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I. INTRODUCTION

Despite the fact that the general properties of the antimony-antimony oxide
electrode were recognized thirty-five years ago (132), its detailed behavior is
still not fully understood. In fact, the general conclusions reached by Hauke (52)
are not very favorable to the practical use of this electrode for pH measurement,
although some workers have claimed results of high precision. The object of
this review is to survey the conflicting data on the antimony electrode, the var-
ious theories of its operation, its construction, and its important properties, such
as its temperature coefficient.

Earlier reviews have been given by Carreras (24), Ball (3), Greer (44), and
Vellenger (133, 134).

II. PREPARATION OF ELECTRODES

The three main types of antimony electrode—namely, “stick,” plated, and
powder—will be discussed in turn.

A. The “stick” antimony electrode

This form of electrode was used by Uhl and Kastranek (132) as an indicator
electrode for the titration of acids and bases. Kolthoff and Hartong (80) pre-
ferred to add some antimony trioxide to the antimony melt before casting the
electrode as a cylindrical rod. They found that equilibrium was then more
quickly attained. This procedure has been adopted by other workers. Solid elec-

1 This work was supported in part by the U. 8. Atomic Energy Commission.
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trodes made by compressing finely powdered antimony are claimed to be more
uniform than cast electrodes (114).

Commonly a long stick is partially immersed in the solution or a short stick is
cemented into one end of a length of glass tubing, electrical connection in either
case being made by means of a flexible copper wire soldered to the end remote
from the solution. Another method for making electrical contact, viz., use of a
small mercury pool joining the antimony to a copper lead, was found by Perley
(100) to give erroneous results on continuous operation. For industrial purposes,
he developed a cast antimony electrode mounted in hard rubber (102).

A modification of the stick electrode, in which only the extreme tip of the anti-
mony is exposed, was developed by Levin (83) and is shown in figure 1. When
the antimony surface is cleaned by rubbing on fine emery paper, the glass sheath
breaks away gradually. Experience in our laboratory has shown that this elec-
trode is easily constructed and behaves satisfactorily.

Microelectrodes of the stick type have been described by Kamienski and his
coworkers (23, 68, 69, 70, 71, 72, 73, 74) and by Thompson and Brudevold (20,
122, 123). An electrode shaped like a dental probe is shown in figure 2 (123). It
is made by drawing out thick-walled Pyrex tubing. A silver wire passing through
a molded joint joins the inner end of the antimony to the shielded wire leading
to the pH meter. An enlarged view of the tip is shown at (a).

@)
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Fic. 1 Fic. 2
Fic. 1. The Levin electrode
Fic. 2. The dental-probe electrode
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Fra. 3 F1g. ¢4

Fic. 3. Electrode system with rotating brush. A, to reference electrode; B, gas inlet
F1c. 4. The powder electrode of Roberts and Fenwick

A stick electrode in a syringe-like protective mantle has been described by
Schollenberger (112).

To maintain a clean electrode surface, scraping (10) or brushing (81, 107, 145)
may be used. A typical arrangement is shown in figure 3 (145). The polishing of
an antimony electrode by surrounding it with an abrasive substance is the sub-
ject of a Japanese patent (126).

In many cases the electrodes have been cast from commercially available
c.p. antimony. In a study of nearly fifty electrodes using antimony from three
different sources (including “Commercial Lump”), Ball (3) stated that the pol-
ished electrodes usually did not differ in potential by more than 4 to 5 mv.,
whether annealed or not. On the other hand, Shcherbakov (115) found that
only electrodes made from very pure metal gave reproducible results. When
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purification has been attempted, this has normally been done by electrolysis
from a fluoride medium (see, for example, references 53, 85, 109, 113, 115).

B. The plated antimony electrode

Brinkman and Buytendivk (18) found that a pure antimony electrode was
not suitable for the determination of the pH of blood. They therefore used a
deposit of this metal on a platinum wire. Zhukov and Avseyevich (148) plated
antimony onto a thin layer of mercury previously deposited on a platinum wire.
They used a solution of antimony trichloride in dry acetone. The antimony
amalgam which is first formed becomes covered with a fine crystalline layer of
antimony. These two workers later studied the deposition of antimony from the
trichloride dissolved in a variety of organic solvents (2). A steady potential was
obtained only if the deposit was of the grayish matte type. Solutions in formic
acid, acetonitrile, and nitrobenzene gave smooth deposits but unsteady poten-
tials. Methanol is less satisfactory than acetone. Bottger and Szebellédy (12)
examined various earlier forms of electrodes and described an antimonized anti-
mony electrode which required 5 min. or less to reach a constant value.

Gysinck (47) found that antimony deposited electrolytically on platinum wire
lost reproducibility. Pieper (104) used antimony plated on platinum and on cop-
per for electrodes in acid-base titrimetry.

Deposition from aqueous hydrochloric acid solution containing hydrazine (111)
has been used by several workers (128, 139). Antimony is deposited on platinum
plates at a temperature of 60~70°C., using « current density of 0.30 amp./cm.?
DiGléria (33) has described an electrode prepared by electrodeposition upon a
base of tin-plated copper.

C. Electrodes employing antimony powder

The electrode vessel shown in figure 4 was used by Roberts and Fenwick (109)
in their classic investigation of acidity measurements with the antimony-anti-
mony oxide electrode. This is similar to an earlier version (108) but arranged for
use with nitrogen. It is a modification of the type described by Brgnsted, in
which the solution flows slowly down through a deep layer of the saturating
substance, past the electrode proper, and out to the liquid junction. Electrode A
1s of platinum, which in some experiments carried a thin plating of antimony.
In other cases, the electrode was treated with antimony trifluoride solution to
adjust the potential of the wire electrode to that of antimony. B is a column of
antimony crystals, prepared by the method of Schuhmann (113), using cotton
plugs to prevent clogging of the stopcock and to break the column into several
sections. This allows rapid flow of electrolyte for washing and assists in attain-
ment of equilibrium. In other experiments, the column was a mixture of anti-
mony and highly purified antimony trioxide powder. When necessary, nitrogen
is introduced at C and escapes at D.

A simple powder electrode system shown in figure 5 has been described by
Holmgvist (39), who found that the potentials of antimony rods are very differ-
ent from those of antimony powder (58). El Wakkad (139) employed commer-
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Fi6. 5 Fic. 6
F16. 5. The Holmqvist powder electrode system
Fra. 6. Rate of low apparatus. A, the antimony needle electrode; B, the buffer reservoir;
C, measuring cylinder; D, to reference electrode.

cially available antimony powder and found that although pseudo-equilibrium
was attained within 3 to 6 hr., a period of 120 to 144 hr. was necessary to obtain
steadier values.

Certain other antimony electrodes have been used which do not fit rigidly
into the classifications given above. Bottger and Szebellédy (12) investigated
the properties of electrodes consisting of antimony alloyed with bismuth and
cadmium (49) and a platinum electrode covered with “explosive’ antimony (29).
All required 10 to 25 min. to reach a constant value, as opposed to the 5 min.
required for the antimonized antimony electrode mentioned above. Antimony
coated with sulfide instead of oxide may be used to determine the saponification
value of oils (4), but offers no advantage over the ordinary antimony electrode.
In his measurements made both under load and under overcompensation, Mant-
zell (87) used a ring antimony electrode having a surface of 25 em.? Novak (95)
has studied various bimetallic electrode systems in which one element was anti-
mony.

III. ELECTRODE PRETREATMENT

Where employed, electrode pretreatment may be classified as acidic, alkaline,
or electrolytic. Vogel (137) used stick electrodes which had been dipped in con-
centrated nitric acid. The “etched” electrode of Bottger and Szebellédy (12) is
prepared by successive treatment with dilute sulfuric and nitric acids.

Treatment with a hot solution of sodium hydroxide (148) or immersion for
several days in a solution of pH 11.8 (125) is an example of alkaline pretreatment.
The anodic dissolution of antimony in alkaline medium has been studied by
Grube and Schweigardt (43).
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Anodic polarization in dilute sulfuric acid is claimed to give a reproducible,
stable electrode of the plated type (2). Electrolysis in sodium carbonate solution
(53) or brief anodizing (3, discussion) have also been used. El Wakkad and Hick-
ling (140) have made an oscillographic study of the anodic behavior of antimony
in both acid and alkaline solutions. For the continuous recording of the acidity
of human gastric contents, treatment with bromine water was used (48).

In many cases, however, no pretreatment, other than washing or polishing
with fine emery paper, was used (see, for example, references 97, 126, 139). How-
ever, Shcherbakov (115) stated that polishing with fine emery gives differences
of up to 10 mv. After cleaning the electrodes with emery, King (79) stood them
in water to undergo slight oxidation. He reported that accuracy and reproduci-
bility were increased if the electrode was “tarnished.”

1V. RELATIONSHIPS BETWEEN E.M.F. AND PH

Although it is generally agreed that the antimony-antimony oxide electrode
is a suitable indicator in acid-base titrimetry, the position of this electrode as a
means for the accurate determination of pH is far less satisfactory. Linear
E.M.F.-pH relationships of the type:

E=a+bpH (1)
TABLE 1
Relationships between £.M.F. and pH with antimony—antimony oxide electrode
\ ! |
Electrode Type ‘ a* ‘ o* Temperature pH Range ‘ l%elfeecrgrééee } References
i
l ' °C. {
0.0485 no s NCE ! a0
' | 0.0536 Mo >0 NCE
| 0.054 ‘ 25 0-12 NCE ] (1)
| 005915 2 2290 | NEHE | (09
| 0.057 26-29 2-12 NCE | (82)
0.043 18 Neutral ’ NCE (18)
0.053 14 3-9 . NCE (148)
0.0498 30 — SCE (51)
0.0534+ 14 - NCE a9)
0.0531 } 14 3-9 l NCE @)
0.05915 | 25 2-7 ) NCE | (97
0.0575 ’ 24 12| NCE | @9
0.067 20 2-12 | NCE | (125)
0.0538 ’ 10-25 1-9 l NHE | @31)
0.0591 25 2.5-8.5 SCE | (89)
0.059 ‘l 25 5-11 8CE [ (15)
0.0580 | 20 2-7 NCE 3)
0.0560 | 18 1 5-7 SCE % 38)
0.0453 ‘ 18 79 SCE
0.059 25 | 3 SCE
L o.0s1 } 5 | | sce f 40
0.05893 25 ( 2.2-8 NHE | (53, 54)
0.0586 30 1.9-7.25 NHE }} (128)
0.0647 l 30 ‘ 1.9-7.00 NHE
0.055t % 1 21 SCE | 88
0.0536 ‘ % iz 0l NCE | (107)

¢ The values ¢ and b are referred to equation 1.
t Values extrapolated from the author’s curve.
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have been reported by numerous workers; examples of these are listed in table 1.
Noteworthy are the following points: (7) there is great variation in the ¢ term
(due allowance having been made for the differing reference electrodes); (72) the
values of the slope or b term differ; (¢i7) in very few cases has the b term a value
fairly close to the “theoretical” value, e.g., 0.05915 at 25°C.; (¢v) the value of
the b term is sometimes different under acid and alkaline conditions; and ()
the range of applicability varies considerably.

DiGléria (32, 33) stated that no linear relationship exists between the potential
and the pH, while Yoshimura (146) could not obtain a general calibration curve
applicable to differing experimental conditions. On the other hand, numerous
other workers (12, 13, 47, 50, 65, 136, 142) agree with those referred to in table 1
that a linear relationship exists.

Several authors have reported that in addition to a change in slope (see ta-
ble 1), a “kink” appears on the E.m.F.—pH curve. This “kink’ occurs between the
two linear portions (13, 47, 65).

V. TEMPERATURE COEFFICIENT

An extensive study of the temperature coefficient of the plated type of anti-
mony electrode was made by Avseyevich and Zhukov (2). They showed that
both a and b (see equation 1) were temperature-sensitive. Their final equation,
as corrected by Ball (3), then becomes:

E — 0.01 — 0.00025(t — 18)

PH = 50542 + 00002750 = 18)

where ¢ is the temperature in °C. and E is the potential against the normal cal-
omel electrode. A similar equation was also obtained for use with the saturated
calomel electrode. Bravo (15) also studied the variation with temperature of
the two quantities ¢ and b in a variety of buffered salt solutions.

Table 2 contains the temperature coefficients reported by several other work-
ers. Part of the variation in reported temperature coefficient is, of course, due to

TABLE 2
Temperature coefficients with the antimony—antimony oxide electrode
s I
Electrode Type %f§§€f§§§ i lgélrlg%l.ts pH Range Terﬁr;%rga;ure ’ Reference
\ I
Plated . ..ot - 0.5 Neutral | - [ a8)
Stiek. .o — 1.3 L (Soils) - \ (34)
Stiek. oot SCE 1.5 1 1 | - L s
{ ‘ 1.5 ! 24 H 1
Stik ..o NCE 4L ‘ 2.0 5-7 ! 10-30 (125)
2530 8-11 y J [
SHEK oo SCE | 3.3 — ‘ 25-40 i (89)
[ 1.15 3 l '
Stick. ... SCE <) 2.1 7 ‘ 15-45 (101)
| 3.44 12 ] |
[ —1. <4 \\L |
Stick.......oii .1 0.1 NCE \ Intermediate 4-7 | 20-50 \ (107)
‘ 1 2.3 >7 i) |
i ! ‘




618 STOCK, PURDY, AND GARCIA

the use of differing reference systems. According to Perley (101), the temperature
coefficients for buffered and unbuffered solutions are different.

Other data concerning temperature coefficients have been given (38), some
indicating the dependence of this quantity on pH (21, 50). Puri (106) claimed
that the effect of temperature on the E.M.F. can be largely eliminated by re-
placing the usual calomel half-cell with a standard antimony electrode. Cells
involving two antimony electrodes have been used by other workers (43, 133).

VI. INTERFERENCES
A. The effect of oxygen

Using a slowly flowing, air-free electrolyte saturated with cubic antimony
trioxide, Roberts and Fenwick (109) found that the potential of their antimony
electrode was a linear function, with theoretical slope, of the pH of the solution.
However, equal accuracy was secured without exclusion of air if standardization
with solutions of known acidity was employed. On the other hand, Franke and
Willaman (41) found that the antimony electrode was adversely affected by
oxygen or carbon dioxide; reproducible pH results have been obtained when
carbon dioxide was excluded (118). A potential shift obtained with both the
antimony and the quinhydrone electrode was attributed to absorption of atmos-
pheric carbon dioxide (67).

The bulk of the measurements with the antimony electrode have been carried
out in air-containing solutions. Tourky and Mousa (128) have examined its be-
havior out of contact with air, while Gysinek (47) has recommended that the
solutions be covered with paraffin oil to protect them from air.

It has been shown that in suspension, antimony easily undergoes surface ox-
idation on the passage of air (90) and that in aerated water larger amounts of
antimony are dissolved than would correspond to the solubility equilibrium of
antimony trioxide (28). The product formed on an antimony electrode in contact
with air and water markedly affects the potential, as does the partial pressure of
oxygen (145). The potential is stated to change with the oxygen pressure in ac-
cordance with the theoretical requirement of an oxygen electrode but not to be
affected by hydrogen or nitrogen gas (77). To obtain reproducible results in
continuous pH measurements, Shcherbakov (115) found that the solution had
to be saturated with air of a constant partial pressure of oxygen. Holmqvist (59)
showed that with solid electrodes the potential is affected by the formation of
hydrogen peroxide; use of antimony powder decomposes this substance. Erratic
results obtained in determinations of the pH of soils were attributed to deficiency
of dissolved oxygen in the suspensions (112).

Perley (101) has studied the effect of the concentration of dissolved oxygen
on the E.M.F.—pH relationship of the antimony-saturated calomel electrode sys-
tem. For example, in a presaturated and constantly stirred buffer of pH 6.91 at
25°C., the saturating gases gave the following results: nitrogen, 0.460 v.; air,
0.398 v.; and oxygen, 0.375 v. He pointed out that tendency toward instability
in the acid range when the dissolved oxygen concentration is low and failure to
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follow the Nernst equation in the alkaline range when dissolved oxvgen is present
are characteristic of the antimony electrode.

B. The effect of stirring

According to Brinkman (17), the antimony electrode gives reproducible read-
ings in the neutral region if the liquid is not moving or streaming. Absence of
stirring has been recommended by various other workers (see, for example, refer-
ences 15, 97, 134). On the other hand, Britton and Robinson (19) found that
vigorous mechanical stirring was necessary to obtain steady readings. Gysinck
(47) claimed that best results were obtained if the stirring was not too rapid. In
the examination of soil suspensions, a rotating electrode improved reproducibil-
ity (61). Many other workers recommend either stirring or shaking.

Harrison and Vridhachalam (51) noted that potentials in unstirred solutions
were somewhat higher than those in stirred solutions. Tomiyama (125) reported
that on suddenly stirring the solution, the potential increases on the acid side
and diminishes on the alkaline side.

A clue to these conflicting results was afforded by the work of Fischbeck and
Eimer (38), who used the apparatus shown in figure 6 to study the effect of
movement of the liquid. They showed that when the solution moves past the
antimony electrode, the potential at first changes rapidly then soon approaches
an approximately constant value. This is illustrated in figure 7 and refers to the
movement of a pH 6.81 phosphate buffer in a tube of 4.5-mm. bore. The effect
of agitation has been extensively studied by Perley (101). With solutions satu-
rated with oxygen, the difference between agitated readings did not exceed 0.1
pH unit over the entire range 4 to 11.

C. Chemical interferences

Although fairly reproducible results have been obtained in the presence of
mild oxidizing or reducing agents (101), the presence of these agents normally
causes difficulty (7, 19, 38, 78). Furthermore, it is well known that certain com-

380
[« ° o ‘—Mo 4
o6 0%°
«n 370
5
e}
2
o 360p-
= b
b
350 i ] 1 I
0 5 10 15 20 25
CM,/SEC.

Fia. 7. The effect of rate of flow on potential
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plexing agents, notably hydroxy aecids, such as citric (3, 4, 5, 10, 88, 107, 121,
149), and certain of the amino acids (3), give erroneous results.

Metals which can be replaced from solution by antimony give trouble even at
low concentrations (101). Thus it is not surprising that Burlachenko (21) did
not obtain good results with the antimony electrode in solutions of copper salts.
In fact, the presence of 0.5 p.p.m. of copper caused an immediate error of 0.2
pH in a nearly neutral buffer (101). Further, the spontaneous deposition on an
antimony surface may be used for isolating traces of copper prior to its colori-
metric determination (103). Freshly precipitated ferric hydroxide in soil sus-
pensions does not affect the accuracy of the antimony electrode (94).

Itano and Arakawa (63) found that the antimony electrode could be used for
the determination of the acidity of soils and waters containing hydrogen sulfide.
On the other hand, Pleass (103) examined the behavior of glass and antimony
electrodes in tannin solutions; he found that in the presence of sulfides or sulfites
only the glass electrode gave good results. It is claimed that the presence of
sulfur dioxide in sugar factory products (23) and in pulp mill liquors (41) does
not affect the functioning of the antimony electrode.

Apart from the above specific instances, it is well established that the nature
and concentration of the solution have a bearing on the potential (10, 46, 79, 146).
Bravo (15) investigated the behavior of the antimony electrode in the presence
of variable amounts of common sodium and potassium salts. Brudevold and
Thompson (20) found that phosphate ions had no appreciable effect on the
potential and that calcium chloride had no effect up to concentrations of 1 molar.
Likewise gelatin and agar (3 per cent) did not affect the results (118).

VII. THEORIES OF ELECTRODE BEHAVIOR

Ignoring activity effects and assuming that the potential (7g,) of an antimony
electrode at 25°C. is controlled by the following equilibria:

Sb(s) = Sb+t*+ + 3¢~ (3)
and
SbeQs(s) + 3H0 = 28b+++ 4 60H- 4)
it is easily shown that:
e = mo + 0.05915 {pH ~ 14 log [Sby0;] 4 14 log {H,01} (5)

If the last two terms are disregarded, = should thus be the difference in po-
tential between an antimony-antimony trioxide electrode and a hydrogen elec-
trode immersed in the same solution (109). Measurements by Schuhmann (113)
on this cell system showed that in acid solution tervalent antimony is present
mainly as SbO*. Various other ions, e.g., SbO3, may also exist under certain
conditions, but if the system is in equilibrium, equation 5 will hold regardless of
the ionic species containing antimony (109). Roberts and Fenwick pointed out
that unless the antimony trioxide is in its standard state, the appropriate term
in equation 5 does not vanish. They obtained their best results with cubic anti-
mony trioxide.
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According to Parks and Beard (98), the antimony trioxide is present as an
adsorbed film, the electrode reaction occurring at the metal-metal oxide inter-
face. Deviations in extreme acid and alkaline solutions were attributed to the
formation of SbO*t and SbOj7 in the oxide film (99). Mehta and Kulkarni (89)
have claimed that the pH response of cast antimony is due to antimony tet-
roxide (Sh.0,) dissolved in the metal.

Wulff, Kordatzki, and Ehrenberg (145) showed that, in contact with air and
water, continuous oxidation of the antimony electrode occurred, a product show-
ing peroxide properties being formed (see, also, references 58, 59, 60, 138, 144).
They concluded that the oxidation process and diffusion of the reaction products
govern the electrode potential.

Fischbeck and Eimer (38) developed a theory based on oxidation-reduction
equilibria and pointed out that the behavior of antimony was in many respects
similar to that of platinum. Spychalski (118) agreed with the analogy with
platinum when the antimony electrode is under reducing conditions. However,
under conditions favorable for oxide formation, the behavior is stated to be that
of an irreversible electrode of the second order. Kauko and Knappsberg (76, 77)
calculated the dissociation pressures of the oxides of antimony and considered
the data to favor the view that antimony behaves as an oxygen rather than a
hydrogen electrode.

Tourky and Mousa (128) have pointed out that the “my values’” (see table 1)
fall into two categories: namely, values lying within the approximate limits
0.22 to 0.28 v. and those 100 mv. lower. These potentials are referred to the
normal hydrogen electrode, whereas the data in the table give the reference
electrode of the original authors. Tourky and Mousa calculated the thermo-
dynamic “my value” as 0.140 v. against the normal hydrogen electrode and
concluded that measurements approaching this value were obtained only when
finely divided metal was used in the electrode system. The behaviors of the stick
and plated antimony electrodes were explained by postulating the existence on
the surface of oxygen doublets which gave rise to an oxygen overvoltage effect
(129). This is superimposed upon the reversible Sb—Sh,0;—OH~ potential, shifting
it by about 100 mv. Once this doublet layer is formed, there is a steady stage at
which the electrode is neither a metal-metal oxide nor an oxygen electrode but
rather a metal-metal oxide—oxygen electrode. This arises 1 to 2 hr. after immer-
sion. Surface formation of metallic oxides causes the development of a state of
apparent equilibrium after about 20 hr. Similar observations were made with
arsenic electrodes. From solubility determinations, the isoelectric point of anti-
mony trioxide was found to be pH 8.6 (130).

El Wakkad (139), on the other hand, considers that when equilibrium is
reached, the ‘“my value’” corresponds to the reversible value of the system Sby0;—
SbaOy, and that the antimony electrode then acts as a true metal-metal oxide
one. The rate of attainment of equilibrium depends upon both the supply of
oxygen and the surface area of the electrode. Other workers also state that the
presence of SbeO, may account for the varying behavior of the antimony elec-
trode (14).

It appears that the behavior of the antimony electrode is still not fully under-
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stood. Although it can be used for routine work, results in line with theoretical
considerations can be obtained only with elaborate precautions such as by the
use of a carefully equilibrated powder system. The antimony electrode has
recently become important both as a reference and as an indicator in nonaqueous
tritrimetry. Fundamental studies of its behavior in nonaqueous systems are
under way in this laboratory.

VIII. APPLICATIOXNS

The antimony-antimony oxide electrode has found considerable use in the
study of soil acidity (5, 9, 33, 34, 50, 51, 56, 57, 61, 62, 63, 79, 84, 86, 94, 108,
112,117, 147). In a report comparing the behavior of the hydrogen, quinhydrone,
and antimony electrodes, the antimony electrode was not proved reliable (55).
Magnesium may be titrated with standard potassium hydroxide (64). If present
in upwards of four times the amounts of magnesium, calcium causes an error of
over 5 per cent.

An electrode of the plated type was used by Brinkman and Buytendiyk (18, 22)
for the determination of the pH of blood. However, they found it necessary to
standardize the electrode with buffer mixtures. The conclusion of later workers
is that the various types of antimony electrode are unreliable in this field (40,
127, 141, 146). The antimony electrode has also been used for gastric research
(36), including the continuous recording of the acidity of human stomach con-
tents (48). In the latter case, the electrode was only 5 mm. long and 1 mm. in
diameter. Attached to a fine rubber tube containing the leads, it could be swal-
lowed without any difficulty. Antimony microelectrodes have been used for
dental studies (20, 91, 122, 123). From a comparison of the glass, antimony, and
quinhydrone microelectrodes, Charlton (26) concluded that the glass micro-
electrode is the most accurate for use in the mouth.

Perley (100, 101, 102) has discussed the industrial aspects of the antimony
electrode. It has been repeatedly recommended for use in sugar technology (25,
42, 81, 82, 124). Beretta (7) has stated that above pH 8 or in the presence of
reducing sugars, the readings are not exact. The antimony electrode has been
used satisfactorily for measuring the pH of natural waters (66), and factors con-
cerning its suitability for pH determination in sea water (88) and brine (1) have
been studied. The merits and applications of this electrode in the measurement
of the pH of dye (31, 96) and plating (16) baths have been described. It has also
been used in the latex (30), oil (83), soap (143), tanning (11, 105), and sulfate
pulping industries (116).

Txamples of the many uses of the antimony electrode in potentiometric titra-
tions are for the determination of iron and aluminum (75), the examination of
superphosphate solutions (137), and the determination of certain local anes-
thetics (37), of cholinesterase (92), and of the oxy acids of selenium and tel-
lurium (19). Cheshko (27) has studied the acidic properties of benzenesulfon-
amide, while Szabd, Csdnyi, and Kédvai (120) have examined the interaction of
aluminum and hydroxyl ions. The electrode has also been emploved in the
miecrotitration of “formol” nitrogen (110) and is reported to be suitable for the
titration of carbon dioxide in water (150) and of acid mixtures in nonagueous
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solvents (6). The applications in the nonaqueous field have been reviewed
recently (119),

pH meters involving an antimony electrode (8, 93) and a mounting for this
electrode (39) have been described.

“Dead-stop” titration of acids and bases using antimony electrodes has been
attempted (35).

IX. REFERENCES

(1) Araxas’ev, S. K., PortNov, M. A., axp CuerELrIN, YU. N.: J. Appl. Chem. (U.S.
S.R.) 10, 1421 (1937).

(2) AvseYEvicH, G. P., axp Zuvrov, 1. 1.: Z. Elektrochem. 37, 771 (1931).

(3) Barr, T. R.: Trans. Electrochem. Soc. 72, 139 (1937).

(4) Bair, T. R., Scemipr, W. B., axD BERGSTREsSSER, K. S.: Ind. Eng. Chem., Anal.
Ed. 6, 60 (1934).

(5) Barnges, E. E., axp Sivon, R. H.: J. Am. Soc. Agron. 24, 156 (1932).

(6) BEreavU, F. Y., axD Tous, J. G.: Anales fis. y quim. (Madrid) 39, 735 (1943); Chem.
Abstracts 43, 5696b (1949).

(7) BerETTA, U.: Rend. accad. sci. (Napoli) 8, 9 (1938); Chem. Abstracts 33, 71787 (1939).

(8) BErezZOVA, V. D.: Tochnaya Ind. 11, No. 7, 2 (1940) ; Chem. Zentr. 1941, I, 84; Chem.
Abstracts 36, 60495 (1942).

(9) Best, R. J.: J. Agr. Sci. 21, 337 (1931).

(10) Bobrorss, S., axp HoLmqvisT, A.: Z. physik. Chem. A161, 61 (1932).

(11) BoiNg, A.: Atti ufficiali assoc. ital. chim. tec. coneiaria 2, 103 (1939); Chem. Abstracts
33, 56968 (1939).

(12) BoTrGER, W., AND SzEBELLEDY, L, v.: Z. Elektrochem. 38, 737 (1932).

(13) Branpio, E. O. M., CarnBIRO, L. A. M., AND MASCARENHAS, S.: Anais assoc. brasil.
quim. 11, 95 (1952); Chem. Abstracts 51, 102695 (1957).

(14) Branpio, E. O. M., CarxEiro, L. A, M., anp Oriveira, S. M.: Rev. cient., Fac.
nacl. filosofia (Rio de Janeiro) 2, 52 (1952); Chem. Abstracts 47, 4766d (1953).

(15) Bravo, G. A.: Chimica e industria (Italy) 17, 521 (1935); Chem. Abstracts 30, 21157
(1936).

(16) BRewWER, R. E., aAnp Mo~nTiLLoN, G. H.: Trans. Am. Electrochem. Soc. 55, 357 (1929).

(17) BrinkmaN, R.: Ned. Tijdschr. Geneesk. 73, II, 5000 (1929); Chem. Abstracts 24,
1567 (1930).

(18) BringMaN, R., axp BuyTENnDIYE, F. J. J.: Biochem. Z. 199, 387 (1928).

(19) Britton, H. T. 8., axp RoBixNsoN, R. A.: J. Chem. Soc. 1931, 458.

(20) BrupEvoLp, F., axp TroMPsox, F. C.: J. Dental Research 33, 854 (1954).

(21) BurracueNko, P. E.: Zavodskaya Lab. 10, 314 (1941); Chem. Zentr. 1942, 11, 2929,
Chem. Abstracts 38, 25515 (1944).

(22) BuyTexDIYE, F. J. J.: Arch. néerland. physiol. 12, 319 (1927); Chem. Abstracts 23,
2736 (1929).

(23) Byro, Z., AND WALIGORA, B.: Zeszyty Nauk. Uniw. Jagielloniskiego 6, Chem. No. 2,
67 (1956); Chem. Abstracts 51, 1751f (1957).

(24) CarrEras, R.: Afinidad 19, 341 (1942); Chem. Abstracts 37, 36741 (1943).

(25) Catexaccr, M.: Ind. saccar. ital. 24, 342 (1931); Chem. Abstracts 26, 616 (1932).

(26) CuarvroN, G.: Australian Dental J. 1956, 228,

(27) Cuesuko, F. F.: Doklady Akad. Nauk S.S.8.R. 88, 855 (1953).

(28) CHrouPEK, J.: Korrosion u. Metallschutz 17, 25 (1941).

(29) Conen, E., axp RiNGER, W. E.: Z. physik. Chem. 47, 1 (1904).

(30) DeriBERE, M.: Rev. gén. mat. plastiques 10, 197 (1934); Chem. Abstracts 28, 5711¢
(1934).

(31) DErisErE, M.: Tiba 12, 331 (1934); Chem. Abstracts 28, 5244° (1934).

(82) D1GLERIA, J.: Kisérlet Kézlemények 33, 193 (1930); Chem. Abstracts 25, 3271 (1931).



624 STOCK, PURDY, AND GARCIA

(33) DiGLERIA, J.: Proc. 2nd Intern. Congr. Soil Sci., Leningrad 1930 2, 17 (1933); Chem.
Abstracts 28, 20914 (1934).

(34) DuTorr, M. S.: 8. African J. Sci. 27, 227 (1930).

(35) Enoxki, T., aNpD Mirisara, K.: Yakugaku Zasshi 77, 121 (1957); Chem. Abstracts b1,
79339 (1957).

(36) Ers, R. C., axp SEn1OR, K. L..: J. Am. Osteopath. Assoc. 38, 95 (1938).

(37) Fexwick, F., anp Giuman, E.: J. Biol. Chem. 84, 605 (1929).

(38) FiscuBEck, K., axD E1vERr, F.: Z. Elektrochem. 44, 845 (1938).

(39) FLorENCE, G., aND DrILHON, A.: Arch. phys. biol. 18, 113 (1936).

(40) FossinDER, R. J.: J. Lab. Clin. Med. 16, 411 (1931).

(41) Frankg, K. W., anp WiLLamax, J. J.: Ind. Eng. Chem. 20, 87 (1928).

(42) GaLvez, N.: Philippine Agr. 18, 219 (1930); Chem. Abstracts 25, 162 (1931).

(43) Gex, M.: Arch. phys. biol. 9, 110 (1931).

(44) GrEER, W. N.: Trans. Electrochem. Soc. 72, 1563 (1937).

(45) GrUBE, G., AND ScHWEIGARDT, F.: Z. Elektrochem. 29, 257 (1923).

(46) Guxtz, A. A.: Chim. anal. 29, 148 (1947).

(47) Gysinck, TH.: Arch. Suikerind 40, III, Mededeel. Proefsta. Java-Suikerind. 711
(1932); Chem. Abstracts 27, 2325 (1933).

(48) Hacearp, H. W., AND GREENBERG, L. A.: Science 93, 479 (1941).

(49) Hann, F. L.: Z. angew. Chem. 43, 712 (1930).

(50) HanousEk, J.: Sbornfk Ceskoslov. Akad. Zemé&dé&lské 22, 209 (1950) ; Chem. Abstracts
44, 9779 (1950). Soils and Fert. 41, 109 (1951).

(51) Harrisox, W. H., axp VRipHacHALAM, P. N.: Mem. Dept. Agr. India, Chem. Ser.
10, 157 (1929); Chem. Abstracts 24, 192 (1930).

(52) Havuxke, R.: Prakt. Chem. 8, 121 (1952).

(53) Havorka, F., ANp Cuapyman, G. H.:J. Am. Chem. Soc. 63, 955 (1941).

(54) Havorga, F., axp CrapmaN, G, H.: J. Am. Chem. Soc., 63, 2024 (1941).

(55) HisBarD, P. L.: J. Assoc. Offici. Agr. Chemists 16, 193 (1933).

(56) Hock, A.: Bodenkunde u. Pflanzenernihr. 25, 164 (1941); Chem. Abstracts 38, 21522
(1944).

(57) Hock, A.: Bodenkunde u. Pflanzenernihr. 27, 370 (1942); Chem. Abstracts 37, 41758
(1943).

(58) HormqvisT, A.: Svensk Kem. Tidskr. 46, 2 (1934).

(59) HormqvisT, A.: Svensk Kem. Tidskr. 47, 102 (1935).

(60) HorLmavisT, A.: Z. Elektrochem. 41, 807 (1935).

(61) Hoogrounpt, 8. B.: Verslag. landb. Onderzoek. Rijkslandbouw-proefsta. 35, 162 (1930);
Chem. Abstracts 26, 1053 (1932).

(62) Itano, A.: Ber. Ohara Inst. landw. Forsch. Japan 4, 273 (1929); Chem. Abstracts 24,
2362 (1930).

(63) ITaxo, A., AND ARaEAWA, S.: Ber. Ohara Inst. landw. Forsch. Japan 4, No. 3, 383
(1930) ; Chem. Abstracts 25, 551 (1931).

(64) ITano, A., anp Tsuir, Y.: J. Sei. Soil Manure 7, No. 1 (1933); Proc. Intern. Soc. Soil
Sei. 8, 165 (1933) ; Chem. Abstracts 28, 40026 (1934).

(65) Izmairov, N. A., axp Prvxexko, V. P.: Khim. Referat. Zhur. 4, No. 6, 65 (1941).

(66) Izmaivov, N. A, Vair, E. I., ALexsanprova, A. M., axp GurevicH, E. L.: Uchenye
Zapiski Khatkov. Univ. 50, 11 (1954); Chem. Abstracts 51, 16674 (1957).

(67) KamieSskr, B.: Bull. intern. acad. polon. sci., Classe sci. math. nat. 19494, 171;
Chem. Abstracts 46, 8377¢ (1951).

(68) Kamie&skr, B.: Bull. intern. acad. polon. sci., Classe sci. math. nat., Ser. A, 1950,
73; Chem. Abstracts 46, 44174 (1952).

(69) Kamie&skl, B., axp Byro, Z.: Bull. intern. acad. polon. sci., Classe sci. math. nat.,
Ser. A, 1951, No. 3-6A, 231 (1952); Chem. Abstracts 48, 3184¢ (1954).

(70) Kamiekskr, B., aND Byro, Z.: Bull. acad. polon. sci. 1, 251 (1953).

(71) Kaminkski, B., Brro, Z., AND WALIGGRA, B.: Bull. intern. acad. polon. sci., Classe
sci. math. nat., Ser. A, 1951, No. 3-64, 199 (1952) ; Chem. Abstracts 48, 38837 (1954).



THE ANTIMONY—ANTIMONY OXIDE ELECTRODE 625

(72) Kamieg&ski, B., Byro, Z., AND WaL1G6RA, B.: Bull. acad. polon. sci. 1, 137 (1953).
(73) KamieSski, B., Prcrazxka, K., anp Dori&ski, Z.: Bull. acad. polon. sci., Classe III,
1, 297 (1953).
(74) Kamiefskr, B., sNp WaLic6Rra, B.: Bull. acad. polon. sci. 1, 245 (1953).
(75) Kanning, E. W., anp Kratri, F. H.: Ind. Eng. Chem., Anal. Ed. 5, 381 (1933).
(76) KavTko, Y., aAND KNaPPSBERG, L.: Z. Elektrochem. 46, 760 (1939).
(77) Kauro, Y., ANpD KNAPPSBERG, L.: Suomen Kemistilehti 12B, 17 (1939).
(78) Kavuko, Y., anp VALERILA, Y.: Kolloid-Z. 86, 365 (1939).
(79) King, N. J.: Ind. Eng. Chem., Anal. Ed. 5, 323 (1933).
(80) Kovrrorr, I. M., axp HarroNg, B. D.: Rec. trav. chim. 44, 113 (1925).
(81) KurocHEINA, N. Y.: Sakhar 15, No. 3, 24 (1937); Chem. Abstracts 33, 9028° (1939).
(82) Lava, V. G., axp HeMmEDEs, E. D.: Philippine Agr. 17, 337 (1928); Chem. Abstracts
23, 1336 (1929).
(83) LeciErc, E.: Bull. assoc. ing. élec. (Liége) 10, 210 (1932); Chem. Abstracts 27, 2593
(1933).
{(84) LEDERLE, P.: Z. Pflanzenernihr. Diingung Bodenk. 41, 6 (1948); Chem. Abstracts 43,
39562 (1949).
(85) LEvin, I.: Chemist Analyst 41, 8 (1952).
(86) LinpEMAN, J.: Meldinger Norges Landbruks. 6, 302 (1926); Chem. Abstracts 22, 2020
(1928).
(87) MaxtzELL, E.: Prakt. Chem. 8, 217 (1952).
(88) MarTiNEz DE Murauia, J. A.-T.: Anales fis. quim. (Spain) 42, No. 405, 189; Chem.
Abstracts 40, 56238 (1946).
(89) MEaTA, D. N., ANxpD KUuLRARNI JATEAR, S. K.:J. Indian Inst. Sci. 184, 85 (1935).
(90) MILBAUER, J., AND SLEMR, B.: Chem. Listy 20, 392 (1926).
(91) Moogg, B. M., anD Fospicg, L. 8.: J. Dental Research 31, 512 (1952).
(92) MoriTa, M.: Sogo Igaku 11, 707 (1954); Chem. Abstracts 51, 166554 (1957).
(93) Naumaxy, A.: Chem.-Ing.-Tech. 23, 346 (1951); Chem. Abstracts 45, 9310e (1951).
(94) Nikov’skii, B. P., aND Gricorov, O. N.: Proc. Leningrad Lab. [N .8.], No. 12, 41 (1930);
Chem. Abstracts 28, 73968 (1934).
(95) Novixk, V.: Chem. Listy 49, 934 (1955).
(96) Parks, L. R., axp BearDp, H. C.: Am. Dyestuff Reptr. 21, 432 (1932).
(97) Parks, L. R., aNp Bearp, H. C.: J. Am. Chem. Soc. 54, 856 (1932).
(98) Parks, L. R., anp BeaRD, H. C.: J. Phys. Chem. 387, 821 (1933).
(99) Parks, L. R., axp BeEarp, H. C.: J. Phys. Chem. 87, 822 (1933).
(100) PerLEY, G. A.: Ind. Eng. Chem., Anal. Ed. 11, 316 (1939).
(101) PerLEY, G. A, Ind. Eng. Chem., Anal. Ed. 11, 319 (1939).
(102) PERLEY, G. A.: Trans. Am. Inst. Chem. Engrs. 29, 257 (1933); Chem. & Met. Eng. 40,
417 (1933).
(103) PERrLEY, G. A.: Trans. Electrochem. Soc. 76, 141 (1939).
(104) PiePER, J.: Z. Elektrochem. 40, 793 (1934).
(105) PreEass, W. B.: Arch. phys. biol. 9, 267 (1932).
(106) Purr, A. N.: Memoirs Punjab Irrigation Research Inst. 4, No. 4, 11 pp. (1932); Chem.
Abstracts 29, 5569° (1935).
(107) RaBiNovicH, I. B., axp Gorsunova, T. T.: Trudy Komissii Anal. Khim. Akad. Nauk
8.8.8.R., Otdel, Khim. Nauk. 4(7), 163 (1952); Chem. Abstracts 48, 1858a (1954).
(108) RoBERTS, E. J., aND FENWICK, F.:J. Am. Chem. Soc. 49, 2787 (1927).
(109) RoBERTs, E. J., AND FENWICK, F.: J. Am. Chem. Soc. 60, 2125 (1928).
(110) RoceE, A., AND RocuE, J.: Arch. phys. biol. 9, 273 (1932).
(111) ScrocH, E. P., axp Brown, D. J.: J. Am. Chem. Soc. 388, 1660 (1916).
(112) ScHOLLENBERGER, C. J.: Soil Seci. 41, 123 (1936).
(113) ScrvEMANN, R.:J. Am. Chem. Soc. 46, 52 (1924).
(114) SucHERBAROV, A. A.: Trudy Ural. Nauch-Issledovatel. Khim. Inst. 1954, No. 2, 270;
Chem. Abstracts 51, 17251e¢ (1957).
(115) SucHERBAKOV, A. A.: Zhur. Anal. Khim. 6, 157 (1951).



626 STOCK, PURDY, AND GARCIA

(116) SMELIK, J., AND HaBIGER, H.: Prakt. Chem. 4, 130 (1953).

(117) SxYDER, E. F.: Soil Sci. 26, 107 (1928).

(118) SpycHALskI, R.: Roczniki Chem. 19, 441 (1939).

(119) Stock, J. T., axp Purpy, W. C.: Chem. Revs. 57, 1159 (1957).

(120) Szasé, Z. G., Csd&xvyr, L. J.., Axp K&var, M.: Z. anal. Chem. 146, 401 (1955).

(121) Tama1, M.: J. Biochem. (Japan) 29, 307 (1939).

(122) Trowmpsox, F. C., ANpD BrubpEvoLp, F.: J. Dental Research 30, 523 (1951).

(123) Tuowmerson, F. C., aND BrupevoLp, F.: J. Dental Research 38, 849 (1954).

(124) Torocrko, 1. P., axp KurcHRINA, N. V.: Sakhar 15, No. 4, 29 (1937) ; Chem. Abstracts
34, 35255 (1940).

(125) Tomivama, T.: J. Biochem. (Japan) 18, 285 (1933).

(126) Tomota, M., et al.: Japanese patent 7291 (November 26, 1951); Chem. Abstracts 47,
4768¢ (1953).

(127) TorpoLi, A.: Boll. soc. ital. biol. sper. 18, 151 (1943) ; Chem. Abstracts 41, 494¢ (1947).

(128) TourkY, A. R., AND Mousa, A. A.:J. Chem. Soc. 1948, 752.

(129) Tourky, A. R., AND Mousa, A. A.: J. Chem. Soc. 1948, 756.

(130) Totrrky, A. R., AND Mousa, A. A.:J. Chem. Soc. 1948, 759.

(131) Urmura, T., aND SuEpa, H.: Bull. Chem. Soc. Japan 8, 1 (1933).

(132) UmnrL, A., axp KesTraNEKR, W.: Monatsh. 44, 29 (1923).

(133) VeELLINGER, E.: Ann. office natl. combustibles liquides 9, 673 (1934); Brit. Chem.
Abstracts 1985, 1091.

(134) VELLINGER, E.: Chimie & industrie, Special No. 218 (June, 1933).

(135) Viis, F.: Arch. phys. biol. 8, 92 (1927).

(136) Vigs, F., AND VELLINGER, E.: Arch. phys. biol. 6, 38 (1927).

(137) VogeL, J. C.:J. Soc. Chem. Ind. 49, 297 (1930).

(138) VogEeLs, H.: 15me Congr. chim. ind. (Bruxelles, Sept., 1935) 1936, 1068; Chem. Ab-
stracts 30, 54869 (1936).

(139) EL WakEaAD, S. E. 8.: J. Chem. Soc. 1950, 2894.

(140) Ern WaggAD, 8. E. 8., anp HickrixNg, A.: J. Phys. Chem. 57, 203 (1953).

(141) WesteNBrINK, H. G. K., PieTeRs, J. A, A, AND P1ETERS, J. J. L.: Ned. Tijdschr.
Geneesk. 73, I, 2937 (1929); Chem. Abstracts 24, 771 (1930).

(142) WirriamsoN, A. T., anp Oakes, W. G.: J. Textile Inst. 27, T199 (1936).

(143) Wuvrrr, P.: Fette u. Seifen 48, 388 (1941); Chem. Abstracts 37, 480¢ (1943).

(144) Wuvrrr, P., axp Korparzkr, W.: Z. Elektrochem. 41, 807 (1935).

(145) Wurrr, P., Korpatzrr, W., ANp EHRENBERG, W.: Z. Elektrochem. 41, 542 (1935).

(146) YosHiMUr4a, H.: Japan J. Med. Sci., 111, Biophys. 4, 131 (1936) ; Chem. Abstracts 81,
20733 (1937).

(147) Zezscuwitz, E. v.: Z. Pflanzenernihr. Diingung. Bodenk. 58, 231 (1952); Chem. Ab-
stracts 47, 40207 (1953).

(148) Zuvurov, I. 1., AND AvseyvEvicH, G. P.: Z, Elektrochem. 35, 349 (1929).

(149) Zuuxkov, I. L., anp Bortunov, Yu. A.: J. Gen. Chem. (U.S.8.R.) 2, 407 (1932).

(150) Zuurov, I.I1.., aNp Gortikrov, V. M.: Z. Elektrochem. 35, 853 (1930).



