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Abstract: The autoprotolysis constant and the relative acidity scale of water
were determined by applying the coulometric—potentiometric method and a hy-
drogen/palladium (H,/Pd) generator anode. In the described procedure for the
evaluation of the autoprotolysis constant, a strong base, coulometrically gene-
rated in situ at the platinum cathode in the electrolytic cell, in the presence of
sodium perchlorate as the supporting electrolyte, was titrated with hydrogen
ions obtained by the anodic oxidation of hydrogen dissolved in the palladium
electrode. The titration was performed with a glass-SCE electrode pair at
25.0+0.1 °C. The obtained value, pK,, = 13.91+0.06, is in agreement with lite-
rature data. The range of the acidity scale of water was determined from the
difference between the half-neutralization potentials of the electrogenerated
perchloric acid and that of sodium hydroxide in a sodium perchlorate medium.
The half-neutralization potentials were measured using both a glass-SCE and a
(H/Pd);,s—SCE electrode pair. A wider range of the relative acidity scale of
water was obtained with the glass-SCE electrode pair.

Keywords. coulometry; potentiometry; autoprotolysis constant; relative acidity
scale; hydrogen—palladium electrode.

INTRODUCTION

A variety of procedures have been used for the evaluation of autoprotolysis
constants, mainly based on potentiometric titrations.! The classical potentiomet-
ric procedure for the determination of an autoprotolysis constant requires the pre-
paration of standard solutions of strong acids and strong bases in the investigated
solvent; the parameters, such as concentrations of the solutions and the presence
of either acidic or basic impurities, must be accurately evaluated. The potentio-
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1576 DZUDOVIC and JAKSIC

metric determination of autoprotolysis constants was simplified by generating the
acid or base coulometrically.

Glab and Hulanicki2 were the first to apply coulometric titrations for the
determination of autoprotolytic constants. The values of pKg of solvents were
caculated from the potentials measured during the course of a titration of a
strong acid (perchloric acid) with a cathodically generated base. In the described
procedure, only one solution containing the acid and the conducting electrolyte
had to be prepared, and its concentration was determined from the coulometric
akalimetric titration curve, assuming 100 % current efficiency for the generation
of the base. The same authors3# applied the coulometric titration technique for
the determination of the protonation constants of acids and bases in water and
non-agueous solvents.

In previously published papers,®6 it was shown that the use of a standard
perchloric acid solution for titration of bases in agqueous and non-aqueous media
can be avoided by generating perchloric acid coulometrically at a Ho/Pd gene-
rator anode. Furthermore, a Ho/Pd anode was applied as the source of hydrogen
ions in the coulometric determination of the dissociation constant of bases in
some apratic solvents, as well as in the determination of autoprotolysis constants
and relative acidity scales of some non-agqueous solvents.5.7 In the present study,
aHy/Pd generator electrode was used for the coul ometric-potentiometric determi-
nation of the autoprotolysis constant of water as well as for the evaluation of rela-
tive acidity scale of water.

EXPERIMENTAL
Apparatus
The apparatus and the electrodes used in this work were described previously.”
Reagents

Water, twice distilled. Sodium perchlorate, analytical grade. A 0.10 M aqueous sodium
perchlorate solution was used as the supporting electrolyte solution. Tris(hydroxyme-
thyl)aminomethane (THAM), analytical grade. THAM was used to prepare a primary standard
solution (0.0676 M).

Procedures

Determination of the autoprotolysis constant. The supporting electrolyte was poured into
both the generating (35.0 mL) and the auxiliary (10.0 mL) compartment of the coulometric
cell. For the generation of the base, both electrodes in the generating circuit were made of pla-
tinum; the surface of the generating cathode was about 2 cm?. Base was generated by passing
a constant current of 15 mA to give a concentration of 0.006 M. The generator H,/Pd anode
and the electrode pair glass-SCE were then placed in the generating compartment. Titration of
the base was performed with hydrogen ions generated at the H,/Pd anode, at a current of 15
mA. The total concentration of the generated acid was equal to double the initial concentration
of the titrated base. Possible interferences due to the diffusion of the solution through the
porous diaphragms, separating the anode from the cathode compartment, were avoided by oc-
casional replacement of the catholyte with fresh supporting electrolyte solution. The titration
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AUTOPROTOLYSISAND RELATIVE ACIDITY OF WATER 1577

end-point (EP) was determined by the Gran method, which was modified for the coulometric
titration. The slope of the glass electrode was 59 mV.

Determination of the relative acidity scale. The range of the relative acidity scale of wa-
ter (mV) was determined from the difference in the half-neutralization potentials during the
reaction of perchloric acid with sodium hydroxide, generated coulometrically in an agueous
solution of sodium perchlorate.

a) Determination of the half-neutralization potential of an acid. The supporting electro-
lyte solution was poured into the anode (35.0 mL) and cathode (10.0 mL) compartment of the
coulometric cell. The (Ho/Pd)ge, anode and the Pt-cathode were immersed into the anolyte and
the catholyte, respectively. The perchloric acid was generated using a current strength of 15
mA, until a concentration of 0.007 M was achieved. The Pt-electrode and the glass-SCE (or a
(Ho/Pd)ine—SCE) pair was then immersed in the anolyte, and the acid was titrated with ca-
thodically generated base. The half-neutralization potentials of acid were determined gra-
phically (Fig. 1).
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0.4 0.0 0.4 tion potential of perchloric acid
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b) Determination of the half-neutralization potential of a base. The supporting electro-
lyte solution was poured into the generating (35.0 mL) and the auxiliary (10.0 mL) compart-
ment of the coulometric cell. The base was generated at the Pt-cathode with the current
strength of 15 mA, until a concentration of 0.007 M was achieved, and then titrated with the
acid generated at the H,/Pd anode. The potentials were measured by means a glass-SCE or a
(H,/Pd)i,—SCE €electrode pair. The half-neutralization potential of the base was also deter-
mined graphically.

All measurements were carried out at 25.0+0.1 °C in solutions stirred with a magnetic
stirrer.

Coulometric—potentiometric titration of THAM in water. A THAM solution (2.00 mL)
and the sodium perchlorate solution (18.0 mL) were put into the anode compartment of the
coulometric cell, and the sodium perchlorate solution (5.0 mL) was poured into the cathode
compartment. The auxiliary electrode (a Pt-wire) was immersed in the catholyte. The (H,/
/Pd) gen @node and the electrode pair glass-SCE or (H,/Pd);,—SCE were placed in the anolyte.
The titration of the base was performed with hydrogen ions generated discontinually at the
H,/Pd anode, under continuous registration of the potential.
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1578 DZUDOVIC and JAKSIC

RESULTS AND DISCUSSION

The autoprotolysis constant of water was determined by the coulometric pro-
cedure in which a strong base was first generated cathodically in the electrolytic
cell and then titrated with hydrogen ions generated by the anodic oxidation of
hydrogen dissolved in palladium, in an agueous sodium perchlorate solution. The
concentration of the base was determined from the coulometric acidimetric tit-
ration curve, assuming 100 % current efficiency for the generation of hydrogen
ions at the (H2/Pd)gen anode. The changes in hydrogen ion concentration were
followed with a glass electrode. For calibration of glass electrode the so-called
“E0-titration”® was used; at a constant ionic strength, the em.f. of the cell is a
linear function of the logarithm of hydrogen ion concentration.

The experimental data obtained in the course of the coulometric—potentio-
metric titration of the electrogenerated base with perchloric acid generated at a
(H2/Pd)gen anode at a given ionic strength (0.10 M) were used to calculate the
autoprotolysis constant of water. The concentration constant of water autopro-
tolysis (pK{, =—logKy, ) was calculated by means of the expression:

L
59.16
were the potentials Eg and Eg represent the specific cell constants for the basic
and acid regions, respectively, involving the standard potential of the glass
electrode, the potential of the reference electrode, the diffusion potential and the
activity factors. The values E (mV) and EJ (mV) were calculated from a

definite number of points along the titration curve before and after the equiva
lence point, respectively, using the equations:

E0 = E-50.16 log 2P~
FV

E) = E+59.16 Iogﬂ
FV

where Qgp (C) denotes the amount of charge generated up to the end point of
titration of the base, Q (C) is the quantity of the charge generated up to the
measured potential E (mV), V is the solution volume (mL) and F is the Faraday
constant (96500 C mol—1). The constancy of Eg and Eg over the whole range
indicates the proper functioning of the indicator electrode and the absence of
systematic errors. The detailed record for this procedureisgivenin Tablel.

The concentration constant was recalculated to obtain the thermodynamic
value:

pK,, =pKS —log f, f_

by using the known ionic strength (in 0.10 M ionic strength, f. = 0.83 and f_ =
=0.76).°
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TABLE I. Coulometric determination of the autoprotolysis constant of water; the base in 35
mL cell was generated at a Pt-cathode and then titrated with electrogenerated acid by the use
of an (Hy/Pd)yen anode; current 15 mA; equivalence point for acid generation corresponds to
Qep = 19310 mC; the supporting electrolyte was 0.10 M sodium perchlorate;

K¢S =w =13.70; pK,, = 13.89

w

59.16
Q/C E/mV EY/mV E2/mV
1.80 322 457.4 -
2.70 321 457.8 -
3.60 319 457.2 -
4.50 318 457.7 -
5.40 317 458.4 -
6.30 317 460.1 -~
7.20 316 460.9 -
8.10 314 4610 -
9.00 312 461.1 -
9.90 311 4625 -
10.80 307 461.2 -
11.70 305 462.0 -
12.60 300 458.4 -
13.50 295 459.2 -
24.30 -183 - -352.5
25.20 -188 - -350.6
26.10 -192 - -351.0
27.00 -195 - -350.9
27.90 -198 - -351.1
28.80 -200 - -350.6
29.70 -202 - -350.3
30.60 —204 - -350.2
31.50 -206 - -350.2
32.40 -208 - -351.4
33.30 -210 - -350.7
34.20 -212 - -351.1
35.10 -214 - -351.6
36.00 -215 - -351.2
Average — 459.6 —351.0

The pKy, values determined coulometrically using a Ho/Pd anode, as well as
the literature date, are listed in Table Il. The pK,y value obtained experimentally
in this study agrees well with the literature data.l0 This indicates that the
procedure proposed here delivers fair results, but that special attention must be
paid to avoid the diffusion of the solution through the porous separator.

TABLE Il. Autoprotolysis constant of water obtained by coulometry at 25.0+0.1 °C
pK ¢ +3D? pK,,=SD? pK,, Literature data’™
13.71+0.06 13.91+0.06 14.0
Standard deviation, number of determinations: 6
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1580 DZUDOVIC and JAKSIC

The relative acidity scale

The relative acidity scale (Eg) of a solvent defines the approximate potential
range which can be used for potentiometric acid—base titrations in the given sol-
vent under the determined experimental conditions. The value of the practical Eg
scale can be determined from the difference between the half-neutralization
potentials of a strong acid and a strong base in the applied solvent.11

The relative acidity scale of water was determined in this study coulomet-
rically from the difference between the half-neutralization potentials of solutions
of perchloric acid and sodium hydroxide.

Es = Ev2Hci0,) — Ev2(NaoH)

The half-neutralization potentials of the acid were determined graphically
from the experimental data obtained in the course of the titration of electrogene-
rated perchloric acid with the coulometrically generated base in sodium perchlo-
rate media (Fig. 1). The potentials were measured using both a glass-SCE and a
(H2/Pd)ing—SCE electrode pairs at 25.0+0.1 °C. The half-neutralization potentials
of the base were also determined graphically, from the experimental data ob-
tained in the course of the titration of coulometrically generated sodium hyd-
roxide with perchloric acid generated at an (H2/Pd)gen anode in an agueous solu-
tion of sodium perchlorate.

The ranges of the relative acidity scale of water obtained by the coulometric—
—potentiometric procedure using a (H/Pd)gen electrode, as well as literature data,
are summarized in Tablelll.

TABLE Ill. The relative acidity scale of water obtained by coulometry at 25.0+0.1 °C; sup-
porting electrolyte, 0.10 M sodium perchlorate

. E (aidtD?  Epy(base)rD EctD Es/mV
Electrode pair mv mv mv (literature data™)
Glass-SCE —79+£3 41147 49046 540
(H./Pd); ,SCE 66+4 276+14 21049 -

Standard deviati on, number of determinations. 4

The experimentally determined Eg values of the acidity scale of water ob-
tained in this study by coulometry differ from the ones obtained by the classic
potentiometric method.1! This difference can be explained by differences in the
experimental conditions (titrant, electrode pair, ionic strength, etc.) in the present
work in comparison to those applied by other authors.

As can be seen (Table I1), a wider Eg scale of water was obtained when a
glass-SCE electrode pair was used to measure the half-neutralization potentials.
This significant difference between the values of Eg scales obtained with a glass—
—SCE and a (H2/Pd)in¢—SCE electrode pairs is probably caused by the lower sen-
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AUTOPROTOLYSISAND RELATIVE ACIDITY OF WATER 1581

sitivity of the (Ho/Pd)ing €lectrode compared with the glass electrode. Previoudly,
it was shown that the slopes of the potential response of the (Ho/Pd)ing €lectrode
in agueous media were sub-Nernstian.12 Based on this fact, it could expected that
the highest potential jumps at the end-point would be obtained if a glass electrode
were used as an indicator electrode.

Thus, for example, in the coulometric titration of THAM in agueous media
(Fig. 2), the potential jumps at the end-point were, respectively, about 140 and 70
mV when a glass and a (Ho/Pd)ing €l ectrode were used, (for a base concentration
0.0070 M). Hence, a relative acidity scale of water determined by coulometry
may be a practical and useful criterion for the choice of the optimal conditions
(for example, the choice of a favorable electrode pair) in coulometric-potentio-
metric acid—base titration in this solvent.

-200 —

—n— glass - SCE
—— —o— (H/Pd),q - SCE
-100 - R

~0

E/mV

100 —

200 —

I I I I I
100 300 500 700
t/s
Fig. 2. Coulometric—potentiometric titration curves of tris(hydroxymethyl)aminomethane

in agueous media.

CONCLUSIONS

The autoprotolysis constant and relative acidity scale of water were deter-
mined by applying the coulometric—potentiometric method and a hydrogen/pal-
ladium generator electrode. By employing a hydrogen/palladium anode as the
source of hydrogen ions, the preparation of a standard solution of acid was avoid-
ed and the titrated volume and the ionic strength remained unchanged. This pro-
cedureis more rapid and simpler than the classical potentiometric procedure.
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M3BOJ

KYJIOMETPUJCKO-TIOTEHLIMUOMETPUICKO OJAPEBUBAKE KOHCTAHTE
AYTOITPOTOJIM3E U PEJIATUBHE CKAJIE KUCEJIOCTHU BOAE

PAZIMIJIA M. LIYJIOBUR® n JbMJbAHA H. JAKIINA?

TMpupoono—maimemaimuuru daxyaitiems, Ynusepsuiwiein y Kpazyjesuyy, Padoja Jomarnosuha 12, 34000 Kpazyjesay u
Pydapcko—zeonoucu daxyaitieis, Yuusepauitieini y Beozpady, Bywwra 7, 11000 Beozpad

KoHcTaHTa ayTONpOTONM3E U PellaTHBHA CKajla KUCEIOCTH BOJE OApeljeHe cy IMPUMEHOM Ky-
JIOMETPHjCKO—TOTEHIIHOMETPHjCKe MeTo e U Boponuk/manaaujymose (Ho/Pd) reneparopcke anone.
V npukazaHOM MOCTYIIKY 3a oapeljiBame KOHCTaHTe ayTOMPOTOIM3e BOAe, jaka 6a3a reHeprcaHa in
Situ kymomeTpujcku Ha Pt-katomy, y pacTBOpY HAaTpHjyM-TIepXJIOpaTa Kao eleKTPOIUTA, THTPUCAHA
j€ BOIOHMKOBHM jOHHMa JI00MjeHUM aHOJHOM OKCHAIN]OM BOJOHHKA PACTBOPEHOT Y MalaHjyMy.
Turpanuja je u3BoheHa NPUMEHOM €IEKTPOIHOT mapa crakieHa enekrpopa—3KE na 25,0+0,1 °C.
Hob6wujena Bpenuoct pK,, = 13,91+0,06 je y cariacHOCTH ca JUTEPATYPHHM MoAanuMa. PenaTuBHa
KHCEJIMHCKA CKajla BoJe onpeheHa je U3 pasiMKe Ioy-HeyTpaan3aloOHUX MOTEHIMjala pacTBopa
€JICKTPOTeHEePHCaHe NEPXIIOPHE KUCEINHE U HATPHjyM-XUIPOKCHAA Yy HATPHjyM-NIEPXIIOPAaTHO] Cpe-
JMHH. 32 Mepere MoTy-HeyTPAIN3alMOHUX OTEeHIHjala KOpHITheH! Cy eeKTPOJHH ITapOBH CTaK-
nena enexrpona—3KE u (Hy/Pd)y;,—3KE. Ilpumenom enexTpomHor mapa crakiena enekrpoga—3KE
nobujere cy Behe BpeHOCTH 3a peNIaTUBHY CKaTy KHCEIOCTH BOJE.

(Tpumsbeno 16. mapra, peBuaupato 6. jyma 2010)
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