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METHOD OF MAKING A CHARGE BARRIER 
CAPACITOR ELECTRODE 

REFERENCE TO PRIOR APPLICATION 

[0001] This application is a divisional of application Ser. 
No. 11/007,566, ?led Dec. 8, 2004 (hereby incorporated by 
reference), Which is a continuation of application Ser. No. 
10/772,206, ?led Feb. 4, 2004 (hereby incorporated by refer 
ence), Which is a continuation of application Ser. No. 10/015, 
120, ?led Oct. 26, 2001, now US. Pat. No. 6,709,560 B2, 
issued Mar. 23, 2004 (hereby incorporated by reference), 
Which is a continuation-in-part of International Application 
No. PCT/US01/12641, ?led Apr. 18, 2001, designated to be 
published in English under PCT Article 21(2), and hereby 
incorporated by reference. 

GOVERNMENT CONTRACT 

[0002] This invention Was partially funded under contract 
With the United States Defense, Advanced Research Projects 
Agency (DARPA), under Contract No. DAAD 19-99-C 
0033. The United States government may have certain rights 
in the invention. 

FIELD OF THE INVENTION 

[0003] The invention relates to a ?oW-through capacitor for 
deioniZing or decontaminating a ?uid. 

BACKGROUND OF THE INVENTION 

[0004] The invention relates to ?oW-through capacitors for 
deioniZing solutions, e.g., aqueous solutions, With improved 
operation at concentrated solutions, including such applica 
tions as loW energy desalination of seaWater. Technologies to 
deioniZe Water include electrodeioniZation and ?oW-through 
capacitors. The term electrodeioniZation, including electrodi 
alysis and continuous electrodeioniZation, has traditionally 
referred to a process or device that uses electrodes to trans 
form electronic current into ionic current by oxidation-reduc 
tion reactions in anolyte and catholyte compartments located 
at the anodes and cathodes. Traditionally, ionic current has 
been used for deioniZation in ion-depleting compartments, 
and neither the anolyte chambers, the catholyte chambers nor 
the oxidation-reduction products have participated in the 
deioniZation process. In order to avoid contamination and to 
alloW multiple depletion compartments betWeen electrodes, 
the ion-concentrating and ion-depleting compartments Were 
generally separated from the anolyte and catholyte compart 
ments. To minimiZe formation of oxidation-reduction prod 
ucts at the electrodes, electrodeioniZation devices typically 
comprise multiple layers of ion-concentrating and ion-deplet 
ing compartments, bracketed betWeenpairs of end electrodes. 
[0005] One disadvantage of prior art systems is the energy 
loss resulting from using multiple compartment layers 
betWeen electrodes, thereby creating an electrical resistance. 
This is generally true of prior art electrodeioniZation devices 
and is one characteristic that differentiates them from How 
through capacitors. 
[0006] FloW-through capacitors differ in a number of other 
Ways from electrodeioniZation devices as Well. One differ 
ence is that ?oW-through capacitors purify Water Without 
oxidation-reduction reactions. The electrodes electrostati 
cally adsorb and desorb contaminants, so that the electrode 
(anode and cathode) compartments participate directly in 
deioniZation and are located Within one or both of the ion 
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depleting and ion-concentrating compartments. The anolyte 
and catholyte are partly or largely contained Within a porous 
electrode. Electronic current is generally not transmuted by 
an oxidation-reduction reaction. Instead, charge is transferred 
by electrostatic adsorption. 
[0007] HoWever, ?oW-through capacitors of the prior art 
become energy inef?cient and impractical at high ion or con 
taminant concentrations. The reason for this is due to the pore 
volume in the electrodes. Dissolved counterion salts present 
in the pore volume adsorb onto the electrodes, Whereas pore 
volume coion salts are expelled from the electrodes. This has 
a doubly deleterious effect. Counterions occupy capacitance 
Within the electrode. This amount of charge-holding capaci 
tance is therefore unavailable for puri?cation of ions from the 
feed Water puri?cation stream. Coions expelled from the elec 
trodes enter the feed Water puri?cation stream and contami 
nate it With additional ions. This effect becomes Worse With 
increased concentration. The ?oW-through capacitor is typi 
cally regenerated into liquid of the feed concentration. When 
purifying a concentrated liquid, ions are passively brought 
over into the pores prior to application of a voltage or electric 
current. Once voltage is applied, these ions are simulta 
neously adsorbed and expelled during the puri?cation pro 
cess. Puri?cation can only occur When an excess of feed ions, 
over and above the pore volume ions, are adsorbed by the 
electrodes. This puts an upper practical limit on the economy 
of the ?oW-through capacitor, typically in the range of 
approximately 2500 to 6000 parts per million (ppm). The 
?oW-through capacitor of the prior art requires both sloWer 
?oW rates and higher energy usage. Beyond 6000 ppm, the 
energy usage required is typically more than 1 joule per 
coulomb of dissolved ions, making prior art ?oW-through 
capacitors too energy intensive to be practical. SeaWater, 
Which has ion concentrations of approximately 35,000 ppm, 
becomes impractical to deioniZe due to energy ine?iciency 
caused by these pore volume losses. Pore volume losses occur 
at all concentrations but get Worse at higher concentrations. 
Another Way to describe pore volume losses is that they cause 
diminished ionic ef?ciency. Ionic e?iciency is de?ned as the 
ratio of coulombs of ions puri?ed to coulombs of electrons 
utiliZed. 
[0008] Thus, a need exists to improve the ionic and energy 
ef?ciency of ?oW-through capacitors, particularly When 
treating solutions With ion concentrations in excess of 2500 
ppm. A further need exists for a How through capacitor to 
purify solutions With an energy usage of less than 1 Joule per 
Coloumb of puri?ed ionic charge. Ionic e?iciency is the cou 
lombs of ionic charge puri?ed per coulombs of electrons 
used, and should be 50% or more. 

SUMMARY OF THE INVENTION 

[0009] It has been discovered that a charge barrier placed 
adjacent to an electrode of a ?oW-through capacitor can com 
pensate for the pore volume losses caused by adsorption and 
expulsion of pore volume ions. Using the charge barrier ?oW 
through capacitor of the invention, puri?cation of Water, such 
as a seaWater concentrated solution, e.g., of 35,000 ppm 
NaCl, has been observed at an energy level of less than 1 
joules per coulomb ions puri?ed, for example, 0.5 joules per 
coulomb ions puri?ed, With an ionic e?iciency of over 90%. 
[0010] As used herein, the term “charge barrier” refers to a 
layer of material Which is permeable or semipermeable and is 
capable of holding an electric charge. Pore ions are retained, 
or trapped, on the side of the charge barrier toWards Which the 
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like-charged ion, or coion, migrates. This charge barrier 
material may be a laminate Which has a conductive loW resis 
tance-capacitance (RC) time constant, an electrode material, 
or may be a permselective, i.e., semipermeable, membrane, 
for example a cation or anion permselective material, such as 
a cation exchange or anion exchange membrane. The charge 
barrier may have a single polarity, tWo polarities, or may be 
bipolar. Generally, a charge barrier functions by forming a 
concentrated layer of ions. The effect of forming a concen 
trated layer of ions is What balances out, or compensates for, 
the losses ordinarily associated With pore volume ions. This 
effect alloWs a large increase in ionic e?iciency, Which in turn 
alloWs energy ef?cient puri?cation of concentrated ?uids. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 is a generaliZed, schematic vieW of a ?oW 
through capacitor of the invention, illustrating the placement 
of charge barrier layers, electrodes, an optional current col 
lector, and a ?oW channel spacer. 
[0012] FIG. 2 is a generaliZed, schematic vieW of a ?oW 
through capacitor of the invention, containing charge barriers 
of the same polarity as the adjacent or underlying electrode, 
together With a representation of the ions being puri?ed or 
concentrated, and displaying the direction of ion migration in 
the electric ?eld. 
[0013] FIG. 3 represents the ?oW-through capacitor of FIG. 
2 in the discharge cycle, illustrating the release of concen 
trated ions into a ?oW channel located betWeen the charge 
barrier layers. 
[0014] FIG. 4 is a generaliZed, schematic vieW of a ?oW 
through capacitor of the invention, containing charge barrier 
layers of opposite polarity to that of the adjacent or underly 
ing electrodes, together With representations of ions being 
puri?ed or concentrated, and displaying the direction of ionic 
migration in the electric ?eld. 
[0015] FIG. 5 is a generaliZed vieW of the discharge cycle of 
the ?oW-through capacitor of FIG. 4, Which illustrates hoW a 
centrally-located ?oW channel is puri?ed by virtue of ionic 
migration through the charge barrier layers toWards the elec 
trodes. 
[0016] FIG. 6 is a generaliZed, schematic vieW of a stacked 
layer, ?oW-through capacitor of the invention. 
[0017] FIG. 7 is a generally schematic vieW of a dual-?oW 
channel, ?oW-through capacitor of the invention, With a seal 
ing agent to isolate simultaneously puri?ed and concentrated 
?uid streams. 

[0018] FIG. 8A is a generaliZed, top schematic vieW of the 
?oW-through capacitor of the invention With transverse ?oW 
channels. 

[0019] FIG. 8B is a front, cross-sectional, generaliZed sche 
matic vieW of the ?oW-through capacitor of the invention With 
transverse ?oW channels. 

[0020] FIG. 8C is a top sectional vieW of the ?oW-through 
capacitor of the invention shoWing a charge barrier and a ?oW 
spacer. 
[0021] FIG. 8D is a side sectional, generaliZed schematic 
vieW of the ?oW-through capacitor of the invention With 
transverse ?oW channels. 
[0022] FIG. 9 shoWs a graph of the data generated from the 
?oW-through capacitor of the invention When operated in 
cycles and is represented by charging and discharging in 
polarities according to the sequence depicted by FIGS. 2, 3, 4, 
and 5. 
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[0023] FIG. 10 is a generaliZed schematic diagram of the 
?oW-through capacitor of the invention shoWing the attach 
ment of conductive charge barriers to a separate DC poWer 
supply. 
[0024] FIG. 11 is a schematic vieW of a ?oW-through 
capacitor system of the invention. 
[0025] FIG. 12 is a schematic vieW of a ?oW-through 
capacitor system of the invention. 
[0026] FIG. 13 is a schematic vieW of ?oW-through elec 
trochemical cells arranged in a circular stage system. 
[0027] FIG. 14 is a graphical representation of a ?oW 
through capacitor voltage and puri?cation cycle, shoWing a 
trace of the voltage versus time as a trace of total dissolved 
solids, conductivity, or percent concentration and puri?cation 
of dissolved materials versus time. 
[0028] FIG. 15 illustrates a single charge barrier layer and a 
single ?oW spacer layer betWeen tWo electrodes. 
[0029] FIG. 16 illustrates a single layer charge barrier ?oW 
through capacitor. 

DETAILED DESCRIPTION 

[0030] In the charge barrier ?oW-through capacitor of the 
invention, the anolyte and catholyte chambers may be integral 
With ion-depletion or concentrating chambers, or they may be 
separate chambers. The electrodes in ?oW-through capacitors 
are spaced apart or are separated by a spacer. The spacer may 
be any ion-permeable, electronically-nonconductive mate 
rial, including membranes and porous and nonporous mate 
rials (see US. Pat. No. 5,748,437, issued May 5, 1998, hereby 
incorporated by reference). The spacer may de?ne a ?oW 
channel (see US. Pat. No. 5,547,581, issued Aug. 20, 1996, 
hereby incorporated by reference, or may be of a double-layer 
spacer material With the ?oW channel betWeen the layers (as 
in US. Pat. No. 5,748,437). Puri?cation and concentration 
may take place in either the spacers, the electrodes, or both, 
depending upon the geometry of the ?oW channel. For 
example, in a ?oW-through capacitor utiliZing a double-layer 
spacer as described above, the ion-depleting, puri?cation, or 
concentration compartment may be located betWeen the 
spacer layers. US. Pat. No. 5,192,432, issued Mar. 9, 1993, 
hereby incorporated by reference, describes use of a porous 
electrode material. In this case, ion depletion or ion concen 
tration Would occur directly in the electrodes themselves, in 
order to affect puri?cation or concentration of a ?uid. In both 
cases, hoWever, the electrodes are directly involved in the 
puri?cation process. The electrodes are used to adsorb or 
release a charge, and, generally, do not transfer electronic to 
ionic current by oxidation-reduction reactions common to 
electrodeioniZation technologies. In either case, no more than 
a single, separately-compartmentaliZed, concentrating or 
ion-depleting layer is required betWeen each set of electrodes. 
Therefore, one advantage the ?oW-through capacitor has over 
deioniZation is that less energy is Wasted by oxidation-reduc 
tion reactions and there is less internal resistance. 
[0031] In the ?oW-through capacitor of the present inven 
tion, the charge barrier may have just one layer or the charge 
barrier may have tWo or more layers. Ion selective mem 
branes may also be used to select forpar‘ticular species of ions 
of interest. Where the charge barrier is a permselective mem 
brane, it may be any membrane, e. g., a nonWoven, a Woven, or 
a semipermeable sheet material. Examples of materials for 
use as charge barriers are available commercially, e.g., Rai 
pore 1010 and 1030, Tokuyama Soda NEOSEPTA® CM-l 
and AM-l, (NEOSEPTA® is a registered trademark of 
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Tokuyama Corporation of Mikage-cho Tokuyama City, 
Yamaguchi Prefecture Japan) and Selemnion brand anion and 
cation exchange membranes. These membranes may be sup 
ported by a Web or may be manufactured, cast, or attached 
integrally to the electrode material. Bipolar membranes may 
also be used. 
[0032] Where the charge barrier material may be a loW 
resistance multiplied by capacitance, loW resistance-capaci 
tance (RC) time constant material, this material may be an 
ionically-permeable, conductive, porous, or nonporous sheet 
material, for example, conductive membranes, conductive 
polymer sheet materials, carbon ?brous materials, either in a 
nonWoven or Woven, e. g., Woven cloth form, activated carbon 
cloths, nanotubes, carbon or graphite tissue, aerogel, metal 
mesh or ?bers, perforated graphite or metal foil, activated 
carbon, and carbon black sheet materials, including carbons 
held together With a polytetra?uoroethylene (PTFE) binder. 
These conductive materials may also be derivatiZed With the 
same ionically charged groups common to anion and cation 
exchange membranes. It is desirable for the electrodes of the 
invention to have an RC time constant of less than 1000, for 
example, less than 50. 
[0033] Generally, any binder material used in, but not lim 
ited to, any of the patents incorporated by reference herein, 
such as those binders used in electric, double-layer capaci 
tors, may itself be derivitiZed With anionic or cationic groups 
to form a charge barrier integrated homogenously into an 
electrode. 

[0034] An example of these loW RC time constant, conduc 
tive charge barrier materials is a loW surface area, loW capaci 
tance, carbon black bound With PTFE. For example, materials 
With a capacitance of less than 20 farads/ gram or 30 farads/ 
cm2 (as measured in concentrated sulfuric acid) may be used. 
A non-electrically conductive, ion-permeable spacer may be 
placed betWeen the electrode and the charge barrier material 
in order to facilitate formation of a reverse electric ?eld. In 
this case, the charge barrier material may have integral leads, 
or, may have its oWn current ion-permeable collector With 
leads. These leads may be hooked up in parallel With the 
electrode leads or may be poWered by a separate poWer sup 
ply. Optionally, the separate poWer supply may be set to a 
voltage that is higher than the poWer supply connected to the 
electrodes. 

[0035] In this Way, the charge barrier materials contain a 
higher voltage than the electrode materials. One advantage of 
a discrete poWer supply is that the charge barrier materials 
may remain permanently charged, or may be charged to a 
higher voltage than the electrode materials, thereby enhanc 
ing the reverse electric ?eld. It is this reverse electric ?eld 
Which forms a charge barrier to pore volume ions, thereby 
increasing ionic ef?ciency of the ?oW-through capacitor. 
Alternatively, the same poWer supply may be used for both the 
electrodes and the charge barrier. Optionally, a resistor may 
be added to the electrode lead circuits. 

[0036] In order to further increase ionic e?iciency, charge 
barriers may include membranes, coatings, or layers With less 
than 10% porosity or microporosity. Ionic ef?ciency of over 
70% is desirable, as de?ned by the ratio of coulombs of ions 
absorbed to the capacitor electrodes to the coulombs of elec 
trodes moved through the electronic circuit into the capacitor. 
Alternatively, charge barriers may have more than 10% 
porosity, in micro, meso, or macro pores, for example, 
betWeen 10 nm and 1000 micron pores. A porous charge 
barrier acts more like an ion exchange media that adds addi 
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tional ion absorption ability to the underlying electrodes. 
Porous charge barriers alloW concentration of product ?uid 
during the shunt cycle in Which the capacitor is electrically 
discharged, reduced in voltage, or short-circuited to Zero 
volts. Likewise, porous charge barriers alloW puri?cation on 
either polarity of voltage, or, offer a short concentration peak 
folloWed by a puri?cation peak. A single layer charge barrier 
or porous charge barrier ?oW-through capacitor, such as that 
shoWn in FIG. 15, or, double-layer charge barrier cells, may 
sometimes shoW deeper puri?cation and more concentrated 
concentration every other charge cycle of like polarity. 
[0037] In these cases, it may be advantageous to save the 
product ?uid from relatively less puri?ed cycles, or portions 
of cycles, particularly Within the beginning and end one-third 
of a particular cycle, in order to feed this back into the alter 
nate cycles Which produce the more puri?ed or more concen 
trated product Water. The reverse of the above, feeding more 
puri?ed cycle into a less puri?ed cycle, may also be done. A 
conductivity sensor, timer, or counting means may select 
Water from particular cycles by triggering a three-Way valve 
once Water conductivity climbs above a conductivity set point 
and by use of this valve, direct this How to an accumulation 
tank, bladder tank, or in series How through another How 
through capacitor. Single or multiple cycles may be pooled 
together this Way. Where puri?cation cycles alternate as 
above, this partly puri?ed Water may be directed to the alter 
nate cycle in the same or in another capacitor, Which produces 
the higher degree of puri?cation. Four or more capacitors 
may be used to combine series How With staggered puri?ca 
tion and concentration cycles in order to achieve a continuous 
product of over 50% puri?ed, for example, over 95% puri?ed, 
and continuous WasteWater ?oW concentrated over 50% con 
centrated. A minimum of tWo ?oW-through capacitors is 
required in order to provide staggered continuous puri?cation 
and concentration cycles. Puri?cation cycles are relative to 
each other or to the feed Water concentration or conductivity. 

[0038] Any electrode material suitable for use in a How 
through capacitor may be used as the underlying electrode 
material for the present invention. For example, small particle 
siZe carbons have loWer series resistance. Carbon particles of 
less than 10 microns, for example, 1 micron or less, may be 
formed into an electrode sheet With PTFE or other binders and 
calendered or extruded into sheet electrodes of less than 0.02 
inches thick With loW series resistance, e. g., less than 40 ohm 
cm2, Where cm2 is the spacer area. 
[0039] The charge barrier material may preferably be com 
bined With the electrode. In this Way, the electrode itself offers 
structure and strength, so that a thin, Weak charge barrier may 
be used. For example, a thin coating of a charge barrier ion 
exchange material may be applied directly onto the electrode. 
Alternatively, the charge barrier material may be directly 
in?ltrated into the electrode, especially if the electrode is 
porous or provided With holes as exempli?ed in Us. Pat. No. 
6,214,204 (hereby incorporated by reference). A preferred 
embodiment is to provide a carbon electrode With a secondary 
pore structure that is larger than the primary surface area 
pores. These large secondary pores may be coated With or 
in?ltrated With an anion or cation exchange material. Since 
the electrodes provide strength, the ion exchange groups on 
the charge barrier material may be supported on a hydrogel, 
for example polyacrylamide or polysaccharide material. Suit 
able ion exchange membrane formulations and ionic groups 
may include, for example, per?uorinated ?lms, NAFIONTM, 
carboxylate or sulfonate polymers, per?uorinated sulfonic 






















