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ABSTRACT

The substance Tris (or THAM, 2-amino-2-hydroxvi v.th /I-1,3-propanediol, CAS 77-86-1), and its
protonated form TrisH", is used in the prepare’ic1 o€ oH buffer solutions for applications in seawater
chemistry. The development of an acid-base .. -mical speciation model of buffer solutions
containing Tris, TrisH", and the major ions >f seawater is desirable so that: (i) the effects of changes
in the composition of the medium on pk ~ar be calculated; (ii) pH on the free (a measure of [H*])
and total (a measure of ([H'] + [HSC - 1)) scales can be interconverted:; (iii) approximations inherent
in the definition of the total pH sc2le ~an be quantified; (iv) electrode pairs such as H*/CI" and
H*/Na" can more easily be ca'*hr.*=d for the measurement of pH . As a first step towards these goals
we have extended the Pi*.~r-.~<.d speciation model of Waters and Millero (Mar. Chem. 149, 8-22,
2013) for artificial seawater *J include Tris and TrisH, at 25 °C. Estimates of the variances and
covariances of the additional interaction parameters were obtained by Monte Carlo simulation. This
enables the total uncertainty of any model-calculated quantity (e.g., pH, speciation) to be estimated,
as well as the individual contributions of all interaction parameters and equilibrium constants. This is
important for model development, because it allows the key interactions to be identified. The model
was tested against measured EMFs of cells containing Tris buffer in artificial seawater at 25 °C, and
the mean deviation was found to be 0.13+£0.070 mV for salinities 20 to 40. Total variances for
calculated electromotive forces of the buffer solutions are dominated by contributions from just a
few interaction parameters, making it likely that the model can readily be improved. The model was

used to quantify the difference between various definitions of total pH and —logso([H] + [HSO4]) in



Tris buffer solutions at 25 °C, for the first time (item (iii) above). The results suggest that the total

pH scale can readily be extended to low salinities using the established approach for substituting
TrisH* for Na™ in the buffer solutions, especially if the speciation model is used to quantify the effect
on pH of the substitution. The relationships between electromotive force (EMF), and pH on the total
scale, with buffer molality in artificial seawater at constant salinity are shown to be linear above
about 0.01 to 0.02 mol kg™ buffer molality. The pH of Tris buffers containing ratios of TrisH* to Tris
that vary from unity can be calculated very simply. Technical aspects of the total pH scale, such as
the extrapolation of pH to zero buffer (at constant salinity), are clarified. Recommendations are made
for further work to extend the model to the temperature range 0 — 45 °C, and improve accuracy, so
that requirements (i) to (iv) above can be fully met.
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1. Introduction

The seawater total hydrogen ion pH su~le (pH being a measure of -logio([H'] + [HSO47], where
the brackets indicate quantities expresse 1 ' moles per kg of solution) was established by DelValls
and Dickson (1998) from measureme«nts ~t the EMFs of solutions containing equimolal Tris and its
conjugate acid TrisH™ in artificial scawater, over the temperature range 0 to 45 °C and for salinities
from 20 to 40. Measurements t:.~t y eld the standard EMF, E*, which are essential to calculations of
the total pH, have been mad. over the larger salinity range of 5 to 45 and for the same temperatures
(Dickson, 1990). Mosley et a: (2004) estimated the pH of Tris buffer solutions at low salinities and
25 °C by interpolating between the data of DelValls and Dickson (1998) and results of Bates and
Hetzer (1961) for solution ionic strengths up to 0.1 mol kg™. Miller et al. (2018) and Miiller and
Rehder (2018) have attempted to extend the total pH scale from salinity 20 to salinity 5 (and from 5
to 45 °C) using similar methods to Dickson (1990) and DelValls and Dickson (1998). However, the
compositions of the solutions measured by Miller et al. and Muller and Rehder were such that they
do not extrapolate to that of artificial seawater in the limit of zero added HCI or Tris buffer, and this
introduces biases of the order of -0.005 to -0.01 units in the defined total pH for this limiting

composition (Clegg, pers. comm.).



The definition of total pH, together with its measurement, remain problematic below salinity 20
for the reason given above. Furthermore, the seawater total pH scale applies only to saline waters
containing the major ions of seawater approximating the ratios found in the open ocean. A chemical
speciation model of Tris buffers in artificial seawater and related saline media, yielding
concentrations and activities of H*, HSO,4", TrisH", Tris and other species, can potentially assist us to
clarify these and other issues related to seawater pH:

e A model is needed to extend the total pH scale to low salinity waters, for which Tris and TrisH"
make up an increasing proportion of the total solutes in the buffer solution as salinity is reduced,
thus changing the acid-base properties of the solution by more than is the case for buffers at
higher (seawater) salinities.

e A speciation model can potentially be used to calculate the pt' of uffers, on different scales, for
saline waters whose stoichiometry (i.e., the ratios of the ncncer trations of the major ions to one
another) differs from that of seawater, and thus avoid *~~ u.me-consuming step of characterizing
the pH of the buffer for each new solution compositior..

e A speciation model can address metrological co ic%.rns regarding traceability of the total pH scale
to SI base units, and also quantify the present .<sumption that the activity coefficients of species
involved in acid-base equilibria (Tris, Tr.oH*, H', SO,%, and HSO,) are the same in the buffer
solutions as in artificial seawater of the same nominal salinity (Dickson et al., 2016). Its practical
effect is that, while total pH (operat™ir.a.'y defined by Del Valls and Dickson (1998)) is a
measure of ([H'] + [HSO4 ), the relationship is not exact. There is a difference between the two
which varies with both tempera. 're and salinity, and very likely increases as salinity is reduced.
This need not introduce any ~rrcr into acid-base calculations as long as the stoichiometric
dissociation constants in 1se - Ky and K" of the carbonate system for example (e.g., Dickson et
al., 2007) — are expressed on the same basis. However, it does mean that a total H" concentration
determined from a measurement of seawater total pH, calibrated using the total pH values of
DelValls and Dickson (1998), will not correspond to the conventional thermodynamic total ([H]
+ [HSO4]). (The latter quantity can be calculated directly by thermodynamic speciation models.)
The magnitudes of the differences, and therefore the degree to which they are significant in any
given application, are not yet known.

e The use of a speciation model to calculate the properties of buffer solutions, in particular
electrolyte activities, would enable the calibration of a H*/Na" glass electrode pair, or a glass H”
electrode paired with a CI" ion-specific electrode, for the measurement of hydrogen ion

concentration in natural waters.



e A speciation model of artificial seawater that accurately calculates acid-base equilibria and pH
can form the foundation of a model of seawater (that includes the carbonate system), with
practical applications to problems of trace metal speciation and in ocean acidification (e.g.,
Millero and Roy, 1997; Pierrot and Millero, 2016).

Dickson et al. (2016) suggested that such a model should be based on the Pitzer formalism (Pitzer,
1991) for the calculation of the activities of acid-base components in seawater media, together with a
strategy for estimating their uncertainties.

Recently, Humphreys et al. (2021) have begun to address the requirements outlined above by
implementing the Waters and Millero (2013) and Clegg and Whitfi2ld (1995) Pitzer-based speciation
models of artificial seawater within a generalised framework for s~!tic1s of arbitrary complexity,
and including full propagation of uncertainties for the first time A z*zaplified approach to estimating
the variances and covariances of the Pitzer activity coefficie it .~t<raction parameters was developed,
thus allowing the calculation of both total uncertainties fcr a:' model outputs, and of all individual
contributions to those uncertainties. The models were co'np.-ed with the available electromotive
force (EMF) data for acidified artificial seawater, w tr, pirticular attention given to the determination
of E*, the standard EMF used in the definitior .* .~ total pH scale (Dickson, 1990; DelValls and
Dickson, 1998). The model of Waters and Mn!" ro (2013), with corrections, was adopted as the basis
for further development. Recommendations ‘vere made for new thermodynamic measurements, and
additions to the uncertainty treatment, tu ‘mprove the model.

Here we extend the work of | 'umpnreys et al. (2021), hereafter referred to as paper (1), to
include the buffer species TrisH" anu Tris for the temperature 25 °C. We compare the extended
model to the EMF data for the 1, 2= huffer solutions in artificial seawater that are used to define the
total pH scale (DelValls .~d Dirkson, 1998), and use the results of uncertainty calculations to
identify the aqueous systems< ,or which additional measurements are required to complete the model
for the temperatures range 0 to 40 °C. We quantify, for the first time, the difference between total pH
and -logio([H™] + [HSO,]) which is a key step in addressing the issues listed above. We show that
the total pH scale is best extended to salinities below 20 by retaining the approach of DelValls and
Dickson (1998) of substituting TrisH™ for Na™ in the artificial seawater medium. We also
demonstrate the meaning of the empirical linear extrapolation of total pH to zero buffer molality in
artificial seawater, which is of practical importance, and suggest a lower limit below which the

relationship between pH and this molality becomes non-linear.

2. Extension of the Speciation Model to Include Tris Buffer



The artificial seawater proposed by Dickson (1990) contains the major ions Na*, Mg, Ca*",
K*, CI"and SO4. There are, in addition, the minor components H*, OH", MgOH®, and HSO, that
take part in acid-base equilibria. In section 2 of paper (I) we briefly summarised the available
chemical speciation models, based upon the Pitzer equations for activity coefficients, for applications
to natural waters. We also assessed the corrected model of Waters and Millero (2013), and that of
Clegg and Whitfield (1995), for such an artificial seawater. Both models are fully described and
documented in paper (I) and its associated Supporting Information. As noted in the previous section,
the corrected model of Waters and Millero (2013) was adopted as the basis for future applications
and development.

The Pitzer expressions for the activity coefficients (y) of iors ~nd uncharged species are
described by Pitzer (1991, and references therein) and are not reg -odu ced here. They include
parameters, which vary with temperature and pressure, for the inte actions of pairs and triplets of
solute species. The parameters for ion interactions are: B(O),‘ }Z(l)ca, B(Z)ca, C(O)ca, and C(l)ca for
combinations of each cation ¢ and each anion a; 0. and v . «or each pair of dissimilar cations ¢ and
¢', and anion a; and 0,4 and yaac for each pair of dissin«lar anions a and a', and cation c. The
parameters for the self-interaction of Tris (the on:,’ neutral solute in the model of the buffer solution)
are Atris,ris and Lrris Tris Tris, those for interact:~ns oetween Tris and each ion i are A+yisj, and
interactions between Tris and each catior, and anion are expressed by the parameter Crisca. The
interactions and parameters are summar se. in the Glossary of Symbols.

The buffer solutions used to cancrate pH on the total scale (DelValls and Dickson, 1998) are
prepared from artificial seawater, . € various salinities, with added equimolal TrisH"* and Tris (such
that TrisH" replaces an identice.' moality of Na*). The inclusion of the buffer species in a speciation
model of artificial seawater ntro luces the following additional elements: (i) the dissociation
equilibrium between TrisH™ e nd Tris; (ii) cation-anion binary interactions between TrisH" and CI,
S04%, and HSOy’; (iii) neutral-neutral (self) interactions of Tris; (iv) neutral-ion interactions between
Tris and the major cations and anions of artificial seawater; (v) cation-cation interactions between
TrisH" and the cations of artificial seawater; and (vi) several ternary interactions represented by
parameters WrisH,ca, Waa Trisi @nd Crrisca (Where subscripts ¢ and a represent the cations and anions
present in artificial seawater). The data from which TrisH"-anion and Tris-Tris interaction
parameters can be determined are summarised in Table 1, and are used in this work to extend the
model of Waters and Millero (2013) at 25 °C.

The values of TrisH*-CI and Tris self-interaction parameters have been determined by
Lodeiro et al. (2021) and are adopted here. We obtained values of the TrisH*-SO4* parameters by

fitting to osmotic coefficients measured by Macaskill and Bates (1986) (after recalculating values for



the aqueous NaCl reference solutions using the work of Archer (1992)). These parameters are listed
in Table 2. We set Aryisci to zero, as did Millero et al. (1987) and Lodeiro et al. (2021), because
electroneutrality constraints mean that Tris-ion parameters can only be determined as the
combination (viAtrisc + V-Atrisa), Where v4 and v. are stoichiometric numbers of the cation and anion
in the salt. The interaction parameters Aryis rist and Atrissos, determined from solubility
measurements, were taken from Lodeiro et al. (2021) and their values are given in the notes to our
Table 2. Values for the other Tris-cation parameters were obtained by fitting the stoichiometric
dissociation constants of TrisH* (K*(TrisH")) measured by Millero et al. (1987) in aqueous metal

chloride solutions, using the following equation:

In(K*(TrisH")) = In(K(TrisH")) + {TrisH*-CI terms} - {H -CI terms}
+ 2mM* - (O7rist,m — Onm — XTris,M)

+ mM* - mCI - (yrismct — Whmcr — G (1)

where M** is one of the metal ions Na*, Mg?*, Ca?*, «.ad K*, and prefix m denotes molality. The
quantity K(TrisH") (mol kg™) is the thermodyna.ic value of the dissociation constant. The
relationship between thermodynamic and st »ickometric equilibrium constants is defined in the
glossary of symbols, which follows the » npendix. The terms for H*-CI” and TrisH*-CI" interactions
in equation (1) are those that involve prre=ters B, Bea', and Ce® for cations TrisH" and H*,
and anion CI, and are listed in Table z. Tne values of the mixture parameters 6y M and yy mci are
also listed in the table. The terms .~ {} can be calculated using equations (63) and (64) of Pitzer
(1991) or, alternatively, equaticns (Al2) and (Al3) of Clegg et al. (1994).

It was found that the oarc meter pair (yrrist.m.ci — Crris.m.c1) could be set to zero for all four
salt solutions, leaving only ti ¢ linear term (Otrisu,m — Atris,m) t0 be fitted. The fact that the two
parameters cannot be distinguished does not influence calculations of buffer EMF (the
measurement used to calibrate the total pH scale) because they occur in those equations in the
same combinations. In addition, for a buffer containing equimolal Tris and TrisH", terms in
ArisTrisn cancel, and the terms in (yrrism.ct — Grrism.cr) partially cancel and therefore have only a
very small influence on calculated EMFs. The results of the fits are shown in Figure 1, and the
fitted parameter combinations (O+rist.m — Atrism) are listed in Table 2. Our analysis of the data is
essentially the same as that of Millero et al. (1987), although we have fitted the measured
pK*(TrisH™) directly whereas Millero et al. first determined values of In(yris), see their Figure 3,
and then obtained values of Atism from linear fits (IN(y1ris) = 2MM** . Arrism). We note that their

value of Arismg (-0.0594) appears to be in error by a factor of 2 (its magnitude is too small).



There are no data from which to determine the parameters for TrisH*-HSO4™ interactions at
any temperature (and for most of the other parameters mentioned above there are currently only
data for 25 °C).

3. Treatment of Uncertainties

Variances of model-predicted pH, activities, and other properties are calculated by standard
methods of error propagation such as used by Orr et al. (2018). Their application to the speciation
model used here is described in detail in paper (). Values of the variances and covariances of the
Pitzer interaction parameters are not available for the Waters and Millero (2013) model, and we
adopted a simplified method of estimating them based upon the ass''m:tion that they were all
determined from single datasets of osmotic coefficients (¢), whict, *»~re assumed to be subject to the
random and systematic errors that are typical of isopiestic m:a.''roments of water activity. This
measurement is one of the main methods of activity deter.m.>au.on for solutions of non-volatile
electrolytes at room temperature and above (Rard and Pl~ttu-d, 1991). Parameter variances and
covariances are determined from the statistics of mu lt’pl» fits of artificial datasets of osmotic
coefficients generated by the model and then r2-tuihed by randomly generated errors both for
individual points (random error) and affecting *'ie entire artificial dataset (systematic error). Details
are given in section 3 of paper (I), and in t1.> Supporting Information to that work.

The above methods were appliec. to e additional cation-anion interactions (TrisH*-CI,
TrisH*-S0,%, and TrisH*-HSO,) in *he e.tension to the model, and the resulting variances and
covariances can be found in the Supeorting Information to this work with other details of the
calculations. Pure aqueous Tris (.ntzraction parameters Ayris 1ris and Lrris,Tris Tris) Was treated in the
same way, in the determ?.>aticn £ f parameter variances, as the single electrolytes.

The mixture paramete. Atrsci IS Set to zero by convention (and has a variance of zero)
because these neutral-ion interaction parameters can only be determined in the combination (v+Atrism
+ VAtris x), Where v, and v. are the stoichiometric numbers of the two ions in the salt M, X,..
Variances of Atis ¢, Where ¢ = Na*, Mg, Ca**, K*, and TrisH* were determined from simulations of
osmotic coefficients of solutions containing Tris and the chlorides of the above cations, and that of
Atris.sos from a simulation of Tris-(TrisH),SQO, solutions. The approach was essentially the same as
used to determine variances of ion-ion mixture parameters Occ, Oaa, Weca and Waac in paper (1). Details
are given the Supporting Information. In the discussion in section 5.2, below, some comparisons are
made between the variances of these neutral-ion and TrisH™-anion parameters determined by fitting

and those estimated from simulations. We note that where parameter values have been determined



from fits to single datasets — which is the case for all parameters involving Tris and TrisH™ in the
model — the simulated parameter variances would generally be expected to be larger because they
account for the possible influence of systematic error.

The variance of the equilibrium constant for TrisH™ dissociation in the model is set equal to
the square of the uncertainty listed by Bates and Hetzer (1961) and given in our Table 3 (see also the

Supporting Information).

4. Data Used to Assess the Model

Electromotive force measurements of Tris buffer solutions ~re used to evaluate the accuracy
of the model. Comparisons with model predictions, including the 1'=a ¢ € the uncertainty propagation
methods summarised above, enable us to determine the solute inte.~~tions and equilibrium constants
that are most likely to cause the differences between measur:a 2. modelled EMFs. The sources of
available data, summarised in Table 4, are for the followi iy ~lectrochemical cell:

Pt, Ha(g, 1 atm) | H and CI" in an aqueous 5. 'ution | AgCls), Ag(s (A)

where the aqueous solution is an artificial sea' vaer vontaining the buffer substance Tris and its

protonated form TrisH" (generally substituted ; *r Na*). The EMF, E (V), of cell A is given by:
E = E° — (RT/F) - In(aH*-aCl) (2)

where E° (V) is the standard EMF 5t e cell at the temperature T (K) of interest, R (8.31446 J mol™
K™) is the gas constant, F (96485.232 C mol™) is the Faraday constant, and prefix a denotes activity.
The activity product of the ™ «.na CI ions can also be written mH*-mClyy-ye or mH*-mCl™ynef,
where vy; is the activity cueiicicnt of solute species i, and ync; is the mean activity coefficient of H*
and CI" in the agueous solutiun (yncr is equal to (yu-yc)>?).

Measurements of these buffer solutions, in combination with those of artificial seawater
acidified with varying molalities of HCI, are the basis of the total pH scale (Dickson, 1990; DelValls
and Dickson, 1998).

For solutions of Tris buffer in artificial seawater the activity of H" in equation (2) for the

EMF of the solution can be replaced, yielding:
E = E° — (RT/F) - In(K(TrisH")-aTrisH"-aCl /aTris) (3)

where K(TrisH™) is the thermodynamic equilibrium constant for the acid dissociation of TrisH*

(TrisH™ = H" + Tris), which can be calculated as a function of temperature using equation (3) of



Bates and Hetzer (1961). There are three important characteristics of these solutions in relation to the
cell EMFs: (i) the molalities of TrisH™ and Tris, in solutions prepared with similar molalities of each
species, remain almost unaltered by the equilibrium; (ii) mH" is negligible compared to mTrisH" and
mTris (both are typically 0.04 mol kg™), and (iii) MHSO4 is negligible compared to mSO4>.
Together, these mean that the EMFs of typical Tris buffer solutions in artificial seawater, including
those from sources listed in Table 4, are not affected by the SO,*/HSQ, equilibrium. Comparisons
of modelled and measured EMFs are therefore entirely a test of the model's ability to represent the
activity product aTrisH™-aCl/aTris, and the accuracy with which the equilibrium constant is known.

The uncertainties of EMF measurements, in particular those of acidified artificial seawater
made by Khoo et al. (1977), Dickson (1990), and Campbell et al. (1223) are considered in detail in
section 4.1 of paper (1). Estimated standard uncertainties were ap,*rox mately 0.04 mV in all cases,
consistent with the finding of Dickson (1990) that measureme 1ts o 2nerally agreed to within 0.05
mV. A similar analysis of the experiments of DelValls and MDickson (1998), given in detail in the
Supporting Information to this work, also yields 0.04 mV.

5. Assessment of the Model

In this section we compare the model with av..’able EMFs of the Tris buffer solutions, and identify
the causes of the differences found. The pa.2meters for the TrisH'-ClI interaction are revised, to
improve agreement. We identify the dif.eer. components of the variation of EMF with buffer
molality at constant salinity measurc! by DelValls and Dickson (1998), and determine the reason for
its linearity at all but the lowest rmo..'ities of buffer. We explain the meaning of a linear
extrapolation of measured EMF .~ ~ero buffer molality (equivalent to what is shown in Figure 1 of
DelValls and Dickson (1798,) Tne effect of varying the ratio TrisH":Tris in the buffer solutions is
examined and it is shown tha' the effect on EMF can be calculated to within experimental
uncertainty by a simple expression involving only the molalities of the two species. All comparisons
are made at 25 °C, because the Pitzer interaction parameters involving TrisH" and Tris are known

only at this temperature.

5.1 Calculations of uncertainty contributions to modelled quantities

We first carried out a model simulation to determine the relative contributions of the
uncertainties in the equilibrium constants and interaction parameters to those of calculated EMFs.
This simulation was for equimolal Tris/TrisH™ buffer in artificial seawater of salinity 35. The

composition of the solution is listed in Table 5.



As noted earlier, the variances and covariances of TrisH*-CI” and TrisH*-SO,* parameters
were simulated in the same way as for the other pure electrolytes, to ensure consistency, even though
uncertainties of the parameters are available from the original fits used to determine their values. For
both electrolytes there is only a single data set of osmotic coefficients, thus they correspond quite
closely to the idealised case being examined here. The simulated variances of the interaction
parameters Arrisi, Where i is Na*, Mg?*, Ca®*, K*, TrisH" or SO,* were either similar in magnitude to
those determined from the fits to the data (in the cases of Avrisna and Arris rish) OF Up to two orders of
magnitude smaller (in particular Arrismg and Arisca). Covariances of the Tris self-interaction
parameters were also simulated for these calculations and found to be about 0.25 times the values
obtained by Lodeiro et al. (2021) from a fit to the single available 0. otic coefficient dataset of
Robinson and Bower (1965).

There are some other special features of the parameter.: Atvi, ¢, OrisH.c, and yrrish c.ci for the
seawater cations ¢. The measurements of pK*(TrisH™) in chlo,de media at 25 °C yield values of
parameter combinations (Otrisn.c — On.c — Atrisc) and  (WrrisH.e~ — WH.c.cl — Crrisc,cl), See equation (1)
above. The parameter contributions to the calculater £:VF of a Harned cell containing equimolal
Tris/TrisH" buffer occur in essentially the same combinations, although with the addition of a few
smaller terms. Our fits above, and those of N illr. 0 et al. (1987), yielded (WrrisH.c.c1 — Crrisc,c1) equal to
zero. We also set all other ternary interac.*an parameters Crrisca t0 zero, for simplicity. This implies
that In(yvis) is @ linear function of the mol:.**y of dissolved salts, which is reasonable for solutions of
seawater concentrations. In our calcuiauans we assigned the fitted values of (Orish.c — Atrisc) tO Avrisc,
as did Millero et al. (1987), and the -efoie set the values and variances of O+yisy ¢ to zero. In the
calculations of uncertainties us.ng tiese variances (and shown in figures) we ascribe the variance
contribution of each Ayis~ t€ (Ayy ;¢ — Otrishi,c) in order to make this assignment clear.

Two sets of calculatic 1s were carried out to estimate uncertainty contributions to modelled
EMFs and, in later sections, to other quantities such as total pH. In the first set the variances and
covariances of parameters whose values are set to zero in the model are also set to zero in most
instances. These parameters are listed in Tables S2 to S5 in the Supporting Information to both this
work and to paper (1) and include, for example, 6usossos and those for interactions between pairs of
reacting species such as TrisH™ and OH", and H" and MgOH™. There are also parameters for
interactions that are unknown because of a lack of data from which to determine them. These are
assigned values of zero by default, but may in reality be non-zero. Their variances can be simulated
in the same way as for other parameters, based on an assumption that their true values are zero, and
this has been done in some cases. We carried out the second set of uncertainty simulations in order to

explore the influence of these model parameters, identified by 'U" in Tables S2 to S5 in the



Supporting Information to both this work and paper (l), in a more realistic way. In this case we
substituted mean parameter values for charge types corresponding to those of the interacting ions
from Tables Al and A2 in Appendix A of paper (1), and set their variances equal to the squares of
the listed standard deviations. We have not attempted to estimate covariances of, for example,
unknown 65 and iy parameters whose values are generally determined simultaneously. This will
tend to increase their contributions to the total uncertainty. This substitution of non-zero parameter
values into the model means that the calculated quantities — both speciation and activity coefficients

— will be different from the base model. However, the differences are found to be very small.

5.2. Equimolal TrisH*/Tris buffer in artificial seawater

An uncertainty profile for the calculated EMF difference \& — =°) of a 0.04 mol kg™
equimolal TrisH*/Tris buffer in artificial seawater at salinity 33 is )lotted in Figure 2. This diagram
shows the percentage contributions to the total modelled v~ric2ce of the EMF of individual Pitzer
interaction parameters, groups of related parameters, and >?:vidual equilibrium constants. The
principal contribution is the TrisH* - CI" interaction. 1c:lowed by Na* - CI" (less than 20% of the total
estimated variance), and then by In(K(TrisH")) (a:aut 5%). The HSO4/SO,* equilibrium does not
affect the EMF to any measurable extent in {~es, buffer solutions, and does not contribute to the
estimated uncertainty, for reasons given 1. the previous section.

A notable feature of Figure S1 ir, t'.« Supporting Information, which shows the partial
derivatives of the calculated EMF, is the arge value for Atrisna €Ven though this parameter only
contributes 1% to the total variancc (as \Arrisna — B1risiNa))- The value of the variance of this
combined parameter used in the cale.dlations is equivalent to a standard deviation of 0.0014. We
obtained a standard deviatio 1 of 1.0015 in our fit of the pK*(TrisH") measurements of Millero et al.
(1987), essentially the same &3 used in the model. Thus it is likely that the modelled uncertainty
contribution of this pair of parameters is reasonable.

A further set of calculations were carried out in which two changes were made: first,
parameters whose values are unknown were assigned average values and associated uncertainties
from Tables Al and A2 from the Appendix to paper (I). In addition to the many yeca and Wagc
parameters for which this was done, there are also the unknown cation - anion interactions MgOH" -
S0,% and TrisH* - HSO4". Second, the variances of (Arrisc — O1rist,c) for all cations ¢, and Arris sos,
were set to the uncertainties obtained from the fits to data (Table 2). As noted above, the variance
for (AtrisNa — OrisHina) 1s virtually unchanged, but for (Atvis mg — Orish,mg) it iS @ factor of 100 higher,
and for (Atrisca — OrisH,ca) and (Arris k — O7rish,k) 1t IS higher by factors of 40 and 10 respectively. The

variance of Arrissoa IS increased by just over a factor of 2 relative to the base case. The calculated



EMF of the buffer, at salinity 35, differed by only 0.007 mV from the base case calculation, and the
total calculated variance was 4.1% greater than for the base case, almost all of which is accounted for
by the increased variance contributions of the Tris-ion interaction parameters noted above. They
contributed about 1.27% of the total variance in the base case calculations and 5.1% in the second
case. The parameter pair (Arrismg — O7risH,mg) accounts for only 0.03% of the estimated total variance
in the base case calculation, but about 3.6% in the second case (just less than the 4.6% attributed to
IN(K(TrisH™))). The parameter pair (Atrisna — OTrisH.na) IS the next most important Tris interaction
parameter, accounting for 1.5% of the total variance in the second case. The reasons that (Atismg —
O7risH,mg) dominate are, first, the interaction of Mg?* with Tris is very strong and, second, there are
fewer (and more scattered) data points from which to determine its 'v.'ue than is the case for Na* (see
Figure 1). The only other changes in variance contributions from "he <zcond calculation, relative to
that shown in Figure 2, are below 0.1% of the total.

Overall, these comparisons show, first, that the estima.~d variance of the calculated EMF is
dominated by only a very few terms, and that interactions ;™. olving the SO, ion have very little
influence. Second, the unknown interaction parametzr+ for this chemical system are also expected to
have relatively little effect, but some changes to t:= magnitudes and ordering of variance
contributions can be expected when actual rcthe’ than simulated parameter variances are used.

Electromotive forces measured by NelVails and Dickson (1998) and Ramette et al. (1977) are
compared, as (E — E°), with calculated val.os in Figure 3. There is a difference of about 0.6 to 0.8
mV from the measured values of Delva.'s and Dickson at all salinities and all added molalities of
Tris and TrisH". This exceeds the «~timated uncertainties of the calculated EMFs (the shaded areas in
the figures). The difference bet.»eer the two data sets, about 0.3 mV, has been discussed by DelValls
and Dickson, who suggest tt at tt 2 Tris stock solution of Ramette et al. (which was common to all of
their experiments) may have .»een incorrectly characterized. Using the relationship between buffer
composition and EMF discussed in section 5.4 it is possible to show that the 0.3 mV difference at 25
°C corresponds to a Tris molality in the buffer that is too low by just over 1% relative to TrisH".
However, it is probable that the reasons for the differences will never be known.

What is the likely cause of the large deviations of calculated from measured values in Figure
3? The uncertainty profile in Figure 2 shows that the TrisH™ - CI" parameters have the largest
contribution to the total variance. The data from which these were obtained are eleven osmotic
coefficients from isopiestic measurements by Robinson and Bower (1965). There are only two data
points below 1 mol kg™ molality, and the fitted model closely represents the data. The only other
measurements with which comparisons are possible are the EMFs of equimolal TrisHCI/Tris

solutions up to 0.1 mol kg™ molality determined by Bates and Hetzer (1961) and used to derive the



thermodynamic equilibrium constant K(TrisH"). In these solutions the measured EMFs are related to
the mean activity coefficient of TrisHCI (ytrismci) by:

2In(yrrishcl) — In(yris) = — (E — EY)F/(RT) — In(K(TrisH")-mTrisH*-mCI /mTris) (4)

In the dilute solutions measured by Bates and Hetzer (1961) the values of y1is Will be close to unity
and have only a small contribution to the EMF, which can be accounted for using Pitzer parameters
for 25 °C presented by Lodeiro et al. (2021) in their Table 8. (The mutual interaction of TrisH" and
Tris, expressed by the parameter Atyis TrisH, Cancels in these equimolal solutions.) In order to compare
the EMF data to the available osmotic coefficients of aqueous Trisk«C! we first fitted values of
In(yrrisci) calculated from equation (4) above using the Pitzer Deye- Alickel expression and the
model term containing the single interaction parameter Brris ¢ © (1'itzer, 1991). We then derived a

set of pseudo-experimental osmotic coefficients (¢pg) of pr're aueous TrisHCI using the following

relationship (e.g., Pitzer, 1995):

¢ = In(yramc) +1 — fo (6 1)/m un 5)

The value of the osmotic coefficient of pr're cueous TrisHCI, at its molalities in the mixtures
measured by Bates and Hetzer, was calcu atad using the Pitzer equation with the fitted parameter
Brrisn.cl®. This is equivalent to the “iyit-hand side of equation (5). The fitted values of In(yrisqci) at
each experimental molality were 1. 2n subtracted, and the values of In(yrisuci) obtained from the
measurements of Bates and +ici7er added, to yield ¢.

Both In(ytrisnci) anu de uetermined from the study of Bates and Hetzer (1961) are shown in
Figure 4, and compared wit., values calculated using the present model (solid line) and also the
osmotic coefficients measured by Robinson and Bower (1965). The activity and osmotic coefficients
derived from the results of Bates and Hetzer are not consistent with work of Robinson and Bower,
and lie outside of the estimated envelope of uncertainty (the shaded areas in the figure).

In order to determine whether this discrepancy would explain the 0.6 to 0.8 mV difference
between measured and calculated EMFs of Tris buffers, we first refitted a combined dataset of ¢
and experimental osmotic coefficients of Robinson and Bower, with weights assigned so that ¢g was
represented very closely. The modified interaction parameters are listed in the notes to Table 2. The
resulting osmotic and mean activity coefficients are shown as dashed lines in Figure 4. The new

values of yrrisnci are lower, by up to about 0.01, over much of the molality range. Next, EMFs of the



Tris buffer solutions were recalculated using the revised set of parameters for TrisH*-ClI" interactions.
The change is shown in Figure 5 as values of yrrisHcr /(yris)*~, calculated from the measured EMFs,
for solutions containing 0.04 mol kg™ buffer. There is improved agreement of the model with the
data across the salinity range. The deviations of the measured from calculated (E — E®) shown in
Figure 3 are reduced from an average of 0.726 mV to only 0.13 + 0.07 mV, which is a large
improvement. The fine dashed lines in Figure 3 shows where A(E — E®) equals zero when the
calculation is carried out with the revised TrisH"-CI" parameters. For example, at salinity 35 (in
Figure 3a) the deviations of the measurements of DelValls and Dickson (1998) from calculated
values are reduced to about 0 to 0.16 mV (from the previous 0.62 to 0.78 mV) by using the revised
parameters.

A further possible cause of the difference between measui>d a1d modelled EMFs is the value
of K(TrisH™). The values of In(K(TrisH")) used in our model & e c: lculated using equation (3) of
Bates and Hetzer (1961), and their uncertainty is +0.0028 ‘sec Table 3). A refit of the experimental
EMFs of Bates and Hetzer (1961) at 25 °C, using their me.~cd but with the Pitzer model Debye-
Hiickel expression and modern values of the constarus R and F, yields In(K(TrisH™)) that is lower
than the value in Table 11 of Bates and Hetzer by 0023, and lower than the value obtained from
their equation (3) by 0.0092. These differenc~s #.e equivalent to an increase in the calculated EMFs
of the buffer solutions studied by DelVali: and Dickson (1998) of 0.073 mV to about 0.25 mV
(which reduces the differences in (E — E) a7 yrrisrcy/(yTris) > shown in Figures 3 and 5,
respectively).

It is concluded from these . "mparisons that a revision of the TrisH™ - CI” interaction
parameters is needed, preferab! ' ba: ¢d upon further measurements. These might include
measurements of EMFs of Trish "/Tris buffer in NaCl media, although from such mixtures some
interaction parameters can on'y be determined in combination, and not individually. Revisions to the

thermodynamic values of the TrisH" dissociation constant should also be considered.

5.3. Variation of buffer molality in equimolal TrisH™/Tris buffers in artificial seawater

The differences between modelled and calculated EMFs and yTrisHCl/(yTris)> for solutions
containing the buffer have been shown in Figures 3 and 5 to vary little with salinity, and to be greatly
improved by revisions of the TrisH*-CI parameters. It is also important to be able to model
accurately the variation of the EMF with the molality of the added buffer (at fixed salinities),
because this is central to the extrapolation of the EMF and pH of buffer solutions to trace values
appropriate to pure artificial seawater media, and to quantifying the influence of the buffer

substances on the activity coefficients that control the measured EMF. For example, see Figure 1 of



DelValls and Dickson (1998) which shows a decrease of about 0.0025 units in total pH from 0.04
mol kg™ buffer to the hypothetical case of zero added buffer (for salinity 35 and 25 °C). This change
is equivalent to a decrease of about 0.16 mV in EMF (Table 2 of DelValls and Dickson).

How well can the model represent this change with buffer molality, what does it mean, and
should the relationship be linear? To answer these questions we first rearrange equation (3) to
express the EMFs of the solutions as the sum of four terms:

E-E° = — (RT/FY{IN(K(TrisH") + In(yrrisn yor /yrs) + In(mTrisH/mTris) + In(mCI} (6)

In this equation K(TrisH™) is a constant for any given temperature, z." mClI" is constant at any
particular salinity. In typical buffer solutions prepared with equin ala) TrisH™ and Tris, the molalities
of the two species can be shown to be very close to their nominal \ alues. However, this
approximation becomes less exact at very low molalities of hu*fer, which has implications for the
extrapolation of EMFs and pH as will be demonstrated.

Figure 6 shows EMFs of a salinity 35 buffer a1 25 °C measured by DelValls and Dickson
(1998). The data correspond to the total pH value: shown in their Figure 1. The dotted line is a
simple linear fit to the data. The solid line re,resents EMFs calculated using the model and equation
(6) above. Note that it has been shifted ve-tically on the plot by +0.095 mV, in order to aid
comparison of the slopes. (In the model wr. *eed the revised TrisH*-CI” parameters derived in section
5.2.) The calculated relationship betviee. EMF and buffer molality below about 0.02 mol kg™ is
highly non-linear, because as buffc- mo.ality tends to zero the H* molality tends to a value of about
1.97x107 mol kg™ in the pure «.tific ;al seawater (as determined by the model). This corresponds to
an (E — E®) of about 0.4286 /. Aove 0.02 mol kg™ of buffer the slope of the calculated EMFs with
respect to buffer molality is 1 ss than what is observed, which we attribute to deficiencies in the
model. It is important to understand that the EMF at trace buffer molality, obtained by the linear
extrapolation of the measured EMFs in Figure 6 (about 0.51603 V, dotted line) does not have the
same meaning or value as the EMF of a pure artificial seawater solution containing no (i.e., zero)
buffer (about 0.4286 V, stated above). The same is true of the corresponding total pH (Figure 1 of
DelValls and Dickson, 1998).

Equation (6) shows that there are two contributions to the change of EMF with buffer
molality, and the model can be used to quantify and compare them. First, the dashed line in Figure 6
shows the EMF calculated using equation (6), but neglecting the term in In(mTrisH*/mTris). It
represents the effect of the changing activity coefficient contribution (-(RT/F)-In(ytrisn Yci /yTris)) ON

EMF, and how it varies with buffer molality. The second contribution to the change in EMF is



represented by the small difference between the dashed and solid lines in Figure 6 and is the effect of
the change in the equilibrium ratio mTrisH*/mTris with buffer molality. For 0.02 mol kg™ of buffer
and above, the magnitude of this contribution in equation (6) is no more than about 0.02 mV, which
is less than the uncertainty in the measurements. Thus, to a very good approximation, the
extrapolation of the measured EMFs to zero buffer molality in Figure 6 yields the EMF that the
buffer would have if the activity coefficients yrrisH, Yc1, and yrris Were equal to their limiting values in
the pure artificial seawater medium (generally referred to as trace activity coefficients).

Is a linear relationship between measured EMF and buffer molality at fixed salinity and
temperature expected? The change in the activity coefficient contribution to the calculated EMF,
from buffer molality m(1) to molality m(2), is given by:

AE =— (RT/F){[ln(YTrisH'YCI /YTris)]m(Z) - [ln(YTrisH"YCI / VTris ]m(l)} (7)

where the two sets of activity coefficients will have differc~t values at the two buffer molalities.
Examination of the Pitzer model expressions for the ¢t mbinations of the activity coefficient
differences ((In(yTrist)m(2) — In(yris)me)), €tc.) shcvs tnat: (i) the contributions of the individual
interaction parameters involving TrisH" and ~I" ‘o the slope of the dashed line in Figure 6 occur
largely as the pairs (B Prrisn.ct — B naci). and (COPriigicr — C@Phacy). In the equations these are
multiplied by factors in which the only » ar,*rg quantity, at a fixed salinity, is mTrisH" (the molality
of the added equimolal buffer). The can.> 1s true of most mixture parameters. This is why the dashed
line in Figure 6 is linear with respc -t to ouffer molality. (ii) The influence of Atyis rist cancels in the
equation above, and parameter. for [ris-Tris and Tris-Na" interactions occur only in the expression
for Yris.

The principal contribu ‘ors to the calculated AE in equation (7), for m(1) equal to 0.04 mol kg
! and m(2) equal to 0 mol kg™, are listed in Table 6. There are very few, chiefly because the only
change in the solution composition on the addition of buffer is the substitution of TrisH"™ for Na* and
the addition of Tris. The molalities of the other seawater ions that are not pH dependent stay the
same, as does the formal ionic strength. The largest interaction contribution is that of ((TrisH*-CI") —
(Na™-ClI")), followed by that for Tris-Na". Future work to improve agreement between the measured
and calculated EMFs of Tris buffer in artificial seawater, and the slope with respect to buffer
molality, should focus of TrisH*-CI', TrisH"-Na*-CI" and Tris-Na" interactions. It will be necessary
to give particular attention to the differences between parameters involving TrisH* and the
corresponding ones for Na*, because it is these that directly contribute to AE in equation (7) and

hence the slope of the dashed line in Figure 6.



The activity coefficient term in equation (7), and its value for any given buffer molality m(1)
(with m(2) equal to zero), represents the change in EMF caused by the presence of TrisH" and Tris
in the solution and the reduction in mNa®. The addition of this quantity to the measured EMF yields
the EMF that this solution (containing buffer molality m(1)) would have if the activity coefficients of
TrisH", Tris, and CI" were those characteristic of artificial seawater containing only trace quantities
of TrisH™ and Tris. This is significant for several reasons. First, the presence of acid-base substances
changes activity coefficients, such as those in equation (6), and it is important to allow for this when
calculating properties of artificial seawater buffers. Second, the linear extrapolation of measured
EMFs to zero buffer molality (in the absence of an accurate model) is reasonable, but the results in
Figure 6 suggest that data below about 0.02 mol kg™ buffer should i1t be included. We note that
there is no visible deviation of the measured EMFs of DelValls ai'd D ckson (1998) at 25 °C from
linearity with respect to buffer molality, but there is some sugy'esti1yn of this effect in the data for
lower temperatures (not shown). Third, the slope of the m~de,!=d EMFs in Figure 6 with respect to
buffer molality (solid line, above about 0.02 mol kg™ of bu##cr) is slightly greater than that of the
activity coefficient term (dashed line). However, the a-.ference between the two, in terms of the
estimated change in (E — E°) between some buffe, moiality m(1) and zero buffer molality is only
about 0.02 to 0.03 mV. This is less than bott. the scatter in the data and the inherent uncertainty of
the measurements. Consequently, as long ~s measured EMFs at low buffer molalities are excluded
(below 0.02 mol kg™ according to the pres.~t model) they can be linearly extrapolated to zero buffer
molality in order to obtain the EMF «.t a ~oution in which the activity coefficients are the same as

they would be in pure artificial sea.‘atei, with very little added uncertainty.

5.4. The effect of varying mhlali ies of TrisH" and Tris relative to one another

Pratt (2014) has meas 'red EMFs of artificial seawaters (of salinity 35) containing three
different mole ratios of Tris buffer. At 25 °C the EMFs of the solutions containing the highest and
lowest mole ratios (0.05:0.03, and 0.03:0.05 TrisH™:Tris) differ by about 26 mV, and the
corresponding pH values range from 7.8521 to 8.2966 (Table 3 of Pratt (2014)). The EMFs of these
buffer solutions can be calculated with equation (6). The only contributions that vary, for differing
ratios of buffer substances in a constant salinity medium, are the activity coefficient term (In(yrisu yci
IyTris)) and the molality term (In(mTrisH*/mTris)). Their calculated values are listed in Table 7 for the
three solutions measured. The results show that the contribution of the activity term to the EMF is
expected to change by only £0.007 mV relative to its value for the equimolal buffer solution. We
also calculate that, for all three solutions, the molalities of the TrisH™ and Tris in the solutions remain

almost unaltered from their stoichiometric nominal values (given in the first column of Table 7).



Consequently, the difference in the EMF between two artificial seawater solutions at the same
salinity and temperature, and containing two different buffer ratios R(1) and R(2) but the same total
amount of added Tris (mTris + mTrisHCI), can be calculated from:

Ere) = Era) + (RT/F){In(mTrisH /mTris)ray — IN(MTrisH /mTris)rz)} (8)

where the two subscripts indicate that the values (EMFs, or molality quotients) are for the two buffer
ratios of interest. This equation implies that, at a fixed salinity and temperature, the quantity [E +
(RT/F)-In(mTrisH*/mTris)] is constant. Deviations of the measurements of Pratt (2014) from this
simple relationship are plotted in Figure 7, as the quantity 6E, and a . shown to be within the
uncertainties of the measurements. The additional contribution o1 the Jeviations of the
mTrisH*/mTris ratio from the nominal value (due to the shiftir 1 ct 2mical equilibrium, and calculated
using the model) is plotted as a solid line in the figure, and is .ery small (<0.02 mV).

Equation (8) should be helpful both in adjusting bu < pH for known (unintended)
imbalances between mTrisH" and mTris, and for the p 2paration of buffers with a higher or lower pH
than that normally used. The relationship betweei. EMr (and consequently pH) and the ratio
mTrisH"/mTris, embodied in equations (6) &.*d ('s) above, is essentially equivalent to the Henderson-

Hasselbalch relationship used by Pratt (2014) (see his equation 8).

6. The pH of Tris Buffers in Artificiax Seawater on the Total Scale

In this section we clarify *he >lgebraic relationships between the EMFs of Harned cells that
contain Tris buffers in artificial s>2 vater, the conventional thermodynamic total molality (mH" +
mHSQ,), and two altern-.*e e, 2nroaches to assigning so-called total hydrogen ion molalities which are

the basis of the total pH scale for seawater. These approaches are:

(1) The formal total hydrogen molality, (mH*™") # originally described by Dickson (1984) and
subsequently defined more rigorously by Dickson (1990) and DelValls and Dickson (1998). This
is a close approximation to (mH* + mHSOy) in a Tris buffer.

(2) The operational total hydrogen ion molality, mH*(", described by DelValls and Dickson (1998)
and intended as an approximation to (mH+(T))f in a Tris buffer. It is this operational total
hydrogen ion molality that, after conversion to a mol per kg of seawater basis, calibrates the
seawater total pH scale (e.g., equation (18) of DelValls and Dickson (1998) which gives the

operational total pH of a Tris buffer as a function of temperature and salinity).



The equivalent pH to the above measures of total hydrogen ion concentration are, in the same
order: pH'7m (equal to -logio(MH* + mSO4%), (pHrm) (equal to -logio((MH" ™)), and pHr m (equal
to -Ioglo(mH+m). In this section we also determine the uncertainty contributions of equilibrium
constants and individual Pitzer parameters to modelled values of pH (or EMF) to identify those
terms that are the most important for accurate predictions of buffer solution properties. The model is
used to quantify the difference between the three measures of total hydrogen ion molality, for Tris
buffers made up in artificial seawaters of varying salinity and from equimolal amounts of the buffer
species mTris and mTrisH*. We also illustrate the relationship between these three quantities, and
their extrapolations to zero added buffer molality, in artificial seawater of salinity 35. All measures
of pH discussed in this section are on a molality basis, indicated by «.> subscript m, reflecting the
explicit use of molality in the Pitzer model and other thermodyna.ic .peciation models for aqueous
solutions. Conversions to a mol per kg of seawater (amount rcnter ¢) basis, the common usage in
marine chemistry, are given in the Appendix. The differer: mc2sures of pH used in this work are
summarised in Chart I (see also the Glossary of Symbols).

6.1 Total pH and the EMFs of Tris buffers in artii.~ial seawater

The operational total pH scale is cali.~af :d using Harned cell measurements of buffer
solutions in artificial seawater, made up wth equimolal quantities of TrisH" and Tris (DelValls and
Dickson, 1998), combined with a stande rc' ¢ 2'1 potential determined from measurements of acidified
artificial seawater extrapolated to zero auded HCI (Dickson, 1990, see his equation 14). Values of —
logzo(mH*(™) obtained in this wav . ‘ill be close, but not identical, to -logi(mH* + mHSO,) and
(mH*M); in the Tris buffer soluiions,.

First, we repeat th= a~rivition from paper (1) of the expression for the Harned cell standard
EMFs of artificial seawaters 1 sed in the definition of total pH. We begin by defining a conventional
thermodynamic total hydrogen ion molality, for any solution, as the sum of the free hydrogen ion

molality (mH™) and the bisulphate molality (mHSOy):
mH* + mMHSO4 = mH*(1 + mSO,*/K*(HSOy)) 9)

where mSO,* is the molality of the free sulphate in solution, and K*(HSOy) is the stoichiometric

dissociation constant of the bisulphate ion given by:

K*(HSO4) = mH+-mSO42'/mHSO4' = K(HSO4_)'('YHSO4/'YH"YSO4) (10)



In this equation K(HSOy") is the thermodynamic value of the dissociation constant at the temperature
of interest. The three activity coefficients all vary with temperature and the composition of the
solution (variations with pressure are not considered in this work).

The EMF of a Harned cell, containing a solution with H" and CI" ions, can be expressed in
terms of the conventional thermodynamic total hydrogen ion molality as follows:

E = {E° — (RT/F)-[2In(ync) — In(1 + mSOZ/K*(HSOL))]}
— (RT/F)-In((mMH* + mHSO,)-mCI") (11)

where ynci IS the mean activity coefficient of HCI in the solution. 'f ecuation (11) is applied to
solutions not containing SO4%, then mHSO,” and the logarithn ic te rm including mSO4 on the first
line will both be zero. For a solution of artificial seawater ~nr.:~ining added HCI, the limiting value
of the quantity in {} in equation (11) as the amount of HC. *cads to zero is equivalent to a standard
potential of the cell (E*) for the temperature and sal’i.y of interest. It is obtained experimentally
from measurements of a series of such solutions ¢ ntaining differing molalities of HCI (Dickson,
1990). Thus:

E* = E° — RT/F)-2In(yuc™) — ML +mSO~ K*(HSO4)™)] (12)

where the superscript (tr) indicates *he nmiting value of the term in pure artificial seawater (i.e., as
the added amount of HCI tends *0 zt-,0). (See the Appendix for an explanation of the meaning of
trace in both practical and n ode:'ing contexts.) At this hypothetical limit the molality of HSO,  is so
small that mSO,* becomes t1.2 total SO4*” molality, denoted by superscript (T). This definition is
equation (13) of Dickson (1990).

Values of E* were obtained by Dickson (1990) from measurements of EMFs in artificial
seawater, acidified with 0.0025 to 0.0379 mol kg™ HCI. The extrapolation to zero added HCI was
acheived using a quadratic fit of the quantity given in the second part of his equation (13). Although
model-calculated EMFs of acidified artificial seawater were found to deviate from measured values,
our results in paper (1) confirm that the procedure used by Dickson (1990) to obtain E* yields values
that correspond to the definition in equation (12). The equation for E* given by Dickson (1990) has a
goodness of fit of 0.024 mV, comparable to the typical standard uncertainty of Harned cell EMF

measurements of about 0.04 mV (see document 6 of the Supporting Information).



The standard EMF, E*, defined by equation (12) and determined by an extrapolation in terms
of total H* ion molality, can be used to interpret buffer solution EMFs expressed on the same total H"
basis. Thus, substituting for E° (from equation (12) into equation (11)), we obtain for the general

case:

E = E* — (RT/F)-In((MH" + mHSO4)-mCI) — (RT/F)-2In(ynci/yra™)

+ (RT/F)-In[(1 + mSO,2/K*(HSO4))/(1 + mSOZM/K*(HSO4)™)] (13)

where yuc IS the mean activity coefficient of HCI, K*(HSQ,) is the stoichiometric dissociation
constant of HSO,, and mSO,* is the free sulphate molality, all in *>~ sclution of interest. The
quantities yne™, mSO,2 ", and K*(HSO4)™ have the same me2nu.3s as in equation (12). The final
two logarithmic terms in equation (13) represent the EMF ct any~ caused by the change in
composition between the solution of interest and the oria’na: arcificial seawater composition for
which E* was determined. Henceforth we will refer to th2 sum of these quantities as the E*

difference term, AE*, defined by:

AE* = — (RT/F)-2In(yneryne™)

+ (RT/F)-In[(1 + mSO42/K*4 'SUH))/(L + mSO42 V/K*(HSO4) ™) (14)

Equation (13) differs from equatiot: (v, 2f DelValls and Dickson (1998) in that they substituted their
equation (5) for E* (which is the sa.me as equation (13) of Dickson (1990) and our equation (12))
into the expression for cell Emr on a free H' basis. This is a consequence of the decision of Dickson
(1990) to define the formal .~tal hydrogen ion molality so that it remains proportional to the free
hydrogen ion molality at all pH (at a fixed salinity and temperature). This is equivalent to assuming
that the value of (1 + mSO4*/K*(HSOy)) in the buffer or other solution is identical to its limiting
value in artificial seawater, thus making the final logarithmic term in equations (13) and (14) above
equal to zero.

In Tris buffer solutions at salinities and temperatures corresponding to E*, the value of
vreyne™ in equations (13) and (14) will be close to unity, and K*(HSO4) will be close to
K*(HSO,)™. The small differences are caused by the presence of the Tris, and the TrisH* (which is
substituted for Na*). Furthermore, in the buffer solution the molality of HSO,  is very much less than
that of SO,* and therefore mSO4% in equation (13) is effectively the same as mSO4>". Thus, both

the final two terms in equation (13) are likely to be small, although increasing at lower salinities as



the molalities of the buffer substances become larger relative to those of the seawater components.
The values of the quantities in these last two terms, i.e. AE*, cannot be determined experimentally.

6.2 Model calculations of (mH* + mHSO,), and mH*

It is desirable that speciation models be able to calculate accurately both mH* and mHSO,” in
Tris buffer solutions in order to quantify AE* and therefore relate the operationally determined value
of mH*™ in such buffers to (mH* + mHSO4) and (mH"") #» and also to make progress in a number
of pH related areas: the extension of the total pH scale to low salinities, establishing a relationship
between the total scale and other scales, and quantifying the effects of composition changes relative
to seawater stoichiometry (hence the preparation of buffers relevant wc other natural waters). We
have therefore determined uncertainty profiles for both -logio(mk* + 'aHSO4) (pH 1) and -
logio(mH™) (pH g m, for the conventional thermodynamic free ,4* n olality) in 0.04 mol kg™
equimolal TrisH*/Tris in seawater of salinity 35, at 25 °C Twu sets of calculations were carried out:
(i) with the variances of interaction parameters whose valu. = are unknown set to zero, and with
variances of parameters Atrism (Where M is a metal r.ar.on) set to values estimated by simulation; (ii)
using averaged values and associated variances i m Appendix A of paper (1), for parameters whose
values are unknown, and with variances of p.+aaeters Atism Set to the squares of the standard
deviations determined by fitting (Table 2,.

The results of the first group of alci'ations are shown in Figure 8. Comparing the
uncertainty profile for pH™r ., (Figure 8a, with the corresponding one for the calculated EMF (Figure
2), it is clear that In(K(HSO,)) anu Y*-CI interactions become very important contributors to the
variance in calculated pH 1, ac~ouriting for about 60% of the total compared to about 22% for
TrisH*-CI' interactions (whi.h cc ntribute about 70% to the variance in the calculated EMF). This is
for two reasons: first, althoug 1 the H™ activity is determined by K(TrisH") and the TrisH" and Tris
activities, the molality of H* depends on its activity coefficient which is largely controlled by the
interaction with CI". The uncertainty in the molality of HSO4", which is also an element of pH 1, is
largely due to that in K(HSO4"). Of the parameter group (Oci,sos, Welsoanas Wcisosmg) iN Figure (8a),
the variance contribution of O¢ sos exceeds that of ye soana DY a factor of about 30, and that of
Wci,s04Mg DY more than 100. There are a large number of parameter groups that only contribute to the
total variance at or below the 1-2% level.

The HSO, ion does not contribute to pH ¢ , which eliminates In(K(HSO,)) and all
interaction parameters involving this anion from the uncertainty profile in Figure 8b. This profile is

notably simpler than that for pH'r ., and there are only five variance contributions above 1%. The



H*-CI" and TrisH™-CI interactions together account for almost 80% of the total variance in the
calculated pHgm. The ternary interactions H*-Na*-CI" are also important (contributing about 15% of
the total variance).

The second set of calculations of pH ™t and pH e , referred to above, are shown in Figure 9.
For pH'Tq the changes are small, and consist of contributions of about 2% from the unknown
TrisH*-HSOy interaction, about 1% for both (O TrisH, WH.TrisH,cl) and (Aris, Mg — OrisH,mg)- 1N the latter
case this is because the fitted value (see Figure 1) has a large standard deviation. For the uncertainty
profile of pH &, shown in Figure 9b the only significant changes relative to the base case in Figure
8b are the contributions of (Oy TrisH, WH TrisH,c1) at about 2% of the calculated variance, and about
1.5% for (Arrismg — Orist,mg) fOr the same reasons noted above.

These uncertainty profiles of pH t» and pH e show tha. no : dditional interaction
parameters are important contributors to the total variances of thes:: quantities in the buffer solution
beyond those already identified for the calculation of EMF< 0. acidified artificial seawater, Tris

buffer in artificial seawater, and the quantity AE*.

6.3 The relationship between pH on the total scalc ana (MH* + mHSOy)
The total pH of a Tris buffer on a mc ality basis, pHt m, is operationally calibrated from

measured EMFs of the buffer solutions a.~ording to the following equations:

—In(mH"") = (F/RT)Y(E-E?) . in(mCl) (15a)

pHrm = —logio(mH* ™, (15b)
where mH"(" is the operatior 1l total hydrogen ion molality assigned to the particular buffer, E is the
measured EMF of the Tris buffer solution, and E* is the standard EMF of the cell (equation 12).
Comparison of equations (15a) and (13) shows that mH*(" and the conventional thermodynamic total

(mH" + mHSO4) in an aqueous solution are related by:

In(mH*™) = In(mH* + MHSO,) + 2In(yHcr/yHca™)

— In[(1 + MSO,”/K*(HSO.))/(1 + mSO,*N/K*(HS04) )] (16a)

= In(mH* + MHSO4) — (F/RT)-AE* (16b)



We have used the present model to estimate the values of the last two terms in equation (16a) for an
artificial seawater of salinity 35, and equimolal Tris buffer (containing 0.04 mol kg™ of Tris and
TrisH+) at the same salinity, both at 25 °C. The revised TrisH*-CI" parameters (given in the notes to
Table 2) were used. We obtain -0.0071 for the contribution of the activity coefficient term in
equation (16a) and -0.0045 for the term containing the bisulphate dissociation constants. (Note that
all quantities are in natural logarithms.) These are equivalent to a combined factor of 1.012 by which
mH*™ should be multiplied to obtain (mH* + mHSO,) in the buffer. The two contributions to AE*
(equation 14) for these solutions are 0.18 mV for the activity coefficient term, and 0.112 mV for the
bisulphate term. Both are linearly dependent upon the buffer molality (at a fixed salinity), so that as
the buffer molality tends to zero the values of the two terms also ter. to zero.

A second set of calculations, in which unknown interactic " pa ameters were assigned
averaged values from Table Al from Appendix A of paper (1), vie ded 0.26 mV for AE* at salinity
35, which is slightly less than for the base case. Figure 10 ~ho s AE* at 25 °C for two buffer
molalities over a wide salinity range (calculated using the >~re set of interaction parameters). The
important features of this result are: first, values of /it ~ for the 0.02 mol kg™ buffer are half those for
the 0.04 mol kg™ buffer. Second, even at a salinit, of 5 the value of AE* for the 0.04 mol kg™ buffer
has only increased by about 50% compared "~ the value of 40 salinity. This suggests that the total pH
scale could readily be extended below the ~urrent lower limit of salinity 20 using the experimental
approach of DelValls and Dickson (199%) .~cnanged. For a buffer molality of 0.02 mol kg™ a
salinity of 2 could be attained, because v tne reduced amount of TrisH" that substitutes for Na".
Third, the calculated uncertainty e 7elope, for the 0.04 mol kg™ buffer, is about +0.1 mV. It seems
likely that relatively modest imrov:ments in the model would enable this to be reduced to close to
the roughly +0.04 mV uncer -aim 7 of the Harned cell measurements on which the total pH scale is
based. This would facilitate ¢ ynversions between measured pHr , and the conventional (mH" +
mHSQ,) needed for general speciation calculations.

Measured and calculated (E — E°) are compared in Table 8 for 0.04 mol kg™ equimolal Tris
buffer in salinity 35 seawater. The EMF of the buffer solution predicted using the revised TrisH*-CI
parameters (0.51609 V) differs from the experimental value by only 0.11 mV, which is close to the
average for the data at all salinities given in section 5.2 (0.13 mV). Values of pHt , from
measurements are also compared in Table 8 with estimates determined using the model (after
adjustment for the influence of AE*). There is a difference of 0.016 pH+ , units, using the model in
its standard form. However, with the revised TrisH*-CI" interaction parameters and K(HSOy4) from
Dickson et al. (1990) this difference is reduced to -0.002 units which gives confidence that revisions

to the model can increase its accuracy substantially. Further comparisons in Table 8, in terms of -



logio(mH™ + mMHSOy,), in which the measurement-based value is obtained by subtracting the
influence of AE* from pHr m, show a similar picture. For pH*g 1, (-logio(mH™)) the measurement-
based value (8.180) and that calculated using the model with revised TrisH*-CI parameters (8.179)
differs by less than the uncertainty that arises from the measurement of EMF in the buffer solution
and the determination of K*(HSO,). We note that both buffer EMF, and values of mH™ in the buffer
solutions, are insensitive to HSO,™ formation for reasons given previously and are therefore
unaffected by the value of K(HSO,') used in the model.

In order to determine which interaction parameters in the model contribute most to the
uncertainties in AE* we have calculated uncertainty profiles for AE* of 0.04 mol kg™ buffer in
artificial seawaters of salinities 5 to 35, see Figure 11. Only the ten «."aest variance contributions are
shown. Recall that the quantities of interest in equation (14) are vy, . Y+ 504, Yso4 and ycy in the two
solutions. It is important to assess the possible influence of un ‘nov/n interaction parameters —
particularly those involving HSO, for which relatively fev’ ai> known. To achieve this, the unknown
Pitzer interaction parameters were assigned averaged valu.~ srom Appendix A of paper (1), and
variances set equal to the squares of the listed stand~.rc deviations. Parameters O+ visim and yrrisk m.ci
for metal cations M were set to zero for the reasc.*< described in section 5.1. The cation-cation
parameters 6risym have no influence on the aur activity coefficients appearing in the above
expressions, and therefore would not appcar in the uncertainty profiles in Figure 11. Regarding
WrisH,m.cl We note that the analogous pa’ ar..>t2rs yrvisi.m.sos 0nly make contributions to the calculated
total variances at the 0.02% level anc be!2w, so it seems unlikely that parameters yrrisim.ct would
have an important effect.

The variance contributicns 11, Figure 11 are dominated by just three interactions at all
salinities: those of TrisH*-H 30, those of TrisH*-CI’, and the ternary parameters 0 ris and
WH.rist.cl. The contribution o Na*-CI', at no more than about 10% of the total variance, is the next
most important. This result is a consequence of the fact that the change being made to the solutions is
very simple: TrisH" is being substituted for Na*. The contribution of TrisH*-HSO,  is particularly
large because the parameters (B P1risn isos and COryistsos) for this interaction are currently
unknown, and this is reflected in the assigned uncertainties. The same is true for parameters 6y risn
and wy Trisn.c1, Which partly explains why their contributions to the total variances in Figure 11 are
much greater than those for Oy na and y naci. Overall, we conclude that the dominance of just a few
contributions the total calculated variance of AE* makes it likely that the model will be relatively

straightforward to improve for the calculation of this quantity.



6.4 Extrapolation of pHr, and —logio(mH™ + mHSO4) to zero buffer molality

In the subsections above we have quantified the difference between pH+, and pH'1 (-
logio(mH™ + MHSOy)), expressing it in terms of AE* and showing how it varies with the salinity of
the buffer solution (Figure 10). We have also discussed the meaning of an extrapolation of measured
EMPFs of a salinity 35 buffer solution to zero buffer molality (Figure 6). This extrapolation is relevant
to estimating the response of m-cresol indicator dye to pH in pure artificial seawater (e.g., Miller et
al., 2016; Miller and Rehder, 2016), unaffected by the presence of the buffer substance as would be
the case in a real seawater measurement. In Figure 12 we illustrate the relationship between pHt
and pH T, and their extrapolation to zero buffer molality in a salinity 35 artificial seawater. (All
calculations in the figure used the revised TrisH*-CI parameters, K(i 'SO4) from Dickson et al.
(1990), and unknown interaction parameters set to mean values tc ken from Appendix A in paper (1).)
The dashed lines on the plots show pH+ , as defined in equaticn (15), and the solid lines are pH 1,
which corresponds to the conventional thermodynamic tot! +;* molality. For 0.04 mol kg™ of buffer
the two are calculated to differ by (0.0045 £ 0.0014) pH u. <. At buffer molalities less than about
0.02 mol kg™ the buffering of pH is less effective, a-a Doth pHtm and pH 1 tend towards a neutral
pH for pure artificial seawater. DelValls and Dickon (1998) measured EMFs of these solutions to
buffer molalities as low as 0.005 mol kg™, a: wb.ch the decline in the calculated total pH, and of
EMPF, just exceeds the uncertainty in the \measurements (the line 'uncert. (ii)' in Figure 12a).

The fine dotted lines in Figure 1%a . fitted to a set of five points for each measure of pH.
The pH of the intercept (point C), abouw ?.0738, can be understood as follows. First, taking the
definition of pHt , (equation 15b) . nd substituting equation (12) for E*, and then equation (2) for (E
— E°), yields:

In(mH"™) = In(t ™) Zin(yner/ya™) + In(1 + mSO,Z(V/K*(HSO,)™) (17)

where mH" is the conventional thermodynamic molality of free H*, yuci is the mean activity
coefficient of HCI in the buffer solution, the superscript (tr) indicates quantities in pure artificial
seawater of the same salinity, and mSO,>(" is the total sulphate molality in an artificial seawater

solution. The corresponding equation for the conventional thermodynamic total H* molality is:
In(mH" + mHSO4) = In(mH*) + In(1 + mSO*/K*(HSO,)) (18)

where mH* has the same meaning as above, mSO,* is the molality of free sulphate in the buffer
solution (effectively the same as the total sulphate in these alkaline solutions), and K*(HSOy) is the
stoichiometric dissociation constant of HSO,™ in the buffer solution. It is clear that for a solution

containing a trace molality of buffer, the value of YHCI/YHCI(U) in equation (17) must be unity, and the



terms in sulphate molality in the two equations must be the same. Next, we take equation (18) above
and replace In(mH") by terms derived from the expression for the buffer equilibrium, so that:

In(mMH" + MHSO4) = In(K(TrisH")) + In(mTrisH*/mTris)
+ [2In(yrrisnc/(yneryTis ) + In(1 + mSO,~/K*(HSO,))]  (19)

where K(TrisH") is the thermodynamic equilibrium constant, and the quantities within the [] contain
the activity coefficient terms that are a function of buffer molality. As was shown in section 5.3, the
molality quotient mTrisH*/mTris is nearly constant above about 0.02 mol kg™ of buffer, and the
slopes of the lines for both pHr» and pH T, at higher buffer molal ties are therefore the result of the
changing activity coefficient terms alone. Consequently, point C r.. *he plot is the value of pHt, or
pH T that a buffer solution (containing >0.02 mol kg™ buffer) vnuiu have if all the relevant activity
coefficients were equal to their trace values in pure artificia. se..vater. Put another way, all the
components of artificial seawater have activity coefficien: va:ies that are unaltered by the buffer, and
those of TrisH" and Tris are determined solely by interar dor. with the artificial seawater
components and not with each other. Similarly, in F'cure, 12b there is an additional curve plotted
which corresponds to the formal total pH on 7. mi lar Yasis (-Ioglo((mH+m)f), or (pHrm)y), given by
equation (8) of DelValls & Dickson (1998). Th.~ curve also extrapolates linearly to point C in the
same way as the other two measures in Finu, ~ 12a. At this hypothetical but practically useful point,
pHTm, (PHT.m); and pH 1 are identical.

What are the relative magniiuu-s of the terms that account for the differences between the
three measures of pH? The differe.~e between the operational and conventional thermodynamic total

pH can be written as:
pHrm — pH1m = — Jogio(mH™) —logio(mH"* + mHSO4)]
= — 2 logao(yrer/vha™)
— logso[(1 + mSOZMIK*(HSO.)™)/(1 + mSO,4/K*(HSO,))]  (20)

The difference between the formal and conventional thermodynamic total pH involves only the
K*(HSOy) term:

(PHrm); — PHTm = — [ logio(mH*™);) — logio(mH* + mHSO,)]

= — logio[(1 + mSOZV/K*(HSO4)™)/(1 + mSOZ/K*(HSO4))]  (21)



The contributions of the HCI activity coefficient and K*(HSO,") terms on the right-hand sides of the
equations above are indicated in Figure 12b. The term in the mean activity coefficient of HCI
dominates, and accounts for most of the difference between the operational total pH (pH+ m, dashed
line) and the conventional thermodynamic value (pH "t solid line) At a buffer molality of 0.04 mol
kg™ the value of the HCI activity coefficient term is about 0.0036 in pH, which is equivalent to the
ratio yner/yHa™ of 0.9959. The fact that this ratio is so close to unity emphasises both the small size
of these composition effects on activity coefficients in the buffer solutions, and the need for very
great care in model development in order to quantify them accurately. The fine dotted line in Figure
12b is equivalent to the formal total pH of the buffer ((pHrm)s), which is discussed further in the next
section. The estimated uncertainties in the HCI activity coefficient &' K*(HSO,4) terms in equation
(20) are shown in Figure 13. The uncertainty in the K*(HSO,') te.m ic very large relative to its value.
The reason for this is apparent in Figure 11d: the estimated va.ianc e contribution of the cation-anion
interaction TrisH*-HSO, to AE* is 50% of the total. This i~te, ~ction does not contribute at all to
vuevhe™, and its effect is restricted to the K*(HSO4) ter..” in equation (20a) and to equation (14)
for AE*. The uncertainty is large because this intera _trur is unknown. Required improvements to the

model are discussed in section 7.

6.5 Linking total pH to the International _:'stem of Units (SI)
It is apparent from equations 20 ara 21 that the operational total pH and hydrogen molality

differ from the equivalent formal valies s follows:
pHrm — (PHrm)s = — [log, (niH" M) — logio(mH* ") )]

= - 2:hgio(yneryne™) (22)

The activity coefficient tern in equation (22) was explicitly neglected by DelValls and Dickson
(1998) when assigning pH values of Tris buffers based upon Harned cell measurements and thereby
calibrating operational pH (see our equation 15a). The corresponding expression for formal total pH

includes the term, so that:
(pPHrm); = (F/n(10)-RT)(E — E*) + logio(mCI) + 2-logio(yrci/yra™) (23)

An ability to calculate the final term in equation (23) with well defined uncertainties should enable
the formal total pH scale to be traceable to the SI: the uncertainties associated with measurements of
E using Harned cells are quite well understood, and our results in paper (1) suggest that the empirical

extrapolation by which E* is obtained does not introduce any uncertainty over and above that in the



measurements themselves. The uncertainty profiles shown in Figure 11 for AE* indicate that the
most important interaction parameters for the calculation of ynei/ynci™ are those for H*-TrisH*-CI
(which are unknown), TrisHCI, and to a lesser extent Na*-Cl"and H*-Na’-CI" (it is the differences
between corresponding interactions that matter).

As noted in the previous section, the fine dotted line in Figure (12b) is equivalent to the
(PHTm)s and is the sum of pHt  (the operational total pH) and the HCI activity coefficient term in
equation (22). A linear extrapolation of (pHrn); to a composition of pure artificial seawater (zero
buffer molality) yields an intercept at the same value (8.0738, point C) as in Figure 12a. As
previously stated, in the limit of pure artificial seawater the three measures of total pH are therefore
the same. This result can also be obtained directly from the equations chove, and is consistent with
the fact that the HCI activity coefficient and K(HSO,) terms, which 2.e plotted in Figure 13, are
predicted to tend linearly to zero as buffer molality is reduceq. 't fi,llows from this result that an
experimentally determined estimate of this limiting value 7.~ pidr, can used together with the Pitzer
model described here and in paper (I) to obtain values of e\’ «er of the other two measures of total pH

for buffer solutions with finite amounts of Tris (these *.a'ues cannot be determined experimentally).

7. Recommendations for Future Work

In section 8 of paper (1) we sum.n-rised the new measurements, and reassessments of
existing data, that were needed to imarove the current Pitzer-based speciation models of solutions
containing the ions of acidified atn:~ial seawater at temperatures from 0 °C to 45 °C, focusing
particularly on representing the ~wilibrium between HSO, and SO4*. We also suggested general
improvements needed for the est.mation of uncertainties by the model (mainly the inclusion of
Harned cell EMFs as a seconr. representative data type). In this section we recommend further work
to increase the accuracy, and reduce the uncertainty, of the extension of the Waters and Millero
(2013) model to include Tris buffers.

The uncertainty profiles in Figures 2, 8, 9, and 11 identify the major contributors to the
variances of model predictions of buffer EMF, the E* difference term AE*, and pHr , and pH 1, at
25 °C. An improved representation of these interactions and equilibrium constants in the model
should yield more accurate predictions for solutions containing the buffer species and the ions of
artificial seawater. The effects of temperature are important: the strength of solute-solute
interactions, and hence the magnitudes of the Pitzer interaction parameters, generally increase as

temperature is reduced. These increases are likely to be large relative to the uncertainties in their



values at 25 °C. It is therefore necessary to determine the variation with temperature of those
interaction parameters that contribute more than a few percent to the total variance of the quantity
being calculated. These contributors are listed in Table 9, together with the predicted quantities for

which they are most important, and are briefly discussed below.

7.1. Aqueous TrisHCI

Interactions between TrisH™ and CI" are the single most important ion interaction contribution
to the calculated EMF of Tris buffer solutions (Figure 2), and in the top three for the calculation of
pH T m, pHEm and AE* (Figures 8, 9, and 11). We have shown in section 5.2 that the available
measurements from which the cation-anion interaction parameters ca.> be determined directly, at 25
°C, are likely to be subject to systematic errors. These are large ei oug to strongly influence
calculated EMFs and pH on both scales. There is a clear need ‘or r 2w thermodynamic measurements
from which the TrisH*-CI" parameters, and their variation *~n.. temperature, can be determined.
These include EMFs, and also measurements of heats of u.":t1on and heat capacities of aqueous

TrisHCI from which the variation with temperature o1 .ne interaction parameters can be determined.

7.2 TrisH*-HSO4 and TrisH"-SO,% interact."ne

The parameters for TrisH*-HSO, ~re found to be very important for the calculation of AE*,
Although the values of these parameters arc currently unknown, they could in principle be
determined from EMFs of Harned ceils containing aqueous (TrisH),SO,4 and HCI. This requires that
the parameters for TrisH*-SO,% ar..! TrisH*-CI” interactions are also known. Those for TrisH*-SO,*
also contribute a few percent tc the .ariance of the calculated EMF of Tris buffer (Figure 2). It is
possible that this is an under stirate, if the single set of osmotic coefficient measurements which the
parameters were determined .~om are subject to systematic error as appears to have been the case for
similar data for aqueous TrisHCI (section 5.2). Interaction parameters for TrisH*-SO4? interactions
can also be determined from EMF measurements yielding the activity product aH*.aCl although the
presence of CI" ions means that ternary parameters (e.g., 6cisos and yci sos tris) could also have a
large influence. The same types of thermal measurements, of aqueous (TrisH),SO, solutions, as

noted above for aqueous TrisHCI, would be valuable.

7.3 H*-TrisH™-CI" interactions
The parameters 0y Trist and yh Trish,c1 @re major contributors to the variance of calculated AE*,
and their values at 25 °C can be determined from available EMF measurements (Macaskill and

Bates, 1975). Their variation with temperature can be determined from similar measurements at



other temperatures, together with a knowledge of the values of TrisH*-CI" and H*-CI interaction

parameters.

7.4. Tris-cation interactions

The uncertainty contributions of parameters Arrisna and Atrismg are a few percent for the
calculation of buffer EMF, pHr, and pH T (see Figure 9, and the discussion in section 5.2).
However, their variation with temperature is unknown, and the Tris-Mg?* interaction is particularly
strong. The same is true of Tris-Ca?*, although it has a much lower molality in artificial seawater
than Mg?*. The values of the interaction parameters at 25 °C have been determined either from a
single dataset, or (in the case of Atrisna) there appear to be inconsiste.~ies between different sets of
measurements (Lodeiro et al., 2021), or the parameters are only ¢ >teriainable as pairs such as
(Oris.m — Atris,m) Which is the case for the potentiometric titrai‘on ) neasurements discussed in section
2. Other types of data that would be valuable for determininna (hese interaction parameters over the
full temperature range include further solubility measuren.>nts similar to those of Lodeiro et al.
(2021), and also EMFs of Tris buffer in various simsie metal chloride solutions (although these

involve co-determination of Atris v With other inte:action parameters).

7.5. Other interactions

We have listed the dissociation cor.ant K(TrisH") in Table 9 chiefly because its
determination from EMF measurements 71 dilute equimolal TrisHCI and Tris can also yield values of
Yrrisicl, @s described in section 5.2. A redetermination of K(TrisH"), using modern values of the
Debye-Hickel constant and the acti ity coefficient expression that includes it, and a calculation of
the equilibrium between Tri.H* ¢ nd Tris (rather than assuming that they retain their stoichiometric
values as was done in the ana'ysis of Bates and Hetzer (1961)), may yield improved values of both
K(TrisH") and yrrisnci. The results of Ford et al. (2000) for the heat capacity change of the
dissociation reaction are likely to be an important constraint.

The parameter Aryisca is listed in the table for similar reasons as Atrismg, and may be an

important contributor in waters with a higher Ca?* concentration than seawater.

8. Summary and Discussion
In this work we have extended the speciation model described in paper (1) to include Tris
buffer species at 25 °C. We have used the model to investigate some of the technical aspects of the

total pH scale, and its inherent assumptions, that are relevant to its extension to low salinities and to



linking model calculations of acid-base equilibria in seawater to measured pH+t. The main example of
this is the AE* term which represents assumptions inherent in the calibration of the total pH scale
using Harned cell measurements. Our principal results are as follows:

First, in section 5.2 (and following on in section 7) we have identified aqueous solutions for
which new thermodynamic activity measurements should be made to improve and complete the
model (Table 9), additional to what was proposed in paper (I). For these buffer solutions the
measurements are relatively few: essentially aqueous TrisHCI and TrisH,SO,, acidified sulphate
solutions that allow interactions between TrisH* and HSO, ions to be quantified, and mixtures
containing dissolved Tris and chloride salts of major seawater cations. Interaction parameter values
can be obtained from any thermodynamic measurement that yields w.*ivities: for example EMFs,
potentiometric titrations, isopiestic or vapour pressure measuremcnts sielding osmotic coefficients,
or thermal measurements (heats of dilution or heat capacities) fron which first and second partial
derivatives of the interaction parameters with respect to temne-ature can be obtained.

Second, in section 5.3 we showed that the change \.» buffer solution EMF (hence pH+,) with
buffer molality can be divided into two elements: ar a tivity coefficient term which is linear with
respect to the molality of the buffer in a particulai artnicial seawater at all buffer molalities, and a
smaller term in the equilibrium mTrisH*/mT.is r.tio which only becomes significant below about
0.01 to 0.02 mol kg™ of buffer. This is va'able for understanding the procedure of extrapolating
measured buffer EMF to a composition Jt . re artificial seawater, and its limitations. An ability to
calculate the activity coefficient tern an ~ctly will be particularly valuable for extending the total pH
scale to very low salinities for which the range of possible buffer molalities (where TrisH™ is
substituted for Na*) is necessar:'v snuall. The results also suggest, together with those for the AE*
term, that a buffer molality ¢ f 0. 2 mol kg™ may be appropriate for establishing pH scales for
salinities as low as 2.

Third, it was demonstrated in section 5.4 that the change in buffer EMF and consequently
pHT m with TrisH™:Tris ratio can be calculated satisfactorily according to a very simple relationship
(equation 8). This does not require the use of the model, and should be useful for the preparation of
buffers with a higher or lower pH+t than normal.

Fourth, in section 6.3 we have quantified, for the first time, the AE* term that links the
operationally defined total H* ion molality obtained from the pHr , of Tris buffers with the
conventional thermodynamic total (mH" + mHSO,) in the solution. Calculations show that the value
of AE* increases as salinity is reduced, as expected, but only by about 50% relative to its value in the
20 to 40 salinity range. This implies that the total pH scale can be straightforwardly extended to

much lower salinities — perhaps as low as 5, or even 2 if buffer molalities are reduced — using the



approach of DelValls and Dickson (1998). Their substitution of TrisH™ for Na™ in the buffer
solutions, with no other changes of composition, also makes AE* more likely to be modelled
accurately than other approaches (such as that of Miller et al., 2018) because the uncertainty
contributions are then dominated by only a few parameters. Furthermore the ability to calculate, in
addition to AE*, free H* (mH") and HSO,  (MHSOy) in seawater permits the conversion of
stoichiometric equilibrium constants (e.g. K;~ and K;" of the dissolved CO, system) determined on
the total pH scale to a free H™ basis that would be consistent with the treatment of many other acid-
base and complexation equilibria.

Fifth, we have examined in section 6.4 the difference between pHt , and —logio(mH" +
mHSO,) (i.e., pH t.m), which is equivalent to AE* above, and have colculated the contributions of
the two terms that account of the difference (one in yncy, and one ‘'n K 7(HSOy’), see equation (20)).
We have established the meaning of the linear extrapolation o' bH- , to zero buffer molality
(analogous to the extrapolation of EMF in section 5.3) anr <hc wn that at this limit pH+ i, —logio(mH”
+ mHSOy), and the formal total pH ((pHtm)y) are the same 7 he different measures of total pH, and
their relationships with conventional thermodynami ; t.tal and free H" molalities, are summarised in
Chart 1.

The ability to calculate the influence >f t'ie difference term AE* (equation 14) is important
for the comparisons of pHt » with conver.zional thermodynamic values of mH* and (mH" + mHSOy),
as noted above. We have shown that it i ro <ible to obtain agreement between a measurement-based
and calculated pHt n to within 0.002 oh nits, and between a measurement-based and calculated —
logio(mH" + mHSO4) to within 0.023 pH units, all at 25 °C (see Table 8). This level of accuracy
suggests that a more fully deve.onec: model will be able to meet the needs of marine chemists.

The magnitude of the difi arence between pHt , and —logio(mH* + mHSOy), which is shown
in Figure 12 for an equimolai Tris buffer in a salinity 35 seawater at 25 °C, may have practical
consequences. Stoichiometric equilibrium constants for carbonate equilibria in seawater (e.g.,
Millero et al. (2006) and references therein) are defined in terms of total hydrogen ion concentration,
and are intended for use with measurements of seawater pH on the total scale. Whether the hydrogen
ion concentration terms in these constants, when expressed on the molality scale, correspond more
closely to mH*™ (from pHr ), mH*™),, or to the conventional thermodynamic total (mH* + mHSO,
) depends upon the details of the experimental method used to determine their values. Our results in
Figure 12 show that the difference between mH*™ and (mH* + mHSO,) in Tris buffer solutions is as
much as 0.0045 in pH. Further investigation into how total pH is implicitly defined in the measured

values of the carbonate constants in seawater media is needed.



The linking of the formal total pH scale to Sl base units requires a quantification of
uncertainties at each stage from fundamental measurements (of the EMFs of Tris buffers, and of
acidified artificial seawater) to defined (pHrm);, including any simplifying assumptions made. The
use of the model to estimate the activity coefficient quotient yucilync™ is the first quantification of
this neglected term that is inherent in the definition of (oHtm); , and therefore a step towards
establishing the link with the SI. In order to complete this, further work needs to be done to improve
the models for the key interactions noted in section 6.5, and particularly to establish the uncertainties
associated with the relevant Pitzer interaction parameters (rather than simulate them on the basis of
assumed datasets, which is done throughout this work as described in detail in paper (1)).

We have not addressed the definition of a free pH scale (pH=p,, hased upon EMF
measurements of Tris buffer solutions in artificial seawater (see. 1>r example, Waters and Millero,
2013), although we have determined the uncertainty profile fo. the calculation of —log;o(mH™)
(pHEm ) in Tris buffer solutions. It would be possible to £.:"bi:3h such a scale, entirely independent
of K*(HSOy), in two ways. First, from the accurate calctla.on of yuc in the Tris buffer solutions
using the model, in which case an independently de’er.n’ned E* would not be required and pHg
would be equal to -logio(mH") (i.e., pHEm , as *he. » would be no AE* term). Second, it could be
done if values of E* were obtained in the sarn.~*vay as by Dickson (1990), but for artificial seawater
not containing SO,%. In this case the AE* :»rm might be larger than for the definition of pH+ , and
model would still be required to convert f0..: pHg m to the conventional thermodynamic -logio(mH™).
The work of Camdes et al. (2016) is ‘elevant to this point. A pHe scale extending to salinity 5, or the
ability to calculate mH* from pH-,, *0 a quantified uncertainty to the same low salinity, would be a
significant step towards linking :2 the IUPAC pH scale (pH = -logio(aH")) (Buck et al., 2002) and
integration with freshwat~r .Y i easurements.

We have also not inve stigated the calculation of aH"-aCl activity products, or the quotient
aH"/aNa" for use in the calibration of H/ CI"and H*/Na" electrode pairs for the measurement of pH.
However, it is apparent that the uncertainty profile for aH™-aCl” will be the same as for the EMF of
the Harned cell, and for aH™/aNa" it is likely that interactions H*-CI", Na™-CI’, and H*-Na"-CI" (and
H* and Na* with SO,*) will dominate simply on the basis of artificial seawater composition.

The results described in this work have been obtained at 25 °C only, using the model with
TrisH" and Tris interaction parameters some of which are preliminary values. Nonetheless these
results give confidence that the practical aims outlined in the Introduction can be achieved with a
model of solutions containing the ions present in acidified artificial seawater (paper (1)), and

extended to include Tris buffer in artificial seawater (this work). Further development is needed to:



(i) extend the model to 0 to 40 °C for interactions involving the buffer species; (ii) revise some
interaction parameters and equilibrium constants to improve model accuracy; and (iii) extend the
treatment of uncertainties to, for example, include of EMFs as a second fundamental data type. An
important addition to item (iii) would be to treat explicitly the uncertainties associated with the major
contributors identified in the uncertainty profiles (e.g., TrisH*-CI interactions) rather than apply the
simulation methods described in paper (1) and in the Supporting Information to this work.

What are the implications for the use and future development of the total pH scale? Our
results suggest that attention should be given to understanding the consistency of the experimentally
determined K* for acid-base equilibria in seawater media — which typically include a measure of
total pH in their formulation. In future, the ability to calculate the iri.tence of the ions of seawater
on TrisH" and Tris activities in buffer solutions should enable the tota) pH scale to be extended to
lower salinities, and the total H* concentration of buffers in sc'utic as of non-seawater stoichiometry
to be defined. Both these things are likely to be of practic?! usc More broadly, an accurate and self-
consistent model of acid-base equilibria and speciation in .~!'utions containing the ions of seawater
will have applications in diverse fields such ocean a1 fication, the study of past ocean

environments, and mineral formation.

Supporting Information, and Software

There are seven numbered docurne..*< of supporting information. Document zero summarises
the contents of numbers one to six, aiia .:sts the tables and charts that appear in each one. The
subjects covered are: the simulatio. of uncertainties; values of variances and covariances for
interactions and equilibrium cc.star s involving TrisH* and Tris; values of the Pitzer parameters and
equilibrium constants; and clcui ated equilibrium solute molalities and activity coefficients for
program verification. The mo Jel described in this work is an extension of the 'base’ model for
artificial seawater described in paper (1), which should be consulted for details of the treatment of the
ions of artificial seawater. It is anticipated that software tools incorporating the models will be
released in late 2022 (see website marchemspec.org for future announcements, or contact the

corresponding author).
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Glossary of Symbols

Pitzer interaction parameters

B9, B PP, | For interactions between cation ¢ and anion a. 1Nt all of these may be used,

Ci
COp, CWe

e.g., BP. is usually for 2:2 charge types on'y (e 9., CaSO.), and is set to zero
otherwise.

2
Olca, OC( )ca1 ®ca

Coefficients associated with the ionic sttonatf.a terms in the functions that use
parameters B, BPa, and CMe, resoectively.

Occ’, Oaa’ For interactions between dissimilar cati’ns ¢ and ¢', and between dissimilar
anions a and a', respectively.

Wee'ar Wan'e For interactions between anior « and dissimilar cations ¢ and ¢', and between
cation ¢ and dissimilar aniors . anJ &', respectively.

Ancs Ana For interactions between ~au.al solute n and cation c, and between neutral
solute n and anion a, re spetively.

Ann, Hnnn For the self-interaction o1 ~eutral solute n.

Chea For interaction betwe.n neutral solute n, cation ¢ and anion a.

Other symbols used in the text

aX Activity (molality basis) o1 species X, equivalent to mX-yx where yx is the activity
coefficient of X.

Cp Heat capacity of an >aueous solution, at constant pressure.

E Electrode potentia: /) in a Harned cell.

E° Standard electrode potential (V) of a Harned cell.

E* The standaru nowential (V), on a total H* basis, defined by equation (12), and obtained

by extrapolatin y Harned cell potentials to zero HCI molality in an artificial seawater of
a specified composition (nominal salinity).

Erw). Ere)

Electrode potentials (V) in Harned cells with TrisH™: Tris buffer ratios R(1) and R(2)
respectively.

OF The deviation (V) of measured EMFs from the mean of [E +
(RT/F)-In(mTrisH*/mTris)] for three ratios of buffer. This quantity is used in Figure 7,
and is a measure of how the experimental EMFs differ from the simple empirical
relationship described in section 5.4.

AE The activity coefficient contribution to the difference in EMF between a solution (at
fixed salinity and temperature) containing molalities m of equimolal Tris and TrisH",
and one containing zero buffer. (See equation (7) and Table 6.)

AE* The difference in E* that arises from the use of values obtained for pure artificial
seawater for solutions that also contain Tris buffer. See equation (14).

F The Faraday constant (96485.33212 C mol™).

Tonic strength, on a molality basis (0.5%; mi|z|°, where z; is the charge on ion i and the




summation is over all ions).

K Thermodynamic equilibrium constant (molality basis), expressing the relationship
between the quotient of the activities of the product(s) and reactants(s) It is a function
of temperature and pressure. Example: K(TrisH") = aH" - aTris / aTrisH", where a
denotes activity.

K* Stoichiometric equilibrium constant (on a molality basis), expressing the relationship
between the quotient of the molalities of the product(s) and reactants(s) It varies with
temperature, pressure, and solution composition. Example: K*(TrisH") = mH" - mTris
I mTrisH" = K(TrisH") - yrrisn / (YH * Yrris)-

K*(HSO, | Trace value of the stoichiometric bisulphate dissociation constant in artificial seawater

)@ (mol kg™). See the Appendix concerning the meaning of trace, and equation (10) for
the expression for K*(HSOy).

mX Molality of species X (moles per kg of pure water solvent, with the units "mol kg™").

mH*D The operational total hydrogen ion molality obtainea “<om a measurement of pH on
the total scale (which is calibrated from Harned cel’ i..~asdrements, and incorporates
the assumption that the activity coefficient of HCI 1. inr.ependent of the presence of
the Tris buffer). Note: -logio(mH"™) =pHrm.

(mH*m)f The formal total hydrogen ion molality, as detineu vy Dickson (1990) and DelValls
and Dickson (1998), which is related to the i.*mwl total pH by -logio[(mH*™ )] =
(PHTm)#. The operational and formal total 1,,drogen ion molalities (and corresponding
pH) are the same in artificial seawater anc seawater media, but differ in Tris buffer
solutions. (V4

mH" + The conventional thermodynamic t: tal nydrogen ion molality (the sum of the

mHSO, conventional thermodynamic F." axd F.SO4” molalities in an aqueous solution).

mSO,~'") | Total molality of sulphate in an > 1ueous solution.

PHEm pH on the free scale (on a 1. 0lality basis), which is defined in box (4) of Chart 1.

pH Em The quantity -logio(mH"), *.*he; > mH™ is the conventional thermodynamic free H”
molality. The value of ph'| i 1s related to pH 1 by the equation given in box (2) of
Chart 1.

pPHT m Operational pH on tf e t.*al scale, and on a molality basis, as defined by DelValls and
Dickson (1998). Sc~ bex (3) of Chart 1.

pH 1 The quantity -loy,~(mH" + mHSOy), where mH* and mHSO, are the conventional
thermodynam’c h* and HSO4 molalities. The value of pH 7, is related to pHr i by
the equatizi. v in box (3) of Chart 1.

(PHTm)¢ The formal tot: ] pH on molality basis, see box (5) of Chart 1.

pK -logio(0f a thermodynamic equilibrium constant, K)

pK* as above, but for the stoichiometric equilibrium constant K*,

pX The vapour pressure of species X.

R The gas constant (8.31446 J mol™ K™

S Salinity. Strictly, any formal definition refers to a natural seawater only. For the
artificial seawaters in this work S is a nominal salinity.

T Temperature (K).

Yx Activity coefficient of species X, on a molality basis.

Yrcl™ Trace value of the mean activity coefficient of HCI. See the Appendix concerning the
meaning of the word trace.

v, (orvc), | Stoichiometric numbers for the cation and anion respectively in a salt.

v_(0r vy)

o Standard uncertainty of a measured or predicted property.

Molal osmotic coefficient of a solution.




Or Pseudo-experimental osmotic coefficient, used in re-evaluation of the Pitzer
interaction parameters for TrisHCI.

Appendix
1. Quantities for expressing the composition of seawater solutions

This work, and paper (I), use molalities for solute species (moles per kg of pure water
solvent) exclusively, while oceanographers often use amount content (moles per kg of seawater). The
two are related, for any solute species i, by:

C(i) = m(i) /1 + = m(i)-Ma(i)] (A1)

where C(i) is the amount content of species i in moles per kg of solu.*an, m(i) is the molality of
species i, and My(i) is the molar mass of species i in kg. For case.” wh re the solute amount contents

are known, the following equation can be used for conversion.

m(i) = C(i) / [1 - Zi C(i)-Mu(i)] (A.2)
For an artificial seawater of the composition given by D’ckso.i (1990), and with a known nominal
salinity S, the conversion is given by:

C(i) = m(i) - [1 - 0.00100198 - S] (A.3)
The numerical factor in the above equatio.: is equal to 0.0350693/35, where 0.0350693 kg is the total
mass of the five salts present in 1 kg of hs .:tificial seawater of nominal salinity 35. For a seawater

of the Reference Composition (see Tible 4 of Millero et al. (2008)), with a known Practical Salinity

Sp, the equivalent equation is:
C(i) = m(i)- [1 = 0.00100"7,7  Sp] (A.4)

In this case the numerical 1c.~tor is equal to 0.03516504/35, where 0.03516504 kg is the defined
solute content of seawater o1 the Reference Composition corresponding to a Practical Salinity of
exactly 35 (and based upon atomic weights of 2005 which are listed in Table 1 of Millero et al.
(2008)). Equation (A.3) can be applied to convert any of the pH measures described in this work

between the molality and amount content of seawater scales, for example:
pH = pHn— logi0(1 —0.00100198 - S) (A.5)

where pHp, is the molality-based pH in the artificial seawater.

For a natural seawater, a similar conversion can be achieved based on equation (A.4):

pH = pHp— logio(1 —0.001004715 - Sp) (A.6)




2. Definitions of pH, and terminology

Solutions of artificial seawater containing Tris buffer contain the major solute species Na”,
Mg®*, Ca?*, K*, TrisH*, CI, SO,* and Tris. For the purposes of calculating acid-base equilibria H*,
HSO,, OH", and the ion pair MgOH" are added. There are four equilibria: the dissociations of
solutes TrisH*, HSO,", and MgOH”, and equilibrium between the solvent H,O and H" and OH". The
activities and concentrations of these species, in aqueous solutions of all compositions comprising
the above solutes, are described using standard thermodynamic relationships for equilibrium
constants and solute and solvent activities (e.g., Pitzer, 1995). Species molalities that conform to the
above relationships are referred to in this work as conventional thermodynamic molalities.

For Tris buffer solutions the procedure for establishing an op.ationally defined total pH
(pHTm), which is an estimate of the sum of H" and HSO,” molali.ies, .nvolves assumptions
concerning the mean activity coefficient of HCI and the value ~f K *(HSO,) (the stoichiometric
dissociation constant or molality quotient mH*-mSO,%/mHSC. " see section 6). We refer to the total
H* molality obtained from pHr n as the operationally deti.~< total H* molality, or mH*™, to
distinguish it from the conventional thermodynamic w.al molality (mH* + mHSOy).

The formal total pH (pHtm);, like total pt: above, is a measure of the sum of H" and HSO,
molalities but differs from pHr , in that the  =fir.ition does not make any assumptions concerning the
mean activity coefficient of HCI in the so!ition or interest. We refer to the total H* molality obtained
from (pHr m); as the formal total H* mo’ar.c+ or (mH* (™),

In the equations for total pH rire.nted in section 6 we refer to trace values (e.g., the mean
activity coefficient of HCI, and stc:~hioinetric dissociation constant of HSO,), indicated by the
superscript (tr). This refers to ti>= vaiwde of the quantity of interest in the limit of the pure background
medium (here an artificial se awa er). Its determination from measurement involves extrapolation of
the quantity, for a series of ac ded HCI molalities, to the composition of pure artificial seawater (and
added mHCI equal to zero). Using the Pitzer or other speciation model the values of the trace
quantity of interest, on a conventional thermodynamic basis, can be calculated directly for the
medium composition corresponding to the limiting case.

The relationships between the different measures of pH used in this work are summarised in
Chart 1.
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Tables (and Chart 1 on the final page)

Table 1

Sources of thermodynamic data for aqueous Tris, TrisHCI, and (TrisH),SO, solutions

Data Type * Molality range Temperatures | Source
(mol kg™) (°C)
Osmotic coefficients 0.5035 —-5.889 25 Robinson and Bower
(Tris(aq)) (1965)
Osmotic coefficients 0.2781 —7.805 25 Robinson and Bower
(TrisHClag) (1965)
Osmotic coefficients 0.1550 -5.7742 | 25 Macaskill and Bates
((TrisH)2SO04(aq)) (1986)
EMF (yrrisicl/ Y. ) 0.0076 —0.10 0-50 Bates and Hetzer (1961)
pH,0 (TrisHClq) 0.10-6.0 25 60 Lee and Lee (1998)
EDB (TriS(ag) 2.819 — 20.25 24 Lodeiro et al. (2021)
aH,0 (Tris(q) 0.254 — 8.52 12-46 Unpublished °
Cp (TrisHClag) 0.00482 — | 5- 120 Ford et al. (2000)
0.49621 -
Cp (Tris@g) 0.00768 — 5-120 Ford et al. (2000)
0.50768
Notes:

% The osmotic coefficients were determin=d fron: isopiestic equilibrium with aqueous NaCl

standards; the EMFs of these equimolal Tris, 'Cl/Tris solutions yield the activity product of HCI, but
can be analysed to yield the activity coef'ci:nt quotient indicated (see equation (6)); pH2O are direct

measurements of water vapour pressure ~hove the indicated solutions; EDB are water activities
determined from aqueous droplet ¢ vapcration rates in an electrodynamic balance; aH,O are water

activities measured with an AQU." L~ B water activity meter; C, are apparent molar heat capacities

(at 0.35 MPa).

® Work by Tian Xiaomena a.d C1ak K. Chan of City University of Hong Kong.




Table 2

Interaction parameters for modelling pK*(TrisH") in salt solutions at 25 °C

lon M** Or.m WHMCI (O7risHM — Atrism)
Na"* 0.0306 -0.004 -0.02632 + 0.0015
Mg”* 0.062 -0.011 0.1176 + 0.019
Ca”’ 0.0612 -0.015 0.2686 + 0.012

K* 0.005 -0.011 -0.03394 + 0.0046
Electrolyte | B Bea” Ce”

HCI 0.17567 0.297786 0.0006874
TrisHCI 2 0.0426783 0.196255 -0.00144509
(TrisH),S0,4 ° | 0.095229 + 0.00050 | 0.58591 + 0.020 -0.0017388 + 0.000027
Solute kTris,Tris WTris, Tris, Tris N

Tris -0.00516 + 0.0010 | 0.000703 + 0.00011

Notes: The listed 0 m and yi mc parameters, and those for :4Cl, are from the Waters and Millero
(2013) model as amended in paper (I). The parameters fo: 1. °sHCI are from Lodeiro et al. (2021),
and the combined (Orist.m — Atrism) were fitted in this work. Che value of the constant a is 2.0 for
both TrisHCI and HCI. Values of the parameters Arrs1..su (-0.01241) and Arvis sos (0.08245) were also

adopted from Lodeiro et al. (2021).

® The alternative parameters for TrisH'-CI” in*era stioas that were fitted, in section 5.2 of this work, to
data including osmotic coefficients determine. .rom the EMFs of Bates and Hetzer (1961) are: B(O) =
0.03468 + 0.0047, p® = 0.12802 + 0.004> C® =-0.0009366 + 0.00036, CY) = 0.09269 + 0.029, o =

2.0,0=25.

® The value of o is 2.0 for this pair of “~ns.




Table 3
Values of the thermodynamic dissociation constant of TrisH* (K(TrisH") / mol kg™*) at 25 °C

10° K(TrisH") | Uncertainty ® | Type ° | Reference

9.42 - expt. © | Glasstone and Schram (1947)
8.395 - expt. ¢ | Bates and Pinching (1949)
8.4217 0.012 expt. ¢ | Bates and Hetzer (1961)
8.4750 0.024 fitted " | Bates and Hetzer (1961)
8.4750 0.024 g this work

Notes:

2 The uncertainty in 10° K(TrisH"), at 25 °C.

® The 'Type' column indicates whether the listed value of K(Trish") ic determined from experimental
measurements (‘expt."), or from an equation fitted to experime ital ‘alues (‘fitted’).

% The uncertainty in 10° K(TrisH"), at 25 °C.

¢ Obtained with a glass pH electrode, with results extrapy ater. to zero ionic strength. The value
quoted was calculated using the value of pKy (5.97) aive.1 by Slasstone and Schram (1947) and pKy,
(where Ky, is dissociation constant water) equal to 13.59%, the same as used by Bates and Pinching,
(1949).

¢ Electromotive force measurements using ¢ | A. Values are also listed for 20 °C and 30 °C.
Uncertainties are not quoted, but the value of p,, from which the listed K(TrisH") is derived is
given to four digits in the Table 4 of the ciie reference.

¢ Electromotive force measurements usiac ¢zl A. Values were determined from 0 °C to 50 °C, at 5
°C intervals.

" Calculated from equation (3) of E~tes and Hetzer (1961), which they fitted to their experimental
data. The quoted uncertainty is caiu 'lated from the stated mean difference of +0.0012 in -
log1o(K(TrisH")) between the v rimentally determined values and the fitted equation.

9 The value, and its assor..>ted ' certainty, determined by Bates and Hetzer (1961) are used (their
equation (3)).



Table 4

Sources of electromotive force data for Tris buffers in artificial seawater (ASW)

Salinities | lonic strengths ® (mol kg™) | t (°C) | Solution ® Ref.

30-40 0.616 — 0.831 5-40 | Tris/TrisH" + ASW | Ramette et al. (1977)

35 0.723 5-45 | Tris/TrisH" + ASW | Millero et al. (1993)

20-40 0.406 — 0.831 0—45 | Tris/TrisH" + ASW | DelValls and Dickson (1998)
5-35 0.100-0.723 5-45 | Tris/TrisH" + ASW © | Miiller et al. (2018)

35 0.723 5-35 | Tris/TrisH" + ASW | Pratt (2014)

35-100 |0.723-2.214 -6 — 25 | Tris/TrisH" + ASW | Papadimitriou et al. (2016)
Notes:

% These are formal ionic strengths that do not take into account any ion-pairing (see Khoo et al.,
1977) or the formation of HSO4" in the solutions of artificial seawat.- with added HCI.

® Artificial seawater is denoted by ASW. The Tris and TrisH" are gen.rally equimolal, except for
some measurements by Bates and Pinching (1949) for Tris/Trisr, "1 solutions, and in the work of

Pratt (2014) cited above. The ions H" and TrisH" are substit;te for Na* in all the studies in artificial

seawater, but see note (c) below.

® In this study the artificial seawater recipe was modifiea 21 tnat, on the addition of TrisH", a

constant ionic strength was maintained. However, the rados of the molalities of seawater ions to each

other differ from those in artificial seawater (equatic~ (1, of Miller et al., 2018), and also do not
extrapolate to the composition of artificial seawate~ in the limit of zero added buffer.




Table 5

Solution compositions for artificial seawaters (ASW) of salinity 35, and Tris/TrisH" buffer in
artificial seawater

Solute species | ASW ASW Tris/TrisH" buffer
(mol kg™) | (mol kg™ | in ASW
(mol kg™
H+ _ a _ a o
Na* 0.48516 | 0.48618 | 0.44618
Mg** 0.05518 | 0.05474 | 0.05474
Ca’* 0.01077 |0.01075 | 0.01075
K 0.01058 | 0.01058 | 0.01058
TrisH* - - 0.040 2
cr 0.56912 |0.56920 | 0.56920
SO~ 0.02926 | 0.02927 |0.02927 |
Tris - - 0.040 1
|

Notes: The composition in the first column of mola'itizs is from Khoo et al. (1977), and the second is
from Dickson (1990). The composition of the bufer (iast column) is the same as for the artificial
seawater of Dickson, but with TrisH" substitr.cea for Na*, and Tris added. Ramette et al. (1977) used
the recipe of Khoo et al. (1977) in their exper.. ents.

® For EMF measurements of acidified artiticial seawater, H* (of various molalities) is substituted for
Na®, and for measurements of buffer so'ut:cs TrisH" is substituted for Na".



Table 6

Influence of interaction parameters and their differences on the change in EMF (AE) caused by a
change in buffer molality 0.04 to 0.0 mol kg™ (salinity 35, and 25 °C)

Interaction Parameters AE (mV)°

(TrisH* - CI) — (Na'-CI) (B Prris.cr — B nac), 0.124
(CO 0.1 — C%Pyac) ©

Tris— Na* ATrisNa -0.0541

Tris self interactions ATris Triss MTris Tris,Tris -0.0105

(TrisH" - SO,7) — (Na*-S04%) | (B 1rist.504 — B nasos), -0.0019
(C® 504 — C%Pnasoa) ©

known mixture parameters Wcl,.s04,Na, WNaMg,Cl» WNacacls WNak.cl | -0.00073

Notes: AE corresponds to the difference between the EMFs (indicat:J by the dashed line in Figure 6)
for buffer molalities of 0.04 and 0.0 mol kg™.

# The interaction parameters that influence AE are those listed aoc'/e plus mixture parameters
Ona TrisH» and iz involving ions Na* and CI, TrisH" and CI". or =" and TrisH".

b The sum of these calculated AE is 0.057 mV, which is I=ss *than the 0.15 mV obtained from the
extrapolation of the measured EMFs (dotted line in Figure <.

(m

°The individual parameter differences (B(O)TrisH,Cl —P" ac), (B(l)TrisH,Cl — B(l)Na,q), (C(O)TrisH,u -
CO%c1), and (CPrrisct — CWnac) on the first rovs; ' the corresponding differences for TrisH*-
S0,% and Na*-SO,% interactions on the fourtt . w.



Table 7

Measured and calculated EMFs of Tris buffer solutions of salinity 35 and 25 °C, for different buffer
ratios.

mTrisH :mTris | -RT/F - -RT/F - E(meas.)® | E(calc.) | E(meas.)—
In(yTrisH Yo In(mTrisH*/mTris) | (V) ¢ E(calc.)
riis) © : V) (mV)
(mV) (mV)
0.04:0.04 24.090 -0.01 0.73820 -
(x0.000048)
0.05:0.03 24.097 -13.13 0.72498 0.72508 |-0.1
(£0.00055)
0.03:0.05 24.083 13.10 0.75127 0.75131 | -0.04
(£0.00C Lz, |
Notes:

# Calculated using the modified TrisH*-CI" parameters given in . notes to Table 2. These terms are
from equation (6).

® Mean values (with standard deviations) of results of all ce'*s for runs "Initial 298.15 K" listed in
Tables S-1a to S-1c of the Supporting Information te Mratt (2014).

° This is the listed E(meas.) for the equimolal buff:r !5 the difference in the molality term in the
previous column (the value for the buffer ratir, 0. in.crest, minus the value for the equimolal buffer).
The activity coefficient term, which varies by 'ess than 0.01 mV relative to the value for the
equimolal buffer, is neglected in this calc:'lation. See equation (6).




Table 8

Measured and calculated quantities for 0.04 mol kg™ equimolal Tris buffer in artificial seawater of

salinity 35 at 25 °C

Quantity Measured | Calculated (standard model) | Calculated (revised TrisH*-CI
parameters)
std. mod. K(HSO,) | std. mod. K(HSO,)"
K(HSO,)? K(HSO,)?
E-E°(V) 0.51620° 0.51548 same as for 0.51609 same as for std.
(+ (+ 0.00028) | std. value® value®
0.000031)
PHTm 8.077 ¢ 8.0615 ' 8.065 ' 8.0727 8.075"
(* (£ 0.0095) | (+0.0095) .
0.00071) |
—logio(mH* + mHSO, | 8.073 ¢ 8.057 " 8.060 " ~ 18.067" 8.070 "
)or pH 1 (£0.0016) | (+0.0082) | (*¥0.0082)
—logio(mH"), or 8.180 8.169 " same as fo, 8.179" same as for std.
pH e m (£0.0073) | std. va"ie" value®

Notes: No uncertainties are listed for values calculated us.»~ .he revised TrisH*-CI Pitzer interaction
parameters determined in this work because of the p2*tial inconsistencies of the two datasets upon
which they are based (which have yet to be resolvec)

% Calculated using the standard value of K(HS u.) 1. the model of Waters and Millero (2013) (from

Clegg et al., 1994).

® Calculated using the modified K(HSO, ), from equation (6) of Dickson et al. (1990).

® The value of E® is taken to be 0.22240 v, .2 data are from Table 2 of DelValls and Dickson (1998)
and the uncertainty is the standard de..~ti.: of the 16 measured values.

9 This calculated quantity is indepe 10c.t of the value of K(HSOy).

® The measurement-based value w.= calculated from equation (18) of DelValls and Dickson (1998)
(converted to a molality basis) a7 uncertainty is the goodness of fit statistic of that equation.

"This calculated value in.™a2< the influence of the AE* term given by equation (14), and its

uncertainty.

9 Converted from the measurement-based pHr m above using AE* calculated by the model.

" Calculated directly, using the model.

' Converted from the 8.073 for —logie(mH" + mHSO,) above, and using K*(HSO,) from equation
(23) of Dickson (1990). No uncertainty is stated because, (i) the determination of K*(HSO,4) was
dependent upon model-calculated yncy in the acidified seawater solutions, and (ii) the value of
K*(HSOy) is for pure artificial seawater and not the buffer solution. It is expected that the overall
uncertainty in —logio(mH™) is similar to, or greater than, that for —logi;o(mH™ + mMHSO4) above.




Table 9

Interactions and equilibrium constants that need reassessment.

Solutions or Parameters or equilibrium T E | AE*| pH 1 | pH Em | Notes
interactions constants (existing)

TrisHCI B ristct, C®Mrrishic 25 °C XX X X é
(TrisH)HSO4 Bt rishs04, COM sk o4 - X X °
H*-TrisH'-CI OH,TrisH, WH,TrisH,CI - X X ’
(TrisH)2SO4 B ish.s04, C®Prishs04 25°C X | X X X e
Tris — Mg®* ATris Mg 25°C X X ¢
Tris — Na* MTrisNa 25 °C X X f

Other Interactions °

Tris buffer K(TrisH") f(T) x [ "
Tris — Ca** Aris.ca 25°C I X X !

Notes: This table lists the parameters and equilibrium consten. th-t are the main contributors to the
uncertainties of calculated EMFs (E), AE* (equation 14) a~d ,~odel-calculated pH 1, and pH g Of
Tris buffer in artificial seawater. The most significant ar. ind:cated by ‘X', and those that contribute
less by 'X". The entry in the temperature column ('T") ind’_ates whether the existing parameters or
equilibrium constants are for the single temperature of 25 °C, or over a range of temperatures (‘f(T)").
Parameters and equilibrium constants that are ma, “r contributors to calculated uncertainties in
artificial seawater solutions only (i.e., they d's no. involve species TrisH™ or Tris) are listed in Table
5 of paper ().

% Values of the parameters for 25 °C hav. ,=ei. determined by Lodeiro et al. (2021) and in the present
work. Other data are that relevant are: N\ 'F;, of Bates and Hetzer (1961) (to 0.1 mol kg™ TrisHCI),
EMFs of Tishchenko (2000) (mixtuics with aqueous NaCl and Tris), EMFs of Macaskill and Bates
(1975) (mixtures with aqueous HC,, equilibrium water vapour pressures (Lee and Lee, 1998), and
apparent molar heat capacities ~f Fc.d et al. (2000) (to 0.5 mol kg™).

b\/alues of these interaction vars meters are not known.

° These parameters can be de.2rmined at 25 °C from EMF measurements of H*-TrisH*-CI" solutions
by Macaskill and Bates (19/7), but data for other temperatures are needed.

4 The only existing dataset for (TrisH).SO. is osmotic coefficients at 25 °C (Robinson and Bower,
1965). Values of these parameters, as functions of temperature, need to be known in order to obtain
those for TrisH*-HSO, interactions from data for acidified (TrisH)2SO4 solutions.

¢ Calculations using an uncertainty for this parameter from the fits in section 2 yielded enhanced
variance contributions to the calculated E, pH rm, and pH ¢ relative to the base case. The variation
with temperature of this strong interaction is unknown.

"Values of this parameter at different temperatures can be determined from solubility measurements
of Lodeiro et al. (2021). However, comparisons made at 25 °C by Lodeiro et al. suggest some
inconsistencies between datasets. This parameter should be redetermined.




9 Other interactions, for which the differential of the indicated EMF with respect to the parameter, is
generally at a level of 10-20% of more of the highest value.

" The standard uncertainty in K(TrisH") makes only a small (5%) contribution to the calculated
variance, but may be worth reassessing as a part of the determination of the TrisH*-CI parameters
from EMF data.

' This strong interaction has only a small influence on the calculated E, pH'r,, and pH s, because of
its low concentration in seawater relative to other ions. However, this may not be true of other
natural waters (and buffer solutions of corresponding composition). Also, it is only known from a
single dataset at 25 °C.



Chart 1.

Relationships between different measures of pH

For simplicity, the relationships below are expressed in terms of molalities. To convert each measure
of pH to a moles per kg of seawater basis, use equation (A.5) in the Appendix. For example, pHt =
pPHtm — 10g10(1 —0.00100198 - S), where S is the nominal salinity of an artificial seawater sample.

1. pHem = —logio(mH")

The quantity mH" is the conventional thermodynamic free H* molality in a solution. It is calculated
directly (although with some uncertainty) by chemical speciation models of acid-base equilibria, but
cannot be measured directly in seawater.

2. pH 1 = —logio(mH* + mHSO,)

The sum (mH" + mHSOy) is the conventional thermodynamic toi*l H " molality in a solution, and is
calculated directly (although with some uncertainty) by chemi :al s»eciation models. It cannot be
measured directly in seawater. The quantities pH ¢, and pt' +n are related by:

PHrm = pHEm — l0g10(1 + MSOZ/K*(HSO,))
where mSO,4* is the free SO4% molality, and K*(HSO-") che swichiometric dissociation constant of
HSOy in the solution of interest. For seawater solu.irns of pH > 5, mSO,* is effectively the total
S04* molality — because mHSO, << mSO,* — and consequently K*(HSO4) is invariant with pH. In

these solutions, the difference between pH™t - ard pH g is therefore constant at a given solution
composition (salinity), temperature, and nressur.

3. pHT’m

The quantity pHr , is the operational’y u~tined total pH (on a molality basis) of DelValls and
Dickson (1998), see their equation« (&, 2nd (9). In this work the relationship between pHt , and the
EMFs of the Tris buffer solutions :'seu to calibrate the total pH scale is given by equation (15b). The
relationship between pHr  and .41, in Tris buffer solutions is, from our equation (16):

pHrm = pHTm + (7/TIn('0)RT])-AE*

where AE* is given by equation (14). The quantity AE* cannot be determined experimentally, but
can be estimated using models.

4. pHF’m

The quantity pHg  is the free pH (i.e., the measure of H™ molality not including HSOy) that is
implicit in the definition of the operational total pH above. The relationship between pHg  and pHt
is similar to that between —logio(mH™) and —logio(mH" + MHSO4):

PHem = pHrm + loguo(l + mSOZM/K*(HSO,)™)

The difference between pHg, and pHr, (at constant salinity, temperature, and pressure) is fixed,
according to this definition. For neutral and basic conditions this is an excellent approximation.
Using the definition from item (3) above, and the restriction that the relationship applies to neutral
and basic solutions, the measure of conventional thermodynamic free H* molality, pH "¢, is related




to the pH+, of a seawater sample by:
PHEm = (pHrm— (F/[In(10)RT])I-AE*) + logio(1 + mSO.>/K*(HSO,)™)

5. (pHT’m)f
The quantity (pHtm)y, equal to —logo((mH"™) 7). is the formal total pH on a molality basis, where:
(mH" ) = mH*(L + mS0,* /K*(HSO4)™)

This formal total hydrogen ion molality (mH*™"); was defined by Dickson (1990), see his equation
(10). It is also given by DelValls and Dickson (1998) in their equation (8). In this work the
relationship between (pHt m); and the Harned cell EMFs of the Tris buffer solutions used to calibrate
the total pH scale is given by equation (23). The formal total pH will have the same numerical values
as the operational total pH (pH+m) in artificial seawater, or seawate:, hut differs in other solutions
such as Tris buffers because ycr will not be equal to yue'™ (see t'ie 1:nal term in equation (7) of
DelValls and Dickson (1998)).




Figure Captions

Figure 1. Measured and fitted stoichiometric dissociation constants of TrisH* (pK*(TrisH"), equal to
-logso(K*(TrisH")), in various salt solutions at 25 °C, plotted against salt molality (mSalt). The
symbols are the measurements of Millero et al. (1987), and the fitted values (lines) were obtained
using equation (1). (a) NaCl — circle and solid line; KCI - triangle and dashed line. (b) MgCl; — circle
and solid line; CacCl, - triangle and dashed line. The dot (both plots) is the thermodynamic value of

pK(TrisH™). The stated uncertainty of the measurements is +0.005 in pK.

Figure 2. Percentage contributions of individual Pitzer model interac.*ans, and equilibrium constants,
to the variance of the calculated EMF (equation (2)) at 25 °C of a Har 1ed cell containing 0.04 mol
kg™ equimolal TrisH*/Tris buffer in artificial seawater of salir ity = 5. The parameters associated with
each of the interactions are listed down the lefthand side, 2na contributions of <1% and below are
noted on the plot. Symbol K(TrisH") denotes the thermoay~2.nic dissociation constant of TrisH".
Only the fifteen largest contributions are shown, anc 1 teractions with very small variance

contributions are omitted. The standard uncertain: ‘ot wne calculated EMF is noted on the plot.

Figure 3. Measured and modelled proper.i=s of artificial seawater containing equimolal TrisH*/Tris
(various molalities), at 25 °C. (a) Differ n-..~ between measured and calculated EMFs (A(E — E°)),
plotted against salinity (bottom axis) anc tonic strength (1) (top axis). Symbols: dot — measurements
of Ramette et al. (1977); circle — n.~asurements of DelValls and Dickson (1998). The shaded area
shows the total uncertainty in ti>= ca:culated value of (E — E°), and is centered on the zero line. The
dashed line represents the pc sitic 1 of A(E — E°) equal to zero for the case where modified TrisH*-CI
parameters are used (describe 1 later in the ms), i.e. deviations are reduced by about 0.5 to 0.6 mV for
this case. (b) The same data as in (a), but plotted against the molalities of TrisH" and Tris in the
solutions (mTrisH*, mTris) for all salinities. The dashed line has the same meaning as in (a). The
corrected model of Waters and Millero (2013), described in paper (I) and with additions presented in
this work, was used in these calculations. The estimated uncertainties in the measured (E — E°) (i.e.,

+/- one standard deviation) are indicated on the plots.

Figure 4. Activity and osmotic coefficients of pure aqueous TrisHCI at 25 °C. (a) Mean activity
coefficients (y(TrisHCI)) plotted against the square root of TrisHCI molality (Y\mTrisHCI). Symbols
— determined from the EMF measurements of equimolal TrisHCI/Tris solutions of Bates and Hetzer

(1961) (see text). Lines: solid — calculated using the present model (shaded area indicates



uncertainty), which is based upon the osmotic coefficients determined by Robinson and Bower
(1965); dashed — calculated using alternative model parameters that were constrained using the
measurements of Bates and Hetzer (1961) in addition to the osmotic coefficients of Robinson and
Bower (1965). (b) Osmotic coefficients (¢p(TrisHCI)) plotted against the square root of TrisHCI
molality. Symbols: dot — determined from the EMF measurements of Bates and Hetzer (1961); circle
— isopiestic measurements of Robinson and Bower (1965). Lines: solid — the present model (shaded
area indicates uncertainty); dashed — alternative model that is constrained to fit the values determined
from the EMF data.

Figure 5. Mean activity coefficients of TrisHCI divided by the squaic voot of the Tris activity
coefficient (Yrrisici/yTris "), determined from measured EMFs of & tific ial seawater containing 0.04
mol kg™ equimolal TrisH*/Tris buffer. See equation (4). The \alue;; are plotted against salinity
(bottom axis) and the corresponding ionic strengths (I) (ton ax’s). Symbols: dot — measurements of
Ramette et al. (1977); circle — measurements of DelValls o2 Dickson (1998). Lines: solid —
calculated using the Waters and Millero (2013) moc'«1 [and TrisH*-CI interaction parameters listed
in Table 2); dashed — calculated using the same r.~dei out with TrisH*-CI" parameters refitted to
agree closely with the EMFs of Bates and H.tze' (1961) (and given in the notes to Table 2). Shaded
area — range of uncertainty in the activity ~oefficient quotient calculated using the model. The
estimated uncertainty in the measured y ve.*2hle (i.e., +/- one standard deviation) is indicated on the

plot.

Figure 6. Measured and calcula*ad t-MFs (E — E°) of equimolal TrisH*/Tris buffer in artificial
seawater of salinity 35 at 25 °C, nlotted against the molality of the buffer (mBuffer). Symbols: data
of DelValls and Dickson (19 8). Lines: dotted - linear fit of the measured (E — E°); solid —
calculated using the model of Waters and Millero (2013), with additional the TrisH™ and Tris
interaction parameters derived in section 2.1 (and with TrisH*-CI” parameters refitted to agree closely
with the EMFs of Bates and Hetzer (1961)); dashed — the activity coefficient term only (see equation
(6)), calculated using the same parameters as for the solid line. Note that both solid and dashed lines
have been shifted vertically by +0.095 mV so that the solid line agrees with the fitted line (dotted
line) at 0.04 mol kg™ of buffer. The estimated uncertainty in the measured (E — E°) (i.e., +/- one

standard deviation) is indicated on the plot.

Figure 7. EMFs measured by Pratt (2014) (at 25 °C, in artificial seawater of salinity 35) for three

different TrisH™:Tris ratios, compared with values calculated using equation (8). Symbols (SE):



deviations of [E + (RT/F)-In(mTrisH*/mTris)] from a weighted mean of the values for the three
buffer ratios. Quantity E (V) is the measured EMF and molalities mTrisH* and mTris are the
stoichiometric values in the solutions as prepared (i.e., assuming complete neutralisation of Tris by
the smaller added molality of HCI, to yield TrisH™). The error bars indicate the standard deviations of
the measured EMFs. Lines: solid — the model-calculated effect of the change in mTrisH" and mTris
from the stoichiometric values, together with the envelope of computed uncertainties (<0.01 mV at
the extremes of the plot); dashed — the calculated difference term (AE*, equation (14) in section 6)
present in the definition of total pH. The upper horizontal axis shows the calculated pH (pH 1) that
corresponds to the mTrisH*/mTris ratios on the lower x-axis, centered on a defined 8.0772 for the 1:1

ratio.

Figure 8. Percentage contributions of individual Pitzer model .nter.ictions, and equilibrium constants,
to the variance of the calculated pH™T, (panel a), and pH - - \~anel b), of a 0.04 mol kg™ equimolal
TrisH'/Tris buffer in a salinity 35 artificial seawater at 25 7. The parameters associated with each of
the interactions are listed down the left-hand sides, 7.nc contributions of about 1% and below are
noted on the plots. Interactions with very small vi."iance contributions are omitted. In these
calculations the variances of all unknown pa. am :ters are set to zero, and those of the Tris-metal
cation interaction parameters are simulat. values. Only the top 15 contributions are listed. The

standard uncertainty of the calculated pt 1+ '"e is noted on each plot.

Figure 9. Percentage contributions ~f individual Pitzer model interactions, and equilibrium constants,
to the variance of the calculatec nH -, (panel a), and pH 'k (panel b), of a 0.04 mol kg™ equimolal
TrisH'/Tris buffer in a salini"y 3:" artificial seawater at 25 °C. These calculations are the same as in
Figure 8, except: (i) the value s and variances of all unknown parameters are set to averaged values
listed in the tables in Appendix A to paper (1); (ii) the variances of the Tris-metal cation interaction
parameters Atrism (Where M is the metal cation) were set to the squares of the standard deviations
from the fits described in section 2. These are generally larger than the simulated variances (with the

exception of that for Atrisna)-

Figure 10. Calculated values of the difference term in the standard EMF (AE*, defined in equation
(14)) at 25 °C, for two different TrisH*/Tris buffer molalities at various salinities. Lines: solid — 0.04
mol kg™ equimolal TrisH*/Tris; dashed — 0.02 mol kg™ equimolal TrisH*/Tris. The calculated

standard uncertainties are shown as shaded areas around each line. The top axis indicates the ionic



strength of the artificial seawater that corresponds to the indicated salinities (bottom axis). The right-
hand axis shows AE*, but in equivalent molality-based pH units (equal to AE* -F/(RT-In(10))).

Figure 11. Percentage contributions of individual Pitzer model interactions and equilibrium
constants to the variance of the calculated difference term in the standard EMF (AE*, defined in
equation (14)) at 25 °C, for 0.04 mol kg™ equimolal TrisH*/Tris buffer in artificial seawater at four
different salinities S (indicated on the plots). The parameters associated with each of the interactions
are listed down the left-hand side, and contributions of <1% are noted on the plot. Interactions with
very small variance contributions are omitted. In plots (b) and (c) the variance contribution of

Wl HsoaNa 1S similar in magnitude to that of O¢nsos (and it is in the s me group of interactions), but it
is not shown. In plot (d) the same applies to parameters ycinsoaN. anc e sosNa IN the bottom two

groups. The standard uncertainties of the calculated AE* are r.atea on the plots.

Figure 12. Modelled values of total pH (pHr m, defined in cuation 15) and pH 1 (-logie(mH* +
mHSOy), plotted against TrisH*/Tris buffer molalit' (-.1Buffer) for a salinity 35 artificial seawater at
25 °C. Symbols and lines on (a): circle, and dashcd line — pH+ ; dot, and solid line — pH 1. The
fine dotted lines on plot (a) are extrapolatior. of finear fits to the two groups of points (pH+ » and

pH 1.m) for buffer molalities of 0.02 to 0.04 mol kg™. The vertical distance between marked points A
and B (about 0.0045 pH units) represents t..~ nfluence of AE*, see equations 14 and 16b. The line
'uncert. (i)' on plot (a) indicates the e tec* of the uncertainty in AE* (+ 0.0014 molality-based pH
units) on the difference between A ~nd 3, and 'uncert. (ii)' indicates the standard uncertainty of a
typical EMF measurement (alsc in 14 units). The two extrapolations (fine dotted lines) intercept at
point C, for which mBuffer s eqiial to zero. See the text for the meaning of this pH value. On plot (b)
the meanings of the dashed a: d solid lines are the same as in (a), and the fine dotted line corresponds
to the formal definition of total pH on a molal basis (equation 22). The vertical distances between
pH'T m and pHr» and the fine dotted line indicate the magnitudes of the two terms that (added
together) account for the differences between these quantities: "HSO,4 term™ is equal to In[(1 +
mSO0,ZV/K*(HSO4)™)/(1 + mSO,*/K*(HSO4))] (equations (17) and (18)), and "yHCl term" is
equal to 2In(yner/yHa™) (equation (17)). The extrapolations of a linear fits of points on the fine

dotted line (dots) intercepts the y-axis at mBuffer equal to zero at the same point C as in plot (a).

Figure 13. Calculated values of the elements of AE* (equation (14)) expressed as contributions to

pHT m, for a salinity 35 artificial seawater at 25 oC containing various molalities of equimolal



TrisH*/Tris buffer (mBuffer). Lines: solid — the term containing ynci and yrc™; dash — the term
containing K*(HSO,) and K*(HSO,)™. The calculated standard uncertainties are shown as shaded
areas around each line.

Highlights

e We present the first Pitzer speciation model of Tris buffer in artificial seawater
e Uncertainty contributions of all interaction parameters are estimated

e Assumptions inherent in the marine total pH scale are quantified

e We relate total pH to true total H ion concentration and outline implications

e Extension of the total pH scale to low salinities is examine



+

pK*(TrisH )

+

pK*(TrisH ')

9.2

9.0

8.8

8.6

8.4

8.2

85

8.4

8.3

8.2

8.1

(@)

LN RN RN N R R R RN RER RN RER RN ERR RN RRRRN

0 1 2 3 4 5 6
mSalt / mol kg

B>

o
o
<)
(3]
N
<)

1.0 1.5
msSalt / mol kg™

Figure 1



Interaction or Equil. Constant

(B.Orisnal]
(BxC)Na.CI_

in(kcrrisH) | L EMF
| (0 =0.28 mV)
(BrC)TrlsH,SO,,_ I
(Mriis Na - Orriskina) | ||
8ci,s0, Weiso,Nar LUCLSO,,,Mg_ | (0.31 %)
B.Ocaci|| (0.071 %)
(B,C)Na,so,,_ | (0.042 %)
(Mrris Mg = eTrisH,Mg)_ | (0.030 %)
)‘Tris,SOA_ | (0.022 %)
Ariis, Hriis | | (0.012%)
(B.C)ci | (0.011 %)
(BvC)Mg,sOA_ | (0.0020 %)
(Miis,ca - Orrishca) | (0.0014 %)
b 1 T YR T TN TN T T ST N N S S W
0 20 40 60 80 100

Variance Contribution / %

Figure 2



AE - EY) / mv

AE - E% /mv

0.8

0.6

0.4

0.2

0.0

0.8

0.6

0.4

0.2

0.0

1/ mol kg

0.4 0.5 0.6 0.7 0.8
_|||||||l|||||||||||||||||||||||||||||||||||I|||||||_
E (a) 3
e 8 o E
3 ee-mT T T e
-7 o o ° 3
E s o o
2 & o 7
3 ) E
E I uncert. 3
F — - modified TrisHCI parameters
Co o by v by v by by 1y 7

20 25 30 35 40

Salinity
CRE R R s e s e e
o) :
o O 7
E o 8 4 83
F O 6 e
o _@_ ______ [ R =
E ®
= ®
F ¢ [ ] ]
F o © E
= [ -
S— E
F I uncert. ]
F - - modified TrisHCI parameters ]
—I 1111 I 11 1 1 I 111 | I | -] | 11 1 1 | 1111 I |_
0.00 0.01 0.02 0.03 0.04 0.05 0.06

m(TrisH", Tris) / mol kg™

Figure 3



y(TrisHCI)

O(TrisHCI)

JIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIII|IIII|IIIIL
r (a) 1
09 F .
]
:
[ —— base model AN ]
06 —~ modified TrisHCI parameters™ < 1
—I||||I|||||||||I|||||||||I|||||||||I|||||||||I|\||‘|
0.0 0.2 0.4 0.6 0.8 1.0
ImTrisHCI / mol®® kg™ °
098_ll LI I L T TT I L I T 1T I_I_
g (®) 3
0.96 - 3
094 3
092 =
0.90 - 3
0.88 |- —— base model =
F — — modified TrisHCI parameters B
_II 11 I 11 1 | | | - I 111 I 11 1 IT
0.0 0.5 1.0 1.5 2.0 25

mTrisHCI / mol”® kg *?

Figure 4



I/ mol kgf1

04 0.5 0.6 0.7 0.8
oA R L L e LR R R s e e
0.67F 3
= 3
066 3
n 2 3
° - 3
@065 3
= o 7
= E =
= o E
S o064 3
T E B
= F 3
= E =
~o063f 3
0.62 f— T uncert. N ] —f
E —— base model @ =
E - - modified TrisHCI parameters E
0.61 F —
1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1
20 25 30 35 40
Salinity

Figure 5



(E-E)/V

LI e
0.5163 |- —
E 03
o 07
E ° © o
0.5162 - =
0.5161 4
E o ;
E uncert. |
0.5160 - 3
Fl o fitted line 3
r —— model ]
05159 & — — activity coeff. term only E
b b bt b b |
0.00 0.02 0.04 0.06

mBuffer / mol kgw1

Figure 6



OE, and AE* / mV

0.3

0.2

0.1

0.0

-0.2

PHT, m
78 79 8.0 8.1 8.2 83 84

LI L L N L L L B L L |

W R R RN R R RN R RRR RN RN RRRR=
Lot bt b s b b b i L

-0.8 -0.4 0.0 0.4 0.8
In(mTrisH+/mTris)

Figure 7



Interaction or Equil. Constant

Interaction or Equil. Constant

In(K(HSO{)Z
B.Onci|
(B.Orisnci |

BH.Nas WHNaCI
(B.Oaso,

81,50, Wei,50,Nar wCI.SO,.M;
In(K(TrisH"))
(ﬁ.C)Na.Hso,,_
BciHs0, wCI.HSOA.Na_
(B,C)TnsH,soT
B.Onacl
(B.Omso,
(Bvc)Mg,HSOZ

(Aris na - eTrisH.Na)_
(B.C)mg.s0,

(1.08 %)
(0.76 %)
(0.64 %)
(0.61 %)
(0.46 %)
(0.42 %)
(0.14 %)

pHY,,

(o = 0.0082)

40 60 80

Variance Contribution / %

100

B.Ongl
(8 c)TrisH.CL

OH.Nar WHNaCl

In(K(TrisH"))

(B,C)y,s0,
(B.Crrishs0,

(Mrris.Na - OrishNa)

Omgr WHmg.Clr WHMg SO,

()‘Tris.Mg - eTrisH.Mg)

OHca WHeact
Bk WHKs0,

)‘Tris SO,

Ariis, Mris
()‘Tris,Ca - eTrisH.Ca)

(Mris - Orishi)

[
I]|:|

(1.28 %)
(0.57 %)
(0.53 %)
(0.23 %)
(0.013 %)
(0.012 %)
(0.012 %)
(0.0094 %)
(0.0051 %)
(0.00059 %)
(0.00035 %)

LA AR AN AR LR AR AR R R LR RN AR

*

PH:m

(o = 0.0073)

(b)

|
|
|
|
|
|
|
|
|
|
|

20

40

60

80

Variance Contribution / %

Figure 8

100



Interaction or Equil. Constant

Interaction or Equil. Constant

ecLsoév Weiso, risH Wel,so,Na

()\Tris,Mg - eTnsH,Mg)

B TiisHr WH TrisH.CI
6ciHs0, WeiHSo,Na» WeiHSO, Mg

B | L L B ) BRI |
In(K(HSOy)) |
(B.Cnci | I pH®
(BvC)TrisH.CI_-
O,Na» WHNaCI |:| (0 =0.0083)
(BrC)Na,SOZ I
0
(BrC)TnsH‘HSOZ I
n(k(TrisH") | [
| 2a)
(B.Chvanso, || (1.23 %)
_| (1.10 %)
| wiow
(BrC)TrisH,SOZ | ©74%)
B.Onaci || (0.62%) )
(BrC)H,SOL, (0.60 %)
1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 I 1 1 l
0 20 40 60 80 100

Variance Contribution / %

P L N L N L RN RR R RN RRR RN RRRR |
60| I
®.Chriorct | [N pH,,
Prow | (0 = 0.0073)
O TrisH: lpH,TrisH,Cl I]
In(K(TrisH+)) I
(Atrismg - eTrisH,Mg) I (1.53 %)
(B-C)H‘SO, I (1.23 %)
(AvrisNa - eTrisH.Na) I (0.64 %)
(Bvc)TrisH,SO, ] (0.54 %)
eH,Mgr Wh Mgl lUH.Mg,so, l (0.22 %)
Weiso,He llJcLso,,msH | (0.082 %)
(Aris,ca - BTrisH,Ca) | (0.021 %)
)\Tris,so,_ | (0.020 %)
Wna, TrisH,Cl» LpNa‘TmsH‘SOL | (0.016 %) -
Bcar WHCacl l (0.012 %)
g | FNRRRRRETA RRRRAARARA RRRRA RRRRA ARRRARERR] ARRRARRRTL
0 20 40 60 80 100

Variance Contribution / %

Figure 9



AE* [/ mV

0.4

0.3

0.2

0.1

I/ mol kg'1

00 01 02 03 04 05 06 07 08

N ettt ]

C —— 0.04 m buffer

N — — 0.02 m buffer 7.0

- 6.0

:_ 5.0 5

L w

B >

- el

- I

¥ 403

3.0

20

Clov ot bova s by b leaag

0 10 20 30 40
Salinity

Figure 10



Interaction or Equil. Constant

Interaction or Equil. Constant

1 ]|llll|||I|||ll]|lll]|||Ill||||||||||||I|||||||I|I - T T T 1T I L L I 1T I
O Trists wH,TnsH,CI_ A%, S =5 (BxC)TrisH,HSOL AE*, S = 25
T o = 0.096 mV c ] o= 0.087 mV
®Crriosso, | [ ( : 8 ®.Crisrcr | [l ( )
» ) TrisH, " | g C |
®.Oneci| [ S ®.Onac I
B4 Nar WHNaCl I] ug_l- BHiNas WHNacl I]
(B.C)ris.s0, | (0.85 %) 2 (B’C)T“SHSC%_ I
] o
(BYC)Na,SO,, | (0.34 %) 8 (ﬁrC)Na,SOL | (0.68 %)
©
— = C o
(BvC>Na,HSO4 | (0.21 %) % (8, )Na,HSO,_ | (0.30 %)
. ™ Weinso, misHr OciHso, | (0.058 %)
In(K(HSO,)) | (0.019 %) | ©
) In(K(HSO,)) J (0.048 %) c
)\7"5-504 (0.003 %) (@) | IR RN B IR RN SN AR |
Ol|||I||||2|(;|||I|||||(;|||I||||6|0||||I||||8|0||||I||||(!)0 0 20 40 60 80 100
4 1

" I Variance Contribution / %
Variance Contribution / %

— I I I ! (B,C)rrish Hso,
O, TrisHs WH,TrisH,CI AF* S =15 —

By rict, )
e I . - 0008 e, T Yol

AE*, S =35

(o = 0.086 mV)

L

(B, C)TnsH,CI (8, C)TrisH,CI_
(BvC)Na.m (BrC)Na,m_

BH.Na: WHNaCl

BH.Nas WHNaCl

(< C)TrisH,so4 ®. C)T”SH’SO'*_

Interaction or Equil. Constant

|
SSa—— T T

(BxC)Na,Sm | (0.64 %) (B.C)naso, || (0.65 %)
(BrC)Na.HSO,, | (0.32 %) (BvC)Na,HSO4 (0.25 %)
In(K(HSOA'))_ | (0.040 %) WeiHso, TrisH: Ocikso, || (0.15 %)
Weinso, Trsh Ocinso, || (0.014 %) (b) Weiso, sk Bciso, || (0.062 %) (d)
b | BN B B R A T S A BT | e by by by by
0 20 40 60 80 100 20 40 60 80 100
Variance Contribution / % Variance Contribution / %

Figure 11



*
T.m

pHy » and pH

*
Tm

pH;,, and pH

8.076

8.074

8.072

8.070

8.068

L3 LML L L

LLLEN RN RN LR LR LR RNy RN RN RN RNl

(@)

uncert. (i)

Lo b b by b bunaa iy

uncert. (i)

0.

8.076

8.074

8.072

8.070

8.068

00 0.01 0.02 0.03 0.04 0.05 0.06
mBuffer / mol kg™

LR AR RN LRl R Rl LR R Ry LR AR RN LR RN LAY

(b)

wil

\

@]

Yhc term

HSO, term

BN N e R E R R
o 1® s e

Clonn b b bt bt bt 17

0.00 0.01 0.02 0.03 0.04 005 0.06

mBuffer / mol kg

Figure 12



'

pH; ,, contributions

0.008

0.006

0.004

0.002

0.000

[T ooy
- —vHClterm ]
T --- K%HSO,) term g
:|||||I|||||||||I|||||||||I||||||:
0.00 0.02 0.04 0.06

mBuffer / mol ka "

Figure 13



