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57 ABSTRACT

An electrodionization method for continuously producing
and or separating and/or concentrating ionizable organics
present in dilute concentrations in an, ionic solution while
controlling the pH to within one to one-half pH unit.

Feed stream (dilute compartiment)

-+ Concentrated stream (concentrate compartment)



US 2004/0060875 A1

Apr. 1,2004 Sheet 1 of 6

Patent Application Publication

T D14
) suBIqUIBW UONHET)
(luawpedwos ayenUaUOD) LRSS PBIRIUGOUO) 4 - - - - - Vv . sueiquawl uoiuy
(wauntedwioo sinpp) weens pasy 4. . g © dueiquiaw Jejodig

(s14joue Woy)

apoyieo

-‘os’nN

alfjoyeo

Q ” suisay
LOILY + Uonen



US 2004/0060875 A1

Apr. 1,2004 Sheet 2 of 6

Patent Application Publication

2607001

¢ ‘Dl

Ao\c,‘ QNN wsar ayy urogea uone )

%0706 %0°08 %0°0L %0°09 %%0°0S %0°0F %0°0¢ %0°0T %0701 %0°0
o——@ o —0-99-0-0-g
/1&/
//r/ar///
. J//r‘./'.
.
m.
= . ) !
= o
] ag -
g
e
| aMIXIA] WISay dseq Fuolg-proy Suong —e— ! u
_ 2NN UISOY aseg] Suong-proy yeom W

0s't

0s°s

0s L

0s'8

0Ov 6

uondNpold provy dwedi() jo Hd uonnjog



US 2004/0060875 A1

Apr. 1,2004 Sheet 3 of 6

Patent Application Publication

0009

€ DI
(urw) sw |

000¢ 000 000¢ 000¢ 0001

i |

0

S
—

jue) uoIjdRAl Ul G6'S = Hd

9pIS 10npoid

Jos{
‘p—

K >~ O WV T o AN

(312U0ON[D) JO 7T/3 SB) JU0))



Patent Application Publication  Apr. 1,2004 Sheet 4 of 6 US 2004/0060875 A1

-]
<
5 &
=
(av]
—
~—
=
9]
Q
-
Q
\ )
e -
< Q ~%
< —
O Q
N S ©0 s
o o
B -
& 0 .
0)\/ o
\ | D N
\ =) O
- =
=
-
i
I 3
]
(@ — -

(p1oy o1oeT Jo 7I/3) uUoIeIuaduo,)



Patent Application Publication  Apr. 1,2004 Sheet 5 of 6 US 2004/0060875 A1

o
S
S
~
3 —
=
8 et
b o
O ©
& =
<& —_
=
g8 E
S o
~ B
=
o
- S
W
O
NS
o o




US 2004/0060875 A1

Apr. 1,2004 Sheet 6 of 6

Patent Application Publication

9 "D

vopezIIf) UL )

200001 %0°06 %0 08 900°0L 2009 %00°0$ %0 0b

, L o0t

| (1Y spu0das Op) sanea pajoipard. —ey—
{ F - - SOt

(1LY spuodas zz) sanjea pajorpard — | —

N\
(LY Spuodas Op) | Sunjesap [DH @ o1y
~ (LY Spuodas /) | unjesop|DH
. - - e e e e e ST o Tl mIoToTIToTm T Tmnm o ol m__.,
0y
- Ty
0ty
S 4
oy
Sty
0st

Hd



US 2004/0060875 Al

ELECTRODIONIZATION METHOD

CONTRACTUAL ORGIN OF THE INVENTION

[0001] The United States Government has rights in this
invention under Contract No. W-31-109-ENG-38 between
the U.S. Department of Energy and the University of Chi-
cago representing Argonne National Laboratory.

BACKGROUND OF THE INVENTION

[0002] The present invention relates to electrodionization
(EDI) and more particularly, a method for treating fluids via
electrodionization.

[0003] Electrodionization (EDI), also known as electro-
chemical ion-exchange, is an advanced ion-exchange tech-
nology that combines the advantages of ion-exchange and
electrodialysis. In electrodionization processes, ion-ex-
change resins are sequestered in dilute feed compartments to
increase the ionic conductivity, so that even with a very
dilute ionic feed (10~ N), a stable operation with higher flux
and lower energy consumption than electrodialysis,
becomes possible. The electric power also splits the water
molecule (H,0) in to H+ and OH- ions and the resins are
thus regenerated while the ions are removed.

[0004] EDI technology presently is used to make deion-
ized water for boiler feed and high purity industrial water
applications. There are also many other potential uses of
such technology for organic process streams in a variety of
industries. One problem encountered in the production of
organics such as organic acids and amines is pH control. For
example, efficient biocatalytic production of acids and
amines is often limited to a narrow pH range for optimal
productivity. The present invention provides very accurate
pH control using EDI technology, which in combination
with previous work at Argonne National Laboratory (ANL)
relating to EDI cell design, results in superior production,
separation and concentration of a wide variety of organics.

[0005] Ion exchange beads that are commonly used for
EDI applications may contain strongly acidic resins con-
taining for instance sulfonic acid groups, or strongly basic
resins containing for instance quaternary ammonium groups.
Other resins such as those with weakly acidic resins for
instance carboxylic acid groups or weakly basic resins for
instance amines groups are also used when required, and
according to the invention may be mixed as required. These
resin beads are cross-linked with polymers usually styrene
divinyl benzene or acrylates. The resins can be gel type or
macro-reticular type. Usually equivalent mixtures of cat-
ionic and anionic resins have been used in the EDI com-
partments. For specialized applications one type of resin or
adsorbent beads mixed with ion-exchange resins may be
used. A device useful in the practice of the present invention
is disclosed in PCT Application WO 01/12292, the entire
disclosure of which is incorporated by reference. Another
publication disclosing resins applicable to EDI processes is
the Terada et al. U.S. Pat. No. 6,071,397 issued Jun. 6, 2000,
the entire disclosure of which is also incorporated by refer-
ence.

SUMMARY OF THE INVENTION

[0006] It is an object of the present invention to provide a
method of controlling the pH or capturing ionic organics in
an EDI process.
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[0007] Another object of the present invention is to pro-
vide a method of transferring ionizable organics while
controlling the pH in an EDI process and device.

[0008] Yet another object of the invention is to provide an
economical method for continually producing organic acids
and/or amines while controlling the pH to within one pH
unit.

[0009] Briefly, the invention utilizes the previously men-
tioned ANL developments including ion-exchange resins
having cation-exchange moieties and anion-exchange moi-
eties immobilized relative to each other conferring ion-
conductivity and liquid permeability to the material in an
EDI stack continuously to produce, separate and concentrate
dilute organics while controlling the pH thereof.

[0010] The invention also provides a method of control-
ling the pH of a fluid during electrodionization by adjusting
one or more of the resin content in the wafers, adjusting the
ratio of strong or weak acid resins to strong or weak base
resins in the wafers, the concentration and amount of ion-
izable organic material flowing through the EDI stack and
the current applied to the EDI stack while regenerating the
resin, in situ.

[0011] The invention consists of certain novel features and
a combination of parts hereinafter fully described, illustrated
in the accompanying drawings, and particularly pointed out
in the appended claims, it being understood that various
changes in the details may be made without departing from
the spirit, or sacrificing any of the advantages of the present
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 is a schematic representation of an EDI
process illustrating the present invention;

[0013] FIG. 2 is a graphical representation showing the
relationship between the solution pH of an organic acid and
the cation ratio in the resin mixture;

[0014] FIG. 3 is a graphical representation of the rela-
tionship between the concentration of gluconate and the time
of the enzymatic reaction producing gluconic acid,

[0015] FIG. 4 is a graphical representation of the rela-
tionship between the concentration of lactic acid and the
time of fermentation producing lactic acid with the pH
controlled by the process of the subject invention;

[0016] FIG. 5 is a graphical representation of the rela-
tionship between the pH in a fermentation reactor as a
function of time in a controlled EDI reactor using the
method of the subject invention; and

[0017] FIG. 6 is a graphical representation of the rela-
tionship between pH and current utilization in an EDI
process incorporating the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0018] A general overview of a suitable electrodionization
device 10 is illustrated as numeral 10 in FIG. 1. An
important feature of the device 10 is the porous, immobi-
lized ion-exchange material 12 which facilitates rapid
deployment of ionic constituents out of a diluate feed 14.
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[0019] The wafer material, discussed in the previously
mentioned and incorporated PCT application WO 01/12292,
is positional intermediate, a cation exchange membrane 16
and an anion exchange membrane 18, the entire triad there-
fore comprising a reaction chamber 15. A bipolar membrane
19 may be positioned intermediate the terminal anion mem-
brane 18 and the anode 22. A means for facilitating ion
transport through the EDI stack is employed. For example,
an electrical potential imparted via opposing electrodes 20,
22 (cathode and anode, respectively) provides the gradient
to facilitate ion transfer out of the diluate feed 14, and into
the respective product chambers 17, each defined by adja-
cent cathode membrane 16 and anion membrane 18.

[0020] The porous immobilized ion-exchange material
previously described in PCT application WO _ 01/12292
may be formed into wafers 12 having relatively uniform
thicknesses of between approximately 2 and 6 millimeters.
The wafers 12 are suitably porous with between 20 percent
and 60 percent porosity so that a liquid will flow through
with minimal resistance and the resin beads should be
uniformly dispersed in close proximity to each other.
“Porosity” is construed herein as the macroscopic void space
that can be filled by a liquid.

[0021] Referring to FIG. 1, typically the diluate stream or
feed 14 consisting of an ionizable fluid such as an ionizable
organic wherein the organic may be present in extremely
dilute solutions such as 107> normal. The diluate feed 14
enters into the EDI device 10 and migrates upwardly (it
permeates upwardly), as is well known in the art, contacting
the various ion-exchange resins in the wafers 12. At the
same time, the feed stream 14 is subjected to the effect of an
anion exchange membrane 18 and a cation exchange mem-
brane 16 under the potential applied across the device 10. As
illustrated in FIG. 1, the cations migrate through the cation
exchange membranes 16 and anions migrate through the
anion exchange membranes 18 transferring at least some of
the ionizable organic from the ion conducting fluid inside the
reaction chambers 15 into the product chambers 17. Simul-
taneously, ion exchange resins in the wafers 12 become
depleted; however, under the influence of the potential
across the anode 22 and cathode 20, the ionizable fluid splits
into a proton and a negative ion, while the proton regener-
ates the ion exchange resins in the wafers 12 the negative
ions from the ionizable fluid reacts with the protons pro-
duced as the ionizable organic disassociates. It is the asso-
ciation of the positive portion of the ionizable organic and
the negative portion of the split ion conducting fluid which
controls the pH of the material within the reaction chamber
15. A crucial aspect of the present invention is pH control.

[0022] An important feature of the present invention is the
ability to produce continuously various organic acids or
organic amines or other ionizable organics while maintain-
ing close pH control notwithstanding that production of
certain organic materials causes the pH either to rise auto-
matically or to lower automatically. It is the maintenance of
the pH control within one or within one-half pH unit that
allows the continuous production of the organics.

[0023] When ions pass from the reaction chambers 15 into
the product chambers 17, the ions reassociate to form a
concentrated product stream. The product stream is concen-
trated with respect to the concentration of the product in the
diluate feed 14. Accordingly, the present invention may be
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used to concentrate ionic materials present in an ion con-
ducting fluid. Moreover, the pH control in the reaction
chambers 15 may be maintained either in acidic ranges or in
basic ranges. For instance, the pH control by the present
invention has been maintained in the range of from 3 to 7,
3to 5, and 5 to 7. More particularly, within the above-stated
ranges, the pH has been controlled within one-half pH unit
in any one of the aforementioned ranges. Further, the pH
may be controlled in the reaction chambers 15 from 7 to 11
and more particularly, from 8 to 10 and within one or
one-half pH unit. An ionizable organic acid and/or organic
amine may be produced continuously from an ion conduct-
ing aqueous fluid having a substance, as previously
described, which is capable of producing the ionizable
organic acid and/or ionizable organic amine. The variables
which control the pH within the reaction chambers 15
include the electrical potential applied across the stack
cathode 20 and anode 22, adjustment of the resin content in
the wafers 12, adjustment of the ratio and types of the ion
exchange resins in the wafers 12, the amount of the sub-
stance producing the ionizable organic acids and/or organic
amines in the ionizable fluid flowing through the EDI
device, the flow rate of the diluate feed 14, and various
combinations of these variables.

[0024] As is known in the art, the ion exchange resins
applicable to the present invention and most particularly to
the wafers 12 may be selected from strong acid resins, weak
acid resins, strong base resins and weak base resins, all as
previously described.

[0025] Referring now to FIG. 2 of the present invention
there is shown the relationship between the variation in the
cation ratio in the resin mixture and the pH for a weak
acid-strong base resin mixture and for a strong acid-strong
base resin mixture. The figure and the data on which it is
based show that the pH is affected by the content of the
resins in the wafers 12. FIG. 3 shows the enzymatic reaction
and separation of a gluconic acid in the EDI device 10 of the
present invention. In the data illustrated in FIG. 3, it is seen
that the enzymatic reaction producing gluconic acid
extended over a long period of time (about 80 hours), the pH
in the reaction tank was consistently held above 4.6, not-
withstanding the continuous production of gluconic acid. In
fact, the pH actually rose in the reaction tank during the time
the data was collected in FIG. 3. Specifically, a five-cell-pair
EDI stack 10 as illustrated in FIG. 1 was assembled. Mixed
cation-anion resin wafers 12 were used in the stack 10. The
resins in the wafers 12 were strong acid cation resins and
strong base anion resins with a cation to anion capacity ratio
of 1:105. The product of either the enzyme reaction or the
fermentation was fed into the reaction compartments 15 and
the organic acid produced from the reactions therein was
transported into the product compartments 17 by means of
the applied current.

[0026] Glucose oxidase (GOD), which converts glucose
into gluconic acid was selected for an experiment to control
the pH in an enzymatic reaction. GOD is sensitive to the pH
of the solution and loses most of its activity when the pH
drops below 4.0. In the experiment illustrated in FIG. 3, 4
liters of 40 gram/L. D-glucose was reacted with 30.5 milli-
grams of GOD. The solution was pumped into the EDI stack
10 and recirculated at a flow rate of 300 milliliters per
minute. Current was applied to the EDI stack 10, more
particularly, across the cathode 20 and anode 22 to remove
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protons and gluconate ions produced by the enzymatic
reaction from compartment 15 to the product compartment
17. FIG. 3 shows the results of the gluconic acid production
obtained from the product compartment 17. The pH of the
reaction tank was maintained above 4.6 by the inventive EDI
process. The reaction was continuously operated for more
than 80 hours with reactivity about 0.08 milligrams/milli-
grams of GOD per minute. Nearly 7 grams per liter of
gluconic acid was produced and the separation of the
gluconic acid from the reactant approached 100%.

[0027] A specialized microorganism that could convert the
glucose into lactic acid was used in a fermentation tank in
conjunction with the EDI stack 10. 1.0 liters of 1 gram per
liter D-glucose reactant with 1.0 gram dry weight whole
cells (2.6 gram wet weight whole cells) was circulated
between a fermentation tank and the EDI stack 10 at a flow
rate of 200 milliliters per minute. Neither growth medium
nor nutrients was used or added during the fermentation.
FIG. 4 shows the transport of the lactic acid produced from
the fermentation in the product compartment 17. 3.0 grams
per liter of lactic acid was produced at a reactivity of about
0.3 grams per liter per hour. The separation of lactic acid was
nearly 100%. FIG. 5 shows the pH profile of the fermen-
tation tank during the experiment. As noted, the pH of the
fermentation was maintained between 5.8 and 7.0 notwith-
standing the continuous production of lactic acid.

[0028] An example of fine tuning the pH control using the
EDI stack is illustrated in FIG. 6. The pH of the solution was
manipulated by the applied current and feed flow rate and
the concentration of the solution fed into the EDI stack 10.
0.001 normal hydrochloric acid solution was fed into the
EDI stack with a 50% cation resin ratio in the resin wafers
12. The EDI stack was operated at two different residence
times (RT) for the ion-exchange process, for 40 seconds and
72 seconds. Referring to FIG. 6, it is shown that the general
trend of the solution pH could be precisely controlled by
adjusting the applied current (i.e., the current utilization).

[0029] While there has been disclosed what is considered
to be the preferred embodiment of the present invention, it
is understood that various changes in the details may be
made without departing from the spirit, or sacrificing any of
the advantages of the present invention.

The embodiments of the invention in which an exclusive
property or privilege is claimed are defined as follows:
1. A method of transferring an ionizable organic from an

ion conducting fluid containing the ionizable organic from

one place to another while controlling the pH thereof
comprising establishing a source of ion conducting fluid
containing the ionizable organic,

introducing the ion conducting fluid containing the ion-
izable organic into an electrodionization (EDI) stack
having an anode and a cathode and a plurality of
reaction chambers each formed from a porous solid ion
exchange resin wafer interleaved between a cation
exchange membrane and an anion exchange mem-
brane,

providing a mechanism for supplying an electric potential
between the EDI stack anode and cathode,

whereby when the electric potential is applied to the EDI
stack anode and cathode and the ion conducting fluid
containing the ionizable organic passes through the
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resin wafers in the reaction chambers at least some of
the ionizable organic present in the ion conducting fluid
disassociates into a cation passing through the cation-
exchange membrane and an anion passing through the
anion-exchange membrane,

transferring at least some of the ionizable organic from the
ion conducting fluid inside the reaction chambers to
outside the reaction chambers to control the pH of the
ion conducting fluid remaining in the reaction cham-
bers.

2. The method of claim 1, wherein the ion conducting
fluid is aqueous.

3. The method of claim 1, wherein the ion conducting
fluid is water.

4. The method of claim 1, wherein the ion conducting
fluid includes an organic acid and/or organic amine produc-
ing substance.

5. The method of claim 4, wherein the organic acid and/or
organic amine producing substance includes an enzyme.

6. The method of claim 4, wherein the organic acid and/or
organic amine producing substance includes bacteria.

7. The method of claim 4, wherein the organic acid and/or
organic amine producing substance includes an organism.

8. The method of claim 4, wherein the organic acid and/or
organic amine producing substance is connected to or asso-
ciated with the ion exchange resin wafers.

9. The method of claim 4, wherein the organic acid and/or
organic amine is produced continuously.

10. The method of claim 4, wherein the organic acid is a
carboxylic acid.

11. The method of claim 4 wherein the carboxylic acid
includes one or more of a mono-, di-, and tricarboxylic acid
group.

12. The method of claim 4 wherein the organic amine
includes one or more of a mono-, di-, and triamine group.

13. The method of claim 4, wherein the organic acid is an
amino acid.

14. The method of claim 1, wherein the cations and anions
of organic acid and/or organic amine re-associate after
passing through the reaction chambers to form a product
stream.

15. The method of claim 14, wherein the re-associated
cations and anions of organic acid and/or organic amine are
concentrated in the product stream with respect to the
concentration of the organic acid and/or organic amine in the
ion conducting fluid in the reaction chambers.

16. The method of claim 1, wherein the pH in the reaction
chamber is maintained in the range from 3 to about 7.

17. The method of claim 1, wherein the pH in the reaction
chamber is maintained in the range from 5 to 7.

18. The method of claim 1, wherein the pH in the reaction
chamber is maintained in the range from about 3 to about 5.

19. The method of claim 1, wherein the pH in the reaction
chamber is maintained within the range of from 7 to 11.

20. The method of claim 1, wherein the pH in the reaction
chamber is maintained within the range of from 8 to 10.

21. The method of claim 1, wherein the pH in the reaction
chamber is maintained within % pH unit of a preselected pH
value.

22. A method of continuously producing an ionizable
organic acid and/or organic amine from an ion conducting
aqueous fluid containing a substance producing an organic
acid and/or organic amine while controlling the pH com-
prising establishing a source of ion conducting aqueous fluid
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containing organic acid and/or organic amine producing
substance, introducing the ion conducting aqueous fluid
containing organic acid and/or organic amine producing
substance into an electrodionization (EDI) stack having an
anode and a cathode and a plurality of reaction chambers
each formed from a porous solid ion exchange resin wafer
interleaved between a cation exchange membrane and an
anion exchange membrane and a plurality of product cham-
bers in communication with the reaction chambers, provid-
ing a mechanism for supplying an electric potential between
the EDI stack anode and cathode, whereby when the electric
potential is applied to the EDI stack anode and cathode and
the ion conducting aqueous fluid containing organic acid
and/or organic amine passes through the resin wafers in the
reaction chambers at least some of the organic acid and/or
organic amine present in the ion conducting aqueous fluid
disassociates into a cation passing through the cation-ex-
change membrane into a product chamber and an anion
passing through the anion-exchange membrane into a prod-
uct chamber depleting the ion exchange resin while water is
split into a positive ion and a negative ion, the ionic
transporting rates of the disassociation of at least some of the
organic acid and/or organic amine from the ion conducting
fluid inside the reaction chambers and the positive and
negative ions from the water splitting reaction controlling
the pH of the ion conducting aqueous fluid in the reaction
chambers permitting the organic acid and/or organic amine
producing substance continuously to produce organic acid
and/or organic amine while the positive and negative ions
from the water splitting regenerate the depleted ion
exchange resins in the wafers.

23. The method of claim 23, wherein a plurality of organic
acids and/or amines are produced simultaneously.

24. The method of claim 23, wherein a non-ion conduct-
ing fluid is introduced into the EDI stack with the ion
conducting aqueous fluid.

25. The method of claim 22, wherein the pH in the
reaction chambers is maintained within one pH unit of a
preselected pH valve.

26. The method of claim 22, wherein the pH in the
reaction chambers is maintained within % pH unit of a
preselected pH value.

27. A method of continuously producing, separating, and
concentrating a dilute ionizable organic from an ion con-
ducting aqueous fluid containing a substance producing the
ionizable organic while controlling the pH comprising estab-
lishing a source of ion conducting aqueous fluid containing
the ionizable organic producing substance, introducing the
ion conducting aqueous fluid containing the ionizable
organic producing substance at a variable flow rate into an
electrodionization (EDI) stack having an anode and a cath-
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ode and a plurality of reaction chambers each formed from
a porous solid ion exchange resin wafer interleaved between
a cation exchange membrane and an anion exchange mem-
brane and a plurality of product chambers in communication
with the reaction chambers, providing a mechanism for
supplying and varying an electric potential between the EDI
stack anode and cathode, the porous solid ion exchange resin
wafer containing one or more of a strong acid resin, a weak
acid resin, a strong base resin, a weak base resin or mixtures
thereof, whereby when an electric potential is applied to the
EDI stack anode and cathode and the ion conducting aque-
ous fluid containing the produced organic passes through the
resin wafers in the reaction chambers at least some of the
ionizable organic present in the ion conducting aqueous fluid
disassociates into a cation passing through the cation-ex-
change membrane into a product chamber and an anion
passing through the anion-exchange membrane into a prod-
uct chamber thereby depleting the ion exchange resin in the
solid porous wafers while water is split into a positive ion
and a negative ion, the ionic rates of the disassociation of at
least some of the ionizable organic from the ion conducting
aqueous fluid inside the reaction chambers and the positive
and negative ions from the water splitting reaction control-
ling the pH of the ion conducting aqueous fluid in the
reaction chambers permitting the ionizable organic produc-
ing substance continuously to produce the ionizable organic
while the positive and negative ions from the water splitting
regenerate the depleted solid porous ion exchange resin
wafers, the pH of the aqueous ion conducting fluid in the
reaction chambers being controlled to within about one pH
unit of preselected pH by adjusting the resin content in the
porous solid ion exchange resin wafer, the ratio of different
ion exchange resins in the porous solid resin wafers, the
amount of substance producing the ionizable organic, the
flow rate of the ion conducting aqueous fluid through the
reaction chambers, the current applied to the EDI stack and
combinations thereof, the dilute ionizable organic continu-
ously being produced in the reaction chambers and being
continuously transferred therefrom to the product chambers
where the ions re-associate thereby purifying and separating
and concentrating the ionizable organic.

28. The method of claim 27, wherein the dilute ionizable
organic in the ion conducting aqueous fluid may have a
concentration of not greater than about 10~ N.

29. The method of claim 27, wherein the pH is controlled
to within about % pH unit greater than 7.

30. The method of claim 27, wherein the pH is controlled
to within about % pH unit less than 7.
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