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A method has been developed for the
eoulometric titration with silver ions geneva af u sllver anode.

ise ascay of halldes by constant-current
It i shown that a 4

milliequivalents sample of halide ¢an be titrated with standard deviation of (.05 percent.

1. Iniroduction

The determination of halides is of inferest in
many cheroical inveaﬁfatiuns. For example, in a
recent determination of the atomic weight of chlo-
rine[l] ! it was necessary {0 determing the chloride
content of dilute solutions with high precision,
For such applications, coulometric titration is par-
ticularl vantageous because it involves a mini-
mum of manipulation. A further adventage is that
the titrant iz genetated in situ in amwount that is
messured in terms of physical quantities.

Although o number of publications have been
concerned with tha coulometric determination of
halides [2, 3, 4, 5] there seem to have been no attempts
made to establish the conditions for high-precision
titrations, 1.e., betler than 0.1 percent. Accord-
i'ﬁli{ the work teported in this paper was under-
t a8 paxt of acuntinuig program at the National
Bureau of Standsrda to develop coulometric titra-
tions of high precision and accuracy[6].

2. General Considerations

Coulometric generation of silver lon has been
axtencively atudied. One of the more recent studies
was done by D. N. Crsig and coworkers [7, &] in
connection with the determinstion of the walue of
the faraday. The electrde reaciion Ag—Ag*{e-
for one eyuivalent thereio} proceeds at 100 percent
current %ﬂe for current densitiezs as high as
0,150 mpfﬁml:ci’:?]. In the work reported in the
present paper, the toial area of the silver anode was
shout 20 cm® and the generation owrent was 100
ma; thus the current density did not exceed 0.005
ampfem?. At such low current deneities, one iz
asaured of baving 100 percent current efficiency
with respect to the generation of silver ion provided
no lesa noble metsals are pregent in the metallic silver.
For this resson spectrochemically cFum mint silver
(stated purity, 99.999%} was utilized for constructing
the peanerstor ancde. Nonoxidizable impurities in
silver such ms silica do not present any problems
since the amount of silver ionn produ by the
electrochemical reaction js important rather than
the weicht loes of the ancde. ordingly, no need
for further purification of silver waa warranted at
thia time, since other uncertainties of the method
were more sgnificant,

1 Flgures in brackets Idlonis tha Literature referaoced st the eod of this paper,

Al] calenlations were based on the 1961, C* atomic
waight acala. ‘The molecular weighta used for NaCl,
NaBr, and KT were 58.442;, 102.888;, aod 166.006,,
respectively.

The value of the faraday constant used was based
on the determination of I}, N. Craig et al. [7]. Using
their alectrochemiral equivalent of pilver, 1.117073
mgfcoul, snd the atomic weight of asilver 107.5870
g/mole on the new C' scale, the value of the faraday
iz 098.487.2 coulfg-equiv.

3. Apparatus and Procedure

2.1, Apparatus

The design of the titration cell in this work was
eimifar to that deacribed in the previous communica-
tion of this series [ﬁ% except that the new cell waa of
smaller eapacity. The snode and the cathode com-

ments were 180 m] electrolytic Denkers connected
rizontally by 4 25 mm o.d, tube, approximately
10 am iy length, in which & coarze, a megium, and a
fine porosity sintered glass disk were sealed. FEach
of the two intermediate compariments thus formed
had a tube with & stopeock to enable filing mod
emptyiog, hy applying vecuum or nilrogen pressure.

The anode was & heavy pilece of silver 3 cm X3 em
and about ! em thick, made by melting togethar a
number of thinner sheets of mint silver by placi
them in a “sandwich” on a heavy plate of aﬂverﬁﬁ
applying heat with an oxygen torch, To permit
mounting in the cell eover and to facilitate connee-
tion of the lesd wire, the ancde was attached to a 12
cm long eylindrieal eilver handle, 1 cm in diameter,
{abricated from the same material. The anoda thus
formed was etched in dilute HNQ; (1:10) to removs
any surface impurities, and washed with large
quantities of distilled water.

A pieca of corrugated platinum foil (5 em > 16 o)
gerved as the cathode in the generation cirenit, The
large surface area thus obfained wae necessary to
minimize polarization of the cathode and Lo decrease
eurrent fluetuations due to variation in eell resistance
aa a consequence of the liberation of hydrogen gas.

The electyical cireuit used in this worlk wae the
gamea 28 deseribad in the previous communication [6].

The generation current for all titrations was 101
ma and its exact value waz determined by the value
of the standard resistor and the voltage of tha satu-




rated Weston cell. Any small initial unbalance
betwesn the J'H drop across the standard resistor and
the atandard cell waa corrected guickly after which
the TB drop across the standard resistor was main-
tained equal to the voltage of the Weston Cell. The
value of the resistor used was 9.99994 ohms at 230
(! and its temperature was maintained constant in a
thermostated oil bath. Neverthelesa, the actual
temperature of thia resistor was measured before and
after each titration with a mercurial thermomater,
and corresponding corrections were applied, bused on
the mesan value of temperatura, by the use of the
telation R,=KHgl4-«(i—2514+5(t—25)%] ohma.

In the conree of & titration, the tempernturs of the
standard resistor increased from the 25 °C hath
temperatura by as much as 1 *C. However, the
correction for this difference amounted to only 7
ppm. Since the measurements of the temperature
woare made to a tenth of a dagreo the mean value of
the resistor during the run was known to better than
1 ppm.  The value of the saturated standard Weston
cell veed for the comparizon of the I drop of tha
standard Tesistor was 1017875 v4 0.8 pv at 34,080
°C. The temperature of the Weston cell was always
maintained at that valua in a specially built thermo-
stated hox. :

Near the equivalencs point of a titratien, the
current was passcd incremontwize. It was found nd-
vantageous to use & commercially availuble constant-
eurrent. coulometric titrator for this purpose, becauss
the size of these increments can be conveniently and
adequately controlled and teproduced using this
instrument.without any appreciable sacrifice of accu-
racy. The timing cireuit and current of this instru-
ment. were calibrated and the fi-product was found
to be aceurate to L 0,005 percent.

Ag in the case of acid and base titrations, it was
found that & gzl plug was necessary to eliminate the
flow of B]I:ctrﬂ%}'tﬁ betwean the anode and the cathode
compartments. In this work a silicic acid gel plug
waa used. It was conveniently prepared by mixing
together 10 ml of 1:4 water diluted =olution of tech-
nical a apdium silicate (40 Be) with 5 ml of 1.0
M HEQ;. The resulling solution was poured onto
the frit of the cathode compartment. Gelation of
this solution cecurred in approximately 2 min after
initial mixing. )

The amperometric indicator circuit consisted of
two gilver electrodes and a polarograph. The indi-
cator cathode was a gilver bead approximately 1 rm
in diameter (3 cm? in area); the indicator anoda was
u bead approximately 0.5 ¢m in diameter (0.8 om?
in area).” Both beads were made by melting the
game silver as used for fabrication of the penerator
anode, ‘Theso in turn were fused to pieces of plati-
pum wire sand the latter sealed into glass tubes to
facilitate electrical contact. The polarcgraph was
used as a source of the applicd emf betwesn these
two electrodes and alse as & recording micromnmeter,
to messure the indicator corrent. %‘he applied emf
waa (1.050 7. . .

All weighings were done on a 20-g capacity micre-
balance and were precise snd accurate to £ 0.003 mg.
1 waighings were corrected for sir buoyaney.
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3.2. General Procedure

The preparation of the coulometric cell consistad
of thﬂmugi cleaning with fuming sulfuric aeid fol-
lowed by passsge of large quantities of distilled water
through the gluss frits. Subsequently the cell was
exposed to prolonged stenm cleaning by forcing the
steam to pase throuvgh the frits, followed again by
several rinses with distilled water. i

After such cleaning a silicic acid gel plug was
poured onto the {ine porosity frit of the cathode
compartment.

The eell was surrounded by aluminum foil to shield
the contents of the ceil from light, About 100 ml
of 0.1 M HNQ, saturated with NaNQ, were poured
into the eathode compartment to which about 5 zeq
of AgN(), solution wore sdded to precipitate traces
of halides or other impuritics which form insoluble
precipitates with silver. Otherwise, these could
cause positive errors by migration into the anode
compartment. A slight exeese of silver ion would
not cause any negative errors einee the electrical
migration forces would keep it from diffusing into
the adjncent compartment.

For each titration 100 ml of anolyte were nsad.
The anolyte was 1 M NaNO;, 1 Af acetie zeid in 5Q
percent methanal, The methanol waea added to sup-
press the solubility of silver halides [2].

The platinum cathode was placed in the cathode
comnpartment and w Teflon-encapsulated magnetic
stirring bar was lowered into the anode compartment,
by means of another magnet.

A polyethylene cover, supporting the generator
anode and two indicator electrodes, was then aecured
on the anode compartrment by means of a snugly
fitting loek ring.

At this point the cell wag placed on the platform
of & magnetic atirrer, operated from a constant volt-
age transformar to insure conatant stirring rate which
iz imperative for precise amperometric end-point
detection,

Sufficient anclyte was permitied to flow inio the
intermediate compartments to just wet the bottom
of each of the intermediate compartinents, thus es-
tablishing elecirical contact.  About 10 xeq of halide
were  introduced inte the anode compartinent,
through an opening in the cover, to facilitate
pretitration.

At this point, a 6.43 ma current was passed in-
crementwise {1 paq increments) with the covlomelrie
wnalyzer. The indicator cureent was recorded after
the passage of each increment. This pretitration
waa continaed until the exeese of silver ion was ahout
10 weq or in tertna of concentration 107'M. The
portion of the indicator current line, sfter the equiv-
alence point, where the indicator current becormes a
straight line function of the silver ion concentration,
was extrapolated to zero enrrent which was chosen
to be the end point of both the pretitration and the
final titration.

After the pretitration was completed, the inter-
mediate cormpartments were completely filled with
anolyte and the eilver ion was generated using the



high-precision manuslly controlled constant-current
eircuit. The amount of silver which was generated
at thiz point was a precaleulated quantity, sufficient
to react with shout 995 percont of the halide
expected to be found in a given sample.

ollowing the generation of eilver 1om the sample
whas introduced inie the anode compartment, and
the intermediate compartments wers emptied by
pregaure yntil only the bottoms of these compart-
ments were slightly wetted by the sclution. As
this point the titration was continued, using again
the coulometric analyvzer, until the indicator current
passed a minimum and began to rise as the concen-
teatign of silver ion was Increased. The titration
was again sto[l:)ped and the intermediata compart-
ments were subjected to several specessive rinsings
with anolyte. m this point on, the titration
was continued incrementwise in the same [ashion
as the pretitration. The amount of electrogenerated
gilver ion equivalent to the halide present is obviously
the amount generated te the cnd-point plus the
excess generated in the pretitration step.

It was found, in the preliminary part of the work,
that in tho case of large samples, e.z., 4 meq, erratic
resulta were chtained if the sample was introduced
into the cell before gencration og) silver iom, in that
the generation current was very difficult to maintain
constant after the peneralion of the first milli-
equivalent of silver ion. This phenomencn was
cauzed by the dense precipitate deposited directly
cn the silver annde thus hindering the diffusion of
the generated silver ion into the bulk of solution.
This é)mblem wag solved by the above described
procedure, that is, by pregeneration of the major

ortion of silver ion e}l]ma the introduction of the

nlide saraple into tho cell. The amount of halide
which still remupined t0 be titrated after the intro-
duction of sample was 50 =mall that the interference
lue to coating over of the slectrode by the precipitate
was aliminated.

Ancther problem which arose as a result of the
regenetation of silver ion was the delivery of sampla.
t was found that & solid sampls conld not be intro-

duced directly into the silver ion sclution because

inclusion errors weré inevitable. Accordingly, the
samples wera either weighed into the cell in tha
form of solution or, in the case of solid-weighed
snmp;ﬁs, they were diszolved prior to delivery mto
tha cell,

4, Titration of Sedium Chleride

4.1, Procedure

The sodium ¢ hloride which waa used in this work
was one purified by double recrystallization of a
reagent grade zalt {);r precipitation with HCl-gas
from saturated solution and subsequent fusion in
a platinumn crucible.  The large crystals of NaCl
thus obtained were erushed in an agate moriar and
dried at 110 °C. This material was stored in a
desiceator until used. The spectrochemical analysis
of this material showed the total metallic impurities
did not excced 0.004 pereent.

Two scta of experiments were performed with
sodivm chloride, one invol ving the preparvation of
solutions which ware later dispensed into the cell
from pollyet.hylene weighing hotiles, and the second
set_involving weighing of sodium chloride aa solid.

The solutions were prepared i he of such con-
centeations that the desicod amount of chloride
{1 meaq or 4 maq) was contained in approximately
10 g of solution. The following were the concen-
trations of the two solutions on a vacuum-correctad
basis: Solution A—0.1051324 meqfe; solution
B—0.4202323 meqg/g. The actual weight of a
gample was ﬂbtninodg by difference in weight of the
weighing bottle before and alter the delivery of a

sample.
Salid samples wera weighed in & small boat also
by the difference method. The erystals were

delivered into a funncl, conteining & Pyrex wool
plug snd leading into the anode eompartment.
Alter the generation of 99.5 percent of the silver
ion required, as described above, the sample waa
waehed down with 10 ml of distilled water. Near
the and point the funnel was tinsed a number of
tines with anolyte withdeawn from the cell by

the halida tals became instantanecusly encapsu- | means of n syringe to which a glass tube was attached
lated by & of silver halide precipitate and again | in place of the customary needle.
TABLE 1. Summary of regulls
el el NaCl waghed solid AN aBr waighed solid KT waigheil solld
zalutlhen A | eplutlen B
Dwterminatlon number
1 meq 4 N 1 meq 4 TRy 1 meq 4 men 1 men 4 meq
[: =T o [:1:1:1-h ROSAY [: == b B3HAYT HASRY ARSAY ARSRT
Leverrnarrae o e eremrneian 0, 570 vooed | 100.018
' a8 o 1O D07 100,013
a o0 9T [ 100.00 LU
i 100,09 | 100,000 14, B0
I 100, (28 10t (07 Bo. 3
[ 1O D23 100, ONR .44
7- LM | I00HD b
E. 00006 | aofids | w0
4. =R 100 058 |
10 [ 100 48
Y N 100 g7 |7
L ==
[ 1 v LY
tandard deviatlon. ... o2l 2,006

% The mean valoe of the scwy aomegtad For the changs 0 soleontyation of the solulleo with pinee,
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4.2. Resulis

The results obtained for m number of titrations
aver g pericd of several months are given in the
table 1, columnz 2, 3, 4, and 5. The agroement
among these sets iz remarkably good and well
within the limits of standard deviation for ench set.
The precision for each of the sets is much better
than could bo abtained on the same size samples by
conventions] gravimetric or titrimetric methods.

It is apparent from the examination of the data
that eolution B of sodivin chloride was increasin
in concentration with time (fig. 1) even thnugﬁ
both solutions were kept tightly E]naed in the ground
Elnss stoppercd bottles In water-vapor saturabed

ell-jaxs. In the case of solution A, this effect is
not ag pronounced &8 in the ¢nse of solution B.
Two reasons account for this behavior. Firstly, the
volume of solution A was 1,000 ml, while the volume
of B was 200 ml. Thus for a given amount of
water lost, thoe concentration change would he
amplifizd by the factor of 5 in sclution B over that
of solution A. Secondly, the standard deviation
for 1 m samtEles is four times larger than for 4
me‘?] samples; thus a frend in ceneentration cha
would be masked more in the case of solution A.

An equation of the form A=A, M wae ftted to
the data of solution B by the method of least squares
to expresa the assay of eolution at any time since
the time of preparation. In this equation A is
sss4y at any time, ¢, A, is the assay of this solution
at the time of preparation, b iz the slope of this line
expreszed in precent day ' and { iz time elapsed
gince the g)regaratiun of solution in days. The
solution of the above equation yields 0.00150
percent-day ! for the slope b of thiz line, snd 99.096
percent for A, as indicated at the botioin of column
3, table 1. Thia value for the assay iz in cxeellent
agreement with both the expected wvalue and the
assays of the eolid weighed samples of the samme
material.

5, Titration of Sodium Bromide
E.l. Procedurs

The sodium bromide used for these experiments
was a reg&qt grade salt. It was dried at 110° C
and stored in a desiceator for use without an
preliminery purification. The samples were weigh
out a3 8olid Nalir in the same manner as the solid
NaCl samples,

5.2. Results

Two sample sizes, 1 meq and 4 meq, were investi-
gated as in the caze of Na(ll and the resylis arc
given in columns 6 and 7 of table 1. The average
value for the assay in both csses i5 in excellent
agreement, The value of the aseay appears to be
0.17 percent too high and undoubiedly is caused by
the presence of chloride impurity since the amount
of chloride in this salt is known to be of the order of
0.2 percent by weight. The standard deviations
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Fravee 1. Change of aeeay of solutton B with time.

for both the la and the smaller samples are of
the same order of magnitude as in the case of sodinm
chloride, 0.038 percent for 1 meq and 0.009 parcent
for 4 mey samples.

6. Titration of Potassinom Iodide
6.1. Procedure

The potassium iodide was a reagent grade salt
which was not subjected to any further purification.
It was driad at 110 °C and stored in & deziccator
before weighing, The choice of the potassium salt
over sodium was made becanze sodinm iodide is »
very strongly hyproscopic material, which impain
accurate weighings.

In the vicioity of the end poiat of indide titrations,
the indicator current exhibited three inflection points,
probably dua to strong adsorption of tha silver ion
after the concentration of the latier reaches certain
criticsl valuea. This, of course, indicated that
seversl equilibria are to be Ba.tisﬁai, which brings in
an uncertainty, or abt least & doubt in the experi-
menter’s mmdy a3 to the time to allow for equilibrium,
to establish. The problem was eircumvented by
the addition of 1 ml of 0.01 Af solution of NaBr jusk
Bs this end-point phenomenon ocourred. The solu-
tion whick was added was standardized previously
by the goulometric techmique and the number of
milliequivalents in a 1-ml aliquot were subtracted
from the total number of milliequivalenta found in
the sgample. By this technigque one in fact is deter-
mining the iodide by chserving the bromide end
point. In order to make the er:l% point of the titra-
tion equivaient to the end point of the pretitration,
&4 amount of the same NaBr solution wae added
hefore the pretitration.

6.2, Results

The results for titration of 1 and 4 meq samples of
potassjum jodide are shown in columns 8 and 9 of
table 1. Here again tha precision for ench set iz of
the same order of magnitude as in the case of the
other two halides. ’ﬁm stendard deviations for 1
anid 4 meq samples are 0L.020 and 0.007 percent
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respectively. The mean value of the sssay is larger
{for largar samples which can be caused by the adsorp-
tion of silver ions on the silver ixlide precipitata,

7. Discussion

This work, similarly to the previous communica-
tion of the acidimetric titrations, shows the precise
naturs of conlometric titrations, with the atiractive
feature of utilizing a titrant the amount of which j=
based upon physical messurements tather than
chemical Et.amfs.rds of reference.

Needlesz to zay, the sxperimenter must exercisc
- extreme control over many factors such as weighing,
delivery of sample, preparatien of sample, current
contral, i.e., all factors which affect the precision and
accuracy of any chemical analysis.

One factor which is especially itmportant jn these
* titrations and may very well apply to other precipi-
tation titrations with amperometric end point detec-
tion, is the interference of the preecipitate with the
indicator electrode system. It was found that with
large samples, tha heavy precipitate which is formed
may accumulate on the indicator electrodes, and in
several instances it was found to form a bridge
hotwean the indicator ancde and the indieator
cathode, Such occurrence impairs the sensitivity of
© tha indicator syvstem by lowering the szlope of the
indicator current line. This condition, however,
was simply eliminated by tappiog the indicator
elecirodes {afure taking the finsl indicator current
readings, to loosen the adhering precipitale.

At no time did the indicator current cirves ve-
sembla those described by Lingane [9], even though
the applied emf across the two indicator electrodes
was 50 mv as he suggested. In all cases the indicator
current was high before the end peint, decrensed as
the end point was approached, passed through a
minimum in the vieimty of the end point, and be-
came a straight line funetion of the generated silver
ion after the end point {fig. 27.

In view of the fact that a potential difference of
only 50 mv was spplied across indicator electrode
system, it is very difficult to believe that a high
indicator current before the end point was caused
by the reduction of hydrogen ion at the indicator
cathode. It may be explamed by the reduction of
the colloidal silver halides or silver halide complexes,
since it is well known that silver chloride is appreci-
ably soluble in high concentrations of chloride iom.

The pretitration procedure was deviged Lo 1nini-
mize uncettainty in the end-point location due to
the absence of a well-defined residual current. By
this technigue the silver-halide equivalency is ob-
tained froin the difference between the end points,
pimilarly determined, zo that ertors tend to cancel,

8. Conclusions

It has heen shown that chlorides, bromides, and
iodides can be titrated with high degrees of precision
by coulometrically generated eilver jon. In the case
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of sodium chlorids, it has been shown that this
method is accurste as well as precisa. In the course
of this work it has also been shown that it is rather
difficult to maintain solutions of constant cobcen-
tration. In working with solutions one is obliged to
determine the rate at which the solution composition
ia changing to permit extrapolation of composition—
time eqitation to time=0,

The authors are grateful to T. A Willke of the
Statistical Enginecting Section for help in the eta-
tistical analysis of the data and especially for the
statistical treatment of the Jata obtsined for the
sodium ehloride solotions.
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