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On Board Comparison of Total Hydrogen Ion Concentration (pH)
and Total Alkalinity Measurements in Seawater
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Abstract — On board comparison of pH and total alkalinity measurement in seawater was carried out during the
JES expedition on R/V Roger Revelle in the East Sea using 550 real seawater samples from the surface to the
bottom. Spectrophotometry and potentiometry without liquid junction were compared for pH measurement. The
pH values of two methods are generally in a good agreement. Spectrophotometry with a pipette provides higher
value compare with the potentiometry in the deep layer, where pH values are lower. However, spectro-
photometry without a pipette shows same values with potentiometry within their precision range. The pipetting
procedure may remove of CO, in the sample, which causes increase of pH. Potentiometric titration methods
using a closed-cell and an open-cell were compared for the total alkalinity measurement. Values from open cell
method are smaller by about 5~10 umol kg than those from closed cell method. This may be caused by the
bubble formed in the closed cell during the experiment. Although any analytical method compared in this study
for the pH or TA measurement can be applied, special attentions should be paid for satisfactory results.
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1. INTRODUCTION

The carbonate system of seawater is one of the most com-
plex topics in marine environment. Recently the fate of fossil
fuel CO, in the ocean has promoted interests in the study of
carbonate chemistry in the ocean. The biogeochemical cycle of
CO, in the marine environment is controlled by its special
pumping mechanism such as solubility, biological, carbonate,
and dynamic pumps (Volk and Hoffer [1985], Sarmiento ef al.
[1995]). In order to quantify these pumps, it is essential to under-
stand precisely the distribution of CO, parameters.

Four CO, parameters, which are total dissolved inorganic
carbon (C,), total alkalinity (TA), fugacity of CO, (fCO,), and
total hydrogen ion concentration (pH), can be measured. These
are used together with ancillary information to obtain a com-
plete description of the carbonate system in seawater. It is only
necessary to know two parameters among the four above to
have a complete description of the system (Park [1969], Skirrow
[1975], Lewis and Wallace [1998]). TA and pH are usually cho-
sen since their analytical procedures are simple to be carried
out on board. Especially, pH should be measured immediately
after sampling, because pH is very easy to change by the con-
tact with the atmospheric CO,.

There are several methods to determine TA and pH in sea-
water. Methods for TA determination are single point titration,
open-cell potentiometric titration, closed-cell potentiometric
titration, colorimetric titration and so on (Dickson ef al. [2007]).
Spectrophotometric and potentiometric methods are commonly
used for pH determination in seawater (Dickson ef al. [2007]).

The potentiometric titration measuring EMF in a closed cell
(Dickson [1981], Bradshaw and Brewer [1988], Millero et al.
[1993], Dickson and Goyet [1994]) and the spectrophotometry
using an indicator dye (Clayton and Byrn [1993]) are generally
accepted as modern analytical methods for the measurement of
TA and pH in seawater, respectively. Although they are consid-
ered to give accurate information about the carbonate chemis-
try of seawater, they have some disadvantages when are carried
out on board. As for pH, the spectrophotometric performance of
the instrument, which is one of the most important factors for
precise determination of pH (Dickson and Goyet [1994]), is not
easy to be occurred on board. It takes long time to analysis TA
since the electrode needs times to adjust to changing EMF.

Here, we compared two different methods on board using
real seawater samples to identify the optimum method which
can be performed on board. Spectrophotometry and potentio-

metric pH measurement were compared for pH measurement.
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Whereas closed-cell potentiometric titration and direct colori-
metric titration using an open cell for TA are compared. On
board inter-comparison study was carried out during the JES
(Japan/East Sea) expedition on R/Vs Roger Revelle and Pro-
fessor Khromov in the East Sea. Around 550 seawater sam-
ples, collected from the surface to the bottom (deeper than
3500 m depth), were analyzed by both methods.

2. METHODS AND MATERIALS

2.1 Total Hydrogen Ion Concentration (pH)

Spectrophotometry is a method to measure pH values in sea-
water using m-cresol purple as an indicator dye (Clayton and
Byrn [1993], Dickson et al. [2007]). The absorbance of each sea-
water sample with and without dye are measured at three wave-
length (434, 578, and 730 nm); corresponding to the absorption
maxima of acid (434 nm) and base (578 nm) forms of the dye,
and a non-absorbing wavelength (730 nm). The pH values are
calculated from the absorbance of seawater and seawater with

adding dye at three wavelength using the following equation.

A, e(HD)
A, g, (HI')

A, 2-
o) _(/T)sz(l )
&(HI) &(HI)

pH=pK,+log (D

A, and 4, are the corrected respectively absorbances mea-
sured at the wavelengths of 578 and 434 nm, respectively. pK,
is the acid dissociation constant for the species HI" which is a

function of salinity and temperature (in K);
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T
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The various extinction coefficient ratios for m-cresol purple

are as follows;
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All spectrophotometric data reported here are averaged values of
duplicate analysis. The average precision of duplicate analysis is
0.006 pH unit as one standard deviation.

Potentiometric method measures potential differences of two
electrodes in a potential cell without liquid junction for pH

measurements of seawater, since it was reported that unrepro-
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ducibility and loss of accuracy of potentiometric pH measure-
ment are caused by liquid junction potential (Tishchenko and
Pavlova [1999], Tishchenko et al. [2001]).

Glass-electrode-Na' | Test (standard) solution | H'-glass-electrode
(A)

The cell (A) was calibrated by TRIS-buffer (DelValls and
Dickson [1998]) at 25 °C and pH is calculated by formula;

E—E
PH=8.0936+25 l6«*log(yN,,mM,)x—log(mmwa)x (6)
Where, E, m, , and vy, are EMF, sodium ion molality and

activity coefficient of sodium ion, respectively; subscript

[P LINTER L)

indexes “s”, “x” note standard and test solutions, respectively.
Activity coefficients of sodium ion have been calculated by
Pitzer method (Pitzer [1992]) and approximated by empirical
formula below.

Properties of sodium ion as follows

(my,),= 0.44618 @)
(Yro), = 0.6382 (8)
(), = 13.872-S ©)

1000-1.00511-S
1 3
In(yy,) = —0.5163-I°+0.60845-1-0.4521-I'+0.15499- "  (10)

Where S is salinity; / is an ionic strength which calculated by
equation

19.9273-S

~1000-1.00511-S an

Shift of a standard EMF of the cell (A) was less than 0.5 mV per
day. The precision of pH measurement by means of the cell (A)
is about +£0.004 pH unit.

2.2 Total Alkalinity (TA)

Closed cell method is a potentiometric titration measur-
ing EMF in a completely closed cell (Millero ef al. [1993]).
The system is composed by a motor driven piston burette (5
mL, scale £ 0.001 mL) with anti-diffusion tip, titration cell
assembly, and personal computer for controlling burette and
data acquisition from pH meter. Orion double junction Ag/
AgCl reference electrode and ROSS glass electrode are used
as reference and EMF electrodes, respectively. The titration
cell and burette piston are incorporated with outer water
jackets which constant temperature (25.0 £ 0.1 °C) water
circulates through. The titration procedure is controlled by a

personal computer through serial ports. Total alkalinity is

calculated by non-linear least squares approach method
(Dickson [1981], Johansson and Wedborg [1982], Dickson
and Goyet [1994]).

Total alkalinity is normalized by Dickson’s CRMs (Batch
#46) which are measured at every station. It take 40 to 50 min-
utes to complete titration including flushing. The average pre-
cision of duplicate analysis is 4.5 mmol kg' in one standard
deviation.

Open cell method is a direct colorimetric titration by hydro-
chloric acid in an open system using a mixed indicator (meth-
ylene blue and methyl red). The titration is carried out under
CO, free condition by flowing of CO,-free air (or nitrogen).
The change of the sample color from green to light-pink at the
equivalence point is detected visually. The pH at the end point
is about 5.4-5.5. The method is known as Bruevich’s method
(Bruevich [1944]) and is recommended as standard operating
procedure among Russian oceanographers (Ivanenkov and Bor-
dovsky [1978]). The detailed titration procedure is presented
below.

The acid (~0.02 N) is standardized daily with Dickson’s CRM.
The calibrated volumetric pipette (25 mL) is used to transfer
the samples into the cell. Three drops of the mixed indicator
are added and the sample is flushed with nitrogen for 3 min to
remove all the carbon dioxide. CRM is then titrated with hydro-
chloric acid using Dosimat 665 motor driven piston burette (5
mL, scale £ 0.001 mL). The solution color at the end point of
the titration must be light pink and quite stable (no change for 1
min). The seawater samples are analyzed using the same pro-
cedure. Total titration time takes about 7 min. Alkalinity is cal-

culated by formula

TA=NV/V. d.)

woTsw

(12)

Here, N, and V, are normality and volume of acid, respec-

tively; V.

W

and d are volume and density of seawater. Esti-
mated precision is about 0.2% (4~5 umol kg).

The comparison of both methods are summarized briefly in
Table 1.

2.3 Materials

During two cruises of the JES expedition on R/V Roger
Revelle from 24™ June to 17" July, 1999 and R/V Professor
Khromov from 22" July to 11™ August, 1999 in the East Sea,
around 550 real seawater samples from the surface to more
than 3500 m depth at 92 stations were measured and the results

were compared (Fig. 1).
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Table 1. Summary of the methods for total alkalinity (TA) and pH for inter-comparison

Cell type Closed Open
End Pt detection EMF Visual Indicator
TA Calculation Non-linear Least Square Algebraic formula
Titrant ~0.25 N HCI ~0.02 N HCI
Acid Stdardization Na,CO, and CRM Na,CO, and CRM
Precision” 4.5 pmol kg! 4 ~ 5 umol kg
1 Spectrophotometry using mCP indicator Potentiometry using a cell without liquid junction
P Precision”” 0.006 0.004
"Values from the results of certified reference material measurements.
“Values from the results of the buffer solution measurements.
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Fig. 1. A map showing the stations for inter-comparison in the East Sea.

3. RESULTS AND DISCUSSION

3.1 Total Hydrogen Ion Concentration (pH)

The pH values of two methods are in a good agreement (=
0.996, Fig. 2). However, the slope between two data sets is
about 3.5% different from the expected equivalence (pH, =
1.035:pH,, —0.274, 7=0.996).

As for the spectrophotometric method, seawater samples
were delivered into the cell by a pipette (V=25 mL) to main-
v We compared the

sample®

effect of the pipetting procedure on the pH measurement as

tain the exact volume ratio of V, .,
well as two different methods, spectrophotometry and potenti-
ometry.

The slope between potentiometry and spectrophotometry
with a pipette is about 1.055 (pH,,=1.055 pH_ —0.430, i

ot Spec

=0.996) and the one between potentiometry and spectropho-

l)IISpec (rHIS)

Fig. 2. Comparison of pH values between spectrophotometry and
potentiometry. Solid line denoted the equivalence line. The unit is in
total hydrogen ion scale (THIS).

tometry without a pipette is about 1.017 (pH,,=1.017pH,,, —~
0.138, ”=0.997). This shows much closer to the equivalence.
The mean difference between the methods with a pipette is
0.014 (6=0.012), while the one without a pipette are 0.009
(0=0.008), close value to the precision value from the results of
the buffer solution measurements.

The results of the spectrophotometry with a pipette show
higher value comparing to the results of the potentiometry,
when pH value is lower (Fig. 3). Since typical profile of pH in
the region (the East Sea) decreases with depth, and shows
around 7.5 of pH from 200~300 m depth to the bottom (Fig. 4),
the spectrophotometric method gives higher value in the deep
layer than the surface.

The pipetting procedure may remove dissolved CO, in the
samples. Removal of CO, causes a decrease of proton concen-
tration in the sample as know as an increase of pH. Since sur-

face samples are mostly equilibrated with atmosphere, there
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Fig. 3. Plots of pH differences between two methods vs. pH values
of spectrophotometry. Results of the experiment without a pipette
are also shown in the figure. The units are same as Fig. 2.
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Fig. 4. Typical vertical distributions of pH values measured by spec-
trophotometry. The units are same as Fig. 2.

were almost no differences between two methods for the sur-
face samples. On the other hand, larger differences were dis-

covered in the deep samples because deep samples are prone to
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lose CO,. The data from the same procedure without a pipette
show much less difference between the two which corresponds
to precisions of the methods (Fig. 3). From this result, pipet-
ting procedure should be excluded to get better results.

In general, the spectrophotometric method is the most com-
monly used to determine pH in seawater. Nevertheless, this
method has a distraction. The temperature of the samples and
the cell in the spectrophotometer generate a significant error.
The difference of 0.1 °C in the temperature during the measure-
ment gives 0.014 pH offset which is much higher than the pre-
cision of this method. Hence, very special care should be
required to maintain the temperature stable during the measure-

ments.

3.2 Total Alkalinity (TA)

In general, salinity normalized total alkalinity (NTA=TAX
35/8S; S represents salinity) values of the two methods show lin-
ear relationship. However, it seems that there is a systematic
offset existing between the two methods (Fig. 5). The values
from open cell method are lower by 5~10 pmol kg™ than those
from closed cell method. No trend of discrepancy between the
two methods was found (Fig. 6, Fig. 7).

In the PICES WGI3 inter-comparison workshop, which was
held at Tsukuba, Japan in April, 1999 and 2000, there were dis-
crepancies of up to =25 pmol kg among 13 laboratories in
1999, and up to £7 umol kg in 2000 (Feely et al. [2003]).

Comparing with this result and considering the precisions of
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Fig. 5. Comparison of normalizes total alkalinity (NTA) values between
closed-cell method (NTA.,,,) and open-cell method (NTA ).
Solid and dashed lines denote 1:1 and regression lines, respectively.
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Fig. 7. Vertical distributions of normalized total alkalinity(NTA)
measured by closed cell method and difference of NTA between
closed-cell method and open-cell method for all stations.

the two methods (Table 1; both are 4~5 umol kg™), the discrep-
ancy of the two methods is not serious.

Though the reported precision of the open cell method (less
than 2 pmol kg™') is generally better than that of the closed cell
method (less than 6 pmol kg™') (Dickson et al. [2007]), the pre-
cision of the open cell method in this study is similar with that

of the closed cell method. The detection of the end point by

%
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indicator with the naked eye may cause worse precision.

In the PICES inter-comparison workshop, the closed cell
method showed higher values, and the open cell method showed
lower mean values for samples of high pCO, concentration
(Feely et al. [2003]). This study also yields similar results to
those of the PICES inter-comparison workshop. This may be
caused by the bubble formed in the closed cell during the
experiment. Usually, in the open cell method, the solution is
stirred for a period of time for allowing the evolved CO, to
escape. However, the CO, cannot escape from the cell in the
closed cell method. This removal of CO, from the solution
consumes extra proton in the solution. This raises more acid
and titrant for total alkalinity determination. This may cause of

little higher value in total alkalinity for the closed cell method.

4. SUMMARY

Two different measurements of pH and total alkalinity were
compared for the same seawater samples. Spectrophotometry
using mCP indicator and potentiometry without liquid junction
were compared for pH measurement. The pH values of the two
methods are generally in a good agreement. However, the spec-
trophotometric method yields about 3.5% higher values and
pronounces especially for deep seawater with lower pH. This
may be caused by using a pipette in the specrtrophotometry
and the subsequent escape of CO,. The results of the experi-
ment without a pipette show better concurrence between the
two methods.

Potentiometric titration methods of total alkalinity using a
closed cell and an open cell (Bruevich’s method) were com-
pared as well. Values from the open cell method are smaller by
about 5~10 pumol kg than the values from the closed cell
method. This may be caused by the CO, bubble formed in the
closed cell during the experiment.

Although any analytical method compared in this study can
be applied for the pH or TA measurement, we should be aware
that paying especial attentions is critical to get a satisfactory
result. In the case for the pH determination by spectrophotom-
etry, pipetting procedure should be excluded to get better results,
and very special care is required to stabilize the temperature

during the measurements.
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