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This article provides extensive and exhaustive mathematical description of titration curves
related to acid-base systems with mixtures of mono- and polyprotic acids and their salts and
bases involved. The related curves are presented in compact forms facilitating further operations
made for particular needs. Some derivative properties of the curves, such as buffer capacity
and inflection points, are also discussed. The “windowed” (By) buffer capacity is interrelated
with “dynamic” (8y) buffer capacity, introduced for dynamic (titration) systems. The equations
useful for searching the inflection points on titration curves are derived. A kind of ‘“homoge-
nization” of complex acid-base systems, with polyprotic acids with defined and/or undefined
(e.g., fulvic acids) composition, with use of an approach based on Simms constants principle,
has been considered in context with buffer capacity and alkalinity. The new concepts of total
alkalinity (TAL) and total acidity (TAC), unlike ones considered hitherto, has been introduced.
The TAL is determined according to curve—fitting method with use of iterative computer pro-
gram, applied to nonlinear regression equation involving Simms or Hill constants. Searching
the best fit of the related function is involved with addition of consecutive hyperbolic terms.

Keywords Acid-base equilibria, titration curves, bufer index, inflection point, Simms constants

INTRODUCTION

Reaction rate and mechanism, solubility, and partitioning of
the species between different phases and other physicochemi-
cal properties are strongly influenced by some variables such
as pH, ionic strength, and buffer concentration (Avdeef, 2007;
Avdeef and Testa, 2002; Box et al., 2003). Equilibrium con-
stants of acid-base equilibria and reaction rate constants are
very useful parameters for various chemical, electrochemical,
and technological applications (Asuero, 1989; Papanastasiou
and Kokkinidis, 2003; Wiczling et al., 2008). Almost all chem-
ical and biochemical processes are critically dependent on pH,
and therefore the ability to control and measure the quantity is of
paramount importance (McMillan and Cameron, 2004; Brown
and Milton, 2003). Buffers play a central role in controlling the
pH of solutions. A change of shift in pH of food would affect the
rates of reactions, leading to a loss of shelf life. Therefore, the
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pH of the food is frequently controlled and monotorized (Chuy
and Bell, 2009) in an attempt to limit chemical reactivity.

In laboratory practice, e.g., in electrophoretic and chromato-
graphic techniques (Celentano et al., 1988; Righetti et al., 1988),
it is often mandatory to ascertain pH, conductivity, or buffering
action of complex mixtures. The analysis of acid-base reactions
is important in the fields of chemistry, physiology, medicine
(Nguyen et al., 2009; Wooten, 2004, 2010), and enology (Akin
etal., 2008). Buffering is among the most important mechanisms
that help to maintain homeostasis (Schmitt, 2005a, b) of various
physiological parameters in living organisms. On the other hand,
the speciation of polyprotic acids is a common problem (Szakacs
and Noszal, 1999; Szakics et al., 2005; Stoyanov and Righetti,
1999) in analytical and pharmaceutical chemistry. The pH con-
trol in electrolytic systems (McMillan and Cameron, 2004; Akin
et al., 2008; Zaher and Vanrolleghem, 2006; Dougherty et al.,
2006) and evaluation of acidity constants of natural or syn-
thetic substances of therapeutical significance (Rodaet al., 2010;
Qiang and Adams, 2004) are also of paramount interest. For
example, food systems are composed of multiple constituents
that serve specific functions in the product, many of which di-
rectly or indirectly affect the pH value (Chuy and Bell, 2009).
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Chemistry of electrolytic systems is a key consideration in
nearly all microfluidic devices and techniques, and this is partic-
ularly true in the area of electrokinetic phenomena (Persat et al.,
2009a, b).

The buffer capacity concept, as one of the distinguishing
characteristics of buffer solutions (Schmitt, 2005a; Van Slyke,
1922; Fishtik, 1998; Opanasenko et al., 1978), is also a very
important concept, which finds applications in a variety of dis-
ciplines (Urbansky and Schock, 2000), being applicable to nat-
ural (Totsche et al., 2006) and technical (Jung and Hur, 2000)
systems. The buffering systems are of importance for environ-
mental studies and treatment of acidic mining water (Totsche
et al., 2006). In general, soils and water rich in humic sub-
stances are well buffered. Knowledge of the behavior of the
interaction of proton and hydroxyl with humic acid is very
important in the understanding of its physicochemical prop-
erties in soils and waters (Pertusatti and Prado, 2007). The
processes occurring in cells, body fluids, and reaction vessels
as well, may proceed normally at appropriate buffer capacity
securing pH constancy (Rees et al., 1996; Fencl and Leith,
1993).

The previous work by Asuero (1992a) on the buffer index re-
ferred to monoprotic acids. However, numerous buffers utilized
in daily laboratory practice, e.g., succinate, phosphate, or cit-
rate buffers, are formed of polyprotic acids (Brooks and Storey,
1992; Good and Izawa, 1972). Citric acid is a natural com-
ponent and common metabolite of plants and animals. It is the
most versatile and widely used organic acid in foods, beverages,
detergents, and pharmaceuticals because of its functionality and
environmental acceptability, being also a source of energy for
controlled bacterial metabolism (Akhond et al.; Lahav et al.,
2005). Citric and phosphoric acids, as well as their salts, are
commonly used in foods to (Chuy and Bell, 2009) to control pH
and to modify tartness.

Though a number of articles (Waser, 1967; Olin and Wallen,
1978; de Levie, 1993; Maslarska et al., 2003) dealing with
the titration of polyprotic acids have been published, only a
few attempts to derive compact expressions for the buffer in-
dex, B (Perrin and Dempsey, 1979), and sharpness index,
(Butler and Cogley, 1999; Michalowski, 1981), of polypro-
tic acids have been made (Hesse and Olin, 1977; King and
Kester, 1990). The general formulas derived in these articles
are applicable to the buffer index of polyprotic acids but, ex-
cept for the work of Michalowski (1981) and Michatowski and
Parczewski (1978), the dilution effects were neglected in the
calculations. The formation function 7 = 72(pH) and dissoci-
ation fractions (f;) were incorporated by Michatowski (1981)
and Michatowski and Parczewski (1978) and Asuero et al.
(1986a), in the equations obtained on the basis of charge and
concentration balances referred to polyprotic acids. In the re-
lated formulas, the mononuclear species participating in only
acid—based equilibria (i.e. proton gain or loss) were taken into
account.

A. G. ASUERO AND T. MICHAL.OWSKI

In a later part of this article, the formulation of static buffer
capacity (8) by Hesse and Olin (1977) is recalled in extended
and modified form, with Simms constants involved. The buffer
capacity concept has been lately considered in an extensive
review paper by Asuero (2007), issued in this journal. In that
article, the topic of interest was focused on properties of single
mono- and polyprotic acids. Our present article refers to more
complex acid-base systems.

The generalized buffer capacity (GBC) concept, introduced
by Michatowski et al. (2005a), was also presented and referred
to acid-base equilibria in the systems of different complexity.
This possibility is offered by the generalized approach to elec-
trolytic system (GATES), presented in Michatowski (2010) and
Michatowski et al. (2010a) and in some references cited therein.
In this article, the static (8), dynamic (8y ), and windowed (By)
buffer capacities, with dilution effect involved, were referred to
acid-base titrimetry and interrelated uniformly and consistently
in the single relation for acid-base systems of different com-
plexity. In this approach, any simpler system can be considered
as a particular case of the complex system. It is an approach
different from the common one provided by de Levie (1999a).

The equations derived in this article enable calculating, as a
function of pH, the degree of protolysis of each acid species,
the formation function, the slope of the titration curve, and the
buffer and sharpness indexes. A simplifying assumption put in
the related formulas is involved with an assumption that all
the equilibrium constants involved in the formulas are constant
during the dynamic process exemplified by an acid-base titra-
tion. This assumption is involved with stability of all activity
coefficients during the titration. This requirement is approxi-
mately valid in the presence of a sufficient amount of a neutral
(basal) salt added during preparation of D and T, as one exem-
plified in the series of articles by Michatowski and coworkers
(Michatowski, 1988a, 1990, 1992; Michatowski et al., 1987,
1988, 1989, 1994, 1995; Michatowski and Gibas, 1994; Janecki
et al., 1999a, b, 2000a, b; Janecki and Michatowski, 1999),
where a more advanced approach to the isomolarity condition
was presented. The latter approach is based, among others, on
addition of a sample tested on the step of D and T preparation.
The pH changes are affected there by the presence of an exces-
sive amount of acid or base in one of the solutions considered,
and basal electrolyte MB is present in D and T in the quantities
securing the related isomolarity condition.

The chemical equilibria are an essential part of the chemical
knowledge. The detailed and thorough presentation of this prob-
lem in the present article offers extremely detailed coverage. The
generalized approach is applied to acid-base systems of different
degrees of complexity. The concept of the fraction titrated ()
(Butler and Cogley, 1999; Butler, 1964), titration error, buffer-
ing effects, and equivalence point/end point discrepancies, are
all touched upon. The titration curves, pH, and buffer topics
are important enough to deserve a systematic and detailed treat-
ment, which is the aim of this article. The importance of pH,
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titration curves, and buffers topics is highlighted in Tables 1, 2,
and 3. Table 1 describes some selected articles concerning pH
calculations, paying special attention to complex systems. Only
articles not included in the review of Frison and Calatroni (n. d.)
are considered. In Tables 2 and 3 are described some selected ar-
ticles published in the past decade, dealing with titration curves
and buffer capacity, respectively, of complex systems.

Titrimetry is one of the oldest analytical methods, and is still
developing; it plays an important role in various analytical fields
as well as routine studies (Zhang and Narusawa, 1997), and it is
often applied in analytical chemistry, for its superior speed and
simplicity, with little sacrifice in accuracy and precision (Zhan
et al., 2004), offering the possibility of simultaneous measure-
ments (Van Hulle et al., 2009) at low cost of several (buffering)
components. Methods and applications based on pH titrations
are used in a variety of fields (aerobic, anaerobic and physico-
chemical wastewater treatment, food and feed applications, soil
science, microbiology, aquatic chemistry, etc.) (Van de Steene et
al., 2002; Van Vooren et al., 2001). The potentiometric method
with a glass electrode is preferably used in analytical labora-
tories for the quantitative determination of substances (Fang
et al., 2009) with acid-base properties. Potentiometric titration
is the method of choice for measuring equilibrium, proton-
binding constants in colloids and materials surface science, bi-
ology, and biochemistry. In environmental science, the titration
method is commonly used to characterize acid-base proper-
ties of natural organic matter (NOM) (Lenoir and Manceau,
2010).

To present an all-encompassing theory requires consistent
application of many symbols—alone or with some subscripts
and/or superscripts. For this purpose, the symbols applied and
some elementary relationships between equilibrium constants
and some particular variables, useful in different parts of the
present article, are specified in introductory sections.

BASIC CONSIDERATIONS
Titration and Titration Curves: Introductory Remarks

A titration is considered as a kind of dynamic process,
in which a properly chosen titrant (T) is added in consecu-
tive portions into Vo mL of the solution titrated (titrand, D)
(Michatowski et al., 2010a; Beck, 1997; Felber et al., 2003;
King, 1997). The volume of T added to a given moment of titra-
tion is denoted by V [mL]. Under the assumption of additivity
in the volumes, Vo+V mL of D+T mixture is thus obtained
at a particular moment of titration stage. For modeling pur-
poses it is assumed that the titration is carried out in quasi-static
manner, under isothermal conditions. The same requirements
are also tacitly put in place with simulated titrations. When
ionic strength (I) and dielectric constant (¢) of the mixture do
not vary distinctly during the titration, all the equilibrium con-
stant values related to a system in question can be assumed
constant.
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In a common acid-base titration, the points {(V;, pHj)| j =
1,...,N}, registered after consecutive portions of T added, form
a continuous plot named the pH titration curve, pH = pH(V).
The titration curve can also be obtained in a simulated man-
ner, with the use of an Excel spreadsheet applied to the related
function, V = V(pH), which can be accounted for as the reverse
function against pH = pH(V) (Billo, 2001; Guenther, 1991;
Freiser, 1992; de Levie, 2001c¢). In other words, V = V(pH) and
pH = pH(V) are a pair of bijective (mutually interchangeable)
functions, i.e., with one-to-one correspondence property (Bijec-
tive Function, 2011). This property is very important in light
of fact that the relationship V = V(pH) can be formulated in
a simple and uniform functional manner, even for complicated
acid-base systems—contrary to the relationships pH = pH(V)
that assume more complex form even for simple acid-base sys-
tems (see, e.g., Janecki et al. (1999a, b, 2000b), Michatowski
et al. (2000)) or do not exist at all. Note that the non-monotonic
pH versus V relationships were also stated in pH titrations made
in some binary-solvent media (Pilarski et al., 2010; Michatowski
et al., 2010b) and in some redox systems, see, e.g., Michatowski
(2010).

Equations for titration curves are the basis for quantitative
inferences in titrimetry (Michatowski, 2001; de Levie, 1997a;
Harris, 2010; Skoog et al., 2003). For a defined electrolytic sys-
tem, all attainable physicochemical information (equilibrium
constant values) is involved therein. In the case of acid-base sys-
tems, the equilibrium constants involved in the related acid-base
reactions are applied. The choice of the equilibrium constants
resulted from practical needs (Poncelet et al., 1985; Kankare,
1972; Nurchi and Crisponi, 1989; Ure and Davidson, 2002;
Asuero et al., 1986b), namely: (a) simplicity of notation of the
related formulas, where the equilibrium constants are involved,
(b) usefulness of the equilibrium constants for immediate appli-
cation, and (c) accessibility of particular kinds of equilibrium
constants in the related tables of equilibrium data, such as dis-
sociation constants, protonation constants, and successive pro-
tonation constants. Knowledge of the relationships between the
equilibrium constants appears then to be useful for particular
purposes.

Equilibrium Constants Applied in Acid-Base Systems

Equilibrium constants referring to an acid-base system can
be formulated in different ways. For this purpose, let us assume
the protonation of a basic form L™ of an acid H,L involved
with formation of the species:

HL™ " H,L*", .. H Lt

where q > n for weak acids and q < n for strong acids.
Notation of the species can be made differently; the (non-

obligatory) choice is involved mainly with the simplest indexing

of the related equilibrium constants. Two kinds of equilibrium

constants involved with these species and applied in this article

are related to:
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TABLE 1
Selected papers on pH calculation in complex systems.

Content

Reference

Formulation and solutions for general mixtures involving acid-base reactions and salts. The root of the
polynomial in CH can be computed directly by solving for the eigenvalues of the companion matriz
(roots command in MATLAB).

Many of the traditional equilibrium problems from acid-base chemistry can be conveniently expressed in
matrix formalism by the use of the extent of reaction.

A new mathematical model that accurately predicts quantitatively the partitioning of Ht among various
monoprotic buffer pairs in aqueous solution, and the equilibrium H* based on the pre-equilibrium
reactant concentrations in a multiple buffered solution.

A model is proposed to predict accurately pH evolution during alcoholic fermentation of must by
Saccharomyces cerevisiae, validated in synthetic media and grape must without tartaric acid.

pH and titratable acidity are calculated by rigorous treatment as a multi-composed acid-base system from
proton dissociation equation, mass balance equations, and electroneutrality condition.

A simple procedure useful for generalizing the pH calculation for any pH-dependent model is developed
to evaluate numerically the total equivalents introduced by any buffer component in solution.

Calculation of pH of arbitrary Bronsted acid-base mixtures in aqueous medium through the application
of the proton function shows it is a monotonic decreasing function in the pH interval and there is only
one equilibrium condition.

The pH of the root of the general expression for the porton function for any mixture of acids, bases, and
salts is found either by bisection or by using the Newton-Raphson or Levenberg-Marquardt
algorithms, which are easily implemented on a spreadsheet.

Three “easy-to-use solvers” for the approximation of pH and the concentration of protolytic species in
marine aqueous systems, based on the conservation of alkalinity, the progress of a chemical reaction,
and charge balance, respectively, each in FORTRAN and MATLAB.

A mathematical model for acid-base reactions describing the pH and concentration of various protolytes
from material balance electroneutrality condition, treating features as precipitation and formation of
complexes in solution.

A new methodology of pH-metric data treatment allows the stoichiometric and association constants to
be determined in those cases in which the guest is a participant in an acid-base equilibrium.

A simple mathematical model is developed to calculate the pH values in acidic mineral waters, which can
depict a general picture to show how acid precipitation influences the pH value of surface water.

A mathematical model based on theoretical considerations allows the interpretation of equilibrium and
performs accurate calculations of ingredients for preparation of permanent wave solutions satisfying
special conditions.

A comment to a previously article dealing with the pH calculation value of a mixture of acids and bases,
calling attention to the chemical point of view.

A general method for calculating the pH of complex mixtures of acids, bases, and ampholytes is derived
and a FORTRAN program implemented.

Generic equations and algorithms transformed into computer programs have been developed in order to
compute pH and other parameters in complex systems and to simulate titration of a complex system,
taking ionic strength into consideration.

A new method for determination of the pH of mixtures of acids and bases is developed, which uses a
“golden section” optimization technique, implemented on a real-time processing computer controlling
a neutralization process.

An approach to acid-base that revolutionizes our ability to understand, predict, and control what happens
to hydrogen ions in living systems.

Persat et al., 2009a

Birk, 2009

Nguyen at al., 2009;
Wooten, 2010;
Corey, 2010;
Ring, 2010

Akin et al., 2008

Lang and Meier,
2007

Zafer and
Vanrolleghem,
2006

Frison and
Calatroni, 2006

de Levie et al., 2003

Luff et al., 2001

Gustafsson et al.,
1995
Boudeville and
Burgot, 1995
Bi, 1995

Chiodi, 1989

Guifion, 1987
Cutler, 1986

Poncelet et al., 1985

Pons et al., 1983

Stewart, 1983
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TABLE 2
Selected papers on titration curves in (main) complex systems.
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Content

Reference

Different methods of using computer acquisition and modeling to examine acid-base titrations are
reviewed, showing that a versatile, integrated computer learning environment can be successfully
applied to this end.

A simple way of treating the general equation for acid-base titrations based on the degree of dissociation
is presented; a new spreadsheet approach for simulating the titration of mixtures of polyprotic acids
(both in MS Excel and Visual-Basic-for-Excel) is also proposed.

The methods published in the past four decades concerning on-site titration measurement of volatile fatty

Heck et al., 2009

Oliveira et al., 2007

Lahav and Morgan,

acids (VFA) and carbonate alkalinity concentrations are reviewed in connection with anaerobic

treatment systems.

A formula giving explicitly the relation V = f(pH) is derived that includes mono- and polyfunctional
protolytes and their mixtures, applied to the simplest case, the analysis of one monofunctional

protolyte.

Ii is possible for simple titration reactions to derive expressions in terms of inverse hyperbolic or

2004

Maslarska et al.,
2003

Morales, 2002

trigonometric functions, the general expressions so obtained being used to model more complicated

titrations.

An alternative method is presented for modeling and graphic presentation of titration curves based on

titration degree as a function of pH closed formula.

The pH of any solution, the buffer strength, and the titration of any acid or mixture of acids with a base or

Heil and Schifer,
2002
de Levie, 2001a

mixtures of bases (or its inverse) may be given as a function of the proton function "C in each case; the
approach may be extended to complexation, titration, and redox equilibria.

The dependence of various concentrations on the progress of an acid-base titration can be visualized in

the form of linear graphs.

The general equation for the acid-base titration curve can be written in the form of the general equation

de Levie, 2001b

Jano et al., 2002

for additive properties and may be used to derive an iterative procedure for extracting: pKa’s, the
relative activity coefficients of the ionic species and the concentration of analyte, as well as calculating

the error in each parameter.

Successive deprotonation (dissociation)

Hq+lfiL+q+1_i_n — H+ + Hq,,-L+q_i_n
[H][H, i L*9"]

K = : i=1,...,q)[1
(Hy L] ¢ o
Cumulative (overall) proto-complex formation
. HiL+i7n
iH"+ L™ =HLY"™" K = Q i=1,...,9),
[HH[L]
Ki'=1 (2]
The following interrelations are valid:
K], 1 1
Ki= 4 kl=— - [3]
K- [Tizi Kg+1-; [Tegii-i Kj

In more complex acid-base systems, the equilibrium con-
stants K/, defined by relation

Jqr;k=1,...,P)
(4]

will be applied; P is number of acid-base systems, and K& = 1.

[HiLgy ™ = Kif -[H*) L] (=0, ...

In all aqueous media, and acid-base systems in particular, the
relation for ionic product (Ky ) of water

[H*]J[OH"] = Kw (5]

is valid.

Among the equilibrium constants, one can distinguish (a)
concentration, (b) hybrid, and (c) thermodynamic constants
(Irving et al., 1955; Connors and Mecozzi, 2010; Zevatskii et
al., 2009). Denoting by [X] and {X} the concentration and
activity of the species X, respectively, and y = {H*}/[H']
as the activity coefficient for X = H*. In particular, re-
ferring to the dissociation reaction HL = Ht+ L™, we
have:

(a) Ky = [H"][L"]/[HL],

(b) Kj = {H"}[L1/[HL], (c) Kia = {H"}{L7}/{HL} [6]

For brevity, one can write {H*} = h = y-[H*], where y
is the activity coefficient of hydrogen ions. The y-value is a
function of temperature (7'), ionic strength (I), and dielectric
permittivity (dielectric constant, ¢) values, y = y(T, 1, ). One
can note that ¢ = ¢(I) (Conway, 1952).
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TABLE 3
Selected papers on buffer capacity in complex systems

Content

Reference

The acid concentration and pK, parameter are estimated from the buffer capacity curve (calculated from
the titration curve) by using an algorithm developed in MS Excel using the Solver function, the
minimum value found using the generalized reduced nonlinear algorithm.

From the general equation of Asuero (2007) a program created by using REAL Basic 2007 Release 4 for
Mac OS X (Version 10.5) has the ability to calculate and view the buffering environment with and
without correction of ionic strength.

Simple expressions for the buffer capacity and its first derivative are devised, which may be easily
extended to a mixture of acids, and methods to evaluate strong and moderate overlapping pK,’s are
suggested and applied to literature data.

The buffer acidity of humic acid to strong acid is low, but shows excellent buffer capacity to base
addition and resists pH changes in a range between pH 5.5 and 8.

A general formula and efficient algorithms implemented in a free software package pH-Tools for use in
MATLAB are given for predicting the pH, titration, ionic species concentration, buffer capacity, and
ionic strength of buffer solutions contaminated with defined and undefined compounds.

The buffer capacity of a chemical species in a multiple chemical reaction system is discussed in terms of
a special class of stoichiometrically unique reactions using a response reaction (REPs) approach,
which provides a simple algorithm for computer generation of the buffer capacity in complex systems.

Titration curves were shown to be a versatile tool for assessing the acidity of acidic mining waters,
providing information about the strength of the buffer system present.

An optimization procedure is devised to fit the model of the buffer components to the titration data and to
determine accurately the buffer concentration and pKa values, implemented in a software layer and
integrated to a buffer capacity sensor.

A general derivation is given for the isohydric theorem of Arrhenius, and its consequences for some
aspects of buffer pH are considered.

The buffer capacity of an arbitrary salt is given by the sum of cation + anion acid + anion base + water,
the expressions computed by means of the Hesse and Olin (1977) formula.

The set of means of distributions of molar fractions in a system M, ML,. . . ML, corresponds to the
average ligand number i, and the set of variances of the same distributions is related to the intrinsic
buffer capacity of the system.

A general model for calculating electron buffer capacity is derived and applied to the generation of
pe-pH diagrams, extensively used in geochemistry and environmental chemistry.

A generalized buffer capacity model building algorithm applicable for advanced interpretation of a wide
variety of titration curves is derived and evaluated and applied to a variety of experimental data.

Buffer capacity profiles are used in the framework of automatic monitoring of water quality, with the aim
of automatically and stepwise building buffer capacity models.

An overview of the definition of pH and buffer capacity is given; the computation, numerical
approximation, extrema, and applications of buffer capacity are also taken into consideration.

Aqueous and hydroalcoholic (11% v/v) model solutions of some organic acids of grape or formed during
primary fermentation are used to determine the influence of organic acids on the buffering capacity of
musts and wines.

A software sensor was developed for the measurement of buffer capacity and alkali consumption rate
from the pH response signals generated by an automatic pH controller.

Van Hulle et al.,
2009

Ranaghan, n.d.

Asuero, 2007

Pertusatti and Prado,
2007

Dougherty et al.,
2006

Fishtik and Povar,
2006

Totsche et al., 2006

Zaher and
Vanrolleghem,
2005

de Levie, 2005

Frison and
Calatroni, 2005
Moya-Hernandez et

al., 2002

King, 2002

Van de Steene et al.,
2002

Van Vooren et al.,
2001

Urbansky and
Schock, 2000

Dartignenave et al.,
2000

Jung and Hur, 2000

The measured pH value is principally related to the activity and then
of hydrogen ions. In order to distinguish the pH values involved

with concentration and activity of hydrogen ions, one can write: [H*]=10"PH,

h=10"" (8]

For modeling purposes, it is assumed that the titration is

pH = —log[H'], ph = —logh [7]

made in a quasi-static manner under isothermal conditions in
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the system separated from its environment by diathermal walls
and that ionic strength (I) and dielectric constant (¢) values are
kept constant (Meloun et al., 1988).

Further Terms Involved with Acid-Base Titration Curves

In a simple titration, Vo mL of titrand (D), containing the
analyte A of unknown (in principle) concentration Cy mol/L,
is titrated with V mL of titrant (T) containing the reagent B (C
mol/L). The degree of advancement of the reaction between B
and A is the fraction titrated, ® (Butler and Cogley, 1999; But-
ler, 1964; Freiser, 1970; Michatowski, 1983; Koscielniak and
Michatowski, 1986) (named also as degree of titration (Waser,
1967)), expressed as the quotient ® = ng/na of the numbers of
mmoles: ng = C-V of Band ny = Cy-Vy of A, i.e.,

c.v

¢ = 9
Co Vo (9]

The @ versus pH relationships, ® = ®(pH), refer only to
acid-base systems with only one analyte A in D and only one
reagent B in T. In a more general case of acid-base systems,
the V = V(pH) functions are considered. Another formulation
of equations for titration curves, such as the one presented in
Campbell and Meites (1974), is not necessary and leads to am-
biguities.

The ® parameter (Equation [9]) plays a central role in the
generalized equivalence mass (GEM) concept (Michatowski et
al., 2010a).

Note that ®, the molar ratio of reagents can take any positive
value, ® > 0, and monotonically increases upon addition of
titrant (Vershinin and Kukin, 2004; Vershinin, 2003; Gonzalez et
al., 1990). The degree of completeness or extent of reaction (i.e.,
the fraction HL converted in L™ in the case of a monoprotic acid)
depends on the equilibrium constant and varies in the process of
titration depending on ® (Vershinin and Kukin, 2004; Vershinin,
2003; Gonzalez et al., 1990).

In acid-base systems, with mono- and polyprotic acids H,L
involved, it is convenient to use the formation function, termed
also Bjerrum’s function, 71; see e.g., Beck (1970), Birnbaum
and Walker (1987), Golonanov (2006), and Dimitrov and Ka-
menski 1997). When referring to acid-base systems, it ex-
presses the mean number of protons attached to the basic form
L™ (Michalowski, 1981; Michatowski and Parczewski, 1978;
Michatowski et al., 2010a; Asuero, 1992b, 1993) and depends
immediately on pH value, 1 = ii(pH), i.e.,

S ?:1 i- [HiL+i—n] _ ;]:11- . IOIOgKiH_i'pH [10]
S THLIT s g
—o [ H, i
where K/ is as in Equation [2], and K}' = 1. The relative

contents of the species H; L™ =" is expressed by the mole fraction
(Asuero et al., 1986a, 2007; Asuero, 1993; de Levie, 1999b):

[H;L]

= — 11
S (AL i

fi
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In particular, at j = 0, we have

1
= — 12
fO ;1:0 KiH . [H+]’ [ ]
i.e.,
fi=K"-[HT - fo [13]

From Equations [10] and [11] we get

q
=3 i
i=0

Applying the notations:

i-f;

1

[14]

q

i

yi=K"-[HY, yu=K{-[H'T, yo=yu=1 [15]
where k = 1,... P refers to acid-base system of k-th kind, we
get:

dyi . dyik .
HY]-——=i-y, [H']- =iy 16
(1 o = oo T oo =iy [16]

Gk

q
fi=)’i/Z)’j’ fik=)’ik/Zij [17]
=0
4

=0
k
iy = E i fik
i—0

Equation [13], in its logarithmic form, log f; = logK” —
i - pH + log fy, is applicable for construction of loga-
rithmic speciation diagrams (Wénninen, 1980; Johansson,
1973.

In all equations for acid-base systems considered in this ar-
ticle, the ubiquitous symbol

[18]

a=[H]—[OH]=10"PH — 1oPH—PKu [19]

originating from charge balance and termed proton excess (de
Levie, 2001b; Ricci, 1952) is used.

FORMULATION OF EQUATIONS FOR ACID-BASE
TITRATION CURVES

Acid-base titration curves are formulated on the basis of
charge and concentration balances. This principle can be illus-
trated by the following examples.

Simple Acid-Base Systems: Examples
Titration of Vo mL of Cy mol/L HB with V mL of C mol/L MOH

From charge and concentration balances (de Levie, 1997a;
Harris, 2010):

M =B =0, [B]=—" =Y
o — =0, = s —
Vo+V Vo+V
we have
C —
Ve, ¢ [20]
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Titration of Vo mL of Cy mol/L MOH with V mL of C mol/L HB
From charge and concentration balances:

, CoVo B Ccv
MT1—-[B]1=0, [M']= , [BT 1=
a+[MT]—-[B7] [M™] VetV [B™] VeV

we have
C
Vv, ot [21]
C—-u«o

Titration of Vo mL of Cy mol/L H, L with V mL of C mol/L MOH
From (Olin and Wallen, 1978; Hesse and Olin, 1977):

q
o+ M1+ (i —n)HLT™"] =0,

i=0

q
S H L =
i=0 l o+ V-

(M*] = (22]

Vo+V

we have

q q
o+ MY+ i [HLT " —n- Y [HLY™ =0 [23]
i=0 i=0
Applying Equations [10] and [19] in [23] and rearranging the
terms, we have
n—n)-Co—a
C+a

In particular, for titration of HL (q = n = 1) with MOH we
have

V=W [24]

o (—=i)-Ci—a
V=V —c [25]
where
. K- [H"] [H*]
n = f] = 170 = )
1+ K- [H*] K +[H"]
ki =17k, = 10
[HH][L~]

See Equations [1], [3], [10], and [11].

Titration of Vo mL of Co mol/L M H,_xL with V mL of C mol/L
MOH

From:

q
o+ M+ G —n) - [HLT"] =0,
i=0

q
Z[HiL+i—n] —
i=0

and Equation [10], we have
m—k—n)-Cy—a
CH+a

CoVo

_k'COVO-i-CV
Vo+V’ -

(M+]
Vo+V

V=V [26]
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Titration of Vo mL of Co mol/L M H,_xL with V mL of C mol/L
HB
From:

q
a+ M1+ (i —n)- [HLY ™ - [B7]=0,
i=0

q

D HL = %

k-CoVo

Vo+V

and Equation [10] we have

_ m+k—n)-Co+a
C—u«

cv

(MF] =
Vo+V

. [B7]=

V=W [27]

Titration of Vo mL of Co mol/L HyxLBy with V. mL of C mol/L
MOH
From:

q
a+ M+ G —n) - [HLT™—[B7]=0,
i=0
q
: CoVi
LT =
= Vo+V
cv
Vo+V

[B7]= %

and Equation [10] we have

m+k—n)-Co—«a
C+a

In particular, for k = q — n, i.e.,, n + k = q, from Equation
[28] we get

(M*] =

V=V, [28]

—7)-Cp—
vy, 4= C-a [29]
CH+a
For k = n, from Equation [27] we have
i C
V=V n-Cota [30]
C—u«

For ease of computation, it is sometimes advisable to rewrite
the related equation for titration curve into the form Vo4V
= ¢(pH). For example, Equations [20], [24], and [25] can be
written as follows:

Co+C

Vi V=V- 20

o+ T a [20a]
n—n)-Co+C

Vot V=V =0T ™ 24

o+ 0 Cro [24a]
(1—7)-Co+C

Vi V=V  —M 25

o+ 0 Cro [25a]

This enables simplifying some derivation procedures, e.g.,
ones involved with differentiation The value 1 — 7 in Equation
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[25a] is also called the deprotonation number (Albert and Ser-
jeant, 1984). In general, the degree of deprotonation (Egneus,
1968; Kankare, 1973) is the factor that multiplies the initial con-
centration C in the numerator of Equations [24], [26], and [27].
On rearrangement of these expressions we may obtain the value
of 71 as a function of the rest of the parameters, which may be
determined by evaluating the hydrogen ion concentration from
electromotive force measurements. We may calculate the value
of dissociation constants (Meloun et al., 1988; Asuero, 1990;
Ramis Ramos and Garcia Alvarez-Coque, 1989; Czerminski et
al., 1990; Lambert and Dalga, 1990) from the pairs of data 7z, pH
for diprotic or triprotic acids by using the least squares method
(Asuero, 1992b; Asuero and Bueno, 2011; Sayago et al., 2004;
Sayago and Asuero, 2004; Asuero et al., 2006; Asuero and Gon-
zalez, 2007) or by nonlinear least squares (Qiang and Adams,
2004; Meloun et al., 1988; Lambert and Dalga, 1990).

All the relationships derived in this section can also be pre-
sented in terms of the fraction titrated ® (Equation [9]); see
Table 4, where some other D+T systems are also included, and
further formation functions:

- P i [HLTT P i 10lekl—ipH [31]
Z’P:O [HL™™"] Zipzo 10l Kei—i-pH
NH; 10%e K{i—pH
& e [32]

T INH1+[NHs]  100eki—rH 4|

TABLE 4
Expressions for & with A and B, related to some D+T
acid-base systems; M™ = Nat, K™; B~ =Cl,NO; ; k =
0,...,n(No. 14, 6-11),k =0,...,g-n (No.5); 1=0,...,m,
[H*] = 107PH (Michalowski, 1981).

1 Hal MOH € Co—e
Cy CHa
¢ Cota
2 MOH HB ~
C -«
Cp n—k—n)-Cp—a
3 Man—kL MOH —.
%O . C+ aC
4 MiHn«L HB C (@itk—n -C+ta
C C—a«a
¢ +k-7)Co—a
5  HpLBg MOH _.
%) X ta c
6 (NHy)H, L MOH C —k-an—n)-Co—a
%0 _— C+Ha c
7 (NHs)H,—«L HB - . (M+k-in—n)-Co+a
%Q _ k C E o
§ MH,_L MH,_ L o OFkonCte
%0 (m—1 ; m)C —Ca
9 MH,L (NHy)H,,., £ — - (1 + __ n) _ 0+ o
10 (NHg)H,—«L. M/H,; L C itk -nn - n)-Co+a
%0 _(mk— 1 — m).cc_a
11 (NHg)Hy oL (NHayHy o B @A+k-in—n)-Cota
0

m—-I1-an—m)-C—«a
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are applied, where:

(L") = K[ - [HTTIL™™ (= 0,...,7)
[NH, 1 = K. [HT][N H;](log K%, = 9.35);
Kiy=1M"=K" Na*

Inspection of Table 4 reveals some regularities. For example,
the numerator in the related fraction is related to D, and the
denominator to T. All the fractions can be presented in compact,
generalized forms:

RA-C()—OI _C RA-C()—O[

V=V, 22 " sp=— .22 =
RB'C+Ol C() RB'C+OI

[33]
where Rp and Rp are involved with A in D and B in T,
respectively. Among other regularities, one can notice that
(n — kiny —n)Cy —a = —((1 + kny — n)Cy + «), when HB
is substituted for MOH as T (no. 6 and no. 7 in Table 4). This
enables avoiding extensive formulation, exemplified by Zaher
and Vanrolleghem (2006).

The method as devised here is more general and complete
than the previous expressions (de Levie, 1996a, b, 1999c; Rosset
et al., 1979, 1991; Desbarres and Bauer, 1975; Johansson and
Johansson, 1979; Knudson and Nimrod, 1997; Billes and Toth,
1986; Moisio and Heikonen, 1996a; Glaiser, 1999) reported. It
should be noticed that the formulation of an equation for a titra-
tion curve on the basis of charge and concentration balances for
acid-base systems is more natural/convenient/straightforward
than an approach based on application of proton balance (de
Levie, 2001a; Macca, 1997) instead of charge balance, practiced
by votaries of stoichiometry and inferences based on (Asuero
et al., In preparation) a chemical reaction notation.

In this context we may mention that in 1966 Fleck (Fleck,
1966) derived an equation for dibasic acid in which the volume
of titrant can be calculated as a function of hydrogen ion con-
centration. Since then, the inverse approach, i.e., the expression
of titration curves in the form V = V(pH), has been advocated
by a number of authors (Waser, 1967; Nowogrocki et al., 1976;
Still and Sara, 1977, Stairs, 1978; Ramette, 1981; Willis, 1981),
in a pioneering way.

Effect of CO, in NaOH on the Plots of Acid-Base Titration
Curves

Some authors have studied the influence of CO, in the acid-
base titration curves (Macca, 1986; Wozniak and Nowogrocki,
1981; Michalowski, 1988b). Let us assume a D+T system com-
posed of Vo mL of Cy mol/L analyte A as D and V mL of T
with NaOH (C mol/L) + CO, (C; mol/L), i.e., NaOH is partially
transformed into carbonate. The titration curve can be presented
by the relation

C RA . C() —

d=—.
Co C—Q2—m)-C+a

[34]
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FIG. 1. The pH vs. ® relationships plotted at Cy = 0.01 mol/L
HL (logK§I = 4.65), C = 0.1 mol/L and C; [mol/L]: (a) O;
(b) 0.001; (c) 0.002; (d) 0.003; (e) 0.004; (f) 0.005.

(compare with Equation [33]), where

20H,L1+[HL™]  2[H'P+K|[H"]
[HbL1+ [HL 1+ [L2] [HYP+K\[H']+ K\ K>
2. 10]6.4—2pH + 10]O.l—pH
= 10164-2pH 1 10101-pH 1 |

m =

(35]

and, in particular, R4 = 1 — 7 for acetic acid (A = HL, ¢ =
1), and R4 = 3 — 7 for A = H3PO4 (¢ = n = 3);
i is expressed by Equation [10]. As results from Fig. 1, for
A = HL (acetic acid, logK!! =4.65), Ry = 1—ii (g =n = 1),
the titration curves related to different C; values scatter distinctly
at the vicinity of the main inflection point. The growth in error
of the analysis is nearly proportional to C; value. The NaOH
solution contaminated with CO, acts as pure NaOH up to a pH
of approximately 4. For phosphoric acid, the effect of C; value is
relatively small at the vicinity of ® = 1 (Fig. 2a) and great at the
vicinity of ® = 2 (Fig. 2b). One should note that the so-named
carbonate-free commercial ampoules with NaOH contain 0.5—
1.5% carbonate (Martell and Motekaitis, 1992; Vesala, 1992).

n —

Complex Acid-Base Systems

One can also refer to a more general case, where Vj
mL of a solution containing a mixture of acid-base sys-
tems: K, Hy—m Ly (Cor, k = 1,...,p; my = 0,...,m;) +
Hmk+nkL(k)Bmk Cou,k=p+1,...,P;m =0, ..., q—yp)+
HB (C,) + MOH (C,) is titrated with V mL of C mol/L solution
of M,,H,—, L. (C). From the balances:

o+ [KT]+[MT]—[B7]

P 4k
+ Y > G —n)[H LG ™

k=1 i=0

A. G. ASUERO AND T. MICHALOWSKI

q
+ > G —m[HLTT] =0

i=0
14
[K*1=> my-Co- Vo/(Vo+V)
k=1
P
[B71= ) my-Coc-Vo/(Vo+V)
k=p+1

+CoVo/(Vo+ V)
MTl=m-C-V/(Vo+ V)+Cp- Vo/(Vo+ V)
a+[Kt1+[MT]—[B7]

P qi
+ YD G = nolH L™

k=1 i=0
q .
+ ) =mHLT" =0
i=0
and the formation functions:
o Xli-lHiLg ™
= +i—n;

Z}iio [H;Ly ']

after further transformations similar to ones specified above, we
get the relation

(36]

X+Y+A
V=V, Atr+A+a [37]
Z—«a
where « (Equation [19]), and:
A=Cy,—C, [38]
p
X =Y (i +mi —ne)- Cos
k=1
P
Y= )" (e —me—ne)- Cois
k=p+1
Z=m—-m—n)-C [39]

See Equation [33]. Acid-base systems of similar complexity
were considered recently in context with the isohydricity prop-
erty (Michatowski et al., 2010c), where, for example, the titra-
tion of an acid by another acid was suggested and applied to
practical purposes.

The formulation presented above is far more straightforward
and more general than those presented elsewhere (de Levie,
19964, b; Billes and Toth, 1986; Nowogrocki et al., 1976; Woz-
niak, 1977; Rojas-Hernandez and Ramirez-Silva, 2002).

Composition of acid-base systems considered above can be
completed by hydroxo-complexes Meg) (O H);™ " formed by
some metal ions, M e(+k§‘k (k = 1,...,U). In latter parts of this
article, for simplicity of notation, we apply the simplifying as-
sumptions that (1) no soluble complexes are formed between
M e(J,C')” and L(j)“' species or they can be omitted in considera-
tions, and (2) no insoluble forms (precipitates), e.g., hydroxides,
enter the system considered (the system is a homogeneous one).
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FIG. 2. The pH vs. ® relationships plotted at Cy = 0.01 mol/L H3;POy4 (logKiH =12.3,19.5,21.6), C =0.1 mol/L and C; [mol/L]:

(a) 0; (b) 0.001; (c) 0.002; (d) 0.003; (e) 0.004; (f) 0.005.

The  composition of  soluble  hydroxo-complexes
Megy(OH) ™" can be expressed with use of the formation
function

_ Yityi - [Mew(OH) ™™
Yo [Mew(OH) ]

ny

[40]

Simms Constants

The expressions for g — 7ix (k = i, j) can be rewritten in
terms of Simms constants (Simms, 1926a, b; Muralt, 1930;
Klas, 1968, 1975; Johansson and Johnsson, 1979) g; or hybrid
Simms constants (Fishtik and Povar, 2006; Michatowski, 1992;
Michatowski and Gibas, 1994)g,7:

Gk
a— =y ((H™/gw + 1)

i=l1

qk
=Y (/g + D7 411
i=1

where

g =V &i [42]

and h is activity and y is activity coefficient of hydrogen ions.
The Simms constants are interrelated with successive dissocia-
tion constants K; (i = 1... . ,q) of the acid considered

K; = [H"][Hq_ LT "] /[HL*9],

K, = [H[L™"]/[HL*' "]
(See Equation [1]). For an acid H,L forming the species H,Lt—"
1=0,...,q), we get (Michalowski, 1992; Johansson, 1979;

King, 1965; Edall and Wyman, 1958; Klotz, 1953; Cohn and
Edsall, 1943) a series of interrelations:

q-2 q—1 ¢
Kl-Kz-K3:ZZ Z 8i - 8j - 8k

i=1 j=i+1k=j+1
K]'Kz-...-Kq=g1~g2-...-gq [43]

Another approach for derivation of the formulas was applied
by Kankare (1975).

The 71, (Equation [40]) can be expressed in terms of Simms
constants too. For this purpose, we apply the equilibrium con-
stants K/, (i = 1,..., ry) related to reactions

Meuy(OH)™ ™ L HyO = Megy(OH)[™ ' + HT,
. [Mew(OH) ™ [H*]

i U —i [4’4]
T [Meg(0H)TT
Then we have, by turns:
. ! [Mej)"]
[Mea(OH)" 1 =T ki, ﬁ [45]
=1
7, = Yo [H T Ky [46]

Y H - [Ty K,
where K, = 1. Equation [46] has salient similarities with the
expression for g, — i1, (Equation [41]) for a polyprotic acid.
Then one can write:

Tk

=3 (1 + h/gj'k)_l

i=1

[47]

In Table 5 are compiled references to the main chemical and
biochemical articles published dealing with the Simms constants
topic.

SOME PROPERTIES OF ACID-BASE TITRATION CURVES
Inflection Point(s)

The relationship V = V(pH) is a strictly monotonic (in-
creasing or decreasing) function, i.e., its derivative, dV/dpH,
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TABLE 5
Articles dealing with Simms titration constants

Content

Reference

It is possible to describe a binding isotherm in terms of an affinity statistical distribution of y independent
(noninteracting) sites, which may be equally described in terms of y-step addition of ligands to the
y-dentate center, and vice versa.

Titration data corresponding to metal ions in methanol may analyzed by simpler methods following
Simms titration constants, which are obtained as half-neutralization points determined as if the
solution contained monovalent, noninteracting acids.

Complex acid-base systems can be easily simplified and generalized, provided that the idea of Simms
constants is applied, taking EDTA as an example.

The pK spectrum of a hydrated aluminium oxide sol corresponds to the presence of acid-base groups of
four main types on the surface of the sol particles, within the framework that a polybasic acid is
equivalent to a corresponding number of monobasic acids.

Every total titration curve of a polyprotic acid with N sites can be described as sum of noninteracting,
so-called quasities. The titration curves of the individual sites are just a linear combination of the
titration curve of these quasities (decoupled sites representation).

The Ising model not only can be used to derive systematically several known expressions for pK values
of polyprotic molecules but also leads to new analytical results without interactions between acid-base
groups.

Regression equations of the type (Vy + V)~! ¢(h) based on the Simms titration constants are described,
adaptable for determination of parameters (concentration, equilibrium constant, pH) in various
systems, by means of the computer program MINUIT.

The pH dependence of any property is the sum of one-site curves with the titration constants. In
particular, each group of a multivalent molecule titrates as if a fraction of it had each of the
dissociation constants of the molecule.

The relationships between dissociation constants and Simms constants.

The macroscopic constants for association (K,; and K,,) of a mixture of independent macromolecular
binding sites truly independent (with the number of sides equal to 1) are related to the titration
constants (G; and G,) regardless of whether the sites are independent.

A model is applied based on the simplification assumption that fulvic acid can be treated as if it contains
a limited number of monoprotic acids.

The acidic group of humic substances may be treated as a mixture of monoprotic acids, even though
more complex acids are undoubtedly present. The neglect of the polyprotic character of some of the
acids of aquatic humus should not be of any consequence.

The polyprotic acids of seawater (carbonic acid, phosphoric acid, and sulfuric acid) are treated as a
mixture of monoprotic acids, but with different equilibrium constants, i.e., titration constants, in order
for the determination of the alkalinity and total carbonate in seawater.

The problem of considering the ionization of diprotic acids as two independently ionizing monoprotic
acids is solved with techniques of probability.

A computer program designed to analyze titration data for an unknown solution functions autonomously
and yields pK values and concentrations, as well as their limits of error, reporting improvements in the
earlier method (Gordon, 1979) of the same author.

The four microscopic ionization constants for glutathione with the corresponding constants for cysteine,
2-mercaptoethylamine, and cis-2-mercaptocyclobuthylamine have been determined by using the
potentiometric difference titration method.

Chemical parameters are determined by curve fitting from titration data for an unknown solution, the
method depending on an additive form of the titration function based on Simms, also considered the
limits of resolution.

Kholin and Zaitsev,
2008; Lucho et
al., 2007

Gibson et al., 2003,
2006

Michalowski et al.,
2005b

Ryazanov and
Dudkin, 2004

Ullmann, 2003

Borkove and Koper,
1994

Michalowski and
Gibas, 1994;
Michalowski,
1992

Dixon et al., 1991,
1994

Dixon, 1973, 1974,
1975, 1988;
Dixon et al., 1987

Shibuya et al., 1986

Paxéus and
Wedborg, 1985
Purdue et al., 1984

Johansson et al.,
1983; Dickson,
1981

Reinhardt, 1983

Gordon, 1982

Lewis et al., 1980

Gordon, 1979

(Continued on next page)
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TABLE 5
Articles dealing with Simms titration constants (Continued)
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Content

Reference

The conditions to be fulfilled by regarding complexes of the type A,B as no complexes of the type AB
are discussed in detail, in order to give correct results.

It is simpler to treat a diprotic acid with dissociation constants K; and K, as a mixture of two
monoprotic acids with dissociation constants G; and G.

If pG; and pG; (Simms titration constants) are called pK* = log p, then pK, and pK; (molecular
dissociation constants) are given by pK* =+ log (p+1/p).

In the simple case where the sites have fixed (although different) affinities, the moles of bound ligand
per mole of total protein may be expressed as additives in terms of Simms constants, the site
approach providing direct information about the miscroscopic aspects of binding.

The ionization behavior of groups at the active site of papain was determined from the pH dependence
of the difference in proton content of papin and the methylthiol derivative of the thiol group at the
active site of papain.

The titration curve of a polyfunctional acid is identical with that of an equimolecular mixture of
monofunctional acids if and only if the protonation polynomial has real zeros. A method for
determining the functionality of an acid is outlined.

An accurate and relatively simple mathematical method for the determination of the stability constants
of complexes by means of the average ligand number by using the Simms concept of the
dissociation of polyvalent acids is given.

Values of pK; and pKj for fulvic acid are determined using the Simms method for polyelectrolytes at
25°Cand u = 0.1.

A theoretical analysis of the stepwise equilibrium model for macromolecule-ligand interactions is
presented, examining its mathematical equivalence with the model of Scatchard and obtaining
accurate estimates of the equilibrium constants by using a computer algorithm.

It is possible to obtain a relatively simple and general solution of the weak polyvalent acid problem if
the concept of Simms is utilized.

Titration constants of arginosuccinic acid and related compounds are given.

The general equations of Simms may be obtained in a purely mathematical transformation of the
classical dissociation equations given by the mass law, without any assumption.

The titration data of a complex or impure substance may be interpreted by a graphical method in
which the titration curve is compared with a curve having known titration constants. Three
hypothetical examples are discussed in detail.

The titration constants of 2,5-anhydro sugar acids have been determined in connection with other
work dealing with the problem of the influence of ionization on optical rotation.

The relationship between the dissociation, the intrinsic, and the titration constants, respectively, of any
acid, base, or ampholyte system is given.

The electrometric titration data of any polyvalent acid, base, or ampholyte (whether symmetrical or
not) may be calculated as if it were an equivalent mixture of monoprotic acids.

Johannson, 1978, 1979
Johansson and
Johansson, 1978;
Pehrsson et al., 1976
Dixon, 1979

Kloz and Hunston,
1975, 1979

Lewis et al., 1976

Kankare, 1975

Klas, 1975

Gamble, 1970

Fletcher et al., 1970

Klas, 1968

Ratner et al., 1953
Muralt, 1930

Simms and Levene,
1927

Levene and Bass, 1927
Simms, 1926b

Simms, 1926a

is positive or negative. Note that V = V(pH) is the inverse
function against pH = pH(V), where V is the independent
and pH the dependent variable, in the case of experimental

and then, by turns:

titration. One can define the slope (1) of the titration curve d’pH — _ 1 ) a’v
pH = pH(V) dv? (dV/dpH)* dpH?
dv\® d*pH _ d*V
S [48] (_) v z =0 o
dv ~ dV/dpH pH) —dV® —dpH
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At the inflection (inf) point(s) on the curve pH = pH(V), we
have

Cpi [50]
av?
Then from Equations [49] and [50], at dV/dpH # 0 we get
a’v
—— =0 51
dpH? [51]

i.e., the equalities [50] and [51] for inflection point(s) can be
considered equivalently. This property is important in the light
of the fact that functions of the type V = V(pH) can be easily
formulated, as well as in more complex systems.

As was stated previously (Michalowski, 1981), the prop-
erty dV/dpH # 0O applies to all acid-base titrations made in
aqueous media, but not to acid-base titrations made in some
binary-solvent media (Pilarski et al., 2010; Michalowski et al.,
2010b) or in redox systems (Michatowski and Lesiak, 1994;
Michatowski et al., 1996, 2005c). Applying the relationships:

dv dv  d[H*] Lav
Y= pH T atae apm - OO
[52]
A’V d (dv\ _dy _ dy d[H"]
dpH? ~ dpH <de> T dpH  d[H'] dpH
s e d Ldv
= (n10)" - [H ]'M([H ]'d[H+]> [53]

we getdV /d[HT]+[HT]-d*V/d[H*])*> = 0 or its equivalent
forms:

4>V
+7 . 12 _
L G T G =0
o Ao+ V) +2.d2(V0+V)_
o () S T S = 0154)

We refer to inflection points on the curve V = V(pH), repre-
sented by Equation [24a], rewritten into the form

Vo+V = 5 [55]
‘T T
where:
P=Vy-(n—n)-Co+C), 0=CHa
Then we get:
dVo+V) 1 dP P dQ (561
d[H*] ~— Q d[H*] Q® d[H"]
d*(Vo+V) 2P do 2_ 2 doQ dp
diH*? — 03 \d[H*]) Q% d[H*] d[H"]
1 d’p P d*Q
¢ amr @ anp P
where
P di g Ky
a1~ Y g amn - e PV
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’pP oV d’i Q0 2Ky [50]
d[H ]2 = %0 O'd[H-s-]z’ d[H+T? __[H+]3

dn 1 ., o

dlHY ~ [HT ;’ i

1 1 )
= 57 -iéo(z—n fifj [60]

d’n 1
d[H+]? - [H+]?

q q
(42 R —@at1) Y i ity i fi)
i=0 i=0
[61]

(Compare with [51].) For a strong monoprotic acid, HB (n =
1,q=0), we get: i =0, dii/d[HT] = d*ii/d[H*]*> =0,P =
Vo-(Co+C), dP/d[H*] = d*P/d[H*]?> = 0, and then, by turns:

dVo+V) P

[H*]- QT —@([Hﬂ +[0H™))
d*(Vo+V) 2P 2P
[H]*- % = &([H+]+[0H—])2+@ -[OH™]

((H*1—=[OH™1’+C-(H"]1-[OH])

—2-(H'1+[0H 1)*=0 [62]

(See [47].) For a weak monoprotic acid, HL (g =n = 1) (see
Equations [25] and [25a]), we get:

= fi,di/dlH = (fi — fH/IH'],
d*n/d[H) = =2f7(1 — f1),
P =Vy((1 - fi)Co+ O),
dP/d[H] = —CoVy- fi(1 — f1)/[H'],
d*P/d[H) = 2CoVo fE(1 — f)/IH,
and then (Michatowski, 1981)
(HN-[OH 1?+C-(H-[0H )=2-(H"+[0H 1)
CoVo
T VotV
+2-((H'1+[0OH™])
Co-(C+[HT)—[OH™])
T G-(-m+C
~[OH 1+2-((H 1+ [0H"])

i-(1-n)-(C+[H"]—[OH"]

i-(1—n) - (C+[H]
[63]

At7ii =0, 1i.e., for HL = HB, the right-hand side of Equation [63]
equals zero; see Equation [62]. On the basis of Equation [62]
or [63] one can find [H"]iye. Putting it in the related function,
[20] or [25], one obtains Vj,;. This way, we get the coordinates
(Vint, pHine) for the inflection point.

Relationship between Equivalence and Inflection Points
The main task of titration is the estimation of the equivalence
volume, Vg, corresponding to the volume V = V4 of T, where
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the fraction titrated value
C.V
Deq = “
Co- Vo
is the ratio of small natural numbers; e.g., ®eq = 1 (= 1/1) for

titration in a D+T system with A = HCl, B = NaOH, where
CVeq = CoVo. Putting this relation in Equation [20], we get:
n _ Veg =V
a=[H"|—[OH ]=C -x, where x = ————
Vo+V
Then from Equations [5], [62], and [65] we get (Michatowski,
1981; Michatowski and Stepak, 1985), by turns
((HY1+[0OH])> =C* - x* +4Ky
x?—x +8Ky/C*=0

1 2Ky \'?
1= (1= 2K
2 C?

[64]

[65]

X = Xinf = =

8Kw  (8Kw\’
=7+<7> o (6]
V0+Veq
V = in‘zve — Ainf *
' a7 it 1 + Xinf
Co/C +1
=Veq_xinf‘V0‘Txinf [67]

where Vi is the volume at the inflection point.

The number of articles published dealing with the mathemat-
ical treatment of titration curve to locate its inflexion points is
scarce (Fournaise and Petitfaux, 1987; Hamann, 1970). A de-
tailed study was carried out in the monoprotic acid case (Meites
and Goldman, 1964).

Location of Inflection Points

The inflection points on the titration curves can be perceived
in context with location of equivalence points, particularly ones
for titration of mixtures of acid-base systems. As an example,
let us take the titration of Vo = 10 mL of the system with Na,S
(C1)+ Na,CO;3 (Cy)+ NaOH (C3) as D, titrated with V mL of
C = 0.1 mol/L HC1 as T. The titration curve has the form

n-Ci+m-Cr+Cs+a
C—u

Setting pK;; = 7.0. pKj; = 13.0 for H,S and pK;, = 6.3.
pKa, = 10.1 for H,COs, pKy = 14.0, for water we get

V=W [68]

2. 1020.072pH + 1013.07pH

10200-2pH 4 1013.0-pH 4 1’

2. 101644—2[7H 101()A1—pH
M2 = Tol6a—2pH +1017 H [69b]
10164=2pH 4 10101-pH 4 |

[69a]

ny =

The plots of pH versus V and ApH/AV = (pHj; -
pH;)/(Vj;.1=V;) versus (Vj+V;,;1)/2 relationships are presented
in Fig. 3(al) and (bl). The simpler systems obtained on this
basis are presented by the sets (a2), (b2) to (a7), (b7) in Fig. 3.
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BUFFERING ACTION AND BUFFER CAPACITY
Introductory Remarks

The ability of a solution to resist attempts to change its pH
is called buffer capacity (Guenther, 1975, 1991; Hulanicki and
Glab, 2005; Rilbe, 1996; Beynon and Easterby, 2002; Galster,
1991; Morel et al., 1976; Stigliani, 1996), also called the buffer
index. It is usually expressed as the change in concentration of
a strong base added, required for unit change (ApH = 1) in pH
of a solution.

The effectiveness of the buffering action of a solution at a
given pH value is governed mainly by its buffer index (Asuero,
1996, 2007; Curtright, 2004; Dennison, 1988), defined primarily
by Van Slyke (1922) and denoted by S. For the origin of the
concept, which has physiological roots, see Roos and Boron
(1980). Physiological buffers have great importance (Akin et
al., 2008; Schmitt, 2005b; Rees et al., 1996; Fencl and Leith,
1993). Standardization of pH meter assembly and control of
acidity in the region close to the physiological range, 7.3 to 8.3,
are important in clinical diagnosis (Good and Izawa, 1972; Roy
et al., 2009, 2010; Ferguson et al., 1980; Taha, 2005; Jungas,
2006; Blanchard, 1984).

The buffer capacity concept refers usually to electrolytic
systems, where only one proton/acceptor pair exists (Asuero,
1992a). For the integral capacity of buffers see Dai (1984). Sev-
eral authors have dealt with the topic of polybasic acid buffer
capacity (Van Slyke, 1922; Hesse and Olin, 1977; King and
Kester, 1990; Ranaghan, n.d.; Moya-Hernandez et al., 2002; Fri-
son and Calatroni, 2005; Freiser, 1970; Bugaevski and Dunai,
1971; Bugaevski, 1969; Mukhina et al., 1970). The buffer ac-
tion of heteogeneous systems (Fishtik and Povar, 2006; Pfendt,
1995; Povar, 1996, 2000; Janjic and Milosavljevic, 1978; Jan-
jic et al., 1979) are beyond the scope of this article. A general
formula for g was provided by Hesse and Olin (1977) for the
system containing n-protic weak acid H,L (q = n) together
with strong acid HB and strong base MOH as the modifying
components; it was an extension of the -concept given in But-
ler and Cogley (1999) and Butler (1964). The 8-concept refers
to the “static” case, i.e., it is based on an assumption that total
concentration of a buffering species remains unchanged. The di-
luting effects resulting from addition of an acid or base to such
a system was considered in the Michatowski and Parczewski
(1978), where, moreover, finite changes (ApH) in pH value, af-
fected by addition of a strong acid or base, were closely related
to the formulas for acid-base titration curves. The ApH val-
ues, called “windows” (Moisio and Heikonen, 1996b; de Levie
et al., 1998), were considered later for a mixture of monopro-
tic acids titrated with MOH. It does not mean, however, that
the related concepts of the buffer capacity, e.g., Moisio and
Heikonen (1996b), were formulated and interpreted correctly.
This is also important in the light of monitoring of buffering
action of natural waters in automatic systems (Zaher and Van-
rolleghem, 2005; Van de Steene et al., 2002; Van Vooren et al.,
2001).
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FIG. 3. The (a) pH vs. V, (b) ApH/AV vs. (Vj+Vj;1)/2 relationships plotted, at pH;, —pH; = 0.02, for the system described by
Equations [68] and [69] at concentrations [mol/L]: C; = C, = C3 = 0.01 (al, bl); C; =C3 =0.01,C; =0(a2,b2); C;, =C3 =
0.01,C, =0 (a3, b3); C; =C, =0.01, C3 =0 (a4, b4); C; = 0.01, C, = C3 = 0 (a5, b5); C, = 0.01, C; = C3 =0 (a6, b6);

C3 =0.01,Cy =C, =0 (a7, b7). (Continued)
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From a graphical/visual viewpoint, the plot of § = B(pH)
function has some salient similarities with, for example, a
derivative UV-Vis spectrum (first derivative) and with chro-
matograms (chromatographic “spectrum’). Factually, for well-
resolved peaks related to 8 = B(pH) relationship, in the medium
part of the pH scale one can state linear dependence between
Bmax = PB(pK;) and concentration of the buffering species,
where pH = pK; refers to a local maximum (maximal buffer
capacity) on the pH scale. Some further similarities between
acid-base titration and UV-Vis analysis exist on the basis of
the linear algebra approach (Michalowski et al., 2005b; Ni,
1998).

The changes in buffer capacity can also be stated in the course
of pH titration, considered as a kind of “dynamic” process. Such
a case will also be considered in this article and the so-named
dynamic buffer capacity (8y ), involving the dilution effect, will
be introduced for this purpose.

Buffered solutions are commonly applied in classical and in-
strumental analyses (Table 6), e.g., in capillary electrophoresis
(CE) techniques (capillary zone electrophoresis, isotachophore-
sis). Recently, the importance of buffer capacity was raised
in the technique known as pH-static titration (Michalowski
et al., 2005b, 2007; Toporek et al., Submitted). The buffer ca-
pacity is also closely related to an error in acid-base titration
(Michatowski, 1989, 2001).

Basic Relationships and Notations

Let us take the following notations and basic relationships re-
ferring to the species introduced by substances M,, H,_, L (m =
0, e n), Kmankfka(k) (mk = O, ey NS k = 1, ey p), and
Hytm LayBm, (my =0,...,qx —ng; j =p+1,...,P)used
in following parts of this article:

Then we have, among others:

d

pe = [H*]-

P qk
ng ,
d[H+] :ZZ[H+] .
i=0

;. dfix
_: dIn[H+]

Gk 9k 2 . qk gk
i=0 2-j=0 (A l])yikyjk D .
= = (" —ij)- fix fix
oy yi)? ; ; :
qk
= > (=) fuk [70]
i>j=0
TABLE 6
Buffers in instrumental analysis
Method Reference
Liquid chromatography Subirats et al., 2010; Box et
al., 2003
LC and LC-MS Subirats et al., 2009
Capillary electrophoresis Fuguet et al., 2008
Chromatography and Bosh and Roses, 2007,
electrophoresis Gebahuer and Bocek, 2000

Gel electrophoresis
UV-visible and ultraviolet
spectrophotometry

Nuclear magnetic resonance
spectroscopy (NMR)
Ion selective electrodes

Polarography

Electrophoresis

Liu et al., 1999

Tam, 1999; Albert and
Serjeant, 1984; Perrin,
1963; Davies, 1959

Freund and Kalbitzar, 1995

Thomas, 1990; Dorazio,
1987; Trojanowicz, 1979

Jordan, 1980; Elving et al.,
1956

Miller and Golder, 1950
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The latter equality in [70] results from the sequence of trans-
formations:
a g 9

SN GE i fafu= D0 D G2 i) fufi
j=0 i=0 i=0 j=0
qk 4k qk 4k
= D3GR fafa DD @ =i ffi
j=0 i=0 i=0 j=0
1 qk 4k
=5 SN G =i+ = i) fif
j=0 i=0
1 qk 4k
=5 [ 22— fid
j=0 i=0
qk
= Y =7 fukk [71]
i>j=0

valid for (finite) sums covering the same set of indices. More-
over, we have

dn I )
P = ThiH] MZZOQ DSt 721
From the relationship
dy dy
—— =—-In10- ——— 73
dpH B miE 73]
valid for any function y = y(pH), we have, among others:
da/dpH = —Bu.on = —Inl0- ((H'1+[OH™])  [74]
for y = « (Equation [19]), where
Bu.on =nl0- ((H"]1+[OH™]) [75]
diiy
=—Inl0- 76
dpH n10- pg [76]
dn In10 [77]
= — In .
dpH p

Static Buffer Capacity (8)

For the system containing weak acid H,L (Cyp), strong acid,
HB (C,), and strong base, MOH (Cp), from charge and concen-
tration balances it follows that

A=—-a+Cy-(n—n) [78]

where 71 is defined in Equation [10], & in Equation [19], and A
in Equation [38].

The differential buffer capacity, | 8|, is expressed by the for-
mula (Butler and Cogley, 1999; Hesse and Olin, 1977):

dA

B=——=PBuon+pB"

= Y [79]

169

where:
B*=Inl0-Cy-p [80]

and p is expressed by Equation [72]. At C, = 0 we have A =
C, and Equation [79] is rewritten in the form

dc,
= 81
By dpH [81]
or, at G, = 0 (A = -C,), we have B, = — dC,/dpH. The

component Sy on (Equation [75]) in Equation [79], confusedly
called in Moisio and Heikonen (1996b) a “water correction,’
refers to buffering action (8) of the solution at Cy = 0, i.e., in
absence of weak acid(s), in the possible presence of HB or/and
MOH. A salt of MB type does not affect, in principle, the buffer
capacity—provided that the ionic strength negligibly affects the
pH and equilibrium constants values. Equation [79] applies also
to the systems where maximal number (q) of protons attached
to L™ is equal to n or different from n; e.g., n = 4 and q =
6 for versenic acid (EDTA). Equation [79] has been the basis
for a computer program (Tam, 1999), where the effects of ionic
strength and temperature (Perrin and Dempsey, 1979) on pK;
were also involved.

The B-concept (Equation [79]) can easily be extended to the
mixture of acid-base systems comprising K, Hy, —m, L) (Cok
mol/L, my = 0, ey, N k= 1, ey p) and an+ka(k)Bmk (COk
mol/L,my =0,....,qx —ni;k=p+1,..., P),C, mol/L HB
and C, mol/L MOH, considered as D in the section on complex

acid-base systems above. At V = 0 in Equation [37] we get
a+A+X+Y =0 [82]

where « in defined in Equation [19], A in Equation [35], and X
and Y in Equation [39]. We have

P P
dX+7Y) dny
= - Cok = — : 83
dpH kzz; dpH Ok kz:;ﬁk [83]
where
i3
Br=In10-Coc- Y (i =iV fui- fiy [84]
i>j=1
(See Equation [71].) From Equations [82] and [39] we get
A=—(a+X+Y) [85]
P P
X+Y == (q—m) Cou+ Y (q+m—n)- Co
k=1 k=1
P
+ ) (g —mi —m) - Cox [86]
k=p+1
and then
P
B=Buon+Y B [87]

k=1



170

Buffer capacity of universal buffer solutions (Table 7) may be
calculated by using expression [85]. A number of articles deal-
ing with the buffer capacity of more or less complex systems
(Celantano et al., 1988; Nguyen et al., 2009; Wooten, 2004,
2010; Dougherty et al., 2006; Persat et al., 2009a; Fishtik, 1998;
Opanasenko et al., 1978; Urbansky and Schock, 2000; Jung and
Hur, 2000; Lang and Meier, 2007; Ranaghan, n.d.; Zaher and
Vanrolleghem, 2005; Moya-Hernandez et al., 2002; Frison and
Calatroni, 2005; King, 2002; de Levie, 1996a, 1999c; Bugaevski
and Dunai, 1971; Mukhina et al., 1970; Tam, 1999; Okamoto
et al., 1997; Lambert, 1990) of theoretical or applied character
have been published.

The expression for 8 (Equation [87]) can also be written in
terms of Simms constants g;; involved in the relation [41] for
k = 1,... ,P. For this purpose, one should “extract” the terms
qx — 7 in Equation [86], applying the identities:

—(gx — 7ig) + (qx + my — ny) and

fix —my —ng = —(qx — ix) + (qe — my — nyg)

ng +myp —ng =
[38]
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obtained from expressions for X and Y (Equation [85]), and
write:

L3
1/ g
Bf=In10-[H']-Co - _ [89]
¢ ; ((H*]/gei + 17
is written in terms of Simms constants. For P = 1, g;; = g;,
Cox = Co, qx = q, Equation [89] reduces to
q
1/gi
B*=In10-[H*]-Cy- _— [90]
; ((H*1/gi + 12
For the system containing a mixture HL) (Cox, k =1, ..., P)
+ HB(C,)+ MOH (Cy)+ MB (Cy,5) we get the function
P
1/K
*=Inl0-[H]-Co+ Yy —r——— 91
P -G ) ik s O

k=1

where Ky refers to the reaction HLy) = Ht+ L. Equation
[91] (Moisio and Heikonen, 1996b) has formal similarities with
Equation [90].

TABLE 7
Universal buffer solutions

Content

Reference

Universal pH scale based on switterionic buffer compounds

Boric acid, citric acid, ethylenediamine, potassium dihydrogen orthophosphate, and

Wollen et al., 2007; Roy and
Roy, 2006
Tam, 1999

trishidroxymethylaminomethane (TRIS), an extension of Davies’s buffer (Davies, 1959)

for use in ultraviolet spectrophotometry

3-nitro-2,6-dimethylpyridine, 4-cyano-2,6-dimethylpyridine, 2,6-dimethylpyridine, and

4-methoxy-2,6-dimethylpyridine

Pentaehylene hexamine or tetramethylene pentamine; citric acid and imidazole
The mixture of alkylamine and phosphoric acid diluted with water (universal buffer system)

De Levie, 1996a

Celentano et al., 1988
Juergens, 1988

gives the possibility of carrying out separations with basic buffers on reversed phase

columns with a silica gel support.

Preparation of universal buffer mixtures, including polynuclear species
Potassium acetate, potassium dihydrogen phosphate, ethylendiammonium dichloride, and

borax

A Pridaux universal buffer kind is prepared by adding potassium chloride to get an ionic

strength of 0.3.

Preparation of a Britton and Robinson universal buffer of known ionic strength
Sodium carbonate, 2-amino-2-methyl propan-1:3-diol, sodium hydrogen orthophosphate,

and citric acid.

Replacement of the barbitone component of Britton and Robinson universal buffer mixture

by trishydroxymethylaminomethane

Universal Britton and Robinson mixture at constant ionic strength
Citric acid, phosphoric, acid and boric acid (Theorell and Steinhagen buffer)

Solid mixture using free diethyldithiobarbituric acid instead of the sodium salt employed by

Britton and Robinson

Citric acid, potassium dihydrogen phosphate, boric acid, and veronal

Phenylacetic acid, phosphoric acid, and boric acid
Acetic acid, phosphoric acid, and boric acid

Ramis Ramos et al., 1986
Avdeef and Bucher, 1978

Fernandez and Martin, 1977

Mongay and Cerda, 1974
Ellis, 1961

Davies, 1959

Frugoni, 1957

Ostling and Virtama, 1946;
Kiister, 1982

Johnson and Lindsey, 1939

Britton and Robinson, 1931a, b
Prideaux, 1917, 1924
Prideaux, 1916
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Dynamic Buffer Capacity and Sharpness Index

In the acid-base titration procedure, the concept of dynamic
buffer capacity By, involving the dilution effect in the D+T
system, has been introduced (Michalowski, 1981). Denoting by
c the current concentration of titrant T at any point of the titration
curve

cv
C = =
Vo+V

CcoC
D -
C+d.Cy

[92]

we get the expression for the dynamic buffer capacity |By|,
where

dc dc do Co-C?
Bv = =—". = .~ 93]
dpH d® dpH (C+®-Cp)? 1
and
dpH
= — 94
1D [94]

is the sharpness index on the titration curve (Michalowski, 1981;
Butler, 1964; Gonzalez et al., 1990; Smith, 1952; Svehla, 1978).
For comparative assessment purposes, the absolute values for
Bv (Equation [93]) and 1 (Equation [94]), i.e., | By | and |n|, are
considered.

Referring to Equation [37], one can calculate the current
concentration ¢ [mol/L] of M,,H,—,L in the D+T

cv
c= =C-|1
Vo+V

where the relations [39] are involved. Then we have:

Z—a
- [95]
X+Y+Z+A

(Z-a)/X+Y+Z+A)=1-¢c/C,1/(X+Y+Z+A)
=0 —-c/O/NZ =)
and the dynamic buffer capacity, By, results from the relations:

dc C—c dn da
C +——4+{A=c/C)

dpH ~ Z—a \ dpH ' dpH
dX+Y) . dn
dpH dpH
C—c da d(X+Y) dn
= A =41=c/O). .
Z—« (de+( c/€) dpH te de)
P
=~ 225 (Buon+e- F+1-d0)- Y Co - B
i H,OH - ok * Py
[96]
dc
= - 97
Bv dpH [97]

The relationship between By and n has been considered in
Michatowski et al. (2010a). Note that ¢/C = V/(Vy+V),ie., 1 -
c/C = Vo/(Vo+V); the c and Cy, Vo/(Vo+V) values in Equation
[97] refer to actual (i.e., defined point of titration) concentrations
of the related buffering components.
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Windowed Buffer Capacity (By)

The By value is the point assessment, By = (Bv),u, and
cannot be used in the case of finite pH changes (ApH) cor-
responding to addition of a finite volume of titrant (8y is a
nonlinear function of pH). For more practical purposes, buffer
capacity By defined by the formula

By = | -2¢ [98]
V' T\ ApH
where
Ac 1 pH+ApH
[ i
ApH ApH J,u
H+ ApH) — H
_ c(pH + ApH) — c(pH) [99]
ApH

has been suggested. From extension in Taylor series we have
(Michatowski et al., 2005a)

Ac d, ApH d? ApH)?
— By + pv Ap + ﬁv_(P)+_._
ApH dpH 2 dpH? 6
o0
dx (ApH)*
=pv+) d/ilvk> 'kpu [100]
k=1 P pH ( + )
where
dk dk dk—l
_Ck - (_ck> = (—kﬂvl) [101]
dpH dpH" ) .4 dpH*' ) i

From Equation [100] we see that By is the first approximation of
By. The term “windowed” is adopted from Moisio and Heiko-
nen (1996b), although the resolution of the problem is quite
different; in this case, c(pH) = 0 and then Ac = c(pH+ApH).

The windowed buffer capacity By (Equation [98]) refers to
finite pH changes, ApH, affected by a change Ac in concentra-
tion of the external agent in the mixture. The By concept is put
against the buffer capacity concept (with ApH = £1) suggested
by Kolthoff and Rosenblum (1937) and the other one, based on
the static buffer capacity (8) concept.

Comments on Buffer Capacity

Buffer capacity is not an univocally defined concept. One
can distinguish the definitions considered from theoretical (de-
scriptive) and practical viewpoints. The descriptive definitions
are based on derivatives, § (Equation [79]) and By (Equa-
tion [64]), involving infinitesimal (infinitely small) pH changes
(dpH), whereas the practical ones are involved with finite pH
changes (ApH). At the point of junction of the two concepts,
false (strange) interpretations or even misinterpretations of the
buffer capacity concept are met in the literature, e.g., Baicu and
Taylor (2002) and Izutsu and Yamamoto (1998). One should
take into account that:

(a) Finite changes in pH (ApH, e.g., ApH = 1) are involved
with addition of a finite volume of a reagent endowed with
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acid-base properties, e.g., base, of a finite concentration,
and

(b) The buffer capacities § (Equation [39]), By (Equation [64]),
and By (Equation [93]) are nonlinear functions of pH or
volume V of titrant added.

This addition can be made according to titrimetric mode,
and diluting effect should be taken into account. The (static) 8
concept can satisfactorily be approximated by acid-base titration
realized according to coulometric mode, where volume changes
can usually be neglected.

In Baicu and Taylor (2002), the formula 8/ = dV/dpH has
been presented as an (alleged) Van Slyke definition, with dV
defined strangely as “the increment in the acid/base volume (in
mmol/L, needed to change pH by one unit.” Consequently, the
statement that 8 (in the light of the Van Slyke definition) “is the
reciprocal of the slope” (Baicu and Taylor, 2002) is not true.

The nice suggestion to name the buffer capacity unit a “slyke”
(Baicu and Taylor, 2002) is missed in context of the formula
B* = dV/dpH, different from the one suggested by Van Slyke,
Equation [39]. Moreover, 8* depends on concentrations and
volumes, and further misinterpretations are unavoidable.

For a weak monoprotic acid HL of moderate strength, there
are two inflection points (at d>V/pH? = 0):

1. AtV = V4/2, where buffer capacity of the HL/L™ system
attains maximal value, and

2. AtV =V, i.e., at the point corresponding to minimal buffer
capacity.

Informally (from the mathematical viewpoint only), the third
inflection point occurs at V = 0.

The buffer capacity is numerically expressed to be equal to
the minimum concentration of strong acid or strong base that
causes the variation of buffer pH by one unit, ApH = 1. We
calculate the volume (a) V, mL of C, mol/L HB or (b) V,, mL
of C, mol/L MOH needed to change pH value of Vo mL of the
solution containing a weak acid HL (C; mol/L) and its salt ML
(C, mol/l), C1+ C, = Cy.

Assuming additivity in volumes and neglecting the effect of
ionic strength value on dissociation constant for HL, in the case
(a), at initial (i) and final (f) states we have:

__[HLL __ [HLY
() [L7) (¥ 1L,

kit

(MT]; +[H"); —[OH]; —[L"]; =0
and [M*];—[B 1;+[H ), —[OH 1;—[L"1;=0 [102]

[HL); +[L7); = Co, [HL]s +[L7 ] = Coo
i i — L0, f f—VO+V,
C2V0 _ Cav
M), =G [MT]y = BT ]y =
[M™T] 2, [M™ ] V0+V[ I ViV

A. G. ASUERO AND T. MICHALOWSKI

Neglecting [H"] — [OH™] in Equation [102], after transforma-
tions we have
U1 _ oty _ €2 CiVo+CaV
[HJr]i Cl C2V0 - CaV
If V. mL of KOH (C, mol/l) is added into the initial buffer
solution, we get
[H*];
[H*]f

[103]

C, G Vy+CV
C, C\Vo—CyV
We have pH; —pH; =1 at V =V, in Equation [103] and pH s
—pH; =1atV =V, in [104]. Then we get:
C()V() 9r

Co  (r+ D +10)
C()V() 9r

Co» (r+ D(0r +1)

C()V() _ C()Ca(r + 1)(}’ + 10)
Vot Va ~ 9Cor + Co(r + D)(r + 10)

[107]

CoVo . CoCp(r + H(10r + 1)
Vo+V, 9Cor 4+ Cp(r + D(10r + 1)
[108]

— 1oPH/—PH: —

[104]

Vo = [105]

V, = [106]

([HL]y + L7 1)

(THL1f+ L7 1

The formulas [105]-[108] are valid at relatively high C values,
for a moderately weak acid HL (compare with Chiriac and Balea
(1997)).

The buffer index concepts specified above can be considered
in context with homeostatic (living organisms and natural water)
systems, isoelectric focusing (IEF), ion exchangers, and alkalin-
ity, with its analytical connotations. In particular, the alkalinity
(Alk) (Dickson, 1981, 1992; Stumm and Morgan, 1996; Butler,
1982) concept is applied to natural (lake, river, and sea) waters
and involves other acid-base species.

ALKALINITY
Basic Problems

The buffer capacity of waters determines their sensitivity
against acidification. Buffer capacity, and then alkalinity of nat-
ural waters, is attributed mainly to carbonate (CO3 %) and bi-
carbonate (HCOJ') species, comprising the carbonate alkalinity.
For most surface waters, where bicarbonate predominates, the
pH ranges from 6.3 to 8.3 and then bicarbonate is the dom-
inant carbonate species in the water (pK; = 6.3 and pK, =
10.1 for H,CO3). Some chemical reactions and processes con-
trolling the carbonate species concentration in natural waters
include weathering of minerals, photosynthesis and respiration,
anaerobic bacteria consumption of organic matter, and CO, dis-
solution. In a minor degree, alkalinity is affected by the pres-
ence of soluble species: ions of hydrolyzable salts and fulvic
+ humic acids, as a general class of biogenic matter, which
is ubiquitous in terrestrial and aquatic environments (Aiken et
al., 1985, 1992). Some non-carbonate contributors (Zhang and
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Dawe, 1996) are also of anthropogenic origin. All the species
are the site of acid-base reactions (Li and Tang, 1998).

Alkalinity (Alk) should be distinguished from the acid-
neutralizing capacity (ANC) (Rounds and Wilde, 2001; Fillion
et al.,, 1999); ANC is attributed to the unfiltered (raw) sam-
ple. The alkalinity thus refers to a filtered sample, i.e. the Alk
measurement is made by titration of the solution obtained af-
ter passing a raw sample through 0.45 um (or smaller pore)
membrane. Some mineral species (e.g., Fe™2, HS™) are affected
by oxidizing action of O; and then aeration of the sample dur-
ing filtration may cause mineral precipitation and alteration of
alkalinity. For example, Fe*3 thus formed has more acidic prop-
erties than Fe 2 and a higher tendency to form solid phases (e.g.,
iron(IT) hydroxide) in the system under ambient conditions.

Alkalinity is measured in miliequivalents of the acid con-
sumed per one liter of the water titrated (meq/L). Alk and ANC
measurements are frequently done by pH titration, and the ex-
perimental data {(Vj, phj)| j = 1,...,N} are usually handled
by the Gran method recommended, for example, for titration
of carbonates (Michatowski et al., In preparation); this method
is particularly advisable when the inflection point location on
the related titration curve is impossible. In carbonate alkalinity
measurements, the inflection points correspond to the solutions
of NaHCO3 (pHixt ca. (pK;+pK;)/2 = 8.2) and H,CO; (pH =
(pK; — logc)/2); e.g., at ¢ = 2 x 1073 mol/L H,CO3 we have
pH = 4.5, which is also the pH value pre-assumed in another
option of pH titration (Millero et al., 1993, 1998). Lower pH
values, usually 4.0 or 3.5, were applied in the presence of non-
carbonate contributors, e.g., carboxylic acids, in the titrand. The
presence of a neutral salt, e.g., NaCl, makes the shift to lower
pH values (Galster, 1991). Such indeterminancy provides some
discrepancies in defining the alkalinity concept. This fact was
pronounced by Neal who stated that “a plethora of values and
approaches are presented within the literature, often without an
explanation and there is a confusion over what is often mea-
sured and what assumptions have been made” (2001). Zeebe
and Wolf-Gladrox (2001) stated that at least 20 different defi-
nitions of alkalinity exist. Morel and Hering (1993) considered
alkalinity as “one of the most central but perhaps not the best
understood concept in aquatic chemistry.” Indeed, some defi-
nitions known hitherto are clumsy in notation, ambiguous, or
simply incorrect (unfounded).

In order to introduce an explicit definition of alkalinity,
one should refer first to some general assumptions concern-
ing aquatic media, considered as a kind of macroscopic sys-
tems, where some general assumptions of matter preservation
are obligatory.

The new concept of alkalinity presented below refers to
monophase acid-base systems, where cations and anions form
relatively weak complexes. In order to “homogenize” mono-
and polyprotic acids and bases, particularly carbonate species,
the species formed by metal ions and humic and fulvic acids
(i.e., the species with undefined physicochemical properties),
the Simms constants were introduced.
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The Novel Formulation of Total Alkalinity and Total
Acidity

The new concept of alkalinity has been suggested by
Michatowski and presented in Michatowski and Toporek
(2003a, b) and Michatowski et al. (2009). To introduce this
concept, let us consider the D+T system with M,,, H, —m, L)
Co, k = 1,....P) + Hyym LwyBm, (Cox, k = P+1,..,R)
+Meg(OH)y,—m Bm, (Cok, k=R+1,...,Q)+HB (C,) MOH
(Cp) as D (Vo mL) titrated with V mL of C mol/L HB as T. As-
suming that no (soluble and/or 1nsoluble) complexes are formed

between M e(’,tl)” and H; L;% * species, we have the balances:

R gk o Gk
a+ Y S G —m) LG+ YD e — )

k=1 j=0 k=R+1 j:O

[Mew(OH)" 1+ [M"]—[B7] =0, Z [H;Lj ™™

CoVo & j
= k:l 'sR ) M OH ‘Y‘le—]
o v >j26‘[ eay(OH) "]
CoVo
= k=R+1,...,0),
V0+V( + 0)
Vo P
Mt = . -C Gy,
[M™] VbV (kgl:mk ok + b)
l ( XQ: )
[B7]= . mg - CouuVo+ CoVo+CV
VotV k=P+1

[109]

After further transformations (see Appendix A) we get the rela-
tion

Q
CV/Vo—(1+V/Vo)-a=A—=) Co-(1+h/g)™" [110]
i=1

where:
P R
A=Y "(ge+mi—n)-Cou+ Y (qe—me—m)- Cox
k=1 k=P+1
0
+ Y (e —m) - Co+ A [111]
k=R+1
Q
Q=) @ [112]

k=1

The parameter A (Equation [111]) involves constant parameters
referring to the composition of D (before titration with T). This
parameter, when referred to Equation [110], will be termed as
total alkalinity (TAL), A = TAL.
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On the other hand, the number €2 is the sum of all proto- and
hydroxo-complexes assumed a priori in the system considered.
However, within the pH range covered by titration points {(V;,
ph))| j = 1,...,N}, only a part of them participate acid-base
equilibria in a measurable degree. In this case, only a limited
part of the components is involved in the sum on the right-
hand side of Equation [110]. Then substituting A for 2 (where
A < Q) in Equation [110] and applying Equation [8], we get

A
CV/Vo=TAL+(HV/Vo)-a = A=y Co; - (1 + 107" /g")™!
- [113]
At ph < 9, the component (1 4+ V/V) - @ can be omitted
within the middle part of pH range; it appears to be significant
at the end of titration, i.e. at relatively low ph values. In this
ph range, one can assume o« = [H*] = 107"/y and rewrite
Equation [113] as the regression equation

CVi/Vo=TAL+ (1 + V;/V,)- 107" /y

A

— > Cor (14107 /gy +g; [114]
i=1

that can be considered as the basic relation for total alkalinity

(A = TAL). This model involves 2 4 2 - A parameters: TAL, y

and the set of pairs: {(Co;, g/) i =1, ..., A}. The parameters

involved in [114] are found according to curve-fitting method,

applied to the sum of squares

SS(A) = Y62 = S TAL + (1 + V;/ Vo) - 107 /y
: ,

J

A
= 2 Coi - (1+ 107 /gh) ™" = CV;/ Vo) [115]
i=1
and a subset of experimental points {(V;,ph;)|j =
1,..., Ni}, Ny < N. The fit is realized with use of an iter-
ative computer program; see, e.g., Michatowski (1988a, 1990,
1992), Michatowski et al. (1987, 1988, 1989, 1994, 1995, 2008),
Michatowski and Gibas (1994), Janecki et al. (1999a, b, 2000a,
b), Janecki and Michatowski (1999), and Ponikvar et al. (2008).
It should be noted that activity, h (not concentration, [H*]), of
hydrogen ions is involved in Equation [114]; it is one of the
advantages of the method proposed. The approach to alkalinity
based on Equation [114] is dissimilar to any other known from
the literature issued hitherto.

The iteration procedure is used with a smaller number of
Coi - (14+ 10"’}1/g;k)’1 terms in Equation [114]. For example, we
start with A = 2, referring to carbonate species (q = n = 2) only,
and six parameters: TAL, y, Co1, Cp2, g}, g, are determined.
To improve the fitting, the next terms (A = 3,4, ...) are added
subsequently. Note that the sum in Equation [114] consists of
positive components, in principle. After subsequent additions,
the TAL approximates its true value. Subsequent additions of the
terms having similar mathematical form are very advantageous
from the viewpoint of the iteration procedure.
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For q = n = 2, as in the case of the system with carbonic

acid (H,L = H,CO3), from [35] we have
[HL™]+2[L7%]
m —=
[HL)+ [HL-]+[L2]

=1 +[H g +A+[H"/g)!
and g1+ g» =Ky, g1-g = K;:Kj. Referring to D (Vg mL) with
NaHCOj; (Cy)+ Na,CO3 (C,) titrated with V mL of C mol/L
HCI as T, we get the relation

m—-1-Ci+m-C,+C

[116]

Vo+V=V- [117]
C—«
that can be rearranged into the form
CV/Vo—(1+V/Vp)-a=m—-1)-Ci+m-Cy [118]

After further rearrangements we have, by turns,
CV/Vo—(1+V/Vy)-a=CA—-2—-—m)-(C; + Cp)
[119a]
CV/Vo=CA+1+V/Vy)-aa—(C;+ Cy)
(1410777 /g™ + (1 + 10777 /g5)7h
CV/Vo=CA+A+V/Vy) -a—((C;+ ()
(1+ 10777 /g™ + (Cr 4+ Co) - (1 + 10777 /g5y ™h
[119¢]

[119b]

where

CA=C+2C [120]

Comparing Equations [119¢] and [113] we see that Cy; =
Copr = C; + C, (total carbonate concentration) at A = 2. The
A value referred to carbonates is termed as carbonate alkalinity
(CA), A = CA. It can also be extended on a system with an
excessive amount of NaOH, A = C,, i.e. one equivalent to
Na,CO3 + NaOH system.

The total acitidy (TAC) concept can also be for-
mulated. Considering relatively acidic D+T system with
Mmk an—ka(k)(COkv k=1,..., P)+an+ka(k)Blm(C0k’ k=
P+ 1,....,R) + Mewy(OH)y,—pm, Bn,(Cok, k = R +
1,..., Q)+ HB (C,) + MOH (C,) as D (Vo mL) titrated with
V mL of C mol/L MOH as T, and putting —C for C in Equa-
tion [113], we get the relation with TAC = A (Equation [111]
involved

A
CV/Vo=Y Co-(1+107""/g")~" — TAC
i=1

—(1L+V/Vy)- 1077y [121]

valid under assumptions similar to ones applied for the TAL
formulation. In other words, A = TAC, when referred to
Equation [121].

The formulation with Simms constants involved was for-
merly applied by Dickson (1981) and Pehrsson et al. (1976).
However, the novel approach to the problem in question is quite
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TABLE 8
Titrimetric determination of acid-base mixtures in the past 12 years
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Content

Reference

Ammonium, nitrite, acetic acid, bicarbonate, and phosphate are measured in water and sludge samples in
ANR or ASD reactors from the resulting raw titrimetric data processed with an Excel-based program
using the Solver function.

Determination of H*, NH;OH™, and NH; in Rashing synthesis mixture of industrial importance by a
method based on moving window strategy, which simultaneously chooses the optimal pH region and
latent variables by partial least squares regression (PLS) of potentiometric titration data.

Analysis of mixtures of ascorbic acid, citric acid, and tartaric acis by potentiometric titration with partial
least squares calibration (PLS).

Low concentrations of citric acid in a mixture of other weak acid/base by a four-point titration procedure
(volatile acids not present) of a five-point procedure for anaerobic environments where volatile fatty
acids may be encountered.

An artificial neural network (ANN) applied as a multivariate calibration tool via potentiometric acid-base
titration. Two hydroxycinnamic acids and two hydroxilated benzoic acids were titrated using
tetrabutylammoniumhydroxide in 2-propanol.

The method uses individual potentiometric titration data for tartaric process production from maleic acid
(with epoxysuccinic acid as intermediate). It is necessary to quantify the concentration of all three
acids in order to determine the progress of the reaction.

Simultaneous determination of four weak organic acids (antranilic, nicotinic, picolinic, and sulfanilic
acids) with the aid of a three-layered feed-forward artificial neural network (ANNA) trained by lack
propagation learning to model the complex nonlinear relationship.

Mixtures of organic acids with similar pK (mixtures of o-m and p-chlorobenzoic acids) were determined
simultaneously from differences in titration spectra by using principal component regression (PCR).

The linear titration equation of mixtures of acids (two five-component systems) was derived and the

Van Hulle et al.,
2009

Fang et al., 2009

Akhond et al., 2006

Lahav et al., 2005

Aktas and Yasar,
2004

Castro Montoya et
al., 2003

Shamsipur et al.,
2002

Zhu, 1999

Ni, 1998

potentiometric data obtained were processed by multivariate calibration approaches such as class least
squares (CLS), principal component regression (PCR), and partial least squares (PLS).

different from ones specified previously. Moreover, such an ap-
proach should not depend, in principle, on the pH range covered
by experimental points in the range of lower pH values. It is not
the case in the alkalinity measurements practiced hitherto. Ap-
plicability of the Simms constants concept seems to be obvious
in modeling some complex systems, such as humic and fulvic
acids, where the composition, number of active (-COOH, —OH,
NH,) groups in particular molecules, and their equilibrium con-
stants are undefined a priori. In this case, an extension of the
related model is involved with addition of one or more uniform
terms of Co;+(1 + 107"/g)~" type. Each component of this
type provides two new parameters: Cy; and gj*.

It should also be noticed that there are no differences be-
tween protons generated or consumed in dissociation and hy-
drolysis, complexation, precipitation, or redox reactions, exem-
plified by the reaction notations: Fe**+ H,0 = FeOH*?+ H™,
Fe*3+ 3H,0 = Fe(OH);+ 3H* (hydrolysis); Agt+ 2HCN =
Ag(CN), L4 2H* (Agt acts there as a strong acid (Michatowski
et al., 2005¢, 2007)). On the other hand, MnO, acts as the mul-
tifunctional base in redox reactions (Michatowski et al., 2005c,
2009; Michatowski and Toporek, 2003b). For these reasons,
the reservation put on the step of alkalinity formulation, where

the complexes other than proto- and hydroxo-complexes were
excluded or neglected, can be highly weakened.

Another option applicable in the case of the systems where
protons are involved in side (complexation and/or redox) reac-
tions, seems to be an application of the term (1 -+ 10“(7]@/’1””)’1,
with additional parameter a, as one in the empirical Hill equa-
tion (reviewed by Goutelle et al. (2008)); see also Onufriev
et al. (2001) and Weiss (1997).

FINAL COMMENTS

pH and acid-base equilibria are important topics, and some as-
pects of them have been treated in this journal (Asuero, 2007,
Michatowski et al., 2005a; Michatowski, 2010; Casado-Riobd,
2005, 2008; de Levie, 1997b; Kubista et al., 1999; Norman and
Maeder, 2006; Esteban et al., 2006). Titrimetry has been applied
since the late eighteenth century (Beck, 1994; Johansson, 1988)
and is one of the oldest known methods of chemical analysis
that seeks to determine chemical composition (Beck, 1997; Fel-
ber et al., 2003; King, 1997) on the basis of reaction chemistry.
Titrimetry may be applied to the analysis of mixtures; see Ta-
ble 8. On the other hand, buffers play a vital role in solution
chemistry, and also have technical and industrial applications
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of great worth (Chuy and Bell, 2009; Akin et al., 2008; Zaher
and Vanrolleghem, 2006; Dougherty et al., 2006; Jung and Hur,
2000; Van de Steene et al., 2002; Van Vooren et al., 2001; Dar-
tiguenave et al., 2000; Porter et al., 1995; Van der Houwen et al.,
1994; Moisio and Heikenon, 1989, 1994). For the preparation
of buffers see Perrin and Dempsey (1979), Albert and Serjeant
(1984), Elving et al. (1956), Ramis Ramos et al. (1986), Fer-
nandez and Martin (1977), Mongay and Cerda (1974, 1984),
Beck (1994), Johansson (1988), Aktas and Yasar (2004), Castro-
Montoya et al. (2003), Shamsipur et al. (2002); Zhu (1999),
Porter et al. (1995), Van der Houwen et al. (1994), Moisio and
Heikenon (1989, 1994), Thomson and Kessick (1981), Mauk
and Scott (1981), Gomori (1955), Stoll and Blanchard (1990),
and Ellis and Morrison (1982). The diprotic acid case has re-
ceived considerable attention (Asuero, 1993, 2007; Ricci, 1952;
Rilbe, 1993, 1994; Stoyanov and Righetti, 1997, 1998; Asuero
et al., 1986¢). Several spreadsheets or software programs have
been devised (Oliveira et al., 2007; Ranaghan, n.d.; Eurotitra-
tions, n.d.; Ramette, 1989, 1994, 1998; Ramette and Holmes,
1992; VAXA, n.d.; BATE, n.d.; Gutz, n.d.) to calculate pH and
buffer capacity and simulate titrations even of arbitrary mixtures
(Gutz, n.d.).

The contents of this review article can be outlined as
follows:

1. It was shown that acid-base systems of different degrees of
complexity can be presented in uniform manner. The key
for such an uniformity is the application of the formation
function, 7.

2. The effects involved with the presence of ubiquitous CO,,
particularly in the strong base solutions, were considered
quantitatively.

3. The principle of a formulation with Simms constants in-
volved was introduced and its usefulness in formulation of
buffer capacity and alkalinity concepts was proven. Applica-
tion of Simms constants provides a kind of “homogeneity”
in complex systems (e.g., fluids in living organisms, natural
waters) of undefined a priori composition.

4. The dynamic buffer capacity was presented in generalized
form. The interrelation between different buffer capacity con-
cepts was formulated.

5. A generalized approach involved with particular problems,
such as inflection points on titration curves, has been sug-
gested.

6. The new concepts of total alkalinity (TAL) and total acid-
ity (TAC) were introduced. The TAL and TAC are based on
the curve fitting applied to a nonlinear regression equation
with Simms constants involved. The TAL or TAC and other
parameters of the system: the Simms constants, activity co-
efficient of hydrogen ions are determined from the single
titration curve. It should necessarily be noted that TAL and
TAC involve analytical concentrations of the components
endowed with acid-base properties in the sample tested, not
concentrations of particular species. For example, TAL =
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CA = C; + 2C, (Equation [120]), not [HCO3 | + 2[CO5?]
is applied for definition of carbonate alkalinity (CA). The
values for TAL, CA or TAC illustrate the properties of the
system tested, not analytical procedure applied for this pur-
pose. So, e.g. the result of determination of TAL does not
depend implicitly on the pH range covered in the titration
made for this purpose. It is the stringent property testifying
on account of the method proposed. None preliminary infor-
mation on the composition of the sample tested is required,
although such an information may appear to be helpful on
the stage of assumption of starting values for the parameters.
It is particularly advised to apply pg = —log(g}), not (g{)
as the parameters of the system. It results from the fact that
gf = 107P& > 0 and, the parameters assume only positive
values during the iteration procedure. And last but not least
— the model is not referred to defined, particular species in
the systems considered and any artificial “demarcation pH
point”, separating acidic and basic species, is not needed.

A huge number of articles found currently in the Internet
under the combination of search terms buffer capacity and acid-
base testifies to the necessity to formulate this term correctly.
This requirement is not fulfilled in, for example, Tam (1999),
where mere errors were made.

In this context, the concept of buffer capacity By, originating
from Michatowski and Parczewski (1978), related to a simple
system with a polyprotic acid, H,L, involved and extended in the
present article, seems to be the best choice for several reasons,
namely:

(a) The buffer capacity is usually evaluated from results of clas-
sical pH-metric titrations where dilution effect is involved;
the finite change in pH, ApH, is involved with a finite vol-
ume of a titrant added;

(b) The buffer capacities are related to mixtures of acid-base
systems of different degrees of complexity, exemplified by
fluids in living organisms and natural waters;

(c) The formula for By (Equation [98]) is in defined relation
(Equation [100]) to By (Equation [97]); moreover, By and
B (Equation [39]) are interrelated; see Equations [96] and
[97].

(d) The kind and concentration of reagent in the titrant used is
taken into account.

The work presented here seems to be the most extensive
approach to acid-base dynamic systems, realized in titrimetric
methods of analysis. Articles issued mainly within the past two
decades are cited.

LIST OF SYMBOLS USED

o [HY]-[OH]

D titrand

8i»&ki Simms constants

K; dissociation constant (Eq. [1])
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K l.H formation constant (Eq. [2])

M* non-hydrolyzable metal ion

M e(x‘k hydrolyzable metal ion of k-th kind
T titrant

\'% volume [mL] of T added into D

Vo volume [mL] of D
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APPENDIX A
Adding the sides of the equalities:
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obtained on the basis of Equation [109] and canceling similar
terms, we get the relation
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where Equations [10], [19], [38], and [40] were used. Applying
the equalities [88] in [A-1], we get
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where A is expressed by Equation [111]. Applying Equations CV/Vo—(1+V/Vy) -«
[36] and [40] in [A-2], we get, by turns: P @
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