nenbranes were
devel oped. These suppressors can be continuously regenerated using either
acid or base regenerant solutions. [0002] One disadvantage associated with
the original nmenbrane QARILLEARY ONCHRHMIAROGRABHNYal source of either
acid or base regenerant solution typically was used to-generate the

suppr ess \@ﬁ@- rs, various designs of

el ectrol %&ggp}dydyggseggrgﬁgﬂ rlgﬁg suppressors as described in U S.

Pat ent Nunbers 4,999, 098, 5, 248,426, 5, 352,360, and 6,325,976 have been
devel opedotio dercbemaaiogeaphyn{IChhine becamect widely uged nahgical
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Wi th gradi ent separations have very W suppressi on zone
eluent suppression dewce termed a suppressor, converts the eluent into a
weakly conducting form and enhances the conductance of target analytes.
The original suppressors were columns packed with ion-exchange resins in
appropriate ionic forms. Those packed-bed suppressors had a relatively
large dead volume and required off-line chemical regeneration. To overcome
this problem, suppressors based on ion-exchange fibers and other
membranes were developed. These suppressors can be continuously

regenerated using either acid or base regenerant solutions.

o021 One disadvantage associated with the original membrane suppressors
was that an external source‘of either acid or base regenerant solution
typically was used to generate the suppressor continuously. Over the years,
various designs of electrolytically-regenerated membrane suppressors as
described in U. S. Patent Numbers 4,999,098, 5,248,426, 5,352,360, and
6,325,976 have been developed to overcome the limitations associated with
the chemically;-regenerated membrane suppressors. The electrolytic
suppressors offer several advantages in ion chromatography. They provide
continuous and simultaneous suppression of eluents, regeneration of the
suppression medium, and sufficient suppression capacity for common IC
applications. They are easy to operate because the suppressed eluent or



vol ume, which nmakes it possible to achieve separations with high

chromat ographic efficiency. [0003] In ion chromatography, dilute solutions
of aci ds,wbas@w34me salts are conmonly used as chr omat ogcapisc@sobient s.
Traditionally, these eluents are prepared off-line by dilution with

reagent -grade chemcals. Of-line preparation of chromatographic eluents
can be tedious and prone to operator egrors, and often introduces

contam nants. For exanple, dilute NaOH sol utions, wi dely used as eluents in
t he ion chromat ographi c separati on of anions, are easily contam nated by
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anal yt es. hn r ecent 'ﬁe'arfs several approaches that utilize the electrolysis
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medi a have been investigated by researchers to purify or generate
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The use 0'Empurity from the reagents or by adsorption of carbon dioxide from air. The
presence of carbonate in NaOH eluents can compromise the performance of
an ion chromatographic method, and can cause an undesirable
chromatographic baseline drift during the hydroxide gradient and even
irreproducible retention times of target analytes. In recent years, several
approaches that utilize the electrolysis of water and charge-selective
electromigration of ions through ion-exchange media have been investigated
by researchers to purify or generate high-purity ion chromatographic eluents.
U.S. Patent Numbers 6,036,921, 6,225,129, 6,316,271, 6,316,270,
6,315,954, and 6,682,701 describe electrolytic devices that can be used to
generate high purity acid and base solutions by using water as the carrier.
Using these devices, high purity, contaminant-free acid or base solutions are
automatically generated on-line for use as eluents in chromatographic
separations. These devices simplify gradient separations that can now be
performed using electrical current gradients with minimal delay instead of
using a conventional mechanical gradient pump.

o004 The combined use of the electrolytic eluent generator and suppressor
has significantly changed the routine operation of ion chromatographic
methods and permits the performance various ion chromatographic



these electrolytic devices results in significant inprovenents in the
performance of ion chromatography nethods by allow ng m ni nal baseline

shi fts duwongoddseisgr adi ents, greater retention time reprouus2msiosisgy | ower
det ecti on backgrounds, and |ower detection limts for target anal ytes.

[ 0005] Recently, capillary high performance |iquid chromatography using
separation colums with internal dianeters of 1 mmor snaller has gained

i ncreasing popul arity as an anal ytical “separation tool because of the
advant ages associated with the mniaturization of separation processes. The
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smaller) potentially has a number of advantages for analysis of ionic
analytes. The use of capillary separation column can improve the
separation efficiency and/or speed. Separation processes in the capillary
format require much smaller amount of sample and thus offer improved
compatibility with applications where amount of sample is limited. Capillary
ion chromatography system typically operates at 1 to 20 yL/min and thus the
amount of eluent consumed is very small. Capillary ion chromatography has
improved capability for continuous operation with minimal intervention and
thus minimizes problems associated with system start-up and shutdown. The
operation of capillary ion chromatography at low flow rates improves the
system compatibility with mass spectrometer. |n addition, the practice of ion
chromatography in the capillary format opens the door for the possibilities of
offering new selectivity for difficult applications using new columns packed
with more exotic and difficult-to-make stationary phases.

(0o06) When compared to high performance liquid chromatography, ion
chromatography has progressed slower in the area of miniaturization of the
dimension of the separation process. A limited number of studies have been
reported so far in the area of capillary ion chromatography using suppressed
conductivity detection. In 1983, Rokushika and co-workers reported the



reported so far in the area of capillary ion chromatography using
suppressed conductivity detection. In 1983, Rokushi ka and co-workers

report ed wohedewskspnent of a capillary ion chromat ogr aprgTAR2008/083459 Ng
suppressed conductivity detection (J. Chromatography, 260 ( 1983) 81-88).
In their study, an anion exchange capillary columm was prepared by packing
a surfaceaggl onerated ani on exchange gesin in a fused silica capillary with
an internal diameter of 190 nm The suppressor was fabricated using a
Nafion(r) hollow fiber tubing and was regenerated chem cally using an
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isocratic and gradient separations of inorganic and organlc anions were

disclosed. In 2001, Pyo and Kim reported their work on the development of
capillary ion chromatography using open tubular columns and suppressed
conduc:'tivi’ty detection (J. Korean Chem. Soc., 2001, Vol. 45, No. 3). Open
tubular capillary columns coated with DMEOHA latex particles were used as
separation columns. The suppressor was fabricated using a Nafion® hollow
fiber tubing and regenerated chemically using an external acid solution.

100071 In the publications discussed above, capillary ion chromatography with
suppressed conductivity detection was performed using suppressors made of
ion-exchange capillary tubing. These publications disclose chemical
regeneration using an external dilution acid solution. The dead volume of this
type of suppressors can be minimized so that they are compatible with the
capillary separation columns. However, these publications disclosed the use
of chemical regenerant, adding costs of dispensing and disposing of the
chemical regenerant, resulting in potential leakage of the chemical
regenerant across the ion-exchange membrane into the eluent, which raises
the conductivity detection background and affects negatively the sensitivity of



of chem cal regenerant, adding costs of dispensing and di sposing of the
chem cal regenerant, resulting in potential |eakage of the chem cal

r egener anwoaeosassisthe i on- exchange nenbrane into the el remtus20usiosdsss ai ses
t he conductivity detection background and affects negatively the
sensitivity of some anal ytes. There is a need for a capillary ion

chromat ography systemw th an easy-to use, rugged, and reliable capillary
suppressor. SUMMARY OF THE | NVENTI ON['0008] One enbodi nent of the present
invention is an apparatus for capillary ion chromatography conprising a

suppressor _conprising_flowthrou i on exchange packi.ng in a housing

i ncl udi ngs%mﬁgﬁlﬂﬁsi nefe iha "%?egQER?rf@pgfﬁrYéc?", chinaig quhé(riys&mi ng havi ng
a n inl et wththragasutd eée,anggbor ard rélfable papiliasl auipréssoron exchange
menbrane, said tubing being at |east partially disposed in said ion

exchange packi ng. [0009] Anot her enbodi nent of the invention is an
appar at usSUMMARY OFaryEIINVENTIQNt ogr aphy conprising (a) a suppressor
conprising capillary tubing having an inlet and an outlet and forned of a
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housi ng, dispobedin shid iontexxchandé patkisgi d capill ary tubing conprises
exchangeabl e i ons conprising weakly acidic or weakly basic functional
groups. [ooiii A further enbodi ment of the invention is a nmethod for
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having an inlet and an outlet and formed of a permselective ion exchange
membrane, said tubing being at least partially disposed in a flow-through
housing, (b) a flow-through detector in fluid communication with said capillary
tube, and (c) a recycle conduit for directing recycled aqueous sample liquid
from-said detector through said flow-through housing to the outside of said

tubing.

oo10; Another embodiment of the invention is a suppressor comprising
capillary tubing having an inlet and an outlet and formed of a permselective
ion exchange membrane, said tubing being at least partially disposed in a
flow-through housing, in which the outer wall of said capillary tubing
comprises exchangeable ions comprising weakly acidic or weakly basic
functional groups.

po11] A further embodiment of the invention is a method for capillary ion
chromatography including the steps of (a) flowing an aqueous sample stream
including separated sample ionic species of one charge, positive or negative,
in an eluent, through capillary tubing formed of a permselective ion exchange
membrane, said tubing being packed in flow-through ion exchange packing,
and transporting counterions in said eluent of opposite charge to said sample



in an eluent, through capillary tubing fornmed of a pernsel ective ion
exchange nenbrane, said tubing being packed in flowthrough i on exchange
packi ng, wodotwmsmsporti ng counterions in said eluent of poppssecse3Izkar ge to
sai d sanpl ei oni ¢ species across said tubing fromthe inner wall to the
outer wall thereof, and (b) flow ng an aqueous regenerant |iquid through
sai d i on exchange packing past the outside of said tubing to carry away the
transported counterions transported to” Said outer tubing wall. [o00i2] A
further enbodinment of the invention is a nethod for capillary ion

chromat ography including the steps of (a) flow n aqueous sanple stream
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i nner wal botigtetibhs Atdr@porad lto sBRT 60fer tihgdgiiect i ng said separated ionic
species exiting said capillary tubing by ?I owi ng the liquid sanple stream

t hrough a detector, and (c) recycling said aqueous sanple streamfrom said
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BRIEF DESCRIPTION OF THE DRAWINGS

o013 FIGS. 1-5 are schematic representations of different embodiments of
the present invention.

o014 FIGS. 6-12 are charts of different experimental resuits illustrating the
methods and apparatus of the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

oo1s) The system of the present invention is useful for determining a large
number of ionic species. The species to be determined are solely anions or
solely cations. 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 species in ionic
form and components of molecules which are ionized under the conditions of
the present invention.



apparatus and nmet hod in which the chromatography is perforned on a
capillary scale. lon chromatography systens of the present invention

i ncl ude (W 2a060Bpisk| ary separation colum, typically inpChast@smszt a

chr omat ography colum, (b) a suppressor in which the effluent fromthe

chr omat ogr aphy colum flows through a capillary-sized tubing in the
suppressor ("a capillary suppressor’y, and (c) a detector, typically a
conduct|V|ty det ect or, downstream of the suppressor [oo0i 7] The term
"capillary tubing" is defined to enconpass narrow bore capillary tubing as

gener al I[.lesqe,dgeneﬁg'emec&les@ma,ln ?hﬁorp\’él {'%O%r oag%’@gfor%?ﬁ ch capillary

tubing. Instea the term "capi | % s tubi ng having
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t ubi ng. C‘?‘HB‘%%‘NF|ﬂa"r0§dgm?o¢am"arefaﬂzed tulzingiin lthe yumbmwsora(“escapﬂlay 0.1 to 50
mL/ mn. g g I ) hr omat ography

syst ens, 8&@8&022 HRNE) # detBeorWyplcafly il y'dgtedar, 013 3 920’ 307,

3, 925, OQQWﬁﬁftﬂe%m%‘E# 83UPRERssar so be enpl oyed but using the capillary
suppressors of the present invention. [o00i9] In one embodi ment of the

I nventi on, Lust rated in FIG 1, the capillary suppressor of the present

i nvent i BH 7 s TNE 161  caARilary dueinat i defined tmenmrspesﬁboalnrawrmrean el uent
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pillaries typically have a bore

diameter ranging from about 5 to 1,000 microns, more preferably from about

10 to 500 microns. Such dimensions typically apply both to the separator

column and the suppressor capillary tubing of the present invention. One or

more segments of capillary tubes may be joined to form continuous capillary

tubing. The capillary tubing leads to capillary flow rates, e.g. 0.1 to 50

puL/min.

0018] In general, any of the well-known ion chromatography systems, e.g.,
as illustrated in U.S. Patent Nos. 3,897,213, 3,920,397, 3,925,019 and

3,956,559 may also be employed but using the capillary suppressors of the
present invention.

(0o19] In one embodiment of the invention, illustrated in FIG. 1, the capillary
suppressor of the present invention is illustrated schematically. In this
embodiment, an eluent generator of the type illustrated in FIG. 1 of U.S.
Patent No. 6,682,701 is used, although other eluent generators as illustrated
in that patent or elsewhere can be used in combination with the caplllary ion
chromatography system of the present invention. The principles of operation
of the eluent generator are fully illustrated in this patent. Also, the system of
FIG. 1 illustrates a recycle of solution from the detector to the outside of the



FIG 1 illustrates a recycle of solution fromthe detector to the outside
of thecapillary tubing as will be described nore fully hereinafter. Such
recycl e fwo 2dedidi3ersent forms of suppressors is illustratedTius20058334Pat ent

No. 5, 248,426. [0020] Referring specifically to the enbodinent of FIG 1,
dei oni zed water froma source, not shown, is punped by punp 12 through high
pressure base generator chanber 14 of gase generator 15. Chanber 14 is
separated froma | ow pressure ion source reservoir 16 including a source .of

eluent ion. As illustrated, the systemis for anion analysis in which the
ions to b I f | on
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propor t i oHErged peraselestive membranethardes ohcqmﬁmm 8 SUb.ﬁﬁﬂHall)St ream

Hydr ogen ;sr'évsm@emk%euﬁfﬂ&mvrﬁ%t@gdfa.rvq%ﬁItgﬁg%hgpeggtb%ésig tIféIntsp gnal ysis.

Thus, it 1s preferabl’e to use a aIIy usi ng
a porous thﬁrﬁﬂtamumdoném@ethgmﬁmrﬁm dg@mbgla%s Suiteble | I I ustrated in

the 701 Hﬁéﬁl@rant{) JQ24 ] o rfeldSof! NMRIHES Gk b U REE M ueP 1% dignarri ed by

the el uent from base
An anode 20, e.g. platinum, is in electrical communication with reservoir 16

and a cathode 22, e.g. platinum, is disposed at the outiet of base generation
chamber 14. Cation exchange packing such as a resin bed may be disposed
in base generation chamber 12 as illustrated in the ‘701 patent. Electrolysis
is performed to provide the reaction illustrated in the ‘701 patent so that the
base, KOH, is generated in base generation chamber 14. Under the applied
electric field, the potassium ions migrate across the ion exchange connector
or membrane to combine with hydroxide ions to form a KOH eluent. The
concentration of KOH solution formed is proportional to the applied current
and inversely proportional to the flow rate of the deionized water carrier
stream. Hydrogen is gene‘rated at the cathode which could interfere with
analysis. Thus, it is preferable to use a degassing tubing device 26 typically
using a porous membrane to remove generated hydrogen gases, also
illustrated in the ‘701 patent.

0021] Sample is injected in injector 28 and is carried by the eluent from base
generator 15 to ion exchange chromatographic separation column 30. For
anion analysis, separation is performed using anion separation medium,



generator 15 to ion exchange chromat ographi c separation colum 30. For

ani on anal ysis, separation is perfornmed using anion separation

medi um t yWwocaddog4m2packed bed of ion exchange resin in ealrmseo0303345ut of a
capillary dinension, as set forth above. [0022] As illustrated, the
effluent fromcapillary anion separation colum 30 flows to the inlet 32a
of capillary tubing 32, then through _the tubing and out outlet 32b and

t hrough detector 34, suitably a conductivity detector. Tubing 32 is
contained within a suppressor housing 36 which can be any shape incl uding

t ubul artyﬁllbaﬂ)eﬁt;ﬁwéb %red c-r?hSn %&Ehﬁﬁ%@s résﬁr‘?@%& Hﬂf?@%@{fig%@ %@g?’ﬁgegz' n

line 38 to an inlet I ng

preferé’dW”ﬁ'@ﬁn?éﬁéhF rﬁh?b?“to the flowin tubing 32, and exits outlet port
36b. [0023] Capill ary tubing 32 is formed of a per msel ective ion exchange
menbrane, suitab t he t}/pe described in the prior art, such as forned
of Naf i[¥9ar)A St"BJ%'Iaé%(k thg af ermeqa@wabmanmwnaratuansphnm 8D t he

sel ect arbwsom, theahlep Bk bf dapillehp e 39! (RN PRoNES iy S g t e el | of

t he tubi ng serves the same purposes as a prior ppressor or a
menbr afst éﬁ?b@Pdltbr%ﬂhcwéﬁwraa‘iséua@blvawwmlvmfduemqtoo Ttﬂhlegdet ails of

the sSupprissBAtaikbd luilbh 426l ba8 heloig JORRMh QBE o5 generators may

be used with an ioni zed wat er source, genera a carbonate
salt siRHUAEIIHPWEE PLARGARGARt & hplaflieentdram the dIBtBICtmpM us:e&oyored

WO 20044 1843820 dinidtiport B64 %'?‘%usu'hg%d ?ﬁhst r%e’%ﬁlﬁgégﬁ%%gié’ft em downst r eam

fromthe eluent generator also is a O her el uent
gener atP6?erRN CBB"%@WG@')@O%\’?QW instubdnga2i andesits patiehpomi@ebs, 045, 204 or
U.S. Patent No. 6,562,628. [0025] Al though the eluent generators are
illustrated for anion analysis and the generation of cations such as

pot assitl i &aPillary tukingidsnis {AEmed of a nesmsslaetive jan exchengeme used for

generatrrnélﬁbﬂ%é Qﬂﬂéﬁl?%‘fﬂ@é‘tﬁéﬁdéﬁnbéﬁ |ﬁ|th'@BFlop)értaQBEﬁ@§ Jaﬁﬁeé%ﬁefsa' of the
pol ari e ion exchange resin and él ectrodes suc

i || ust ﬁo B[B%k h:oﬁ‘f layidgow QUBBQmT'Mfa“SP@TG%]WP selestethigar ent that the
syst e%afloﬁirﬁhehnbfﬁcéfbf%lﬁﬁ HRBkysES RN, 18 WAl of the tubing serves

the same purposes as a prior art membrane suppressor or a membrane
barrier 18 which can also be formed of Nafion®. The details of the
suppressor will be described below.

0024) Other eluent generators may be used with an ionized water source,
such as a generator for a carbonate salt such as potassium carbonate
illustrated in PCT Application WO/2004/024302. In this instance, the ion
chromatography system downstream from the eluent generator also is as
illustrated in FIG. 1. Other eluent generators can be used, e.g. as illustrated
in U.S. Patent No. 5,045,204 or U.S. Patent No. 6,562,628.

(00251 Although the eluent generators are illustrated for anion analysis and
the generation of cations such as potassium ions, for cation analysis, the
same system may be used for generating MSA or other anions for an eluent
by appropriate reversal of the polarity of the membrane ion exchange resin
and electrodes such as illustrated in U.S. Patent No. 6,682,701.

o026 It is apparent that the system of FIG. 1 including eluent generation as
illustrated above is capable of performing the entire ion chromatography



illustrated above is capable of perform ng the entire ion

chr omat ogr aphysepar ati on process includi ng anal yte separation, el uent

suppr essiwo,2o@and4mnal yt e det ecti on using one or nore fl @eerng2@sne8% Of

dei oni zed water. [0027] FIG 2 schematically illustrates an enbodi nent of a
capillary suppressor according to the present invention. Like parts wll be
designated below with |ike nunbers fQQOFl GS. 1 and 2 . As illustrated,

suppressor housing 36, suitably formed of a non-conductive, e.g. plastic,

colum with flowthrough ports, include capillary tubing 32 with a n inlet

32a and o { ' isal roj.e h liquid tight
fittings :é%k)gléaéﬁgb%r&w% @uﬁﬁ%?ggﬁgﬁég%@@@cg@ﬁk gp?@%“&?r"waﬁ irect fluid
comuni ca@nafyteideteation using ene ofr reeneafiawingrstreaimanof 8ionRetl wateB2b of t ubi ng
32 projects through the housing and is connected to tubing for fluid

comuni cation with the inlet of flowthrough detector 34. [0028J For anion

anal ysi s, 2 affilgn2srbpmagieathapiustrates amlembpdinent ef @capiliart i ght |y enbedded
in cation i L .cati resin bed in
irect contaRreAEREabaftimitg e mubi@intoicif LRE F1fT A0 SERRaBY s

i |1 ustrat bglovswifhrkeanumbers foo et | and 2ir Asubeadreated, singpress@am f | owi ng

t hrough t ke, @RI l > i 0 egenerant |iquid
1 owst hr Ao S, Putablyolified br St Eofuci 8 kA8 AMECUBISERAR o0t 1 et "a4
t hr ough afipWolbreughepeits.tinalyde capdlasytubing 32t widn anl ioles 32arandgbuttetconduit to

det ect or I ‘ ,ﬁwf?, ' : L.source for inlket 42 is
t he sanpl gégi.r@aetmﬂag]l ug%{a’ﬂ??)g%ﬁchs?h%% ugéﬁh\git@t‘@é"ﬁ% {')1?0 3??&"”8 tection
as il ust haugngid® amdprojegiinatireict ondndirect Huidctemowinitation3Bith theusttiett ed i n
FIG 1. { [ j j rv,tubing 32 is
made of agﬁé?lllaorjr?? ?ﬁ%ﬁéﬁﬁggérﬁn@e&r% bﬁ@bmfﬁ?‘ﬁsgé%kwt% rongly acidic
cati on exbAusige andniBrcansectaditpgubimig floe gtchcarhmunécatiapi witkathe tnidtiofg Wi t hi n

the suppr8s&hrd ARG 2l to 50 cm preferably 1 to 20 cm Preferable
i nt er nal gléanegeur%s ar eEtbogts\j/L\"/éen about 0.001 inch to 0.010 inch. In one

enbodi nent, the cation exchange resin for ion separation is preferably a
ﬁty (rjcrngg: ﬁmﬁgﬂgﬁi Fﬁgahio%r@fyé?&%%a{i@ﬁ leRciFatgl Bspifisty BBMER SiEfd Qo the
tightly embedded in cation exchange packing 40, suitably a cation exchange
resin bed in direct contact therewith. Packing 40 is contained in a housing
36. As illustrated, separate fluid connections are used for the stream flowing
through the capillary tubing. A source of flowing aqueous regenerant liquid
flows through packing 40 from inlet 42 in a conduit and through outlet 44
through appropriate fittings. The solution then flows through a conduit to
detector 34. In the embodiment of FIG. 1, the water source for inlet 42 is the
sample stream effluent from the conductivity detector after detection as

illustrated in FIG. 1 which flows in recycle conduit 38 illustrated in FIG. 1.

00291 In one embodiment, cation exchange capillary tubing 32 is made of a
Nafion® membrane material or some other form of strongly acidic cation
exchange membrane. A typical length of the capillary tubing within the
suppressor is about 0.1 to 50 cm, preferably 1 to 20 cm. Preferable internal
diameters are between about 0.001 inch to 0.010 inch. In one embodiment,
the cation exchange resin for ion separation is preferably a strongly acidic
cation exchange resin such as sulfonated resin in the hydronium ion (H*)
form.



form [0030] As used herein, the ternms "strongly acidic cation" exchange
resin or functional groups as those terns are used in the field of

chr omat ogwephbge/o3Fisas, for exanpl e, Dowex 50W X8 and AnbeciuseoosB3u2® ar e
commonly used strongly acidic cation exchange resins. In this type of

resin, the functional groups are typically strong acids with pKa | ess than
1. Typical strongly acidic functlonal ?roups I ncl ude sul fonic groups.

[003i] As used herein, the terns y acidic cation" exchange resin or
functional groups as those ter s are used in the field of chromatography.
Thus, for exa Ie,ﬁggw:ex 00, and B and Anberlite | RCG-76 resins
are comof3Y usBRYS reing edfe(‘fméals r8H9 >&°r‘| ik satipp's pxehange esin ok ype of
resin, thenf:uméugmabseequ@@ edrehst afiel wdldl vt thediel et BRromdtBgiifhydr eat er than
1. Typic % aC| funct i onal grggﬁ nclude carboxy?lc aci d,

chl oroca?B'Hﬁr %'1"8 \& wohaRd ger@ olpd 220 soim@nly Uss8wn cat i on
exchange ﬁa&@mc&@c batlémexayaif r'elémsf onmmyyﬁé 5&&% Qﬁ@%hé‘hérﬂils

enbodi nent packi ng describ In a Ere erred formof ion

exchange $"@4PR %eax%leel%?trm ﬁﬁ'défW'HhEK? H@S sHpnpk dyeaksiEangly agidier ous

cont i nuougingtishAtgrogpirdiude Blilfsiiegrolsy. osity to permt flow of solution
through wi thout undue pressure drop and with sufficient ion exchange

capacity to forma conducting bridge of cations or anions between the

el ect rOde[S031101Rs ueethhetein tHectenme “M@aalypﬁ‘@luscalﬂibhf bXcliing® seanee- | i ke
mat eri al {FdIOf sulfogted cross-|i gg? qu) %rene W|th porosity of
About 10 1BCHSTRIRIPRPS B HOSP 197EW F1ar4Sedn N BB dEIh o ChIGMARETRMY. wi ¢ hout
excessi vefrlmessuéﬁampmp CHe®®3300 bAdBloROOT0 @it ARierBRART-76frebine f 1 ow
rate of the san&lell d strea ecycl e condui.t 3 IS |nsuff|C|ent for

its desi rd§ ARIDODY LSRq yeally thﬁéon Sﬁgh%\ﬁ'ﬂeﬂ?sﬂq%n &g 08 ¥ss the wal

of tubi ngredih, dﬁd/f@rﬁctfdhral gmﬂpsrwettvmcampweeawds‘ wrthwae@ee&éroﬂhﬁhm
applicati n,, the ‘ﬂ‘h i onal source quepus i qui d, not

shown, ma FH%a'd'i'? Y@&' Yiegpnake RURY “ﬁ‘ﬂ”d? ﬁaf%g(é’ ‘Fﬁ§'cdance t he additi onal
sour ce of clagtozatsosyiligLicit, e SHuEphbAR #cidafrélips. '

0032 Well-known cation exchange packing 40 in the hydronium form may
-also be used in this embodiment. Although packing 40 is described in a
preferred form of ion exchange resin bed, other forms of packing may be
used such as a porous continuous structure with sufficient porosity to permit
flow of solution through without undue pressure drop and with sufficient ion
exchange capacity to form a conducting bridge of cations or anions between
the electrodes. One form of structure is a porous matrix or a sponge-like
material formed of sulfonated, cross-linked polystyrene with a porosity of
about 10 to 15% permitting a flow rate of about 0.1 to 3 ml/min. without

excessive pressure drop.

0033] In an embodiment not shown, if the flow rate of the sample liquid
stream in recycle conduit 38 is insufficient for its desired effects carrying
away the ions which transport across the wall of tubing 32 and/or for cooling
the suppressor for an electrolytic application, then an additional source of
flowing aqueous liquid, not shown, may be directed through packing 40. In
this instance, the additional source of aqueous liquid may comprise a water
stream, e.g. deionized water, which is pumped to the suppressor and either
combines into a single stream with the water in the recycle conduit or can be



stream e.g. deionized water, which is punped to the suppressor and either
conbines into a single streamwith the water in the recycle conduit or can
bedi r ect ewiOi2no6z3smpar at e conduit t hrough packi ng 40. AsP@ITtUs268/0p346%S0r S
whi ch include the recycle in the prior art, it is preferable to flow the
aqueous water through the packing external to the tubing countercurrently
to flowin the tubing. [0034] When tquqqueous effluent fromthe
conductivity detector is recycled and routed through packing 40, the
suppressor can be continuously regenerated as long as there is a continuous

fl ow of r ' : yd is of the weakly

aci di c r‘é"gfrﬁé'ﬁeﬁq? ri%%gé%@pﬁ{hﬁl?&gg%%ﬁﬁé%n/K%)Mt%C%rg%qorBr operties of
t he funct Woithl inglusigpthedrcytle in &isé priot e, itiinptéfesabdé to fiewhihadrajussius may
becone a | j.m,t 0, 0l r j on capacity of device
withr espygggrtth%@ﬁ%fé%(ggoqeégaﬂf'%ﬁagﬁft?oﬂﬁg Cgﬁﬁieg%rﬁ?'géékﬂﬁo‘f&'gecond

st r eam of theeiubingzed wat er flow ng through the resin bed of the suppressor
which nay be at a fl-ow rate higher than the flow rate used in the

separation process is preferred since it is expected that the suppression
capacity i bWherpihewratiequscgljiemdromrihetondattisiysdetactwmulis esmtcbetl nenbr ane

il i i 4. th il
Cubi ng. pararoiied Rl hadking 4B e SUBKFRRsel Gl pe BBy 0o iherval 1
of the cafsdengrgtedsasolongras there fsea continwausyawn ofwabersto RNSVESKOH KOH

| uent polecle : - SO 3H + lyte) -
(Resga Zr %ﬁe(rgltjppres@%@@ﬁ&?%ﬁ%tﬁa?‘gﬁ%kﬂog@gp'ie%'rﬁ]nemg %%S%'H,m%r Zgﬁegeﬁ%s
an i on- exBrpegding ot teechmmichkpropprtidsaefithe Sunctiortai groats on tex césinge

il i Syl 0 i i.cal i 1D ti h
oot n, " irteSihuct bRl USSR madReBtine"d (IR rREr ierBliRE IR K change
capi | | ar ysurpiession capaeity kbdgeiceiwith tespeoht the inflex oeKOH letedd intoredi at el y
adj acent fh%ét{@ré‘@édr: ﬁggg@&’ﬁg{a&ﬁ’oft@i iZ&d .‘E'&efl&mg%ﬁg%lfg%g@' nues 1o

occur anong t resin b re not Tn drrect physi ftact with
t he cat i ofeséx baawdéhe apppressgr whithlroaynbedtfaufiowaate higher than the flow
rate used in the separation process is preferred since it is expected that the

suppression capacity may be improved.

o035] For anion analysis, a sulfonated membrane capillary tubing is used, as
a base eluent (e.g., KOH) enters the capillary tubing, potassium ions (K*)
exchange with hydronium ions (H*) in the wall of the capillary according to
the following equations:

R-8O3H + KOH (eluent) » R SOzK + H,O (suppressed eluent) &)

R-803H + KX (analyte) —» R SOzK + HX (suppressed analyte). (2)

0o36) In the equation, R represents an ion-exchange surface on the
capillary. Since the cation exChange capillary is in direct physical contact
“with the bed of cation exchange resin, K* ions originally exchanged onto the
wall of the cation exchange capillary continue to exchange with H* ions on
the resin beads immediately adjacent to the wall. Subsequently, this
exchange process continues to occur among the resin beads that are not in
direct physical contact with the cation exchange capillary and located further
way from the capillary tubing. In this process, cation exchange resin beads



way fromthe capillary tubing. In this process, cation exchange resin
beadsbecone the source of regenerant ions (i.e., H+ ions) to regenerate the
cation exwbangea3empi | | ary tubi ng. The suppressi on procePsTAS2G05088SI unt i |

t he poi nt when the cation exchange beads surroundi ng the cati on exchange
capillary becone predom nant in the potassiumformand the incom ng flux of
hydroni umions to the cation exchange, capillary reduce to a |level that is
insufficient to neutralize the incoﬂfﬁb'KCH el uent. [0037] The effective
suppression capacity of the device at a given eluent concentration and fl ow

rate depends on a nunber of factors incl udimg the I ength of the capillary,
the el uerfecomsathe: 3Auree of regenerantiorsdi-e4 &t JOnsHE regenarate the gatiethge

capaci t y,exch8ng€ehpilledy titihg. TheSupbhessisPpricest doRenlies LRtiFWe g3iRdi ng t he
capillary, the resin bed geonetry and the |ike. The cation exchange

capi | | ar yhemthegcatioh exchangerbs wroydifng theceatigpuexdrangesapiliady e

torturous,ddofivé pridaenih@ht intBe §oi8sKiuGAbAE ahlrtABGRcAMMCARE bf ary to increase
t he contact of the eluent with the wall of the capillary in order to

“th . ) p y r
i ncr ease MYSEORiUFLoas 40 dhe cafiar iexghange sapitrnyireduca e ailgvelthal isopeni ng of

the cati QRs @KERADESnEaRAIZAINE MBYMMPROPLefueht.€d Wi th an inert or cation
exchange nonofilanent to decrease the dead volune of the capillary

suppressor as well as to increase the contact of the eluent with the wail

of the caphi)l arshd effeEtiley suppressibR 3apatileobtRMAsse aNaARATblugnef the
devi ce. ce the effectjve s;gpre55|on capacity, of the suppressor is

consuned,conseniratien apd dloys rat e@@@ﬁ%@"@aﬂu'ﬁgeF eharters: inaluging thene using an

ext er nal |8RGINCE tAE cABIIKIrY Xthe W& fidW Bralind instdé Gfd Bapitdrbas& rédaint he
hydr oni um form The constant water flow may facilitat
|

h | the .
pot assi urPRPAFRMIMPRBRHNNRe LR fattide SER. & ATIYS QFF'&"%SH‘ i ncrease the

ef f ecti vesurtHUpdaRSiHRNcAAG| the Rfsit Bed devhfetry drt tHeLlil PThé @aYoh ON
re t he aqueaqus, e uent fromthe

conduct | depilies caplAnE bip e B BpOeErLEP P ERCHE T RRLRIKETHE Ge8Rn bed of
the capi libauousUidw PagR forAhé @Iubtt igofig/thréugit iy edilisty tedRt@lasdaheni zed
v er el 0 he Sluant wittthe wall of fhe capiliary in order t crease the® S Ve the
same functandaet o piitary

suppression capacity of the device. The internal opening of the cation

exchange capillary may also be filled with an inert or cation exchange

monofilament to decrease the dead volume of the capillary suppressor as

well as to increase the contact of the eluent with the wall of the capillary in

order to increase the suppression capacity of the device. Once the effective

suppression capacity of the suppressor is consumed, the resin bed of the

device can be regenerated off-line using an external source of acid to convert

the entire resin bed back to the hydronium form. The constant water flow

may facilitate the potassium/hydronium exchange among the ion exchange

sites to increase the effective suppression capacity of the device. In the

capillary ion chromatography system shown in Figure 1, the aqueous effluent

from the conductivity detector can be recycled and routed through the resin

bed of the capillary suppressor. Alternatively, a separate stream of

deionized water may be directed through the resin bed of the suppressor to

serve the same function.

(0038] As illustrated in FIG. 2, capillary tubing 32 is coiled to flow in a
serpentine path. Depending on the desired length of suppressor capillary
tubing to accomplish suppression, the tubing may be in a straight line or



[0038i As illustrated in FIG 2, capillary tubing 32 is coiled to flowin a
serpentine path. Depending on the desired | ength of suppressor capillary

t ubi ng t owece@npkissh suppressi on, the tubing may be in &CItusasoglos34se ne
orcoiled or in any desired configuration. It would not typically be in the
illustrated formw th right angle turns because of the resistance to flow

[ 0039] In another enbodi nent, the suppessor of FIG 2 may be enpl oyed
except that the cation exchange resin 6dcking 40 surround the capillary
tubing 32 contains weakly acidic functional groups in addition to strongly

acid funct,] I . Ht.lons associated with the catjion exchange
resin par %F@?@grgj%ﬁﬁﬁﬁﬁ&%@%ﬁ%@?@i?? gwgﬁlp 'Hgvyngaéﬁgﬁd@ th® regenerant
ions (i.eilluskatédfsin with righppayte wunes beparsess! 08 rBERERRE tdftow ONS
originally exchanged onto the wall of the capillary continue to exchange
with Ht ions on the ionic exchange resin beads inmmedi ately adjacent to the

val | . Thi geexclimagether ecessiiment,ithessppeseocof FIGL 2 heay' 86 empheass not i n

di rect physLgal t -\ t .l of  tubi 32 located further away
fromthe \%/g#(%ﬂ tﬁff‘%ﬁggééé’?feéﬁhﬁg,se?%@”MI'}? %@gHFBUsz'?% CRRIBBY assi um form
can under tbing82puitaihy siemkheacitlicoiunatiomal djrogps th aditibeltb @oRgiyesiat i on:
R-CO 3K + : + ,KOH (3 0040] . n there is a constant flow of
wat er goi Rﬁgﬁ&éﬁ%ﬁuﬁeﬁ&ﬂn%S‘éa%S)SRBﬂQ?‘ﬂVHmﬁFM'HB PEERAIRYEPBI ysi s
reaction partiches sunowrtiiogicapfilath@2 mes as thedourbecofregenerzm @shg @¥.n t hen

ol 1o ntedoriia SRedekle SR Poh Bk, K Vo6S Cup s thaneed fect i ve
suppr essi ontocthpacalt yf tife ¢apsllatg\dontinat ta egtNangeewithH* ieaB@RNtheabhren and flow
cruont 11 Brnle e B armmB6ialesy st i the WalTn Triheistanathe capacity.
t he resi nppmess chatisiegeto obmrdnthe regif bebds mesimdBect ghyiatgohhetcapi | 1 ary,
const st oM thESEIY tping 2 IecBias sy R aMYIER T dhe el AR AR and veakl y
aci di ¢ catimenthexekakiyeadidisirasin Thipptassiurhdodhoican undergo the hydrolysis

reaction according to the following equation:

R-COsK +H,0 - R-COzH + KOH (3)

00401 When there is a constant flow of water going through the resin bed,
KOH formed in the resin hydrolysis reaction can be routed out of the resin
bed. The regenerated resin then becomes available again for the
suppression process according to the following equation:

R-COsH +KOH —» R-CO;K+H,0 4)

[0041] The effective suppression capacity of the device at a given eluent
concentration and flow rate depends on a number of factors including length
of the capillary, the eluent flow prqfile inside the capillary, the resin ion
exchange capacity, the resin particle size, the amount of the resin
surrounding the capillary, the resin bed geometry, etc. In this embodiment,
the resin bed may also consist of a mixture of both strongly acid cation
exchange resin and weakly acidic cation exchange resin. This can be done
in a uniform or non-uniform mixture of the two different types of resin. In this



in a uniformor non-uniformmxture of the two different types gf resin. In
: : : i : o
thisresin mxture, the weakly acidic cation exchange resin can .
regener atwo 2eenisirsaousl y through hydrolysis as descri bes#cahise@s/o3dss of fers
the advantage of continuous operation wthout the need of off-line f
regeneration with an external acid solution. [0042] Another enbodiment o
capillary tubing 32 for use in the ﬁﬁgpressor of the present ion invention
c

for anion analysis is depicted in schematic FIG 3. In this enmbodi nent, the

cation exchange capillary contains both strongly acidic and weakly acidic

j ' - [ f the
f ti i i ) I . cal |Ilustrates a cross-section o
ot on_ o HiaRe, tie)rbakdy BB e khardstsiinea vRaopmnamatatl | of t he

cati on EXRIHHIENCKIEPUYRhydiodysinag elegcribet: abbvé.0ThexefeRag Mt er i al

i N i di ' . _Th er wall of the
capi 1 o e Rane o8 Sn Bl opetafibh SifouP Bt Reed 818 e waeneeaiion 1o ¢ he
capi | a‘;’ilﬁhiﬁ{]ﬂ(:@aamal @gid S)gluﬁen.st rongly acidic capillary tubing with |inear
Sglolyma?s that include such groups. Techniques suitable for the nodification
of the capillary polyner surface by graft polynerization of a nonomer of

monorer 894l ofelder eabadimenyeheaniiay tobing@3 thruskyinehe sUppRSas, af e Wel |
S (tﬁgqus/g?ﬂ' ignﬁ%@!oﬁf@ﬁ'aﬂ?%%#%%gﬁé ges’éﬁg"cg’la : E%%P?%-pgﬁol ecul es,
Vol ¥ 5 Ththisrembodismntathe satisromshacgbempiis) codind 650 %3trorigp?) . The most
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polymer surface by graft polymerization of a monomer of monomers from

active sites generated on solid polymer surfaces are well known (See, e.g.,

Encyclopedia of Polymer Science and Engineering, Supplement Vol, 2"

edition, John Wiley & Sons (1989) 678, Macromolecules, Vol. 9, (1976), 754,

and Macromolecules, Vol. 12, (1979), 1222). The most common technique is

y-radiation using radiation sources such as %°Co source, which generates

surface radicals, but thermal, photochemical, plasma, and wet chemical

methods can also be used to introduce free radical sites for initiation.

Monomers can be present in the gas phase, in solution, or as neat liquids.

The surface graft polymerization techniques can be used to modify the ion

exchange capillary to include weakly acidic function groups on the outer wall
of the capillary.

10043 As the KOH eluent enters into the capillary tubing, potassium ions (K")
exchange with hydronium ions (H*) in on the inner wall of the capillary.
Subsequently, K* ions originally exchanged onto the inner wall of the cation
exchange capillary continue to exchange with H* ions on the weakly acidic
functional group attached to the outer wall of the capillary. As described



exchange capillary continue to exchange with H+ ions on the weakly acidic
functional group attached to the outer wall of the capillary. As

descri bedmpoevicnssgisg, the weakly acidic functional groupgcrnspasassisum form
can undergo the hydrolysis reaction according to the follow ng equation:
R-CO 3K + H2O (r) R-CO 3H + KOH (5) [O044i KOH formed in the hydrol ysis
reaction can be routed outside of the glastic housi ng 36 when there is a
constant stream of water flow ng out3i'tle the cation exchange capillary 32.
I'n this nmode of oper ation t he suppressor can be continuously regenerated

as long as ther tinuous flow of water to renove KOH generated. The
aqueous ePquu%Hﬁ?yfft?‘S V@GW%Z{WC\;'PW' Qf’&”@ét"@)lpoé%sélém fgen caBycl ed and

rout ed tOuﬁb@r\goot%bSWdﬁoWElstﬁé@cﬁ@ﬁ @Sorif R feReINPEYuathnsecond stream of
dei oni zed water suitably at flow rates higher than the flow rate used in

the separation process may be used since it is expected that the

suppression capacity may Reg,Rpr evgsh Ln Rice.arbedisrent, the akly acidic
functional groups attached to the outer wall of the capillary tubing can be
regenerated continuously through electrolysis as descri bed above. This

of fers the advantage of continuous operation w thout the need for off-1line
regener at [0l \Ma(pr"?g?f"lﬁ& gy the hyé’é‘?'bis'§d?ﬁ?t|"2fhca'? o849ptad eutside ofithet r at es an

embodi menpagfic HousirRC6 Wh\éfnltﬁel?éﬂ@é b@:ﬁé&aﬁﬂ@ﬂ%ﬁﬁﬁﬂrwé’cépﬂbhmgoéu@ﬂ@t | nuous
operatlon for anion analysis. Like parts for are illustrated

with like *}mﬁ}é}%exqugm %apé'ﬂﬁf&scﬁZnelﬁtth'Sa@Oﬂﬁ O[fweeéaﬁmuth%ﬁypmssm 2 . the

capil | arycam berboﬁamapb%@%geﬁéﬂaw@tﬁas Forfphé BRLr8%E Iaaétgﬁm%% |f|bwcyf t ubing 32
enbedded ti gﬁtlf;[{l y inside of cation exchanfcﬂ;e resin housed in

pl astic cYP OHSUQVﬁ&@EH gfnsfatedonl R RAYRPHS BIUENt fram ﬂ'ﬁ’l @ndgetiviBe resin

bed is flaé@@twsmcanfbb%wé@%a re0e4etoHbw Sulside PEtHLEaMA Pt anode, and
the outlet of the resin bed is fitted with a flowthrough cathode 52, e.g.

a perf or ap¥changsceanilpry: Bdhercubeireamf deionigedwatensytably at @t cont act

Wi t h packidigs #fytr thae the fiedaiafguse@m thEheeERhiioN pRaceiaiagy BaRIskhary tubing
may be nmade of the fore (gm nc% materials in the foregoing dinensions. In the

oper at | onSBFe iHiSSXPRStEDINAL tae EHBPTRERENAPRFIty MAY Be improved.  In this

embodiment, the weakly acidic functional groups attached to the outer wall of
the capillary tubing can be regenerated continuously through electrolysis as
described above. This offers the advantage of continuous operation without
the need for off-line regeneration with an external acid solution.

o045 FIG. 4 illustrates an embodiment of an electrolytic capillary suppressor
capable of continuous operation for anion analysis. Like parts for FIGS. 2
and 4 are illustrated with like numbers. In this embodiment, as in the
embodiment of FIG. 2, the capillary anion suppressor includes a cation
exchange capillary tubing 32 embedded tightly inside a bed of cation
exchange resin 40 housed in plastic column housing 32 with flow-through
ports. The inlet of the resin bed is fitted with a flow-through anode 50, e.g.,
perforated Pt anode, and the outlet of the resin bed is fitted with a flow-
through cathode 52, e.g., a perforated Pt cathode. Both electrodes are
preferably in direct contact with packing 40 of the foregoing type. The cation
exchange capillary tubing may be made of the foregoing materials in the
foregoing dimensions. In the operation of this type of electrolytic capillary
suppressor, the resin bed is continuously regenerated by hydronium ions
generated throligh the electrolysis of water at the device anode. The



suppressor, the resin bed is continuously regenerated by hydroniumions
generated through the electrolysis of water at the device anode.

Thepri nciwbesoamdisdet ai | s of one form of continuous el eeCralsgaosm334s9
suppression are illustrated in U S Patent 6,468,804. As in FIG 1, the
wat er used in electrolysis can be supplied the aqueous effluent (i.e., the
suppressed eluent) recycled fromthe ¢ ,ﬁndUCtIVIty detector. Also, as set
forth above, a separate stream of deionized water may be directed through
the resin bed in place of or supplemental to the recycle stream [0046] In

anot her crilges an8lockts 51 AL O b b Aot SSaresbbniaBo s 4
except t hdbustraiedadn &k SuPaterit&,468 804rmlsyih|R1Gr ea::ﬁedwmseaﬁrlﬁie{]de)nggt IePt gf t Pﬁe
' d or e e

:)gii(nnge40élg&%9gsacawtﬁéle %&%@Pﬁ%oqqu%ﬁe fl£‘1'el*§':iak ItﬁetsHPBrQ,séﬁfjlguratlon

t he wat er ellseIﬁbre:a){CIedgfront thetmotarbtma,ﬂaetéottﬁ ﬁ&légaé@ Eé%r?ﬁa%ﬁ% Tg?ebd?VI ce
0 i ng _through.the device cathode efore

r e gt ARRal8 81 o U GRRA  O BrboB R oo hed s

(i.e., oxyjace atomeppaemeetamdtmcb@gmstaéamhe cat hode) forned during the

electrolytic reaction are swept out of the device instead of going through

the resin bed, which nay |l ead to i nprove suppressor performance. [0047]
FIG 5 .|uwura\n@@oamtdmbommmofrﬁmelebtrblyecmlapuralrpbuppﬂes@ap(ddtary

hree chasbonn) HedbetRit ot b slbreshal Ser b s he BB mERLHILE  packi ng
40 in whi dh Ft@p# lexaept thabthmegwateri usednfbedibettobdic rlefbglr%ntiﬁtseﬁbu@ékdt)ug? {_Ihge
g%t ZmdeSItﬁ’é1 tb\refﬂgt ﬂ(radv"{dg'ga gﬁnﬁe@nfg{'?%gﬁa{ﬂﬁ?tgd éFﬁlcﬁgﬁ’émém fromthe
chr omat ogrpaphnnc 4 leugm irf thenserntat bogpﬂnaif Igga]ﬁogé\r;ﬂ?%@?pggb@g%ﬁ g{ry n'?’hea\r/]vgt o
sour ce 62 ST ST 78 by Sireaht ol iEdm PR o Suhe drhcainde of
aqueous | S§uandl thiehather stnealpnagmdg ﬂmreughctlee Hetice aatiidue szbdﬂoa?eg?ﬂtg;crl VC;St h4
?Eg f5| 1)3\/ e aBliBE B QhvaEg8'or 18 oI %89&5%&{‘9149%9%‘?(;% oxygen

at the anode and hydrogen at the cathode) formed during the electrolytic

reaction are swept out of the device instead of going through the resin bed,

which may lead to improve suppressor performance.

00471 FIG. 5 illustrates another embodiment of the electrolytic capillary
suppressor for anion analysis. In this embodiment, suppressor 60 includes
three chambers in which the central chamber comprises ion exchange
packing 40 in which capillary tubing 32 is embedded as illustrated abdve.
Like parts designated with like numbers for FIGS. 1-4 for this part of the
system. As with the device of FIG. 1, the sample-containing eluent from the
chromatographic column flows into inlet 32a of the capillary tubing, and the
liquid that exits capillary tubing 32b flows to the detector. The water source
62 may be recycled from a detector and/or some other source of aqueous
liquid. The principal difference between the embodiments of FIGS. 4 and 5 is
the presence of one or two electrode chambers out of contact with the flow
through packing 40. In this instance, the solution exiting packing 40 flows
into electrode chamber 64 in which anode 52 is disposed. As illustrated,
optional permselective barrier 66 separates packing 40 from electrode
chamber 62. The solution exiting electrode chamber 64 may be recycled in



through packing 40. In this instance, the solution exiting packing 40 flows
into el ectrode chanber 64 in which anode 52 is disposed. As illustrated,
opti onal wernwmgiesti ve barrier 66 separates packing 40 fromsedsosiicde
chanber 62. The solution exiting el ectrode chanber 64 may be recycled

I nconduit 66 through el ectrode chanber 68 for cathode 60 which may al so be
separated by optional barrier 70 fron1$acking 40. The use of separate

el ectrode chanmbers with or w thout barfiers 68 and 70 for suppressing a

packed resin bed is illustrated in the enbodi nent of FI Sb 3 of U S P?thent
No. 6,027 . Lnci i C et ween these embodi ments is e
f1 ow of t%%@grrﬁ]g]rgggtﬁl%?%?}r?égeé%ﬁl?&tﬁ g‘ﬁgﬁ? e 8§él‘fi'H°'b81fY| %‘3‘_? Becont act
with it isepanateddnsoptiaraltbarnehzd fn_ohapa@rlﬂn@u@h 'lahelca@é lof géy?,tealg@lopg within a
resin be ' ILnvention. . en rinciples
el ectrol %lggrgg%F§€W§%%§QBtqrqu'ggrgé%%ﬁ’erf%«?g@ﬁ%mifﬁgﬁk'%p@ﬁs'lﬂg@. 4 and 5
with the raakegtresin ldd tshﬁustsaﬂedtl?cbhe te'intidﬁiﬁmeht%@ﬁ Fi@les of ?csnblzatfregﬁrﬁe;g h[ ﬁ‘ﬁ%ﬂgh
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for el ectof thy electmpdicatapditargsupprddsor. 4 , the total ion exchange capacity
of the packing is least 10 tines to as high as -

too4s]  In the above embodiments of electrolytic capillary ion suppression,

suppressors can be operated continuously or intermittently. For intermittent

operation, once effective suppression capacity is consumed, the resin bed

can be generated electrolytically to remove potassium ions to convert the

packing back to the hydronium form for the next cycle. The frequency of

such intermittent operation would depend on the device dimensions and the

eluent influx.

(00491 To permit continuous operation without the need for off-line
regeneration of packing 40, a total ion exchange capacity of the packing may
be selected to correspond to the amount of capacity necessary for a
particular eluent stream. For example, for electrolytic operation as in FIG. 4,
the total ion exchange capacity of the packing is least 10 times to as high as
10,000 to 100,000 times or more higher than the ion exchange capacity of
the capillary tubing.

[o0so] By apprdpriate reversal of the polarity of the packing electrodes and
membranes, the capilléry suppressors of the prior art can be used for
suppressing acid eluents for cation analysis.



10,000 to 100,000 tinmes or nore higher than the ion exchange capacity of
the capillary tubing. [oo50i By appropriate reversal of the polarity of the
packi ng evecbesswdes2and nenbranes, the capillary suppres®oraSedosiobsaspri or
art can be used for suppressing acid eluents for cation analysis.[oo0si] In
order to further illustrate the present invention, the follow ng
nonlimting.-exanples are provided. ExanIe 1. Electrolytic generation of
KOH el uents at capillary chromat ography”flow rates. [0052] This exanple
denonstrates the electrolytic generation of KOH solution at capillary

chr omat ogr r A nodi fi Di onex .P680. punp (Di onex Corporation,
Sunnyval e, R‘%&g’ \I/daés}y&l?srgé$¢r6h%éW%é?tegﬂgtprr‘é%‘?ﬂ)idf‘vﬂgl%mi“i%g)uﬁél\ﬂ@ ngp- 10

mL/ m n. Deliroitingeexamaples araprévided. passed t hrough an ATC-HC col um and a
CTC-1 colum to renove ionic contam nants and then routed into a KOH el uent
generator for generation of KOH solution. The KOH el uent generator was
prepared bxameié Ji rileatidilytie geReatiahiof MOH icligentsFANAALAP) . A Keithl ey
Model 220 ¢hrsgnategrbpby@low eatesSource (Keithely Instrunments, Inc.,

Cl evel and, OH) was used to supply the DC current to the anode and cat hode

of the K uepit: r onex E conductivjty detector equipped
with a mﬁ???'e?@'?%@t roﬁgeﬁ‘dg‘éﬁég%ﬁ\% %Qfg‘gyﬁc@gge[?g@ayqfd(%rﬁqlwonq PP
conduct anc’ agpiliaiy chepmstsignaphonfléwmretes. Aniddifled D@HaRSEPPumBS Conput er

wor kst at i ; [ t~control ata,coll ection, and

processi ngm?%%%g??%r&%% gﬁ%\%};ﬁ&n %'5%&?3#58? ‘il% d@BH%fu%tsgfﬁé@ ¥rofiles of KOH
el uents gelrionized vwdtecat b0 ylinil | DeinniZbd whtemwas first phsseEmroRyant he DC
current a h € e of was varied fromO mAto 3.21 nAin
0.321 - mﬁ%ﬁ??@'@"@'ﬁ?ﬁbg“ ?tﬁggggﬁm’i FOOFF'B?VW'%F%ﬁFE”?WS@@Hc@ﬁﬂr ations
rangi ng f rrexiedl inke adKQB Gt gerddatoMfet gaserafite of KOH E6IUEBAMTHKEHOUr € 6

w de range oyt deretalF IR h BoaRe B Rl g’ iy 80t Rom Sarrlage™ °v¢"
(P/N 058900). A Keithley Model 220 Programmable Current Source (Keithely
Instruments, Inc., Cleveland, OH) was used to supply the DC current to the
anode and cathode of the KOH eluent generator. A Dionex ED50A
conductivity detector equipped with a modified flow-through conductivity cell
was used to monitor conductance of the KOH solution formed. A Dionex
Chromeleon 6.5 computer workstation was used for instrument control, data

collection, and processing.

100s3)  FIG. 6 shows an overlay of 8 conductance profiles of KOH eluents
generated electrolytically at 10 pyL/min. In this examble, the DC current
applied to the eluent generator was varied from 0 mA to 3.21 mA in 0.321-mA
steps to achieve the generation of KOH eluents in concentrations ranging
from 0 mM to 200 mM in 20-mM steps. The results shown in Figure 6
indicate that it is feasible to generate reproducibly KOH solutions over a wide
range of concentration at capillary flow rates.

!Examqle 2. Use of a resin-phase regenerant capillary anion suppressor
in capillary IC separation of common anions.

[00s4] This example demonstrates the use of a resin-phase regenerant
capillary anion suppressor of the type depicted in FIG. 2 in capillary IC
separation of common anions. The capillary IC system used in the



Exanpl e 2. Use of a resin-phase regenerant capillary ani on suppressor in
capillary |1 C separation of commobn anions. [0054] This exanpl e denonstrates
t he use oWoaosesirs2phase regenerant capillary ani on suppCcedsessossshe type
depicted in FIG 2 in capillary IC separation of common anions. The
capillary 1C systemused in theexperiment was constructed according to the
schenme shown in FIG 1. A nodified D onex P680 punp (D onex Corporation,
Sunnyval e, CA) was used to deliver def®ni zed water at 12 ni/nin. To
generate a KOH el uent, deionized water was first passed through D onex
ATC-HC and CTC-1 columms to renove ionic contam nants and then routed into

a KOH el ue¥Reryjaapl Wes coppiaycind Acspeding &) the sehaime hayndn Iﬁ'@néx AGC- KOH
cartri dgewb@éfl\éooéﬁ%wpes‘b mmguwnm@rpﬁg%frwml é eeﬁd Source

(Keithely Instrunents, evel and, OH) was used to s
current t@@ﬂé’%m'é%“@é@rr@d@ HE/miRe TapeReratne @H@M@@r The outlet of

the KCH ehugRlzeaanareh s 3¢ padietisdgr Dichdy ATCDIESHY eTdegas uni t to

renove hydrogen gas generated during the electrolytic eluent generation
process. POIRMIGHPITE Mqve-ipBic caERInanhapd dhemireutpdjieiora K@H alueat (Cot at i

CA) was Ug@ e @ that %B'&@ﬁé’rfed 'o@ﬁ mér}ﬁD?&@x' EBEYKON & (éPa/ i on

col um wa repare tary D onex surface- tionalized

ani on exch )re%lmlt%rﬁyaMW&'G?Z% rpmmteﬁmrerg Saurog (Keitheln | ength and

380 [ t d
o™ ERAEETS STmkatnd no, SO P 4 M e g o o

Chr orrel eofn®d& and eathade I%SKQHQW\GWH%%@H dihei Mt%mfréfm K&i‘ht roI dat a
|l ect
col I ec 'OQIueﬁPQeﬁé%&sﬁéé‘Qonnéﬁéé)to%’hr%ﬁ ipfe chmre?’a m”ate Y oa o A

suppressor was prepared according th

15-cm | en@ydroeenrg@nmar?te@adurm ’@ﬁcﬁiﬁﬁg@)’&@ﬁqufﬁrgﬁnﬁtﬁiing)l’()QeSS)OA-| nch 1D
0.01 0- 20-
X 5 REBd Y g theggk?fearn%% 5@:0% 2 I%% mm

sul f onat e styrene VI n ene resin t hat
wer e houstd injestier Oéseme ScoThﬁrﬁanQarWlP[DSﬁpﬁwlmq’lhmlnerﬂ@?z prepsiredh two
flowthr OHgBabk.ﬂgléﬂ de'f‘i@%'IﬁGn@)@EEﬁac@"ﬁ‘?ﬁ’dti%'n%ﬁfed‘@n%nae)&‘i’iaﬂﬁg‘?eélﬂ provide
separate fluid connections’to
- ina 1/16-inch OD PEEK tublng of 250 mm in length and 380 um in internal
diameter. A Dionex ED50A conductivity detector equipped with a modified
flow-through conductivity cell was used. A Dionex Chromeleon 6.5 computer

workstation was used for instrument control, data collection, and processing.

{0055] In this example, the capillary suppressor was prepared according
the basic scheme illustrated in FIG. 2. A 15-cm length of Nafion® cation
exchange capillary tubing (0.004-inch ID x 0.010-inch OD) was embedded
inside a bed of 8% cross-linked and 20-ym sulfonated styrene divinylbenzene
resin beads (Dionex Corporation) that were housed inside a PEEK column (9-
mm ID x 150 mm in length) with two flow-through liquid connecting ports.
Provisions were also made to provide separate fluid connections to the
Nafion® cation exchange capillary tubing. The suppressed effluent from the
conductivity cell was routed through the resin bed of the suppressor at 12
pL/min.

0os6) FIG. 7 shows the separation of seven common anions (fluoride,
chloride, bromide, nitrite, nitrate, sulfate, and phosphate) obtained using the
system described above. The concentration of KOH eluent was varied from
38 mM to 200 mM. Complete resolution of all seven anions was obtained



Nafion(r) cation exchange capillary tubing. The suppressed effluent from
the conductivity cell was routed through the resin bed of the suppressor at
12 L/ m rwo[20e58}1881 G 7 shows the separation of seven ®QEITSROA0OBIING
(fluoride, chloride, bromde, nitrite, nitrate, sulfate, and phosphate)
obt ai ned using the system descri bed above. The concentration of KOH el uent
was varied from38 mMto 200 mMM Co 1Iete resolution of all seven anions
was obt ai nedwhen the concentration df' KOH el uent was 38 nM Co-e! ution of
ani ons was observed at hi gher KOH concentrations as expected. The results

h Fl 7 1 ndi |
sonpr esheing samtEniBEo dtR ol udiRids SERRf. ICOSRBIA Y £28e wRF) o °"
S ]nppr essoti§erled athigheoKOH bb?qz@ﬁte;tlmmls@ﬁ]mxpﬁdt@?\f The hreanltté. hl@ds\?/réirc separation
of co ons. r i gni.fican e results sho
denonst r@F@n"t'HQtscaE%agéﬁ?ﬁF%{PgP aées%gfeﬂ?ﬁat%ﬁﬁeltugﬁ’ ?Pl'oﬁlsd{?tpée?oégg be used
to perf anetpspaepicteaaninof iGN oas basised ueeesfany msappmmmH?Fi oni zed
a I,es era capl ary

wat er . anpl e 3. ation .o ha r

Suppr es SIPURts Teiash PRbSehsFRshel BB BERTC sEPAGHb SN pEn s Lo0s7] Thi s
exanpl e #fomssMoré esgrnﬂ‘@ms:etm% r@uutgfsgnmnasae ergmaba@tltr%t@aaat thery ani ?n
suppresso ed_in in c se arat on o
comon a“rﬂpé‘%y 'E dIeP ?/‘Si"bﬁ'gé'ﬁ?an%ﬁnoﬁ? HBﬁ@Q%Rg?erﬁq’lfse@ar&ant% s exanpl e
was saneariénd balh?uﬁﬁdflmmnﬁxﬁf&érﬁo?deloﬁhmmatéﬂat a different resin-phase
regenerant capillary anion suppressor was used. In this exanple, the

capill ary suppressor was prepared according the basic schene illustrated in
FIG 2. BExdrbpte3) Omdriatioh ofad iresip-phasd reyereranticgpiltanyi suppregssabi ng (0.
004- i nchinlthexspgrbs8iomot KUY etaentcfol achdenl anatysis. a resin bed housed inside
a PEEK colum (9-mm ID x 150 mmin Iength) with two flowthrough liquid

Comeet AP CTE aBRE BhfRDsUEI MBS nRhakk deospRzhe e Tl

connect i'® °on cexchange ca
suppr essmxplltaarglamlmeslumsa@d@‘ the type depmted it Bl@ Din eapilaryiOn) of a 8%

cross- 1 e o PlomABnSAibRN A RE b= forfLiloMYABERRY Syshth (DI onex
used in this example was same as that used in Example 2, except that a
different resin-phase regenerant capillary anion suppressor was used. In this
example, the capillary suppressor was prepared according the basic scheme
illustrated in FIG. 2. A 15-cm length of Nafion® cation exchange capillary
tubing (0.004-inch ID x 0.010-inch OD) was embedded inside a resin bed
housed inside a PEEK column (9-mm ID x 150 mm in length) with two flow-
through liquid connecting ports. Provisions were also made to provide
separate fluid connections to the Nafion® cation exchange capillary tubing. .
The suppressor resin bed was made of a resin mixture of 95 % (w/w) of a 8%
cross-linked and 20-um sulfonated styrene divinylbenzene resin (Dionex
Corporation) and 5% (w/w) of 200-400 mesh Chelex-100 resin (Bio-Rad
Laboratories, Hercules, CA). The Chelex-100 resin is a cation exchanger
with weakly acidic iminodiacetate functional groups. The suppressed effluent
from the conductivity cell was routed through the resin bed of the suppressor
at 12 pL/min.

0oss; In this example, the separation of seven anions (fluoride, chloride,
bromide, nitrite, nitrate, sulfate, and phosphate) on the same capillary anion
separation' column described in Example 2 was performed continuously for



Cor poration) and 5% (ww) of 200-400 nmesh Chelex-1 00 resin (Bio-Rad
Laboratories, Hercules, CA). The Chel ex-100 resin is a cation exchanger

wi th weakwo 2aaidi#ts2i m nodi acetate functional groups. TheCTaspeso3Ic9
effluent fromthe conductivity cell was routed through the resin bed of the
suppressor at 12 nmi/mn. [0058] In this exanple, the separation of seven
anions (fluoride, chloride, bromde, nitrite, nitrate, sulfate, and
phosphate) on the same capillary ani Gr??sEpar ation columm described in
Exanpl e 2 was perfornmed continuously fornore than 400 runs (each run = 20
mn) to nmonitoy t | onger-term performance of the capillary suppressor.

h
100 vl KOHMQES hlfé’e‘gooa@' H&aeh fgn & 2haighigmonitorthe, logen-tesms uppr essor

provi ded giecrttirthandBRIT €%S eEpiManksausRgdsOr 168 M RSH ‘EF%S slightly
unst abl e ‘Ziﬂ@ rezéed back r%uncf?kwa@*observed for Run%%%Q : Aasngl% ceably

unst abl e e ahowp i Fb@\n@li_ %%ﬁ%d’fﬂﬂﬂem#ﬁb&jﬂprﬂ'&wepesuI ts shown
in FIG 8 usggrsind forkt It Bealrnnah@?ﬁig’rﬁlg%&aw% S‘rt?gpféés%yb%k'gféahqd

suppressor of the t epicted in Figure 2 can | ons “sa ctorily

d
for an ext"@ﬂ%sﬁ%?%/g‘ief Ren #338. i/ netigrabiy tpstable spppressen batkgronmdn ani ons.
| n addi Ui afas bbgries il Rusa00. ITheHteSuid sHBIANA¥ial § 4Rl [illnd ne

capillary 1 C systemdepicted in Figure 1 can p orm Separation

of ani ons "GENAYARSTCILBRIANG CaPilannABioNF PHResse ofdhe typecsepipled in. The

exchange g3 es 1w SekisRRASAY fbes) a%@@ fydroni um for m and
sul fonated resin beads in the potasSiumform | ] I S éxanpl e
i |1 ust r at E8P{IaEY HF ispparation,QffaEon Néens. oinsadditeny thelreswits stowesi n beads

i n hydronipy@. Baddmaenyrate labanaired tﬁ@ééﬂi"?%sy‘/ﬁeﬂ% éﬂeﬁ%fﬁéﬂpe {n this

exanple, a Catfé | ar?/ suppressor was prep ‘according the basic schene
i || ustrat &8Nk w5y toperformy sepanadingtaf agions wsing onetflawingsifeasdotind

sul f onat e@efdrizéedpiatdrar y t ubi ng of 0.004-inch ID x 0.01 0-inch OD (D onex
Cor poration) was enbedded i nside a bed of 200-400 nmesh AG 50W X16 resin, a
sul fonat ed cation exchanger avail able from Bi o- Rad Laboratories (Hercules,

CA). The iBxaimpleetl The dxeHafgei oTddlfors &g sulfonated resin beads in
the hydronium form and sulfonated resin beads in the potassium form.

[ees9) This example illustrates visually the exchange of cations among
sulfonated resin beads in hydronium form and sulfonated resin beads in
potassium form. In this example, a capillary suppressor was prepared
according the basic scheme illustrated in FIG. 2. A 15-cm length of a
proprietary grafted and sulfonated TFE capillary tubing of 0.004-inch ID x
0.010-inch OD (Dionex Corporation) was embedded inside a bed of 200-400
mesh AG 50W X16 resin, a sulfonated cation exchanger available from Bio-
Rad Laboratories (Hercules, CA). The resin bed was housed inside a clear
glass column (6-mm ID x 250 mm in length) available from Bio-Chem Valve,
Inc. (Boonton, New Jersey, USA). Prior to its placement into the glass
column, the 200-400 mesh AG 50W X16 resin was homogenously coated with
a small amount of quinaldine red, a cationic dye. The coated resin has a
golden color when it is in the hydrogen form. The color of the coated resin
changes to magenta when it is in the potassium form. Therefore, the color
change of the resin can be used to visualize the exchange’ of cations among
sulfonated resin beads in the hydronium form and sulfonated resin beads in
the potassium form. The operation of this capillary suppressor was
evaluated using the system described in Example 2. The suppressor was



glass colum (6-mm 1D x 250 mmin | ength) avail able from Bi o- Chem Val ve,

I nc. (Boonton, New Jersey, USA). Prior to its placenent into the gl ass

col um, twe 8é03430 nesh AG 50W X16 resin was honogenou®Cy/use@sa34sd t h a
smal | amount of quinaldine red, a cationic dye. The coated resin has a

gol den color when it is in the hydrogen form The color of the coated resin
changes to magenta when it is in the potassiumform Therefore, the color
change of the resin can be used to vi @Ml i ze the exchange of cations anpbng
sul fonated resin beads in the hydronium formand sul fonated resin beads in
the potassium form The operatlon O]E}ﬂ\{s# s capillary sup{)ressor was

eval uat ed YREdPHNLOUBY R RURRERSS) 4L QH 2éd PHLEMIn. The m@ppa@m@or wasused

cont i nuoushgy Mpmpdﬁﬁerﬂqrdﬁﬂtlf@doﬁ&uétﬂnm&éw Was Pdht&@éé t he
suppr essed el Uﬁs; n{ he pogductlw ty cell was routed to vvasz‘e A second
P8 r@&m deiopize

stream of Y& RIBEWeSUSIRAH thiaugle dherresdn bed a0.0285 i/ ni n.
[ 0060] A shifhit. col or change was observed for the resin surrounding the

inlet end of the sulfonated TFE capillary in the suppressor after 6 hours
of operation. A nuch noticeable change of resin color was observed for the

resin bed [abot hoesilgﬂtaiolmamfgetvb& aumees@mh@fﬁe@rn gl?rr&ﬂ\’dlﬁ @he HREF ation. A
di stinct band magent a @0 or was observed ? %e resin bed

at the in%d Y here?fjf’H@ ed, oy &eriAn.L i the suppressior afier Gdﬁ@#rﬁtqfon These

resul ts depenstiorat & michiabligeabidthiigd 6NFesh bslomwagot%?h@dﬂmﬁ gnto the
|IIar continue to exchange wth H+ ions on

wal | of the c xchan
the resin B%'Qgéeqo?ﬁ@ |'Q@é% dé’g ’&%éHE’ e§Sehaftenl ¢ hOHFﬁjOftW%IaEQ@hd’nge process

subsequentdlstlmbhhdldﬁfieﬁlﬁ l@@h‘elma@@ﬁmcélbﬁmfa%sdﬂ%ew@{jﬁ)rttﬁé?eé\ﬁS)eraloét f[nd
l'ocat e

direct p o) with the cation exchange capi |

further Wi@ B'rr‘?'?cﬂg?lﬁ?p‘?’ Hpé?§/s°trt?5 d44[%"§°ifopﬁf9élﬂ§‘t heT% @sutent , one
drop of qldlen‘ajmkltna@e vRdalp K 'AGnS Pﬁaﬂ? dx@ﬁéﬂgéd‘oﬁf&ﬁth@%é‘l?%f% form
(magenta ¢ qui nal di ne red coated AG 50N X 16

resinin tﬁb ﬂfémﬁﬂnfﬁw??%ﬁ?ﬁy(w“&@ﬁ tE(?IXSF'?“Q%Wét Hdaless onsfhediesin hours, a
not i ceabl bedds iraameiiatelyt ddjatdtitaoshé Wwalf ahBehis exchange process

subsequently continues to occur among the resin beads that are not in direct

physical contact with the cation exchange capillary and located further way
from the capillary tubing.

10061] In another experiment, one drop of quinaldine red coated AG 50W X
16 resin in the potassium form (magenta color) was placed on the bed of
quinaldine red coated AG 50W X 16 resin in the hydronium form (golden
color) in a beaker. After 2 hours, a noticeable decrease in the intensity of the
magenta color was observed. After about 72 hours, the magenta color of the
added drop of resin further faded away. After 192 hours, the added drop of
resin are hardly distinguishable from the rest of the resin bed, indicating that
the added drop of resin was converted to the hydronium form.,

Example 5. Capillary IC separation of anionic analytes using
electrolytically-generated KOH eluents and suppressed conductivity

detection with electrolytic capillary suppressors of the type depicted in
Figure 5.

[0062) This example demonstrates the use of electrolytic capillary anion
suppressors of the type depicted in FIG. 5 in the capillary IC separation of
common anions. The capillary ion chromatography system used in this



magenta col or was observed. After about 72 hours, the nmagenta col or of the
added drop of resin further faded away. After 192 hours, the added drop of
resi n ar ewbanalog4mdest i ngui shable fromthe rest of the resiTrusb@d/o334agi cating
that the added drop of resin was converted to the hydroniumform Exanple
5. Capillary |IC separation of anionic anal ytes using

el ectrolytically-generated KOH eluent%gﬁnd suppressed conductivity
detection with electrolytic capillary ppressors of the type depicted in
Figure 5. [0062] This exanple denmonstrates the use of electrolytic

capill ar ors,of the type_de din FIG 5 in the capillar
I Cplsepar gt i oh%g?%é%pr#rﬁlséém mon%H§e¥%EWPM E ﬁ;(‘iﬁprtéhﬁ"tﬂg;aféﬁlwcsysﬂam Y
used in t hiapdleaypheomespmriessdrarwdre dsed. qn&th@émmeEé%l&ﬂJoﬁ/tu% ca‘?ﬂfﬁ‘??t t hat

| ect It I d. Int
ol cct r ol yiouBpf&Bors el B eduoPhS 2aRURR San sappiamsoenpR¥ision Sini on

suppr essortbreeoPEEKt athnatfershridee &GEKt elhanber Sontdihedd B5Mn 59@'{%?3 C]?nt a![ ned
a of cation

cxchange eBRy BtiBS EriBtdase oY 67138 % v ol Palied axchamsviesimioner o made

provi de s@panatmxﬂloﬂoowmﬁamr@mrs) tlerdvmoﬁ@%%ln%é hevo9 Rl eCadYdr é@ry tubi ng
intheregllun bed 15-cm |l ength of a proprietary grafted and

sul f onat ed 4G °In§19t9 tﬁ%ﬁ?ﬂﬁn 8?‘0 4cepm%ry|t wgondmerewerbe@ ( Di onex
Cor por at i @ithepm t5-ti lenyteons lprafrld‘t@f fted Métﬂfbrfé@ﬁ*?ﬂ%a‘gﬁ@ lary

b d h f
ol cct ol yltiang g Ry dad-hch ¢ BtigBEh el Comaraiiamass phgon cal 1y

separ at ed ldrgtmof INafroat‘Eh@atidh émmgéajafpnmﬁﬂhﬂﬁg «’w@oanﬁéh fDegBRe!L ant
chanber usi E‘b § pro r| gra i d sul fonated TFE cation exchange ion
exchange MSFoPHAE ecﬁ%'é rye '%? eleglrolylicrsed lasy sHppiessort. ai ned a

per f or at ea‘hetelomtmmmrduaéwphm@a@ §é(fa7§@fd ﬁ?@rﬂttﬁé%ﬂ‘f’od?@?é érgfh Pt anode.

Bot h el ect cha connecting ports ( et and outlet).

In this e? faf‘ﬂ%ngﬁbcp?e@@swr@ amoef #émgt%@r%iﬁiaetgﬁaﬁteylaml was
rout ed tosummaaedﬁl%cam 8keiemgedbn @Xchange thaMithrahe¥qBidrekst Punped

through t E%régr%honp ‘Fhe cathode chamber contained a perforated Pt cathode and
the anode chamber contains a perforated Pt anode. Both electrode
chambers had two liquid connecting ports (inlet and outlet). In this example,
the suppressed eluent from the conductivity cell was routed to waste. A
second stream of deionized water was first pumped through the resin bed in
the eluent chamber, then to the anodic regenerant chamber and the cathodic
regenerant chamber at flow rates ranging from 0.1 to 0.25 mL/min. The
Dionex ED50A module was used to supply a DC current of 20 mA to the
electrolytic capillary suppressors. A Dionex EG40 eluent generator control
module was used to supply DC currents to the KOH eluent generation
cariridge for generation of KOH eluents used in the ion chromatographic
separations of anions.

063 FIG. 9 shows the suppressed conductivity background obtained using
the system when the concentration of KOH eluent was varied from 20 to 200
mM at 10 yL/min. The results indicate that the electrolytic capillary
suppressor was capable of suppressing KOH at various concentrations
effectively.



the el uent chanber, then to the anodi c regenerant chanber and the cathodic
regenerant chanber at flowrates ranging fromO0.1 to 0.25 nL/mn. The

D onex EDSOAoowdwise was used to supply a DC current of POTIO82605/083389

el ectrolytic capillary suppressors. A Dionex EX40 el uent generator control
nodul e was used to supply DC currents to the KOH el uent generation
cartridge for generation of KOH el uentﬁ used in the ion chromatographic
separations of anions. [0063] FIG 9 s BWis t he suppressed conductivity
background obt ai ned using the system when the concentration of KOH el uent

was vari ed m t 0 at 10 mi/mn. The results indicate that the

el ectrol yt fol;ég4 apl-i%%'é&y&sogbsgyg§§8€]a¥\/8nt2§1§885?%"%ﬁ’1e qHRsAters aGsw@EA at vari ous

concent r at Fomsaef drmons ‘lﬁm?ric[é)(]ﬁm@ridél, Grorhfdles W%,ﬁiﬁa@%hifﬁkﬁ%fnd_zg

consecuti v I s_of,.seven conmon ani ons uoride, chloride,

brom de, n ??ﬁ%}g}néf’tﬁ)ga‘fa ,'“%MIQI%L{'B? pﬁﬁlﬁe(gwggﬁnaé iedarydatexpi | 1ary col um

Egcked ¥m tagaomempireidmr&my.elxehW%ﬁx@ﬁ@o@@ﬂi&%%@@@aﬁépﬁgﬁi/ .
rporatio naraf | rmed usin a min.

Thepr esul t@ggﬁﬁvee%aglﬁaﬁ @M&gﬁiﬁgﬁé 4y a-rfi‘%ﬁg%f'tstww highdt ani ons with

anal yte reteemodmiblpesapamatiasrebatHe/ﬁrgétéd?ﬁl@ﬂsjwﬁﬁ\én%Wt@Weﬁe‘ﬂ@%b dbging from

ar ea percent

0. 028% f . 10%.f hat e, d | yt

RsD rangi PRI se BrSihee drtion (RBRE Fteg ety iooghersitate tg 00KRS) Fi G 11
shows an ofoeiphagplodte] @nd @nabdatpedr aﬁéwpéﬁi_ein@!%lp?aﬂg{knﬁ?mﬁ?@ YRS
(fluori de,ni gqéltoégg%%ggﬁésep%\aﬁhl oride, nitrite, chlorate, brom de,

nitrate, carbon & phosphate) on a capillary col um packed
with a proprietary surface-functionalized ani on exchanger (D onex.

concent r at e oriey; chenPhs, B AYBRaY 75 | lePRerpaiveTeharaions OTkb rosul ts al so
show hi ghl gommpn @irnsbifeiosiepachlorits) lybmabes; dhidriRs, it éhIvidiy, anal yte
Lﬁggg%;g Ht)rgFrﬁ(_ﬁ’éi,tgr%rgte?tc%?‘lforrfqttg,hgﬂfa(%e,daerw 8}1clnsopqna(t5Dc§% ar%r;aglllllanr?/ cuuor'nnrl 0. 072%for

packed with a proprietary surface-functionalized anion exchanger (Dionex

Corporation). The separation was performed using KOH eluent with a

concentration gradient from 10 to 45 mM KOH at 10 uL/min. The results

also show highly reproducible separation of the target anions with analyte

retention percent relative standard deviation (RDS) ranging from 0.072% for

phosphate to 0.19% for nitrite.

0066 The above results demonstrate that the capillary IC system described
in this invention can be used to provide reliable determination of target
anionic analytes using only deionized water as the carrier streams.

Example 6 Capillary IC separation of cationic analytes using
electrolytically-generated MSA eluents and suppressed conductivity

detection with an electrolytic capillary suppressor of the type depicted
in Figure 5.

00671 This example demonstrates the use of an electrolytic capillary cation
suppressor of the type depicted in FIG. 5 in the capillary IC separation of
common cations. The basic system components of the capillary ion
chromatography system used in this example were similar those depicted in
FIG. 1 for cation analysis. The methanesulfonic acid (MSA) eluent generator
was prepared by modifying a Dionex EGC-MSA cartridge (P/N 058902). A



[ 0066] The above results denonstrate that the capillary I C system descri bed
in this invention can be used to provide reliable determnation of target
ani oni c aw~el2aes4183i ng only dei oni zed wat er as the carr iPper/tstoosassis9 Exanpl e
6. Capillary I1C separation of cationic anal ytes using
el ectrol ytically-generated MSA el uents and suppressed conductivity
detection with an electrolytic capill2%¥ suppressor of the type depicted in
Figure 5. [0067] This exanple denonstrdtes the use of an electrolytic
capillary cation suppressor of the type depicted in FIG 5 in the capillary
The basi c_system conponents of the

| C separatjon of co ations. (

capillary %Wl%%MBHﬁ% g’ﬁﬂ@/raé@@?@ﬁl Grargent Sogree dKeithely lastigments. ni | ar t hose
depi ct ed i|nc.Fbﬁvaaﬁd;rOHyWa@ms@rdatbyﬁjp?Iy tHeeD ORjuDRIMES W R v 26 udnf VBA)

el uent generator was gieepg}rzed by nodi fying a D onex EGC-MSA cartridge (P/N

058902) . AIRBEIHIAECa) FePeERARMBA elepisHisedoinrthe ipRei t hel y

| nst r umentchrorhBtografhie sepandionstdf catisnsgised to supply the DC currents to the
MBA el uent generation cartridge for generation of MSA eluents used in the

i on chromat ogr aphi ¢ separations of cations. too68] The electrolytic

capi | | ary (@eppriaesslecineiytio capaaed sassresbmgas bee;kﬁéac‘aoéshﬂﬁgéﬂééf( baﬁibggt ed in
chanpers.

FIG 5. The, capi, | gr ni suppressors consisted of three F
The el uenISCE?\@ﬁﬁtﬁ'sa%E%ﬁgé'? %E@% %I:Ef‘-ec?ﬁﬂ”iﬁéitar?'% sUPRespPisctIsistge &t ed and
am nat ed TihieeCRPEK|chaynBetd] Mhedlubnt Efmbercdbntaingd & P9-chr idhgth 6Pa( DI onex
bed (6 rmPHEPIEST Shel ef] FTELBAIeB ISR SR Vb BS RIdb OB D Soparat e
fluid connestd-meh OD (DithexaCoeibraticn)odtaBe s ligityinsidl A3 tiodRghBadi€si n bed.
The el uen%&%gﬁ%?ﬁ r n\égagggy%ff?él &aéﬁh%gié{eggybhe%&%gﬁwhg%gﬁgegener ant
chanber a ' r Héﬂ‘i@ o @d and
am nat ed iddecpiovitfe SxpdrafoBuidbndeelicOR RNdHtRMNCSKchEhgBapfiRirpor ation) .

' Pt cat hode and the anode chanber

The cat hode .chamher contai.n a perforated ]

cont ai ns g&BBQ iR B! egnf‘jg’@. 3@8%‘3@"8'&%‘%% PBKEABIEY SepRI@tedEom qui d

connect i ngheeathdd(d rigehepdift chamber and anodic regenerant chamber using a
proprietary grafted and aminated TFE cation exchange ion exchange
membranes (Dionex Corporation). The cathode chamber contained a
perforated Pt cathode and the anode chamber contains a perforated Pt
anode. Both electrode chambers had two liquid connecting ports (inlet and -
outlet). In this example, the suppressed eluent from the conductivity cell was
routed to waste. A second stream of deionized water was first pumped
through the resin bed in the eluent chamber, then to the cathodic regenerant
chamber and the anodic regenerant chamber at flow rates ranging from 0.2
mL/min. The Dionex SC20 suppressor control module was used to supply a
DC current of 15 to 20 mA to the electrolytic capillary suppressor.

oe9] FIG. 12 shows a separation of six common cations (lithium, sodium,
ammonium, potassium, magnesium, and calcium) on a capillary column
pécked with a proprietary surface-functionalized cation exchanger (Dionex
Corporation). The separation was performed using 8 mM MSA at 10 uL/min.
An excellent resolution of all cationic analytes was obtained. The results
demonstrate that the capillary IC system described in this invention can be
used to provide separation of target cationic analytes using only deionized
water as the carrier streams.



outlet). In this exanple, the suppressed eluent fromthe conductivity cell
was routed to waste. A second stream of deionized water was first punped

t hrough twe 2o@si3misbed in the el uent chanber, then to thectatshadioss4so
regenerant chanmber and the anodi c regenerant chanber at flow rates ranging
fromO.2 nL/mn. The D onex SC20 suppressor control nodule was used to
supply a DC current of 15 to 20 mA to the electrolytic capillary
suppressor. [0069] FIG 12 shows a sér?e?r'ati on of six conmon cations
(l'ithium sodium amoni um potassium nmagnesium and calciun) on a

capillary I Id.h a proprietary surface-functionalized cation
exchanger ﬁ%agﬁ@M'on). The separation was perforned using 8 mM MSA
at 10 mL./mn. A n excellent resolution of all cationic anal ytes was

obt ai ned. 1The rAsaratusderroagiliagt @ntdmbmbbeyrapiy tb@byising: syst em described in
this invention can be used to provide separation of target cationic

anal ytes using QB &S et ] W13 I S CLAI MED
|'S: 1. Apparat égp%ﬁi‘g'?gg% ar ﬂﬁ’?% ré@ﬁ%@ﬁ”{%’@“@ﬁ%ﬁ?gﬁﬂwga) a

suppr essonodsiRgringudigg fal packingrioley and erpaskinhandiet, padidapilanntubingousi ng

i ncl udi ng | gLyl I piJlary tubing having
an inlet Qﬁgﬂg‘?ﬂoﬁﬁ‘fsﬁh%\d&@%} %%‘(E:I)ﬂgr egq’g%%réggfsgl&%ﬂg%ﬁ)?'o#cg%ﬁ%nge menbr ane,
sai d tubi memeiang. aaidteking bpingtataeasy pditify disposed iesaid iamexot@ngage packi ng.
2 . The aB@éﬂEiﬁ?.Us of Aaim1l further conprising: (b) a source of flow ng

aqueous regenerant liquid in fluid communication with said packing inlet. 3
The apparatus of Claim2 further conprising: (c) a capillary

chr omat 0923phY TH affbrbils!dr dine ARG BbiBRSHGL h sai d capi Il ary t ubing
inlet. 4 . The apparatus of C :';1i m 3 urtﬁe? gfoM prising: (d) a flowthrough

detector in fl lfb)dal gg%%'fﬁ%h%naqvt\fetons ?éadeq]e(r:éarﬁllihhl rix fltu}J <|:cp m?JHIIcla lct)r'l
with said packing inlet.

3. The apparatus of Claim 2 further comprising:

(c) a capillary chromatography column in fluid communication with said
capillary tubing inlet.
4, The apparatus of Claim 3 further comprising:

(d) a flow-through detector in fluid communication with said capillary
tubing outlet.
5. The apparatus of Claim 4 further comprising:

(e) a recycle conduit for directing recycled aqueous liquid from said
detector to said ion exchange packing, whereby said aqueous regenerant liquid
source comprises said recycled aqueous liquid.

6. The apparatus of Claim & in which said aqueous liquid source further
comprises an additional source of flowing aqueous liquid in addition to said
recycled aqueous liquid.

7. The apparatus of Claim 1 in which at least part of said capillary tubing
is in direct contact with said packing.



5 . The apparatus of Caim4 further conprising: (e) a recycle conduit for
directing recycled aqueous liquid fromsaid detector to said ion exchange
packi ng, wben@ns4sai d aqueous regenerant |iquid source eoruprsee@sa3xa? d
recycl ed aqueous liquid. 6 . The apparatus of Claim5 in which said aqueous
| iquid source further conprises an additional source of flow ng agueous
liquid in addition to said recycl ed agléeous liquid. 7. The apparatus of
Claim1 in which at |east part of saird&“capillary tubing is in direct

contact with sai d packi ng.8 . The apparatus of Claim1 in vvhi ch said:
packi ng c rrprl ac bed, of .exchange particles. . The appar at us
07 G atm & T WABAPRERRYS o 26 HaRgR A SRITRA T GRe5an AR i L1

exchangeabb@ df(ms egaﬁmﬁgésp@.g.cmakl y acidic or weakly basic functional
groups. 10. The apparatus of Caim9 in which said ion exchange packing

further includes substrates with exchangeabl e ions conprising strongly

aci di ¢ or gst r omgkyappasatusfofrCihindrah vaionpaid ibh. etheng@@ab@hﬁSn@mdglls aimlin
eabl e i ons

whi ch the outer, wal| of said il lary tubin es exc

conpr i 1 ngubRIERES Mt et iseabEiops GetReT i Bep BN e anp Baske
appar at usfurctichai groubsl. N whi ch the inner wall of said capillary tubing
conpri ses exchangeabl e ions conprising strongly acidic or strongly basic
functional groups. 13. The apparatus of Claim11l in which said weakly
acidic or 1meakﬂwieta‘:mja¢amsmftc'lam9 igwhigis saidniphiexehangebhaekingfugthby ner s

grafted tp oute idt e a us. of Cdaiml
further B'Wﬁﬂcf tfaga %@C%E?%FPQE’{%SH%%88‘8}?8%%%%?‘?'}93%?“8;‘1‘3 Bbposed si des
of said i anoﬂgwmﬂp‘&mbnaggrohﬁs. The apparatus of Caim 14 in which said
packing inlet is disposed

11.  The apparatus of Claim 1 in which the outer wall of said capiliary

tubing comprises exchangeable ions comprising weakly acidic or weakly

basic functional groups.

12. The apparatus of Claim 11 in which the inner wall of said capillary
tubing comprises exchangeable ions comprising strongly acidic or strongly
basic functional groups.

13. The apparatus of Claim 11 in which said weakly acidic or weakly basic
functional groups comprise moieties on polymers grafted to the outer wall of
said tubing.

14.  The apparatus of Claim 1 further comprising:
(b) spaced first and second electrodes on opposed sides of said ion

exchange packing.

15.  The apparatus of Claim 14 in which said packing inlet is disposed
intermediate of said first and second electrodes.

16.  The apparatus of Claim 14 in which said first electrode is disposed in
an electrode chamber.



internediate of said first and second el ectrodes. 16. The apparatus of
Caiml1l4 in which said first electrode is disposed in an el ectrode
chanber . W0 200v03apar at us of Claim 16 in which said secent/usb@sszde i s

di sposed in an el ectrode chanber. 18. The apparatus of Caim 16 further
conprising: (c) a pernselective ion exchange barrier between said first

el ectrode and said packing. 19. Apparatus for capillary ion chromatography
conprising: (a) a suppressor conprisi-®§ Tapillary tubing having an inlet
and an outlet and formed of a pernsel ective ion exchange nenbrane, said
tubi ng being at_ | east partially disposed in a flowthrough housing, (b) a
f1 owthroddh d P@&RﬂarEWSftPfu@'a”B&ﬁnlﬂnWalﬂ isaid WQCst%lietF@g@iiS Hispysedibi ng,

and (c) aijnapei@rsdndndmbépr directing recycl ed aqueous sanple liquid from
sai d detector through said flowthrough housing to the outside of said

tubi ng. 20. The apparatus of Claim19 further conprising an additional

source of 1gqueque dppHthflist dfoang 1%%&H8hc§ﬁ¥>ﬂsm@usi ng in addition to said
aqueous liquid sanple. 2 1. The apparatus of Caim19 in which the outer

wal | of said capi j i changeabl e i.ons c i sing weakly
acidic or weak?@%) g{rﬁése?%lﬁf&g ?%rﬁg%rn gg%g?ﬁ%}%t & s el edgagfdred m19 in
whi ch t heskidrackingl | of said capillary tubing conprises exchangeabl e ions
conprising strongly acidic or strongly basic functional groups. 23. The
apparatus of Claim19 in which said weakly acidic or weakly basic ‘

f unct i onall9gr ofppaeEdupfar saepiferneion ebranatpoiaphi compriafriged to the outer wal |
of said tubing.24. The apparatus of Caim19 further conprising: (a) a

capi | lary chro(@tagumpbysaraomphising ddpiliaty toIGIRGGEG bAMI 40y Sabdisapi | | ary

tubing i ”'aﬁé formed of a permselective ion exchange membrane, said tubing being at
least partially disposed in a flow-through housing,

(b) a flow-through detector in fluid communication with said capillary
tubing, and )

(c) a recycle conduit for directing recycled aqueous sample liquid from
said detector through said flow-through housing to the outside of said tubing.

20.  The apparatus of Claim 19 further comprising an additional source of
aqueous liquid flowing through said housing in addition to said aqueous liquid
sample.

21.  The apparatus of Claim 19 in which the outer wall of said capillary
tubing comprises exchangeable ions comprising weakly acidic or weakly
basic functional groups.

22.  The apparatus of Claim 19 in which the inner wall of said capillary
tubing comprises exchangeable ions comprising strongly acidic or strongly
basic functional groups.

23.  The apparatus of Claim 19 in which said weakly acidic or weakly basic
functional groups comprise moieties on polymers grafted to the outer wall of
said tubing.



25. Apparatus for capillary ion chromatography conprising: (a) suppressor
conprising capillary tubing having an inlet and an outlet and forned of a
per nsel ecwoweod/mmsexchange nenbrane, said tubing bei ng aCThisass/opasei al |y
di sposed in a flowthrough housing, in which the outer wall of said
capillary tubing conprises exchangeabl e ions conprising weakly acidic or
weakly basic functional groups. 26. Thg)apparatus of Caim25 in which the
inner wall of said capillary tubing conprises exchangeabl e i ons conpri sing
strongly acidic or strongly basic functional groups. 27. The apparatus of

Caim25 izy whitHe agpgta0@akt 8180 M furtler 6 r%iﬁsi ¢ functional groups

conprise noieties of polyners grafted to t out®er wall of said tubing. 28.

The appar at us i ther c rising. (b) a capillary -

chr onat ogr aphyQ%%)?ﬁ?ﬂﬁﬁ%ﬁ%@m@ﬁ?&%vmﬁnm% cemmLniggtian with t ubi ng

i nl et. 29.sakheapippoyrtabirg wletCl ai m 25 further conprising: (c) a flowthrough
detector in fluid comunication with said capillary tubing outlet. 30. The
apparatus of Claim?25 further conprising: (d) a recycle conduit for

di r ect i ng 28ecy dipparaiysdousapillguy idnfoheomatigiagie) e6ipFising: sai d i on exchange
packing. 3 1. In a nethod for capillary ion chromatography, the steps

of : (a) flow ng(@nsispressisr EHPHEANG Aty Ab hagin@%f??fn &4 qiarrpl e ionic
speci es of ﬁn{smcfsﬂ?r e, &gsmlve of negat’ive, 1n an~el uent, ntl?'z)ugh
capi | | ary°tHB Qfﬂf-‘r’éb # Psripeelestiye ian exchangeanremarare, manbtubiey  sai d
t ubi ng bebsingpatakast partilp\HiddyseHIR al M- g ang transporting
counteri ons“icﬁ sajd F?a_huen%2 Qfda(’)ppos_iat e cﬁﬁ?ggﬂ?@ugg}% 'ﬁs]g’r'?bﬁ%eﬂ.‘eo%'ﬁsr speci es
across sal@"t ﬁaﬁbc"f‘ﬁ" A WPinG RENPlBES exehangeable ionswainipriiey eebklyand (b)
fl owi ng aacidieowsakiguRires Alctibhgtg@uplr ough sai d ion exchange packing past
the outside of said tubing to carry away the transported

26.  The apparatus of Claim 25 in which the inner wall of said capillary

tubing comprises exchangeable ions comprising strongly acidic or strongly
basic functional groups.

27.  The apparatus of Claim 25 in which said weakly acidic or weakly basic

functional groups comprise moieties of polymers grafted to the outer wall of
said tubing.

28.‘ The apparatus of Claim 25 further comprising:

(b) a capillary chromatography column in fluid communication with
said capillary tubing inlet.

29.  The apparatus of Claim 25 further comprising:

(c) a flow-through detector in fluid communication with said capillary
tubing outlet.

30.  The apparatus of Cl~aim 25 further comprising:

(d) a recycle conduit for directing recycled aqueous liquid from said
detector to said ion exchange packing.

31.  In a method for capillary ion chromatography, the steps of:



counterions transported to said outer tubing wall. 32. The nethod of C aim
3 1 further conprising the step of: (c) prior to step (a),

chr omat ogwephicshisy separating said ionic species in a eapiuskasy334s9
chromat ography colum. 33. The method of Caim3 1 further conprising the
step of: (d) detecting said separated ionic species by flowng the |iquid
sanple streamthrough a detector. 34. _-The nethod of C aim 33 further
conprising the step of: (e) recycli ng3 dai d aqueous sanple streamto said

i on. exchange packing, said regenerant |iquid conprising said recycled
sanpl e stream ,35, The nethod of clajm 34 further conprising the step of:
(f) flowing a $RHANIANBALCIYSSAMPIESiERAR InGludingiserarated seairler ecycl ed

liquid st r&ﬁ@bp@aésovmewgél,%@ﬁti\ﬁeabﬂné%mwwm 8R-elldrd, fAbhge of Aaim3 1
in which Saéiﬂa acki ng_conprises a g?acked ed of ion exchange particles. 37.

The met ho§@ wibipgformed oA pRMazglact wnioax@ichagee agkbrane; saidudes
subst r at esupihd Beirad @R fRdwiehreBgk lioh é?éﬁjérfge%ac}’i@r%@hcﬁﬁéﬁé‘pdcrﬂﬁ‘ tional

groups. 38. The nmethod of Claim3 in ich said ion exchange packing
further cERPIEERES &Y elignt of eprasiterriirgeate saldsamelsrippicsingg'est r ongl y

acid or saem&gls)eid)aﬂaiﬁ?ffmm@mﬁh!erWafnttB&he%%terT\n@u WRirBeH oy Gaim3 1 in
which the outer wall of said capillary tubing conprises exchangeabl e ions

I
i Si Ldi G i g . 40. Th hod
ot B a1 DRI e Sud R e 8RR IR s PR Raifiador i oo
exchangeaphexing mast thepeutsidegofssaid tighing deicdimy awaystheomghgpdotesi ¢ functi onal
gr oups. 4&0“%90%%@9Pgﬁegtg'smosoafggc ti[iﬁg("’(??'(-mp“ sing applying an electric

potential "across sai exchange uring steps (a) and (b). 42. In
a method for capillary ion chromatography, the steps of:

32. The method of Claim 31 further comprising the step of:

(c) prior to step (a), chromatographically separating said ionic species
in a capillary chromatography column.
33. The method of Claim 31 further comprising the step of:

(d) detecting said separated ionic species by flowing the liquid sample
stream through a detector.
34.  The method of Claim 33 further comprising the step of:

(e) recycling said aqueous sample stream to said ion exchange
packing, said regenerant liquid comprising said recycled sample stream.
35.  The method of claim 34 further comprising the step of:

(f) flowing a second aqueous liquid stream, in addition to said recycled

liquid stream, past the outside of said tubing.

36.  The method of Claim 31 in which said packing comprises a packed
bed of ion exchange particles.

37. The method of Claim 31 in which said ion exchange packing includes
substrates with ions comprising weakly acidic or weakly basic functional
groups.



(a) flow ng an aqueous sanple stream i ncl uding separated sanple ionic
speci es of one charge, positive or negative, in an eluent, through

capi | | ar ywoubiang4fsor med of a pernsel ective i on exchangePogmdsc@sm3z4and
transporting counterions in said eluent of opposite charge to said sanple
ionic species across said tubing fromthe inner wall to the outer wall
thereof, (b) detecting said separated_jonic species exiting said capillary
tubing by flowing the liquid sanple §32eam t hrough a detector, and (c)
recycling said aqueous sanple stream from said detector to said outer
tubing wall to_carry a id counterjons transported to the sanme. 43. The
met hod of 38 ai @ﬂ%ﬁyﬂﬁéré@ﬂﬁﬁﬁ g Whych 1381 lasexshangg)pasking furthest ep (a),
chr omat ogeapprieak lsybsBRRIANItR @xERAkh DN forsPesthEBsihg s@roﬁgw ééiagﬁ‘ .
chr omat ogrﬁghé’ycol um. 44. The nmethod of Caim42 in whiCh sard tubing is
packed i nS¥PB ttfﬁséggff'qt'd?ﬁalagmﬁge packi ng, and transporting counterions
in said eluent of oppositecharge to said sanple ionic species across said
tubing fr t he inne | ] .to the outer wall- thereof. 45. The met hod of
Oaima2 BY whilb @S{h&\gap%fc‘k'iaf{a %dm%'g'ééh%%%w@' pesridcapdiare fhingge

parti cl escorpriséb@xoramgshmné idAsatdmPdsing Wt agriidol RBaRNARNGe packi ng

i ncludes substrates with ions conprising weakly acidic or weakly basic
functi onafu"t?i'BUﬁ 9rO¥PS- The method of Claim 42 in which said ion exchange
packi ng further includes substrates wi th exchangeabl e ions conpri sing

strongly id stronal asi ¢ f.unct.ional . groups. 48.. The nethod of Caim
42 in whi ﬁ saiﬁlhedﬂ?t&pgvél&aﬁ?%édpdvct'ﬂﬁfbi%?? r Rl ofsaid Gapillaps tubirdhangeabl e
i ons conpeomsprigesveakhyngez b torty compridivg baing Iy adlgic settorglpBasic 49. The

met hod of ;. (J im|44 further conprising applying an electric potential across
said ion 'gﬂaegﬁf’é'gﬁi ng during steps (a) and (b).

41.  The method of Claim 31 further comprising applying an electric
potential across said ion exchange packing during steps (a) and (b).

42. In a method for capillary ion chromatography, the steps of:

(a) flowing an aqueous sample stream including separated sample
ionic species of one charge, positive or negative, in an eluent, through
capillary tubing formed of a permselective.ion exchange membrane, and
transporting counterions in said eluent of opposite charge to said sample
ionic species across said tubing from the inner wall {o the outer wall thereof,

(b) détecting said separated ionic species exiting said capillary tubing
by flowing the liquid sample stream through a detector, and

(c) recycling said aqueous sample stream from said detector to said
outer tubing wall to carry away said counterions transported to the same.

43.  The method of Claim 42 further comprising the step of:

(d) prior to step (a), chromatographically separating said ionic species
in a capillary chromatography column.

44.  The method of Claim 42 in which said tubing is packed in flow-through
ion exchange packing, and transporting counterions in said eluent of opposite



WO 2006/034182 PCT/US2005/033459

-33-

' charge to said sample ionic species across said tubing from the inner wall to
the outer wall thereof. '

45. The method of Claim 42 in which said packing comprises a packed
bed of ion exchange particles.

46. The method of Claim 42 in which said ion exchange packing includes
substrates with ions comprising weakly acidic or weakly basic functional
groups.

47.  The method of Claim 42 in which said ion exchange packing further
includes substrates with exchangeable ions comprising strongly acid or
strongly basic functional groups.

48.  The method of Claim 42 in which said outer wall of said capillary
tubing comprises exchangeable ions comprising weakly acidic or weakly
basic functional groups.

49.  The method of Claim 44 further comprising applying an electric
potential across said ion exchange packing during steps (a) and (b).



