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ABSTRACT 

Bori c acid-borate apparent dissociation constants were determined in synthetic media and 
in seawater using a glass pH electrode. In seawater of 36.47•/00 salinity at 25°C, pK'B = 
-log { a'H mB (OH)4/mB (OH)3} = 8.73; this value is in good agreement with previous meas-
urements of this constant. Formation constants, K•MB = (MB] /{ (M] [BJ}, for the species 
NaB(OH)/, MgB(OH)4+ and CaB(OH)4+ were calculated from the variation in pK'B with 
composition of the synthetic media. At 25°C and ionic strength µ = o.68, K•NaB = 0.57, 
K•MgB = 8.o and K•caB = 13.0. These results indicate that 44°/o of the borate ions in sea-
water are complexed with sodium, magnesium, and calcium. 

I NTRODUCTION. Boron is one of the major constituents of seawater, having a 
concentration of 4.4 x 10-4 moles per kg H,O at a salinity of 34.8°/00 • Its 
ionic interactions are probably the least understood of the major elements. In 
the past, the major inorganic species of boron explicitly considered in the 
marine environment were B(OH)J°, B(OH)4-, and HBO/- (Lyman 1956, 
Buch 1933). Borate, however, is known to form a variety of complexes. Boron 
is second only to hydroxide in forming complexes with ferric ions in seawater 
(K ester and Byrne 1972). There are strong aluminum borate complexes and 
there is evidence of boron complexes with sodium, calcium, cobalt and nickel 
(Nies and Campbell 1964, Sillen and Martell 1964). 

Since boron is a major constituent of seawater, its principal species will be 
found among the possible ion pairs between boric acid or borate ions and the 
other major constituents of seawater. Polynuclear complexes of boron are only 
significant at concentrations greater than 0.025 M (Ingri et al., 1957) and 
therefore need not be considered in seawater. The existence of the HBO/-
ion which has been postulated at high pH seems doubtful. Investigations sub-
sequent to Lyman's have not supported the existence of such a species. Ingri 
( 1963) and Edmond and Gieskes ( 1970) state that the supposition of this 
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species may have arisen from the alkaline error of the glass electrode, and from 
the formation of polyborates. . . . . . . 

The anion most likely to show significant ion pamng with bone acid 1s 
fluoride. It is known that boron has a strong affinity for fluoride, and various 
fluoride species of boron exist at low pH (Wamser _19_48). Mor!guc~i and 
Hosokawa ( 197 1) have recently investigated the assoc1at1on of bone acid ~nd 
fluoride at an ionic strength comparable to seawater. They found the format10n 
constant for BF(OH)3- in NaCl at an ionic strength of 0.7 to be 51.3, but 
conclude that the species BF2(0H)z-, BFJ(OH)- and BF4- do not exist in 
seawater. At an ionic strength of o. 7, [F-J/mF for seawater is given by Elg-
quist (1969) as 0.484. The [BF(OH)J-J/[B(OH)J°J ratio for seawater is thus 
equal to 1.7 x 10-3, making BF(OH)3- a species of very slight significance. 
Sengupta and Mukherjee (1970) also show evidence of BF(OH) 3- in simple 
solutions. Additional ion-pairing of BF(OH)3- with magnesium and calcium 
could increase the importance of this species in seawater. 

The cations most likely to show significant ion-pairing with boron in sea-
water are Na+, Mg2+ and Caz+. Potassium and strontium are not likely to 
have as strong an effect on boron because of their similarity in character to the 
former three ions and their smaller concentrations. A study was carried out to 
determine the association constants of the species NaB(OH)/, MgB(OH)4+ 
and CaB(OH)4+ appropriate for seawater. At the time our research was con-
ducted there were no published association constants for borate complexation 
with the major cationic constituents of seawater. Subsequently Dyrssen and 
Hansson (1973) reported an association constant for MgB(OH)4+. In their 
determination of this constant, however, the existence of the NaB(OH)/ 
species was not considered. Our analysis indicates that NaB(OH)/ is a species 
of considerable significance among the forms of boron in seawater. 

METHOD. The ionic association of B(OH) 4- with the Na+, Mg2+ and Caz+ 
was investigated in synthetic media and in seawater by determining the dis-
sociation constant of boric acid in the various media. This dissociation constant 
can be written in terms of the concentrations of boric acid borate ion borate 
. . ' ' 10n-pa1rs and an operationally defined parameter, a'H, which is related to the 
hydrogen ion activity by a constant factor (Kester and Pytkowicz 1967, 
Ha~ley 1973). Assuming that B(OH)J° does not form complexes in seawater 
which are stronger than BF(OH)3-, the apparent dissociation constant of boric 
acid in seawater can be written as: 

K ' _ a'H mB(OH)4 l sw - or 
mB(OH)3 

(1) 
K'sw = a'H[B(OH)4-J (1 + K *NaB[Na+J + K *MgB[Mgz+J + K *caB[Caz+J) 

[B(OH)J°J 
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where 
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[MB(OH) 4<n-,>+J 
K *MB= [Mn+J [B(OH)4-i 
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brackets denote free concentrations; mB(OH)4 and mB(OH)3 represent the total 
or analytical molality of these forms of boric acid. The molalities of B(OH) 4-

and B(OH)J° in seawater are given by: 

mB(OHH = [B(OH)4-J + [NaB(OH)/J + [MgB(OH)4+] + [CaB(OH)4+] 

and mB(OH)3 = [B(OH)J°J. 

When a' His equal to the apparent dissociation constant of boric acid in a given 
medium, mB(OH)4 = mB(OH)3. Sodium borate decahydrate, (Na,B40 7 · 1 oH,O), 
added to such a solution, yields equal molar quantities of B(OH)J° and 
B(OH)4-. Therefore, the a'H of this solution will not vary with addition of 
Na,B40 7 ·10H,O as long as the temperature and ionic strength remain nearly 
constant. At higher or lower values of the initial a'H, the buffering action of 
the added sodium borate will cause a'H to approach K'. In order to obtain an 
accurate value for K', sodium borate is added to a solution to obtain an initial 
estimate of K'. A solution of identical composition is then titrated with acid 
or base until a'H is nearly equal to the estimated K'. Small amounts of sodium 
borate are then added sequentially and the observed a' H quickly approaches a 
constant value which is invariant with further addition of sodium borate. This 
procedure is repeated for an initial a'H greater than and less than the final value. 

This procedure was used to determine K' in seawater and in various syn-
thetic media. The constants obtained for KC! and NaCl solutions at an ionic 
strength of o.68 may be written as follows: 

K' _ a'H[B(OH)4-](1 +K*KB[K+J) 
K - [B(OH)J°] 

K' _ a'H[B(OH)4-J (1 + K *NaB[Na+J) 
Na - [B(OH)J°] (3) 

Similar relationships may be written for the other synthetic media which 
contained magnesium and calcium ions. By dividing these equations one by 
another it is possible to express the relationships among the borate-cation asso-
ciation constants in terms of apparent dissociation constants and free cation 
concentrations. The relationship between the sodium borate association con-
stant and the potassium borate association constant can be written as follows: 

K'Na (1 +K*NaB[Na+J) 
K'K = (1 + K *KB[K+J) 
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Similar equations can be written for the other synthetic media. With the 
proper rearrangement of terms the sodium, magnesium and calcium borate 
association constants can be expressed in the following form: 

K *NaB = (constant),+ (constant)2 K *KB 

K *MgB = (constant)3 + (constant)4 K *NaB 

K *caB = (constant)5 + (constant)6 K *NaB 

(4) 

(5) 

(6) 

The "constants" are expressed in terms of the measured apparent dissociation 
constants and free cation concentrations. For our solutions mB(0H)4 « mM and 
the free cation concentrations are essentially equal to the total cation concen-
trations. If a value is assigned to K *KB, the constants for sodium, magnesium 
and calcium borates can be calculated. 

EXPERIMENTAL PROCEDURE. The synthetic solutions were prepared from 'Baker 
Analyzed' reagents. The sodium borate decahydrate used in the experiments 
was also used to make up a primary standard buffer solution, according to Bates 
(1964). Our electrode pair, calibrated in this buffer and primary standard 
phosphate buffer, gave a Nernst slope within 0.22°/0 of the theoretical value. 
All synthetic solutions had an ionic strength of o.68 and were prepared from 
deionized distilled water. The Sargasso seawater used had a salinity of 36.47°/

00
• 

All solutions were acidified to a pH of 4.0 or less and purged of CO2 with high 
purity nitrogen. Sodium hydroxide was subsequently added to obtain alkaline 
solutions at an a'H near the value of K' for each solution. Solutions were 
bubbled with high purity nitrogen throughout the titrations in order to exclude 
CO2, and were maintained at 25°C ± o.05°C in a water-jacketed beaker con-
nected to a Beckman thermocirculator. The beaker was enclosed at the top 
by a thick rubber stopper with holes to mount the electrodes and to permit the 
flow of N z . The electrodes used were a Corning Triple Purpose pH Electrode 
(number 476022), and a Corning Calomel Reference Electrode (number 
476002) with a saturated KC! filling solution. The electrode potentials were 
measured with a Corning I I 2 Digital Research pH Meter. The boric acid 
dissociation constants we report are based on the National Bureau of Standards 
pH scale (Bates 1964). 

RESULTS AND DrscussION. The values of K' obtained in the manner described 
are shown in Table I as pK' = - log K'. By using the values of K' which 
appear in Table I, the numerical solutions of equations (4), (5) and (6) can be 
obtained. These are written as follows : 

K*NaB = 0.574 +1.390 K*KB 

K *MgB = 4.540 + 6.087 K *NaB 
(7) 

(8) 
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Table I. Dissociation constants of boric acid in synthetic media and m sea-
water. 

Medium pK' Average pK' t 
0.68 m KCl 9.000 8.996 ± 0.003 
0.68 m KCI 8.993 

0.68 m NaCl 8.855 8.853 ± 0.002 
0.68 m NaCl 8.852 

0.53 m NaCl + 0.05 m MgCl, 8.764 8. 764 ± 0.002 
0.53 m NaCl+ 0.05 m MgCl2 8.764 

0.53 m NaCl+ 0.05 m Ca Cl, 8.705 8.705 ± 0.002 
0.53 m NaCl+ 0.05 m CaCl, 8.705 

Seawater 36.47°/00 8.730 
8. 730 ± 0.002 

Seawater 36.47°/oo 8.730 

t Error limits given are due to uncertainties in measured potentials of ± 0. I to ± 0.2 milli-
volts. 

K *caB = 8. I 20 + 8.520 K *NaB (9) 

Additional information must be used to solve these three equations with four 
unknowns. One approach is to assign a value of K *KB = o, in which case 
K *NaB = 0.57. Alternatively, we may consider the equilibrium constant for 
the formation of NaB(OH)/ which can be estimated from the ionization con-
stants of boric acid determined by Owen and King (1943). They obtained the 
relation 

(10) 

where K is the thermodynamic constant and K * is an ionization constant in 
a sodium chloride solution of molality, m, and at infinite dilution of boric acid 
and borate ions. At 25°C and o.68 m they obtained 

and 

The relationship between the activity coefficients is then given by: 

YH+ YB(OH)4-/YB(OH)J° = 10 -
0

•
4005 

The relationship between the total activity coefficient, y, and the activity 
coefficient of a free species, g, is given by: 

ymM = g[MJ 

Because Owen and King derived their relationships for infinite dilution of 
borate, the total activity coefficient yH+ is equivalent to the free activity coef-
ficient gH+· The product of the activity coefficients can then be written as: 
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(11) 

Boric acid is assumed to be uncomplexed in sodium chloride solutions so 
[B(OH)J°J = mB(OH)3· It is then po~s~ble to wri_te the associatio_n consta?t f?r 
NaB(OH)/ in terms of the free act1v1ty coefficients of the vanous species m 
o.68 m NaCl. 

I+ K *NaB[Na+J = 10+0
•
4005gH+gB(OH)4-/gB(OH)J° 

The gH+ can be estimated from the calculated chloride single ion activity 
coefficient in o.68 m NaCl (Bates, Staples and Robinson 1970) in conjunction 
with the mean activity coefficient of HCl at infinite dilution in NaCl, inter-
polated to the appropriate ionic strength from data given by Robinson and 
Stokes (1968). A value of gB(OH)J° will be used which is typical for dissolved 
gases at an ionic strength of o.68. The gB(OH)4- is the most difficult quantity 
to evaluate. In the absence of more direct information, the value used by 
Garrels and Thompson ( 1 962) for bicarbonate ions will be employed here. 
Using the activity coefficients gH+ = 0.82,gB(OH)J° = 1.13 and gB(0H)4- = 
o.68, K *NaB is calculated to be 0.36. Equation (7) then yields a small negative 
number for K *KB· This result is probably due to the uncertainties in the 
activity coefficients selected for B(OH)4- and B(OH)J°. From this analysis it 
is reasonable to assume that K *KB = o. The association constants for borate 
ion pairs in o.68 molal solution at 25°C are given in Table II. Frai and 
Ustyanovichova (1963) reported a value of KNaB = 74 based on conductivity 

measurements in B(OH)3 _:_ NaOH solutions. This result is inconsistent with 
m 

the data of Owen and King (1943) and with the magnitude of K'B in sea-
water. Dyrssen and Hansson ( I 97 3) obtained a value of 5.4 for the association 
constant of MgB(OH)4+, and did not consider the existence of NaB(OH)/. 

Using the association constants shown in Table II, it is possible to predict 
the apparent dissociation constant of boric acid in seawater. Because activity 
coefficients and association constants vary only slightly at an ionic strength of 
about o.68 m, the constants determined in o.68 m synthetic media will be 
used for calculations at a salinity of 36.4 7 °/oo. Because the preceding analysis 

Table II. Boron-cation association constants at 25°C and o.68 ionic strength. 

Species 

KB(OH)/ 
NaB(OH)/ 
MgB(OH)4+ 
CaB(OH)4+ 

Association constantt 

0.0 
0.57 ± 0.02 
8.03 ± 0.15 

13.0 ±0.2 

t The error limits are primarily dependent on experimental uncertainties in the apparent 
dissociation constants determined in 0.68 m KC! and 0.68 m NaCl media. 
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Table III. Inorganic speciation of boron in seawater at 25°C, 34.8°/oo and 
pH= 8.20. 

Species 

B(OH)J° 
B(OH)4-

NaB(OH)/ 
MgB(OH)4+ 
CaB(OH)4+ 

Percentage of the Total Boront 

76.4 ± 1.0°/o 
13.3 ± 0.6°/o 
3.6 ± 0.4°/0 

5.1 ± 0.4°/o 
1.6 ± 0.2°/o 

t The error limit s are dependent on uncertainties in borate-cation association constants in 
addition to an uncertainty in pK' sw of ± 0.03 pK units. 

indicated that potassium borate association is insignificant, we may obtain the 
following relationship: 

K ' sw = K'Kc1(1 + K *NaB[Na+J + K *MgB[Mg 2+J + K *caB[Ca2+J) 

Substituting in the free concentration of each ion at S = 36.47°/oo yields: 

K' SW = I o-8·736 

The experimental value we determined is K'sw = 10-8-73°. Our value is in 
good agreement with the observations of Buch (1933), Lyman (1956) and 
Hansson ( 197 3 b ). 

Our determinations are based on the NBS acidity scale as are Lyman's. 
Lyman (1956) obtained K'sw = 10-8·69 at our salinity and 25°C. Buch's 
(1933) determinations are based on the Sorensen scale. At a given temperature 
the pH measurements on each scale are related by a constant factor (Bates, 
1964). Buch's determinations, corrected to the NBS scale at 36.47°/oo salinity 
and 25°C yield a value of K'sw = 10-8·71 • Hansson (1973a) determined the 
difference between his acidity scale and the NBS scale to be o. 1 6 pK units at 
35°/oo and 25°C. Applying this correction to Hansson's (1973b) results, a 
value of K'sw = 10-8•77 is calculated for 36.47°/oo salinity and 25°C. The dis-
crepancies between these various results is generally small. It is likely that these 
differences are due to experimental errors and to the small acidity scale differ-
ences due to variations in the type of liquid junction used in the reference 
electrodes of the various workers. 

The association constants listed in Table II can be used to calculate the 
speciation of boron in seawater at 25°C and 34.8°/oo. This is shown in Table 
III for pH = 8.20. 

Although approximately 44°/o of the inorganic borate in seawater is com-
plexed 

1

with sodium, magnesium, and calcium, somewhat less than o. 1 °/o of 
these ions is complexed as borates. Less than 0.2°/o of the total boron in sea-
water is complexed as BF(OH) 3-, but o.8 °/o of the fluoride in seawater should 
exist as this species. 
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