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ABSTRACT

The transport of vanadium(I11) and iron(I1) ions through the Nafion 117 cation-ex-
change membrane in the presence of picolinic acid wasinvestigated by simulating the
equilibrium distribution of ionic species as afunction of pH, and by electrodialyzing
the simul ated waste sol ution. From distribution cal cul ations of the model reaction sys-
tems it could be predicted that at pH 1.6 most vanadium ions exist predominantly in
the form of the V""'(Pic™)3 complex, and this form of complex permeates across the
cation-exchange membrane during electrodialysis. The experimental results, includ-
ing variations in the color and cation concentrations of the catholyte, confirm the ex-
istence of the vanadium(1Il) picolinate complex. Iron ions permeated into the
catholyte were converted to their hydroxide precipitates, which could be formed at the
high pH condition resulting from the reduction of hydrogen ions and the production
of OH™ ionsby water electrolysis at the cathode. It was a so found that the in-situ pre-
cipitation of iron in the electrodialyzer could be self-modulated by shifting the
catholyte pH from the acidic state to the alkaline state during electrodialysis operation.

Key Words. Electrodialysis; Ion-exchange membrane; Nafion;
Chemical decontamination; Decontamination waste; Vanadium;
Vanadium picolinate complex
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INTRODUCTION

Electrodialysis (ED) using ion-exchange membranes has been widely used in
desalination and concentration of seawater, the removal or recovery of heavy
metal ions and hazardous compounds in wastewater, and the separation of
amino acids and proteins (1-6). In this process, ionic migration through an ion-
exchange membrane takes place when a potential gradient is applied across the
membrane; electrostatic interaction within the matrix plays a key role in the
transfer of ions. For acation-exchange membrane, therefore, negatively charged
sulfonate groups inhibit the transfer of negatively charged anions (co-ions).

A new technology, named the electrodeionization (EDI) process, has been
developed as a means of producing high purity water by combining ion-ex-
change membranes, resins, and electric current (7). This process uses the al-
ternate cell which consists of ion-permeable membranes and ion-exchange
resin beads to capture temporarily feedwater impurities, such asNa* and Cl~
ions, etc., and then to make these ions migrate toward the €l ectrodes under the
electric field.

Diffusion and permeation of simple salts through ionic polymer matrices
can be explained by the ionic interaction between a simple ion and a charged
group in apolymer chain. Xue et al. (8) investigated the effects of complexa
tion on ion transport selectivity of Nafion 117 membranesin the gold—and sil-
ver-thiourea—water systems, and concluded that the transport rate of ionswas
significantly reduced by the formation of silver—thiourea complexes. With the
same resin, they also studied the sorption of thiourea and the exchange of
sodium and silver ions (9). Asaresult, it was concluded that both the sorption
on the Ag-form of the resin and the transport rate of ions can be attributed to
the strong interactions between silver—thiourea complexes and sulfonate
groups in the membrane.

On the other hand, during in-service inspection and repair work in anuclear
power plant (NPP), occupational radiation exposure can be reduced by intro-
ducing dilute chemical decontamination processes. Mixtures of decontamina
tion reagents are used to remove such radioactive contaminants as Co-60 and
Co-58 from the inner surface of the NPP primary coolant system. Such ra-
dioactive decontamination liquid wastes have been treated by using ion-ex-
change resin columns. At present, one widely used process isthe LOMI (low
oxidation-state metal ion) decontamination process (10). However, the pro-
cess generates large volumes of spent resins (11, 12) to be disposed of after
solidification with cement (13, 14). In general, such solidified wastes contain
undesirable chelating agents which have the potential to give rise to the mi-
gration of radionuclidesin geologic media (15). Therefore, reduction of waste
volume and the chelating ligands content in the waste is extremely important
from the standpoint of waste management.
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Recently, an electrodialyzer filled with ion-exchange resin beads between
two cation-exchange membranes was introduced, and decontamination chem-
icalsin the liquid waste resulting from the LOMI process, such as picolinate,
could be recovered by removing cations (16, 17). We believe this resin-filled
electrodialyzer would be an attractive and useful devicein thefield of separa-
tion. However, the transport behaviors of cationic species in the resin-filled
electrodialyzer have rarely been reported up to now.

In this study we report the transport of cationic speciesin aresin-filled elec-
trodialyzer. The simulated decontamination waste solution used as afeed con-
tained vanadium(111) and iron(I1) picolinate complexes. We have evaluated
the equilibrium distribution of these ionic species at different pH values have
and clarified the permeation behavior of vanadium(I11) ion across the cation-
exchange membrane in the presence of picolinic acid.

THE RESIN-FILLED ELECTRODIALYZER

Figure 1 shows a schematic diagram of the resin-filled electrodialyzer in-
cluding the transport of ionic species. The electrodialyzer cell consists of three
compartments separated by two Nafion membranes. The resin beads were
filled in the central zone (B). The anode and the cathode were in Zones A and
C, respectively. A constant electrical current flows by the migration of posi-
tively charged ionic species across the resin bed (B) during electrodialytic
operation.
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FIG.1 Schematic diagram of the resin-filled electrodialyzer and the permeation of ionic
Species.
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Electrode Reactions

In an acidic medium, hydrogen ions are produced at the surface of the plat-
inum anode by the electrolysis of water. The hydrogen ions are transferred
from the anode compartment (A) to the resin bed (B) and partly to the cathode
compartment (C). The dissociation of water at the anodeis given by (18, 19).

2H,O - 4H* + O,(g) + 467,  ES=1229(VVsSSHE) (1)

In an acidic catholyte, hydrogen gas is generated from the reduction of H™
ions at the cathode (18, 19):

2H* + 26~ = Hp(g), E2=0(V vsSHE) )

In neutral or alkaline catholyte, however, OH™ ions and hydrogen gas are
generated from the electrolysis of water (18, 19):

2H,0O + 26~ - 20H™ + Ha(g), E2= —0.828(V VSSHE) (3)

Further, the permeated metal ions can be electrolytically reduced at the
cathode surface (19):

V3 4 e L Vv2H ES= —0.255(V vsSHE) (4)
Fe* + 26 - Fe(s), E2= —0.44(V vsSHE) (5)

Reactions in the lon-Exchange Resin Bed

The waste solution fed to the resin bed contains various kinds of metal ions
and the chelating agent. The LOMI decontamination process uses a mixture of
vanadous formate and picolinic acid, and the active decontamination reagent
is vanadium(ll) tris picolinate, V(I1)(Pic)z . One mole of vanadous ion reacts
with one mole of ferric ion in the oxide matrix, and vanadous ion reduces fer-
ricion to ferrousion. Therefore, ferrous ions are released from the oxide ma-
trix into the bulk solution. As aresult, various chemical species, suchasH™,
OH™, Na", HCOOH, HCOO™, HPic, Pic", V2*, V3 and Fe**, including
metal—picolinate complexes such as V(I1)(Pic)1, V(I1)(Pic),, V(I1)(Pic)3,
V(I (Pic)Z™, V(N (Pic)s, V(I (Pic)s, V(II1(OH)(Pic),, Fe(ll)(Pic)1,
Fe(11)(Pic),, and Fe(ll1)(Pic)s, are formed in the LOMI decontamination so-
lution (10). Here, HPic and Pic™ are abbreviations of picolinic acid and picol-
inate, respectively. The detailed reaction steps are complicated and are not re-
solved.

For the feed stock in this study, vanadium(111) ions and ferrous ions
were mixed with picolinic and formic acids solution at pH 4.5. The expected
reactions in the simulated decontamination solution are summarized in
Table 1.
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TABLE 1
The Dissociation Equilibriaand pK, Values (20-23)
Dissociation reactions pKa
HPic2H™ + Pic™ 521
V(I (Pigf" 2 V3 + Pic 5.72
V(1) (Pic)s 2 V(1) (Pic)$" + Pic 6.56
V(I (Pic)s=2 V(III)(Pic)3 + Pic 4,07
V(I11)(OH) (Pic)s + HT 2 V(lll)(Pic)3 + Pic 2.66
Fe(Il)(Pic) = Fe&*" + Pic 4.90
Fe(11)(Pic), 2 Fe(ll)(Pic){ + Pic” 4.10
Fe(l1)(Pic)s 2 Fe(ll)(Pic), + Pic” 3.30

EXPERIMENTAL

Chemicals and Materials

The simulated LOMI decontamination waste solution was prepared with
chemicals, and used as a feed. The feed concentrations of V(I11) and Fe(ll)
were 6 and 4.8 mM, respectively. The molar ratio of vanadium:picolinic
acid:formic acid in afeed was 1:3:10. The solution pH was adjusted to 4.5 by
adding NaOH. The sodium concentration in the simul ated waste solution was
about 81.3 mM. Such chemicalsasVCl; (Aldrich Chemical Co., GR), FeSO,
(Fischer Scientific Co., GR), NaOH (Ducksan Pharmaceutical Co., GR),
HCOOH (Y akuri Pure Chemical Co., GR) and picolinic acid (Tokyo Chemi-
cal Co., GR) were used without further purification. The ultrapure water used
was produced by passing distilled water through the purification unit
(NANOpure-11, Barnstead Co.). The specific resistivity of water was 17.6
MQ-cm. The cation-exchangeresin was H ™ -form, IRN-77(Rohm & Haas Co.
Ltd., nuclear grade) and the cation-exchange membrane was Nafion 117 (H™ -
form) manufactured by DuPont Co. Ltd.

Experimental Apparatus and Procedure

A schematic diagram of the experimental apparatus is shown in Fig. 2.
Anolyte and catholyte were 1 N H,SO, solutions. 200-mL volumes of elec-
trode solutionswere stirred magnetically in the Pyrex glass Erlenmeyer flasks,
and recirculated at aflow rate of 70 mL /min through each electrode compart-
ment. The simulated LOMI decontamination waste solution was passed up-
ward at a constant flow rate through the midcompartment of the electrodia-
lyzer. The pH values of the effluent and catholyte discharged from the
electrodialyzer were continuously monitored by means of on-line pH elec-

MAaRrcEeL DEkkER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

)



Downl oaded At: 11:08 25 January 2011

ORDER ||l REPRINTS

1968 SHIM ET AL.

Mai | :
_ DC Power | Channel :
: Supply : Recorder : :
| 1 : :
1 | : N
F———- ®— ———— : :
1 1 : :
| e | I : :
| :
® ' .
Waste t - :
Feed : : : :
. - :
1 | :
1 | :
' 0 l :
L 4 | A 4 :
B XXX :
Anolyte Catholyte D
Tank Tank Jddecal o
% = .

A LA Resin-Filled
X Fleetrodialyzer @
Y
——gm PumPE '2 Effluent
Tank
f 3 Pump

FIG. 2 Schematic diagram of experimental apparatus for electrodialysis of the simulated de-
contamination solution.

trodes and the strip chart recorder. After a dc power supply (HPS-305DG,
Hanil Electric Co.) was connected to the electrodes, current flowed under the
galvanostatic condition and the cell voltage was measured with an electrome-
ter (Model 617, Keithley Co. Ltd.), which has high internal resistance (2 X
10 ohm), and also monitored on the recorder.

The resin-filled electrodialyzer was composed of three compartments
which were divided by two Nafion 117 cation-exchange membranes. The
midcompartment between two membranes was filled with the H*-form
cation-exchange resin beads. Specifications of the resin-filled electrodialyzer
are listed in Table 2. The anode was a platinum plate and the cathode was a
type 304 stainless stedl plate. The effective areas of the cation-exchange mem-
brane and the electrode were 20 cm? (1 cm W X 20 cm L). The thickness of
each compartment of the electrodialyzer was maintained at 2 mm by using sil-
icon rubber plate gaskets which prevented the leakage of solutions between
compartments. The electrodialyzer was fabricated in the filter press type.
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TABLE 2
Main Specifications of the Resin-Filled Electrodialyzer

Items Specification
Type Three-compartment cell
Midcompartment thickness, cm 0.2
Effective area of membrane, cm? 20 [width (1 cm) X length (20 cm)]
Electrode area, cm? 20
Construction materias:

Guard frame PTFE plate

Membrane Nafion 117 (H* — form)

Spacer Woven PE screen

Gasket Silicone rubber

Anode Platinum plate

Cathode S.S. 304 plate

Therefore, each solution in the three compartments could be passed indepen-
dently. Sheet-flow type spacers made of awoven polyethylene screen werein-
serted in each el ectrode compartment to prevent shorting by direct contact be-
tween the membranes and the electrodes, and to promote mass transfer at the
surface of the membranes and the electrodes.

The resin beads and the membranes were pretreated for 24 hours by soak-
ing in 1 N sulfuric acid solution. The surfaces of the anode and the cathode
were polished by using fine sandpaper and emery cloth with an aumina pow-
der suspension. After removing organic materials from the surface with ace-
tone, the el ectrode surfaces were rinsed with demineralized water.

Theelectrical conductivity of the catholyte was measured continuously. For
every experimental set the cation-exchange membranes and the resin beads
were replaced with pretreated fresh ones. Samples of 10 mL effluent and 0.5
mL catholyte were taken at time intervals. The sodium concentration was an-
alyzed by using an Atomic Absorption Spectrophotometer (Model 1100B,
Perkin-Elmer Co. Ltd.), and the vanadium and iron concentrations were de-
termined with an Inductively Coupled Plasma Atomic Emission Spectrome-
ter, ICP (Model JY 50P, Jobin Yvon Co. Ltd.).

RESULTS AND DISCUSSION

Distribution of lonic Species in the Ligand Mixture

For the effective separation of the cations from the spent LOMI decontam-
ination solution, information about the complex equilibriaof ionsin the solu-
tion isrequired. At the equilibrium state the distribution of complexes can be
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calculated by the total concentrations of metal ions and ligands, and the pHs
of the solutions. For the simulated waste solution used in this study, the chem-
ical equilibrialisted in Table 1 were assumed and pK, values were obtained
from the literature (20-23). The calculations are fairly complicated, but appli-
cation of the computer programs developed by Perrin and Sayce (24) and by
Ingri et a. (25) are particularly useful. Figures 3 and 4 are simulation results
which show the different distributions of vanadium(IIl)—picolinate and
iron(11)—picolinate complexes at different molar ratios of the metal to the lig-
and, respectively.

Figure 4 shows that most of vanadium ions at the inlet of the resin bed ex-
ist in the form of the neutral V (111)(Pic),(OH) complex, and ferrousions pre-

100 ]
::C:\ 80 Vitoty & mi
o
=D ] Fe{tot) : 4.6 mM
S 50 Pic{tot) : 36 mM
§ _ — 1V (iree)
% ol YN 2 V(Pig),>*
| N A a4 | — 3: V(Pig),
= s & 2 V(PIC),
201 - mmee § 1 V(PiC){OH} [
0 | -"'---.,,__ -
5 6 7 8 8
100 |
— 1 : Fe¥(free)
_ — 2l
9 80 -3 FePie, [
- 4 : Fe(Pic),
5 80
5
= 40} 1
7]
0 4
SR '
0 _________________ -

pH of Solution

FIG.3 Distribution diagram of vanadic—picolinate (a), and ferrous—picolinate complexes (b) in
the simulated LOMI decontamination solution. V3" = 6 mM, Fe?* = 4.8 mM, picolinate = 36
mM.
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FIG.4 Distribution diagram of vanadic—picolinate (a), and ferrous—picolinate complexes (b) in
the simulated LOMI decontamination solution. V3" = 6 mM, Fe?* = 4.8 mM, picolinate = 18
mM.

dominently form positive monovalent Fe(I1)(Pic); and neutral Fe(I1)(Pic),
complexes. However, these complexes can be converted to the positively
charged forms when hydrogen ions are supplied by forcing the feed to pass
through the resin bed filled with the strong acid H*-form exchanger. Since
both the converted cationic complexes and free cations are easily adsorbed on
the cation-exchange resin bed, these species can be easily electrodialyzed to
the cathode compartment.

The negatively charged formate and dissociated picolinate present in the so-
lution during the electrodialytic operation will migrate toward the anode com-
partment, but these ions are rejected at the cation-exchange membrane and re-
main in the effluent.
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Permeation of lons through the Nafion Membrane

The simulated decontamination sol ution contains not only monovalent Na*
and H* ions, but also multivalent Fe* and V3" ions. Figure 4 shows that the
concentration of the V"' (Pic)3 complex is approximately 70% at pH 1.7. The
pH value of the effluent discharged from the electrodialyzer is1.7. Therefore,
it is expected that the buffering effect of excess formates contained inherently
in the LOMI waste solution may regulate the level of pH near 1.7, and that
most of the vanadium ions are preferentially permeated in the form of the
V'"'(Pic)s complex instead of as V3" free ion during the electrodialysis op-
eration.

Figures 5 and 6 show the cumulative normalized concentrations of perme-
ated cations for two different catholytes of 1 N and 0.1 N sulfuric acid. The
feed rate isfixed at 2 mL/min, the V/Fe/Pic ratio is 1:08:3 based on V = 6
mM, and the current density is 80 mA/cm?. High concentrations of sulfuric
acid extend the life cycle of the catholyte at a fixed volume. As elution con-
tinues, the concentrations of cations in the catholyte are enriched. The mea-
sured concentrations of vanadium, iron, and sodium in the effluent were 0.18,
0, and 0.81 mM, respectively.

As shown in Fig. 6, the concentration of iron ions (open circles) suddenly
decreased and solid particles of iron hydroxide were recovered by the 0.2-pm
syringe filters, while vanadium and sodium ions remained in the catholyte.

30t -
r —@-— V-ion
25} —()- Fe-ion C 1
@ ; —l- Na-ion /
>
> 20l o) i
= / °
S sl ® -
=
o 1.0+ J
Q
© 05 i
00} g | 1

0 50 100 150 200 250 300
Time (Min)
FIG.5 Variations of cations concentration in catholyte during the electrodialysis of simulated

decontamination solution in the resin-filled electrodiayzer. Feed (V = 6 mM, V/Fe/Pic =
1:0.8:3); catholyte = 1 N H,SO,; feed rate = 2 mL/min; i = 80 mA/cm?.
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FIG. 6 Variationsof cations concentration in catholyte during the electrodialysis of simulated
decontamination solution in the resin-filled electrodiayzer. Feed (V = 6 mM, V/Fe/Pic =
1:0.8:3); catholyte = 0.1 N H,SO,; feed rate = 2 mL/min; i = 80 mA/cm?.

Iron ions were detected in the acidic catholyte before 120 minutes, but they
did not exist in the alkaline samples after 150 minutes. The same phenomena
were also observed for the catholyte at high concentrations of sulfuric acid
(figure not shown).

The pH value of the catholyte was monitored during electrodialysis and is
giveninFig. 7. At theinitial stage, the pH valuewas about 1.3. After 180 min-
utes however, it rapidly increased up to pH 12.3. The increase of catholyte pH
ismainly due to the reduction of hydrogen ion to hydrogen gas at the cathode.
Iron ions which permeate into the catholyte are converted to hydroxide pre-
cipitates at high pH. Therefore, precipitates can be formed by controlling the
initial concentration of hydrogen ionsin the catholyte and by reducing the hy-
drogenionsviatheformation of hydrogen gas at the cathode. It was also found
that the precipitation of iron in the cathode compartment can be self-modu-
lated by shifting the catholyte pH from the acidic to the alkaline state. There-
fore, we propose that such a self-controlled precipitation phenomenon of iron
ions could be applied to the removal of contaminants from the catholyte with-
out any addition of precipitants.

Cations such as vanadium, iron, and sodium ions permeated from the resin
bed (B) to the cathode compartment (C). Here, hydrogen ionsin the catholyte
were continuously consumed as aresult of the electrolytic reduction reaction.
However, since the permeated cations replace the number of charges of the
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FIG.7 Variationsof catholyte pH during the electrodialysis of simulated decontamination so-
[utionintheresin-filled electrodiayzer. Feed (V = 6 mM, V/Fe/Pic = 1:0.8:3); catholyte = 0.1
N H,SO,; feed rate = 2 mL/min; i = 80 mA/cm?.

consumed hydrogen ions, the electroneutrality condition is maintained in the
catholyte. Therefore, the pH of the catholyte was changed from an acidic state
to a neutral state, probably within about 120 minutes. The catholyte pH in-
creases continuously up to 12 since the water electrolysis reaction occurs in
neutral or alkaline medium, and produces hydroxyl ions by Eqg. (3), while a
part of the permeated cations can be electrolytically reduced at the cathode
surface according to Egs. (4) and (5).

A color change of the catholyte was observed as the pH values increased
(see Fig. 7). At pH 2.0 the color of the catholyte was light yellow, and it
changed to dark yellow with increasing pH, became brown at pH 2.8, and be-
came dark brown in the 3.0-7.0 pH range. Finally, the color of the catholyte
became gray above pH 12. We observed suspended fine particles in the
catholyte at this pH region. These observations of color variation confirm that
picolinates exist in the catholyte as aresult of the electrodialysis of metal ions.

Figure 8 shows the electrical conductivity change of a0.1 N sulfuric acid
catholyte. Interestingly, the minimum conductivity of the catholyte was ob-
served near approximately 10 mmho at the greatest pH change region (Fig. 7).
At theinitial and final stages of the electrodialysis, the electrical conductivity
of the catholyte was about 26 mmho. The changes of the electrical conductiv-
ity were expected from the molar conductivity difference of each cation in the
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FIG. 8 Variations of catholyte conductivity during the electrodialysis of the simulated decon-
tamination solution in the resin-filled electrodialyzer. Feed (V = 6 mM, V/Fe/Pic = 1:0.8:3);
catholyte = 0.1 N H,SO,; feed rate = 2 mL/min; i = 80 mA /cm?.

catholyte. At an initial stage, hydrogen and sulfate ions moved in the
catholyte. The molar conductivity of a hydrogen ion is 349.82 cm?
QO t-equiv?, which is 5-9 times greater than those of other cations (19).
Hence, the initial electrical conductivity of the catholyte should be high, but
thisgradually decreases since hydrogen ions at the catholyte are consumed by
the cathode reaction. The number of charge carried by hydrogen ions is re-
placed by those of permeated cations since the electrical neutrality must be
satisfied in the electrochemical systems, i.e.,

ZZJ' Cj =0 (6)
J

Consequently, the electrical conductivity of the catholyte shows a mini-
mum value at the neutralization point. However, it is believed that the electri-
cal conductivity of the catholyte increases gradually as hydroxyl ions are in-
creasingly produced by the water electrolysisreaction in the alkaline medium.
The molar conductivity of hydroxyl ion is 198 cm?-Q~t-equiv?%, which is
about 3-5 times greater than those of other anions (19).

Permeation of Complex lons

The color change of the catholyte with increasing pH was examined by
adding NaOH. Two kinds of catholytes were used: one (actual catholyte) was
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generated from electrodialysis of the simulated decontamination solution us-
ing 1 N sulfuric acid solution as the catholyte, and the other (artificial
catholyte) was prepared as a reference solution having the same composition
of the above-mentioned catholyte in the absence of picolinate. Asthe solution
pH increased, the actual catholyte became dark brown in the 3-5 pH range.
However, no color variations of the reference solution were observed with in-
creasing pH. Therefore, parts of the picolinate contained in the feed are trans-
ported across the cation selective membrane to the cathode compartment in
conjunction with the permeated cations.

In Fig. 4 thedistribution of speciesinthe simulated LOMI decontamination
waste solution with a composition of V = 6 mM and a molar ratio of V3*:
Fe*":Pic :HCOO~ = 1:0.8:3:10 shows that most of the vanadium(I11)—pi-
colinate complexes exist mainly in the form of V"'(Pic),(OH) at pH 4.5 (Fig.
4a), while ferrous—picolinate complexes exist with Fe''(Pic); = 53%,
Fe!' (Pic), = 28%, Fe** free ion = 16%, and Fe''(Pic)s = 3% at pH 4.5
(Fig. 4b). When the simulated LOMI waste solution of pH 4.5 was el ectrodi-
alyzed under the conditions of a current density of 80 mA/cm? and a feed
rate of 2 mL/min, the pH value of the effluent discharged from the electrodi-
alyzer was maintained around 1.6. Therefore, the solution pH within the
resin bed is 1.6 or greater. In the 1.7-1.8 pH range, about 70% of vanadium
ions exists in the form of the V'"'(Pic) complex, and the fraction of Fe**
free ions is about 80%. Therefore, it is believed that cations permeated
across the membrane will be in the form of the V"' (Pic)3 complex and in the
form of Fe®" and Na' free ions, respectively. This is consistent with the
catholyte color at different pH values (Fig. 7) and the concentration variation
of cations in the catholyte (Figs. 5 and 6). In Fig. 6, vanadium ions forming
complexes with picolinate ligands remained even in an alkaline solution
above pH 12, but ferrous ions were not detected since Fe(OH)s precipitates
would be formed in an akaline medium by the oxidation of ferrousionsto fer-
ricionswith air.

In Fig. 9 aplot of the number of charges transferred into the catholyte ver-
sus the amount of electricity passed is shown. Thefilled circle data points are
the number of charges transferred by three cationic species, such as Na™,
Fe*, and V(Pic)3, across the membrane from the midcompartment to the
cathode compartment, and these data points were approximately calculated by
using the data values shown in Fig. 5 for each element. The dashed lineisthe
theoretically calculated number of charges based on the electric current. From
the datain Fig. 9 and the measured concentrations of sodium, iron, and vana-
dium in the effluent, the amount of these cations remaining in the resin could
be estimated as about 1.74 meq, and the values of the current efficiency for the
transport of cations were also calculated. The total value of the current effi-
ciency for the three cations (this value is the ratio of the data point line to the
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FIG. 9 A plot of the number of charges transferred into the catholyte by cations versus the
amount of electricity passed. The filled circles are measured data points, and the dashed line is
the theoretically calculated total number of charges.

dashed line) was approximately 18.7%, which was the summation of the indi-
vidual value of each element. The values of the current efficiency for sodium,
iron, and vanadium were 16.3, 1.6, and 0.8%, respectively.

The permeations of anions across cation-exchange membranes can be
found in the study by Chum et al. (26) who investigated the permeation be-
haviors of some carboxylic acids across cation-exchange membrane by the
concentration gradient. If these acids are converted to their positively charged
cationic forms, then they can permeate through the cation-exchange mem-
brane. Sikdar (27) examined the permeation properties of nine types of car-
boxylic acids by using a Nafion 117 cation-exchange membrane which was
treated with alkaline solution or an acidic form membrane. The diffusion rate
of acetic acid through the cation-exchange membranein acidic form decreases
as the ionization degree of carboxylic acid increases, that isto say, as the pH
increases. He also studied the permeation behaviors of various amino acids,
such as glycin and alanine (28), and found that the permeation tendency of
these amino acids across a Nafion membrane depends greatly on the solution
pH, and that zwitterionic amino acids give different permeation behaviors
with a change of pH. Therefore, it is concluded that anions can permeate
through cation selective membranes when they are converted to their posi-
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tively charged forms by a change of pH or by other methods such as com-
plexation with cations.

CONCLUSIONS

The transport of vanadium(lIl) and iron(ll) ions through the Nafion 117
cation-exchange membrane in the presence of picolinic acid was investigated
by simulating the equilibrium distribution of ionic species asafunction of pH,
and by electrodialyzing the simulated waste solution. The mixture of vana-
dium(l11) and iron(l1) picolinate complexes was tested by using aresin-filled
electrodialyzer.

Based on the distribution calculations of the model reaction systems, it is
believed that at pH 1.6 most of vanadium ions exist predominantly intheform
of the V'"'(Pic™)3 complex, and that this form of complex permeates across
the cation-exchange membrane during electrodialysis. Experimental results,
including variations in color and the cation concentrations of the catholyte,
also support the existence of the vanadium(l11)—picolinate complex. There-
fore, it is concluded that vanadium ions in the simulated waste solution per-
meate through the cation-exchange membrane in aform of its picolinate com-
plex.

Iron ions transferred into the catholyte were converted to their hydroxide
precipitates at the high pH condition as aresult of the reduction of hydrogen
ions and the production of OH™ ions by water electrolysis at the cathode. It
was also found that the in-situ precipitation of ironinthe electrodialyzer could
be self-modulated by shifting the catholyte pH from the acidic to the alkaline
state during electrodialysis operation. Therefore, such a self-controlled pre-
cipitation phenomenon of iron ions could be applied to the removal of con-
taminants from the catholyte.
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