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ABSTRACT

The conditions under which electrolytically generated
chlorine can be used for secondary coulometric titrations with
an amperometric end point have been investigated, A procedure
is described by which tripositive arsenic has been titrated in
quantities of from 30 to 800 micrograms with an average error
without regard to sign of less than 0.5 micrograms.

The method proposed by Wooster (30) for calculating cor-
rections for the coulometric titration of iodide in hydrochlo-
riec aclid has been studied. Data are presented to show that
improved methods of caleculation give more accurate results.

Por the coulometric titration of iodide by means of elec-

trolytically generated bromine perchloric scid may be substi-
tuted for hydrochloric acid. The perchloric acid requires no
purification and the titrations ave just as sccurate as those
made with hydrochloric acid.

A metallic bismuth micro-reductor has proven satisfactory
for quantitative reduction of fervic iron. Samples containing

284 micrograms of iron have been reduced and titrated with

electrolytically genersted chlorine to an accuracy of better
than 1%. Iodine monochloride has slso been used for the oxi-
dation of ferrous iron, Recommendations are made for further
investigation.

A combination of coulometric and amperometric techniques



has been used to determine a dissociation constant for iodine

monobromide and a constant for the oxidationereduction equili-
brium involving cupric copper and bromide ions. For the iodine-
iodine monobromide helf-cell, data from thié investigation
yield a potential value of =0,92 v&lt as compaved with & value
0f -0.88 volt obtained from the litevature. On the other hand,
8 potentisl value for the cuprice-cuprous bromide half-cell cal-
culated from this experimental date differed by 0.06 volt from
data found in the literature.

A study of the indicator cuvrents caused by various oxida-
tion states of vanadium established the fact that tripositive
and gquadrapositive vanadium give rise to an indieator current.
Also, it was observed that a reducing agent capable of veplacing

hydrogen ion would probably be partially oxidized by the indi-
- cator circuit; a special method would be required for the coulo=-

metric titration of such a substances

The equilibrium constant for the formation of the mono=-

bromo complex of copper (IL) was determined by means of a spec=
trophotometriec method., In solutions of unit ionic strength the
constant was found to be 2.1 X 0,25,

For the determinetion of carbon in organic solids and re=-
latively nonvolatile liguids, a scheme hasg been devised to use
the Van Slyke-~Foleh combustion solution. An apparatus is de=-

geribed for situations where & Van Slyke manometric apparatus

cannot be provided. The results ave accurate to * 0,05 mg of

carbon,
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I. COULOMEIRIC AND AMPEROMETRIC METHODS
OF ANALYSIS

Introduction

A coulometric titration may be defined as an electrolytic
process in which a reaction is effected quantitatively with
known electrical efficiency and the number of equivalents is
determined by measuring the amount of electriecity consumed.

As discussed by Szebelledy and Somogyi (28) there are two types
of coulometric processes: the primary or direct process in
which the desired vesmction takes place at a suitable electrode,
and the secondary or indirvect process in which an intermediate
half-cell veaction is caused to take place at the elecirode
and the electrolytic produect then causes the desired reaction.

Lingsne (14) has described exsmples of the primary process
in which certain metal ions were veduced at & mercury cathode.
Inasmuch as the cathode voltage was controlled, selective re=-
ductions could be accomplished. However, the current decreased
exponentially during the titration, and the titration time was
therefore prolonged.

Examples of the secondary process have been described by
Szebelledy and Somogyi (29). In these procedures the inter-
mediste half-cell reaction was the electrolytic oxidation of
bromide to bromine; the bromine then oxidized such substances

as thiocyanate, hydrazine and hydroxylamine. Since these re-



ducing agents are not susceptible to stoichiometric anodie
oxidation, it is apparent that the secondary process can be
used to extend the range of application of coulometric methods.
Furthermore, the presence of a high concentration of the inter-
mediate substance (bromide, for example) provides two edditional
advantages:
1. A constant electrolysis current can be maintained
with assurance that the electrode efficiency is
known, This permits the use of the relatively
sinple constant current-time method for determin-
ing the amount of electricity used in & titration,
In comparison with the cathode~voltage controlled
process the titration is more rapide.
2. Accurate micro titrations are possible hecause
the current and current efficiency remain constant
regardless of the concentration of the substance
to be determined.
Recently, electrolytically generated bromine has been used
for the titration of thiodiglycol (23), tripositive arsenic (20),
tripositive antimony (1), and iodide (34). All of this work
differed from that of Szebelledy and Somogyi in three major res-
pects: the constant current-~time method was substituted for
the chemical coulometer, an amperometric end point was used in
place of visual indicators, and the quantity of material to be
determined was reduced to the micro scale. With similar appara-

tus cuprous copper (19) and ijodine (21) have been used as inter=



mediaste substances.

The amperometric end point consists of detecting an
excaess of the intermediate by means of a diffusion current
set up between two polarized platinum electrodes in a stirred
solution. In the case of reversible half-cell reactions the
diffusion current is linearly proportional to the concentration
of the substance which is present in low concentration. In
eddition, this quantitative feature of the ampercmetric method
has proven useful in the study of aqueous dissociation equili=

bris, and the results of such investigations are described

below,



I-1, THE USE OF HLECTROLYTICALLY GENERATE]
CHLORINE IN COULOMETRIC TITRANIONS

Until the present work only three intermediate half-cell
reactions had proven satisfactory for coulometric determinationsSe.
For the titration of veducing agents, bromine has been employed
rather extensively (1, 20, 23, 29, 34) and recently Ramsey,
Farvington, and Swift (21) have shown thet iodine cen be used
for the titration of arsenic. Cuprous copper has been used for
the couvlometric titration of certain oxidizing agents (19).

In order to increase the number of substances which could
be titrated by such processes, a stronger oxidizing intermediate
than bromine was sought. Since the halogen half-cells are so
readily reversible at electrodes, chlorine seemed to be the
logical choice for investigation. Wooster, Farrington, and
Swift (34) used chlorine as an intermediaste in the coulometric
titration of jodide in 2 formal hydrochloric acid and observed
positive errors of from 0.5 to 1%. Since these errors may have
arisen from the iodine monochloride formed in those titrations
a study has been made of the oxidation of tripositive arsenic
by electrolytically generated chlorine and the results arve

presented below.

Experimental

Reagents. All chemicals used were "Reagent Grade.”

One volume formal sodium chloride solutions, prepared from



the salt, were found to contain no extransous oxidizing or
reduecing agents,

Sulfuric acid (2.5 formal) was purified by bubbling
chlorine gas through the solution fovr 2«3 minutes. After boil-
ing the acid for one hour, no excess chlorine remained in solu-
tion and only a very small amount of reducing materisl was |
detected, |

The reducing material present ln hydrochlovic acid was
dotermined by coulometric titration with chlorine, The stoichio-
metric amount of potassium chlorate was then added to 8 P hydro-
chlorie acides After one day essentially all of the chloraﬁe had
reacted and the acid was ready for use. \

Standard solutions of tripositive arsenic were prepared in
the Tollowing way: Bureau of Standards avsenious oxide was dried
for two hours at 110-115° C. A 0.5 gm sample of the oxide was
accurately weighed out and dissoived in 10tm1 of water containing
1 gm of sodium hydroxide. The resulting solution was neutralized
with 8 ml of 2,5 F sulfuric scid and about 180 ml of boiled dis-
tilled water were added, then theitotal weight of the stock solu=-
tion was determined, Veighed samples of the stock solutions were
diluted to appropriaste volumes to provide standard solutions for
analysis. Stock solutions were discarded after 5 days: dilute
standard solutions were used only on the day of preparation.

Laboretory distilled water was boiled 15-20 minutes to

remove a small amount of oxidizing agent, presumably chlorine.
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Apparatus. The apparatus described by lieier, Myers;"énd swift
(19) was used with the following changes: The gensrator cathode
ingtead of the generastor anode was enclosed in a shield. In
ovder to improve current regulation, the 1ab¢ratory DeCa supply
was replaced by a simple voltage-regulated rectifier. The in=-
dicator electrodes were mede the same size, 2 x 2.5 cme. The
game basic apparvatus was used for all coulometwvic investigations;

only the modifications will be noted in subsequent sections.

Preliminayy Adjustment. The current of the generation eciveuil

was determined by measuring the voltage drop across & standard=-
ized resistance through which the generation current was pase-
singe. All voltage measurements were réfarr@d to a cell which
had been checked against a bank of cells obtained from the
Bureau of Standards. Genevation rates of about 10™° and 1077
equivalent per second were ﬁsed.

When not in use the indicator electrodes were shorted to-
gother and stored in a sélution 0eb P in sulfuric scid and 0.2 F
in sodium chloride., DBefore each series of titrations both indi-
cator electrodes were connected to the generator anode and che
lorine was generated at the high rate for sbout 30 seconds. To
maintain the sensitivity of the electrodes they were given the
same treatment for 10 seconds after each blank snd every tie

tration.

Titration Procedure. All solutions hed a total volume of 45 ml

and were 0.5 formal in sulfuric gcid and 0.2 formal in sodium
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chloride; the initial indicator potentisl was set at 0.30 volte.
The considerations influencing the selection of the various
conditions of the procedure ave discussed later. A correction
for reducing material in the reagents was made by gemerating in
a blank solution of the composition given above for short inter-
vals of time and recording the values of the indicator curvent.
A plot of indicator current vs. generstion time was constructed
and the linear curve was extrapolated to zero time; the inter~
cept on the time axis was designated as the "blank time,"

When the apparatus had not been in use for several hours
the first one or two "blank time" values were usually ervatic
and were not included in the average "blank time" value, At
least three consistent values were used in obtaining the average
"blank time."

To make a titration the proper amount of sulfuric acid and
gsodium chloride solution were mixed in a titrvation cell with
sufficient water to make the volume either 35 or 20 ml, A 10
or 2b-ml portion of standard arsenite solution was pipetted into
the cell and the total volume was then 45 ml. As soon as %the
titration cell was attached to the stirring apparatus, generation
was started. By means of the built-in potentiometer the genera=-
ting current could be checked duvring the course of the titration
and the current was held constant by making small adjustments.
Hear the end-point the indicator current underwent a momentary
reversal, and at this point genevation was stopped immediately.

After a few seconds the indicator current vose slowly and reached



& steady value of less than 10 microamperes. Generation was
continued for short intervals and values of the indieator cur-
rent and time were vecorded. The linear curve of indicator
current vs time was extrapolated to the time axis, and the
point of intersection was taken as the "titration time" inas=-
much as the chlorine excess is assumed to be zero at the ex-
trapolated zero indicator current. By subtracting the average
"blank time™ from the "titration time"™ a corrected titration
time was obtained., The weight of arsenic was calculated from
the values of the corvected titrstion time and the rate of

generation.

Discugsion

Potential Difference Applied Across the Indicator Hlectrodes.

Chlozrine was generated in & blank solution until the indicator
current was 25 microamperes with an applied potential difference
between the indicator electrodes of 500 mv. The indicator po~-
tential was then vavried between values from 50 to 1000 mv and
values of the indicator current were recorded. Before each
change of indicator potential the current was adjusted to 25
microamperes at 500 mv by the generation of chlorine., The data
thus obtained are presented in Table I. When these data were
plotted, the curve of indicator current vs indicator potentisl
was similar in form to the one obtained by Ramsey for iodine (21)
except that the flattest portion of the curve wag fyrom 400 to 600

mve Although it would have been desirable to use an indicator



TABLE I
Values of Indicstor Current and Indicator

Potential for a Solution Containing

Chloride ® and Chlovine °
Potential Current Potential Current
(Millivolts)  (liecwvoamperes)  (Millivolts) (Microamperes)

60 4,0 563 2641
106 7e5 617 2756
175 1228 696 29,0
217 : 1442 755 3045
286 18,0 798 321
319 19.2 848 3862
362 20,7 935 37°
417 8540 1042 43°
500 25,0

a Sodium Chloride 0.2 F.

b Chlorine was generated until indicator current was
25,0 microamperes at an indicator potential of 500
millivolts. The chlorine councentration was approxi-
mately & x 10~6 P,

¢ The indicator curvent was changing rapidly so that
these values ave uncertain.
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potential which lay on this flat portion of the curve, this was
not practicable becsuse high initial indicator curvents (that is,
before beginning generation) wewre obtained in blank solutions.
In order to veduce this initial value of the indicator currvent
t0 1 microampere or less, it was necessary to use a potential of
300 mve Thie potential proved to be satisfactory for the titra-
tions; linear curves of indicator currvrent vs time were obitained

for blank titrations, and the electrode sensitivity was good.

The Effect of pH on Indicator Current. Inasmuch as chlorine

tends to hydrolyze even in slightly acid solutions, it was
desirable to determine the maximum pH at which a stable indi-
cator curvent could be obtained when the chloride was 0.2 F.

In a solution buffered to a pH of 3 with phosphoric acid and
dihydrogen~phosphate no indicator current could be observed when
the low rate of generation was used, For a solution in which
the pH was 2 an indicator curvent was obtained but it decreased
at the vate of 1 microampere in 4 seconds as soon as generation
was stopped; this is not adeguate stability for quantitative
measurements. A stable indicator current was obtained in 0,05 F
Haso ; however, to include a factor of safety, solutions 0.5 F

in HZSO4 were used in the titrationse.

Indicator Curvent Phenomsena., The indicator current response was

slower for chlorine than for bromine or iodine. When either a
blank chloride solution or such a solution containing arsenic

was placed in the cell and a potential was applied between the
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indicator electrodes, the indicator curvent surged to & high
value then decressed slowlye. In either case several minutes
elapsed before the current reached a steady value of about 0.2
mieroampere., In practice, generation was started in & blank
solution as soon as the indicator current dvropped to 1 miero-
ampere instead of waiting until 0.2 microampere was veached; no
difference in blank time was observed, When arsenic was titra-
ted, generation was begun immediately after closing the indica=-
tor cireuit begcausce the indicstor current always dropped rapidly
and underwent a vreverssl near the end point and the value of the
indicetor current during the titration had no significence,

After the first period of generation in a blank solution
and after the current reversal at the end of a titvation, the
indiecstor current rose so glowly that & period of 1 to 3 minu-
tes was necessary for steady state to be attained. For all
other readings of indicator current & steady state was reached
in 10 to 15 seconds.

The current reversal near the titration end point is sinmie-
lar %o the one observed by lMyers end Swift (20); however, with
the present épparatus no hydrogen enters the solution from the
generator cathode. When the potential is fivet applied to the
indicator electrodes, the current surges to a high value (more
then 50 microamperes) then decresses., During the passage of
this current a small quentity of hydrogen or possibly arseniec
is probably being produced on the indicator cathode. Near the

titration end point the concentration of chlovine increases



rapidly and there ig a transition of indicator electrode poten=~
tials and reactions. If there is a significant lag in removing
adsorbed hydiogen {or possibly arvsenic) from the indicator cath-
ode, a8 coll would be establighed in opposition to the applied

potential and a current would flow in the reverse direction.

The BEffect of Chloride snd Acid on the Coulometric Titration.

In view of the positive errors obtained by Wooster in the titra-
tion of iodide with chlorine in 2 F hydrochloric acid (34), it
seemed advisable {v use the lowest practicable chlovide and
hydrogen ion concentrations. As discussed above 0.5 F HpS0,

was taken as a safe minimum acid concentration. With a chloride
ion concentration of 0,056 ¥ there was evidence that the genera-
tor anode efficiency was slightly less than 100%, while 0.1 F
chloride ion seemed perfectly satisfactory. Confirmatory titra-
tions were made using the chloride end acid concentrations given
in the procedure above, and the results ave listed in Table IIl.
To investigate the effects of varying acid and chloride concen=-
trations, titrations were made asccording to the conditions list-
ed in Table III, It should be noted that each stoeck solution
was titrated by the vregular procedure, so that the data in Table
III may be dirvectly compared with the data for the corresponding
stock solution in Table II. The arsenic found when titrating in
0,05 F godium chloride solution was about 0.2% greater than the
velus obtained in 0.2 F sodium chloride solution; this indicates

that the current efficiency may not have been 100% in the 0,05



formal chloride solution, Considering that chlorine would be
expected to oxidize the plaﬁinum anode in the presencsa of such
high chlovride councentvations, it is surprising that significsnt
positive errors were obtained only in the titrebions in 6 P

hydrochloric acid,

Conclusions

Chlorine can bYe used as the intermediste for a secondsry
coulometric process in which use is made of pleatinum electrodes
and an amperometric snd point. The acid concentration should
not be lowsr than 0.1 volume formal, and the chloride concen=-
tration should be between 0.1 and 2 formal. In the coulometrie
titration of arsenic by this method an accuracy of I 0.2% was
obtained for 300 to 800 microgram quantities of asrsenic; 30 %o
100 microgrem quantities were titrated with an average ervor of
less than 1%.

The material presented in this section has been accepted

for publication by Analytical Chemistry (3).
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TABLE 1II
Coulometric Titrations of Tripositive Arsenic

By Means of Electrolytically Generated Chlorine

Argenic (micrograms)

Number® Taken Found Brror % Brror
X 29,.8 3068 Oed 134
29.9 Oel 0,33
2909 0.l 0083
29.9 Oel 0633
I 824 83.1 0.7 0.85
82.7 0.3 036
82,6 Oe2 Oe24
8246 062 O.24
I 3219 321.9 0.0 0.0
3219 000 0.0
52803 Oed 0.13
32169 0.0 0.0
I 802,56 802.2 ~0e3 =004
801.8 "0.7 “'0009
803.5 Oeb 0.06
802.6 Oel 0,01
11 819,1 8186 =065 =0.06
817.8 '103 ‘0016
817.9 ‘102 ‘0015
817.8 =13 ~0.16
817.8 ‘1.5 ‘0016
I11 79566 79641 Oeb 0.06
79408 -0.8 -0.10
794.5 ‘101 ‘0014
796,61 0¢5 0,06
79568 =063 ~0.04

a Roman numerals indicete stock solution used,



+L B

TABLE IIIX

BEffect of Acid and Chloride Ion Concentrations

Numbera

%4

I1

II

IIX

I1T

Solution

0B F Hgso4
0,06 P NaCl
Q0.H P stoé
Z.0 ¥ HWalCl

0.6 F sto4
Satursted Wall

2 F HCL

6 F HCL

on Titrations of Tripositive Arsenice

Arsenic
(micrograns)

Taken

- 819.1

4 819 01
819,1

: 795.6

. 795.6

Found

- 819.4
- 819.4
- 819.8

- 8Ll7.4
- 81764
+ 817 .4

817.9
81769

- 817.8
- 7949

79409

- 79604

- 79804

800.5

799.2

% Brrox

0,04
0.04
-0-01
0,09

"'01321
=0021
-0621

=0 015
=015
"'0.16

"'0009
"0009
0.10
0.01

0,35
062
045

a Roman numerals indicate stock solutions used,
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I-2, COULCHETRIC TITRATIONS
Ae The Coulometric Titration of Iodide in
Hydrochloric Acid

The coulometric titration of iodide in hydrochloric acid by
means of electrolytically generated bromine and an amperometric
end point was fivst investigated by Wooster (30). In Figuﬁe 1
it can be seen that the indicator current at the 5eginning'of an
iodide titration may be significant, This initial indicaﬁor
current introduces a correction in addition to those described
in Part I-l, Although Wooster obtained good results, his method
of calculating corrections involved several approximations, It
appeared that a more rigorous method of célculating eorrecﬁions
might improve the accuracy of the titrations, Furthermcre;
Wooster stated (22) that positive errors were obtained if the
indicator current was allowed to flow during the ﬁitrationa‘ In
order to clarify these points the experiments described below

wore undertaken,

Bxperimental

Reagentse. Six formal hydrochloric acid solutions were prepared
from reagent grade concentrated acid. The acid available com=-
mercislly was found to contain as much as 3.6 x 10'8 equivalent
of reducing agent per milliliter. The amount of reducing agent

present was determined by electrolytic oxidation and was vemoved
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by boiling the 6 F acid with the calculated amount of 3%
hydrogen peroxide., Excess peroxide was destroyed by boiling
the acid for about 15 minutes,

One formal sodium bromide solutlions were prepared from
reagent grade salt. These solutions, when tested, were found
to contain no extraneous oxidizing or reducing agents.

Stock 0,1 F solutions of potassium iodide were made up by
weight from reagent grade salt which had been dried for 1 hour
at 110° ¢, The potagsium iodide used was found to contain no
iodates The solutions were made 0,01 F in sodium carbonate to
minimize air oxidation. Dilutions of the stock soclutions, 0,008

P in sodium carbonate, were used divectly for titrations.

Apparatus. The apparatus was the same as in Part I-1 except
that the indicator amnode was 1.5 by 15 cem and the indicator

cathode was 2 by 2.5 cm.

Preliminary Adjustment. When not in use the electrodes were

stored in a solution 2 F in hydrochloric acid and 0.1 F in
sodium bromide. Before use the indicator electrodes which were
shorted together during storage, were made the generator anode,
and then bromine was generated on their surfaces for a period
of about 10 seconds on the high rate (10 milliamperes). The
electrodes were given the same treatment after each blank and

every titration,

Titrstion Procedure. The indicator potential was set at 138

millivolts as suggested by Wooster (BlL). The solutions for
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titration were 2 F in hydrochloxic acid and 0.1 F in sodium
bromide with a totsl volume of 50 ml. DBefore easch seriss of
titrations several blank solutions were titrated in order to
determine the blank time.

For a titration, the acid, bromide and water were mixed
in a titration cell. Upon the addit ion of a sample of dilute
iodide solution, the initial indicator curvent was recorded,
the genervation current was adjusted snd genersiion was started,
Readings of the indicator current were made at short intervals
of generation to establish the initial slope of the indicsator
current curve. By means of the built-in potentiometer the
generating current was checked throughout the course of the
titrations, and adjustment was made whenever necessary to hold
the curvent at a constant value. In general the indicator cir-
cult was left open until the equivalence-point was nesrly
reached; variations from this procedure are noted in Table IV,
As the current began to rise after the minimum point, readings
of indicator current were recorded after several short intervals

of generation.

Discussion

Corrections for Initial Currvent, Solubtion Blank, and End Point.

Two methods were used for obtaining these corrections.
lethod A (Wooster), approximste in nature, consisted of
generating in & solution, prepared as was that to be used

for the titration but containing no iodide, until a suit-



able indicator curvent reading wss obtained, usu-
ally from 25 to 40 nmicroamperese. This current value
divided by the generation time in seconds gave a fac-
tor, by which subsequent indicator current readings
could be converted into equivalent generation times.
These measurements were repeated until the veproduci-
bility indicated that the desired constancy of elece
trode sensitivity was being obtained., In the sub=-
sequent iodide titrations, the initial current was
racorded, then generstion was continued until the
indieator current had gone through the minimum, and
had increased to values of the same magnitude as
those obtained for the blank solutions., The initial
current and the final current resding were then cou-
verted to equivalent times by spplication of the
above factore The time equivalent to the initial
current was added, and the time equivalent to the
final current was subtracted from the total genera=-
tion timee.

In Method B (Parvington), the correction for the
initial current was made by recording values of the
indicator ocurrent during the initisl rise, then ex-
trapolating to zero current the linear curve ob=-
tained by plotting these values against time. Time
equivalent to the distance from zero time to the

intercept of this curve was added to the genevation



time. When generation was started with blank solue-

tions there was & short time interval before the

current began to wvise, indicating the presence of a

small quantity of some substance capable of reducing

bromine, A correction was made for this materisl by

continuing generstion until the plot of indicatbor

current versus time was linear, then extrapolating

this curve to zevro current., The time equivslent to

the distence from this intercept 1o zero time was

subtracted from the generation time, The ondé point

of the titration was obtained by continulng generse

tion, after the indicator current minimum, until

the plot of indicator current versus genevation time

was linear, then extrapolating this curve to zero

current.

Titration values obtained by these two methods are tabu-
lated in Table IV, 1t can be seen thalt the theoretical titra-
tion value is more closely approached by using laethod Be When
titrating iodide in hydrochloric scid in the absence of bromide,
Wooster (33) reported large positive ervors (up to 8%); such
errors appear to be largely due to the method of calculation (A)
and actually are more nesrly on the order of 0.5%,

The occurvence of positive errors when the indigcator cur-
vent was allowed to flow during the titration was not confirmed.

The experiments described in this section have been in-

cluded in a reocent publication (34).



Comparison of lethods

The IEnd Points of Iodlde Titretions

Series

I (indicator current off)

II (indicator current off)

III (indicator current on
for half of titration)
(indicator current on

continuously)

IV (indicator current on
through minimum point
only)

V (indieator curvent off)

TABLE IV

A

ELTR &%

eand B For Calculating

Iodlide, Micrograms

Taken

134 .4

134 .4

13463

13463

134.3

Ave

AV,

Av,

AV e

Av,

Found
tiethod A lethod B
1347 134,1
134 .7 134,1
13660 134 .4
13501 134,82
135,46 13409
13545 1543
125,82 15%.9
13544 134,.4
13346 1338
1%4,7 154.1
13546 134,53
17%4.6 134,.1
12383 1358
13364 13442
13446 154,7
13348 134,28
134,1 1339
15442 154,0

134.1

13369



I-2B. The Coulometric Titration of Iodide

in Perchloric Acid

The coulometric titration of lodide in perchloric acid is
essentlially the same as the titration described in the preceding
section (I=-2A), and it was studied only as a supplement to the

investigation of the iodine monobromide equilibriume.

Experimental

Reagenta. The 60% perehloric acid required no gpecial purifi-
catione

Potassium iodide GOﬁtaining.no jodate, was dried for 1l-2
hours at 100° Ce Stock solutions were mede up by weight.to
contain approximately 10'4 formula weight of iodide per gram of
solution, and weve made 0,0L ¥ in sodium carbonete %o minimize
eir oxidation., The iodide concentrations varied less than 0.1%
from values obtained by titration to the lodine monochlovide
end=point with & standerd iodate solution., Fortions of the
stock solutions were delivered from weight buwvelts and diluted

with 0,005 P sodium carbonate, Only freshly prepared ﬁiluta

golutions were used for titrationse.

Apparatus. The apparatus used in Part I-2A was also used for
this investigation.

Procedure. A4 total volume of 45 ml was used and the solutions

were 0.2 F in sodium bromide and 2 F in perchloric acid. In



all other vespects the titratione were performed exactly as in
Part I-2A,

Calculation of the amount of iodide found was made exactly
as in lMethod B of the preceding section. The result s of con=-

firmatory titrations are presented in Table V.

Discussion

The most important advantage of using perchloric acid in-
gtead of hydrochloric acid lies in the purity of the former,
Reagent grade perchloric acid contains so little redueing ma-
terial that it may be used without special treatment, while
untreated hydrochloric acid causes excessive blank time (See
Part I-2A), In addition, the platinum electrodes are less
sub ject to oxidation in perchloric acid solution because there
is no complexing effect,

If titrations require more than 200-250 seconds,low re=-
sults will be obtained, probably because of loss of iodine.

There is some evidence that low results will be obtained
if the solution is above 25% C during titration. For best
vresults it is recommended that the temperature of the solution

be 18-23° G,
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TABLE V
The Titration of Iodide in Perchloric Acid
by leans of Electrolytiecally

Generated Bromine

Iodide (micrograms)
Taken Found

45.3
4504 4509
4564

11363
113.2 113.2
1134

134,0
13444 13465
13445

48248
484,.8
48267 482.1
4841
484,1
484 .1

1201.2
1204.6
1203.6 120349
120369
1201.9
120369



I«2C¢ The Coulometric Titration of Iron

Meny investigatowvs have recommended procedures for the
determination of iron; however, very accurate methods Tor
determing microgram quantities of iron are somewhat limited,
For example, Cooke, Hazel and licNabb (2) find errors up to 2%
when titrating less than 0.5 mg of ferric ivon with chromous
chloride; this is typical of many volumetric procedures. On
the other hand Mehlig and Shepherd (16) describe a spectro-
photometric procedure which can be used to dotermine small
quantities of iron with an accuracy of 0e2%.

In studying the composition snd properties of blood, in=-
vestigators at the California Institute have sought & conven-
ient method for determining ivon in small smounts. To them the
available volumetric and colorimetric teohniéues did not appear
to be satigfactory. In an effort to develop & rapild end accur-
ate method for the titration of micro quantities of iron the
application of a secondary coulometric process to such a titra-
tion was investigated. Inasmuch as no intermediate has yet been
developed which will quantitatively reduce ferrie iron, methods
of oxidizing ferrous iron were considered., The titration of
ferrous iron by means of electrolytically generated chlovine has
been studied, and further development of {this procedure is re~
commended. A new approach to the problem involved the use of
iodine monochloride as the oxidizing eagent. A small amount of

iodide was oxidized to iodine monochloride by the generation of



chlorine, then fervous iron was added to the titration cell.
The iodine monochloride end point was vestored by the genera-
tion of chlorine and the time required for that operation was
taken as the titration time. Further investigation of this

gystem should be profitable.

Experimental

Apparatus. The apparatus was the same as thet used in Part
I"%o

Preliminary BExperiments.

1. To a 40 x 80 mm titration cell containing 15 ml of 6 F
HCL in 40 ml of solution was added 5 ml of 0,005 F Fesoé.
Chlorine was then generated in the cell at the vate of 10~7
equivalent per second, and, if the ferrous iron reacted stoichio=
metrically, no chlorine excess should be indicated before 240
seconds of generation. After about 10 seconds of generation the
indicator current was greater than 50 microamperes. When genera-
tion was stopped, the indicstor current decreased fairly rapidly
indicating that an excess of chlorine had been generated before
the equivalence point and that the ferrous iron was rescting at
a measurable rate with the chlorine. An accurate titration
would be impossible under such conditions.

2, To a titration cell containing 15 ml of 6 F HCL in 40
nl of solution was added 1.5 x 10™° moles of KI. Chlovine was
generated until the iodide had been converted to iodine mono=-

chloride and the indicator curvent was at the minimum point of



2 microamperves (See Fige 1) Vpon the addition of 5 ml of -
0,005 F }?eso4 the indicator current ineressed to & high valuee.
When chlorine was genevated the indicator currvent decreased dub
passed through a minimum current of 20 microamperes before 200
soconds of generation, Again there are indicetions of a slow
rate of reaction with ferrous iron and a successful titration
is impossible under these conditions,

3e To a titration cell containing 15 ml of 6 F HC1 and
10 ml of 85% H_PO

3 4
chlorine was generated until s minimum indicator current of 3

was added 7.5 x 10~% moles of KI, and

microampoeres was attained. Upon the addition of 5 ml of 0,006 ¥
FeS0, the indicetor current increased to a high value (off
scale). When chlovine was generated, the indicator current de-
creased steadily and rveached a stable value of 3 microamperes
after 241 seconds of titration. Three successive titrations by
this procedure used 241l.2, 241.9, and 241.3 scconds of genera=
tion respectively. These conditions have definite possibilities.

4, Experiment 3 was repeated with only 5 ml of 85% HaPO,
As the equivalence point was approached, instability of the in-
dicator current with time gave evidence that the oxlidstion of
the remaining fervous iron was not instantaneous. Ividently the
concentration of phosphoric aeid (or HzP0,) is critical.

5 To a titration cell containing 15 nl of 6 P HC1 and 10
ml of éﬁ% HP0, was added sbout 2 ml of a dilute solution of

4

Fesoé. Chlorine was generated, and the oxidation of ferrous

iron appeared to proceed smoothlye The indicator current in=-



creased as for a normasl end point, and the good stability of

the indicstor curvent gave evidence that, under these condie
tions, there was no measurable rate of reaction between chlorine
and ferrous iron,

6, In order to provide for the addition of 10 to 15 ml of
solution from a reductor a 125 ml titration vessel was used. To
the titration cell coﬁ&aining 25 ml of 2 F HCL and 20 ml of 85%
HSPO4 was added 2.5 x 1076 equivalent of XI, and the total
volume was 60 mi. After oxidizing the iodide to iodine mono-
chloride, several milliliters of dilute Feso4 solution were
added, No difficulty was experienced in titrating to the
iodine monochlovride end point; evidently the reagent propor=
tions are correct for these volumese.

7. BExperiment 6 was vepeated with only 15 ml of 85% HgPOy e
Inasmuch as a measurable reaction rate was observed near the
end point, the 20 ml of 33904 can be considered the minimum re=-
quirement for approximately 75 ml of solution.
and

4
Bromine

8. To a titration cell containing 20 ml of 85% H,20
9 ml of 1 F NaBr was added a small crystel of F6304.
was generated and almost immediately the indicator current
began to increase., Wheonever generation was stopped, the in=
dicator current decreased vrapidly: evidently the fevrous iron
and bromine were reacting at a measurable rate even though the

H5904 was present.

Investigation of Micro Reductors. In order to avoid large
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volumes of wash solution, reductors of smsll size were prepared.
Unless othorwise specified the column of veducing meterisl was
about 7 to 8 cm high and 6 mm in dismeter, The titration pro-
cedure described in preliminary experiment & was used bscause
an inert atmosphere was unnecessary and the accuracy of that
procedure appeared o be sufficlently good to test reductors.
Instead of using the minimum indicator curvent as & rveference
point, a value of the indicetor current on the iodine side of
the minimum point was taken because of the greater meter res-
ponse for each second of generation in thet region. A dilute
solution of iron, 1 F in HCl, was prepared by dissolving a
weighed sample of pure iron wire,

1. Silver Reductor. Finely divided metallic silver was pre=-

pared by reduecing silver fon with copper in a solution slightly
acidified with ENOS. A 5 ml powrtion of the dilute iron solution
was passed through the reductor and into the iodine monochloride
solution in about 3 minutes. Ten milliliters of 0.5 F HClL were
used to wash thé reductor. Successive titrations requived pro=-
gressively shorter titration times, indicating that the small
silver reductor was probably heing'rapiély~exhausted by the for-
mation of s surface coating of silver chloride. Efforts were
made to maintain a fresh silver surface by inserting an enode in
the solution above the silver colum and applying & potential
between the silver column gnd the positive electrode., When a
platinum anode was used, considerable hydrogen was evolved from

the silver column. When a silver wire anode was used, the anode



gurface appeared to be polarized after one or two samples had
passed through the veductor, In such smell size the silver
reductor was unsatisfactory.

2+ Zine Reductor. A surface coating of amalgam was applied to

30 mesh zine by pouring the zine into a very dilute solution of
chla. One reductor was mede from a section of a 50 ml buret
{zine column about 7 om high) and another of the size indicated
above., With both reductors the titrations varied by several
pevcent., Inasmuch as hydrogen bubbles appeared in the column,
it is probable that portions of the column were blocked.

3. Cadmium Reductor. A 20% cadmium emalgsm was prepared as

directed by Helger (7): +the smlgem is solid when cool and can
be granulated. When the cadmium reductor was used, the titra-
tions were more consistent than with the silver or zine reduc-
tors; however, the titration valuss still varied about 3%.
Hydrogen was Tormed in small amount and may account for the
varistion., Perhaps a lower hydrogen ion concentration in the
iron solubtion would give belter results with the cadmium reductor.

4, Bismuth Reductor. Although Someya (24) used a bismuth amal-

gam to reduce fervie iron, no wveferences have been found in
which metallic bismuth has beeon used as a reducing agent.
Finely divided metallic bismuth (black) was prepared by
immersing a strip of zine in an acid solution of Biela. About
8 em of this bismuth in a section of a 50 ml buret constituted
the first trial veductor. In a series of four titrations using

this reductor the maximum variation in titration time was only



g 1ittle over 1%. Similsr results were obtsined with a veductor
6 mm in dismeter, The bismuth reduetor appears to be the beot
of the reductors studicd.

Reduction of Ivron by Bismuth and Titystion with Flectrolytically

Generated Chlorine, In ovrder to move thoroughly test the bismuth

rveductlon of iron and to try e nmore stralghtforwerd type of ti-

tration, the chlovine titration of iron was investigated.
Apparatus. The apparatus was the seme as that used in Part I=2A,

Reagents. The meterial in 8 I HCL which was veducing to chlorine
waes oxidized by the addition of Kclﬁg ag described in Part I-24,
Phosphoric scid (85%) was freed of material reducing to
chlorine by adding en excess of chlorine, sllowing the secid %o
stand for seversl days, and then boiling the acid vigovously to

remove excess chlorine,.

A stock solution 0,1050 F in ferric ivon was preparved by

dissolving FeCl '6320 in 1 ¥ HCle A test for ferrous ivon with

forvicyanide wag negative. Standsvdization of the ferric solu-
tion was cerried oubt by the iodometric procedure suggested by
Swift {25)e Sodium thiosulfate for the titration wes standarde
ized sgeinst .?:IO3 uging the starch end point. Dilutions of the
sbock fervie solution, 1 F in HCl, were used for coulometric

titrationse.

Procedure. The usual process of shorting the indicator elec~
trodes and genevating intermediate on their surfaces for se~

veral seconds was carried out after each blank and titration.



For these titrations an intermediate rate of generatlion, 4,13l x
10~8 aquivslent per second, was used. The indicator poltential
wag 300 millivolts.

To & 40 x 80 mm sitvation cell was added 20 ml of 85%

3
gell in position on the stirring apparatus, tank nitrogen was

H P04, 3.0 ml of 8. F HCL, and 7 ml of wator. After placing the

bubbled through the solution for 4 to b minutes, Ths glass
nitrggen inlet tube waeg then withdrawn to the upper part of the
cell, and a constant fiow of nitrogen into the cell was maine
tained fer the duration of the titration. A 5-nl sample of
dilute fevrvic chlovide solution was plpetted into the reductor
which had been filled with freshly precipitated bismuth {bismuth
column 8 cm high, 6 mm in dismetev). By means of & stopcock the
flow through the veductor was vegula ted so that 2 to 3 minutes
wore rvequived fovr the sample to flow into the titwvation cell.
Ten milliliters of 0.5 T HCL wore used 1o wash the vedusctor; the
totael volume in the titration cell was then 45 ml.

The indicator civeuit was cloged, and chlovine was genera=
ted until the indicator current reversed o & negative value.
At that point genevation was stopped and The indicstor current
increasaed to a positive wvalue in about 30 seconds. Raa&ings of
indicator curvent values were then recorded after b-second in=-
tervals of generation,

Reagent blanks wWere prepared and swept oult with nitrogen.
A 5 ml portion of the HCL used in the sample wasg passed through
the reductor, followed by 10 ml of 0.5 F HCls Chlorine was
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then genersted for bS-second intervals and the corresponding
values of the indicator curwrent were recorded. The linesr
curves of indicator current vs. time were extrapolated to the
time axis. Tor the titration curve the intersection was taken
as the "titration time."™ The intersection in the case of a
blank was designated the "blank time." By subtracting the
average "blank time™ from the "titration time" a corrected ti=-

tration time was obtained.

Discussion

The results obtained by the above procedure were asccurate
to sbout 1% and indicate that further investigation should be
profitable, With samples containing 233,7 microgrems of iron
titration values of 233.0, 230.7 and 234.8 micrograms were
found.

The bismuth micro reductor appears to be quite satisfactory
for this application. If allowed to stand in scid solution ex-
posed to the air, the bismuth will dissolve fairly rapidly.
After the reductor has been allowed to stand for sbout two days,
the bismuth column seems to be more tightly packed: wveplacement
with freshly precipitated bismuth is recommended. The puvrity
of the metallic bismuth has not been checked., In particular,
iron should not be present; therefore, a sample of the precipi-
tated and acid washed bismuth should be dissolved and a test
made for iron and perhaps cOppere.

The amount of HgPO4 used in the above procedure signifi-
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cantly increases the solution viscoslity and decreases the
indicator electrode sensitivity.

After the addition of ferrous solution from the reductor,
there was an indicator current of sbout 30 microamperes. This
currvent decreased during the titration and current reversal
occurred near the end point as mentioned in the procedure.
Perhaps some hydrogen was being produced in the reductor; re-
duction of the acid concentration in both iron solution and

wash solution should be tried.

Sugeestions for Further Investigation

Chlorine Titration

le Reduce the acidity of the titrated solution with the

poseibility of reducing the H5P04 requirvement,
plus HCLO, in place of H

2. Use BaHZPO PO ; there may

4 4 3 4

be less reducing material present,
3e Use the maximum permissible pH (about 1.5), end try

fluoride as a substitute for ngoé.

Iodine Monochloride Titration

le As a veference point take sn indiecator current value
on the chlorine side of the minimum point; the meter sensiti-
vity is greatest in that region.

2. In order to shorten the period during which iodine and
iodine monochloride are in contact with the pletinum electrodes,
two possibilities appear for reducing the iron and then running

it rapidly into the titration solution:



a)c

Reduce the sample in & small bulb,; flushed with

Ng o 002,

swirling for a fow minutes. By means of a

by adding finely divided bismuth and

stopeock, drain the sample vapidly through a
plug of glass wool and into the titration cell.
Construct a reduction column with a 20 %o 25-nl

chamber placed below the column stopcocke Flush

the chamber with inert gas, and collect the sample

and washings in the chamber. Through a second
stopeock quickly run the sample and washings into

the titration cell.
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I-3%. HQUILIBRIUNM STUDIES

A,  Eguilibyis in Iodine Monobromide Solutions

During an jodide titration the indicator current passes
through a minimum value in the regién of thé iodine monobromide
equivalénce point (See Fige 1)es ©ince tﬁe indicator current is
limited by the iodine concentration before the minimum point and
by the bromine concentration afterward, it appears that the
value of the minimum ourvent is related to the concentrations of
the halogens in equilibrium with iodine monobromide. A mathe-
matical correlation of the minimum indicator current with the
cupric bromide equilibrium has been made by Meier (17); Xolthoff
and Lingane (8) present calculations for the silver iodate equi-
librium in which only cathode reactions are involved., In order
to simplify study of the iodine monobromide equilibrium inter-
halogen chloride complexes were eliminated by using perchlorie

acid in place of hydroechloriec acid.

Experimental

Reagents. The reagents described in Part I-2B were used for these
experiments. é
oy

|
Apparatus. The instrument described in Part I-1 was used with

two modifications:
a)e For the iodine monobromide equilibrium studies the

microammeter was veplaced by s Leeds and Northrup
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box~-type, reflecting galvanometer. A shunt re-
gistance of approximstely one ohm made the gal-
vanemeter sengitivity one microampere per scale
division. As a result the potentiasl drop across
the galvanometer was always much less than one
millivolt, and the potential applied to the ine
dicator electrodes was held constant without

ad justment.

b)e In order to study the mechanism of the indicator
diffusion cuvrvrents, two titration cells wers
connected by a glass bridge containing 2 formal
perchloric acid, A sintered glass disk in the
bridge retarded flow between the cells. Both
cells were eguipped with platinum electrodes
and constant speed stirrers. It was then
possible to separate two indicator electrodes
and to determine which pairs of ionic or

molecular species would carry indicator currents.

Procedures and Results. The data for Figure 2 were obtained by

recording indlcator current as a funetion of applied potential
for a solution which was 2 F in perchloric acid and 0,1 F in
sodium bromide and which contained 1.62 x 10~ mole of iodide
titrated to the point of minimum current, Since the flattest
portion of the indicator current-voltage curve lies in the range
40=70 millivolts, an indicator potential of 65 millivolts was

chosen for the study of the iodine monobromide equilibrium,
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Data for equilibrium calculdations were taken in solutions
2 F in perchloric acid and either 0.1l F or 0,3 F in sodium bro-
mide., About 98% of the known emount of iodide in each solution
was oxidized to iodine monobromide by the sddition of satura-
ted bromine water., By generating at the constant vaete of 1,039
X 10‘3 equivalent per second for short intervals of time oxi-
dation of the iodine was completed, and the value of the indi~
cator curvent was observed during this process., A4 typlcal set
of data taken in the region of the ilodine monobromide equiva=~
lence point is shown in Figure 3. When 6 x 10”8 mole of fodide
was titrated, & small current (0.3 to 0.6 microampere) was
noted at the minimum point. With this quantity of iodine mono-
bromide present the minimum 1naiaator current should have been
essentislly zero; consequently, this observed indicator current
was considered to be a residual current which should not be
attributed to halogens in equilibriun with iodine monobromide.

The two-cell avrangement desoribed in the fourth paragraph
of apparatus was used with several pairs of solubtions. With a
gsolution in esch cell, a platinum electrode in one cell was con-
nected as an indicator anode and an electrode in the other cell
wae made an indicator cathode., 8Since the clrouit was completed
by the acid~filled bridge, curvent passing through the elec-
trodes was governed by the nature and concentration of the halo-
gen complexes present in the solutions. This indicator curvent
is therefove similar to the diffusion curvents obtained when the

slectrodes sre contained in one cell., In Table VI are presented
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