






































































































































































































a 'base is given by the equation 

PHA (VIRI 
V + V 

V = V + + o [H]2 
e C 

V + V ) o K 
C w 

+ Vo • V (IHl _ J<W) • 
C -[ H1 

_. ,Equation 5.28 can then be rearranged in the linear form 

(Pehrsson et al. 1976a) 

Ve 1 
Y = - + -x 

PHA PHA 

( VIHl 
V + V 

[H) 2 Vo c. V ) where y + 
0 

i= 
C. 

V • V ( J<w ) and x • V + o (H] 
C ' - [H] 

and solved for P HA and V • The result in 0·7 M sodium e 

(5.29) 

chloride for potassium hydrogen phthalate is shown in figure 5.6 • 

. 
5.2.3.2 Calculation of J H 

jH was calculated as detailed in section 5.1.4. A plot was 

drawn of 

E - (RTIF) In [H]sws against [HJ sws ' 

where [Hl was calculated from values of sws 
H = C(V - V)/(V + V) e 0 

by an iterative procedure (section 5.1.;; figure 5.7). 

Calculation of K w • 
The points from before the equivalence point were used in 

0" order to measure E for the electro4e pair (see below). The 

equivalence point can be located by using expressions based on 
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FIGURE 5.6 

HOFSTEE PLoT FOR POTASSIUM HYDROGEN PHTHALATE IN 0.7 M NaCl AT 25°C 
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-
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FIGURE 5.7 

ITERATIVE CALCULATION OF (H1SWS FROM VALUES' 

OF H (THE TarAt ACID CONCENTRATION) 

• 

Initial guess 

Calculate {HS04J. and [HF]. 
1 1 

from equations 5.17 and 5.18 

x 

using value of h. 
1 

Calculate new value 

Calculate [H1SWS 

using equation 5.17 

82 



equation 5.21: 

C(V - V) = (V + V)[H) e 0 • 

This is equivalent to assuming that all the hydroxide ion added 

reacts thus: 

• 

In seawater media two other reactions are possible (see section 

00- + - 2-HSO" ~ SO. + H_O 

Equation 5.21 should then be rewritten as 

---- ---- --- -------. --
Gran function1 

F1 = (Vo + V) exp (E/fRT/F) 

Once an estimate of V is available, then values of [H) at each e 

titration point can be calculated using equation 5.15 and these 
011 

used to calculate E using equation 5.11. [HS04J and (HF] can 

then be calculated from equations 5.18 and 5.19 and these are 

used in equation 5.33 in order to obtain an improved estimate for 

V • This procedure is repeated until the iteration converges to e 

a value of V ,i.e. two consecutive ,iterations agree to within 
e 

The value for V e is then used to calculate H and hence 

(H) at each titration point and these are used to calculate a sws 

1 It is unnecessary to include a v81ue for jH[H] as !ts' .. 
maximum value is less than 0.1 mV (see section 5.2.4.2). 



£ 0" 'value for sws using equation 5.11. 

As'pointed out by Ciavatta (1963) and Hansson (1973a), the 

unavoidable presence of acidic impurities in the medium may cause 

the Gran function 

= (Vo+V) exp(-E/{RTIF) 
... . 

(based on titration points beyond the equivalence point) to yield 

a greater value for V than that obtained previously. It is 
e 

this equivalence poi~t that is used to calculate' [OH) : 

(OB) = cCV _. V )/Cv + V) 
e 0 • 

Values of Kw 

A knowledge of 

= [H)sws[OHl can then be calculated from this and 
Oil £ aws f these are then averaged. 

RESULTS 

'5.2.4 .. 1 Values used for ,8HSO . and fiHF 
~ 

Ii HSO has been measured by Khoo, Ramette, Culberson and 
4 

Bates (1977) (see however section 4.5.3) and the results expressed 

by the equation 

Unfortunately the only determination of )fHF in seawater media is 

that by Culberson, Pytkowicz and Hawley (1970) who present values 

for25Q C at two salinities (26.7 and )4.6 ~o). It has however 

been possible to synthesize a similar expression for ~HF by the 

combination of data f;om three sources. The variati'on of In ft 
(i.e. lnfia> with temperature is given by the expression (Table 

2.1) 
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a In ~ 
;)T 

= 

If I:::..H-& can be assumed not to vary significantly with temperature 

(i_e-llCp• = 0', then equation 5.37 can be integrated to give 

J n ft • -II H-G-, R T + constant 

In order to obtain t~e value of the integration constant it is 

necessary to know the value of Inp at one temperature. Hepler, 

Jolly and Latimer (1953) have measured a value for ~ H-G-at 250 C 

for the ionisation of hydrofluoric acid (flfi& == -3-16 kcal mol-1), 

and Broene ~d De Vries (1947) have measured the dissociation 

constant at 250 C (K == 6-71 x 10-4)_ Redefining the reaction as . 
an association and combining these data into equation 5-38 gives 

In j3 HF == -1590-2 iT + 12-641 -
l1gure 5_8a shows that this expression is in good agreement with 

the ether measured data of Broene and De Vries (1947)- If one 

can assume that II H-G-is independent of ionic strength (an 

assumption implicit in the fitting equation of Bates et al_ -

. equati~n 5-36) then equation 5.39 can be combined with the ionic 

strength dependence of the data of Culberson, Pytkowicz and 

Hawley (1970) _ A linear equation of the form 

a + 

is more than adequate to represent the data (figure 5_8b) and 

thus the final equation used to calculate fi BF was 

InfiHF = ~ 1590-2 /T+ 12.641-1.5251 i · (5.41) 

This equation is probably correct to within .:t 0-05 in In)3HF 

over the range considered. 



, 

FIGURE 5.8a 

VARIATION OF In ftHF WITH TEMPERATURE 

Line from equation 5.39 

Points from Broene & De Vries (1947) 

7.1' &..----~-------..:..-
3.2 3.3 3.4 3·5 

103 KIT 

FIGURE 5.8b · 

VARIATION OF In P H F WITH IONIC STRENGTH AT 25
0 

C 

7·4 

7.2 

7.0 

6.8 

Inft HF 
6·6. 

6.' 

6·2 

6·0 
o 0·2 

Line from equation 5.40 

•. Broene & De Vries (1947) 

• Culberson, Pytkowicz 

0·4 i i 0·6 
lim 

Be Hawley (1970) 

0·8 

86 



" 

The value of jH . in artificial seawater of ionic strength 

O~7nn , was measured at 250 C. Three replicate determinations 

were made and the plot of E - (R r/F) l n ( HJ against [ HJ sws sws 

is shown in Figure 5.9 for one of these. The value obtained for 

jH was - 31,! 1·5 mV/(mol dm-3 of H+). Thus, if the value of 

-lo~O[H]sws is less than 2.5 (i.e. [Hl = 3 mmol dm-3) then the 

value of E.' is negligible within a precision of + 0·1 mY. In 
J -

order to confirm this observation, a further three replicate 

determinations were made at a temperature of 50 C (one of these is 

illustrated in Figure 5.10). The value obtained for jH is 

- 12.±. 2 mV/(mol dm-3 of H+), and thus £,' is again negligible 
J 

for all solutions commonly used. in studying seawater equilibria. 

The difference between the value of jH at 50 C and at 250 C 

is probably due to the ~eduction in ionic mobilities at the lower 

temperature. I cannot explain the extreme curvature of the line, 

C'-(RT/F)ln [HI ,at 50 C (Figure 5.10) when [HI is greater c' sws sws 

than 0.04 .. IDol dm-3 • The curvature does not ~xist if the data 

of Khoo, Ramette, Culberson and Bates (1977) are treated in the 

same fashion, suggesting that it is not an error in the value for 

~O. An error of even 5~ in the value of ~ HF would make no 
4 ' 

real difference, as almost all the F- is complexed as HF. 

The reason that the curves for [H J and for ( H ) do not appear sws 

to converge to the same emf at [HI = 0 is almost certainly due 

to the extreme sensitivity of this type of plot to experimental 

error. An error of O.~ in [HJ is equivalent to an error of 

0·05 mV and thus as 
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E - (RTIF) In fHl$W$ 
mV 

375 o 
o o 

• • 

374 

313 

312 
o 1 

FIGURE 5.9 

DETERMINATION OF j H AT 250 
C 

o o o 
o 

o 
Plot of £ - (RTIF) In H o 

o 
against H for the same data 

. jH = -31 mV/[H1SU1s 

2 3 4 5 6 
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E - (RTIF) In [HJ.r 
mV 

'. 

35'S 

0 0 

• 
354 

353 

o 1 

. FIGURE 5.10 

DETERMINATION OF j H AT 50 C 

Plot of E - (RTIF) In H 

against H for the same data 

0 0 0 
0 0 0 

0 

. 
-11·5 mV/[HlsW$ JH = 

• 

• 

2 3 4 . 5 6 
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H ,= 
H V + Ht V o 0 

(v + v) 
o 

approaches zero, the experimental errors in Ho and Ht 

become increasingly important. 

(;.6) 

Values of }(w were determined at a variety of temperatures 

and ionic strengths (Table 5.1). The precision of the measu~ements 

has been estimated at ~ 3%, i.e. slightly greater than ~ 0·01 in 

p}(w(- log10}(W)· This figure was arrived at in two different ways. 

It is the mean of the differences between replicate determinations; 

it is also three times the mean standard deviation for any 

individual determination of }(w. The poor precision of these, 

results arises from the necessity to use only very' low 

concentrations of hydro~ide ([OH) = 3-8 x 10-4 mol/(kg solution» max 
to prevent precipitation of magnesium hydroxide. At such low 

concentrations of total hydroxide an error of i 0.001 cm3 in the 

value of Ve calculated using the Gran function F3 (equation 5.34) 

can lead to an error of 0·3 - 1·~ in the value of [OH] calculated 
I 

from equation 5.35. In addition, the concentration of proto1ytic 

impurities found in the medium ( - 2 x 10-5 mo1/(kg solution» is 

appreciable, and coUld lead to an error of up to 5%' in the 

calculated value of f( if the dissociation constants of these w 

impurities lie in the range 10-7 - 10-9 (e.g. for silicic acid) 

(Culberson & Pytkowicz 1973). 

The values for p}(w have been presented in the original 

units (mo1/(kg solution» and also converted to the molal 
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EXPERIMENTAL VALUES OF P K w 

pKw 

t/oc 11m s/(%o) mol/(kg solution) mol/(kg H2O) 

5.0 0.210 10.43 14.32 14.31 

14.31 14.30 

0.406 19.97 14.20 14.18 

14.20 14.18 

0.603 29.37 14.10 14.07 
14.11 14.08 

0.724 35.05 14.05 14.02 
0.800 38.59 14.02 13.98 

14.03 13.99 
1.000 47.78 13.98 13.94 

10.00 0.836 40.26 13.81 13·77 
15.00 0.724 35.05 13.62 13.59 

13.64. 13.61 

25.00 0.210 10.43 13.46 13.45 

13.48 13.47 

0.406 19.97 13.,34 13.32 

0.724 35.05 13·22 13.19 
13.24 13.21 

1.000 47.78 13·11 13.07 

35.00 0.724 35.05 12.84 12.81 

12.85 12.82 

s.d .• 

1 Deviations from equation 5.450 

2 Deviations from equation 5.45a 
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~1 ~2 

0.01 0.01 
0.00 0.00 

-0.01 0.00 

-0.01 0.00 

0.00 -0.01 
0.01 0.00 

-0.00 0.00 

-0.01 -0.01 
0.00 0.00 

-0.02 0.02 
0.01 0.01 

-0.01 0.00 

0.01 0.02 

-0.02 -0.02 

0.00 0.00 

-0.02 -0.03 
-0.00 0.00 

0.02 0.02 

-0.02 -0.02 

-0.01 -0.01 

0.00 0.00 

0.011 0.013 



., 

.. (mol/(kg H20» concentration scale.1 In ord~r to facilitate 

interpolation of the values ofJ(w an expression was developed to 

fit the data. Initially the data obtained at I = 0.724 m 

(8 = 35.05 ~o) were plotted against 1/T (Figure,5.11). This 
• , 

showed that the data for this medium should fit an equation of 

the form 

P/fw - AIT + B, 

which it did Cr2 ::0 0·9996). Inspection of plots of P K against 
w 

I and against Ii suggested that at both 50 C and at 250 C the . 

data ~ou1d be reproduced within experimental error by an expression 

of the form 

pI<. = a + bli w • 

The fit of equation 5.43 (r2 = 0·995 at 50 C; r2 = 0.991 at 250 C) 

was not as good as that of equation 5.42.' It was however possible 

to combine the two sets of data into a single equation (r2 = 0.993): 

pKw(I, T) -pKw(0·724 m, T) = a1 + b1It • (5.44') 

This equation could then be combined with equation 5.43 to give 

the final equations 

and 

P f\,Cllol/(kg solution» = 
,3441.0 1-

+ 2-241 - 0-09415 S~ 

C5.45b) T 

~he .fit of these equations is illustrated in Figures 5.11 

and 5.12 and in Table 5.1. 

1T.neconversfon proCedure is detailed in MaCIntyre (1976) , , , . 
and has been summarised in Appendix I. 
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13-8 

13-0 

FIGURE 5.11 

VARIATION OF pK WITH TEMPERATURE AT I =. 0-724 m 
w 

(Points are experimental values, line is equation 5.45a) 

• 

3-4 {ff'. 3-5 

103 KIT 
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FIGURE 5.12 

VARIATION OF pK wITH IONIC STRENGTH (m) 
w 

(POints are experimental values, lines are equation 5.45a) 

14·2· 

13-9 
0-4 0·5 

pKw 

13·5 

0-5 

. . 

a) t·· = 5°C 

0·6 0-7 0-8 0·9 
[ilmi 

b) t 

0·6 
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A comparison of the results preseote~ here with those 

obtained previously by Hansson (1972) and by Culberson and 

Pytkowicz (1973) (see Figures 5.13 and 5.14) indicates the 

presence of systematic discrepancies •. The values of p Kw 

. presented here are, 00 average, .. 0.03 units higher than those of 

Hansson and - 0·01 units higher than those of Culberson and 

Pytkowicz. The temperature and salinity dependence of the three 

gr9Ups of resul ts are similar. Al though the causes of these 

discrepancies are unknown, it is possible that the higher vaiues 

obtained by Hansson may reflect the sodium error of his glass 

. ei4ctrode. Data presented by him shows that at . - 10g10 [H) = 9·8 

the error in the measured emf is .. + 1 mV, i.e. an error of ., - 0-02 

in p Kw - The differ~nce between the present data and that of 

Culberson and Pytkowicz cannot be explained, and indeed may not be 

statistically significant_ 

The value of pKw in I ;:: 0-724m ionic medium at 250 C 

(13-22) and the mean value of ll~found (65-9 kJ mol-1) are 

appreciably different from those found for water at infinite 

"-1 . 
dilution (pKw = 14.00; b.~= 56.5 kJ mol ). The reason for th1s 

is that sKw(i.e. based on ionic medium standard states) is 

defined as 

s~ = mH(SWS)· mOH(SWS) 

(5.46) 

(where the sums are over all possible complexes formed with the 

medium ions), whereas K is defined as w w 
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FIGURE 5.13 

COMPARISON WITH PREVIOUSLY PUBLISHED VALUES OF pK AT S = 35 ~o w 

Line from equation 5.45b 
• 

o Hansson (1972) 

• Culberson & Pytkowicz (1973) 

K (corrected to mol/(kg solution) and S = 35 ~o) 
p w 

14-2 

12.614---~ __ ------------~--~----~----~----r----' 
3-2 

, 



-- -

FIGURE 5.14 

COMPARISON WITH PREVIOUSLY PUBLISHED VALUES OF pK w 

Lines from equation 5.45a 

a) t = 5 0
C 

o Hansson 1972 

• Culberson & P!tkowicz 1973 

(corrected to mol/(kg solution) and t = 5
0
C) 

5·0 

si/(%o)i 

pKw b) t = 25°C 

o Hansson 1972 

o 
C 

6·0 7·0 

• Culberson & Pytkowicz 1973 

(corrected to mol/(kg solution» 

o 
o 

13·CM---:-----.----...-----....,.------, 
3.0 4·0 5·0 ~·O 

s!/(%o)! 

97 



. 

= 

At the ionic strength of seawater (1 = 0·725 m ) the values of 

the free aotivity oo~ffioients (see Appendix 1111 seotion 3.3) 

are approximately 0.7; the values of the total activity 

coefficients are however much smaller, as a result of extensive 

complexation with the medium ions (predominantly as HS04- and as 

MgOH+). A systematic study of J<w in various ionic media using a 

titration cell without a liquid junction and coulometric 

generationol hydroxide ions could thus furnish some of the basic 

da~ required to enable models for electrolyte solutions to be 

extended to include protolytic.species. 

EXPERIMENTAL DETERMINATION OF THE DISSOOIATION 

CONSTANTS OF PHOSPHORIC ACID IN ARTIFICIAL SEAWATER 

Introduction 

Phosphorio aoid is a tribasio aoid which dissociates in the 

following manner: 

H/04 --.30 H104- + H+ (5.48) -
Hl04- ~ HP0 2-4 + If (5.49) 

BP04
2- ¢ P043- + H+ (5.50) 

. Its, ~issooiation in seawater has been studied previously by 

Kester andPytkowicz (1967), who used an ingenious method in 

order to measure values for the apparent oonstants
1

. (defined in 

section 4.4.2): 

1 )( = 10(-pH(NBS» 
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1<1P = )([H2P04J/[H3P04J , (5.51) 

K' 2P = X [HP041 /[H2P04J (5.52) 

and K' 3P = )([P041/[HP04J • (5.53) 

Their method is based on measuring a value of the function 

at a single value of X, and combining this with independent 

estimates of the products K1P K2J, and K~ K-jp in order to 

calculate values for ~P' K 2P and KiP. F(X) t which 

represents the average number of protons removed from a central 

group H
2
P04- t was measured as the ratio between the amount of 

acid (6H) required to reach a specified value of X ( X
1 

) and 

the amount of KH!04 (1:. p) required to reach the same value of X 

(i.e. of F (Xl). As 

where ii is the average number of protons b'ound, H is the 

analytical total of hydrogen ion and P is the analytical total 

of phosphorus (cf section 5.1.2), then 

and hence 

F(X,}= 6 H lAP 

K' K' K'K' . T d t d were measured by assumJ.ng he pro uo s 1P 2P an 2P 3P 
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tbat only three complexes could coexist at one time. Phosphoric 

acid could then be treated either as the dibasic acid 

or as 

2H+ + HPO 2-
4 

• 

The overall equilibrium constants for these two processes, 

K~p K~ and K2P' K '-'3P respectively can then be obtained as 

tallows. Where n = 1 for the first of these reactions, i.e. 

(HzP04J + 2 (H3P04J 

= 1 

then the equilibrium pH(pH ) defined by the expression 
o 

H - (Xg - KwXo-1) =. 1 , . 

r. .. 
-n • 

is independent of the addition of HzP04-. Equation 5.61 can be 

rewritten (from equations 5.4 apd 5.5) as 

1. , 

and thus for a two-stage process 

As ~2 = 1/( K1~ K.Jp) , the overall dissociation constant can 

be obtained from measuring this single pH. The overall 

dissociation constant for reaction 5.59 can be obtained in a 

similar fashion by locating the pH that is insensitive to addition 
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As this method thus depends on the accurate measurement of 

only three pH values in order to estimate the three dissociation 

constants, it is thus very susceptible to error~ in the 

measurement of pH. This is illustrated in Figure 2 of Kester and 

Pytkowicz, where the average value of the reproducibility is 

N 0.01 to 0.02 in 10g10 K. It was thus decided to determine 

the stoichiometric dissociation constants of phosphoric acid in 

artificial 'seawater by a tit~ation method similar to that used by 

Hansson (1973b,c) for the dissociation of boric acid. 

5.3.2 Experimental details 

5.3.2.1 Procedure 

An initial solution, Ho : 3 roM, was prepared from a 

mixture of ionic medium (200 em3) and ionic medium 0·05 M with 

hydr~hloric acid in place of sodium chloride (12.5 cm3). This 

was titrated with standard sodium hydroxide ( NO.3 M) to a value 

of H 0 III 0·7 mM, in order to calibrate the electrode pair 

being used. An aliquot (3 cm3) of standard phosphate solution 

( -0·15 M as KH2P04 in a NaCl/NaS04 mixture of similar 

composition to seawater) was then add~d to the solution in order 

to give a value of Po = 2 mM. The titration was recommenced, 

and continued until the onset of precipitation, which was 

characterised by a downward drift in pH and the appearance of a 

Blight cloudiness in the solution. 
, 
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5.3.2.2 Equipment 

APPARATUS 

All titrations were performed using the experimental 

apparatus described in section 5.2.2. 

REAGENTS 

Ionic media based on the composition for artificial seawater 

described in Appendix I -were prepared separately for each i9nic 

strength used. A stock solution of hydrochloric acid ( N 0·05 mol 

dm-3) was ~repared in ionic medium (1 = 0.?f4n). The acid was 

standardised by titration against recrystallised borax (Vogel 1961 

- p. 238) using methyl red as an indicator. 

Sodium hydroxide ( NO.3 mol dm-') was prepared and 

standardised as describ~d in section 5.2.2. 

Phosphate stock solution <" .... 0.15 mol dm-3) was prepared 

from Analar potassium dihydrogen phosphate. The solution had an 

ionic strength of -- 0.7 f4n, due to the addition of sodium 

chloride and sodium sulphate in approximately the proportions 

found in the ionic medium. The solution was standardised by 

titration with standard base (see section 5.3.3.1). 
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c· • 

Computation of results 

", 

5.3.3.1 Standardisation of stock phosphate solution 

This solution (section 5.3.2.2) was prepared from a weighed 

• 0 amount of dried (two hours at 110 C) potassium dihydrogen 

phosphate, and then standardised by potentiometric titration with 

sodium hydroxide using sodium chloride ( - 0·75 m) as a background 

electrolyte. The equivalence point was located by using the Gran 

function (Gran 1952) 

F2 I: V "exp (E/(RT/F-J). 

This expression is derived by assuming that the dominant reaction 

• occurring is 

The total phosphorus present CPT) is then 

and this is related to the equivalence volume (V > by the e 

expression 

.p 
T 

(where OHt is the concentration of the titrant (- Ht > ). 
- 2-The concentrations of H

2
P04 and HP04 are related by the 

equilibrium constant for reaction 5.49: 

K2P = • 

At any point in the titration (if reaction 5.64 is dominant) 

, 



( " 

and thus equation 5.67 can be rewritten as 

(Ve - V) K2P = V[H) , • 

If £.1 t J ,is zero, this expression is directly proportional 0 the 

Gran function 'F
2 

(equation 5.24), and both these functions have a 

_w ' zero value at 

V == V • e 

A typical plot of F2 against V is shown in Figure 5.15. As the 

value of pK2P in sodium chloride (N 0.7'5m" is 6.37 at 30 °c 

• (~ection '5.3.3.2), the linear section of the plot is 0·3 ~(V/cm3) 
;.. 1 j 3'Csee Pehrsson, Ingman & Johansson 1976a). 

5.3.3.2 Calculation of dissociation constants 

E
ol! '. 

If is known (sections '5.1.4; '5.1.'5; '5.3.2.3) then the 

Gran plot can also be used to estimate J(2 from equation 5.69. 

As 

[Hl = exp «( E - EOII) / ( R T IF) ), 

then 

= 

For the linear portion of the Gran plot 

F 2 = a + bV, 

thus 

ThifJ can be used to e~timate a value of K 2P (see Figure 5.15) 

and was used as a check on the values of K2P obtained in 

seawater media (Figure 5.16) 
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FIGURE 5-15 

GRAN PLOT F 2 FOR STANDARDISATION OF KH
2
P0

4 
STOOK SOLUTION 

AT 30 °c IN SODIUM CHLORIDE BACKGROUND ([ = 0-75 m ) 
• 

For 0-3 > (V/cm3) -- 1-3 
2 

0-99998 r = 

V = 1-406 e 

Slope = - 1-104 -
As EOIl = 0-3858 V ... pK

2 = 6-37 

(section 5-3-3-2)_ 
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1-8 

1·6 

. F2 - 1·4 

cm3 
1·2 

1·0 

0.8 

0.6 

0·4 
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0-4 
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FIGURE 5.16 

GRAN PLOT F2 FOR TITRATION OF PHOSPHATE IN 

ARTIFICIAL SEAWATER (1 = 0-7 m) AT 10°C • 

0-9 :> (V/cm3) .> 1-61 

r 2 = 0-99999 

V = 1-797 e 

slope = - 2-080 

EOIl ' 

SWS = 0·3611 V 

pK
2 = 6-11 

0-6 
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(V~1 is the equivalence point corresponding t~ the titration of 
011 

Ho ' i.e. the acid remaining from the t: section of the 

titration). The three dissociation constants of phosphoric acid 

(K1P' K 2P and K 3P) in seawater media were evaluated from the 
, 

titration data using the computer program MINIQUAD 75 (Gans, 

Sabatini & Vacca 1976). This is an improved version of the 

program MINIQUAD (Sabatini, Vacca & Gans 1974). These programs 

minimise the sum of the squares 

m 
~ (A, calc _ A.obs)2 u = 
i=1 1. 1. ' 

where Ai is the total (analytical) concentration of reactant i 

(equations 5.4, 5.5, 5.6 and 5.7). It achieves this by refining 

811 the unknowns (i.e. the free·concentrations and the unknown 

equilibrium constants) using a combination of two separate 

optimisation procedures in order to ensure a rapid and reliable 

c onvergenc e. 

In order to utilise this program to study phosphate 

equilibria, the components H+ and H2P04- w~re used. The 

various equilibria (and their equilibrium constants) were thus 

defined as 

H+ + B2P04 - F H3P04 (fta = [H3P04J/[H)[H2P04)' (5.77) 

B
2
P04- - H+ -'" HPO 2- (fib = [H][HP04]/[H2P04J), (5.78) ~ 4 

and 

H2P04- - 2H+ ~ FOr 
4 <fic = [H)2[PO¥/[HzP°41 ). (5.79) 
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The equilibrium constants ~a' ft band ftc are thus related to the 

dissociation constants of phosphoric acid by the relations 

K1P ,8a 
-1 = 

• 
K2P ~ ,8 b , (.5.81) 

and K'-p ,8 fi -1 = c b • (.5.82) 

The value of J<w was not refined; the value obtained from equation 

5.45b was used. The experimental data input to the program were:-

HoV 0 the initial amount of acid ( ,., 0·15 mmol) 

£ 0 11 
remaining from the titration, 

PoVo - the initial amount of dihydrogen phosphate 

( ~ 0·42 mmol) added, 
- 011 
~ awa - the standard electrode potential, determined from 

the acid base titration before phosphate was added, 

- the concentration of hydrogen ion in the titrant 

( ,.. ~ 0.3 mol dm -3) , 

t - the temperature (0 C) 

and Vi' t:i - the set of volume and emf data • 

~he results obtained from MINIQUAD 75 for a number of 

titrations performed at a variety of temperatures and ionic 

strengths are reported in Table 5.2. The experimental results for 

artificial seawater (/ = 0·7 m ) have been plotted against 1fT 

in Figures 5.17, 5.18 and 5.19 in order to assess the scatter on 

the results. These experiments have yielded fairly precise results 

for pK 2P (.!. 0.01). For p K1P and pK 3P the situation is a lot 
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1t 

t • .;: 

10.0 

15.0 

0.676 

0.676 

TABLE 5.2 

1.622 0.034 

1.566 0.038 

1.584 0.015 

1.662 0.010 

6.120 0.002 

6.114 0.002 

6.075 0.001 

6.058 0.003 

9.375 0.047 

9.175 0.021 

9.146 0.053 

8.739 0.022 

~ 

~ 



t/oc I/(mol/(kg solution» 

20.0 0.676 

25.0 0.327 

0.505 

0.676 

0.846 

30.0 0.676 

TABLE 5.2 (cont.) 

pK1P a-

1.702 0.033 

1.636 0.153 

1.712 0.007 

1.691 0.006 . 

1.645 0.013 

1.661 0.006 

1.576 0.067 

1.569 0.015 

1.594 0.013 

1.558 0.021 

1.629 0.022 

1.618 0.131 

, 

pK
2P 0-

6.002 0.003 

6.023 0.012 

6.181 0.0005 

6.176 0.0004 

6.053 0.001 

6.059 0.0004 

5.978 0.004 

5.966 0.001 

5.895 0.002 

5.886 0.003 

5.941 0.002 

5.949 0.006 

pK3P 
.0-

8.966 0.136 

8.376 0.065 

8.990 0.013 

8.789 0.007 

8.753 0.023 

8.791 0.012 

8.710 0.079 

rejected 

8.675 0.076 

8.581 0.032 

8.996 0.184 

8.458 0.421 

r, '. 
~ 

-" 
-" o 
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FIGURE 5.17 

EXPERIMENTAL VALuES OF P K1P 

(The lines indicate ~ 2 standard deviations) 

plotted' against 1 IT for 0·7 m artificial seawater. 

(Those results with very high error have.been omitted_)· 
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pK
2P 

• 

FIGURE 5.18 

EXPERIMENTAL VALUES OF P K 2P 

(at 0·7 m) plotted against 1 IT 

(the lines indicate ~ 2 standard deviations). 

(Those results with very high error have b'een omitted.) 
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FIGURE 5.19 

EXPERIMENTAL VALUES OF p K 3P 

(in artificial seawater I = 0.7 m ) plotted against 1 I T 
• 

(the lines indicate = 2 standard deviations). 
. . 

(Those results with very high error have been omitted.) 
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.less clear. Phosphoric acid is a fairly strong acid in seawater 

(p K1P - 1·6) and as such, its dissociation constant is fairly 

difficult to determine accurately (Bates 1951). Even at the 

lowest pHsws employed in this investigation ( N 3) the phosphoric 

acid is more ttan 95% dissociated and thus very slight errors in 

the original input data will show up as quite appreciable errors 

in p K1P (.::t 0·05). Similarly, the limited solubility of certain 

phosphate salts (e.g. calcium phosphates) restricts the maximum pH 

that can be used to approximately pH 7·4. At this pH only about sws . 

. 2 - ~ of the phosphate will be present as the ion p04
3-, and thus 

the calculated values of pK 3P are again subject to very large 

errors (.::t 0·2). 

In order to smooth the data presented here, and also to aid in 

the interpolation of the results, a suitable fitting equation was 

developed separately for each of the constants K1P' K2P and K3p • 

In order to assess the probable salinity dependence of the constants, 

the values obtained at various ionic strengths at a temperature of 

25°C have been plotted against It in Figures 5.20 - 5.22. 

These graphs show that, as with the values for Kw ' the 

assumption that the data is fitted by the expression 

= a + 

is a good approximation. The temperature dependence for pK1P and 

p K
3P 

can be safely assumed to have the form 

pK = AIT + B 

pI( however appears to tail off at both high and low temperatures 
2P 
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FIGURE 5.20 

VARIATION OF P K
1P 

WITH Ii AT 25
0
C 

(The lines indicate ~ 2 standard deviations.) 

(Those results with very high error have been omitted.) 

", 
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FIGURE. 5.21 

VARIATION OF pK 2P WITH 1~ AT 25 °c 

(The lines indicate ~ 2 standard deviations.) 

(Those results with very high 

error have been omitted.) 
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VARIATION OF p K~ WITH Ii AT 25 °c 

(The lines indicate ~ 2 standard deviations.) 

(Those re~ults with very high error have been omitted.) 

pK"jP 

9-0 

8-8 I 
8-7 
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from a relationship of this form (see Figure.5.18). 

The recommended fitting equation for values of pI< is 

(lves & Mosely 1976; Barnette 1977) 

• 

This equation is based on the assumption that is constant 

(to within the accuracy with which it can be determined from emf 

AC" -1 v '-1 ( measurements). However, if u p ~ - 40 cal mol ~ Pitzer 

& Brewer 1961, p. 305), then, over the temperature range 5 - 30 0 C, 

the term C log10 T can "be incorporated into the expression 

pK :; AIT + B (5.42) 

with a mean deviation of 0-003 in pK. Equation 5.42 is thus 

suitable for all but the most precise data, and was used also to 

fit the data for p K2P - This it does, with an r.m.s. deviation of 

0·015, which is of a similar order to the mean precisi~n of 

replicates. Thus (concentration units - mol/(kg seawater) ) 

(r.m.s. deviation 0.034), 

(5.85a) 

(r.m.s. deviation 0·015), 

and p K 3P = 24041 T + 1 31 - 0 87 Ii (5.86a) 

(r.m.s. deviation 0·17). 
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In 'the concentration units (mol/(kg H

2
0) ), 

p K1P = - 76/ T + 2·14 - 0.31 I i 

• 
pK 2P = 735-4/T + 4-175 - 0-785 I i (5.85b) 

(r.m.s. deviation 0.015), 

and pK}p = 2399/T + 1·29 - 0.80Ii (5.86b) 

(r.m.s. deviation 0·17) • 

. It is difficult to compare the values obtained for p Kp with those 

of Kester and Pytkowicz (1967) as they are not defined on the same 

119 

pH scale, and Kester and Pytkowicz do not report any values for the 

conversion factor fH (see section 6.6.1). Some of the values of 

Kester and Pytkowicz (1967) at various temperatures (5 = 35 ~o) 

have been plotted on figures 5.23 - 5.25. The agreement is not very 

good. Even were these values of Kester and Pytkowicz (1967) to be 

corrected using plausible values of fH (see section 6.6.1), the 

agreement would still not be much improved. The reason for this 

probably lies in the poor precision inherent in their method of 

determining the constants ,(see sect~on 5.3.1). Their values of pK3 

appear to be more self consistent than those reported here, 

sugges~ing that the use of a single emf measurement on a buffered 

system may be preferable to the titration method when only a small 

range of n can be covered. 

Atlas, Culberson and Pytkowicz (1976) have also measured values 

of K
1P

' K 2P and K3P, at a single temperature and salinity (t = 20 °C; 

5 = 34·8 ~o); and their values (corrected using their own value of 

f H) are in reasonable agreement with the results presented here. 



FIGURE • 5~ 23 

COMPARISON WITH PREVIOUS PUBLISHED VALUES OF p K
1P 

(8 = 35 ~o) 
• 

Line from equation 5.84a 

• Uncorrected values of Kester & Pytkowicz (1967) 

~ Atlas, Culberson & Pytkowicz (1976) 

(corrected using their own value of fH ) 

• 

1·6' r------~·r-----~~----------------________ ___ 

• 
• 

• 
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6-0 

FIGURE 5.24 

COMPARISON WITH PREVIOUS PUBLISHED VALUES OF p K2'2 

(,5 = 35 ~o) 

Line from equation 5.85a 

• Uncorrected values of Kester & Pytkowicz (1967) 

1r Atlas, Culberson & Pytkowicz (1976) 

(corrected using their value of fH) 
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9-0 

FIGURE 5.25 

CGfPARISON WITH. PREVIOUS PUBLISHED VALUES OF P K ~ 

(S = 35 %0) 

Line from equation 5.86a 

• Uncorrected values of Kester & Pytkowicz (1967) 

~ Atlas, Culberson & Pytkowicz (1976) 

(corrected using their value of f
H

) 

• 
• 

-+-

•• 

8·2 +---....,.---......----.-----y----,-----r 
3·3 
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CHAPTER 6 

THE CARBON DIOXIDE· SYSTEM 

6.1 INTRODUCTION 
• 

The carbonic acid system in seawater has been studied 

extensively over the last fifty years (see reviews by Lyman 1958; 

1972; Edmond 1972; Gieskes 1974 and Skirrow 1975). The initial 

approach to the study of the carbon dioxide system in natural 

waters, was an attempt to find experimental relationships between . 

. a variety of measured parameters (i.e. alkalinity, total CO2 

concentration, pH, PCO,2' buffer capacity and calcium carbonate 

solubility). Major developments in the theory of solutions (i.e. 

the ideas of Lewis and the work· of Debye and HUckel) led Bu.ch 

(1930) to assume that seawater was buffered only by carbonate and 

bicarbonate and to develop a system of 'pseudo-thermodynamic' 

equilibrium constants"Csee section 6.2.2). These 'constants' 

made it possible to describe quantitatively the carbon dioxide 

system in seawater without paying explicit attention to the effect 

of interactions with any of the other solution components. This 

approach had a profound effect on subsequent stUdies in seawater, 

and has been extremely successful in solving most of the major 

problems of the CO
2 

cycle. The intention of the ensuing discussion 

is to show the formal relationship between this empirical system 

and the more rigorous thermodynamic approach in chapters 2 and 3. 

6.2 

6.2.1 

THEORETICAL BACKGROUND 

Carbon dioxide equilibria 

The reactions which take place when carbon dioxide dissolves 
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in water can be represented by the following series ~f equilibria: 

CO2 
(g) .A CO2 (aq) (6.1 ) ... , 

CO
2 

(aq) + H2O .& H2C0
3 

( 6.2) ... 
H2C03 

.& H+ HC0
3 
- ( 6.3) .. + 

-~and HC0
3

- ~ H+ + CO 2- (6.4) .. 
3 • 

The equilibrium constant for each of these reactions can be 

expressed ~ an activity product (equations 2.17 and 2.39). 

In practice, it is usual to combine the concentrations of CO2 (aq) 

and H
2

C0
3 

' and to express this total as the concentration of a 

hypothetical species CO2••1 The reactions 6.1, 6.2 and 6.3 are 

then redefined in terms of this species: . 

and 

, 
• 

(6.5 ) 

( 6.6) 

The thermodynamic equilibrium constants for the various reactions 

are 1;Jlen 

-+ Yeo,,- mC02- /fco2 KO = ( 6.7) ., 

K· 1 = YHm H YHeo, mHCo, jfco2·rrw;aH20 (6.8) 

and K-e-
2 = YHmH Yeo, mea, /~eo,mHeo, • (6.9) 

The various 'pseudo-thermodynamic' (or apparent) constants 

used to characterise the carbon dioxide system in seawater media 

have usually been defined in order to avoid the need to estimate 

1 This is equivalent to invoking the hydrate convention 
(Pitzer & Brewer 1961 - pp. 272-273); in this the standard 
states of CO (aq) and H CO are chosen so as to make the 
value of the2equilibri~ cdnstant for reaction 6.2 equal to 
unity. 
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the various activity coefficientB .... 

~e solubility of carbon dioxide 

The solubility of carbon dioxide in seawater has usually been 
, 

defined in accordance with the ideal form of Henry's L~w (e.g. 

Skirrow 1975 - p. 35): 

• ( 6.10) 

Weiss (1974), however, has suggested that the non-ideality of 

CO2 in the gas phase should be considered, i.e • 

• K = (C02 ] / f • o CO2 

In order for KO to be a useful thermodynamic parameter, it is 

obviously necessary that Y C02,· be constant over the range of 

partial pressures of CO2 encountered (i.e. both at PC02 = 1 atm 

when KO is determined, and at PCO
a 

= 350 fatm where KO is used). 

This has not been investigated experimentally, although the work 

of Harned and Davis (1943) suggests that any such variation of 

: y C02. is slight • 

. The ionisation functions 

Two main forms of the apparent' first dissociation constant of 

carbonic acid have been used. The first (Buch 1930) explicitly 

includes the water activity: 

K II = X 
1 

(6.12) 

the second (Moberg, Greenberg, Revelle & Allen 1934; Lyman 1958; 

Mehrbach, Culberson, HaWley & Pytkowicz 1973) does not, i.e. 

K' 1 = • 

In both cases X is a conventionally defined hydrogen ion activity 



related to a particular pH scaler (usually the NBS scale _ 

sections 4.2 and 4.4). 

An alternative form of this ionisation function has been 

used by Disteche and Disteche (1967) and by Hansson (1970; 1973a; 

19730). This is the stoichiometric constant 

(6.14) 

where the term (HI is defined as the total hydrogen ion concentration 

(i.e. LH] = h + [HS041 + [HF] - see sections 4.3 and 5.1.5). 

The apparent constant for the second dissociation has been 

similarly defined as 

1<2 ' X = (C031 / [ HC0,31 , (6.15) 

and a stoichiometric constant as 

• 

In order for these c onatants to be useful thermodynamic parameters 

it is thus essential that 

a) the activity coefficients are independent of the 

concentrations of the rea?ting species (section 3.3.2), 

and b) the terms X and (HJ are linearly related to m
H 

(see section 4.4). 

Analytical parameters in the CO2 system 

This h~s been extensively discussed in chapter 4. It is, 

however, worth emphasising that pH should be measured on a scale 

that is consistent with the set of ionisation functions that is 
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. to be employed. 

Partial pressure of CO~021 

The partial pressure of carbon dioxide in air can be 
• 

unambiguously measured either by infra-red spectrophotometry or 

by a manometric technique (see section 6.4). ·If the air is in 

• equilibrium with a water sample then a value for I CO2 ) can be 

obtained from equation 6.10. If greater accuracy is desired, 'CO2 

can be calculated using the relationships described in appendix II, 

• • and equation 6.11 then used to calculate [C0
2 

J • 

• Total alkalinity <\J, 
This is defined as the number of equivalents of strong acid 

required to neutralise 1 dm' (~r 1 kg) of seawater to the endpoint 

corresponding to the formation of carbonic acid from bicarbonate 

ion (Sverdrup, Johnson & Fleming 1942 - see section 6.4). The 

interpretation of this analytical measurement was clarified by 

Rakestraw (1949) who showed that the Lowry-Brpnsted convention 

C;ould be used to define the alkalinity as the excess of bases 

(proton acceptors) over acids (proton donors) in seawater. The 

expression for alkalinity is thus commonly presented in the form1 

(G~eskes 1974) 

A.r = (HCO,,1 + 2(C031 + (B(OH)41 + 

( Si(OH)30J + ( BP041 + 2[P04J + 

(NH,,) ... [OH) - [R] - [H/04) • (6.17) 

1 In anoxic waters other bases, e.g. HS- and S2- , may also 
make a significant contribution to the alkalinity. 
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'In seawater, dissolved silica, inorganic phosphate and ammonia 

,are often relatively minor contributors, as is the difference 

between (OR) and [H) in the usual seawater pH range (7.4 - 8.3) • 

• 
In a study of the carbon dioxide system, it is often 

convenient to consider the contribution of carbonate species to 

the alkalinity as a separate parameter - the carbonate alkalinity: 

• 

This can be obtained by correcting the measured value of the 

alkalinity for the presence of the other bases. 

Total dissolved carbon dioxide (C~ 

The total dissolved carbon dioxide present in a water sample 

is due to the various species, i.e. 

• 

Historically (see e.g. Skirr ow 1965), this parameter has been 

estimated by stripping the CO2 out of an acidified seawater 

sample. ·The amount of CO2 recovered is usually estimated by 

. either an infra-red technique or by using gas chromatography (see 

e.g. Takahashi, Weiss, Culberson, Edmond, Hammond, Wong, Li & 

Bainbridge 1970). A more precise estimate of the CO2 obtained 

can be obtained by a manometric technique (Weiss in Takahashi et 

al. 1970 - section 6.4). 

More recently it has been shown that a precise estimate of 

C
T 

can also be obtained from potentiometric titration data 

(Dyresen & Sillen 1967; Edmond 1970; HanssQn & Jagner 19731 

Almgren, ~ssen & Strandberg 1977 - see section 6.4). 
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6~2.3 Algebraic rela.tionships describing the CO
2 

system 

As will be apparent from the d~scussion above, the individual 

constituents of the carbon dioxide system cannot be measured 

directly. They have to be evaluated from algebraic combinations 

of the various measurable parameters KO' ~ , K2 ' pH1, PC02' AC' 

CT)· Rearrangement of the five equations (the expressions for the 

equilibrium constants and the definitions of AC and CT' enables 

expressions to be derived for each of the ten unknowns ( ( HJ 

• (C02 .] , [HC03J , [C03J , PC02 ' AC , CT ' KO ,'K1 and K2 ) in 

. terms of five independent variables. Thus for a complete 

mathematical description of the system it is only necessary to 

know the values of five parameters. There are therefore twenty-six 

possible combinations of the seven measurable parameters ( r H] , 

PCOa t AC t CT t KO t K1 ' K2 ) that can be used to calculate 

the remaining unknowns. Park (1969) has derived those equations 
• • 

which can be used for the evaluation of [C0
2 

J , [HC0
3
] and (C03] 

and these equations have been republished in emended form by 

Skirrow (1975)·- see also appendix IV. 

6.3 THE EFFECT OF ANALYTICAL ERROR ON THE EVALUATION OF THE 

COMPONENTS OF THE AQUATIC CARBON DIOXIDE SYSTEM 

Introduction 

Although the various possible combinations of observables are 

mathematically equivalent the effect of an error in the measured 

parameters (Xi) on the'derived value of the dependent variable (Yj) 

• 
1 Throughout this section of the discussion the form 

pH = - log I H J will be used. It is not necessary to 
determine a ~~rue' value of r H 1 provided that the ionisation 
functions K1 and K2 are defined to be consistent with the 
pH scale (Pytkowicz 1970). . 
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depends to a considerable extent on the particular equation used. 

Although a few workers have appreciated this fact, the discussion 
) 

given below constitutes the first systematic approach to the problem • 

• 

Method 

The variation of a dependent variable with variations in the 

independent variables from which it is derived is given by the 

standard expression 

, (6.20) 

and thus if the variances are small 

var (Yj) = ~(aYj /d xi )2 var (Xi) • (6.21) 

In the oceanic carbon dioxide system it is often convenient to 

rewrite equation 6.21 in terms of relative variance.s: 

2 (JY'j dX.) 2 2 var (y j )/Y j = ~ --.J . --.! var (Xi )/Xi 
1 Jj Xi 

Values of (~/~) , which is effectively the percentage change 

. in the derived parameter for a 1% increase in the measured parameter 

can be obtained numerically (Dickso~ & Riley - in press) or directly 

from analytical expressions. 

6.3.3 Results 

Ini tially , values of (3y/ ax' . 
-:; -;) were calculated numerically 

for all possible combinations of parameters using three different 

sets of conditions (Table 6.1). These correspond to values found 

at three depths (surface, p 0 maximum and bottom) for a GEOSECS . . C ~ 

intercalibration station in the Pacific (Takahashi et ale 1970). 
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The results (Table 6.2) show tha~the magnitude of these error 

terms depends upon the state of the system (i.e. upon the p~ticu1ar 

values found for pH, AC' P K
1C 

etc.). A more thorough study was 
" then made of the possible extent of this variation for the four 

major combinations of observables. 

pH - A . 

C (aYI ax\ 
The analytical expressions for the -;- -;-) tenns are given 

in Table 6.3. It is possible to rearrange each of these terms as 

. a function of a single variable (pH - p K
2

) , and the magnitude of 

sane of these terms is plotted in Figure 6.1. I~ is thus possible 

to see that 

(~/:x) - 2 < < 2 t 

over the entire range of possible aquatic conditions and that for 

seawater the values of these terms remain approximately constant 

over all normal conditions. 

pH - CT 

The analytical expressions for the relative partial derivatives 

are given in Table 6.4. These expressions can again be rearranged, 

this time in terme of two variables:- (pH - pK 2) and (K1/K 2)· 

The magnitude of some of the important terms have been plotted in 

Figure 6.2, and again it can be seen that the fUll range of values 

that can be taken by the error tenns is -2 to +2. In seawater 

the range of. values is a lot more restricted. 

pH - PCD2 

The error terms for this combination of parameters are 
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independent of the state of the system (see Table 6.2), except 

those for the calculation of AC and CT • 

• 
The calculation of various parameters of the carbonate 

system from a single high precision determination of ~ and CT 

usually makes use of the pressure and temperature independence of 

these parameters (when expressed on a gravimetric concentration 

scale). If the values of the constants are known at the in-situ 

. temperature and pressure then it is possible to calculate the 

in-situ value of the pH. This can be done by the method of Edmond 

and Gieskes (1970) where the analytical expressions relating 

hydrogen ion concentration (h), total inorganic carbon (CT), total 

boron C~) and total alkalinity C~) have been rearranged as a 

cubic polynomial in hydrogen ion concentration: 

32' 
h A +·h CK1C.(A - 1) + KBCA - B» + h(K1CKB(A - B-1) 

+ K1C K2C (A - 2» +' K1d<d<B(A - B-2) = 0 I (6.23) 

. where A is the ratio ~CT and B is the ratio Br!CT• 

It is then possible to find h as the positive root of this 

polynomial. An alternative method suggested by Almgren, Dyrssen 

and Strandberg (1975) is to use th~ iterative procedure illustrated 

in Figure 6.3, where a value is found for h which is consistent 

with the measured values of ~ and CT. This in-situ value of 

h is then used together with the alkalinity or the total inorganic 

carbon in order to calculate the in-situ speciation of the various 

carbonate species. The important question is thus, how sensitive 

is the calculated value of h to errors in the other measured 
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parameters. In order to assess this, the error was calculated 
o oJ... numerically using the constants for t c 25 C and S = 35 tv0. The 

1 

resul ts of the calculations are shown on Figure 6.4 for a range 

ot A(YC1'); 1;his waS the parameter found to influence the 

magnitude ot the errors most. The resultant total error in pH is 

thus likely to be ot the order ot 0·02 or greater, i.e. :> ~ error 

in the value of h. This error is thus the major source of error 

in the calculation ot the carbonate species distribution. If 

however AC is calculated from ~ and this parameter is then 

used directly with C1' to calculate the species distribution then 

the resultant errors are very sensitive to the ratio AcIC1' (see 

Figure 6.5). The error due to errors in the values of the various 

dissociation constants is always negligible by comparison with the 

error due to errors in the measurement of AC and, CT • 

If these values of ( :Y I :X) are combined with the estimated 

. uncertainties in the various experimental measurements (Table 6.5), 

it is possible to calculate the total error in the various derived 

. parameters. On the basis of such calculations (see Table 6.6) it 

is possible to make recommendations' about the optimum combinations 

of measured parameters to use. Although the final decision about 

which combination of measurements will be used in an investigation 

may vary according to the facilities available, attention should 

be given to the following. 

(i) No combination of parameters will permit any of the 

measurable variables to be calculated more accurately 

than they can be measured. Thus if air/sea gas exchange 

is to be studied using PC02 it is twice as accurate to 
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c' 

measure it directly as it is to calculate it from the optimum 

combination of other measurable parameters. Similarly, if 

carbonate dissolution is being investigated it is best to 

tollow it directly by determination ot the carbonate alkalinity • 
• 

(ii) If the parameter of interest is not directly measurable (e.g. 

(HC0
3 

J and [C0
3 

J ), or the appropriate analytical technique 

is difficult to apply (e.g. measurement of PCOl requires the 

use of a large sample of water), it will be necessary to 

calculate it. In considering the optimum choice of measurable 

parameters to be used in the calculation certain points are 

apparent. 

It has been suggested that it may be advantageous to use 

combinations involving three analytical parameters (because of 

independence from knowledge of one or both of the values for 

the dissociation constants (~C and K
2C

». In general, this 

approach gives inferior preci~ion in comparison with the two 

parameter methods. The only one of these which shows any 

promise'ia that employing AC 'CT and PCOJ. which, although 

• subject to moderate sized errors, enables [C02 I, [HC0
3

J and 

[C0
3 

I to be calculated without using K1C and K 2C. 

The high precision attainable for the determination of 

~ and CT (Hansson & Jagner 1973; Almgren, Dyrssen & 

Str~dberg 1977; Takahashi 1975) makes the uae of this 

combination of parameters an attractive one for general 

purposes. Even so, the calculation of carbonate ion 

concentration is still subject to an appreciable error 

( N 5 - 10%), a situation which is unlikely to change 

in the foreseeable future. 
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TABLE 6.1 

SETS OF INITIAL CONDITIONS USED TO CALCULATE 

THE VALUES OF (.2; / ~X1 GIVEN IN TABLE 6.2. J 

The values for, ~ and CT were selected from Takahashi et al. 1970, 
an.d the values for pH, AC and PeOl were calculated using the 

values for KB, K1 and K2 presented by Edmond and Gieskes (1970) 
and the values for Ko of Weiss (1974). 

A (4111 m) pH 8.037 

S = 34.672 %0 Ac 2.427 meq dm-3 

t = 1.54 °c CT 2.355 mmol dm-3 

PCOa 499.7 . fatm 

pKo 1.214 

pK1 6.175 

pK2 9.373 

B (710 m) pH 7.589 

S = 34.395 %0 Ac 2.320 meq dm-3 

t = 5.07 °c CT 2.358 mmol dm-3 

PC02 
1469 fatm 

pKO 1.271 

pK1 6.135 

pK
2 9·327 

C (1 m) pH ·8.135 

S = 33.704 %0 AC 2.149 meq dm-3 

t = 19.46 °c CT 1.993 mmol dm-3 

Peo2. 398.7 fatm 

pKO 1.469 

pK
1 

6.009 

pK
2 

9.164 



TABLE 6.2 

VALUES OF ( dyY I~) , 
i.e. the percentage change in the derived parameters corresponding to a ... increase ~ the measured parameters, 

calculated for al1 ~oseible combinations of obeervablee (see Appendix IV) using the data in Table 6.1. 

A (4111 m) B (710 m) C (1 m) 

pH - AC 
• • • {C0

2 
] {RCO,] (CO,) CT PCO" 

(C02 ) [RCO,) (CO,] CT PCO [C0
2 

] [HCO,J (CO,) CT Pca 
2.. ~ 

IH) 1.08 0.08 -0.92 0.05 1.08 1.04 0.04 -0.96 0.05 1.04 1.16 0.16 -0.84 0.08 1.16 

Au 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

KO -1.00 -1.00 -1.00 

K1 -1.00 -0.01 -1.00 -1.00 -0.03 -1.00 -1.00 -0.01 -1.00 

K2 -0.08 -0.08 0.92 ';'0.04 .. 0.08 -0004 -0.04 0.96 -0.02 -0.04 -0.16 -0.16 0.84 -0007 -~.16 

pH - CT • • • (C02 ) [RCO,) [CO,' 'c PC0t. (C02 ) (HCO,) (CO,) . 'c Pca [C02 ) [HCO,) (CO,1 Ac Pca a. ~ 

{H1 100, 0.03 -0.97 -0005 1.0, 0.98 -0.02 -1.02 -0.05 0.98 1.08 0.08 -0.92 -0.08 1008 

CT 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

KO -1.00 -1.00 -1.00 

K1 -0.99 -0.01 0.01 0.01 -0.99 -0.97 0.0, 0.0, 0.0, -0.97 -0.99 0.01 0.01 0.01 -0.99 

K2 -0.04 -0.04 0.96 0.04 -0.04 -0.02 -0.02 0.98 0.02 -0.02 -0.08 -0.08 0.92 0.07 -0.08 
~ 

'6!. 



TABLE 6.2 (cont.) 

A. (4111 ~) B (710 m) C (1 m) 

pH - PCO 
~ . • [C0

3
) 

. ' 
[C0

2 
] (HC0

3
] [C0

3
] Ac CT (C02 ' 1, [HC0

3
) Ac" °T 

[C0
2 

) [HC0
3
] ["C°

3
] 'c CT 

(H) -1.00 -2.00 -1.08 -1.03 -1.00 -2.00 -1.04 -0.98 -1.00 -2.00 -1.16 -1.08 

PCO~ 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

KO 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

K1 1.00 1.00 1.00 0.99 1.00 1.00 1.00 0.97 1.00 1.00 1.00 P·99 

K2 1.00 0.08 . 0.04 1.00 0.04 0.02 1.00 0.16 0.08 

~' 
• • [C0

3
1 ' [HI, • [C02 1 [HC0

3
) [C0

3
1 [ Bl PC02, [C0

2
) [HC0

3
) PCO [C02 ) (BCO,] [C0

3
) (H) Pca a. a. 

AC -19.09 -0.57 17.99 -18.52 -19.09 -19.16 0.31 19.82 -19.47 -19.16 -13.55 -0.98 11.60 -12.57 -13.55 

CT 20.14 1.57 -16.97 18.57 20.14 20.18 0.69 -18.77 19.50 20.18 14.58 1.98'-10.59 12.59 14.58 

K . 
0 -1.00 -1.00 -1.00 

K1 -0.74 0.02 -0.22 0.24 -0.74 -0.33 0.02 -0.63 0.65 -0·33 -0·90 0.01 -0.07 0.09 -0.90 

K 0.74 -0.02 0.22 0.76 0.74 0.33 -0.02 0.63 0·35 0.33 0.90 -0.01 0.07 0.91 0.90 
2 ~ 

VI 
~ 



TABLE 6.2 (cont.) 

A (4111 m) B (710 m) C (1 m) 

.!o-::-Eco * • 2. • 
(CO,] [H) (C02 ) U~CO,l ICO,) IHl CT Ic02 ) [HCO,). [CO,) (H) CT (C02 ] [HCO,] CT 

AC 0.92 1.84 -0.92 0.95 0.97 1.9, -0.97 0.95 0.86 1.,7' -0.86 0~93 

PCOl 1.00 0.08 -0.84' 0.92 0.05 1.00 0.0, -0.9' 0.97 0.05 1.00 0.14 -0.7' 0.86 0.07 

KO 1.00 0.08 -0.84 0.92 0.05 1.00 0.0, -0.9, 0.97 0.05 1.00 0.14 -0.7' 0.86 0.07 

K1 0.08 -0.84 0.92 0.04 0.0, -0.9' 0.97 0.02 0.14 -0.7' 0.86 0.06 

K2 -0.08 0.84 0.08 -0.04 -0.0, 0.9, 0.0, -0.02 -0.14 0.7' 0.14 -0.06 

~o • 2.(C0
2 

*) [HCO,) (H) • (H) [CO,) Ac IC02 ) [HCO,1 (CO,_ lHI 'c IC02 1 (HCO,] [CO,1 .'0 

CT 0.97 1.94 -0.97 1.05 1.02 2.0, -1.02 1.05 0.9' 1.86 -0.93 1.07 

PC01 
1.00 0.0, -0.94 0.97 -0.05 1.00 -0.02 . -1.03 1.02 -0.05 1.00 0.07 -0.85 0.93 -0.07 

Ko 1.00 0.0, -0.94 0.97 -0.05 1.00 -0.02 -1.0, 1.02 -0.05 1.00 0.07 . -0.85 9·9' -0.07 

K1 0.04 -0.92 0.96 -0.04 0.02 -0.96 0.98 -0.02 0.08 -0.84 0.92 -0.07 

K2 -0.04 0.92 0.04 0.04 -0.02 0.96 0.02 0.02 -0.08 0.84 0.08 0.07 

-' 

'" 00 
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TAB[.;E 6.2 (cont.) 

A (4111 m) ·B (710 m) JC (1 m) 

~ 
• • • (C02 1 (HCO,1 (CO,) PCOl. K2 (C02 1 (HCO,1 [CO,] Pc<\ K2 [C02 ] (HCO,] (CO,) PC~ K2 

(HI 0.97 -0.0, 0.29 0.97 1.,2 0.9' -0.07 1.81 0.93 2.87 0.99 -0.01 0.08 0.99 1.09 
.. 

AC -1.06 -1.06 2'.'5 -1.06 24.42 -0.97 -0.97 55.13 -0.97 56.10 -1.17 -1.17 12.58 -1.17 13.75 

CT 2.06 • 2.06 -22.'5 2.06 -24.41 1.97 1.97 -54.13 1.97 -56.09 2.17 2.17 -11.58 2.17 -1'.75 

KO -1.00 -1.00 -1.00 

K1 -0.97 0.0, -0.29 -0.97 -0.,2 -0.93 0.07 -1.81 -0.93 -1.87 -0.99 0.01 -0.08 -0.99 -0.09 

• • • (C02 ] [HCO,1 (CO,1 PC0t. K1 [C02 ) [HCO,) [CO,) Pc~ K1 (C02 1 [HCO,) (CO}1 Pca K1 
2. 

(H] -,.08 0.08 -0.92 -0.97 4.16 -0.50 0.04 -0.96 -0.93 1.54 -10.69 0.16 -0.84 -0.99 11.86 

Ac -76.2JJ 1.00 1.00 -0.97 77.79 -28.88 1.00 1.00 -0.93 29.97 -148.Lt 1.00 1.00 -0.99 151.7 

CT 77.2JJ -0.97 -76.61 29.88 -o.9} -29.79 -149.4 -0.99 -147.2 

KO -0.97 -o.9} -0.99 

K2 ,.08 -0.08 0.92 -0.97 -}.16 0.50 -0.04 0.96 -0.93 -0.54 10.69 -0.16 0.84 -0.99 -10.84 

~ 

~ 



TABLE 6.2 (cont.) 

A (4111 m) B (710 m) C (1 m) 

~O.t 
• [C02 ) (HCO,1 [CO,) CT 

• 
K2 {C02 ] [HCO,] (CO,J CT '2 • (C02 ) (HeO,) [CO,J CT '2 

( H) -1.00 10.8, -0.47 12.8, -1.00 27.58 -0.47 29.59 -1.00 5.34 -0.45 7.34 
• 

Ac 11.83 0.52 11.83 28.58 0.49 28.58 6.34 0.54 6.34 

PCO~ 1.00 1.00 -10.83 0.48 -11.83 1.00 1.00 -27.58 0.51 -28.58 1.00 1.00 -5.34 0.46 -6.34 

KO 1.00 1.00 -10.8, 0.48 -11.83 1.00 1.00 -27.58 0.51 -28.58 1.00 1.00 -5.34 0.46 -6.34 

K1 1.00 -10.83 0.47 -11.8, 1.00 -27.58 0.47 -28.58 1.00; -5.34 0.45 -6.34 

• • • [C02 ] [BCO,] [CO,] CT K1 [C02 ),IHCO,) (CO,) CT K1 [C0
2 

] [RC0
3

) [C0
3
] CT K1 

[H) 0.08 -0.92 0.04 1.08 0.04 -0.96 0.02 1.04 0.16 -0.84 0.07 1.16 

Ac 1.00 1.00 0.99 1.00 1.00 1.00 0.97 1.00 1.00 1.00 0.99 1.00 

Pco2,. 1.00 0.01 -1.00 1.00 0.0, -1.00 1.00 0.01 -1.00 

KO 1.00 0.01 -1.00 1.00 0.03 -1.00 1.00 ~ 0.01 -1.00 

K2 -0.08 0.92 -0.04 -0.08 -0.04 0.96 -0.02 -0.04 -0.16 0.84 -0.07 -0.16 

~ 

t; 



TABLE 6.2 (cont.). 

A (4111 m) B (710 m) C (1 m) . 

~O.t 
• [C02 1 (HCO,1 . (CO,1 [ Ac1 (K21 • [C02 1 [HeO,) (CO,J Ac K2 

. . 
(C02 1 [HCo,J [CO,1 Ac K2 

. 
(H) -1.00 21.64 0.92 2,.65 -1.00 55." 0.97 57.3't -1.00 10.67 0."84 12.67 

CT 22.94 1.94 22.94 58.28 2.0, 58.28 11.75 1.86 11.75 

Pc~ 1.00 1.00 -21.94 -0.94 -22.94 1.00 1.00 -57.28 -1.0, -58.28 1.00 1.00 -10.75 -0.85 -11.75 

KO 1.00 1.00 -21.94 -0.94 -22.94 1.00 1.00 -57.28 -1.0, -58.28 1.00 1.00 -10.75 -0.85 -11.75 

K1 1.00 -21.64 -0.92 -22.64 1.00 -55.34" -0.97 -56." 1.00 -10.67 -0.84 -11.67 

• • • [C02 1 (HCO,1 [CO,1 AC K1 (C02 1 (HCO,] [CO,] AC K1 [C02 1 (HCO,] [CO,] Ac K1 

[H1 0.04 -0.96 -0.04 1.04 0.02 -0.98 -0.02 1.02 0.08 -0.91 -0.07 "1.09 

CT 1.01 1.01 1.01 1.01 1.04 1.04 1.04 1.04 1.01 1.01 1.01 1.01 

PCO 1.00 -0.01 -0.01 -0.01 -1.01 1.00 -0.03 -0.0, -0.0, -1.03 1.00 -0.01 -0.01 -0.01 -1.01 
2-

KO 1.00 -0.01 -0.01 -0.01 -1.01 1.00 -0.03 -0.03 -0.03 -1.03 1.00 -0.01-0.01 -0.01 -1.01 

K2 -0.04 0.96 0.04 -0.04 -0.02 0.98 0.02 -0.02 -0.09 0.91 0.07 -0.09 

~ 

~ 
~ 



A (4111 m) 

~O ~ 
(C02 *) (HCO,) [CO,) [H) K2 

AC -1.08 2,.67 1.08 25.8, 

CT 2.09 -22.97 -2.09 -27.14 
• 

PeOt 
1.00 -0.01 0.,0 1.01 1." 

KO 1.00 -0.01 0·30 1.01 1.33 

K1 1.00 1.00 

* (C02 ) [BCO,) [CO,) [H) K1 

AC -1.08 2,.67 -24.69 -25.77 

CT 2.09 -22.97 25.12 27.21 

PCO 1.00 -0.01 0.,0 -0.,1 -1." 
1 

KO 1.00 -0.01 0.30 -0.31 -1·'3 

K2 1.00 1.00 

TABLE 6.2 (cont.l . 
B (710 m) 

* (C02 ] [HCO,] [CO,] (H) 12 

-1.00 56.99 1.00 59.00 

2.04 -57.92 -2.04 -61.97 

1.00 -0.0, 1.9' 1.0, ,.00 

1.00 -0.0, 1.9' 1.03 ,.00 

1.00 . 1.00 

* [C02 ) (BCO,] (CO,] (H) K1 

-1.00 56.99 -57.66 -58.66 

2.04 -57.92 60.'1 62.36 

1.00 -0.0, 1.93 -1.97 -3·00 

1.00 -0.03 1.93 -1.97 -3·00 

1.00 1.00 

C (1 m) 

. [CO
2 

-) [HCO,) (CO,] tHI K 
2 

-1.18 12.68 1.18 15.04 

2.19 -11.76 -2.19 -16.12 

1.00 -0.01 0.08 1.01 1.10 

1.00 -0.01 0.08 1.01 1.10 

1.00 1.00 

-(C02 I [HCO,] [CO,] [H) K1 

-1.18 12.68 -1,.84 -15.01 

2.19 -11.76 1'.96 16.15 

1.00 -0.01 0.08 -0.09 -1.10 

1.00 -0.01 0.08 -0.09 -1.10 

1.00 1.00 

~ 

-'=" N 



A (4111 m) 

~o2. 
• {C02 1 {HC0

3
1 [C0

3
1 K1 K2 

( H 1 1 .00 1 .00 

AC -1.08 23.67 -1.08 24.75 

C· 
T 2.09 -22.97 2.09 -25.05 

PCO 1.00 -0.01 0·30 -1.01 0.31 
~ 

KO 1.00 -0.01 0·30 -1.01 0.31 

TABLE 6.2 (cont.) 

B (710 m) 

• {C0
2 

] (HC0
3

] [C0
3
1 

-1.00 56.99 

2.04 -57.92 

K1 K2 

1.00 1.00 

-1.00 58.00 

2.04 -59.95 

1.00 -0.03 1.93 -1.03 1.97 

1.00 -0.03 1.93 -1.03 1.97 

I 

C (1 m) 

• [C0
2

) [HC0
3

J (C0
3

] 

-1.18 12.68 

2.19 -11.76 

1.00 -0.01 0.08 

1.00 -0.01 0.08 

K1 K2 

1.00 1.00 

-1.18 13.86 

2.19 -13.94 

-1.01 0.09 

-1.01 0.09 

-l> 

+­
\.J.I 
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TABLE 6.3 

(~YI OX) ANALYTICAL EXPRESSIONS FOR THE Y -;- TERMS 

FOR CALCULATIONS USING pH AND AC 

• 

Derived Measured parameters 

parameters h AC K1 K2 

• e + 4K2) - 2K2 
(C02 ] 1 -1 

.~ + 2K2 (h + 2K
2

) 

[ HCOj 
2K2 

1 ° 
- 2K2 

(h + 2K
2

) (h + 2K
2

) 

-h h 
[ C0

3
1 1 0 

(h + 2K
2

) (h + 2K
2

) 



TABLE 6.4 

. . ANALYTICAL EXPRESSIONS FOR THE (: Y / :xj !l'ERIIS 

FOR CALCULATIONS USING pH AND ~ 

N.B. D = (h
2 + K1h + K1 K2) 

Derived- Measured parameters 

parameters h CT ~ K2 

(a) (b) (c)_ K K K
1

(h + 2K
2

) - K1(h + K 2) • 1 2 
(C0

2 
J 1 

D D D 

(d) 2 fe) 

(RCO, J 
~K2 - h 

1 h2 -K1 K2 

D D D 

(f) 
-h(2h + K

1
) (g{ 2 K ) 

[C0
3

1 1 h2 h + 1h 

D D D 

The identifying letters (a) refer to the functions plotted on 

Figure 6.2 • 

14.5 
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TABLE 6.5 

ESTIMATED UNCERl'AINTIES ASSOOIATED WITH THE VARIOUS EXPERIMENTAL 

PARAMETERS (EXPRESSED AS PERCENTAGE STANDARD DEVIATION) 
• 

146 

Measured 

parameter Method 

Uncertainty 
(%) References 

(H] Electrometric pH determination 

.. A.;r Single acid addition 

Potentiometric titration 

CT Gas chromatography 

Infra-red absorption teChnique 

Vacuum extraction 

Potentiometric titration 

PC02, Infra-red absorption t9chnique 

Vacuum extraction 

KO 
K1 

K2 

1) Almgren, Dyrssen & Strandberg (1977) 

2) Bainbridge (cited in Takahashi-1975) 

,) Culberson, Pytkowicz & Hawley (1970) 

2.3 

0.4 

0.1 

0.5 

0.5 

0.2 

0.2 

2 

0.15 

0.3 

3·5 

4.7 

4) Johnson, Voll, Curtiss & Pytkowicz (1977) 

4,5 

3 

1,2 

5 

5 

7,8 

1,2 

5 

9 

6 

9 

9 

5) Takahashi, Weiss, Culberson, Edmond, Hammond, Wong, Li & 

Bainbridge (1970) 

6) Weiss (1974) 

7) Wong (1970) 

8) Sec~on 6.4.2 

9) Section 6.5.2 



pH - A 
C 
• 

• • •. (C02 ) 

[ HCO,) 

! CO,] 

CT 

PC02 

•• 
R1L=_~ 

• (C02 ] 

[ HC0
3
1 

[ C0
3

1 

Ac 

Pc 02. 

pH - PC02, 

• [C02 1 

[ RC0
3

J 

[ C0
3

] 

AC 

CT 

c· 

TABLE 6.6 

RESULTANT ERRORS IN TEE DERIVED P ARAMmERS 

(Obtained by combining the results of Table 6.2 

with the figures of Table 6.5 using equation 6.22) 

A (4111 m) B (710 m) C (1 m) 

tea) t(b) (a) (b) (a) (b) 

2.5 4.3 2.6 4.4 2.9 4.6 

0.5 0.6 0.5 0.5 0.7 1.0 

2.4 4.9 2.4 5.1 2.2 4.5 

0.5 0.5 0.5 0·5 0.5 0.6 

2.7 4.5 . 2.6 4.4 2·9 4.6 

2.4 4.2 2.5 4.2 2.7 4.4 

. 0.5 0.6 0.5 0.5 0.6 0.7 

2.5 5.2 2.6 5.3 2.4 4.9 

0.6 0.6 0.6 0.6 0.6 0.7 

2.6 4.4 2.5 4.2 2.7 4.4 

2.0 2.0 2.0 2.0 2.0 2.0 

3.0 4.7 3.0 4.7 3.0 4.7 

5.0 7.7 5.0 7.7 5.0 7.7 

3.4 4.9 3·3 4.8 3.5 5.0 . 

3·3 4.8 3·2 4.7 3.4 4.9 
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TABLE 6.6 (cont. ) 

°A (4111 m) B (710 m) 

••• 
~ 1(a) t(b) (a) 

(C0
2 

*] 4.5 6.2 6.3 

. ( 000
3

] • 0.8 0.8 0.6 

-- ( C03,] 5.7 5.9 6.2 

[H) 6.0 7.0 6.2 

PCO:z. 6.2 7.6 6.3 

• 
~ . 02, 

(CO
2

.) 2.0 2.0 2.0 

[ BeO,) 1 •. 0 1.1 1.1 

(-C0
3

] 2.3 .5.4 2.4 

( H) 2.1 3.9 2.2 

CT 1.1 1.1 1.1 

•• 
~ 01 

• [C0
2 

) 2.0 2.0 2.0 

[ HC0
3

) 1.1 1.1 1.1 

[ C0
3

) 2.5 6.0 2.7 

[ H] 2.2 4.0 2 • .3 

Ac 1.2 1.2 1.2 

• Single acid addition 

•• Gas chromatograph' 

••• Potentiometric titration 

t (a) Errors on constants not included 

(b) Errors on constants included 

(b) 

6.5 

0.6 

7.2 

6.8 

6.6 

2.0 

1.1 

6.0 

4.1 

1.1 

2.0 

1.1 

6.2 

4.2 

1.2 

148 

C (1 m) 

(a) (b) 

4.9 7.2 

1.1 1.1 

4.2 4.2 

4.5 6.2 

4.9 7.2 

2.0 2.0 

1.0 1.3 

2.1 4.8 

2.0 3.? 

1.0 1.1 

2.0 2.0 

1.1 1.2 

2.4 5·5 

2.1 .3.9 

1.2 1.2 



VARIATION OF VALUES OF (~Y/ ~) FOR THE pH/AIKALINITY 1lETl!0D 

• 

. . 

-3 -2 -1 

seawater1 

-c ~ 

1 
. (pH - pK2' 

Dead Sea brines2 

++ 
fresh waters" 

~ > 

1) Open ocean - Skirrow 1975 

2) Sass & Ben-Yaakov 1977 

3) Stumm & Morgan 1970 

h 

2 

149 
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FIGURE 6.2 

. VABIATION OF VALUES OFt;/:? FOR THE .pH/l'ClrAL INORGANiC CARBON METHOD 

(see figure 6.1 for the extent of the various aquatic environments). 

The identifying letters refer to the functions on table 6.4. 
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FIGURE 6.3 

ITERATIVE PROCEDURE FOR THE 

CALCULATION OF pH !ROM ~ AND CT 
• 

pH(start) = 8·0 

Calculate AC 
from pH and ~ 

Calculate 
* rC0

2 J , [HC03J & (CO,1 

from pH & AC 

·x 

pH = pH + /). pH 

!apH = 

CT(calc) - CT(meas) 
4x~------~~---

CT(meas) 
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6.4 

6.4.1 

6.4.1.1 
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ANALYTICAL METHODS 

Alkalinity (and total inorganic carbon 

by potentiometric titration) 

Introduction 

.Alkalinity is always measured using some form oftitrimetric 

procedure. The oldest method still in use is the back titration 

method proposed by Gripenberg (1936). In this, the sample is 

acidified to a pH of about 3-5 with a measured amount of strong 

acid; the liberated carbon dioxide is then driven off and the 

amoUnt of excess acid estimated by titration with standard base 

to a pH of 6 (Almgren & Fonselius 1976). A mor!! rapid procedure 

was proposed by Thompson and Bonnar (1931) who suggested that the 

amount of excess acid could be estimated from a colorimetric 

determination of the resultant pH of the solution. In 1940 

Thompson and Anderson introduced the use of a glass electrode to 

measure this pH, and the teChnique has been subsequently refined, 

by for example Anderson and ROQinson (1946), Bruneau, Jerlov and 

Koczy (1953) and by Culberson, Pytkowicz and Hawley (1970). The 

precision of alkalinity determinations is improved by the use of 

a potentiometric titration procedure employing a glass electrode. 

This approach was suggested by Dyrssen (1965) who showed that the 

Gran (1952) method could be used to locate the two equivalence 

points in the titration of seawater with hydrochloric acid, thus 

enabling both alkalinity and total inorganic carbon to be 

determined (see below). An automated apparatus is now used widely 

at sea for this titration (e_g_ in the GEOSECS program - see 

Takahashi 1975; Almgren, Dyrssen & Strandberg 1977). 



. '. 

6.4.1.2 Potentiometric titration of seawater 

A typical plot of the emf obtained during a titration of 

seawater with hydrochloric acid is shown in figure 6.6 • This 

pl.ot has two cJ,ear inflexions: the first corresponds to the 

equivalence point for the titration of carbonate and borate ions 

to bicarbonate ion and boric acid respectively, i.e. 

C0
3

2- + H+ -+ HC0
3

-
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and I (6.25) 

).' 

,( 

• the second corresponds to the equivalence point for the titration 

.... of bicarb.onate iOD; to carbonic acid: 
f; 

BC02 - + H+ -. CO· +' H ° -,22 • (6.26) 

i'he alkalinity of the seawater sample is defined as the amount et 

acid required to reach this second equivalence point (v
e2

). 

In a solution containing no ct~er protolytes the proton 

condition 

[H] = [HC0
3

] + 2 [C0
3
] + [B(OO)4J + [00] (6.27) 

. defines this equivalence pOint,1 and the alkalinity at any point 

on the titration curve is given by the difference (cf equation 

~e first equivalence point is similarly defined by the proton 

condition 

1 

• 

The expression "to neutralise seawater" (Al~gren & Fonselius 
1976) thus does not have its usual connotat~on that 
rH] = r OH] at the endpoint. 
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The amount of acid required to reach this point (Ve1 ) is thus 

given by the difference 
• (C0

2 
J • (6.30) 

D,yrssen and Si!l'n (1967) have pointed out that 

is therefore equal to the total inorganic carbon CT which can 

hence be evaluated from a knowledge of the two equivalence points 

.01' = Ht (Ve2 - Ve1 )!Vo -

'!l'he precision and accuracy with which alkalinity· and total 

inorganic carbon can be evaluated therefore depends upon the ease 

of location of these two equivalence points_ 

A useful guide as to the feasibility of a particular 

titration is the sharpness index (~). This is defined to be t~~ 

magnitude of the slope of the titration curve (Butler 1964 - p. 

= 
dpH -
~ 

where ~ is the fraction titrated. For the titration of a weak 

base (~) with strong acid the sharpness index (for an equivalence 

point at a pH below 6) is given by 

( )

i 
B Ht Kb = 0.217 0 ____ 

Bo + Ht Kw 
(6.34) 

where KwIKb = Ka t the dissociation constant for the conjugate 

acid. In a titration of seawater (B ~ 2·4 x 10-3 Mt Ht ~ 0-3 M 
. 0 

and K 1 ::: 10-6), the endpoint for an alkalinity determination 
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haS a sharpness index of - 10 an~ is consequently difficult to 

locate precisely. In order to obtain a relative accuracy of 

~O.~, it is necessary to locate the pH of the equivalence point 

to within 0.05 units; this is clearly impossible for a direct 
• 

titrat.ion using a colorimetric indicator; neither is it. feasible 

fo~ the traditional methods of locating potentiometric endpoints, 

i.e. titration to a preset pH or even from a plot of 6 £ 16. V 

(see figure 6.6). 

In order to define these endpoints precisely, it is 

DeCeasary to make definite assumptions about the chemical system. 

The simplest of these is the Gran (1952) method, which was used 
. . " by ~ssen and Sillen (1967) and Edmond (1970). In this, a 

completely dominating main reaction is assumed to occur. The 

simplified mass balance equations that result can then be used to 

estimate the position of the equivalence point directly from the 

measured emf data, without the need to calibrate the electrode 

system. Thus, for a potentiometric titration of seawater with 

hydrochloric acid the following relationships apply. After the 

second equivalence point it is assumed that all the acid added 

remains unreacted, i.e. 

(v + V)[H] 
o • 

The function (V + V) (H] is thus linear with respect to V 
o 

and has a zero value at V = Ve2 • If the glass./reference 

electrode pair are behaving ideally (i.e. exhibiting Nernstian 

response and 

[HJ 

£.1 = 0) then 
J 

= exp «£ -EOIl)/r RT IF) • 
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r-Olf . 
A knowledge of r:: is thus unnecessary for the use 'of the Gran 

method, as its only effect is to act as a multiplier which does 

not change the position of the' zero. The linear function 

= ~V 0 + V) exp (Elf R T / F ) ) • 
_ .. can therefore be extrapolated to its zero value in order to ~ocate 

·the position of Ve2 • In the region between the two equivalence 

points reaction 6.26 is assumed as the dominant process. If this 

is the case, then 

(6.38) 

and • (6.39) 

As these two terms are related to (HJ by the dissociation constant 

1(1 ' these two equations can be combined to give 

• (6.40) 

. The function 

F2 = (Ve2 - V) exp (£ IfRTIF) (6.41) 

is also a linear function of V which has a value of zero at 

V = Ve1 and can therefore be used to locate the first equivalence 

. point. 

The two functions F1 and F2 are not perfectly linear (see 

figure 6.6). This can be attributed to the presence of 

interfering side reactions which reduce the accuracy of the Gran 

approximations (Edmond 1970; Hansson Be Jagner 1973). Hansson and 

Jagner have assessed the importance of the various interfering . . 

side reactions possible, and it is possible to write complete 

forms of equations 6.35 and 6.40 (cf 6.29 and 6.30): 



and 

• = (V
o 

+ V)([H) + [HS04) + rEF] + (C02 J 

These equations can be combined to yield an equation of similar 

form to equation 6.40: 

(v - V )H 
.' e1 t 

• (V
e2 

- V)([C0
2 

] - rC0
3

J)Ht 
= 

«HCO,] + 2(CO,1) 

... (Vo + V)((H] + [HS04] + (HF] -[ B(OH)4] 

«HeO,) + 2( CO,]) • 

[OH])C
T 

(6.44) 

It the expressions relating [CO~·] t [HCO,] and [CO, ] to [H] and 

CT (appendix IV) are substituted into. the above equation then 

equation 18 of Hansson and Jagner (197') is obtained (with the 

exception of an unimportant typogrp.phical error): 

(V
e2 

- V)([H]2 ~ K
1

K
2

) 
(V - V 1) = + 

e (K
1 

H + 2K1 K2) . 

. (V
o 

+ V)([H] + [HS04] + rEF] - [B(OH\] - [OH])([H]2 + K1[HJ + K1K 2) 

• (6.45) 

In order to use equations 6.42 and 6.45 to locate the position of 

the two equivalence points, it is necessary to know the absolute 

0'1 
values both of E t in order to calculate[HJ and hence [HS04]' 

etc. , and of CT. As both of these are experimental results based 

on the titration being calculated, it is necessary to employ an 

iterative technique using the Gran functions F1 and F2 to 
0" • 

obtain the initial values of V and V 2 (E 1S calculated e1 e 
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from equation 6.36 using initially equation 6.35 ana subsequently 

6.42 in order to calculate [HI) - see figure 6.7. 

This final technique of locating the equivalence points is 

too cumbersome for manual computation and requires the use of 

electronic computing facilities. It can, however, give an 

extremely precise location of the equivalence points (Hansson & 

, Jagner 1973; Bainbridge in Takahashi 1975; Almgren, Dyrssen & 

Strandberg 1977), the, accuracy of which depends on specific 

aasumptione about the total concentrations of and values for the 

stability aonstants for a number of species (see table 6.8). 

6.4.1.3 The singie acid addition method 

This provides a rapid method for the determination of alkalinity 

in seawater. In its· present form (Culberson, Pytkowicz & Hawley 

1970), a glass/reference electrode pair is calibrated to measure 

the total hydrogen ion concentration in an acid/seawater mixture 

of a known composition (see section 6.6.1). A known amount of acid 

(V dm3; H
t 

mol dm -3) is then added to a seawater sample and the 

resultant hydrogen ion concentration measured. If the total 

amount of acid added is in excess of that required to neutralise 

the alkalinity, then 

[H) = 
(V + V) 

o 

(6.46) 

(cf. equation 6.35). 'This equation can be rearranged to give an 

expression for the alkalinity: 

V 
o ' 

(V + v)[Hl 
o . 

V o 

• (6.47) 
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FIGURE 6.7 
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TABLE 6.7 

(JYj Jx) " 
VALUES OF -; -;- FOR POSSIBLE SYSTEMATIC ERRORS 

011 
IN THE DErERMINATION OF AT' CT AND E ewe 

• 
FROM POTENTIOMETRIC TITRATION DATA 

(Calculated numerically) 

Parameter 

t -0.0086 .0.11 0.080 

B.r -1.0 1.0 -0.14 

V -1.0 1.0 -0.14 0 

Kw -0.0000 -0.0001 0.0000 

K1C 0.016 -0.042 0.0089 

K2C -0.0001 -0.0050 -0.0000 

fiHSO' 0.0040 -0.012 0.0022 
It 

!HF 0.0000 -0.0003 -0.0007 

~ 0.0041 -0.012 -0.0024 

FT 0.0002 -0.0006 -0.0003 
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As has been pointed out in section-6.4.h2, equation 6.46 will 

only hold true if there is no bicarbonate ion present (see also 

Edmond 1970). In order to ensure this, Culberson et al. suggest 

that the inorganic carbon should be stripped from the acidified 
• 

solution, using a stream of nitrogen gas, before the ~ydrogen ion 

concentration is measured. 

6.4.1.4 Experimental procedures 

Titration method 

The titration was carried out in a closed vessel (volume 

O.24161 . .t. 0·00008 (6) dm3) with a piston which was displaced by 

the addition of titrant. This design of vessel (Edmond 1970; 

Almgren, Dyrssen Be Strandberg 1976) is necessary in order to 

prevent the loss of carbon dioxide and thus any change in CT 
during the titration. The titrant used was 0.,3000- mol dm-3 

hydrochloric acid prepared from BDH constant volume solutions. 

In order to minimise any change in ionic strength and composition 

of the test solution during the titration, sodium chloride 

( N 0-32 mol dm-3) and sodium sulphate (0.028 mol dm-3) were 

added to the titrant solution. The strength of this solution 
'-

was checked by titration against recrystallised borax and was 

found.to be within 0-1% of the nominal value_ . 

The titration was performed using the semi-automatic 

titration unit described in chapter 5 (figure 5.4) with an 

increment size of 0-050 cm3 and a time between readings of 

approximately 45 8- The solution was stirred using a magnetic 

stirrer; the emf was measured using a G2027C glass electrode and 



. Ii K401 reference electrode. For details on the filling of the 

titration vessel, see section 6.6.2.2. 

Single point method 
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A sample of seawater (100 cm3) was taken by pipette. This 

was placed in a round-bottomed flask and 30 cm3 of standard 

hydrochloric acid (0·010 mol dm-3) added. A stream of nitrogen was 

bubbled through the mixture for five minutes to stir it, and to 

strip out the carbon dioxide (see above). The final hydrogen ion 

• concentration was measured using either a Radiometer G202C or G2027C 

glass electrode and a Radiometer PHM64 digital voltmeter (pH meter). 

6.4.2 

6.4.2.1 

The det"ennination o~ P
COa 

and CT using 

a constant volume mercury manometer 

Introduction 

The quantity of a pure gas can be determined from measurements 

of its pressure, volume and temperature, by the use of a suitable 

equation of state. In order to estimate either Pca or CT by 
a. 

such a procedure it is necessary to separate the CO2 quantitatively 

from the sample (either a volume of gas (pc~) or an amount of 

acidified water (CT». In the present work this was accomplished 

by extracting the carbon dioxide fro~ the sample using a vacuum, 

and freezing it out of the resultant gas stream in traps cooled 

with liquid nitrogen (T = 77 K). The CO2 was separated from water 

vapour by passage through traps cooled in a dry ice/methanol 

mixture (T = 195 K). Finally, the CO2 was expanded into a 

water-jacketed calibrated tube of known volume and the resultant 

pressure was measured using a mercury manometer. 



6.4.2.2 Experimental method 

!$perimental requirements 
" 

The main difficulty in designing an apparatus for the 

determination of CO2 based on this principle is that of ensuring 

• 
complete trapping of the CO2• When a gaseous mixture containing 

a condensable component (i.e. CO
2

) is cooled auddeDly, some CO2 

may form a fog of so1id particles which can be swept through the 

trap a10ng with the non-condensable gases. The efficiency with 

which the CO2 is retained by traps immersed in liquid nitrogen is 

. thus affected both by the design of the trap and by the linear 

velocity at the gas stream through it. In the initial apparatus, 

trapping was carried out using two liquid nitrogen cooled U-tubes . 
(traps B and C in Figure 6.8). However, tests made by drawing air 

through the two traps in serle~, and determining the amount of 

gas retained by each trap, showed that their overall trapping 

effic~ency was low (85 - 90%). They were therefore replaced with 

a more elaborate design of trap (Figure 6.9). The principle 

features of this design are:-

(a) the large surface area in contact with the coolant, 

(b) the large volume, which thus reduces the linear velocity 

of gas through the trap, 

and (c) a central 'warm finger' which revaporises particles of 

solid CO
2

, thus increasing the probability that all the 
, I 

CO
2 

will impinge on the cold surface and be retained by 

the trap. 

Such traps were found 'to have a trapping efficiency of better than 
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VACUUM EXTRACTION APPARATUS FOR THE 

DmERMINATION OF EITHER Pca OR CT' 
a. 

167 . 
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In a fUrther attempt to increase the recovery of CO the - .... .. . ... 2' 

velocity of the gas stream entering the train of traps was 

controlled by routing it through a variety of constrictions. The 

two-way tap c (Figure 6.8) allowed a choice between a fine 

capillary ( -~ cm long, i.d. ~0·2 mm) and a coarse capillary 

( _10 em long, i.d. -1 mm); tap b had a bore of 8 mm. 

Throughout the intial trapping process the pumping speed was 

reduced by routing the gas stream through trap D. This was a 

spiral trap (length -1 m, i.d. -2·5 mm) which was used to 

. collect the CO2 before its final transfer to the constant volume 

vessel E (see below). 

~e best way of quantitatively transferring condensable 

vapours within a vacuum apparatus is to allow them to diffuse 

along a thermal gradient to a part of th~ apparatus' where they 

can condense. In order to effect such a transfer in a finite time, 

it is essential that the quantity of residual (non-condensable) 
. 

gas in the system is kept to an absolute minimum. This requires 

a high speed pumping system. 

Once the bulk of the non-cor.densable gas had been pumped out 

of the apparatus, any CO2 that had been physically trapped by the 

formation of ice was released by melting and refreezing the ice. 

!rhe CO
2 

alone could then be di~tilled from a trap immersed in a 

dry ice/methanol mixture to one immersed in liquid nitrogen. The 

progress of the majority of such transfers could be monitored on 

Pirani gauge P2; if necessary , the process could be hastened by 

~ping in the final stages. The final transfer to the constant 
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volume vessel however could not be assisted by pumping. The CO
2 

was thus collected in the low volume spiral trap (D) which could 

be pumped in order to ensure a minimum of residual vapour which 

would interfere with the diffusive transfer. The CO2 could then 
• 

be successfully transferred to vessel E by allowing trap D to 

warm to room temperature, whilst cooling vessel E with liquid 

nitrogen in the central 'finger'. 

Apparatus 

!rhe final form of the apparatus is shown both in Figure 6.8 

aDd on Plate 6.1. The glass apparatus was constructed from 

borosilicate glass; all the taps were sround glass stopcocks 

(Magnum Vacuo BY). The same basic apparatus was used for the 

determination of both PCO~ and CT, the only variation being in the 

form of the sample device which was attached below t~ps b and c 

(see below). The system consisted of four sections:-

(i) The pumping system (Figure 6.10) comprised a water-cooled 

oil vapour diffusion pump (Edwards E02) and a two-stage 

rotary pump (Edwards ED.50). T,he diffusion pump could be 

bypassed at will, thus allowing the apparatus to be 

eyacuated to an initial pressure of less than 0·1 torr 

with the backing pump alone. The pumps were connected into 

the main vacuum line through a liquid nitrogen cooled trap, 

vhich served both to protect the pumps from water vapour 

and to prevent oil vapour from the diffusion pump from 

reaching the main vacuum system. This arrangement enabled 
. -4 

an ultimate pressure of less than 10 torr to be attained 
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easily (measured at either Pirani gauge P1 o~ P2 (Edvards 

model 8-2 control unit with G.5C-2 heads) ). 

(ii) Two separate sampling devices were used. In the 
• 

determination of Pea' a known volume of gas was isolated 
. ~ , 

from a gas stream, using either a single two-litre :fl.ask 

(Figure 6.11), or two such flasks joined in series with 

ball and socket joint. The volumes of the :fl.asks were 

found by weighing filled with water, and were: 

flask I (2·2,368 dm3); :fl.ask II (2.2287 dm3); the two 

flasks in series (4-4815'dm3) •. For the determination of 

c~ an arrangement similar to that described by Wong (1970) 

was used (Figure 6.12). ~he ~ter sample was collected in 

a closable pipette (Figure 6.12 - B); this was attached to 

the reaction chamber (e) by a ball and socket joint. ~he 

experimenta1 arrangement allowed the system to be evacuated 

before admitting the phosphoric acid used to acidify the 

sample.. The involatile acid could then be degassed, the 

sample admitted and the sample pipette flushed with 

CO
2
-free water. The reacting mixture was stirred 

magnetically. 

(iii) The traps were arranged so that the gas stream from the 

sample could be routed through all the traps in series. 

!rrap A was immersed in a dry ice/methanol mixture, and . . 
traps B, e and D were immersed in liquid nitrogen during 

the initial trapping procedure. Trap A was a spherical 

flask (volume - 400 cm3) and D was a spiral trap (volume 

- 10 cm3). 
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• 

FIGURE 6.11 
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(iv) The constant volume manometer (Figure'6.13) had a central 

. 'cold finger' which could be filled with liquid nitrogen 

in order to transfer CO2 from trap D_ The volume of the 

measuri~g vessel (to a mark etched at the base of the 

vater jacket) was found, by weighing water, to be 

4O-788.:!:. 0-002 (4) cm3• The temperature of the water 

jacket was maintained constant by continuous circulation 

of . water from a thermostat bath. The temperature was 
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measured using a mercury in glass thermometer which had 

been calibrated against a quartz thermometer (Dymec 28401 A) 

which in turn had been calibrated at the triple point. 

The pressure was measured in mm of mercury using a 

travelling microscope to measure the difference in height 

between the two arms of the manometer. 

Experimental procedures 

The principles common to both the determination of Pea and 
2-

of CT have been outlined above. A detailed de~cription of each 

. method is given diagrammatically in Figures 6.14 (PC02.) and 6.15 

(CT)· 

6.4.2.3 Computation of results 

The number of moles of CO2 finally transferred to the 

constant-volume vessel was calculated using the virial equation 

of state truncated after the second virial coefficient 

(see Appendix II): 

P (V/n) 
RT 

--
S(T) 

1 + (V/n) 
(6.48) 
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FIGURE 6.14 

EXPERIMENTAL METHOD FOR PCO . ~ 
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Raise mercury level by allowing air in through tap m, circulate 
the thermostat ted water for at least 20 minutes, then measure h. 
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FIGURE 6.15 

EXPERIMENTAL METHOD FOR CT 

Process Procedure 

SAMPLE Evacuate reaction chamber (C) 

ii) Admit phosphoric acid from (D) and allow to degas 

PREPARATION iii) Close taps b, c and carefully open the tap 

to the sample pipette (B) 

iv) Allow CO
2 

free HCl to rinse (B) into (A) 

v) Stir with a magnetic stirrer 

TRAPPING 

ETC 

vi) Proceed as for PC02 (figure 6.14), starting 
by using the coarse capillary for 15 minutes. 

Key to symbols 

a - taps (figure 6.8) 

- traps (figure 6.8) 

- part of CT apparatus (figure 6.12) 

- trap cooled with liquid nitrogen 

- trap cooled with C0ziCH30H mixture 

® 
rt 

- trap at room temperature 

--. - direction of pumping 

dp - diffusion pump 

rp - rotary pump 

fc - fine capillary at tap c 

cc -,coarse capillary at tap c 



This can be rearranged to give 

BfT) 2 
V n + n -

PV -RT' = o (6.49) 

from which n can be calculated. The pressure P is calculated 

from the height· of mercury in the manometer (h mm): 

p = t 

h 8 -2· 0 ( ) 
'II ere g = 9· 1379 m s at a latitude of 53-5 N Weast 1975 

and f Hg .is the density of mercury (kg m-3) at the measured 

room temperature (Weast 1975). The volume of the measuring 

veesel (V) and the temperature of the water-jacket (T) are also 

known. 

In order to calculate pC~ from the value of n t it is 

necessary to know the pressure, volume and temperature of the 

original gas sample. The following procedure was followed in 

order to sample gas at laboratory temperature and pressure. The 

gas stream was routed in through the sample flasks into trap A 

and out through tap a (FigUre 6.8). The taps into and out of 

the sample vessel, and those to trap A (taps a, b, c, d and e) 

were then closed, and the enclosed volume of gas allowed to reach 

the ambient laboratory temperature (T lab) which was measured 

using a mercury in glass thermometer. Tap a and the coarse 

capillary (tap c) were then opened momentarily in order to 

allow the gas in the sampling vessel to attain the laboratory 

pressure (P
lab

), which was measured using a Fortin barometer • 
• 

The mole frac tion of gas trapped from this sample (Y) is then 

given by 
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It is however necessary to correct this value of )I for the 

presence of dinitrogen oxide (Craig & Gordon 1963). This 

atmospheric constituent has a similar molar mass to CO2, and a 

boiling point of 167 K. It thus cannot be separated from CO2 by 

the procedure described above. The most recent estimates of the 
• I 

atmospheric concentration of N20 (cited by Liu, Cicerone, Donahue 

and Chameides 1977) give a value of - 0.300 ppmv. This figure 
I 

has been used to calculate the mole fraction of CO2 in the sample: 

= -6 Y - 0-30 x 10 _ 

This value of YC01 is then used to calculate either the partial 

pressure of CO2 . 
t 

or the fugacity of CO2 in the air sample (see Appendix II). 

The value of CT can be calculated directly from the value of 

n and the weight (w kg) of sample: 

• (6.;4) 

It is unnecessary to correct for the presence of N20, as the 

atmospheric gases in equilibrium with the sample account for only 

a very small proportion of the total CO2• 

6.4.2.4. Assessment of precision and accuracy 

The precision of the method for PCO~ 'was estimated by two 

. separate experimental techniques:-

(i) A cylinder of compressed air was repeatedly analysed over a 

period of thirteen hours. 

~.3 Z 0.5 x 10-6(6). 

The value obtained for y CO was 
2. 
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(ii) A sing~e CO2 sample was transferred from the constant-volume 

manometer into the small side arm F (figure 6.8). This trap 

was then closed at tap 1, detached from the apparatus and 

mounted on one of the sample flasks. The flask was then 

filled with N2 (C02 free and saturated with water vapour), 

the tap on the trap opened and the entire analysis repeated. 

The value found for y C~ was 340.1 .:!:. 0.6 x 10-6 
(5) and the 

values showed no significant trend to indicate loss or gain 

The accuracy of the method is much more difficult to 

determine. An attempt was made ·to liberate carbon dioxide 

quantitatively from sodium bicarbonate by heating; the results 

however were scattered and inconclusive. The possible sources of 

measurement error, i.e. in the measurements of P, V and T, have 

been estimated as .:!:. 0.05 mm mercury, .:!:. 0.01 cm' and ~ 0.1 degrees 

respectively. The resultant combined error of measurement is 

approximately 0.15%. The major e;ror was believed to be the error 

in reading the travelling microscope. . 

Both the precision and the accuracy of the method for CT 

could be estimated by performing replicate determinations of a 

standard solution of carbonate (- 2.5 mmo1 dm -,). This solution 

was prepared by dissolving a weighed amount of Analar Na2CO, (dried 

t~ constant weight at 270 0C) in CO2-free distilled water (obtained 

. by degassing the water under vacuum for an hour). The solution 

was subsamp1ed into three sample pipettes and these were analysed 

consecutively. The precision of the method was estimated by 
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combining the results from two groups of measurements and was 

found to be .., 0.2%. The mean of each group agreed with the 

'true' value with a confidence of 99%. 

6.4.3 The measurement of pH 

The measurement of pH is based on the operational definition 

given in section 4.1.2: 

"pH(X) = pH(S) + • 

The use of the Nernst factor R T In 10/F implies that the 

glass electrode employed for pH determinations shows the 

theoretical response to hydrogen ion. This was checked by 

measuring 'the emf of the glass electrode relative to a hydrogen 

electrode over a range of pH. This was done by titrating a 

universal buffer mixture (containing 0.5 M Na+) with sodium 

hydroxide solution (Hansson 1972). The glass electrodes used 

(Radiometer G202C & G2027C) were found to have a theoretical 

response over the pH range 3 - 8.5 to within 0.1 mV (0.002 in pH). 

This is in accordance with the obfiervation of Pehrsson, Ingman and 

Johansson (1976a) that glass electrodes usually have a theoretical 

response if care is taken to ensure that the cell is at a uniform 

temperature throughout. If however the electrodes were tested by 

measuring the emf between them in two or more of the NBS standard 

buffers, the slope of a graph of £ against pH(S) had a s 

. significantly less than the theoretical slope ( ,.. 0.995 R r In 10/F). 

This discrepancy is almost certainly due to a change in the 

liquid junction potential, (~/) between the various' standard 
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buffer solutions (see also Johnson, Voll, Curtiss & Pytkowicz 

1977). The pH measurements reported in this thesis were all made 

relative to a 0.05 fin solution of potassium hydrogen phthalate 

(10.12 g of primary standard salt (BDH Chemicals Limited) dried 

at 110 0C for two hours and made up to 1 dm3 with distilled water) 

to which were ascribed the values of pHeS) shown in table 4.1 

(Bates 1973). The pH measurements obtained should thus be 

comparable with any of those by Atlas, Culberson and Pytkowicz 

(1976) who also used this buffer (pH = 4.008 at 25 0 C) ; however, 

they m~ not be comparable with those ~ade by Mehrbach, Culberson, 

Hawley and Pytkowicz (1973), or with those by Culberson and 

Pytkowicz (1973), who measured pH relative to a phosphate buffer 

(pH = 7.413 at 25 °C) • 

6.5 COMPARISON OF PUBLISHED VALUES FOR THE 

CONSTANTS OF THE CARBONIC ACID SYSTEM 

The solubility of carbon dioxide 

The solubility of carbon dioxide in seawater has recently 

been reviewed by Weiss (1974). He compared the results of Li and 

Taui (1971) and of Murray and Riley (1971) with some determinations 

of his own, and concluded that the data of Murray and Riley was 

the more reliable. He then fitted the solubility function 

(6.11) 

. (i.e. using ionic medium standard states and assuming that 

() • = 1) to an equation of the following form: s' COl 
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, I 

~ 1 . 

/ 

18.5 

In K 0 = A1 (100/T) + A2 + A3 In ( T/100) + 

S (B
1 

+ B
2

( T/1(0) + B
3

( T /100)2). (6.55) 

This semi-empirical equation (coefficients in table 6.9) was found 

by Weiss to fit the data of Murray and Riley with an r.m.s. 

deviation of .. 0.,3% ( ,.. 1.4 mol dm - 3 atm-1). 

The dissociation constants for carbonic acid 
, I 

The work of Buch with the quinhydrone electrode (see e.g. 

Buch, Harvey, Wattenberg & Gripenberg 1932) is now really only of 

historical interest. It has been superseded by more recent 

investigations of the dissociation constants employing ~ glass 

electrode (Lyman 19.58; Hansson 1970; 1972; 1973a; 1973c; Mehrbach, 

Culberson, Hawley & Pytkowicz 1973). All of these later 

determinations have defined their ionisation functions K1C and K2C 

in the general forms 

K1C 
• • (6 • .56) = a TH][HC0

3
J /[C02 J 

and 

K2C = a [H J[C0
3
J /(HC0

3
) (6 • .57) 

where a is a multiplier relating [H) to the pH scale used: 

a [H) = 1o-
pH 

• (6 • .58) 

The two pH scales that have been used are the NBS pH scale 

(Lyman 19.58; Mehrbach et al. 1973) and the pH(SWS) scale (Hansson 

1970; 1972; 1973a; 1973c) - see chapter 4. They can be related by 

. the expression 

X = 10-pH(NBS) = f [H] 
H sws 

(6 • .59) 



I 
Ii 

.. , 

'( 

-' -

TABLE 6.8 

FITTING EQUATION FOR THE CONSTANTS K 0' K l' K 2 

FOR THE CO
2 

SYSTEM IN SEAWATER 

1(0 ,Weiss (1974) 

, Coefficients for equation 6.55 

mol dm-3 atm-1 mol (kg seawater)-1 atm-1 

90.5069 93.4517 

-58.0931 
22.2940 

0.027766 
- 0.025888 

0.00.50578 

Dissociation constants 

-60.2409 

23.3585 
0.023517 

- 0.023656 
0.0047036 

Lyman (195~) - equations adapted from Edmond & Gieskes (1970) 

(mol dm-3) 

pl(~ = 3404.71/T + 0.032786T - 14.7122 - 0.10616 s1 

pl(~ = 2902.39/T + 0.02379T - 6.4710 - 0.2598 S1 

186 

Hansson (1972) - equations from Almgren, Dyrssen & Strandberg (1975) 

(mol/(kg seawater) ) 
2 

pI( 1 = 841/T + 3.272 - 0.0101 S + .0.0001 S 

pK 2 = 1373/T + 4.854 - 0.01935 S + 0.000135 S2 

,.Mebrbach, Culberson, Hawley & Pytkowicz (1973) 

(mol/(kg seawater) ) 

pK; = - 13.7201 - 0.031334T + 3235.76/T + 1.300 x 10-; s.T 
- 0.1032 s 

5371.9645 + 1.671221 T + 0.22913 S + 18.3802 In S 
-4 T _ 128375.28/T - 2194.3055 In T - 8.0944 x 10 S. 

- 5617.11 (In S)/T + 2.136 S/ T . 
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where fH is known as the apparent total hydrogen ion activity 

,coefficient (see Culberson & Pytkowicz 1973). . It is thus not easy 

to make an unequivocal direct comparison between the various sets 

of constants as any differences could be due solely to the change 

of pH scale. 

An indirect comparison of the various reported constants can 

be made via the ratio K1C/K2C (Sldrrow 1975 - pp. 52-53), i.e. 

the stoichiometric equilibrium constant for the reaction 

(6.60) 

• 

Figure 6.1.6 shows the variation of log10K with 1/ T using values 

obtained from the author's own interpolations. These plots, like 

those of Skirrow (1975), indicate the presence of a slight 

systematic discrepancy the mean magnitude of which, at a salinity 

of 35 ~o, is N 0·03 in 10g10K (i.e. - 7~). The interpolation 

function of Hansson (19730) forces log10 K to have a linear 

dependence on 1/T; his experimental values (Hansson 1972) 

exhibit an appreciable curvature (see figure 6.16). The temperature 

dependence obtained is in reasonable agreement for the measurements 

'of both Hansson (1972) and Mehrbach et al.(1973). 

In order to assess whether the discrepancy is due to errors 

in K
1C 

or in K 2C it is necessary to try and take into account 

the difference between the two pH scales employed. A direct 

comparison of the data for K
1C 

(see figure 6.17) suggests that 

there is a very different temperature dependence. If however the 
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FIGURE 6.16 

VARIATION OF log10K AS A FUNCTION OF 11 T AT 'S = 35-00 ~o 

- Hansson (1973c) - interpolated values 

Mehrbach, Culberson, Hawley & Pytkowicz (1973) 

- interpolated values -

• Hansson (1972) - experimental values 
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FIGURE 6.17 

VARIATION OF pK
1C

WITH 1fT AT A SALINITY OF 35 %0 

pJ<;c 

Mehrbach et al. (1973)_--..~ 

smoothed data 

I , 

6-0 i I 
. I 

I I 
/ I 
. I 
.~/_Hansson (1972) 

Hansson (1972) ~ /' I data corrected for fluoride 

smoothed data . / 
/1 

/ / 

.II 
, .' I . 

5-9 I , 
/ / 

/ I-E--Mehrbach et al. (1973) 

.' ' data corrected to pH(SWS) 
/ I . 
. I 

.I, 
.II 

.II 
.~ 
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data of Mehrbach et al. (1973) were converted to the pH(SWS) scale: 

p K(sws) = p K(NBs) + log10 fH (6.62) 

then the constants should be more nearly comparable. Mehrbach 

et al. have reported values of fH at a variety of temperatures and 

salinities. These have been graphically interpolated in order to 

produce a graph of log10fH as a function of 1/T (section 6.6.1 -

figure 6.21); this in turn has been used to correct the constants 
I 

I 
of Mehrbach et al. to the pH(SWS) form. The temperature dependence 

of the two sets of constants can now be seen to be fairly similar. 

There is still a slight discrepancy between the two groups of 

constants, due in part perhaps to the absence of fluoride from 

Hansson's synthetic seawater recipe. In order to correct his 

constants to a full seawater recipe it is necessary to multiply 

them by the factor 

i.e. 

= F corr 

PK(full s/w) = pK(reduced s/w) - log10(F ).(6.64) corr . 
The magnitude of log O(F ) can be calculated from the values of 1 corr 

~HSO and~HF given in section 5.2.4.1 and is found to be N 0·01. 
:t. 

The corrected values for Hansson's pK1C have been plotted on 

figure 6.17, thus bringing the two separate sets of determinations 

of p K
1C 

. into better agreement. 

A similar procedure can be carried out for the constant K 2C. 

The results for this are shown in figure 6.18. .Thi~ shows again 
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FIGURE 6.18 

VARIATION OF pK 2C WITH 1fT AT A SALINITY OF 35 ~o 

Mehrbach et ale (1973) ___ --./ 

smoothed data 

/ / 
• 

1./ 
I I 

/ 

/. 
1.'/ 

/ ? 
~ 

/~. 

1/ 
/ .'/ 

/~ . 
I. '/ Hansson (1972) 

smoothed data 

/+._._. Hansson (1972) 

I.~:I' data corrected for fluoride 

A/ 
A/ 

J/ 
'/ 

___ Mehrbach et ale (1973) 

data corrected to pH(SWS) 
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that the results for the two investigations agree to within 

A further check on the agreement between these two sets of 

constants is furnished by examining the salinity dependence of 

the two sets of constants at 25 0C. These are also in reasOnable 

agreement (see figures 6.19 and 6.20). The limits of uncertainty 
I 
i 

on the sets of constants can thus be estimated as - + 0-015 ,in 
- I 

10g10K1C and -.:t. 0·02 in 10g10K2C. Hansson (1973a) has shown 

that the presence of small amounts of protolytic impurities in the 

medium ( - 2 x 10-5 M) can cause the value of 10g10 K
1C 

to be 

- 0·01 unit in error. It is thus apparent that the agreement 

between the values of K1C is as good as can be expected from 

titrations of solutions containing low concentrations of total 

inorganic carbon ( - 2·5 mM). In order to obtain precise and 

accurate values for }(1C ' it is probably necessary to use 

buffered cells of the type used by Harned and Bonner (1945). 

Unfortunately, J(2C cannot easily be measured accurately in the 

same way, as the carbonate ion concentration is limited by the 

solubility of calcium carbonate •• The best possible values 

obtainable will thus probably have an appreciable error ( - 0·01 

in log J( ) even with the optimum conditions for its 
10 2C 

determination, i.e. using higbly accurate values of }(1C and the 

cleanest possible synthetic seawater solutions. 
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FIGURE 6.19 

VARIATION OF - log10 K10 WITH SALINITY AT 25
00 

''''iII!~ __ Mehrbach et al. (1973) 

O!'iginal data 

Hansson (1972) 

data , ,. ,' ... 
, '. Hansson (1972) " '. 5-9 " :::..~. data corrected for fluoride , ....... 

...... ....... 
....... ....... .... ..... .... 

-...: ............... .... ... ....... ..... ........ . 
............. ~~. 

...... ~', 
....... '-..... . .............. 

....................... -.. 
..... ..... Mehrbach et al_ (1973) 

data corrected to pH(SWS) 

. 25 35 40 
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FIGURE 6.20 

VARIATION OF - log10 K2C WITH SALINITY AT 25 °c 

'\.~ ___ Mehrbach et ale (1973) 

original data 

-- -

~ __ Hansson (1972) 

original data 

9-0 

Mehrbach et al. 

data corrected to pH(SWS) 

20 25 40 
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6.6 EXPERIMENTAL INVESTIGATIONS 

6.6.1 The measurement of fII 

Introduction 

Values of 10-pH on either the SWS or the NBS pH scale are 

linearly related to the concentration of free hydrogen ion: 

. 10-pH (NBS) = )( = k ~H h (6.65) 

(where k is dependent on the design of liquid junction (Hawley & 

Pytkowicz· 1973) and ~ H is the NBS conventional hydrogen ion 

activity coefficient) and 

10-pH (SWS) = 

They are thus related by the expression 

= fH [HJ , sws 

where fH is known as the apparent total hydrogen ion activity 

coefficient (see Culberson & Pytkowicz 1973). Once fH is known, 

then the two pH scales can be interconverted, thus enabling a 

comparison of p}( values on the two scales (see section 6.5.2). 

Values of fH are also used in the single acid addition method for 

alkalinity {section. 6.4.1.3), in order to convert values of pH(NBS) 

measured in the acid/seawater mixture to values of the total 

hydrogen ion concentration suitable for use in equation 6.47. 

6.6.1.2 Experimental procedures 

Values of fH in the ionic medium were obtained by titrating 

a volume (V
o

) of pure ionic medium with V cm3 of hydrochloric acid 

. (H = 0.3 mol dm-3). The value of pH(NBS) was measured at each 
t 
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titration point (figure 5.7); fH was obtained by a linear regression 

of the experimental values (e.g. figure 6.21). 
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'FIGURE 6.21 

EXPERIMENTAL DETERMINATION OF fH 

( I = o· 676 mol/(kg solution); t = 20
o

C) 
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Values of fH suitable for use with the single acid addition 

method can thus be obtained by using values for seawater with an 

ionic strength equivalent to that of the final mixture. The 

elaborate procedure of Culberson, Pytkowicz and Hawley (1970), 

which involves the preparation of a number of standard acid 

197 

solutions of different strengths, is almost certainly unnecessary. 
I 

In addition, the error may be increased due to the increased 

number of transfers of the electrode pair between the various 
I 

solutions. I 

6.6.1.3 Results and discussion 

The experimental values of fH obtained during this study are 

presented in table 6.9. It is not possible to predict a theoretical 

expression for fH as a function of T and I because of the unknown 

nature of the term k. It has however been plotted against 1/T 

(I = 0.674 mol/(kg solution) ) and against Ii (t = 25 0 C) in 

order to assess the consistency of the data (figures 6.22 and 6'.23). 

The agreement between replicate determinations is usually within 

0.01 in fH if the same electrode pair is used. If, however, a 

different glass/reference electrode pair is employed, then the 

values of fH obtained may be somewhat more discrepant even though 

the reference electrode is nominally the same (see table 6.9). 

In addition, a comparison with the values of fH reported by 

Culberson and Pytkowicz (1973) (Corning 476034, low sodium ion 

error - Sargent S-30080-15, ceramic frit, 3·5 N KCl filling 

solution); Mehrbach, Culberson, Hawley & Pytkowicz (1973) 

(Sargent S-3OO50-150 (Jena type U) - Sargent S-300BO-15C, ceramic 

f'rit junction); and Atlas, Culberson and Pytkowicz (1976) (Sargent 



TABLE 6.9 

EXPERIMENTAL V ALOES OF fH 

I I (mol/(kg seawater» 

Eaectrode pair I 5.0 0.296 

0.488 

0.676 

0.861 
..- -

10.0 0.676 

20.0 0.676 

30.0 0.676 

Eaectrode pair II 0.676 

0.488 

0.769 

0.778 

0.811 

0.811 

0.876 

0.862 

0.789 

0.782 

0.671 

0.671 

0.736 

0.736 

0.835 

0.830 

0.766 
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FIGURE 6.22 

VARIATION OF fH WITH 1 IT 
(I = 0·676 mol/(kg seawater)) 

• Electrode pair I 

o Electrode pair II 

• 

103 KIT 
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FIGURE 6-23 

VARIATION OF fH WITH IONIC STRENGTH 

• Electrode pair I 

o Electrode pair II 

-- -

0-8 

0-7 

0-6 0-7 0·8 0·9 
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S30050-15C - Corning 476002, asbestos fibre junction), reveals 

large discrepancies (figure 6.24). 

These discrepancies, which occur even if the reference 

201 

electrodes are nominally of the same type, are much larger than the 

reproducibility reported by the individual investigators. They 
! 

emphasise the need to use the same type of glass and refer,ence 
I 

. electrodes both for the measurement of pH and for the measur~ment 
\ ' I 

of apparent constants. The discrepancy is especially proJounced 
I 

for the single measurement by Atlas, Culberson and Pytkowiqz (1976) 
, 

who were using a reference electrode with an asbestos fibre 

junction (as opposed to a ceramic frit). This type of junction has 

been reported as unsatisfactory by Johnson, Voll, Curtiss and 

Pytkowicz (1977). It has been suggested (Hansson 1973d) that 

basing all pH measurements on a high ionic strength buffer might 

reduce the dependence of fH (i.e. k) on the design of the 

reference electrode. This still remains to be investigated. 

6.6.2 A check on the consistency of the various experimental 

parameters for the carbon dioxide system in seawater 

6.6.2.1 Introduction 

A final check on the accuracy and precision of the studies 

conducted on the carbon dioxide system in natural waters can be 

obtained by measuring all the possible analytical parameters on a 

single sample. The values of measurable parameters calculated 

.using the equations of Appendix IV can then be compared with their 

measured values and the discrepancy compared with the expected 

error (section 6.3) in order to assess the consistency of both the 
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VALUES OF fH REPORTED BY VARIOUS WORKERS 
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calculation scheme and the equilibrium constants (section 6.5). 
In order to do this, a volume of ionic medium ( N 2 dm'; ~ 

2.5 mmol dm-3) was equilibrated with air; each of the four 

20, 

experimental parameters pH, PCO~' ~ and CT was then determined on 

this sample by the methods described in section 6.4. 

6.6.2.2 Experimental procedure 

Saturation 

The saturation system used in this project is illustrated in 

figure 6.25. A large vessel (A) was immersed in the thermostat 

bath. This vessel contained - 2 dm3 of ionic medium and 7 em' of 

,a stock solution (containing sodium bicarbonate and sodium 

carbonate) which was sufficient to give a final alkalinity of 

approximately 2-5 mmol dm-3• Air, drawn from outdoors through a 

length of polythene tubing was first ,saturated with water vapour, 

and then bubbled through the solution (bubbler depth - 6 - 10 em) 

in o;t'der to bring the solution into equilibrium with the 

atmospheric PCCl. In order to assess whether an equilibrium had 
, 

been established, the air coming out of the saturation vessel was 

dried by passage through a trap immersed in a solid CO2-methanol 

mixture and then passed through a Grubb-Parsons IRGA 20 

non-dispersive infra-red gas analyser with a chart recorder output. 

The line drawn by the recorder became horizontal after approximately 

2 - 3 hours, indicating that equilibrium had been attained. Once 

equilibrium had been reached, the gas stream was routed directly 

through the p sampling flasks in order to have the same value of 
CO" 

,v in the sampling flasks as that which is in equilibrium with 
'" C0.l 
the sample_ The gas was then circulated in this closed system 
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(see figure 6.25) for a further hour. 

Sampling 

The samples for the various analytical measurements were 

taken as follows. 

Pco The pumping was stopped and the sample flasks sealed off 
~ 

at. a measured temperature and pressure (see sectio~ 

6.4.2.2). 

CT A sample of the water was collected by pumping it into a 

sampling pipette using pressure from a nitrogen cylinder. 

The sampling pipette was immersed in the thermostat bath 

in order to prevent the formation of gas bubbles in the 

pipette due to any temperature difference between the 

sample and the sample pipette. 

(potentiometric titration) The clean, empty titration 

vessel was filled with the sample by application of 

pressure from a nitrogen cylinder (see figure 6.26). 

The cell was flushed through with 1i cell volumes of 

sample. 

pH A 250 m1 three-necked round-bottomed flask was filled to 

the brim with sample and then the electrodes and a 

magnetic stirrer were inserted, and the other neck 

closed with a plastic stopper. The equilibrium pH was 

reached after about 2 - 3 minutes. 
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FIGURE 6.26 

FILLING OF THE TITRATION VESSEL 

(Electrodes and burette port not shown) 

Samp1 e pumped 

fro~ equilibration 

vessel with N2 

! 

, 

plunger 

----...::>~ overflow 

Once the cell has been flushed through with N 500 cm
3 

of 

sample, the glass tube (A) is carefully withdrawn and replaced 

with a glass stopper. The ground glass stopper (B) is then 

removed, and the plunger pushed down into the cell. Finally the 

stopper (B) is replaced and the emf reading allowed to stabilise 

before the burette needle is inserted and the titration beguno 
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AT (single acid addition) The 100 cm3 of the sample 

required were pipet ted out of the sample used for the 

pH measurement. 

6.6.2.3 Results and discussion 
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. The resul ts from a number of such experiments have been 

presented in Table 6.10. These data were used in order to :assess 
I 

the. consistency of the various experimental results, and also to 

provide an independent check on the accuracy of the two recently 

published sets of data for the dissociation constants (Hansson 1972; 

19730; Mehrbach, Culberson, Hawley & Pytkowicz 1973). 

In order to accomplish this, the various measurements were 

each used in all of the possible combinations of the four parameters 

pH, .AC (= Ar in a borate free seawater), CT and PCO (see 
. :L 

Appendix IV). These calculations were repeated using each of the 

sets of dissociation constants (together with the appropriate value 

of pH). The values of K 0 recommended by Weiss (1974) were used 

throughout. The values obtained for the concentrations of the . 
, (. - 2-) various carbonate species CO2 , HC0

3 
& C0

3 
using each of 

the sets of constants and the data of Table 6.10 are presented 

in Table 6.11. The reason for displaying these parameters, 

rather than the calculated values of the two other measurable 

parameters, is that the concentrations of dissol~ed carbon dioxide 

and of carbonate ion are extremely sensitive indicators of error 

(see Tables 6.2 and 6.6) whereas the calculated values of terms 

such as,CT are not. 



TABLE 6.1Q. 

RESULTS FR~ CO2 EXPERIMENTS 

t;oc s/(%o> pH(NBS) 
• 1 '" 6 

no. pH(SWS) ~T- "103 cT(vac"2 ]0 f C~ J' " • 

. . 2 
( mol/(kgseawater) ) atm 

1 30.0 33.96 8.231 8.020 . 2.265 1.974 1.931 366.4 

2 20.0 33.96 8.205 7.979 2.386 2.196 2.201 '\ 

3 15.0 33.96 8.069 7.968 2.277 2.026 2.133 487.3 
'4 8.165 8.017 2.333 2.179 2.200 

--
5 10.0 33.96 8.163 8.020 2.281 2.123 2.155 383.8 
6 8.149 8.013 2.218 2.089 2.100 ~ -

7 5.0 14.84 8.219 8.157 
, 

2.528 2.194 2.363 402.5 
8 8.335 8.204 2.548 2.472 2.491 374.9 

9 24.49 8.152 8.052 2.341 2.258 1.300 385.4 
10 8.217 8.081 2.306 2.219 2.258 369.1 

11 8.206 8.048 2.807 2.548 1.809 369.6 

12 33.96 8.112 8.103 2.040 1.717 2.049 370.7 

13 8.067 2.261 2.119 2.418 344.0 

14 43.24 8.032 2.212 2.104 379.8 

15 8.179 8.067 2.298 2.183 2.186 372.2 
N 
0 

Calculated from the initial emf reading (before the burette tip was inserted) using the value of ~. 
00 

1 . 
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.; TABLE 6.11(cont.) 

(i) 
[C02 *1. (HCO} [co} 

(ii) (i) (ii) (i) (ii) 
\ 

6 
a' 0.1770E-4 0.1973E-4 0.1963E-2 0.1964E-2 0.1273E-3 O.1271E-3 
b O.1754E-4 0.1953E-4 o.1945E-2 ·o.1944E-2 0.1262E-3 0.1258E-3 

d • 0.1511E-4 0.1658E-4 0.1930E-2 O.1927E-2 O.1441E-3 O.1456E-3 

7 
a O.2767E-4 O.2392E-4 O.2377E-2 O.2332E-2 O.7535E-4 O.9810E-4 

b o.2448E-4 O.2138E-4 O.2103E-2 o.2085E-2 o.6665E-4 o.8772E-4 

c 0.2365E-4 O.2365E-4 O.2031E-2 O.2036E-2 o.6438E-4 O.9700E-4 

d 0.3749E-4 o.4371E-4 o.1853E-2 o.1851E-2 O.3377E-4 o.3384E-4 

e O.2365E-4 O.2365E-4 O.2355E-2 O.2330E-2 o.8653E-4 O.9906E-4 

f O.2.365~4 O.2.365E-4 O.2101E-2 O.2091E-2 o.6891E-4 O.7976E-4 

8 
..- - a 0.2097E-4 O.2144E-4 O.2353E-2 O.2330E-2 O.9742E-4 O.1092E-3 

·b O.2098E-4 O.2155E-4 O.2354E-2 O.2341E-2 O.9744E-4 O.1097E-3 
c 0.2202E-4 O.2202E-4 o.2471E-2 O.2393E-2 O.1023E-3 O.1122E-3 

d O.2105E-4 O.2384E-4 O.2354E-2 O.2348E-2 O.9706E-4 O.9984E-4 

e O.2202E-4 O.2202E-4 O.?361E-2 O.2334E-2 O.9340E-4 O.1068E-3 

f 0.2202E-4 O.2202E-4 O.2357E-2 O.2342E-2 O.9306E-4 O.1075E-3 

9 
a 0.2420E-4 o.2442E-4 O.2137E-2 0.2147E-2 0.1020E-3 0.9701E-4 

b 0.2414E-4 0."2431E-4 O.2132E-2 0.2137E-2 O.1018E-3 O.9657E-4 

c O.2138E-4 O.2138E-4 o.1888E-2 o.1879E-2 O.9014E-4 o.8490E-4 

d 0.2310E-4 O.2219E-4 0.2129E-2 O.2131E-2 0.1061E-3 O.1052E-3 

e 0.2138E-4 0.2138E-4 0.2115E-2 O.2124E-2 0.1131E-3 o.1085E-3 

f 0.2138E-4 0.2138E-4 0.2076E-2 0.2128E-2 O.1151E-3 0.1089E-3 

10 
a 0.2024E-4 0.2238E-4 . O.2076E-2 0.2103E-2 O.1151E-3 0.1016E-3 

b O.2031E-4 O.2230E-4 0.2083E-2 O.2095E-2 O.1155E-3 0.1012E-3 
. 

O.2047E-4 O.2047E-4 0.2100E-2 0.1984E-2 0.1165E-3 O.9290E-4 c 

d O.2170E-4 o.2083E-4 0.2089E-2 0.2090E-2 0.1087E-3 O.1078E-3 

e o.2047E-4 O.2047E-4 O.2078E-2 o.2087E-2 0.1141E-3 O.1094E-3 . 
O.1096E-3 

f o.2047E-4 o.2047E-4 o.2084E-2 o.2089E-2 O.1147E-3 
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TABLE 6 • 11 (c on t • ) 

(i) 
[C02 *1 

(ii) (i) 
rHCO} 

(ii) (i) 
[co} 

(ii) 

. 
11 
a O.1674E-4 O.2958E-4 O.2553E-2 O.2576E-2 O.1370E-3 O.1153E-3 
b O.1578E-4 O.2770E-4 o.2402E-2 o.2412E-2 O.1299E-3 o.108oE-3 
c O.2050E-4 O.2050E-4 O.3103E-2 O.1785E-2 o.1678E-3 O.7993E-4 
d O.6953E-5 O.9847E-5 O.2275E-2 O.2269E-2 o.266oE-3 'o.2688E-4 

e O.2050E-4 O.2050E-4 ·O.2576E-2 O.2495E-2 O.1156E-3 O.1561~-3 

f O.2050E-4 O.2050E-4 o.2425E-2 O.2385E-2 O.1025E-3 O.1426E-3 
I 
I 

12 
a O.1990E-4 O.1665E-4 O.1823E-2 O.1805E-2 o.1086E-3 O.1176E-3 

b O.1751E-4, O.1474E-4 o.1604E-2 O.1598E-2 C>.9554E-4 o.1806E-3 

c O.1945E-4 O.1945E-4 O.1782E-2 O.2109E-2 o.1062E-3 O.1374E-3 

d O.3823E-5 O.3541E-5 O.1386E-2 O.1387E-2 O.3268E-3 O.3265E-3 
~. -

O.1945E-4 O.1945E··4 o.1819E-2 o.1832E-2 O.1106E-3 O.1038E-3 e 

f O.1945E-4 O.1945E-4' o.1611E-2 O.1617E-2 O.8671E-4 o.8077E-~ 

·13 
a O.2023E-4 O.2019E-2 O.1211E-3 

b O.1985E-4 O.1986E-2 O.1188E-3 

c o.1805E-4 o.1801E-2 o.1081E-3 

d O.1562E-4 o.1457E-4 O.1946E-2 O.1948E-2 O.1576E-3 O.1566E-3 

e o.1805E-4 o.1805E-4 . O.1979E-2 O.1996E-2 o.1410E-3 O.1326E-3 

f o.1805E-4 o.1805E-4 O.1962E-2 O.1972E-2 O.1387E-4 O.1294E-4 

14 
a O.2295E-4 O.2015E-4 O.1971E-2 O.1951E-2 O.1204E-3 O.1307E-3 

.. 
O.1308E-3 b O.2283E-4 O.2017E-4 O.1961E-2 O.1953E-2 O.1198E-3 

c o.1886E-4 o.1886E-4 o.1626E-2 o.1826E-2 O.9898E-4 O.1223E-3 

d· O.2104E-4 O.2056E-4 O.1954E-2 O.1955E-2 O.1290E-3 O.1286E-3 

e o.1886E-4 o.1886E-4 O.1931E-2 O.1937E-2 o.1406E-3 O.1376E-3 

f o.1886E-4 o.1886E-4 O.1943E-2 ·O.1946E-2 o.1423E-3 O.1389E-3 . 
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15 

a 0.1663E-4 0.1912E-4 

b 0.1689E-4 0.1922E-4 

c 0.1848E-4 o.1848E-4 

d O.2139E-4 O.2090E-4 
e 0.1848E-4 0.1848E-4 
f o.1848E~4 o.1848E-4 

TABLE 6.11(cont.) 

,'.". '. 

0.1967E-2 O.2007E-2 

0.1998E-2 O.2017E-2. 

O.2187E-2 O.194oE-2 

O.2025E-2 O.2026E-2 

O.1992E-2 O.1999E-2 

O.2009E-2 O.2013E-2 
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(co J 
(i) J (ii) 

0.1655E-3 0.1457E-3 
o.1681E-3 o.1465E-3 

o.184oE-3 O.1409E-3 
0.1364E-3 0.1359E-3 
O.1528E-3 o.1496E-3 

O.1553E-3 O.1517E-3 

Calculated using the constants of Mehrbach, Culberson, 
Hawley & Pytkowicz (1973). 

(ii) Calculated using the constants of Hansson (1972; 1973c) 

a 

b 

c 

d 

e 

f 
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As a result of this extreme sensitivity to the effect of 

'error, even slight errors in the various experiment~. measurements 

show up clearly. An excellent example of this can be found in data 
. 

set 3, in which the value of C0
3 

obtained from measurements 

of AC and CT is obviously in error. The results obtained using 

one or other of the two sets of constants can at times be very 

self-consistent, see e.g. data set 10 obtained using the dissociation 
I 

constant's of Mehrbach, Culberson, Hawley & Pytkowicz (1973). 

The sets of constants can thus evidently form the basis of a l self 
I 

-consistent description of the behaviour of the carbon dioxide 

system in seawater. , 

Unfortunately, the set of measurements presented here is not 

precise enough to be used in a statistical evaluation of the data 
'j 

with a view to establishing which of the sets of constants is best 

suited to the ta~k of describing the experimental data. It is, 

however, possible to draw a number of conclusions from an inspection 

of Table 6.11. 

(i) The two sets of dissociation constants yield differing 

results. This is especially pronounced at low temperatures. 
, 

(ii) An approximate estimate of ~he probable discrepancy between 

the two sets of constants can be obtained by comparing the 

difference between the two results obtained for the same 

calculated parameter (Using the two sets of dissociation 

, constants) with the error on that parameter estimated from 

equation 6.22 • 

The discrepancy is found to be approximately 7-1~ in the ratio 

K 1/ K2 ' i.e. an error of about 0.03 - 0.04 in log10( K1/ K2)· 

.. 



This.figure is in reasonable agreement with the magnitude of the 

discrepancy noted by Skirrow (1975) - see also section 6.2.5 • 

If anything, the dissociation constants of Mehrbach et ale 

seem to fit the data slightly better than do those of Hansson. 

A contributory factor to this may be the difference between the 

two pH scales of the two groups. The data of Hansson were 

not corrected to a standard state that includes the HF complex. 

This would cause a slight discrepancy, equivalent to about 

0.01 in p K • 

6.7 CONCLUSIONS 

The present understanding of the chemistry of the carbon 

dioxide system in seawater is primarily descriptive. It 

enables the equilibrium concentrations of species such as 

2-and C03 to be calculated with an aaccuracy that 

is limited almost entirely by the reproducibility of pH 

measurements. The precision with which a pH measurement (or 

an electrometric measurement of hydrogen ion concentration) 

can be made is ·of importance to both the determination of the 

various ionisation functions used to describe the solution 

behaviour of carbon dioxide, and the subsequent application 

~f such functions 'to the calculation of the equilibrium 

214 

distribution of the various protolytic species present in seawater. 
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The determination of more accurate values for the various 

equilibrium constants, over a range of temperatures, iOJic strengths 

and pressures would go some way towards improving the accuracy 

of oceanographic calculations involving the carbon dioxide 

system. It is, however, essential that such data as are obtained 

are based on an unambiguous standard state for the hydroge~ ion 

in solution so that the measurements made by various workers 

in different media can be used to estimate the effect of tht 
I 

composition of the medium on such equilibrium processes and thus 

lay the foundation for a more thorough understanding of acid-base 

processes in seawater. 
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. APPENDIX I 

DESIGN OF AN ARTIFICIAL SEAWATER 

Traditionally the parameter salinity (S), expressed as . 

per mille (~o), has been used to give a measure of the total 

dissolved solids in seawater. Although originally intended to be 

an analytical parameter with the units g kg-1
, this direct I, approach 

was quickly superseded by the practice of estimating salinity from 
ii . I 

alternative, simpler procedures (e.g. the measurement of ctilorinity 
\ 

or conductivity ratio). The concept of a 'constant composi~ion of 

seawater' is then invoked in order to relate these parameters to 

salinity: e.g. (UNESCO, 1966) 

s/(96o) = 1.80655 C1/(~o). 

The chlorinity (C1) is obtai'ned by a direct argentometric 

determination of the total precipitable halogen content of 

seawater as defined by Jacobsen and Knudsen (194o): 

liThe number giving the cl?J.orinity in per mille of a 

sea-water sample is by definition identical with the number 

giving the mass with unit gram of 'Atomgewichtsilber' just 

necessary to precipitate the halogens in 0.3285234 kilogram 

of the seawater." 

The analytical results for the other major components of sea 

water are then usually expressed relative to chlorinity (see e.g. 

Table I.1; Connors & Kester 1974 ; Wilson 1975). 

Although the idea of 'constant composition' is recognised as 

being not strictly accurate in an oceanographic context, it is 
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however a useful artefact in simplifying the study of the various 

physicochemical properties of seawater. One example of such is 

.the treatment of seawater as a two-component system - water and 

'seasalt' - in order to correlate its thermodynamic properties 

(e.g. Millero & Leung 1976); another is the treatment of seawater 

as a constant ionic medium, in which various processes involving 

minor constituents can be studied (e.g. Sill'n 1967). The recipe 

for such an artificial seawater is given below in full (Table 1.2). 

The various simplified artificial seawaters used in this thesis 

were obtained from this by replacing certain constituents in such 

a manner as to keep the relative ~roportions of the constituent 

ions the same (Table 1:3). 

There has not yet been any universally agreed artificial 

seawater recipe; the composition of the artificial seawaters used 

by other workers in this field are therefore given in Table 1.4 

for comparison. A discussion of some possible consequences of 

these v.ariations in composition is included in section 3.3. 

Preparation of artificial seawater 

·The artificial seawaters employed in this investigation were 

prepared according to the following method (based on that of 

Kester, Duedall, Connors & Pytkowicz 1967). The ANALAR grade 

chemicals NaCl, Na2S04' NaBr, NaF and KCl were weighed directly 

without drying. Stock solutions of MgC12' CaCl2 and SrCl2 were 

JD8.de up from ANALAR grade chemicals and standardised by an 

argentometric titration (Mohr procedure - Vogel 1961) using 

ANALAR sodium chloride (dried at .5.500 C) as a chloride standard. 



These stock solutions were then weighed out as required. 

Finally, the solution was diluted to volume1 (at approximately 

.20oC) with distilled water. 

Conversion between concentration scales 

MacIntyre (1976) has provided a useful discussion of the 

computations involved in exact conversion between the various 
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concentration scales. The most useful relationships are repfoduced 

here, as are the numerical factors which apply to the artificial 

seawater used in this thesis. 

(i) mol/(kg solution) ~ mol/(kg H
2
0) 

All data is multiplied by the factor 

where k. is the concentration on the mol/(kg solution) scale and 
1. 

A1. is the molar mass of component i. For the seawater in this 
1. 

thesis, 

"2. k .A1. = 50·378 Ik = 1·00311 S 
1. 1. 1. 

thus 
19·91157 S 

1m = (103 _ 1.00311 S) • 

1 As it was more convenient to prepare a standard volume of 
seawater rather than weigh the water, the density equation 
of Millero, Gonzalez & Ward (1976) was used to convert to a 
volumetric concentration scale, and their fitting equation 
extrapolated to give the densities at the high ionic 
strengths. (I = 1.000 r.n ; S = 48.438 960.) . 



(ii) mol/(kg H20) ~ mol/(kg solution) 

All data is multiplied by the factor 

• 

For the seawater used in this thesis, 

thus 

:2:.m. M. = 50·360 1m ' 
l. 1 1. 

s = 
(1 + 0.050360 1 ) m • 
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TABLE 1.1 

Standard mean analytical composition of seawater of a salinity 
. 

·of 35.000 960 (chlorinity = 19.374 960). 

Component Relative Source 
Conc entration 
(g / (C1/(%o») 

Chloride 0.99891 Calculated from Cl 

Sulphate 0.1400 Morris & Riley, 1966 

Bromide 0.003473 Morris & Riley, 1966 

Fluoride 0.0~7 Riley, 1965 

Sodium 0 • .5.567 Obtained from charge balance 

Magnesium 

Calcium 

Potassium 

Strontium 

Boron 

Total alkalinity 

pH . 

0.06626 

0.02127 _ 

0.0206 

0.00041 

0.000232 

2.40 meq kg-1 

8.10 

Carpenter & Manella, 1973 

Riley & Tongudai, 1967 

Riley & Tongudai, 1967 

Riley & Tongudai, 1967 

UppstrHm, 1974 

Average surface water value 

Average surface water value, 
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TABLE I.2 

STANDARD MEAN CH»tICAL COO>OSITION OF SEAWATER (S = 35·000 ~o) 

Species M •• 
r . 

C1- 35.453 

SO 2-
4 96.06 

Br- 79.904 

F- 18.9984 

Na+ 22.9898 

Mg2+ 24.305 

Ca2+ 40.08 

K+ 39.102 

Sr2+ 87.62 

B(OH)3 61.83 

B(OH)4- 78.84 

HC0
3

- 61.017 

CO 2-
3 

60.009 

mol/(kg solution) g/(kg solution) 

0 • .54587 19·353 

0.02824 2.712 

0.00084 0.067 

0.00007 0.001 

0.46907 10.788 

0.05282 1.284 

0.01028 0.412 

0.01021 0.399 

0.00009 0.008 

• 0.00032 0.020 

• 0.008 0.00010 

• 0.00179 0.109 

• 0.00025 0.015 

1.11995 35.177 

I = 0.69720 mol/(kg solution) 

0.72275 mol/(kg H20) 

• Calculated using Hansson's· constants (Almgren, 

mol/(kg H2O) 

0 • .56577 

0.02927 

0.00087 

0.00007 

0.48617 

0.0.5475 

0.01065 

0.01058 

0.00009 

0.00033 

0.00010 

0.00186 

0.00026 

1.16077 

o 
Dyrssen & Strandberg 1975) at a temperature of 25 C. 

•• Relative molar masses (Weast 1975). 



TABLE. I.3 

COMPOSITION OF IONIC MEDIUM USED THROUGHOUT THIS WORK 

(.1 = 0·700 m ) 

(i 20 = 1.0240 kg dm-3; 35.248 g salt/(kg H20) ) 

Component mol/(kg solution) 

NaCl 0.41336 0.39929 0.40887 

Na2S04 0.02836 0.02739 0.02805 

NaBr 0.00084 0.00081 0.00083 

NaP' 0.00007 0.00007 0.00007 

KCl 0.01025 0.00990 0.01014 

MgC12 0.05304 0.05123 0.05246 

CaC12 0.01032 0.00997 0.01021 

SrC12 0.00008 0.00008 0.00008 
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TABU: 1.4 

C(E)OSITIONS OF IONIC MEDIA USED BY VARIOUS WORKERS 

(molality corresponding to 5 = 35 ~o) 

Constituent (i) (ii) (iii) (iv) (v) (vi) (vii) 

Cl - 0.56825 0.565775 0.569043 0.56988 0.56912 0.60692 0.56577 
50 2-

4 0.02927 0.029251 0.029251 0.02901 0.02926 0.02927 
Br- 0.00087 0.000856 0.00087 
F- 0.00007 0.000055 0.000055 0.00007 
Na+ 0.48617 0.485319 

, 
0.495578 0.49528 0.48516 0.46444 0.48609 

K+ 0.01058 0.010259 . 0.01058 0.01058 0.01058 
Mg2+ 0.05475 0.055223 0.055223 0.05595 0.05518 0.05518 0.05474 
Ca2+ 0.01065 0.010705 0.010799 0.01036 0.01077 0.01077 0.01066 
Sr2+ 0.()()()Q9 0.000094 o • ()()()()9 

~ B(OH)3 0.000436 0.00043 
HC0

3
- 0.002412 0.00242 

References (i) This work (iv) Hansson (1972) 
(ii) Kester & Pytkowic~ (1967) 

(iii) Culberson & Pytkowicz (1973) 

(v), (vi) Khoo, Ramette, Culberson & Bates (1977) 

(vii) Millero & Leung (1976) I'\) 

~ 
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APPENDIX II 

ESTIMATION OF VAPOUR PHASE FUGACITY 

Introduction 

The vapour phase fugacity of either a pure gas (Ya :: 1) or 

a component in a mixture of gases can be calculated from the-

equation 

fa = Ye P 
VB is obtained from 

'[l prVa -RT/p')dP' 1 
exp RT 

o 

where V is given by an equation of state for the vapour: 

V :: f rT,p) 

The ideal ge equation 

(11.1) 

The simplest equation of state is the expression for a 

perfect gas , 

(11.2) 

The integral in equation 2.36 is then equal to zero and 

f = Ys P (II.,) 

The virial equation 

More generally the equation of state can be represented by a 

virial expression: 

1 + + .,. .... (II.4) 
PVa 
- = 

sfT) 

RT 



- -

.. 

225 

This equation, truncated after the second virial coefficient' B (r) 

is usually adequate to represent P-V-T properties at pressures 

up to a few atmospheres (Dymond & Smith 1969). It also has the 

advantage that the coefficient 8 (T) can be related to the 

intermolecular potential energy function of the molecules 

concerned (Hirschfelder, Curtiss & Bird 1954 - p. 151). 

In 'a mixture of gases 

8 (T) :: 

where 8 1m = 8 ml , The total volume can then be written 

(Kirkwood & Oppenheim 1961 - p. 95) 

V :: ~knk V
k 

:: ~knk~ + ~I ~mnl nm~mfT) (II.6) 
P ~knk 

The partial molar volume of an individual component 

RT ~I ~m n[ nm 8 1m (T) ~mnm BemfT)( ) 
VB = P - f~knk)2 + ~ n

k 
II.7 

and thus 

V :: RT 
p 

+ ~ ~ v y. .. (?R (T) - 8 (T)) (II.8) 
I m.l'l m --em 1m' 

The fugacity is then given by 

[~Il:m Y, Ym 
l :: Yi P exp 
8 8 

For a pure gas this reduces to 

f 2 BamfT) - 81m (T}) p] 
I? T (II.9) 

P exp/S(TJP/RT J . {II. 10) 

A further particular case of equation II.9 is the expression for 

a component of a binary mixture (Guggenheim 1967 - p. 177) 

(II.11) 
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. . 
where 

~,= 
8-C 

Many of the cross-virial coefficients required for the practical 

computation of fugacity in vapour mixtures have never been 

measured experimentally. However, the fugacity of a component of 
I 

a mixture can be estimated by invoking the Lewis and Randall rule 

(Lewis & Randall 1923) 

(where • Ie is the fugacity of pure component B at the same 

temperature and pressure as the mixture). A more sophisticated 

method of predicting fa is to use empirical combining laws for 

the force constants in expressions such as the Lennard-Jones (6-12) 

potential. This can then be integrated in order to give values 

for the cross-virial coefficients (Hirschfelder, Curtiss & Bird 

1954 - chapter 3). 

Application to carbon dioxide 

Weiss (1974) recommends that the first virial coefficient 

9fT) be used in calculating the fugacity of pure CO2• The 
.. 

expression for -em which he used was (Level t-Sengers, Klein Be 

Gallagher 1971) 

afT) 
em'mol-1 

= -1636.75 + 12·0408 (r/K) (11.14) 
_ ,.27957 • 10-2 (T/K)2 

~ 3.16528 .10-5 (T/K)3 , 

(r/K) < 320. In addition, Weiss used the 

(6-12) potential "to calculate values of a for the 

where 265 < 

Lennard-Jones 

" binary mixture CO
2 

- air. He found that the temperature dependence 
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of this parameter is represented by the equation 

~ CO2 - air I = 57.7 - 0.118 (T K), 
cm3 mol-1 

where 273 <.. (r/K) < 313. The magnitude of these resultant 

'fugacity coefficients', expressed as the ratio 

fe / Ys P 
is illustrated as a function of temperature in figure II.1. 

- -
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FIGURE 11.1 

VARIATION OF FUGACITY COEFFICIENT WITH TEMPERATURE 

1·000 p = 0·1 atm (pure CO2) 

0·99& -- p = 1 at~ (C02 in ~rL -------- ----
0·996 -----....... p = 

0·994 

·0·992 

().990 

270 280 290 3 0 310 320 

(TIK) 
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APPENDIX III 

AN ION-PAIRING MODEL FOR ESTIMATING 

ACTIVITY COEFFICIENTS IN ELECTROLYTE MIXTURES 

Introduction 

Association concepts are based on the assumption that a 

fraction of anion-cation couples lose their electrolytic 

229 

properties when their cou10mbic attraction is strong, in the same 

way as weak electrolytes do, but for different reasons (Justice & 

Justice 1976). The two categories of ions so defined (i.e. free 

ions and ion pairs) are considered to be in chemical equilibrium, 

characterised by an association constant J(A' e.g. 

+ MXo (111.1) 

and (III.2) 

where the superscripts F and IP refer to free (unaBsociated) 

ions and i.on pairs respectively. The activity of an ion in 

solution (a
i

) is thus attributed solely to the free ion, i.e. 

, 

and it is then possible to calculate the total activity 

coefficient (Tti ): 

= (III.4) 

In order to use the ion-pairing model it is necessary to 

assume an exact knowledge of the properties (usually activity 

coefficients) of free ions and of ion pairs, and to interpret 
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experimental data for the associated system in terms of deviations 

from the behaviour of free ions at the same total ionic strength 

~Whitfie1d 1975a). It can thus be seen that the ion-pair is a 

convenient mathematical fiction, and that there is an arbitrary 

element in its definition (Davies 1962 - p. 4). It does however 

offer a tractable approach to the prediction of activity 

coefficients in electrolyte mixtures and has been widely applied 

in the field of geochemistry. 

Conventional activity coefficients for free ions and ion pairs 

The evaluation of activity coefficients for free ions and 

for ion pairs is fraught with difficulties. Whitfield (1975a,c) 

has provided a detailed account of the problems involved and some 

of the major points are summarised below. 

Free ions 

In the traditional approach used in marine chemistry (see 

e.g. Garrels & Thompson 1962) free ion activities are evaluated 

by extending the MacInnes (1919) convention beyond the originally 

suggested limit of an ionic strength of 0·1 m. This convention 

involves three assumptions: 

(i) that there are some solutions in which no ion 

association occurs, 

(ii) that the free ion activity coefficients of K+ and Cl­

are equal in sol~tions of potassium chloride 

and (iii) that these free ion activity coefficients are a 

function of ionic strength only, and hence are 

independent of the composition of the solution. 
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The free ion activity coefficients of those cations which are 

unassociated in chloride solutions (MCI ) can then be calculated 
n 

<from the expression 

= 
y (n + 1)/ y n 

.!. (MCIn ) .:!:. (Kel ) • 

In order to calculate free ion activity coefficients for anions 
" 

it is thus desirable to identify further solutions in which no 

ion Pai~ing occurs. 1'hus F Y for bicarbonate ion is calcu1a~ed 

from data for potassium bicarbonate solutions: 

Fy
HcO 

3 
= 

I 

• (III.6) 

There are, however, components for which no unassociated single 

salt solution has been unambiguously identified. In these 
. F.' . circumstances, e.g. for sulphate and carbonate ions, 1 i is 

obtained by an iterative procedure from Y+ data for the sodium 
-

salts using a value of }(A. Data for free ion activity 

coefficients at 250 C obtained in this manner have been fitted by 

Whitfield to an equation of the form (based on that of Glueckauf 

1969) 

.) . 2 i«1 + O·1643a Ii) 2 
log 1. = -0·5108 Zi I ; + bI + cI 

, 10 1 1 + 0·3286 a I 
(III.7) 

fhe fitting parameters for the various components are given in 

Ion pairs 

A further set of conventions is required in order to obtain 

activity coefficients for the various ion pairs that are formed. 

'. In the calculations presented in this thesis the conventions that 

--~--~--- --- - - -' 
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for neutral ion pairs IP t 
ion pairs IPy = F-( BCO ' 

3 

= 1, and that for singly charged 

are employed. 

Computation with the ion-association model 

If values are known for both the association constant (}(A) 

and for the free ion and ion-pair activity coefficients, it is 

possible to compute values for the various equilibrium quotients: 

Q (11~.8) 

¥heren( 'I) is the activity coefficient product for the general 

reaction 

o 
fhe concentration of the j th complex formed (mj) is thus given 

by 
. F U' j mj "Q.TT. m. 1 = J 1 1 (j = 1, ••• N) 

where "ij is the stoichiometric coefficient of reactant i in 

complex j. A mass balance equation can be formulated for each 

of the reactant species: 

T Fm. 
N 

mi= + l: '\) ij m j (i = 1, ••• M) (111.10) 
1 j=1 

Fm. + ~ (U·· Q.n·~1 Fm \)ij ) ,(111.11) = .1J J 1- . 
1 j-1 1 

where . Tm i is the total concentration of reactant i. The 

resultant set of non-linear equations can then be solved for Fmi 

thus allOwing the computation of T (i from equation III.4. 

. Several computer programs have been developed for the solution 

of this problem (see for example Ingri, Kakolowiez, Sill:n & 

Warnqvist 1967; Perrin & Sayee 1967; Morel & Morgan 1972; 
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Ginzburg 1976). In the present work, a FORTRAN version of 

HALTAFALL (Ingri et ale 1967) was adapted to allow the calculation 

~f an ion-pairing model (figure 111.1), and the calculations 

reported in chapter 3 were parformed using the set of association 

constants given in table III.2. 

Disoussion 

The prinoipal advantage of the ion-pairing model is the ease 

with whioh the same model can inoorporate varying degrees of 

interaCtion, from weak ion pairs suoh as NaCHo to the formation of 

species such as RC0
3 
-. It is however based on an elaborate 

framework of assumptions, the majority of which have not been 

thoroughly tested. For example, HBgfeldt (1975) has questioned 

the convention that 

= Y.±(KCl) t 

and has estimated that the error involved is approximately ~ at 

the ionic strength of seawater. In addition, the assumption, that 

the chlorides of the alkali and alkaline earth metals are 

unassociated, leaves the ion-association model powerless to 

explain the Harned Rule behaviour of systems such as CaC1 2-NaCl. 

Pytkowicz and coworkers (personal communication) are at present 

working on an ion-pair model based on perchloric acid as a model 

unassociated electrolyte. This leads to the conclusion that 

chloride solutions are indeed associated; it also indicates the 

essentially arbitrary nature of such conventions. 

A fundamental problem with the ion-association model has 

been the assignment of values to lP Y • A bewildering variety 
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of approaches have been employed to date (see e.g. Davies 1962; 

Garrels & Thompson 1962; Yeatts & Marshall 1969; Kester & 

.Pytkowicz 1975; Reardon & Langmuir 1976). Some of these are 

based on the behaviour of other neutral species (i.e. gases -

e.g. Garrels & Thompson 1962); others are based on the assumption 

that ion-pairs are essentially dipolar in nature (see Reardon & 

Lan . 976) In th . t IP ,j. • d d ! gmu1r 1 • 0 er 1nB ances , 1S COnB1 ere as Ian 
• I 

additionBl fitting parameter for the reduction of experiment~ 
!\ : I 

data. At present there is no consensus of opinion as to t~e best 
\ 

convention, although the experimental evidence seems to ind~cate 

that a reduction of lP t with increasing ionic strength is~ 
probable. 

If the ion-pairing model is to be developed further, for use 

as a predictive model of electrolyte solutions, it is essential 

that the methods used to calculate association constants from 

experimental data should be consistent with the manner in which 

the constants are to be used. It would also be useful to test the 

model on simple systems for which accurate activity data are known. 

'. 
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TABLE III.1 

FITTING PARAMETERS FOR THE FREE ION ACTIVITY 

COEFFICn:NTS (F y .) OF AN ION-PAIR 
1 

MODEL BASED ON THE MACINNES CONVENTION 

(Whitfield - personal communication) 

Parameters 

Ion a b x 10 

B+ 5.048 2.761 0.049 

Na+ 4.773 1.000 0.025 

K+ 3.993 0.416 0.111 

Mg2+ 5.582 4.158 - 1..930 

Ca2+ 5.319 3.725 - 2.139 

Sr2+ 5.408 3.509 - 2.648 

C1 - 3.993 0.416 0.111 

F- 3.819 1.002 0.323 

00- 2~064 1.552 - 2.301 

HC0
3
- 4.973 0.272 - 1.195 

SO 2-
4 9.404 2.338 -16.501 

CO 2- 5.336 1.392 - 2.088 
3 
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TABLE III.2 

VALUES OF ASSOCIATION CONSTANTS EXPRESSED AS Loo10K 

Complex 
species 

H2O 

CO ·1 
2 

CO 2-, 
BOO -

4 

BF 

NaHCO,o 

NaC0
3

-

NaSO -4 

NaF° 

NaOH
o 

KSO -
4 

MgHCO + , 
MgOO o , 

0 Mg804 . 
MgF+ 

MgOH+ 

Formation reaction 

H+ . + OH- = H2O 
• H+ -+ HC03 

= CO2 

HC0
3
- - H+ 

2-
- CO - , 

H+ 2- -+ 804 = HS04 

H+ + F- =BF 

Na+ 
_ 0 

+ HCO, = NaHCO, 

Na+ 2- -+ CO, _ = NaCO, 

Na+ 2- -+ S04 = NaS04 

Na+ +F - I: NaF° 

Na+ + OH- = NaOH 
0 

K+ 2- -
+ S04 = KS04 

Mg2+ - ° + + HCO, = MgHC , 

Mg2+ 2- 0 
+ CO, = MgC03 

Mg2+ 2- 0 + 00
4 

= MgS04 

Kg2+ + F- = MgF+ 

Mg2+ + OB- = MgOH+ 

Reference 

13.999 Harned & Owen 1958 

6.352 Harned & Davis 1943 

-10.329 Harned & Scholes 1941 

1.98 Pitzer, Roy & 
Sil vester 1977 

,.17 Broene & De Vries 1947 

- 0.25 Garrels & Thompson 
1962 

1.27 Garrels, Thompson & 
Siever 1961 

0.82 Reardon 1975 

- 0.26 Duer, Robinson & 
Bates 1972 

- 0.7 Bell & Prue 1949 

0.85 Reardon 1975 

1.07 Siebert & Hostetler 
1977 

2.88 Reardon & Langllluir 
1974 

2.25 Nair & Nancollas 1958 

1.82 Connick & Tsao 1954 

2.20 McGee & Hostetler 
1975 



'~ 

237 

Complex 
log10K ' I species Formation reaction Reference 

I 
CaHCo

3
+ Ca2+ - + + HC0

3 
= CaHC0

3 
1.10 Reardon, Jacobson & 

Langmuir 1973 

0 Ca2+ 2- 0 
3·15 Reardon & Langmuir CaC0

3 
+ C0

3 
= CaC0

3 1974 

caSo o Ca2+ 2- 0 2.31 Bell & George 1953 4 + S04 = CaS04 

CaF+ Ca2+ + F- = CaF+ 1.04 Connick & Tsao 1954 

CaOH+ Ca2+ + OH- = CaOH + 
1.38 Nancollas 1966 

SrBC0
3
+ Sr2+ - + + BC0

3 
= SrHC0

3 
1.10 (As Ca2+) Atkinson, 

BreO o Sr2+ 2- 0 3.15 (As Ca2+) Dayhoff & , + CO, = srCo, 

Srso o Sr2+ 2- 0 (As Ca2+) Ebdon 4 + 804 = Srso4 2.31 

- - SrF+ Sr2+ + F- = SrF+ 1.04 (As Ca2+) 1973 

BrOH+ sr2+ + 00- = SrOH+ 0.82 Harned & Paxton 1953 

1 ' , ..... 'see section '6~2~1~ , .. ' . , , . , , .. ' .. , . ' , , , 
" , 
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FIGURE III.1 

FLOW CHAR!' ILLUSTRATING MODIFICATIONS TO HALTAFALL 
~ 

(Ingri, Kakolowicz, Sillen & Warnqvist 1967) 

IN ORDER TO FACILITATE CALCULATION OF ION-PAIRING MODEL 

Input data on total 
component concentrations 
T ( n?i) and charges (Zi) 

Calculate ionic 
strength (I) 

Calculate values for 

F r i and hence for Q 

Solve the set of mass 
balance equations using 

HALTAFALL 

Calculate new ionic 
strength with free 
ions and ion-pairs 

as components . 

Output distribution 
of species and 

final values of F ( 
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APPENDIX IV 

ALGEBRAIC RELATIONSHIPS FOR THE AQUATIC 

CARBON DIOXIDE SYSTEM (AT EQUILIBRIUM) 

Glossary of symbols 

AC carbonate alkalinity 

CT total inorganic carbon 

PC02 
partial pressure of CO

2 
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pH -log10h - defined consistent with the constants used 

• a (C02 ] i.e. unionised CO2 
b { HC0

3
J 

c ( C0
3

J 

h 10-pH 

equilibrium constants (defined below) 

The basic defining equations are:-

AC :: b + 2c , (6.17) 

CT = a + b + c , ( 6.18) 

KO :: a/PCO:l , (6.19) 

K1 = h.b/a , (6.12 or 6.13) 

K2 :: h.c/b • (6.14 or 6.15) 

It is also convenient to define a constant 

'The individual concentrations of the components can then be 

obtained as follows: 
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h and AC 

From equations 6.12 and 6.14, 

b 
= K1a 

h 
and thus c = (Kt) ~ 

Substituting into 6.17: 

AC = a ( ~h1 + 

Substituting this equation into 6.12 gives 

b = • 

. Finally, c can be obtained from equation 6.14: 

c I; bK/h = • 

ii) h and PCOl 

From equation 6.9 

a = KO PC02 t 

2 
whence b :: KOK1 PC02/h 

2 
and c = KoK1K~c~/H • 

i).i) h and CT 

• 

(IV.4) 

(IV • .5) 

(IV.6) 

Equations 6.12 and 6.14 can be rearranged and substituted 

into 6.18 to give 

• 

240 
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Rearranging yields 

C h2 
T 

(IV.7) a = 2 (h + K1h + K1K2) 

and thus b 
CT h K1 

(IV.8 ) = 2 (h + K1h + K1K2) 

C~1K2 I 

and (IV.9 ) c = 2 • 
(h + K1h +K1K2) 

tv) AO and C
T 

Rearrange equation 6.61 and substitute it into equation 6.17: 

2b2 

AC = b + - • 
aK 

Another expression relating a and b can be obtained as follows 

2CT - AC = 2a + b 

~ a = ~ (2C - A ) - b ......, '2" T C 

These two expressions can be combined to give 

Ac! [(2CT - AC) - b) -= K[ (2CT - AC) - b) b + 4b2 , 

which can be rearranged as 

(K - 4)b
2 

- 2CT K b + AcK(2CT - AC) = 0 • 

The standard solution is thus 

2CT
K.:!:. [4(CTK)2 - 4(K - 4)(2CT - Ac) AcKJf 

b = 
2(K - 4) --

Which can be simplified to give1 

CrI'" - ( )i , (IV. 10) b = 
(K - 4) 

. 1 The solution [Cr:f + ( )~(K - 4) implies that b > CT • 
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where ( )i = [(C~)2 - ACK(K - 4)(2CT - AC)]i • 

Then c = i(Ac - b) 

- + ( )i Ac(K - 4) CTK 
= t (IV.11) 

2(K - 4) 

. 

and a = CT - AC + c • (IV.12) 

a 

.This can then be substituted in equations 6.61 and 6.17, and the 

expressions rearranged as a quadratic in b : 
2 

2b + KOK PcO~ b - ACKOK PCc" = 0 • 

Solution1 

b 
= - (KoPCO~) + (KoPCO~)2K2 + 8ACK(KoPCO~»i 

.... 4 (IV.13) 

Then c = i(Ac - b) • (IV.14) 
( 

vi CT and Pe~ 

a = KoPeo,- (IV.4) 

This can then be substituted in equations 6.61 and 6.18 to give 

b 2 

(KQPC02.) + b ; 
(KQPC0

2 
)K 

o = b
2 

+K(KoPc0
1

)b + K(KoPeo~)(KoPC02 - CT) 

Solution1 

b = - K(KoPCOg,) + r (K(KQPCO'l.»2 - 4K(KQPCO) (KoPc02. - CT)) i 

2 (IV.15) 

and thus c = CT - a - b • (IV.16) 

1 The alternative solution would give a negative value of b • 
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vii h, AO and Cr 
Equations 6.17, 6.18 and 6.12 can be combined to give 

K 
a{ 2 + ...1 ) 

9 a = 

b is then given by 

b = 
(2Cp - AC) K1 

(2h + K
1

) 

• 

and c = (Ae - ex) + a 

h 

Ae h + K1 (Ae - ep ) 
= 

An express~on for a can also be derived in terms of K2: 
" 

a = eX - b - c , 

b and c are given by equations 2 and 3 and thus 

viii h, AO and Pe02 

(IV .17) 

(IV.18) 

(IV.20) 

The value~ of a and b can be calculated from equations 

4 and 5. c can then be obtained by substitution into equation 

6.17: 

Ae = K1KoPC02/h + 2c 

Ae h - K1KoPe02 
= • (IV.21 ) c 

2h 

There are no equations in terms of h, Ae and Pe01 that can 

be used to obtain b and c independently of K1 • 
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_i_x __ h",,!_p~CO:l and CT 

a is again given by equation 4. b is given either by 

equation 5 or can be obtained from equations 6.18 and 6.14: 

bK
2 b=C -a--

T h 
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(CT - KoPcOz) h 
= • (IV .22) 

c can be obtained either from equations 4 and 5: 

c = CT - a - b 

= 
CT h - (KoPco~)(h + K1) 

h 

or from equation 22: 

c = 
(CT - KoPC02.)K2 
. (h + K

2
) 

x A~ and PC~ 

• 

! (IV.23) 

(IV.24) 

The following set of equations have the property that they 

do not embody either of the ionisation functions K1 or K2 • 

a .is given by equation 4. From equations 6.17 and 6.18 

and 

• (IV.26) 
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