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CATION BRRORS OF THH

GLASS FLECTRODE AT WHIGH TRE¥PERATURKS

INTROLUICTINN

Cremer (1) discovered that a definite
potentlial existed between an acid and an alkaline
solution when the two solutions were separated by
& thin glasse rembrane. He surmriesed that the zlans
membrane was perrmeasble only to hydrozen ions, from
earller work on ion migration throush zlsss, but
did not realize that the potentiazl wae & function
of the hydrogen ion concentration in the two
solutions. Haber and ¥lemenslewicz (2) were the
first investisators to show that the glass
membrane functioned as & hydrozen electrode and

that the »otential followed the Nernst eguation

—. BT 4 b

where Hy and Ho are the hydrogen lon concentrations

in the solutions on eithor slde of the rmembrane,
Tre glass membrane ussd by these investigators
wag & g¢lmrle thine-walled buld blown on the end of
a test tube. The tube was filied with & =olution
of fixed hydrogen-ion concen’'ration and was

immersed in other solutions of wvarlous hydrogen
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ion concentrations. Calomel reference electrodes
dipred into the internal and external soclutions,
The potentizl developed by the cell was measured
by meane of & potentiometer and quadrant electro-
meter. The bulbetyre glszse membrane was subreque
ently used by wany investi:ators for the mesasurement
of hydr&gen ion concentration and became known &as
the Hater Glass Electrode.

The glass electrode is unique smong
hydrogen ion electrodes in that it is uneffected
by the presence of oxldlzing or reducing substances
and 18 not poisoned by substances which often inter-
fere with the use of other electrodes, sguch as the
hydrogen, quinhydrone, antimony, etc. The zlase
electrode may be used in the presence of colloids
and suspended solide and in varlous viscous
materlals., Deerlite these advantages, the glase
electrode was not widely used for many years bec:ause
the hizh electrical resistance of the :lass
membrance necessitated the use of a quadrant electro-
meter for the potential meazurement. The development
of modern electronic circuite which could be uced in
place of the delicate gquadrant electrometer has
brought about a wide~spread use of the zlase electrode

and today, the glase electrode is one of the most
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commonly used means for the measurement of
hydrogen~ion concentration,

The gless electrode deviates in several
reapects from the behavior theoretically exvected
from & hydro:en~ion electrode. If 1dentical sclutions
are placed on the two sldes of the zlass membrane
and identical reference electrodes dipped into the
two solutions, the theoreticsl potsntial between
the two electrodes is zero. Actually there is
usuaily a s8li.ht potential, inown as the
"Asymmetry Potential", The potential 1is yresumably
due to slizht differences in the compositions of |
the two surfaces of the zlass membrane. The
pétential usually dose not exceed s few milli~voltis
and revains substantially constunt over lons periods
of time, at room temperatures, so that no error
from this source is ordinarily encountered in
.practicsl msseurements. The zlses electrode is
usually standardized by means of bulfer solutions
of known hydrozen ion concentration (pH) eo that
the correction for asymmetry pot:intial is
automatically included in the standardlzation.

A more serious error of the zlass electrode,

from the standpoint of industrial pH measurements,
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is the error caused by high alkall-lon concentrations
in the high pH region. Particulerly in the presence
of sodium lons, ithe glass electrode ylelds pH

values which are swaller than the true pH values,.

The magnltude of the errsr incresses with

increasing pH, incressing slksli-ion concentrsation
and increazasing temoerature. Yetallic cations other
than godium produce sgimilsr errors but their

effects are very much smaller than that of sodium
ions.

Dole (3) made an ext-nsive study >f alksli-
jon errors at 259 ¢, Dole znd Wiener (4) measured
podium and lithium-ion errors at 109, 25° and 5¢° C.
gardn-r and Sanders {(5) measured the sodium-ion
errors of two commercilal electrodes at 300, 500 and 600 (.
Unfortunately these investizators used =2lectrical
measuring equipment which was not provided with
temperaturs compensation so that the publlished
valucn comrbine sodium errors with an indefinite
temperature error.

There 1ls :zvidence that the magnitude of
tre alball-ion error derends upon the composition
of the glass from which the membrane is made.
Ssokalov and Passynsky (6) stuted that a 1lithium
glass containinz 80% 8102, 107 Ca0 and 18% Li0

showed much smaller errors than the soda«lime
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glaes usually used, Gabbard and Dole (7) attempted
to make glass electrodes of this composltion but
found them unsatisfaectory. At present, commercial
zlassg electrodes are mwade of & soda-lime-silica
glass known as Corning Ol15, consisting of
approximately 22% NagD, 6% Cal0 and 724 81i0s.
Despite future improvements in glanss
which may provide better glass electrodes, there
ig &an immediate need for reliasble and extensive
mesaurements of &lks l-ion errors of electrodes
mede from the 01% glass. The recent extension of
glase electrode aprlications 1-to hizh temcerature
regions rakes hish temperature values particularly
desirable. Tre present work wae undertaken for

the purpose of supplying the needed data,.
APPARATUS

The glass electrodes were supplied by
the Kati nal Technical Laboratories and wers
made as followet Corning 015 glass was blown into &
bulb on tie 2nd of & ten millimeter diameter
lead zlass tube; the lead glass beinr of very high
rec=istivity, reduced the electrical lsakage to a
rminimum, The glass mewbranes themselves were about

0.0075 of an inch thick and had resistsnces at
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250 ¢. of 1CO to 150 megohme. Permanent internal
solutions end electrodes were sealed in. Shielded
leads extended into the electrode to within an inch of
the bottom so that electrostatic disturbances were
completely avoided.

The glases electrodes were compared directly
with hydrogen electrodes in the cell 1llustrated
in figure 1, Thsfe were fifteen openings for; six
glass electrodes, three hydrogen electrodes, one
calomel electrode, & hydrogen inlet and outlet,

a thermometer, & glass tube for adding and a siphon
for removing solution. The cell wés supported in an
oil-filled thermostat,

The c¢ircuit used for measurement of the potentials
is shown in figure 11. The glass and hydrogen
electrode leads were connected to a Beckman pH meter
amplifier through a multi-point high resistance
eawlitch which made the comparison of many glase
electrodes a gimple matter. The potentliometer wasg
a8 leeds and Northrup student type, which could
be read withinZ 0.1 mv.

Hydrogen elec¢trodes made of platinium
wire were entirely satisfactory. The platinizing
solution was prepared by dissolving cleaned waste

platinium wire in aqua regla, evaporating the
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golution to dryness, adding water and evapcrating

to dryaess sgain. The residue was dissolved in
distilled water and was used without further itreatment
such as the addition of lead acetate. It was found
that the pll of the »latinizing solution made very
1ittle difference in the action of the hydrogen
elecirodes as long a8 & steady stream of hydrogen
was used. The electrodes were cleansd in aqus regla
and then purged of chlorine by electrolizing in

1.0 N. H,80, for fifteen minutes or by dipping alt-
ernately in bolling concentrated H¥Oz and bailihg
10% sodium aciﬁ sulphite. The game effect was
produced by allowing them to stand in distilled
water for two or three days.

& Beclmsn sleeve-type satursted Hll-calomel
elegtrode was used for the reference electrode. This
electrode was checked against twoe other saturated
ECl~calomel e¢lectrodes and three 0.1 W. KCl-calomel
electrodes. An experiment to determine the leakage
of ECl solution out of this type of electrode showed
& maximum value of 0.003 moles of KC1 in twenty-
four houreg; this was not enough to effect the resulis
of the experiments in any way.

The c¢ell used for the comparison of
the glass and hydrogen electrodes was kept in &
thermostat filled with low conductivity transformer

0il. The consgtant temperatures that were reguired
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were maintained by a 100 ¢.c¢. mercury regulator
conneceted through a vacuum tube relay to two knife
heaters. An electric motor was used for agltating
the oil bath, but_itlwas disconnected while the
readings were being taken. A geperate thermoatat
was kept at 25° C.; this thermostat contained two
standard cells and the 0.1 N, KCl-calomel half-cells.

The hydrogen gas train is shown in figure
111, Thick-walled rubber tubing connections were
used where necessary; this tubing was firast boiled
in c¢oncentrated WaOH and then impregnated with
paraffin. The hydrogen was saturated with water
vapor before entering the cell in corder to keep
the concentration of the cell solution constant
during a run.

EXPERIMENTAL PROCEDURE

The procedure was a modification of that
used by Dole(8) in which the concentration of the
cation is kept constant during the experiment., 7The
glass and hydrogen eleetrodes were coﬁpared in the
same solution ag was first done by Hughes(9).

4 buffered solution of the acetate and
phosphate of the cation under investigation was
rlaced in the cell; the electrodes were then placed
in position and the entire assembly lowered into

the thermosiet. The hydrogen was started through
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the cell and through the flask containing the base
golution to be used for changing the pH 5f the cell
solution. ¥When the hydrogen electrodes gave conpt-
ant values, usually in two t¢ two and one-half hours,
the potentials of the glase amd‘hydragan glectrodes
were recorded. The pH of the solutiaéﬂinuﬁhe ¢ell
was then changed by closing the stopedck on the
hydrogen outlst fron the flask and letiting the pras-
sure of the hydrogen force the base s&lut&an from
the flagk Into the cell. #hen the_stapcack wWaB
opened the base solution in the line to the cell

ran back into the fl&ek; Since the base added had
been saturated with hydrogen and it was introduced
without allowing oxygen to enter the ¢ell, the hydro-
gen electrodes came to squilibrium at ane; The
potentials of the glass electrodes baéama constant
im abéuﬁ ten minutes; they took somewhat longer in
potagsium solutions below 40° ¢. Thirty to forty
minutes were usually allowed to mske certain that
equilibrium was reached.

The potentlometer circult was standardized
against the two standard cells that were kept in the
25% C. thermostat. The standardization was done thro-
ugh the amplifier. The low 1nput §urrent of the
éi@ct@snia chreouit (axlo“laémps.) allowed the stand-
ard cells to be connected without polarization even

though the circult might be far out of balanece.
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EXPERIMENTAL RESULTS
The cells which were considered in this
investigation were:

1. Pt H, |solutionx ||saturated Kcll Hggclgl Hg

2. ag |As0l | gggggg%—l Glass | solution X||saturated xC1
Hg,Clp | Hg
If we subtract the potentials of these two cells we
obtain the potential for the cell I
3. Pt H, |solution X | glaes |gg§:g gj;-IAscl |Ag
Using the same terminology as Dole and Wiener (&)
and ealiing this potential 4G, then by definition
AG=E; - B,
It has been pointed out that at high pH 4G varies
with the metalic c¢ation present, 1ite concentration
and the pH of the solution. If the potential which
would be observed,if the glass electrode functioned
as & perfect hydrogen-ion electrode, is called AG,,
then the error of the glass electrode AE can be found.
AE = 4G - 4G,

AG, is found by making measurements in the low pH
range where the zlass elect#ode does act as a per-
fect hydrogen~ion electrode. The preceding discussaion
will be illustrated later by the consideration of a
specific case.

The pH of the buffer solutions at the various
temperatures was determié@ by the hydrozen electrode;

1.e. the potential of cell 1. 8ince the E.MN,F,-temperature



relations of the saturated XCl-calomel electrode are
not well established at the higher itempsratures used
‘inrthis investigation, the pB values were referred to
0.05 N. potassium hydrogen phthalate with the assump-
tion that the pH of this solution does not change

with temperature. Clark {(10) gives the pH of this
solution as 3.58. Recently ¥acInnes, Bslcher and
ghedlovaky (1l1) have reaa&meﬁ?d the values 4,00 at
12°¢, 4,00 at 25°C and 4,015 at 38°C. Dispite the
probable greater accurscy of this work, the value 3.98
was used in the following computations because the
other values have not been widely acecepted. The un-
cortainty in the pH values of the potassium hydrogen
phthalatse buffer at the various temperatures is only of
secondary imporitance in this investigation for it does
not enter directly into the alkzli-ion errors. It ap-
pearsonly in the indicated pH values of the solutions.
A large change in the pH values of these solutions
wonld cause only & slight shift in the error curves
ghown in the following f{igures.

At each temperature the hydrogen and calomel
electrodes were 1mmersed in 0,05 ¥ potassium hydrogen
phthalate solution and the cell npotential (B} dster-
mined. From the equation

E-n' = 200 Ry (2}
the quantity E' was found for each temperature, This
quantity includes the E.¥.F. of the calomel reference

eell, the liguld junction potential and the correction
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for the reduced partial pressure of the hydrogen gas
at the hydrogen electrode. The experimental values

are shown in the following table

TABLE 1
Temperaturse E* {volts)
30 ¢ -0.2420
4o ~0.2338
50° -0,2255
60° -0.2174
70° -0.2093

The experimente included in this investigation
are the measurements of cation errors of the glass

electrode at the followlng temperatures and concentrations.

Temperature Cation Concentration
30°, 40°, 50°, 60°, 70°¢ 0.1, 1.0, 2.5 N sodium-ion
30°, 40°, .50°, 60°, 70° 0.1, 1.0 N potassium-ion
300, 500, 60° 2.5 ¥ potassium-ion
30°, 40°, 50°, 60° 1.0 ¥ lithium-ion
30°, 40° 2,0 ¥ 1ithium-ion
40°, 50°, 60°, 70° 0.1 ¥ lithium-ion
30° 60° 0.0l N celeium-ion

Typical experimental data and computed resulis
are given in table II. The values are for 2.5 N

godium~ion at 50°c. Hys Hy and H, are the measured

3
potentials (in volte) of the cells composed of a
calomel reference electrode and three indldidual

hydrogen electrodes. This 1s the potential of cell
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1 given above. Gy, G, ~--G, are the corresponding

potentiale of the same ealoZel electrode and sesven
individual glassg electrodes. This compriges cell 2
given above. The measurements were made on nine
different solutions. The pH values shown were obtalned
by the use of cquation 2, the value of E' for the temp-
erature in question and the average value of El, Hg and
Hs. <AGlf*~.AG7 are the algebralc differences between
Gl”””‘ 07 and the average value of Hl' Hy and 83 « This
of course is the potentialof cell 3. AE, --- AE, are the
sodium-ion errors of the respective glass electrodes;
i.e., the differencses between the measured glass elec-
trode-calomel electrode potentialsz and the correa@oﬁding
potentials which would have been cbtained 1f the glsss
electrode functioned as an 1desal hydrogen-ion electrode.
The latter rotentlals were obti.ined from the values of
4G in the low pH region, where the alkali-lion errorg are
nezlizible. This procadure «1l1ll also eliminate the asym~
metry potential. If there were no alkali-lon error, the
values of 42, for & zlven electrode, would remain constant
with increasing pH. If the averase value of 43 in the
region of nezlizible cation error is called 4%,, then the
cation errors are obtained by subtracting Al, from the
measured values of 47,

The sge of the glass electrode appears to have

very little effect upon the cation errors except in the
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cage of sodium-ions. There is some evidence that
freshly blown zlsse electrodes show somewhat emaller
sodlum~ion errors than are shown by old slectrodes.
iIn Table II, electrodes G4 and Gy were freshly blown
¢lectrodes.  The effect of age, however, appears to
be lese than the variations normally found among
individual electrodes.

| All experimental results sre summarized in
¥igures 4 to 17. The pointe shown on the graphs
represent the averagze values obtained for at lesast
five glass electrodes in each case.

In Table III alksli-ion errors published by
other workers are compared with the corresponding
values obtained in this investization. In general
the agreement is satisfactory for most practical
measurements. For refined pH determinations where
larze sodiume<ion errore are involved and where the
sge of the glass elecirode may be an im-ortant facthor,
direct determination of the aodiumaion error should

be rade under the actual operating conditions.
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Ilis

Rounded off values of glass

g ' o (2 mv.
9.5 1(4)

10 2 (6.4)
10.5 7T (9.4}

11 o 13 (14.4)
11.5 2% (21.3)

12 34 (38.5

Values in parenthesiszs ere those of J.

electrode errors at 30°

, 111D

Rounded off values of zluss

pd 0.1 11 1.0
g 3 mv., 0
9.5 5 (1) 10

10 7 (3) 20

10.% 1% (T.51 34

11 15 (14.2) 51

11.5 27 (25.5) 71

12 G4

Values in narenthesis are those of Dole

:{CO

R

L. Gebbard and Dole (7).

€3

»

2

Na

N

i

(5

12 (1

-

mv.
.5)
1.5)

21 (18.5)
34 (30,.3)

52 (4
75 (6

electrode errors at 50° C.

L

(3)
(8)

(17)
(30)
(45)
(68)
(s8)

nv.

0.1 ¥a

2 (21) mv.
7 (4.3)
15 (10)
27 (18)
41 (27)

14
25

108

5.2)

3.1)

1.0 Na

(7.1)

(12.9)
(25.4)
(35.0)
(88.5)
(75.5)

and Wiener (4).

my,
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TABLE II

2.5%¥ Na 500 ¢

o -~

Hy o Hy 31 Go &3 G4 Gy,

vyt
()

&7

5630 L8830 .5630 31137 0814 30820 30321 0621 1518 <0178
5312 L6312 6312 0475 50157 0148 .0345 0037 0959 0482
JTL68 L7166  LT16T  .0343 L0887 L0654 L1184 L0872 <$00Ll3  .1324
L7914 L7915 L7915 L0864 L1285 L1277 L1793 .1415 L0582 .1%22
9562 L9561 .9561 L1355 L1803 .1832 2457 1153 ,2578
8410 .8410 .8410 .1104 .1538 ,18856 ,2080 .1782 .0862 .2208
L8968  ,8698 .8998 .1268 L1708 L1744 .2308 (18861 (1048 L2420
L9862 L9560 L9861 .1342  ,1787 .1871 .2420 ,1954 L1130 .2518
L9995 1,011% 1.0115 .1355 .1842 .187 L2483 ,19G61 .1191 .2582

H (average) A%y 4G AG 3 LG4 AGs, Yty AGq
LBERG LET6T  LA444 A45C 8951 5251 L7148 5808
L6312 LBTEE LBA6Y L5460 (5557 L6275 L7363 .5830
» 7166 6823 L6479 6472 5982 4294 7185 L5842
+T9LE LT051 JBE60 L8638 LA120 L6500 L3333 L5983
9581 LLO206  LTTES JTT720 0 L T104 8408 L6083
.8410 LT306 L5972 L6854 ,A%30  LETR8 LTS48 L6202
8998 JIT30 L7290 L7254 L8600 L7137 .7950 L6578
L9561 L8219 LTTTA LTTEC JT141 L7607 B386  L69%8

1.0115 8720 .8233% 8298 ,7%92 .8085 .8884 7453

pil Ave. OF OF 1 A, ) AR 3 aw 4 AR 5 4755 AW@?

mv. )

5. 407 2.1 L0027 L0025 L0010 L0016 L0024 L0218 L0022
7.665 3.8 LOOBE  L00%5 L0022 L0031 0043 L0041 L0034
8.832 - 21,2 L0284 L0216 ,0168 L0171 ,0245  ,018% ,018%
11.402 127.6 L1439 L1318 127 s 1155 LA260 L1175
9,802 44 .45 LOBEG L0528 L04C4 L0379 L0477 L0400 L0394
10.527 8%,3 006% L0845 L0804 (06K L0895 L0802 L0870
11.402 126,2 L1482 0 L1%%0 0 L1290 L1190 L1384 (1238 ,1190
12.202 182,4 21993 L1829 L1888 L1481 L18T4 L1776 .172%

Hy . 3 The rotential in volts of three hydrogen electircdes.

Gy . & The potentisl in volts of 8ix glass electrodes.

AC1 . 5 The difference in volts of the potential of the aversage
hydrogen electrode and the notential of the individual
glass elesctrodes.

Ey . g 4G « G, or the increase of G caused by the presence of

godium ions.
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THEORY OF THE QGLASS YL¥CTRODE

There are three general theories for glass
electrode behsvior: the phase boundary potential
theory, the menmbrane-diffusion potential theory, and the
ion adsgorption theory. M. Cremer (1), as stated before,
ascsumed the glase wag rcermesble only to hydrogen ions.
He arrived at thle concluslon hecause the work of E.
Warburg showed that the electrical conductivity of
glass was of electrolytic-type. W¥ichaelis (18) extended
this theory by conslidering the diffusion of other
cations at high pH. Dole (3) showed this 1dea to be
srroneous by doing two parallel experimentse 10 whien
he measured the potentials between 0.1¥ NaOH solution
and (a) pure 0.1¥ HCl solution and (b) 0.1N HCLl g0~
lubion which was 0.1N with respect to sodium-ion; the
two potentisls were found to be the same., If the sodium
error was due to the diffusion of socdium-ion, the po-
tential would be a function of the sodium-ion concen-
tration on both sides of the glass membrane.

Horovitz (12) assumed an ion adsorption on
the glass surface. He later wmodified thls theory to
include an ion interchange between the glass surface
and solution; he again changed hls theory to take into
- acocount the ionic mobility of the ions (13) and the

heat of the mixture on the surface of the gzlass.
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Sehiller (14) and Lenzyel (15) aleo advanced
lon adsorption theorisese. ILengyel used quartz for his
work; it is doubtful if the action of quartz and gluss
membranes are similar since the quartz acts essentially
as & condenser while the low-registance glass does not.

Haber (2), as alresdy mentioned, advanced the
first phase boundary theory. He neglected the action
of metallic cations at high pH valuee. Hughes (15) astated
that the buffer action of sodium silicate kept con-~
stant the hydrogen-ion concentration within the glass.
#hile he mentlions alkali-ion errors, he makes no at-
tempt to explain them.

Groass and Halpern (17) attempted to asccount
for the alkali-lon errors by assuming a dissolving
of the glags in the water and the water in the glass;
They postulate that in low pH rezlons the ionlc con-
centration in the glass 1s due to hydrogen and hydroxol
ions but at higher pH the metal ion also has an effect
on the ionlc concentration. In order to make these
assumptions, it was necessary to asgume a region of
mutual solubility; 1t 1s 4ifficult to visualicve this
film as existing in view of the slowness with which
glass diesolves and the rapldity with which zlass
electrodes coms to eguilibrium,

Dole (3) used the Henderson and Planck

formulas for liquid Junction potentlials to derive an
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equation which fitted the measured alkali-ion errors

up to a pH value of 12, The equation contained several
constants that were neither constant nor'thearatically
determinable. Dole (18) later applied statistical mech-
aniecs to the problem and obtained an equation that pre-
dice increased cation error at higher temperatures.

Lon G ' Qme - c ]
The equation is E;,g' (’Me ’,&e é(_m%_rﬁu. ﬁaﬂf)

WA ,
aa et - Gy fu

AE is the error of the glass electrode.

R, T, and F have their usual significance.

B is the ratio of the probability of a transi’ion
to the glass surface to the reverse transition at
equilibrium. (Dole takes these as unity)

¢ 1s the concentration in moles per liter.

f 1s the activity coefficlent.

R is the difference between the energy of &n lon in
the 1nt§rior of the solution and the energy or an
ion on the glass surface.

The subscript ¥e refers to any cation other than H

Dole caleulated values of 2y - Q. from
measured errors and found them %o be around 13 to 15 k. eal.
per wmole, The values Increased with increazsing pH, but at
50° C they became more constant.

The many constants in this equation can only
be evaluated by experimental measurement and the experi-
ment removes the need for the equation. It is, therefore,

of no value from she standpoint of providing a means by
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which glass electrode errors may be computed. Hven
though the constants could be evaluated, the equation
falils to explain eithér the individuasl action of glass
sleetrodes or the inereasing reproducibility of the
pei&ssium»ian errorsg as the temperature is incrsased.
The modified ilonic exchange theory of Horovitz might
offer a better explanation, but it would be of no

greater value in predicting the glauss electrode errors.

SUMMARY '

1. The cation errors of Corning 615 glass
electrodes wore determined for various eoncentrations
of lithium, potassium and sodium ions at 300, 400, 500,
60° and 70° ¢ end for caleium ion at 30%and 60° C.

The errors were found to increass with increasing
t@mpgrgtuﬁe.

2. Fresh glass electrodes showed slightly
"‘smalier errors than those which had been used for
some time.

3, Potassium-ion errors, which were variable
at low temperatures, became definate at temperatures

above 40° ¢,
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