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CURRENT EFFICIENT ELECTROLYTIC
DEVICE AND METHOD

BACKGROUND OF THE INVENTION

One form of suppressor for ion chromatography is
described in U.S. Pat. No. 4,999,098. The suppressor
includes an ion receiving or regenerant channel and a sample
stream or chromatographic effluent channel separated by an
ion exchange membrane sheet. The sheet allows transmem-
brane passage of ions of the same charge as its exchangeable
ions. lon exchange screens are used in the channels. Flow
from the sample flow channel is directed to a detector, such
as an electrical conductivity detector, for detecting the
resolved ionic species. The screens provide ion exchange
sites and serve to provide site-to-site transfer paths across
the sample flow channel so that suppression capacity is no
longer limited by diffusion of ions in the bulk solution to the
membrane. A sandwich suppressor is also disclosed includ-
ing a second membrane sheet opposite to the first membrane
sheet and defining a second channel. Spaced electrodes are
disclosed in communication with both regenerant chambers
along the length of the suppressor. By applying an electrical
potential across the electrodes, there is an increase in the
suppression capacity of the device. The patent discloses a
typical regenerant solution (acid or base) flowing in the
regenerant flow channels and supplied from a regenerant
delivery source. In a typical anion analysis system, sodium
hydroxide is the electrolyte developing reagent and sulfuric
acid is the regenerant. The patent also discloses the possi-
bility of using water to replace the regenerant solution in the
electrodialytic mode.

U.S. Pat. No. 5,248,426 discloses a suppressor of the
general type described in U.S. Pat. No. 4,999,098 in an ion
chromatography system in which the effluent from the
detector is recycled to the flow channel(s) in the suppressor
adjacent the sample stream flow channel.

U.S. Pat. No. 5,597,481 discloses a suppressor of the
foregoing type used in sample pretreatment to reduce or
suppress matrix ions in the eluent of opposite charge to the
analyte ions and then to analyze the analytes in their
conductive forms. Using existing suppressor devices, ion
exchange interactions and hydrophobic interaction of the
analyte, particularly in the eluent flow channel, affects
recovery of certain analytes such as oligonucleotides and
oligosaccharides.

In all of the disclosed approaches, currents higher than
theoretically predicted are required for achieving quantita-
tive suppression. Under high eluent concentration condi-
tions, this high current translates into heat generation and
high background noise.

U.S. Pat. No. 6,077,434 (the ’434 patent) discloses
improved suppressor current efficiency for an ion chroma-
tography membrane suppressor. Current efficiency is dis-
closed to be inversely related to static capacity of the sample
flow channel of the suppressor. Specifically, it teaches that a
decrease in the static capacity in that channel results in an
increase in current efficiency leading to maximum efficiency
when the channel had no capacity, such as with a neutral
screen in the channel. Current efficient suppressors have the
benefits of low wattage, low level of leachates, lower noise
and background and {fast start up times. On the other hand,
static capacity in the sample flow channel provides residual
capacity for suppression that could be used, particularly
when no current is applied to the suppressor. The higher
static capacity is also useful during installation or startup of
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the device when the current to the suppressor device is
turned off. This allows operation of the ion chromatograph
without down time.

A benefit of high static capacity is when the suppressor is
used in an intermittent mode of operation as discussed in
U.S. Pat. No. 5,569,365 where the power is turned off for a
set duration, e.g. during suppression and separation of
analytes for detection. The key benefit of this mode is low
noise. Under these conditions the static capacity is used to
exchange the eluent and sample counter ions.

SUMMARY

One embodiment is an apparatus for treating an aqueous
stream, said apparatus comprising a first ion exchange
membrane having exchangeable ions of a first charge and
capable of passing ions of said first charge, an aqueous
stream flow channel having an inlet and an outlet, an ion
receiving flow channel adjacent to said aqueous stream flow
channel and separated therefrom by said first membrane,
stationary flow-through ion exchange packing of the same
charge as said ion exchange membrane disposed in said ion
receiving flow channel, a packed bed of ion exchange
particles disposed in and extending between said aqueous
stream flow channel inlet and outlet, a portion of said packed
bed being packed at a density less than 2 grams of packed
dry particles per cc of the sample stream flow channel, said
packed bed portion extending from said aqueous stream flow
channel outlet upstream to at least 30% of the distance
between said aqueous stream inlet and outlet, and first and
second electrodes being in electrical communication with
said aqueous stream flow channel and ion receiving flow
channel, respectively.

Another embodiment is a method for treating an aqueous
stream including matrix ions using an apparatus of the
foregoing type. The method comprises flowing the aqueous
stream through the aqueous stream flow channel; simulta-
neously flowing an ion receiving stream through first ion
receiving flow channel to remove at least a portion of said
matrix ions from said aqueous stream. A specific method is
one in which the aqueous stream is a sample stream includ-
ing analyte ions and in which the matrix ions are suppressed
and the ion exchange membrane is regenerated.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view of apparatus for performing
chromatography using a suppressor according to the inven-
tion.

FIG. 2 is an exploded schematic view of a sandwich
membrane suppressor according to the invention.

FIG. 3 is a schematic expanded view of the suppressor of
FIG. 2 showing simplified ion transfer.

FIGS. 4 and 5 are an exploded view of a one membrane
suppressor according to the invention.

FIGS. 6 and 7 are schematic cross-sectional views of
tubular forms of suppressor according to the invention.

FIGS. 8A,B-11A B are chromatograms illustrating use of
the present invention.

Like reference numerals refer to corresponding parts
throughout the several views of the drawings.

DETAILED DESCRIPTION OF EMBODIMENTS

The system of the present invention is useful for deter-
mining a large number of anions or cations. Suitable samples
include surface waters and other liquids such as industrial
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chemical waste, body fluids, and beverages such as fruits,
wines and drinking water. It is also useful for purifying a
water or eluent stream, such as one used for chromatogra-
phy, or as a pH modifier.

In one embodiment, the present invention is directed to a
method and apparatus for treating an aqueous sample stream
including analyte ions of one charge and matrix ions of
opposite charge. In one application, the treatment is in a
suppressor for ion chromatography and the matrix ions are
the electrolyte ions in the eluent of opposite charge to the
analyte ions. In another application, the method and appa-
ratus is used for pretreating an aqueous sample stream prior
to analysis, preferably including separation on a chromatog-
raphy column. In this instance, the matrix ions typically are
compounds of high ionic strength in the sample stream (e.g.,
commercial sodium hydroxide) which can obscure the
sample peaks by large interfering peaks of the sample matrix
ions. Such matrix ions can severely change chromatography
because the sample matrix ion is of such high concentration
it becomes the major eluting ion, temporarily overriding the
eluent. A typical minimum concentration to warrant pre-
treatment is when the matrix ion is at least ten times the
molar ionic concentration of the chromatographic eluent.
Such a system to which the present improvement in current
efficiencies is applicable is set forth in Stillian, et al., U.S.
Pat. No. 5,597,481, incorporated herein by reference.

As used herein, the term “matrix ion” refers to either the
electrolyte in an eluent used for chromatography which is
suppressed or whose concentration is reduced to non-inter-
fering levels after separation and prior to detection, or to
matrix ions in a sample stream whose concentration is
significantly reduced prior to separation and/or detection.
Since, in either case, the matrix ions are suppressed in the
device, the term “suppressor” will be used generically to
include a suppressor for ion chromatography and a pre-
treatment device including the modifications of the present
invention.

For the analysis of anions, the matrix ions typically are a
base (e.g., sodium hydroxide or other alkyl metal hydrox-
ides). Other matrix compounds include sodium carbonate,
ammonium hydroxide, or over alkyl ammonium hydroxide.
For cation analysis, the matrix ions typically are an acid such
as a common mineral or organic acid (e.g., sulfuric acid,
phosphoric acid or methane sulfonic acid).

During suppression, the conductivity and noise caused by
matrix ions in an analysis stream is reduced. The present
invention serves to increase the current efficiency of the
suppressors described above. Various embodiments of such
current efficient suppressors will be described herein.

In one embodiment, a suppressor of increased current
efficiency will be described with respect to a chromatogra-
phy system of the type using an electrochemical suppressor
with detector effluent recycle as shown in Stillian, et al., U.S.
Pat. No. 6,077,434, incorporated herein by reference.

The specific purpose of the suppressor stage in ion
chromatography is to reduce the conductivity and noise of
the analysis stream background while enhancing the con-
ductivity of the analytes (i.e., increasing the signal/noise
ratio), while maintaining chromatographic efficiency. Thus,
the following parameters bear upon the performance of the
suppressor: (1) dynamic capacity of suppression, measured
as LEq./min of eluent for each device with the power on (i.e.,
voltage or current is applied to the electrodes of the sup-
pressor); and (2) background conductivity of the effluent
exiting the sample flow channel that is measured as pS/cm
per device.
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Referring to FIG. 1, a simplified schematic apparatus for
performing the present invention is illustrated using a
recycle stream from the detector to the suppressor. The
system includes a chromatographic separator, typically in
the form of a chromatographic column 10 which is packed
with a chromatographic separation medium. In one embodi-
ment referred to above, such medium is in the form of
ion-exchange resin. In another embodiment, the separation
medium is a porous hydrophobic chromatographic resin
with essentially no permanently attached ion-exchange sites.
This other system is used for mobile phase ion chromatog-
raphy (MPIC) as described in U.S. Pat. No. 4,265,634. An
ion exchange site-forming compound, including hydropho-
bic portion and an ion-exchange site, is passed through the
column and is reversibly adsorbed to the resin to create
ion-exchange sites.

Arranged in series with column 10 is a suppressor 11
serving to suppress the conductivity of the electrolyte of the
eluent from column 10 but not the conductivity of the
separated ions. The conductivity of the separated ions is
usually enhanced in the suppression process.

The effluent from suppressor 11 is directed to a detector,
preferably in the form of flow-through conductivity cell 12,
for detecting all the resolved ionic species therefrom. A
suitable sample is supplied through sample injection valve
13 which is passed through the apparatus in the solution of
eluent from eluent source or reservoir 14 drawn by pump 15,
and then passed through the sample injection valve 13. The
chromatography effluent solution leaving column 10 is
directed to suppressor 11 wherein the electrolyte is con-
verted to a weakly conducting form. The chromatography
effluent with separated ionic species is then treated by
suppressor 11 and passed through conductivity cell 12.

In conductivity cell 12, the presence of ionic species
produces an electrical signal proportional to the amount of
ionic material. Such signal is typically directed from the cell
12 to a conductivity meter, not shown, thus permitting
detection of the concentration of separated ionic species.

The effluent from conductivity cell 12, referred to herein
as the detector effluent, is directed to at least one flow-
through detector effluent channel in ion-exchange mem-
brane device 17. The membrane device will be described in
detail hereinafter. As illustrated, the detector effluent flows
through a splitter valve or tee 19 which separates the
detector effluent into two different conduits 20 and 21 to
supply the detector effluent to flow-through channels on
opposite sides of the two membranes of the suppressor
adjacent the central sample stream flow channel and then to
waste through conduit 22. In one alternative, the detector
effluent flows through such channels sequentially and then to
waste. The chromatography effluent flows from chromato-
graphic column 10 to membrane device 17 through conduit
23, and from the membrane device to the conductivity
detector through conduit 24.

Sandwich Suppressor Device.

Referring to FIG. 2, the sandwich-type membrane sup-
pressor 17 of FIG. 1 is illustrated in schematic form as one
embodiment of the invention. It may be of the type illus-
trated and described with respect to the membrane suppres-
sor of FIGS. 2-5 of U.S. Pat. No. 6,077,434, incorporated by
reference, except for the packing in the central sample
stream flow channel which will be described in detail
hereinafter. Referring specifically to FIG. 2 herein, suppres-
sor 17 includes a central sample stream flow channel or
compartment 30 packed with a bed 32 of loosely packed ion
exchange particles, to be described, flanked by an ion
receiving flow channel 34 and an ion source flow channel



US 9,914,651 B2

5

36. lon exchange membrane sheets 26 and 24, suitably of the
type described in the ’434 patent, are mounted to extend
along opposite sides of sample flow channel 30. Flow
channels 30, 34, and 36 are defined by gaskets 40, 38, and
42, and by membranes 26 and 24, respectively. Charged
ionic screens 44 and 46 are disposed in channels 36 and 34,
respectively. Spaced electrodes 50 and 52 in the form of flat
plate electrodes extend substantially along and across the
length and width of channels 34 and 36, respectively, in
electrical communication therewith.

A suitable alternative embodiment to the gasket configu-
ration of FIG. 2, not shown, is illustrated in U.S. patent
application Ser. No. 13/674,738, filed Nov. 12, 2012, incor-
porated herein by reference.

As illustrated, regenerant solution flows into inlet 36a of
channel 36, out outlet 365 to inlet 34a of channel 34 and out
outlet 345. Sample ionic species in eluent flows in inlet 30a
of channel 30 and out outlet 305.

In one mode of operation of the suppressor device 17,
effluent from chromatographic column 10 is directed
through sample stream flow channel 30 bound by ion-
exchange membranes 26 and 24 partitioning the detector
effluent in channels 34 and 36 from the chromatography
effluent in channel 30. The detector effluent flows from the
conductivity cell through channels 34 and 36. The mem-
branes are preferentially permeable to ions of the same
charge as the exchangeable ions of the membranes and resist
permeation of ions of opposite charge. The exchangeable
ions of the membranes are in the ion form necessary to
convert the developing reagent of the eluent to a weakly
ionized form. For maximum capacity, the detector effluent
flow is countercurrent to the sample stream flow. The
chromatography effluent from chromatographic column 10
is passed through the sample stream flow channel and
contacts both membranes. The membranes are simultane-
ously contacted on their outer sides with the detector effluent
flowing in the opposite direction through in channels 34 and
36 so that membranes form a selective permeability parti-
tions between the detector effluent and the sample stream
from the chromatography column. lons extracted from the
same stream at the active ion-exchange sites of the mem-
branes are diffused through the membranes and are
exchanged with electrolytically generated ions, and thus
diffuse ultimately into the detector effluent. Application of a
potential across the electrodes increases the mobility of the
ions across the membrane. The resolved ionic species in the
effluent leaving the suppressor device are detected, as with
a conductivity detector.

A significant difference between the sandwich suppressor
described in the *434 patent and that of the present invention
is the form of packing in sample flow channel 30. The *434
patent describes a charged screen form of packing and
generally suggests that ion exchange particles may be
packed in a bed in the channel instead. There is no disclosure
of the form of the packed bed.

According to the invention, the packed bed of sample
stream flow channel 30 is “loosely packed” at least in a
region toward the exit end of channel 30. Such loose packing
is defined by a density of less than 2 grams of packed dry
particles in the bed per cubic centimeter (cc) of the sample
stream flow channel, preferably less than 1.5 grams/cc of the
sample stream flow channel, and most preferably less than
1 grams/cc of the sample stream flow channel. The packed
bed preferably extends from the inlet to the outlet of channel
30. The loosely packed region extends from the sample
stream outlet upstream to at least 30%, 40%, 50%, 60%,
70%, 80%, 90% to as much as 100%, of the distance
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between the sample stream channel inlet and outlet. To
calculate density, the term “dry particles” distinguishes from
the sticky swollen state of the particles when in contact with
liquid in the channel. Dry particles are defined to have a
moisture content of less than about 20%. To calculate the
density of particles swollen as in aqueous liquid in the
sample flow channel, the swollen particles are removed from
the channel and dried to that moisture content to yield the
dry particle weight prior to calculating density. Thus, the
term “dry particles” refers to the weight of the particles
when in a dry state, but the density is not limited to the
packing of dry particles. For example, the term encompasses
packing the particles in a slurry form into the channel.

The electrical conductivity through the loosely packed
particles in channel 30 between the membranes is discon-
tinuous, i.e. current is not freely transported between the
particles since the particle density is not high enough to
permit transport of current via transport of ions across the
particles. This configuration results in less wastage current
since there is essentially no continuous transport pathway
from one particle bead to another between the walls of the
sample flow channel transverse to flow. In contrast, if the
packing was densely packed, the bead to bead distance is
minimized causing the main current pathway to be from ion
exchange through the beads. In the suppressor for anion
analysis, the particles used are cation exchange beads that
would permit the transport of electrolytically generated
hydronium ions which would be transported to the cathode
by the applied potential. In the present invention since the
packing density is low, bead to bead transport of the current
via ionic transport is minimized. This means the hydronium
generated at the anode electrode is not easily transported
across to the cathode thereby minimizing wastage current
and improving current efficiency.

Preferably the ion exchange particles in bed 32 are high
capacity ion exchange resin beads as that term is used in
chromatography or other high capacity ion exchange par-
ticles. High capacity of the ion exchange resin is defined to
be at least 0.3 milliequivalents/milliliters (meqv/mL), pref-
erably at least 0.7 meqv/mL, more preferably at least 1.0
meqv/mL, and most preferably at least 1.5 meqv/mL. Suit-
able cation exchange resin is of the type SOW-X8 resin, 8%
crosslinked (Polystyrene-divinylbenzene sulfonic acid resin,
Particle diameter 63-150 um) sold by Bio-Rad, Hercules,
Calif., USA or Dowex 50 W-X8 resin, (Diethenyl-benzene
polymer with ethenylbenzene and ethenylethylbenzene, sul-
fonated) 200-400 mesh sold by Sigma-Aldrich Corp., St.
Louis, Mo., USA and suitable anion exchange resin is of the
type AG1 resin, 8% crosslink (Polystyrene-divinylbenzene
quaternary ammonium resin, Particle diameter 45-106 pm)
sold by Bio-Rad, Hercules, Calif.,, USA. A suitable size
range for the ion exchange resin is 1 to 200 um more
preferably 5 to 30 pm, and most preferably 20 to 60 um. A
suitable crosslinking range for the ion exchange resin is in
the 2 to 55% regime, preferably in the 8 to 16% regime.

The static capacity of the packed bed in channel 30 and
adjacent one or two membranes may be at least 3 meqv/mL
of the sample flow channel volume, preferably at least 5
meqv/mL, and most preferably at least 7 meqv/mL of the
sample flow channel volume. Such static capacity is mea-
sured by pursuing a breakthrough capacity measurement of
the suppressor by pumping a known concentration of an
eluent at a known flow rate but by keeping the power to the
suppressor off. The static capacity is thus the ion exchange
capacity of the suppressor when the device power is off (as
opposed to the dynamic capacity of the suppressor when the
device power is on) to electrolytically regenerate the ion
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exchange material. The static capacity refers to the available
ion exchange capacity intrinsic to the ion exchange packing
and the ion exchange membrane in the sample stream flow
channel.

One way of determining the static capacity is by moni-
toring the effluent from the suppressor eluent channel using
conductivity detection. For example, when pursuing anion
analysis with base eluents, the base can be pumped at a
known concentration and flow rate and the effluent conduc-
tivity is monitored. Initially, since the base would be sup-
pressed to water the conductivity will be low. Once the
capacity of the suppressor is exhausted the base would no
longer be exchanged and would be detected in the detector
as a rising conductivity. The time required for this break-
through of base to occur multiplied by the product of
concentration and flow rate (equivalents of the ecluent
ml/min.) provides the static capacity of the suppressor
device in meqv. The static capacity when divided by the
volume of the suppressor sample flow channel between the
inlet and the outlet (excluding the packing) provides the
static capacity of the device in meqv/mlL of the sample flow
channel. The volume of the suppressor sample flow channel
can be estimated by measuring the dimensions or by mea-
suring the retention time of an analyte peak with and without
the device installed.

The loosely packed ion exchange particles in the sample
flow channel may be packed dry or premixed with water as
in a slurry for packing. In the simplest case, for resin
particles, the sample flow channel may be packed by placing
the known quantity of the resin in dry form into the sample
flow channel using a spatula. The dry resin particles can be
spread out evenly in the channel before assembling the
device. The resin particles can be in the salt form (e.g.,
sodium form) for cation exchange resin particles or methane
sulfonic acid form for anion exchange resin particles or can
be in the regenerated form (hydronium form for cation
exchange resins or hydroxide form for anion exchange resin
particles). Alternatively, the resin particles can be placed in
a slurry of suitable aqueous solution and then packed into the
sample flow channel by using a packing pump. In this case
the resin particles are packed into the sample flow channel
by positive displacement. Alternatively, a vacuum can be
used to pack the resin particles in the sample flow channel.
In this case, the vacuum is applied to the sample flow
channel outlet while the sample flow channel inlet is in
contact with the resin particle slurry.

Typically, the channel would develop some inherent pres-
sure drop due to the packing material. A suitable pressure
drop from the inlet to the outlet of the sample flow channel
is less than 500, 300, 200, 150, 100, or 50 psi, preferably
between 20 and 300 psi more preferably between 50 to 150
psi and most preferably between about 80 to 120 psi.
Pressure can be measured by using a pressure transducer.

The use of the loosely packed ion exchange particle
results in high current efficiency defined by the minimum
current required to suppress a given eluent strength. This
current is then compared to the theoretical current obtained
by Faraday’s law for a given eluent strength. U.S. Pat. No.
7,399,415 column 6 and U.S. Pat. No. 6,077,434 describe
the methodology to measure the current efficiency. 100%
Faradaic efficiency can be calculated using Equation 1, as
follows:

1,6=FCV/60

where 1,,,% is the current in mA for a 100% current
efficient device, F is Faraday’s constant (coulombs/equiv), C
is the concentration (of the suppressed anions or cations in
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M, and V is the flow rate in ml/minute. % Current efficiency
(% CE) can be calculated using Equation 2, as follows:

Li=(T100%*100)/(% CE)

where 1, is the minimum current required for a given
current efficiency, and % CE is the current efficiency
expressed as a %. Preferably, the current efficiency is at least
75%, and more preferably is at least 80%, 85%, 90%, or
95% and most preferably is about 100%.

It is believed that the high current efficiency is achieved
using the loosely packed high capacity ion exchange bed
because it results in a relatively resistive pathway in the
sample flow channel. There is poor bead to bead contact, and
so that the resistance in the eluent channel is high. It is
believed that this configuration forces the current to be
mainly carried by the eluent in the channel and results in
high current efficiency. There is no substantial transport of
species in forming wastage current. The net effect of this
configuration is the dual benefit of high static capacity of the
suppressor with excellent current efficiency.

The loosely packed bed of the invention is particularly
effective in the intermittent mode of suppressor operation as
disclosed in U.S. Pat. No. 5,569,365 in which the suppressor
current can be turned off during the suppression, and/or
detection but not during regeneration of the ion exchange
membranes. The mode of intermittent operation of this
patent is incorporated by reference except for the use of the
loosely packed bed of ion exchange particles in the sample
flow channel disclosed herein. There, high static capacity
combined with high current efficiency is preferred since the
high current efficiency would ensure good regeneration to
occur at a fast pace. In the intermittent mode the time of
regeneration is added to the overall run time therefore
having high current efficiency is beneficial to the overall run
time. Under these conditions, ion exchange occurs on all
available ion exchange functionalities. There is no direc-
tionality to the exchange process for suppression. In contrast
if a small current is applied during suppression according to
the present invention the electrical potential generated
would ensure directionality, and the ions would be removed
albeit slowly in the direction of the field for example cations
would be removed in the direction of the cathode. Another
benefit of applying a small current, e.g. 1 to 5 mA, is lower
baseline drift. In contrast, prior art suppressor devices that
were used for the intermittent mode of operation had poor
current efficiency therefore required significant time for
regeneration. In other words the run time was longer with
prior art suppressor devices in the intermittent mode of
operation. With the devices of the present invention the
limitation of the prior art suppressors are overcome and it is
feasible to achieve short run times with current efficient
suppressor devices. For example, a prior art device that is
50% efficient would require two times as long to electro-
Iytically regenerate as a suppressor device that is 100%
current efficient for the same applied current.

FIG. 3 schematically illustrates the electrochemical
operation of the present invention for a particular system,
using a sandwich suppressor with screens 44 and 46 in flow
channels 36 and 34, respectively, and the loosely packed ion
exchange particle bed 32 in channel 30 in which an electrical
potential is applied between spaced electrodes. The system
illustrated is for anion analysis and includes sodium hydrox-
ide as the electrolyte of the effluent to be converted into
weakly ionized form (H,O) in the suppressor. Thereafter, the
solution passes through the conductivity cell and is recycled
to flow channels 34 and 36. The ion-exchange membrane
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sheets allow the positively charged sodium and hydronium
ions to permeate across the membrane together.

In the illustrated embodiment of FIG. 3 for anion analysis,
the positively charged sodium ions of the electrolyte in
channel 30 electromigrate under the influence of the electric
field, across the negatively charged membrane 26 into
channel 34. The hydronium ions generated at the anode 50
by electrolysis of water, flow from channel 36 across mem-
brane 24 into channel 30 to form water with hydroxide ions
therein. The sodium ions, being attracted to the negative
electrode, are more rapidly removed leading to a substantial
increase in the capacity of the suppressor device.

Referring to FIGS. 4 and 5, another embodiment of
suppressor 70 is illustrated using a single membrane. Sup-
pressor 70 includes upper rigid support block 72 with
sample stream flow channel wall 73 and lower support block
74 with ion receiving flow channel wall 75, separated by an
ion-exchange membrane 76 of the type described above.

The chromatography effluent flows into the suppressor
device through effluent inlet 78, fitting 80 and flows along a
sample stream flow channel defined by wall 73, through a
bed of loosely packed ion exchange particles 71 and then
through fitting 82 and out sample stream outlet line 84.
Similarly, detector effluent solution flows from inlet line 86
through fitting 88 across the ion receiving flow channel
defined by wall 75, through screen 94, out fitting 90 and
through ion receiving flow channel outlet 92 to waste.
Referring to FIG. 5, it should be noted that a first electrode
is disposed in the ion receiving flow channel 75 and a second
electrode is disposed in the sample stream flow channel.

The liquid flows through the channels formed by the
spacing among the projections. The dimensions of the
projections and spacing are selected to provide the desired
frequency of contacts with the flowing ions to increase their
mobility across the membrane and to create sufficient tur-
bulence for increased mixing efficiency.

Suitable eluent solutions for ion chromatography of
anions include alkali hydroxides, such as sodium hydroxide,
alkali carbonates and bicarbonates, such as sodium carbon-
ate, alkali borates, such as sodium borate, combinations of
the above, and the eluent systems of the aforementioned
patents.

The system of the present invention is also applicable to
the analysis of cations (e.g., lithium, sodium, ammonium,
potassium, magnesium, and calcium). In this instance, the
electrolyte of the eluent is typically an acid which does not
damage the membrane. Methane sulfonic acid has been
found to be inert to the membrane under electrolytic con-
ditions. Other acids such as nitric acid and hydrochloric acid
produce electrochemical by-products that may damage the
membrane and are, thus, not generally preferred for that
typical membrane.

In cation analysis, the flow of the electrolyte ion is from
the cathode toward the anode, rather than the reverse as in
anion analysis and the ion exchange screens and membranes
are aminated and permeable to anions. Thus, in the nega-
tively charged ion source flow channel, water is converted to
hydroxide ion and hydrogen gas. The hydroxide ion passes
through the adjacent membrane into the sample stream flow
channel and combines with hydrogen ion (or an amine or
other basic organic molecule group) to form weakly ionized
electrolyte. The negatively-charged transmembrane ion trav-
els through the second membrane into the positively-
charged ion receiving flow channel under influence of the
anode to form an acid which passes to waste. In summary,
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for cation analysis, the electrical charges of the analyte,
eluent reagent, and membranes are reversed with respect to
anion analysis.

Referring to FIG. 6, a schematic cross-sectional view of
a tubular form of the electrodialytic suppressor of the
present invention is illustrated. In this instance, it is assumed
that the sample stream flow channel is the lumen of the
innermost tube. The device includes anode 122 (in the form
of a rod or wire, e.g., formed of platinum, gold, carbon or
stainless steel), cation exchange membrane 124, and outer
wall 126, which may be formed of a conductive material to
serve as the cathode. In one embodiment, high capacity
flow-through ion exchange packing in the form of a bed of
ion exchange resin particles is disposed in the ion receiving
flow channel and the loosely packed bed of high capacity ion
exchange particles of the present invention is disposed in the
sample stream flow channel. This system is comparable in
general function to the one illustrated in FIG. 2. Alterna-
tively, the ion receiving flow channel may be the lumen of
the inner tube. In this instance, the polarities of the elec-
trodes are reversed. Membrane 124 may be formed of
stretched or unstretched tubular ion exchange membranes,
e.g., Nafion 811X from Perma-Pure Products, J.S. Outer
wall 126 may be formed of an 18 gauge stainless steel (SS)
tubular case.

FIG. 7 illustrates a tubular type of dual-membrane sup-
pressor of similar function to the sandwich membrane
suppressor. It is generally constructed by inserting a length
of suitably inert wire inner electrode 128 into a length of
tubular inner membrane 130 which is itself inserted inside a
length of somewhat larger diameter tubular outer membrane
132 and enclosing the whole assembly in stainless steel tube
134 of appropriate dimensions. The outer tube itself func-
tions as the electrode, connections being made at the ends to
allow access to the flow channels between the inner elec-
trode and inner membrane, between the two membranes
(annulus) and between the outer membrane and stainless
steel case. High capacity flow through ion exchange packing
in the form of a bed of ion exchange resin particles is
disposed in the ion receiving flow channel with neutral or
low capacity or open space in the sample stream channel.

The invention has been described with respect to a
suppressor and its method of use for suppression in ion
chromatography. However, it is also applicable to the use of
an electrolytic device in which loosely packed ion exchange
particles are packed in one channel of the device. For
example, it is applicable to devices for treating aqueous
streams including matrix ions to be removed but where the
aqueous stream does not include analyte ions. A specific
application of such a device is an electrolytic purifier, e.g.
one for purifying water or an eluent, such as one used to
carry analyte ions through a chromatography column. It is
also applicable to a pH modifier in which matrix ions are
removed from the aqueous stream flow channel.

The structure of the purifier device or pH modifier may be
the same as the suppressor described above. For the purifier,
the aqueous sample stream to be treated includes matrix ions
to be removed during purification, in a manner similar to
suppression described above. Thus, during purification the
matrix ions are transported from the aqueous flow channel
through the ion exchange membrane to the ion receiving
flow channel. The parameters of the suppressor device and
method are applicable to such purifier devices. The principal
difference in the method is that the aqueous stream is not a
sample stream and so does not include analyte ions to be
detected. Here the ion receiving flow channel has an
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upstream portion containing the matrix ions and a down-
stream portion in which the matrix ions have been at least
partially removed.

In order to illustrate the present invention, the following
non-limiting examples of its practice are provided.

EXAMPLES
Example 1

A 4 mm anion self-regenerating suppressor (ASRS) was
assembled and plumbed following the schematic of FIG. 2.
A polystyrene divinyl benzene based sulfonated cation
exchange resin that had 16% crosslinking was used. The
capacity of this resin was 2.0 meqv/mL. Approximately 0.4
g of the resin was placed along the total length of the eluent
sample stream channel in a dry form to provide a density of
1.62 grams/cc. Cationic ion exchange screens were placed in
the regenerant channels. Once the device was assembled and
the device was hydrated it was ready for use. The static
capacity was measured and was roughly 2.0 meqv for the
eluent channel that included the exchange capacity of the ion
exchange membranes and the ion exchange resin. The static
capacity calculated was 7.4 meqv/mL of the sample stream
flow channel. The static capacity of a standard commercial
suppressor sold under the name 4 mm ASRS 300 was
roughly 270 peqv. The static capacity calculated was
approximately 1.0 meqv/ml. of the sample stream flow
channel of the standard commercial suppressor. The device
of the present invention had roughly a greater than 7 fold
higher capacity than the prior art. The device was used as a
suppressor for anion analysis using an lonPac AS15 (4x250
mm) column from Thermo Fisher Scientific. The eluent used
was 38 mM KOH which was generated by an eluent
generator module. The flow rate was 1.2 ml/min. The
recommended current as per Chromeleon chromatography
data system software (Thermo Fisher Scientific, Inc.) rec-
ommendations was 113 mA, which was optimal for the
ASRS 300 suppressor. The suppressor was also tested at
lower currents and ran overnight for several runs to ensure
that the current was sufficient for suppression. The suppres-
sor was able to suppress the eluent at a current efficiency of
94% with a current of 78 mA. The performance of the
suppressor response at the recommended current setting of
113 mA (3.5 V) and the setting of 78 mA (3.3 V) is shown
in Table 1. These results illustrate that the suppressor is
providing consistent response and is highly current efficient
as evident from complete suppression at a current setting of
78 mA which is calculated as 94% current efficiency. The
static capacity of the device is also significant when com-
pared to the ASRS 300 suppressor of the prior art. The
device of the present invention also showed a 35% lower
wattage than the recommended setting illustrating the ben-
efit of operating the device at the current efficient regime.

TABLE 1

Peak response at two current settings with the
suppressor device of the present invention.
Peak Response (Area units)

Current Setting 113 mA 78 mA
1 Fluoride 1.0641 1.0865
2 Chloride 3.1023 3.1811
3 Nitrite 2.1218 2.3224
4 Sulfate 2.3021 2.3586
5 Bromide 1.3244 1.3580
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TABLE 1-continued

Peak response at two current settings with the
suppressor device of the present invention.

Peak Response (Area units)

Current Setting 113 mA 78 mA
6 Nitrate 1.7164 1.7672
7 Phosphate 2.0035 2.0231

FIG. 8 shows separation of a test mixture of seven anions
is shown above using a current setting of 113 mA (A) and
78 mA (B) using the suppressor device of the present
invention.

Example 2

A 2 mm ASRS suppressor was assembled and plumbed
following the schematic of FIG. 2. The cation exchange
resin from example 1 was used in this example. Approxi-
mately 0.08 g of dry resin was placed along the length in the
eluent channel in a dry form. Cationic ion exchange screens
were placed in the regenerant channels. Once the device was
assembled and the device was hydrated it was ready for use.
The static capacity was measured and was roughly 0.4 meqv
for the eluent channel that included the exchange capacity of
the ion exchange membranes and the ion exchange resin.
The static capacity calculated was 6.84 meqv/mL of the
sample stream flow channel. The static capacity of a stan-
dard commercial suppressor sold under the name 2 mm
ASRS 300 was roughly 55 peqv. The device of the present
invention had roughly a greater than 7 fold higher capacity
than the prior art. The static capacity calculated for the
commercial device was 0.81 meqv/mL of the sample stream
flow channel. The device was used as a suppressor for anion
analysis using an IonPac AS15 (2x250 mm) column from
Thermo Fisher Scientific. The eluent used was 38 mM KOH
which was generated by an eluent generator module. The
flow rate was 0.3 ml/min. The recommended current as per
Chromeleon recommendations was 29 mA which was opti-
mal for the ASRS 300 suppressor. The suppressor was also
tested at higher currents and ran overnight for several runs
to ensure that the current was sufficient for suppression. The
suppressor was able to suppress the eluent at a current
efficiency of 85% with a current of 21 mA. The performance
of the suppressor response at the recommended current
setting of 29 mA (3.87 V) and the setting of 21 mA (3.73 V)

5 is shown in Table 2. These results illustrate that the sup-
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pressor is providing consistent response and is highly cur-
rent efficient as evident from complete suppression at a
current setting of 21 mA which is calculated as 85% current
efficiency. The static capacity of the device is also significant
when compared to the ASRS 300 suppressor of the prior art.
The device of the present invention also showed a 31%
lower wattage than the recommended setting illustrating the
benefit of operating the device at the current efficient regime.
Note that the wattage of a suppressor is proportional to I’°R
where I=the applied current and R=the resistance of the
sample flow channel.
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TABLE 2

Peak response at two current settings with the
suppressor device of the present invention.
Peak Response (Area units)

Current Setting 29 mA 21 mA
1 Fluoride 0.8950 0.8844
2 Chloride 2.6200 2.5932
3 Nitrite 1.5513 1.7514
4 Sulfate 1.9466 1.9748
5 Bromide 1.0955 1.0963
6 Nitrate 1.4760 1.4870
7 Phosphate 1.5355 1.5632

FIG. 9 shows separation of a test mixture of seven anions
is shown above using a current setting of 29 mA (A) and 21
mA (B) using the suppressor device of the present invention.

Example 3

A 4 mm cation self-regenerating suppressor (CSRS) was
assembled and plumbed following the schematic of FIG. 2.
The anion exchange resin used was AG1 resin, 8% cross-
linked with a capacity of 1.2 meqv/mL (Particle diameter
45-106 um) sold by Bio-Rad, Hercules, Calif. Approxi-
mately 0.4 g was placed along the eluent channel in a dry
form. Anion exchange screens were placed in the regenerant
channels. Once the device was assembled and the device
was hydrated it was ready for use. The static capacity was
measured and was roughly 1.8 meqv for the eluent channel
that included the exchange capacity of the ion exchange
membranes and the ion exchange resin. The static capacity
of a standard commercial suppressor sold under the name 4
mm CSRS 300 was roughly 600 peqv. The device of the
present invention had roughly a greater than 3 fold higher
capacity than the prior art. The device was used as a
suppressor for cation analysis using an lonPac CS12A
(4x250 mm) column from Thermo Fisher Scientific. The
eluent used was 20 mM methanesulfonic acid which was
generated by an eluent generator module. The flow rate was
1 ml/min. In this example the CSRS 300 performance was
compared at the recommended current as per Chromeleon
recommendations which was 59 mA. The suppressor of the
present invention was tested at 59 mA followed by testing at
lower current settings. The device was run overnight for
several runs to ensure that the current was sufficient for
suppression. The suppressor was able to suppress the eluent
at a current efficiency of near 100% with a current of 32 mA.
The performance of the suppressor response with a CSRS
300 suppressor at the recommended current setting of 59
mA (3.11 V) was compared with the suppressor of the
present invention at a setting of 32 mA (2.85 V) is shown in
Table 3. These results illustrate that the suppressor is pro-
viding consistent response and is highly current efficient as
evident from complete suppression at a current setting of 32
mA which is calculated as near 100% current efficiency. The
static capacity of the device is also significant when com-
pared to the CSRS 300 suppressor of the prior art. The
device of the present invention also showed a 51% lower
wattage than the recommended setting illustrating the ben-
efit of operating the device at the current efficient regime.
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TABLE 3

Peak response comparison between the CSRS 300 (commercial
suppressor) operated at 59 mA and the device of the present invention
that is operated at near 100% current efficient setting of 32 mA.
Peak Response (Area units)

Present
CSRS 300 Invention

59 mA 32 mA
1 Lithium 0.361 0.360
2 Sodium 0.460 0.459
3 Ammonium 0.499 0.563
4 Potassium 0.758 0.758
5 Magnesium 1.080 1.064
6 Calcium 1.401 1.383

FIG. 10 shows separation of a test mixture of six cations
is shown above using a standard CSRS 300 (A) at a current
setting of 59 mA and a device of the present invention (B)
at a current setting of 32 mA.

Example 4

The suppressor device of the present invention from
Example 1 was used with carbonate/bicarbonate chemistry.
The column was an IonPac AS22 (4x250 mm) and operated
with an eluent comprising of 4.5 mM sodium carbonate and
1.4 mM sodium bicarbonate at a flow rate of 1 ml/min. The
peak to peak noise of this chemistry was in the 6 nS/cm
regime with an applied current of 26 mA. The device when
operated in the intermittent mode with the current turned off
(FIG. 11A) resulted in a noise of about 0.6 nS/cm. In this
example the suppressor was powered for only 2 minutes
with a 2 minute equilibration to reduce the baseline drift at
the start of the run. Almost a 10 fold reduction in noise was
feasible. The device was also operated in a mode where a
small current of 1 mA was applied as shown in FIG. 11B. In
this example the suppressor was powered for only 2 minutes
and the current was switched to 1 mA to ensure suppressor
directionality. Under these conditions the noise was also 0.6
nS/cm. Thus applying a small current did not influence the
noise as per the present invention. Thus a 10 fold reduction
in noise is feasible with the present invention. The baseline
drift was 10% lower with the application of a small current
as per the present invention. The high static capacity of the
suppressor device and the high current efficiency allowed
good regeneration of the suppressor device.

FIG. 11 shows separation of a test mixture of seven anions
is shown above in the intermittent mode of operation. In
FIG. 11A, the suppressor was operated for 20 minutes
without current with a prior 2 minute regeneration at 300
mA followed by a 2 minute equilibration with the power off.
In FIG. 11B, the suppressor was operated for 20 minutes
with a current of 1 mA with a prior 2 minute regeneration at
300 mA followed by a 2 minute equilibration at 1 mA.

While the previous description herein has described the
implementation of a suppressor using two or three cham-
bers, it should be understood that this description is provided
by way of example only, and does not limit the invention to
aparticular number of chambers. Those skilled in the art will
recognize that embodiments of the invention may be ben-
eficially incorporated into a number of architectures that
include four or more chambers.

What is claimed is:
1. Apparatus for treating an aqueous stream, said appa-
ratus comprising
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a first ion exchange membrane having exchangeable ions
of a first charge and capable of allowing ions of said
first charge to pass through said first ion exchange
membrane,

an aqueous stream flow channel having an inlet and an
outlet,

an ion receiving flow channel adjacent to said aqueous
stream flow channel and separated therefrom by said
first ion exchange membrane,

stationary flow-through ion exchange packing of a same
charge as said first ion exchange membrane disposed in
said ion receiving flow channel,

a packed bed of ion exchange particles disposed in said
aqueous stream flow channel and extending at least
partially between said aqueous stream flow channel
inlet and outlet,

a portion of said packed bed being packed at a density
between about 1 gram of packed dry particles per cubic
centimeter (cc) of said aqueous stream flow channel
and less than 2 grams of said packed dry particles per
cubic centimeter (cc) of said aqueous stream flow
channel,

said packed bed portion extending from said aqueous
stream flow channel outlet upstream to at least 30% of
a distance between said aqueous stream flow channel
inlet and outlet, and

first and second electrodes being in electrical communi-
cation with said aqueous stream flow channel and said
ion receiving flow channel, respectively, in which a
current efficiency of said apparatus when used as a
suppressor is at least 75%.

2. The apparatus of claim 1 in which said aqueous stream
is a sample stream including analyte ions and matrix ions of
opposite charge to said analyte ions, said aqueous stream
flow channel comprising an aqueous sample stream flow
channel.

3. The apparatus of claim 2 in which said aqueous sample
stream flow channel has an upstream portion, in which said
sample stream contains matrix ions and an adjacent down-
stream portion in which said matrix ions have been sup-
pressed.

4. The apparatus of claim 1 in which an ion exchange
capacity of said ion exchange particles is at least 0.3
meqv/mL.

5. The apparatus of claim 1 in which said ion exchange
particles have a size range of 1 to 200 pum.

6. The apparatus of claim 1 in which an electrical con-
ductivity between said first and second ion exchange mem-
branes through said ion exchange particles in said bed is
discontinuous at said aqueous stream flow channel outlet.

7. Apparatus for treating an aqueous stream, said appa-
ratus comprising

a first ion exchange membrane having exchangeable ions
of a first charge and capable of allowing ions of said
first charge to pass through said first ion exchange
membrane,

an aqueous stream flow channel having an inlet and an
outlet,

an ion receiving flow channel adjacent to said aqueous
stream flow channel and separated therefrom by said
first ion exchange membrane,

a second ion exchange membrane of a same type as said
first ion exchange membrane and disposed adjacent a
side of said aqueous stream flow channel opposite from
said first ion exchange membrane,
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an ion source flow channel separated from said aqueous
stream flow channel by said second ion exchange
membrane,

stationary flow-through ion exchange packing of a same
charge as said first ion exchange membrane disposed in
said ion receiving flow channel,

a packed bed of ion exchange particles disposed in said
aqueous stream flow channel and extending at least
partially between said aqueous stream flow channel
inlet and outlet,

a portion of said packed bed being packed at a density
between about 1 gram of packed dry particles per cubic
centimeter (cc) of said aqueous stream flow channel
and less than 2 grams of said packed dry particles per
cubic centimeter (cc) of said aqueous stream flow
channel,

said packed bed portion extending from said aqueous
stream flow channel outlet upstream to at least 30% of
a distance between said aqueous stream flow channel
inlet and outlet, and

first and second electrodes being in electrical communi-
cation with said aqueous stream flow channel and said
ion receiving flow channel, respectively, in which a
current efficiency of said apparatus when used as a
suppressor is at least 75%.

8. The apparatus of claim 7 in which a static ion exchange
capacity of said first and second ion exchange membranes
and said packed bed for said aqueous stream flow channel is
at least 3 meqv/mL of an aqueous stream flow channel
volume.

9. The apparatus of claim 7 in which said current effi-
ciency of said apparatus when used as a suppressor is at least
90%.

10. A method for treating an aqueous stream including
analyte ions of one charge and matrix ions of opposite
charge to said analyte ions using an apparatus for treating
said aqueous stream including said analyte ions and said
matrix ions of opposite charge to said analyte ions, said
apparatus comprising

a first ion exchange membrane having exchangeable ions
of a first charge and capable of allowing ions of said
first ion exchange membrane to pass through said first
ion exchange membrane, in which the first charge is of
a same charge as said matrix ions,

an aqueous stream flow channel having an inlet and an
outlet,

an ion receiving flow channel adjacent to said aqueous
stream flow channel and separated therefrom by said
first ion exchange membrane,

stationary flow-through ion exchange packing of a same
charge as said first ion exchange membrane disposed in
said ion receiving flow channel,

a packed bed of ion exchange particles disposed in said
aqueous stream flow channel and extending at least
partially between said aqueous stream flow channel
inlet and outlet,

a portion of said packed bed being packed at a density
between about 1 gram of packed dry particles per cubic
centimeter (cc) of said aqueous stream flow channel
and less than 2 grams of said packed dry particles per
cubic centimeter (cc) of said aqueous stream flow
channel,

said packed bed portion extending from said aqueous
stream flow channel outlet upstream to at least 30% of
a distance between said aqueous stream flow channel
inlet and outlet, and
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first and second electrodes being in electrical communi-
cation with said aqueous stream flow channel and said
ion receiving flow channel, respectively, in which a
current efficiency of said apparatus when used as a
suppressor is at least 75%, said method comprising

flowing said aqueous stream through said aqueous stream
flow channel;

simultaneously flowing an ion receiving stream through

said ion receiving flow channel;

suppressing said matrix ions; and

regenerating said first ion exchange membrane, said aque-

ous stream flow channel having an upstream portion
containing said matrix ions and an adjacent down-
stream portion in which said matrix ions have been
suppressed.

11. The apparatus of claim 1 in which said current
efficiency of said apparatus when used as a suppressor is at
least 90%.

12. The method of claim 10 in which said current effi-
ciency of said apparatus when used as a suppressor is at least
90%.

13. The method of claim 10 in which a current is passed
between said first and second electrodes.

14. The method of claim 13 in which said current is
passed during suppression and regeneration.

10

15

20

18

15. The method of claim 13 in which said current is
passed during regeneration of said first ion exchange mem-
brane but not during suppression of said matrix ions.

16. The method of claim 10 in which said apparatus
further comprises a second ion exchange membrane of a
same type as said first ion exchange membrane adjacent an
opposite side of said aqueous stream flow channel from said
first ion exchange membrane and an ion source flow channel
separated from said aqueous stream flow channel by said
second ion exchange membrane.

17. The method of claim 16 in which a static ion exchange
capacity of said first and second ion exchange membranes
and said packed bed for said aqueous stream flow channel is
at least 3 meqv/mL of an aqueous stream flow channel
volume.

18. The method of claim 10 in which an ion exchange
capacity of said ion exchange particles is at least 0.3
meqv/mL.

19. The method of claim 10 in which said ion exchange
particles have a size range of 1 to 200 pm.

20. The method of claim 10 in which an electrical current
between said first and second ion exchange membranes
through said ion exchange particles in said bed at said
aqueous stream flow channel outlet is discontinuous.
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