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Abstract

A chemometric method for analysis of conductometric titration data was introduced to extend its applicability to lower concentrations and more
complex acid—base systems. Auxiliary pH measurements were made during the titration to assist the calculation of the distribution of protonabl
species on base of known or guessed equilibrium constants. Conductivity values of each ionized or ionizable species possibly present in the sam
were introduced in a general equation where the only unknown parameters were the total concentrations of (conjugated) bases and of stro
electrolytes not involved in acid—base equilibria. All these concentrations were adjusted by a multiparametric nonlinear regression (NLR) method
based on the Levenberg—Marquardt algorithm. This first conductometric titration method with NLR analysis (CT-NLR) was successfully applied
to simulated conductometric titration data and to synthetic samples with multiple components at concentrations as low as those found in rainwate
(~10pmol L1). It was possible to resolve and quantify mixtures containing a strong acid, formic acid, acetic acid, ammonium ion, bicarbonate
and inert electrolyte with accuracy of 5% or better.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Conductometric titrations (CT) have a more selective char-
acter when acid-bag#&0], complexometrig11,12] or precip-

The application of conductivity measurements for analyticalitation [13,14] reactions are explored, thus widening the range
purposes was first suggested in the beginning of last century byf analytical applications. As mentioned, in favorable situations,
Kister and Qiters[1], the inventors of conductometric titrime- the stoichiometric point of conductometric titrations is indicated
try. Their experimental work on the study of conductivity of by the intersection between two straight-line segments. CT has
sodium salts from organic acids led them to the conclusion thateen widely used as an auxiliary tool in the study of polyelec-
end-points of acids titrated with bases and vice versa were indtrolytic compoundg15] including humic substancd$6—18],
cated by a minimum in the conductivity, located at the interceptiue to the possibility of studying association phenomena and the
of two linear segments. They had also correctly identified theanalysis of charged groups nature and behayiti21]. Addi-
parameters that govern the shape of conductometric titratiotionally, CT has been used as a complement to potentiometric
curves. measurements for characterization of complexes and determi-

Measurement of solution’s conductance, commonly appliechation of their stability constan{22,23].
in laboratories, could disclose information about the ionic con- Nowadays, besides monitoring the efficiency of ion exchange
tent of a sampl@2—6]. However, direct conductometric analysis columns of water purification systems, direct conductometry has
had limited applicatiofi7] due to the non-selective character of a few other practical applications in the laboratory, such as the
the techniqug¢8,9]. evaluation of ionic strength of solutions or studies of charge

association phenomena. Itis, however, widely used in universal
detectors, mainly in ion chromatography equipmg#] but
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and effective, as demonstrated in various applicatjg6s29],  after each titrant addition. For a generic titration of a weak
because no direct contact with the electrodes is needed; it imonoprotic acid HA with a strong base BOH, at the beginning,
also amenable for miniaturization permitting the constructiononly some free (hydrated) Hand A~ (from the-dissociation
of capillary electrophoresis equipment on a cf30]. of HA) and minute amounts of OH (from dissociation of
The aim of this work is to revisit conductometric titrations and water) are present in the cell. As the titration proceeds, new
introduce modern chemometric resources to extend its applicapecies, like B, are gradually added to the system and con-
bility to more dilute and complex samples. It is well known that tribute to the conductance; meanwhile, the dissociation of more
in very diluted solutions or when non-quantitative reactions arecid is promoted by the reaction of Hvith OH™, until the
involved, linearity deviations are observed during CT, especiallystoichiometric point is reached. Afterwards, an excess of OH
near the stoichiometric points. For binary mixtures of acids, théuilds up, with proportional increase in the conductance, defin-
end-points of CT are easily determined by graphical methodsg a straight line after correction of the dilution effect. The
only when the stronger acid is almost completely dissociatednonlinear) shape of the first half of the curve is dependent of
and the weaker one is rather undissociated in the sample. In tlilee dissociation constant and the concentration of HA, but as
worst cases, no linear regions are observed at all along the titra-rule, a precise intercept of the lines near the stoichiometric
tion curve, rendering them untreatable by graphical analysis. pointis obtained even for diluted solutions and very weak acids
Under similarly unfavorable situations, potentiometric titra- (pKna > 9, [HA] ~ 10-°mol L~1), where conventional poten-
tions had been solved by using modern chemometric method8pmetric titration fails. It is well known that the CT of a mixture
such as multiparametric nonlinear regression, in order to fit thef a strong and a weak acid with a strong base is straightforward,
concentrations of the analytes and to refine their equilibriunpresenting two intercepts.
constant$31]. Unexpectedly, nonlinear regression methods had However, when more acids or bases of different dissociation
not yet been applied to CT for analytical purposes. However, linconstants coexist in the sample solution, there are no clear
ear regression had been used to assist the analysis of CT whigntercepts anymore and the graphical analysis of the curve
there were linear segmer®2]. With help of “direction lines” becomes cumbersome or useless. Under such unfavorable
nonlinear regions of the titrations had been solved for mixturegonditions, good results can still be obtained by multipara-
of a strong acid with a partially dissociated one in the sample ometric NLR, as will be shown, by describing the system with
of a partially dissociated acid and an undissociated®8e35].  a generic set equations for acid—base equilibria and effective
This approach did not suffice to resolve relatively simple andbarameter estimation for the fitting of the calculated curve to
common mixtures of weak acids such as acetic and formic acidshe experimental one by minimizing the sum of the squares
with dissociation constants differing by no more than one ordeof the residuals. The Levenberg—Marquardt method (LM)
of magnitude (Apg~1). was chosen for this purpose due to its speed and robust-
It is demonstrated here that not only very diluted mixtures ofness.
formic and acetic acids but much more complex systems can be The LM method combines, in a controlled form, two other
solved by defining complete mass and charge balance equatioNs R methods: the steepest descent (based on first derivatives
of the involved equilibria and applying multiparametric non- and known not to converge well near a flat minimum) and the
linear regression (NLR) to the CT data, a method shortened aSauss—Newton one (quite efficient when the contribution of
CT-NLR now on. The robust and efficient Levenberg—Marquardsecond-order terms is minimgB36]. Thus, the parameter that
algorithm was elected for the least squares regression, but otheontrols the magnitude and the search direction of the LM algo-
algorithms could be used instead. Besides conductance measurghm gives higher weight to the search direction indicated by the
ments, auxiliary pH data was collected simultaneously duringteepest descent method in steep regions and gradually transfers
the titrations and fed into the NLR model to simplify and speed-control to the Gauss—Newton method in flatter areas, usually
up calculations. CT-NLR was investigated and validated withcloser to the minimum (of the sum of the least squares of the
simulated and synthetic acid—base multi-component systemsgsiduals).
aiming the application to real samples of rainwater with low The general equations, used to describe the chemical compo-

concentrations of acids and bases. sition of the system in the equilibrium state established after each
titrant addition are based on the contribution of all ionic species
2. Experimental to the net conductivity. To calculate the contribution of each ion

in solution involved in acid—base equilibria, its molar fractign
The CT-NLR method was implemented in the commer-must be determined. This task becomes difficult when only con-
cial computer program Origfh 5.0 from Microcal that ductometric measurements are available but could be elegantly
incorporates satisfactory spreadsheet facilities and excellesblved here by using auxiliary pH data, collected simultane-
graphical and regression resources, including NLR by theusly during the titration to provide estimates of*[+at each

Levenberg—Marquardt algorithm. point. Dissociation constants gKof the acids or the inverse
of their values (to simplify equations and use the same nomen-
2.1. Fundaments of the method clature of complexation reactions), known as the protonation

constants (K;, wherei is the number of protons) of the conju-
The net conductivity measured during a titration encom-gated bases can be taken from the literature to calculate the molar
passes the contribution of all ionic species in the titration celfractionsag of the anionic specie A anda4 of the protonated
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(and uncharged) specie HA:

K [HA] 1 Kp,l[HJr]
= oo = 9] =
PLZIHAA T 7 KpaH1+1 “' 7 KpaH]+1

For a polyprotic acid, the following general equation applies:

no .o+t n
o = Z":L’[H]i where B; = HKPJ
Yi—oBilHT] i=0
As defined in the literaturf87], the ionic conductancd; (in
S cn? mol~1) of a dissociated ioninvolved in acid-base equi-
libria could be calculated for any value of the molar fractiens
from the ionic conductance at infinite dilutiot{:

AizcxixAiO

The net conductivity takes into account the sum of the product
of ionic conductivity (4) and the concentratio@ in mol L~1,

for all anions and cations in solution: Fig. 1. Simultaneous potentiometric ((J) and conductometric (@) titration
n curves for 20.0 mL of 10.amol L~ of a generic monoprotic acid HA (p4.7)
titrated with BOH 1.00 mmol E1. NLR (=== ) applied to conductometric titra-
k= ZAiCi tion data.
i=0

In this work, devoted to the CT of diluted samples ofthe generic monoprotic acid HA (pX4.7) titrated with BOH
(<10-3mol L~1), the effect of the ionic strength (1) on equi- 1.00mmol L.
libria and conductivity was disregarded (deviations of 2-3% for ~ To initialize the NLR method in the Origfhprogram, it was
monovalent ions and 3-5% for divalent ones are expected). Alecessary to consider the net conductivitys an independent
higher values of, corrections could be introduced, for example, variable and all other parameters such ag [H; and the number
by using the Davies equatig&g]. of mols of titrant added as dependent variables.
During titration of an initial volume/; of generic monoprotic
acid HA, the total volume of added base BOH was increased 2.3. Conductometric and potentiometric titrations
stepwise. Conductivity data was calculated based on equilibria
established after each base addition. The estimated values mustA Micronal® model B330 conductivity meter provided with
be multiplied by a dilution factof: a glass cell comprising two platinized platinum electrodes was
Vit calibrated with standard KCl solution (10Qu&) on a daily basis
and used throughout the work. A 10 mL piston burette (witt.5
Vi divisions and 1.5.L precision) was used for titrant addition.
Potentiometric titration data was acquired simultaneously
2.2. Simulating conductometric titration curves with the conductometric one, using a QuifhisH-meter model
Q400M¥z (precision of 1 mV) coupled to a combined glass elec-
Conductometric titration curves were simulated in order totrode (model QA-338-ECV), previously calibrated with certified
evaluate the applicability of CT-NLR. The computational pro- Sigma buffers.
gram CURTIPOT (freeware), downloaded fromthe Internet, was Al titrations were made in jacketed glass-cells with con-
used to generate potentiometric titration curves for the parametéiolled temperature (25£80.1fC maintained with a For-
set chosen in each simulation (protonation constants, concefatemp Bath & Flow water bath. The conductivity cell was
tration of acids and bases in the “sample”, initial volume instirred during the titrations. After each titrant addition, 30 s were
the titration cell, constant increments of volume or pH duringallowed to achieve stability of the readings of pH and conduc-
titration). Additionally, data with dispersion was produced with tance.
CURTIPOT, simulating experimental errors with normal distri-

f:

bution in the volume additions or pH measurements. 2.4. Solutions and reagents
Generated pH data as a function of added volume of titrant
was copied to a spreadsheet of the Offgimogram, in which all Ca(OH) solution was chosen as titrant, due to the low solu-

calculations were performed to simulate CT data and to analyzeility of CaCQO;s, formed from (undesirable but inevitable) €O
it afterwards. New columns were added as needed to performbsorption, thus reducing the contamination with carbonate. The
calculations like molar fractioa; and the number of mols of analytical grade reagent was dissolved in ultrapurified water
OH™ and B" added during the titration. The net conductivity was (Nanopure, Barntead) with low GQontent, and immediately
estimated as the sum of all;. Fig. 1shows the potentiometric stored in aglassflask (gastight) internally covered by a polyethy-
and conductometric titration curves of a 1Qu@ol L~1 solution  lene layer (OH resistant). A cartridge with NaOH lentils was
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connected to the cap of the flask, for air entrance free of.CO
The connections of the burette with the titrant reservoir and the
cell were made with silica tubing (a piece of a GC capillary col-
umn) to stop CQ permeation through the wall (a problem with
polymeric tubing). Titrant was periodically standardized with
potassium hydrogen phthalate primary standard.

Synthetic diluted samples were prepared from stock solutions
of acids and bases previously standardized against a base or an
acid. All solutions were prepared with water from the Nanopure
system, to minimize C&contamination.

3. Results and discussion

3.1. CT-NLR applied to simulated conductometric titration
data

. . . Fig. 2. NLR (=) applied to the analysis of a simulated conductometric titration
FIrStIy’ the NLR method was applled to simulated SyStem%ata (m) of a system containing 20.0 mL of a mixture of 400l L~ HCI,

containing up to four titrable components in low concentration;o.o.mol L= CHsCOOH, 20.Qumol L~ total carbonate and 20,0mol L1
range (10° to 10-°mol L~1). Fig. 1shows simulated conduc- inert ionic species, titrated with 1.00 mmott Ca(OH}.
tometric and potentiometric titration curves and the non-linear

regression curve fitted to the conductometric data. The system | c rati | " dbv NLR Ivsis of such
is composed of 10.@mol L~ of a generic monoprotic acid HA values. Loncentration values returned by analysis ot suc

K. = 4.7) titrated with BOH 1.00 mmoltL. cqnc_iuctome’gric titration curves ag_re_ed with _the starting values
(P ,Sor sin)gle titrable component systems, the NLR methodN'thmthe“m'tS of the standard deviations estimated by the NLR

returned concentration values with standard deviations |Oweprogram.|:.|g..3 ShOWS the NLR .applled. to a §|mulated con-
than 0.5%. With more complex systems, containing up to foutductometnc titration curve containing dispersion of 0.002 mL

o o L )
titrable components, it was possible to evaluate the ability of thd! volume, 0.01 units in pH and 1% in conduciivity measure

method in distinguishing different species and estimating theiFnentS' The multiple component system contains 20.00mL of

. -1 . -1
concentrations. Mixtures of weak acids like formic and acetic® mixture of 10.umolL"" in strong acids, 10.Amol L

-1 + -1 .
become difficult to resolve by potentiometric titration in the CH;COOH, 20.Q¢moI_Ll_ I.\IH‘.‘ and _25.me0| L™ total car
1076 to 10-5mol L~ concentration range because both acidsbonate and 50.@mol L™+ inionic species that do not participate

are extensively dissociated at the initial pH. Using CT-NLR iton acid-base equilibrium, and is titrated with 7.50 mmotL
was possible to resolve and estimate the contribution of eacﬁa(OH)Z'
weak acids to the system acidity.

The CT-NLR method was applied to the difficult determi-
nation of major acids and bases in rainwater samples. Thus,
the NLR equation was expanded to accommodate the following
unknown concentrations: formic acid, acetic acid, ammonium,
total carbonate and the residual conductance due to non-titrable
electrolytes, including anions resulting from complete disso-
ciation of strong acids. The regression model did not directly
provide the contribution of the strong acids, so it was calculated
by difference, subtracting from the conductance of the sample all
contributions from the dissociated fraction of weak acids and of
non-titrable specieg:ig. 2 shows the conductometric titration
curve of a simulated multiple component system titrated with
Ca(OH) 1.00 mmol L1 and containing 10.amol L=t in HCI,
10.0pmol L=t in CH3COOH, 20.Qumol L~1 in total carbonate
and 20.Qumol L~ in ionic species that do not participate on
acid—base equilibrium and the NLR applied to the curve.

As will be seen inTable 1, concentrations returned k_)y the Fig. 3. NLR (=) applied to the analysis of simulated conductometric titra-
NLR method for all simulated curves agree very well with thetion data (M) of a system containing 20.0 mL of a mixture of 4ol L2 in
starting values, despite the low concentrations under considsirong acids, 10.@mol L=t CH3COOH, 20.Qumol L=t NH,4*, 25.0pmol L1
eration and the multiplicity of components. To this point, noin total carbonate and 50pmol L~ in ionic species that do not participate on
scatter was added to the simulated curves. To improve reafiSid-base equilibrium titrated with 7.50 mmofL.Ca(OH), containing approx-

. . . . . .. . imately 70.0umol L~ in dissolved CQ@-~. Standard deviation of simulated
ism, random d_|sper5|on with Gaussian distribution was addegispersion: 0.0020 mL in volume, 0.010 units in pH and 1% in conductance
to the added titratant volumes and/or the pH and conductanGgeasurements.
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Table 1
Results obtained for CT-NLR analysis of mono and multiple component-simulated systems and for titration data of synthetic rainwater
System composition Standard deviation of added dispersion Starting concentrations Returned values Relative
to simulated data (wmol L~1) CT-NLR (wmol L=1)2 error (%)
HCI 0 20.0 (20.1+ 0.4) +0.5
HCI 0 10.0 (10.1+ 0.5) +1.0
CH3COOH 10.0 (10.1+ 0.3) +1.0
CHzCOOH 0 20.0 (20.1+ 0.1) +0.5
HCOOH 20.0 (19.9+ 0.3) -0.5
HCI 10.0 (10.2+ 1.0) +2.0
CH3zCOOH pH 0.01 10.0 9.8+ 0.2) -2.0
NH4* 0.002 mL volume 20.0 (20.1+ 0.8) +0.5
HCO; /H2CO3 25.0 (24.8+ 0.3) -0.8
Inert ions 50.0 (50.2+ 1.0) +0.4
HCI 10.0 9.7+ 1.0) -3.0
CH3COOH pH 0.01 10.0 9.7+ 1.0) -3.0
NH4* 0.002 mL volume 20.0 (20.5+ 0.9) +2.5
HCO3;7/H2CO3 1% Conductivity 25.0 (24.6+ 0.5) -1.6
Inertions 50.0 (50.7+ 1.0) +1.4
HCI 10.0 9.5+ 2.0) -5.0
HCOOH Real titration data of synthetic rain water 10.0 9.7+ 1.3) -3.0
NH4* 20.0 (20.3+ 1.9) +3.0
HCO37/HoCO3 Unknown (26.6 + 1.5) -
Inert ions 50.0 (48.7+ 1.2) —-2.6

Dissociation constants used in the NLR method {pKCl=—6.0; CHsCOOH =4.70; HCOOH=3.70; Nif =9.10; CQ2~/HCO3~ =10.10; HCQ~/Hy
C0O3=6.10.
2 Adjusted concentratio#t standard deviation calculated by the program.

The excellent quality of the results of the CT-NLR for this 10.0mol L~ HCI, 10.0umol L~ HCOOH, 20.Qumol L1

difficult titration can be appreciated able 1. NHz* and 50.QumolL~1 of electrolytes noninvolved in
acid-base equilibrium, titrated with Ca(QHJ.50 mmol L1
3.2. Application of CT-NLR to synthetic rain water samples containing approximately 7@mol L~ dissolved C@%~.

The curve calculated with the NLR coefficients fits exactly
Synthetic samples were prepared and analyzed by simute the experimental conductometric data. It is worthwhile to
taneous conductometric and potentiometric titrimetry. Theobserve the low and gradual conductance changes during titra-
Fig. 4 shows the CT-NLR applied to a sample containingtion of the multiple components, defining a smooth curve that
approached straight lines only at the very ends, completely
impossible to evaluate by graphical methods. Despite this unfa-
vorable situation, the relative standard deviations associated to
the NLR equation parameters were less than 22% and the errors,
5% or less. When one of or more of the acids or bases considered
in the regression model were absent in simulations or the syn-
thetic sample presented in table, the correct solution was found
anyway, with an uncertainty of dmol L~ or lower.

4. Conclusion

The goal achieved in that work was the development of a
NLR method of analysis of conductometric acid—base titration
curves. The new CT-NLR method allowed the analysis of very
diluted systems with multiple titrable components in the pres-
ence of inert electrolytes. The innovative idea of feeding the
CT-NLR with pH values from simultaneous potentiometric titra-
Fig.4. NLR (__)_appliedtotheana_lysisofconductometrictitration data (M) of tion data to assist the calculation of the position of involved
asystem containing 20.0 mL of a mixture of 1Qu®ol L~ HCI, 10.0pmol L1 . L .
HCOOH, 20.Qumol L~ NH4* and 50.Qumol L1 in inertionic species, titrated prOtO_natlon equ”'b”a bOOSt_e_d the I’ObUS.t and effective Chemo'
with 7.50 mmol "1 Ca(OH} containing approximately 7@molL~t in dis-  Metric method for the quantification of minute amounts of acids
solved CQ?~, as obtained by NLR. and bases in diluted samples, such as environmental samples like
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rainwater ones. Simulations of mixtures of diluted bases titratefl 3] A. Kowalczyk-Marzec, M. Kurzawa, A. Szydlowska-Czerniak, E. Szlyk,
with strong acids conducted to similarly good results. It can be  Chem. Anal. (Warsaw) 47 (2002) 613.
envisioned that CT-NLR would be advantageously used also fdi4 S- Prasad, K.C. Pathak, J. Electroanal. Chem. 12 (1966) 360.

. . . Lo 15] B.C. Bonekamp, J. Lyklema, J. Colloid Interface Sci. 113 (1986) 67.
simpler systems or at higher concentrations, due to its increas | F. Rey, AAS.C. Machado, F. Arce. MAA. Ferreira, A. Toja, Anal

accuracy, evaluation of the precision, easier automation and * chim. Acta 304 (1995) 375.
independence of subjectivity of the analyst, in comparison withi17] J.C. Masini, G. Abate, E.C. Lima, L.C. Hahn, M.S. Nakamura, J. Lichtig,
ordinary graphical or linear regression methods. H.R. Nagatomy, Anal. Chim. Acta 364 (1998) 223.

[18] J. Riggle, R. von Wandruszka, Talanta 62 (2004) 103.

[19] A.F.D. Namor, M. Shehab, J. Phys. Chem. A 108 (2004) 7324.
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