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ABSTRACT

The effect of pressure on the dissociation of carbonic acid has been investi-
gated over a wide range of pH (paH 5.1-9.6) and ionic strength (0-1.0) in
NaCl and KCl, using junctionless glass electrode cell measurements. At 22°C,
AV1° = —25.4 cm?® mole—! and —25.6 cm3® mole—! for the first and second
ionization steps, respectively. The directly measured pmH or pcH shifts in-
duced by pressure in sea water between paH; 5.1 and 9.1 are explained by
the enhanced dissociation of HyCOs;, HCO3—, CaCOs, and MgCOj3;, the effect
of SO4+= and the interference of boric acid (AV1° = —32.1 cm3 mole—1). Values
of the ionization functions k’¢(1y = [HY]1[HR—]1/[HsR] and k'¢sy = [H*][R=]/
[HR-] of carbonic acid, valid in natural seawater, have been determined
at 22°C, at 1 atm and at 1000 bars together with the apf)arent dissociation
constants (pK”(1) and pK”(s) used in oceanography to calculate [CO3=]¢otal,
[HCO3~ ]totar from in situ paH values. Corrections are given for different types
of reference half-cells, and an approach toward the absolute values of pk(1)

and pk(s) in sea water is indicated.

The effect of pressure (p) on the dissociation con-
stant (K) of a weak electrolyte (HR) is related to the
corresponding volume change (AV) for the ionization
reaction HR < H* 4 R~ by the equation

dlnK —AV
= [1]
op m,T RT

Data are available for AV° at atmospheric pressure,
zero salt concentration, and zero weak electrolyte con-
centration for carbonic acid calculated from density

Ref. compartment
Ag — AgCl HCI (0.01)
MCI (m3— 0.01)

measurements, conductivity, and glass electrode de-
terminations:

Density, Conductiv- Glass elec-
25°C ity, 25°C trode, 22°C
Reaction —AVy® —AV® —AVy®
(p = 1atm) (p = 1 atm) (p = 1 atm)
cm? mole-1 cm?® mole-1 cm? mole-!
H;CO3 » HCO3- + H+ 29.0 (1) 26.5 (2) 26.6 (3) (unbufi-
ered cell)
25.5 (3) (bufi-
ered cell)

25.4 (this paper;
buffered cell)

25.6 (this paper;
buffered cell)

HCO3- —» CO3= + H+ 278 (1) —

The AVy° values from glass electrode measurements
published in our earlier papers (3, 4) were obtained
by extrapolation of AV; to zero KCI concentration
over a limited ionic strength range (0-0.1).

In view of the interest in precise knowledge of the
effect of pressure on the dissociation of carbonic acid
for oceanographic work, the present paper deals with
the determination between 1 and 1000 atm of the dis-
sociation constants K¢y and K() and the ionization
functions kq), ki) (kay = [HT¥]J[HCO3~]1/[COz], k¢2)
=[H*][CO3=]1/[HCO3~]) in presence of NaCl or KCI,
over a wide ionic strength range (0-0.8), at various
buffer ratios (paH 5.1-9.6). The effect of Ca*+, Mg+ +,
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and SO4+= ions and boric acid is investigated to in-
terpret the data obtained with natural sea water sam-
ples (4) and from direct in situ determinations (5, 6).

Theoretical

The theory underlying the determination of disso-
ciation constants as a function of pressure has been
discussed in previous papers (3, 4).

The buffered cell used for the present determina-
tions is of the type:

x compartment
HR(my) + MR(my) | AgCl —
MCI (m3)

where M represents Na or K.

glass

The emf (E) at pressure 1, or p, is expressed by:
E1pF/23 RT = log (my+)rfy, —log (mu+)*1,

ref.
g (vmc1) ™f1,p (2]
(vaCcD) *1,p

For an acid HR of the strength of carbonic acid
log K™ = log (mm+ mi/ms) + 2 log va; 2 log va =
log (va+ YyrR—/7HR) ; Mu+ m1/me = k™ and:

(E1— Ep)F/2.3 RT = log + 2log
Fmy YAp
ref X
T log (vuer) 'efy S i (vHCD*1 (3]
(vuc1) refp (vHCD*p

The terms in yuc) cancel each other at infinite dilu-
tion of the weak electrolyte, but if m; and ms are
small and if the salt effect of the weak acid is small,
cancellation practically occurs for finite values of my
and mae.

Equation [3] then simplifies to

Km Km

(Ey—Ey) F/28 RT = log =2 ' 3log 2oL — jog o
Kmy YAp ke'my

[4]
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the primes indicating that k’ is only known approx-
imately because of the former assumptions.

In the case of carbonic acid, extrapolation of (E; —
E,) F/2.3 RT as a function of \/x leads easily to log
Km,/Km; and a double extrapolation first to zero weak
acid concentrations at a given ux, and then to zero KCl1
or NaCl concentration, is not required.

It can be shown (7) that AV; = 1.016 x (E; — E1000)
if AV, is expressed in em?3 mole—!, E in millivolts, p in
kg. em—2, Eqgg0 is measured on the tangent of E; — E,
= f(p) drawn through p = 1 atm. For carbonic acid,
E; — E, = AE, is a linear function of p up to 1000
kg. em—2, so that Eig0 corresponds to the emf effec-
tively measured at 1000 kg. cm—2,

Concentrations (m) and activity coefficients (y) are
given on the molal scale (mole per kg of pure solvent)
in Eq. [1]-[4].

If the concentrations are expressed on the molar
scale (mole per liter solution, ¢) the following classical
equations ([5]-[10]) can be used to relate c, m, the
corresponding activity coefficients, ¥y and v, the density
(d) of the solution and of pure water (d,), M; the
molecular weight of solute i. the dissociation constants
and ionization functions K¢, k¢, Km, km

mi = ¢i/ (d — =ZciMi/1000) [5]
ci = md/ (1 4+ =m;M;/1000) [6]
v = y[(d— =¢iMi/1000) /d,] [6]

myd, = cy [7]

Km = Ke¢/dy; km = ke(1 + 2m;M;/1000) /d  [8]

log Km,/Kmy = log K¢,/K¢; — log dop/do1 [9]1

log k™p/kmy = log k¢p/key — log dp/dy [9"]
Combining [7] and [2] gives

mey)ref (C ref,
(my)retyp o y)refyp [10]

(my)*1,p (ey)*1p

If the activity coefficients can be made to cancel in
both ref and x compartments of the glass electrode,
(Ey — E,)F/2.3 RT will be equal to log k'™,/k"™; and
extrapolate to log Km,/Km; as a function of nx (Eq.
[4]) whatever the concentration scale used.

In aqueous solutions dp/di = dop/dor = 1.04 at 1000
atm, log digoo/d1 = 0.017, and it is thus easy to use
(E; — E1000) to calculate the ratios of the dissociation
constants and ionization functions either on the c¢ or
the m scale.

When the absolute values of k'™, k'¢; are required,
Eq. [5], [5’], and [6] can be used to calculate either
ionization function from the results obtained on the ¢
or the m scale, respectively.

In practice, if the highest precision is not required,
¢ ~ m at 0.1M. At concentrations where the correction
to calculate m from c is more important, the densities
in the x and ref compartments of the glass electrode
are nearly equal when the buffer concentration is
small compared with the NaCl or KCI concentrations,
and only mug+ needs be computed in the reference
solution, since mcj—* = mc1-Tef.

In the present paper, concentrations referring to the
gross composition of the solutions are indicated on the
molar scale, and to simplify the symbol M referring
to molarity is omitted (0.5 NaCl means 0.5M NaCl).
The hydrogen ion stoichiometric concentration [H*]
is represented by pcH = —log [H*] on the c-scale and
pmH on the m-scale, the hydrogen ion activity aum+
by paH = —log an+ and if the distinction between
pcH, pmH, paH is irrelevant, the symbol pH is used;
subseripts p, 1, 1000 indicate pressure p, 1 atm, 1000
kg. em~2 (ex. : pmH;, pmHioo0); AE1000 = E1 — E1o00
in millivolts (mv).

Experimental

The equipment described in 1962 (7) is used. It is
important in the experiments involving equilibration
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with either pure CO;z or mixtures of COz and nitrogen
to saturate the silicone oil used in the glass electrode
cell and to fill the cell with pipettes containing a con-
trolled gas phase (3).

The glass electrode is made from Corning 015 glass,
when no sodium error is to be expected. A commercial
electrode, E.LLL.! n° 18331 unsensitive toward Nat at
alkaline pH is used whenever necessary.

Corrections for asymmetry potential shift with pres-
sure is made as described earlier (3, 4, 7). When both
cell compartments contain the same solution AEjgoo
is generally between 0 and +1.0 mv. Higher values in-
dicate defective Ag-AgCl electrodes.

Highest grade reagents (Merck) and air-free bi-
distilled water (Pyrex) are used.

Results

First ionization function and first dissociation
constant of carbonic acid in bicarbonate buffer in pres-
ence of NaCl or KCl, at p = 1 atm and p = 1000 kg.
cm—2—Figure 1 shows AEjgp in mv as a function of
\/w for various bicarbonate buffers at different buffer
ratios, in presence of NaCl or KCIl. Extrapolation to
zero ionic strength gives 25.0 mv corresponding to
—AV° = 25.4 cm3 mole—1, in agreement with our pre-
vious experiments (4).

Figure 2 gives the ionization function pk'¢;) = —lo_g
1.01\/n

k) and pK'°qy) = —log K’y = pk’e(1y + —\/—_"
14/

as a function of ¢ at p = 1 atm and pK'¢1), + log
dy/d; at p = 1000 kg. cm—2 (log dp/d; = 0.017).

The absolute values of pK¢), (6.38) and pk’(;) are
in good agreement with the data of Harned and Davis
(8) and of Harned and Bonner (9) (pKm™¢, = 6.3809
at 20° and 6.3519 at 25°C).

The concentration ratios [HCO3—~]/[COz] are com-
puted from the equations of these authors and the
same extrapolation function is found to fit our re-
sults and theirs. The 2 log (yuci) -/ (yuc)* term in
Eq. [1] (c scale) is calculated from the values of yuc|
in NaCl and KCl1 taken from Harned and Owen (10).
It is assumed that ygci in the x compartment is only
affected by the ionic strength, and the ratio of the ac-
tivity coefficients is also supposed to be valid on the
molar scale. At u = 0.5, yuc) practically cancels in both
compartments.

At p = 0.75, pk'm1y = pk’®1y — 0.007 = 5.995. The
correction is —0.005, —0.0057, —0.0065, —0.0073,

1 Electronic Instruments Limited, Richmond, Surrey, England.

© NaHCO; 005 NaCl 05/nCO; 1% MgSO, 0.04n=1

ref. HCl 001 NaCl 05/n-001+Mg SO, 0.04

id. MgS0,0030 MgCl; 0.026n=1

id. Mg S0, 0030/n MgCl, 0.026/n CaClz 0.01/n n=1,2,5
id. COzsat.Mg S0, 0.030/n MgCl; 0026/n n=1,2

Sea water ref.HCL 001 NaCl 0.49

Sea water CO;sat.ref. HCI 001 NaCl 0.49

Sea water id +MgS04 0.04

Sea water x1/n +NaHCO3 005C0; 1% n=1,2,5,10

ref. HCl 0.01 NaCl 05/n-0.01

BICARBONATE BUFFER
SEA WATER
E,-Ep (mV) p=1000kg cmi?

Oomopneed

AV: 25.4cm? mole™

25.0

P O

2001

: HCI 0001 NaCl 05/n-0001 n=50
NnHCOgIO.OS NaCl |d‘. ref. HCl‘ 0.01KCL 05/n-001 n=0.625,!,1 39,2,5,10
!

02 04 0§ 08 10 Iy

15010 KHCO3 0.02KCI 05/n €O, sat.
e i oo id.
@ NaHCOy 002NaCl  id.
VK HCO3 002 KCL 05/n CO; 1%
@ id o005 id.
A id 010 id.
N

Fig. 1. Glass electrode emf shifts at 22°C produced by pressure
(1000 kg.cm—2), in bicarbonate buffers, at different buffer ratios,

as a function of \/; in NaCl, KCI, in presence of Mgt +, Ca* *,
SO,= ions, and in sea water,




332 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE

BICARBOP\‘/&’E BUFFER co,

e 1.01 ¢ sat 1% ref.

Pk "+ TV)Ef PK KHCO3 002 O V n=0625,1,138,2,5,50
NaHCO3 005 O ® HCl1 0.01(0.001)
KCL 05/n O ¥ NaCl(KCI) 0.5/n -001(0.001)
NaCl o e n=500 HCl 0.001
id.+MgS0, 0030/n @ id.+ Mg-salts

MgCl, 0.026/n log dp d7' =0.017

;px'f +log dj d7’
p=1000kg crmi'?
Pk (MgS0,)

1 1 1 1 1 1 1 1 1

01 02 03 04 05 06 07 08 09 u

Fig. 2. First ionization function (k'°(1)) of carbonic acid and as
a function of u at atm pressure and 1000 kg.cm—2 in NaCl and
KCI at 22°C. Effect of MgSO4 4 MgCls.

—0.0081, —0.009 at 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, respec-
tively (calculated from the density of NaCl solutions),
and at x = 0, it is equal to —0.001.

Second ionization function and second ioniza-
tion constant of carbonic acid in carbonate buffer in
presence of NaCl or KCl, at p = 1 atm and p = 1000
kg. em—2—Figure 3 gives AEjg in mv, as a function
of \/u for carbonate buffer in presence of NaCl or
KCIL

Extrapolation to zero ionic strength gives 25.1 mv
or —AV° = 25.6 cm3 mole—1, which is practically the
same result obtained in bicarbonate buffers. The value
calculated by Owen and Brinkley (1) from density
determinations is 27.8 cm3 mole—1,

Figure 4 shows the ionization function pk’(s) as a
function of \/u at p = 1 atm, pk’¢s)p + log dp/d;s at
p = 1000 kg. cm—2; the results in 0.5 and 0.8 NaCl do
not depend on the buffer ratio and are identical either
with NaHCO; 0.08 4+ NasCO3 0.01 or with NaHCO;
0.025 4 NasCO; 0.025. pK¢s) = 10.37 corresponds to
the wvalues published by Harned and Scholes (11)
(pK™5) = 10.377 at 20°C, 10.329 at 25°C) who ex-
trapolate their data between x = 0.15 and 0.

At p = 0.75, pk'™(2); = 9.60 — 0.007 in NaCl.

Effect of buffer ratio on the ionization of carbonic
acid at 1000 kg. em—2 in NaCl and KCI solutions.—
Figures 1 and 3 show that, at a given buffer ratio,
AE100 extrapolates linearly to the same value at x = 0,
and that a change in the buffer concentration has the

CARBONATE BUFFER B NaHCO; 0.025 Na,CO; 0025 NaCl 05
E1-Ep(mV) p=1000 kg crﬁ? NaHCO; 008 Na,CO; 001 NaCl 05
00 NaHCO,; 005 Na OH 0.00025 NaCl 05/n
ref. HClL 0.01 NaCl 05/n-0.01 n=1,2,5
id.+MgS0, 0030/n MgCl, 0.026/n
n=1,2,5,10,20
EIlL. 18331 ELECTR.
OTHER VALUES 015 CORNING ELECTR.

AVS 25.6 cm® mole’!

250

2001

~.

@ KHCO;008/n’K,CO5 001/n* KCL 001 E\\
<

n’=1,2,510 N,
1501 et HCL 0,001 KCI 0009 \\\ E
¥ id. KCLO1 n'=1,2,510 ref HCL 0.01 7
A id. KCL 025 n'=1 280
O N id. KCL 050 n'=1,2 KCl 05/n-001
@ id. KCL 080 n'=1 n=0625 1,25
1 1 1 1 1
02 04 06 08 10V

Fig. 3. Glass electrode emf shifts at 22°C, produced by pressure
(1000 kg.cm—2) Aty carbonate buffers, at different buffer ratios, as
a function of \/x, in NaCl or KCI, in presence of Mg* *+, Ca* +,
SO4+=, and in sea water.
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CARBONATE BUFFER KHCO3; 0.08/n

K2CO3 001/n

NaHCO3; 0.08/n
Na,HCO3 0.01/n

n=1,2,510
pk’® KCL 001 @ (o1s)  NaCl
(M) 01 O (015 (M) 01 O (o)
025 © (015) 025 @ (015)
05 @ (015) 05 N (015)
104 05 A (s3an 05 W (18331
08 @ (01%) 08 W (e
102+ ref. HCl 001 015 CORNING ELECTR.
KCl 18331 EIL. ELECTR.
Naci 2% S07 SO effectof
100 log dpd7 =0017 0030 MgS0,,
0,026 MgCl,

981

pKS + log dpd7'
p=1000kg cri?

94

NaCls3sn
1 1 1 1 1 1 1

01 02 03 04 05 06 07 08 08 Vv H

Fig. 4. Second ionization function (k'¢(2)) of carbonic acid as a

function of \/; at atm pressure and 1000 kg.cm—2 in NaCl and
KCI at 22°C. Sulfate effect of 0.030 MgSOs (4-0.026 MgCly).

same effect as the corresponding « change produced by
an increase of the NaCl or KCl concentration. It is
therefore easy to obtain a graphical estimate of AEjgg0
at a chosen ionic strength, even from isolated values
measured at another ionic strength.

Curves 1 and 1’ from Fig. 5 give AEjg00 at » = 0.75
(ionic strength of sea water at Cl%o = 20.0) as a
function of pmH;, in NaCl and KCIl. The emf shifts
depend only slightly on the total COz concentration in
the range investigated ([HCO3—] + [CO3=] between
0.09 and 0.0025; arrows indicate the values at 0.0025 in
Fig\5).

The reason for the difference between the results in
NaCl and KC1 at pmH; = 8.5 is, we believe to be cor-
related with the fact that, at 1 atm, the curves giving
pk’c2) as a function of \/u (Fig. 3) demonstrate the
greater tendency for carbonate ions to associate with
Na than with K. Ion pairs like Nat — CO3= or Nat
— NaCO;3;~ will dissociate under pressure, and free
CO3= ions, hitherto masked for the carbonic acid equi-
librium, will modify the buffer ratio, so that the pmH
shift induced by pressure can be expected to be
smaller than in a medium where association is less
important or inexistent. We will see that magnesium
and calcium ions which have a much larger tendency
to form ion pairs with CO3= than sodium ions also
have a much larger lowering effect on the emf changes
produced by pressure in carbonate buffers.

Since K* or Nat may also form ions pairs with
HCO;3;—, a complete analysis of curves 1 and 1’ appears
to be far from easy and would require the knowledge
of pk’c1yc2y and Apk’ciyc2)/Ap in absence of any ionic
association; the dissociation constants of NaCO3—~ and
NaHCOj3; would have to be taken into account and also
the equilibrium 2HCO3;~ = CO3= 4 HyCOs;, which is
displaced when CO3;= or HCO3;— is released in the
solution. Besides the salt effect of NaCl or KC1 would
have to be known.

There is however no difficulty in considering that
in the ionization functions k’(1y and k’2), determined
at atmospheric pressure or at 1000 kg. em—2, [CO3=]
and [HCO3;~] refer to the total concentration of CO3=
of HCO;3;~, ions present either as free ions or forming
ion pairs with Na or K.

In the pmH; interval 8.5-9.5 the thus defined
pk’c2y1000 can be measured without ambiguity from
curves 1 and 1’ of Fig. 5 since AEjgo is constant. The
buffer ratio and the term 2 log va;1/7a, in Eq. [3] are
constant, the mean activity coefficient being referred
to the total concentrations of free and masked ions.
Log k'™(2)1000/k"™(2)1 is therefore equal to 0.315 (AE1g00
= 19.0 mv) and 0.350 (AEjp0 = 20.8 mv) in NaCl and
KCl, respectively.
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CARBONATE, BICARBONATE BUFFERS
SEA WATER at 11=0.75

Ey-Ep(mV) p=1000kg cmi?

220

®
20 (5 IS
el S

O ¥ 005-009 KCl

18,

o

oV " NaCl
1600 © " NaCl
0030 MgS0,
140l 0.026MgCl,
0.010 CaCl,
o w0030 MgSO,
120 0026 MgCl,
m " 0040MgSO,
1009 “ 0056 MgCl,
X X #0030 Na, SO, t
t t o.o0025
80

A wid. © + 43107 H, B0,
*® natural sea water
s,o—[ b EIL.18331electr

015 corning
1 1 1 1

!
40 50 60 70 80

50- tog[H*],
AmV Effect of boric acid

20} [Heos]+[co3] 00025 ©)

10" Mg, Ca,505,Bid A

20 50 60 W0 80

1
90 -log[H"],

Fig. 5. Glass electrode emf shifts at 22°C produced by pressure
(1000 kg.cm—2) in bicarbonate, carbonate buffers, and sea water
at p = 0.75, as a function of pmH = —Ilog my measured at atm
pressure. Curve 1, NaHCOj3, Na2CO3, COs ([HCO3—] + [CO3=]
0.05 — 0.09 and 0.0025 (arrow) in 0.5 NaCl. Curve 1, KHCO3,
K2€CO3, COy ([HCO3—] + [CO3=] 0.05 — 0.09) in 0.5 KCI
Curve 2, NaHCOj3, Na2C0O3, COy ([HCO3—] 4 [CO3=] 0.05 —
0.09) in 0.5 NaCl; effect of Na2SO4 (0.030). Curve 3, NaHCOs3,
Na2C03, CO2 ([HCO3—] 4 [CO3=] 0.05 — 0.09) in 0.5 NaCl;
effect of MgS0O4 (0.030), MgCl> (0.026), CaCly (0.01) (Precipitates
are obtained at pH > 8.0). Arrows indicate results for [HCO3~]
+ [CO3=] = 0.0025 (see also curve segments 6). Curve 3’,
NaHCO3, NasCO3, CO2 ([HCO3~] + [CO3=] 0.05 — 0.09) in
0.5 NaCl; SO4= effect of MgSOs (0.030). Curve 4, NaHCOs3,
Na2CO3, CO2 ([HCO3—] + [CO3=] 0.05 — 0.09 and 0.025
(arrows); effect of MgClo (0.056). Curve 5, Natural sea water CI
%o ~ 19.5 (Atlantic), corrected at Cl%, 20.0 (» = 0.75). Curve
5’, Natural sea water; SO4= effect. Curve 6, Artificial sea water:
[HCO3] + [CO3=] = 0.0025; 0.030 MgSO4, 0.026 MgCls,
0.010 CaCly, 0.5 NaCl (with or without boric acid in the acid
range). Curve 6, Artificial sea water with boric acid (4.3 10—%)
(alkaline range). Curve 7, Effect of boric acid; smoothed dif-
ference in mv between (E;y — Eigo0) in artificial sea water with-
out boric acid (see curves 3 and 6) and (E;y — Eigoo) in the same
with 4.3 10—* boric acid (see curves 6 and 6).

Inspection of curve 1 further indicates that the re-
sults at pmH; = 7.00 are identical in KCl and NaCl. If
one again assumes that the bicarbonate concentration
corresponds to the sum of the free HCO3;~ ions and
the undissociated sodium or potassium bicarbonate, log
k'™ ¢1y1000/ K™ 1)1 is equal to 0.359 (AEig00 = 21.0 mv)
at pmH; 7.0, 0.376 at pmH; 6.0, and 0.385 at pmH; 5.0.
Here the term 2 log va;/va, in Eq. [3] is not constant
and depends on the buffer ratio.

The question that remains to be answered concerns
the choice of suitable values for pk’c1)1000 and pk’(2)1000
in the pmH; range 7.0-8.5, where the emf changes in-
duced by pressure depend on both ionization functions.

If we consider a solution containing NaCl and
NaHCOs; at atmospheric pressure, its pmHi = ¥
(pk™ 1)1 + pk™2)1); at p = 0.75, one finds pmH; ~
7.8 = % (6.0 4 9.6) and [CO2] = [CO3=]. At pmH; =
7.8, AE1000 = 20.0 mv, and simple considerations show
that [CO:] will remain equal to [CO3=] if 2.3 RT/F
log k'™ 1)1000/k'™1y1 and 2.3 RT/F log k'™ 2y1000/ K™ (2)1
are taken symmetric with respect to AE1900 = 20.0 mv,
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For instance, 21.0 and 19.0 mv read at pmH; 7.0 and 8.5
on curve 1 of Fig. 5. In that case the equilibrium
2HCO3~ = CO3= 4 HyCOg is shifted. Thus, at pmH;
= 7.8, if [HCO3~] + [CO3s=] = 0.05, 6.10—5 HCO3~ is
formed at 1000 kg. cm—2 at the expense of 3.10~3 COs
and 3.10—5 CO3=, which corresponds to a 4% change
of the initial COs and CO3= concentrations. At pmH;
7.0 and 8.5, the change of either [COz] and [HCO3~]
or [CO3=] and [HCO3—] is negligible when pressure
is applied. If one could assume 2.3 RT/F log k'™(1y1000/
k'm¢1y1 and 2.3 RT/F log k'™2)1000/k™2)1 to be equal to
AE1900 Tead on curve 1 at any pmH; between 5.0 and
9.0, the CO,, HCO3—, CO3= concentrations would re-
main constant at any pressure. This is what happens
at infinite dilution where AV©)1 = AV9ag.

In KCI, if one neglects the slight minimum at pmH;
7.8, 2.3 RT/F log k'™c1)1000/kK™1)1 and 2.3 RT/F log
k'™ 9y1000/ k'™ 2y1 are equal within = 0.25 mv over
the range 7.0-9.0. However, this is an oversimplifica-
tion since the minimum at 7.8 could be explained by
the release of CO3= and HCO3~ from ion pairs. HCO3—
behaves as a base at pmH; < 7.8 and as an acid at
pmH; > 7.8, whereas the release of CO3= always re-
sults in lowering the hydrogen ion concentration.

The choice of the values of pk™(1y1000 at pmH; 7.0
and pk'™2y1000 at pmH; 8.5 to be used in the pmH;
interval 7.0-8.5 remains questionable, even in KCI,
but there is no other alternative unless reliable values
for pk'™, and pk'™2) become available in absence of
any ionic association. However, at the alkaline end
of the pmH; interval 7.0-8.5, pk’™(1, needs not to be
known with great precision to calculate [HCO3~] or
[CO3=]. At pmH; 8.0, an error of 0.02 (AE ~ 1.2 mv)
in pk'™1y1000 affects [CO2] by 2% and [HCO3—] and
[CO3=] by only 0.1%.

The separate salt effect of NaCl on 2.3 RT/F log
k'™ 1y1000/ k™11 can be estimated at pmH; < 5.0 since
curve 1 in Fig. 5 seems to reach a plateau in the acid
range and since AEjp0 is known at 0 ionic strength
(25.0 mv). Thus, for the salt effect, one finds 25.0 —
22.6 = 2.4 mv. This value fits with the fact that 2 AE1000
= 23.6 mv at x = 0.75 in a solution containing only
NaCl and saturated with COs. At u = 0, 2 AEj000 =
26.2 mv (3) and the difference 26.2 — 23.6 = 2.6 mv.

It seems reasonable to assume that the difference
between AV found in pure CO; solutions and in bi-
carbonate buffer at 0 ionic strength might be related
to the existence of NaHCOj3 ion pairs even when the
concentration of NaHCOj3; becomes very small. The
same effect occurs in other buffer systems investigated
with the glass electrode technique: AV©?; is always
found to be smaller in buffers than in the correspond-
ing pure acid (3), and the explanation given above
might be general.

Finally, one will notice (Fig. 5, dotted part of curves
1 and 2) that Corning 015 electrodes display an al-
kaline error in presence of NaCl at 1000 kg. em—2
at pmH; > 8.25, although no such error can be de-
tected even at 8.75 at atmospheric pressure.

Ionization of carbonic acid in presence of Mgt+,
Ca**, and SO4= in NaCl solutions, at concentrations
found in sea water, at 1 atm and 1000 kg. cm—2 and at
different buffer ratios (» = 0.75)—When Ca or Mg
salts are added to carbonate and bicarbonate buffers,
it is well known [see Garrels, Thompson, and Siever
(12)] that MgCO; and CaCOj ion pairs are formed
and that the trapping of HCOs;— ions is also to be
considered. The dissociation of carbonic acid can still
be described by the ionization functions k’(1) and k’(s)
where [CO3=] and [HCO3~] refer to the free car-
bonate and bicarbonate ions (plus those bound to
Na as seen in the preceding section), but it is also use-
ful to define apparent ionization functions k") =
[H*] [CO3=]r/[HCO3~ 11, k"1y = [H*] [HCO3~ 11/
[CO:2] where [CO3=]r and [HCO3;—]r correspond to
the total amount of carbonate and bicarbonate. We
will call k’c2y and k’¢y) true ionization functions.
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True and apparent ionization functions of carbonic
acid in presence of Mg+t +, Cat+ and SO4=, in NaCl
solutions at 1 atm (p = 0.75).—Figure 6 gives the
pmH; changes (in mv) produced when MgCly, curve
4; MgCly; + MgSOy, curve 3; MgCly + MgSO4 + CaCls,,
curve 2; NasSO4, curve 1 are added to bicarbonate
and carbonate buffers at atmospheric pressure, as a
function of pmH; measured in the solutions contain-
ing the added salts. The reference 0.01 HCl1 -+ 0.49
NaCl solution has the same salt composition as the
buffer under test it is assumed that mu+ = muc; and
that the mean activity coefficient of HCI is the same in
both compartments. The added salts are tested at con-
centrations normally found in sea water (Cl%o. = 20.0).

Effect of SO4+= on the true ionization functions k’c1)1
and k'¢s)1.—Inspection of Fig. 6 shows that the effect of
SO4= ions can be distinguished from the effect of
Ca and Mg.

MgCl; at pmH; < 6.0 obviously does not modify
k’¢¢1y1 which is thus the same as in pure bicarbonate
solutions at the same ionic strength. The ordinate dif-
ference between curves 3 and 4 in Fig. 6 shows but
little variations over the pmH; interval considered
and allows one to calculate pk’¢(1y1 and pk’¢cs)1. Thus
for the investigated buffers (MgSOy4 0.030, [HCO3~] +
[CO3=] between 0.0025 and 0.09) pk’(1)1 = 5.89 and
pk’co)1 = 9.49 at p = 0.75 (see Fig. 2 and curve seg-
ment in Fig. 4) ; pk'™1)1 = 5.89 — 0.005 and pk'™s)1 =
9.49 — 0.005. The correction for the change of concen-
tration scale is somewhat smaller than in pure NaCl
solutions and is based on a total salt content of 36.4g
and the corresponding density of sea water 1.025 at
22°C (13).

Effect of Ca and Mg and the apparent ionization
functions k”) and k”)—The shape of the curves of

EFFECT of MgSOs MgClz CaClz NapSO, on -LOG [H]
in CARBONATE and BiICARBONATE BUFFERS
AmV =23RT/F log ([H]p-[H]y) a=buffer b=buffer+salts

NaHCO3 Na,CO3 in 05 NaCl
vAOO 005 - +CO,
=} 0.01 -
e 0.0025 -
V0,0 0.08 001 W (dil.2x)
sooF Oz 0.05 0.03

V30,0, 004 0.02
O,A, 0025 0025
i MgS0, 0.030

400+
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s 8 MgCl, 0.056 a9
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Fig. 6. Glass electrode emf shifts produced by the addition of
MgS0y4, MgCls, CaCls, Na2SO4 to bicarbonate and carbonate buffers
at atmospheric pressure. A. [HCO3] 4 [CO3=] 0.05 — 0.09 in
0.5 NaCl: Curve 1, effect of Na2SO4 (0.030); Curve 2, effect of
MgSOs (0.030), MgCls (0.026), and CaCls (0.010). Precipitates
are obtained at points 2, 3, and 4; result at pmH 4.8 corresponds
to [HCO3=] 4 [CO3=] 0.0025; Curve 3, effect of MgSO4
(0.030) and MgCly (0.026); Curve 4, effect of MgCly (0.056). B.
[HCO3—] + [CO3=] = 0.0025. (2’), (3), (4) same as (2), (3),
(4).
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Fig. 6 which give the emf shifts resulting from the
addition of Ca and Mg salts to bicarbonate and car-
bonate buffers can be understood if one bears in mind
that removing a constant amount of CO3= produces a
pmH shift which is maximum at pmH = ¥ (pk'™()
+ pk'™)). When the trapped CO3= is a function of
the initial CO3= concentration, the maximum is
broadened and shifted toward a more alkaline pmH.
Removing HCO3—~ produces no shift at pmH =
o (pk'™1y + pk'™s)), but results in an acidification or
an alkalinization at more acid or more alkaline pmH
values; HCO;3~ trapping is evident in Fig. 6 in the acid
range especially when CaCly is added to the more
concentrated buffers already containing MgSOs and
MgCl,, but the same operation produces a precipitate
at pmH > 8.1. No precipitates are observed in the
diluted buffers. The data gathered in Fig. 6 can be
used to calculate the dissociation constants of MgCOs,
CaCO3, MgHCO3*, and CaHCO3;+ as Garrels et al.
(12) have done from paH determinations on bicar-
bonate and carbonate buffers before and after addi-
tion of CaCly and MgCls. This problem, which in-
volves lengthy calculations, is quite beyond the
scope of the present paper and will not be dealt with.

However, at pmH; = 8.0, Fig. 6 makes it possible to
evaluate the apparent second ionization function of
carbonic acid, k”(2), in presence of Ca**, Mg+ *, and
SO4= ions.

For buffers where [HCO3;~] + [CO3=] = 0.0025,
the emf shift due to the addition of 0.030 MgSOs,
0.026 MgCly, and 0.010 CaCly is equal to 38.0 mv at
pmH; ~ 8.3. With pk’®2)1 = 9.67 in the pure buffer,
this leads to pk”¢(2)1 = 9.67 — 0.65 = 9.02 at u = 0.73;
at p = 0.75, pk”cs)1 = 9.015.

More refined calculations taking into account the
true ionization functions k’¢(1) (5.89) and k’cc2y (9.49),
the equilibrium 2HCO3;~ = CO3= 4 HyCO; which is
displaced when CO3= is removed, give a mean value
of 9.015 =+ 0.015 at » = 0.75 in the pmH; interval 7.9-
8.5, with a minimum at 8.3 where pk”¢2);1 = 9.00. On
the molal scale pk”m, = 9.015 — 0.005, again at
= 0.75.

The agreement between the directly evaluated value
of pk”¢2)1 and the calculated one, implies that, in first
approximation, HCO3—-trapping by Mg++ and Cat+
must be very small at pmH; = 8.0. Trapping of
HCO3~ to a greater extent than Na ions do, would
lead to an apparent lowering of pk’¢(1) and also affect
pk”c¢2;1 but in a more complicated way, depending
on pH. This problem will not be discussed here, and it
will be assumed that between pmH; 7.9 and 8.5 it is
not necessary to introduce a first apparent ionization
function, or that pk”¢u) = pk'®ay in buffers where
[CO3=] 4+ [HCO3~] = 0.0025.

Since pk”¢(2y1 — pk’°(2)1 = 0.48, [CO3=]1 ~ 3 [CO3=]
and [Mg — CaCOg3] ~ 2 [CO3=]. At pmH; 8.0 [HCO3~]
+ [CO3=] = 0.0025, [CO3=] = 7.34 105 [Mg —
CaCO3] = 1.45 104 or 0.22% of the total Ca and Mg
concentrations, which is of the order of magnitude
(0.28%) given by Garrels et al. (12, 15).

In buffers where [CO3=] 4+ [HCO3~] = 0.09, pk”c2)1
at pmH; 8.1 is found equal to 9.12 when directly eval-
uated from curve 2, Fig. 6A, and equal to 9.10 when
calculated at x» = 0.84, taking reaction 2HCO3~ =
CO3= + HCOj; into consideration and neglecting the
possibility of HCOs~ trapping in the alkaline range.
The apparent ionization function pk”cs); is thus not
only dependent on pH but also on the concentration of
the buffering species. This remark is important and
needs be taken into consideration when dealing with
data to be valid in natural sea water.

True and apparent ionization functions of carbonic
acid, in presence of Mg+t+, Cat*, and SO4=, in NaCl
solutions at 1000 kg. cm—2 (u = 0.75).—Comparison of
curves 1 and 2 in Fig. 5 shows that AE;¢0 observed in
pure buffer solutions is reduced by a constant amount
in the presence of 0.030 NaySO4, between pmH; 6 and
9.5 (the reference 0.01 HCl 4 0.49 NaCl solution has
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again the same salt composition as the buffer under
test and mu+ is assumed to be equal to muc).

Curve 3 indicates that AEjg drops progressively
from 20.0 mv at pmH; = 6.0 to 13.1 mv at pmH; = 7.90
in 0.05 NaHCO3; + 0.5 NaCl solutions containing 0.030
MgSOy, 0.026 MgCls, and 0.010 CaCl, at various con-
centrations of COs.

At pH > 8.1 pressure has been applied to the solu-
tions containing the precipitate (see p. 334). The re-
ported emf shifts correspond to the measurements
made during the second or third pressure run. The
first run generally gives rather unstable values.

Nearly the same emf shifts are observed at pmH;
7.8-7.9 with 0.04 MgSO, or 0.030 MgSO4 + 0.026 MgCl,
with or without 0.010 CaCly (also see Fig. 1 and 3).
Lowering of the total COy concentration has not a
great effect either. At [CO3=] + [HCO3~] = 0.0025,
where no precipitates are observed, the results (indi-
cated by arrows and curve segment 6 in Fig. 5) are
about 0.3-0.4 mv lower than those obtained with buf-
fers where [CO3=] + [HCO3~] is between 0.09 and
0.05.

When both NaCl and Mg-Ca salt concentrations are
reduced it can be seen from Fig. 1 and 3 that ex-
trapolation to x = 0 again gives —AV?; = 25.4 cm?
mole—1, The scattering of the results can be explained
by the large pH dependence of AEjgp0 in the alkaline
range.

Adding 0.056 MgCly; alone to 0.5 NaCl + 0.05
NaHCOj;, saturated with COg, has no or little effect on
AE1000 observed in pure bicarbonate buffer (Fig. 5,
curve 4). Between pmH; 6.2 and 7.85, AEgoo falls from
22.3 mv to 16.0 mv. The 6.3 mv difference is nearly
the same as the 6.5 mv value obtained with 0.030
MgSO4 + 0.026 MgCly for the same pmH; interval.
The difference between curve 3 and 4 is obviously due
to the sulfate ions, since the total Mg concentration
is kept constant.

We already have noticed a similar effect of SO4=
when 0.030 NasSOy4 is added to pure bicarbonate buf-
fers (curves 1 and 2 in Fig. 5). The fact that MgSO4
is less dissociated than NaSO4 probably explains the
difference in magnitude between the effects of 0.030
Na»S04 and 0.030 MgSO,. Since the ordinate difference
between curve 4 and 3 is nearly constant, the SO4=
effect of MgSOy practically must be constant over the
whole pmH; range. This observation allows one to ex-
trapolate curve 3 parallel to curves 2 and 1 in the al-
kaline range (curve 3’) and to dissociate the SO4=
effect from the more complicated Mg-Ca effect ob-
served between 6.5 and 9.0.

To interpret the Mg-Ca effect, we will assume that
the MgCO3; and CaCOj; ion pairs, formed at atmos-
pheric pressure, further dissociate at higher pressures,
liberating CO3= ions which alter the [CO3]/[CO3=]
ratio of the buffer, eventually shift reaction 2HCO3~
= CO3= 4 H»COgs, and thus oppose the acidification
induced by pressure and caused by the dissociation
constants shifts. This assumption leads to the admis-
sion that log k'™jg00/k'™y, in presence of MgCls has
the same value, for each true ionization function, as
found in pure bicarbonate buffer at the same pmH;
and ionic strength, not only between pmH; 5.5 and 7.0,
but throughout the whole pmH; range. When MgSOy4
is substituted for part of the MgCly, log k'™ig00/k'™1
is lowered by an amount corresponding to the SO4=
effect. One can then use the same arguments devel-
oped above and measure pk’(;) and pk’cey at pmHi
7.0 and 8.5, respectively, on curve 3 and 3.

One thus finds that at « = 0.75, [COs=] 4 [HCO3~]
= 0.0025, log k""looo/k'ml = 0.316 (185 mv) for k'(l)
and 0.283 (16.5 mv) for k’(s). In more concentrated
buffers, these values become 0.325 (19.0 mv) and
0.290 (17.0 mv) at the same ionic strength and pmH;.

At pmH; 8.5, Fig. 5 further allows to obtain a direct
estimate of the effect of pressure on the apparent ion-
ization function pk”(). At [HCO3~] + [CO3=] =
0.0025, log Kk"™(2)1000/k” (21 = 0.178 (AEj000 = 10.4
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mv). A more elaborate treatment using pk™(1)1000
and pk'™)y1000, taking into account the equilibrium
2HCO3— = CO3= 4 H)COj;, the amount of MgCO3
formed at atmospheric pressure, shows that log
k"™ 5y1000/k"™(2y1 increases from 0.178 at pmH; 8.5, to
0.187 at 8.0, 0.190 at 7.9, and 0.214 at 7.6. A mean value
of 0.183 =+ 0.005 can be taken in the pmH; interval
8.0-8.5. The same value can be read from Fig. 5 at
pmH; = 8.5 for the more concentrated buffers.

The effect of pressure on pk”(1) needs not be con-
sidered in the alkaline range since we have admitted
that between pmH; 7.9 and 8.5, pk’axy = pk”1). At
pmH; = 7.0, comparison of the curves of Fig. 5 and 6
for the more concentrated buffers, where HCO3—
trapping by Cat+ seems obvious, shows that
pressure must have only a very small effect on the
dissociation of any trapped HCO3~ ions.

Dissociation of carbonic acid in nmatural sea water
(Cl = 20%o0) at high pressures; effect of boric acid.—
The reference compartment of the glass electrode
contains 0.49 NaCl, 0.01 HCI1, 0,030 MgSOy, 0.026 MgCls
and 0.010 CaCl,.

The sea water samples come from the Atlantic Ocean
(north of Spain, Cl %o = 19.5) and have been equil-
ibrated with COy 4+ Ny mixtures, or small amounts of
NayCO3 have been added to cover the 5.0-9.0 pmH;
interval. The emf shifts produced by increasing pres-
sure from 1 atm to 1000 kg. cm—2 are corrected in Fig.
5 at # = 0.75 (Cl %o = 20.0). Scattering is higher
than with artificial buffers; nevertheless, it is obvious
that from pmH; 5.0 to about 7.25 (curve 5), sea water
follows the general pattern observed in bicarbonate
buffers with added Mg, Ca, and sulfate ions. The
quantitative agreement is good, although the data for
natural sea water are about 0.3-0.4 mv below these
for artificial sea water (arrows in Fig. 5). Extrapo-
lation of the curve drawn in the acid range (curves 5
and 5’), parallel to curves 1, 2, 3’, allows one to obtain
log k'™mig00/k'™1 for the first and second dissociation
step: 0.314 (18.3 mv) and 0.278 (16.3 mv), respectively,
at pmH; = 7.0 and 8.5. This corresponds to the shift
of the true ionization functions which are assumed to
have the same value at 1 atm as the corresponding
functions determined in artificial sea water (see
above).

At pH > 7.25, the data for natural sea water pro-
gressively depart from the results in artificial sea
water containing Mgt +, Cat+, and SOs=. At pH 8.5-
9.0, AE1g00 is about 3.0 mv higher in natural sea water
and to nearly duplicate these results, 0.43 10—3 H3BO3
must be added, the pmH; being adjusted by the
[HCOs—]1/[CO3=] ratio (curve 6’, Fig. 5). The ordinate
difference between curve 6’ and the corresponding emf
shifts observed in artificial sea water without boric
acid is given by curve 7 which shows the effect of
boric acid between pmH; 6.5 and 9.0.

Preliminary experiments to investigate the effect
of pressure on the dissociation of boric acid show
that in NaCl 0.1, AV’ extrapolates to —29.0 cm3 mole—!
at zero borate buffer (H3BOs -+ borax) concentration,
to —30.7 cm3® mole—! in NaCl 0.01 and to —31.4 cm?3
mole—1! in NaCl 0.001; AVy° = —32.1 cm3 mole~1, In
0.5 NaCl + 0.030 MgSO4 + 0.026 MgCls and 0.010 CaCls,
at pH 7.9, AV¢" is equal to —23.1 cm3 mole—1 (22.7 mv)
at zero borate concentration, and the same value can
be used at the boron concentration of sea water. Since
in sea water pk™(1y; = 8.605 for boric acid (pk'¢c1)1 —
log yu+ = pK"¢1y1 = 8.72 [Lyman (13], pk™1)1000
= 8.605-0.39 = 8.215. These values correspond fairly
well to the pmH; at which curve 7 of Fig. 5 reaches
a maximum. It is also easy to verify that at pmH; =
8.353 and [HCO3~] + [CO3=] = 0.0025, the increase
in HCO3~ concentration at 1000 kg. em—2 (pmHjg =
8.124), calculated from the values of pk”"mpy and
pk'm¢1y for carbonic acid, obtained in artificial sea
water without boric acid, corresponds to the decrease
in H3BO; concentration, estimated from pk'™(;); and
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pk'™c1y1000 found for Dboric acid in sea water
(A[HCO3— 17 = 0.39 10—%; A[H3BO3] = 0.38 10—4).

The interpretation of the pH changes induced by
pressure in natural sea water is thus far from simple.
The enhanced dissociation of carbonic acid observed
in NaCl at the corresponding ionic strength is modi-
fied by the presence of sulfate ions, by the dissocia-
tion of MgCO3 and CaCOg, and by the dissociation of
boric acid. The two last effects are pH dependent, and
reaction H3BO3 4+ CO3= = HCOz~ +H;BO3~ must
be considered.

Without going into the details of a quantitative anal-
ysis, it is immediately clear that the emf shifts ob-
served at pmH; > 8.0 in artificial sea water contain-
ing boric acid or in natural sea water cannot be used
for a direct estimation of Apk”(2)/Ap for the second
apparent ionization function; instead, pk”()p has to be
taken equal to the corresponding function determined
in artificial sea water without boric acid in order to
calculate [CO3=]r and [HCO3;—]r at pressure p. In
artificial sea water, in absence of boric acid, log
k"™ 2y1000/k"™2y1 = 0.183 =+ 0.005 from pmH; 8.0 to
8.5; in natural sea water, since AEjpo is somewhat
lower, log k"™)1000/k"™2)1 will be taken equal to
0.178 = 0.005 in the same pmH; interval. If the great-
est precision is required, the pH dependence of log
k”"m2y1000/k"™ 251 must be taken into account (see
p. 335). The value of pk”m, at 1 atm found in artifi-
cial sea water without boric acid (9.01, see p. 334) is
taken to be the same in natural sea water. The com-
plete set of ionization functions which we believe to
be valid in natural sea water at 1 atm and at 1000
bars, within our basic assumptions, is given in Table II.

Some of the results of Fig. 5 have been indicated
in Fig. 1 together with data obtained with 0.01 HCl
+ 0.49 NaCl as reference half-cell, and which are in
agreement with our earlier results (4). AEqp0 = 16.7
mv instead of 13.4 mv at pmH; 7.8; the difference of
3.3 mv is due to the effect of pressure on yuci in the
presence of MgSOs + MgCl, + CaCly compared to
vuc1 in pure HC1 or HC1 4+ NaCl (see below). Dilu-
tion of sea water leads to erratic pressure-induced
emf shifts, but sea water + 0.05 NaHCOjz; CO: 1%
can be diluted, and the extrapolation of the results to
w = 0 gives AV® = —25.4 cm3 mole—! identical with
the value found in pure bicarbonate (Fig. 1).

Apparent values of vyuci,, yu+ in HCl 4 NaCl in
presence of Mg+ *+, Ca*t*, SO4=; effect of pressure—
The apparent mean activity coefficient of 0.01 HCI on
the molal scale in presence of 0.5/n — 0.01 NaCl,
MgSO4, MgSOs + MgClp, MgSOs + MgCly + CaCly
is given in Fig. 7 for several values of n assuming
mu+ = mucl. The reference half-cell was filled with
HC1 0.01, NaCl 0.09. The data for pure NaCl or
KCl 4 HCI solutions are taken from Harned and
Owen (10), and control experiments show that our
results fit these curves with an error not greater than
+ 0.002. From Eq. [6], log ¥y can be calculated from
log v: in NaCl solutions at . = 0.5 log v = log y —
0.004; the correction factor is —0.0047, —0.0055, —0.063,
—0.0071, —0.008 at » = 0.6, 0.7, 0.8, 0.9, 1.0, and —0.006
at p = 0.75. At © = 0.75 in sea water, the correction
becomes —0.004.

MgCl; alone has a much smaller effect on yuc:
addition of 0.056 MgCly to 0.49 NaCl + 0.01 HC1 makes
log yuci drop from 1.864 to 1.849.

The pressure dependency of ymcr in 0.01 HCl +
0.49 NaCl containing MgSOy4, MgS04 + MgCl; is repre-
sented in Fig. 8 either with 0.01 HCl1 4 0.49 NaCl as
reference half-cell or 0.1 HCI. It is clear that MgSO4
is the main cause involved.

In the preceding sections, it has been assumed con-
tinuously that yuc; measured in 0.01 HC1 + 0.49 NaCl
+ 0.030 MgSO4 + 0.026 MgCly + 0.010 CaCly has the
same value in carbonate and bicarbonate buffers con-
taining the same salts, in the range [CO3=] -+
[HCO3~] = 0.09 — 0.0025. That the specific salt effect
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of COy, CO3=, HCO3— is small, is demonstrated by
Fig. 1, 2, 3, and 4, where it can be seen that changing
the buffer concentration (at a given buffer ratio for
Fig. 2 and 4) has about the same effect as changing
the ionic strength. Comparison of the data of Fig. 5
further shows that lowering the [CO3=] 4 [HCO3;—]
concentration from 0.09 to 0.0025 has only a very small
effect on AEqg0 at a given ionic strength (0.75).
Figure 7 also indicates that yuc; is fairly independent
of u in the region of the ionic strength of sea water.
Corrections for salinity differences are thus very small;
corrections however have to be made to take into ac-
count the eventual difference in Cl— content between
both glass electrode compartments, in order to calcu-
late —log [H+], assuming yuci to be equal in both solu-
tions. Ordinary paH electrodes with liquid junctions
at first sight appear to be simpler to use, since the
exact composition of the reference glass electrode half-
cell does not have to be known with precision. How-
ever, conventional paH electrodes display a much more
sluggish response and great errors can be introduced
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correspond to the inner and outer compartment of the glass elec-
trode cell; effect of MgSO4 and MgCly.
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by the liquid junctions. Besides, the effect of pressure
on these junctions would have to be taken into account,
and the treatment of results based on single ion ac-
tivity determination is open to criticism.

However, since most of the oceanographic data refer
to paH measurements, we have tried to measure paH
at atmospheric pressure in mixtures of HC1 4+ NaCl or
KC1 4+ MgSO4 + MgCly + CaCl,. Saturated KCl agar-
agar junctions were used with calomel electrodes as
inner and outer electrodes of the glass cell. Stable
and reproducible results have been obtained in KCI
with 0.01 HCI 4 0.09 KCI in the reference compart-
ment. The value indicated on Fig. 9 for log ay+ in
0.01 HCI + 0.09 KCl1 was checked with a hydrogen
electrode—calomel electrode cell, and is close to the

value reported in Harned and Owen (10), 3.898. The
hydrogen ion activity in HCl 4+ KCI was first mea-
sured, and the effect of the added salts was investi-
gated either with 0.01 HC1 + 0.09 KC1 as inner solution
or with 0.01 HClI + 0.5/n — 0.01 KCI, n being equal
on both sides of the glass electrode. Trying to mea-
sure ag+ in HCl 4 NaCl with 0.1 HCI as inner solu-
tion resulted in erratic information. Reproducible
data could only be obtained by systematically using
KCl 4 HCI at the same ionic strength as inner solu-
tion.

The curves giving log ag+ in HC1 4 NaCl in pres-
ence of Mg and Ca salts have been determined by
taking 0.5/n NaCl — 0.01 HCI for inner solutions and

log Qy+

3o X
%

HCL 0.01
<+ NaCl 050/n-001
380X KCl 050/n-001
B NaCl+MgS0, 0040/n
O Kcl id.

® NaCl i MgS0, 0.030/n
O Kcl * | MgCl, 0.026/n
A NaCl | MgSO, 0.030/n
3751 kel T { MgCl, 0.026/n
CaCl, 0.010/n
n=5,2,1,0.625

1 1

L
02 04 06

08 Vu
Fig. 9. Hydrogen ion activity (log ay+), in 0.01 HCI 4 NaCl or
KCl, in presence or not of MgS50s, MgCly, CaCly as a function

of \/u (glass electrode with calomel electrodes and sat. KCI
agar-agar salt bridges).
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making n equal in both compartments. If one takes
Cu+ = CHcl, 10g yu+ at p = 0.75 is 1.887 and one then
can assume that it nearly has the same value in sea
water. Anderson and Robinson (14) estimate log yu+

equal to 1.880 in sea water (Cl = 20.0%.) acidified to
pH 3.3-3.9 with HCI, which is not too far from our
value for log yu+.

Evaluation of apparent dissociation constants
yu+ka) = K"¢q) and yu+k"¢) = K"¢q) of carbonic
acid in sea water at 1 atm and 1000 kg. cm—?—The
apparent constants used in oceanography are defined
as K”¢1y = ag+ X [HCO3~]1/[CO2] = yu+ k1) and
K"¢y = ap+ X [CO3=]r/[HCO3~]r = yu+k" ),
where T refers to total concentrations. Since ym = yc/
do (Eq. [7]) it follows that pK"™(1y2y = pK”"¢1y2)
— 0.001 at 1 atm.

According to Lyman (13), pK”¢;, = 6.00 and
pK"¢) = 9.12 at 22°C, Cl %o = 20.0. Taking our
values pk’¢1y1 = 5.89, pk”c2)1 = 9.015 valid for arti-
ficial sea water in the pmH; interval 7.9-8.5, and —log
yu+ = 0.11, gives pK”¢1) = 6.00 and pK"¢) = 9.125
which is in good agreement. Since pk’¢(;y has been
determined at pmH; 5.0 where obviously HCO3~ trap-
ping by Mg and Ca is very small or inexistent (see Fig.
6A), but where the effect of SO4s= can be mea-
sured, and since pk’c(1) fits with the pK”¢y, value
given by Lyman, one comes to the conclusion that at
alkaline pH, HCO3~ trapping by Mg and Ca must be
small in sea water, or that the HCO3;—~ bound to Mg
or Ca cannot be distinguished from that linked to Na.
The problem is however not completely solved since
in more concentrated buffers ([CO3=] 4+ [HCO3~] =
0.05 — 0.09) HCO3~ binding by Ca and Mg is obvious
at pmH; 7.0. Further analysis of these results and more
experiments will be needed to decide whether or not
HCO3~ trapping persists in the alkaline range when
CO3= binding reaches its maximum, and to find out
how it depends on the buffer concentration.

To estimate the effect of pressure on pK”{ and pK"s,
the pressure dependence of yu+ needs be known. It
cannot be calculated in media as complex as sea water.
Since however this uncertainty affects both pK” and
paH identically, it has no bearing on the determination
of the ratios [CO3=]7/[HCO3— 11, [CO3=]7/[CO2] and
[HCO3~17/[CO32] needed in oceanographic calculations
to compute [CO:], [HCO3—]r [COs=]r from paH,
pK”1), pPK”(2), and 2CO; = [COz] + [HCO3~Ir +
[CO3=]r. The simplest assumption, which is to neglect
the effect of pressure on yu+, leads to admit that
APK"™(1y(9)/Ap = Apk""l(l)(z)/Ap, so that in natural sea
water at 1000 kg. ecm—2, pK”™¢1), and pK”™2) would,
respectively, be equal to 6.00 — 0.314 and 9.125 — 0.178
(see p. 336) whereas pK”¢1, and pk”¢:) would be-
come : 6.00 — (0.314 4 0.017) and 9.125 — (0.178 +
0.017), between pmH;j 8.0 and 8.5.

According to Buch and Gripenberg (16), the change
of pK"™y, and pK"™) with pressure are, respectively,
0.480 and 0.180 at 1000 bars, or 0.470 and 0.176 at 1000
kg. em—2, Their values were based on AVi® = —28.0
cm?® mole—! for the first ionization step of carbonic
acid and AV{® = —10.5 cm3 mole—! for the second
step assuming that the HCO3~ ion would behave as
acetic acid. Curiously enough our data fit almost ex-
actly for K"(s), although the reasons of the small
effect of pressure on K”(9) are completely different
from what these authors thought them to be.

As we already indicated, pk”(2) and pK”(2) either on
the molar or molal scale, determined in artificial sea
water without boric acid at pressure p will give cor-
rect estimates for [HCO3—]r and [CO3=]r in the pmH;
range 8.0-8.5, and it is theoretically possible, taking
the boric acid effect into consideration, to calculate
the pmH, pcH, or paH of a given surface sea water
sample brought to pressure p, or at the corresponding
depth. It is however much more easy to read ApmH/Ap
from Fig. 5, or to use Table I where we have given
the paH shifts on the molar scale in natural sea water
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Table 1. paH at 1 atm and 1000 bar in natural sea water,
molar scale*, Cl %, 20.0

paH at 1 atm 7.5 7.6 T 7.8 7.9 8.0

paH at 1000 bars
Buch and Gripen-

berg (16) 7.1 7.29 7.43 7.55 7 7.78

This paper (a) 7.19 7.30 7.41 7.52 7.63 7.74
(b) 7.20 7.31 7.42 7.535 7.65

paH at 1 atm 8.1 8.2 8.3 8.4 8.5 8.6
paH at 1000 bars
Buch and Gripen-

berg (16) 7.89 8.00 8.10 8.20 8.30 —
This paper 7.85 7.95 8.05 8.155 8.255 8.355

* log yutcat = log yutmut+ + 0.016 at 1000 bars (¢, molar scale,
m, molal scale); log yn* is assumed not to vary with pressure;
— log yu,* = 0.114 and — log yu,* = 0.11.

predicted on the basis of Buch and Gripenberg’s (16)
estimates of pK”2) and pK”(1) at 1000 bars and our
experimental rounded off data.

The two series of values from paH 7.5 to 8.0 reflect
the scattering of the results of Fig. 5; to obtain set (a),
0.3 mv where substracted from curve 6’ to take into
account the difference between the results in artificial
and natural sea water; set (b) corresponds to curve 3
between 7.5 and 7.9. To adapt these values to other
types of water small corrections will have to be made
to take into account differences in salinity, SO4=, Mg,
Ca, and boric acid content.

The set of ionization functions and apparent disso-
ciation constants based on the experiments described
in this paper is given in Table II.

It is important to keep in mind that the ionization
functions k’, k”, and also K” in Table II, can only be
used to interpret emf measurements made with one
particular type of reference half-cell. If other cells
are used corrections have to be made affecting pmH
and pk’ identically.

Conclusions

A coherent set of ionization functions has been
established on the molal and the molar concentration
scales, from 1 atm to 1000 kg. em—2 and at 22°C for
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carbonic acid in NaCl (KCl) over a wide range of
ionic strengths, in the presence of Mg**, Ca*t+, and
SO4= ions, and in sea water. It allows the use of pmH
or pcH measurements with a junctionless glass elec-
trode cell and ZCO; determinations to calculate the
concentrations of COs, HCO3—, CO3= (free and bound
to Na, Mg, and Ca). Data are also available to take
into account the increased dissociation of boric acid in
natural sea water at high pressure. Corrections are
given for different types of reference half-cells.

In situ paH, pcH, or pmH values at any ocean depth
have been determined for one type of surface water
(Atlantic Cl = 20.0%,) and can simply be read from
the experimental curve giving ApmH/Ap as a function
of pmH, at 1 atm and 22°C, in the pmH interval 5.0-
9.0. The data can be used at any other temperature if
one assumes that the temperature coefficient of the
ionization functions is independent of pressure or the
pressure coefficient is independent of temperature. This
assumption however plausible, remains to be proven
experimentally. Small corrections for differences in
salinity, sulfate, B, Mg, Ca concentrations will have
to be established for other water types.

Detailed calculations will be given in a following
paper and will be used for the quantitative interpre-
tation of direct in situ pcH or pmH measurement at
great ocean depths (5, 6).

The apparent mean activity coefficient of HCIl has
been measured in NaCl solutions in the presence of
Mgt +, Cat+, and SOs= at atmospheric pressure and
at 1000 kg. cm—2, and also yu+ at 1 atm. It is thus
theoretically possible to calculate Yucoz— and Ycos=
in the various bicarbonate and carbonate buffers in-
vestigated including sea water, since Ycoy is known
with rather good precision (9, 15).

The determination of yy+ in NaCl in the presence
of Mg+t+, Cat*, SO4~ allows correlation of the
ionization functions obtained with junctionless glass
electrode cells with the so-called apparent dissociation
constants widely used in oceanography to calculate
[CO3=]tota1 and [HCO3~ Jtota. The results show that
the apparent second dissociation constant is pH de-
pendant with a rather broad minimum between pmH;
7.9 and 8.5, where the mean value of pK”(s) is 9.125 at
1 atm and 22°C. Since pK”(1) = 6.00 at this temper-
ature and pressure, both these values are in agree-
ment with the data of Lyman (13).

Table Il. lonization functions and apparent dissociation constants for carbonic acid in sea water (Cl 20.0 %,) at 22° C valid between
paH 8.1 and 8.62

1atm 1000 bar
Ionization functions Pk’ Pk’ @ Pk’ Pk’
[H+][R-]
pk’ = —log —— c m m ¢ m c m
[HR]
5.89 5.885 9.49 9.485 5.553 5.565 9.19 9.202
5.89 5.885 9.49 9.485 5.55 5.565 9.19 9.20
Apparent ioni[zatio[xi f;mctions" pk" @ = pK'@ pk” @ pk"w = pK'w pk” @
* g
pk” = —log ——— 5.89 5.885 9.015 9.01 5.553 5.565 8.817 8.829
[HR]r 5.89 5.885 9.015 9.01 5.55 5.565 8.82 8.83
Apparent oceanogr. dli{ss]ociation constants PK" ) PK" @) PK" pK" @
au* X [R-1r
pK” = —log ———— 6.00 6.00 9.125 9.125 5.663 5.68 8.927 8.944
[HRIr (—0.001) (—0.001) (—0.001) (—0.001)
(pK”"m; = pK"°¢; — 0.001) 6.00 6.00 9.125 9.125 5.66 5.68 8.93 8.94

k', PK" ), PK" ) Pk’ Pk" @, K"
c m c m (] m
Ionization functions and dissociation con-
stants shift at 1000 bars 0.320 0.283 0.181
+0.017¢ +0.017 +0.017
0.337 0.320 0.300 0.283 0.198 0.181

@ log yut is assumed not to vary with pressure; the second row of data corresponds to rounded off values; ¢ and m indicate the molar
and molal concentration scale respectively.

® T indicates total concentrations,

¢ 0.017 = log diow/d1, where d is the density.
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If one admits that the pressure dependence of yu+
can be neglected, then the effect of pressure, compared
with data from Buch and Gripenberg (16), shows
fortuitous agreement for the second apparent dis-
sociation constant in the pmH; interval 8.0-8.5 (on the
molal scale at 1000 bars, pK”(2) = 0.181 against 0.180),
but the effect of pressure on the first constant is much
less than that predicted by these authors (at 1000 bars,
pK” (1) = 0.320 instead of 0.480).

The comparison must be considered with caution
since we do not know the absolute values of the ioniza-
tion functions and apparent dissociation constants, but
it shows that one cannot simply assume, as Buch and
Gripenberg did, that HoCO; dissociates at high pres-
sure in sea water in the same manner as at zero ionic
strength and that HCO3;— behaves as acetic acid.

The reduced effect of pressure on the apparent sec-
ond dissociation constant of carbonic acid in sea water
at pmH; > 8.0 corresponds to an apparent volume
change of —10.6 cm?® mole—! instead of —25.6 cm?3
mole—! observed at 0 ionic strength. This can be
understood by taking into consideration : 1° the effect
of NaCl on the pressure dependence of the mean ac-
tivity coefficient of H»CO3; and HCO3—; 2° the
effect of sulfate ions which does not depend on pH;
and 3° the formation of MgCO3; and CaCOj3 at atm
pressure which dissociate under pressure, liberating
CO3= ions which alter the buffer ratio, the whole
process being pH dependent.

The increased dissociation of boric acid, the result
of which is again a function of the hydrogen ion
concentration, explains why the pmH or pcH shift ob-
served in sea water is progressively larger from pmH;
7.0 to 9.0 than that predicted from the effect of pres-
sure on the apparent ionization function of HCOj3;—,
measured in artificial sea water without boric acid.
Factors 1°, 2°, and 3°, on the contrary, really or
apparently depress the effect of pressure on the ioniza-
tion of carbonic acid. MgCO; and CaCOj thus appear
to have a buffering action against hydrogen ion con-
centration changes induced by pressure in sea water
although boric acid progressively and partially coun-
teracts this effect at pmH; values greater than 7.0.

Starting from these considerations one might imag-
ine that other buffer systems involving ion pairs or
complex ions able to liberate anions capable of binding
H+* ions, could be prepared, where ApmH/Ap would be
very small. Such media would be very useful in, for
instance, the study of the specific effect of pressure
on biological systems. Furthermore, if the effect of
pressure on a given acid-base equilibrium is well
known, changes produced by the pressure induced
dissociation of added ion pairs offer a way to demon-
strate their existence at atmospheric pressure.

The results which we have obtained at 1000 kg.
em~2 in pure carbonate ‘and bicarbonate buffers in
NaCl or KC1 show, for example, that probably more
ion pairs exist in NaCl than in KCl, in correlation
with the difference observed for the corresponding
ionization functions at atmospheric pressure. This ob-
servation might prove a clue to interpret the anomalies
encountered when AVy° is computed from glass elec-
trode measurements by extrapolation at zero ionic
strength (3). The values obtained in pure acid are
always somewhat higher than in the corresponding
buffers (—26.5 cm? mole—! in HoCOg, —25.4 cm3 mole—!
in bicarbonate buffer, for example). This effect could
be explained if ion pairs still exist at the highest di-
lutions which are practical for precise emf determina-
tions.

ADDENDUM!

Interpretation of the SOs=-effect.—It has been as-
sumed in the preceding pages that my+ = muc; = 0.01
in the reference half-cells containing 0.03 MgSO4 and
the effect of SO4= ions on the observed emf values
have therefore been interpreted as a change which
affects k'c1), k'c2), yuc1 and yg+. This “S04= — effect”,

1 Added on proof.
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observed in presence of NaCl 4 MgCly and CaCly, is
uncommonly large and of the same order of magnitude
6n7 5each case as shown by the data obtained at x =

in NaCl in sol. + MgSO. A

pk’eq) 6.00 5.89 0.11

pk'o 9.60 9.49 0.11
2 log yHC1 1.734 l.617 0.117

log yu* 0.017 1.887 0.13

Further, at 1000 kg cm—2, SO4+= ions apparently in-
crease pk'c1y and pk'(2y by a constant amount which
corresponds to an emf shift between 2.0 and 2.7 mv,
depending on the buffer concentration (Fig. 5), where-
as the effect of the same pressure on the reference
half-cell containing SO4= is equal to 3.3 mv (Fig. 8).
It actually appears that the greatest part of the SO4=
— effect must find its explanation in the formation of
SOsH— ions in the reference half-cell, which invali-
dates the assumption my+ = muc; [see Jones and
Monk (17)]. Taking Kusos— = 1.13 1072, yg04= =
0.12 yusos— = 0.68, assuming 54% of the sulfate to be
free ions [see the data of Garrels and Thompson for
sea water (15)] and ag+ = 7.7 10—3 (paH = 2,113,
see Fig. 9), one finds pmH; = 2.088 instead of 2.00,
which accounts for 80% of the apparent SO4= — effect
on pk'c;) and pk'e) at 1 atm. One will notice that 2

log yuci = 1.698 in 0.01 HClI 4 0.49 NaCl 4 0.056
MgCl, (see p. 336) and that at the same ionic strength,

2 log yucy in 0.01 HC1 + NaCl is equal to 1.730. Al-
though the salt effects of individual ions are not
necessarily additive, the difference 0.032 indicates that
the SO4= — effect is probably not larger than the cal-
culated value 0.088, since the total effect of SO4= and
Mg+t is equal to 0.117. In other words, pmH; in the
SO4= containing reference solutions is found equal to
2.085 if one assumes that yuci in 0.01 HCI + 0.49 NaCl
+ 0.030 MgSO4 + 0.026 MgCl, has the same value as
that derived from measurements in 0.01 HCl 4 0.49
NaCl + 0.056 MgCl,. At 1000 kg ecm—2, with Kusoy— =
2.26 10-2, pmHioo0o = 2.043; the difference pmH; —
pmHip0 = 0.045 represents equally 80% of the effect
of pressure observed in Fig. 8. Further studies on the
equilibrium of sulfuric acid will be necessary to veri-
fy these estimates, especially since — AV;°® for SO4H~
is only known from density measurements, with values
between 12.0 and 20.6 cm3 mole—! (Hamann, private
communication).

If the above corrections were valid, then the values
of pk’, pk”, pmH given in this paper would have to
be increased by 0.09 at 1 atm; the calculated values
of paH; in Table I and the values of pK”(1)1, PK"2)1
remain unchanged whatever the correction; Apk’, Apk”
at 1000 kg cm—2 and the corresponding ApH would
have to be increased by 0.045.

These corrections would lead to another coherent
set of dissociation functions to calculate the equi-
librium of H>COj in sea water from the corresponding
corrected pmH measurements giving exactly the same
results as the set of functions of Table II.

Although a precise knowledge of the salt effect of
SO4= ions is needed for an approach toward the ab-
solute values of k(1), kc2), and pmH in sea water, this
search is only of academic interest for most of the
oceanographic calculations. Finally, it appears that
these could best be made from straight forward pwH
= — log mu+yu+ vc1— determinations at any pres-
sure (using half-cells without SO4=) and apparent
constants defined as K” vci— = k'yu+ ~vci—, thus keep-
ing the advantages of junctionless cells and eliminat-
ing the apparent arbitrariness of the different systems
of ionization functions. Sufficient data are given in
this paper to make this conversion, since the effect
of pressure on ygc; can easily be calculated in pure
HCI [see Harned and Owen (10), p. 507].
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Any discussion of this paper will appear in a Dis-
cussion Section to be published in the December 1967
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