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Abstract: The uncertainty budget for the determination of benzoic acid purity by potentiometric titrimetry was
proposed. For this purpose alcoholic potassium hydroxide solution was standardized with benzoic acid supplied
from National Institute of Standards and Technology (NIST) (SRM 39j), then the purity of the benzoic acid sample
was determined by the same way. Measurement uncertainty evaluation of the method was exhaustively evaluated
according to the EURACHEMY/CITAC Guide CG 4, JCGM 100: 2008 and EUROLAB Technical Report No.1/2007,
based on the bottom-up approach. Moreover, these results were compared with the results based on the top-down
approach according to the EUROLAB Technical Report N0.1/2007 and NORDTEST: NT TR 537. The measurement
uncertainty was separately evaluated for the factor determination and the purity determination of one and six samples
of benzoic acid for the bottom-up approach. The uncertainty sources for the purity determination of benzoic acid
were carbon dioxide mole fraction, nominal concentration of benzoic acid, factor of alcoholic potassium hydroxide,
amount of titrant consumption, the molar mass of benzoic acid and sample amount, respectively. Among these, the
highest contributions to the uncertainty budget were found to be the factor of alcoholic KOH solution and the amount
of titrant consumption for one and six samples, respectively. The expanded uncertainties for one and six
measurements based on the bottom-up approach were found as 0.508% and 0.509%, and the expanded uncertainty
for six measurements based on the top-down approach was found as 0.114%.

Keywords: Carboxylic acids; carbonyl compounds; electrochemistry; measurement uncertainty; bottom-up
approach; top-down approach. © 2021 ACG Publications. All rights reserved.

1. Introduction

Benzoic acid, the simplest aromatic carboxylic acid, is used in many areas such as a precursor to
plasticizers and preservatives, a medicine additive and a standard for bomb calorimeter. Benzoic acid and
its salts are used as a preservative in the food industry and as an additive in the pharmaceutical industry.
Benzoic acid and its derivatives prevent the reproduction of yeast, mold and some types of bacteria and it
is represented by E210 — E213 codes in the food industry. Benzoic acid is also used to cure some skin
diseases such as ringworm, tinea athlete’s foot. Moreover, it was reported that benzoic acid was used as
an analgesic, antiseptic and expectorant in the early of 20" century [1]. Since benzoic acid is widely used
as mentioned above, accurate determination of it is very important.

Several methods are available for the determination of benzoic acid purity in literature such as
freezing range / specific heat measurements [2], differential scanning calorimeter (DSC) [3], nuclear
magnetic resonance spectroscopy (NMR) [4] and potentiometric titrimetry [5, 6]. Among them,
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potentiometric titrimetry is widely used in terms of the relatively simple and fast method and requires a
cheap instrument. A standard titrimetric method for the purity determination of benzoic acid is available
[5, 6]. Actually, sodium hydroxide is generally used in the standard method. However, potassium
hydroxide is used in this study due to its higher solubility in ethanol [7].

Titrimetric purity determination of benzoic acid is based on the acid-base reaction as shown in
Figure 1.

COOH COOK"

KOH in Ethanol
+

Y

+ H0

Figure 1. Acid-base reaction between potassium hydroxide and benzoic acid

In the purity determination of benzoic acid with the auto-titration system, the uncertainty sources
are classified as the carbon dioxide mole fraction, nominal concentration of benzoic acid, the factor of
alcoholic potassium hydroxide, amount of titrant consumption, the molar mass of benzoic acid and sample
amount. The similar bottom-up approach was used by EURACHEM and CITAC for strong acid-base
titration [8]. In volumetric titrimetry, uncertainties arising from the perception of the color with the naked
eye and indicator are estimated to be quite significant. On the other hand, auto-titration system is highly
preferred since the inflection point is detected by using the software-assisted auto-titration system
containing the automatic dosing unit.

The measurement uncertainty (U) is the quality of the measurement result and accuracy. It
provides a half-width interval around the measurement value, in which the true value is inside this half-
width interval. The uncertainty approaches based on single laboratory measurements are modeling and
single-laboratory validation methods. The modeling approach (bottom-up approach) consists of the
detailed evaluation for each uncertainty component according to the EURACHEM/CITAC Guide CG 4
[8], JCGM 100: 2008 [9] and EUROLAB Technical Report No.1/2007 [10]. The single-laboratory
validation approach (top-down approach) consists of the evaluation of the within-laboratory
reproducibility and the bias according to the EUROLAB Technical Report N0.1/2007 [10] and
NORDTEST Approach [11]. The pros and cons of the modeling approach can be listed as the ability to
find and evaluate the index graphs, being seen the detailed effects of each uncertainty component, not
requiring extra analysis and danger to underestimate the measurement uncertainty, requiring additional
work and deep knowledge, respectively. In a single-laboratory validation approach, there are some
advantages such as requiring less work and having realistic measurement uncertainty, and disadvantages
such as requiring lots of data, not having index graphs and detailed data for each uncertainty component,
respectively [12, 13].

This study aimed to evaluate the uncertainty budget of benzoic acid purity determination by
potentiometric titrimetry which is known as cheap, simple and accurate technique. To the best of my
knowledge, there is no study in the literature regarding the detailed uncertainty evaluations based on the
bottom-up (EURACHEM/CITAC Guide CG 4, JCGM 100: 2008 and EUROLAB Technical Report
No0.1/2007) [8-10] and the top-down (EUROLAB Technical Report N0.1/2007 and NORDTEST: NT TR
537) [10, 11] approaches and the comparison of these approaches for the purity determination of benzoic
acid. The studies using these and similar approaches could be found in literature [14-17].
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2. Experimental

2.1. Materials and Methods

Ethanol (C.HsOH, 99.9%, ACS, 1SO reagent, Ph. Eur) and potassium hydroxide (KOH, 85%,
flakes) were obtained from ISOLAB and Carlo Erba, respectively. Benzoic acid standard reference
material (C¢HsCO2H, 0.999996 mol/mol, NIST SRM 39j) was used to standardize the alcoholic KOH
titrant solution. 0.4 mol/L tetraesthylammonium bromide solution (CsHzNBr) in ethylene glycol
((CH,0OH).) was purchased from Metrohm for the storage of the combined measuring electrode.

Metronm 916 Ti-touch auto-titration system consisting of high accuracy dosing unit,
potentiometer, magnetic stirrer, solvotrode easy-clean combined measuring electrode and titrant container
was used to perform the purity determination of benzoic acid. Milli-Q Direct 8 water purification system
was operated to produce ultrapure water (18.2 MQ.cm). Precisa LS 220A analytical balance was used for
weighing operations.

2.2. Preparation of Alcoholic KOH Solution

Approximately 5.6 g of potassium hydroxide was dissolved in 25 mL carbon dioxide-free
ultrapure water, then the volume was completed to 1 L with ethanol.

2.3. Measurement Procedure

Benzoic acid (NIST SRM 39j) was weighed as to be 120 mg, then dissolved in 50 mL ethanol.
This solution was titrated with alcoholic potassium hydroxide after stirred for 3 minutes and then the
inflection point was automatically calculated. This process was repeated 6 times and the average value
obtained was assigned as a factor of the alcoholic KOH solution and the same procedure was used for the
purity determination of benzoic acid samples. Argon gas was passed through the titrant and sample
solutions for 30 min before the measurement to remove the dissolved gases, and passed over the sample
solution during the measurement to hinder the gas re-dissolution. The measurements were carried out at
20+ 3 °C.

2.4. Value Assignment and Uncertainty Budget

The evaluations of the measurement uncertainty for titrimetric determination of benzoic acid were
exhaustively performed for the factor, and 1 and 6 samples according to the EURACHEM/CITAC Guide
CG 4, JCGM 100: 2008 and EUROLAB Technical Report N0.1/2007 [8-10]. The obtained combined
uncertainty was multiplied by a coverage factor of 2, corresponding to 95% confidence level.

The top-down approach, NORDTEST: NT TR 537, also was used for the comparison of the
results from the bottom-up approach.

3. Results and discussion

3.1. Standardization of Alcoholic KOH Solution

Standardization of alcoholic KOH solution was performed according to Eq. (1) [5, 6].

Mcrm (1)
F ="
KOH = ¢ M xV
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where Fg oy is the factor of alcoholic KOH solution, m.gy, is the amount (mg) of NIST SRM39j, C is the
nominal concentration of alcoholic KOH solution (0.1 mol/L), M is the molar mass of benzoic acid
(122.12081 g/mol) and V is the titrant consumption (mL). As seen in Eq. (1), Fxoy IS @ dimensionless
parameter and the results of repetitive measurements were found in Table 1.

Table 1. Factor results of alcoholic KOH solution

Sample Titrant consumption (V) Factor result (Fxon)
1 11.00000 0.89310
2 11.00250 0.89235
3 11.00490 0.89360
4 10.99880 0.89385
5 11.00000 0.89282
6 11.00250 0.89340
X 11.00144 0.89319
SV _rep 8d Sg, . rep 0.00227 0.00055

3.2. Purity Determination of Benzoic Acid Samples

The purity determination of benzoic acid samples was carried out by Eq. (2) [5, 6].

K X Fyop XVXCXM
Wgy = KoH x 1000

msample

)

where K is the unit conversion coefficient (0.1), mggmpie IS the sample amount and 1000 is the purity
conversion coefficient. The purities of benzoic acid samples calculated from six independent
measurements were given in Table 2.

Table 2. The purities of benzoic acid samples calculated from six independent measurements

Sample Titrant consumption (V) Purity result (Wg,)
1 11.00000 99.98696
2 11.00000 99.98696
3 11.00300 100.01423
4 10.99800 99.96878
5 10.99600 99.90515
6 10.99100 100.18693
X 10.99800 100.00817
SV rep @ Sy, rep 0.00415 0.09493

3.3. Value Assignment and Uncertainty Budget

The mean factor result from Table 1 was used as an assigned value for the factor. The result of
sample 5 from Table 2 was used as an assigned value for 1 sample and the average of 6 measurements
was used as an assigned value for 6 samples.

The uncertainty budget was formed according to the EURACHEM/CITAC Guide CG 4, JCGM
100: 2008 and EUROLAB Technical Report No.1/2007 [8-10]. Measurement uncertainty budgets were
formed and evaluated by accepting the Eq. (1) as a model function for Fyop and Eg. (2) as a model
function for Wg,, respectively. The fishbone diagram for the purity determination of benzoic acid and the
factor determination can be seen in Figure 2.
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Figure 2. The general fishbone diagram for the purity determination of benzoic acid

Since the uncertainty coming from Fyy involves the uncertainty coming from the concentration
of alcoholic KOH, C has no contribution to the measurement uncertainty for one and six samples. Due to
the performing small volume increments, the uncertainty of the potentiometric titration end-point is
negligible [18]. Moreover, since argon gas was passed through the titrant and sample solutions before and
during the measurement, uncertainty effect of carbon dioxide mole fraction (X¢(,) was eliminated. The
uncertainty contribution of NIST SRM 39;j is also negligible for factor analysis, since the relative standard
uncertainty of NIST SRM 39;j is at least lower than 70 folds from the relative standard uncertainty of the
purity of benzoic acid. However, it was expressed how to evaluate this uncertainty source in order to
estimate when this component is important for any analyst.

3.4. Uncertainty Budget for the Factor of Alcoholic KOH

The standard uncertainty of Fx,y (ur) consists of 4 different uncertainty sources that are V, M,
mcry aNd ucgy, from the factor determination step of alcoholic KOH solution. The calculation methods
of standard uncertainties (u) and sensitivity coefficients (SCs) [10] and related equations are shown in
Table 3.
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Table 3. Some equations for the calculation of the uncertainty budget
Uncertainty

u calculation equation SC calculation equation”
source
Fron \/u12/ + URy + Uy T+ UeRM 1
” ” ” ” K X Fgoy X C X M X 1000
|4 \/umd + utemp + udu_rep + uV,rep msample
K X Fgop X V X € x 1000
M J(7 X Up)? + (6 X Uy, )? + (2 X Uy, )?
msample
K X Fgou XV X C X M x 1000
Msample V2 X% (Upatance/2)? -

"lsa‘mple2
* The sensitivity coefficients (SCs) were calculated by taking the first derivatives of the relevant uncertainty source from the
related equations.

The standard uncertainty of ¥V (wu, ) includes 4 different uncertainty sources that are
manufacturer’s declaration, temperature effect, repeatability of dosing unit and repeatability of titrant
consumption. Manufacturer’s declaration is + 0.017 mL. The standard uncertainty of manufacturer’s

declaration (u,,4) Was calculated by triangular distribution as 0.017/4/6 = 0.00675 mL. The standard
uncertainty of temperature effect (use,p) Using triangular distribution was calculated by Eq. (3).

Utemp = Vpu X ¥ X At/V6 3)

where Vp; is the volume of dosing unit (20 mL), y is the thermal expansion coefficient of ethanol (0.0011
°C*) and At is the difference of liquid temperature from 20 °C (3 °C). Then e, Was found as 0.02694
mL. The standard uncertainty of dosing unit repeatability (ug, r.,) Was calculated by dividing the
standard deviation of 6 dosing operations with a certain volume of alcoholic KOH solution (sqy, rep) t0
V6 and found as 0.00318 mL. After each 11 mL dosing process, the solutions were weighed and the actual
volumes of the solutions were calculated by dividing these amounts to the approximate density of the
solution which is 0.836 g/mL at 20 °C. The related quantities were demonstrated in Table 4. The standard
repeatability uncertainty of titrant consumption (uy ,.,) Was calculated by dividing the sy, ., to V6 and

found as 0.00092 mL. The final standard uncertainty for V was calculated by using Eg. (4) and found as
0.02797 mL.

(4)

— 2 2 2 2
Uy = \/ Umd + utemp + udu_rep + uV_rep

The standard uncertainty of the molar mass of benzoic acid (u,,) was calculated according to the
IUPAC [19] and CIAAW [20] recommendations. The average mass of each element was found by
summing the standard atomic weights and dividing them by 2. The standard uncertainties of mass (u,,)

were calculated by Eq. (5). M; ; and M; , are the first and second standard atomic weights of the related
element as shown in Table 5.

e = M, — M;,| ®)
Mi 23
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The uncertainty contribution of each element was found by multiplying u,,, by the stoichiometric

coefficient. Afterward, the standard uncertainty of the molar mass of benzoic acid (u,,) was calculated by
taking the square root of the sum of squares of each uncertainty contribution as seen in Table 5 and found
as 0.00409 g/mol.

Table 4. The calculation of standard uncertainty of dosing unit repeatability (ugy, rep)

Dosing volume (mL)  Mass of the dosing volume (g) The calculated volume (mL)

9.19650 11.00060

9.20100 11.00598

1 9.19530 10.99916

9.21360 11.02105

9.20150 11.00658

9.20320 11.00861

X 11.00700

Sdu_rep 0.00779

The standard uncertainty of each weighing operation was calculated by \/ (Upqiance/2)?. Since this
process was repeated twice when the sample was tared and weighed, the final standard uncertainty for
weighing operation (.., ) Was expressed as \/ 2 X (Upaiance/2)?. Upgiance Was obtained from the
calibration certificate as 0.00047 g and u,,_,,, was found as 0.00033 g.

The standard uncertainty (k=1) of NIST SRM 39j, ucgu, 1S 0.000036 mol/mol with a 0.999996
mol/mol certified value.

When the obtained standard uncertainty values of wy, uy, U, and ucgy Were multiplied by
the related SC values, the contributions to the total uncertainty were found in units of factor quantity.
Then, the expanded uncertainty of Fxoy (Ur) was found by multiplying the square root of the sum of
these squares by the factor of coverage and the factor result was obtained as (0.8932 + 0.0045), (k = 2,
at 95% confidence level).

The uncertainty budget of the factor analysis is seen in Table 6. The percentage contributions of
the uncertainty sources to the total standard uncertainty can be seen in Figure 3. It was determined that
the biggest uncertainty contribution was due to the uncertainty of the titrant consumption.

3.5. Uncertainty Budget for the Purity of One Sample

Fyon, V, M and mgqp; are important to evaluate the measurement uncertainty for one sample.
Uy Umggnore (same with uy, ...) and ug values are the same as in “Uncertainty Budget for the Factor of
Alcoholic KOH”, whereas the SCs are different. uy ., had no contribution to the uncertainty budget
since there were no repetitive measurements for one sample. Therefore, u,, was calculated by using Eqg.
(4) without the u; .., component and found as 0.02795 mL.

When the obtained standard uncertainty values of ug, uy, u,, and Umgampre WEre multiplied by
the related SC values, the contributions to the total uncertainty were found in units of analyte quantity.
Then, the expanded uncertainty of Wy, (Upurity) Was found by multiplying the square root of the sum of
these squares by the factor of coverage and the purity result for one sample was obtained as (99.951 +
0.508)%, (k = 2, at 95% confidence level).

The uncertainty budget of the purity of benzoic acid for one sample is seen in Table 7. The
percentage contributions of the uncertainty sources to the total standard uncertainty can be seen in Figure
4. It was determined that the biggest uncertainty contribution was due to the uncertainty of the factor
followed by the uncertainty of the titrant consumption.
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Figure 5. The standard uncertainty contributions for the six samples
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3.6. Uncertainty Budget for the Purity of Six Samples

Fyon, V. M and mgqpmy e are important to evaluate the measurement uncertainty for six samples.
Unt Uy, (SAME With 1y, 0 ) @nd up values are the same for the uncertainty budget of six samples

as seen in the previous section, whereas the SCs are different. u,, was calculated by using Eq. (4) and
found as 0.02801 mL.
When the obtained standard uncertainty values of ug, uy, u and Umggmpre WEre multiplied by

the related SC values, the contributions to the total uncertainty were found in units of analyte quantity.
Then, the expanded uncertainty of Wy, (Upuriy) Was found by multiplying the square root of the sum of
these squares by the factor of coverage and the purity result for six samples was obtained as (100.008 +
0.509)%, (k = 2, at 95% confidence level).

The uncertainty budget of the purity of benzoic acid for six samples is seen in Table 8. The
percentage contributions of the uncertainty sources to the total standard uncertainty can be seen in Figure
5. It was determined that the biggest uncertainty contribution was due to the titrant consumption followed
by the uncertainty of the factor.

The uncertainty evaluation based on the top-down approach named the NORDTEST Approach
[11] which is similar to the one used in our previous studies [21, 22] was also performed according to Eq.
6.

Upurity = kyJu(Ry)? + u(bias)? (6)

Upurity, w(Ry,), u(bias) and k correspond to the expanded uncertainty of the purity of benzoic acid,
standard uncertainties of within-laboratory reproducibility and bias, and the coverage factor as 2 for 95%
confidence level, respectively. u(R,,) was found as the standard deviation of long-term replicates of the
NIST SRM 39j, which corresponded to the random error. The random effects were investigated for 73
days (N=20). It was crucial to indicate that the standardization and sample titrations occurred on different
days, u(bias) which was the deviation from the certified reference value and representing the systematic
error was calculated by Eq. 7.

()

_ 2 2 2
Upijgs = JRMSbias + Spias/T + UNisT srm

where RMSy;,s iS the average (root mean square) bias, sp;qs IS the standard deviation of the bias
estimates, n is the number of bias estimates and uy;sr sra 1S the standard uncertainty (k=1) of NIST
SRM 39j. The systematic effects were investigated for 6 days (N=6) using NIST SRM 39j and the purity
result for benzoic acid samples was found to be (99.998 + 0.114)%, (k = 2, at 95% confidence level) and
the detailed data was given in Table 9.
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Table 5. The calculation of the standard uncertainty of molar mass of benzoic acid (u,)

47

Component Standard atomic weight Probability Average mass Standard uncertainty ~ Stoichiometric Uncertainty
P (M) distribution g of mass (uy,) coefficient contribution
C [12.0096, 12.0116] Rectangular 12.0106 0.00058 7 0.00404
H [1.00784, 1.00811] Rectangular 1.007975 0.000078 6 0.00047
o [15.99903, 15.99973] Rectangular 15.99938 0.000202 2 0.00040
C7H60, 122.12081 0.00409
Table 6. Uncertainty budget of the factor analysis
Model Function: F _ _ McrM
KOH ~ cx M xV
Inputs Uncertainty Components
s Contribution
Sensitivity to
I Probability - Standard Coefficient .
Symbol Definition Value Value distribution Multiplier Uncertainty Uncertainty
Feon SF:fJggr?f alcoholic KOH 0.89319 - 000000 - Normal 1 0.00000 - 1 - 0.00000
gy | Olndarduncertainty of NIST 4 999996 . 0og004 - Normal 1 0.00004 - 1 - 0.00004
SRM 39j
%4 Titrant consumption 11.00144 mL 0.02797 mL Normal 1 0.02797 mL -0.0812 mL* -0.00227
M Molar mass of benzoic acid 122.12081 g/mol  0.00409 g/mol Normal 1 0.00409 g/mol -0.0073 mol/g -0.00003
McrRy Sample amount 120 mg 3.3x107  mg Normal 1 3.3x107 mg 0.0074 mg*! 2.47x10°
Factor of alcoholic KOH . .
Fron solution 0.8932 Combined Uncertainty Ur 0.0023
Expanded Uncertainty (k=2) Ur 0.0045
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Table 7. Uncertainty budget for the analysis of one sample

KX Fgoy XV XCXM

48

Model Function: Wga = x 1000
msample
Inputs Uncertainty Components
s Contribution
Sensitivity to
o Probability - Standard Coefficient ;
Symbol Definition Value Value distribution Multiplier Uncertainty Uncertainty
Wga Purity of benzoic acid 99.95060 - - Normal - - - - -
Fooy ~ HoCtorofalcoholic KOH 089319 - 000227 - Normal 000227 - 1 . 0.00227
solution
|4 Titrant consumption 10.99600 mL 0.02795 mL Normal 0.02795 mL 9.0897 mL? 0.25410
M Molar mass of benzoic acid 122.12081 g/mol  0.00409 g/mol Normal 0.00409 g/mol 0.8185 mol/g 0.00335
Mgample  Sample amount 120 mg  3.3x107 mg Normal 3.3x107 mg -0.8329 mg!  -2.77x107
Wga Purity of benzoic acid 99.9506 Combined Uncertainty Upurity 0.2541
Expanded Uncertainty (k=2) Upurity 0.5083
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Table 8. Uncertainty budget for the analysis of six samples

KX Fgoy XV XCXM

49

Model Function: Wga = X 1000
msample
Inputs Uncertainty Components
s Contribution
Sensitivity to
. Probability L Standard Coefficient .
Symbol Definition Value Value distribution Multiplier Uncertainty Uncertainty
Wga Purity of benzoic acid 100.00817 - - - Normal - - - - - -
Fepy  ctorofalcoholic KOH 089319 - 000227 - Normal 1 0.00227 : 1 i 0.00227
solution
|4 Titrant consumption 10.99800 mL 0.02801 mL Normal 1 0.02801 mL 9.0897 mL? 0.25460
M Molar mass of benzoic acid 122.12081 g/mol  0.00409 g/mol Normal 1 0.00409 g/mol 0.8186 mol/g 0.00335
Mgample  Sample amount 120 mg 3.3x107 mg Normal 1 3.3x107 mg -0.8331 mgt  -2.77x107
Wpga Purity of benzoic acid 100.0082 Combined Uncertainty Upurity 0.2546
Expanded Uncertainty (k=2) Upurity 0.5093
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Table 9. The NORDTEST top-down approach parameters

Combined
Certified Expanded  Combined Laboratory relative Relative
value uncertainty  uncertainty result uncertainty bias bias
- 99.9996 0.0072 0.0036 99.9981 0.0036 -0.0015  -0.0015
(Sl%ias/n)rel 0.0001
u(Ry ret) 0.0569

u(bias,rel) 0.0027
ucombined,rel 0.0570
Urel (k = 2) 0.1139

4. Conclusions

In this study, bottom-up and top-down uncertainty approaches were separately evaluated and
compared with each other. The highest and the lowest uncertainty contributions without counting the
sample amount uncertainty based on the bottom-up approach came from the factor of alcoholic KOH
solution and the molar mass of benzoic acid for one sample and the titrant consumption and the molar
mass of benzoic acid for six samples, respectively. It was found that the expanded uncertainty values were
almost the same for one and six samples.

This is the first detailed and comparative uncertainty evaluation study based on both the bottom-
up and the top-down approaches for the purity determination of benzoic acid. Although the uncertainty
approaches were evaluated according to a particular brand-model titration instrument, both approaches
could be successfully applied by users by simply placing the data in their respective equations when using
a different titration instrument. When the top-down and the bottom-up uncertainty approaches were
compared, the results from the top-down approach had been underestimated. The analysts could use the
bottom-up or top-down approach according to the uncertainty estimation in their measurement conditions
for the purity determination of benzoic acid by using potentiometric titrimetry. However, if the uncertainty
obtained in the top-down approach is within the desired limits, the use of this approach may be preferred
since it is based on a simple calculation.
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