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INTRODUCTION

In the development of the NASA Redox Energy Storage
System, the electrical storage efficiency has been low
due to the complex chemical reaction of the chromium II
and IIl species. This paper describes several studies
dealing with the processes occurring at the catalyzed
carbon electrode during the charging and discharging of the
system.

The Redox Energy Storage System is an electrochemical
device that employs the oxidation and reduction of two
soluble redox couples for charging and discharging. In a
Redox flow cell there are éwo active electrolyte solutions
separated by a highly selective ion exchange membrane
(fig. 1) (1). Each electrode consists of porous carbon felt,
a few millimeters in width. On the chromium side, the
carbon felt is catalyzed by trace amounts of gold and lead
because the rate of reduction of Cr(III) to Cr(II) is slow
on most surfaces (4,5, and 7). This catalyst also improves
the cell discharge rate. On the iron side no catalyst is
needed (1).

In the aqueous chromic chloride, the comyiex ions,

+2
Cr(ﬂ20)5Cl

and Cr(H20)4C12+, exist in equilibrium with
Cr(H20)6+3 (3). Depending on whether the cell is being
charged or discharged, there are distinctive differences
observed at the same state of charge in the chror ium solu-

tions (9). In fig. 2 the complete charge cycle is observed
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using open-circuit voltage behavior. Above 50 percent
state-of-charge, the charging rate decreases caonsiderably.

Cr(Hy0).*3 and Cr1,0),C1*2 nave been identified as
the predominant Cr(IIl) species present in the acidified
CrCl3 solutions of the NASA Redox System and are shown in
figure 3 (1,6 and 8). The reactions occurring at the
catalyzed carbon felt electrode during charge-discharge
cycles have been followed spectrophotometrically and
potentiometrically (1). Figure 4 is a typical spectrum
and figure 5 shows the emf data plotted versus the ratios
of Cr(I1) to Cr(IIl) calculated from the spectra using

Beer's Law.

The concentration of Cr(H20)5C1+2

is found to decrease
much more rapidly with the increasing state-of-charge

than does the concentration of Cr(H20)6+3
2

, indicating that
Cr(H20)5C1+ is predominantly reduced during the charging

cycle (1). There is a rapid rise in Cr(HZO)SCI+2 concentra-
tion, and a slow rise in the concentration of Cr(H20)6+3,
as discharge takes place. Electrode potential data also

2 is the primary electroactive

indicates that Cr(520)5c1+
species. This can be explained as the reduction of
Cr(H20)5C1+2 via an inner-sphere chloride-bridged electrode
reaction and the oxidation of Cr(H20)5C1+ via an inner-
sphere chloride-bridged electrode reaction shown in fig. 7

(1). There is also a slowly attained equilibrium between

+3 . +2
Cr(HZO)6 and Cx(H20)5C1 .
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The spectra was analyzed using aw[)um g‘fm”e
resolver and the visible spectra of the complex ions
present in the solution which are shown in figure 6 (1).

The Frank-Condon principle, which states that the
motions of heavy atoms are negligibly slow with respect tc
the rapid motions of electrons dictates that the atomic
geometry of Cr(H20)5C1+2 during reduction should remain
the same as well as the‘Cr(II) species during oxidation (4).
The reaction pathway determined at a dropping mercury
electrode and a catalyzed carbon electrode found the com-
plexes Cr(H,0)5C1"% and Cr(H,0)4"> to be involved in the
oxidation and reduction reactions (1). The electrode

2

potential data shows that Cr(H20)5C1+ and Cr+2 obey the

Nernst equation in the discharge mode and in the charge

+2
mode. Cr(HZO)SCI

and Cr(H20)5C1+ appear to be the electro-
active species. This activity can be explainec by the

unique atomic structure (octahedral) as well as the high
activity of the chloride ion. The chloride ion forms a
bridged inner-sphere pathway which is much more active

than the H20 pathway on the Cr(320)6+3 (7). The ligands

in the reactant's primary coordination sphere penetrate

the layer of solvent molecules and ions specifically
coordinated to the electrode surface. Thus, the crystal
field that stabilized the octahedral Cr(H20)501+2 is

overcome. Reduction can now occur in the charge mode

because the energy of activation is lowered.
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The goal of this research was to analyze the visible
spectra of acidified chromic chloride solutions using
curve resolving techniques previously developed, to develop
new computer techniques to analyze the spectra, and compare
the resolts of the two methods. This comparison will be
helpful in assessing the validity of using curve resolving
techniques in previous studies and in carrying out future
studies on the temperature dependence of chromium (III)

complex concentrations.

EXPERIMENTAL PROCEDURES AND CALCULATIONS

3 31n

2N HC1 were placed in 25°C, 40°c, 55°C, and 69.5°C water

Solutions of 1M CrCl, in 1N HC1l and 1M CrCl
baths and the spectra recorded after 2, 4, ¢, and 24
hours to detect any equilibrium changes in solution ( 3).
Two samples were used, one 10ml and the other 25ml.

Analysis of the spectral data (figures 8-14) were
first curved out with the Dupont 310 curve resolver. To
resolve overlapping peaks, the instrument generates a
series of component peaks and synthesizes a sum curve match-
ing the original data. The resolver generates, on each
of its function channels, peak shapes corresponding to
many distributions. Since the visible spectrophotometer
gives Guassian curve functions, the 310's individual peak
parameters of height, width, and horizontal position are
independently varied to fit this distribution, The data

obtained from the specivophotometer are displayed in some

“.
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type of X-Y readout with the peak overlap occurring on the

X-axis. For example, the Guassian function is illustrated

in the figure below with important parameters shown;:
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WIDTH AT HALF HEIGHT
HEIGHT

¥

TYPICAL DISTRIBUTION FUNCTION

The analog computer in the 310 adds the individual
distribution functions together algebraically, and compares
the resulting envelope with the actual experimental data.
When resolving overlapping curve envelopes into their
individual component curves, the 310 comes to within
1 percent (DuPont 310 Curve Resolver Manual, 1968).

The experimenter fits each curve to his satisfaction

hy varying each parameter independently. This can be
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achieved by viewing each component on the screen individually
and making appropriate adjustments. When every component
is combined on the screen, the readout should fit the
total curve envelope.
When resolving each curve, data previously obtained
from the spectra of the individual components was used.
The maxima of the absorption of Cr(H20)501+2 are 605 and
430, and Cr(H20)6+3 are 575 and 407. The molar absorptivity

2

ratios of Cr(H,0)5C1"? and the Cr(H20)6+3 are 0.824 liter

1 and 0.863 liter mol lem™! respectively. Thus,

mo1~lem™
the peaks were positioned and the heights determined
according to the ratio of the molar absorptivities.
Figures 8-14 show the spectra resolved into the Cr(H20)6+3
and Cr(H,0)5C1*2 peaks.

The calculation of the concentrations of the'complexes

utilize Beer's Law:

A = abc or ¢ = A/ab

A = absorbance

a = molar absorptivity (liter mol-lcm-l)
b = width of sample cell (cm)

¢ = concentration of sample (mol liter‘l)

The molar absorptivities of the individual species
were calculated at arbitrary wavelengths from the spectra
+ 2
of Cr(H20)6 3 and Cr(H20)5CI+’. The complex ions were

prepared according to a procedure by Angelici and chromium )

.
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concentrations determined by alkaline peroxide oxidation

to chromate (9).

A computer program was developed to calculate the
concentrations of the chromium (I1II) complexes from cal-
culated molar absorptivities and is given in table 1.
Absorbance values were obtained from the acidified chromium
(II1) solutions spectra. dsing Beer's Law each set of
data is compared against the other, giving a total of 45
possible combinations. These simultaneous equations are

used to solve for the concentrations:

Ay T 214010 * 29pP%p

Ag = agpPaty * 372%

A1 = absorbance at first wavelength

A2 = absorbance at second wavelength

4y = molar absorptivity at first wavelength of Cr(320)6+3+2
ap = molar absorptivity at first wavelength of Cr(H20)501
a2p = molar absorptivity at second wavelength of Cr(H20)501+2
2o = molar absorptivity at second wavelength of Cr(H20)6+3
b1 = b2 = cell width usead

cH = concentration of Cr(H20)6+3

p = concentration of Cr(H20)5C1+2

To avoid extremely erroneous values, a retaining sub-
program was added. After the 45 concentration values are
averaged, the sub-program is activated. Values greater than
the average by an arbitrarily chosen retaining percentage

are expelled. The final concentration value is then cal-
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culated from this new set of data.

To ensure the reliability of each of these methods,
their concentrations must be compared. Since the peaks of
the spectra relay the most accurate data, we chose these
as our data points. For example, from spectra #82 we can

calculate the concentration of each species as follows:

PENTA COMPLEX:

First Peak -

a = 17.8 liter mol'lcm'

A = 0.897
b = 0.1lcm

1

A/ab = 0.897, 17.8liter/mol” tcm™1)(0.1lcm)
0.5039 mol/liter

c

Second Peak -

a = 21.6 liter mol™

A = 1.040
b = 0.1cm

lcm"1 )

c = A/ab = 1.040/(21.6 liter/mol tem™1)(0.1cm)
0.4815 mol/liter :
average = 0.4927 mol/liter

2

Computed value for concentration of Cr(H,,O),‘Cl+ = (0.6207
mol/liter ' © ¥

Percent difference = 0.6207-0.4927/0.4927 x 100

25.9 percent

HEXA COMPLEX:

First Peak -

a = 13.9 liter mul_lcru-1

A = 0.597

Hh = 0.1lcm

¢ = A/ab = 0.597/(13.9 liter mol” Yem™ 1)(0.1lcm)

= (0.4295 mol/liter

PR K R e
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a = 16.1 liter mol Yem~!
A= 0.706
b= 0.1cm

A/ab = 0.706/(16.1 liter mol-lcm-l)(o.lcm)
= 0.4385 mol/liter
Average = 0.4340 mol/liter

Computed value for concentration of Cr(HZO)G+
mol/liter

Percent difference = .4340-0.3363/.4340 x 100 = 2.5 percent

(o]
(]

3 - 0.3363

ULTS AND DISCUSSION
Results obtained from the computer and curve resolver
shown in tables 2 and 3. 1In table 2, two sets of data
given at different retaining values for each spectrum.
differences in concentrations appear to be minimal with
exception of spectra #43. In other cases, the number
equations used in the computation of concentrations
ain constant regardless of the retaining value. Spectrn
and 86 illustrate this behavior. This problem could
y well be caused by low concentrations of Cr(llzo)e*3

the other hand, the curve resolver appears to have

en more accurate data. Curve resolve data used in a

similar study of chromium (III) complexes agrecs with

the
Aqu

Ste

accepted values ("Spectrophotometric Analysis of
eous Mixtures of Some Chromium (III) Complexes", Greg

vens, May, 19%3).
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CONCLUSION

Table 4 compares the concentrations of the two methods.
Tae discrepancy between these concentrations could have
resulted from several factions. First of all, the tempera-
ture equilibrium data itself appears to be unreliable.
Secondly, the computer analysis is inconsistant in its
treatment of the data. Thc program may be unable to handle
low concentrations of either species. Also, the selection
of analytical waveleagths may have been poor. Consequently,
it is desirable to chose wavelengths where one component
absorbs strongly and the other weakly, or vice versa (2).
The sharp slopeof the curve analyzed could have also caused
some discrepancy by giving inaccurate absorbance and wave-
length readings. The curve resolver could have also added
tc this error. Since there are three variables for each
of the four component curves, the probability that cne
can it each curve perfectly remains quite low. As a
result, we find that the computer analysis is not applicable

to the data available.

Y

i




e e A st

————

Vi

11

=== SdWNd- - - - ~_

e NOI1D3S NOISY3IANOD ¥IMOJ o

Or— “m— )

AR n+£ 'N+Q& N....-U'OO + M..\_Q

39UVHD J94VHD

INvESWIW 35300420713

JAMLINIS —- 143N
243 -9 + ¢ 24 d) =510

PAGE 1§
QUALITY

mawosia LY TU ] ouwasio
—~
a ®

aind
JAOHLYD

ORIGINAL
OF POOR

—

1d3IN0) XOG34-YSYN 40 NOTLV43d0 40 31dIIN1¥d

-1

BCH LD K




-

12

B
TR

ANIINI] ‘I94VH)-40-31VLS

{14 05 L4

4 ' A

OF POOR QUALITY

ORIGINAL PAGE IS

L T NP AP

vI4y 3INvNEWIY

/M S9°0 = TUNTOA INVIIVIY

L9/S4WY 07 - ANI¥UN) ONIOBVH)

39uvHISI(

71730 X003y WNIWOYHI/NOYI 40 SISIYILSAH J9VLIT0A LINIY1I-N3dO

- 0°1

SLI0A “39VLT0A 11NJ¥1)-N3d)

-2 ‘JHUNOId

e



13

PRI (T

SNOI

2,1950%H))

R

xuqm:ou (1IDY)  -¢ -4uno14

e -




WN CHENTD AVA

14

| . Wo't = [g449) WioL

2 $31973dS N.vcu ereccscccness.
m no@S«:Zu - ——
~¢._um8N.=¢u - — -
NveyosEy oL

o1

NOILMIOS XOad¥ WNIROYHD 4O KNY¥LIDAAS

001

-p "JYNO14

B -




15

$31234S (111)¥) 1NI¥ISIIQ OL (11)¥) 40 OlLvy

or 0't ‘0
habomdad e 4 b-.». A A A —P--.- I Nm.On
59 HN+—UmAcN:vLu“_\HN#.—U“_ (o) -5 N-
9
921 0%H)42)/
L, (0°H)4 H. [,] O 0
=
911 —33_..?..3\5...6“_ v w\.A.v
(2]
. ~
2peaop/hm Sabols aN3931 o5-0- 3
=
2] —03°0-
"
23
-]
28 0+0-
Es

SNOILNTOS XOddu
KN1KROUHD NI NOILVNDA ISNYAN JO LSAL

S31ANLS IIYLIWOIINTLIOd -S "@yno1d

e, o



g -
\:.-\ T

1

.m

¢

W ‘HEONTY 3AYM
e I

l“ on. ' 'o .o.o.\ o‘ .-. , ’
i 2 I $ / ! \ ./.
- : / [ ZA! / \
... ' c’ ... \o\ ... / /.
- m ' ‘ J // /.
: o.\u\x.a £1)5LS ... Y
- (8° L1 509¢ " \.. .
. ... : (gt .0¢F
- .... - /!\\
: : N TS AL
I M m m .
. M{% .N %
“ (6°£2)5¢9

(6°Lz)ocy

SNO! X31dW0I HNILIOYHI 30 Y313

u&m NQ-U 8800800808800
n_SNES coeme e
. 5500y o= =
Su.:onzvcu cessanes

(TECER

-9 "HHNOId

nvayosay

8! 3oy,

Al

91

°®



R R

SWSINVHIIW NOILIV3Y 30041I313 -+ -

~

X, S0-833(0%H) ¢,

2:20%)¥)-1)

JYnn13



e
T

L S

Leten pt
¥

e

*  TABLE. 1- 18

« A 3
10 oz- RESIPAM P GETESMINT IARIZHTRsTIOME B L ComBunrre

X rem TH #2ITUSE BB Luen 1T BHEITEGGLAPY TATY

ol BEm

.o BE= By GREG SYEUVENE 22

22 egm

0 ENE T2 TS e STER @r:IET Q. QgnEnt

L~ FOP Yal) T4 L1IVCLT e tMEVY

ST OENE Tan T I@EET. 07 ) raEeT

2% TOL {9127 T @ EVES -12SET L. 0T

= BRINTIIET. CDETERINATION OF QONIENTRATIONE (F “wi EPEIIEE [h«»
A PRINCEIIGCEMUTION USING U-V1§ SREITACGCOPY DATa:

£ EF Txy TC JOARiMCT

283

PRINTROLA, *HIT ANV KEY T CONTINES
JeeinnEVE:IF 290" THEN 80 ELSE O

s '

!se LPR]N?‘Q...Q...00..0000.00.000000‘0OOQOGQOOOOODOQOQOCOOOOQ‘
0 LeRINT v
L0 LERINTY  DETESMINATI W OF CONCENTRL™ CNE OF T SPELIES:

sec

LORIN™e
LBRINTY. -
O IN T 2 0000 0000000000000000R080000000aBitattssttitsnsassonns”
LPCIPT s RTiyTs =

Pkl ":- "

I SOULUTION USING W\ I8 SPETTRRCOPY Davar

20
FE= INCST Dave
-
&

N me e aEm

.
i
s ent €. Toa3THE,
C e LI B I e IaDe.eefZe_oamrlizilo.eoloai ol

e J2t <.t

DUITCENTED AZCUREALIE 2T oW
INEUT pel

DRINT

PRINT"ENTES »uLak AERSOFETIVITY (F SIRET-
PRINT " COMOONENT AT WAVELENGTH" tW(I)

INPUT meT. i

PRINT"

PRINT EMTER L AR APSCORETIVITY 0T SECOND®
BRINTCCOMPONERT £7 WAVELERGTH" 1W(])

INPYY M7l

CELENETH W

BEINT

ORINTFEITER THE JELL WITH USED 1IN O
INPUT B

ot

PRINTFLEASE walT"

rEYT 1

REM PRINTED ITRUT oF DaTa

LORINT KAVELENSTY « "ABSHREANCE " s “M 4% ABSORETIVIYY 1.2,
LOGINT CELL WIDYW"

LepINT -

cemy, voe"

[ L0428 10

“gpzou, o

€MF I=t T2

LPEINT TaB et Wl

SPEINY Tap. 16 ILPEINT USING FSta' 2. "
LEFINT Tef 2T O HIORIFY O JSING G#tmr I
SERINT TaP o LPRINT USRI S8 .00

Y

LPRINT .

LPRIMT T IND Me:E(]

NE'T I .
agw OMEUTAT TNG

Q..
gl

t el sFabw

B CXN
a1 E TU T

. !il !E!
gi! .




(PPN S

TR

M T AP

Lo F n._;:-_—,,"g;‘;;-f;f £ S b e M et TSN e e B
- s [
- TABLs. 1-(con't 10
ERE SriaJo e ter Solen Treml. o AR AL AL BEE AL LAREEE oL el LA LR A
BT L el wm s Qs L lean LIS [T SN ST L RS S S L il
re
i

3

Iy
Bl rar 1yt
Y,

ty:

DAL Mnrar

Tig e

Tof teren

I I® LaiPer s THEL OSC

P

T - ORIGINAL
AN or PAGE B
bR R SR TR T L R o vy m m
SEC er T vet B0 1AM

e JtuUr 20

e agr BEINT DUTPUT CONCENTRATIONS

DO LBPINTS St BRINTe

BI® LORINTSTME CONCENTRATION OF THE FIRET SPECIES 18°: Vi nMOLAR®

82€ _ORINT" ¢

BIF LORIMTTHE CONCENTRATION OF “HE SECOND SPECIES [E-tviomiLa®e

LI LBEINTY L1 EOINTY -

Bal LPRINTFICSTY SPEIIEE STANDARD DEVIATION 1€ * 1L PRINT USING FeiF

gg ;:;3$'S§CM SPECIER STANDARD DEVIATION IS “t: BRINT ING Se:F ¢

Gef LPRINT®FIRST SPRIIES RELATIVE AVERASE DEVIATION I& =31 PRINT U812 3¥-8 -
870 L_PPINT SECONT SPECIES RELATIVE AVERASE DEVIATION 1€ s g @RieT EINg C3-2 -
EOR REF  PRIN™ OUT (OMOUTED CONCENTRATIONE AND TMEIN

261 2EM  STANDART DEVIATION AND RELATIVE AVERAGE DEVIATION

oR® LPFINT® “: PRINT® °

0L LORINT® “*DATA L PRINT® ~

G108 LBRINTOCONRIENTRATIG #3° *SONCENTRATI N g2

@1 LPRINT
10 e

W FOE = Tr g
1830 FAe a4 v 2
Q6D LRETLT £ o0,
18e 12enTe

2 (etrE Tolvletnod el
Sl 1eSE

-
.
a

-
.
-
-
.
-
.
o
.

1
w

* ’ o

TS ET LaImTnoiel egnoL.. B
AR TR XN RIS Y A3 Rl ST EAY
LI RAD LesteRAlLe D AARD L0 s
pRetot N 7 20 Iagiths <
IZIQ VA LN
I32C TR v =Dl TREN 114D -
2 e T L
134T LBPRINTY i (PCINTOTHERE SERECtNI:CTATAL PAIRE NF INNIENTRATIAN [ warsr oocne -:
134T Nlshy o &
1T N I THEN wel. ¥

IT WD THEY MeD -
viexyilmy

T I y=ff % vef TUEN Xm)ivs!
1240 FOI V=SR2t /N e, 8

1270 31 -2iRAD/ Ly st el )oY Jel100
1CB8C FI2MeEDMZ D SIN-T) )0 S
T2 GIINEISALITL SIS =l VeV 81080
LIS NeND

182 ymy oYYl -
1208 LPRINTS S PEINTS *
J300 LOBINT TUERE WEOES tMicCIMU_TAMELUE EAUsTIouE UGEL ThE THE CrnsEnTEeTI o LETEDw ot
131@ LeeInTs -
S30 LPEINTTATAL STANDARD DEI4™INM FuR FIRETY SOIZIEC 0 »o: ORIsT 3219 407
1IIC LPEINTIT ToL STANDAOT CEVIATION B0F SEL KD EIETIED IE "rilO®INS UETNT 3peF _ v
1248 LPRILTS - 2
1388 LBRINT T TAL RELATIVE AVESAGE DEVIATION F°F SIAST SOETISE 1€ - rif5 «° _I1°D 1#e7 soep tr o tics
1360 LPRINTITOTAL RELATIVE AVERAGE DEVIATIrw: Fn& SECONT SPECIEE [ *-: TR°v 359 . [ 1 -1~ = e
1600 INPUTDT YOU WANT TO 8UN THE PRAGRAF AGAIN (1 YES CF NGty S
1410 IF I8r"vES* THEN LPRINT CuWRgr 1) 3GOTHE -
te1® CLE R
1622 FOF 1ma6TH8EISET (1. 1@ sNEXT :
1838 BAP 1w1QT 15 8EY 68, [ INEYT o
104@ FOP 12LBTres ETEP ~1:88T11,1%,tNEY” a
143@ FOP [=15TH1C STED =):15€T eg. 2 INEYT ! K
14¢0 IF 28 Nt OPINTRIEO0. *THAMM VOUT: ELGE DRINTILED- *THY AGAINS*
1470 BOINTaROL. "~ ° e
TuPP SOF e TOICROINENY R4
1890 (F28=-nun- THEN 900C ELSE !e0C 4,
o
5
»
£
A
5&;‘
K
T
o . s N . - LR . T - e - e - e b PP T &



i
i
i
i
|

v.n SEETE

Ra

——— M ot B W

" TABLE. 1-(con't) , 20

e
soer
by ST
20X
by

Rl NS

e &
-t

ene
2t
Py o
2ese
gt
=108
21
2
Sis
2188
<13e
b3 ¥ -
S
J1%e
S142
2:7¢

.
-

L
449
aCst
“e7n
(oA
agep

L}
4183
4130
e
[ 39
LY
L3314
9

b -

BEm  LIMNER 2P00-ZIE0 BUIMLNATE SPROaRO0f JONCEMITEI STon LS

Led

raltnPr et SR

€l 'my T E

ej‘p ‘l" !(’. :

Sl Llerer s My At T % L)
(IR 1204

Dred-l Be00d

Elw€le 1l 002

1T LeG THEN GCSJE J£0C
(27008 SN

[ 13

IF te=(Dal: THEN 2183
NEXY !

KIwdy

IF Ne@ THEN Nei

ye§i/n

YeS2 /N

NaNg

YRINY/ Yo 10008¢.5 / 10008
YeINT:Ve12600+.2) /10000
Letel

IF L=i@ THEr J:90

[T gl 314

PETURN

1] mweur INE

CLEAP 4o

INPUT *ENTET THE YYTLE: *:7s
LPRINT T¢

LPRINT® “t_ SRINT" *

§OT¢ 1€ .
RE™ CmOUTE €D AND RAD FOR REMAIMING VALUES
L3S TR A1 TE-C8 DN ES WL 3 A =g

ED(v @Bl e 1)<BD(Le D

RAT/ 141 ,mARE ' CUTale )
DI IYRRAD L L VaRADI 2y

128 XIS T TH AN R PO TANY B

EDl- 2 wED 10 D)e8D L0 0

BRD 1e S 1mABE(C(foaTe 22wy

FAD 2 Z mBAD Lo JYSRADL L0 2
NOaN

IE N2 THEN Nel

IF ze@ OF v=@ THEN Juitvm)
C{1retEDIZV I /IN=1))2. S

301 TIRGL L1/ (tN=2 00X 0100
FiZ)m(BLIQv I/ (N1, 9
GIoYRIFADIZ I I/ ((N=2)8Y))e 100
NanZ

RETURN

OEINT DA v WIGe TO UGE THE JCECIFIEL WA ELENETHD TOE0
PRINT® JHP MIUM ANALYEIS==630+ 5024550 19%0483 2. 4aB 46 1618 "

INSUTSIBE. ANL 370" the

IT he=' vES* TuENR 50«0 ELSE RETURN

cLs

FOR ImiTul

READ WlI amelol oM I42%40 I

PRIMT ENTEF ABSORBANCE AT WAVELENITH® 1w

INFUT Al

NEYT]

PRINT"OLEASE WAIT®

GOTUw68

122 3 SR N - T Fl TR EY TS SLi TRNTY PN Y TR
DATA 288+ E . 93222, 812 183 %, D€, %0 Lamsle 3, 200n. 06,

DaTh 6ol 18, % 10.96 . 1+41F 1€, 462:76.%F0,1.380.7, €. 1¢.1¢

DATA L e 7R .83011.95,. 8
ENL:




21

ORIGINAL PAGE IS
OF POOR QUALITY

G1°0¢
88°9

¥v0°" 12
29° 1T
| S 41
00" L

L8°91
LL° L

6G°6¢
6S "6¢
L9°12
Vo 11
3 21 4
99°L%e
L1791
TE°L

(F)"avy

P

9(g%H)aD 3O UOTIBTAAP IFVIDAE SATIVIDI =

Hawu

e+

N+auonmzvau JO UOT1ETASP 98BJIOAE IATIEDI = dgvy

m+®ﬁouzvuo JO UOTIETASD PIEpUBLS = Hag

N+a0mﬁow:vuo JO UOT1BTADP PIBPUBIS = dgg

m+®AcN=vho JO UOT3BVIIUIDUOD = i,

N+A0mnommvuo 3O UOTITIIUDDUOD = mu
L8 11 Z01°0 6L0°0 gigt "o TLIG°0 0G0 ce 26
€E€°9 ¥€0°0 FAZVARY) 6R6¢ 0 GLZS"O 620 ST 26
[ 725 R ¢ 10170 TL0°0 8TIF 0 296v°'0 0¢°0 ge 99
€6°S LE¥0°0 9€0°0 209¢€°0 212s°0 [ TARY 02 99
96°9 290°0 cL0’0 0L81°0 899.°0 6GL'0 8¢ 14 74
G 6 800°'0 160°0 9GL0"0 €GL8°0 gz°0 g er
61°6 $20°0 180°0 292¢°0 9eb9°0 080 92 28
8€°9 £€€0°0 800 £€0EL"0 2089°0 G0 ST 28
T€°¢ GI0'0 €10°0 6690°0 ozgLL’O GL'O0 c 98
1€°¢ S10°0 €10°0 6690°0 ogLL O Gg'o 4 98
€S 11 880°0 880°0 19523 2 M) 9096 °0 060 veE A
91°¢ 6£0°0 Geo0" o o) 72 A NV L0960 GZ2'0 81 3¢S
0Z°€ €€0°0 |20°0 L990°0 0618°0 GSL'0 S 9¢€
LO"E G10°0 810°0 T9L0°0 €018°0 gZg'o 4 9g
CE°6 £L0°0 280°0 pLee 0 G8E9°0 0S80 G2 28
¥vo°9 630°0 060°0 LLEE'O GETI9°0 cZ 0 LT 98

EYydavu Ko RS TACTNS) GUACTDAS SNTEA posn suorjenbs  # eX1dads
Sututrel1ay FO Jsqunpy

A pnig aaniesadwal wnrxqrrinbhg worygy paurelqo v

1oadg xoj yndang 1ai1ndwo) -7 a8l1qel




Ca a e

-

]
<

jead puodas e m+mﬁcmmvuu JO 8adueqaosqe

By

7Y

mnumun wyead 1sa1y e mﬁommvuo JO asdueqaosqr = a:«

oo i £+ . - \

Wm jyead puooas 1e N+Honaom~:.~o JO 8dueqaosqe = Nm<

H jead 1sary 1®e ﬁomAOvauU JO 9oueqIOsqe = ﬁ&«

o w g+

00

% 66L°'0 GS0L°0 6G8°0 889°0 8T0S ‘0 Ig6E 0 ¢6
06L°0 089°'0 608°0 ¥89°0 006%°0 ¥6LE O 99
261°0 0S1°0 P6S° 1 I¢E°'T 9€11°0 s8vL’0 €p-
20L°0 L6S°0 ov0°'1T L68°0 oveEy ‘0 L36Yv°0 28
c6%°0 0%¥S 0 29¢°'1 L8O"T 0996 °0 L86¢°0 98
06S°0 22s’'0 610°1 888°0 012€°0 0062 "0 ‘4
682°'0 ¥61°0 02S°1 8G2°'T €0ST°0 ecs0L"0 2
909°0 0%G°0 2IT'1 0€6°'0 - GZge ' 0 L81S°0 88
Sy Hg g g (i/tow)s  (T/tow)5  # ®a3oads

Apnig aanjeaadwal], untaqriinbyg
woxy paurelqo eI1da9dg J0J ¥BIBJ SATOSSY IAIN) -°‘¢ aTqLY

T LTI A S et SRl e i
* .
-2y

g



23
OF POOR QUALITY

ORIGINAL PAGE s

I AT L S

* i

810G 0 126C°0 €I2%°0 IL1IC'0 26
006% ‘0 v6LE 0 STIF 0 296% ‘0 99
9€1IT1°0 S8HL°0 0L81°'0 899L°'0 eV
ovEY 'O L26%°0 £9€€°0 L029°0 28
099S°0 L86S°0 66900 02LL°0 98
01L€£°'0 006%°0 £8b€ 0 909¢ ' 0 2g
£€0ST°0 2s0L°0 1920°0 €018°0 9¢
GZ8E°0 L81S°0 LLEE"O GETI9°'0 88

(1/10W)™D (1/1ow)™D (T/Tom) 5 (1/Tou)y95 # 1ra193dg

JIBATOS3Y &QHQNEOU

IDATOS9Y 2AIn) pue Jaindwo)
woag paureiqo evied Jjo uostaeduo) -°p aiqel

’

[

g

b

RTINS

o d g e




L , o i

-+

Ay v Sv

. e
LRI ) - A
L1 kit et e e v -

ABSGEBANCE

1,6 4

‘ol#d

1e2 4

1.0 4

Co(, -

Dol

De2 4

FIGURE. 8- SPECTRA # 82

1M CrCl: in 1,0N HC1
O=1 gcale, med, speed
20mv range

24

25uml sample @ 269C for Lhrs.

——amuns ¢ e Cr(

/
/

/

605(0,897)

N\

nanmm——— (}r*

\

\

2 §17(1.605)

0)¢*
%2." P%Cl E3

450(1.040)

AW
[

/qu?(o.?o )
/ /'/ |

. .' N
£

VAYE LENGTH, NM




' [
ey e o e

LI
PPV

. P I,
PR SPTVR ST S e X PR

- .
r—‘!: 2 ¥
a7 »

ALLGORBANICE

25

FIGURE. 9- SPECTIRA #,3

1,0 ¢

UeB 4

U4 /

1M CrCl% in 1,0N HCl
O=1 scafc, med, speed .
Ouv range ’

ORMNAL PAGE S 0

426(1.766)

25 ml sample @ 40CC for 24hrs.

—.—-—(:r( ',:'f')
L T si}hc TEs i

.y
30

430(1.598)
N

v (Ga192)

alh

e 400

)

D Ry g .

ki

-y :r? }g},r‘ E%‘rr-:.;s



LR e . .
FEYT AR e e

FIGURE. 10-

ABBSO B AL,

U dd

U6

SPeCTRA #6606

1+ €rCl, in V,0H HCl
O=1 scaie. med., Speecd
20mv range

25m1 sample @ 55°C for 24hre. |

H20)5C1 "2
o Peferes

92(1,3529)

£05(0.5684)

,/\ 7 \975(0\6:80)

VAN N

&
-

) §50( ’.!‘.‘:U‘,»\ "l:)?('\}c

o)

78

Chal




ABSORBAIICE

Y FIeURE 11.

1.6

1.0«

C.8.

0.6 -

- SPHCTRA 4‘92

. CrCl in 1.0il 81
O»l sc med, speed

10ml *mpu e 69.s°c for Ghrs.
e wn Cr( B
°r£!z°

el ¥ o

- T T
.

418(1,628)

LU 859)

/ y\}?(d{"‘}‘}) !

2% g ) Y. J
ol i) oG,
Y AU ROAE

&
-
—
.
-

RO X
- Bt A




RS AT AN

[
at e A a

L PO I

?
#

-

ARBSCITLANCE

. A

FIGURE. 12-

SPECTRA #38

1K CrCls in

O=1 scale, med, speed

20uv range
25l sarple

ane ammss e CI‘( HZO) 5(:1‘;

e et o s {
(‘r‘

€50

[ L SR R Ll -

oF Poow cunLTY
2.0N iCl

5 2% for 4urs.
2

1;18( 10672)

§50)7+3 -

SPELIES

’}:.0( 1 .' 124

500 420
LAV L T ENGUH, N

B T P e i a et T —~— PP ———

T

=

e

T

et
MR

[as
e

,r
K%Y ~.',;f’!." e

Y i el
TR YA S

AT NIy ey

e )
T e O

T
A

i Recabe=ont: o



R e I T I

]
a
f
S
t

3
5

SPECTRA # 36

1M CrClsz ir 2,08 BC
028; scale, ned, speed . } ,

1 songe k21,727
25ul sample @ 40°C for auxrs. S

,.“. —— ——-— Cl‘( u g}a
5 * mc!\"‘ :; . ‘ E
- wo(1.5200
GOLC T o i11)
- 18 :
- 1
3 EO5(1 0 296) |
I, \
i '02 , \\
| / \
\
i I \
L ! \
b ' \
3 ] \
D) { \
3 (] \
& l' \
Qe
° ] \
] \
{ \
(] \
\
Do !
(32, ) ‘
! \ ,
/ \ !
: I' \ )
{ \ ]
: :)tl& ] \ ' ;
. . \ 5
z ,I \\’ |
- [}
- / B0
§ %3 4 bl ’ .




QS R W g it bt o i Momdinai il o, isesil Mool

. 2; : : o i"’:
FIGURE. 14- SPECTRA #52
2y IN CrCl3 in 2,0 HC1.

O=) B L@ usdp Sp“d
’ 20my range ‘

10ml sample @ 55°C for 2uhrs,

- Cr{B0)E™S X
¥ et -——-—Cringil)-‘gclbb o kel

iad
-
]

S
A

1.2 4

- 1.0 4

ABSORBANCE

Ue
i
i

e I'g -

Spvrpeerres T

A
.‘:?\ Lert ﬁ

Y; .

g

T

+—
500 $00

bl sl

w4
| tmitheb ottt

'.'.'I';‘.‘E :-E};UTH, N“

R AT
[SR=-Y -
X



R/

R

LRYIRT

e .

22 BB e

FERES 3 3

EA2 CONMY SO SUL A -

ot [2

s

[N

T N

g Digac

L T R L e A rosgas et amta

. b e bt tSHL PR SBLE s RS be Qb‘“‘.“&‘#.i’““.m‘

Tt PEYEMRTNGTIWN P CiMOENTBL ) At s&m segeree

IN BOLUPION USINE thee I SOEITROELONY DATA

PR * - - > PPN -

FOTATRs PRD MG RED.- TRME SPORvRETALUING CALUESC.

e SOE NBL serr e - eE TR v

] 3.4 R
L o0 N -
.33 Seme 13.8e '
1.00% €02 e 34
f.ee® & R E. %
.50 2.2 Y= 3
3T 1E.® 18, 8¢
L.nee P e 82
c.e3 RS Yé.1¢

. 3. 0% J.8 *:. 2

THS SORCENTSATION OF THE FIRST EAECIEE '€ .S4Pe WLAF
THE IMCENTRATION OF THE SESOND SPECIES IS .JAB3 MOLAP
EIRET SOETIEE STANDARD ZDVIATIN If 2.00¢

SEI NI SPECIES STANDART DECIATI W IE £, 08¢

FIRIT SBSIISC M5 LaTIVE AVERAGE DEVIATION 1S
SEI D FEFIIEL BELATIUR AVERASS DEUIATI W I3

£
H

Data

CIMNTENTEATI. M. B CONCENTEATI W ¢.

Lel327E - R 4
5L . Ll

+S2622e
83428

Y e
« 29366
.alXBar
-1 Fi 13

2

A IR (e IO GO B

PEEEFENY N R Y Y NN NE EN FEY N N A R

« €
. e
1¢
* b
. ®
S
.-
EEEN 3
R o
L2
- B
o -
- o« =
s €
ore
¢
&
.-
.7
<
. e

n

LR NLENEY ST IR TN Y ST RY Y
. -
N AP AN
o

ne

s pe

THIRD WESE 34 IIVULTANCIUT EILSTIONE LCIT F R OC.t

TOTeL STANDWEL TET (TION €
*rTa. ETAITAEL TT st o

Al FELATS PE PaTton FOE 197 TCEIIE. IR w07
TITaL CELe EEMIATIo € STowep fETCcp g oAl
. . .

o e

S NITNTW T L.

P

s
[ 8

PR e b

erpe be ben .

R ACRTRCANS . RAL )

©

e re s

f et AN TR

CESERER Rl FETE. s Y




i
0000002080000 080 03043000t eB LR RERNRLtR20080000
. IETEMMINLTIAN N CORIEVTEATIONS 0% T SrETIEC
TR LTy AR ETLARENNTIEY JES-T 8 bl Sl N
PARTI AL e DS I N
POORGOIBBRICIVBROLBEGI LIRS ERE22 06220000000 nlua" “ 1 | ’NE '
SEELTRA R NAG: RED Y TEaP ETUQNLBTTATRT 0 r Ea] T
. - “T. 1 ‘C.J'v'A - - - I K E r Lt -. -
832 e.=7s KR 2.t
o€ .08 =t [\
&L LW IZT RN <.
toe LL00% I e, L
=3 2.eaC .8 2. .
e A, Sal . oL -
sl 1.337 10, %€ Cut e
L3% 1,008 16.57 [
Jes e¢.cop 1o.1¢ e. .
Ie e.«et 1.9 e..
3
=t

THE CONCEMTEATION OF THE FIRET SOSCIES 1€ [ 23¢l miLaPR

-
THE COWNCENTRATION OF THI SELOND SBETIES !¢ J33T =oLat 7

1
al bt
H T3
- . &S
‘ F1eST IOEZIEE STANDARD DEVIATION 1€ @,:1° R H
ETom COECIEE STANDARD DEVTATION 1€ @2.10¢ 5
TIPET TOFLINT GT_cvver aTRAE DEVIATION I t.IDN
SEIANDI SEIIIET RELATIVE AVERESFE DIVILTION IE Q2.7 P
-
DaTa v
I ITETRLT e ey IWITENTRAT D .
- e P LT bt N
e 2 .56 =
. - JIgete 2
. 1t . ¢ R Y Y} -
P L11100 H
R Qe T3Cl
.. 3 P & 4 el .
P L 330327 N
R o] N - il M .
P 328420 HERS
Do - Lalalll i
P LTS
- . C b
* <3538~ LT N
. 2089 -+ 10 K
L2218 I 4
% D% .t 3
. 338au7 T <
Cel&1TT .7
. 1.T8ey T.e
5 -3-Iak ot .6 N
L5038 T.re :
2%el0E - b .
LIQETIE ~ R :
.«3950¢ ~ 7 M
" S P - E N
: L,TeT e 2 :
% 1 - « « 10
* L0t T K
: L 43CTel T .-
L 64588 T € B
= 1.52%4 L, e @
) .8290c PRI 4 -
u R S n d o ::,\
. .290%%e - ¢ 3
. -1 %4134 ¢« € i
L374022 R
i LRl “ . &
! PO - -
- LHallte RN
: LT Ten
T JEERIE Co
! ~ 8, - e [l
T
i, N
gt THERT WEFT 3 T e Ty 7T LTI T T D E s o Tt
M
o - SR SRNUEE S St . -
E - S N T
~ %5 &g - - - . .. PR T
. Te. R T PN B L LT RS SN

e s e s el - R St A i S A AR 1 T e Bkt e A i o AR g o




=

N

-,
1%

e
R

e by

2ETER N
1

&

ST

o

1000000800000 000C004actotittabu et uidptadicsitbodatbrvs

T T T Ty S L AR R S S LY DL R Y

§PE, TR e, T
M ™

LT

‘e

s

1, 4 OWBISIBMIAIN
. S
e r)

AT,

14

...,
. B

P MRS

L TR

SECOND SPECLES

133

STANDARD DEVIATION (S J.03%

CIRRT ZORCIES E .0

-

.-

. e
AR S et

4%

s BN A

AN Y sz *B

L AR

ORIGINAL PAGE IS
OF POOR QUALITY

cpm——

[ X7 Re RFRVELRe N o lke B4 2
. .
“se ae

- SYGANABL DEVIATION 1€ .03
N T OATILT LERAIE DEVIATION 18 .l
; RS OATS U S UERAGE MCUTATT e TT i 0wt
i
i R
t teome
.t TN TTRATT TONCENYLAT T ]
S
- ‘ S e g e
- - AT
- -7 LoSal:e”
N e - peos
; .. LaDeeT2
- .s L11183a
- e NS biy
s . € cal®lle
T . S .338327T
PN 2peve:
IR L3288le
; MY LAleldl
et OY: 1oL
> T | ewege
A o Hanah
) M -.311e2C
’ > .l1onpe
. I.e LRede:
. Do DRSS
- I Y
- Le3a I Je323e-
« 5380 MY
. LeoetET SR
. 176w I
. LeT e T . €
: RIS T .oar
; LJTee .t
: -t s .
"o - . L]
- - v =
.
. - > ')
b L .
: cel026. e, - * €%
NS T L (B4l TE
- 1, %% T .® JaTes
~ .eneQe s .
: e T &
5 .seped, ¢ . ®
; Tu0el E
* ¢ -
- . e
o
A R T\ N ~oac
_.,\“.‘-" ‘ -
. L A N .o
L : ™
N e N W
* LN N b - vt Rl W
O TR Sl o+ LW Tvomrown oo, ot
. e e R - P T
N e meele p T e taTe e 1 Bl epn e
o T v eyt = s = -
, :
« 1
T -
. . . )
" o e i b PR ” AT g I L by

PP PETIINDING

oL 4

PR I I L

e,

5

Lokl

et

.

b,




B S 3

[3+]

9.

34
ORIGINAL PAGE g
OF POOR QuALmTY
BIBLIOGRAPHY

D.A. Johnson and M.A. Reid, "Chemical and Electro-
chemical Behavior of the Cr(III)/Cr(II) Half Cell

in the NASA Redox Energy Storage System,’" Department
of Energy, Washington, D.C., DOE/NASA/12726-17:
National Aeronautics and Space Administration,
Washington, DC, NASA TM-82913, 1982.

H.H. Jaffe and Milta Orchin, Theory and Applications

of Ultraviolet Spectroscopy. John Wiley and Sons, Inc.

New York, 1962.

H.S. Gates and E.L. King, J. Am. Chem. Soc.. S0 (19),
5011-5015, 1958.

J.E. Earley and F.C. Anson, Inorg. Chem. 135 (8).
1871-1881, 1976.

J. Giner and K. Cahill, "Advanced Screening ol
Electrode Couples," Department of Energy, Washington,
D.C. DOE/NASA/0794-80/1; National Aeronautics aad
Space Admin., Washington, DC, NASA CR-159738, 1979.

L.G. Sillen and A.E. Martell, '"Stability Constants
of Metal-ion Complexes'", Chem. Soc. Spec. Publ.
No. 17, 13264.

M.J. Weaver and F.C. Anson, Inorg. Chem. 15 (8).
1871-1881, 1976. .

M. Magini, J. Chem. Phys. 73 (3). 2499-2305. 1980.

Robert Angelici, Synthesis and Technigue in Inorganic
Chemistry. W.B. Saunders, Philadelphia. 19G8.

RNy AR RN USRI 25, « PR A TPt nre~c s mtivw gaapversr-anctn < SR ST PUE -~ : i u w ' ohe




	0001A02.TIF
	0001A03.TIF
	0001A04.TIF
	0001A05.TIF
	0001A06.TIF
	0001A07.TIF
	0001A08.TIF
	0001A09.TIF
	0001A10.TIF
	0001A11.TIF
	0001A12.TIF
	0001A13.TIF
	0001A14.TIF
	0001B01.TIF
	0001B02.TIF
	0001B03.TIF
	0001B04.TIF
	0001B05.TIF
	0001B06.TIF
	0001B07.TIF
	0001B08.TIF
	0001B09.TIF
	0001B10.TIF
	0001B11.TIF
	0001B12.TIF
	0001B13.TIF
	0001B14.TIF
	0001C01.TIF
	0001C02.TIF
	0001C03.TIF
	0001C04.TIF
	0001C05.TIF
	0001C06.TIF
	0001C07.TIF
	0001C08.TIF
	0001C09.TIF
	0001C10.TIF

