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ELECTROLYTIC ELUENT GENERATORS
WITH STABILIZED OPERATING VOLTAGES

FIELD

[0001] The present disclosure generally relates to the field
of'ion chromatography including electrolytic eluent genera-
tors with stabilized operating voltages.

INTRODUCTION

[0002] TIon chromatography (IC) is a widely used analyti-
cal technique for the determination of anionic and cationic
analytes in various sample matrices. Typical separation
columns for IC have an internal diameter ranging from about
2 to 4 millimeters and are operated at flow rates ranging
from 0.2 to 3 ml./min. In an effort to improve the perfor-
mance of IC, research has been performed to develop
separation columns with smaller diameters. Such smaller
columns are typically referred to as a capillary separation
column when the internal diameter is about 1 millimeter or
less.

[0003] In ion chromatography, dilute solutions of acids,
bases, or salts are commonly used as chromatographic
eluents. Traditionally, these eluents are prepared off-line by
dilution with reagent-grade chemicals. Off-line preparation
of chromatographic eluents can be tedious and prone to
operator errors, and often introduces contaminants. For
example, dilute NaOH solutions, widely used as eluents in
the ion chromatographic separation of anions, are easily
contaminated by carbonate. The preparation of carbonate-
free NaOH eluents is difficult because carbonate can be
introduced as an impurity 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 chro-
matographic 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 chromato-
graphic eluents. U.S. Pat. Nos. 6,036,921, 6,225,129, 6,316,
271, 6,316,270, 6,315,954, and 6,682,701 describe electro-
Iytic 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.

SUMMARY

[0004] Ina first aspect, an electrolytic eluent generator can
include an electrolyte reservoir, an eluent generation cham-
ber, and an ion exchange connector. The electrolyte reservoir
can include a chamber containing an aqueous electrolyte
solution including an electrolyte and a surfactant and a first
electrode. The eluent generation chamber can include a
second electrode. The ion exchange connector can include
an ion exchange membrane stack and a compression block.
[0005] In various embodiments of the first aspect, the
eluent generation chamber can be configured to operate at a
pressure of up to about 15,000 psi.

[0006] In various embodiments of the first aspect, the
second electrode can be a perforated cathode.
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[0007] In various embodiments of the first aspect, the
compression block can be disposed between the electrolyte
reservoir and the ion exchange membrane stack, and the
compression block can include a plurality of channels.
[0008] In various embodiments of the first aspect, the
surfactant can be (a) an anionic surfactant and the ion
exchange membrane stack can have a net negative charge
and can be configured to allow cation flow through and to
block anions and bulk liquid flow or (b) cationic surfactant
and the ion exchange membrane stack can have a net
positive charge and can be configured to allow anion flow
through and to block cations and bulk liquid flow.

[0009] In various embodiments of the first aspect, the
surfactant can be a non-ionic surfactant.

[0010] In various embodiments of the first aspect, the
surfactant can be a caustic and acid stable surfactant.
[0011] In a second aspect, a method can include providing
an aqueous electrolyte solution to an electrolyte reservoir,
the aqueous electrolyte solution including an electrolyte and
a surfactant, the electrolyte reservoir coupled to an eluent
generation chamber by an ion exchange connector. The ion
exchange connector can include an ion exchange membrane
stack and a compression block. The method can further
include applying a voltage or current across a first electrode
in the eluent generation chamber and a second electrode in
the electrolyte reservoir; electrolytically splitting water at
the first electrode to form a hydroxide anion or a hydronium
ion in the eluent generation chamber; and migrating an ion
from the electrolyte reservoir through an ion exchange
membrane stack to the eluent generation chamber to com-
bine with the hydroxide anion to form a cation hydroxide
solution or the hydronium ion to form an anion acid solution
for ion chromatography.

[0012] In various embodiments of the second aspect, the
electrolyte can include a potassium electrolyte.

[0013] In various embodiments of the second aspect, the
electrolyte can include a methanesulfonate electrolyte.
[0014] In various embodiments of the second aspect, the
surfactant can be (a) an anionic surfactant and the ion
exchange membrane stack can have a net negative charge
and can be configured to allow cation flow through and to
block anions and bulk liquid flow or (b) cationic surfactant
and the ion exchange membrane stack can have a net
positive charge and can be configured to allow anion flow
through and to block cations and bulk liquid flow.

[0015] In various embodiments of the second aspect, the
surfactant can be a non-ionic surfactant.

[0016] In various embodiments of the second aspect, the
surfactant can be a caustic and acid stable surfactant.
[0017] In various embodiments of the second aspect, the
surfactant can be at a concentration of between about 1 ppm
and 100 ppm.

[0018] In various embodiments of the second aspect, the
eluent generation chamber can be at a pressure of up to about
15,000 psi.

[0019] In various embodiments of the second aspect, the
current across the anode and the cathode can result in a
voltage that remains within a range of not greater than about
+/=2.0 V over at least 7 days.

[0020] In various embodiments of the second aspect, the
current across the anode and the cathode can result in a
voltage that varies by not more than 10% of the starting
voltage over at least 7 days.
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[0021] In various embodiments of the second aspect, the
compression block can include a plurality of channels and
the method can further include generating bubbles in the
electrolyte reservoir where the bubbles do not adhere to the
plurality of channels.

[0022] In a third aspect, an electrolytic eluent generator
can include an electrolyte reservoir, an eluent generation
chamber, and an ion exchange connector. The electrolyte
reservoir can include a chamber containing an aqueous
electrolyte solution and a first electrode. The eluent genera-
tion chamber can include a second electrode. The ion
exchange connector can include an ion exchange membrane
stack and a compression block including a surface-modified
polymer having a hydrophilic surface.

[0023] In various embodiments of the third aspect, the
aqueous electrolyte solution can include a potassium elec-
trolyte.

[0024] In various embodiments of the third aspect, the
aqueous electrolyte solution can include a methanesulfonate
electrolyte.

[0025] In various embodiments of the third aspect, the
surface-modified polymer is a chemically modified polymer.
In particular embodiments, the chemically-modified poly-
mer can be chemically modified using sodium borohydride.
In particular embodiments, chemically-modified polymer
can be modified by converting ketone functional groups to
alcohol functional groups. In particular embodiments, the
chemically modified polymer can include an alcohol func-
tionalized polyether ether ketone (PEEK-OH).

[0026] In various embodiments of the third aspect, the
surface-modified polymer can be an oxygen plasma treated
polymer. In particular embodiments, the oxygen plasma
treated polymer can include alcohol and carbonyl functional
groups.

[0027] In various embodiments of the third aspect, the
eluent generation chamber is configured to operate at a
pressure of up to about 15,000 psi.

[0028] In various embodiments of the third aspect, the
second electrode can be a perforated cathode.

[0029] In various embodiments of the third aspect, the
compression block can be disposed between the electrolyte
reservoir and the ion exchange membrane stack, and the
compression block can include a plurality of channels.

[0030] In a fourth aspect, a method can include providing
an aqueous electrolyte solution to an electrolyte reservoir,
the electrolyte reservoir coupled to an eluent generation
chamber by an ion exchange connector. The ion exchange
connector can include an ion exchange membrane stack and
a compression block. The compression block can include a
surface-modified polymer having a hydrophilic surface. The
method can further include applying a current or voltage
across a first electrode in the eluent generation chamber and
a second electrode in the electrolyte reservoir; electrolyti-
cally splitting water at the cathode to form a hydroxide anion
or a hydronium ion in the eluent generation chamber; and
migrating an ion from the electrolyte reservoir through the
ion exchange membrane stack to the eluent generation
chamber to combine with the hydroxide anion to form a
cation hydroxide solution or the hydronium ion to form a
anion acid solution for ion chromatography.

[0031] In various embodiments of the fourth aspect, the
aqueous electrolyte solution can include a potassium elec-
trolyte.
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[0032] In various embodiments of the fourth aspect, the
aqueous electrolyte solution can include a methanesulfonate
electrolyte.

[0033] In various embodiments of the fourth aspect, the
surface-modified polymer can be a chemically modified
polymer. In particular embodiments, the chemically-modi-
fied polymer can be chemically modified using sodium
borohydride. In particular embodiments, the chemically-
modified polymer can be modified by converting ketone
functional groups to alcohol functional groups. In particular
embodiments, the chemically modified polymer can include
an alcohol functionalized polyether ether ketone (PEEK-
OH).

[0034] In various embodiments of the fourth aspect, the
surface-modified polymer can be an oxygen plasma treated
polymer. In particular embodiments, the oxygen plasma
treated polymer can include alcohol and carbonyl functional
groups.

[0035] In various embodiments of the fourth aspect, the
eluent generation chamber is at a pressure of up to about
15,000 psi.

[0036] In various embodiments of the fourth aspect, the
current across the anode and the cathode can result in a
voltage that remains within a range of not greater than about
+/=2.0 V over at least 7 days.

[0037] In various embodiments of the fourth aspect, the
current across the anode and the cathode can result in a
voltage that varies by not more than 10% of the starting
voltage over at least 7 days.

[0038] In various embodiments of the fourth aspect, the
compression block can include a plurality of channels and
the method can further include generating bubbles in the
electrolyte reservoir where the bubbles do not adhere to the
plurality of channels.

DRAWINGS

[0039] For a more complete understanding of the prin-
ciples disclosed herein, and the advantages thereof, refer-
ence is now made to the following descriptions taken in
conjunction with the accompanying drawings, in which:
[0040] FIG. 1 illustrates a chromatography system that
includes an eluent generator, in accordance with various
embodiments.

[0041] FIGS. 2A and 2B illustrate an eluent generator, in
accordance with various embodiments.

[0042] FIG. 3 illustrates the chemical modification of
PEEK, in accordance with various embodiments.

[0043] FIGS. 4 and 5 illustrate methods of chemically
modifying a membrane compression block of an eluent
generator, in accordance with various embodiments.
[0044] FIG. 6 illustrates a method of operating a chemi-
cally modified eluent generator, in accordance with various
embodiments.

[0045] FIG. 7 illustrates a method of operating an eluent
generator using a surfactant, in accordance with various
embodiments.

[0046] FIG. 8 illustrates the operating voltage profile for
an unmodified electrolytic KOH generator.

[0047] FIG. 9 illustrates the operating voltage profile for
an electrolytic KOH generator with PEEK membrane com-
pression block parts modified using sodium borohydride in
dimethyl sulfoxide (DMSO).
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[0048] FIG. 10 illustrates the operating voltage profile for
an electrolytic KOH generator with PEEK membrane com-
pression block parts modified using an oxygen plasma.
[0049] FIG. 11 illustrates separations of 7 common anions
comparing the results obtained using an unmodified elec-
trolytic KOH generator to the results using an electrolytic
KOH generator with PEEK membrane compression block
parts modified using an oxygen plasma.

[0050] FIG. 12 illustrates the reproducibility of the sepa-
ration of fluoride and phosphate using an electrolytic KOH
generator with PEEK membrane compression block parts
modified using an oxygen plasma.

[0051] FIG. 13 illustrates the operating voltage profile for
an electrolytic KOH generator with PEEK membrane com-
pression block parts treated with TERGITOL MIN Foam.
[0052] FIG. 14 illustrates the operating voltage profile for
an electrolytic KOH generator with PEEK membrane com-
pression block parts treated with TRITON HS55.

[0053] It is to be understood that the figures are not
necessarily drawn to scale, nor are the objects in the figures
necessarily drawn to scale in relationship to one another. The
figures are depictions that are intended to bring clarity and
understanding to various embodiments of apparatuses, sys-
tems, and methods disclosed herein. Wherever possible, the
same reference numbers will be used throughout the draw-
ings to refer to the same or like parts. Moreover, it should be
appreciated that the drawings are not intended to limit the
scope of the present teachings in any way.

DESCRIPTION OF VARIOUS EMBODIMENTS

[0054] Embodiments of systems and methods for ion
separation are described herein.

[0055] The section headings used herein are for organiza-
tional purposes only and are not to be construed as limiting
the described subject matter in any way.

[0056] In this detailed description of the various embodi-
ments, for purposes of explanation, numerous specific
details are set forth to provide a thorough understanding of
the embodiments disclosed. One skilled in the art will
appreciate, however, that these various embodiments may be
practiced with or without these specific details. In other
instances, structures and devices are shown in block diagram
form. Furthermore, one skilled in the art can readily appre-
ciate that the specific sequences in which methods are
presented and performed are illustrative and it is contem-
plated that the sequences can be varied and still remain
within the spirit and scope of the various embodiments
disclosed herein.

[0057] All literature and similar materials cited in this
application, including but not limited to, patents, patent
applications, articles, books, treatises, and internet web
pages are expressly incorporated by reference in their
entirety for any purpose. Unless described otherwise, all
technical and scientific terms used herein have a meaning as
is commonly understood by one of ordinary skill in the art
to which the various embodiments described herein belongs.
[0058] It will be appreciated that there is an implied
“about” prior to the temperatures, concentrations, times,
pressures, flow rates, cross-sectional areas, etc. discussed in
the present teachings, such that slight and insubstantial
deviations are within the scope of the present teachings. In
this application, the use of the singular includes the plural
unless specifically stated otherwise. Also, the use of “com-

o 2% [ M 2%
prise”, contains”,

2 <

comprises”,

comprising”,

2 <

contain”,
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2 2 <

“containing”, “include”, “includes”, and “including” are not
intended to be limiting. It is to be understood that both the
foregoing general description and the following detailed
description are exemplary and explanatory only and are not
restrictive of the present teachings.

[0059] As used herein, “a” or “an” also may refer to “at
least one” or “one or more.” Also, the use of “or” is
inclusive, such that the phrase “A or B” is true when “A” is
true, “B” is true, or both “A” and “B” are true. Further,
unless otherwise required by context, singular terms shall
include pluralities and plural terms shall include the singu-
lar.

[0060] A “system” sets forth a set of components, real or
abstract, comprising a whole where each component inter-
acts with or is related to at least one other component within
the whole.

Chromatography System

[0061] FIG. 1 illustrates an embodiment of a chromatog-
raphy system 100. Chromatography system 100 may include
a pump 102, an electrolytic eluent generator 104, a continu-
ously regenerated trap column 106, a degasser 108, a sample
injector 110, a chromatographic separation device 112, an
electrolytic suppressor 114, a detector 116, and a micropro-
cessor 118. Chromatographic separation device 112 may be
in the form of a capillary column or an analytical column. A
recycle line 120 may be used to transfer the liquid from an
output of detector 116 to an inlet of the electrolytic suppres-
sor 114, recycle line 122 may be used to transfer liquid from
an outlet of electrolytic suppressor 114 to an inlet of degas-
ser 108, and recycle line 124 may be used to transfer liquid
from an outlet of degasser 108 to an inlet of continuously
regenerated trap column 106.

[0062] Pump 102 can be configured to pump a liquid from
a liquid source 124 and be fluidically connected to electro-
Iytic eluent generator 104. In an embodiment, the liquid may
be deionized water, an aqueous solution with electrolyte(s),
or a mixture of an organic solvent with deionized water or
with aqueous electrolyte(s) solution. A few example elec-
trolytes are sodium acetate and acetic acid. The eluent
mixture that contains an organic solvent may include a water
miscible organic solvent such as, for example, methanol.
Pump 102 can be configured to transport the liquid at a
pressure ranging from about 20 PSI to about 15,000 PSI.
Under certain circumstances, pressures greater than 15,000
PSI may also be implemented. It should be noted that the
pressures denoted herein are listed relative to an ambient
pressure (13.7 PSI to 15.2 PSI). Pump 102 may be in the
form of a high-pressure liquid chromatography (HPLC)
pump. In addition, pump 102 can also be configured so that
the liquid only touches an inert portion of pump 102 so that
a significant amount of impurities does not leach out. In this
context, significant means an amount of impurities that
would interfere with the intended measurement. For
example, the inert portion can be made of polyetherether
ketone (PEEK) or at least coated with a PEEK lining, which
does not leach out a significant amount of ions when
exposed to a liquid.

[0063] An eluent is a liquid that contains an acid, base,
salt, or mixture thereof and can be used to elute an analyte
through a chromatography column. In addition, an eluent
can include a mixture of a liquid and a water miscible
organic solvent, where the liquid may include an acid, base,
salt, or combination thereof. Electrolytic eluent generator
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104 is configured to generate a generant. A generant refers
to a particular species of acid, base, or salt that can be added
to the eluent. In an embodiment, the generant may be a base
such as cation hydroxide or the generant may be an acid such
as carbonic acid, phosphoric acid, acetic acid, methanesulfo-
nic acid, or a combination thereof.

[0064] Referring to FIG. 1, eluent generator 104 can be
configured to receive the liquid from pump 102 and then add
a generant to the liquid. The liquid containing the generant
can be outputted from eluent generator 104 to an inlet of
continuously regenerated trap column 106.

[0065] Continuously regenerated trap column 106 is con-
figured to remove cationic or anionic contaminants from the
eluent. Continuously regenerated trap column 106 can
include an ion exchange bed with an electrode at the eluent
outlet. An ion exchange membrane interface can separate the
eluent from a second electrode and contaminate ions can be
swept through the ion exchange membrane towards the
second electrode. In various embodiments, anion removal
can utilize an anion exchange bed with a cathode at the
eluent outlet separated from an anode by an anion exchange
membrane. Alternatively, cation removal can utilize a cation
exchange bed with an anode at the eluent outlet separated
from a cathode by a cation exchange membrane. The con-
taminate ions can be swept out of regenerated trap column
106 using a recycled liquid via a recycle line 124 that is
downstream of degas assembly 108.

[0066] Degasser 108 may be used to remove residual gas.
In an embodiment, a residual gas may be hydrogen and
oxygen. Degasser 108 may include a tubing section that is
gas permeable and liquid impermeable such as, for example,
amorphous fluoropolymers or more specifically Teflon AF.
The flowing liquid can be outputted from degasser 108 to
sample injector 110 with a substantial portion of the gas
removed. The gas can be swept out of degasser 108 using a
recycled liquid via a recycle line 122 that is downstream of
electrolytic suppressor 114. The recycled liquid containing
the residual gas can also be outputted from degasser 108 and
directed to the continuously regenerated trap column 106.
[0067] Sample Injector 110 can be used to inject a bolus of
a liquid sample into an eluent stream. The liquid sample may
include a plurality of chemical constituents (i.e., matrix
components) and one or more analytes of interest.

[0068] Chromatographic separation device 112 can be
used to separate various matrix components present in the
liquid sample from the analyte(s) of interest. Typically,
chromatographic separation device 112 may be in the form
of'a hollow cylinder that contains a packed stationary phase.
As the liquid sample flows through chromatographic sepa-
ration device 112, the matrix components and target analytes
can have a range of retention times for eluting off of
chromatographic separation device 112. Depending on the
characteristics of the target analytes and matrix components,
they can have different affinities to the stationary phase in
chromatographic separation device 112. An output of chro-
matographic separation device 112 can be fluidically con-
nected to electrolytic suppressor 114.

[0069] Electrolytic suppressor 114 can be used to reduce
eluent conductivity background and enhance analyte
response through efficient exchange of eluent counterions
for regenerant ions. Electrolytic suppressor 114 can include
an anode chamber, a cathode chamber, and an eluent sup-
pression bed chamber separated by ion exchange mem-
branes. The anode chamber and/or cathode chamber can
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produce regenerate ions. The eluent suppression bed cham-
ber can include a flow path for the eluent separated from the
regenerant by an ion exchange barrier and eluent counteri-
ons can be exchanged with regenerate ions across the ion
exchange barrier. The cathode chamber or anode chamber
can be supplied a recycled liquid via a recycle line 120 that
is downstream of conductivity detector 116. An output of
electrolytic suppressor 114 can be fluidically connected to
detector 116 to measure the presence of the separated
chemical constituents of the liquid sample.

[0070] As illustrated in FIG. 1, the fluidic output of the
eluent from detector 116 is recycled to electrolytic suppres-
sor 114 via recycle line 120, the fluidic output of the
electrolytic suppressor 114 is recycled to degasser 108 via
recycle line 122, the fluidic output from degasser 108 is
recycled to continuously regenerated trap column 106 via
recycle line 124, and the fluidic output of the continuously
regenerated trap column 106 flows to waste.

[0071] Detector 116 may be in the form of ultraviolet-
visible spectrometer, a fluorescence spectrometer, an elec-
trochemical detector, a conductometric detector, a charge
detector, or a combination thereof. Details regarding the
charge detector that is based on a charged barrier and two
electrodes can be found in US Pre-Grant Publication No.
20090218238, which is hereby fully incorporated by refer-
ence herein. For the situation where recycle line 120 is not
needed, detector 116 may also be in the form of a mass
spectrometer or a charged aerosol detector. The charged
aerosol detector nebulizes the effluent flow and creates
charged particles that can be measured as a current propor-
tional to the analyte concentration. Details regarding the
charged aerosol detector can be found in U.S. Pat. Nos.
6,544,484; and 6,568,245, which are hereby fully incorpo-
rated by reference herein.

[0072] An electronic circuit may include microprocessor
118, a timer, and a memory portion. In addition, the elec-
tronic circuit may include a power supply that are configured
to apply a controlling signal, respectively. Microprocessor
118 can be used to control the operation of chromatography
system 100. Microprocessor 118 may either be integrated
into chromatography system 100 or be part of a personal
computer that communicates with chromatography system
100. Microprocessor 118 may be configured to communicate
with and control one or more components of chromatogra-
phy system such as pump 102, eluent generator 104, sample
injector 110, and detector 116. The memory portion may be
used to store instructions to set the magnitude and timing of
the current waveform with respect to the switching of
sample injector 110 that injects the sample.

[0073] FIG. 2A illustrates the operation principle of an
electrolytic generator cartridge 200. The cartridge can
include a high-pressure eluent generation chamber 202 and
a low-pressure electrolyte reservoir 204. In various embodi-
ments, the high-pressure generation chamber 202 can oper-
ate at a pressure of up to about 15,000 psi, such as between
about 2000 psi and about 10,000 psi.

[0074] The eluent generation chamber 202 can contain a
perforated platinum (Pt) electrode 206. The electrolyte res-
ervoir 204 can contain a Pt electrode 208 and an electrolyte
solution. In various embodiments, the electrolytic generator
cartridge 200 can produce a base, such as KOH, electrode
206 can be a cathode where hydroxide ions can be formed,
and electrode 208 can be an anode. In other embodiments,
the electrolytic generate cartridge 200 can produce an acid,
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such as carbonic acid, phosphoric acid, acetic acid, meth-
anesulfonic acid, electrode 206 can be an anode where
hydronium ions can be formed, and electrode 208 can be a
cathode. The eluent generation chamber 202 can be con-
nected to the electrolyte reservoir 204 by means of a
exchange connector 210 which can permit the passage of
ions of only one charge from the electrolyte reservoir 204
into the high-pressure generation chamber 202. The
exchange connector 210 can also serve the critical role of a
high-pressure physical barrier between the low-pressure
electrolyte reservoir 204 and the high-pressure generation
chamber 202. In various embodiments, where the electro-
Iytic generator cartridge 200 is a base generator, the
exchange connector 210 can permit the passage of cations
while substantially preventing the passage of anions from
the electrolyte reservoir 204 into the generation chamber
202. In alternate embodiments where the electrolytic gen-
erator cartridge 200 is an acid generator, the exchange
connector 210 can permit the passage of anions while
substantially preventing the passage of cations from the
electrolyte reservoir 204 into the generation chamber 202.

[0075] To generate a KOH eluent, deionized water can be
pumped through the eluent generation chamber 202 and a
DC current can be applied between the electrode 208 and
electrode 206. Under the applied electric field, the electroly-
sis of water can occur at both the electrode 208 and electrode
206 of the device 200. Water can be oxidized to form H+
ions and oxygen gas at electrode 208 in the electrolyte
reservoir 204: H20—2H++1202 1+2e-. Water can be
reduced to form OH- ions and hydrogen gas at electrode 206
in the KOH generation chamber 202: 2H20+2e-—20H-+
H21. As H+ ions, generated at the anode 206, displaces K*
ions in the electrolyte reservoir 204, the displaced ions can
migrate across the cation exchange connector 210 into the
eluent generation chamber 202. These K* ions can combine
with hydroxide ions generated at the cathode 206 to produce
the KOH solution, which can be used as the eluent for anion
exchange chromatography. The concentration of generated
KOH can be determined by the current applied to the
generator cartridge 200 and the carrier water flow rate
through the generation chamber 202.

[0076] To generate a methanesulfonic acid eluent, deion-
ized water can be pumped through the cluent generation
chamber 202 and a DC current can be applied between the
electrode 208 and electrode 206. Under the applied field, the
electrolysis of water can occur at both the electrode 208 and
electrode 206 of the device 200. Water can be oxidized to
form H+ ions and oxygen gas at the electrode 206 in the
KOH generation chamber 202: H20—2H++%021+2e-.
Water can be reduced to form OH- ions and hydrogen gas
at the electrode 208 in the electrolyte reservoir 204: 2H20+
2e-—20H-+H21. As OH™ ions, generated at the electrode
206, displaces methanesulfonate ions in the electrolyte res-
ervoir 204, the displaced ions can migrate across the anion
exchange connector 210 into the eluent generation chamber
202. These methanesulfonate ions can combine with hydro-
nium ions generated at the electrode 206 to produce the
methanesulfonic acid solution, which can be used as the
eluent for cation exchange chromatography. The concentra-
tion of generated methanesulfonic acid can be determined by
the current applied to the generator cartridge 200 and the
carrier water flow rate through the generation chamber 202.

[0077] FIG. 2B shows a cross-sectional view of an elec-
trolytic generator 200. A stack of ion exchange membranes
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212 is supported by a PEEK compression block 214 so that
the generation chamber 202 is capable of withstanding high
pressure. In various embodiments, the PEEK compression
block 214 can be perforated with opened vertical channels
which can be typically cylindrical. The electrolyte solution
in the low-pressure electrolyte reservoir 204 is in direct
contact with ion exchange membrane stack 212 through the
opened vertical channels 216 of the PEEK membrane com-
pression block 214.

[0078] During the operation of an electrolytic generator
202, oxygen gas can be generated at the anode located in the
electrolyte reservoir 204. Most of the oxygen gas rises and
dissipates through from the vent port of low-pressure elec-
trolyte reservoir 204. However, some oxygen gas can dis-
solve in the alkaline solution and can aggregate to form gas
bubbles. These oxygen gas bubbles can adhere to hydro-
phobic surface of the low-pressure electrolyte reservoir 204
and the PEEK membrane compression block 214, and some
of gas bubbles may settle and block the opened vertical
channels 216 of the PEEK membrane compression block
214.

[0079] If the opened vertical channels of the PEEK mem-
brane compression block 214 are blocked by the oxygen gas
bubbles, the contact between the electrolyte solution in the
low-pressure electrolyte reservoir 204 and the ion exchange
membrane stack 212 can be reduced or lost. Thus, the
migration of ions in the electrolyte reservoir 204 across the
cation exchange membrane stack 212 into the eluent gen-
eration chamber 202 can be restricted as a result, leading to
an increase in the operating voltage of the electrolytic
generator 200. The higher operating voltage can lead to
higher operating wattage and potentially excessive amount
of heat generated during the operation of an electrolytic
generator 202. The excessive amount of heat may lead to the
damage of ion exchange membranes 212 and can be detri-
mental to the reliable operation of an electrolytic eluent
generator 202. There is a need to develop new embodiments
of electrolytic eluent generators that can avoid the impact of
gas bubbles that may adhere to the hydrophobic surface of
the low-pressure electrolyte reservoir 204 and the opened
vertical channels 216 of the PEEK membrane compression
block 214.

[0080] The gas bubbles in an aqueous solution have ten-
dency to adhere on the solid surface such as the surface of
the low-pressure electrolyte reservoir 204 and the PEEK
membrane compression block 214. The contact angel of a
gas bubble on a solid surface depends on the hydrophobicity
of the solid surface. The contact angle of a gas bubble can
be typically less than 90° on a hydrophilic surface and the
contact angle of a gas bubble can be typically larger than 90°
on a hydrophobic surface. The amounts and sizes of gas
bubbles adhered to a hydrophilic surface in an aqueous
solution can be significantly reduced when compared to a
hydrophobic surface in an aqueous solution.

Chemical Modification

[0081] Embodiments of electrolytic eluent generators con-
structed using high strength polymeric parts where the
surfaces are modified to be hydrophilic to reduce and
minimize the amounts and sizes of oxygen gas bubbles
adhered to the surface of the low-pressure electrolyte res-
ervoir and the PEEK membrane compression block are
described. The surface modified electrolytic eluent genera-
tors can eliminate the blocking of the opened vertical
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channels of the PEEK membrane compression block, can
maintain the continuous fluid contact between the electrolyte
solution in the low-pressure electrolyte reservoir and the ion
exchange membrane stack, and thus can provide the stabi-
lization of operating voltage and improved operation reli-
ability of the electrolytic KOH generators.

[0082] The hydrophobic surface of the PEEK membrane
compression block can be modified chemically into the
hydrophilic surface by conversion of PEEK ketone func-
tional groups into alcohol functional groups (PEEK-OH)
using sodium borohydride in dimethyl sulfoxide (DMSO) as
shown in FIG. 3.

[0083] FIG. 4 illustrates a method 400 of chemically
modifying the PEEK membrane compression block. At 402,
the modifying solution can be prepared. For example,
sodium borohydride and dimethyl sulfoxide can be added to
a flask with a magnetic bar stirring and the atmosphere of
argon blanket was applied. The flask can be heated in an oil
bath, such as at 120° C. After sodium borohydride was
completely dissolved, the PEEK membrane compression
block can be treated, as indicated at 404. For example, the
parts can be added to the flask. In various embodiments,
reacting the parts with the modifying solution can continue
for 4 or more hours. At 406, the parts can be removed from
the modifying solution, and at 408, the parts can be washed.
For example, after being cooled to room temperature, the
DMSO solution can be discarded and the PEEK parts can be
washed twice with isopropyl alcohol and three times with
acetone, respectively. After washing the parts, the electro-
Iytic KOH eluent generator cartridges can be assembled, as
indicated at 410.

[0084] FIG. 5 illustrates a method 500 of modifying the
hydrophobic surface of the PEEK membrane compression
block using an oxygen plasma treatment to form the hydro-
philic surface including alcohol and carbonyl functional
groups on the PEEK surfaces. At 502, the PEEK membrane
compression block parts can be washed. For example, the
PEEK membrane compression block parts can be rinsed
thoroughly with DI H,O, followed by overnight oven dry-
ing. At 504, the parts can be treated. For example, the parts
can be placed in the plasma chamber of a plasma cleaner/
sterilizer for oxygen plasma treatment. In various embodi-
ments, the oxygen plasma treatment can be performed with
high levels of oxygen plasma for 60 minutes at a time, with
the plasma treatment repeated three times. At 506, the
oxygen plasma treated parts can be used to assemble elec-
trolytic KOH eluent generator cartridges.

[0085] FIG. 6 illustrates a method 600 of operating a
chemically modified electrolytic eluent generator. At 602,
the electrolytic eluent generator can be prepared with an
electrolyte solution, such as a K* ion electrolyte solution. At
604, a voltage can be applied to the electrolytic eluent
generator, and at 606, the electrolytic eluent generator can
produce the electrolytic eluent. In various embodiments, the
current across the anode and the cathode results in a voltage
that remains within a range of about +/-2.0 V over a period
of at least 7 days, such as a range of about +/-1.0 V, even
a range of about +/-0.5 V. In various embodiments, the
current across the anode and the cathode results in a voltage
that varies by not more than about 10% of the starting
voltage over at least 7 days. At 608, the electrolytic eluent
can be used to perform a chromatographic separation.
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Surfactants

[0086] In another preferred embodiment of the electrolytic
eluent generator, surfactants containing ionic or hydrophilic
functional groups can be used to coat the PEEK surface to
reduce and minimize the amounts and sizes of oxygen gas
bubbles adhered to the surface of the low-pressure electro-
lyte reservoir and the PEEK membrane compression block.
In this embodiment, a small amount of surfactant can be
added into the electrolyte solution. The surfactants should be
chemical stable in the electrolyte solution and cannot
migrate across the ion exchange membrane stack under the
applied electric field.

[0087] In various embodiments, the surfactant can be an
ionic surfactant or a non-ionic surfactant. In particular
embodiments, the ionic surfactant can be an anionic surfac-
tant when used in a base generator, such as for production of
KOH. Alternatively, a cationic surfactant can be an appro-
priate ionic surfactant for use in an acid generator, such as
for the production of methanesulfonic acid. Additionally, the
surfactant can be stable in a caustic or acidic solution.
[0088] In various embodiments, the surfactant can be at a
concentration between about 1 ppm and about 100 ppm.
[0089] FIG. 7 illustrates a method 700 of operating an
electrolytic eluent generator with a surfactant. At 702, the
surfactant can be added to the electrolyte solution, and at
704, the electrolytic eluent generator can be prepared with
the electrolyte solution, such as a K* ion electrolyte solution.
For example, an electrolyte solution can be spiked with a
nonionic surfactant, such as TERGITOL MIN Foam. In
another example, when the eluent is a base, the electrolyte
solution can be spiked with an anionic surfactant, such as
TRITON H55, and the ion exchange membrane stack can
have a net negative charge and can be configured to allow
cation flow through and to block anions and bulk liquid flow.
In yet another example, when the eluent is an acid, the
electrolyte solution can be spiked with a cationic surfactant
and the ion exchange membrane stack can have a net
positive charge and is configured to allow anion flow
through and to block cations and bulk liquid flow. Advan-
tageously, the ion exchange membrane stack can prevent the
surfactant from contaminating the eluent. At 706, a voltage
can be applied to the electrolytic eluent generator, and at
708, the electrolytic eluent generator can produce the elec-
trolytic eluent. In various embodiments, the current across
the anode and the cathode results in a voltage that remains
within a range of about +/-2.0 V over a period of at least 7
days, such as a range of about +/-1.0 V. In various embodi-
ments, the current across the anode and the cathode results
in a voltage that varies by not more than about 10% of the
starting voltage over at least 7 days. At 710, the electrolytic
eluent can be used to perform a chromatographic separation.
[0090] While the present teachings are described in con-
junction with various embodiments, it is not intended that
the present teachings be limited to such embodiments. On
the contrary, the present teachings encompass various alter-
natives, modifications, and equivalents, as will be appreci-
ated by those of skill in the art.

[0091] Further, in describing various embodiments, the
specification may have presented a method and/or process as
a particular sequence of steps. However, to the extent that
the method or process does not rely on the particular order
of'steps set forth herein, the method or process should not be
limited to the particular sequence of steps described. As one
of ordinary skill in the art would appreciate, other sequences
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of steps may be possible. Therefore, the particular order of
the steps set forth in the specification should not be con-
strued as limitations on the claims. In addition, the claims
directed to the method and/or process should not be limited
to the performance of their steps in the order written, and one
skilled in the art can readily appreciate that the sequences
may be varied and still remain within the spirit and scope of
the various embodiments.

Results

[0092] FIG. 8 shows an example of the operating voltage
profile for an unmodified electrolytic KOH generator under
the conditions of 1.5 ml./min, 60 mM KOH, and 4150 psi.
The cartridge operating voltage remains relatively stable
within one day of continuous operation. However, after-
wards the cartridge operating voltage starts to climb from
about 12 V to over 35 V, leading excessive amount of heat
generated during the operation of the electrolytic KOH
eluent generator.

[0093] FIG. 9 shows a typical operation voltage profile
obtained for an electrolytic KOH eluent generator using the
PEEK membrane compression block parts modified by
conversion of PEEK ketone functional groups into alcohol
functional groups using sodium borohydride in dimethyl
sulfoxide (DMSO). Under the conditions of 1.5 mL/min, 60
mM KOH, 3550 psi, the device operating voltage is stable,
ranging from 15.7 V to 16.5 V during 7 days of continuous
operation. That is, the voltage varies within a range of about
+/-0.5 V and less than 10% of the starting voltage.

[0094] FIG. 10 shows a typical operation voltage profile
obtained for an electrolytic KOH eluent generator using the
PEEK membrane compression block parts modified with an
oxygen plasma, under the conditions of 1.5 mI./min, 60 mM
KOH, 3995 psi, the device operating voltage is stable,
ranging from 14.5 V to 15.5 V during 10 days of continuous
operation. That is, the voltage remains within a range of
about +/-0.5 V and less than 10% of the starting voltage.
[0095] FIG. 11 shows separations of 7 common anions
(see Table 1 for anion concentrations) on an DIONEX
IONPAC AS11-HC 4 pm column. The results show that
identical separations were obtained using a standard
DIONEX EGC 500 KOH cartridge and a modified DIONEX
EGC-500 KOH cartridge assembled using the PEEK mem-
brane compression block treated with oxygen plasma. Test
conditions are 1.5 m[L/min, 30 mM KOH, 4200 psi, 15
min/run, and 10 pl injections. The baselines are shifted on
the y-axis to provide comparisons of the retention time and
peak shape. The results indicate that the surface modification
by oxygen plasma treatment does not affect the performance
of an DIONEX EGC-500 KOH cartridge.

TABLE 1

Analytes for Comparison of modified
and unmodified KOH generator

Peak Analyte Concentration
1 F- 2 mg/L
2 Cl~ 10 mg/L
3 NO,~ 10 mg/L
4 SO2~ 10 mg/L
5 Br- 10 mg/L
6 NO;~ 10 mg/L
7 PO, 20 mg/L
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[0096] FIG. 12 shows the separation of fluoride (2 mg/L)
and phosphate (20 mg/L.) on an DIONEX IONPAC AS11-
HC 4 pm column obtained using an DIONEX EGC 500
KOH cartridge assembled using the PEEK membrane com-
pression block treated with oxygen plasma. Test conditions
are 1.5 mL/min, 60 mM KOH, 4350 psi, 60 min/run, and 10
pL injections. The baselines are shifted on the y-axis to
provide comparisons of the retention time and peak shape.
The results indicate that excellent retention time reproduc-
ibility for the target analytes were obtained over 400 con-
secutive runs.

[0097] FIG. 13 shows an overlay of operating voltages
obtained for an DIONEX EGC 500 KOH cartridge
assembled using the PEEK membrane compression block
treated with TERGITOL MIN Foam. Under the conditions
of 1.5 mL/min, 60 mM KOH, 4150 psi, the device operating
voltage was stable, ranging from 11.5 V to 13.5 V during 12
days of continuous operation. That is, the voltage remains
within a range of about +/-1.0 V and less than 10% of the
starting voltage.

[0098] FIG. 14 shows an overlay of operating voltages
obtained for an DIONEX EGC 500 KOH cartridge
assembled using the PEEK membrane compression block
treated TRITON HS55 (an anionic surfactant). Under the
conditions of 1.5 ml/min, 60 mM KOH, 3950 psi, the
device operating voltage was stable, ranging from 12 V to
13.4 V during 7 days of continuous operation. That is, the
voltage remains within a range of about +/-1.0 V and less
than 10% of the starting voltage.

1. An electrolytic eluent generator comprising:

an electrolyte reservoir including:

a chamber containing an aqueous electrolyte solution
including an electrolyte and a surfactant; and
a first electrode;

an eluent generation chamber including a second elec-

trode; and

an ion exchange connector including:

an ion exchange membrane stack; and
a compression block.

2. The electrolytic eluent generator of claim 1 wherein the
eluent generation chamber is configured to operate at a
pressure of up to about 15,000 psi.

3. The electrolytic eluent generator of claim 1 wherein the
second electrode is a perforated electrode.

4. The electrolytic eluent generator of claim 1 wherein the
compression block is disposed between the electrolyte res-
ervoir and the ion exchange membrane stack, and the
compression block includes a plurality of channels.

5. The electrolytic eluent generator of claim 1 wherein the
surfactant is an anionic surfactant and the ion exchange
membrane stack has a net negative charge and is configured
to allow cation flow through and to block anions and bulk
liquid flow or cationic surfactant and the ion exchange
membrane stack has a net positive charge and is configured
to allow anion flow through and to block cations and bulk
liquid flow.

6. The electrolytic eluent generator of claim 1 wherein the
surfactant is a non-ionic surfactant.

7. The electrolytic eluent generator of claim 1 wherein the
surfactant is a caustic and acid stable surfactant.

8. A method comprising:

providing an aqueous electrolyte solution to an electrolyte

reservoir, the aqueous electrolyte solution including an
electrolyte and a surfactant, the electrolyte reservoir
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coupled to an eluent generation chamber by an ion
exchange connector, the ion exchange connector
including an ion exchange membrane stack and a
compression block;

applying a voltage or current across a first electrode in the

eluent generation chamber and a second electrode in
the electrolyte reservoir;

electrolytically splitting water at the first electrode to form

a hydroxide anion or a hydronium ion in the eluent
generation chamber; and

migrating an ion from the electrolyte reservoir through the

ion exchange membrane stack to the eluent generation
chamber to combine with the hydroxide anion to form
a cation hydroxide solution or the hydronium ion to
form an anion acid solution for ion chromatography.

9. The method of claim 8 wherein the electrolyte includes
a potassium electrolyte.

10. The method of claim 8 wherein the electrolyte
includes a methanesulfonate electrolyte.

11. The method of claim 8 wherein the surfactant is an
anionic surfactant and the ion exchange membrane stack has
a net negative charge and is configured to allow cation flow
through and to block anions and bulk liquid flow or cationic
surfactant and the ion exchange membrane stack has a net
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positive charge and is configured to allow anion flow
through and to block cations and bulk liquid flow.

12. The method of claim 8 wherein the surfactant is a
non-ionic surfactant.

13. The method of claim 8 wherein the surfactant s a
caustic and acid stable surfactant.

14. The method of claim 8 wherein the surfactant is at a
concentration of between about 1 ppm and 100 ppm.

15. The method of claim 8 wherein the eluent generation
chamber is at a pressure of up to about 15,000 psi.

16. The method of claim 8 wherein the current across the
anode and the cathode result in a voltage that remains within
a range of not greater than about +/-2.0 V over at least 7
days.

17. The method of claim 8 wherein the current across the
anode and the cathode result in a voltage that varies by not
more than 10% of the starting voltage over at least 7 days.

18. The method of claim 8 wherein the compression block
includes a plurality of channels and the method further
comprises generating bubbles in the electrolyte reservoir
where the bubbles do not adhere to the plurality of channels.

19.-41. (canceled)



