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Abstract

The paper considers the measurement of the mass fraction of total iron by the titrimetric method. A description of the
measurement technique is given. It is shown that a special feature of the titrimetric method is the need to use a certified
reference material with a known value of the mass fraction of total iron, which in this case acts as a reference measure
with the value of which the corresponding value in the sample of the substance under consideration is compared. When
implementing the measurement technique, two consistent input quantities are measured — the mass of the sample and the
volume of the titrated solution; therefore, to determine both the titre and the mass fraction of total iron, the reduction method
is used. In this case, it is necessary to separately evaluate the combined instrumental uncertainty of the measurements and
the standard uncertainty of repeatability, based on which it is possible to calculate the standard and expanded uncertainty
of the measurand. Procedures for the uncertainty evaluation of the titre and mass fraction of total iron measurements have
been developed. Uncertainty budgets for these quantities have been evaluated. Examples of the uncertainty evaluation of
the titre and mass fraction of total iron measurements based on real laboratory data and metrological characteristics of the

measuring equipment used are considered.
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Introduction

The mass fraction of total iron is the main com-
ponent that meets the requirements of rational use
of resources — state subsoil. For incoming control
of raw materials, control of technological processes,
and finished iron ore products, DSTU 8811.1:2018
[1] is used, or internal laboratory methods are used
for determining the mass fraction of total iron by
the titrimetric method, which are developed on its
basis.

A special feature of the titrimetric method is the
need to use a certified reference material (CRM) with
a known value of the mass fraction of total iron, which
in this case acts as a reference measure with the value
of which the corresponding value in the sample of the
substance being considered is compared. The CRM is
reproduced at the beginning of a working shift and is
the basis for further measurements of working samples
of the corresponding content of total iron, so it is
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necessary to evaluate uncertainty budgets for both the
titre and total iron.

When implementing method [1], two consistent
input quantities are measured — the mass of the sample
and the volume of the titrated solution. This leads to
the emergence of a correlation between the results
of observations of these quantities and, to be borne
it in mind, to the need to use the reduction method
(RM) [2—4] to determine both the titre and the
mass fraction of total iron. The RM is not generally
accepted in regulatory documents on measurement
uncertainty (MU) [5, 6], therefore, there have been no
attempts to develop corresponding procedures based
on the method in metrological practice.

The aim of the paper is to develop a procedure
for MU evaluation of the mass fraction of total
iron in iron ores, concentrates, agglomerates, and
pellets, taking into account the listed features of the
titrometric method.
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Table 1

Measuring equipment (ME)

Equipment name

Metrological characteristics

Analytical balance

Measuring range up to 61 g, U = 0.00017 g, k =2

Graduated burette

Nominal capacity up to 50 ml, U,= 0.026 ml, k=2

Certified reference material of total iron

Certified value of CRM, mass fraction, 62%, U, = 0.1%, k =2

1. The essence of the measurement method

The method is based on the reduction of trivalent
iron with a solution of tin dichloride to divalent iron
and titration of the latter with a solution of potassium
dichromate in the presence of an indicator — sodium
diphenylamine sulfonate. The excess reducing agent is
oxidized with mercury (II) chloride.

The measuring equipment used during the
measurements, in accordance with the requirements
of ISO/IEC 17025:2017 [7], is subject to calibration.
The metrological characteristics are given in Table 1.

The mass fraction of total iron Y is measured
in two stages:

1) First, the titre for CRM is determined using
indirect measurements, as:

_Am

V100

where A4 is a certified value of CRM, mass fraction, %;

m is the mass of CRM, g; V is the volume of the
titrated solution for CRM, cm?®.

2) Using indirect measurements, the mass frac-

tion of total iron Y in the sample of the test subs-
tance is determined as:

V. -100
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Y=
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where V, is the volume of the titrated solution for
the sample, cm’; M is the mass of the sample portion
being analyzed, g.

For each stage, a procedure for MU evaluation

shall be developed.

2. Procedure for MU evaluation of titre

The procedure consists of five main steps, out-
lined below.

1) Construction of a measurement model

The measurement model expresses the relation-
ship between the output quantity (measurand) 7 and
the input quantities, and is expressed by formula (1).

2) Evaluation of the input quantities values and the
measurand

The estimate of a certified value of CRM A4 is
taken from its calibration certificate.

The value of the CRM mass is estimated as
the arithmetic mean of measurement values of n=3
individual values of the sample masses m,:

:_Zm 3)

The value of the titrated solution volume for
CRM is estimated as the arithmetic mean of measure-
ment values of n=3 individual values of the titrated
solution volume V,:

_ 1
-3,
n g=1
According to RM [2], the titre value is estimated
as the arithmetic mean of individual titre values T,
using the following formula:
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3) Evaluation of standard uncertainties of input
quantities and measurand

Instrumental standard uncertainties (SUs) of
Type B of input quantities are evaluated through
their expanded uncertainties U and coverage fac-
tors k, which are taken from calibration certificates
accordingly:
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)= ©)
U
uB(m)—E, (7)
uy (V)= ®)

The combined instrumental SU of the titre
measurement is calculated by the formula:

uy (1) = e (D+ Camy+ (), (9)

where c¢,, c,, c, are the corresponding sensitivity
coefficients, which are equal to:
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The SU of the repeatability of titre measurements,
according to RM [2], is evaluated as:

1 4 m,
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D= ] (13)

48 Ukrainian Metrological Journal, 2025, No 2, 47-53



0. Diadiura, I. Zakharov, O. Botsiura, O. Zakharov, V. Ravinska

Table 2
Uncertainty budget for the titre 7’ measurement
Input Estimates . o Degrees of Sensitivity Uncertainty
quantities of input quantities SUs of input quantities freedom coefficients contributions
m m u B(r;z) v,, c, um(]A")
A A uy(A) v, c, u (T)
4 vV u(V) v, c, u,(T)
Measurand Estimate SU of measurand EDF Coverage factor Expan('ied
of measurand uncertainty
uB(D VB
T, T u(T) v,
T T u(f’) Vs k U

The SU of titre measurements is calculated using

the formula:
u(T) = \Ju2 (1) +u>(T). (14)

4) Evaluation the expanded uncertainty of the
measurand

The expanded uncertainty of the titre measurement
is evaluated as:

U, u(D), (15)

=t
PiVeg

where 7, ~is the Student’s coefficient for the
confidence level p and effective degrees of free-
dom (EDF) v,,, which is calculated using the Welch—
Satterthwaite equation:

A
=D __ (16)

n—1 Vg
where v, is the EDF of Type B, which is attributed
to the instrumental SU of the titre measurement and
is calculated using the Welch—Satterthwaite equation:

citts(A) | e,z (m)  equy (V)
Vi Vi Vy

Here v,, v,, v, are the degrees of freedom of
instrumental SUs of corresponding input quantities.

5) Evaluation of the uncertainty budget

The uncertainty budget for the measurement of
the titre 7 is given in Table 2.

3. Example of MU evaluation of the titre

The values of repeated measurements of the
quantities m and V for CRM at the titre T deter-
mination are given in Table 3.

The uncertainty budget for the measurement of
the titre 7T is presented in Table 4.

The average values of the input quantities m
and V were evaluated by formulas (3) and (4),
respectively, for n=3.

The average value of the measurand 7" was evalua-
ted by formula (5). The instrumental SUs of Type B
of the input quantities A, m and V were evaluated
by formulas (6), (7) and (8), using metrological
characteristics of ME from Table 1, and the SU of
repeatability of the measurand 7 was evaluated by
formula (13).

4. Procedure for MU evaluation for the mass fraction
of total iron

The procedure consists of five main steps, out-
lined below.

1) Construction of a measurement model

The measurement model expresses the relation-
ship between the output quantity (measurand) Y
and input quantities, and is expressed by the formu-
la (2).

2) Evaluation of the values of input quantities and
the measurand .

The estimate of the titre value 7 is taken from
the previous budget (Table 2).

Table 3
Laboratory values for the titre 7' determination
q m (g) V(em?) T (g/em’)
1 0.5018 30.15 0.010319
2 0.5030 30.20 0.010326
3 0.5026 30.20 0.010318
Average values 0.50247 30.183 0.0103212
Instrumental SUs 0.000085 0.013 2.6341x10°
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Table 4
The uncertainty budget for the measurement of the titre 7'
Input Eosglirlrllaltlets SUs of Degrees of Sensitivity Uncertainty
quantities pt input quantities freedom coefficients contributions, g/cm?
quantities
m 0.50247 g 0.000085 g 0 0.02054 cm™ 1.75x10¢
A 62% 0.05% 0 0.0001665 g/(cm3.%) 8.32x10°
V 30.183 cm?® 0.013 cm? 0 —-0.0003420 g/cm® —4.45%10°
Estimate of SU of Coverage Expanded
Measurand measurand, g/cm? measurand, g/cm? EDF factor uncertainty, g/cm?
9.596x10°% 0
T 0.0103212 2.6341x10°° 2
T 0.0103212 9.9514x107% 407 2.006 1.996x10°%

The value of the sample mass is estimated as the
arithmetic mean n,=2 of measurement values of the
individual mass values M,:

ZM

Aql

(18)

The value of the volume of the titrated solution
for the sample is evaluated as the arithmetic mean
n,=2 of measurement values of individual values of
the volume of the titrated solution V,:

19)

The mass fraction of total iron (Y) in percent is
calculated by formula (2) in parallel in two samples.
The results are considered acceptable if the absolute
difference between the results of two measurements
(Y;, Y,) does not exceed the value of the repeatability
limit ». If the condition is met, the arithmetic mean
of the results of two parallel measurements is taken
as the measurement result:

ZY =100— Z Vo,

A =1 vql

Y = (20)

3) Evaluation of standard uncertamties of input
quantities and the measurand

The SU of the titre u(7) is taken from Table 2
of the preliminary budget. Instrumental SUs of Type B
of input quantities are evaluated through their expan-
ded uncertainties U and coverage factors k, which are
taken from calibration certiﬁcates accordingly:

V =— 21

uy(V,) kV 1)
A U

uB(M)—k—M (22)
M

The measurement instrumental SU of the mass
fraction of total iron is calculated by the formula:

uy (1) = e @)+ ai (W) + ¢ (7). (23)

where ¢, ¢, ¢y, are corresponding sensitivity coef-
ficients, which are equal to:

_ v 7,100

c ; 24

i (24)
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The SU of repeatability of measurements of
the mass fraction of total iron is calculated by the
formula [8]:

A r
u(Y)y=——.
A1) 2.77
The SU of measurements of the mass fraction
of total iron is calculated by the formula:

u(V) =il (V) + (7).

4) Evaluation of the expanded uncertainty of the
measurand

The expanded uncertainty of the measurement of
the mass fraction of total iron is calculated as:

27)

(28)

Uy = u(¥), (29)

P Ve
where 7,, is the Student’s coefficient for the con-
fidence level p and EDF v, which is calculated using
the Welch—Satterthwaite equation:
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Table 5
Uncertainty budget for the measurement of the mass fraction of total iron
Input Estimates SUs of Degrees of Sensitivity Uncertainty
quantities of input quantities input quantities freedom coefficients contributions
T T uB(f ) Vr Cr uT(y )
VS v, ug(Vy) Vi, Cr, ”VS(J/)
M M uy(M) " Cu u(y)
Measurand Estimate SU of measurand EDF Coverage factor Exp anded
of measurand uncertainty
uB(Y ) VB
Y, Y u () v,
Y u(¥) Vo k U
4.5 o 5) Evaluation of the uncertainty budget
u (YY) u(Y) .
Vg =77 AT =V |, (30) The uncertainty budget for the measurement of
u,(Y)  uy(¥) uy (Y) the mass fraction of total iron Y is given in Table 5.
e 0] Y B

where v, is the EDF of Type B, which is attribu-
ted to the instrumental SU of the measurement of
the mass fraction of total iron and is calculated using
the Welch—Satterthwaite equation:

vy = ) )
T duyd) | a6 07)
VT VM VV

where v,, v,, vy, are the degrees of freedom of
the SU of the corresponding input quantities.

5. Example of the uncertainty evaluation of the mass
fraction of iron in a sample

The values of M and V, for determining the mass
fraction of iron in the sample Y being analysed are
given in Table 6.

The average values of the input quantities M and
V. were evaluated by formulas (18), and (19), respecti-
vely, for n,=2. The average value of the measurand Y
was evaluated by formula (20). The SUs of Type B
of the input quantities M and V, were evaluated by

Table 6
Values of laboratory indicators when determining the mass fraction of iron in a sample
q M(g) V. (em’) Y(%)
1 0.5011 31.5 64.88
2 0.5012 31.4 64.66
Average values 0.50115 31.45 64.77
Instrumental SU 0.000085 0.005 0.144
Table 7
Uncertainty budget for the measurement of the mass fraction of total iron
Input Eoszlirrrllaltlets SUs of Degrees of Sensitivity Uncertainty
quantities pt input quantities freedom coefficients contributions, %
quantities
T 0.0103212 g/em? 9.951x10°g/cm? 407 6275.57 %-cm’/g 0.06245
V. 31.45 cm’ 0.013 cm? ) 2.0595 %/cm? 0.02677
M 0.50115 g 0.000085 g ) -129.29 %/g -0.01099
Estimate of 0 Coverage Expanded
Measurand measurand, % SU of measurand, % EDF factor uncertainty, %
Y, 0.06883 600
Y, 64.7716 0.1444 )
Y 64.7716 0.1600 ) 2.0 0.3200
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formulas (21) and (22), using metrological charac-
teristics of the measuring equipment from Table 1,
and the repeatability SU of the measurand Y was
estimated by formula (27) in which the repeatability
limit »=0.4.

The uncertainty budget for the measurement
of the mass fraction of total iron Y is presented in
Table 7.

The complete result of measuring the mass fraction
of total iron will look like as follows:

Y = (64.77+0.32)%, p = 0.95.

Conclusions

The method for measuring the mass fraction of
total iron in iron ores, concentrates, agglomerates, and
pellets by the titrimetric method has been considered.
Procedures for the evaluation of the uncertainty of
the titre and mass fraction measurements of total
iron based on RM have been developed. Uncertainty
budgets have been evaluated, which can form the basis
for building software tools based on MS Excel.

Examples of calculating the uncertainty for
the titre and mass fraction of total iron have been
considered.

HeBu3Ha4yeHICTh BUMIPIOBAHHS MACOBOI YACTKH
3arajibHOro 3aji3a B 3aJi3HUX PyJaxX, KOHIEHTpaTax,
arjioMeparax i OKaTkKax
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AHoTaris

PosrisiHyTo MeTonuKy BUMIipIOBaHHSI MacOBOI YAaCTKH 3arabHOTO 3ajli3a TUTPOMETPpUIHUM MeTonoM. HasemeHo ormmic
METOIMKM BUMiptoBaHb. [loka3aHo, 1110 0COOIUBICTIO BUKOHAHHS TUTPOMETPUYHOTO METOAY € HEOOXiIHICTh BUKOPUCTAHHS
CTaHAApTHOTO 3pa3Ka 3 BiIOMWM 3HAUYEHHSIM MAacOBOI YaCTKM 3arajbHOTO 3aJi3a, SIKUU Yy IIbOMY BUITAIKy BUKOHYE POJb
€TaJIOHHOT MipH, 3i 3HAUEHHSAM SIKOI TTOPiBHIOETHCS BilTIOBIIHE 3HAYEHHST B TIPO0i peYOBUHU, 110 JOCTIIKYEThC. OCKITbKU
CTaHAApPTHUI 3pa30K BiATBOPIOETLCS HA MOYATKY poOOYOi 3MiHU i € OCHOBOIO JIJISI TOAAIBIINX BUMipIOBaHb POOOUUX TTPOO
BiJIMOBITHOTO BMICTY 3arajlbHOTO 3aji3a, MOTPIOHO CKJIACTU OIOKETU HEBU3HAYEHOCTI OKPEMO ISl TUTPY Ta 3arajibHOTO
3afiza. [lig yac peasnizailii METONMKU BUMIpIOBaHHSI BUMIpIOIOTHCSI JBi Y3rOJI)K€HI BXiJHI BEJIMUYMHU — Maca HaBaXKW Ta
00’eM TUTPOBAHOTO po3uunHy. Lle MPUBOMUTL MO BUHUKHEHHS KOPEJSIlii MixX pe3yJbTaTaMU CIIOCTepeXeHb LNX BEJIMYUH
Ta 151 i1 BpaXyBaHHSI — JO0 HEOOXiIHOCTI BUKOPUCTAHHSI METOMY PeAyKIlil /il BU3HAYEHHSI K TUTPY, TaK i MacoBOi
YaCTKM 3arajbHOro 3ajiza. Y 1LIbOMY BUIIQJKYy IOTPiOHO OKPEMO OLIIHUTU CyMapHY iHCTPYMEHTaJIbHy HEBHU3HA4YeHICTb
BUMIpIOBaHb i CTAHIAPTHY HEBU3HAYEHICTh MTOBTOPIOBAHOCTI, HA OCHOBI SIKMUX MOXHa pO3paxyBaTU CyMapHY CTaHIAPTHY Ta
pO3LIMpPEeHy HEBU3HAYEHOCTI BUMipioBaHb. Po3pobieHo mpoleaypy OLiHKA HEBU3HAYEHOCTI BUMipIOBaHb TUTPY Ta MacOBOiL
YaCTKM 3arajibHOTO 3ajliza, sIKi CKJIANaloThes 3 ITSITU eTalliB: CKIIAMaHHS MOJeJli BUMIpIOBaHHSI; OIiHIOBAHHS YMCIIOBUX
3HAYEHb BXiIHUX BEJIMYMH Ta BUMIPIOBAHOI BEJIMYMHU; OLIIHIOBAHHS CTAaHAAPTHUX HEBU3HAYEHOCTEH BXiAHUX BEJIUYUH
Ta BUMIpPIOBAaHOI BEJIWYMHU; OLIHIOBAaHHS PO3LIMPEHOI HEBU3HAUYEHOCTI BUMIipIOBAaHOI BEJUYUHU; 1OOyIOBa OIOIKETIB
HEBU3HAYEHOCTI, SIKi MOXYTb JISTTU B OCHOBY CTBOPEHHS IMPOrpaMHUX 3aco0iB Ha ocHOBi MS Excel. PosrisgHyro nmpukiagn
OIiHIOBaHHST HEBU3HAYEHOCTI BUMIpIOBaHb TUTPY Ta MAacOBOI YaCTKU 3arajibHOTO 3ajli3a Ha OCHOBi peaJIbHUX JJA00PATOPHUX
NAaHUX Ta METPOJIOTIYHUX XapaKTePUCTUK BUKOPUCTAHOTO BUMIPIOBAIIBHOTO OOJIAMHAHHS, B SIKUX JIsI OOYUCIIEHHST 3HAYeHb
BUMIpPIOBAHUX BEJIMYMH Ta X CTAaHAAPTHUX HEBU3HAYEHOCTEN BUKOPUCTOBYETHCS METOI PEMyKIIii.

Kmouosi cioBa: 3arajbHe 3aj1i30; MacoBa 4YacTKa; TUTPOMETPUYHMIA METOJ; HEBM3HAUEHICTh BMMIipIOBaHb, METOI
penyKliiii; OroIKeT HEBU3HAYEHOCTI.
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