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Standards for pH Measurements from 60° to 95° C 

Vincent E. Bower and Roger G . Bates 

The NBS s tandard pH scale is defined in term s of se veral r eference solutions whose 
pH values (pHs) have heretofore been assigned on ly in the range 0° to 60° C. Recent 
measurerrents of the s tandard potential of the silver-s iLver-chLoride electrode at temperatures 
above 60° now permit this scale to be extended to 95° C. 

Electromotive-force measurements of cells with hydrogen an d silver-siLver-chloride 
electrodes a nd containin g buffer-chloride solutions a re reported in this paper for the range 
60° to 95° C. The assignment of pHs values to the following five reference solutions is 
described: 0.05-m potassium tetroxalate; potassium hydrogen tartrate (saturated at 25° C); 
0.05-m potassium hydrogen phthalate; 0.025-m potass ium d ihydrogen phosphate; 0.025-m 
disodium hydrogen phosphate ; and O.Ol-m borax. 

1. Introduction 

Th e Bureau has recommended a standard pH 
scale defined in terms of several reference points. 
The primary standards which fix the points on this 
scale are six in num.ber and cover the pH range 1.6 
to 12 .5 at 25° C. Their compositions are as follows: 
A 0.05-m solution of potassium tetroxalate (pHs 1.68 
[1]1); a solution saturated with potassium hydrogen 
tartrate at 25° C (pHs 3.56 [2]); 0.05-m potassium 
hydrogen phthalate (pH s 4.01 [3]); a solutionO.025-m 
with respect to both potassium dihydrogen phos
phate, and disodium hydrogen phosphate (pHs 6.86 
[4]); O.Ol-m borax (sodium. tetraborate, pHs 9.18 
[5]) ; and a solution saturated with calcium hydroxide 
at 25° C (pHs 12.45 [6]) . 

In earlier published work, the pH s values of fLve 
of these reference standards have been determined 
at intervals of 5 deg from 0° to 60° C, permitting 
the standardization of pH equipment over a rather 
wide range of temperatures. .At the time when 
most of these values were obtained, standards at 
higher temperatures were precluded by a lack of 
data for the standard potential of the silver- silver
chloride electrode, or other reference electrode, above 
60° C. A need on the part of commerce and indus
try for accurate standards for measuring pH at 
temperatures up to 95° C, however, led the authors 
to undertake a determination of this important 
electrode potential in the range 60° to 95 ° C [7]. 
The pHs values of all but one of these standards have 
now becn extended to this high range of temperature. 
Calcium. hydroxide has a negative temperature 
coeffi cien t of solubility, and a separation of solid 
material was sometimes observed when a solution 
saturated at 25° C was heated to temperatures 
above 60° C. Furthermore, the poor stability of 
those cells in which precipitation did not occur made 
precise measuremen ts extremely difficult. For these 
reasons, pHs values have not been assigned to the 
calcium hydroxide standard in this extended tem
perature range. 

1 Figures in brackets indicate the literature references at the end of this paper. 
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2 . Method of Assigning pHs 

The procedure by which the standard pH values 
have been assigned to the standard reference solutions 
has been set forth in earlier publications [1 to 6, 8, 9] . 
There are three steps in the procedure: (1) :Measure
ment of the emf of the cell Pt ; H 2(g), standard 
reference solution, KCl (m), AgCl; Ag. This cell 
cont.ains the refercnce solution in which a soluble 
chloride (usually potassium chloride) is present at 
one of three sclected low, accurately known, molali
ties (m). From the emf (E), the standard potenLial 
of the silver- sil vcr-chloride elecLrode (- E O [7]), and 
natural constants, values of the quantity pwH arc 
calculated by the formula 

_(E - E °)F 
pwH = 2.3026RT+log m (1) 

in whicll F is Lhe faraday, R the gas cOLls tanL, and 
T the temperature on the Kelvin scale; (2) th e effect 
of the added chloride on the value of pwH is removed 
by extrapolation to m = O, in order to obtain the 
limiting value, pwHo; (3) the s tanda~'d pH volues. 
termed pHs, are calculated from pwHo and a con
ventional definition of the activity coeffi cient of 
chloride ion , I c I: 

pHs= pwHo+logjcl. (2) 

The single ionic activity coefficient, i CI, is related in 
some arbitrary manner to mean activity coefficients, 
which are either experimentally determined or cal
culated from equations, like that of D ebye and 
Huckel [10], believed to be valid fo1' dilute solutions. 
For this step it is necessary to know the ionic strength 
of the solution. 

3. Experimental Procedures 

In vicw of the high vapor pressure of water in the 
cell solutions at these elevated temperatures, each 
cell vessel was provided with a saturator consisting 
of three chambers in series [11], in addition to the 
single saturating chamber that was a part of the 
vessel itself [12]. The hydrogen gas bubbled through 



a total depth of nearly 30 cm of solu tion before 
entering the hydrogen electrode compartment of the 
cell . By this means, vapor-liquid equilibrium was 
believed to bc established at all of the temperatures. 
The smallest volume of hydrogen sufficient to 
separate the solution from the rubber stopper holding 
the electrodes was allowed to remain in the silver
silver-chloride electrode compartment at the time 
the cell was filled . 

The constant temperatme bath was filled with 
a commercial heavy mineral oil of U. S. P. grade. 
Temperatmes were measmed with a platinum re
sistance thermometer, and arc believed to have 
been fixed at the nominal values within ± 0.05° C. 
In order to correct the observed emf to 1 atm 
partial pressme of hydrogen, the vapor pressures 
of the solu tions were taken to be the same as those 
of pure water. The pressme corrections at 60° to 
95° C, in millivolts, have been tabulated elsewhere 
[9]. 

The cell solutions were prepared from weighed 
amounts of the buffer materials (NBS Standard 
Samples), and from potassium chloride solutions of 
the desired molality. Dissolved oxygen was re
moved by bubbling pme hydrogen through the solu
tions for 2 hI' before the cells were filled. Concentra
tions were expressed on the molal scale (moles per 
kilogram of water) exclusively, inasmuch as the mo
lality remains unchanged when the temperatme of 
the solution is altered. The dilution effect on the pH 
of these standard solutions is small. Hence, in 
practice it is permissible to regard the buffer con
centrations given in the tables as either molarities 
or molalities. The error exceeds 0.001 pH unit only 
for the tetroxalate solution, where it may amount 
to 0.002 unit. 

The preparation of the electrodes has b een 

described elsewhere [9] . The hydrogcn electrodes 
used in the phthalate solutions were coated with 
palladium black to minimize reduction of the solute. 
In other details, the procedme followed closely that 
of the study of hydrochloric acid solutions at 60° 
to 95° C. [7]. 

The dmation of stability of these cells is con
siderably reduced at elevated temperatmes, partic
ularly when the cell solutions are alkaline. For this 
reason, the cells were brought to initial equilibrium 
at room temperature, and the measmements at 
60° to 95° C were completed within 8 hI' after the 
temperatme of the bath was raised. 

4 . Results 

The measurements were made at three low 
molalities (m), namely 0.015 , 0.010 , and 0.005, of 
potassium chloride. It has been found that the 
values of pwH for a given buffer solution, computed 
by eq (1), usually vary linearly with m below 
m = 0.015. Although most of the measmements at 
high temperatmes were of insufficient precision to 
provide an independent test of linearity, neverthe
less, a straight line, located by the method of least 
squares, was drawn through the values of pwH. 
The intercept of this line 

pwH= pwHO+ am (3) 

with the axis at m = O is pwHo, and the slope of the 
line is designated a. 

The experimental data, which were rather numer · 
ous, are summarized in table 1. In the next to 
the last column is given the value of rJ", the standard 
deviation of a single "observed" value of pwH from 
the calculated value, and in the last column is found 
rJ" t, the standard deviation of pwHo, the intercept. 

T ABLE 1. Surnmary of data and calculated values of pwH o 

Num ber of ceJls for mKCI = Constan ts of eq (3) Standard deviations 
Reference solution Tempera-

ture 
0.005 O.OlD 0.015 pwHo a u u , 

° C 

0.05-m potassium tetroxalate __ ______ ________ ____ _________ j 

60 3 2 2 1. 827 0.28 0.003 0.003 
70 3 2 2 I. 849 . 35 . 003 . 003 
80 3 2 2 1. 877 . 34 . 002 . 602 
90 3 2 2 I. 904 . 16 .012 . 011 
95 3 2 2 1.919 . 01 .011 . OlD 

Potassium hydrogen tartrate, saturated at 250 C _________ j 

60 5 4 2 3.643 -. 42 . 002 . 002 
70 5 4 2 3.664 -. 20 .003 . 002 
80 5 4 2 3. 698 - . 60 .002 . 002 
90 5 4 2 3. 738 -. 25 .003 . 002 
95 5 4 2 3.767 - 1.56 .005 . 004 

0.05-m potassium bydrogen Phtb3Iatc __ ___________ ___ ____ j 

60 6 4 5 4. 175 -. 05 . 005 .003 
70 4 3 3 4.219 -. 03 . 007 .005 
80 4 3 3 4.259 -. 01 .006 . 005 
90 4 3 3 4. 301 +. 01 . 006 . 005 
95 6 4 5 4. 331 . 04 . 005 . 003 

60 5 4 2 6. 948 - .97 .005 . 004 
0.025-m potassium dibydrogen phosphate, 0.025-m diso-j 70 5 4 2 6.962 - .64 . 004 . 003 dium hydrogen pbosphate _________________________ ____ 80 5 4 2 6.979 -. 29 . 004 . 003 

90 5 4 2 7. 001 +. 05 .005 . 003 
95 5 4 2 7. 014 . 03 .004 . 003 

O.OI-m borax- - -- ____ _ -__ - ---- --- -- - - -- -- -- - -- - -- ----- -- -- j 

60 5 5 3 9.026 . 04 .005 . 003 
70 5 5 3 8.990 . 20 . 004 . 003 
80 5 5 3 8. 953 . 90 . 003 . 002 
90 5 5 3 8.920 1.19 . 005 . 003 
95 5 5 3 8. 899 1.77 . 012 . 009 , 
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5 . Calculation of p Hs 

Several different convenLions for the estimation of 
the activity coefficient of chloride ion, fCl in eq (2), 
have been used in assigning pHs values to the six 
NBS standards. Inasmuch as this coefficient has 
no independent therm.odynalnic definition , one con
vention cannot be termed "more correct" than 
another. In fairness, all of these may be called 
"reasonable", and it is forLunate that all lead to 
identical pH values at very low concentrations and 
to values that differ by only about ± 0.01 unit at an 
ionic strength of 0.1 [8 , 9]. The assignment of pHs 
values with an accuracy of ± 0.001 unit must await 
the universal acceptance of a single convention for 
the estimation of the individual ionic activity coeffi
cients needed in the evaluation of electrochemical 
data. 

M ean activity coefficienLs of the electrolytes 
present in buffer solutions arc ordinarily unknown ; 
hen ce, assumed relationships among the activity 
('oefficients of the ions in these mixtures are not 
usually a fruitful means of evaluatingfci' It is just 
as satisfactory, and more co nveniellt, to estimate 
iCI by the D ebye-Huckel equation 

log fCI 
- A-/M 

1 + Ba*-JfJ-
(4) 

where A and B are cOllsLants for the water medium 
at a particular tem.perature, J.l. is the ionic strength, 
and a* is an "ion-size parameter". When tbe latter 
is given a value of 4 to 6, the right side of eq (4) 
reproduces the logarithm of the mean activity coeffi
cient of many uniunivalent strong electrolytes very 
successfully. 

In order to usc eq (4) to calculate pHs at elevated 
temperatures, iL is necessary Lo know, within about 
10 percent, the ionic strength of the buffer solution 
at 60° to 95 ° C. The evaluation was accomplished 
as follows for the fivc buffer solutions: 

1. 0.05-m potassium tetroxalate: in the earlier 
work [1], the ionic strength of the 0.05-m solution 
"las found to be 0.077 at 0° C and 0.074 at 60° C. 
This change was not only small, but approximately 
linear ; hence, the values of the ionic s trength at 
60° to 95° C were obtained by extrapolation, and 
an average valu e of 0.073 was selected. 

2 . Potass ium hydrogen tartrate, saturated at 
25° C: the equation for the calculation of the ionic 
strength is given in an earlier paper [2]. The ratio 
of the dissociation constants, K 2/K I , needed in the 
calculation, was estimated with the r equired ac
curacy from the known ratio in the range 0° to 60° C 
[13] by extrapolation to the higher temperatures. 
In this way, it was shown that the ionic strength 
of the tartrate solution saturated at 25° C is prac
tically constant at 0.04 in the temperature range 
25° to 95° C. 

3. 0.05-m potass ium hydrogen phthalate: the ionic 
strength of this solution between 25° and 60° C \vas 
calculated from the compositions listed by H amer, 
Pinching, and Acree [3], a nd found to change only 
0.3 percen t when the Lemperature is increased by 
35° C. 1 he ionic strengths were plotted, a nd the 
curve extended to 95° C. An average valu e of 
0.053 was chosen for the range 60° to 95° C. 

4. 0.025-m potassium dib ydrogen phosphate. 
0.025-m disodium hydrogen phosphate: inasmuch 
as negligible amounts of fr ee hydrogen and hydroxyl 
ions are present in these solutions, the ionic strcngth 
is constant at 0.1 from 0° to 95° C. 

5 . O.Ol -m borax: the ionic strength is 0.02 and is 
unchanged by the increased degree of hydrolysis at 
the elevated temperatures. The formation of poly
boric acids is not believed to be sufficiently extcnsivc 
at this low concentration and r elatively high pH to 
affcct the ionic strength appreciably [5]. 

These values of the ionic strength were used to 
compute pHs by eq (2) with the aid of the conven
tional definition of i CI embodied in eq (4). The ion
sizc parameter a * of the latter equation was given 
two values, 4 and 6, and the values of pHs given ill 
tablc 2 are the mean of the two results to the nearest 
0.01 unit. The pHs of the six N BS tandards for 
all the temperatures at which an assignment of 
pHs has been m.ade arc plotted in figures 1 and 2, 
and are included in tablc 2 for the convenience of 
Lhe reader. 

The reference solutions should bc preserved at 
room temperature, wh ere they arc known to be stable 
for several wceks, and portions hcated to th e ele
vated temperatures as n eeded for the s tand ardization 
of pH equipmen t. 

TABLE 2. pH , of the six l'efel'ence solut'ions" fmm 0 0 to 950 C 

0.05-m KIT 0.05-m 0.025-m Ca(OR)" 
t IC tctrox- tartrate, KR KR,PO., 0.01-111 (saturated 

alate (saturated phthal- 0.025-11! horax at 25° C) 
at 25° C) ate Na,RPO. 

--------------------- ----
0 l. 67 -------- 4,01 6,98 9.46 13.43 
5 l. 67 -------- 4.01 6.95 9.39 13.2l 

10 l. 67 -------- 4.00 6.92 9.33 13.00 
15 l. 67 -------- 4.00 6.90 9.27 12. 81 
20 1. 68 -- ------ 4.00 6.88 9.22 12.63 

25 l. 68 3.56 4.01 6.86 9. 18 12.45 
30 l. 69 3.55 4.01 6.85 9.14 12.30 
35 l. 69 3.55 4.02 6.84 9. 10 12.14 
40 l. 70 3.54 4.03 6.84 9.07 11.99 
45 l. 70 3.55 4.04 6.83 9. 04 11. 84 

50 1.71 3.55 4.06 6.83 9.01 11.70 
55 l. 72 3.56 4. 07 6.84 8.99 11. 58 
60 l. 72 3.56 4.09 6.84 8.96 11.45 
70 l. 74 3.58 4. 12 6.85 8.93 --- - - - - -

80 I. 77 3.61 4.16 6.86 8. 89 - ---- ---
90 1.80 3.65 4.20 6.88 8. 85 ----- -- -
95 1. 81 3.68 4.23 6.89 8.83 - - --- - - -

• In the preparation of the huffer solutions, it is nsually more convenient to 
dissolve the buffer substance in water and dilute to a given vol ume in a volumetric 
flask thau to add a known weight of water. As noted ahove, t he pR , ofsolntions, 
whose molarities at 25° C are the same numerically as t he molalities given in 
tahle 2, will not d iffer appreciably from the values listed. 

263 



pHS 
3.7,-------r-------r------,-------,,-------

K H TARTRATE, SATD. 25° 

3.5 ~ ____ ~L-____ ~L-____ ~ ______ ~L-____ ~ 

"~ 
I .S =-D-------=2":-0-------4":-0--------'S-0 -------aLo-------100 

TEMPERATURE,oC 

l~Ir: UR!;; 1. pHs of the NBS tetToxalate, tartrale, phthalate, 
and phosphate standm'ds at 0° to 950 C. 
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