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Abstract

The paper provides some linearisation methods presented in modified (Gran | method), extended (pH-static titration) and generalised
(Ni method) or corrected versions. Particularly, the modified Gran | method, based on the approximatior) B/ +x/2), enables (a)
significant error inherent in the original Gran | method of equivalence voNiypevaluation to be avoided, (b) greater portions of titrant to be
added and (c) the points more approachedgo be involved in calculation d¥e,, according to the linear model applied. Moreover, prior
determination of the real slope of the (p&) characteristics for X-selective indicator electrode (inherent in Gran Il method) is thus avoided.
The modified Gran I method is particularly useful in potentiometric titrations where electromotiveE)iser{easured. The pH-static titration
has been extended on some complexometric and precipitation titrations. Among others, two new methods of cyanide determination and a three-
component precipitation pH-static titration have been suggested. A new criterion, involved with accuracy of pH and volume measurements in
pH-static titrations, is suggested. The data were obtained, according to simulating procedure based on iterative computer programs involving
all attainable data related to a system in question and widely accepted physicochemical data related to the systems considered. This way, any
analytical prescription performed according to titrimetric mode can be fully reproduced and none simplifying assumptions in calculations made
for this purpose are required. The Ni method, confined primarily to mixtures of weak acids, has been extended to acid—base systems involving
salts of different type; to apply a kind of ‘homogenisation’ in formulae related to such systems, the Simms’ constants were introduced.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Gran Il method; this occurrence has been taken into account
in the present paper (Secti@rl and 2.2).

More than a half of century passed after appearance of the From our viewpoint, the replacement of a more sophis-
Gran famous paper§l,2], with formulae widely exploited  ticated formula by its ‘rough’ form (ascribed to Gran Il
later by chemists—analysts. Popularity of the formulae, pre- method) done by Gran resulted from the fact that the for-
sented there and elsewh§3e5], resulted from their simplic-  mula derived for Gran | method has been presented in over-
ity, effectiveness and a relatively wide range of applications. simplified form. This fact has lead to relatively high errors
The principal idea of the Gran (I and Il) methods is based involved with Veq evaluation — particularly when the vol-
on the evaluation of equivalence volume.gVon the basis  umesV; from the nearest vicinity oleq were taken into
of points{(V;, Yj) j =1....,N} obtained from potentiometric = account in calculation o¥eq on the basis of the original
or pH metric titrations)Y=E or pH. Although the Gran II Gran | method. Otherwise, it is necessary to apply rela-
method followed (chronologically) the Gran | method, the tively small portionsAVj, j+1=Vj+1—V; of titrant such that
Gran | method can be derived from the formulae ascribed to X" = (Vj+1 — Vj)/|Veq— Vj|<1. However, the relative error

dV/AV, j+1involume increment assumed in the titration and
* Corresponding author. Tel.: +48 12 6282749; fax: +48 12 6282036.  tN€ resulting relative err@ry/AY j+1 in theY-measurement
E-mail addressmichalot@chemia.pk.edu.pl (T. Michatowski). becomes greater for smallVj j+1 andAYj, j+1 values when
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The paper is supplemented by other linearisation methods
Nomenclature known in literature. Some of them are generalised, derived
in simpler manner or simply corrected.
AD adjusting solution
AT auxiliary titrant
D titrand 2. The Gran methods
E electromotive force
¢ fraction titrated 2.1. Formulation of the Gran Il method
PT primary titrant
S/u real value for Nernstian slope (E()); Nern- The principle of Gran Il methof2] can be explained first
stian Value'fOtSIS RT/F-In10 on the basis of titration 0¥y ml of Cy mol =1 HCI with V
\Y volume of titrant added ml of C moll~1 NaOH. In this case, from charge and con-
Ve end volume centration balances and the relat@Vo = C-VeqWe get the
Veq equivalence volume formula:
v;m (Vj+Vj+1)/2 (Eq.(25))
Vo volume of D (in Section 3.1 and iRig. 5) (Vo+V)-([H] = [OH]) =C - (Veq— V) 1)
Vo volume of D (otherwise) Then for [H] » [OH] (‘acidic branch’) i.e. folV < Veqwe
have

Go=Vo+V) 10 =a-(Veq— V) (@=C-fn) 2
this remedy is appliediV anddY denote the smallest differ-
ence in readout of variablésandy.

The Veq location made, according to Gran | method re- H C
alises the principle of standard addition method. This extrap- G» = (Vo + V) - 10P7 = b - (V — Veq) (b = m)
olative method provides more accurate results if maxiial
value taken for calculation dfeq corresponds to relatively 3)
highx’ value. This requirement is fulfilled by the modified

_Gran I method thatengblesgreaax:,vj,j +1valuesforvolume . (not concentration) of hydrogen ions. The expressions on the
increments to be applied. The great advantage of the mOd"right side of Eqs(2) and (3) are linear; it means that the

fied Gran | method (when compared with Gran Il method) oy essions fo, and Gy, are linear too. The formulae (2)

is also the pOfSS;:blhty lto IObta':;eq value W'thcr’]“t prior de- 5,4 (3) are the basis for the Gran Il method, originated from
termination of the real slope d versus pX characteristics 1 earlier Srensen'q6] idea,

for X-selective electrode chosen as the indicator electrode. The formulae related to different ranges (V& Veq or V.
However, the shortcomings of the Gran | method (in its pri- Veg) provide an option between the points,(H;) on the
mary version) decided that just the Gran Il method is usually titration curve chosen for evaluation W, Howe{/er, only
applied in practice. The difficulties arising from the slope (S) the optionV < Veqis advisable. It results f?om the limited pH

determination are frequently overcome by setting the theoret- range where glass indicator electrode appears (favourable,

ic‘?" value res‘_"“”g from the Nernst fo”“!J'SF RT/FIn10; from analytical viewpoint) lineaE versus pH relationship,
this approach is not correct, however. In this context, the mod-

ified Gran I method is the new proposal for wider application. E = Eg, — S - pH 4)
Another kind of linearisation provides the pH-static titra- .
tion. This indicative method, reactivated lately, has been pre-  The Schangess=S(pH), observed at higher pH values,
viously elaborated for titration of zinc with EDTAand NaOH, &€ affected mainly by acid-base properties=§i-O-H
considered as primary (PT) and auxiliary (AT) titrants. We surface groups and mte_rfenn_g 'c_lctlon of different cations that
have extended the pH-static titration on more complex sys- aCtas complexing species. Similarremarks refer, generally, to
tems, where complexation, redox and precipitation reactionsx'nd'ca.tor electrodgs. For this reason, furtherdls.cus.smn will
oceur. The possibility of determination of two or three com- € confined to th&/-interval whereV < Veq (back titrations

ponents from a single pH-static titration curve has been also Will not be considered).

and for [H] « [OH] (‘basic branch’), i.e. foW > Veq

This way it is assumed that pH is the function of activity

stated. In this part, the paper provides: Within defined pX range, the voltadgein the system with
' the indicator electrode is expressed by linear relationship

* two new methods of cyanide determination;

* a simulated precipitation titration where three anions are E = E¢y + (;) pX (5)

determined and,

* a valuable criterion joining an effect of buffer capacity, (*+” for anions, “—" for cations) whereEg, value is assu-
dV anddY with an error in titrants (PT and AT) volume med constant in a measuring cell considered, pXeg x,
increments to be evaluated. x=fx[X] is the activity of X-ions, u=1,2,... For
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X=H*(u=1) one gets the Eq(4). From (2) and (4) -3
we have pH= (Eg, — E)/S and then -4

G: = (Vo + V)-108/5

log[Xi]

=da* - (Veg— V) (@ =C-fu- 10E6H/S) (6)

Although any of the terma anda’ have a defined sig-
nificance (Eqs(2) and(6)), they can be chosen arbitrarily
(asterisked terms refer @-values registeredy anda’” val-
ues affect the ordinate scale and a due scaling is sometimes  (3)
done in graphical procedure @gq location[7,8]. The values
for aanda” are constant if the assumptions of temperature
and ionic strength (I) constancy are valid.

Referring now to the system where the precipitagX 61
characterised by solubility produl€tox = [Ag][X] is formed
during titration ofVo ml of Comoll~1 NaX (X=Cl, Br, 1)
with Vml of Cmol =1 AgNOs, we get the approximate equa-
tion [8,9]

log[Xi]

C(Veq— V) = (Vo+ V) - ([X] — [Ag]) (7)
The approximations resulted from omission of complexes (b) ' >
AgXi*1~"and Ag(OH)™ (i,j =1,2,..)[10], seeFig. 1. At
[X] » [Ag], from (7) we get the relation Fig. 2. Plots of log[X] vs. & relationships for different species §=1.. . .,
% 7) at (a) Co=10"*moll~%, C=10"3moll~! and (b) Co=10"*molI~%,
(Vo+V)-10P" =ax - (Veq— V) (8) C=10"*mol I-%; 1 - AgCl (precipitate); 2— Ag; 3— CI; 4— AgCl (soluble

i i lex); 5—H; 6 — AGOH; 7 — AgCh~.
whereax =C-fx, pX=—log(x), x=fx-[X] is the activity of complex) 9 9Ch

X~ ions. The pX values can be recorded with a due ion- _
selective X-indicator electrode. Setting Egx* + S-pX (at 2,3, 4; logk =3.04, 5.24, 5.04 and 6.14) and Ag(QH)™

u=1), we have the formula (i=1, 2, 3; lok;°"=2.3, 3.6 and 4.8) and the precipi-
E/s tate AgCl (pKsp=9.75), seeFig. 2 (plots for Ag(OH) ™,
(Vo+V)-10 Ag(OH)32~, AgClz?~ and AgCL3~ are beyond the frame
=a* (Veg— V) (a* =C- fx.10P0x/5) 9) of the figure).
The Gran methods can also be applied to com-
applicable whert is recorded. plexo(no)metric titrations. Let us assume [M] »j

The validity of approximations done in the simplified for- [M(OH);] (it is the case frequently valid at lower pH).
mula (7) for X = Cl can be checked out on the basis of equi- Then writing the concentration balances (in terms of nota-
librium analysis made with use of concentration, charge and tion applied for conditional stability constants purposes);
electron balances and equilibrium constants. For the systemp] + [ML*| = Co-Vo/(Vo+V), [L¥]+[ML¥]= C-V/(Vp+V)
whereVo ml of Comoll~1 NaCl is titrated withV ml of C and settingCo-Vo = C-Veq, E=Eg*—(S/u)-pM, for V < Veq
mol I=1 AgNO; one can formulate the charge and concentra- g [M] » [L*], we get the relation
tion balances involving all soluble species Aget! (i=1,

(Vo+ V) -10°E/S = gy - (Veg— V) (10)
0.2

applicable for measurements made with use of M-selective
indicator electrode.

The formulae (2), (6), (9) and (10) were applied to evaluate
Vegaccording to Gran Il method. It should be noticed that in
all instances wher& has been recorded, the knowledge of
the trueSvalue is required.

The equation for titration curve, related tdgy ml
Comol I~1 HL titrated withC mol -1 NaOH (termed as the

0.15 4

swiw
(=]

Fig. 1. Plots of SW/W vs. & relationships; W=|C(Veq—V)/(Vo +V)I, Hofstee equatiofiL1]), was transformed into the forfi2]
3W=ly — [Ag] | for V < Vgq or 3W=|y+[CI]| for V > Vgq,

where y=Y"i-* (i—1)[AgCli]-Yj=2° [Ag(OH)jl; Co=10"*molI~2, VIH] [H] [H] — Kw/[H]

C=10"*mol I~ (curves 1,1); Co=10"% mol =%, C=10-3 mol I"* (curves Veg— V=—"—+W+V)|—+1) ——F—
2,2); Co=10"3moll~%,C=10"3molI1 (curves 3,3; Co=10"3mol -1, k1 k1 c

C=10"2molI~1 (curves 4,4. (11)
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Fig. 3. ThedD/D[%] vs. @ relationships plotted for differentqp = —logk;
values at/o = 100 mICo =0.01 mol X HL, C=0.1 mol - NaOH. Number
at the corresponding curve indicatdg palue.

Let us denote Veq—V=D, 3D=(Vg+V)([H]/ki+1)
([H]—Kw/[H])/C. On the basis ofig. 3one can define pk
for an acid HL andv-range for NaOH where the simplified
relation

(12)

is valid within defined tolerance limits; (3D)/® 1 for mod-
erately weak acids, 5 <kp < 9 (see als¢13,14]). Then Eq.
(12) can be presented in the form

V10" = g (Veg— V) (a= fu- ki) (13)

T. Michatowski et al. / Talanta 65 (2005) 1241-1253

Setting the identitiesVp + Vj+1 =Vo +V; +Vj+1 — Vj and
Veq - \/j+1 =Veq— \/J - (\/j+]_ - \/J) in (15), we get:

In10- (pH)+1 — pH;) = IN(1 4 x;) — In(1 - x) (16)
where
xj= T and y, = ST (17)

Further transformation of (16) needs some simplifying as-
sumptions. In the original papers, referred to Gran | method,
the approximation

In(1+x) = x (18)
of the series expansion

o . x~/+1
foolx) = IN(1+2) = ;O(—ly T (19)

has been factually introduced. The approximation (18) is
valid for |x|« 1, whereas the modification in the Gran |
method, based on the more accurate approxim#tiéj;

In(1+ x) = (20)

X
1+ x/2)
does not need such a stringent requirement. Note that the for-
mula (20) can be primarily obtained from the approximation
involving two first terms in the resolution (19), i.e. In(Xk*
= X—32 =x-(1— x/2) =x-(1— X2IA)(L +x/2) = x/(1 +x/2)

adaptable for Gran Il method; the titration should be made valid at |x|« 1. FromTable 1we see that, ax < 0.4, the
at constant ionic strength. Note that, for moderately weak difference between In(1%) andx/(1 +x/2) is less than 1%,

acids HL, pH=pk occurs at® = 0.5. As results from

whereas the difference between In(f)+andx (related to

Fig. 3, the application of the Gran |l method requires a rejec- original version of Gran | method) is ca. 19%;»at 1, the
tion of some points (\ pH;) obtained from measurements differences are ca. 4 and 44%, respectively. This means that

[15].

2.2. Original and modified Gran | method
From Eg.(2) we obtain:
IN10-pH=In(Vo + V) — In(Veqg— V) —Ina (14)

For any sequence of two points:j(\pHj) and (V+1,
pH;+ 1), obtained from pH metric titration, we have

IN10-pH; =In(Vo 4+ V;) — In(Veg— V;) — Ina

and

IN10-pH;11 = In(Vo + Vjt11) — In(Veg— Vj11) — Ina
and then

In10- (pH;41 — pH;)

Vi V: Veg—V;
—In (M) —In <eq—1+1> (15)

the assumptioix|« 1 is greatly weakened in the case of the
modified approach and testifies very well about the valid-
ity (robustness) of the approximation (20). A comparison of
Eq. (20) (—382=13.82 atx=1, Table 1) with the approxima-
tive sumf, (1) = Z’};&(—l)//(j + 1) related to Eg(19)and
calculated forx=1 (In2=0.69315) leads to conclusion that
approximation (20) is better than the expansion of In}. +
into Maclaurin’s series involving 18 first terms (!), as indi-
cated inTable 2 [17]. Setting (17) and (18) in E(L6) we
have, by turns,

(PHj+1 —pH;) - IN10= x; 4 X

where
Viepa = V; In10
yi=Wo+ vyt R g
pH;+1 — pH; Vo + Veq
(22)

ands;j refers to the random errors. Setting (17) and (20) in
Eq. (16) we have, by turns
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Table 1
Errors [%] involved with approximations (18) and (20)(x) = fik(X)/In(1 +x) — 1; f1(X) = x, f2(X) =x/(1 +x/2)
X 0.05 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
81 (%) 25 49 9.7 143 189 233 276 319 361 402 442
—382 (%) 0.02 0.07 0.27 0.57 0.93 1.34 1.80 2.28 2.78 3.30 3.82
Table 2 _
Values fors =fn(1)/In2—1 (%) found for different number of terms involved in extensions for ILin series ak = 1; fo(1) = % =" =1 +1)
n 1 2 . 9 10 e 18 19
fn(1) 1 0.5 . 0.7456 0.6456 0.6661 0.7188
3n (%) 44.2 —-27.9 e 7.6 —6.9 -3.9 37

In10- (pH;41 — pH})
_ (Vitr = Vi)/(Vo + V)
1+1/2-(Viyr = Vj)/(Vo+ V))
(Vi1 = Vj)/(Veq— V)

+ (23)
1-1/2-(Viy1—Vj)/(Veq— V})
Hjs1— pH, 1 1
In10. P = PA _ - (24)
Viei—V; Vo+ VN " Veq— V1
where
Vi+V;
ym = it i (25)

J 2
(m — for modified). After further transformations of (24) we
get finally

In10
Yi=o-(Veg+ V" ; =— 26
A N O e I
where
-1 Vi =V
Yi=(WVo+Vvmt. = T (27)
! / pHj+1 — pH;

Applying similar procedure to E¢13) we get, by turns,
IN10-pH=1InV —In(Veqg— V) —Ina

pH; -In10=InV; —In(Veq— V;) —Ina
and pH41.In10=1InV; 1 — In(Veq— Vj41) — Ina

Vit Veq — Vj+1
Hj+1—pH;) - In10=In <’—) ~In (—)
(PHj+1 — pH)) V; Veq—V;
(28)

Then setting/j+1=Vj +Vj+1 — Vj andVeq — Vj+1 = Veq—
V) — (Vj+1 — V), from (28) we have:

Vi — V;
(PHj+1— pH;)-In10 = In (1+ L)

Vj
—In <1— Vier = Vi Vj)

Veq—V;

(Vj+1 - Vj)/ Vj
1+1/2-(Viy1 — V) Vi

(Vj+1 - Vj)/(Veq - VJ')
1-1/2-(Viz1 — V})/(Veq— V)

(pHj31 —pH;) - In10=

+

and finally
/ pHj+1 — pH;

In10
= (Veq~ V]f“) <a - Veq )

where V" is expressed by Eq25). Taking two successive
points (V, ) and (\+1, Ej+1), from Egs.(10) and(20) we
get the relation

(29)

1 Vima—V;
Y;=(Vo+ vyt L
1= 7 Ej1—E|
u/S
= " (Veg— VM +e; (o =In10. 22
o Veam Vi) Fes <a V0+Veq>
(30)

Egs.(29) and(30) and the related formulae derived from
the other ones (Eq&6), (9)and(10)) with use of the approx-
imation (20) applied are not ‘loaded’ by coarse errors and
simplifications met in the original papgt8].

Eq.(30)can be rewritten into the fordl; =a — b - VJ’-n +
ej, wherea= —a*Veq, b=—a*. The parametera andb are
determined according to the least squares method and then
Veg=a/bis calculated.

2.3. Calculations of ¥ according to least squares
method

Eq. (26) can be rewritten into the form of linear regression
equation
Yi=B—a-VI+e; (j=1,...,N) (32)

where: B=a-Veq, N is the number of experimental points
(Vj,» pH;). The parametera and g in (31) can be obtained
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»
-
»

according to the least squares method, i.e. the sum of square 4
Y
Y,

N L
S =3 (¥ p+a- V) (32) \
j=1

is minimised; therVeq= pla. Moreover, greater portions of N
titrant can be applied (a relative error in evaluation of succes- N \
sive portions is thus diminished) in the procedure of evalua- ) g ) -
tion of theVeq value. () Veq \7 (b) Veq \7
Similar approach to the subject in question has been ap-
plied for determination of molar concentratioBig, andCps Fig. 4. Graphical depiction of differences between (a) original and (b) mod-
of Fe(ll) and Fe(lll), respectively, ivg ml of the sample ified Gran | method.
titrated with C moll~! KMnO4 were determined (specia-
tion) from a single potentiometric titration, using the formu- Tesults for \eq, not loaded by a great systematic error. The
lae[19]: error|sz| related tog' = 1, i.e. Veq—Vj' = Vj+1-V;, is smaller
than|s| calculated ak’ = 0.1 on the basis of the simplified
- 2 41/2 formula (18), sedable 1.
Cop=25- c . <g> +4. P + The principal idea of the Gran I method (notits realisation)
offers some advantages over Gran Il method, especially when
E (Eq. (9)) is registered. The Gran Il method requires exact
and Svalue to be determined for an indicator electrode used in
0\2 R& potentiometric titrations, see Eq8), (9)and(10). The reaB
Co3=25-—" (—) +4- (33) value differs, as a rule, from the (RT/F)-In10 value calculated
Vo R . .
L i from the Nernst equation, as has been clearly indicated e.g.
in ref. [9]. Such a necessity does not take place when the

The values folQ/RandP/Rare determined according to  Gran | method, particularly in its modified form (E€R0)),

least squares method applied to the regression equation (sets applied.
Eq.(25)) Another approaches to the Gran | method were also

done. For example, the (pkh—pH;)/(Vj+1—V]) versus

=
=0

=

P
R

Vipr—=V; m 2 Vim* = (V] +Vj+1)/2 relationship proposed in another Gran pa-
Ejy1—E;j =P+Q-Vi—R- (Vj )+ (34) per[5] is inappropriate in context with Eq&26), (29)and

(30). This inapplicability is evident in the light of prelimi-
naries done in the introductory part of this pafgr where

the correction for volume change during the titration is in-
dispensable. In this respect, the problem is somewhat similar
to one considered in the papg816], where the regression
equation

2.4. General remarks on the Gran methods

On the basis of the formulae derived above, one can sum-
marise serious limitations inherent in the original Gran |
method and some drawbacks of the Gran Il method. In this
context, the advantages of the modified Gran | method will v\3 3 '
be emphasised. (1 + 7) E=) AV

The Gran methods should be considered as a particular 0 i=0
case of the standard addition method. In this respect, let Usyerived from the related balances, has been applied. In this
remember that the inequalitiegiied and)'|«1 were neces-  context, small volume increment4 ., 1—V; of titrant were

sarily required in the original Gran | method applied for the required, e.g. in the Yan meth{it#,22], based on the formula
dataset () pH;) or (Vj, Ej) taken for calculations; it justified

the approximation (18) applied in there. In practice, the in-

equality|x;j|«1 is always fulfilled in sufficient degree whereas £ 3 ALV

the inequality|x’|«1 is valid if the volumes/; too close to - Z i

Veq are omitted in calculation of th¥gq value, sedrig. 4, i=0

otherwise, the original Gran | method gives biased results for ~ Prone to error approach in the subject in question was also
Veq. Probably, for this reason, the Gran Il method (not the done in ref[18], where the changes in volume of the system,
original Gran | method) has been usually applied in the re- affected by the titrant addition, were neglected.

lated papers; some of them concern alkalinity measurements, The difficulties arising when Gran Il method is applied to
e.9.[20,21]. It should also be noticed that the approximation potentiometric titrations caused that this method appears to
(18) has not been specified explicitly in the original paper be useful mainly in pH metric titrations, where determina-
[1] and elsewhere. The approximation (20) offers far better tion of Svalue is not needed. Particularly, the systems with
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a weak monoprotic acid HL involved have been considered and denotingy; =Kpg;/(Kgi + [OH]), after rearranging the

in numerous papers, quoted extensivelyari4,16,23]. For
example, the system obtained by titrationvafml of (stan-
dardisedCo mol1~1) HL with V ml of C mol =1 solution of

the same acid (HL, sample tested) is described by equation V1

v= (- ) oo (R +1)

=Co-Vo+C-V (35)

The auxiliary variabley is the linear function o¥/, with
C as the slope in co-ordinates (V) [24,25]. A particular
casey=C-V(Cp=0in Eq.(35)), refers to addition o¥ ml
of C mol =1 HL (sample tested) into pure water or an inert
electrolyte (e.g. KCI). The exact value fey (andKy, if the
inequality [H] » [OH] is not fulfilled) must be known before-

hand and concentrations of hydrogen ions (not activities de-

termined from pH measurements) should be consid@@id
Different rearrangements of the equationC-V, considered
together with Eq(35), enable to determirlg andC from a
more generalised straight liné=a+ b-X [25], although the
difficulties arising from the discrepancy between activity and
concentration of hydrogen ions are still actual.

Some algorithms applied fdfeq evaluation, involved in
the so-named Hofstee, EKVOLL and QUOTEX methods
(cited in[5]), were based on the formuja7]

Vi—Vi

Veg=V;
ed j+aij—1

(36)

derived from Eq.(11), se€[14]. In order to overcome the

difficulties indicated above, some empirical corrections (ex-

tension in series) were doff&].

Another approach to the Gran Il method has been done in

the paper$28] whereVp ml of the titrand containing k bases
B (Ci moll~1, i=1,...K) is titrated withV ml of a strong
monoprotic acid HA (GmolI~1). Arranging the bases in a

sequence starting from the strongest up to the weakest one

and denoting

(37)

we have the balances:

Veqi— Veq i—1
HB(; Byl =C. —,
[HBu»] + [Bp] VoV

Veq1
HB B =C- 38
[HB@w)] + [Bw)] Vot V (38)
c-v k

A= —— HB ()] = [OH] — [H] + [A
A =Gy B0l =[O~ H + A

In Eq. (38), Vegqi is the total volume of the titrant added at
the equivalence point related to tith base, B). Setting
Kgi =[HBj)][OH]-[B (i)]_l for B +H20=HBj" +OH"

terms we get, by turns,

k
Veq1+ Z Vi - (Veq.i — Veq,i-1)
i=2
_ ([OH] - ["é])(Vo +V) 4y

F1="Vequ- K1 — V- Kp1

(Kgi + [OH])

=(OH] =[H]) - (Vo +V)- C

+ V- [OH]

k
- Z v - (Veq,i — Veq,i—l) - (Kg;i + [OH])

i=2

(39)

j=1

Z ‘ﬁi . (Veq,i— Veq,i—l) + 1///' ' (Veq,j— Veq,j—l)
i=1

k
+ Z v - (Veq,i— Veq,i—l)
i=j+1
= ([OH] — [H]) M +V

Fj = Kg; - Veqj— Kg; - V = (OH] — [H)(Vo + V)

(KB, +[OH])
x 87 T IV
C

j—1
- |:Z 1//1' ' (Veq,i— Veq,i—l)

i=1

+ V[OH] + KBj - Veq,j-1

i=j+1

K
+ D Vi (Veqi— Veq,il):| - (K +[OH]) (40)

wherer; andVeq: (indexi=1) refer to the strongest base
B(1). This approach to the problem in question, expressed
by Egs.(39) and (40), has followed earlier papef29,30].
Among others, a voluminous (complicated) approach done
in the papeif29], related, among others, to polyprotic acids
and its salts, can be easily simplified and generalised on more
complex acid-base systems provided that the idea of Simms
constants, considered e.g. in rgfl], is applied. For exam-
ple, in the system where a basg"form protonated species
HL*-", ..., HyL™9=" (e.g.n=4 andq=6 for EDTA) one can
define the function = Y7_ i - [H;L]/ >"7_,[H;L] and write

the useful expressior{%ﬁ for n or q—n in terms of Simms
constantgj or gj, namely:

-1
n= Z;(w + 1)

Vi
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_ a ([H] -1 e alternate addition of small portiomsVpj ml of the primary

g-—n= Zi:1< 2 + 1> titrant (PT) followed, repeatedly, by titrationVVa ml of
auxiliary titrant (AT).

whereg; =Ky /y;i.

Vx ml of a sample containing*x moll~1 X is treated
with Vg ml of C*g moll~1 solution of a buffering species

. : (B) (and other species, if necessary) and filled up to the
It is expected that the values obtained ¥ag need some mark (V ml) with distilled water. ThenVp ml of the

verification. As the verification criterion, some analytical or .. - . )
hysicochemical data were already applied. For example thetltrand D containing X and B, W|th_molar conf:entratlons
P ) ’ Cx =Cx*-Vx/VE andCg = Cg*-Vg/VE, is treated withAVap

o . ’
Z?El:ébflrlgi/nprreosduulg SEO)(:Ser:[i%a;:}glii?re:/t%:e;fvé%rr?sev\\//iw ml of AD solution that adjusts its pH to a pre-assumed pH
P value. The volume&/p+AVap ml of D+ AD solution, with

AgNO3 soll_Jtlon [12]. In other mstances_, the concentration §’H - pHo value, is treated first with a portionVey ml of Cp

of complexing agent, considered as an internal standard, ha ) . L .

been applied as a criterion of reliability of results obtained mol ™ PT and the pid valug is restored py titration with
AVa1 ml of Ca moll~1 AT; this procedure is repeatdd—1

for stability constants of complexes. A special case of cor- _; : SO X
relation analysis has been applied for this purpose that en-tlme‘?" A flow diagram 'for pH-static titration of gyan|d§ (seg
Section3.1.2.1), considered as an example, is depicted in

ables unbiased a priori values for equilibrium constants to _.
be obtained on the basis of biased results found in separateF'g' 5. The summary volumes of PT and AT addeqtat

titrations[32—35].

The Gran methods are among linearisation methods best
known in literature devoted to location of equivalence volume
(Veg) in titrimetric methods of analysis. These methods are
less affected by kinetic phenomena occurred at electrodes and
in the bulk solution than those based on the inflection point Sample tested
location, characterised by lowest standard devidti@hand
the greatest informative conte36,37]. The reliable results
are obtained if the titrations are carried outdgnasistatic ‘

. . . KI (C*ki, Vi)

manner; otherwise, biased results are obtained.

2.5. Verification of titrimetric data

KCN (C*kex, Vken)

H,O
A4

Mixture, Vg

3. Other linearisation methods
Titrand, V
Similar advantageous properties can be ascribed to other,
more contemporary linearisation methods. For example,
the pH-static titration method, reactivated lately by Macca pH<pH
[38,39] for simplest complexometric titrations, can be ex- ?
tended on other areas of titrimetric analyses performed in No
more complex systems. Some examples of a more rigorous Yes T8
approach to the problem in question will be presented below. pH>pH
Among others, an example of multicomponent analysis will !
be considered. f Mixtu;c titrated
Further part of the paper provides a more generalised ap- (pHo)
proach to the method elaborated recently byi41]. The
approach refers to more complex systems with extended class R
of acids and salts involved.

3.1. pH-static titration

3.1.1. Principle of the method
The analytical procedure known as pH-static titration is
based on several steps involving:

Fig. 5. Flow diagram for pH-static titration, related to the (modi-
° preparation o¥/p ml of titrand (D); fied) Liebig—Deniges method (Secti@l.2.1);Ckcn = Cken*-Vken/VE,

e pH adjusting of D to a pre-assumed pthlue by addition ~ Coea =Coea™Voea/Ve, Cxi =Cri* ViV concentrations of KCN, DEA
L - . . and Kl in D; NaOH or SOy used as AD; AgN@as PT, NaOH as AT. For
of an adjusting (AD) solution (acid or base); further details see text.
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point ((\pj, Vaj)lj=1...,N) are: Table 3
pHo and the relate@ = ¢ values corresponding to the points where the
J J solubility product (K¢*) for Agl is crossed in conventional (column A) and
ij = Z AVp; and VAJ- = Z AVp; pH-static (column B) titrations
i=1 i=1 pHo e
The points are arranged along a broken line (curve) plotted A B
on a plane with co—ordina_tes £WWa). In mono-component 75 0.1641 0.4473
analyses, the curve consists of (or contains) two rectilinear s.0 0.4212 0.4820
parts intersecting at the point whose abscissa corresponds t8.5 0.4903 0.4936
the equivalence (eq) volum¥p = Veq The shape of the 90 0.4968 0.4973
R : 9.5 0.4983 0.4985
pH-static titration curves thus obtained resemble the ones, /o 0.4980 0.4986
obtained in corrected (dilution effect) spectrophotometric, 155 0.4989 0.4990

qon(j_uctometric,.thermometric (enthalpimetric), radiometric. In (A), 50ml of the solution containing KCN (0.002 mofl) + DEA

titrations and in titrations made according to surface acoustic (0.02mol 1) + K1 (0.002 mol I'Y) was adjusted with bSOy (0.1 mol %)

wave (SAW) method42]. All the titrations provide a kind to the pre-assumed pHvalue and then titrated with 0.01 moti AgNOs.

of indicative method Of\/eq location[43], in contradistinc- In (B), the solution with the adjusted pHvalue has been titrated with

tion to the Gran (I and 1) extrapolative methods. As a rule, 0-01molt* AgNO; (as PT) and 0.01moff NaOH (as AT) added se-

in the pH-static titration it is assumed thaVp; = AVpy, i.e. quentially and alternately.

Vpj=j-AVpyforj=1,..,Nand, moreoveeq~ Vpn/2, i.€. )

Veq s not far from the valudl/2- AVp;. be avoided (b.p. .115—120: for DEA). HoSO, moderates
The pH-static titrations are adaptable to the systems wherePHo value of the titrand.

protons are evolved or consumed as a result of PT addition ~ The pH-static titration curves plotted at differentgvhl-

into the system considered. For example, protons are evolved!€s and different concentrations of KCN are presented in

in reactions: Figs. 6 and Together with detailed description of the related
systems.

Ag™ + 2HCN = Ag(CN), + 2H" (41)

P + H,S = PbS + 2H* (42) 3.1.2.2. pH-static titration of cyanide with nickel saln-

other option of cyanide determination is the application
related to the systems considered in Sectibh.2.1 and of nickel salt as the titrant; K ions form with cyanide

3.1.2.3. Protons are consumed e.g. in the reaction ions a stable complex Ni(Ch)? (logKs=31.1) accom-

_ 5 -1 o panied by other soluble species Ni(GN)' (i=1, 2, 3:
105 +6%0;5" +6H" =177+ 3505 + 3H,0 logKi =7.0, 14.0, 22.0). In order to avoid the precipita-
where NaS,0s acts as a strong bag#s,45]. tion of Ni(CN)2 (pKso=8.8 for Kso=[Ni*2][CN~1]?) or

Ni(OH)2 (pKso1=14.7), a due excess of 5-sulphosalicylic
3.1.2. Examples of pH-static titration acid as the complexing and buffering gpk11.6) agent has

To illustrate some possibilities of pH-static titration, two Peen introduced during the titrand (D) preparation. Then
methods of cyanide determination and one multicomponent
analysis will be presented. The titration curves and the plots +0 pHo
representing pH changes during pH-static titration specified
below were plotted on the basis of calculations made accord-
ing to iteration procedure applied for simulated titrations pre- 3,0 1
sented elsewhef@4-48].

3,5 1

25 4

3.1.2.1. pH-static titration of cyanide, according to the mod- = 20
ified Liebig—Deniges methodn pH-static modification of
the Liebig—Deniges method of cyanide titration with AgiNO
solution,Agl (not metastabl&gCN) is precipitated in close 10 4
vicinity of the equivalence point 4= 0.5). The point where
the precipitation starts, depends on thg phlue assumed for
the titrand containing the cyanide and diethanolamine (DEA); 0.0
other silver precipitates are not formed in there. The resulting

curve of pH-static titration of KCN + DEA + b50; system

and the error of cyanide analysis depend on the ConditionSFi 6. The pH-static titration curves at indicatedgtlues; PT = AgN@
assumed in the analysis (Table 3). DEA (notd\Eis done in (O%l mol rlgj, AT=NaOH (0.01molt}): AD =NaOH ,(0.1_moglr1)
the original version of the Liebig—Deniges method) enables o H,s0, (0.1molll); D =titrand (Vo=50 ml) containing KCN
additional errors resulting from the volatility of ammonia to  (0.002 mol 1), DEA (diethanolamine) (0.002 mot?), K1 (0.002 mol I-1).
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0.005 4.5 7
38y - s B 404 /./K ................
sod - 35 4------- P i A
304, oS e e
- /
254 - - - < 254 -t
204---f b
e I A 154 L b
T Y N O Y e T B
05 -
104 --f--- Ao 0.0 T T T
o 5 10 15 20 25 30
054 f S~ T Ve
0,0 Fig. 9. Plots of pH-static titration in the system specified in the text (Section
0,0 5,0 10,0 3.1.2.3).
Vp

Fig. 7. The pH-static titration curves at pH 10.0,Cp/Ckcn =5 and indi- example, Ietfs consider 50 mof titranld (D) Comaining Gacl

catedCen values; PT = AgNQ (Co mol 1), AT =NaOH (0.01 molt), (0.0oillmol M) +HS (0.003 ) molt™) + HsPOy (0'023

AD = H,S0y (0.1 mol IF2); D = titrand (\b=50 ml) containing KCN (Gcn mol1=%) + H2SOy (0.003 mol I7+) + H2CO;z (0.003 mol 1)

mol I=1), TEA (triethanolamine) (0.001 mott), KI (0.02 mol I1). + CH3COOH (0.002 molt1) + CH3COONa (0.001 mot?)
adjusted to plg=2.50 withAV ap =3.213 ml of 0.1 molt?

Vp=50ml of D (NaCN (0.004 moH?) + 5-sulphosalicylic NaOH as AD. Then the D+AD system has been titrated al-

acid (0.1 molt1)) (the latter as the buffer-forming substance) ternately with 0.03 mott! Pb(NQ;), as PT and 0.1 mott

was pre-adjusted to the desired pH value with 1mbll NaOH as AT. The pH-static titration curve presented in

NaOH solution and titrated with 0.01 moti NiSO4 as PT Fig. 9 indicates three successive breaking points where

and 0.01 molt! NaOH as AT. The resulting titration curves, precipitation of (1)PbS (pKso1 =27.5), (2)PbSOy (pKso2

presented ifrig. 8, are adaptable for location of the end point =8.0) and (3)PbHPO, (pKso3=11.36) is terminated. The

in the determination of cyanide. The shape of the curves is solubility product forPbCO3 (pKsps4 =13.14) has not been

different from ones presentedftigs. 6 and And elsewhere  crossed.

[38,39]. This method provides an alternative for the spec-

trophotometric methof#9] where (unstable in alkaline me- 31 3 Ap effect of buffer capacity

dia) murexide has been used as indicator. As has been stated above, the buffer with moderate buffer
capacity is needed in pH-static titration. It enables to keep
3.1.2.3. Multicomponent analysi3he pH-static titration moderateApH; values affected by addition afVp; ml of
can be adaptable for multicomponent analysis, as well. As anpT, |n order to specify this statement, we refer first to more
general, quantitative considerations.
14 pho Let 3V be the volume corresponding to an elementary
oo change (resolution) in pHpH, indicated by digital pH me-

12 o ter. Applying the notations as iRig. 10, one can formulate

10.5
11.0

10 T s mm e

Va

]

01 2 3 45 6 7 8 9 10
2

Fig. 8. The (‘bared’) pH-static titration curves at indicated opkal-
ues; PT=NiSQ@ (0.01 mol?1), AT=NaOH (0.01molt1); AD=NaOH
(1.0 mol I1); D =titrand (\b=50 ml) containing NaCN (0.004 mot?), 5-
sulphosalicylic acid (0.1 motit). Fig. 10. Presentation of symbols applied in derivation of the formula (46).
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9,51 254
pHo=9.5

9,50 2.53

949 N-f--4-H-4-A- R -A-JL-A-Hd----o e 2.52

9,48 + AL -+ O T 251 ~
LTooar LH- Y- -4 A A P 2.50 A

946 +----—----%_ R ¢ N ¥ (R A A ¢ T 249 -

L . ——_"A—__"SFY'—_FTf—,—L_ L L, _— ,—_—_—_—”_|S_S—L,L—,—L——,—,,_——_l 248

L e e 247

9,43 : : : : : : 2.46

0,0 2,0 4,0 8,0 8,0 10,0 12,0 14,0 245 4L,
VP+VA
244 T T T T T
0 5 10 15 20 25 30
Fig. 11. The pH changes (ApHn pH-static titrations for D + AD system VetV

specified inFig. 6at pHy =9.50.
Fig. 13. The pH changes (ApHn pH-static titrations for D + AD system
specified in part 3.1.2.3 at pH£2.5.

the relationships:

3.2. The Ni method
AVa1 AVAj . m

g = AVpr AVp; - Vpj (43) 3.2.1. Acid-base titration
Further example provides a titrimetric analysis of an
ApH; SpH acid—base system represented Yy ml of the a mix-
18Yi= ZAva i <W) (49 ture containing weak acids and its salts, denoted by
MiiHni—iiL® (ki=0,....ni; i=1,..,P) with molar concen-
Then we get, by turns, trations C; moll~! and a strong monoprotic acid HB
(Co molI71). After addition ofV ml of C mol =1 KOH, from
Va;i Vaj the balances:
AVp; = AVpj- (45)
vej CiV/
Z[HIL(’)] 2
AVp; Vo+ V'
(SVj,‘ =S (Sij . ApH - 1go; (46)
! M] = ik CoiVo . B] = CoVo |
The pH changes affected by addition of PT and AT into V +V’ Vo+ V'
the system presented in Sectich&.2.1-2.1.2.%re plotted
in Figs. 11-13. k] = -V
Referring toFig. 11, we have AN =AVa; =0.466 ml, VWo+V
ApH; =0.034-- 0.064tg; = 3.356/5.0=0.671 at p4+ 9.5.
Then aBpH =0.001, we gedV; = 4.9-9.1ul. In other words,
3Vj ul of AT makes an elementary pH changpH = 0.001. In [H] — [OH] + [M] + —[B] = Z Z(’“ — D[H,LD]
this case, it suggests the AT titration with precision better than i1 1=0

(0.0091/0.466)-100% = 2%. It explains also the necessity to

use buffers with moderate buffer capacity. and applying the identitpi — ki —ni = (qi —ni) — (qi+ki

— ni), we get the function similar to one quoted by [M1]

P

10,005 V=90~C*+29i~Ci+0P+1 (47)
10,000+ o B ik e B B G Gk ot o i=1
9,995 A phohoh )

99904 --——-—-_t1 ‘ mis N where:

pH

9,985+ ----------LLLLLEEEHEHA --- )

9,980 -----------ti-H-H- LA --- C+8

e Rt o o o

9970t -----------4-4-4-f- bbb b b Lo

9,965 ‘ . ‘ : B
0

Fig. 12. The pH changes (ApHn pH-static titrations for D + AD system C* = Co — Z(qi + ki — ni) e
specified inFig. 8at indicated pij=10.00. i=1
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qgi—ni
6 =Vo- =1,...,P 48
0 erp € ) (48)
B
Opr1=—Vo-
P+1 0 Ctp
i Lm0 YLKl

LML) X KalH)

H,LO] = Ky[H)'ILY], Kw = [H][OH]

The mixture of acid—base systems can be ‘homogenised'.
It means that an acid—base system consisting the specie
HILD (1=0....,qi) of a polyprotic acid HiL® can be consid-
ered as a sum of monoprotic acids &Y. (k=1....,qi) with
the same concentration jjCand dissociation constants ex-
pressed by Simms constamig [31] involved in the relation

(%)

specified in Eq(48). It means that all terms on the right
side of Eq.(49) are expressed as a function of pHiog h.
Then denotingoj = 6o(pH;), 8ij =0i(pH;), Op + 1) =Op+1(pH;)
for the points (Y, pH;), (=1....,N) of pH metric titration,
we get the relation

qi -1

qi—ﬁi:Z

k=1

h
1+ —
8ik

(49)

P
Vi=60-C*+) 6 Ci+0pi1+e;
i=1

(50)

wheregj is considered as a random erroritht point (V,
pH;). When compared with the original approach done in
[40], where a mixture of acids witlqi=ni has been con-
sidered (ki 0), the Eq.(50) refers to a more generalised
case. The strong acid (HB) introduced into the system titrated
with KOH enables all acid—base species to be determined,; it
refers particularly to the titration of sulphate determined in
multicomponent solution with initial pH » 1.8 (pk 1.8 for
HSO;~1). The presence of HB enables to involve the case of
atitrand where the salts of4 L) By type (e.g. NHCI) are
also considered &1...., gi — ni).

The relationship (50) resembles the equation for the sec-
ond Beer’s law, with nonzero intercept. Assuming that m dif-
ferent pH values were chosen<jl,.. .,m), one can rewrite
it in the matrix form

V=AC+e (51)

whereV=[Vs,...,W]7,C=[C",Cs,...,Cp, 117 e =[e1,. . .,
em] T is the vector of random errors amd= Ay p+2 =[]

is the matrix withN rows andp+ 2 columns involving all
internal complexity of acid—base systems. However, in con-

T. Michatowski et al. / Talanta 65 (2005) 1241-1253

to apply some chemometric procedures based on matrix al-
gebra. Among others, the multivariate calibration methods:
classical least squares (CLS), principal componentregression
(PCR) and partial least squares (PLS) methods were applied
for results obtained from titration of synthetic, 3-5 compo-
nent mixtures of acids titrated with standardised NaOH so-
lution.

3.2.2. Precipitation titration

Halide and thiocyanate ion€) are often determined ac-
cording to potentiometric titration made with use of silver
indicator electrode. Referring to the case whéganl of the

golution containing different kinds of anionX® with con-

centrationsC; moll~1 (i=1,...,P) is titrated withV ml of

C moll~1 AgNO3, then assuming formation of complexes
AgX®; (j=1,..., ni) and neglecting the hydroxo-complexes
Ag(OH)"17%(1=1,2,3), [Ag]> 3 k=1° [Ag(OH)i], we get
the concentration balances:

cv P ni 0
=[A Agx\],
VoV [g]+_§ .E [AgX’’]
i=1 j=1
CiVo :[X(i)]+zni J - [AgX ]
Vo+V J

j=1

and then, by turns:

P
Vo cv
— . Ci —
TR ; VotV
P
V:ZKi~C,' (52)
i=0
where Cop = 1, «j=Vo/(C+y) for i=1,..,P, ko=—xjy,
=Yi=1" [XO] [Agl+ Yi=1” =" (-

DK [AGIX O, K =[AgXO][Ag] "1 [X U1, The po-
tential of silver indicator electrodeE=A+S log [Ag]

is related to concentration of fX]=Kso/[Ag] of the
species X) precipitated at defined stage of the titration
(Ksoi = [Ag][X 0] is the solubility product of the precipitate
Agx®M). As previously, the modified linear form (52) is
obtained41].

4. Final comments

The paper provides extended and modified versions of
some linearisation approaches known hitherto in titrimetric
methods of analysis.

First, the explicit derivation of the modified formulae (rep-

tradistinction to the Beer’s formula, the nature of the com- resented by Eq$26), (29)and(30)) is presented; it has not
plexity involved in g terms can be easily explained. The been done in the earlier author’s pafis]. The approxima-
Beer’s formula does not explain the complexity and shape of tion done on the basis of ERO) is extensively discussed,
absorption of UV-vis spectra. The form of H§1) enables seeTables 1 and 2. It has been proven that application of the
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modified Gran | (not Gran Il) method is a valuable and accu-
rate tool in all potentiometric titrations where E is registered.
Some sources of serious errors resulting from other, earlier
approaches (reffs,12]) are also indicated. A quadratic form
of some regression E¢34) involved with Gran | method is
also recalled19]. A close relation of the Gran methods with
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A more generalised approach has been also applied to th
Ni method suggested recently. The method applied primarily
to the systems of polyprotic acids only has been extended
on the systems with salts involved. Moreover, application

[28] M. Rigobello-Masini, J.C. Masini, Anal. Chim. Acta 448 (2001) 239.

[29] M.D. Seymour, J.W. Clayton Jr., Q. Fernando, Anal. Chem. 49 (9)
(1977) 1429.

[30] L.M. Aleixo, O.E.S. Godinho, W.F. da Costa, Anal. Chim. Acta 257
(1992) 35.

[31] T. Michatowski, Talanta 39 (1992) 1127.

E;32] D. Janecki, K. Dokir, T. Michatowski, Talanta 48 (1999) 1191;

idem, ibid. 49 (1999) 943.
[33] D. Janecki, T. Michatowski, Chem. Anal. (Warsaw) 44 (1999) 611.
[34] D. Janecki, K. Styszko-Grochowiak, T. Michatowski, Talanta 52
(2000) 555.

of Simms constants suggested enables to ‘homogenise’ thd35] D. Janecki, T. Michatowski, M. Ziefiski, Chem. Anal. (Warsaw) 45

description (formulation) of acid-base systems considered.
The Gran methods, implying a linearisation of the titration
curve and its graphical or numerical evaluation, are still pop-

(2000) 659.

[36] A. Parczewski, Chemom. Intell. Lab. Syst. 8 (1990) 227.

[37] A. Parczewski, G. Kateman, Chemom. Intell. Lab. Syst. 25 (1994)
265.

ular among chemists—analysts. Nowadays, the Gran method$s8] C. Macca, Anal. Chim. Acta 456 (2002) 313.

are widely used in the studies of hydrolysis, dissociation and
complex formation reactiorf50,51]. The software involving
the Gran methods and instruments (automatic titrators), with
build-in program for determination of the equivalence point,
are available commerciallfp2]. Moreover, further modifi-
cations done there, also in the last years, proved its vivacity.
The actuality of the Gran method is also expressed by the
number of more than 700 references found in Internet under
the conjunction of terms: Gran methods and titration.
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