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THE CHEMICAL BEHVIOR OF ACIDIFIEU CHROMIUM (III) SOLUTIONS

INTRODUCTION
A unique cnergy-storage system has beesn developed at NASA'S
Lewis Research Center called REDOX. This NASA-REIDX system 1s an
el ctrochemical storage device tha; utilizes the oxidation and reduction
of two fully soluble redox couples for charging and dischargirg. The
redox couples now belng investigated are acidified chloride solutions of
chromium (Cr’Z/Crfj) and iron (Fe*z/Fe+3). Figure 1 shows the system in
its simplest form.9
The basic flow cell consists of two porous carbon-felt électrodes
separated by a sheet of membrane material. The membrane is a highly
selective ion exchange membrane. It ic engineered to dlmost completely
prohibit the passage of iron and chromium ions but allow e¢asy passage
of chloride and hydrogen ions (fig. 2)‘9 [n the development of the
electrodes, it was found that the rates of oxidation and reduction of
ferrous and ferric ions were rapid enough that a catalyst was not needed.
However, the chromium side did require u catalyst, Therefore, gold
and lead were added to the chromium electrode, The lead has long
been knowr as an effective catalyst for reduciion of Crfj. The prasencé
of small amounts of gold are needed to provide a surface on which the
lead plates during charging.7

The REDOX solutions are pumped through the porous electrodes.’
As the system 1s being charged, the chromium solution is mostly chromic
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ion, and the iron solution is mostly ferrous ion. During discharge,
chloride ions move from the cathode compartment to the anode compartment
while hydrogen ions move in the opposite direction. The discharge process
is symmariged as follows:

Cf+3 + e
+2

At ancde: Cr+2

At cathode: Fa'd + ¢

Fe

As discharge continues, there comes a point as in any battery
where recharging is necessary, fhcrefore, to recharge, a power supply
is connected to the terminals, and the reverse clectrochemical reactions
occur.9

This REDOX energy storage system has some significant potential
uses. For utilities, it could provide electric power companies with an
efficient means of load levelling; that is, the storing of thousands of
kilowatt~hours of eneréy during low demand periods for use later during
periods of maximum power consumption. Also, REDOX systems could help
Lo speéd up the growth of solar electric (photovoltaic) and wind-energy
systems where the cost of electrical storiye has important considerations.
Storage is necessary when the sun is not shining or the wind not blowing.5

The fully functioning system has had some minor problems. One
is that in the chromium side small amounts of hydrogen gas are evolved.
This can reduce the efficlency of the system by one to two percent each
discharge cycle if uncorrected. However, this gas has been fcund to
be easily captured and recombined with the iron reactant in a special
rebalancing cell built into the system.5

The second protlem involves differcnces in the open circuit

veltage and rates of charge and discharre, [t has been noticed that
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color changes occur during the charge and discharge cycles. It is also
evidenced by open circuit voltage versus depth of discharge plots.
Distinctive differences in the colors of the chromium solutions, the open
circuit voltages and rates of charge or discharge are observed at the
same state-of-charge depending on whether the cell is in the charge
mode or the discharge mode (fig. 4). It thergfore appears that the
chromium solution involves several complex ion specles, Research was
carried on to determine tne identity of these chromium species and lo
investigate the mochaniums of the oxidiation and reduction reacticn at
the chromium electmdes.3

In a previous study, the redcticns at the chromium electrode
vere followed spec@rophotometx‘cally. A single cell was taken through
two charge-discharge cycles, and a one millimeter flow-cell was connected
to the RELOX cell and blaced in a spectrophotometer. The spectrum was
iecerder at selected states of charce from 350 nm to 1000 nm, A look
at the spectra showed two broad bands with @ axima at 410-430 nm and
575-610 nm,

A literature search indicated the following complex ions could

exist in acidified chromium chloride solutions,

Complex Maxima

c:-(HzO)é*} W7 nm 575 nm

Cr(H“,lC))jb(ll*2 430 nm 605 nm
+1 .

Cr(HZO)QCI2 450 nm 635 nm

The spectral peaks were tnus recolved into component peaks using a
DuPont 310 Curve Resolver {fig. 5).

The data clearly showed that oxidalicn ind reduction Loth

oy w ;-a‘r\ N :\e‘q " St
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e }
involved Cr(H20)501+“. The charging proce:s in which Cr+3 is reduced

involves reduction of Cr(H,0) 5c1"2

indicated by a marked decrease in
the concentration of Cr(Hzp)6+3. The discharge process alse involves
Cr(H20)5C1+2 in which Cr'2 is oxidized to cr'd. This reaction:
Cx{H,0) 5c:fz + &7 —— Cr(H,0) 501*1

is reversible and occurs through a c:..toride-bridged, inner sphere pathway
as demonstrated by Alrx'.-:on.l+

Because the spectrophotometiic studies involved resolving the
composite peaks into the component peaks it seemed Jjudicious to see if
the complex ions present in cell solutions could be separated and
identified,
EXPERIMENTAL

A literature search indicated that thrce complex ions could
be expe:ted to be in aéueous solutions of acidified chromicchloride,
The three complex ions art hexaaquochromium (I1I), chloropentaaquochromium
(III).'und trans-dichlorotetraaquochromium (I1I1). Figures six and
seven show their structures,

Robert J. Angelici has prepared and separated the complexes
using ion-exchange chromatography. The column used was prepared with a
Dowex SOW-XB, cation exchange resin, S0 100 mesh, H+ form (fig. 8).
A buret approximately sixty centimeters long and one centimeter in diameter
was plugged with glass wool and thtn filled to fifly centimeters with
a slurry of the Dowex rcsin.1

AlLN CrCl.B' 6H20 solution was made by dissolving 26,6434 grams
in 100 milliliters of 0.002 M HCLO,. The first complex to be prepared

and separnted was the ‘rans-dichlorotetraupiochromium (II11), Five

ot
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milliliters of the 1 M CrCly’ 61,0 solution was transferred directly

to the resin column. The solution was druined to resin level and then
0.1 M chl& was added continuously using i syphon. The elutant was
allowed to flow about one drop per second. The progress of the green-
colored solrtion was fclowed down the column and was collected at its
most intensely colored portion (tible ). Thg visible spectra was run
and maximum absorption peaks were obtained at 450 nm and 635 nm (fig. 9).
The chloropentaaquochromium (111) was prepared by warming ten
milliliters of the 1 M CrClj‘ 6H20 solution in a water bath at fifty-
five degrees celsius for a minute and a half, It was then diluted with

ten milliliters of distilled water and transferred directly to a fresh

resin column, The solution was drained to resin level and 0.1 M chl&

#as syphoned onto the column to elute out the unreacted Ct(Hzo)“Clz'-l.
This was followed down the column and collected. Then 1.0 M HCID,}

was passed through the column to clut.e‘ the Cr(HZO)SCI*z. This solution
was also green, and its progress was casily followed down the éolum
and collected at its most intensely colored portion (table 2). The
spectra of this solution showed maximum abusorption peaks at 430 nm and
605 nm (fig. 10).

The last complex, hex:a:quochromium (iIl), was prepared also
using the same 1 M CrClj' 6!120 in 0.002 M HCIOu. Ten milliliters was '
diluted with ten milliliter: of distilled witer and then boiled for five
minutes., Ten more milliliters of distilled water was added and the
resulting solution transferred to a fresh resin column. Again the sol-
ution was drained to resin level, The 1.0 M HCID“ was added first to

elute off any unrecacted Cr(HZO)l&C12+1 or C,.("'?o)s 011'2. Finally 3.0 M
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CrCrg - 6i1,0 D1SSOLVED N 0.002M HCLO,
ELutep with 0.2M HCLOy

ViSIBLE SPECTRA

Maxina U450 nM 635 NM

TABLE 1
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CrO0I))cCL*2
CrCLz * 6ily0 DissoLveo tn 0.002M HCLOy
WARMED 1% MINUTES IN 550C WATER BATH
ELuvep witn 1.0 H HCLUy
VISIBLE SPECIRA

Maxima 430 am , 605 wm.

TABLE 2
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HCLO,, was added to elute the Cr(H20)6+3. This solution was a distinet
blue color in contrast to the other specics which were green. Thisg,
too, was collected at its most intensely colored portion and the spectra
obtained (table 3). The maximum absorption peaks were obtained at 407 nm
and 575 nn (fig. 11).}

It should be noted that the absorption peaks obtained were
identical to those found by Thomas W, Swaddle, Edward L. King.aand
Philip J. Elving in their preparu;ion and identification of these com=-
plexes.2 i

The acidified CrCl3 solution used in the NASA-REDOX cell was

analyzed to determine the identity of the comple: ions present. The

tell solution was prepzred by dissolving 26.5896 grams of CrC13' 6H20

in 100 milliliters of 1 M HCL. Ten milliliters was pipetted directly
into a fresh resin coiumn. The sample was first eluted with 0.1 M
HCLDQ, The gresn-colored solution was collected until the fraction

was cicar. Twenty-five milliliters werc collected. The next elution was
with 1.0 M HCUD“. Again, a green-colored :olution was collected until
the column fraction was clear. This time 195 milliliters was collected.
Lastly, 3.0 M HCLDQ_ eluted off 172 milliliters of a blue~colored solu-
tion. The spectia of fractions were oblained using the Bausch and Lomb
Spectronic 20. The spectra of the first fraction showed maximum ab-
sorption peaks .:t 430 nm and 605 nm. The second fraction had absorption
peaks also 2t 430 nm and 605 nm. The last fraction had maximum ab-
sorption peaks at 407 nm and 575 nm, characteristic of the CI(H20)6+3.
From these spectra it can be concluded that no Cr(Hzo)sz+1 was present

in the cell solution, and only Cr(HZO)SCI+2 and Cr(H20)6+3 existed (table 4).
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CR(OHZ)G
CrCL3 < 6H,0 DissoLven In 0,002M HCLO,,

Bo1LED FOR 5 MINuTES
ELutep with 3.0M lCLO,,

VisiBLE SPECTRA

Maxima 407 aw , 575 NM.,

TABLE 3
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CELL SOLUTION

IM CrCiz = 6Hy0 v 1M HCL
ELuTion wira 0.1M ﬁCan

SPECTRA MAXIMA U430 nm , 605 nm
Ecutton with 1.0M HCLOy,

SPECTRA MAXIMA 430 nm , 605 wm
ELution with 3.0M HCLO,

SPECTRA Maxima 407 wm , 575 nm
CRCLOI) ' 2/CrE0I) 6

4,3:1 (2 wrs.); 1.2:1 (9 pavs)

TABLE 4

P
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Next, the cell solution which had been run through two charge-
discharge cycles was analyzed to identify the ions present.

A solution of 1 M CxClB' 6!!20 wius prepared by dissolving 133.3326
grams in 500 milliliters of 1 M HCL. This colution was then placed in
the battery and run through two charge-discharge cyclez at .32 amps.
Immediately upon the second discharge, tlen milliliters was pire*‘ed
out and transferred directly to a fresh resin column. Again nn
began with 0.1 M HCLOQ followed by 1.0 M ncwu and 3.0 M HCIo“. Inirty
milliliters, 257 milliliters, and 380 milliliters respectively werc
collected, Three solutions were collected and the spectra obtained
using the Spectronic 20. The first two solutions again had the same
maximum absorption peaks at 430 nm and £05 nm characteristic of the
Cr(HZO) 5Cl"‘z. The last fraction again had maximum absorption peaks at
407 nm and $75 nm showing the presence of Cr(H20)6+3 (table 5). This
procedure using the solution from the two charge-discharge cycles was
perforrﬁed twice. Data obtained coincided s far as the species present
was concerned. The ratio of the two comp'exes differed slightly (table §5),
Another difference between the two trials is that the first procedure re-~
sulted in some dimers formed and remiining in the column. No dimers were

present the second time,

The data clearly shows that the three complex ions, trans-
dichlorotetraaquochromium (I111), chloropentisuochromium (I1I), and
hexaaquochromium (I11) have been prepared, separated using
ion exchange chromatography, and identified spetrcnhotometricnliy, In

\!

the original cell solution, Cr(H.,O),}C]*R‘ aund 'IrQHZO)(*3 have been

e ettt Amtmin, s
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CELL SOLUTION AFTER 2 CHARGE-DISCHARGE CYCLES
(.32 amMPs) '

IM CaCLz - GHy0 v IM HOL

A, Erutron witn 9,1 HCLO,

C aemm—

SPECTRA MAXIMA 430 nm , 605 N
B, truvion wive 1.OM HICLO,

SPeCTRA MAXIMA U350 nm , 605 M
C. Erutton with 3.0M HCLO,

SPECTRA MAXIMA 407 M , 575 nM

D. (RO I/CRELIOIN ™ 2.4:1 (2 wes.)

TABLE 5
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identified as the principle chromium species with Cr(h20)501+2 pre-
dominating (table 4). In the cell soluticn wlies two charge-discharge
cycles, the principle species were Cr(HZO)S(n+2 and Cr(H20)6+3 with
Cr:(HZO)(;3 the predomirating species (table 5). This data correlates
with the resolved peaks collected earlier.

The experirent with the cell solution after two charge-discharge
cycles was performed twice. The first time a dimer was formed in the
coluan; however, the second time no dimer was found. Why the dimer was
formed the first time and not the second is not known and should be the

subject of further study.
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