US008129194B2

a2z United States Patent (10) Patent No.: US 8,129,194 B2
Riviello (45) Date of Patent: Mar. 6, 2012
(54) METHOD OF SIMULTANEOUS ANION AND g%‘s‘g,gég i lg; }ggi Stlﬁlan et 211 ~~~~~~~~~~~~~~~~ 5 1201/?/96832
s s tillian et al. .. .
CATION SUPPRESSION IN A CONTINUOUS 5,518,622 A 5/1996 Stillian et al. .. ... 210/635
ELECTRODEIONIZATION APPARATUS 5,569,365 A 10/1996 Rabinetal. ... ... 204/450
5,597,481 A 1/1997 Stillian et al. .. 210/198.2
(75) Inventor: John M. Riviello, Santa Cruz, CA (US) 5,633,171 A 5/1997 Small etal. ..... ... 436/161
5,759,405 A 6/1998 Anderson, Jr. et al. 210/656
: R . : 5,773,615 A 6/1998 Smalletal. ............ ... 436/161
(73)  Assignee: Trovion Singapore Pte. Ltd., Co., 5914025 A 6/1999 Small oo " 505/789
Singapore (SG) 5935443 A 81999 Anderson, Jr. etal. ... 210/656
6,027,643 A 2/2000 Smalletal. ................ 210/198.2
(*) Notice: Subject to any disclaimer, the term of this 6,077,434 A 6/2000 Srinivasan etal. ........... 210/635
patent is extended or adjusted under 35 6,200,477 Bl 3/2001 Anderson, Jr. et al. .... 210/198.2
U.S.C. 154(b) by 0 days 6,235,197 Bl 5/2001 Anderson, Jr. et al. ....... 210/635
o ’ (Continued)
(21) Appl. No.: 12/930,758
FOREIGN PATENT DOCUMENTS
(22) Filed: Jan. 14, 2011 EP 1048351 A2 11/2000
Continued
(65) Prior Publication Data ( )
US 2011/0114489 A1 May 19, 2011 OTHER PUBLICATIONS
European Search Report of corresponding EP Application Serial No.
Related U.S. Application Data 06740917.7, which corresponds with parent application (U.S. Appl.
(62) Division of application No. 11/403,737, filed on Apr. No. 11/403,737) to the present divisional application.
12, 2006, now Pat. No. 7,892,848. (Continued)
(60) Il’ioxélgz)osnal application No. 60/671,371, filed on Apr. Primary Examiner — Jan Ludlow
’ ’ (74) Attorney, Agent, or Firm — Shirley L. Church, Esq.
(51) Imt.ClL
GOIN 30/26 (2006.01) (7 ABSTRACT
(52) US.CL ... 436/161; 73/61.55; 73/61.56; 73/61.58; The present invention pertains to a method of ion chromatog-
210/198.2; 210/656; 422/70 raphy wherein a specialized electrodeionization (EDI) appa-
(58) Field of Classification Search .................. 436/161;  ratusisusedfor simultancous ion suppression of cations from
422/70; 210/656, 198.2; 73/61.52-61.58 a flowing base containing an anion sample of interest and ion
See application file for complete search history. suppression of anions from a flowing acid containing a cation
sample of interest. The methods described herein allow for
(56) References Cited the ion suppression of samples containing chloride, nitrate,

U.S. PATENT DOCUMENTS

3,926,559 A 12/1975 Stevens ................. 23/230 R
4,687,561 A 8/1987 Kunz ... .. 204/182.5
5,045,204 A 9/1991 Dasguptaetal. ............. 210/635

and other electrochemically active anions, as well as sodium,
potassium, and other electrochemically active cations, with-
out causing damage to the suppressor.

8 Claims, 20 Drawing Sheets




US 8,129,194 B2

Page 2
U.S. PATENT DOCUMENTS 6,808,608 B2  10/2004 Sr_inivasan etal. ... 204/533
6,284,124 Bl 9/2001 DiMascio etal. ........... 205/753 6,824,662 B2 112004 Liang ctal. ... e 204524
. 6,955,922 Bl 10/2005 Liuetal. ......... ... 436/174
6,312,577 Bl 11/2001 Ganzi etal. ... . 204/524 .
2003/0127392 Al 7/2003 Srinivasan et al. ............ 210/656
6,325,976 Bl 122001 Small etal. ... - 422/70 2004/0035802 Al 2/2004 Emery et al 210/748
6,328,885 Bl 12/2001 Srinivasan et al. ......... 210/198.2 T
6,468,804 B1* 10/2002 Andersonetal. ............ 436/161 FOREIGN PATENT DOCUMENTS
6,482,304 Bl 11/2002 Emery et al. ... . 204/524
6,495,371 B2 12/2002 Smalietal. . . 436/161 WO WO 02/04357 1/2002
6,508,985 B2 1/2003 Small etal. ........ .. 422/70
6,558,551 Bl  5/2003 Anderson, Jr. etal. ... 210/660 OTHER PUBLICATIONS
6,562,628 Bl 5/2003 Liuetal. ... . 436/161 . « .
6.596.145 B2 72003 Moulin et al. ©504/634 Rabl.n, S. et al., “New Membr.ar.le-Based .Ele.ctrolytlc Suppressor
6,610,546 Bl 8/2003 Liuetal, v, . 436/161 Device for Suppressed Conductivity Detection in Ion Chromatogra-
6,613,235 Bl 9/2003 Anderson, Jr. etal. ... 210/670 phy,” J. of Chromatog., 640 pp. 97-109 (1993).
6,649,037 B2  11/2003 Liangetal. ................... 204/632
6,709,583 B2 3/2004 Anderson, Jr. etal. ... 210/198.2 * cited by examiner



US 8,129,194 B2

Sheet 1 of 20

Mar. 6, 2012

U.S. Patent




US 8,129,194 B2

Sheet 2 of 20

Mar. 6, 2012

U.S. Patent




US 8,129,194 B2

Sheet 3 of 20

Mar. 6, 2012

U.S. Patent

%




U.S. Patent Mar. 6,2012 Sheet 4 of 20 US 8,129,194 B2

T
bR




US 8,129,194 B2

Sheet 5 of 20

Mar. 6, 2012

U.S. Patent




U.S. Patent Mar. 6, 2012 Sheet 6 of 20 US 8,129,194 B2
HCI +
Na*, K* H,0 H,0
HZO, Hz, trace 106 Hzo + 02
NaOH and KOH 405 6 100 N 103 104 towaste
A R B N
L . v
i &~ K " -
g &= Na* oH —
e ‘ o —>
e | (‘:Lr : * B 8
H oH —> )
13 2 oo s 1 — 12
€ K* } [0
& H — 9
cr O -
)

18 101 H.0
purified HCI



U.S. Patent

Mar. 6, 2012 Sheet 7 of 20 US 8,129,194 B2
H,0 + H, H,0 H,0 NaOH with H20, O,,
to waste CH, NO; tracz Sgl and
115 . 113 116 110 114 " °
A : ' L 4 A
v v N\
H,0 oH—> ’ NOy - eis
10 Q’f‘ Oz: Of - No; — H;//S
() — H ok — 1 o> Na* (+)
J .
13~'0H' 2 i : 1 CF = H ﬂz
« H 3 NO; —> E
OH | Ok > OH —> i i
11 el e 19
weHl o KR No; — |'HH
2 OH=> n\ cr ~» ; =§
A : A \‘5 : A
: v : B .
18b 112 H,0 111 18a
H,0 18c purified NaOH

Figure 7



U.S. Patent Mar. 6,2012 Sheet 8 of 20 US 8,129,194 B2

H,O, H,, trace %CLW;E? H,0 Ng?HN\gith H20, O,
NaOH and KOH ay s VU3 trace HCI and
123 126 120 124 HNO,
A
l . l ) ;
S R
N &« 3 — cr -
oM —> OH - | 8
104 Y i NO; =
(-) « K OH —» cr — (+)
— N 3 f NO; —>
< oH = OH —>
11 - el ¢ - 9
1 1
g o B cr—
Sl 7YY ]
122 o 121
18b purified 1 82 c purified 18a
HCI NaOH

Figure 8



U.S. Patent Mar. 6,2012 Sheet 9 of 20 US 8,129,194 B2

H,0 HCI HCI
H,0+0, 45 43 3A6 40 44 HO+H,

to waste {o waste

&
/-h

T dr---»
3

'
Ho « o [ L1 ]
15110
N (-)
12 1 1] on 13
«on |
e
H+ ¢~ OH _f"‘\ 1 1
4 H{Ho
H,0 in

P E—
Slunn

H,0 ‘
41 18b

Figure 9



U.S. Patent

Mar. 6, 2012 Sheet 10 of 20 US 8,129,194 B2
oro NaOH NaOH H,O .
+ ) +
tt)2 was.te2 50 54 : ;

55
A

3 '_:'
&« OH ‘\ « oW ]- H0
H > [ n
8- « or |: o [H]
N s | e o :: OAH//10
(+) eon | i b
12 —— o L
H*—> &« OW ,’:: or 13
3 ; € oH 4 1]
o He
9 - Na*—> Na® —> «OH «On 11
A R
18a 20 no 18P
2 18¢c 2

Figure 10



U.S. Patent Mar. 6,2012

Sheet 11 of 20

US 8,129,194 B2

NaOH NaCl HCI
H20+02 65 63 66 60 64! H20+ I"'{2
{o waste A 4 to waste
; ° l l \ :
- ol 1 o
§§ Na* — o | H Tl
g |~ & - . in
~d H oH i < on | OH H,0 ¢~ OH |5 ]| OH 10
s ! i e | o L A
(+) i H = HO : o i (-)
H B i« : T
12— 2 gl .1 He—13
Na™ — { 3 ‘ &« OH 31.__
H = OH {  on ﬁ: oM
i o ‘Rl b [Hwo
. A ﬁ\\ -
. A A
B
H,0 ) H,0 )
18a H,0 18b

62 18¢

Figure 11

61



U.S. Patent

Mar. 6, 2012 Sheet 12 of 20 US 8,129,194 B2
HCl +
H,0 HCI Nav, K+
HO+O, 75 73 76 70 74 "OtH
to waste ' A to waste
A 6 ; l A
E / v :
i PN T e o f Na* ‘:E e

H H Tl
8 "= « OH COH Ro e on f:: o110

Na*— T
¢ | | e I = A
we [ . <o ) S A )

12 cm— s 2 HY —> T « o 1 I : OH“-_ 13
3 e or 1T
H -3 “« ow 'z Na* :: O
9 ] « o [jeor l s = N
S peer g M
” H,0 ___ H,0

: A\ 2

t ' 7/ : 5 l ;

: v '

18a 72 0 ™M 18
H,0 18¢ NaOH + KOH

o conductivity
detector cell

Figure 12



U.S. Patent Mar. 6,2012 Sheet 13 of 20 US 8,129,194 B2

80 86 83
H,0 + O, NaOH + NaOH H.0 HO+H
to waste 89 CH NO; A ? 4 84 waste
A 6 l : A
/ ' \ -
10,- & O |i “ on q H,0
STl e | H
8 Na*—» A ok
T e o <ol 140
H -3> HO — OH L___ &7 ( )
(+) & OH Hime (-
12 —— 2 H —d 1 j'{: OH“—__ 13
Na*~> 3 « OH [—-
H = OH “ on « on E on
9 ‘L , « OH « OH !\ 11
HO  CF N> [ ¢ OF 1
I h\ 1 no
l a \5 a
. ; v
' 81 ‘ 82 '
18a HO+ H,0 18b
2
Hei+ HNO,  18C H;0

to conductivity ’
detector cell

Figure 13



U.S. Patent Mar. 6, 2012 Sheet 14 of 20 US 8,129,194 B2
NaOH + HCI +
CH NOy NaCli Na*, K*
H,0+0, H,0 + H,
to waste 93 96 90 94 towaste
4
° | LAY
NO; j1:: H,0
d P 1
Na'— ~L ,;""
8\ OH H0 ¢ OH ;::ow 10
) “ o A
(+) H —> Hzo ':: (-)
12— 2 f i-::ow—-13
Na*—> & Ok L———
H*> OH ]
9 ] J, -E on
H < OH |iH \\
HZO ‘L y:: 1 1
H0 JId Ho
LT |
| 92 o 91 '
18a H,0 + 2 H,0 + 18b
HCI + HNO, 18¢c NaOH + KOH

to conductivity
detector cell

-

.

Figure 14

to conductivity
detector cell



U.S. Patent Mar. 6,2012 Sheet 15 of 20 US 8,129,194 B2

10.0

7.5

5.0 sodium

25 magnesium

: T ! /\\ T
min
20
T T T T T T [T e T T
00 10 2.0 ap 40 50 60 7.0 . 80 1006 110 120 130 140 150



U.S. Patent Mar. 6,2012 Sheet 16 of 20 US 8,129,194 B2

104

us
7.5
50 chloride
nit;ate Su‘fate
— = + :
B i e A s S A T Y LS | T T ¥
0.0 L0, 20, L B0 40, 5.0 6.0 7.0 8.0 9.0 10.0
min

Figure 16



U.S. Patent Mar. 6,2012

Sheet 17 of 20 US 8,129,194 B2
10.0 "
7.5
chioride
5.0
nitrate

2.5

rRun# 276

1 Runi# 1§ ; v i

1
-2.0 ] 1 1 H) 1 k] R B 1 3 1 m

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.80 4.00 450 500 5.50 8.00

Figure 17



U.S. Patent Mar. 6,2012 Sheet 18 of 20 US 8,129,194 B2

NaOH carbonate free,

NaOH carbonate free, to lon
. . Chromatograph
H,0+0, Ci-,No, Na,CO, graphy HO + H,
towaste g 102 96 101 94  towaste
A 4
| T \ ;
. ., g |
”z’ T : Na® ] #o
T |
« OH- L} on
N 10
1 1 oH )

—13

Na*

i Y S U A D |
JER
—
adh

TITAL LI LT

&« OH- |}
i
Ns* i} H,0l
et

—>
b

oo 100
2 NaOH (with trace 18b
HNO, 18¢c €O %)
Sodium
to conductivity hydroxide with
detector cell trace

carbonate

Figure 18



U.S. Patent Mar. 6,2012 Sheet 19 of 20 US 8,129,194 B2

10. TS
chloride

7.5

1.contaminated eluent {6.4 uS)

nitrate

5.0
2.5

2. purified eluent (0.5 uS)

min

I A E AN NI B s e e e e e
0.0 1.0 2.0 3.0 40 5.0 6.0 7.0 8.0 8.0 10.0

Figure 19



U.S. Patent Mar. 6,2012 Sheet 20 of 20 US 8,129,194 B2

3.0
us

2.0

1.0

0.6 0 1 2. 3. 4, 5. 6. 7. 8. 2. 1. 110 120 13, 14, 16

min

Peak Identification

1. Fluoride
2. Acetate
3. Formate
4. Unknown
5. Chloride
6. Nitrate
7. Chlorate
8. Unknown
9. Carbonate
10. Unknown
11. Sulfate
12. Oxalate
13. Phosphate
14, Unknown

Figure 20



US 8,129,194 B2

1
METHOD OF SIMULTANEOUS ANION AND
CATION SUPPRESSION IN A CONTINUOUS
ELECTRODEIONIZATION APPARATUS

RELATED APPLICATIONS

Benefit of priority under 35 U.S.C. §119(e) is claimed
herein to U.S. Provisional Application No. 60/671,371, filed
Apr. 14, 2005. The disclosure of the above referenced appli-
cation is hereby incorporated by reference in its entirety
herein. The parent application to the present divisional appli-
cation, U.S. Ser. No. 11,403,737, titled “Method OfTon Chro-
matography Wherein A Specialized Electrodeioniziation
Apparatus Is Used”, filed Apr. 12, 2006, is currently pending.
A related application titled “Chambered Electrodeionization
Apparatus With Uniform Current Density, And Method Of
Use”, U.S. Ser. No. 11/403,734, which was filed on the same
day as the parent application to the present divisional appli-
cation and is hereby incorporated by reference in its entirety,
and has gone abandoned after publication as US 2006-
0231403 Al on Oct. 19, 2006.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention pertains to a method of ion chroma-
tography wherein a specialized electrodeionization (EDI)
apparatus is used.

2. Brief Description of the Background Art

This section describes background subject matter related to
the disclosed embodiments of the present invention. There is
no intention, either express or implied, that the background
art discussed in this section legally constitutes prior art.

Ion chromatography (IC), a form of liquid chromatogra-
phy, is atechnique known in the art that is used for the analysis
of anions and cations. IC of anions requires a different sepa-
ration and detection chemistry than IC of cations.

As shown in FIG. 1, IC as typically known in the art, may
include the following steps: (1) a chromatographic separation
step, wherein an acid or base eluent is flowed through a
chromatographic separation column to elute the ions con-
tained within the column, (2) a suppression step, wherein the
acid or base used for elution is suppressed and the ions eluted
are enhanced, and (3) a detection step, wherein the eluted ions
which have been enhanced are analyzed by way of an elec-
trical conductivity detector.

In the chromatographic separation step of IC, ions of inter-
est are typically eluted from a chromatographic separation
column using an acid or base as the eluent. For the elution of
anions a base is typically used and for the elution of cations an
acid is typically used. It is desirable to use a relatively pure
acid or base as the eluent, so that contaminant anions and
cations are not introduced to the eluent. Thus, there is a need
in the art for a convenient source of high purity acid and high
purity base for use as an eluent in IC.

In the ion suppression step of IC, electrical conductivity of
the acid or base eluent is suppressed, while the conductivity of
the separated ions of interest are enhanced to aid in their
detection. As is typical in the art for IC of anions, the base
eluent will be suppressed (neutralized) in an anion suppressor
and for IC of cations, the acid eluent will be suppressed
(neutralized) in a cation suppressor. Techniques known in the
art for ion suppression are described in detail in U.S. Pat. No.
3,926,559, which is hereby incorporated by reference.

The history of ion chromatography suppression as of 1993
was summarized in Rabin, S. et al., New Membrane-Based
Electrolytic Suppressor Device for Suppressed Conductivity
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Detection in Ion Chromatography, J. of Chromatog. 640
(1993) 97-109, also incorporated herein by reference.

Many ion suppression methods described in the back-
ground art, for example U.S. Pat. No. 3,926,559, used a bed of
ion exchange resin particles commonly referred to as a
packed bed suppressor (PBS). The PBS requires periodic
regeneration by flushing with an acid or base solution. While
packed bed suppressors have proven useful in ion chroma-
tography, there are a number of disadvantages of a PBS.
These disadvantages include a) periodic regeneration of the
PBS which interrupts sample analysis; b) a loss of resolution
due to band broadening in the PBS over time; and c¢) changes
in retention of certain analytes as a function of the degree of
exhaustion of the PBS. To alleviate this problem, continu-
ously regenerating electrolytic ion suppressors were intro-
duced to the art. A few examples of these suppressors are
listed below.

U.S. Pat. Nos. 5,248,426 and 5,352,360 to Stillian et al.,
issued Sep. 28, 1993 and Oct. 4, 1994, respectively describe
a method and apparatus for a form of suppressor that uses a
direct current power controller, which generates an electric
field across two platinum electrodes to electrolyze water in
regenerant channels of the apparatus. Functionalized ion-
exchange screens are present in the regenerant chambers to
facilitate electric current passage with the permselective ion-
exchange membrane defining the chromatography eluent
chamber.

U.S. Pat. Nos. 6,077,434 and 6,328,885 to Srinivasan et al.,
issued Jun. 20, 2000 and Dec. 11, 2001, respectively, describe
a method and apparatus for increasing the current efficiency
of suppressor and suppress-like pretreatment devices for the
purpose of suppressing a high concentration of eluent.

U.S. Pat. Nos. 6,325,976; 6,495,371; and 6,508,985 to
Small et al., issued Dec. 4, 2001, Dec. 17, 2002, and Jan. 21,
2003 respectively, describe an electrolytic suppressor, which
includes a suppressor bed of ion exchange resin, an electrode
chamber with electrodes in contact with the resin bed, and a
recycle conduit between the suppressor outlet port and the
electrode chamber, and a method for using such electrolytic
SUppressor.

U.S. Pat. No. 6,562,628 to Liu et al., issued May 13, 2003
describes a combination electrolytic suppressor and separate
eluent generator and method. The suppressor includes a chro-
matography effluent flow channel, an ion receiving flow chan-
nel, and a first suppressor ion exchange barrier there between
permeable to electrolyte ions but not liquid flow. Acid or base
electrolytically generated in the first generator electrode
chamber flows as an eluent stream to the chromatographic
separator.

While electrolytic suppressors are the predominant sup-
pressor in IC, there are draw backs to this type of suppressor.
The eluent anion for use in cation analysis is drawn towards
the anode. The oxidative nature of the anode electrochemistry
limits the choice of eluents to non-electrochemically active
anions such as sulfate or methane sulfonate. Common min-
eral acids such as hydrochloric acid or nitric acid cannot be
used because at the anode, they are oxidized and the reaction
products (such as hypochlorite) damage the anion exchange
material. This results in increased resistance of the electro-
Iytic suppressor, poor suppression capacity and ultimately
failure of the suppressor.

In cation analysis, where a sample may contain large quan-
tities of chloride, such as brine or seawater, the chloride from
the sample is also removed from the suppressor and can cause
a similar type of damage. Thus, there is a need in the art for a
cation suppressor compatible with chloride, nitrate and other
electrochemically active anions.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts ion chromatography as typically known in
the art, with the following steps: (1) a chromatographic sepa-
ration step, wherein an acid or base eluent is flowed through
a chromatographic separation column to elute the ions con-
tained within the column, (2) a suppression step, wherein the
acid or base used for elution is suppressed and the ions eluted
are enhanced, and (3) a detection step, wherein the eluted ions
which have been enhanced are analyzed by way of an elec-
trical conductivity detector.

FIG. 2 shows a five chambered CEDI apparatus of the kind
described in detail in the co-filed application entitled Cham-
bered Electrodeionization Apparatus with Uniform Current
Density, and Method of Use. This apparatus is used in one
embodiment of the present invention. This EDI apparatus
contains a cathode chamber, a homogeneous cation depletion
chamber, a central heterogeneous anion and cation depletion
chamber, a homogeneous anion depletion chamber, and an
anode chamber. All of the five chambers are in electrical
connection.

FIG. 3 shows the five chambered CEDI apparatus of the
kind shown in FIG. 2, where the polarity has been reversed.
This apparatus is used in another embodiment of the present
invention. This EDI apparatus contains an anode chamber, a
homogeneous cation depletion chamber, a central heteroge-
neous anion and cation concentration chamber, a homoge-
neous anion depletion chamber, and a cathode chamber. All of
the five chambers are in electrical connection.

FIG. 4 shows a method of ion chromatography of anions by
a method claimed in this invention. The purified base eluent
used is generated in the CEDI apparatus of the kind shown in
FIG. 3. The base containing the eluted anions is suppressed in
the same CEDI apparatus.

FIG. 5 shows a method of ion chromatography of cations
by a method claimed in this invention. The purified acid
eluent used is generated in the CEDI apparatus of the kind
shown in FIG. 3. The acid containing the eluted cations is
suppressed in the same CEDI apparatus.

FIG. 6 shows the process fluid flow path for a method for
trace cation removal from an acid using the apparatus shown
in FIG. 2.

FIG. 7 shows the process fluid flow path for a method for
trace anion removal from a base using the apparatus shown in
FIG. 2.

FIG. 8 shows the process fluid flow path for a method for
simultaneous trace cation and trace anion removal from an
acid and a base using the apparatus shown in FIG. 2.

FIG. 9 shows the process fluid flow path for a method for
acid neutralization using the apparatus shown in FIG. 3.

FIG. 10 shows the process fluid flow path for a method for
base neutralization using the apparatus shown in FIG. 3.

FIG. 11 shows the process fluid flow path for a method for
simultaneous acid and base neutralization using the apparatus
shown in FIG. 3.

FIG. 12 shows the process fluid flow path for a method for
cation suppression using the apparatus shown in FIG. 3.

FIG. 13 shows the process fluid flow path for a method for
anion suppression using the apparatus shown in FIG. 3.

FIG. 14 shows the process fluid flow path for a method for
simultaneous anion and cation suppression using the appara-
tus shown in FIG. 3.

FIG. 15 shows a chromatogram for sodium and magnesium
from Example 3

FIG. 16 shows a chromatogram for chloride, nitrate, and
sulfate from Example 4.
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FIG. 17 shows chromatograms for chloride and nitrate
from Example 4.

FIG. 18 shows the process fluid flow path for a method for
anion suppression and trace anion removal from a base using
the apparatus shown in FIG. 3 and described in Example 5.

FIG. 19 shows chromatograms for chloride, nitrate, and
sulfate from Example 5.

FIG. 20 shows a chromatogram for various ions from
Example 6.

ABBREVIATIONS AND DEFINITIONS

The following terms and abbreviations are defined to pro-
vide the reader with a better understanding of the invention.

The following abbreviations are used herein:

CEDI=continuous electrodeionization;

EDI=¢lectrodeionization;

IC=ion chromatography;

PBS=packed bed suppressor.

The terms “eluant” and “eluent” refer to the substance used
to effect the separation of ions from a chromatographic sepa-
ration column in an elution process. Example eluents may
include, but are not limited to, an acid or a base.

The term “elution” refers to the chromatographic process
of using an eluent to extract ions from a chromatographic
separation column.

The term “eluate” refers to the product or substance that is
separated out in an elution process.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS OF THE INVENTION

As a preface to the detailed description presented below, it
should be noted that, as used in this specification and the
appended claims, the singular forms “a”, “an”, and “the”
include plural referents, unless the context clearly dictates
otherwise.

Use of the term “about” herein indicates that the named
variable may vary to £10%.

The present invention pertains to a method of'ion chroma-
tography wherein a specialized electrodeionization (EDI)
apparatus is used for (1) the preparation of a pure acid or pure
base for use as an eluent in a chromatographic separation
column and/or (2) for ion suppression (or neutralization) of
the acid or base after it has been used to elute ions from a
chromatographic separation column.

FIG. 2 shows a five chambered CEDI apparatus of the kind
described in detail in the co-filed application entitled Cham-
bered Electrodeionization Apparatus with Uniform Current
Density, and Method of Use. The CEDI apparatus depicted in
FIG. 2 is of the kind that may be used in the method for trace
ion removal in the present invention. Thus, the method for the
preparation of pure acids and bases for use in ion chromatog-
raphy may use the CEDI apparatus depicted in FIG. 2.

The CEDI apparatus shown in FIG. 2 is an example of a
CEDI apparatus, which consists of at least five discreet mem-
brane bound chambers in electrical connection, comprising:
(1) a cathode chamber; (2) at least one homogeneous cation
depletion chamber; (3) a central heterogeneous anion and
cation depletion chamber; (4) at least one homogeneous
anion depletion chamber; and (5) an anode chamber. When
additional (more than five) membrane bound chambers are
present, they are typically present in pairs of additional homo-
geneous anion and cation depletion chambers, which are
added in line next to existing like chambers, which are present
between an electrode and the central heterogeneous anion and
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cation depletion chamber. An electrical current runs through
the CEDI apparatus transverse to the membranes.

The cathode chamber shares a cation exchange membrane
with a homogeneous cation depletion chamber, and contains
a cathode that is in direct electrical contact with the cation
exchange membrane.

Each homogeneous cation depletion chamber is bounded
by two cation exchange membranes and contains a volume of
homogeneous cation exchange material. The cation exchange
material may include cation exchange resins, cation exchange
particles, cation exchange fibers, cation exchange screens,
cation exchange monoliths, and combinations thereof. Com-
monly, the cation exchange material is a volume of homoge-
neous cation exchange resin.

Ina CEDI apparatus of the kind used to practice the present
invention, each homogeneous cation depletion chamber
exhibits a thickness (w,) which may range from about 12 mm
to about 100 mm. Typically, a homogeneous cation depletion
chamber has a thickness (w,) ranging from about 15 mm to
about 40 mm.

The central heterogeneous anion and cation depletion
chamber is bounded by a cation exchange membrane from a
homogeneous cation depletion chamber and an anion
exchange membrane from a homogeneous anion depletion
chamber, and the chamber contains a heterogeneous mix of
anion and cation ion exchange material. The ion exchange
material is selected from the group consisting ofion exchange
resins, ion exchange particles, ion exchange fibers, ion
exchange screens, ion exchange monoliths, and combinations
thereof. Typically, the ion exchange material is a heteroge-
neous mixed bed of resins comprising a mixture of cation
exchange resins and anion exchange resins.

Ina CEDI apparatus of the kind used to practice the present
invention, a central heterogeneous anion and cation depletion
chamber exhibits a thickness (w;) which may range from
about 1 mm to about 100 mm. Typically, the central hetero-
geneous anion and cation depletion chamber has a thickness
(W) ranging from about 4.5 mm to about 12 mm.

Each homogeneous anion depletion chamber is bounded
by two anion exchange membranes and contains a volume of
homogeneous anion exchange material. The anion exchange
material is selected from the group consisting of anion
exchange resins, anion exchange particles, anion exchange
fibers, anion exchange screens, anion exchange monoliths,
and combinations thereof. Commonly, the anion exchange
material is a volume of homogeneous anion exchange resin.

Ina CEDI apparatus of the kind used to practice the present
invention, each homogeneous anion depletion chamber thick-
ness (w,) which ranges from about 12 mm to about 100 mm.
Typically, a homogeneous anion depletion chamber has a
thickness (w,) ranging from about 15 mm to about 40 mm.

Commonly, a CEDI apparatus used to practice the present
invention has a ratio of the width of the summation of homo-
geneous cation depletion chamber(s) to the central heteroge-
neous anion and cation depletion chamber to the summation
ofhomogeneous anion depletion chamber(s) (w,:w5:w,) that
ranges from about 1:1:1 to 20:1:20. In general, the width of
the summation of homogeneous cation depletion chamber(s)
(w,) is equal to the width of the summation of homogeneous
anion depletion chamber(s) (w,), but in some specialized
instances, it may be desirable to have one depletion chamber
larger than the other.

The anode chamber shares an anion exchange membrane
with a homogeneous anion depletion chamber, and contains
an anode that is in direct electrical contact with the anion
exchange membrane.

20

25

30

35

40

45

50

55

60

65

6

FIG. 3 shows the five chambered CEDI apparatus of the
kind shown in FIG. 2, where the polarity has been reversed.
This apparatus is of the kind used to practice several methods
of'the present invention. The CEDI apparatus depicted in FIG.
3 is of the kind that may be used in the method for ion
suppression, and for acid and base neutralization as disclosed
in the present invention. The method for the suppression of
acids and bases by way of neutralization in ion chromatogra-
phy may use the CEDI apparatus depicted in FIG. 3. Also, the
method of simultaneous trace ion removal and ion suppres-
sion disclosed in the present invention uses the CEDI appa-
ratus depicted in FIG. 3.

The CEDI apparatus shown in FIG. 3 is an example of a
CEDI apparatus, which consists of at least five discreet mem-
brane bound chambers in electrical connection, comprising:
(1) an anode chamber; (2) at least one homogeneous cation
depletion chamber; (3) a central heterogeneous anion and
cation concentration chamber; (4) at least one homogeneous
anion depletion chamber; and (5) a cathode chamber. When
additional (more than five) membrane bound chambers are
present, they are typically present in pairs of additional homo-
geneous anion and cation depletion chambers, which are
added in line next to existing like chambers, which are present
between an electrode and the central heterogeneous anion and
cation concentration chamber. An electrical current runs
through the CEDI apparatus transverse to the membranes.

The anode chamber shares a cation exchange membrane
with a homogeneous cation depletion chamber, and contains
an anode that is in direct electrical contact with the cation
exchange membrane.

Each homogeneous cation depletion chamber is bounded
by two cation exchange membranes and contains a volume of
homogeneous cation exchange material. The cation exchange
material may include cation exchange resins, cation exchange
particles, cation exchange fibers, cation exchange screens,
cation exchange monoliths, and combinations thereof. Com-
monly, the cation exchange material is a volume of homoge-
neous cation exchange resin.

In a CEDI apparatus ofthe kind used to practice the present
invention, each homogeneous cation depletion chamber
exhibits a thickness (w, ) which may range from about 12 mm
to about 100 mm. Typically, a homogeneous cation depletion
chamber has a thickness (w,) ranging from about 15 mm to
about 40 mm.

The central heterogeneous anion and cation concentration
chamber is bounded by a cation exchange membrane from a
homogeneous cation depletion chamber and an anion
exchange membrane from a homogeneous anion depletion
chamber, and the chamber contains a heterogeneous mix of
anion and cation ion exchange material. The ion exchange
material is selected from the group consisting of ion exchange
resins, ion exchange particles, ion exchange fibers, ion
exchange screens, ion exchange monoliths, and combinations
thereof. Typically, the ion exchange material is a heteroge-
neous mixed bed of resins comprising a mixture of cation
exchange resins and anion exchange resins.

In a CEDI apparatus ofthe kind used to practice the present
invention, a central heterogeneous anion and cation concen-
tration chamber exhibits a thickness (w;) which may range
from about 1 mm to about 100 mm. Typically, the central
heterogeneous anion and cation concentration chamber has a
thickness (w;) ranging from about 4.5 mm to about 12 mm.

Each homogeneous anion depletion chamber is bounded
by two anion exchange membranes and contains a volume of
homogeneous anion exchange material. The anion exchange
material is selected from the group consisting of anion
exchange resins, anion exchange particles, anion exchange
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fibers, anion exchange screens, anion exchange monoliths,
and combinations thereof. Commonly, the anion exchange
material is a volume of homogeneous anion exchange resin.

Ina CEDI apparatus of the kind used to practice the present
invention, each homogeneous anion depletion chamber thick-
ness (w,) which ranges from about 12 mm to about 100 mm.
Typically, a homogeneous anion depletion chamber has a
thickness (w,) ranging from about 15 mm to about 40 mm.

Commonly, a CEDI apparatus used to practice the present
invention has a ratio of the width of the summation of homo-
geneous cation depletion chamber(s) to the central heteroge-
neous anion and cation concentration chamber to the summa-
tion of homogeneous anion depletion chamber(s) (w, :w5:w,)
that ranges from about 1:1:1 to 20:1:20. In general, the width
of the summation of homogeneous cation depletion
chamber(s) (w,) is equal to the width of the summation of
homogeneous anion depletion chamber(s) (w,), but in some
specialized instances, it may be desirable to have one deple-
tion chamber larger than the other.

The cathode chamber shares an anion exchange membrane
with a homogeneous anion depletion chamber, and contains a
cathode that is in direct electrical contact with the anion
exchange membrane.

The ion exchange membranes used in the CEDI appara-
tuses to practice the present invention work by passive trans-
fer and not reactive chemistry. They contain functional sites,
which allow for the exchange of ions. The transfer of ions
through the ion exchange membrane is based upon the charge
of the ion. They will readily admit small ions but resist the
passage of bulk water, for example and not by way of limita-
tion. lon exchange membranes may be anion exchange mem-
branes or cation exchange membranes, wherein they are
selective to anions or cations respectively. An anion exchange
membrane will transport anions through the membrane, but
the membrane prevents the bulk flow of liquid from one side
of the membrane to the other. A cation exchange membrane
will transport cations through the membrane, but the mem-
brane prevents the bulk flow of liquid from one side of the
membrane to the other. A property common to both types of
membranes is that they must be conductive so that ions may
migrate through the ion exchange membrane towards their
respective electrodes.

An example of an advantageous anion exchange mem-
brane is a microporous copolymer of styrene and divinylben-
zene that has been chloromethylated and then the pendant
—CH,CI groups that were introduced to the aromatic rings
are then quaternized with a tertiary amine R, R,R;N. This
results in a membrane which is a strong base anion exchanger.
In some cases, the anion exchange membrane may also con-
tain a binder polymer. An example of an anion exchange
membrane that could be used in the present invention is the
AMI-7000S membrane (Membranes International, Glen
Rock, N.I.). Other anion exchange membranes which provide
a strong base anion exchanger may be used.

An example of an advantageous cation exchange mem-
brane is a microporous copolymer of styrene and divinylben-
zene that has undergone sulfonation, resulting in the mono-
substitution of —SO.H groups on the aromatic rings of the
copolymer. This results in a membrane which is a strong acid
cation exchanger. In some cases, the cation exchange mem-
brane may also contain a binder polymer. One example of a
cation exchange membrane that could be used in the present
invention is the CMI-70008 membrane (Membranes Interna-
tional, Glen Rock, N.J.). Other cation exchange membranes
which provide a strong acid cation exchanger may be used.

The ion exchange resins used in the CEDI apparatuses of
the kind used to practice the present invention contain func-
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tional sites, which allow for the exchange of ions. The inter-
action between ions and the ion exchange resins is based upon
the charge of the ion. They will readily admit small ions and
molecules but resist the intrusion of species of even a few
hundred molecular weight. lon exchange resins may be anion
exchange resins or cation exchange resins, wherein they are
selective to anions or cations respectively.

An example of an advantageous anion exchange resin is a
microporous copolymer of styrene and divinylbenzene that
has been chloromethylated and then the pendant —CH2Cl
groups that were introduced to the aromatic rings are then
quaternized with a tertiary amine R;R,R;N. This results in a
resin which is a strong base anion exchanger. There are sev-
eral commercially available resins of this type. One example
of an anion exchange resin that could be used in the present
invention is the Dowex 1x4 resin (Dow Chemical Company,
Midland, Mich. ), which contains 4% divinylbenzene and is in
the form CI™. Other anion exchange resins which provide a
strong base anion exchanger may be used.

An example of an advantageous cation exchange resin is a
microporous copolymer of styrene and divinylbenzene that
has undergone sulfonation, resulting in the monosubstitution
of —SO;H groups on the aromatic rings of the copolymer.
This results in a resin which is a strong acid cation exchanger.
There are several commercially available membranes of this
type. One example of a cation exchange membrane that could
be used in the present invention is the Dowex S0Wx4 resin
(Dow Chemical Company, Midland, Mich.), which contains
4% divinylbenzene and is in the ionic form H. Other cation
exchange resins which provide a strong acid cation exchanger
may be used.

Method of Practicing the Invention

Ton Chromatography:

FIG. 4 shows a method of ion chromatography of anions by
a method claimed in this invention. The purified base eluent
used is generated in the CEDI apparatus of the kind shown in
FIG. 3. The base containing the eluted anions is suppressed in
the same CEDI apparatus.

NaOH, containing trace anion impurities (such as CO,>),
is flowed through the homogeneous anion depletion chamber
of the CEDI apparatus depicted in FIGS. 3 and 4, where the
trace anions impurities (such as CO,>") are removed by ion
exchange and transferred to the heterogeneous anion and
cation concentration chamber. Purified NaOH is flowed out of
the homogeneous anion depletion chamber and is directed to
a chromatographic separation column containing anions of
interest (such as C17). The anions of interest (such as C17) are
eluted from the chromatographic separation column by the
purified NaOH. The NaOH containing the anions of interest
(such as CI7) is then flowed from the chromatographic sepa-
ration column back to the CEDI apparatus, but this time
through the homogeneous cation depletion chamber. The
anions of the NaOH are suppressed (neutralized to form
water) and the anions of interest (such as C17) are enhanced to
their acid form (such as HCI) by way of ion exchange in the
homogeneous cation depletion chamber. The enhanced
anions (such as HCl), now in water instead of NaOH, are
flowed out of the homogeneous cation depletion chamber and
are directed to the electrical conductivity detector.

FIG. 5 shows a method of ion chromatography of cations
by a method claimed in this invention. The purified acid
eluent used is generated in the CEDI apparatus of the kind
shown in FIG. 3. The acid containing the eluted cations is
suppressed in the same CEDI apparatus.

HCI, containing trace cation impurities (such as K*), is
flowed through the homogeneous cation depletion chamber
of the CEDI apparatus depicted in FIGS. 3 and 5, where the
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trace cations impurities (such as K*7) are removed by ion
exchange and transferred to the heterogeneous anion and
cation concentration chamber. Purified HCI is flowed out of
the homogeneous cation depletion chamber and is directed to
a chromatographic separation column containing cations of
interest (such as Na*). The cations of interest (such as Na*)
are eluted from the chromatographic separation column by
the purified HC1. The HCI containing the cations of interest
(such as Na*) is then flowed from the chromatographic sepa-
ration column back to the CEDI apparatus, but this time
through the homogeneous anion depletion chamber. The cat-
ions ofthe HCl are suppressed (neutralized to form water) and
the cations of interest (such as Na*) are enhanced to their base
form (such as NaOH) by way of ion exchange in the homo-
geneous anion depletion chamber. The enhanced cations
(such as NaOH), now in water instead of HCI, are flowed out
of the homogeneous cation depletion chamber and are
directed to the electrical conductivity detector.

Purification of Acids and Bases by Trace lon Removal:

One embodiment of the present invention is a method for
the removal of trace ions using the CEDI apparatus described
above in FIG. 2. This method includes the removal of trace
cations in acids and trace anions in bases. After removal of
trace anions and cations, these purified acids and bases can
have several uses, such as eluents in ion chromatography.

For example, as illustrated in FIG. 6, cationic impurities in
hydrochloric acid are removed by passing the acid stream 100
through homogeneous cation depletion chamber 2. Trace cat-
ions such as sodium, potassium, ammonium, magnesium and
calcium will be retained on the cation exchange material, and
under the force of the applied electric field, the trace cations
will electrophoretically migrate towards the cathode 11,
through cation membrane 6, into cathode chamber 10 and will
exit the cathode chamber in the base form (i.e. sodium
hydroxide, potassium hydroxide) as cathode waste stream
105. The cation exchange material is continuously regener-
ated from the splitting of water in the central heterogeneous
anion and cation depletion chamber 3 where hydronium ions
are electrophoretically driven through cation membrane 7
towards cathode 11 in cathode chamber 10. The purified acid
exits the homogeneous cation depletion chamber 2 as product
stream 101.

During this process, there is a continuous flow of water
from anode feed stream 18a, cathode feed stream 1856, and
central heterogeneous anion and cation depletion chamber
feed stream 18¢. In the anode chamber 8, the water stream 18a
provides water for electrolysis producing hydronium and
oxygen gas, O, and anode waste stream 104. In the cathode
chamber 10, the water stream 184 provides water for elec-
trolysis producing hydroxide and hydrogen gas, H, and cath-
ode waste stream 105. Any trace cations removed from acid
sample stream 100 will exit in cathode waste stream 105.
Water feed stream 103 flows through homogeneous anion
depletion chamber 1 exiting as stream 102. The maximum
concentration of acid that can be purified will depend prima-
rily on the applied potential and the flow rate of the sample
acid stream 100. For critical applications such as Inductively
Coupled Plasma (ICP) or Inductively Coupled Plasma Mass
Spectrometry (ICP-MS), the typical acid concentration is
approximately 0.2 M and the flow rate is 0.5 ml./min-2
ml./min. The present invention will remove cations which
may cause background interferences in ICP or ICP-MS.

Similarly, bases can be purified of trace anions as shown in
FIG. 7. Trace anionic impurities such as chloride, sulfate,
carbonate or nitrate can be removed from dilute bases such as
sodium or potassium hydroxide. The sample base stream 110
is passed through homogeneous anion depletion chamber 1
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where trace anions will be retained on the anion exchange
material, and under the force of the applied electric field, the
trace anions will electrophoretically migrate towards anode 9,
through anion membrane 4, into anode chamber 8. The trace
anions will exit the anode chamber 8 in the acid form (i.e.
hydrochloric acid, sulfuric acid, carbonic acid) as anode
waste stream 114. The anion exchange material is continu-
ously regenerated from the splitting of water in central het-
erogeneous anion and cation depletion chamber 3 where
hydroxide ions are electrophoretically driven through anion
membrane 5 towards anode 9 in anode chamber 8. The puri-
fied base exits the homogeneous anion depletion chamber 1 as
product stream 111.

During this process, there is a continuous flow of water
from anode feed stream 18a, cathode feed stream 185, and
central chamber feed stream 18c¢. In the anode chamber 8, the
water stream 18a provides water for electrolysis producing
hydronium and oxygen gas, O, and anode waste stream 114.
In the cathode chamber 10, the water stream 186 provides
water for electrolysis producing hydroxide and hydrogen gas,
H, and cathode waste stream 115. Any trace anions removed
from base sample stream 110 will exit in anode waste stream
114. Water feed stream 113 flows through homogeneous cat-
ion depletion chamber 2 exiting as stream 112. The maximum
concentration of base that can be purified will depend prima-
rily on the applied potential and the flow rate of the base
stream 110. For applications such as ion chromatography, the
typical base concentration is approximately 0.01 M to 0.2 M
and the flow rate is 0.2 mL/min-2 mI./min. The present inven-
tion will remove trace anions which can cause background
interferences, increased noise and spurious peaks in ion chro-
matography.

As shown in FIG. 8, it is also possible to use the device for
the simultaneous purification of an acid and a base. The
process in FIG. 8 is identical to that of FIGS. 6 and 7. This
configuration has the advantage of being able to purify elec-
troactive acids such has hydrochloric acid or nitric acid since
there is no direct contact of the acid with the electrodes,
particularly the anode. Also, the electrolysis by-products,
hydrogen gas and oxygen gas are produced in the cathode
chamber 10 and anode chamber 8, respectively, thereby
eliminating the complication of dissolved gases in the sample
streams. Since a single power supply is used with the device
in FIG. 7, it is important that the power supply be operated to
accommodate the purification of the acid or base stream
requiring the highest voltage or current.

Acid and Base Neutralization:

Another embodiment of the present invention is a method
for acid and base neutralization using the CEDI apparatus
described above in FIG. 3. This method is described below, as
is shown in FIGS. 9 through 11.

For example, in FIG. 9, a stream of hydrochloric acid 40 is
pumped into homogeneous anion depletion chamber 1 in
which the anion exchange material is in the hydroxide form
and continually being regenerated from cathode 11 in cathode
chamber 10. As the hydrochloric acid 40 passes through ion
depletion chamber 1, chloride is retained on the anion
exchange material and exchanged for hydroxide which com-
bines with hydronium from the hydrochloric acid. The result-
ing product stream is water 41. The chloride ion in homoge-
neous anion depletion chamber 1 is electrophoretically driven
towards the central heterogeneous anion and cation concen-
tration chamber 3 under force of the anode 9 in anode cham-
ber 8. As the chloride passes through anion membrane 5,
hydronium is being electrophoretically driven from the anode
chamber 8 through cation membrane 6, into ion depletion
chamber 2, through cation membrane 7 and into the central
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heterogeneous anion and cation concentration chamber 3.
The hydronium combines with the chloride forming hydro-
chloric acid which passes out of the central chamber 3 as
waste stream 36.

Anode feed stream 18a flows into anode chamber 8 pro-
ducing anode concentrate 45. Cathode feed stream 185 flows
into cathode chamber 10 producing cathode concentrate 44.
Feed stream 18¢ flows into the central heterogeneous anion
and cation concentration chamber 3. Product stream 41 will
be free of all anions, but may still contain cations, for example
sodium, potassium or magnesium. These cations will exit
homogeneous cation depletion chamber 2 in the hydroxide
forms. If' it is desirable to remove the cations, product stream
41 may be diverted to homogeneous cation depletion cham-
ber 2 via inlet 43. In homogeneous cation depletion chamber
2, cations such as sodium, potassium and magnesium will be
replaced with hydronium and the product stream 42 will be
free of both anions and cations resulting in deionized water.
(No figure included for this application). During this process,
there is a continuous flow of water from anode feed stream
18a, cathode feed stream 184, and central chamber feed
stream 18c.

The neutralization of base is shown in FIG. 10. For
example, a stream of sodium hydroxide 50 is pumped into
homogeneous cation depletion chamber 2 where the cation
exchange material is in the hydronium form and continually
being regenerated from anode 9 in anode chamber 8. As the
sodium hydroxide 50 passes through homogeneous cation
depletion chamber 2, sodium is retained on the cation
exchange material and exchanged for hydronium which com-
bines with hydroxide from the sodium hydroxide. The result-
ing product stream 51 is water. The sodium ion in homoge-
neous cation depletion chamber 2 is electrophoretically
driven towards the central heterogeneous anion and cation
concentration chamber 3 under force of the cathode 11 in
cathode chamber 10. As the sodium passes through cation
membrane 7, hydroxide is being electrophoretically driven
from the cathode chamber 10 through anion membrane 4, into
homogeneous anion depletion chamber 1, through anion
membrane 5 and into the central chamber 3. The sodium
combines with hydroxide forming sodium hydroxide which
passes out of the central chamber 3 as waste stream 56.

Anode feed stream 18a and cathode feed stream 185 flow
into the anode chamber 8 and cathode chamber 10, respec-
tively, producing anode concentrate 55 and cathode concen-
trate 54, respectively. Product stream 51 will be free of all
cations, but may still contain anions, for example chloride and
sulfate. These anions will exit homogeneous anion depletion
chamber 1 in their acid forms. If it is desirable to remove the
anions, product stream 51 may be diverted to homogeneous
anion depletion chamber 1 via inlet 53. In homogeneous
anion depletion chamber 1, anions such as chloride and sul-
fate will be replaced with hydroxide and the product stream
52 will be free of both anions and cations resulting in deion-
ized water. (Not shown in FIG. 10). During this process, there
is a continuous flow of water from anode feed stream 18a,
cathode feed stream 185, and central heterogeneous anion
and cation concentration chamber feed stream 18c.

The device can also be used for the simultaneous neutral-
ization of an acid and base stream as shown in FIG. 11. The
mechanism is identical as described in FIGS. 9 and 10, with
the exception that the waste stream 66 from the central homo-
geneous anion and cation concentration chamber now con-
tains the neutralization products (water and salt) from the acid
and base feed streams. The applied voltage and current must
be sufficient to allow complete neutralization of the acid or
base of highest concentration.
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As described with respect to FIG. 9, any cation present in
the acid will exit ion depletion chamber 1 in the base form in
water. Thus, it is possible to use this device to neutralize an
acid sample prior to measuring the cation(s) concentration(s)
by some analytical technique such as atomic absorption spec-
trometry, inductively coupled plasma (ICP), emission spec-
troscopy, inductively coupled plasma mass spectrometry
(ICP-MS), ion chromatography (IC) or ion selective elec-
trodes (ISE). The analytical measurement techniques suffer
from interferences if the acid concentration of the sample is
too high. By complete or partial neutralization of the sample
prior to analysis, the acid matrix interference can be reduced.
Depending on which analytical technique is being used, it
may be desirable to have the product stream 41 (FIG. 9) or 61
(FIG. 11) connected directly to the analytical instrument of
choice.

Similarly, as shown in FIG. 10, the CEDI apparatus can be
used to neutralize base prior to measuring the anion concen-
tration by some analytical technique such as flow injection
analysis, ion chromatography or ion selective electrodes.
These techniques suffer from matrix interferences if the base
concentration of the sample is too high. By complete or
partial neutralization of the sample prior to analysis, the base
matrix interference can be reduced. Depending on which
analytical technique is being used, it may be desirable to have
the product stream 51 (FIG. 10) or 62 (FIG. 11) connected
directly to the analytical instrument of choice.

The method disclosed here of using a specialized CEDI
apparatus for acid and base neutralization gives an unex-
pected result. Although the neutralization of an acid or a base
by ion exchange is a form of deionization, the background art
teaches that EDI apparatuses are typically used for water
purification, and the water stream, that is feeding into the EDI
apparatus, should not be a strong acid or base (for example,
see U.S. Pat. No. 6,808,608 column 11, lines 37-38).

Ion Suppression:

Another embodiment of the present invention is a method
for ion suppression using the CEDI apparatus described
above in FIG. 3. This method is described below, as is shown
in FIGS. 12 through 14.

FIG. 12 is an example showing the method of using the
CEDI apparatus as a cation suppressor. In this application, an
acid eluent such as hydrochloric, methanesulfonic or sulfuric
acid is used for the separation of cations, primarily alkali and
alkaline-earth metals as well ammonia and amines. Detection
is accomplished by conductivity detection and the suppressor
serves to reduce the conductance of the eluent (background
conductivity) while increasing the conductive form of the
cations by converting them to the hydroxide form.

The acid eluent (hydrochloric acid in this example) stream
70 from the cation separator (not shown) flows through
homogeneous anion depletion chamber 1 in which the anion
exchange material is in the hydroxide form and continually
being regenerated from cathode 11 in cathode chamber 10. As
the hydrochloric acid eluent 70 passes through homogeneous
anion depletion chamber 1, chloride is retained on the anion
exchange material and exchanged for hydroxide which com-
bines with hydronium from the hydrochloric acid forming
water which exits as product (eluent) stream 71.

The chloride inhomogeneous anion depletion chamber 1 is
electrophoretically driven towards the central heterogeneous
anion and cation concentration chamber 3 under force of the
anode 9 in anode chamber 8. As the chloride passes through
anion membrane 5, hydronium is being electrophoretically
driven from the anode chamber 8 through cation membrane 6,
into homogeneous cation depletion chamber 2, through cat-
ion membrane 7 and into the central homogeneous anion and
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cation concentration chamber 3 where the hydronium com-
bines with the chloride forming hydrochloric acid. The
hydrochloric acid passes out of the central heterogeneous
anion and cation concentration chamber 3 as waste stream 76.

Sample cations such as sodium, potassium, ammonium,
calcium and magnesium present in product stream 71 will exit
the homogeneous anion depletion chamber 1 as the corre-
sponding base i.e. sodium hydroxide, potassium hydroxide,
ammonium hydroxide, calcium hydroxide and magnesium
hydroxide. The product stream 71 flows directly to the con-
ductivity detector cell. During this process, there is a continu-
ous flow of water from anode feed stream 184, cathode feed
stream 185, and central chamber feed stream 18c. In the
anode chamber 8, the water stream 18a provides water for
electrolysis producing hydronium and oxygen gas, O, and
anode waste stream 75. In the cathode chamber 10 the water
stream 185 provides water for electrolysis producing hydrox-
ide and hydrogen gas, H, and waste stream 74.

Compared to conventional electrochemical suppressors for
ion chromatography, the embodiment in FIG. 12 offers the
advantage of being compatible with electrochemically com-
patible eluents such as hydrochloric or nitric acids. In con-
ventional electrochemical suppressors, the chloride or nitrate
can be electrochemically oxidized at the anode and the oxi-
dation products can irreversibly damage the ion exchange
material used in the suppressor. In the method of the present
invention, the anion (chloride or nitrate) is never in contact
with the anode or cathode, thus eliminating the formation of
electrochemically active products which can damage the ion
exchange materials present in the device.

FIG. 13 is an example showing a method of the present
invention for the suppression of anions in ion chromatogra-
phy. In this application, an eluent containing either sodium
hydroxide, potassium hydroxide, sodium carbonate or
sodium bicarbonate is used for the separation of anions such
fluoride, chloride, sulfate, nitrate, phosphate as well as and
organic acids. Detection is accomplished by conductivity and
the suppressor serves to reduce the conductance of the eluent
(background conductivity) while increasing the conductivity
form of the anions of interested by detecting them as the
hydronium or “acid” form.

The basic eluent (sodium hydroxide in this example)
stream 80 from the anion separator (not shown) flows through
homogeneous cation depletion chamber 2 in which the cation
exchange material is in the hydronium form and continually
being regenerated from anode 9 in anode chamber 8. As the
sodium hydroxide eluent 80 passes through homogeneous
cation depletion chamber 2, sodium is retained on the cation
exchange material and exchanged for hydronium which com-
bines with hydroxide from the sodium hydroxide forming
water which exits as product (eluent) stream 81. The sodium
in homogeneous cation depletion chamber 2 is electro-
phoretically driven towards the central heterogeneous anion
and cation concentration chamber 3 under force of the cath-
ode 11 in cathode chamber 10. As the sodium passes through
cation membrane 7, hydroxide is being electrophoretically
driven from the cathode chamber 10 through anion membrane
4, into homogeneous anion depletion chamber 1, through
anion membrane 5 and into the central heterogeneous anion
and cation concentration chamber 3 where the hydroxide
combines with the sodium forming sodium hydroxide which
passes out of the central chamber 3 as waste stream 86.

Anions present in product stream 81 such as fluoride, chlo-
ride, nitrate, phosphate and sulfate exit the ion depletion
chamber 2 as the corresponding acid i.e. hydrofluoric acid,
hydrochloric acid, nitric acid, phosphoric acid and sulfuric
acid. The product stream 81 flows directly to the conductivity
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detector cell. During this process, there is a continuous flow
of water from anode feed stream 18a, cathode feed stream
185, and central chamber feed stream 18¢. In the anode cham-
ber 8, the water stream 18a provides water for electrolysis
producing hydronium and oxygen gas, O, and anode waste
stream 85. In the cathode chamber 10 the water stream 185
provides water for electrolysis producing hydroxide and
hydrogen gas, H, and cathode waste stream 84.

In FIGS. 12 and 13, the dimensions of the homogeneous
ion depletion chamber in which the eluent is flowing (homog-
enous anion depletion chamber 1 for FIG. 12 and homoge-
neous cation depletion chamber 2 for FIG. 13) may be
reduced so that the volume of the ion depletion chamber is
sufficiently small so as to minimize band broadening effects
which would be detrimental to the chromatographic separa-
tion. The ability to suppress or neutralize the eluent is depen-
dent on the volume of the homogeneous ion depletion cham-
ber (homogenous anion depletion chamber 1 for FIG. 12 and
homogeneous cation depletion chamber 2 for FIG. 13) and
the applied voltage and current. Depending on the types of
eluents used for the analysis of anions and cations, it may be
desirable to optimize the volume of the individual homoge-
neous anion and homogeneous cation depletion chambers.
By adjusting the volumes of the homogeneous ion depletion
chambers, it is possible to optimize suppression capacity in
each chamber.

FIG. 14 shows a method for the simultaneous suppression
of'anions and cations for ion chromatography. The processes
described for FIGS. 12 and 13 occur simultaneously in the
configuration shown in FIG. 14. Since a single power supply
is used, the limiting applied current is determined by the
highest eluent concentration used or by the homogeneous ion
depletion chamber requiring the highest current for complete
suppression. Note that in this configuration, the central het-
erogeneous anion and cation concentration chamber waste
stream 96 results from combing the acid eluent, hydrochloric
acid, and base eluent, sodium hydroxide, forming a salt waste
product, sodium chloride.

The method of ion suppression of the present invention
solves the problems in the background art that occur when
common mineral acids, such as hydrochloric acid or nitric
acid are used. This method of ion suppression disclosed here,
using the CEDI device described above, allows for cation
suppression in the presence of chloride, nitrate, and other
electrochemically active anions, without the damage to the
ion suppressor.

DATA FOR EXAMPLE EMBODIMENTS
Example 1

This is an example of the method described above for the
neutralization of an acid using the specialized CEDI appara-
tus described above.

A specialized CEDI apparatus as shown in FIG. 3 was
constructed using machined high density polyethylene hard-
ware to retain the electrodes, membranes and resin. The inter-
nal flow through dimensions of the homogeneous cation
depletion chamber and homogeneous anion depletion cham-
ber was 1.27 cm in diameter and 3.81 cm in length. The
central heterogeneous anion and cation concentration cham-
ber dimension was 1.27 cm (diameter) and 1.27 cm (length).
Defining the homogeneous cation depletion chamber were
cation exchange membranes (CMI-7000 Membranes Inter-
national, Glen Rock, N.J.). Disposed between the cation
exchange membranes was hydronium form Dowex 50Wx4
cation exchange resin (200 mesh). Defining the homogeneous
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anion depletion chamber were anion exchange membranes
(AMI-7001 Membranes International, Glen Rock, N.J.). Dis-
posed between the anion membranes was hydroxide form
Dowex 1x4 anion exchange resin (200 mesh). The mixed bed
resin in the central heterogeneous anion and cation concen-
tration chamber consisted of Dowex 50Wx4 and Dowex 1x4
in the hydronium and hydroxide forms, respectively. Plati-
num gauze electrodes (Unique Wire Weaving Inc, Hillside,
N.J.) or similar were used.

A Dionex GP50 chromatography pump was used to deliver
0.05 M hydrochloric acid to the anion depletion chamber at a
flow rate of 1.0 mL/min as shown in FIG. 9. Deionized water
was pumped into the homogeneous cation depletion chamber
then into the heterogeneous anion and cation concentration
chamber at a flow rate of 2.0 mL/min. Deionized water was
also pumped into the anode and cathode chambers at a flow
rate of 2.0 mL.. A Barnant dual channel peristaltic pump was
used to deliver the deionized water. A Dionex CD20 conduc-
tivity detector with a flow through conductivity cell was used
for the conductivity measurements. From the Dionex GP50
pump, the 0.05M hydrochloric acid was directed into the
homogeneous anion depletion chamber and out to the con-
ductivity cell and then to waste.

A VWR AccuPower 4000 laboratory power supply was
used to power the device as shown in FIG. 9. The power
supply was operated at 100 mA in the constant current mode
with an initial voltage of 53V. Gas evolution was observed
immediately from the anode and cathode chambers. The ini-
tial background conductivity from the anion depletion cham-
ber was 3.2 uS/cm. After one hour, the background had
decreased to 0.91 puS/cm and the conductivity was 56 V. After
eight hours, the conductivity was 0.52 uS/cm and the voltage
55V. The EDI device was allowed to run uninterrupted for 24
hours and the product water conductivity was 0.42 uS/cm.
After an additional 48 hours, the background conductivity
was 0.44 uS/cm and the voltage 55V demonstrating the abil-
ity to neutralize dilute hydrochloric acid by the method dis-
closed herein using the specialized CEDI apparatus described
above.

Example 2

This is an example of the method described above for the
neutralization of a base using the specialized CEDI apparatus
described above.

A device as that described in the method of Example 1 was
used as shown in FIG. 10 to neutralize 0.05M sodium hydrox-
ide. The 0.05 M sodium hydroxide was pumped at 1.0
ml./min into the homogeneous cation depletion chamber
using a Dionex GP50 chromatography pump. A Barnant dual
channel peristaltic pump was used to pump deionized water
into the homogeneous anion depletion chamber then into
heterogeneous anion and cation concentration chamber and
the second channel used to pump deionized water into the
anode and cathode chambers at a flow rate of 2.0 m[./min. A
Dionex CD20 conductivity detector with a flow through con-
ductivity cell was used for the conductivity measurements.
From the Dionex GP50 pump, the 0.05M sodium hydroxide
was directed into the homogeneous cation depletion chamber
and out to the conductivity cell and then to waste.

A VWR AccuPower 4000 laboratory power supply was
used to power the CEDI apparatus used in the method as
shown in FIG. 10. The power supply was operated at 100 mA
in the constant current mode with an initial voltage of 63V.
Gas evolution was observed immediately from the anode and
cathode chambers. The initial background conductivity from
the homogeneous cation depletion chamber was 5.4 uS/cm.
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After one hour, the background had decreased to 3.6 uS/cm
and the conductivity was 60V. After eight hours, the conduc-
tivity was 1.6 uS/cm and the voltage 61V. The CEDI appara-
tus was allowed to run uninterrupted for 24 hours and the
product water conductivity was 1.5 puS/cm. After an addi-
tional 48 hours, the background conductivity was 1.6 uS/cm
and the voltage 60V demonstrating the ability to neutralize
dilute sodium hydroxide by the method disclosed herein
using the specialized CEDI apparatus described above. Trace
carbonate in the 0.05M sodium hydroxide resulted in the
slightly elevated background conductivity of 1.6 uS/cm. If the
carbonate was not present, the neutralized background con-
ductivity would have been below 1.0 uS/cm.

Example 3

The device from the method described in Example 1 was
used as a cation suppressor for the analysis of cations by lon
Chromatography using the cation suppression method of the
present invention as shown in FIG. 12.

A Dionex ICS 2000 ion chromatograph was used with a
cation exchange column using an eluent consisting of 0.010M
hydrochloric acid at 1.0 m[./min. The eluent from the cation
exchange column was directed to the homogeneous anion
depletion chamber. A Barnant dual channel peristaltic pump
was used to pump deionized water into the homogeneous
cation depletion chamber then into the heterogeneous anion
and cation concentration chamber and the second channel
used to pump deionized water into the anode and cathode
chambers at a flow rate of 2.0 mL/min. A VWR AccuPower
4000 laboratory power supply was used to power the device at
a constant current of 33 mA. The background conductivity
was 0.43 uS/cm. A standard containing 10 mg/L. of sodium
and 10 mg/L. of magnesium was injected (50 pl.) and the
chromatogram shown in FIG. 15 was obtained.

Example 4

The device from the method described in Example 1 was
used as an anion suppressor for the analysis of anions by Ion
Chromatography using the anion suppression method of the
present invention as shown in FIG. 13.

A Dionex ICS 2000 ion chromatograph was used with an
anion exchange column with an eluent consisting of 0.010M
sodium hydroxide at 1.0 mI/min. The eluent from the anion
exchange column was directed to the homogeneous cation
depletion chamber. A Barnant dual channel peristaltic pump
was used to pump deionized water into the homogeneous
anion depletion chamber then into the heterogeneous anion
and cation concentration chamber at 2.0 mL/min. The second
channel was used to pump deionized water into the anode and
cathode chambers at a flow rate of 2.0 mL/min. A VWR
AccuPower 4000 laboratory power supply was used to power
the device at a constant current of 33 mA. The background
conductivity was 0.54 uS/cm. A standard containing 10 mg/L.
chloride, 10 mg/L. nitrate and 10 mg/L. sulfate (50 pL.) was
injected (50 ul) and the chromatogram shown in FIG. 16 was
obtained.

Next, a standard containing 10 mg/L chloride and 10 mg/L.
nitrate was used to demonstrate long term ion suppression
capability as shown in FIG. 17. The example shows the first
run and last run of a series 0f 276 consecutive injections of the
standard. The background conductivity remained between
0.5 and 0.6 pS/cm during the 28 hours of operation. Thus, the
method of ion suppression of the present invention disclosed
herein allows for consistent results while using a specialized
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CEDI apparatus described above, that does not require peri-
odic maintenance for the regeneration of the ion exchange
materials.

Example 5

The device from the method described in Example 1 was
used for the ion chromatography method described above.
The method uses the specialized CEDI apparatus as a com-
bination anion suppressor and eluent purifier for the removal
of'trace anions from the sodium hydroxide eluent as shown in
FIG. 18.

To demonstrate the efficiency of trace anion removal from
the sodium hydroxide, the 0.010M sodium hydroxide was
spiked with 0.0005 M sodium carbonate, 100. A Dionex ICS
2000 ion chromatograph was used with an anion exchange
column using the sodium carbonate spiked 0.010M sodium
hydroxide at 1.0 mL/min. In the first experiment, a Barnant
dual channel peristaltic pump was used to pump deionized
water into the homogeneous anion depletion chamber then
into heterogeneous anion and cation concentration chamber
and the second channel used to pump deionized water into the
anode and cathode chambers at a flow rate of 2.0 m[./min. A
VWR AccuPower 4000 laboratory power supply was used to
power the device at a constant current of 33 mA. A standard
containing 10 mg/LL chloride, 10 mg/I, nitrate and 10 mg/L.
sulfate was injected (50 pL).

In the first experiment, the eluent was not directed through
the anion depletion chamber. As in Example 4 the eluent, was
directed from the anion exchange column to the homoge-
neous cation depletion chamber. In the top chromatogram of
FIG. 19, the resulting suppressed background conductivity
was 6.4 uS/cm. The higher suppressed background conduc-
tivity resulted from the 0.0005 M sodium carbonate that was
converted to 0.0005 M carbonic acid in the cation depletion
chamber.

Next, the CEDI apparatus described in the method of
Example 1 was reconfigured as shown in FIG. 18 so that the
carbonate spiked sodium hydroxide ecluent, 100, passed
through the anion depletion chamber 1 exiting as purified
sodium hydroxide 101. The purified sodium hydroxide was
directed to the pump of the ion chromatograph and exiting the
anion exchange column as 102 and entering the cation deple-
tion chamber 2 for ion suppression. The suppressed eluent
103 was directed to the conductivity cell. The Barnant peri-
staltic pump was used to deliver deionized water into the
heterogeneous anion and cation depletion chambers and the
electrode chambers. In the method using this configuration,
trace anions such as carbonate and chloride will be removed
from the eluent by the homogeneous anion depletion cham-
ber. The lower chromatogram of FIG. 19 demonstrates the
effectiveness of the trace anion removal as the suppressed
background conductivity had been reduced to 0.52 pS/cm.

Example 6

In this example, 4 M KOH was used as a sample to dem-
onstrate the method of the present invention for neutralization
of a base using the specialized CEDI apparatus described
above. The base is neutralized prior to analysis for trace
anionic contaminants as shown in FIG. 10. The device from
the method described in Example 1 was used to neutralize 50
pL of 4M KOH.

A Dionex ICS 2000 ion chromatograph was used with an
anion concentrator and anion exchange column using a potas-
sium hydroxide gradient at 0.5 mL/min. A Dionex ASRS
anion suppressor was used for suppressed conductivity detec-
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tion. A Barnant dual channel peristaltic pump was used to
pump deionized water into the anion depletion chamber then
into heterogeneous anion and cation concentration chamber
and electrode chamber at 2.0 mI./min. The second channel
was used to pump deionized water into the homogeneous
cation depletion chamber at a flow rate of 1.0 m[./min. A
VWR AccuPower 4000 laboratory power supply was used to
power the device at a constant current of 100 mA. For analy-
sis, 50 uL. of 4M KOH was injected into the deionized water
being pumped into the homogeneous cation depletion cham-
ber and then collected on the anion concentrator column
which was then switched in line with the potassium hydroxide
eluent and the trace anions separated by gradient ion chroma-
tography. The potassium hydroxide is neutralized in the
homogeneous cation depletion chamber and trace anions
present exit the homogeneous cation depletion chamber in
their acid forms and are collected on the anion concentrator
and the then analyzed. The result is shown in FIG. 19.

While the invention has been described in detail above with
reference to several embodiments, various modifications
within the scope and spirit of the invention will be apparent to
those of working skill in this technological field. Accordingly,
the scope of the invention should be measured by the
appended claims.

I claim:

1. A method of simultaneous anion suppression and cation
suppression, using a continuous electrolytic ion exchange
device, comprising:

(a) flowing a basic solution containing an anion sample of
interest through a homogeneous cation depletion cham-
ber of said continuous electrolytic ion exchange device
to suppress said basic solution by way of cation
exchange occurring on cation exchange material in said
homogeneous cation depletion chamber, wherein said
cations are transferred from said homogeneous cation
depletion chamber to a heterogeneous anion and cation
concentration chamber of said continuous electrolytic
ion exchange device; and

(b) simultaneously flowing an acidic solution containing a
cation sample of interest through a homogeneous anion
deletion chamber of said continuous electrolytic ion
exchange device to suppress said acid solution by way of
anion exchange occurring on anion exchange material in
said homogeneous anion depletion chamber, wherein
said anions are transferred from said homogeneous
anion depletion chamber to said heterogeneous anion
and cation concentration chamber of said continuous
electrolytic ion exchange device; and
wherein said continuous electrolytic ion exchange

device includes an anode chamber comprising an
anode therein, a first cation membrane contiguous
with said anode chamber, said homogeneous cation
depletion chamber contiguous with said first cation
membrane where said homogeneous cation depletion
chamber includes said cation exchange materials
therein, a second cation membrane contiguous with
said cation depletion chamber, said central concentra-
tion chamber contiguous with said second cation
membrane, said central concentration chamber
including therein anion or cation or a mixture of anion
and cation exchange materials, a first anion mem-
brane contiguous with said central concentrate cham-
ber, said anion depletion chamber contiguous to said
first anion membrane, the anion depletion chamber
including said anion exchange materials, a second
anion membrane contiguous with said anion deple-
tion chamber, and a cathode chamber comprising a
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cathode therein which is contiguous with said second
anion membrane, and wherein a voltage is applied to
achieve ion movements within said continuous elec-
trolytic ion exchange device.

2. A method of simultaneous anion suppression and cation
suppression in accordance with claim 1, wherein said anion
sample of interest is enhanced by conversion to the acid form
by way of cation exchange occurring on said cation exchange
material in said homogeneous cation depletion chamber of
said continuous electrolytic ion exchange device.

3. A method of simultaneous anion suppression and cation
suppression in accordance with claim 2, wherein said
enhanced acid form of said anion sample is generated by
combination with hydronium.

4. A method of simultaneous anion suppression and cation
suppression in accordance with claim 3, wherein said hydro-
nium is provided by electrolysis of water occurring in said
anode chamber of said continuous electrolytic ion exchange
device that is located contiguous to said homogeneous cation
depletion chamber.

5. A method of simultaneous anion suppression and cation
suppression in accordance with claim 1, wherein said cation
sample of interest is enhanced by conversion to the base form
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by way of anion exchange occurring on said anion exchange
material in said homogeneous anion depletion chamber of
said continuous electrolytic ion exchange device.

6. A method of simultaneous anion suppression and cation
suppression in accordance with claim 5, wherein said
enhanced base form of said cation sample is generated by
combination with hydroxide.

7. A method of simultaneous anion suppression and cation
suppression in accordance with claim 6, wherein said hydrox-
ide is provided by electrolysis of water occurring in said
cathode chamber of said continuous electrolytic ion exchange
device that is located contiguous to said homogeneous anion
depletion chamber.

8. A method of simultaneous anion and cation suppression
in accordance with claim 1, wherein said basic solution con-
taining said anion sample of interest flows into said homoge-
neous cation depletion chamber from a first chromatographic
separation column, and said acidic solution containing said
cation sample of interest flows into said homogeneous anion
depletion chamber from a second chromatographic separa-
tion column.



