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Coulometry is a well-established technique for certified reference materials (CRM). However, commercial coulometers are currently
expensive and utilize outdated software. The National Metrology Institute of Colombia (INMC) has developed a cheaper and modular

coulometer with powerful software capable of controlling the instrument, and acquiring pH, the potential difference between generator

electrodes, and the electrical current at any stage of the coulometric titration. The results obtained from this new coulometer align
well with the novel method for calculating the amount of substance content of potassium hydrogen phthalate (KHP). This method
involves the experimental data fitting with the theoretical titration curve TC(NLR), also developed by the INMC. TC(NLR) replaces
the traditional empirical W-function (eWf), which has no chemical basis and does not account for CO, as an impurity. The KHP
content of the CRM KHP 84L from NIST was measured using the developed coulometer, resulting in 4.9069 + 0.0090 mol kg with
a bias of 0.21% for the eWf, and a more accurate result of 4.8983 + 0.0047 mol kg with a bias of 0.041% for the TC(NLR). The
challenges during the development of the coulometer, particularly in terms of instrumentation, as well as their impact on uncertainty,

are also discussed.

Keywords: coulometer; user-friendly coulometric software; amount of substance content; potassium hydrogen phthalate (KHP);

coulometric titration.

INTRODUCTION

Coulometry at constant current, known as coulometric titration,
is a technique with great potential in National Metrology Institutes.
It allows for quantifying the amount of substance content directly in
the International System of Units (SI) for several standards essential
in industrial, academic, and research measurements."* Coulometry
was officially recognized as a potential primary method by the
Consultative Committee for the amount of substance content (CCQM)
in 1995.57

The coulometric technique directly relates the applied charge (Q)
in Coulombs (C) to an electrochemical system with the amount of
substance content (v) in mol kg'of the target analyte by Faraday’s
law:®

v (0] _f]xdt

mxzxF mxzxF

(1

In Equation 1, I represents the electrical current in Amperes (A),
t is the duration of the current flow in seconds (s), z is the number
of electrons exchanged in the reaction M], F'is the
mol of substance
Faraday’s constant (96485.33212 C mol™),” and m corresponds to the
analyte mass in kilograms (kg).

Initially, coulometry has been implemented by some National
Metrology Institutes (NMIs) for the quantification of pure
substances, such as potassium hydrogen phthalate (KHP),!* as well
as other acidimetric standards.'""'* Coulometric titration involves the
measurement of physical quantities such as time, mass, potential
difference, and electrical resistance. As in any experimental technique,
a thorough understanding of its physical and chemical principles is
necessary to minimize the impact of variables that could affect the
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quality of results.'"!* The previously mentioned quantities must be
accurately measured, recorded, and analyzed during the coulometric
experiment to obtain reliable substance content results. This process
is complex because it requires several instruments to obtain the
necessary data. Moreover, when the requirements involve a National
Metrology Institute, and the production of certified reference
materials, the data quality must be as good as possible. Hence, the
control and data acquisition software must be well designed, user-
friendly, and adaptable to user requirements.

The National Metrology Institute of Colombia (INMC) is
implementing coulometry as a primary method for certifying KHP
as reference material, using its self-built coulometric system.
The KHP reference material is required by different institutions,
including industries, clinics, and academia, as it ensures their
measurements are traceable to SI units. During this process, the
INMC has developed a novel mathematical model called “the
theoretical titration curve - nonlinear regression, TC(NLR)” to
calculate the amount of substance content of KHP based on the
data obtained from coulometric titration. This model replaces the
conventional empirical W-function (eWf), which has no theoretical
chemical support and fails to account for the inevitable CO, impurity
during the KHP coulometric titration. Instead, the TC(NLR) model
is grounded in chemical theory and allows the direct determination
of KHP content without calculating the endpoint time, eliminating
the uncertainty from the endpoint time estimation.'s It is important
to note that the accuracy of the nonlinear regression in the model
depends on the number of data points used. Consequently, the
INMC sought to obtain more data than what could be achieved with
a commercial coulometer. Then, a new coulometer was developed,
with user-friendly and powerful software to handle and process
the KHP coulometric titration data. The data generated by this
coulometer aligns well with the previously established TC(NLR).
The advantages and limitations of the new INMC coulometric
system are discussed in this work.
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EXPERIMENTAL SECTION
Instrumentation

The coulometric system developed in the INMC comprises the
instruments shown in Figure 1. A photograph of the coulometer is
available in the supplementary material. Although there are no new
parts than those in the usual coulometers, it is important to describe
them in detail to establish the configuration and then to highlight, in
a clear context, how the software was designed and how it works.

The coulometric cell (dashed line circle in Figure 1) is composed
of a main compartment, the cathode (al), and the auxiliary
compartment, the anode (a2). Both compartments are isolated by an
intermediate compartment filled with agar-agar (2.5% w/v) saturated
with KCI 1 mol per kilogram of solution, abbreviated as mol kg,,,,™".
Separating these compartments diminishes the contamination of
the cathode with the anode products and vice versa, preventing the
diffusion of the analyte to the auxiliary compartment (anode). The
anode consists of a silver electrode, an Ag wire spiral (100 x 3 mm),
> 99.9% pure, and the cathode is a platinum (Pt) wire spiral
(800 x 1 mm), > 99.95% pure.

Pulses of constant current pass through the cathode and the anode
using a constant current source Keithley 2200-60-2. The pulses are
freely controlled by the experimenter. The current is measured with a
1 Q standard resistor SRL-1 IET, and a multimeter Keithley 2002. For
informative purposes, an additional multimeter Keithley 2700 is used to
measure the potential difference between the Pt and Ag electrodes during
the KHP coulometric titration. The time is measured using the computer’s
clock and certified with a calibrated frequency counter Agilent 53220A.

A gas system is required to bubble argon (99.999%) to displace
oxygen and carbon dioxide from the solution in the coulometric
cell. This system is connected to a 20.000 mL burette, Titronic® 500
from SI Analytics, and connected to the coulometric cell by two
bubblers at the main and intermediate compartments. The burette
maintains the liquid level constant to avoid circuit opening during

Quim. Nova

the measurement. The gas flow is controlled by a pressure regulator
with a limit pressure of 100 kPa; the unit valves open and close
accordingly to the experimental stage. The electrochemical reaction
is monitored using a pH meter, MetrOhm 781 pH/Ion Meter, and
a pH electrode, MetrOhm 6.0228.000. The pH electrode is in the
cathode compartment. Data are collected on a computer. Sample
mass is measured with an analytical balance Mettler Toledo XPES56
with a capacity of 52 g and 0.001 mg of resolution.

The coulometric hardware is automatized with a computer
program written in LabView™, a language provided by National
Instruments.'® The developed software enables complete control
over the current source, multimeters, and burette. Also, it allows
the measurement of current in amperes (A), potential difference in
volts (V), and time in seconds (s). During the coulometric titration, the
current pulses can be adjusted within a range of 2.00 to 200.00 mA,
and the time can be set between 3.00000 s to 1200.00000 s.

The coulometric system: software commands

The electronic devices of the coulometric system are communicated
and controlled by the LabView™ coulometric software called
Automatized Coulometric Measurement (ACM)."” The description
of the commands used to control the instruments is shown in Table 1.

Measurement sequence of the ACM software

The ACM software'” consists of two panels: a graphical interface
that allows user interaction with the instrument’s commands and a
functional panel (flux diagram) where the programmer establishes
the software algorithm, which can be used to make future
modifications. The measurement sequence involves the following
steps: (i) configuration of instrument ports for each device, including
current source, multimeters, pH meter, frequency counter, and
burette; (if) configuration of the current, potential, time, and volume
conditions; (iii) applying constant current pulses to the coulometric
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Figure 1. Coulometric constant current measurement system built in the INMC. (a) Coulometric cell, (al) main compartment, (a2) auxiliar compartment;
(b) constant current source; (c) standard resistor; (d1) multimeter 1, (d2) multimeter 2; (e) argon cylinder; (f) burette; (g) pressure regulator; (h) valves unit;

(i1) pH-meter, (i2) pH electrode; (j) frequency counter; (k) computer; (1) analytical balance
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Table 1. Set of standard commands for programmable instruments (SCPI) implemented in the ACM software!” for the instruments that are part of the developed
coulometer in the INMC. The Bus-GPIB and RS232 interfaces connect these instruments with the computer

Operation SCPI code

Description

Keithley 2200-60-2 current source

Identify instrument *IDN?
Activate output OUTPUTI1
Output lock OUTPUTO
Current configuration CURR
Potential configuration VOLT

Instrument information: serial number and model
Instrument power on
Power off
Current setting in A

Potential configuration in V

Keithley 2002 multimeter

Identify instrument *IDN? Instrument information: serial number and model
Measurement MEAS? Start data measurement
Keithley 2700 multimeter
Identify instrument *IDN? Instrument information: serial number and model
Measurement MEAS? Start data measurement
Metrohm 781 pH/ion meter*
Measurement &Info.Ac.M.PQ Start data measurement according to specified parameters
SI Analytics titronic 500 burette*
Dose (volume) 01DA Dosification of the specified volume in mL
Fill (volume) 01BF Fill burette
Status 01RS Burette status
Agilent 53220A frequency counter
Identify instrument *IDN? Instrument information: serial number and model
Total counter cycles SENSe:TOTalize:DATA? Total time of counter cycles
Restart *RST Restart the instrument to the initial operating conditions
Counter cycles TOTalize:CONTinuous Total cycles according to the input frequency
Start cycle count INIT Start the cycle counter at the specified frequency

“The pH meter and the burette work with internal codes from the factory instead of the SCPI code.

cell; (iv) recording the acquired data; (v) ending the experiment; and
(vi) saving the recorded data.

Coulometric titration: the experiment

The experiment is divided into three steps:

1. The initial titration (IT). A total of 250 mL of the KC1 (1 mol kg, ")
supporting electrolyte is weighted and placed in the coulometric
cell. Argon is bubbled through the solution for 5 min, followed
by adding approximately 0.4 g of HCI (0.01 mol kg, ™). Ar
bubbling continues for an additional 30 min. The main objective
of this procedure is to remove dissolved CO, from the solution
and acidify the system to titrate the remaining carbonic species
and the excess HCI added to the supporting electrolyte. Pulses of
5.00 mA =+ 0.10 mA for 3.00000 s + 0.00003 s are applied until
the pH reaches approximately 8. The excess of HO" ions produced
after the IT endpoint time is considered in calculating the amount
of substance content, as shown in Equation 13.

2. The main titration. A previously dried and weighted KHP sample
is added to the supporting electrolyte. Once the sample is dissol-
ved, a single pulse of 200.00 mA + 0.10 mA is applied to titrate
99.8% of the sample. The duration of this pulse is precalculated
by the user based on the sample mass and its approximated purity.

3. The final titration (FT). The remaining sample portion is titrated
using pulses of 10.00 mA = 0.10 mA for 5.00000 s + 0.00003 s
until the pH increases to approximately 9 because the endpoint
for the KHP falls approximately between 8.2 to 8.4.

The development of the theoretical titration curve - TC(NLR)

The theoretical titration curve considers the mass and charge
balances at the initial and final coulometric titrations. In the initial
titration, the balances depend on the concentration of HCI and the
carbonic species present in the solution given as total inorganic
carbon, CO, = CO,,,, + HCO; + CO;?, then the reactions involved
are:]ﬁ,]B—ZU

O, 5 CO, )
€O, + 2HO () 3 HCOy,, + HO[, =
€0,y + Hi0 % H,CO,, 3)
H,CO,, + HOy, < 3 HCO, , +HO[,
HCOy,, + H,0,) 2 €O, + HO, @)
HCl,,, + H,0) = H;0p, + Cl ) (5)

Considering the equilibriums described by Equations 3, 4, and
5, Equation 6 represents the expression as a function of time that
allows the construction of the theoretical titration curve (TC) during
the initial titration.
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nxFxkg, [H30+:|
(©)
5 Ka, o, x [HCO;] [HC]] Kw

[1,0°]

In Equation 6:

[H,0"] is the concentration of the hydronium ions in mol kg of
solution;

[HCI], is the initial concentration of hydrochloric acid in mol kg
of solution;

[CO,], is the concentration of the carbonic species in mol kg of
solution. [CO,], = [CO,], + [HCO;7] + [CO,™;

Kap.q, is the apparent dissociation constant of the carbonic acid;
Ka,.cq, is the second dissociation constant of the carbonic acid;

Ky is the water ionization constant;?!

i is the electrical current in amperes (A);

t is the time in seconds (s);

n is the number of moles of electrons exchanged;

F is the Faraday’s constant.

[H,0°]

Since KHP is added to the solution after the initial titration, its
equilibrium must be considered in the final titration:
AHyp

ZP(aq) +H 0(1) <—> HP( ot H302aq) (7)

2
+H 0(1) <—> P~ +H O(dq) 8)

(Ml) (aq)

The mass and charge balances established in this stage are
obtained by considering the previous equilibriums of KHP, Equations
7 and 8. Therefore, the expression as a function of time for the final
titration is given by Equation 9.

Kap,.,, x [H§Q<q']+2x Kapg,, x Ka,eo, ]+

H,0 Xt _Tco
[(mo]+ kg, [0~ [[H o ‘>]2 + Kapeg, x [HOp, |+ Kapeo, x Kaseq,

©)]

[kie], - Ka\H x [H07,) J+#2 x Kay,, x Kay,, [ici],+ HK‘(;
(.00, | + Kay, x [H0p) [+ Kayy, x Kayy, [H,07]

In Equation 9:

Ka, ;y,p 1s the first dissociation constant of the phthalic acid (H,P);
Ka, ;y,p is the second dissociation constant of the phthalic acid;
[KHP], is the total concentration of the phthalic species added to the
coulometric cell.

Notice that [KHP], is the value we are looking for.
Equations 6 and 9 are employed to conduct nonlinear regressions
that fit the theoretical titration curve to the experimental data.

Data treatment

Data processing is a decision left to the user because the data
provided by the ACM software!” is in plain text format, compatible
with free and commercial software. In this study, the data is
organized and analyzed using the developed TC(NLR) procedure
described elsewhere.!® The TC(NLR) was implemented as an R Script
(R version 4.1.2, for Microsoft-Windows™).2> The R Script
utilizes the Levenberg-Marquardt algorithm implemented in the
nlsLM R function.?*? Additionally, for comparison purposes
and result verification, the R Script can also perform calculations
using the eWf model to fit the experimental data. The mentioned
R Script together with some experimental data obtained with the
INMC-coulometer are available at https://drive.google.com/drive/
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folders/1LFyulLgu4EdvNPhNJKsNTG8vR 1jv_vmt?usp=sharing,*
and also in the supplementary material.

Determination of the amount of substance content
The R Script performed a nonlinear regression (NLR) of the

experimental data obtained from the IT (initial titration) and FT (final
titration), using the eWf model,>?* Equation 10:

a
=———+b(t—q)+c+e (10)
a_‘_ek(tfq) ( )

It also uses the TC(NLR) model® for the IT, Equation 11:

pH = f (t.[HC1] .[CcO

and for the FT, Equation 12:

2j| o KaP.co , Kayeo ) (11

pH = (t, [CO, ] . Ka,,, [KHP]  Ka,, ;) (12)

An explicit expression (along with its deduction) for Equations 11
and 12 can be found in reference® and its supporting information.

The eWf model

The parameters to be estimated in the nonlinear regression,
Equation 10, are a, b, c, k, and ¢, while e, is the model error. It is
worth noting that the parameters in the eWf model do not have any
chemical meaning, except for ¢, which represents the endpoint time
in the titration. Therefore, g is the only important parameter, although
empirical. Using the ¢ value, the amount of substance content, vy,
is determined with Equation 13:

El EZ

W X(ttotalxm 1)+ W/am x tmam Ri x t2
1 main 2

Vo= (13)
o z X F xmgpXx h

cor

In Equation 13, E|, R,, E,..,, R E,, R,, are the measured
potential differences in volts (V) and resistance in ohm () during
the initial, main, and final titrations, respectively; t, .. 1S the total
time in s of the IT, #, and ¢,, are the endpoint times in s in the IT and
FT; t,,, is the time in s required to titrate the 99.8% of the KHP
sample; z, is the number of electrons exchanged in the reaction; F,
is the Faraday’s constant; my, is the KHP sample mass, and h, is

the mass correction factor due to air buoyancy.

main®

The TC(NLR) model

Equations 11 and 12 uses hydrochloric acid [HCI],, total inorganic
carbon [CO,],, and KHP concentrations ([KHP],) in mol kg,,,'; and
Kap,co,, Kay.co,, and Ka,p the dissociation constants of carbonic acid
and KHP, respectively. All of them are parameters to be estimated in
the NLR. In contrast to the conventional eWf model, all TC(NLR)
parameters have chemical meaning and are statistically significant.'s
Then, the KHP amount of substance content in mol kg™!, vy is
calculated using Equation 14:

1000 x [KHP] x (e + mye, + my x 1x107)
o x hCO[

Myyp

A%

(14)

In Equation 14, [KHP], corresponds to the concentration in
mol kg, estimated by the nonlinear regression, my, is the mass
of the KCI supporting electrolyte in kg, my,, is the HCI mass added
before the IT in kg, my,,, is the mass of the added KHP for the main
titration in g, and h, is the mass correction factor due to air buoyancy.
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Statistical analysis

The normality of the results was evaluated using the Shapiro-Wilk
test,?” and the homogeneity of variances was assessed using a Levene
test.” The means were compared using the t-test at the confidence
level of o = 0.05.%!

Uncertainty evaluation

Equations 13 and 14 were employed as mathematical models to
evaluate the uncertainty following the requirements of the Guide to
the Expression of Uncertainty in Measurement.*> The uncertainty
was calculated using the R package Propagate.®

RESULTS AND DISCUSSION

The assembly coulometer developed in this work is a homemade
device composed of seven replaceable parts. These parts are a
current source, a multimeter for voltage measurement across a
standard resistor, the standard resistor itself (not an instrument but an
essential part), an optional second multimeter for potential difference
measurement between Pt and Ag electrodes (or any other potential
required by the user), a burette, a frequency counter, and a pH meter.
These components work together through the ACM software.!” The
seven independent parts in the coulometer design allow users to
change each part according to the circumstances. For example, it
allows easy replacement of a damaged part.

The developed software was designed to control and integrate
the six independent instruments into a unified coulometer system.
This powerful and modern computer program effectively manages
the assembly coulometer and provides users with data in a flexible,
convenient, and user-friendly manner. Figure 2 provides an example
of the graphical user interface (GUI) tailored explicitly for the
coulometric titration, and Table 2 shows the description of each tab
within the interface. The GUI offers an easy and visually appealing
environment for users to interact with the software and access the
functionalities of the coulometer.

As evident from Figure 2, the GUI provides real-time data

DATA PANEL EXPERIMENTAL MODE  MULTIPARAMETERS MODE

MULTIMETER vs TIME pH vs TIME
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Table 2. Description of the main panels of the graphical user interface of the
ACM software for the control and data acquisition of the coulometer assembly
in the INMC

Navigation tab Description

In this panel, the user can configure the current in
amperes, the time in milliseconds, and the number
of pulses to be applied in the coulometric titration
(initial, main, or final titration)

Experimental mode

It shows the plot of the pH, current, and potential

Multi parameters mode . . .
P difference values as a function of time

It shows the plot of the potential difference values

Multimeter vs. time . . .
in function of time

This panel follows the pH measurements as a

H vs. time . R
p function of time

Calculates the integral of the applied current

Integration mode . . .
g pulses in the function of time

Records the pH values, current and potential dif-

Data output .
p ference when current pulses are applied

In this panel, the connection between the com-

Configuration . . .
g puter and the instruments is established

acquisition throughout the entire KHP coulometric titration.
Furthermore, the ACM software!” allows the user to set the current,
the time, the number of pulses at any experiment stage, and measure
the potential between the Pt and Ag electrodes. During the intervals
between pulses, the program measures the pH approximately three
times per second for a duration of around 30 to 40 s. When the
standard deviation of the pH measurements drops below 0.001,
a new current pulse is applied according to the user-defined
parameters. The number of data points obtained is crucial for
accurately calculating the KHP amount of substance content and
determining its uncertainty. The capability of the ACM software'”
to capture a higher number of data points distinguishes it from
other coulometers that rely on the eWf model, which typically
record approximately only ten pH values around the endpoint time.
Additionally, to achieve better solution homogeneity, the burette

INTEGRATION DATA OUTPUT SETTINGS

iNVIRCE

MULTIMETER 1
POTENTIAL DIFFERENCE IN THE CELL

0.0000026

MULTIMETER 2

POTENTIAL DIFFERENCE IN THE
STANDARD RESISTOR (1 0)

-0.00303697

TIME (s)

7035.3277146

pH ION METER
pH units

6 109

GRAPHIC CONTROL

pH CONDITION

MEAN pH CONDITIONS FULFILLED

STD
0.001708 10.001000 6.105770
sToP

Figure 2. The graphical user interface of the ACM software. The green panel corresponds to the seven navigation tabs: experimental mode, multi parameters

mode, multimeter vs. time, pH vs. time, integration mode, data output, and settings. The red panel shows the multimeter 1 (potential difference between Pt and

Ag electrodes), multimeter 2 (current measured through a standard resistor 1 (2), time in seconds, and pH data. The purple panel shows the pH stabilization

conditions; a new current pulse will be allowed if the standard deviation is lower than 0.001. The yellow panel shows the pH and the time as soon as the current

pulse is applied. The pH vs. time plot is shown in the center of the interface
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fills and empties the internal compartment of the coulometric cell
with a setting of 19.9998 mL.

The new coulometer was used to obtain the KHP amount of
substance content of the KHP NIST certified reference material
84L, vgy = 4.89633 + 0.00076 mol kg (k = 2.04).3* The nonlinear
regression of eWf*» and TC(NLR)" models were used to compute
the KHP amount of substance content, vy, and vy, respectively.
The results are shown in Table 3. Seven replicates were measured
for the analysis. In terms of repeatability, the eWf model exhibited a
standard deviation (SD) that was 2.875 times greater than that of the
TC(NLR) model. Also, the eWf model showed a bias approximately
5.5 times higher than the TC(NLR) value when the percentage of bias
(% bias) is computed as

% bias,; = Qe = Vaw) 100 20,22 or

Vrm

_ (VTC - VRM)
TC(NLR) —

% bias x100=0.040

Vrm

The high SD and, particularly, the high bias observed in the
eWf model can be attributed to the solubilization of carbon dioxide
into the solution during the coulometric titration.'s The latter fact is
unavoidable because the eWt model relies on the endpoint time of
the titration, which encompasses the total acidity of the test solution,
including the dissolved CO,. On the contrary, the TC(NLR) model
directly estimates the KHP amount of substance content from the
nonlinear regression without the interference of the dissolved CO.,.

Another important parameter to evaluate is the uncertainty. As
mentioned before, the eWf model determines the endpoint time
based on a few points around the end of the coulometric titration.
The endpoint time is used to calculate the KHP amount of substance
content (v.y;) according to Equation 13. The latter equation was
used to estimate the standard uncertainty of vy, (called u, ).
Therefore, Table 4 presents the sources of uncertainty from each
measurement made during the coulometric titration of KHP that
are involved in Equation 13. The uncertainties of E,, R, t,uini> tmains
and h,,, were calculated using the respective calibration certificates

Table 4. Example of the standard uncertainty determination (u
) was calculated as /X (u; x )2

Vewy

standard uncertainty (4,

ey
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Table 3. KHP amount of substance content calculated from the fitting,
by nonlinear regression, of eWf and TC(NLR) models to the experi-
mental data. Seven replicates were measured for the analysis (n = 7).
The KHP used was KHP-certified reference material from NIST,
Vi = 4.89633 £ 0.00076 mol kg (k = 2.04)*

Model
Validation parameter Units
eWf TC(NLR)
Amount content mean, v mol kg! 4.9069 4.8983
SD mol kg! 0.0046 0.0016
RSD % 0.094 0.033
Bias % 0.22 0.040

SD: Standard deviation. RSD: Relative standard deviation.

of the multimeter (E)), the standard resistor (R,), and the frequency
counter (tm» and t,.;.). The uncertainties of t, and t, corresponds
to the standard error of the estimated parameters in the nonlinear
regression of the eWf model.

The final column of Table 4 shows the percentage contribution
of each variable to the standard uncertainty, u, - The most
significant source of uncertainty is the potential difference in the
main titration (E,;,) accounting for 79.58% of the total uncertainty.
The high contribution from E,;, can be attributed to the non-constant
current, which also introduces a spurious signal at the beginning of the
pulses, especially during the main titration, as can be seen in Figure 3.
Since the parts of the coulometer are independent, it is possible to
improve the coulometer performance by changing the actual current
source to a more stable one.

The second most important contribution to uncertainty is the
sample mass, accounting for 18.36%. The sample mass has been
identified as one of the main sources of uncertainty in coulometric
titrations in previous studies, such as Liandi ef al.®® The standard
uncertainty (u, ) obtained for the specific measurement presented in
Table 4 (0.00041 mol kg™') must be combined with the uncertainties
related to repeatability and bias. The uncertainty due to repeatability
(u,,,) is estimated as s,/ \/H, where sy, is the standard deviation
and n = 7 is the number of replicates. The uncertainty due to

‘main.

) for a particular experiment of the KHP coulometric titration using the eWf model. The

Sensitivity coefficient

Source Value Uncertainty (u;) Units Contribution (%)
[ Units u; X ¢; / mol kg!
E, 0.0049103 7.6 x 10° \% 0.96 mol kg™ 7.30 x 10 3.16 x 107
R, 0.99999964 3.5%x 107 Q -4.7x 103 mol kg™ Q! —-1.65 x 10° 1.61 x 10°
Cotatini 100.05497 2.6 x 10* s 1.01 x 10* mol s kg™! 1.58 x 10 1.49 x 107
t 57.57 0.39 s -1.01 x 10* mol s kg™! -4.00 x 10° 0.95
E.uin 0.199486 1.5%10° v 24.42 mol kg V! 3.66 x 10* 79.58
main 0.99999914 3.5 % 107 Q -4.87 mol kg™ Q! -1.71 x 10° 1.72 x 103
Einain 1182.3816 1.8 x 107 s 4.12x 103 mol s kg™! 7.62 x 10° 3.44 x 10
E, 0.009876 1.5 % 10° v 2.73 mol kg™ V! 3.66 x 10 0.99
R, 0.99999914 3.5%x 107 Q -2.69 x 10 mol kg Q! -9.42 x 10° 5.27 x 108
t, 131.98 0.04 s 2.04x 10+ mol s~ kg™! 9.09 x 10 4.90 x 10
m 0.501577 1.8 x 10° g -9.78 mol g™ kg™! -1.76 x 10" 18.36
he, 1.00043050 1.7 x 107 - -4.90 mol kg -8.45 x 107 424 x 10*
Standard uncertainty (u,_, ) 0.00041 100%
Amount of substance content (v y,) 4.90338
Relative uncertainty (%) 0.0084
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Current vs time

i/ mA

94'00 96|00 98|00 10600 10é00 10)&00 10é00
Time/s
Figure 3. Example of the non-totally constant current with a spurious pulse
signal during the main titration of a particular coulometric titration of KHP.
Ai is the difference between the electrical current’s highest and lowest value
in this pulse. The current used for computations was the mean value

(Uy,,) Was estimated as bias,y,/ V3, assuming that bias,,, has a

rectangular distribution.*>3¢ These uncertainties are combined using
Equation (15).

S ’ bias ’
u, =,u +( ve] +(°ij 15
Cewr \/ eWF \/7 \/§ ( )

= \/(0.00041)2 +(0.0017) +(0.0041)" =0.0044 mol kg™ (16)

Then, the KHP amount of substance content estimated with
the eWf model is 4.9034 = 0.0090 mol kg! (k = 2.04). The relative
contributions of the standard uncertainty (u, ), repeatability (u, ),
and bias (uy, ) to the combined uncertainty of this result are shown
in Figure 4. Notably, the highest contribution is the bias, accounting
for 83.86%. This high contribution is explained by the presence of
carbon dioxide in the supporting electrolyte, which is unavoidable
under standard laboratory conditions (i.e. a non-hermetic coulometric
cell).'s The eWf model, Equation 13, estimates the total acidity of
the system, including the dissolved carbon dioxide, leading to a
significant bias in the result.

In contrast, the repeatability contributes only 15.29% to the
combined uncertainty, representing the experimental random errors.
The standard uncertainty has a negligible contribution, meaning that
the instruments used in assembling the coulometer at the INMC have
sufficiently low uncertainties. Therefore, when the eWf model is used
to compute the KHP amount of substance content, the main source

Table 5. Example of the standard uncertainty determination (.

\)z(”i Xci)2

Ve

u, was calculated as

vre
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of uncertainty arises from the bias resulting from the non-selective
titration of the KHP, which includes the residual carbon dioxide in
the supporting electrolyte.

The eWf model
S
83.86%

8
f 3 Vews =4.9034 +0.0090 mol kg™
X (k=2.04)
T e

Q- 15.29%

0.85%
° Bias Repeatability Uy

Figure 4. The relative contribution of the standard uncertainty (u,, ), bias,
and repeatability to the combined uncertainty (u., ) for a particular KHP

ey

coulometric titration using the eWf model

Now, considering the TC(NLR) model, it allows the direct
determination of the KHP amount of substance content by calculating
the KHP concentration, [KHP],, as a parameter to estimate during the
nonlinear regression. Then, the KHP amount of substance content is
calculated using Equation 14. In Table 5, the uncertainty values for
each variable in Equation 14 are presented, along with the standard
uncertainty (u,, ) of the measurement.

Observe the higher value of standard uncertainty,
u, = 0.00092 mol kg'!, for the TC(NLR) model, compared to
the equivalent u,_ w of the eWf model, which is 0.00041 mol
kg!'. The i increase in u, in relation to u, (~2.2 times higher)
is associated with the implicit contrlbutlon of the uncertainties
of E, R, tywin»> and t,.,, as well as the significant number of
computations involved in the nonlinear regression used to estimate
the magnitude of the [KHP],."* Consequently, as shown in Table 5,
the most significant contribution to the standard uncertainty (u, )
of the KHP amount of substance content, when calculated with
the TC(NLR), comes from [KHP],, accounting for 92.32%. The
second most critical source of uncertainty for the TC(NLR) is the
mass of the supporting electrolyte, contributing 4.03%. The mass
of the supporting electrolyte, which is the highest measured, plays
a crucial role in the computation of [KHP],. The mass of the KHP
sample, myp, has a similar effect on the final result. The other sources
of uncertainty, my, and h,,. do not significantly contribute to the
standard uncertainty.

Now, similar to the eWf model, the combined uncertainty (u,, )
for TC(NLR) model is obtained by the combination of the standard

) for a particular experiment of the KHP coulometric titration using the TC(NLR) model. The

Sensitivity coefficient

Source Value Uncertainty (u;) Units Contribution (%)
c; Units u; X ¢;/ mol kg™!
[KHP], 0.0092766 1.7x 10 mol kgsln™ 528.19 kg, kg! 8.84 x 10 92.32
My 0.26419 1.0x 107 kg 18.48 mol kg, kg™! 1.85x 10* 4.03
My 3.5231 x 10* 3.0x 107 kg 18.48 mol kg, kg™! 5.54 x 10 3.63 x 107
Myyp 0.501577 18 x 10¢ g -9.75 mol kg, " ¢! —-1.76 x 10* 3.04
he, 1.00043050 1.7 x 107 - -4.90 mol kg™! —8.49 x 107 8.51 x 10°
Standard uncertainty (u,, ) 0.00092 100%
Amount of substance content (vyc) 4.89987

Relative uncertainty (%) 0.018
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uncertainty (u, ), the repeatability uncertainty (u, ), and the bias
uncertainty (u, ). This combination is presented in Equation 17.

2 b 2
uCTcz\/uch +(i}%j +( szgTCj (17

u, = \/(0.00092)2 +(0.00060) +(0.0020)" =0.0023 mol kg (18)

Then, in the sample under study using the TC(NLR) model, the
KHP amount of substance content in mol kg is determined to be
4.8999 + 0.0047 mol kg (k = 2.04). The contributions of the u, .
u, ., and U, uncertainties to the combined uncertainty u,  are
presented in Figure 5. It shows similar qualitative behavior as Figure 4
for the eWF model. The u, contributes 6,79% to u, compared
to the 0.85% contribution of the eWf model. The uy;, contribution
(77.48%) decreases compared to the uy, (83.86%). The
repeatability contribution, u; = 15.73% remains nearly unchanged
compared to the eWf model, u o= 15.29%. Nonetheless, the
outstanding fact is that the combined uncertainty using the TC(NLR),
u, =0.0023 mol kg, is lower than the combined uncertainty using
the eWH, u, = 0.0044 mol kg™

Considering the latter facts, it has been demonstrated that the
data obtained from the assembled coulometer can be efficiently used
by the TC(NLR) model, surpassing the conventional eWf model.
As previously shown, this is mainly because the TC(NLR) model
does not rely on calculating the endpoint times for determining
the amount of substance content. Moreover, the TC(NLR) model
enables the selective determination of the KHP amount of substance
content without CO, interference, reducing the results’ uncertainty
and bias.

The TC(NLR) model

S,
g 77.48%
v1c =4.8999+0.0047 mol kg™’
£ 3 (k =2.04)
=*
g 4
o] 15.73%
o _ (|
Bias Repeatability Uyre

Figure 5. The relative contributions of the standard, repeatability, and bias
uncertainties to the combined uncertainty for a particular coulometric ti-
tration of KHP when the TC(NLR) model is used to compute the amount of
substance content

Finally, Table 6 shows the costs associated with the individual
parts forming the coulometer assembly at the INMC. Remarkably, the
total cost for the INMC coulometer is less than half the price of the
commercial coulometers used in several NMIs. Therefore, additional
investment can be made to upgrade specific components, such as
the current source, to improve the performance of the developed
coulometer while still maintaining its affordability compared to
commercial alternatives.

CONCLUSIONS

A coulometric system was developed at the INMC for determining
the amount of substance content of KHP. This system utilizes a current
source, two multimeters, a standard resistor, an automatic burette, a
frequency counter, and a pH potentiometer. These instruments use

Quim. Nova

Table 6. Instrumentation costs for the coulometry assembly in the INMC and
used for the analysis of KHP. The price of commercial coulometric equipment
is also presented for comparison purposes

Instrument Price (US dollar)
Commercial coulometer
Coulometric equipment $66,000
Coulometer built-in the INMC
Keithley 2200-60-2 current source $1,433
Keithley 2002 multimeter $11,500
Keithley 2700 multimeter $2,396
MetrOhm 781 pH/ion meter $2,467
SI analytics titronic 500 burette $2,655
Agilent 53220A frequency meter $4,324
Standard resistor SRL-1 IET $3,000
Total $27,775

specialized, user-friendly, powerful, and modern ACM software
developed for this work. The ACM software was created using the
computer program LabView from National Instruments. The ACM
software allows the entire system to be fully controlled, and the data
acquisition process becomes user-friendly and flexible. The ACM
software allows users to exploit the instrument’s capabilities without
limitations.

The mentioned instrumentation, along with the previously
implemented theoretical titration curve - nonlinear regression
(for data processing), enables the determination of the amount of
substance content of KHP with low bias and acceptable precision
and uncertainty.

SUPPLEMENTARY MATERIAL

The assembly of the coulometric system is shown in Figure 18S.
The R Scripts and experimental data for the nonlinear regressions of
eWfand TC models are available in a compressed ZIP folder and also
in HTML format. Both are available at http://quimicanova.sbq.org.br/,
with free access.
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