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A method has been developed for the

2 b £ eoipe eseay of potasaivin dichromate by constant=
ourrant coulometrie titration with ferrous jon= generated at a platinum eathode.

t ia shown

that one-hall gram samples of the dichromate can be titrated with & standerd deviation of

()3 pereent,
1. Introduction

This paper reperts resulte of a eontinuing investi-
gation to evaluate coulometric methods of analysie
and to develop highly precise and accurate anslytical
methods fer mmportand materials, based upon this
tochnique. Earlier papers described the coulo-
metrie titrations of acids and bases 11! and of
balides [2]. The present research is eoneerned with
8 typical axidation-reduction titration, the analysis
ol potassinm dichromate.

_The application of constant—current coulometric
titrations to the analysis of dichromate it not novel
[3. 4, 5], but high]g pracise and acearate results have
not been reported. The method developed in the
presont investimabion conzists of the reduction of
dichromate with elactrogenersted ferrous jon, The
technique and procedure have been refined to permit
rezults reliable to a few perts in 100,000, which are
ahout two orders of magnitude better than those
reported by previous investigators.

2. General Considerations

The conditrons for 100-perceni efficient ganaration
of ferrous ion at a platinuin cathode are readily
obisined from current density versue potential
studies of the supporting electrolyte alone and with
asveral additions of ferric ion. This tachnique has
been employed by Lingane and co-workers for the
evaluation of the eurrent efficiency of generation of
cerie ion [ﬁ! and of titanous ion [7].

The results of a study of the raeduction of ferric ion
at a platinom cathode are shown in figura 1. Such
curves are readily and quickly obtained by the use of
an X-¥ recorder in which the potentisl of the
platioum electrode with reference to o saturaied
calomel electrode is recordad on the X-axis while the
voltage drop across & standard resistor in meries with
t]lE-G.FE?}t-IDl]"SiS cell is recorded on the Y-axis. The
Iatter values are related to current density from
knowledge of tha valua of the resistor and the ares of
the elactroda used. By manually ing the
potential applied to the electrolysis cell, t—g curves
relating enrrent density to clectrode potential are
quickdy obtained.

In figure 1, curve 1 represents the dats obtained for
the supporting eloctrolyte, 2 Meuliuticand. Curves2,

! Flgures in beackets Indbeate the lteraturs refersnoes ot the cnd of ths poper,

3, and 4 represent the data obtainad on successive
additions of ferric ion to the acid. Thae estimation of
the current-efficiency for the generntion of ferrons’ion
i8 illugtrated by the following examples.
Consider the solution represented by eurve 2. Al
s current density of 2 mafcm’, the potential of the
latinum electrods wus found to be about —0.30 v
(point ), At the same potential, the current dens-
ity for the clactrode immetsed in thesupporting elec-
trolyte alone wae 0.3 mafem®.  The fraction of current
producing ferrous ions is evidently (2.0—0.3)2.0
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or 0.85 ecorresponding to a eurrent efficiency of 85
percent. For the same current density, the pro.
jections of points B and A from curves 3 and 4,
respactively, on curve 1 indicate no current due to
reduction of the supporting electrolyte and a resylt-
ing cwrrent efficiency of reduction of ferric ion of
ezzentially 100 percent.

At a current density of 4 mafem?®, solution 3 was
reduced at & potential of about —0.24 v {point F}
and this potential was obtained at a current density
of 0.05 mofem® for the supporting electrolyte alone
(point (33, The efficiency of reduction of solution 3
under this condition would ba (4.0 —0.05)/4.0=0.00.
The projection of peint E indicates a neghigible cur-
rent due to reduction of the supporting electrolyte
and 100 percent efficiency for reduction of solution 4,

From caleulations like those described ahove, the
curves shown in figure 2 were plotted. It is evident
that =olutions more eoncentrated thap 0.01 M with
respact to ferric ion in & supporting electrolyte of 2 A4
gulfuric acid can be rcducedpwith & current efficiency
of 100 percent, provided the enrrent density iz less
than 1.2 majem?

1t is also indiceted in figure 1 that the presenee of
phosphoric acid is pot essential for theoretically offi-
cient raduction of ferric ion to ferrons jon, e has been
reported by previous investigation [3].  In fact, it is
evident thai presenca of phoesphorie acid lowers the
limiting current-dengity for efficient reduction of
ferric ion.

The conditions selected for this work eonsisted in
the pregenerntiom of ferrons ion from a solution (1.4 A
with respect to fertie ion, in & supporting electrolyte
of 2 M sulfuric acid, nt current densities never ex-
ceeding 0.8 mafem®. The pregeneration technigue,
deacribed later, reduced the ferric jon concentration
to 0.3 Af but this was well sbove the limit for efficient,
generation of ferrous jon.

The snd points of thess titrations were determined
amperometrically using a polarized platinum indi-
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cator anode and a saturated calomel eleclrode us the
nonpolarizable reference cathode. Using this slee-
trode system the current-voltage curves shown in
figure 3 were obtained. An applied-potential of
4085 v is midway on the difusion-curtent. platesy
for the reaction Fet*—Fett+4g~, In actuality,
this platesn is not completely flat; however, this volt-
mge corresponds (o a region where the indicator cur-
rent is the least dependent on the applied voltags,
From stodies of Anson (8, 9], it is evident that the
oxide film which 1= formed on plotinum affects the
hehavior of the ferrousdarric conple st ihe electrode.
Aceording to him, the reduction of sueh & film is
eagily accomplished by ferrous ion in 6 solfuric arid
medium. If such a filln were not removed prior to
generation of ferrous jom, it would cause positive
errars in the final analysi= of oxidant, dichromate in
the present case. Taking precautions to avold such
interferences, the electrodes (both the indicator anode
and the ]generab:rr callwode) were pretreated by im-
mergion
subsequent rinsing, followed by a 10 min immersion
in 0.1 M ferrous anunoniwm sulfate solation in 2 Af
B.%0,. Thus the electrode surfaces wera freshly
“reactivated’ prior to sach titration.
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All caleulations were based on the 1961 ' atomic
waight scale [10]. From it the molecular weight of
K Crddy, which was used, was caloulated to be
204,101,

The value of the taraday constant which waa vuzed
in the calculations was 96,457.2 coulfp-equiv (hased
on the determinaiion of I. N. Craig et al. [11] and
porrected to the CF atomic weight scale).

3. Apparatus and Procedura

3.1, Apparatus

The titration cell uzed in this work was similar to
the one deseribed in & previoua communication [2].
The anode and cathode comparlments are separated
b]);;: connecting tube containing e eerics of porous

frite to provide two intermadiate sactions.
%‘uhes senled to the tope of these sections permit
application of suction or pressure to fill or empty the
compartments. A silicic acid gel plug, prepared b
gelution of sodiuin silicale soletion with sulfurie acid,
wrs formed on the fine-poroszity disk of the anode
compartimant to aliminate flow of electrolyte. The
pluog remained for long pericds of time without de-
generation provided it was kept wet with supporting
electrolyie.

A piece of corrugated platinam foil (5 cm %16 cm)
sorved a2 the generator cathode. The wnode wag
constructed from sheet lead (12 em 10 em #0.2 em)
which waa cortouraed to fit the anode compartmnent
of the cell.

The clectrical circueit was the saine as used pre-
viously [1, 2]. The current was adjusted manually
to maintain the IR drop aeross a atandecd resistor
constant snd equal to the voltage of & antmrated
standerd cell, Because the dimuny resistance only
approximated that of the electrolytic cell, & momon-
tary initinl imbalance was invarably observed.
such imbalances were small and correctad guickly so
that they could not affect the titrations by more than
(.00001 percent.

The saturated standerd cell and the standsrd
resistor uwsed in this work wera calibrated by the
appropriste sections of the Burean. Although the
resistor was pleced in a therinostated oil-bath there
was always & slight temperatore rise of the resistor
duee to heat dissipation. The correction for this
ternperature change was applied using the mean
value of the resistor for o given titeation and the
t.amﬁimtum coefficient for manganin,

The time was messured by mesns of s 10 ke-
quartg erystal conteolled time interval meter (TIM)
whose calibration was checked with respect to
standard frequency signals of WWV; the cehbration
was found to be aecurate to at least 1 ppm.

Near the equivalence point of the titration, it was
mere convement to pass curtent increment-wise
uging a mmmemia’]%i-nvnilable conetant-current eou-
* lemetric source. e current and timing sacouracy

of thiz apparatua were calibrated and the Jt product

was fuuncP to be accurnte to £0.005 parcant. Since
the fraction of the total titration performed with this
instrument was of the order of 0.0005, the errors

.

encountered as a result of the use of this equipinent
were negligible.

The amperomatric indicator system consiated of a
platinum foil electrode {1 ern® in ares} and & sabuca bed
calomel alectrode with a J-percent -pEar zel in
0.1 & potassium chloride in a salt bridege. A record-
ing polerogtaply was used as the source of applied
emf (0.55 v} hetween these two electrodes and alzo ns
the micrcammeter for measuring or recording the
indicator current.

All wetghinps were dohe on 8 20 g capeeity micho-
balanee of the single-arm, constent-load type and
wera precise to 40003 mg.  All weighings were
porrecked for air huoyeney.

3.2, Procedure

The material used in this work was potassinm
dichromate NB3 standard sample 136b.  Vienal
examination revesled an oceasional dark-colored
cryatal which may or may not contribute a certain
amount of inhomogeneity to the sample. The mate-
rial was dried at 110 *C for 24 he and cooled in a
desiceator for a period of about 4 hr hefore weighing.

One-hall gram samples contained in a platinum
bont were weighed by the method of substitntion
uﬂinia calibrated 500 mg tentalum woight.  Sample
weights agresd with the nominal value and with each
other within 3 mg. The diference between the mass
of the sample and the ealibrated maszs was detormined
on the optical acale of the halance. The weighed
samnples were translerred [rom Lhe boat into 30-inl
weighing bottlez and stored in a2 desieestor until used.

The weighings were donc in seta, each representing
a nwnber of samples weighed on the sane day.
Messurements were made of air lemperature, barg-
ractric preasure, and relotive homidity dunng the
weighings and the agpmprinte corrections for air
bourency were gpplied.

The supporting electrolvie was prepared in ad-
VHIICE a:u:P was 0.4 M with respect to ferric jon and
& M withrespeot to sulluvic seid.  Ferrie atnmonium
sulfate, reagent grade salt, or electrolytically nxidized
ferrous ampmoniwn sulfate served as the source of
the fartic wn.

The anode and cathode compartments were filled
with 100 ml of 2 M solfuric acid end 120 ml of sup-
porting  electrolyte, respectively. At this point,
about 1 ml of 0.005 N potassium dichromate was
delivered into the cathode compartment to remova
traces of ferrous ion und to facihitate the pretitration
stap described later.

Dhzaulved air was removed from the catholyle by
purging with nitrogen gas thet wes intraduced
through the coarse frit of the side compartment
adjacen& }.0 t-{1]e- cathoda mmpartment.d I 1e nitro-
gen used for this purpose was pretreated by passing
1t through a heated mpper—ﬁlilad tube to remove
oxygen and successively through towers containing
aseidifisd potessium pertmangroate, ferrous atnmoo-
miyin, zuliate, and supporting electrolyte, rezpectively.

After purging, the catholyta was permitted to
flow into the intermediste compartments to the

455




extent that it wouald just ecover the bottom of each
compartment, thus sstablishing electrolytic contact
between the cathode and anode ecompartments.
Thia was accomplished by application of suction to
aachk intermediate compartment.

The catholyte was then pretitrated by passage of
inerements of current squivalent to 0.200 peq, using
the 0.643 ma current range of the coulometric power
supply. At the ecouclusion of each increment. the
indicator current was obeerved. This was small and
assentially constant up to the equivalence point, ex-
hibited a curvature in the vicinity of the equivalence
point, and bacame a linear function of the ferrons ion
concentration with slope of about 5.0 pa/ueq beyond
the equivelence point. Thie linear portion was ex-
trepolated graphically and its intersection with the
zaro—current line was taken as the end point.

After completion of the pretiteation, the interme-
diato cotnpertiments wers rmsed by reprated ampty-
ing and filling with eatholyte by a%ﬁ]}*ing anetion or
nitrogen pressure Bs required. o walls of the
cathode compuartment and its cover were rinsed by
withdrawing catholyta using & syringe in which a
slass tip replaced the hypodermic needle. Bt;ﬂ
was bent so that the expelled catholyte would w
down all parts of the cathode chamber. The final
reading of the indicator current was then taken from
which the amount of over-titration of the pretitra-
tion step was determined.

The intermediate compartments of the cell ware
then fillad with catholyte and ferrous ion was slectro-
generated at constant eurrent using the high preei-
sion circwit and the TIM. The amount of ferrous
ion generated was a, predetermined quantity auffieiont
to reduce about 99.95 percent of the dichromate in a
given sample.

After the generntion of this major portion of ferrous
ton, a dry funnel wae inserted inte the cover of the
cathode compeartment through an suxiliary opening
which wes stoppered with & piece of rod durin
the time of peneration of ferrous ion. The stem o
this funne! reached slighily below the level of the
liquid in the cell. The weighing hottle containin
the weighad sample was inverted into the funnel an
Jightly tapped, so that all visible crystals of the di-
cfromatra wera delivered into the cell. A complete
dissolution of sampla took place in about 5 min after
delivery into mt.ﬁo ollowing diseclution of
sample the intermediate compartments were succes-
pively emptied hy ﬂ,ﬂpl:,ring nitrogen pressure until
only the bottoms of these compartmenia were wetted
enough to make the alectrical contact between the
anolvte and the catholyte. The compartment which
is aci’]tncant to the cathode compartment was rinsed
soveral more times, by permitting the catholyte to
flow into it, and by foreing the same cut with nitrogen
pressure. Thizs waa done because & perceptible
amount of ferroys ion diffused into that compartment
during the course of itz generation. Thus, it required
mora than one rinse to remove all ferrouws ion which
was entrapped in the glass frita. The second com-
partment eontained an impercepiible amouni of

ferrrous ion.
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At this point the titration was econtinued inerement-
wise, using the coulometric current source u= in the
cage of pretitration. When the first rise of the indi-
cator eurrent was observed, the'cell walls, the cell
caovar, and the intermedista compariments were
rinsed ag already described, and the weighing bottle
which originally contained the sample and the gnliva
funnel were rinsed with cathelyte withdrawn from
the cell by the syringe. This procedure was repented
after epch succeeding inerement  The extrapolation
of the mdicator current lme, where 1t becomes &
straight line function of the ferrous jon concentration
was again taken as the end point at the point where it
intersects the zero eurrent Eue. A typical end-point.
deterrination is shown in figura 4.

Tt is ohvicus that the amount of farrons ion equive-
lant ta the dichromata is the amount generated to the
end point plus the excess which was generaied in
pretitretion,

4, Design of Experiments

In the initiel stages of this investigation it became
evident that there was a definite affoct associated
Ra-

with the history of the supporting elnetroyte.
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sults obtained with a fresh alectrolyts aﬁepeamd to be
gliphtly yvet apprectably higher than when a sampla
WA & te an electrolyte previously used for an
analysis. To werify this affect and also to detect
sny possible ayetematic errors var}'in& with thme,
the analytical progrem cutlined in the following
g aduﬁstﬂd.

Samples wera weighed in sets consisting of two to
six members, aill weighings being made within o
period of an hour or two. These samples wera
titrated soqueniially using pretreated electrolyta
except thet nine samples were withdrawn in & ran-
dom manner for analysis in untreated eleetrolyte.

The pretrested electrolyte comsisted of solution
that had heen previcusly used in a coulomeiric titra-
tion of dichromate, or one in which a number of
repeated reductions and oxidations had been Ifer-
formed. Thia latter procedure was necornplished by
reduction of the supporting electrolyte (in the same
electrolysiz cell) for about 500 sec with a 100 ma
current followsd by reversal of the ewrrent. This
procedure was repeated severnl times.  The platinum

clectrode which was used [or this pretreatment was
“reactivetad” as already described between esch
current reverssl.  After the final oxidation there was
n amaoll amount of ferrous ion present that had not
undergone electrolytic oxidation. This residual
amount was oxidized by additiovn of dilute selution
of dichromate wntil the diffuston current of the
ferrous ion reached a very low value {a.g., 0.5 uaj.
The sequence of expernnents is shown in figure 5.

5. Regults

The results for titratione of ten sets of samples in
pretrenied aulipurt.in elecirolyte are given in colummna
2 to 11 of tabla 1. t X1 is composed of a number
of samples taken from the sets as indicated by the
viacant spots labeled “a™ In the tabls.

The average value for the assay of this material
using pretreated electrolyte is 99.977; percent with
the sinndard deviation of all messurements bein
0.002; percent. The significantly higher valne o
00 U82 parcent was obtained from: samples fitrated in
the untreated supporting electrolyte.  These samples
also showed a higher standard deviation of 0.0049
percent.

The results of table 1 are plotted with respact to
analytical sequence in fizures 5 and 6. The results
for a given series are interconnected. Dashed lines
ara drawn fo show the time relationship for samples
determined in the untreated electrolyie and empha-
size¢ that thair results wera not used in tomputing the
averago line nor the standard deviation lmits.
No sipnificant tremds with respect to time both with
rezpect Lo sets and for the entire sequence are evident.

he difference between results with pratrested and
untreated supporting elactrolyte is obvious. Un-
doubtedly, some redueibls impurity was present in
the sqgﬁo‘rting electrolyte the kinstics of reduction
of which i3 slow, so that it was not completely re-
movad hy the pretitration procedurs. On the other
band, a longer electrolytic treatment andjor
higher concentrasions of ferrous ion bad the beneficial
effect in removing this impurnity.

It is recommended that for titrations of potassinm
dichromste in which high aceuracy is a serious con-
sideration, the supporting electrolyts should be

TABLE 1. Summary of requtis
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pretreated either by repeated reduction und oxida-
tion, or by titra tin.ia sizahle sample in the electrolyte
and disregarding the firat result.

The precision of the method is high, in that a
standard deviation of only 0.002; percent, or 20 ppm,
was obtained” The aceuracy of the method is more
diffieuls to evaluate in that pere reflerence materials
are not available for calibration purposes.

The asny valoe, 99977, percent, 1 in good
agreement with the certified oxidizing power, 99.08
percent, for standard sample 138b, which ie given in
the provisional certificate of the National Burean of
Etandards deted June 30, 1961.

This certified value i= based upon comparison with
Eredeces.aur samples 136 and 136a, the former liavin

eenn standardized with respect to pure iron an

arsenious oxide. The present sample 136b was also
standardized with respect to wranilin metal of high
purity and the provisionally certified value of 90,08+
0.01 percent represents the reliability of the value
based on both anslytical uncertainty and the
agreement of cross—checks in which such factors as
uncertainties in stomie weights are involved.

L view of the agreement of the coulometrie results
with other analytical data, and the fact that the
conditions ware such that theoretical cucrent effic-
iency should hare been realized, it is conecluded theat
the accuracy of the results is consistent with the
analytical uncertainty.

6. Discusgion

This investigation emphasizes the high precision
and accuracy that can be attained in constant-current

coulometry. In common with the scidimetric and
argentimetric titrations already reported, the de-
termination of oxidants to a few parts in one-
hundred thoussnd has been aceounplished and
uncertainties of only u few parts in & million are a
definite possibility.

Coulometric methoda are absolute methods in that
the results depend divectly upen the reliability of
messured quantitiez, This iz in contrast to many
analytical methods which are comparative in prin-
ciple, in that an unknown is cornpared with a material
of known eompoaition.

The tactors affecting the precision and aecuracy of
coulornetric titrations have heen discussed in pre-
vious papers [1, 2]. In the present work, muoch
effoct was= expen&ed to minimize sll errors to produce
resulits of lupgh relialility. An attempt has been
made to evaluate the precision of all measurements
involved. These are summarized in the following:

Weighings wete precize to ahout 2 pg, whic
amounts to 00006 percent in the cese of 05 ¢
samples and uncertainties in the buoysney cortec-
tion= did not exceed 0.0003 percent. wnuoal control
of the current wae maintained within a 0.5 cm
galvanometer daflection which would amount to
(.00015 percent. Tining ervors are not believed to
excecd 0.0001 percent for the 10,0 —second poriod
of electrolysia. Uncertainties in the corrent due to
temperatore Huetuation of the standard resistor
weare no more than 000007 percent, while endpoint
uncertainties may have amounted 10 ahout 0.02 geq
which reprasenta 0.2 percent i & 10-meq sample.
Chy the basis of these estimates sn overall precision
of 0.0008 percent shonld have been atiained, which
is about one-third of the standard deviation of the
reaults.

There are of course other soarces of error, magni-
tudes of which are difficult o estimate. Such
indeterminate errore include mechanical losses due
to transfer of sample, spray losses, and residusl
anmounta of oxygen in the cell. Errors due to in-
homogeneity of sample eould ba congiderabla gince
small samplez (0.5 g) of iucmnplel,elg purified
muterial (39.98 percent purity) were used. HKfforis
ware mada to minimize some of the indeterminate
arrors by the washing procedure alvewdy described
and by pretreatment of the electrolyte.

The siebility of the generating current was
greatly improved by the prepeneration technigue,
and thia was the reasct for its adoption. In pre-
liminary work, it wae found that the enrrent, hecame
quite unsteady when about 30 percent of a 10 meyq
sample of dichromate which had been added direetly
to the supporting electrol¥te was reduced. FPoten-
tial ineasyremants showed that the cathode potential
ghifted abruptly at this point from that of the
dichromate-chromie couple to that of the lerric-
ferrous couple.  Undoubtediy, due to eoncentration
polarization effect, the primary electrode reaction
changed from the reduction of dichromate to redue-
tion of ferric won, well in advance of the steichiometrie
end point. Tha transition was oo tapid to adjust
for by manual means and consequently large un-
certainties were introduced. The pregeneration of
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the ferrous lon as already described eliminates this
uncertainty.

Another improvement in precision of the snd-
point determinetion resulted from the pretitration
technique. Some uncertainty was introduced by
amall but measurable variations in the current
prior to the complete reduction of dichromate
{residual current). However, by alternate reduction
and oxidation in the region of the end point, it
becume evident that extrapolations of the linear
reaidunal-current curve to zerv current gave reliable
values for a sample added to one previously titrated,
and the pretitration technigue deseribed earclier was
adopted. Also, it was hoped that this procedure
would eliminate blank corrections, but it wns soon
discovered that a pretreatment of the supporting
electrolyte was required as well,

7. Conclusions

Thiz investigation has shown that potassiom di-
chromete can be titrated coulometrically with pre-
cigion and accuraey which is equal to or exceeda thai
obtainable by the most carsful conventional methods
of chemical analysis. The method has further ad-
vantage in that the reagent ia generated in situ which
eliminates some of the cumbersome technigues of the
conventional chemical analysis. The amount of thia
generated reagent iz measured in terms of physical
quantities—currant, time, and the faraday conatant,
all of which ara more pracisely and accurately measyr-

shle than the certification of conventional standard
referance materials.

It has alzo conclugively shown that a pretreatment
technique is required for sulppurting electrolyte if the
restlte of highest obtainable degree of acouracy and

precizion are desired.

The aythors are grateful to 4. Cameron of the
Statistical Engineering Section for help in the statis-
tical analysis of the data.
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