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Abstract The present article studies the metrological characteristics of AMV-
1006M NMR analyzers obtained during their calibration to determine the mass frac-
tion of oleic acid in sunflower oil. Calibration is of great importance for obtaining
repeatable and reproducible measurements of the quality indicators of agricultural
raw materials using measuring instruments. Calibration can be carried out in different
ways. In this case, the calibration procedure is performed using sunflower seeds and
specially developed imitator reference materials (RMs) for the mass fraction of oleic
acid in seed oil. The developed imitator RMs are characterized by high long-term
stability of their physicochemical parameters and do not require special storage and
operating conditions. The obtained data confirm the feasibility of using these imitator
RM s for calibration purposes. In the calibration of analyzers, the random error limits
of measurement results when using natural seeds exceeded those obtained with the
use of imitator RMs by a factor of 3. Furthermore, the study of the temperature effect
on calibration results indicates that the standard deviation of measurement results
does not exceed 0.8 abs% for the imitator RMs, whereas the use of natural seeds
yields 2.5 abs%.

Keywords Sunflower seeds - Oleic acid mass fraction + Nuclear magnetic
relaxation - Imitator reference materials - Calibration - Metrological support

Introduction

Stable development of present-day companies requires the introduction of control
systems implementing feedback principles. Such systems improve the quality of end
products and guarantee their consistent quality. According to regulatory documents
[1], companies engaged in the fat-and-oil industry are to monitor oil and moisture
content during sunflower seed harvesting, which directly affects oil yield, as well as
storage and processing conditions. Furthermore, the emergence of new raw materials,
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specifically high-oleic sunflower seeds [2], has set a new challenge for companies
to control oleic acid content in seed oil. Currently, this indicator is not regulated by
state standards, so it is set by companies instead; the minimum baseline value varies
from 78 to 85%, depending on the company’s requirements.

The mass fraction of oleic acid in sunflower oil is significantly influenced by
species-specific characteristics, as well as by growing conditions for seeds [3—-5]. In
addition, deliberate seed adulteration is possible due to the higher cost of such raw
materials. The above-mentioned factors necessitate companies to exercise prompt
control over this indicator.

Presently, the chromatographic method is used as an umpire method to determine
the mass fraction of oleic acid in sunflower oil [6, 7]. The disadvantages of this method
include its poor performance, high labor intensity, high qualification requirements
for staff, as well as the need for consumables. The listed disadvantages do not allow
the chromatographic method to be used for prompt control over the mass fraction of
oleic acid in sunflower oil.

Literary sources describe rapid methods using refractometry [8] and IR-
spectroscopy' [9—11] that are difficult to implement at factory laboratories. In addi-
tion, these methods exhibit low representativeness, require a lot of time to implement
and obtain calibration curves, as well as improve them in the process of operation,
with the correlation coefficients not exceeding 85%.

Earlier, we developed an instrumental method for determining the mass frac-
tion of oleic acid in sunflower oil [12] using the pulsed NMR? method. The
advantages of this method consist in its rapidness (analysis time of one sample —
below 1 min), simple sample preparation, high representativeness, and possible
simultaneous determination of several indicators.

Procedures for calibrating analyzers are of great importance in ensuring high
repeatability and reproducibility of measurement results via indirect instrumental
methods. However, no universal calibration procedures are currently available
for measuring instruments, with existing regulatory documents merely serving as
guidelines. Moreover, measuring instruments comprise a considerable nomenclature.

An analysis of literary sources has shown that the following basic methods are
used for calibrating quantitative analyzers in the fat-and-oil industry:

— use of natural oilseeds [13, 14]. Since they comprise complex biological enti-
ties and their physicochemical parameters change during storage, an obvious
disadvantage lies in their low long-term stability;

— a type of calibration using natural materials that involves producing reference
materials (RMs) from such natural components as grist and oil [ 15]. The advantage
of such RMs over natural seeds consists in the possibility of obtaining repeatable
characteristics, whereas their disadvantage lies in the fact that they require special
storage conditions and are difficult to produce;

! IR-spectroscopy — Infrared spectroscopy.
2 NMR - nuclear magnetic resonance.
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Table 1 Fatty acid composition of oil in sunflower seeds used for calibration

Sample | Mass fraction of fatty acids in sunflower oil, % of total fatty acids
Palmitic acid | Stearic acid C | Oleic acid C | Linoleic acid | Linolenic acid | Other
C16:0 18:0 18:1 C18:2 C18:3

1 5 3.6 31.1 60.1 0.1 0.1

2 5.9 39 47.6 41.2 0.2 1.2

3 52 2.1 68.9 18.5 39 1.4

4 5.7 6.7 72.1 13.9 0.1 1.5

5 43 3.7 79 11.2 0.4 14

6 4.3 3.7 86.2 5.5 0.1 0.2

— use of imitator RMs produced from chemically inert substances. They provide
metrological characteristics within a given range, require no special storage
conditions, and exhibit high long-term stability [16, 17].

For calibrating AMV-1006M NMR analyzers,® we developed a special imitator
RM set for the mass fraction of oleic acid in sunflower oil [18].

The present article aims to study the influence of used materials on the calibra-
tion results of NMR analyzers when determining the mass fraction of oleic acid
in sunflower oil. The obtained results will provide a practical justification for the
effectiveness of imitator RMs in calibrating quantitative NMR analyzers.

Materials and Methods

The studies were carried out at the Central Experimental Base (CEB) of VNIIMK
(Krasnodar) in2017-2020. The sample preparation of sunflower seeds was conducted
in accordance with GOST 8.597-2010 [19] used to determine the oil and moisture
content of oil crops employing the pulsed NMR method [20]. The sample preparation
procedure consisted in collecting a portion of sunflower seeds weighing (150 % 5)
g from the material under analysis, as well as 3-mm sieving the sample to remove
foreign matter. Prior to performing measurements, each sample was checked for the
presence of metal impurities. The prepared samples were stored in tightly closed
containers at 23 °C. Oleic acid measurements were performed using a quantitative
NMR analyzer AMV-1006M (VNIIMK, Krasnodar). This analyzer is used at most
Russian and CIS fat-and-oil companies for promptly determining the oil and moisture
content of oil crops and their products. The analyzer was upgraded to determine oleic
acid content using special software [20].

The oil of sunflower seeds prepared for the study exhibited a mass fraction of
oleic acid ranging from 31 to 86% (Table 1).

3 AMV-1006M NMR analyzers, Federal Information Fund for Ensuring the Uniformity of
Measurements. Available at: https://fgis.gost.ru/fundmetrology/registry/4/items/325229.
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Table 2 Characteristics of imitator RMs for the mass fraction of oleic acid in sunflower oil

RM number | Certified value—oleic acid mass fraction | Absolute error limits of certified RM
imitated in the RMs, % values (P = 0.95), %

1 31 +1

2 52

3 62

4 73

5 81

6 93

Oil was extracted from the prepared seed samples using a laboratory press. Then
the resulting oil was filtered to remove impurities and dissolved in hexane, followed
by the addition of a fresh solution of sodium ethoxide in methanol, having a concen-
tration of 2 mol/dm?. After intensive stirring followed by settling, the resulting
mixture was paper filtered [6].

The fatty acid composition of sunflower oil was determined using a Chromatec-
Crystal 5000 chromatograph (JSC SDO Chromatec, Yoshkar-Ola). The instruction
manual of the chromatograph was used to prepare the analyzer for operation and
analyze the prepared methyl esters.

Imitator RMs for the mass fraction of oleic acid in sunflower oil were devel-
oped and patented at VNIIMK to simplify the process of calibrating quantitative
AMV-1006M NMR analyzers [21]. These instruments comprise hermetically sealed
ceramic ampoules filled with a mixture of organosilicon liquids that imitate different
oleic acid contents. The weighted average of the proton spin—spin relaxation time of
the used organosilicon liquids ranges from 100 to 200 ms. Table 2 presents the mass
fractions of oleic acid in sunflower oil for imitator RMs.

The mass fractions of oleic acid in sunflower oil were certified for the developed
imitator RMs using the upgraded AMV-1006M NMR analyzer. This unit is only
hypothetically standard as the present procedure is currently being developed and
has not been approved yet. The above analyzer was calibrated using natural sunflower
seeds, whose mass fractions of oleic acid were determined in accordance with GOST
31,663-2012 Vegetable Oils and Animal Fats. Mass Fraction Determination of Fatty
Acid Methyl Esters via Gas Chromatography [7]. According to the specified GOST,
the repeatability of measurement results did not exceed 1 abs%. In order to reduce
the random component of measurement error, the average mass fraction of oleic acid
obtained in ten parallel measurements was used for each seed sample.

In most cases, fat-and-oil companies apply GOST 30,418-96 reducing the
accuracy of results due to a greater error of up to 5 abs% [6].

The imitator RMs were used to calibrate the other NMR analyzers specified
in the study. This study was conducted to show the advantages of these RMs for
the calibration of other (hypothetically working) AMV-1006M NMR analyzers in
order to ensure the reproducibility of calibration results, as well as the uniformity of
further measurement results, for all working NMR-analyzers. Future certification of
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Fig. 1 Calibration curve for determining the mass fraction of oleic acid in sunflower oil using the
pulsed NMR method

all imitator RM sets is expected to be conducted using a single unit (hypothetically
standard unit).

When measuring nuclear magnetic relaxation characteristics, the material under
analysis was thermostated at the required temperature for 2 h.

The calibration curve obtained using natural sunflower seed is shown in Fig. 1. The
presented data indicate a linear relationship between the nuclear magnetic relaxation
characteristics of oleic acid protons and oleic acid content in seed oil, with the
correlation coefficient exceeding 0.991. Furthermore, this linear character is observed
over the entire considered range of oleic acid content in sunflower oil.

The data obtained during the study were processed using the methods of math-
ematical and physical modeling, statistical processing, as well as interpolation and
correlation analysis from the Mathcad. 8 (Professional) and Mathlab 5.1 Relaxsometr
software package.

Results and Discussion

The first stage of the study produced the calibration repeatability results of one AMV-
1006M NMR analyzer using imitator RMs and natural seeds. Table 3 shows the
measurement results of imitator RMs and sunflower seeds having different certified
values of oleic acid mass fraction; these measurements were replicated 12 times
using the same NMR analyzer.
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Table 3 Repeatability of metrological characteristics obtained during the calibration of the AMB-
1006M NMR analyzer using imitator RMs and natural seeds

Measurement Measured oleic acid mass fraction, %

Imitator RMs Seeds

31 81 31 79
1 30 80 30 77
2 30 80 29 75
3 31 80 31 78
4 30 82 34 79
5 30 80 28 77
6 32 81 32 76
7 31 82 32 79
8 30 80 30 76
9 31 82 35 82
10 32 81 36 81
11 31 81 35 78
12 32 80 34 83
x 30.8 80.8 32.2 78.4
S¥ 0.25 0.26 0.79 0.75
e 0.57 0.59 1.79 1.71

The relative standard deviations of the measurement results (S%), as well as the
confidence random error limits of the measurement results (&), are almost three times
lower for the measurement results obtained using the imitator RMs as compared to
the use of sunflower seeds.

In order to check the reproducibility of calibration results obtained using the
imitator RMs and sunflower seeds, the study employed four AMV-1006M NMR
analyzers operating under the same conditions to eliminate the temperature effect on
calibration results (Tables 4 and 5).

The prepared seed samples and the imitator RMs for the mass fraction of oleic
acid were thermostatted at 23 & 0.5 °C for 2 h prior to each calibration.

It follows from Tables 4 and 5 that the calibration results of NMR analyzers using
the imitator RMs exceed those obtained using natural sunflower seed in terms of
reproducibility almost by a factor of three.

Our studies indicate that the imitator RMs provide higher metrological charac-
teristics of NMR-analyzer calibration as compared to the use of natural seeds as
reference materials.

This factor is attributable to the homogeneous structure of imitator RMs formed
in the process of their production. Sunflower seeds constitute a complex heteroge-
neous system, exhibiting structural heterogeneity even within a single sample under
analysis.
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Table 4 Measurement reproducibility when calibrating NMR analyzers with the use of the imitator
RMs for the mass fraction of oleic acid

RM Certified value, % Mass fraction of oleic acid measured S+ e
using four analyzers, %
1 2 3 4
1 31 304 31.1 31.6 323 0.40 1.28
2 52 51.7 53.2 52.6 51.6 0.38 1.21
3 62 61.4 62.7 62.5 60.9 0.43 1.38
4 73 72.3 73.4 73.7 74.0 0.37 1.18
5 81 81.9 79.9 80.2 80.7 0.44 1.40
6 93 93.8 94.1 92.6 94.3 0.38 1.21

Table 5 Measurement reproducibility when calibrating NMR analyzers with the use of sunflower
seeds

Sample Certified value, % Mass fraction of oleic acid measured | S¥ e
using four analyzers, %
1 2 3 4
1 31 28.3 324 31.9 33.6 1.14 3.63
2 48 453 45.1 46.7 49.7 1.06 3.38
3 69 71.7 65.8 71.6 70.8 141 4.47
4 72 76.2 73.5 73.4 70.3 1.21 3.83
5 79 75.8 82.3 80.4 80.9 1.41 4.48
6 86 83.3 84.2 83.4 87.8 1.06 3.37

In addition, a study of the temperature effect on the calibration results of NMR
analyzers was carried out. This study was conducted in the operating room of the
AMV-1006M NMR analyzer, where temperature varied within the range of 23 + 1
°C. This regime corresponded to ordinary conditions at factory laboratories using
split systems. The analyzer was calibrated every 30 min for 12 h at actual room
temperature measured using a digital thermometer (Fig. 2). The color of the marker
indicates the type of used material: black — imitator RMs for the mass fraction of
oleic acid, gray—natural sunflower seeds.

The presented data indicate that the nuclear magnetic relaxation characteristics
of oil protons in seeds are affected by temperature to a greater extent than analogous
characteristics exhibited by the protons of the imitator RMs for the mass fraction of
oleic acid. The standard deviation of measurement results does not exceed 0.8 abs%
for the imitator RMs, whereas the use of natural seeds yields 2.5 abs%. Such nature of
the temperature effect is attributable to the fact that temperature has a smaller effect
on the mobility of protons contained in imitator substances than in natural seeds.
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Fig. 2 Calibration error of the AMB-1006M NMR analyzer at different temperatures

Conclusion

The present study involved a metrological evaluation of materials used in the cali-
bration of quantitative NMR analyzers of oleic acid mass fraction in sunflower oil in
terms of their influence on calibration repeatability and reproducibility. A compar-
ison was made between the use of natural sunflower seeds and imitator RMs for the
mass fraction of oleic acid in sunflower oil developed by the present authors.

The study indicates that the imitator RMs for the mass fraction of oleic acid in
sunflower oil can improve the repeatability and reproducibility of calibration results
almost threefold. This enhancement is achieved due to the high homogeneity of these
imitator RMs. Such homogeneity results from their production process, as well as
from the used substances imitating nuclear magnetic relaxation characteristics.

The developed imitator RMs are less sensitive to temperature effects, as well
as exhibiting higher stability of their physicochemical parameters and, hence, their
certified values. An essential factor consists in the simplicity of using the imitator
RMs as compared to natural seeds. The RM set was developed and patented to imitate
oleic acid mass fraction in sunflower oil within the range of 31% to 93% [18].

Since the present work discusses only the calibration repeatability and repro-
ducibility of quantitative NMR analyzers using imitator RMs and natural sunflower
seeds, the next step is to examine the validity of measured oleic acid mass fractions
in sunflower oil using the pulsed NMR method. These studies have been conducted
from 2019 to the present day at Russian fat-and-oil companies: Uryupinsk and
Sorochinsk Elevators, Bolsheglushitskoe HPP (Samara Region), Olsam LLC, and
Pavlovskagroproduct JSC (Voronezh Region).
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