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AUTOMATIC PRECISION GLASS-ELECTRODE - pH MEASUREMENT WITH

A VIBRATING REED ELECTROMETER™*

Kurt A. Kraus, Robert W. Holmberg and C. J. Borkowskl

Oak Ridge National Laboratory, Oak Ridge, Tennessee

SUMMARY
Using a vibrating reed electrometer as detector, the potentials
of glass-electrode assemblies were recorded on a strip chart recorder.
The precision of the measurements is approximately that of a type K
potentiometer and the reproducibility is sufficiently high to make it
feasible to determine acidities of solutions to better than 0.1%

under favorable conditionse.

The purpose of this paper is to describe the use of the
vibrating reed (also called dynamic condenser or capacitative com-
mutator) electrometer for high precision pH measurements with glass-
electrodes. The instrument may be used with a strip-chart recorder
and the voltage sensitivity attainable is determined by the accuracy
of the auxiliary potentiometer, which in this work has been a Leeds
and Northrup type K potentiometer. LeCaine and WNaghorne have
described a vibrating reed electrometer for ionilzation current

measurements(l)o
(2, 3,

Scherbatskoy and co-workers used a similar

instrument 4) for radiocactivity measurements in oll-well logging

#This document is based on work performed under Contract
Number W-7405 eng 26 for the Atomic Bnergy Project at
Oak Ridge National Laboratory.
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where an instrument of high current sensitivity, of great ruggedness
and adeptability for automatlic operation was desired. A detalled
study of this instrument has been made by Palevsky and cqmworkers(s)
who also made certain design changes and improvements. All of the
authors point out that the instrument can be used for potential
measurements in high resistance circuits.

This instrument appeared to be ideally suited for voltage
measurements of glass-electrode assemblles and was expected to be
a consliderable improvement over the usual vacuum-tube electrometers,
since 1t appeared to combine great ruggedness and freedom from zero
drifts with high sensitivity, adaptability for automatic recordings,
and complete 110 volt a.c. operation., Since its first tests several
years ago as a recordling precision high impedance potentiometer the
instrument has been used routinely for precision potential mesasurements
in this laboratory(69 7)° The same instrument has also been routinely

used for potentlal measurements in low resistance circuits as well,

Apparatus

a) Electronic equipment. The vibrating reed electrometer is

essentially a high resistance d.c. voltmeter which is capable of
measuring voltages in circuits of resistance up to 1015 ohms. Since
the d.c. potential is converted to an a.c. voltage by the "chopper"
or dynamic condenser, a stable a.c. amplifier can be used in a 100%
feedback system. In this manner the vibrating reed operates as a
null type instrument where variations in the amplifier gain or in
power supply voltages do not contribute to zero drift. With proper

design the sensitivity 1s limited only by the noise produced by the



thermal agitation in the input circult. The zero drift, which is due
to the changes of contact potential of the dynamic condenser surfaces,
is usually about 0.1 millivoit in 24 hours.

The block diagram in Fig. 1L shows a typical self-balancing 60
cycle vibrating reed. When a voltage appears across the dynamic
condenser input, an a.c., voltage is generated and amplified by the
a.c. amplifier. The output of the amplifier drives a motor which
in turn adjusts the potentiometer to the null position. The indiéated
voltage on the self-balancing potentiometer is equal to the input
voltage, In thiés way completely automatic recording of the potentials
is made. Where maximum precision is required, the recorder slide
wire should balance only a small fraction of the total cell potential
€ogoy & or L0 miliivolts full scale; while the major fraction of the
cell potential is balanced manually by a high precision potentiometer
(6.g8.5, Rubicon Precision potentiometer or L and N type K-2 (potentio-
meter)., Since this potentiometer is on the low impedence side of
the circult 1t need not be shielded. Calibration of the potentiometer
can readily be achieved with the same circulit. The potential of a
standard cell is fed Into the vibrating reed input and its potential
balanced against the output of the potentiometer whose dials are
set for the nominal voltage of the standard cell. The Brown recorder
is used as a null indicator.

Fig, 1 does not represent a unique circuit and certain variants
are possible., For example, the type K potentiometer can be placed
between the calomel cell and ground or a 300 cycle reed with
electronic feedback may be used.

The construction of the dynamic ¢ondenser requires cohsiderable

skill especially in the preparation of the condenser surfaces where



it is important to obtain lLow and stable contact potentials. Both
so-called "60 cycle"(4) and "300 cyclie" reeds(8) have been used.
Since 1n the former case the reed i1s driven by standard 60 cycle
110 volt a.c., the Brown amplifier can be used directly with only
minor changes, such as removal of the "chopper™, and addition of a
pre-amplifier. If a recorder 1s to be used the aesign of the 60
cycle reed 1s in general much simpler than that ot the 300 cycle
reed for which a special oscliiator i1s needed as well as a separate
amplifier and detector., The 300 cycle reed requires more maintenance
in general than the 80 cycle reed, Nevertheless, most of the
measurements which will be reported here have been carried out with
the 300-cycle reed. A photograph of the complete assembly, using a
300-cycle reed, 1s shown in Fig. 2.

In all eariier measurements the Brown recorder was adjusted to
give LO mv. full scale deflection, and thus a reading accuracy of
0,01=0,02 mv., More recently recorders with fuli-scale sensitivity
of 3 mv. have been used (giving a reading accuracy of 0.003-0,006
mv.). Although it appears that trrom the point of view of nolse
level still greater sensitivity could be used (e.g., L mv. tuil scale)
the reproducibility of the measurements does not seem to warrant this
at present; particularly since with this sensitivity the instrument
would need considerably more attention in kinetic studies where the
changes of potential with time are of interest.

b) Shielding. Aside from connecting cables; shielding 1s only
needed for the glass-electrode assembly. This can be readily

achieved by enclosing the cell and electrodes in an aluminum box.
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¢) Temperature Control., Temperature control of the cell within

the box was achieved by placing it through a cover into a Dewar flask,
filled with water. The temperature within the Dewar was maintained
at the proper temperature by placing into it a copper coil through
which thermostated water was pumped. This arrangement did not cause
troubles in the detecting circuit provided the coil was grounded to
the case.

The cells were at first coated with paraffin on the outside.
However, omission of such coating did not sappear to influence the
results.

Since careful temperature control of the calomel electrode
appeared of importance some calomel electrodes were specially
assembled in small Dewar flasks as illustrated in Fig. 3. These
electrodes maintained temperature very well provided the room
temperature did not drop below the temperature of the assembly. When
thls occurred the temperature of the assembly dropped rapidly,
presumably because of convection currents in the salt bridge projecting
beyond the Dewar. The assembly only very slowly returned to its
original temperature even if continuously immersed in a thermostat.
Careful insulation of the salt bridge and total immersion in a
thermostat when not 1n use circumvented this complication reasonably
well.

d) Electrodes. Most experiments were carried out with standard

Beckman electrodes, namely, calomel electrode No. 270, and glass
electrode No. 290. Since measurements of potentials in circuits

having reslstances as great as 1012 ohms can readily be made, glass-
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electrodes of resistance very much higher than the usual c.a. 108

ohms could probably be used.

Results

In a cell of the type used in pH measurements the precision and
reproducibility is determined by a number of factors aside from the
characteristics of the electronic circuit. These are primarily the
response of the measuring electrode, reproducibility of‘the liquid
junction potentials and drift in the reference potential. It was
found that these factors are considerably more important than the
characteristics off%%asuring circuit, which is very fast, reproducible
and free of drift as indicated by measurement of the potential of a
standard cell.

The potentials of glass-electrode assemblies often show prolonged
drifts which may last from a few minutes to several hours and may be
as high as several millivolts. It is believed that these drifts are
due to changes in the 1iquid junction potentials with time or changes
in the characteristics of the glass electrodes. If the glass-
electrodes have been aged at not too high an acidity (i.e;, in 0.01M
HC1l) they do not contribute appreciably to the drift. Thls can be
demonstrated by measuring potentials in a cell without 1liquid junction
(1.6., consisting of two well-aged glass-electrodes) where such drifts
are negligible. Similarly the prolonged drifts can often be eliminated
by replacement of the calomel assembly. It appears that .these drifts
become prominent if the flow-rate of the calomel "electrodes" through
the asbestos wick is too small. For the measurements which are

reported here the calomel electrodes were selected for low drift,



The generally accepted technique of using glass-electrodes
involves their standardization (preferably at 2 points) before
measurement. Thus, glass-electrodes are usually only used to establish
differences in acldities rather than absolute values. By strictly
following this procedure the sensitivity of the instrument can be

utilized fully without special precautions as shown in Table 1.

Table 1

Potential of Glass-Crlomel (sat'd KC1) Electrode Assembly without
Special Temperature Control (T = 25+ 10C)

E; potential {(mv.) in 0,0L013 M HCL

Efr

potential (mv.) after addition of 0.4992 ml 0.,1000 M HCL
to 15 ml 0.01CLE M ECL
Brown recorder - full scale sensitivity: 10 mv.

Ei Ef AR

(1) 332,52 338.97 6.45
(2) 332,36 338,84 6.48
(3) 332,28 338,74 6.46
(4) 332,30 338,72 6,42
(5) 332,35 338,79 6.44
(6) 332,38 338,79 6.41
(7) 332,39 338,86 6.47
(8) 332,30 338,78 6.48
(9) 332,46 338.96 6050
(10) 332044 338,90 6.46
(11) 332,51 339,00 6.49
(12) 332,61 339,02 6.41
Average 332,41 338.86 6,456
o_ Oolo Oolo 09032

The data for this table were compiled by making a series of
consecutive measurements in an air conditioned room whose temperature
was 25 £ 19C. ©No other attempts were made to control temperature.
The potential of the cell containing 0.01013 M HCl was followed until
it was constant, 0.4992 mi of 0.L000 EiHCl were then added and the

resulting potential change recorded. The cell was then cleaned and the
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measurements repeated. It may be noticed from Table 1, that the
potential changes (A E) thus attained snow a considerably smaller

standard deviation (g~ )¥ than the various readings for the same

*¥ag~ was calculated according to the equationg™ = (%-x)2 where
n-=1

n is the number of observations, X the arithmetrical average and

X the observed value.

acid. Since g~for 4 E was only slightly larger than the estimated
reading error (10 mv. full scale) it appeared that recording at a
smaller value for full scale sensitivity would further lower the
standard deviation of the readingse.

A similer set of data, determined at a full scale sensitivity
of 3 mv. 1s shown in Table 2. For these data the cell was thermostated
as described in Section 2c. The recorded measurements represent the
alternate measurements (to equilibrium) of 0,01003 M and 0,00439 M
HC1l solutions over a period of two weeks uslng tne same electrodes.
It may be noticed that the "gbsolute" readings showed a standard
derivation g~ = ca. 0.1 mv., while the differences showed the very
low value o~ = 0.013.

It is believed that the rather large values of @ for the
"gbsolute" measurements is mainly due to inadequate thermostating of
the calomel electrode, For fthis reason a calomel half cell, built
in a small Dewar flask as described above was used for a series of
similar measurements (Table 3) using a recorder of 10 mv, full scale
sensitivity. For this series of measurements the solutions again
wepe alternated and the series completed in one 8 hour period. The
standard deviations for the "absolute" readings were only 0,025 mvo
in close agreement with the error for the differences (4 E) of

the measurements in this series as well as the series in Table 1.



Table 2

Potential of Glass=-Electrode (sat?d KCl) Electrode Assembly
with Temperature Control

Alternating measurements of two acids A: 0.,01003 M HCl
B: 0.00439 M HC1

Solution temperature 25.10 % 0,05°C.

Brown Recorder - Full scale sensitivity: 3 mv,

Date A B ADAE
5/15 33L.220 310,034 21.186
331,205 309,997 21,208
331,205 310,037 21,168
331,165 310,003 21.162
331,153 309,870 21,183
33L.156 309,961 21,195
331,159 309,973 21,186
331,159 309,967 21,192
331,144 309,961 21,183
331,138 309,958 21.180
5/17 331,058 309,891 21,167
5/18 331.263 310,104 21,159
331,278 310,083 21,195
5/25 331,281 310,086 21,195
5/26 331,296 310,107 21.189
331,424 310,241 21,183
331,378 310,205 21,174
5/27 331,083 309,893 21,189
Average 331,209 310,026 21,183
o 0,096 0,096 0,013

1k



Table 3
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Potential of Glass-Calomel (Sat'd KCl) Blectrode Assembly with

Special Temperature Control of Calomel Cell.

Alternating measurements of two acids A: 0.01004 M HCI,
B: 0.005025 M HC1

Ionic strength: 0.5 (KC1l)
Temperature: 24.67 t 0.03°C

Brown Recorder - full scale sensitivity 10 mv.

0.01004 M Hz0% 0.005025 M Hz0+ AE

(1) 330.74 (2) 313.45 17.29
(3) 330.76 (4) 313.43 17.33
(5) 330.75 (6) 313.43 17.32
(7) 330.75 (8) 313,46 17.29
(9) 330.80 (10) 313.45 17.35
(11) 330,75 (12) 313,40 17,35
(13) (330.29) (14) 313,38 -
(15) 330,73 (16) 313,45 17.28
(17) 330.72 (18) 313,43 17.29
(21) 330.75 (22& 313.4z 17.55
(23) 330,76 (24 313.40 17.36
Average 330,751 (2) 313,427 17.319

o 0.021(a) 0.025 0.030

(a) Average calculated excluding number 13.
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Since, thus, the standard deviation for the measurement of
potential differences 1s rather low (under favorable circumstances
10,015 mv.) it appears feasible to determine the concentration of
aclds by glass-electrode pH measurements directly without need for
titration provided all other variables are carefully céntrolled and
standardized. This may be of particular interest for solutions con-
taining hydrolyzable ions. If the permissible analytical error is
0.1%, a total error in the potential measurements of ca. 26 4 v can
be tolerated. As can be seen from Table 2 this 1s almost twice the
standard deviation which can be attalned.

For proper use of the glass-electrode for measurement of the
acidity of solutions, 1t is necessary to determine the Nernst slopes
(potential change of assembly for a ten-fold change in oxonium ion
activity) in the acid systems under consideration. These slopes
(which at 25°C should be 59.15 mv.) were found to vary considerably
for different electrodes as shown in Table 4 and for different
acidities as will be discussed in a latser paper. The differences shown
for electrodes 1, 2 and 3 in Table 4 are quite reproducible and far
outside the experimental error. The slopes were calculated assuming
that the activity coefficients of the oxonium ions and the liquid
junction potentials are the same for the two acids, since the acid
change was small compared with the total lonic strength of the solutions.

Some data on Eimer and Amend standard buffers of nominal pH 4,001
0,01 and 7.00 ¥ 0.02 have been included. It may be noticed that the
Nernst slopes are somewhat high, the deviation from the theoretical

value being outside the experimental error.
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Measurements of potential differences for different acids using
the same glass-electrode and different calomel electrodes are shown
in Table 5., The data were obtained simultaneously for the three
combinations of electrodes and it can be seen that the potential
differences found are independent of the particular calomel electrode

used.
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Table 4

Nernst Slopes for Various Glass Electrodes

Recorder-
Glass E (mv.) Slope Full Scale
EBlectrode 0.01004 M HCL1]| 0.005025 M HC1l| A E(mv.){mv./pH) (mv.)
1 330,77 313,44 17.33 57.6 10
2 349,28 331,30 17.98 59,6 10
3 331,05 313.52 17.53 58.3 10
0,010029 M HC1 0.004391 M HC1
4 342,735 321 .542 21,193} 59.08 3
5 361,332 340,214 21.118] 58 .87 3
6 389,677 368,570 21,107 58.84 3
E & A buffers
pH 4.00 pH 7.00
4 232.38 49.84 182.54 60,84 <
5 251,82 69.20 182.62 60,87 3
6 280,14 97,52 182.62 60,87 3
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Table 5

Influence of Calomel Cell on Nernst Slopes

(Ionic Strength 0.5 (KC1))

Recorder
Calomel B (mv.,) Slope Full Scals
Electrode 0,01003 M HC1] 0.004391 M HCil 4 B(mv.)| (mv./pH)} (mv.)
1 342,927 321 .839 21,09 58,96 3
2 342,848 321,732 21.12 59,04 3
3 342,604 321,528 21.08 58,93 3
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