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Abstract

The implementation of primary quanti cation methods in the National Metrology Institute
of Colombia (INM) will allow the certi cation of reference materials (CRMs) required by
Colombia’s industrial and scienti ¢ elds. One of these materials is potassium hydrogen
phthalate (KHP). Furthermore, coulometry is a well-known potentially primary method be-
cause it directly relates the amount of substance to the international system of units (SI).
Therefore, we implemented a coulometric system for KHP quanti cation. Also, a nonlinear
regression to the experimental data was made with two models, an exponential W-function
(ewf) and our proposal, the theoretical titration curve (TC). One of the main advantages
of the TC is the possibility to study and correct the e ect of CO, as the main impurity
in the coulometric system. Additionally, the TC allows us to directly estimate the KHP
concentration without estimating the endpoint time. On the other hand, using a coulometer
developed in this work (CC), we have found that the TC has a better relative uncertainty
(0.102 %) compared to the eWf (0.247 %). We also studied the coulometric cell geometry,
vertical and horizontal, with two convection modes, ultrasound and magnetic stirring. We
obtained no statistical di erence between the cell geometry in the amount of substance, and
the best convection mode is still magnetic stirring. Finally, using the coulometer developed
in INM of Colombia (CC) and the TC, we decreased the uncertainty and bias of the amount
of substance of KHP obtained by coulometric titration with respect to the results obtained
in the INM of Colombia in the intercomparison study between national metrology institutes
in 2016.

Keywords: Potassium hydrogen phthalate, coulometric titration, theoretical titration
curve, exponential W-function, carbon dioxide, validation, uncertainty, coulometric
cell geometry, convection mode.
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Resumen

Optimizaciéon y validacion de la titulacién coulombimétrica de
biftalato de potasio: Un método potencialmente primario

La implementacion de metodos primarios de medicion en el Instituto Nacional de Metrolog a
de Colombia (INM) permitira la certi cacion de materiales de referencia (MRCSs) los cuales
son requeridos en el sector industrial y cient co del pas. Uno de los MRCs mas importantes
es el biftalato de potasio (KHP). Por su parte, la coulombimetr a es un metodo altamente
conocido por ser potencialmente primario, ya que permite la cuanti cacion de la cantidad
de sustancia en magnitudes del sistema internacional de medidas (SI). En este trabajo, se
implemento la titulacion coulombimetrica de KHP a nivel metrologico. La implementacion
incluyo el ajuste de dos modelos a los datos experimentales mediante regresion no lineal: la
funcion exponencial W (eWf) que se ha usado hace varios anos, y nuestra nueva propuesta
la curva teorica de titulacion (TC). Con la TC se pudo estudiar el efecto del CO, sobre los
resultados de la titulacion. El CO; es la principal impureza en la titulacion coulombimetrica
de KHP, y su efecto en el resultado nal se corrigio mediante la estimacion directa de la
concentracion de KHP, cosa que se logra con la TC pero que es imposible hacer con la eWf.
Por otro lado y de acuerdo a los parametros de validacion del metodo desarrollado, se en-
contro que las incertidumbres relativas obtenidas con TC (0.102 % ) fueron mejores que las
obtenidas con eWf (0.247 %). Tambien se estudio la geometr a de la celda coulombimetrica,
celdas horizontal y vertical, junto con dos metodos de conveccion, ultrasonido y la agitacion
magnetica. Los resultados indican que no hay diferencia signi cativa entre la celda vertical
y la horizontal. Ademas, el mejor metodo de conveccion resulto ser la agitacion magnetica.
Finalmente, se adecuo un coulomb metro, el cual junto con el uso de la TC, nos permitio dis-
minuir el porcentaje de incertidumbre y sesgo de la cantidad de sustancia de KHP obtenida
por titulacion coulombimetrica respecto a lo obtenido en el Instituto Nacional de Metrolog a
de Colombia en el estudio de intercomparacion de Institutos Nacionales de Metrolog a de
2.016.

Palabras clave: Biftalato de potasio, titulacion coulombimetrica, curva teorica de tit-
ulacion, funcion exponential W, dioxido de carbono, validacion, incertidumbre, ge-
ometr a de la celda coulombimetrica, metodo de conveccion.
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1. Introduction

National Metrology Institutes (NMIs) warrants the quality of the physical and chemical
measurements, providing traceability to the international system of units (SI) [1], for exam-
ple by using certi ed reference materials (CRMs). This certi cation is achieved under the
accomplishment of complex requirements, 1ISO 17034 [2, 3].

Colombia's industrial, science, and technology elds are progressing, bringing new measure-
ment requirements. Therefore, the demand for CRMs is increasing. In general, these CRMs
must be imported, which causes that the operating costs in those labs raise. Accordingly, the
Instituto Nacional de Metrologia of Colombia (INM of Colombia) is developing capabilities
to produce CRMs.

One of the most common CRMs required by external laboratories is the potassium hydro-
gen phthalate (KHP), which is used as a standard in acid-base titrations or as a secondary
standard in pH bu ers in food, pharmaceutical, and other elds[4{7]. The certi cation of
KHP as a CRM requires a quanti cation method that provides trustable, precise results, low
uncertainties, and traceability to the S| system. The analytical techniques that supply all
the mentioned requirements are the primary or potential primary methods of quanti cation,
which do not require external standards [1, 8, 9]. The coulometry at constant current is one
of those methods [10].

Coulometric titration for the certi cation of KHP as CRM has been implemented in some
NMiIs using specialized instruments. The mathematical model used for data treatment in
those instruments is empirical and based on ideas that have stayed the same for many
years before [9, 11]. In addition, one of the biggest challenges in this technique is the
determination of the endpoint, the total elimination of impurities, and sample losses by
di usion [9, 10, 12]. Therefore, our work aims to deeply study the coulometric system to
develop a mathematical model based on the chemical theory to measure the most trustable
amount of substance. Also, we have implemented the coulometric titration of KHP using
a non-commercial coulometer built with the necessary parts and adequated to have a more
versatile and friendly equipment.
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The most common coulometric titration types and certi ed materials are shown in tabl@-1
[10{186].

Titration type Substance

Acid-Base Potassium hydrogen phthalate (KHP)
Sodium carbonate (NaCOs)
Hydrochloric acid (HCI)
Oxidation- Potassium dichromate (KCr,07)
Reduction Sodium oxalate (NaC,0,)
Sodium thiosulfate (NgS,03)
Complexometric EDTA (Ethylendiamminotetraacetic acid)
Argentometric  Halides (CI, Brt, 11)
Karl-Fisher Water determination in organic samples.

Table 2-1 .. Coulometric titration types and substances certi ed as reference materials by
coulometry

As it was mentioned before, coulometry is traceable to the S| because the amount of sub-
stance, in moles that have reacted during a coulometric titration, depends directly on the
total charge applied, according to Faraday's equation[10, 17]:

Z,

Q _ 1 .. .
FOTE idt (2-1)
whereQ is the total charge passed through the system in Coulombs (QG)the applied current

in amperes (A);t is the time in seconds (s)n the number of electrons exchanged during
the main reaction, andF the Faraday's constant 96 4833212 Cmol! [18]. The accurate
measurement of chargeQQ in equation 2-1, is challenging because it requires the careful
measurement of the experimental variables time and electrical current (sometimes measured

as potential and resistance).

Coulometric titration is a potential primary method because the uncertainties obtained by
this method are smaller than those obtained by other techniques such as volumetric titrations
[9] and also because no reference or calibration curves are needed to develop the experiment.
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Furthermore, it is a sensitive method capable of detecting impurities in the order of 1.0 4
to 1 10 ° %. Additionally, the experimental error during the measurement is expected to
be in the range of 0.005 to 0.3 % [19].

Coulometry could be performed in two ways:

1 At controlled potential |, the generator electrodes remain at a constant potential dif-
ference, while the electric current changes with time [20{22]. This type of coulometry
is selective to the target reaction (as a function of the applied potential), but the time
to reach the endpoint could be too long and di cult to detect.

2 At constant current , where the current between generator electrodes is constant,
and the potential di erence between them changes in time. This titration occurs faster
than titration at a controlled potential, but its selectivity is low because the potential
increases with time. The possible alternate reactions in constant current coulometry
are avoided by using reagents and electrodes with the highest purity possible. In
addition, this method can reach lower uncertainties compared with controlled potential
coulometric titration and volumetric titrations [17, 23].

2.1. Instrumentation

Figure 2-1 shows the general scheme of the coulometric system, where a current source is
connected to the electrochemical cell. This source applies a constant current between two
generator electrodes, where an oxidation-reduction reaction occurs. In addition, an indicator
electrode measures the changes in the solution. The sample is weighted and added into the
coulometric cell.

The coulometric titration e ciency depends on several factors, such as the coulometric
cell geometry [11, 24, 25]. The most common electrochemical cells geometries used for
coulometric titrations are the horizontal, used by the National Institute of Standard and
Technology of the USA (NIST), Fig 2-2b; and vertical, used by the Bundesanstalt far
Materialforschung und | prafung (BAM), Fig. 2-2a[25].

Both coulometric cells' main components are:

1 Generator electrode. The main reaction of the coulometric titration occurs in the
generator electrode. It is located in the main compartment of the electrochemical cell.
In acid titrations, Pt is the most common material for this electrode type.

2 Secondary generator electrode or counter electrode. It is located in an isolated
compartment of the coulometric cell to avoid the contact with the main solution. The
complementary reaction (oxidation or reduction) occurs on the surface of this electrode.
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Figure 2-1 .. General schematic representation of the coulometric system at constant cur-
rent.

The counter electrode is in contact with the dissolution through a glass frit and agar-
agar with a KCI salt bridge. The counter electrode mainly used for KHP titration is a
Ag electrode.

3 Internal Compartment. Usually, the counter electrode needs to be isolated from the
sample, and the other generator electrode to avoid sample contamination or undesired
reactions. This compartment isolates the anode and cathode with an additional frit.
Furthermore, the internal compartment helps to keep an inert atmosphere in the whole
coulometric system.

4 The indicator electrode. It detects the changes in the solution depending on the
type of titration. The type of detection can be potentiometric, conductimetric, or bi-
amperometric. In the KHP titration, the indicator electrode is a glass pH-electrode,
which detects the potential changes in the solution according to the changes in hydro-
nium ion concentration.

5 Supporting electrolyte. The main solution where the sample is added is a con-
centrated electrolyte. Its main function is to adjust the ionic force and decrease the
solution's electric resistance. In acid-base titrations, the supporting electrolyte is a 1
mol kg, KCI ultrapure dissolution.

sin
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(b) 1. Magnetic stirrer; 2. Indicating electrode;
3. Generator electrode; 4. Main compart-

(a) 1. Magnetic stirrer; 2. Main compartment; ment; 5. Sample introduction; 6,10,13. In-
3. Frit (porous glass); 4. Agar salt bridge; 5. ert gas inlets; 7. Data collecting by indi-
Counter electrode; 6. Secondary generator cating electrode; 8. Sample introduction;
electrode compartment; 7. Sample intro- 9. Current source; 11. Inert gas source;
duction; 8. Indicator electrode; 9. Current 12. Secondary generator electrode; 14. Sec-
source; 10. Inert gas source; 11. Coulomet- ondary generator compartment; 15. Salt
ric cell case; 12. Generator electrode; 13. bridge; 16. Glass frit; 17. Intermediate
Inert gas inlet [7]. compartment [25].

Figure 2-2 .. Coulometric cells used to certify primary standard materials in NMIs. a)
Vertical, and b) Horizontal.

Both cells are appropriate for the measurement but di er in some particularities, such as the
amount of sample required for the titration. In vertical cells (Figure2-2a), large amounts

of samples are added (0.500 g)[9]; instead, in horizontal cells (Figze2b), the mass of
sample required is low (0.200 g)[11] due to the cell design involves a smaller cell volume.
On the other hand, the di usion losses could be avoided using horizontal cells because the
salt bridge location decreases the analyte's di usion between both chambers. Moreover, the
convection mode di ers in both geometries due to the di erent distribution of the sample
around the main compartment by gravity. Also, when the charge is added to the system,
the homogeneity of charge distribution in the vertical cells is raised faster than in horizontal
cells [10].
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2.2. Experimental conditions for coulometric titration in
metrology

In metrology, achieving the highest precision and trueness with the lowest uncertainty is
necessary. The experimental facts described below must be considered to guarantee the best
performance of the coulometric titrations:

= Current e ciency. The total current applied to the system must be 100% used in
the analyte reaction to get the best selectivity, avoiding undesired reactions or inter-
ferences. Those interferences are avoided by using the purest reagents and electrodes
during the experiment.

= Sample losses by diusion.  The losses of the sample by di usion produce a sig-
ni cant increment in the nal uncertainty; di usion of the sample can be avoided by
using the intermediate compartment and separating both electrodes compartments by
agar-agar with KCI salt bridge. [13, 16].

= Gas impurities.  An inert gas, Argon, is pumped during the titration to avoid the
solubilization of gases like carbon dioxide and oxygen in the supporting electrolyte.
Remotion of these gases is essential in acid-base and oxidation-reduction titrations.
However, total gases remotion is not possible; as a consequence, these gases are always
present as small quantities (residuals) in the sample; however, they must be removed
as much as possible; in another way, the trueness of the measurement could be a ected
[10].

= Reactants purity.  All reagents used as supporting electrolytes and salt bridges need
to be as pure as possible; the water conductivity needs to be lower than 0.01 mS/m
at 25 °C. Otherwise, uncertainty and systematic errors increase. In some cases, it
is impossible to identify all impurities present in the sample; for this reason, during
weak acids and dichromate titrations, the result must be reported as total acidity and
oxidant capacity, respectively [19].

» Detection method. The detection mode must be selected according to the type of
titration because uncertainty during the endpoint detection is critical [22, 26]. In an
acid-base coulometric titration, the reaction is followed by a pH-electrode [10], but
in the case of oxidation-reduction titration, the reactions are followed by constant
potential amperometry or constant current potentiometry [13].

= Numerical endpoint determination. There are several methods to determine the
endpoint time as rst and second derivative [27], and the data tting with a fractional
exponential function [15, 27]. Here, we propose the implementation of the theoretical
titration curve (TC) as the best method to determine the amount of KHP substance
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which does not require the endpoint time determination, and practically eliminates the
uncertainty associated with that endpoint time.

2.3. Coulometric titration of potassium hydrogen
phthalate (KHP): A way to produce a certi ed
reference material

Potassium hydrogen phthalate (KHP) is considered a primary reference material when it
is certied by a primary measurement method approved by the Consultative Committee
for Amount of Substance: Metrology in Chemistry and Biology (CCQM)[12, 15]. The
coulometric system implemented for the quanti cation of this substance allows us to express
the amount of substance as a mass fraction (mol kd) in traceable units [10, 12, 15, 16, 23,
28, 29]. The electrochemical cell used for this quanti cation is represented as follows:

AgiKCI (aq (IM)jiKCl (ay (IM)jPt ; (2-2)

and two cell potentials can be considered [21, 30]:

2H" +2e ) * Hy  EQyoee =V =0:0000 (2-3)
Ag°+Cl ) * AgClg+1le Eope =V 02223 (2-4)
2H" +2Ag°+2Cl ) * Hy+2AgCls EQy =V= 02223 (2-5)
and

2H,0+2e ) * Hy+2HO E2ye=V= 08277 (2-6)
Ag°+Cl ) * AgClg+1le  Eopee =V= 02223 (2-7)
2H,0+2Ag%+2Cl ) * Hy+2HO +2AgCls EZ2, =V= 10500 (2-8)

According to thermodynamics, the rst reaction (2-5) will be the most probable at enough
and lower potentials. The second reaction (2-8) only happens if the potential di erence
between the generator electrodes is high enough. A detailed study of the reactions during
the KHP coulometric titration requires other kinetic and overpotential considerations not
detailed here.
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On the other hand, when the coulometric titration of potassium hydrogen phthalate (KHP)
is performed, the following reaction occurs:

COOCH COO
{:::::I::: {:::::I::: + 3H.
COO COO
HP p2 Hydrogen
Equivalently, if HO{ are generated the reaction can be written as:

COOH COO
COO COO

HP Hydroxide ions P2 Water

Nevertheless, potassium hydrogen phthalate purity (KHP) is determined by coulometric
titration using a potentiometric pH-meter to detect the endpoint[12, 21], reducing hydro-
nium on the Pt electrode while a silver electrode is oxidated in KCI dissolution to produce
AgCl.

We could overcome some challenges mentioned above in the coulometric titration of KHP by
changing the traditional method of magnetic stirring by ultrasound. Sonoelectrochemistry
has many advantages over magnetic stirring because, when hydrogen is produced, it helps
in the degasi cation of H, deposited on the platinum electrode surface and decreases the
concentration of gases dissolved in the supporting electrolyte. Also, ultrasound increases
the reaction rate because it facilitates the mass transport of the sample and ions to the
generator electrode through the double layer. Additionally, the generator electrodes can be
cleaned and activated thanks to the cavitation process [31, 32]. Finally, as sonication helps
transport ions, the hydronium ions transport to the pH electrode would be faster, and4 the
stabilization times would be shorter [33].

2.3.1. Determination of the endpoint in potassium hydrogen
phthalate coulometric titration

Another important challenge of KHP coulometric titration is the determination of the end-
point time. Below we present the main methods to determine it [27]:
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= First derivative.  As the titration curve has an in ection point, the rst derivative

% gives a maximum (or minimum) value at the equivalent time of the titration.
» Exponential W function (eWf). A nonlinear regression that ts equation to the

experimental data. 2-9

a
y=m+b(t g+ ct+e (2-9)

In equation 2-9,y is the pH-electrode responsd, is the time of titration (s), bis the
slope of the titration curve (the slope is taken with 7 points in the linear section
close to the equivalent point),q is the equivalence time, ands is the measurement
error. The numerical value of the parameters, b, ¢, k, and g are estimated by tting
the equation 2-9 to the experimental data.

= Theoretical titration curve. Establishing the acid-base equilibrium and the mass
charge balances for all ionic species present in the coulometric cell, we can simulate
the theoretical titration curve and t it, by minimizing the sum of squares, to the
experimental data [34].

2.4. Coulometric titration validation parameters

The validation of a method of measurement is de ned in ISO 9000 as [35]:

(Con rmation, through the provision of objective evidence, that the requirements
for a speci c intended use or application have been ful llej

The Eurachem Guide for the validation of methods proposes the following parameters to
evaluate the e ciency of a method [36]:

(a) Selectivity: is related to the capacity of the method of quantifying the target analyte
in the presence of possible interferences on the system.

(b) Limit of detection (LOD): is known as the lowest amount of analyte that can be
detected by the method. The LOD can be calculated by making replicates of a blank
sample or by quantifying low analyte quantities.

(c) Limit of quanti cation (LOQ): is related to the lowest amount of target analyte that
can be quanti ed by the method at a certain con dence level. Similarly, as the LOD,
replicates of blank samples or low analyte quantities are required for its calculation.



(d)

(e)

(f)

@

(h)
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Working range: is the interval of concentrations where an analyte can be quanti ed

with an acceptable uncertainty. The working range is found using dissolutions with

known concentrations which are tested with the measurement procedure. Then, the
signal is plotted against the known concentration, and a statistical linear range is
determined by regression.

Analytical sensitivity: is the change of the instrument's response to the changes of
concentrations of the analyte, equivalent to the linear regression slope of the linear
working range.

Trueness: describes how close is the mean of the measured results to a reference value,
and quantitatively is expressed asias = *~"-. The reference value is given by
the certi ed reference materials, which are traceable to Sl. Bias helps us detect the

method's random and systematic errors when it is implemented.

Precision: is directly related to the standard deviation of ann number of experiments
and how close these results are to each other. There are di erent types of precision:
repeatability when the same analyst performs the experimentsitermediate pre-
cision, when the experiments are performed in the same laboratory under variable
conditions, andreproducibility ~ when two or more laboratories make the same mea-
surement under their own conditions.

Uncertainty budget: is related to an interval that expresses the quality of the measure-
ment results. It includes all the possible e ects attributed to the measurement, such
as standard deviation, bias, some corrections, etc. The measurement of uncertainty
provides con dence in the validation of the measurement method and its result.

In this work, the validation of coulometry as a potential primary method will be made with
the study of three parameters:Precision , Trueness, and the uncertainty budget . The
other parameters are not studied because, according to equation (2-1), the method directly
relates the added charge to the amount of substance that is traceable to SI. Then, neither
calibration curves nor additional parameters are strictly required.



3. Objectives

3.1. Main Objective

Implement an optimized and validated methodology for the coulometric titration as a pri-
mary method for the certi cation of potassium hydrogen phthalate as a reference material
in the INM of Colombia.

3.2. Specic objectives

1. Test and compare two convection modes: ultrasound and magnetic stirring. Finding
the reduction of the errors sources.

2. Evaluate the mass transport e ects of the sample in the function of the coulometric
cell geometry, contrasting the vertical and the horizontal cells.

3. Compare two di erent mathematical models: a fractional exponential equation and
the theoretical titration curve, in the determination of the titration endpoint.



4. Experimental section

This research is divided into four main parts:

1. The implementation and application of the coulometric theoretical titration curve of
KHP for determining the amount of substance.

2. The study of the carbon dioxide in uence in the coulometric titration experiment.

3. The validation and comparison of two instrumental setups in the coulometric titration
for the certi cation of KHP as a reference material.

4. The performance of an experimental design to study and compare two convection
modes: magnetic stirring and ultrasound, and also two coulometric cell geometries:
vertical and horizontal.

This chapter describes, in detail, the experimental setup, the procedure, and the reagents
required for developing the studies mentioned before.

4.1. Instrumentation

4.1.1. The High Precision Coulometer: The Applied Precision (AP)

The rst instrumental setup is a High-Precision coulometer from Applied Precision Stavi-
telska 1 833104 Bratislava, Slovakia. This instrument was used with a vertical cell type; see
gure 2-2a and with a pH electrode MetrOhm 6.0228.000.

4.1.2. The coulometer developed in the INM of Colombia (CC)

The Colombian Coulometer (CC) was built using the following elements:

(@) Current source. Keithley 2200-60-2 programmable power supply (60 V- 2A).
(b) Multimeter. Keithley 2002 multimeter.
(c) Resistor. 1 resistance standard from IET Labs. Inc. Model SRL-1.

(d) Frequency counter. Agilent 53220A, 350 MHz- 100 ps.
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(e) Burette. Titronic ® 500 from Sl Analytics.

(f) pH-meter MetrOhm 781 pH/lon Meter with a pH electrode MetrOhm 6.0228.000.

The above elements were connected according to the circuit shown in gu#el. The
multimeter 2 measures the voltage over the standard resistor to compute the current. The
other multimeter (optional) is connected between the Ag and Pt electrode to measure the
potential between them.

Figure 4-1 .: Basic electrical circuit diagram of the developed coulometer in the INM of
Colombia.

4.1.3. The electrodes

As it was described in the section 2.3, the arrangement of the electrodes consists of an
cathode , a Pt wire spiral (800 x 1 mm),> 99:95% pure; aanode, an Ag wire spiral (100

x 0.3 cm), > 999% pure. Both electrodes were obtained from Tecnoincol, Cali, Colombia.
An agar-agar with KCI 1 molkg,g, salt bridge separates both electrodes.

4.1.4. The coulometric cells

The vertical cell type used in the experiments is shown in gur@-2. Our horizontal cell,
gure 4-2, is a mixture between the vertical [9], and the horizontal [11, 24, 25] cells, see
gure 2-2.

The experiments using the horizontal cell were made with approximately 154.2 g (150.0 mL)
of KCI dissolution.

4.1.5. The ultrasonic bath

A ve liters capacity ultrasound bath, J.P Selecta® , was used for the experiments where
the convection mode was tested.
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Figure 4-2 .. General representation of the horizontal cell designed and used in this work.
1. Magnetic stirrer, 2. New horizontal cell design, 3. Glass frit, 4. Anode
compartment, 5. Burette connection, 6. Silver electrode (anode), 7. Bubbler,
8. Constant current source, 9. Data acquisition, 10. Argon cylinder, 11. A
platinum electrode (cathode), 12. Bubbler, 13. pH electrode.

4.1.6. The thermostatic bath

The Eco Gold RE 1050G from LAUDA's thermostatic bath was connected to the ultrasound
bath through a water ux to maintain the ultrasonic bath at room temperature (19 C).

4.2. Reagents

1. Supporting electrolyte  was KClI 1 mol kgdslm, made by dissolving 37.22 g of KCI
(Reag. USP for analysis, ACS, ISO Panreac) in type | water to make 500.00 g of
dissolution.

2. Agar-Agar salt bridge is a gel prepared from the mixture of 1 g of agar (Merck)
and 2.2 g of KCI in 40 mL of water type I. Then, the agar mixture is heated to get a
homogeneous gel. This mixture was added to the intermediate compartment raising 2
cm of the height of it and left to cool to room temperature for at least 2 hours. The
salt bridge main function is to avoid the di usion of AgCI to the main compartment
and the di usion of the KHP sample to the anode.
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3. HCI for acidi cation  is a 0.01 mol kg},,, and it was prepared from a 0.1 M HCI
(Titripur ® , reag. Ph. Eur., reag. USP Merck) dissolution. The HCI is used in
the initial titration to acidify the KCI supporting electrolyte eliminating the highest
amount of carbon dioxide dissolved.

4. KHP preparation.  Three di erent samples of Potassium hydrogen phthalate (KHP)
were used:i) the EMSURE® Reag. Ph Eur from MERCK, ii) the item of the key
comparison K34 of 2016 [37], andi) the certi ed reference material-item 84L from
NIST [38].

The KHP sample was ground and homogenized with an agate mortar, then dried at
110 C in a moisture analyzer (Mettler Toledo HC103) for two hours, and cooled at
room temperature ( 19 C) in a desiccator [38].

5. Ar bubbling.  Ar (Grade 5) gas was bubbled during the experiment, except in the
main titration.

4.3. The KHP coulometric titration

4.3.1. The AP coulometer and the vertical cell arrangement.

The coulometric cell was lled with 262.23 g (250 mL) of KCI 1 molkg{},,. The pH of this
electrolyte was in the range between 5.2 and 6.2. Then, Ar is bubbled for 5 minutes through
two bubblers, one for the main compartment and the other for the silver electrode compart-
ment. Additionally, Ar is pumped through the frit of the counter electrode compartment;

see gure2-2a.

After the Ar bubbling, 20 drops of HCI 0.01 mol kg{l,, (around 0.4 g) are added to acidify
the dissolution. The Ar bubbling is maintained during the whole experiment, only using the
two bubblers. The Ar bubbling and the HCI eliminates the CQ from the solution. After

30 minutes of Ar bubbling, the coulometry starts with theinitial titration (IT) . Pulses

of 2.000000(1) mA per 2.04000000(5) s, and the pH values are recorded after the current

pulses. During the initial titration, the AP software detects the most signi cant change of

dpH

pH with respect to the added charge, and the initial titration concludes with ve

additional current pulses, and pH measurements [11, 24].

The main titration (MT) is performed after the initial titration: A pre-treated sample
of KHP, approximately 0.500000(18) g, was weighted in a Mettler Toledo XP-56 analytical
balance, then added to the main compartment of the coulometric cell to be dissolved, an
electrical current of 200.0000(17) mA is applied to titrate the 99.8 % of the sample. The
KHP coulometric titration nishes during the nal titration (FT) , Where the remaining
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analyte is titrated with pulses of 10.000000(85) mA per 4.92000000(5) s. In the same way
as the initial titration, the nal titration nishes when ve additional points are taken after
detecting the most signi cant pH change, see gurel-3.

Figure 4-3 .. The coulometric titration of potassium hydrogen phthalate and the theoretical
titration curve. The blue line corresponds to the initial titration, where CGO,
and HCI are titrated, the is the titration of the 99.98% of the
analyte, the red line is the nal titration where the remaining analyte is
titrated. The black circles are the corresponding experimental data at the
initial and nal titration.

4.3.2. The coulometer developed in the INM of Colombia.

The coulometric titration of KHP using the coulometer developed in the INM of Colom-
bia (Colombian Coulometer-CC) follows the same procedure described above, section 4.3.1.
However, some di erences must be mentioned:

= The current pulses, during the initial titration, were 5.00(0.10) mA per 3.00000(0.00003)

s. In addition, in the nal titration, the current pulses were 10.00(0.10) mA per
5.00000(0.00005) s.

= A rinse follows each pulse of electrical current in the initial titration.
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= The time required for the main titration is calculated, in both instruments, with equa-
tion (4-1)

t=0:998 Purity . mxwe F

, 4-1
I main I::':MKHP ( )

where:
Purity is the estimated purity of the analyte.
MkHp is the KHP mass used for the experiment.
I main is the electrical current in A applied in the main titration.

P:Mkup Is the KHP molecular mass.

Observe that in the CC case, we calculated this time and set it in the coulometric software,
and with the AP instrument, that time was automatically calculated by the software.

4.3.3. The experimental design to test convection mode and the
coulometric cell geometry

The experiments with the magnetic stirring convection mode and the vertical cell type were
performed only with the coulometer developed in the INM of Colombia (CC) and following
the procedure of the section 4.3.2.

4.4. Determination of the amount of substance

The amount of substance of potassium hydrogen phthalate (KHP) in mdig!* was calculated
using the equation (4-2) [9, 10, 15] described below:

— i1('[totalini t1 tcor) + imain tmain + i2'[2 (4_2)
NFmMhgor

where
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i is the electrical current owing during the initial titration

towini IS the total time of the current owing during the initial titration

t; is the endpoint time at the initial titration estimated by the nonlinear regres-
sion to the experimental data

teor is the correction in time given by the instrument

I main is the electrical current owing during the main titration

tmain is the total time of the current owing during the main titration.

P is the electrical current owing during the nal titration

to is the endpoint time at the nal titration estimated by the nonlinear regression

to the experimental data

n is the moles of electrons that are transferred in the reaction
F is the Faraday constant

m is the mass in grams of KHP added to the system.

heor is the correction factor for air buoyancy.

In equation 4-2, the current is in Amperes (A), and the time is in seconds (s). Additionally,

it is essential to remark that the endpoint times for the initialt; and nal t, titrations were
found by the nonlinear regression with eWf and TC, as was described before in the section
2.3.1.

Note: The Colombian coulometer does not need thig,,.

4.4.1. Correction of the mass measurement by air buoyancy ( heor)

The mass correction factor due to air buoyancy is calculated as shown below [39]:
E =0:945 (1+0:00367 T) (8:233751 0:1125 T +0:02781252) (4-3)

In equation (4-3), E is a parameter that must be calculated and introduced in the determi-
nation of the air density ( 4 ), where T is room temperature in CelsiusC.

—P__ 760 0:00378 E %H
=0- 101325 -
ar = 0:4648 27315+ T (4-4)

From equation (4-4),P is the atmospheric pressure in Pa, and Pb is the relative humidity.

1 air
Neor = 1ﬂ (4-5)

air
KHP
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Finally, we can calculate the air buoyancy factor with the equation (4-5), wherey; , is the
air density, and xyp is the KHP sample density, both expressed in kg ni.

4.5. Implementation of the theoretical titration curve

The theoretical titration curve was implemented with the softwareR Studio (R Version
4.1.2) [40], for Windows© . The nonlinear regression of the models was made with the R
function nIsLM , a function based on the Levenberg-Marquardt algorithm [27, 41, 42].

4.6. E ect of carbon dioxide in the coulometric titration
of KHP

4.6.1. Ar bubbling

The presence of carbon dioxide in the supporting electrolyte was tested in a mass of 262.23
g (250 mL) of KCI 1 molkg,g.. The KCI was added inside a coulometric vertical cell, where
Ar (Grade 5) was bubbled per 1 hour, and the pHs values in function of time were recorded.

4.6.2. Coulometric titration of the supporting electrolyte (KCI)

In a vertical coulometric cell, were placed 262.23 g (250 mL) of KCl 1 molkg,g,, an

electrical current of 2.00 0.01 mA was applied to the system until a pH 10 was reached.
Two di erent experiments were performed,i) under air atmosphere, andi) under argon

atmosphere in the coulometric cell.

4.7. Statistical analysis

The quality of the model implementing the theoretical titration curve was studied under
Akaike's information criterion (AIC)[43].

The normality of the results was evaluated with theShapiro-Wilk normality test [44].
Also, the homoscedasticity (homogeneity of variances) was tested bgvene's test [45, 46].
Considering the results of the previous tests, we applied a t-Student test with a signi cance
level of =0:05 [47, 48].

When more than two means are compared, an analysis of variance tA&MOVA was applied
with a signi cance level of = 0:05[46].

In the cases where no normal distribution is found in the experimental results, the comparison
between means was made under thW&ilcoxon test [49]
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4.8. Two factors experimental design

The two factors experimental design was implemented with the softwari@ Studio (R
Version 4.1.2) [40], for Windows© . And the R package FrF2 [50]. The measurements were
randomized according to the generated design matrix with 3 replicates. The two factors
studied were the convection mode: magnetic stirring and ultrasound, and the coulometric
cell geometry: Vertical and horizontal.



5. The Applied Precision instrument

The Applied Precision coulometer is an instrument of high performance used by some NMls
worldwide to certify reference materials. We started our work validating the KHP titration
under the experimental conditions of the INM of Colombia.

5.1. Validation of coulometric titration of KHP: the
Applied Precision instrument

The amount of substance was estimated with the equation (4-2).

— i1(ttota|ini ty tcor) + imain tmain + i2'[2 (4_2)
NF mMhco,
where
i is the electrical current owing during the initial titration in A,
towini IS the total time of the current owing during the initial titration in s,
t; is the endpoint time at the initial titration in s,
teor is the correction time given by the instrument in s,
I main is the electrical current owing during the main titration in s,
tmain is the total time of the current owing during the main titration in s,
P is the electrical current owing during the nal titration in A,
to is the endpoint time at the nal titration in s,
n is the moles of electrons that are transferred in the reaction,
F is the Faraday constant,
m is the mass in grams of KHP added to the system,
Neor is the correction factor for air buoyancy.

It is essential to remark that the endpoint times for the initialt; and nal t, titrations were
found by tting the eWf (equation 2-9), nonlinear regression (NLR), to the experimental
data points close to the endpoint times (initial IT (IT) and nal (FT) titrations).
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5.1.1. Precision

We used two samples of KHP for our repeatability study, the analytical grade from Merck and
the KHP from the key comparison CCQM-K34 (2016) [27]. We also studied the repeatability
between two di erent periods of time [51{54]. The results are shown in tablg-1.

Repeatability Variances test
Month 1 Month 2 Fealc Ferit

KHP from Merck Jul (2021) Sept (2021)

Sample number (n) 13 6 0.1274 0.3220

Mean 4.88734 4.88743

Standard Deviation 0.00030 0.00082

CV (%) 0.006 0.016

Con dence interval 4.88734 0.00015 4.88743 0.00068
KHP from CCQM-2016 Jun (2021) Aug (2021)

Sample number (n) 6 7 0.2275 0.2020

Mean 4.89633 4.89681

Standard Deviation 0.00024 0.00050

CV (%) 0.004 0.010

Con dence interval 4.89633 0.00019 4.896812 0.00037

Table 5-1 .: Repeatability results of the amount of substance in molkd for two samples
of KHP, Merck, and CCQM (2016), when the measurement was made for two
di erent periods of time.

The result for the KHP from Merck shows a signi cant di erence between variances obtained
at di erent months, F¢it > F cac. On the contrary, with the KHP from CCQM, there was no
statistical di erence between variancesk.i < F cac. However, we also studied the variances
between both KHP samples (Merck and CCQM), which were not di erent. The latter result
indicates that the method is precise for the CCQM-2016 sample.

5.1.2. Bias

The bias study was performed comparing our result for the amount of substance of the KHP
from CCQM with the mean value of the nal report CCQM-K34 of 2016 [37]. The results
are shown in table5-2.

The result in table 5-2, arithmetic mean, is compared with the reference value by a t-test.

The p-value = 0.4718 obtained indicates that there is no statistical di erence between our

result for the KHP amount of substance and the reference value [55]. This means that the
method was correctly implemented, and the results obtained with the AP instrument are

reliable and comparable with other NMIs' results [27].
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Results t-test

Units: molkg * tcac  teit  p-value

Number of data (n) 10
Arithmetic mean (X) 4.89639
Standard Deviation 0.0009 0.751 1.833 0.4718
CV (%) 0.010
Bias (%) 0.004
Reference value  4.89618

Table 5-2 .: Results of the experiments performed for the determination difias in the coulo-
metric titration of KHP using the AP instrument. Bias was calculated consid-
ering the mean value of theFinal Report CCQM-K34 (2016) [37]

5.1.3. Uncertainty budget of the measurement: the AP instrument

As mentioned before, the amount of substance is estimated with equation (4-2), which can
be used to estimate the uncertainty through the partial derivatives method following the
recommendations of the BIPM [8] as follows:

2

. @ L., @ L., @7, @ %,

YT @ T @m0t @ Y @
@ 2 @ 2 @ 2 @ 2 @ 2
¥ @riwain Uizmam ¥ @l%ain Utzmam ¥ @ Ui22 ¥ @: Utzz ¥ @m Urzn (5-1)
@ *,
+ u
@tbr Neor

After solving each partial derivative of the equation 5-1, we can write the following expres-
sions for each variable of the mathematical model, where each partial derivative corresponds
to the sensitivity coe cient c.
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0 1 0 1 0 1
Ci @ tini t1 tcorr
1 @i NFEMh cor
@ i1
Ctini @i nFmh o
Q@ iy
Ctj_ @i nF mh cor
Ct @ i1
corr @dorr nFmh o
Ci @ tmain
main - @thain = 1000 nFmh o (5_2)
Ct @ imain
main @hain nFmh cor
G e 2
2 @i NFmh cor
Q i2
G, @3 NFEMh cor
Cm @ il(tini t1 teorr ) imain tmain 22
@m nFmM2hge,
Ch @ i1(tini tl 1:corr ) imain 1:main i21:2
cor @bor nFmh2,

Once we obtain these expressions, and with the value of the uncertainty for each variable of
the mathematical model, we can estimate the standard uncertainty of the measurement.

Note: The uncertainty of each variable of the mathematical model, except
t; and t,, was taken from the calibration certi cates of the AP
instrument (See appendix A) and are summarized in the tablg-3.
The 1000 factor in the above matrix, equation (5-2), corresponds
to the conversion from g to kg .

Table 5-4 shows an example of estimating the standard uncertainty for a KHP coulometric
titration with the AP instrument.

However, the uncertainty by repeatability,s-, is not included in computations of table5-4.
Then, that uncertainty is estimated with the variance of the mean [8], see equation (5-3).

s = ps—ﬁ - %%3 = 0:00028 molkg® : (5-3)
Therefore, the combination of the standard uncertaintyy , and the uncertainty by repeata-

bility, s-, allowed us the estimation of the combined uncertainty:
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Parameter Uncertainty Units
i 0.0017%, k=2 A
tiotalini 01 106 k=2 S

ty Estimated in the non-linear regression with eWf S
teor 01 106 k=2 S

I main 0:0017% , k=2 A
tmain 01 10°6 s
i2 0:0017% , k=2 A

to Estimated in the non-linear regression with eWf S

n N.A mol e

F N.A Cmols !

m 0.025 mg g
Neor 1.62 10’ N.A

Table 5-3 .: Uncertainty values of each variable implied in the determination of the amount
of substance of KHP and according to equation (4-2)

Ug = P (s)2 + U2 (5-4)
Ue = P (0:00028% + (0:00008% (5-5)
uc = 0:00029 molkg?* : (5-6)

Now, the expanded uncertainty is computed for a con dence interval of 95%, using a coverage
factor k = 2 [56]. Hence the measurement result will be expressed as is shown in equation
5-7.

knp = 4:89653 0:00058 molkg* (5-7)

Figure 5-1, red bars, shows the relative contribution of each variable of the mathematical
model to the total standard uncertainty, which is the Type B uncertainty, according to the
GUM [8]. The variable with the most considerable in uence is the sample mass with 68.82%,
followed by the current at main titration; this result was expected due to the uncertainties
associated with the magnitude of those variables. The other signi cant contributions come
from t; and t,, which are given by the errors of the non-linear regression; the uncertainty of
t, and t, could decrease by using a higher number of experimental data[27]. The remaining
variables have a negligible contribution to the standard uncertainty.

Figure 5-1 also has an inset, orange bar plot, showing the combined uncertainty, where it
is clear that the biggest contribution is given by the method's repeatability (Type A uncer-
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Sensitivity coe cient

Source  Value  Uncertainty () Units Distribution Contribution (%)
G Units ui ¢ / molkg
i1 0.002 17108 A Normal 0.194 mols Clkg ! 3.30 10 ° 159 107
tiotalini 221.11 0.05 10 © s Normal 414 10° mols kg ! 2.07 10 2 6.29 10
ty 210.38 0.36 Normal -4.1410 ° mols tkg ! -1.50 10 % 3.29
teor 1.37 0.05 10 ¢ S Normal -4.14 105 mols kg ! -2.07 10 *? 6.29 10 4
i main 0.200 17106 A Normal 24.440 mols Ctkg t 415 105 25.29
tmain 1179.81 0.05 10 © s Normal 414103 mols kg ! 2.07 10 1 6.28 10 10
in 0.010 8.5 108 A Normal 0.808 mols Clkg 1 6.87 10 8 6.91 10°
to 39.01 6.4 10 2 s Normal 2.07 104 mols 'kg ! 1.33 10° 2.58
m  0.500099 18 10 © g Rectangular -9.791124 moldkg *! -6.87 10 8 68.82
heor ~ 1.000433 1.62 107 - Normal -4.894412 mol kgt -7.94 107 9.23 103
Standard uncertainty 0.00008 100%
Amount of substance 4.896531
Relative uncertainty 0.0017

Table 5-4 .: Estimation of the standard uncertainty for the KHP amount of substance de-
termined by coulometry, experiment 1, and the KHP-CCQM.

tainty) with a 91.99 % of the combined uncertainty [46]; The uncertainty by repeatability
could decrease by acquiring more experience in the development of the experiments.

Figure 5-1 .: Relative contribution of each variable of the model (equation 4-2) to the stan-

dard uncertainty. The upside inset shows the contributions to the combined
uncertainty.
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Figure 5-2 shows the results of some National Metrology Institutes in a collaborative study
known as CCQM-K34.2016 Key comparison for determination of the purity of potassium
hydrogen phthalatg37]. The result of the INM of Colombia in 2016 was plotted and titled
INM (2016). However, its value and uncertainty are so high,:859(78) molkg *, that it can
not be seen in the scale of the y-axis. Besides, our previous result with the AP instrument
is also plotted and titled INM (2021). Observe that the uncertainty obtained in the present
work, 4:89653(29) molkg?!, was 269 times lower than the method implemented in 2016.
The latter means that the KHP coulometry titration was successfully implemented, being
reliable, precise, and comparable with other national metrology institutes.

Figure 5-2 .. Arithmetic means and combined uncertainty of the key comparison study for
KHP in 2016. INM (2016) andINM (2021) are the results obtained in the
INM of Colombia in 2016 and in this work, respectively.

According to the previous results, the coulometric titration of KHP with the AP instrument

of the INM of Colombia gave us reliable and repeatable results comparable to the results
obtained by other NMlIs. Unfortunately, the AP instrument su ered a major breakdown,
which was impossible to x. Consequently, we built and implemented a coulometer with
instruments available in the INM of Colombia. We have called it the Colombian Coulometer
(CC). The results of this implementation will be discussed in section 9.



6. Implementation of the theoretical
coulometric titration curve of KHP

This chapter will describe the implementation of the theoretical coulometric titration curve

of KHP (TC) as a new model proposal for determining the amount of substance. The TC
was implemented instead of the traditional empirical W-function (eWf) (2-9), which was

introduced in the rst Consultative Committee for Amount of Substance in 1995[57].

6.1. The mathematical development of the theoretical
titration curve

This section will be divided into two parts: the mass and charge balances at the initial (IT)
and nal (FT) titrations, see experimental section 4.3.1

The mass and charge balances that will be presented below depend on the water ionization.

Kw =[H30*][HO ]1=1:01 10 * (6-1)
Kw was taken from Brini et al. 2017 [58] .

The latter equation is part of the equations needed to compute the theoretical coulometric
titration curve (TC). The TC was implemented in an R script available athttp://ciencias.
bogota.unal.edu.co/index.php?id=3053

6.1.1. Mass and charge balances of species at initial titration

In the initial titration, the species present in the dissolution are the supporting electrolyte,
KCI, the hydrochloric acid (HCI) 0.01 molkg,;,, the oxidized silver from the pulses of ap-
plied current, Ag", and carbon dioxide which is present as an impurity [9, 12], which comes
from the atmospheric air.

If we consider that AgCI precipitation occurs after the neutralization of the acidic species
(CO; and HCI), the mass balances are:



6.1 The mathematical development of the theoretical titration curve 29

1. Potassium ions equilibrium (K ™)

[K*lo=[K"Ikei =[KCI]p ; (6-2)

where
[K* o is the total concentration in mol kg, of potassium ions in dissolution,
[K*]ka is the potassium ions concentration in mol kg, from the supporting electrolyte,
[KCl]o is the concentration in mol kg, of the KCI supporting electrolyte.

2. Chloride ions equilibrium (CI )

[Cl Jo=[KCI]o+[HCl]o (6-3)
where

[CI{]y s the total concentration in molkg,, of chloride ions in dissolution,
[HCI], is the concentration in molkgg, of the HCI in the supporting electrolyte.

3. Silver species (Ag *)

it

S 6-4
n F kgdsln ( )

[Ag" Jo =

where:
[Ag']o is the total concentration of silver ions in molkgg, which are generated
from the oxidation of the silver electrode,
i is the current in A applied in the pulses of the titration,
t is the time in s of the current pulse,
kgqsin i the mass of the dissolution in kg.

4. Carbon dioxide (CO ;) especies. Carbon dioxide is an impurity in the coulometric
determination of KHP. Then, it is required for the computations.

:CQ,

K-
COxg)  * COsag (6-5)

:CQ,

K.
COsaq + H200) ) * H2COsaq (6-6)

H.,COumn + HoOm ) 2"2°% HCO. .+ HyOF 6
2COzag) 20y ) 3 (6-7)

3(aq) (aq)
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where

Ku.co, Is the Henry's constant for CQ,
Kh.co, Is the carbonic acid formation constant,
Kaico, Isthe rst dissociation constant of carbonic acid.

The combination of the equilibriums in equations (6-5), (6-6), (6-7) remains in the
apparent rst dissociation constant of carbonic acidKap.co,, as it is shown in the
equation (6-8) which will be used in the following calculations [59].

Kap.cop, +
COz(g) + 2H20(|) ) HCO3(aq) + Hgo(aq) (6-8)
[HC Oy HsO1]
Kap.co,[COszag]
[HCO. 1= : (6-10)
o [H30()]

The second acid equilibrium of carbonic acid is:

Kaz:.cq
HCOg,q + H20py )~ * COZg + H3Oly (6-11)
and we can calculate the concentration of the carbonate ion as follows:
[Cog(a )][H 3O(+a )]
Kazco, = d d (6-12)
e [HCOj4(q)]
Kaz;coz [H CO3(a )]
[CO% ] = - - (6-13)
3(aq) [H 3o(aq)]
In equations (6-8)-(6-13),
[COz(ag)] is the concentration in molkgg. of carbon dioxide dissolved in the dissolu-

tion,
[HCO3(aq){] is the concentration in mol kg, of hydrogen carbonate ions dissolved in
the dissolution,
[CO3q%'] s the concentration in mol kg, of carbonate ions in the dissolution,
Kap.co, is the apparent dissociation constant of carbonic acid,
Kas.co, is the second dissociation constant of carbonic acid.
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The sum of the carbonic species will be de ned as thetal inorganic carbon (TIC)
[60, 61]:

TIC =[CO)o = [COz)aq +[HCO4]+[CO3 : (6-14)

Taking into account the previous mass balances, we established the charge balance:

[HsO" ]+ [K“lo+[Ag*]o=[HCO; ]+2[CO3* 1+[Cl Jo+[HO ] (6-15)

From equation (6-15) and the mass balances, we can de ne a function that allows us to
compute [HO™

N It Kap.co2[COz)o Kaz.co,[HCO;]
H30"]+[KCl]o + = +2
H:071+ b n F Kgdsin [H30"] [H30%]
Kw
KCl]g+[HCI]p+ —— (6-16
[KCl]o + [ Io [H20°] (6-16)
+ it Kap;co2 [C02]0 Kaz;coz [H CO3 ]
H.O*1+ = +2 +[HCl]o + 6-17
O S Kagen ~ H:0°] Hio]  LHC ey 610)

Finally, with equation (6-17), we calculated the pHs values as a function of time in the case
of the initial titration

6.1.2. Mass and charge balances of species at nal titration

In the nal titration, the KHP was added to the dissolution. Then, there are new mass
and charge balances. Notice that the silverAg*], and chloride, [CI ], equilibriums remain
equal according to the equations (6-3), (6-4).

1. Phthalic acid equilibrium
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COOH COOH
+ H,0 Kainp + HiO"
COOH COO

H,P Water HP Hydronium ions

Scheme 1: First dissociation equilibrium of phthalic acid.

Kal:Hz’E +
H,P + H,0) HP + H3O (6-18)
[H3O"][HP ] 3
Kaj. =———— <-=1:15 10 6-19
A1H,P [H2P] ( )
Kain,p[H2P]
HP 1= 6-20
HP ] ==t (6-20)
where

Kain,p IS the rst dissociation constant of phthalic acid,
[H2P] is the concentration in mol kg, of the phthalic acid,
[HP ] s the concentration in molkgg, of the hydrogen phthalate ion.

Additionally, we can estimate the concentration of the phthalate ions as follows:

COO COO

+ H,0 RBzrep + HyO*
COOH ele)

HP Water P2 Hydronium ions

Scheme 2: Second dissociation equilibrium of phthalic acid.

Ka:
HP +H,0) % P2 4+ H,0"
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[P? ][Hs0"]

P ] =4:06 10° (6-21)

Kazn,p =

Kazn,p[HP ]

P*1= o

(6-22)

Kain,p and Ka,.y,p are taken from ref [62].

2. Mass balance for potassium ions (K ™)

[K*Jo=[K"Jker +[KHP Jo =[KCl]o+[KHP ] : (6-23)

Then, the charge balance at nal titration is de ned as:

[HsO"]+[K " Jo+[Ag "]=[HCO3 ]+2[COs* [+[HP ]+2[P? ]+[Cl ]+[HO ] (6-24)

(H,0° ]+ it - [COJo Kap.co,[H3Opq] + 2Kap.co,Kazco, .\
n F Kgsin [H300,q 2 + Kap.co,[H3O[,,] + Kap:.co,Kazco,

(KHP I, Kal:HgP[HSOZaq)] +2Kayn,pKazm,p N

¥ 1 ¥

a + H2 al H2 Hao

[H3Opq)° + Kawn,p[HsO gl + Kayun,pKazu,p
Kw
HCl]o+ ———
el .07
(6-25)

Now, with equation 6-25, we calculated the pH values as a function of time in the case of
the nal titration

6.2. Determination of parameters to estimate in the IT
and FT

6.2.1. Parameters to estimate in the IT

The use of the theoretical titration curve (TC) as a mathematical model for the determi-

nation of the KHP amount of substance requires the nonlinear regression (NLR) of this
model to the experimental data; for this reason, it is essential to study what parameters are
going to be estimated in this NLR to get the best data tting [42, 63]. Hence, we based



34

6 Implementation of TC of KHP

our analysis on the Akaike's information criterion (AIC) [42, 63]. The criterion establishes
that at smaller AIC, the model ts better to the experimental data. Also, we studied the
signi cance of these parameters in the model [49].

The parameters to estimate in the IT depend on the equation (6-15), where the most im-
portant variables are: HCl],, [CO;]o as total inorganic carbon,Kap.co,, and Ka,.co,. As
shown in table6-1 and gure 6-1, the best data tting was found when all the parameters
mentioned before were estimated in the nonlinear regression, AIC = -84.80.

Parameters estimated in NLR AIC EP pH EP time (S)

[HCl]o
[HClI]o, [CO2]o
[HCl]o, [CO2]o, Kap.co,

[HClI]o, [CO2]o, Kap.co,, Kazco,

-21.85 7.1975 184.34
-32.41 7.2394 185.72
-73.02 6.8771 178.87
-84.80 6.8156 177.81

Table 6-1 .: Akaike's information criterion obtained for the parameters to estimate in the
nonlinear regression of TC to the experimental data. EP: Endpoint.

Figure 6-1 .: TC tting to experimental data with di erent parameters to estimate. Light

blue:
timated, Light green:

Only [HCI], is estimated, Dark blue;

[HCI]o and [CO;], are es-
[HCl]o, [CO,)o and Kap.co, are estimated, Dark

green: [HCl]o, [CO.)o, Kap.co,, Kaz.co, are estimated.

The signi cance of these variables in the nonlinear regression is studied with the statistical



6.2 Determination of parameters to estimate in the IT and FT 35

parameters of the table6-2. When a parameter is signi cant in the model, it accomplishes
the following criteria: i) the standard error is smaller than the parameter itself, ii) the t-value
is higher than 1, iii) the p-value is lower than the level of signi cance chosen, in this case,
0.05[34, 49] (p-value is the probability that the estimated parameter to be zero).

Parameter Estimate Standard Error t-value p-value
[CO,]o / molkg 4, 2.07 10 © 0.35 10 ¢ 584 16410*
[HCI]o / molkg g, 1.18 10° 0.03 10° 36.50 5.6810 2
Kap.co, 1.87 10 °© 0.35 10 ° 539 3.08 10*
Kayco, 2.10 108 0.69 108 3.05 0.01

Table 6-2 .: Computed parameters by the nonlinear regression of the TC for thiaitial
titration in the experiment 1 of a total of 32 for KHP from Merck. The
signi cance level used was = 0.05.

Notice that all the parameters estimated in the nonlinear regression of the TC to the exper-
imental data in the IT are signi cant; see table6-2. As a consequence, the parameters to
estimate in the NLR of TC in the IT will be: [HClI]o, [CO]o, Kap.co,, and Kaz.co,.

6.2.2. Parameters to estimate in the FT

The methodology developed in the previous section 6.2.1 is replicated for the FT. Firstly,
we implemented the TC for the FT with all the possible parameters according to equation
(6-26).

pH = f ([COz]o; Kap.co,; Kaz.co,; [KHP Jo; Kain,p; Kazn,p): (6-26)

The signi cant parameters found at this stage of the coulometric titration are summarized
in table 6-3.

Observe in table6-3 that the parametersKap.co, and Kai.4,p are not signi cant because
the p-values are higher than the signi cance level, = 0.05. The latter means that these
parameters can be zero, and the nonlinear regression will not be a ected [64]. This fact
is chemically explained by the prevalence of some species at certain pH values; during the
FT, the pH ranged from 7.6 to 8.8, which means, according to the guré-2, that the
most relevant species in that range of pH are G& and P?!, and the others are insignif-
icant. Consequently, the parameter&ap.co, and Ka.4,p become chemically irrelevant [34].

The latter can be corroborated using the statistical AIC criterion. Table6-4 shows that
the lowest AIC is obtained when only four parameters are estimatedKHP ]o, Kazy,p,
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Parameter Estimate  Standard Error t-value p-value

CO, parameters
[CO.Jo / mol  kgid, 1.50 10 ° 0.29 10 ° 5.11 6.95 10 3
Kap .co, 3.93 10* 0.68 10 4 0.579 0.59
Kaz.co, 4,78 10 1° 1.47 10 10 3.24 0.03

KHP parameters
[KHP ]o / mol kgéiln 9.2500 10 3 0.0004 10 3 24731 < 2.0000 10 16
Ka 1.4,p 58.7 995.2 0.059 0.96
Kasu,p 1.37 10 ° 0.13 10° 10.17 1.9110°

Table 6-3 .. Chemical parameters estimated by the nonlinear regression of the TC to the
experimental data in the nal titration (FT) of a typical KHP coulometric
titration. The signi cance level was = 0:05. The no signi cant parameters
are in bold .

(a) CO; species. (b) H>P species.

Figure 6-2 .. Species distribution diagrams (Bjerrum diagrams) for C®and H,P as a func-
tion of time during the experimental titration of KHP (' nal titration). Data
from a particular experiment. The vertical represents the
endpoint time (estimated by the nonlinear regression), and the other:

the experimental pHs.This gure was taken from Smith-Osorio
et al. (2022) [34]
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[COs)o, and Ka,.co,. We can also observe this in gures-3, where the estimation of these

four parameters resulted in the best tting to the experimental data.

Parameters estimated in NLR ( molkgy.,) AIC EP pH EP time (s)

[KHP ]o -3.78 8.5936 79.99
[KHP Jo, Kay,p, Kagy,p -30.79 8.2791 64.32
[KHP ]o, Kal;Hzp, Kaz;Hzp, [COz]o, Kap;coz, Kaz;coz -68.07 8.1828 59.71
[KHP 1o, Kaz,p, [CO2o, Kazco, -111.35 8.2402 61.64

Table 6-4 .: Akaike's information criterion for the di erent numbers of parameters used to

t the TC to the experimental data in the nal titration (FT). EP: Endpoint.

Figure 6-3 .: Fitting to the experimental data of the TC with di erent numbers of parame-

ters. Light blue:  Only [KHP ] is estimated,Dark blue; [KHP J]o, Kayn,p

andKa,.y,p are estimated,Light green:  [KHP o, Ka1.n,p, Kazu,p, [CO2lo,
Kap.co, and Ka,.co, are estimated (all), Dark green: [KHP Jo, Kazu,p,

[COs)o, and Ka,.co, are estimated (only those statistically signi cant), Black
triangles: Experimental data.

We conclude this part of the research by presenting tablé-5. The latter table shows the
parameters to estimate in the initial and nal titrations in the nonlinear regressions for the

rest of the work.
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Titration stage Parameters to estimate in the nonlinear regression

Initial titration [ HCl]o, [CO2]o, Kap.co,, Kaz.co,
Final titration [ KHP ]0, Kaz;Hzp, [COz]o, Kaz;coz

Table 6-5 .: Parameters to estimate in the nonlinear regression of the TC to the experimental
data in the initial and nal titration.

6.2.3. Reliability of the dissociation constants estimated in the
nonlinear regression of TC

The TC implementation allowed us to estimate the acid dissociation constants for,8O;
and H,P. We have compared our estimated results with those reported in the literature to
test the reliability of our estimations. However, no values are reported for the mentioned
constants under the same conditions as in our laboratory. Then, we computed the reference
expected values for those constants using our experimental conditions: saliny= 66
gClt/kggsn and T =19 C, and some literature references [61, 62].

Therefore, in the case of the HCO; dissociation constants, we have calculated the refer-
ence valuespKap.co, and pKas.coz, with the polynomials (6-27) and (6-28) established by
Millero et al. in 2002.

13551
pKap.co, = 8712 91460 10 3S+8:56 10 °S*+ ﬁ +1:7976 In(T) (6-27)

pKazco, = 17:0001 0:01258 7:9334 10 °S? +

936291 2:614785  0:.0747(®2
T 1:87354 In(T) T + T

(6-28)

Respecting the second dissociation constant of phthalic acid, we used the reported value
by Ferra, Graca, and Marques in 2009 at the experimental conditions of 293.15 K and KCl
1.0612 mol kg.;,, which are the closest to our laboratory conditions in temperature (291.15
to 294.15 K) and KCI concentration (0.929 mol kg,).

Table 6-6 shows the means of our estimated dissociation constants fosG0D3; and H,P and

the literature values in the closest conditions to our laboratory. The results of tablé-6
indicate that there is a good agreement between our estimated and the literature values.
Thus, the TC gives reasonable values for these constants; then, we can conclude that the
theoretical titration curve was correctly implemented, and it is a trustable way to estimate
the amount of substance of KHP when a coulometric titration is made.
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Estimated Literature value Dierence in %

pKap.co,  5.849(0.321) 5.868[61] -0.32

pKagn,p  4.701(0.027)  4.711(0.017)[62] -0.21
pKazco, at IT  7.662(0.273) 8.893(61] -13.84
pKazco, at FT  9.313(0.343) 8.893[61] 4.72

Table 6-6 .: Mean of thepKa values (42 experiments) estimated by the NLR of the TC to
the experimental data in the coulometric titration of KHP. IT: Initial titration.
FT: Final titration.Standard deviation is given in parentheses. The reference
values found in the literature forpKa of CO, and H,P are also shown.

6.3. Determination of the amount of substance with the
TC

This section will discuss two methods to determine the KHP amount of substance in mol Kg
i) calculating the endpoint time in the IT and FT, and then the amount of substance and
i) the direct computation of the KHP concentration from the NLR with the TC.

6.3.1. Determination of the endpoint times with the TC

The endpoint time for initial and nal titrations can be calculated by the NLR of the TC
that ts the experimental data, according to equations (6-29) and (6-30).

_ ([HCI]p+[CO;]p at IT) kggsn N F

tyre) = i (6-29)
tr) = [KHP Jo + [ COz)remain kgdiszln Nkpp, NkHP an N F ; (6-30)
where

[CO2]remain is the remaining CQ to be titrated. [COs)iemain = [CO2]o at FT - [CO,]o at
IT,

[COJo at IT is the TIC concentration in molkg,. estimated in the NLR of TC in the
initial titration.

[CO;]o at FT is the TIC concentration in molkg,;, estimated in the NLR of TC in the

nal titration.
NKHP , are the KHP moles titrated by the excess of HO ions produced in the IT,
NKHP main are the KHP moles titrated in the main titration.

We have compared the endpoint times results from the traditional eWf and the TC (our
proposal developed in this work), computing the percentage di erence between them as
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presented in equation 6-31.

tirey  tiews)

% Percentage di erence = 100 (6-31)

ticewrt)

Figure 6-4 shows that the percentage di erences ranged from -5.37 to 0.76 % for IT, and
between -5.67 to 1.82 % for FT.

Figure 6-4 .: Percentage di erence between the endpoint times at ITt{) and FT (t,) ac-
cording to equation 6-31n = 42 .

Notice that in both titrations (IT and FT), the endpoint times calculated with eWf or TC
are close, see gure§-5a and6-5b [34]. It is appropriate to clarify that the endpoint times
in the IT and FT were always di erent, so any statistical test could not be applied. In
addition, if the di erence between the endpoint times of eWf and TC is signi cant, it will
be revealed in the KHP amount of substance studied below.

The observed di erences can be attributed to possible numerical errors when these endpoint
times are calculated. The latter is another way to con rm that our implementation of the
TC is good enough and capable of reproducing the results from the traditional eWf.

6.3.2. Comparison between the amount of substance estimated with
eWf, TC(t) or TC(NLR)

After estimating endpoint times by the eWf or the TC, we calculated the amount of sub-
stance with equation (4-2). In this section, we will compare the KHP amount of substance
results from the eWf with those from the TC. Notice that the TC allows two ways to compute
the KHP amount of substance, the one presented in the previous section, which considers
the endpoint times, TC(t), and a new one which is the direct determination of the KHP



6.3 Determination of the amount of substance with the TC 41

(@) (b)

Figure 6-5 .: Calculated endpoint times for the initial titration, (a), and the nal titration
(b). Experimental data (black asterisks ) for a particular experiment. NLR
with eWf (continuous red line ) and with TC (dashed blue line ). These
lines overlap the experimental data. The numerical rst derivative of the ex-
perimental data ( ) is presented as a reference guide. The vertical
lines correspond to the endpoint times, and the horizontal lines to the pH at
those endpoints.This gure was taken from Smith-Osorio et al.(2022) [34]

concentration that comes from the parameters tting of the NLR, TC(NLR), and that uses
the equation (6-32).

[KHP Jo (Mkci + Myci + Mgpp 1 10 9)

MkHp hcor

e = 1000 (6-32)

where

[KHP ]o is the concentration in mol kg, estimated by the nonlinear regression of TC
to the experimental data,

Mk is the mass in kg of the supporting electrolyte added to the coulometric cell,
Mycl is the mass in kg of HCI added to the system in the initial titration,
Mkup is the mass in g of the added KHP in the main titration,

Neor is the mass correction factor by air buoyancy.
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Note: Dissolution total mass:Kgysn = Mker + Muct + (Mkwp 10 9)

Figure 6-6 shows the KHP amount of substance results estimated by the eWf, the TC(t),
and the TC (NLR). Notice that there are two sets of experiments with two di erent samples
of KHP, one called Merck,6-6a, and the other called CCQM [37],6-6b. In both cases,
the amount of substance determined with the eWf or the TC(t) is compared by a t-test,
and no statistical di erence was found between them. In contrast, the amount of substance
determined directly from the parameters of the NLR, TC(NLR), is 0.11 % smaller. The
reason is that this calculation does not include the COin dissolution because the TC
considers both species (KHP and C£) as independent parameters to t. On the contrary,
when the amount of substance is computed using the endpoint times, there is no possibility
to di erentiate between the KHP and CO, concentrations. Therefore, using the endpoint
times implies the sum of KHP and CQ concentrations, known as the total acidity.

(a) Results for 32 experiments made with(b) Results for 10 experiments made with
KHP from Merck Eur. Ph. KHP from CCQM-K34(2016) [37].

Figure 6-6 .: Amount of substance in molkg! calculated with the NLR of the eWf and
the TC(t) and considering the endpoint time. The KHP amount of substance
obtained directly from nonlinear regression is shown as TC(NLR).

6.3.3. Advantages of the TC (NLR)

The implementation of the theoretical titration curve as a new mathematical model for the
determination of the amount of substance in the coulometric titration of KHP has several
advantages over the traditional method, the eWf function [34]:
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(i) The TC involves the acid-base equilibriums with the mass and charge balances of all
the species involved in the process. Hence, it gives us a complete overview of all the
chemical processes in the coulometric titration of KHP.

(i) The theoretical titration curve can distinguish between the species involved in the
chemical process, carbon dioxide, GQand potassium hydrogen phthalate, KHP.

(iii) There is no need to calculate the endpoint times to nd the amount of substance of
KHP, which reduces the uncertainty sources. At least one step in the computations is
eliminated: estimating the endpoint time.

(iv) The TC ts the requirements of the Evaluation of measurement data - Guide to the
expression of uncertainty in measurement (GUM), section 3.1.6, 3.4.2, and 4.1.2, be-
cause it gives a detailed chemical description of the phenomenon of the experiment
[65]; something not possible when the eWf is used.

Note: The uncertainty estimation of the results from the TC(NLR) are
discussed in chapter 9.




7. E ect of carbon dioxide In the
coulometric titration of KHP

Selectivity is an important property in any method of quanti cation. In previous studies,
it has been demonstrated that CQ in uences the coulometric titration of KHP [7, 19, 66]
because its presence produces an overestimation of the KHP amount of substance [10].

This chapter will describe how the presence of carbon dioxide, GGa ects the coulometric
titration of KHP in any experiment stage. We will use the TC, implemented in the previous
chapter, to determine the amount of carbon dioxide as total inorganic carbon during the
KHP coulometric titration.

7.1. The carbon dioxide e ect in the KCI supporting
electrolyte

The pH of the KCI electrolyte is supposed to be 7 at ideal conditions. However, water (or
KCI in water dissolutions) in contact with air solubilizes the atmospheric carbon dioxide
according to Henry's law, see equations (6-5), (6-6), (6-7) and 6-11 [60, 67, 68].

Depending on the laboratory conditions, the amount of atmospheric GQOranged from ap-

proximately 437 to 925umol mol *, which leads to an initial pH range from 5.2 to 6.2, see
reactions 6-7 and 6-11 wherkl 3O(+aq) is produced. When Ar is bubbled to the KCI dissolu-
tion, the pH values increase with time, as gurer-1 shows.

Observe how Ar bubbling removes the dissolved carbon dioxide molecul€€);,q), from the
supporting electrolyte, reaction 6-5, which displaces reactions 6-6, 6-7 and 6-11 to,GQr-
mation, Le-Chatelier's principle [20, 69, 70]. Hence, the concentration be3O(+aq) decreases
accordingly to reactions 6-7 and 6-11, and the pH increases.

The latter facts explain why adding HCI to the KCI electrolyte is essential in the KHP
coulometric titration. The main objective of adding HCI is to remove the CQ together
with the Ar bubbling. Then, the so-called initial titration (IT) is made to titrate the re-
maining HCI from the carbonic species neutralization. Observe that all these experimental
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Figure 7-1 .: The Ar bubbling e ect over the KCI supporting electrolyte.

ravel procedures could be avoided if the TC is considered for processing the raw pH data
of the experiment, as presented in the previous chapter. Therefore, the KHP coulometric
titration could be performed in the same way as most the NMIs, but without the initial
titration, because our TC would allow us to explain the complete behavior of the pHs in the
function of time, and with the NLR of this model, we could be capable of quantifying the
KHP amount of substance without CQ as an interference. This means that the remotion
of CO, is unnecessary with TC because the GQconcentration is included as a parameter
to estimate in the TC calculations and does not interfere with the main measurement, the
KHP amount of substance.

In this work, we have data to support why the TC must be the model to compute the
amount of substance. However, more experiments and details will be required to establish
our proposal protocol as a validated method. We expect that the INM of Colombia will
continue with this work to establish the TC as the method to process the raw data of the
KHP coulometric titration.
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7.2. The carbon dioxide e ect in the initial and nal
titration

In the previous section, we discussed the e ect of carbon dioxide on the supporting elec-
trolyte. Two actions have been implemented to eliminate this gas from the dissolution: i)
the addition of HCI 0.01 molkg,, to acidify the system and then the titration of the sup-
porting electrolyte with the HCI that remains after the carbonic species neutralization, and
i) the Ar bubbling to eliminate the dissolved CQ, and to avoid its redissolution [9, 10, 12].
Unfortunately, the total elimination of this gas from the coulometric cell is impossible. The
last was demonstrated by estimating the total inorganic carbon (TIC) in the IT and the FT
and using the TC in the NLR tting to the experimental data.

Figure 7-2 shows the total CG as TIC in the IT and the FT results. In the IT case, the
mean was 58.92 (SD = 25.17, CV(%) = 46 %ymol CO, molair ®. This result corroborates
that the total gas remotion from the dissolution is almost impossible, at least with the two
strategies used. Notice that in the FT case, the concentration of GQvas higher than in the
IT, 493.31 (SD = 255.01, CV(%) = 43%)umol CO, molair 1. The higher amount of CQ
in the FT is explained by the solubilization of atmospheric C@ when the KHP was added
into the coulometric cell (the cell is opened) and during the main (about 20 min) and nal
(about 50 min) titrations. The Ar bubbling is paused during the main titration and takes a
considerable time, making the resolubilization of COpossible [34].

The latter results demonstrate the capabilities of the TC, this time not only in the deter-
mination of the KHP amount of substance without the interference of C®but also in the
guanti cation of CO , as an impurity and its behaviour at the IT and FT.

7.3. Coulometric titration of the KCI supporting
electrolyte

We have formulated the hypothesis about the dissolution's resolubilization of GOTo verify
this statement, we performed a coulometric titration of the supporting electrolyte at 2.00
mA under two di erent atmospheres: i-) air and ii-) argon. Then we determined the amount
of CO, as total inorganic carbon with the nonlinear regression of the TC to the experimental
data. Figure 7-3 shows the two coulometric titrations of the supporting electrolyte. On the
left, gure 7-3a, under air atmosphere, the NLR does not t well with the experimental
data (AIC = -697). On the contrary, under an argon atmosphere, gure7-3b, the NLR ts
better (AIC = -1736). This behavior is explained by the resolubilization of CQg in the
dissolution under air atmosphere (C@ concentration increases with time). The latter fact
decreases the experimental pH values for a long time (50 min). The result is the poor
data tting to the experimental data because the TC assumes a constant GQ@oncentration
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Figure 7-2 .: Amount of CO, in mol kgi}, estimated at initial titration (IT) and nal
titration (FT), making use of the nonlinear regression tting of the TC to the
experimental data. n = 42 experiments.

during the whole time, 120 min or longer.

Table 7-1 shows the concentration of the carbonic species in the dissolution estimated
by the NLR of the TC to the experimental data in both titrations (air and argon atmo-
sphere). Notice that the amount of CQ(g) under air atmosphere, 1021.26 and 1340.41
pumol CO, mol air ! is approximately twice the concentration of CQ(g) under argon atmo-
sphere, 447.17 and 540.5imol CO, mol air .

The latter facts demonstrate the utility of the theoretical titration curve to help understand
the resolubilization of CG, to quantify its concentration in the KCI dissolution, and then
to understand the whole in uence of CQ in the KHP coulometric titration.
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