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The Generalized Approach to Electrolytic Systems:
Il. The Generalized Equivalent Mass (GEM) Concept

Tadeusz Michalowski,! Andrzej Pietrzyk,! Maja Ponikvar-Svet,>

and Maciej Rymanowski'

' Faculty of Chemical Engineering and Technology, Cracow University of Technology, Cracow, Poland

2JoZef Stefan Institute, Ljubljana, Slovenia

The equivalent mass (EM, in terms established by IUPAC) and generalized equivalent mass
(GEM, in terms suggested by Michatowski) concepts related to titrimetric methods of chemical
analysis are considered from the viewpoint of the generalized approach to electrolytic systems
(GATES). No chemical reaction notation is required for explanation of the GEM concept.
The advantages of GEM over EM are discussed in details. The role of preliminary knowledge
obtained from simulated titrations, realized according to principles offered by GATES, is

emphasized.

Keywords Titration, equivalent mass

INTRODUCTION

The equivalent mass' concept is applied in all calculations
referred to titrations, considered as a dynamic processes, in
which a properly chosen titrant (T) is added in portions into
the solution titrated (titrand, D). The obtained D+T mixture
is homogenized thoroughly, after each addition of consecutive
portion of T. The changes which occur during the titration are
registered visually or with the use of instrumental (e.g., poten-
tiometric, pH-metric) methods of analysis. In visual titrations,
properly chosen indicators are used.

The simulated titrations considered in this paper refer to qua-
sistatic processes realized in closed systems, under isothermal
conditions. From the general requirements and assumptions for
titrations it results that: (1) the equations for titration curves are
formulated under assumption of validity of the related material
balances and constancy of all equilibrium constants values; (2)
the mixture is perfectly mixed (homogenized) and indications
of a detecting device accurately and instantly follow the changes
in the bulk solution, i.e., no delay in these indications occur; (3)
all equilibrium constants in algorithms related to the system in
question are taken into account; (4) the term “system” is referred
to condensed (liquid or liquid+solid) phases, with diathermal

Address correspondence to Tadeusz Michatowski, Faculty of
Chemical Engineering and Technology, Cracow University of Technol-
ogy, Warszawska 24, 31-155 Cracow, Poland. E-mail: michalot@o02.pl

The embarrassing term “equivalent weight” (usually applied in
literature) associates with force of gravity, expressed in force units (N).
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walls preserving a transportation of gaseous species (e.g., H,O,
CO,, O,) between the system and its surroundings; and (5) the
principle of additivity of D and T volumes is valid.

In this paper, the generalized equivalent mass (GEM) con-
cept (1), based on firm algebraic foundations of the generalized
approach to electrolytic systems (GATES) (2-4), is considered
against the equivalent mass (EM) concept, based on a “fragile”
chemical reaction notation, which is advocated by IUPAC. In
this respect, the paper contradicts the viewpoints presented, for
example, in the papers by West (5) and by Zhao and Lu (6).

FRACTION TITRATED

Let us consider the D4-T system, obtained after addition of
V mL of T containing the reagent B (C mol/L) into Vo mL of
D, i.e., the solution containing the analyte A (Cy mol/L). The
number of mmoles of A equals ny = Cy-Vj and the number of
mmoles of B, added up to a given point of titration, equals ng =
C-V. The value for & = ng/n, is named as the fraction titrated

cC.-v
= [1]
Co - Vo
If Vg and V are expressed in mL, then (7)
Co - Vo =107 - my /My (2]

where my [g] and M, [g/mol] denote mass and molar mass of
analyte (A), respectively.
From Egs. [1] and [2] it follows

my=107-C-V-My/® [3]
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The value of the fraction V/® in Eq. [3], obtained from Eq. [1],
V/® =Cy-Vy/C [4]

is constant during the titration, particularly, at the end (e) and
equivalence (eq) points

V/CD = Ve/q)e = Veq/cbeq [5]

The V. [mL] value is the volume of titrant (T) consumed up
to the end point, where the titration is terminated (ended). The
V. value of titration is usually determined in visual titration,
when a pre-assumed color change of D+T mixture is obtained.
In acid-base pH-metric titrations, the pH, value corresponds to
the volume V. [mL] of T added from the start of the titration
and &, = C-V./(Cy-Vy) is the value of the mole fraction related
to the end point.

The symbol @ is considered as the mole fraction at the hy-
pothetical equivalence point, taken as an abstract notion, leaved
without none reference to any chemical reaction notation. We
will consider it simply as a “round” natural number. In further
parts of this paper, some examples of the systems where @ is
a ratio of some (small) natural numbers will also be considered.

To explain the GEM approach, let us, however, first con-
sider a simple example, where the standard S is taken as an
analyte A.

Example 1. The equation for the curve of titration of ng =
1 mmole of potassium hydrogen phthalate KHL with C = 0.1
mol/L NaOH,

C (I1—-1n)-Cy—«
Co CH+a

P = [6]

is valid, where:

o = 107PH — opH-14 (7]
2. [HpL] 4 [HL]
[H,L] + [HL] + [L]
2.107-68-2pH | 1(492-pH

~ 10768-2pH | (492-pH § | [8]

n=

and Cy = 1/Vy. The values of the corresponding equilibrium
constants are involved in Eqs [7, 8], and hereafter. For simplicity
of notation, charges of the species in Eq. [8] (and elsewhere) are
omitted.

The ®. values in Table 1 are calculated from Eq. [6] at
some particular pH, values, which denote limiting pH-values of
color change pH intervals for: phenol red (color 6.4 - 8.0), phe-
nolphthalein (8.0 + 10.0), and thymolphthalein (9.3 -+ 10.5). No
acid-base indicator is involved in Eq. [6]; therefore, the ®.values
collected in Table 1 are principally referred to pH-metric titra-
tions. In such instances, the pH, values can be referred to the
measuring system used for pH-metric titration.

Example 2. Some (®;, E;) values related to titration of Cy =
0.01 mol/L solution of: (a) FeSQy, (b) H,C,0y4, and (c) H,O,

TABLE 1
The values for ®. for different pH = pH, values, calculated
using Eq. [6], at Cy and C values assumed in Example 1

@,
pHe Vo =50 mL Vo =100 mL Vo =200 mL
6.4 0.9679 0.9679 0.9678
8.0 0.9992 0.9993 0.9994
9.3 1.0012 1.0022 1.0051
10.0 1.0060 1.0010 1.0260
10.5 1.0190 1.0349 1.0825

in the presence of C; = 1.0 mol/L H,SO4 with C = 0.02 mol/L
KMnOQy are collected in Table 2. The potentials E = E, [V] refer
to normal hydrogen electrode; the details are presented in (8).

Example 3. The solution containing KIO3 (Cy = 0.01 mol/L),
HCI (C, = 0.02 mol/L) + H,SeO3 (Cs. = 0.02 mol/L) (as
the catalyst), and HgCl, (Cyg mol/L) is titrated with C =
0.1 mol/L ascorbic acid (C¢HgOg). Some (&, E.) points in
the absence and in the presence of HgCl, in the system con-
sidered are presented in Table 3. This system was extensively
discussed in references (8—10).

INDICATOR EFFECT

A properly chosen indicator is one of the material compo-
nents of the D+T system in visual titrations. As such, it should
be considered in the related balances (7, 8).

Example 4. The equation of the titration curve for titration of
Vo mL of D, containing ng = 1 mmole of borax in the presence
of Cor, mol/L methyl red (pKy, = 5.3) as an indicator with

TABLE 2
The (P, E.) values related to acidic (H,SO,) solutions of (a)
FeSOy, (b) H,C,0,4, and (¢) H,O; as D titrated with KMnOy4
solution as T.

a b C

(I)e Ee Cbe Ee cbe Ee

0.19800 0.701  0.39600 —0.374 0.39600 0.683
0.19900 0.719  0.39800 —0.365 0.39800 0.692
0.19980  0.761 0.39960 —0.345 0.39960 0.712
0.19990 0.778 0.39980 —0.336  0.39980 0.721
0.19998  0.820 0.39996 —0.315 0.39996 0.742
0.20000 1.034  0.40000 —0.207 0.40000 0.850

0.20002  1.323
0.20010  1.365
0.20020  1.382
0.20200  1.442

0.40004 1.322
0.40020 1.363
0.40040 1.381
0.40400 1.442

0.40004  1.320
0.40020  1.363
0.40040  1.385
0.40400  1.442
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TABLE 3
Some (P, E.) points for the system containing KIO; (Cy =
0.01 mol/L), HCI (C, = 0.02 mol/L) + H,SeO3 (Cse = 0.02
mol/L) titrated with C = 0.1 mol/L ascorbic acid in the
absence and in the presence of HgCl, (Cyg mol/L); potentials
E. [V] refer against normal hydrogen electrode

Chg =0 Chg = 0.07

q)e Ee (I)e Ee cDe Ee

2.450 1.004 2.950 0.632 2.950 0.970
2475 1.000 2.975 0.620 2.975 0.960
2.490 0.995 2.990 0.607 2.990 0.947
2.492 0.994 2.992 0.604 2.992 0.944
2.494 0.992 2.994 0.600 2.994 0.940
2.496 0.989 2.996 0.595 2.996 0.935
2.498 0.983 2.998 0.586 2.998 0.926
2.500 0.903 3.000 0414 3.000 0.652
2.502 0.809 3.002 0.380 3.002 0.379
2.504 0.791 3.004 0.371 3.004 0.371
2.506 0.781 3.006 0.365 3.006 0.365
2.508 0.774 3.008 0.362 3.008 0.362
2.510 0.768 3.010 0.359 3.010 0.359
2.525 0.744 3.030 0.345 3.030 0.345
2.550 0.727 3.060 0.336 3.060 0.336

C = 0.1 mol/L HCl as T, is as follows
C (4n—-10)-Co+ (1 —m)-Cy + @
C() C—-—u

b =

[9]

where « is given by Eq. [7], Cy = 1/Vj, and
3.-[H3BO3] 4 2 - [H,BO3] + [HBO3]

n=
[H3BOs] + [H2BOs] + [HBO3] + [BOs]
3. 1035.7873pH +2. 1026.5472pH + 1013.807pH
= T103578=3pH J [(26.54—2pH 4 (13.80—pH 1 | [10]
HI 1
S L) [11]

[HIn] + [In] _ 1+ 10PH-53

The ®.4-values obtained in the presence of the indicator in
D can be compared with those obtained at Cop, = 0 (Table 4).
It should be noted that the solution obtained after introducing 1
mmole of borax into water is equivalent to the solution contain-
ing a mixture of 2 mmoles of H3BO3 and 2 mmoles of NaH,BOs.

Example 5. The solution of ZnCl, (Cy = 0.01 mol/L) buffered
with NH4Cl (C; mol/L) and NH3 (C, mol/L), C{+C, = Cx, r
= C,/Cy, is titrated with C = 0.02 mol/L EDTA in presence of
Eriochrome black T (Cor, = p-107> mol/L, p = 2, 4, 6, 8, 10)
as the indicator from wine red to blue color. The curves of logy
vs. ® relationships, where y = X,/x; and:

3

X| = Z [H;In]

i=0
Xy = [Znln] + 2[ZnIn, ]

0,5 -

log y
1=

o5

FIG. 1. The log y vs. ® relationships in close vicinity of ®¢q =
1, for C, = p-107 mol/L (p = 2, 4, 6, 8, 10); curves ap
correspond to Cy = 0.1 mol/L, curves bp correspond to Cx =
1 mol/L; (A) refers tor = 1, (B) refers tor = 4.

are plotted in Fig. 1, where (A) refers to r = 1, (B) refers to
r = 4. It is stated that at Cy = 0.1 mol/L, the solution becomes
violet (red + blue) in the nearest vicinity of ®q = 1. AtCy =
1 mol/L, the mixed color of the solution is assumed from the
very beginning of the titration (Fig. 2). At Cy > 1 mol/L, the
solution is blue from the start of the titration.

SOME REMARKS

The amount of analyte in titrimetric analysis is determined
from the amount of a standard reagent required to react with the
analyte completely. Titrations are based on standardization and
determination steps. During the standardization step, the titrant
T with unknown C of the species B is added into titrand D,
containing the standard S (e.g., potassium hydrogen phthalate,
borax), with mass mg [g] accurately known. However, the Cy
of S in D is known only approximately, as the total volume of
water applied for dissolution and dilution of the standard sam-
ple is practically not known before titration. Such an approach
results from the fact that the &, does not change distinctly
with dilution of the sample, although this effect may appear

0.5 2 db
b

b
\

logy
o

0 05 1
¢

FIG. 2. The log y vs. ® relationships plotted at Cy = 1 mol/L,
and r = 1 (curve 1b) and r = 4 (curve 4b).
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TABLE 4
The values for ®. calculated from Eq. [9] for different pH =
pHe, Corn and V [mL] values assumed in Example 4. The pH,
values are related to the pH-interval < 4.4 - 6.2 >
corresponding to the color change of methyl red (HIn)

Q.
pHe Com Vo=50mL Vy=100mL Vy=200mL
44 0 2.0027 2.0047 2.0087
1073 2.0028 2.0048 2.0089
1074 2.0033 2.0058 2.0109
53 0 1.9999 2.0001 2.0006
1073 2.0001 2.0006 2.0016
1074 2.0024 2.0051 2.0106
6.2 0 1.9964 1.9964 1.9965
1073 1.9968 1.9973 1.9983
1074 2.0008 2.0053 2.0142

to be significant in some instances (see Tables 1 and 4). For
example, the dilution practically does not affect the results of
NaOH standardization against potassium hydrogen phthalate,
if pH titration is applied and titration terminated at pH, ~ 8.0
(Table 1). The dilution effect acts undesirably on the results
of the analysis of HCI standardization against borax (see Ta-
ble 4) in the presence of Methyl red as an indicator; the @,
value becomes more distant from ®.q = 2 for higher V values.
Nevertheless, higher concentrations Cyy, of the indicator are un-
desirable, while too small Cyy, causes difficulties in registration
of the V. value. If the concentration C of the reagent B in T
is known accurately, the titrant T can be applied for determina-
tion of the unknown mass mya of the analyte A in the sample
analyzed.

The ®. values presented in Tables 1-4 at the pH = pH, or
E = E. assumed are very close to the “rounded” ®., values:
1 (= 1/1) in Table 1; 0.2 (=1/5) in Table 2 (column a), 0.4
(=2/5) in Table 2 (columns b, ¢); 2.5 (=5/2) and 3 (=3/1) in
Table 3 (at Cy, = 0); 3 (=3/1) in Table 3 (at Cy, = 0.07); and
2 (=2/1) in Table 4. The effect of preliminary sample dilution
can also be considered (Tables 1 and 4). The numerical values
for @, in the systems considered above are close to ®.q values
expressed by a ratio of small natural numbers: 1/1, 1/5, 2/5,
5/2, 3/1, and 2/1 in the examples specified above, or 1/2 in the
example presented later (see Section 8.2.2).

From [3] and [5] one obtains:

A

. M
my =107.CVe - [12]

e

Ma

my = 1073-C-Vq - [13]
eq

However, Eq. [12] cannot be applied for the evaluation of

my value (V. known, ®. unknown). Also, Eq. [13] is use-

less (the “rounded” ®., value is known exactly, but V4 is

unknown) as V. (not Vq) in visual titrations is determined
experimentally.

Because Eqgs. [12] and [13] appear not to be applicable, the
third, approximate formula for ma has to be applied, namely:

mp” =107 -C-Ve-Mp/®eq = 1077 - C- V- Ry [14]
where @ is put for ®. in Eq. [12] and
RA®d = My /D [15]

is named as the equivalent mass. The relative error in accuracy
resulting from this substitution equals to

6 = (mp” —my)/my =my’/my — 1
:Ve/Veq_l Zq)e/cbeq_l [16]

For ®, = ®.q one gets § = 0 and my’ = my; thus &, = Pgq
(i.e., Ve = Vq) corresponds tomy’ = my. A conscious choice of
an indicator and its color change during the titration is possible
on the basis of analysis of the related titration curve.

From eqs [12], [14], and [16] we get

my=ma/(1+60)=mp’ -(1—60+6>—--2) [17]

ONE-DROP ERROR

For consideration of the one-drop error, let us assume that
the end point was not attained after addition of V’ mL of titrant.
An additional drop with volume AV is then added. If the end
point is attained this time, i.e., Ve = V’ +AY, the uncertainty
in titrant volume equals to AV. Applying Eq. [1], we have:

D’ =C-V’/(Cy-Vyp), D =C-V/(Cp- Vp)
and then

AP =P, — D =C-V/(Cy-Vo)—C-V'/(Cp- Vo)
=C-AV/(Cp - V).

At Vo =100 mL, Cy = 0.01 mol/L, C = 0.1 mol/L, and AV =
0.03 mL we have

A® =C-AV/(Cy - Vo) = 0.003 [18]

The difference between ®. and ®.q when compared with the
indefinity A® in ® value, is acceptable from the one-drop error
viewpoint when |®, — ®¢4| < 0.003. Taking the value ®. =
2.0048 in Table 4, which refers to Vo = 100 mL, Cy = 0.01
mol/L, C = 0.1 mol/L, Cy, = 1073 mol/L, and pHe = 4.4, we
see that 12.0048 — 2| = 0.0048 > 0.003, i.e., the discrepancy
between ®¢q and . is greater than the one assumed for A =
0.003; it corresponds to ca. 1.5 drop of the titrant. At pH, =
6.2 and other data chosen as previously, we get [1.9973 — 2|
= 0.0027 < 0.003, i.e., this uncertainty falls within one—drop
error.

The indicator effect stated in Table 4, for Vo = 100 mL,
Cp = 0.01 mol/L, C = 0.1 mol/L, and pH, = 4.4 equals, in
d-units: 12.0048 — 2.00471 = 0.0001 at Cor, = 107> mol/L or
[2.0058 — 2.00471 = 0.0011, i.e., it appears to be insignificant in
comparison to AP = (0.003 and can be therefore neglected.
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As a rule, in the pH-region where @, is close to ®¢q value,
we have a/C <« 1 and then Eq. [9] can be rewritten as

O =40 — 10+ 6D [19]

where
d=Un—10)-a/C+ (1 +a/C)- (1 —m) - Cop + @)/Co
[20]

Similarly, the equation for titration of D with potassium hydro-
gen phthalate (KHL, Cy)+ phenolphthalein (HIn, Coy,) with C
mol/L. NaOH has the form

C (1-n)Co+(1—-m)Con—a

d=—. [21]
Co C+ou

(compare with Eq. [6]) and can be transformed into the form
d=1—-n—-§P [22]
where:

=1 —-n)-a/C—(1—a/C)
x (1 —m)-Copy — a)/Co (23]
_ 1
T 00T 1 [24]
The inequality §® < A® = 0.003 is valid in Egs. [20] and [23]
within the pH color ranges assumed for methyl red in Example
4 and for phenolphthalein in Example 1. The §® values are
less significant for smaller Cop, and more concentrated standard
solutions (i.e., lower Vj values). However, the solubility (Cgo)
of the standard (e.g., borax) used, is a limitation in this respect,
C() < Csol~

EFFECT OF BUFFER CAPACITY

As a rule, the pH, value is not exactly equal to the pre—
assumed pH value corresponding to the limiting pH value where
color change of the indicator applied in titration occurs. The
matter is whether greater pH changes are affected by small
volumes of titrant added, i.e., the problem of buffer capacity
arises.

For this purpose, let us introduce the “dynamic” buffer ca-
pacity (By) concept, defined by formula (1, 7)

Bv = |dc/dpH| [25]
where
c=CV/(Vo+V)=dCyC/(C+ ®Cy) [26]

First, the relationship between By and the slope () of titration
curve

n = |dpH/d®| [27]

is applied. The value for  assumes the greatest value (7max) at
the close vicinity of the equivalence (stoichiometric) point, then
we have

pv = |dc/dpH| = (dc/d®)/|dpH/dF| =p/n  [28]

where
p=dc/d® = Cy - C2/(C + @ - Cp)? [29]

The change in p appears to be small in the vicinity of equivalence
point (eq) and can be neglected. Indeed, one can define peq =
Co-C?/(C+¢eq-Co)*. Applying the identity
(C/Cy + Peq)/(C/Cy + ®) = ((C/Cy + )/(C/Cp + Peg)) ™!
= ((C/Cy + Peg — (Peg — ®)/(C/Cy + D)™ = (1 = %)
and the expansion in series (1 —x)™2 = 1 + 2.x + 3-x>+ ...,
valid for Ix < 1, we calculate
Ap = (P—Peq)/Peq :p/peq -1

= [(C/Cy + Peg)/(C/Cy + D) — 1

= [l - (q)eq - (D)/(C + cIDeqCO)]72 -1 [30]

=2- (cpeq - <I>)/(C/CO + cI)eq)

+ 3. [((Deq - q>)/(C/CO + q)eq)]z +...

If &,—® = 0.003, &, = 1, and C/Cy = 10, A, =

2-0.003/(104-1) = 0.055%. Then one can assume that 7,,x cor-
responds to the minimal buffer capacity (Bvmin)

B min = peq/nmax (31]
see Eq. [27]. Particularly, from for the equation

C C()—Ol
d=—.
C CHa

(32]

referred to the titration of a strong monoprotic acid (e.g., HCI,
Cy mol/L) with a strong base (e.g., KOH, C mol/L) and Eq. [7],
we get

1/ =d®/dpH =In10-C - (C/Cy + 1) - (H'"]
+[OH ') - (C+[H]—[OH ') [33]

In acid-base titrations, the functions ® = & (pH) are monotonic
over the entire pH range admissible for & values, i.e., & > 0;
then one can write d®/dpH = 1/(dpH/d®). At C = 0.1 mol/L,
Cp = 0.01 mol/L, pKy, = 14.0, and pH = 4.4, we have

1/n =2.303-0.1-(0.1/0.01 + 1) - (10~** 4 107°)
(0.14+107** —107%%) = 0.010125

and then n = 98.8 = 10%. Applying the approximation d®/dpH
= A®P/ApH, we get A® = 0.01-ApH; for ApH = 0.1, i.e.,
the @ value calculated at pH, = 4.5 or 4.3 differs from one
calculated at pH, = 4.4 by a value A® = 0.001, i.e., lower than
one—drop error. The approximation is acceptable for small ApH
values in a vicinity of equivalence point.

EQUIVALENCE AND INFLECTION POINTS

A relatively simple relationship between V4 and the volume
V = V¢ related to inflection point (inf) on the titration curve,
where d?V/dpH? = 0, can be obtained from Eq. [32]. In this
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case we have (7, 11)

Veq - Vinf = (VO + Veq) ' Xinf/(1 + Xinf)
=V (Co/C+ 1) Xint /(1 +Xing)  [34]

where

Xint = [1 — (1 — 32 K,,/C?)'?]/2
=8-Ky/C?+ (8 -Ky/CH + - [35]

Similar relationships were found for titration of KOH with
HCI and for titration of NaCl with AgNOs5 (11) (or vice versa);
in the latter case, Ky, (for AgCl) is taken instead of K.

Some pH-metric and potentiometric methods of analysis are
based on the determination of Vj,¢ value, related to inflection
point, where the greatest change (“jump”) in pH or potential
E occurs. However, in automatic titrations, indications of the
variable measured (pH or E) are distorted in comparison with
ones obtained under equilibrium conditions and the inflection
point provides biased results for V¢4 value. The issue is that the
concentration of analyte at the indicator electrode should be the
same, at any stage of the titration, as one in the bulk solution
at the moment of pH or E readout. This distortion becomes
excessively high in the jump region of the titration curve, pH =
pH(V) or E = E(V), where the buffer capacity of the D+T mix-
ture is low. This makes some other methods of V¢ evaluation
more valuable, particularly (1°) extrapolative Gran methods
and (2°) indicative method represented by pH-static titration.

METHODS OF V.q EVALUATION
The Gran Methods
The original Gran (I and II) methods (12—14) were perceived
as a manner of linearization of S—shaped curves, obtained in po-
tentiometric or pH—metric titrations. In the papers issued later,
numerous modifications of these methods were proposed and ap-
plied for exact determination of Vqvalues, particularly in redox
D+T systems (2, 3,7, 15, 16). Some of these modifications were
also applied for calibration of redox indicator electrodes (2, 3).
The original Gran I method is based on the approximation

In(1 +x) =x [36]
which is valid only forlx| < 1. The approximation
In(14+x)=1/(1/x+1/2) [37]

proposed by Michatowski (7), appears to provide better results
than the extension of In(1+x) into Maclaurin series up to the
18" term, at x| < 1 (15). The re-activated Gran I method, based
on the formula [37], has been applied, among others, for iron
(11, IIT) speciation (16), on the basis of the single titration curve
E =E(V).

Further modifications of the Gran methods were, in principle,
based on Eq. [37] and the function (2)

v A%
—a~ln<1— ) [38]
Veq Veq

E=w—-a-(ea+pV)+a-In

valid for V < V¢4, with the parameters w, «, 8, and a assumed
constant within the V-range of titration considered.

pH-Static Titration

pH-static titration is a relatively new method (15, 17 — 20)
of V. registration, applicable to the systems where at least two
types of reactions occur; one of them has to be an acid—base
reaction. The proton consumption or generation occurs in redox,
complexation, or precipitation reactions, for example:

o titration of (buffered) solution of arsenite(III) with I,+
KI solution (redox reaction);

o titration of (buffered) solution of zinc salt with EDTA
(complexation reaction);

e addition of dimethylglyoxime into (buffered) solution
of nickel salt (precipitation reaction).

Principle of the Method

The principle of pH-static titration is based on alternating
addition of primary (PT) and auxiliary (AT) titrants into V¢ +
AV ap mL of D+AD solution with pH = pHy value established
by addition (according to titrimetric mode) of AVp mL of an
acid or base, as the adjusting (AD) solution, into Vo mL of
titrand (D), containing the analyte X and a buffer (or the species
able to form the buffering mixture) and some other reagent(s),
if necessary; AVap = 0 if this adjustment (regulation) seems
to be unnecessary (not advisable) from analytical viewpoint.

PT and AT are added alternately in portions AVp; and AV a;,
respectively. First the D+AD solution is treated with a portion
AVp; mL of PT and then the pHy value is returned with an
increment AV 4; mL of AT added according to titrimetric mode.
The procedure of alternating addition of AVp; of PT and AV 4;
of AT is conducted N times (i = 1, ...,N); the volumes AV;
aimed, every time, to get the pre—assumed pHy value. Total
volumes of PT and AT added after j—th operation are Vpj =

Ji:l AVp; and V,j = Zjizl AV ,;, respectively. As a rule,
AVp; = AVp; = const and then Vp; = j-AVp; (j =1, 2,...).
The set of points (Vpj, Vaj)lj = 1,...,N is then drawn on the
plane with orthogonal co—ordinates (x, y) = (Vp, Va). The pH-
static titration curve is thus obtained in the form of a broken
line consisting of line segments (or partly rectilinear segments)
intersecting at the point R. Perpendicular projection of the point
R on the abscissa (Vp) gives the value Vp = Viper. If Viper =
Veq» the method provides the correct information on the content
of the analyte X in the sample tested. Some further details on
the method are given in (15, 20).

pH-Static Titration of Cyanide According to the Modified
Liebig-Deniges Method

Let the pH of Vj = 50 mL of the solution (titrand, D) contain-
ing KCN (Cy = 0.002 mol/L) + diethanolamine (DEA, Cpga =
0.02 mol/L) + KI (Ck; = 0.002 mol/L) be adjusted with Cap =
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opHo=75
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FIG. 3. The curves of V vs. Vp relationships plotted for pH-
static titration at different pre-assumed pHy values.

0.1 mol/L H,SOy to the pre-assumed pHy value. The resulting
D+AD solution is then titrated, repeatedly and alternately, with
AgNO;3; (Cpr = 0.01 mol/L) and NaOH (Car = 0.01 mol/L).

The volumes Vi corresponding to the point of intersection
(int) of lines on the (Vp, V) plane (Fig. 3), related to different
pHy values, are presented in Table 5 (column A).

The values for ®;, obtained in pH-static titration and P,
values obtained in classical, pH-metric titration of D-+AD so-
lution with 0.01 mol/L. AgNOj; [Fig. 4, Table 3 (column B)]
correspond to the first appearance of the precipitate Agl in
the system. The values of @, are close to &g = 1/2 at
higher pHy values pre-assumed in the titration (Table 2, col-
umn A). At lower pHp values of the starting D4+AD solu-

TABLE 5
The pHy and the related &y, values related to pH-static
titration (column A) and conventional titration (column B) of
cyanide according to the modified Liebig-Deniges method.

CIDint

pHo A B

7.5 0.4473 0.1641
8.0 0.4820 0.4212
8.5 0.4936 0.4903
9.0 0.4973 0.4968
9.5 0.4985 0.4983
10.0 0.4988 0.4988
10.5 0.4990 0.4989

11.0

10.5 10,5
10.0 10,0
9.5 9.5
9.0 90
S 85 85
8.0
7.5
7.0
6.5 \ 75
60—+

0.0 0.2 0.4 0.6 0.8 1.0
(0]

FIG. 4. The pH vs. @ relationships plotted for conventional
pH-metric titration at different starting pHy values assumed.

tion, we have ®;(pHog) > P.(pHp). At higher pHy values,
®.(pHp) = iy (pHy) (Table 2, column B). For pHy = 10.5, the
theoretical error equals 8 = — 0.2% (Eq. [16]) for the pH-static
titration.

The example of a simulated pH-static titration procedure
indicates some “traps” of this method. First, it indicates the pre-
assumed pH, value where the results with acceptable error of
analysis are obtained. However, at relatively high pHy values
the curve plotted in (Vp, V) coordinates has a flattened shape
(Fig. 4), disadvantageous from analytical viewpoint. A com-
promized resolution of the problem is required, also from the
viewpoint of the volatility of HCN (one of the analyte species),
[HCNJ/[CN~] = 10°2>7PH, The volatility of buffering species
should also be taken into account. For this purpose, DEA is pro-
posed for NHj3 (applied in the original method). Another param-
eter tested this way is the concentration of buffering species, dis-
cussed in (20). Conventional pH-metric titration of the D+AD
with AgNOj3 solution indicate the breaking point that disappears
(Fig. 4) at higher pHy values assumed at the start of the titration.

ON THE CHEMICAL REACTION NOTATION
AND THE ROLE OF STOICHIOMETRY

In context with EM, one can refer to the place and the role
of a chemical reaction notation that plays hitherto a central
role in simple calculations based on stoichiometry. One should
necessarily distinguish between (a) the informative aspect of
this notation and (b) the requirements for the reaction notation
involved with formulation of the related equilibrium constant.
Particularly, the informative aspect is a kind of “code” designed
to express briefly some chemical (also analytical) activities. In
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some instances, some ‘“mixed” notations, understandable for
chemists, are commonly applied. For example, the notation

NO3 = NO; + hv [39]

involves, in formal reaction notation, the “incompatible” com-
ponents: NOj and NO,, expressed in “symbol units” and hv,
expressed in energy units. This notation, unacceptable in com-
mon algebra, can be interpreted as a “code”, where the signs “+”
and “="have similar meaning as “+” and “=""in the statement:
child 4+ matchbox = fire.

Any chemical reaction notation, applied as the “carrier” to
formulate the related equilibrium constant on the basis of mass
action law, should be written correctly from formal viewpoint.
This notation should involve only the real species in the system.

It is obvious that any ambiguities in a reaction notation dis-
qualify it as a potential source of quantitative inferences, when
taking into account that:

1. The number of possible linear combinations generated from
two or more chemical reactions is infinite;

2. A particular reaction notation involves only a part of species
of the system considered;

3. The obligatory definition of EM requires a choice of a par-
ticular reaction as one “responsible” for all phenomena oc-
curred in the system, irrespectively on the degree of com-
plexity of the system.

According to EM approach, one stoichiometric reaction is as-
cribed, for quantitative purposes, to the system obtained after
addition of NaOH solution into HCI solution, where one equi-
librium constant is involved, and to the system KIOs;+ HCI
+ H,SeO3;+ HgCl, titrated with ascorbic acid (Example 3),
where ca. 40 independent equilibrium constants are involved in
the related balances (8-10).

The concept of stoichiometry, presented in historical re-
view by Szabadvary (21) and considered lately by Sherman and
Kuselman (22), “refers to compounds, reactions and systems,
and expresses an ideal state where a fixed, usually rational nu-
merical relationship between the quantities of substances in a re-
action or compound, exists” (23). This concept was extensively
applied in different areas of analytical chemistry, especially in
gravimetry and titrimetry, spectrophotometry, coulometry, and
isotope dilution (24). The stoichiometric notation also plays a
central role in the systems where (normal) kinetic (25) and os-
cillating (26) reactions occur. In all instances, the central role is
ascribed to a correct chemical reaction notation (27).

One should first consider, what the term “correct notation”
means. In the common meaning, practiced extensively in sci-
entific literature and didactics, the correctly written chemical
reaction notation should fulfil two basic requirements: (1) equal
number of atoms of particular elements and (2) equal charges on
both sides of the reaction notation. According to such require-
ments, the reaction Mn?*+ MnO4~ = 2MnO; is written incor-
rectly whereas the reactions: Mn?*4 MnO,; ™+ e~ =2MnO, or
2MnO4 ™+ 3Mn*t+ 2H,0 = 5SMnO,+ 4H* can be considered

to be written correctly. From the EM viewpoint, the reactions:

HCI + NaOH = NaCl + H,0 [40]
H' + OH = H,0 [41]

are written correctly, although HCI, NaOH, and NaCl do not
exist as the species in aqueous media; their concentrations in
aqueous solution are in principle equal to zero.

An attempt to formulate the equilibrium constant of reaction
[40] provides the indeterminate expression of 0/0 type. The equi-
librium constant for NaCl = Na*+ C1~ equals infinity whereas
one referred to Na™+ C1~ = NaCl equals zero.

Equilibrium constants K are related to correctly written
chemical reaction notations, where only the species (i.e., forms
really existing in the system) are involved. In such cases,
the inequality 0 < K < oo is fulfilled. Then any reaction
not designated to formulate the expression for an equilibrium
constant obtained on the basis of mass action law should be
omitted in considerations. However, the equilibrium constant
values, found in equilibrium data tables, should be pre-selected
carefully.

Formal correctness does not also mean that the reaction really
proceeds in the system—the reasons are, however, different.

The correctly written reaction notation Mg?*+ 2H,0 =
Mg(OH),+ 2H* involves the entities that can exist as species,
but it does not mean that Mg(OH), precipitate is formed when
magnesium salt (e.g., MgCl,) is introduced into water. From
charge and concentration balances related to this system it re-
sults that [HT] — [OH™] = [MgOH™"], i.e., [H*] > [OH]; in
acidic media, Mg(OH), does not precipitate.

The correctly written reaction notation 4MnO4~+ 2H,0 =
4MnO,+ 30,4+ 40H™ does not correspond to the reaction oc-
curred when potassium permanganate is introduced into water,
although it is possible from thermodynamic viewpoint. Simply,
the overvoltage supplied by MnO,~ ions in aqueous media is
not sufficient to provide the energy required to volumetric work
required to form bubbles of gaseous oxygen (O;) in it. Conse-
quently, KMnOy and H,O form, also at elevated temperatures, a
metastable system. Further examples testifying about limited in-
formative contents of a chemical reaction notation can be found
in (7).

In this context, it is difficult to accept some statements met
in contemporary literature. Some of them, taken from (22), are
cited below, in extenso.

(1) The stoichiometric reaction is considered as a linear com-
bination of molecular equations describing the mechanism
of a complex chemical transformation. The basic problem
in this case is to determine the combination coefficients
(stoichiometric numbers) (27).

(2) The intermediates, which are specified in the molecular
equation and disappeared during the combination, and a
number of physicochemical conditions based on conserva-
tion principles and the theory of linear equations should be
taken into account for this determination (28).
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(3) Stoichiometry of complex chemical systems with two or
more reactions between the same components is being de-
veloped using linear algebra and other mathematical meth-
ods.

In principle, all the statements resemble the procedure real-
ized in the combination of equations for calculation of enthalpies
or equilibrium data according to the Hess rule.

Another problem, involved with stoichiometry, has been
raised in (29). From the EM viewpoint, it is no matter which of
the reactions:

IL+20H =10" +1" + H,O [42]
3, + 60H™ =105 + 5I" +3H,0 [43]

referred to titration of iodine with strong base, is considered
in stoichiometric calculations; stoichiometries of both reactions
are the same: 3:6 = 1:2. However, as stated in (29), the effi-
ciency of reaction [43] is ca. 2.5 - 10° times greater than the
efficiency of reaction [42]; 2.5-10° ~ (80 y)/(1 s). Nonetheless,
in all handbooks and monographs, the reaction [42] is taken for
stoichiometric calculations.

Any particular reaction proceeding in a chemical system is
stoichiometric in its notation. It concerns partial chemical equa-
tions designed to formulate the algebraic equations for the corre-
sponding equilibrium constants, completing the set of material
balances from the GEM viewpoint. In EM, none of the partial
equations can play the role of the reaction “responsible” for
the stoichiometry of the resultant reaction — with one excep-
tion: the reaction H"+ OH™ = H,0, referred to the simplest
acid-base system, where NaOH and HCI solutions are mixed.

However, some reactions do not proceed according to the
expected, resultant stoichiometry. For example, the “resultant”
reaction between H3;AsQ, in acidic (H,SO4) media with KI so-
lution (8) proceeds only partially and the titration curve E =
E(V) thus obtained does not reflect the desired (from analyti-
cal viewpoint) S-shape, with a distinct change of potential at
the vicinity of the equivalent point. Briefly, the resultant effect
of all stoichiometric reactions may not reflect the (expected)
stoichiometric properties.

It does not mean, however, that only S-shaped titration curve
is the conditio sine qua non, required to evaluate Vq in titrime-
try. For example, in the extrapolative Gran methods, Vq is
evaluated by extrapolation (see Section 8.1). Another resolu-
tion is the curve-fitting method [see e.g., (30-37)] where V¢4
or concentration of analyte in the sample can be evaluated as
one of parameters of the system with the use of iterative com-
puter programs or, in some instances, according to least squares
method.

Finally, one should refer again to the problem raised in con-
nection with notation of Eq. [39] and with the “quasi-algebraic”
properties exhibited by the principle of chemical reaction nota-
tion. In physical calculations, based on “truly-algebraic” prin-
ciples, it is not admissible to compare, e.g., energy or work
(scalars) with moment of a force (vector), although all physical

quantities can be expressed in the same physical units [Joules].
Zero-vector (0) is different from zero-scalar. Assuming that all
components of a chemical reaction are expressed in the same
units (symbols), it is not acceptable to consider the following
notations:

Fe?t = Fe3t + e, Fe? —e™ = Fe3t, Fe?t —e™ —Fe’t =0

equivalently; the term on the right side of the last notation
should be considered rather as a lack of symbol, not zero
(scalar) or .. .the symbol of oxygen atom (reductio ad absur-
dum). Nonetheless, the manner represented by the last notation
is applied in chemical thermodynamics and even the concept of
matrix algebra related to chemical reactions is introduced. The
first two notations can be “put in words” (removal of an electron
from Fe?* ion).

It is not easy, however, to put in words even a simple reac-
tion occurred during titration of Cy mol/L H3;PO,4 with C mol/L
NaOH. At Cy ~ 1072, the titrand contains comparable concen-
trations of H;PO,4, H,PO,~, and HY. The [H] value for Cy
mol/L H3POy is calculated from the equation [H* 1>+ k;[H*] -
Cok; = 0 and then the mean number of protons bound to PO,
in Cy mol/L H3POy equals

i = (3[H3PO4] + 2[H2PO4~1)/([H3PO4] + [H2PO4 ™)
=(C3x+D/x+1D

where x = (1 4 4Cy/k;)!/2. At Cy = 0.01 mol/L, pk; = 2.04,
we have: x = 2.32 and 7 = 2.4. In this case, the statement
that one proton in each molecule of H3POy is neutralized when
titration is ended at pH, = pH(® =1) = 0.5 - log{K3"/K; "+
(KH/K H)-(1/Co+1/C)} (8), where 7i = 2.0, is not correct; the
change in the number of protons bound as the result of the
titration is different from 1, An = 2.4 — 2.0 = 0.4. In this
system, two main reactions can be indicated:

H3;PO, + OH™ = H,PO; + H,0 [44]

and [41], occurring in the system in question. Application of
Eq. [44] is the only inadmissible simplification; Eqgs. [44] can
be considered as a kind of dummy that possess only informative
character, i.e., it may be considered only in terms of a “code”
applied against a more extensive (verbal) description of (analyt-
ical) activities.

The reaction notation seems to be a kind of the “last re-
sort” used when a lack of sufficient physicochemical knowl-
edge on the system is extremely painful. A striking example is
the Karl-Fischer method of water determination. The existence
of possible intermediates formed in the system is based only
on speculations; particularly, the equilibrium constants and rate
constants in this system are unknown (38).

The role of a chemical reaction notation may (or rather
should) be limited only to one purpose—namely to formulate
the expression for the related equilibrium constant value. Such
a procedure can be named as an “escape into algebra.” Indeed,
the expression for equilibrium constant, formulated on the basis
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of mass action law, is an algebraic expression, whereas a chemi-
cal reaction notation appears only “quasi-algebraic” properties,
involved, e.g., with the formulation of linear combinations of
particular reactions, practiced on an elementary level of chemi-
cal education.

GEM VERSUS EM
The equivalence mass (EM) concept (5, 6) is still recom-
mended and advocated by IUPAC. Its principle is to formulate
the reaction and to apply then the method of finding the fourth
term of the mathematical proportion when three terms are given
(the rule of three):
IIAA + HBB +( . ) = ( . )
na ng [45]
103 . mA/MA C- Veq
where na and ng refer to the number of milimoles. The following
expression is obtained
Ma
ng / na

Comparing the eqgs. [46] and [13], one can state that the
identity occurs at ®.q = ng/nx; e.g., for the reaction

mp = 107-C- Vg - [46]

5Fe’™ + MnO,~ + 8H' = 5Fe*t + Mn?** + 4H,0  [47]

we have: np =5, ng = 1, and then ¢ = 1/5 =0.2.

In the light of discussion concerning Eq. [13] one can state
that Eq. [46] is not valid if V¢4 (not V.) is determined by visual
titration. The volume V. does not correspond to the equivalence
point but to an excessive amount of KMnQO, solution, where
[MnO4~] ~ 107> mol/L and pink color appears; one drop (AV
= 0.03 mL) of 0.02 mol/L KMnQO, introduced into 100 mL of
the water (or colorless non-reducing solution) makes [MnOy ]
~0.02 - 0.03/110 ~ 0.5 - 1073 mol/L. In other instances, e.g.in
presence of yellow background color of solution resulting from
iron(II) species formed as the result of the titration, the pink
color is masked. Similarly, the pink color of FeSCN?* appears
at the end of argentometric titration of thiocyanate ions accord-
ing to the Volhard method (1). Concentrations of MnO, or
FeSCN?* (and other species in the related methods of analysis)
can be found according to GATES, at any stage of the titration.

The choice of the reactions in EM depends on the stoichiom-
etry derived from experimental data. It is usually involved with
speculations done when searching different intermediates (22).
One can notice that under experimental conditions (presence of
H,SO, in D), strong sulphate complexes Fe(SO4)@~2* (i = 1,
2) are formed and concentrations of complex species: FeSOy4
and MnSO, are comparable with [Fe’*] and [Mn?*], respec-
tively. By considering Eq. [47] in terms of the predominating
species, one can write:

5FeSO4 + MnO4~ + 6HSO,~ + 2H*
= 5Fe(S04)2~ + MnSO4 + 4H,0 [48]

The stoichiometries in Eqgs. [47] and [48] (where electrons
are cancelled) are identical, of course.

It could be noticed that EM applies the “proportion princi-
ple” to “fragile” chemical reaction notation, whose symbols are
referred to letters, not numbers. The ‘fragility’ can be discussed
on the basis of examples considered above.

Returning to the reaction [40], one should remember that the
symbols: HCI, NaOH, and NaCl are not related to species exist-
ing in aqueous solutions. One could ask: can the EM definition
be based on fictitious entities?

Reaction [40] can be also considered as a kind of chemical
“code.” It can be interpreted as the information that NaOH (so-
lution) has been added into HCI (solution) and (. . . ). One could
ask again: can the EM definition be based on a code?

Referring to the notations given in [42] and [47], one could
ask: can the EM definition be referred to minor species (reagents,
products)?

In all the questions above, “yes” can be the answer. One
could argue that the mnemonic approach based on the EM con-
cept works satisfactorily in titrimetric analyses, and that the
indicators are ascribed properly to particular analytes. Similar
argumentation could be referred to many branches of analysis.

This argumentation is not satisfactory, however, to the ones
considering analytical chemistry as a science, not as an art
(craft). Any science can be defined as the systematic and coordi-
nated knowledge based upon the accurate observations of facts
and on which general principles and laws rely. Analytical chem-
istry is perceived by some scientists as a fundamental discipline
and the most important part of chemistry, providing theoretical
foundations of analysis (39) and the interface between metrol-
ogy and problem solving (40). Particularly, GATES concerns the
physicochemical approach based on balances and equations for
equilibrium constants, resolved with use of iterative computer
programs (MATLAB, MINUIT, DELPHI, etc.). GATES pro-
vides the tool that enables one to foresee the course of processes
and resolves many problems of analytical and physicochemical
nature. It is compatible with models formed for analytical pur-
poses, exemplified by algorithms derived for the Gran I method
(Section 8.1). None of the balances is based only on the compo-
nents of the related reaction equation. Simply, the reaction nota-
tion does not involve all components of the system considered.

By comparing EM and GEM one can summarize that:

(la) EM is formulated for a defined system a posteriori, with
the use of a stoichiometric reaction (Eq. [45]), formu-
lated on the basis of experiments, realized under defined
conditions of analysis.

(1b) GEM is formulated a priori, on the basis of GATES, with
no relevance to a stoichiometry.

(2a) In EM, formulation of a (dummy) chemical reaction no-
tation for stoichiometric calculations is admitted.

(2b) When referring to GEM, see (1b).

(3a) In EM, molar mass M, is divided by the number ng/ns
(Eq. [46]) resulting from the stoichiometry of Eq. [45].
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(3b) In GEM, molar mass My is divided by the &4 value (Eq.
[14]) resulting from GATES.

(4a) EM is defined separately for particular types of elemen-
tary (acid-base, redox, complexation, and precipitation)
reactions.

(4b) GEM is formulated in unified manner, with no relevance
to particular types of reactions, occurred simultaneously
and/or sequentially, and referred to systems of any degree
of complexity (1).

(5a) Formulation of EM does not involve any physicochemi-
cal knowledge on the system considered.

(5b) GEM is formulated on the basis of all attainable (and
pre-selected) physicochemical knowledge on the system
in question.

(6a) EM does not provide any possibilities to evaluate an
effect of pH and accompanying substances.

(6b) GATES provides the basis explaining possible changes
in GEM, affected by presence of some accompanying
substances (see Table 3).

(7a) Formulation of EM enables only to “target” (mark) only
the equivalent points, i.e., information from the vicinity
of the equivalence points is inadmissible.

(7b) In the GATES referred to GEM concept it is possible
to calculate coordinates of the end points, taken from
the vicinity of equivalence point where the (properly
or improperly) chosen indicator acts (see Sections 2, 3).
This way, one can choose a proper indicator and the most
appropriate (from analytical viewpoint) color change of
the indicator. Also the coordinates of the equivalence
point can be determined more accurately than hitherto.

(8a) Any speciation in the system within EM is not possible.

(8b) The GATES referred to GEM concept offers dynamic
speciation in the titration process (1, 2, 4, 8). It enables
one to formulate main and accompanying reactions, to-
gether with their efficiencies, on any stage of this process
and follow all what is invisible in real experiments.

(9a) In EM, calculation of errors at the end points is impossi-
ble.

(9b) Using GATES, one can evaluate the errors involved with
registration of V, value. It frequently happens that pH of
color change of an indicator does not involve pH = pHeq
corresponding to the equivalence point.

(10a) Formulation of EM does not involve the range of color
change of an indicator effects. All necessary information
is provided experimentally.

(10b) Procedure of GEM formulation realized with use of
GATES enables to explain and measure quantitatively
the effects specified in (9a). It enables to choose a proper
indicator and its best color change, where V. is close to
Veq within the one drop error (Section 5).

(11a) Formulation of EM does not provide any prerequisites
for optimization of an analytical method.

(11b) The GATES realized for GEM purposes provides the
basis for optimization a priori (see Fig. 3 and Table 5).

(12a) The manner of EM formulation does not provide a basis
for searching new methods of analysis.

(12b) The GATES procedure realized for GEM purposes en-
ables to foresee and optimise new analytical methods,
modify, improve and optimise old analytical methods.

(13a) The manner of EM formulation does not provide any
prerequisities about characteristic changes of some vari-
ables measured.

(13b) The GATES procedure provides some information that
can be (potentially)] used for GEM purposes.

(14a) Formulation of EM does not provide any chemical
knowledge on the system tested.

(14b) The manner of GEM formulation provides a deep
knowledge on the electrolytic — mono- and poly-phase
systems. It enables to distinguish between equilibrium
and metastable systems and indicate the effects resulting
from transportation phenomena occurred at indicating
electrode.

In a common approach referred to redox systems, the titration
curve is divided into two parts, referred to separately as V <
Veq and V > Vi, ie., the most interesting (from analytical
viewpoint) region of the vicinity of the equivalence point (Veq,
Eq) is omitted in the formulation. The Eeq value is calculated
from the incorrect equation based on the stoichiometry of the
related equation. In GATES, based on the GEB concept (2, 29,
41) the titration curve is expressed by one function, involving
the equivalence point (see e.g., Table 1).

Referring to (12b), one can indicate a new, interesting method
of As(IIT) determination by titration with I, + KI solution (4).
In this case, pH-metric titration is performed in buffered(!) so-
lution and the titration curve thus obtained consists of two rec-
tilinear parts, intersecting at the point close to the equivalence
point. As concerns (13b), application of GATES enabled us to
state (for the first time) the maxima on pH vs. & curves oc-
curred at the equivalence points for some D+T systems (1, 8,
10).

One can also refer to the matter involved with completing the
physicochemical data related to a system considered. Particu-
larly, the stability constants (Kj3;) of (possible a priori) sulphate
complexes Mn(SO4)®~2)* formed by Me** ions are unattain-
able in literature, [Mn(SO,)*~2*] = K3;- [Mn**][SO;]'. For
this purpose, different “virtual” values for K3; i=1ori =1,
2) were assumed in calculations. The fragments of the related
parts of titration curves, plotted for ® € (0.2, 0.3), are presented
in Fig. 5a and compared with the one obtained experimentally
(Fig. 5b). This comparison leads to the conclusion that at most
weak complexes are formed. The Ks;-values for the curve 1 in
Fig. 5a are comparable with ones (logK3; = 4.18, logKs, =
7.4) ascribed to complexes Fe(SOO?’Zi)Jr i=1,2).

FINAL COMMENTS
Formulation of a stoichiometric reaction notation is a con-
sequence of interpretation of the data obtained from simulated
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FIG. 5. (a) Fragments of hypothetical titration curves plotted for
different pairs of stability constants (K3;, K3,) of the sulphate
complexes Mn(SO4):F32: 1 - (10%, 107), 2 — (10%, 10%), 3 —
(10%3,10%), 4 —(10%, 10*), 5—(10*,0), 6 — (103, 0), 7— (10%, 0),
and 8 — (0, 0); (b) the titration curve obtained experimentally.

speciation curves (4) obtained on the basis of physical laws
of conservation (i.e., charge, electron, and concentration bal-
ances) and physicochemical data (equations for the related equi-
librium constants). It particularly refers to complex analytical
systems.

The difficulties associated with the complex nature of the sys-
tem and algebraic equations involved disappear, however, when
GATES is applied. This way, some complex processes, such as
the pH—static titration in a two—phase system, are realized (12).
The computer program that enables one to follow the simulated
procedure (pH-static titration of cyanide, according to a mod-
ified Liebig—Deniges method) to be effected automatically has
also been prepared (42).

The principle of the GEM concept enables one to select
consciously the best a priori conditions of analysis and indi-
cates some effects involved with an insufficient physicochemi-

cal knowledge of the system (4, 10), particularly involved with
activation barriers for some reactions (1) or transportation phe-
nomena at electrode surface and kinetics of reactions in the
bulk solution; the latter problems are particularly involved with
automated titrations. The generalized approach to electrolytic
systems, applied for GEM purposes, also enables one to choose
the best a priori conditions of analysis.

In calculations done according to GATES, all equilibrium
constants assume constant values during the titration, where a
change in ionic strength (I) occurs, as a rule. It is well-known
that any equilibrium constant (K) value depends on the temper-
ature (T), ionic strength, and dielectric permeability (¢) values,
K = K(T,L,¢) and ¢ = &(T,I); the same remark concerns stan-
dard redox potentials. Within GATES, it would be possible to
assume all the changes considered, provided that the relation-
ships K; = Kj(T,Le¢) are known beforehand for all equilibrium
constants (K;) considered in the system; however, they are un-
known. On the other hand, the change in K; value affected by
ionic strength in isothermic (T = const) processes are frequently
smaller than the indefinity resulting from experimental errors,
the model applied, and the instrumental technique applied for
K| determination.

ABBREVIATIONS

A analyte (substance determined) in D
B reagent in T, reacts with A

C concentration [mol/L] of Bin T

Co concentration [mol/L] of A in D

D titrand (solution titrated)

e refers to the end point

EM equivalent mass, according to [IUPAC
eq refers to the equivalence point

GATES generalized approach to electrolytic systems
GEB  generalized electron balance
GEM  generalized equivalent mass

HIn protonated form of indidator

K dissociation constant of HIn, pKy, = —log Ky,
T titrant

\" volume [mL] of T added

Vo volume [mL] of D
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