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Heven standard solutions serve to fix the NBS sonventional activity scale of pII {termed
PH) frome 0t 95° O, The original emf data have been re~examined and the values of the
acidity function p{eave), from which pH, i8 derved, have been recsloulated with the useof &

By d recently by Batea and

aitigle conpistent set of standard Eﬂtentials apd electrochemical sonetants. The convention
nhaim for the numeriesl evaluation of the lndividual

agtivity coefficient of chlorida lon in the bufer solutions has been adopted, and by this moans

£H. values to the third decimal have been assigned.

Theae “ezperimental’’ pH, values in

the temperature range 0 to 95 “C have been smoothed as & funetion of temparatuze by least-

pqusres treatment.

1. Intreduction

For & number of vears the National Burcan of
Standards has recommended a standard pH scale
defined in terms of six reference pointa (see, for ex-
smple, [1]'). A seventh standard (E below) hae
raceutiy cen established to aid in the accurste
mensurzmaent of pH in the physiclogically important
renge pH 7 to 8 {2]. The compositions of these
seven solutions are us follows, where m is molality:

A, potassium tetroxslate, 0.05 m,

B, po;gm;:gm hydrogen tartrate, saturated at

)

£ potasgium hydrogen phthalate, 0.05 m,

I, & solution 0.025 m with respect te both
potassium dihydrogen phosphato and diso-
diumn hydrogen phosphate,

E, a rolution 0.008695 m with respect to polas-
sium dihydrogen phosphate and 0.03043 m
mht,;.h respect t0 disodium hydrogen phos-
phate,

F, borax, 0.01 m,

&, valeium hydroxide, saturated at 25 °C.

The assignment of pH velues to these standards
has been described in detall in earlier papers (cita-
tions are given in [1]}.  The necessity of estinating
ths individusl gctivity coefficient of chloride ion in
each reference szolution deprives the standard pH
value {termed pH,) of exact fundamental meaning.
The numerical value of this activity coefficient must
rest upon an arbitrary convention, chosen in port
for its reasonableness but largely for its utility {3).

Heretofore, the sssigned pH walues have been
made consistent with several reasonable conventions
for the single ionic activity coefficient of chloridc jon.
In order to do this, pH values had to be assigned with
only second decimal accuracy. Recentl ,gl;]owever,
tha adoption of & single convention has been recom-
mended [4]. For the assignment of standard pH
values it has thus been proposed that the activity
coofficient of chloride ion (yo) be defined by the
eauation

1 Figures [0 rackets indicabe the Lberature veferebess at the el of 1his Baper,

The properties and uses of the etandsrds ave discussed and divections
{or the preparation of the solutions are given.

_AII_:'!
log YO ST s {1}
where [ is the ionic strength and A is a parameter of
the Debye-Hickel theory having a different value
at aach temperature, ?t was intended thet this
convention be applisd when I iz equal to, or less
than, 0.1.

This convention is both simple and useful. It is
also reasonable in that it makes the activity cocfli-
cicnt of chloride ion nearly equal to the mean ionic
activity coefficient of sodiwn chloride in itz pure
armeous solution of lonic strength §. Furthermora,
the values of sH, for the four atandards in the inter-
medigte #H range, obtained by tha use of this con-

vention, agres quite well with the ﬂ?eﬁmenta.l #H
values furnishe by a #H ceall with hquid junciion
standardized with the phosphate buffer at pH $.565,
as the following data dlustrate [5]:

Btandard ’ pH, at 236 C | pH (1.}.) st 26° C
B, tartrabe_ o _________ 3 BBT 3. pod
7, phihalate__________ 4. D2 4 {00
£, phosphate ... ... . * {6 865}
Fohorax. ... ... ._ 9. 180 9, 185

* Eafaromee valos.

The values of —log (yaveinn) or pliere), used to
derive pH,, ean be cbtained with an acenracy of a
few thousandths of 4 unit, With the adoption of the
new convantion it becomes possible to sseipn H,
values with an accuracy dependeni only upon the
precigion of the primary dats. The reproducibility
of the pH of the standards justifies this move,

I is the purpose of this paper to report a eribical
re-examination of the orginel cnf data, s recaleula-
tion of the values of planye,) with the use of con-
sigtent values for the natural constents involved,
and finally an assipnment of pH, velues given to
the third decimal place in terma of the new conven-
tion for g, The properties of the seven standard
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solutions arc summarized, and instructions for the
preparation and use of the solutions are given,

2. Method

The acidity function g(ﬂrﬂmﬁ iz caleulated from
the electromotive force (&) of cellz containing hydro-
gen and sllver—silver chloride electrodes by the
equation

E—E"
plagye) =—log (yarveima) =m+log Mo,

(2)

where &£ i3 the standard potential of the cell [8],
F iz the Faradnay, & 1= the constant, and T is

the temperature in degrees Kelvin® The pH, of tho
chloride-free buffer soluiion iz computed from the
equation

PH,=p{exred®+Hlog ¥8a, (3)

where pltwye)® is the value of plogyc) In the limit
of zero concentration of added chleride. Similarly,
+%cy 18 the limit of v, a3 the concentration of chloride
in the buffer solution is reduced to zero. Values of
plagyo)® are obtained readily by extrapolation of
ermf data obtained for the same buffer soluiion with
two or more added =mall concentrations of a splyhble
chloride; %, is computed by the conveniion set
forth in eq (13,

he values of E°, 2.202508 TYF, and of the Dabye-
Hickel clope A on the molal sesls from O to 95 °C
are summarized in takle 1. For thie caleulntion,
was taken to be 8.3147 j mole™ deg™', ¥ was taken to
be 06,4%5.4 conlomb equivl, while 18 ¢ *C-4273.150
[7]. It should be noted that the recent shift to the
carbon 12 scale of aloic weights is without effect on
the magnitude of the guantity 2302598 7TF, inas-
much a8 £ snd ¥ oare changed in the same propor-
tion. The values of 4 have been reealeulated by
Robinzon and Stokes [8) with the use of & recent
redetermination of the diclectric constant of water
[9). Their fizures, given for the volume scale of
concentration, have been converted to the melal
seale through multiplication by +/d°, where 4° is the
density of pure water.  All emf values recorded prior
to Junuary 1, 1948, have been corrected to absolute
voltz through multiplication by the conversion factor
100033 [10].

The recalenlated values of pignye,)® for the seven
standard buffer solutions from 0 to 95 °C are collsched
in table 2. Tha sH, values given in table 3 were
calculated from these values of p(uﬂ-m.]l" together
with the eonvention for vy given 1n eq (1).

The relation between pH, for cach buffer sclution
and the ahsclute temperatare T wns found to be
rﬁpr}esented closely by a four-comstant eguation of
toe forim

1 This aeidity funcilen wns formerly callad paelL (pee [3] ang 1ater popers).

Taswe 1. Values of E°, 2.30259RT/F, end the Dabye—Hﬂ-cke‘t
slope A (imedad seale) from O fo 85 *C
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pH=5+ B+OT+ DT ()

The constants 4, B, €, and I} of this empirical equa-~
tion were obtained for ench of the buffer solutions
with the wid of the TBM 704 computer, They are
summurized in table 4, the last column of which

ives the atandard deviation of a single value of pH,
ﬁlased on the deviations from the leasi-squares Ine.
The “recemmended” valuez of pH, are those calen-
lated by cq (4) sand, hence, mmoothed temperature-
wise, The summary given in table 5 includes pH,
for 38° (, in view of the frequent usa of thia tem-
perature in biolopical atudies.

A coneideration of the standard deviationa of ithe
valuea of p{&a¥e)” given in table 2 (where available)
together with the fit of H, to eq (4} as represented
by the standard devisiions given in table 4, leads to
tgre following estimated limita to the effects of random
ervors in the recotumended standard pH, wvalues:
0.003 for the range 0 to 60 *C and 0,005 for the range
60 to 95 *C. If, in addition, 90.002 is allowed for the
maximurm uncertainty o the constants of eq (2)
below 80 °C and 0,003 above 60 °C, the total uncer-
tainties in pH, (table 5} beeome 0005 wnit {0 to
60 °C) and 0008 unit (60 to 95 °C).

3. Properties of the Standards

Compositions on the molal seale of the eolutions
to which #H, walues have been sssigned are given
above. Furtbermiore, the pH, represents —log g,
where gg 8 an activity in molal units. It is none-
theless usually convenient to prepare buffer solutions
by vwolume methods rather than weight methods,
and it has been neted in earlier publications that the
error in pH, that resulta from use of an x molar solu-
tion in place of the preseribed z molal solution ie
negligible, in view of the tolerance of +0.01 unit
placed on the values of pH, Ii, however, third-
decimal accuracy is to be ascribed to the valucs of
pH,, the compesitions of the solutions must be
adjusted zomewhnt more carefully,
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TasrLe 2. Values of plag ve)® For seven standard buffer solutfons from & fo 85 °0

; A R L I E F o
Tetmoamlite ‘Tirtrate Fhthalata Phesphate | Fhoaphate Birax Caleidm
hydroadds
o
1] | ] RN ) 7. T M0 B 13, 3N
& [ B! 4, (e 1. 067 7. 805 o 250 14, HL
jii] 1. T86 + bS53 e T8 . 280 14. D6
13 i) (R -] 004 7. 55 o, 4 12, 853
F 1] 1,7+ A, 18y B, Tl w. 587 9 247 i3, 11
L] 1. TED 4. 83T 4. N B #T4 L ] B 200 Y2 5T
F-Al 1, 7a5 R 4, 14 5 pGh T b1l 9. 20 1 3]
a5 B A, B 4,114 . 456 7, 24 'R 1L
H 707 5 827 4 125 B Rl Tl B I3 1% orad
L1 1903 ER k- 4 ia8 Lig T 4k B 10 11, ¥
50 I Bl &A1 + 155 LN o] TolE2 072 11. Tl
b 1,519 3. Gag LT LN I R B4 11, gal
il LoBR{L BED | o S CE B | DRI IR | G D EY (Lo | ThDRIED, G5 11, M0
o) 1, By 4. 66 + ZE . B2 e B BEO —
o 1, /7T 3 4 415 a0 J— 3953 [
L 4 L o, 7 4, 41 Fg ]| e | 4.0 [
B3 1 81p 3. 787 4 331 Tt R - ] e e
Eeferarce,
0 to 6t *C (1] na 5] [1£]] i [1H] [14]
B 1o 85 00 1) I ] n ol
(valus ag 6} *C
eaclomd in
parentheses) i

TanLe 3. “Erperimenial’” values of pH, for seven ploaderd bufer soluffons from O (o 95 0

. A i o & Fo l F o
‘Totrozalata Tartratas Fhihslate FPhosphata | Fhaspheta Barsz Calrlum
hydrozides

e

L 1, 5t 4, G 1, i ThM 9, 5 1% 4i6
L 1. A7 o i . 951 74  H 1. 208
10 1. 84T 3. Bl [ T.AT2 B 452 14, NG
15 1,871 RER.H LN 7 HT 1, 17 12, %
o 1 Brt RENR i, by 7.4 49,5 12 L
25 1. 660 4 k4 4. 00E 1, B T 414 o180 12 452
o L. fili5 . il £ (16 5 a5 T, 00 L E IL M
45 16t MR 4 024 % [ - B I0L JEEL
L 1. 60 3, M 4, [} 8-~ T3 [ R Lt oo
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L rar 3 HE 4 083 B EI3 7. aa7 0 il. ME
] 1.714 1 5 4 (B B 54 - - #. 5l 11. 671
L Loy vy | 5 Dhed (5 6600 | & OG0 (Rl | 0 SN(E B ). B, BATCR, T} 11, 451
] 174> 3. o7R 4 13 b B3 R
0 1. 767 1 610 4 162 B, 857 8, BET

o] I8 3648 4 NBE I 57k 4, g52

b [ &= L) ER s 431 B 558 A Hin

The density of ench of the seven stpndard solu-
tions at 25 °C is listed in table &, together with the
corresponding molarity of each of the buffer compo-
nents. ‘The %ﬂ-h column of the table gives the dilu-
tion value [17] or change of pH, resulting from dilution
of the buffer with an equal volume of purc water.
The difference of pH, between two solutions of
nomterteally equal molality and molarity can there-
fore ba derived, and it is given in the mxth column
of the table. The Van 5%;‘1{.3 buffer value, g=dhf
dpH (where db is an increment of strong acid or
strong base, n equivalents, added te 1 liter of buffer
golution) {15], is given in the soventh column aod the
temperature coefficient of the pH, value in the lasi

colunn,

It ia avident from the reaults given in table 6 that
only the tetroxslate sclution and the calcium hy-
droxide solution (solutions 4 and &) have sufficiently
large dilutica values to require that a distinetion
Latween mola! {(m) and molar (Af} scalea be mada.
Indeed, this difference is of only seademic interest
fs it applies to the standsyd solution of caleiom
hydroxide, which is a satureted solution prepsred
without the necessity of weighing the caleium
hydroxide itzelf. On the other hand, the pH, of
B 0.0 M solution of potassium tetroxalate is lower
kv about 0.003 unit than that of the stendard (.05 m
solution, and allowance should he made for this
diffarence,
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TabrE 4. Valuea of the consiants of Uie equalion: pH, = AfT R4+ 0T DT, for peven stardard buffer solulfons from O fo 26 40

Bolutlm ‘Tamperatura A B o D Btandard
rapgps derating
o

A, Tebroeslals 1l b 9 —1, 5 5, TR = QL5 L) SNB4T | oD0ih
B, Tarteass 25 to 95 =177, i I3 V00 | —. GFniMT 0,287 001}
€, Fhrhalate ate9s 1673 90 | —O 5357 | DLOBGHE | —2. 48H DT
O, Thdphats 0 tin @5 MM | —2) 5 TN | —5 3N -y
E, Pocapheats 0 to M I 6] | =k i CI8TEG | =1 G0 i
g,g:rhﬂit LR O] SESDLIT | —33 1084 -T14828 | —10 THaD NS
(N i

bydroxide 0 i 80 TRIE. 05 | - A CITERLT | -1 2B Mo

TaBrm &, Recommended standord wilvet of pH., colouleted by eg {4}

A I 4 F E F o
]
‘Tatrozatate | Tartrate | Phibalate | Phosphate | Phosphata Barax Cabolum
hyidrpuids

"

a 1, ok 1, Mg [ %] | 1.4 1. 423

3 1, H, 10 R T11 7. 500 0, 06 13,907
n 1. &0 3. B8 - 74T 33T 12003
15 1,472 3. iR ] 7448 Lo 14, B
n 1, Brh 4, 002 0 L T u, s | FRi
5 1 AT M7 A s 1 S 7413 o L 12 454
ot 1, e . 66T 1,014 1, Sk 7, w0l 9, Lap 13, Si0
i 1 g8 3. R 4024 BB T 588 i 1L 134
38 184l N 4030 ] - | Q. El R ]
L1 18 A, by 4 (3 i - 7. X B 11-5H
-] 10w 3. MY i MY B M 733 Q038 L1
i 1.7 &4 M 1, M 4 1 Ty 9011 1. 706
[i7] 1.a B, 66+ 4,075 i Bt [ B %85 1504
a0 1.7 A 55 A4.081 L= . 11448
k[ 1,74 3, kbo 4,14 4, 4 B 921 [
] | 1, ‘T 3. 6)a 4. 164 B. B=H B BBS

BO 1. Te% FR L 4,2 67T K EH

L] 1, B A, firt 4,07 4, s B, B33

TABLE 8. Properiies of meven efangerd buffer aofufions ol 25 *O

THlutko Buofer | Tempery:
Bolullen I Denalty | Molwdty walls, +upH, wvaloa, § | tare soall.,
ApHn dpH
olaid pteen/tH | whilEo
A, Telmooelate ., ... [y 1. 1. ke =+, 165 =1, Mkl i 1 . 0ol
H, [ 4L 1.0038 M. | +. HB —. g AR - 4
', Phibatate ____________ o 1.mT Nt 4+, 2 —, s Rl .2
O, Phosphtbt. .- uueas . T, 25 1. zA &, (24 =, ) - NN A —. s
E, Fhosphata ___________ = 0835 1, D0@d +, (NesRAS o, 07 = ANNDS Rl - R
LR L)
& Borax . ________._. 01 1. 990 . IRRTL +.H — e S —. DR
@, Cakilum bydioxide.. . i3 0. B35 | XRE - A 14 A — 43
+ ApH, =g (A Mofer sololon) —pH. {m medol solulion).
L niratlan af =ach phosphats salt.
« KH:POL
4 Na:H Pl

Accordingly, from the molarities given in toble Tawg 7. Compesiiions of seeen stonderd bufer solufions

have been calculaied tha weights of buffer substance Wright of buster subetance (in alr) per Hter of bufler solution at 25 °0
thnt should be taken in order to prepare (by volume | =

metheds) 1 liter of buffar selution of the preseribed Soluthon Bufler substance | Welght in sir
inu::ﬂit}f at 25 *C, T%}lle wgigh’l‘ti {in air near sea.f

evel) are given in table 7. ¢ preparation o Tetyoralata

& sampla of ¢alciom hydroxide suital}?e for use 83 a ﬁ,’ Tartrabo, About 0034 5 Eﬁgﬁg;riﬂﬂ ﬂatn}{gi Bt
standard buffer substance has been described in an | o, euthasts, o5 m EHCH, Tz
earlier Fapur [18]. The other buffer substances are | 2 Fhowbsis, Qs w FED in
available a8 certificd standard samples from the | & rbesphate 0. 00565 = Fﬁgmd L1713
National Bureau of Standards. Carbon dioxide- | , sorss, om | Numosumo 3.2
free water should be used to prepare the standards | @ Caldin bydrodde, 0.0u3m Cal0Hh Batr st at
cotnposed of phosphate salte or borax.
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4. Discussion

It iz evident from the forepoing sections that the
NBS standard pH scale can be ¢haracterized az a
senle of conventional hydrogen ion activity (on the
molal scale), defined in terms of certain specified
standard solutions. The special nature of these
standard valves is indicated by use of the symboi
#H, or FH(S} to avoid confusion with the pH, a
quﬂ.nt.itﬁf that iz determined operationolly, usually
by & pH cell with & liquid junction and a glass elec-
irode.  Although the precise meaning of pH, j& sot
forth in ags (1} and (2), it cannot be said that ex-
perhnanlﬁ #H valuca possess this same significanes
in tha eanc degree. ¢ unavoidable variations in
the liguid-juneticn potential are largely responsible
for the indsterminate nature of operaticnal pH
values. Only under certain very restricted experi-
mental conditions 15 it wise to attempt an inferpre-
tation of pH values in terms of the conventional
sesle of pH,.

The sH response of glase electrodes (that is, the
change in the surface potential with change of pf:[} is
oftan somewhat lesa than the theoratical Nernat slt;ﬁue.
Fortunately, however, the voltage response is usually
linear with FH over conziderable ranges. For these
reasons, two or more standards are neaded to furnish
a useful calibration of the glass electrode function,
The pH valuss of “wnknowns"” X then wre detor-
mined, in offect, by interpolation between two
dectromotive forces (F, and E;) furnished by two
standard solutiona, 8; and &} [4]:

pH{(X)—pH(S)) =EI_E:I_ (5)
PH [SQ}—FH (SI} E:»-E. i

This procedure serves admirably for the standard-
izaticn of pH cells with a glass elactrode between &
lower limit of abent pH 2.5 and an upper limit of
ahout gH 11.5, corrections for the alkaline arrar of
the glass electrode heinfi] apphied where necossary.
With the availability of the tetroxalate standard and
the calcium hydroxide standard, it sesmed possible
to extend thiz atandardization procedure to gH 1.7
at the low end and to pH 12.4 at the high end {19].

If this procedure were {ollowed, however, the
calibration of the assembly would correct not only
for deficiencies in the responze of the glass elecirode
hut alse for the varisbility of the hquid-junction
potential when a standard of intermediate pH i
replaced by the tetroxalate sclution or by the caleium
hydroxide zolution. It may be anticipated that the
response of the glass electrode will be nearly the same
in all solutione of pH 1.7 or in all solutions of pH
124, but it is a well-known fact that tha liguid-
junciion potentinl does not necessarily show this
regularity and eapnot, thersfore, ha offactively
“ealibrated cut.”

For the standardization of plass elecirode assem-
hlies with o liquid junction, therefore, a distinction
has beenn made between *'primary afandards” and
“gpeondary standards.” e five solutions of pH
35 to 9.5 are considered to be primory siandards

intended for establishing the response of gleass
clectrode pH colls, On the other hand, the tatroxa-
late solution and the celeium hydroxida solution are
considered to bo secondary standards, for confirma-
tory purposes, only when the usual pH cell is used.
Experimenta have shown that a p]-lpaaaambly with
liquid junction, standardized in the approved fashion
in the intermediate range of pH, will indicaie a pH
velue for the tetroxalate solution that is about 0.03
unit lowar than the value of pH, given in tahla 5 [20].

Birnilarly, the caleinn hytﬁ'oxi o solution will also
have a pH value about 0.03 unit lower than pH, [18].
{Tha equality of thess two fipnres i, of courss, fortai-
toue.) In spite of these deviations, it should be
realized that the pH, values of these two solutions
are as sceurate a3 those for the other five, and il
seven may be used with equal confidence when tha
variability of the liquid-junction potential is not a
factor.

Ingsmuch s pH, is asaigned indepandently for each
buffer solution, the possibility of the existence of in-
consistencies in the standardization of practical pH
sasemblies, aven in the intermadiate pHPrﬂ,nge, musi,
be re ized. These inconzistencies, if they exist,
would be attributable to one or both of the following
causcs: The first ie the unavoidable oversirplifiea-
tion inherent in eg 1), which recognizes a single
formula for the variation of vo, with J in seven solu-
tiona of different compositions. The second is that
the concentrations and maobilities of the ions in the
geveral huffer solutions are differcnt. No effort hae
been made to match the haffer soluticns earclully in
these respocts, nce the “unknowns” cannot in any
case be expected to metch the standards,

At sny rate, the concentrated solution of potessinim
chloride used as a bridge solution, fogether with &
properly designed jumnction, can be depended upon
to smoeoth out vanations in the liquid-junction po-
tontial rather successfully between pH 3.5 and 1005,
The data reproduced in section 1 of this paper indi-
cate that the inconsistency is not large for ene par-
ticulsr design of liquid junetion of the free-diffusion
type. Further studiea are, however, desirable at
mﬁ::r tentperatures and for other junctions, includi
those of the commuercial types most comnmonly used.
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