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Summary
A system has been developed for computer-controlled potentio­
metric acid-base titrations consisting of a HP 2114 B computer, 
a DM 2022 S digital voltmeter and further peripheral devices. 
Additions of acid and base were made with the aid of a coulo­
meter. The actual concentrations of hydrogen ions were meas- 
tired using a hydrogen electrode. The equipment is parti­
cularly suited for investigations of equilibria involving proton 
transfer reactions. Programs for titration control and real time 
evaluation of data are outlined and typical applications are 
briefly discussed.

Introduction

Apart from their wide analytical applications potentio­
metric acid-base titrations are frequently used in studies 
of equilibria involving proton transfer reactions. As far 
as aqueous systems are concerned the proton transfer is 
very fast. It is remarkably often experienced, however, 
that the electrode response is sluggish. Under unfavor­
able conditions, observation times of up to several hours 
are required until stable readings of potential are ob­
tained. This is especially true for poorly buffered solu­
tions and for heterogeneous systems. It has also been ob­
served in the case of biopolymers, if the proton transfer 
gives rise to changes in conformation. In such cases the 
accomplishment of a complete titration curve exceeds 
by far the normal laboratory period. According to our 
experience it is difficult in the case of shift work to 
retain a constant standard of both precision and relia­
bility. The availability of low cost laboratory computers 
offers an interesting opportunity for eliminating these 
problems.

On-line computers have already been used for auto­
mation of various analytical standard procedures1. The

present report describes a system particularly suited for 
investigations of equilibria involving proton transfer 
reactions. Programs including titration control and real­
time evaluation of the pertinent data are outlined. 
Typical applications and preliminary results are dis­
cussed.

Titration equipment
A block diagram of our titration equipment is shown in Fig. 1. 
The individual parts have the following functions:

I : Standard Interface- 
Cards

II: Time Base Generator If.
HP 12539 A

12: Relay Output Register If. 
HP 12551 B

13: General Purpose Data 
Source If.
HP 12604 B

TV: Titration vessel

Figure 1. Block diagram of the titration equipment



Chimia 27 (1973) Nr. 2 (Februar) 91

Titration vessel. Commercial titration vessels thermostated by 
a water jacket were used. In special cases, e.g. the presence of 
large amounts of OH- or F- respectively, the glass vessels 
were replaced by Teflon beakers.

Two pairs of electrodes namely A for e. m. f. measurements 
and B for coulometric generation of H^/OH- were inserted 
into the vessel. The electrode system for e.m.f. measurements 
is depicted by scheme (A).

The test solutions were kept at a constant C1O4-molarity by 
adding NaC104 as an inert electrolyte. Under this condition 
the measured e.m.f. E is given by the equation

E = E’ + Hog[H+] + E? (1)
(k = BT In (10)/F).

E° denotes a constant to be determined with solutions of known 
hydrogen ion concentration. Regarding the comparatively low 
concentrations of the reacting species, the term Ej, which 
includes the liquid junction potentials and correcting terms for 
changes in activity coefficients, could generally be neglected.

The H+/OH_ generating system is shown by scheme (B).

(B):

-----f Ag/AgCl
0.20 M NaCl

0.80 M NaC104
1.00 M NaC104 test 

solution

Hydrogen ions are produced by the following reactions

anode: % H2O —»- e- + H+ + % O2
(cathode: AgCl + e~ —» Ag 4- Cl-)

Reversing the sign of the current allows generation of OH- 
ions.

The Ag/AgCl-elcctrodes and the connecting WlLHELM-type 
salt bridges, both being outside the titration vessel, were air­
thermostated.

hsr: The high speed reader was used to read in the pertinent 
programs. (Generally these were absolute programs in 
Fortran II on paper tape.)

tty : The teletype serves as a general input/output unit for 
data. Within the scope of our work the tty was used 
to input starting conditions requested by the program. 
Similarly the data obtained are printed by the tty. By 
a slight change of the program, the data can be punched 
on paper tape.

tbg : The time base generator effects waiting loops of definite 
length within the program.

Switch box: This serves as a link between coulometer and the 
H+/0H- generating cell (B). It operates in three diffe­
rent states to be called by the program.

State I: disconnection of coulometer and generating 
system,

State II: connection to produce H+ 
State III: connection to produce OH- 
The connection time is controlled by the tbg.

dvm: The digital voltmeter indicates the prevailing e.m.f. 
This value is read into the memory of the computer by 
the program. Appropriate reading intervals are generat­
ed by the tbg.

Scanner: This connects the dvm with the sensing electrode (A) 
of the vessel chosen.

Evaluation

The évalutation of the titration curves obtained is based 
on Gran’s method2. Its application to the present work 
can be outlined as follows.

a) Titration of a strong acid

Let us start with a test solution of the composition 

[H+] = H, M, 

[Na+] = (1.00 - H;) M, 

[CIO-] = LOOM,

which may also contain a small amount, P, of protolytic 
impurities (weak acids).

B is the concentration of the coulometrically gene­
rated base. The actual concentration of hydrogen ions is 
given by the equation

[H+] = H;-B+[OH-]. (2)

Acid range: [H+] > [OH ]

Equations (2) simplifies to

[H+] = H;-B. (2a)

Equations (2 a) and (1) result in

F± = IO®* = Ht• 10^ - B ■ 10e»/4 . (3 )

A plot of the experimental data Fr against B (Fig. 2 a) 
gives a straight line. The endpoint (Hi = B) of the titra­
tions is defined by the intercept of F1 with the B-axis 
(Fi = 0).

The E°-value of the cell (A) is obtained from the slope

= _ io®./\
dB

1 F.B.Stephens, F. Jakob, L.P.Rigdon, and J.E.Harrah, Anal. 
Chem. 42(1970) 764; T.Anfält, and D.Jagner, Anal. Chim.Acta 
57 (1971) 177; D.Jagner, and K.Arén, Anal. Chim. Acta 57 
(1971)185.

2 G.Gran, Analyst 77 (1952) 661; W.Sthmm, and J.J.Morgan, 
Aquatic Chemistry, Wiley/Interscience, New York 1970, p. 155.
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Figure 2
a) Titration of a strong acid presented by conventional titration 

curve and Gban plot
b) Titration of a weak acid presented by conventional titration curve 

and Gban plot

By Gran’s method the endpoint of the titration can he 
calculated from E-readings in sufficiently buffered solu­
tions, which is a great advantage over the more con­
ventional methods of endpoint determination. In prac­
tice it is sufficient to perform the titration until ap­
proximately 90% of the strong acid is neutralized. Under 
these conditions (pH < 4) the protolysis of the impurity 
P can safely be neglected.

Alkaline range: [H+] << [OH~]

Eq. (2) simplifies to

[OH-] =5-^. (2b)

In this case the e. m. f. measured is related to the OH_- 
concentration by

E = E0' — fc log [OH“], (4)

where E* = E° + k log Kw (Kw = [H+] [OH"] ). (5) 

Equations (2 b) and (4) lead to

E2 = 10-^ = B ■ 10-£* - Hp lO“^. (6)

Again a plot of E2 against B (Fig. 2 a) gives a straight 
line from which Hi and E0' can be calculated.

Empirically it is often found that H( from the alkaline 
branch of the Gran plot is slightly higher than Ht from 
the acid branch. This is easily understood since within 
the alkaline range (pH > 10), the protolytic impurity is 
completely deprotonated. Hence, P, the amount of 
hydrogen ions originating from the impurities is cal­
culated by

F H^ (alk) Hi ^acid) •

A sensitive test for the accuracy of a titration is the 
calculation of the pertinent Kw :

, „ E«'-E°logKw ~ --------- .
k

Literature data for Kw of the most common ionic media 
are available3.

b) Titration of a weak acid HA

The general composition of the test solution is

[HA]; = CM (C<1),

[Na+] = LOOM,

[Cio;] = LOOM.

The acid constant of HA is defined by

& _ sim. (7)
[HA]

Within the buffer range of the weak acid, the added 
base B generates an equivalent amount of A- ions. Hence

[A-] = B; [HA] = C-B. (8)

From equations (1), (7), (8) one obtains

F3 = B-M^-1^ = Ka-C-Ka-B. (9)

A plot of F3 against B gives a straight line (Fig. 2b). 
C can be calculated from the intercept

F3 = O: C=B. (10)

Ka is obtained form the slope

= ~Ka- (11)

As can be seen from eq. (9) the calculation of Ka demands 
prior knowledge of E°, thus requiring a preceding titra­
tion of strong acid. E° and Ka can be simultaneously 
obtained, however, from a titration of weak acid in the 
presence of approximately equivalent amounts of strong 
acid.
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The evaluation is then performed by iteration. (In the 
following description small corrections originating from 
P are omitted.)

After addition of base, the charge condition requires

[H+] = Hi~B + [A-] + [OH-]. (12)

In the case of weak acids of medium strength (pKa < 7) 
the OH- concentration is negligible within the buffer 
range of HA. Hence

[H+] = Hj - B + [A-]. (12 a)

The calculation starts by splitting the titration curve 
into two parts.

The first part (corresponding predominantly to the 
neutralization of the strong acid) is used to estimate 
preliminary values of Ht and E°, taking [A-] = 0 as a 
first approximation. From the second part, values for C 
and Ka are then approximated. With these parameters 
better values for [A-] are accessible

Ka(C-[A"]) 
[H+]| ’

This in turn leads to improved values for Hi and Ea. 
The iteration usually converges after about ten cycles. 
(In the case of very weak acids [pKa > 7] no iteration 
is necessary since the titration curve is clearly separated 
in two parts.)

Programs and applications

A survey of the programs developed is given in Table 1.
titr is the general control program for coulometric 

addition of both acid and base and subsequent e. m. f. 
measurement (Fig. 3). This addition of reagents requires 
a logical step. In conventional potentiometric titrations 
it is the laboratory worker who decides from his e. m. f. 
readings whether the potential is already constant. In 
the program TITK this decision is made by two stability 
criteria based on (n + l) e.m.f. measurements:

1. |E„+1- E„|<|5E|.

2- ^-^N^'

The appropriate value of | dE | is read in at the beginn­
ing of the titration. In the course of most titrations, 
a range of low buffer capacity is passed and in such 
regions the stability criteria will never be fulfilled. To 
avoid inconveniently long titrations, the period for 
e. m.f. reading after the addition of reagent must be 
limited. Further addition of acid/base is then performed 
regardless of the unstable potentials. These essential 
parts of titr are included in all subsequent programs.

Table 1. Outline of programs

titr: General control program for optional and/or alter­
native addition of acid/base with simultaneous e.m.f. 
measurement.

System: Any kind of protolyte solution.
Input: Time intervals for acidising/alkalising steps; fre­

quency of e.m.f. readings; stability criteria; maxi­
mum time interval for e.m.f. observation.

Output: E, time required to obtain stable e.m.f.

TITAU: Control and evaluation program for titration of 
strong acid.

System: Inert salt solution with small amount Hi of strong 
acid contaminated with protolytic impurity P.

Input: TITR 4- number of alkalising steps, current, tempera­
ture, volume of test solution.

Output: Hi, E°, Kw, P.

titas : Modified version of titau ; real time evaluation of 
e.m.f. data with subsequent adjusting of the time 
intervals for alkalising steps.

System: see titau.
Input: see titau.
Output: see titau.

titit : Control and evaluation program for titration of weak 
acid (pKa < 7).

System: Inert salt solution with small amounts of weak acid 
(C), strong acid (Hi) and protolytic impurity P.

Input: titau + Kw, P, Ka (P), even number of alkalising 
steps.

Output: E°, Hi, C, log Ka

twest : Control and evaluation program for titration of very 
weak acid (pKa >7).

System: see titit: (pKa>1).
Input: titau + Kw, P, Ka (P), number of alkalising steps, 

range of E-values for evaluation of H{, E°, C and Ka.
Output: E°, Hi, C, Ka.

Figure 3. Simplified flow chart of titr
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Table 2. Survey of data

1. Problem: Kw in 1 M NaC104 (25 °)
Program: titau, titas
Result: log Kw = — 13.77 (±0.01)a
Literature
data3 : log Kw = - 13.77, 1 M NaC104 (25°)

2. Problem: Ka of CH3-COOH in 1 M NaC104 (25°)
Program: titit
Result: log Ko = — 4.582 (±0.007)b
Literature
data3 : log Ka = - 4.55 to - 4.61, 1 M NaC104 (20°) 

log Ka = ~ 4.30, 1 M NaCIO4 (30°)

3. Problem: Ka of CH2C1-CH2~COOH in 1 M NaC104 (25°)
Program: titit
Result: log Ka = — 3.964 (± 0.012)b
Literature
data4: log Ka = - 3.99«, I = 0.01 to 0.5 (25°)

log Ka = - 4.09„ 1 = 0 (18°)

4. Problem: Ka of H4SiO4 in 1 M NaC104 (25°)
Program: twest
Result: log Ka = - 9A11 (±0.004)a
Literature
data3 : log Ka = - 9.46, 0.5 M NaC104 (25°)

log Ka = - 9.43, 3 M NaCIO4 (25°)

a Determined by P. Santschi 
b Determined by K. Singh

titau is a control and evaluation program for titra­
tions of strong acids. The program demands the input 
of both number and time of the alkalising steps to be 
performed. As a result, Hi, Kw, E° and P are obtained. 
For statistical reasons an equipartition of data pairs in 
the acid and alkaline range is desirable, titau is there­
fore only convenient in cases where Ht is approximately

known. For systems with completely unknown Hi a 
modified version of titau, titas, was developped. Let 
us assume that n data pairs are required; from the first 
two points of the acid branch, Hi is approximated in real 
time. Subsequently the appropriate length of the follow­
ing alkalising steps is evaluated in such a way that n/2 
points fall on both the acid and alkaline branch.

titit is a control and evaluation program for the 
titration of weak acid (pKa < 7) in the presence of 
strong acid. The parameters of interest, H{, E°, C and 
Ka are calculated by iteration as shown in the previous 
section. The simpler version twest applies for very 
weak acids (pKa > 7).

First results obtained with our equipment are sum­
marized in Table 2. The examples were partially chosen 
to test programs and equipment. Since both accuracy 
and precision of the log K«-values obtained is satis­
factory it can be expected that the method developed 
is also adaptable to more complicated systems such as 
those mentioned in the first section.

Dr. Ottaway was kind enough to revise the English of the 
text. This work was financially supported by the Swiss National 
Foundation (Project No. 2.404.70).

Addendum: After completion of this manuscript a paper by 
S. Gobom and J. Kovacs. Chem. Scripta 2 [1972] 103, appeared. 
This deals with the on-line application of a digital computer 
in studies of complex formation. The titration system is very 
similar to that described in the present article.

3 L. G. Sillen, and A. E. Martell, Stability Constants, Special Publi­
cation 17, The Chemical Society, London 1964; Stability Constants, 
Special Publication 25, The Chemical Society, London 1971.

4 G. Kortum, W. Vogel, and K. Andrussov, Dissociation Constants 
°f Organic Acids in Aqueous Solutions, Butterworths, London 1961




