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1. INTRODUCTION

For centuries, vegetable oils have been used in various areas such as nutrition,
art, skin and cosmetic products, medicine, and fuel. These oils are obtained
from plant sources like vegetables, seeds, or nuts. Depending on their chemical
and physical properties, different oils have been used for various purposes — for
example, canola and olive oil for cooking, almond oil in cosmetics, castor oil as
biodiesel, etc. However, for making paints, oils that form a solid layer while
binding together all other paint components (so-called drying oils) must be
used. The most common drying oils used as binders are linseed, poppy, and
walnut oils. The analysis of these vegetable oils may have numerous objectives.
For example, the analysis of cooking oils is performed to determine their
nutritional value, adulterations, evaluate the influence of heating, or establish
the oil’s quality by analyzing minor components. Because vegetable oils are a
renewable resource that are widely used in many products, the need for accurate
and comprehensive analysis is expected to increase.

In cultural heritage, the analysis of oil-based binders is needed to charac-
terize and identify the materials used to paint and/or protect an artifact. How-
ever, the chemical composition of oils used in art changes during the aging of
an oil-based paint, which complicates the identification of the original material.
The identification of oil binders has some unresolved questions, such as how to
unravel the raw materials in a mixture of similar compounds or differentiate
between traditional and modern oil paints. Also, because of the degradation
processes, the properties of the binder change that may cause the paint to turn
yellow, crack, develop deposits on the paint surface, become more sensitive to
water, etc. Therefore, the chemical composition of the paint and degradation
processes need to be studied to choose suitable conservation procedures, mate-
rials, and storage conditions to maintain the object’s visual appearance. Often
qualitative analysis of characteristic compounds or degradation products is used.
However, in the case of materials with similar composition (including oils used
for painting), quantitative analysis is used more and more for the identification
and observation of the degradation processes.

One of the most widely applied methods to analyze oils is gas chromato-
graphy (GC) combined with derivatization. A wide range of derivatization
methods have been used, including reagents performing acid- and base-cata-
lyzed alkylations, silylation, and transesterification. However, all these proce-
dures are rarely 100% efficient in derivatizing the triglyceride molecules present
in vegetable oils. Moreover, their efficiency and the associated uncertainty have
not been comparatively evaluated for the different derivatization methods.

Therefore, the aims of this thesis are the following:

1. Compare four widespread derivatization methods used for the GC analysis
of oils, including modifications to enable absolute quantification.

2. Realistically assess the uncertainty contribution of the derivatization step.



3. Apply the improved procedures for the analysis of samples from different
fields: dried oil paint samples (self-made and from artifacts) and yeast cells.

First, a comprehensive comparison of four derivatization methods (TMTFTH,
acid-catalyzed methylation, KOH-BSTFA, and NaOEt-BSTFA) widely used in
cultural heritage and archaeology was performed based on the quantitative ana-
lysis of fresh oils — canola and linseed oil. Performance parameters — derivatiza-
tion efficiency (yield) and intermediate precision (within-lab reproducibility) —
together with experimental characteristics — time and cost of analysis, sample
preparation, and complexity of interpretation — were evaluated. The results
present the most suitable derivatization method for the absolute quantification
of the studied fresh vegetable oils.

Although derivatization is a widely used step in the GC and high-perfor-
mance liquid chromatography (HPLC) analyses, specifically, the uncertainty
contribution of the derivatization part has not been studied in detail. Therefore,
the second step of this thesis was to apply two bottom-up uncertainty estimation
approaches — the traditional GUM and the Monte Carlo method (MCM) — to
estimate the uncertainty of derivatization. This study proposes the preferred un-
certainty estimation approach and discusses the aspects of uncertainty esti-
mation of derivatization.

Finally, in the third step, a suitable derivatization method and the improved
quantitative analysis were applied for the analysis of various samples, ranging
from cultural heritage to biorefinery. Both relative and absolute quantification
were performed on a comprehensive set of self-made artificially aged paint
samples with varying pigment to linseed oil ratios. The aim was to study if and
how much pigment concentration affects the composition of drying oil and to
monitor different ratios, including the palmitic to stearic acid ratio (P/S) that is
the most common parameter to distinguish between drying oils. Relative quanti-
fication was also used to study two case study samples relevant to the history of
Estonia. Finally, the improved absolute quantification procedure was applied for
the quantification of triglycerides in lyophilized yeast cells (Rhodotorula toru-
loides). Knowing the absolute fatty acid content in the cell samples is an impor-
tant step in facilitating the further development and usage of yeast cells to
produce lipid-based sustainable chemicals and fuels.
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2. LITERATURE OVERVIEW

2.1. Composition of oils

Naturally occurring oils mainly consist of triacylglyceride molecules (TAGs,
aka triglycerides), which in turn are made of one glycerol moiety bound via the
ester linkages to three fatty acid residues. Besides TAGs, vegetable oils may
also contain mono- and diglycerides, free fatty acids, and glycerol in smaller
quantities.' Traditionally (and in this thesis), the fatty acid residues are called by
the name of the corresponding fatty acid for simplicity. Also, wherever only the
term “oil” is used, specifically vegetable oils are meant. The fatty acids in
TAGs are monocarboxylic acids that usually have an even-numbered linear
carbon chain with carbon number ranging from 4 to 24. The fatty acids may be
saturated or unsaturated. In one triglyceride molecule, the fatty acids are present
in random combinations. The most widespread fatty acids are known by their
trivial name and are often abbreviated as CX:Y, where X represents the number
of carbon atoms in the aliphatic chain and Y is the number of double bonds. The
most abundant fatty acid residues in oils are palmitic (C16:0), stearic (C18:0),
oleic (C18:1), linoleic (C18:2), and linolenic (C18:3) acid (see Table 1).* For
one type of oil, there are no fixed fatty acid percentages because the exact
composition of the original oil source depends largely on the geographical
origin and meteorological effects.’

Table 1. Percentages of fatty acid residues in some of the most common oils.**

. Vegetable oil (%)
Fatty acid Linseed | Walnut | Poppy | Canola | Olive
Palmitic acid (C16:0) 4-10 9-11 3-8 3-6 7-16
Stearic acid (C18:0) 2-8 12 0.5-3 1-2.5 24
Oleic acid (sum of Z+E) (C18:1)* 10-24 11-18 9-30 | 52-66 | 64-86
Linoleic acid (C18:2) 12-19 69-77 | 57-76 | 17-25 | 4-15
Linolenic acid (C18:3) 48-60 3-5 2-16 811 0.5-1

“ Often the percentage of C18:1 is expressed as the sum of oleic acid ((Z)-Octadec-9-
enoic acid) and elaidic acid ((E)-Octadec-9-enoic acid).

2.2. Utilization of vegetable oils

For centuries, various vegetable oils such as olive, canola, and coconut oil have
been used for cooking, fuel, cosmetics, and for other purposes.2 In recent years,
more and more vegetable oils (including nonedible oils such as castor oil) are
used as renewable sources for making biodiesel, stabilizers, lubricants, emulsi-
fiers, agrochemicals, pharmaceuticals, solvents, fragrances, and so on. ' This
progress in the last decades demonstrates that oils are also an important starting
material for green chemistry.” Because of its wide use in food and medical
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industries as well as growing use in green chemistry, accurate methods are
needed for the chemical analysis of oils. One big problem is the adulteration of
oil products.'™™ For example, chemical analyses are necessary to detect if
virgin olive oil has been tampered with cheaper and lower quality seed oils
(e.g., hazelnut oil).""""* Other aims for the analysis of vegetable oils include the
quality or authenticity assessment based on minor compounds'®'” and studying
the impact of heating/frying.'*"’

The first written sources about using oils as binding materials in paints origi-
nate from the 11™-12" century, although there are additional pieces of evidence
that using oil binders has a longer history. From the 15" century, oils gradually
started to replace the more common egg-based binding medium (tempera). The
reason behind the replacement was the more transparent look of the oil-based
paint.”® Since around the 17" century, oils are one of the most used natural
binding materials next to proteinaceous materials (egg, casein), waxes (bees-
wax, carnauba), polysaccharide materials (plant gums), and resins (colophony,
shellac).”' Usually, linseed, poppy, or walnut oil is used as the oil binder. These
oils have high levels of polyunsaturated fatty acids (at least 65% of linoleic and
linolenic acid), which polymerize due to air oxygen and turn the former liquid
oil into a solid layer. Because of that, these oils — called drying oils — are
suitable to be used as paint binders.**” Among them, linseed oil dries the fastest
(because of the highest linolenic acid concentration) and turns touch-dry in a
few days. However, the drying processes of all drying oils continue for many
years and are influenced by oil pre-treatments and other paint components
(mainly pigments). Linseed oil is the most common drying oil, even though it
tends to yellow the most. To overcome yellowing, after extraction from flax
seeds, linseed oil can be bleached under sunlight to produce clarified linseed oil,
which is often used by artists.”*** Poppy oil tends to yellow less and has lower
viscosity; however, it takes longer to dry and is more likely to crack or soften
after drying.” Walnut oil dries longer and is less likely to turn yellow compared
to linseed oil. Still, it is seldom used in tube colors for its property to turn easily
ralicigi2 (nowadays, this problem can be reduced by using alkali-refined walnut
oil’).

Manufacturing of paints around the start of the 20" century introduced also
other oils (besides the traditional drying oils) into the binding media. These
include semi-drying oils that contain less unsaturated fatty acids (e.g., canola
oil, soybean oil) that can slow down the curing processes. Even non-drying oils
(e.g., castor oil, olive oil) have been added to paint mixtures. The usage of semi-
and non-drying oils decreased the price of the paint and also made it more stable
to be stored in tubes. Nowadays, these are called modern oil paints due to their
different composition compared to traditional oil paint and commercial produc-
tion. Besides oils, other additional compounds may have been added to modern
oil paints, such as metal stearates, hydrogenated castor oil, and stabilizing
21gents.4’24’25

In closed containers and at ambient temperature, the drying oils are liquid.
However, they start to solidify when laid as a thin layer and left to air dry. The
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double bonds in the unstable polyunsaturated fatty acid residues in the TAG
molecules react with air oxygen, and highly reactive peroxidic compounds are
produced.B’26 These, in turn, can cause reactions between the carbon chains.
The peroxidic groups easily decompose and form free radicals that react with
each other. Consequently, the carbon chains are combined via new C-C, C-O—
C, or C-O-0—C “bridges”, leading to the formation of a cross-linked insoluble
polymeric film (Figure 1). The extent of the drying process (also called aging of
the oil) decreases in time but may take several months, or even years, as long
there are free radicals.”>***’

A\
/_/_/—\_% Polymerization /_/_’\‘%
o I

0 [0)
047/\ 0 j/\ N\
0] o]
)
\ N /
Figure 1. Polymerization of a representative triglyceride.

Besides the formation of a polymeric structure, smaller fragments (ketones, alde-
hydes, alcohols, dicarboxylic acids) can form as a result of the oxidative cleav-
age reaction (Figure 2). These compounds may evaporate during the drying of
the oil, causing an additional change in its composition.”® Therefore, the dried
oil’s chemical composition is very different from the composition of the ori-
ginal fresh oil. Because of the possibility of numerous and complex reaction
paths,z‘%he exact autooxidation mechanism of a drying oil is not yet fully under-
stood.
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Figure 2. Oxidation of a representative triglyceride. A peroxidic compound is formed
by the removal of hydrogen (-H-), reaction with oxygen (+O,), and water vapor (RH,
relative humidity). From this various new compounds can be formed.”

The drying process can be accelerated by using various factors such as heat,”**

UV light,” higher relative humidity (RH),”'** or by adding siccatives aka driers.*®
Driers are metal compounds that can speed up the drying of an oil, for example,
by decomposing the hydroperoxides and thus increasing the number of free
radicals.” Some pigments (e.g., burnt umber, cobalt blue, and lead white®*** )
have been shown to act as driers in addition to providing color to the paint.

2.3. Analysis of vegetable oils

24,36-40

Various methods like high-performance liquid chromatography (HPLC),
Fourier transform infrared (FT-IR) spectroscopy,'™'**' matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS),'"'*** and ultraviolet-
visible spectroscopy (UV-Vis)***” have been used for the analysis of vegetable
oils. However, for the analysis of oils used in cultural heritage artifacts, by far
the most common method is gas chromatography (GC).* GC is a type of
chromatography where the mobile phase is an inert gas (often He), and the
stationary phase is a low volatility liquid on the internal surface of a column.
The compounds separate from each other based on differences in boiling points
and, to a lesser extent, based on the components’ interactions with the stationary
phase. GC is a method with high sensitivity and selectivity that enables the
analysis of various thermally stable and volatile organic and inorganic com-
pounds with boiling points below 500 °C (in the case of conventional GC
systems).***" Compared to spectroscopic methods (IR and UV-Vis) used to
analyze oils, GC allows the identification and quantification of analyte(s) in a
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mixture of similar compounds using the corresponding standards and/or a mass
spectrometric detector (MS). Compared to MALDI mass spectrometry, GC
enables a more reliable and robust quantitative analysis of specific compounds,
and a GC is more commonly available in laboratories. While HPLC analysis re-
quires the sample to be dissolved in a solvent that is compatible with the eluent,
for GC, almost any common solvent (except water) can be used. Also, because
of the higher efficiency of GC it is often easier to obtain good separation of the
original and degradation products of oils than with HPLC, where development
of a successful separation method can be labor-intensive.”'”* Together with a
MS detector, GC-MS is an essential technique used for the separation of
complex samples and the identification of the separated compounds. In cultural
heritage, besides being the principal analysis technique used for the analysis of
lipids, it is also frequently involved as a confirmatory method — often various
spectroscopic, chromatographic, and mass spectrometric techniques are used in
combination for the full characterization of a sample.****** Because TAG mole-
cules in oils are not volatile enough for the GC analysis, derivatization is re-
quired to obtain smaller and less polar fragments. By this chemical alteration, it
is also possible to improve the thermal stability, detection, and separation of the
analytes. In Figure 3, the general scheme for the derivatization of a TAG mole-
cule is presented.

/\WW j\/\/\/\/ﬁ/ﬁ/ﬁ/
0" "o
O\n/\/V\/\z/\/\/\/\
l

‘ Derivatization ‘

Figure 3. General scheme for the derivatization of a representative TAG molecule.

Since the 1970s—1980s, a wide range of derivatization procedures with different
reagents have been developed to analyze oils in art materials and objects.”® By
these procedures, the TAGs are hydrolyzed, and then the fatty acid residues are
derivatized mainly to methyl, ethyl, or silyl esters.”! In recent years mostly silyla-
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tion (for example, derivatization with BSTFA: N,O-bis(trimethylsilyl)trifuoro-
acetamide, BSA: N,O-bis(trimethylsilyl)acetamide, or HMDS: hexamethyldisi-
lazane)™ and transesterification (e.g., acid- or base-catalyzed alkylation, reactions
with basic quaternary ammonium reagents) methods are used. The procedures
including transesterification are especially convenient because the fatty acids in
TAGs are directly alkylated without the hydrolysis step.” Even though there are
numerous derivatization procedures, only a few studies’® > have focused their
research on the comparison of the methods.

In paper I, four derivatization methods were compared:

a) TMTFTH: TMTFTH (m-(-trifluoromethyl)phenyltrimethylammonium
hydroxide, commercially known also as Meth-Prep II) methylation

b) ACM: acid-catalyzed methylation

¢) KOH-BSTFA: saponification with KOH followed by BSTFA
trimethylsilylation

d) NaOEt-BSTFA: ethylation with sodium ethoxide (NaOEt) and
trimethylsilylation with BSTFA

The general reaction schemes for these derivatizations are presented in Figure 4.
The first two methods are transesterification reactions, where ACM is a wide-
spread procedure used in archacology and the more novel TMTFTH derivatiza-
tion is mainly used in the analysis of art objects.”” TMTFTH is a quaternary
ammonium reagent that combined with the fatty acid residues yields quaternary
ammonium salts that decompose under 220-300 °C in the GC inlet to produce
methylated fatty acids. This simplifies the sample preparation and has gained
popularity for the TMTFTH derivatization, especially for the analysis of small
samples obtained from valuable art objects.”® BSTFA derivatization reagent is
even more widely used in cultural heritage, often preceded by various saponi-
fication/hydrolysis steps. The NaOEt—BSTFA derivatization yields mainly et-
hylated derivatives from TAGs and a small amount of trimethylsilyl esters
(TMSE) from free fatty acids. Besides their wide use, these four derivatizations
methods were chosen because these do not require any special equipment (for
example, a pyrolizer®) in addition to a standard GC. The well-known tetra-
methylammonium hydroxide (TMAH) was excluded because this derivatization
reagent requires higher temperatures than the conventional GC inlet can provide
(>600 °C) and therefore is almost exclusively used with a pyrolysis GC-MS
(PyGC-MS) device.”
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Figure 4. Reaction schemes of A: TMTFTH methylation,' B: ACM derivatization,” C:
KOH-BSTFA derivatization,”*®> and D: NaOEt-BSTFA derivatization.”> ME — methyl
ester, TMSE — trimethylsilyl ester, and EE — ethyl ester.

Both MS and flame ionization detector (FID) were applied in paper I to assess if
one has advantages over the other in terms of the quantitative analysis of oils.
With the MS detector, the compounds are ionized, the ions are separated by
their mass-to-charge (m/z) ratio, and mass spectra are recorded at short inter-
vals. The separated compounds can be identified by comparing the recorded
mass spectrum to spectra in a library and/or by analyzing a standard of the same
compound with the same chromatographic conditions (identification based both
on retention times and mass spectra). Practically all compounds that can be
separated by the GC can be detected with the MS detector using electron impact
ionization. In the case of FID, the separated compounds are burned and ionized
in an H, flame. The compounds must contain at least one C—C or C—H bond to
be detected with FID — a requirement that is easily met with almost all organic
compounds. FID is often preferred for quantitative analysis, but identification
can only be achieved by analyzing the corresponding standards under the same
chromatographic conditions.*%%¢’
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2.4. Characterization of vegetable oils

Several factors complicate the determination of the type of an oil using GC-MS.
Identification based on qualitative analysis could be performed based on some
specific marker compounds. For example, canola oil can be identified based on
the presence of (Z)-eicos-11-enoic (gondoic) and (Z)-docos-13-enoic (erucic)
acid. The same is the case for castor oil, whose presence can be confirmed by
identifying ricinoleic acid.* However, most oils (including linseed, poppy, and
walnut oil) largely consist of the residues of the same five fatty acids (see
Table 1). The only variance comes from the fact that the relative quantities of
these fatty acid residues are different.” Therefore, qualitative analysis is not
always enough, and quantitative analysis with GC-MS could be the solution.

Quantitative analysis of fatty acids present in fresh oils could help to dis-
tinguish between different oils. However, in the case of aged drying oils, most
of the unsaturated fatty acids present in the fresh oil have gone through various
reactions (see Section 2.2), which cause the dried oil to have a completely diffe-
rent chemical composition. Even though absolute quantification is rarely used in
the analysis of cultural heritage samples, relative quantification is very com-
mon. The first study to suggest the usage of fatty acid ratios was proposed by
Mills in the 1960s. He demonstrated that the ratio of the two saturated fatty acid
peak areas — palmitic acid to stearic acid (P/S ratio) — is characteristic of a
specific oil and stays approximately the same during aging.®® Since then, quite
wide P/S value ranges have been reported for the most widespread drying oils —
in rough terms, the P/S ratios are around 1.4-2.4 for linseed oil, 2—4.5 for
walnut oil, and 3-8 for poppy 0il.” Because these values have only a small
overlap, the P/S ratio has been used as a differentiating parameter to suggest the
type of the used 0il.” ™ The high variance in the P/S value of one type of oil is
mainly caused by different oil pre-treatments and origins. However, several
studies have suggested that the P/S ratio is not stable during the aging of a
drying oil, but decreases in time.”'**”> During the drying processes, some of the
TAGs are hydrolyzed, and free fatty acids are produced, including free palmitic
and stearic acid.” A study by Schilling et al.”” demonstrated that palmitic acid
evaporates four times more rapidly than stearic acid, which would lead to the
decrease of the P/S ratio.

Other common values derived from peak areas in chromatograms that are
used to characterize drying oils are the ratio of azelaic acid to palmitic acid
(A/P) and the sum of the relative content of dicarboxylic acids to other fatty
acids (3_D). The higher these values, the more oxidized and therefore dried is
the paint sample because dicarboxylic acids (including nonanedioic acid aka
azelaic acid) are the autooxidation products of the unsaturated fatty acids.’>®* It
has been suggested that A/P > 1 together with > D > 40% are characteristic
values of drying oils, and A/P < 0.3 together with YD < 15% are characteristic
to egg (yolk, white, or whole egg) binder.”*”’

Although in some cases the class or even the exact type of the binding
material can be suggested based on these ratios, conclusions must be made
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cautiously. Several studies have shown that various factors may influence the
oil’s drying processes (and through it also the P/S, A/P, and Y D ratios) like the
presence of other sample components (pigments,’* fatty acids from waxes®) and
storing conditions (UV exposure’® and RH"). Additionally, some additives (for
example, metal carboxylates — stearates and palmitates) that have a similar
composition to the fatty acid residues affect the before-mentioned ratios.*"*

2.5. Uncertainty evaluation of derivatization

In this thesis, the quantitative analysis of oils was performed. Therefore, the un-
certainty of the results must be evaluated. Based on the definition proposed by
the International Vocabulary of Metrology (VIM), the measurement uncertainty
is a “non-negative parameter characterizing the dispersion of the quantity values
being attributed to a measurand, based on the information used”.®" This is a
necessary parameter for the correct presentation of the results of a quantitative
analysis which also characterizes the quality of the result.*

One aspect that directly influences the measurement uncertainty in the GC
analysis of oils is the derivatization step. Derivatization is often one of the most
complex steps in the GC and also LC analyses and, therefore, may have a large
contribution to the uncertainty budget. For derivatization, a 100% derivatization
efficiency (yield) is desired.* However, most of the time the derivatization effi-
ciencies are below 100% — for example, the derivatization reaction may not pro-
ceed to completion, or there are analyte losses during transferring and/or solvent
evaporations. Therefore, for the presentation of a correct quantitative result, the
efficiency of the derivatization procedure and its uncertainty estimate should be
included. However, the evaluation of the derivatization efficiency requires abso-
lute quantification. In paper I, the derivatization efficiency and measurement
uncertainty estimation were included as important factors for selecting the most
suitable derivatization method. There the measurement uncertainty estimation
was performed by calculating the intermediate precision (within-lab reproduci-
bility) of the analysis — this is a top-down measurement uncertainty estimation
value that is obtained by preparing and analyzing the sample on different days
and calculating the standard deviation (standard uncertainty).**

Even though there are numerous studies that estimate the measurement
uncertainty for GC and LC analysis involving derivatization (references 8488,
to name only a few), to the best of our knowledge, the uncertainty contribution
of the derivatization step, specifically, has not been addressed. To evaluate the
uncertainty contribution of only the derivatization step, a bottom-up uncertainty
estimation approach can be applied. In bottom-up approaches, the uncertainties
of all relevant input quantities are found and merged to yield a combined un-
certainty of the output quantity.” Two well-known bottom-up approaches are
the conventional GUM approach (termed as the law of propagation of un-
certainty, described in the Guide to the Expression of Uncertainty in Measure-
ment) and the Monte Carlo method (MCM).**
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These two methods have been compared based on chemical analyses,” ** but
in paper II, for the first time, the methods were compared in terms of the un-
certainty of the derivatization step. Like almost all quantitative GC and LC ana-
lyses, the studied quantitative derivatization method involves linear regression.
However, with linear regression, there are two ways to choose the input quanti-
ties (important uncertainty sources, see the following sections). Often, slope (a)
and intercept (b) are chosen as the input quantities. The other option is to use
the ratios of concentrations and signal intensities of the measured calibration
solutions (that can be considered as the input quantities for ¢ and b) as these are
the primary values. When choosing the first option, the negative correlation
between the slope and the intercept should be considered while estimating the
uncertainty with the traditional GUM and MCM approaches. In the traditional
GUM method, the correlation between input quantities can be taken into
account. However, additional methods (Ilrnan—Conover,94 Gaussian copulag5 -
used in paper II) have to be included with the MCM to take the correlation
between input quantities into account. In paper 11, both ways — taking and not
taking the correlation between input quantities into account — were considered
with the traditional GUM and MCM methods. These approaches are discussed
further in the following sections.

2.5.1. The traditional GUM method

In the traditional GUM approach,96 first, the measurand is defined, a mathe-
matical model is constructed, and the value of the measurand is calculated.
Second, all important uncertainty sources are identified. Third, the uncertainties
of the input quantities are calculated, and fourth, the combined (and often also
the expanded, see below) uncertainty is calculated. In the uncertainty estimation
of the measurand, the standard uncertainties of the input quantities are used to
calculate the combined standard uncertainty of the output quantity. A functional
relationship f connects the input quantities (x;, x, ... x,) to the output quantity
(measurand Y) by equation (1):

Y = £ (0%, ) (1)

The combined standard uncertainty — u, — of the value Y can be calculated by
combining the standard uncertainties of input quantities (x;) by equation (2).
The dY /0x; is the sensitivity coefficient (partial derivative) and r(x;, x;) is the
correlation coefficient of the two input quantities. The second term under the
square root takes the correlation between quantities x; and x; into account — this
can be disregarded from the formula if the input quantities are statistically
independent.
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After calculating the combined standard uncertainty, the expanded uncertainty
can be obtained by multiplying the value by a suitable coverage factor. Often a
coverage factor in the range of 2 to 3 is used, which results in a probability
coverage level of roughly 95.5% to 99.7%. However, in the case of an input
quantity whose uncertainty contribution is high (a strong influencer) and that is
obtained via small number of replicate determinations, the distribution function
is closer to the Student’s distribution (aka #-distribution) than to the Normal
distribution. Thus, the uncertainty distribution of the output quantity will be a
convolution of the Normal and Student’s distributions. Then, the distribution
function of the output quantity is often assumed to have the Student’s distribu-
tion with an effective number of degrees of freedom (v.;). The Welch-Satterth-
waite formula presented by equation (3) can be used to calculate the v,y

Ve = 3)

In equation (3), the v; represents the number of degrees of freedom for the input
quantity x;. After calculating v.4, the expanded uncertainty of the output quantity
at coverage probability P (often 95%) can be found by multiplying the com-
bined standard uncertainty by the Student’s coefficient #(v,z P).

2.5.2. The Monte Carlo Method (MCM)

In the MCM,”” instead of the standard uncertainties used in the traditional GUM
approach, the propagation of actual distribution functions of the input quantities
are used. This way, the MCM enables a more realistic evaluation of the un-
certainty of the measurand without needing to calculate the partial derivatives.
In the MCM approach, random values from the probability density functions
(PDF) of the input quantities are generated, and the corresponding value of the
output quantity is found. This iteration is performed many times (typically 10°-
10° times). The values of the output quantity are combined, and its empirical
distribution function is obtained. In Figure 5, the general scheme proposed by
Herrador et al.”® for the MCM simulation is presented. In the example, model Z
depends on three input quantities (X, X,, X3) that have the corresponding PDF-
s: p(X;) — rectangular, p(X;) — triangular, and p(X;) — normal. After performing
the MCM simulations, a non-symmetric PDF is obtained for Z, p(Z). From
there, it is possible to calculate the mean and uncertainty of the output value.
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The MCM is considered more universal than the traditional GUM method.
For example, the MCM can manage input quantities with any distribution func-
tions and cope with non-linearity caused by an input quantity. Additionally, the
MCM simulation provides a better estimate of the real uncertainty coverage
interval for the result.”’

p(Xy)
Rectangular

PXo) Z=7(X;, X, X
Triangular Xy Xy, X3)

rZ)
Non-symmetrical

pXy3)
Normal

Figure 5. General scheme of the Monte Carlo Method (MCM).”® The symbols are
explained in the text above.
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3. EXPERIMENTAL SECTION

The origin and purities of the chemicals and materials used in this thesis that are
not presented here are given in paper I or paper I11.

3.1. Quantitative analysis with GC-MS/FID

In the quantitative analysis, both the traditional relative quantification and the
less used absolute quantification were performed. The relative quantification is
a quicker method based on the peak area ratios of specific fatty acids or dicarbo-
xylic acids. The absolute quantification also uses peak areas in the calculations
and returns the absolute concentrations of the analytes as a result (expressed as
grams or moles per 100 g of oil, for example), but the procedure is much more
labor-intensive. The internal standard method was used for the absolute quanti-
fication. To visualize the calibration graphs, the analyte/internal standard peak
area ratio (Sap/Sis) was plotted against the analyte/internal standard con-
centration ratio (Cap/Cis). For each derivative, a corresponding calibration
graph was constructed (two representative calibration graphs are presented in
Figure 6). Knowing the peak areas and concentration of internal standard, it is
possible to calculate the concentration of the fatty acid derivative from the
linear regression model, which can then be converted to represent the
corresponding fraction of a TAG molecule.

C18:2 GC-FID C16:0 GC-FID

Sap Cap 3 Sap Cap
—=081-—-10.18 —=045-—-10.19
slS clS SIS ClS

R2 = 0.9993 R? = 0.9605

0 5 10 15 20 25 0 2 4 6
C,p/Cis Can/Cis

Figure 6. Representative calibration graphs of one of the best (A: methyl linoleate
measured with GC-FID) and one of the worst (B: trimethylsilyl palmitate measured
with GC-FID) examples.

Derivatives of the main fatty acids were used to make the calibration solutions.
Three sets of standards were needed because different derivatives were pro-
duced with the used derivatization methods: TMTFTH and ACM methods give
fatty acid methyl esters (FAME), NaOEt—-BSTFA mainly fatty acid ethyl esters
(FAEES), and KOH-BSTFA method yields fatty acid trimethylsilyl esters
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(TMSE). The FAME and FAEES standard mixtures with known concentrations
are commercially available and were used to prepare seven calibration solutions
each. The FAME mixture (Sigma-Aldrich, St. Louis, MO, USA) contained
methyl palmitate, methyl stearate, methyl oleate + methyl elaidate (Z + E),
methyl linoleate, and methyl linolenate (papers I, III). In the quantitative
analysis of yeast cells, another FAME mixture was used (C4-C24, Supelco,
Bellefonte, PA, USA) because of availability. The FAEES mixture (Supelco)
contained ethyl esters of saturated fatty acids, including ethyl palmitate and
ethyl stearate (paper I). It was concluded that the analysis of these two ethylated
fatty acids is sufficient for the characterization of the derivatization efficiency
of the NaOEt-BSTFA procedure. Internal standard (IS, solution of hexadecane)
was added to all calibration solutions. The calibration solutions and derivatized
sample solutions were analyzed with GC-MS/FID in random order.

Because the TMSE standards of the studied fatty acids necessary for the
KOH-BSTFA method were commercially unavailable, the TMSE of palmitic,
stearic, and oleic acid were synthesized in-house. The synthesis was based on
the protocol presented by Noda and Bode.'” A Schlenk flask was heated over-
night at 130 °C and thereafter cooled airtight in Ar flow. Depending on the
desired TMSE, 0.25 g of palmitic, stearic, or oleic acid was placed into the
flask. Anhydrous acetonitrile (0.7 mL) and BSTFA (0.7 mL) were added to the
fatty acid, and the mixture was stirred for 3 h at 60 °C in Ar flow. Finally, the
volatiles were removed from the flask during 3 h at 60 °C. The purities of the
synthesized TMSEs were determined with the quantitative NMR method
(QNMR).

For the comparison of the derivatization methods (paper 1), two main valida-
tion parameters were used — derivatization efficiency (yield) and intermediate
precision (within-lab reproducibility) — which together express the ruggedness
of the method. Those values were calculated based on the analyses performed
over several weeks, therefore, accounting also for random effects.’™'"" To
evaluate those parameters, a mixture of TAGs (tripalmitin, tristearin, triolein,
and trilinolein) was prepared by weighing to imitate the composition of natural
oil. An analytical grade oil standard (canola oil, Supelco) was used as the quali-
ty control sample. Clarified linseed oil used for art (Lefranc & Bourgeois, Paris,
France) and canola cooking oil (Olivia, Estonia) were used as real-life samples.

Intermediate precision was also calculated in paper III to assess the
suitability of the chosen derivatization method for the analysis of dried oil paint
mock-ups by analyzing one of the most homogenous samples (yellow ochre +
linseed oil, 50 g/100 g) on five days among the GC-MS analysis of other oil
paint mock-up sets.
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3.2. Uncertainty estimation
of the KOH-BSTFA derivatization

In paper 11, the KOH-BSTFA method was chosen as an exemplary procedure to
study the measurement uncertainty of the derivatization step. The data obtained
from the analysis of the solution containing tripalmitin analyzed on one day was
used in the mathematical model of derivatization efficiency. The GC-MS results
of the calibration solutions measured on four days were averaged and used to
construct the calibration graph corresponding to palmitic acid trimethylsilyl ester.
The slope (a) and intercept (b) of this graph were used in the mathematical model.
Six uncertainty estimation methods based on the traditional GUM approach
(marked as G) or the MCM (marked as M) were used. In the case of G1 and
M1, the correlation between a and b was not taken into account. Conversely, in
G2 and M2, the correlation between a and b was used (correlation coefficient
r = -0.71). In the last two approaches, G3 and M3, instead of a and b as the
input quantities, the uncertainties of the concentration ratios and signal ratios
(used to construct the calibration graph) were used. This approach is called the
“full” least-squares linear regression. GUM Workbench 2.3 software was used
for the traditional GUM approach, and R software was used for the MCM and
the Gaussian copula methods. In paper II, the comparison and analysis with the
traditional GUM approach and MCM were performed by Dr. Martin Vilbaste.

3.3. Oil paint mock-ups

The seven analyzed oil paint mock-up sets contained a natural or synthetic pig-
ment (zinc white, Prussian blue, yellow ochre, red ochre, natural cinnabar,
chrome oxide green, or a mixture of hematite and kaolinite) and linseed oil. The
paints had been prepared by weighing (Sartorius balance, resolution 0.1 mg)
and mixing on Petri dishes. Each pigment and linseed oil mixture had 15 to 16
paint samples, where the oil concentration varied from 10 to 95 g/100 g. The
paint samples had been artificially aged. The paint mock-ups containing Prus-
sian blue, natural cinnabar, red ochre, chrome oxide green, or the hematite +
kaolinite mixture had been aged in a specially made chamber with RH of
35 £ 10 % for six months at 72 + 5 °C and then for four months at 62 + 5 °C.
The zinc white and yellow ochre paints were kept in a drying oven for eight
months at 80 & 2 °C. Then the paints were pulverized with a ball mill (Mini-mill
Pulverisette 23, Fritsch), transferred into vials, and stored at room temperature
away from direct sunlight. The GC-MS analysis and ATR-FT-IR measurements
were performed after ca. nine months. Each pigment + linseed oil set was
derivatized and analyzed with GC-MS in one series. Some pulverized paint
samples (especially chrome oxide green and linseed oil samples) remained
slightly inhomogeneous. Therefore, the pieces were carefully selected for the
GC-MS analysis to get the averaged overview of the whole sample.
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3.4. Derivatization procedures

The four derivatization procedures used in this thesis for the analysis of oils
were based on literature and modified when needed to fit the requirements of
the absolute quantification method. Analytical balances (GENIUS Sartorius or
Precisa, both with a resolution of 0.01 mg) were used for weighing all the
samples, solutions, and reagents that affected the concentration of the analyte(s)
in the quantitative analysis. To perform an accurate and reliable absolute quanti-
fication, the minimum amount suitable for weighing with these balances is
10 mg. If there is a need for absolute quantification in smaller sample amounts
(e.g., 1 mg), a balance with higher resolution (e.g., 0.001 mg) should be used.
However, if relative quantification is sufficient then highly accurate weighing is
not important. In paper I, stock solutions of samples (fresh oils and TAG
standards) were made in toluene and smaller volumes were measured from
them. This way, the sample amounts used in the derivatization would be similar
to those used in the literature. In paper I, the details of the four derivatization
methods are presented. In paper II, the KOH-BSTFA method was studied in
terms of uncertainty estimation. In paper III, the ACM procedure was used and
explained further. Hexadecane was used as the internal standard (IS). In this
thesis, another derivatization method developed for the analysis of proteins
(HCI-MTBSTFA method: hydrolysis with HCI, followed by derivatization with
methyltributylsilyl tetrafluoroacetamine) was used only for the analysis of the
case study paint samples (see Section 4.5.1).

TMTFTH derivatization

The TMTFTH derivatization was based on the procedure presented by Manzano
et al.'"” TMTFTH solution in methanol (50 uL) was added to the stock solution
in a glass vial. The derivatization mixture was sonicated for 30 min. Then, the
solution was left to stand for 24 h at room temperature as suggested by Suther-
land® because it became evident that with the samples analyzed in paper I, the
time span used in the original work'® was not sufficient for complete derivati-
zation. Finally, the solution was diluted in DCM and IS was added.

NaOEt-BSTFA

The two-step derivatization with NaOEt and BSTFA was based on the proce-
dure presented by van den Berg et al.% NaOEt 0.01 M solution in ethanol was
added to the stock solution. Dry nitrogen was purged through, the vial was
crimped with a cap and heated for 1.5 h at 70 °C. Then, NH4CI saturated solu-
tion in ethanol was added to the mixture. After 20 min, the solvents were
evaporated, the residue redissolved, and BSTFA added. Again, the vial was
crimped with a cap and heated for 30 min at 70 °C. The solution was quantita-
tively transferred to another vial and evaporated to dryness. The analytes were
redissolved in DCM and the IS stock solution was added.
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KOH-BSTFA

The second two-step derivatization with KOH and BSTFA studied in papers I
and II was based on the method described by Lluveras et al.'” First, the stock
solution was evaporated to dryness, and 10 wt% KOH solution in ethanol was
added to saponify the TAGs. The vial was crimped with a cap and heated for
2 h at 60 °C. Then, Milli-Q water and TFA solution were added to produce free
fatty acids. The solution was extracted with hexane and diethyl ether. The
combined extracts were evaporated to dryness, isooctane and BSTFA were
added. The mixture was heated for 30 min at 60 °C. Then, the solvents were
evaporated, the residue redissolved in isooctane, and the IS stock solution was
added.

ACM

The ACM was based on the method described by Craig ef al.'™ Compared to
their work'® and paper I, the heating parameters were changed in paper III
because it was found that shorter heating at higher temperature was also
suitable. In paper I, the stock solution was evaporated to dryness. In paper III,
10 to 12 mg of pulverized oil paint mock-up sample was weighed. In both
papers, methanol was added to the dry sample, and the vial was sonicated for
15 min. Then, concentrated H,SO, was carefully added to the methanolic solu-
tion, the vial sealed with a PTFE-lined screw cap, and heated (4 h at 70 °C in
paper I, 3 h at 80 °C in paper III). After the reaction mixture had cooled to room
temperature, the solution was extracted three times with hexane. The hexane
layer was carefully separated and pipetted into another vial through a glass pipet
filled with a layer of K,CO; upon a layer of glass wool. The combined extracts
were evaporated to dryness. The residue was redissolved in hexane or toluene
and IS stock solution added. The same procedure that was used for the analysis
of oil paint mock-up samples was used for the analysis of yeast cells.

For the case study paint samples (see Section 4.5.1), around 0.1-0.3 mg of
paint was transferred to a 15 mL vial. Then, 1 mL of methanol was added, the
vial was sonicated for 15 min, and 0.2 mL of concentrated H,SO, was carefully
added. The sample, solvents, and reagents were not accurately weighed because
only relative quantification was performed with these samples. The other
aspects of the sample preparation were the same as in paper 111, described in the
previous section. To the residue obtained from the extraction, 0.1 mL of toluene
was added, and this solution was analyzed with the GC-MS (without IS).

HCI-MTBSTFA (for amino acid analysis)

The amino acid derivatization was based on the procedures described by
Pitthard ef al.'” and Lluveras et al.'"” A simplified procedure was used because
the aim was to determine if the case study paint samples from the cultural
heritage objects contained proteins, not to quantify the amino acids. Around
0.1 mg of sample was transferred into a chromatographic vial and 100 puL of 6M
HCI (prepared from concentrated HCIl, >37%, Sigma Aldrich, and Milli-Q
water). The vial was purged through with N,, crimped with a cap, and heated
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for 24 h at 105 °C. After the vial had cooled to room temperature, the sample
was evaporated to dryness at 60 °C under N, flow. Then, 40 uL of Milli-Q
water was added to the residue, the solution stirred, and evaporated to dryness.
The same procedure was performed with 40 uL ethanol (Estonian Spirit OU,
Estonia purity 96.7%). To the residue, 20 uL of MTBSTFA (Sigma-Aldrich,
purity >97%), 20 uL of pyridine (Honeywell, Charlotte, NC, USA, purity
>99.8%), and 2 pL of triethylamine (Sigma-Aldrich, purity >99%) were added.
Again, the vial was crimped with a cap and the derivatization mixture was
heated for 30 min at 60 °C. After the solution had cooled to room temperature,
20 pL of the solution was transferred to a chromatographic vial with a 100 puL
insert and centrifuged. From the supernatant, 10 pL. was transferred to another
chromatographic vial with a 100 uL insert and analyzed with GC-MS.

3.5. Parameters of the used instruments

GC-MS/FID

For the lipid analysis with GC, the following Agilent devices were used: 7890A
GC connected to 5975C inert XL MSD with a Triple-Axis Detector and a
G4513A autosampler. The column was an Agilent DB-225MS capillary
column (50% cyanopropylphenyl-50% methylpolysiloxane) with dimensions of
30 m x 0.25 mm and a film thickness of 0.25 um. The temperature of the ion
source was 230 °C, the mass spectrometer transfer line 280 °C, and the inlet
300 °C. The injection volume was 1 pL (papers I and II), 0.5 puL (paper III and
analysis of yeast cells), or 2 pL (analysis of the paint case study samples).
Electron impact ionization (EI) with 70 eV electrons was used, and the solvent
delay was 5 min (papers I and II) or 5.60 min (paper III, yeast cells, and paint
case study samples). The splitless mode was used with the split opened after
2 min. The carrier gas was helium 6.0 with a flow rate of 1.5 mL/min.
The temperature in FID was 300 °C. The H, and airflow rates were 30 and
400 mL/min, respectively.

The temperature programs were the following: initial temperature 80 °C,
isothermal hold for 2 min, temperature ramp of 10 °C/min (papers I and II) or
20 °C/min (paper 111, yeast cells, and paint case study samples) to 200 °C, and
4 min hold. Then, the temperature was increased again at 5 °C/min to 220 °C,
isothermal hold for 5 min, and in the end 10 °C/min to 230 °C (isothermal hold
in paper III, for the yeast cells and paint case study samples for 12 min). The
total run time in papers I and II was 28 min, and in paper IlI, for yeast cells, and
for paint case study samples, 34 min. These temperature programs enabled the
efficient separation of all fatty acids and their degradation products, except for
the two isomers of octadecenoic acid, C18:1 (oleic and elaidic acid). In the case
of this thesis, it is acceptable to present the sum of these isomers as is usually
done to characterize the content of C18:1 in oils.>**°

In papers I and II, the MS was operated in the scan mode, where the total ion
chromatogram (TIC) was recorded in the mass range of 50-800 m/z. In
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paper 111, for the yeast cells, and the case study paint samples, the qualitative
analysis was performed in the scan mode (mass range 27—400 m/z) and the
quantitative analysis in the SIM (selected ion monitoring) mode. In SIM mode,
at the start of the run, the ions with m/z values of 57 and 71 were measured to
register the IS. After 9.5 min, the signals corresponding to ions with m/z values
of 55, 74, and 81 were registered. These ions correspond to one of the most
intense fragments present in the mass spectra of methylated fatty acids. For the
data analysis, an Agilent MSD ChemStation and NIST Mass Spectral Library
Search 2.0 were used.

For the amino acid analysis (used only for the analysis of the case study
paint samples from the cultural heritage objects), another GC-MS system
consisting of Agilent devices was used: 6890N GC connected to a 5973 MS and
a G2613A autosampler. An Agilent DB-5MS capillary column was used (5%
phenyl-95% methylpolysiloxane) with dimensions of 30 m x 0.25 mm and a
film thickness of 0.25 um. The temperature of the ion source was 230 °C, the
mass spectrometer transfer line 250 °C, and the inlet 220 °C. The injection
volume was 1 pL. Electron impact ionization (EI) with 70 eV electrons was
used, and the solvent delay was 5.20 min. The split mode with a split ratio of
2:1 was used (split flow 2.3 mL/min). The carrier gas was helium 6.0 with a
flow rate of 1.1 mL/min. The temperature program was the following: initial
temperature 100 °C, isothermal hold for 2 min, temperature ramp of 4 °C/min to
280 °C, and 15 min hold with a total run time of 62 min. The MS was operated
in the scan mode (mass range of 20—400 m/z).

NMR

For the '"H NMR measurements, Bruker Avance 700 spectrometer working at
700.1 MHz was used. The spectra were recorded at 25 °C in CDCl; (99.8% D +
0.03% TMS). The synthesis yields and purities of the TMSE were the fol-
lowing: palmitic acid TMSE (yield 79%; purity 99.1%), stearic acid TMSE
(yield 47%; purity 95.4%), and oleic acid TMSE (yield 37%; purity 99.2%).

ATR-FT-IR

A Thermo Scientific Nicolet 6700 FT-IR spectrometer with Smart Orbit dia-
mond micro-ATR accessory (refractive index — 2.4, the diameter of the active
sample area — 1.5 mm) was used for the ATR-FT-IR analysis. The FT-IR
spectrometer was equipped with a DLaTGS detector, Vectra Aluminium
Interferometer, and a Csl beamsplitter. For recording ATR-FT-IR spectra, the
wavenumber range of 4000-225 cm’, resolution 4 cm™, and the number of
scans 128 were used. Constant dry air purging was used to protect the FT-IR
spectrometer from atmospheric moisture. Thermo Electron’s OMNIC 9 soft-
ware was used to collect and process the spectra.
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4. RESULTS AND DISCUSSION

4.1. Quantitative GC-MS/FID analysis with the
derivatization methods

The modified quantitative analysis with the four derivatization methods
(TMTFTH, NaOEt-BSTFA, KOH-BSTFA, and ACM) was performed on fresh
oils and a self-made TAG mixture. The aim was to compare the four deriva-
tization methods and to describe each one’s advantages and disadvantages. In
the following sections, the results of both relative and absolute quantification of
TAGs with the improved methods are presented. The results include the com-
parison based on sample preparation, intermediate precision, and derivatization
efficiency of each derivatization method.

4.1.1. Relative quantification of the canola oil standard

For the initial evaluation of the four derivatization methods, an analytical grade
canola oil standard was analyzed (Table 1 in paper I). The peak areas of the
derivatized fatty acids were used to calculate the relative peak area percentages.
These values were compared to the percentages presented in the canola oil
certificate. The results showed that the derivatized fatty acids were efficiently
separated by the used GC method and that all chosen derivatization procedures
produced comparable and reproducible results in terms of the relative quanti-
fication of fatty acids.

4.1.2. Derivatization efficiency (yield)

To assess the derivatization efficiency (yield) of the derivatization procedures,
absolute quantification is needed. For this aim, the self-made TAG mixture with
known concentrations was analyzed with the improved absolute quantification
method (see Section 3.1). In theory, if the concentrations obtained from the
experiments would be the same as the concentrations calculated from the
weighing data, then the derivatization efficiency would be 100%, meaning that
all the TAG molecules were quantified. In Table 2, only the results of the GC-
MS analysis are demonstrated because similar results were obtained with both
MS and FID as detectors. Therefore, it can be concluded that both detectors
would be suitable for the GC analysis of fresh vegetable oils. The GC-FID
results are presented in paper 1.
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Table 2. Derivatization efficiency (%) based on the GC-MS analysis®

Sample | Fattyacia | TMTFTH | NaOEt-BSTFA | KOH-BSTFA ACM
GC-MS GC-MS GC-MS GC-MS

C16:0 102.3 (1.4) 67.3 (1.5) 97.0 (6.0) 96.8 (3.2)

TAGs C18:0 93.7(2.7) 60.3 (2.3) 87.9 (7.8) 742 (3.1)
mixture | C18:1 98.3 (2.3) — 100.3 (7.8) 85.5 (3.0)
C18:2 90.1 (1.3) - - 77.4(0.7)

“ Every result is the average of three or four values determined over at least four weeks.
In parentheses are the standard deviations. Some values could not be calculated (marked
as “—”) because the corresponding calibration solutions did not contain these fatty acid
derivatives.

The results in Table 2 show that the TMTFTH derivatization had the highest
derivatization efficiencies together with one of the best within-lab reproducibi-
lities. The second-best in terms of derivatization efficiency would be the KOH—
BSTFA method. However, for this method, higher standard deviations were
seen. The ACM procedure had lower derivatization efficiencies than the above-
mentioned methods, but better within-lab reproducibility than the KOH-BSTFA
method. The method with the most unsatisfactory results was the NaOEt—
BSTFA derivatization. The reason could be that NaOEt is not sufficiently
strong to transesterify the TAG molecules in quantitative terms.

Therefore, although the relative quantification of the canola oil standard
showed similar results for all four derivatization methods, the absolute quantifi-
cation demonstrated that the methods are not equal in terms of derivatization
efficiency. Additionally, from Table 2, it can be inferred that the derivatization
efficiency of a derivatization method also depends on the specific fatty acid.
Therefore, the used derivatization method is another factor that contributes to
the wide variance of the P/S ratio obtained for one type of oil. For example, in
case of an oil containing equivalent amounts of palmitic (C16:0) and stearic
(C18:0) acid, the P/S ratio obtained with the TMTFTH method would be around
1.09; however, with the ACM derivatization the P/S value would be much
higher — around 1.30.

4.1.3. Absolute quantification of fresh oils

The developed absolute quantification method was applied for the analysis of
fresh clarified linseed oil, canola cooking oil, and the canola oil standard (all
results are presented in Table 3 of paper I). In Figure 7, a representative
chromatogram of the derivatized clarified linseed oil is presented.

31



Intensity - 107 C18:3
10
8
6 cig: Cl18:2
Hexadecane S~ ;
4 C16:0
2 c18:0 JLc18:33
‘6é1‘01‘21‘41‘61‘82‘02‘22‘42‘

Figure 7. Representative TIC of the solution containing internal standard and TMTFTH
derivatized clarified linseed oil. * Geometric isomer of C18:3.

In the case of the canola oil standard, it was possible to compare the obtained
values to the ones presented in the certificate (Table 3) after converting the
values into mmol/100 g units. The TMTFTH derivatization showed its superio-
rity again by producing the highest fatty acid contents for the analyzed oils. The
values obtained with the TMTFTH derivatization for the canola oil standard
were also the closest to the certificate values. For the absolute quantification of
oils, the second best was the ACM method (compared to the third position in
the TAG mixture analysis).

Table 3. Absolute quantification of fatty acids in canola oil standard (mmol/100 g of
oil) based on the GC-MS analysis.”

Sample | FAttY | TMTFTH | NaOEt-BSTFA | KOH-BSTFA | ACM | ..
P acid | GC-MS GC-MS GC-MS GC-MS “
C16:0 | 15.6 (0.1) 8.6 (0.6) 11.4 (1.8) 14.4 (1.2) 16.0
[ C18:0] 6.8(0.2) 43 (0.5) 9.3 (5.0) 6.4 (0.6) 6.3
Csf;l";:r"; C18:1 | 203.4 (2.6) — 123.8 (19.4) |175.5(19.3)| 2054
C18:2 | 59.8(0.3) - _ 51.2 (4.9) 69.1
C18:3 | 22.0(0.2) N _ 18.6 (1.3) 29.6

“ Every result is the average of three values determined over at least four weeks. In
parentheses are the standard deviations. Some values could not be calculated (marked as
“—“) because the corresponding calibration solutions did not contain these fatty acid
derivatives.

Although the TMTFTH derivatization performed the best in terms of deri-
vatization efficiency and within-lab reproducibility, it can be seen from Table 3
that the concentrations of C18:2 and C18:3 do not agree so well with the
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certificate values as do the concentrations of C16:0, C18:0, and C18:1. For
example, the derivatization efficiency with the TMTFTH method for C18:2 was
90.1% (see Table 2). When taking this derivatization efficiency into account,
the concentration of C18:2 in the canola oil standard would be 65.9 mmol/100 g
of oil, which agrees much better with the certificate value. This demonstrates
that even when using the best derivatization procedures, the derivatization yield
should be considered when presenting the absolute quantities.

In the case of clarified linseed oil and canola cooking oil, also the relative
amounts of the quantified fatty acids were found with the TMTFTH and ACM
derivatization methods (with these methods, the absolute quantification of all
five main fatty acids was possible because the FAME mixture contained all
corresponding derivatives). The results of these two methods agreed with the
literature values reported for linseed and canola oil (see Table 4 in paper I). This
again suggests that even when a derivatization method shows to be suitable for
relative quantification, the usage of absolute quantification must be validated in
terms of derivatization efficiency.

4.2. Concise comparison of the four derivatization methods

In addition to evaluating derivatization efficiency and intermediate precision,
the experimental aspects of the four derivatization methods were compared (a
concise comparison is presented in Table 4). Here again, the TMTFTH deri-
vatization showed the highest number of advantages — the technique has readily
available calibration standards, easily interpretable chromatograms, and the
sample preparation was the quickest and the least labor-intensive. However, the
cost of the chemicals was the highest. The other studied methods may be pre-
ferred, for example, if low-cost chemicals are needed, the aim is to distinguish
between free and bound fatty acids, or the usage of readily available chemicals
is needed. Although, it should then be considered if the aim is the relative or
absolute quantification and if and how the derivatization efficiency should be
taken into account.

Additionally, it must be kept in mind that the performed comparison is based
on the absolute quantification of fresh oils. If the nature of the sample is diffe-
rent (e.g., dried and aged oil) or significant modifications are made to the proce-
dures, then a re-examination of the order of these derivatization methods is
necessary. For example, in the case of dried oils, stock solutions cannot be made
because the polymerized structure does not fully dissolve in common solvents
or solvent mixtures, and the method should be modified accordingly. Therefore,
the conclusions derived from the analysis of fresh oils cannot be directly
transferred for the study of dried oils. In paper I, the comparison was based on
fresh oils because for finding the derivatization efficiencies, the exact com-
position of the sample (e.g., the TAG mixture) must be known. However,
making an aged oil sample with known fatty acid concentrations is practically
impossible.
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Table 4. Comparison of the derivatization methods for fresh oils studied in paper I
(green — advantages, red — limitations, black — neutral features).

TMTFTH | NaOEt-BSTFA | KOH-BSTFA ACM
* One-step o
derivatization + Two-step + Two-step .an.- stcp
L RRP derivatization
+ No sample derivatization derivatization .
Sample . . - Extractions
. transfer + Evaporation + Evaporation .
preparation } * Evaporation
necessary - Labor- - Labor- . Labor-
+ Easy intensive intensive . .
Intensive
procedure
T?fpe .of + Methyl * Mainly ethyl | - Trimethylsilyl | Methyl esters
derivatives esters esters esters
Time required for
sample lh 4h 4h 7h
preparation ‘
Approx. cost of
chemicals for 100 145 € 65 € 70 € 60 €
derivatizations
Possible to
distinguish .
Simple inter- between free Inte;rl[:etsélon Simple inter-
. pretation — and bound fatty Y . pretation —
Interpretation . i complicated if -
one peak for acids; one peak for
of results . L several
every fatty interpretation is P every fatty
. . derivatives .
acid complicated by appear acid
two peaks for PP
every fatty acid
Average
derivatization 96 (2) % 64 (2) % 95 (7) % 83(3)%
efficiency (SD)”

“The times do not include the time required for the synthesis of TMSEs, the NMR ana-
lysis for the quantitative analysis (KOH-BSTFA method), or the preparation of calibra-
tion solutions (all derivatization methods). ” The average derivatization efficiency value
was calculated by averaging the results obtained with one derivatization method using
GC-MS or GC-FID. SD is the pooled standard deviation.

4.3. Uncertainty estimation with the traditional
GUM and MCM

The previous sections demonstrated that within-lab reproducibility is one of the
important factors when choosing a suitable derivatization method. Therefore, it
is reasonable to put effort into evaluating (and reducing, if it is possible) the
uncertainty of the derivatization step in the GC-MS analysis during the method
validation. Next, the aspects and results of the two uncertainty estimation
approaches (traditional GUM and MCM) applied for the KOH-BSTFA deriva-
tization method are presented.

Even though the previous section showed that the TMTFTH derivatization is
the preferred method for the absolute quantification of fresh oils, for the
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uncertainty estimation, the KOH-BSTFA method was chosen for two reasons.
First, the KOH-BSTFA method is a two-step derivatization and more laborious
(including extraction, heating, and evaporation to dryness) than the TMTFTH
derivatization. Therefore, the KOH-BSTFA is more suitable to model a typical
GC or LC derivatization, which often involves multiple operations during
sample preparation. Second, the calibration curves obtained from the analysis of
the TMSE standards had the highest scatter (see a representative calibration
curve in Figure 6B), which leads to a higher uncertainty contribution of the
slope and intercept. This, in turn, could help to observe the impact of taking (or
not taking) the correlation between the slope and intercept into account when
estimating measurement uncertainty.

4.3.1. The contributions of input quantities

Both uncertainty estimation approaches (traditional GUM and MCM) require a
measurement model that relates the input quantities to the output quantity.
Therefore, the following measurement model was composed for the derivatiza-
tion efficiency calculation (the mathematical model showing also the canceled-
out components is presented in paper II):

R = ( Y—-a ) . (Am3~mls) . (msolventl+mtripalm) . (m) (4)
b pur Msolvent3 Aml 'mtripalm MZ

The abbreviations in equation (4) denote the following values: R — derivatiza-
tion efficiency, Y — the ratio of the peak areas (Sap/Sis), a — slope, b — intercept,
pur — purity of the palmitic acid trimethylsilyl ester, Am; — the mass of the IS
solution weighed for the analysis, m;s — the mass of IS used for preparing the IS
stock solution, mpe,; — the mass of solvent used for preparing the IS stock
solution, mg,pen;; — the mass of solvent used for preparing the tripalmitin stock
solution, Mgpam — the mass of tripalmitin used for preparing the tripalmitin
stock solution, Am; — the mass of the tripalmitin solution weighed for the ana-
lysis, M; — the molar mass corresponding to one-third of tripalmitin, and M, —
the molar mass of palmitic acid trimethylsilyl ester.

In Table 5, the units, values, uncertainties, and PDFs of the previously des-
cribed input quantities are shown. The values of these input quantities are ob-
tained from weighing, measuring the calibration solutions with GC-MS, or
determining the purity (of palmitic acid trimethylsilyl ester) with NMR. The
standard uncertainties of these values were found as follows. Uncertainties u(a)
and u(b) were assumed to be equal to the standard deviations of the respective
coefficients and calculated with the MS Excel LINEST function. All u(m) were
evaluated based on the technical parameters of the balance (instability of
readings, calibration, resolution, and linearity). Uncertainty due to non-ideal
purity of the standard substance u(pur) was estimated from an assumed
rectangular distribution with a mean value of 0.99 and maximum of 1.00, and
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u(Y) from the standard uncertainty of the mean of peak area ratios but taking the
correlation between Y and Cap/Cis into account.

Table 5. Information about the input quantities.

Quantity Unit Value uii‘;‘;g;;‘:y PDF
Y 1 2.35 0.04 Student’s (v =3)
a 1 -0.383 0.091 Normal
b 1 0.752 0.024 Normal
pur 1 0.99 0.0058 Rectangular
Am; g 0.06640 0.00018 Normal
mys g 0.01384 0.00015 Normal
Molvent3 g 31.75727 0.00045 Normal
Myolvent] g 23.82459 0.00045 Normal
Myvipaim g 0.01036 0.00015 Normal
Am; g 0.21332 0.00021 Normal

In Figure 8, the contributions of the input quantities to the uncertainty of the
output quantity (derivatization efficiency) are presented for the G1 and G2
approaches. Through the pie chart, remarkable differences in the contribution
are demonstrated when the correlation between the slope (a) and the intercept
(b) is taken into account (G2) and when it is not (G1). In the case of the G1
approach, the uncertainties of the a and b are responsible for 78% of the entire
uncertainty budget. However, in the G2 approach, the joint uncertainty of these
two inputs is noticeably lower, 51%. The uncertainties of the other input
quantities stayed the same, meaning that the remarkable difference comes only
from the fact that the correlation between a and b was taken into account. The
next largest contributors are the uncertainties of the ratio of the peak areas (Y),
the mass of internal standard (mys), and the mass of tripalmitin (#pam). The
masses of the last two input values were the lowest, due to which a higher
relative uncertainty was obtained.
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Figure 8. The contributions of the input quantities to the uncertainty of the output
quantity (derivatization efficiency) in the case of the G1 approach (without taking the
correlation between a and b into account) and the G2 approach (accounting for the
correlation).

Therefore, for a lower uncertainty, it is reasonable to put effort into lowering the
uncertainties of a and b. Besides taking the correlation between these input
values into account, other measures can be taken. For example, it is beneficial to
choose a derivatization method, where the standards for the calibration graph
are stable and readily available. Additionally, measuring a larger number of
calibration solutions can lower the uncertainties of a and b. Here it was also
seen that weighing higher amounts of analytes/solvents reduces their relative
uncertainty and, therefore, also the overall combined uncertainty.
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4.3.2. Comparison of the traditional GUM and MCM approaches

All six procedures applying the traditional GUM and MCM approaches (G1,
G2, G3, M1, M2, and M3 described in Section 3.2) were used for the un-
certainty estimation of the KOH-BSTFA derivatization in the GC-MS analysis
of a solution containing a TAG (tripalmitin). The results are presented in
Table 6, where R represents the output value (derivatization efficiency), u.(R) is
its combined standard uncertainty, and £ is the coverage factor.

Table 6. Results of the six measurement uncertainty calculation approaches.

Coverage Average Assessment of
Approach | R u.(R) interval, expanded k uncertainty
P=95.45% | uncertainty
Gl 0.939 | 0.0488 | (0.841...1.037) 0.098 2.00 | Overestimated
M1 0.940 | 0.0525 | (0.839...1.048) 0.105 — Overestimated
G2 | 0939 | 0.0325 | (0.874...1.004) | 0.065 | 200 | Somewhat
underestimated
M2 0.939 | 0.0379 | (0.867...1.014) 0.074 - Realistic
G3 0.939 | 0.0333 | (0.872...1.006) | 0067 | 200 | Somewhat
underestimated
M3 0.940 | 0.0385 | (0.866...1.017) 0.076 — Realistic

“ In the traditional GUM approaches (G1, G2, G3), the value is an individual value
obtained from one experiment. In the MCM approaches (M1, M2, M3), this is the
average value obtained from the simulation.

In Figure 8, the comparison of the uncertainty contributors in the case of G1 and
G2 demonstrated that the correlation between the slope and intercept needs to
be taken into account. Table 6 shows that neglecting the correlation leads to a
(42-50)% overestimation of the expanded uncertainty. By comparing the results
of the G2 and M2 methods to the respective results of the approaches containing
the “full” linear least-squares regression method (G3 and M3), it can be seen
that similar values were obtained. The G3 and M3 automatically take the corre-
lation between the slope and the intercept into account because these ap-
proaches contain the uncertainties of the concentration ratios and signal ratios as
input quantities instead of slope and intercept. These similar results suggests
that both approaches can be used to find the combined uncertainty of the output
quantity (if the correlations between input quantities are taken into account).
Comparing the traditional GUM and MCM approaches to one another, it can be
seen that slightly higher (1.07-1.12 times) average expanded uncertainty values
were obtained for the MCM approach. The main contributor of the slightly
lower values in the case of the traditional GUM approach is the uncertainty of
the ratio of peak areas u(Y), which is probably underestimated because of the
low Student’s coefficient provided by the Welch-Satterthwaite formula (equa-
tion 3). As shown in Figure 8, the uncertainty of the ratio of peak areas u(Y) was
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also one of the most significant uncertainty contributors. Therefore, the MCM
can be considered the preferred approach as the M2 (combined, for example,
with the Gaussian copula method to enable taking correlations between input
quantities into account) or the M3 method. Comparing the M2 and M3 ap-
proaches to one another, the advantage of the M2 approach is the fact that the
number of input quantities is lower than for the M3 approach (containing all
concentration ratios and signal ratios). However, the M3 approach may be
preferred because then the need for an additional method (Gaussian copula or
Ilman-Conover) for taking the correlation between input quantities into account
can be avoided.

The frequency distributions for the derivatization efficiency (output quan-
tity) in the case of M2 and G2 (having a Student’s PDF) are presented in
Figure 9. As can be seen, the MCM frequency distribution is slightly tilted to
the right, meaning it is nonsymmetric. The non-symmetric distribution is caused
by input uncertainties that in the measurement model have nonlinear behavior,
such as inputs that are in the denominator.'” In our case, one input in the
denominator is the intercept (b) that also has one of the highest uncertainty
contributions to the derivatization efficiency (Figure 8) and therefore
contributes the most to the nonsymmetric distribution. This comparison
demonstrates that the MCM approach is able to take the small nonlinear effect
caused by this input value to the derivatization efficiency into account.
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Figure 9. Frequency distributions of derivatization efficiency in the case of M2 and G2
approaches.
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4.3.3. Intermediate precision vs. traditional GUM and MCM

When comparing the derivatization efficiency of tripalmitate with KOH-—
BSTFA method presented in paper I (R = 0.97, Table 2) to the results presented
in Table 6 (average value of R = 0.94), it can be seen that the values differ. The
reason is that in paper I, the derivatization efficiency was obtained as the
average values of four independent quantitative analyses (in the range of 0.89—
1.04). In paper II, the results obtained via the traditional GUM approach were
the individual values obtained from one analysis, and the MCM derivatization
efficiencies were the average values obtained from the simulation. Therefore,
these values do not have to match. When observing the uncertainty values in
paper I, the intermediate precision was calculated as the standard deviation of
the four measurement results (0.060). This intermediate precision as uncertainty
estimation characterizes the overall performance of the analytical procedure and
should take most of the uncertainty sources into account, except for those that
do not reveal themselves even if the individual experiments have been per-
formed over a sufficiently wide time range (named lab/method bias). The stan-
dard deviation of the mean of the four measurements is then 0.030. In the case
of M2 and M3, the combined standard uncertainties were a little bit higher —
0.038. From these values it is possible to calculate the method bias based on

equation (5)'"":

u, = Ju(Ry)? + u(bias)? (5)

In equation (5), the u. represents the combined standard uncertainty (0.038), the
u(R,,) represents the uncertainty due to random effects (0.030), and the u(bias)
is the uncertainty due to method bias. In this case, the bias corresponds to
standard uncertainty around 0.023, which suggests that the main contributors to
the uncertainty of derivatization efficiency are the long-term effects and that the
bias is a lower contributor.

4.4. Analysis of the oil paint mock-ups

The developed absolute quantification method and a suitable derivatization
method were used for the analysis of artificially aged pigment and linseed oil
mixtures (paper III). Dried linseed oil has mainly polymeric structure, the
content of unsaturated fatty acids has decreased (only the less reactive oleic acid
may be found to some extent), and degradation products (mainly dicarboxylic
acids) have formed. Because of the polymeric structure, the dried oil does not
fully dissolve in the commonly used solvents. Therefore, additional factors need
to be considered when choosing a suitable sample preparation procedure.

For the analysis of dried paint mock-ups in paper III, ACM derivatization
was chosen because of the large sample amount (at least 10 mg) and the high
number of samples (110). As shown in Table 4, ACM is the least expensive
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derivatization method compared to the other methods studied in paper I, which
is advantageous in the case of a high number of large samples. Additionally, the
method yields methylated fatty acids. Therefore, the commercially available
FAME mixture can be used to make the calibration solutions (which enables the
quantification of oleic acid that is absent from the FAEES mixture needed for
the NaOEt-BSTFA derivatization). Also, the preferred method used for the
absolute quantification of fresh oils in paper I — the TMTFTH derivatization —
was tested. However, it became evident in paper III that the used TMTFTH
procedure is not efficient enough for the absolute quantification of fatty acids
present in dried and polymerized paint samples. In case of this procedure, one
reason could be the high sample amount (10 mg) needed for accurate weighing
with an analytical balance (resolution of 0.01 mg) and for obtaining a better
overview of the whole sample. After 24 h, it was visually possible to see that
the dried oil had not fully dissolved in the derivatization mixture. Therefore,
heating for 1 h at 60 °C was tested (as was done by Pitthard ef al.”®). However,
this did not significantly improve the derivatization and still most of the sample
remained undissolved. Additionally, 0.5 mL of reagent (usually much lower
volumes, 15-50 pL7"!"%*P® ! are ysed) was tested, but even such a high reagent
volume was not sufficient enough to produce such a high amount of derivatized
analytes as did the ACM procedure.

The chromatographic profile of the methylated fatty acids and dicarboxylic
acids was similar for all the pigment and linseed oil mixtures. However, it could
already be seen from the chromatograms that the concentrations of the men-
tioned compounds differed. A representative chromatogram is presented in
Figure 10. The aged paints contained three main original fatty acids and the
most common aging products of drying oils — palmitic (P), stearic (S), oleic (O),
azelaic (A), sebacic (Se), suberic (Su), and pimelic acid (Pi). To estimate the
within-lab reproducibility of the GC-MS method with the ACM derivatization,
one sample was analyzed in replicates — the absolute quantification of the
yellow ochre + linseed oil 50 g/100 g mixture on five days over two months
yielded in fatty acid average concentrations of P = 1.33 = 0.05¢g; S = 0.86 *
0.01 g; and O = 0.14 £ 0.03 g per 100 g of dried sample. The P/S ratio was
0.65 = 0.02. The presented uncertainties are standard deviations of the five
measurements. This intermediate precision estimation shows that the ACM
procedure is a suitable derivatization method for the samples analyzed in
paper III.
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Figure 10. Representative chromatogram recorded in the SIM mode of the aged
Prussian blue + linseed oil mixture (50 g/100 g). Hexadecane was used as the internal
standard. The abbreviations are explained in the text above.

4.4.1. Relative values of the paint mock-ups

The relative quantification results of the fatty acids and dicarboxylic acids in the
aged paint samples are often reported as P/S, A/P, or YD values. For fresh
linseed oil, these values were respectively found to be 1.5, 0, and 0%. In the
paint mock-ups, the average P/S values were 0.7 (Prussian blue + linseed oil),
0.8 (chrome oxide green + linseed oil), 0.9 (natural cinnabar + linseed oil, red
ochre + linseed oil), 1.0 (hematite + kaolinite + linseed oil), and 1.5 (yellow
ochre + linseed oil, zinc white + linseed oil) even though exactly the same
linseed oil had been used in the making of these paints. These results
demonstrate that the P/S ratio is not a stable parameter and imply that the extent
of palmitic and stearic acid loss from the oil paint is dependent on the type of
the pigment. The decrease in the P/S ratio comes from the fact that more pal-
mitic acid has evaporated from the sample compared to stearic acid. Some
studies have suggested based on a low P/S value (< 1), that metal stearates may
have been added to the paint.” In the case of the paints analyzed in paper III, no
additional carboxylates were added to these mock-ups, but still, the P/S values
are generally below 1. These results raise questions if the drying of other oils
(walnut oil, poppy oil) mixed with these pigments would cause the same
decrease in the P/S ratio. For example, the P/S value for walnut oil has been
reported to be in the range of 2-4.5.° A substantial decrease would give a P/S
value characteristic to linseed oil (1.4-2.4) and would complicate the diffe-
rentiation.

It was seen that the type of the pigment influenced the P/S ratio, but the
concentration of the pigment did not. However, with A/P and Y D values the
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situation was different. In the case of chrome oxide green, red ochre, yellow
ochre, and natural cinnabar oil paint samples, both values increase when the
pigment concentration increases — therefore, with these pigments, the con-
centration has an effect. This implies that even when one pigment + linseed oil
paint set was artificially aged in the same conditions, the paints containing more
pigment had been more oxidized/dried. Based on the discontinuity of the A/P
and YD values obtained over the Prussian blue, zinc white, and hematite +
kaolinite paint sets it could be concluded that with these pigments, the con-
centration did not influence the drying processes. Interestingly, these findings
do not correlate with the siccative properties of the studied pigments. For
example, Prussian blue is a known fast drier; however, the concentration of
Prussian blue did not influence the drying extent of the paint mock-ups. On the
contrary, the drying extent of the paint set containing cinnabar (a slow drier)
was noticeably influenced by the pigment concentration. Especially low values
(average values of A/P =0.3 and > D = 13%) were obtained for the zinc white +
linseed oil paint set. Based on these results (A/P < 0.3 and > D < 15%), some
sources would suggest that egg was used as the binding material.”® However,
here we know for certain that linseed oil was used as the binder. Therefore, in
similar cases, the A/P and Y D values could lead to an incorrect characterization.

4.4.2. Absolute quantification of fatty acids
in the paint mock-ups

Three original fatty acids (palmitic, stearic, and oleic acid) were present in
almost all paint mock-ups, even after aging. The absolute quantities of these
fatty acids were calculated (see Table 3 in paper III) and the results of palmitic
and stearic acid were placed on a graph (see Figure 11 for stearic acid corre-
lations). Figure 11A contains the results of chrome oxide green, natural cinna-
bar, Prussian blue, red ochre, and hematite + kaolinite mixtures with linseed oil.
Figure 11B shows the results of zinc white and yellow ochre mixtures with
linseed oil. If the pigment concentration does not influence the oils’ drying pro-
cesses, then the correlation should be linear. However, Figure 11 demonstrates
that this is only the case for the zinc white + linseed oil aged mixtures (R =
0.9921 for the linear trendline). For the other pigment + linseed oil sets, the
trendline is far from linear. From Figure 11 it can be inferred that with higher
pigment concentration, less stearic acid is left in the sample than one would
expect just from the lower oil content.

Therefore, absolute quantification was needed to demonstrate that the lipid
composition was affected by the pigment concentration in almost all paint sets
(except the zinc white + linseed oil mixtures), even when the relative values
(P/S, A/P, and 3 D) did not show any influence from the pigment concentration.
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Figure 11. Correlations between stearic acid absolute quantity vs. oil content in the

weighted sample. The name of the pigment represents the corresponding pigment +
linseed oil mixture.

4.4.3. Comparing some of the GC-MS results with ATR-FT-IR

The stable P/S value, high oleic acid concentration, and low A/P value of the
zinc white + linseed oil paint sets can be explained by the formation of metal
carboxylates (aka metal soaps) between the metal cation (Zn’") and the free
fatty acids formed during the hydrolysis of TAGs.****'® The formed metal
carboxylates are less prone to evaporate from the drying oil paint than free
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carboxylic acids, causing significantly different results than the paint sets con-
taining the other pigments. The presence of zinc soaps was confirmed with the
ATR-FT-IR measurements — in the spectrum of zinc white + linseed oil
(Figure 12), the absorptions with wavenumbers 1587 cm™ (amorphous struc-
ture) and 1539 cm™ (crystalline structure) correspond to zinc carboxylates.'”
Interestingly, around the wavenumber of 1705 cm™, the zinc white + linseed oil
and yellow ochre + linseed oil spectra differ from the spectra of the other
pigment + linseed oil mixtures. This absorption corresponds to the C=0O
stretching, which has been assigned to free carboxylic acids.''” This absorption
is present in all the spectra besides the spectra of zinc white and yellow ochre
paint sets. For these two paints sets also the P/S ratio (1.6 and 1.5, respectively)
was the closest to the P/S ratio of fresh linseed oil (1.5), which could suggest
that the formation of free carboxylic acids is connected to the decrease in the
P/S ratio of the other paint sets. Therefore, registering the IR spectrum of the oil
paint sample before the GC-MS analysis could give valuable preliminary
information about what to expect from the P/S ratio. However, this interesting
finding should be investigated more.
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Figure 12. ATR-FT-IR spectra of zinc white, yellow ochre, and red ochre aged oil paint
samples (pigment concentration 50 g/100 g). The blue box shows the absorptions
corresponding to zinc carboxylates and the red box shows the absorption corresponding
to free carboxylic acids.
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4.5. Analysis of various samples with
the improved methods

Because the objectives of this study were more focused on the systematic
characterization of the analysis procedure (i.e., of the pigment concentration
effect, the contribution of the derivatization method to the measurement un-
certainty, and general comparison of the four derivatization methods), some of
the requirements for the analysis of real-life samples were not optimized. For
example, the sample amounts available from artifacts are often very low (below
0.1-1 mg) and contain dried (not fresh) oil. Therefore, it would be interesting to
compare derivatization methods based on the analysis of smaller amounts of
dried oil-paint samples. Of course, then it would not be possible to determine
the derivatization efficiencies of the derivatization methods as was the aim in
paper I, and the heterogeneity of a dried paint sample would be an issue. How-
ever, this analysis could yield valuable information for conservation science
regarding which derivatization method is the most efficient (among the com-
pared methods) in derivatizing the analytes in micro samples. In this thesis,
higher amounts (10 mg) were used because this enabled the accurate absolute
quantification (papers I, III, and analysis of yeast cells), determination of
derivatization efficiencies (papers I, II, and analysis of yeast cells), and a better
characterization of the overall state of the samples (papers I, 111, and analysis of
yeast cells). Also, in terms of availability of these samples, the larger sample
amounts were not a problem. This thesis demonstrates that different aspects
should be considered, and the methods modified accordingly before performing
the fatty acid analysis. Next, two applications are presented that both include
quantitative analysis but in different ways.

4.5.1. Case study paint samples

The same ACM derivatization used with the GC-MS analysis of artificially
aged paint mock-ups was also applied for the analysis of paint samples from
two cultural heritage objects relevant to the history of Estonia (Figure 13). One
of these artifacts is a 15" century crucifix from Karja church (owner is the
EELK Karja Katariina church congregation). Based on written information, in
1924, the crucifix went under conservation and the figure of the Christ was
overpainted with white paint. Small pieces from the white overlaying from the
perizoma of the Christ were analyzed and the results are discussed in the
following sections.

The other artifact is a barn cupboard from Steffens farm located in the
Ruhnu island. This cupboard was presumably made at the end of the 18"
century or the start of the 19" century. Interestingly, the Ruhnu furniture differs
from the traditional farmhouse furniture found elsewhere in Estonia and is
nowadays very rare.''' Small red paint pieces from the top of the cupboard were
analyzed and the results are discussed in the following sections.
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Figure 13. On the left — crucifix from Karja church (photo: Conservation and Digiti-
sation Centre Kanut); on the right — Cupboard from the Ruhnu island (photo: Kristjan
Bachman). The arrows mark the sampling spots.

First, the ATR-FT-IR analysis was performed on both paint samples and the
spectra can be seen in Figure 14. The interpretation of the absorption bands
demonstrated that the white paint sample from the crucifix of the Karja church
contained zinc white as the pigment and gypsum and chalk as fillers. The wave-
numbers assigned to the organic medium suggested the presence of an ester-
type binding material (possibly oil). Based on the ATR-FT-IR analysis, the red
paint sample from the cupboard located on the island of Ruhnu contained red
ochre (Fe,O5 + kaolinite) as the pigment and maybe chalk as additive. Based on
the IR spectrum, the presence of an ester-type binding material (possibly oil)
was suggested.
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Figure 14. ATR-FT-IR spectra of the white paint sample (crucifix from Karja church)
and of the red paint sample (cupboard from the Ruhnu island).

Next, to obtain more information about the ester-type binding material, the GC-
MS analysis together with the ACM derivatization was applied to the two case
study paint samples. In Figure 15, the recorded total ion chromatograms (TIC)
can be seen. For both case study paint samples, the overall lipid profile was
essentially the same. However, it could be seen that the relative values of the
fatty or dicarboxylic acids varied and therefore, relative quantification was per-
formed. In the case of those samples, the absolute quantification was not pos-
sible because the available sample amount was small. However, this was not an
issue because, in the present case, the absolute quantification of the fatty acids
in those samples would not yield valuable information about the type or condi-
tion of the binding material. On the opposite, the comparison of the P/S, A/P,
and ) D values (presented in Table 7) to the corresponding values of the mock-
ups might be of value.
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Figure 15. Total ion chromatograms (TIC) of the two case study paint samples, deri-
vatized with the ACM method. The methyl esters of fatty acids and dicarboxylic acids
are abbreviated as Pi (pimelic acid), Su (suberic acid), A (azelaic acid), Se (sebacic
acid), P (palmitic acid), S (stearic acid), and O (oleic acid).

Table 7. Palmitic to stearic acid ratio (P/S), azelaic to palmitic acid ratio (A/P), and the
sum of the relative content of dicarboxylic acids (3D) calculated from the GC-MS
(ACM derivatization) analyses of the case study paint samples.

Crucifix from Karja church Ruhnu cupboard
P/S A/P >D P/S A/P >D
1.6 0.1 7.8 1.2 0.3 13.0

The GC-MS analysis demonstrated especially low A/P and Y D values for both
case study paint samples. As a reminder, values A/P < 0.3 and } D < 15% have
been used to suggest that the binder is an egg and A/P > 1 together with > D >
40% have been used as the evidence for a drying oil binder.”® Although
cholesterol and its degradation products (characteristic to an aged egg binder''?)
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were not identified from the lipid analysis and the ATR-FT-IR analysis
suggested the use of an ester-type binding material, the presence of egg could
not be ruled out because of the low A/P and ) D values. Therefore, a GC-MS
analysis together with the HCI-MTBSTFA procedure developed for the
analysis of proteins was performed on both samples. The recorded TIC of both
paint samples can be seen in Figure 16.
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Figure 16. Total ion chromatograms (TIC) of the two case study paint samples, deriva-
tized with the HCI-MTBSTFA method. The following tert-butyldimethylsilyl (TBDMS)
derivatives of amino acids were identified: Ala (L-alanine), Gly (glycine), Val (L-valine),
Leu (L-leucine), and Ile (isoleucine). The derivatives of fatty acid or dicarboxylic acid are
abbreviated as Ad (adipic acid), Pi (pimelic acid), M (myristic acid), Su (suberic acid), A
(azelaic acid), P (palmitic acid), Se (sebacic acid), and S (stearic acid).
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This derivatization demonstrated that both crucifix from Karja church and
Ruhnu cupboard samples contained only small amounts of the derivatives of the
following amino acids: L-alanine, glycine, L-valine, L-leucine, and isoleucine.
The absence of two amino acids, L-hydroxyproline (characteristic of animal
glue) and L-glutamic acid (characteristic of milk and casein), suggest that the
paint samples may have contained small amounts of egg.”” The presence of
amino acids does not directly suggest that egg had been mixed with the oil
binder. For example, the Karja crucifix had many paint layers, which may have
different compositions and are difficult to separate completely from one
another. Therefore, the proteins may have originated from an under-layer.

Concerning the P/S ratios obtained with the ACM derivatization, a higher
value was calculated for the white paint sample containing zinc white (1.6) and
a lower P/S value for the red paint sample containing red ochre (1.2). Because
the same derivatization procedure was used to analyze paint mock-ups studied
in paper III, some comparisons could be made. The order is in accordance with
the average P/S ratios of the mock-ups — for zinc white + linseed oil paint
samples P/S = 1.5, for the red ochre + linseed oil paint samples P/S = 0.9, and
for the hematite + kaolinite + linseed oil samples P/S = 1.0. Assuming that these
samples from the case study objects contained small amounts of egg, then in the
case of egg yolk (P/S around 2.2'"%) and linseed oil mixture, the P/S values
would be slightly higher, which is in correspondence with the P/S ratios of the
case study paint samples. This suggests that linseed oil may have been used as
the binding material. However, strong conclusions based on this GC-MS
investigation about the presence of linseed oil cannot be made because the
origin and type of the used drying oil and the content of an egg is not known.
Notably, again the IR spectra of the paint samples (Figure 14) in the range of
1740-1700 cm’ differ. In that range, the red paint sample had one C=O
stretching band at 1707 cm™ and the white paint sample two C=0 absorptions at
1737 cm™ and 1712 ecm™. As discussed in Section 4.4.3, the absorption near
1705 cm™ corresponds to free fatty acids, which could be why the P/S ratio is
lower for the red paint sample. This suggests again that examining the IR
spectrum before the GC analysis may give valuable information about the
stability of the P/S ratio.

Combining the results of the GC-MS analysis with the two derivatization
procedures and the ATR-FT-IR results, it can be concluded that both samples
from the two case studies contained mainly oil as the binder and small amounts
of amino acids. If the latter originate from egg yolk, then the other ratios (A/P
and ) D) are also affected by the fatty acids originating from the yolk. Interes-
tingly, when calculating the A/P ratios from the GC-MS results of the HCI-
MTBSTFA derivatization, much higher values are obtained: 2.6 for the Karja
crucifix sample and 1.7 for the Ruhnu sample, which are characteristic for a
drying oil (A/P > 1). Therefore, again it was seen that the ratios used to charac-
terize lipid binding materials also depend on the derivatization method (one
reason could be different derivatization efficiencies for different fatty and
dicarboxylic acids), and that only based on GC-MS analysis and on low A/P
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and YD values it cannot be interpreted that egg without oil was used as the
binder. Also, because the amounts of the case study samples used for the GC-
MS analysis were small (around 0.1-0.3 mg), different samples with different
compositions may have been taken for the ACM and HCI-MTBSTFA
derivatizations. To conclude, the analysis of the case study paint samples
suggests again that the values from relative quantification of fatty and
dicarboxylic acids can only be used highly judiciously to characterize a lipid-
based paint.

4.5.2. Quantification of fatty acids in lyophilized yeast cells

The improved absolute quantification method was also applied for the analysis
of fatty acids in yeast cells (Rhodotorula toruloides aka R. toruloides). This
project is in collaboration with the Food Tech and Bioengineering lab at the
Tallinn University of Technology and the results of the GC-MS analysis will be
published in an upcoming publication (presumably in 2022). R. toruloides is a
possible natural starting material for bioproduction because of its ability to
synthesize and accumulate high levels of lipids. This renewable resource could
be an alternative for fossil fuels to make biofuels and biobased chemicals.'"
The information about the total fatty acid content in the cells was needed to
provide experimental input values for developing a model used to characterize
the processes taking place during the growing of R. foruloides in bioreactors.
Knowing the metabolic processes of this yeast could help to improve the design
of the microbial cell factories. Because here, the absolute quantities of fatty
acids were needed to obtain the overall fatty acid content in the samples,
derivatization efficiencies of TAGs (tripalmitin, tristearin, triolein, trilinolein,
and trilinolenin) were used to correct the results obtained with the ACM deri-
vatization. Both TIC and SIM chromatograms were recorded from the deri-
vatized samples. In Figure 17, a representative SIM chromatogram of a deriva-
tized yeast cell sample is presented.
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Figure 17. A representative SIM chromatogram of lyophilized yeast cells after deriva-
tization with the ACM method.

Based on the absolute quantification, the total TAG content was found to be in
the range of (5.7-48.3)% of the cell dry weight with a relative uncertainty of
16%. The TAG absolute quantification helped to determine that the lipid con-
tent in the yeast cells was similar regardless of whether xylose or acetic acid
was used as the carbon source. Also, the quantification showed that the lipid
content was around 20% during exponential growth phase and around 30%
during lipid accumulation phase. The successful analysis of the lyophilized
yeast cells demonstrated that the improved quantification method combined
with the GC analysis can be applied for the analysis of more diverse samples
than just fresh oils or paint layers, ranging from art to bioproduction. However,
depending on the research question, limitations, and sample type, the suitable
derivatization method (with or without taking derivatization efficiency into
account) and overall procedure (qualitative analysis, relative or absolute quanti-
fication) need to be chosen.
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SUMMARY

The aim of this thesis was to evaluate different GC derivatization methods
(based on quantitative analysis) used for the analysis of oils, together with the
uncertainty estimation and application of a representative derivatization method
for the analysis of samples containing fatty acids.

Four derivatization methods common in cultural heritage and archaeology
(TMTFTH, ACM, NaOEt-BSTFA, and KOH-BSTFA) were compared and
proved to be suitable for the relative quantification of triglycerides, the main
building blocks of oils. However, in terms of absolute quantification, each
method had its advantages and disadvantages, and depending on the aims or
limitations, different derivatization methods may be applied. The ACM was the
cheapest, and for calibration, a commercial mixture of standards can be used.
With the NaOEt-BSTFA derivatization, it is possible to perform a separate
analysis of free and bounded fatty acids. The KOH-BSTFA has a high
derivatization efficiency without the need to use an expensive reagent (as in the
case of TMTFTH). However, among the four derivatization methods, TMTFTH
was found to be the most suitable for the analysis of fresh oils in terms of deri-
vatization efficiency, intermediate precision, and ease of sample preparation.
Regardless of the used derivatization method, it should be assessed if there is a
need to include the derivatization efficiency to present the quantitative results
accurately.

The two-step KOH-BSTFA derivatization was used to evaluate the uncer-
tainty contribution of the derivatization step with two uncertainty estimation
approaches (traditional GUM and MCM). The KOH-BSTFA method was
chosen because of its suitability to represent a typical derivatization method.
Also, the corresponding calibration curves had the highest scatter, which allows
assessing better if taking the correlation between input quantities into account
has a noticeable effect. The results showed that in the case of the KOH-BSTFA
method, only the derivatization accounted for (7-8)% of relative uncertainty
(95% coverage probability), thus being an important contributor to the un-
certainty budget of the GC-MS analysis. The MCM approach gave somewhat
more realistic uncertainty estimations compared to the traditional GUM ap-
proach. Regardless of the applied uncertainty estimation approach, the corre-
lation between input quantities must be accounted for. Otherwise, the uncer-
tainty can be highly overestimated. In the case of the real-life derivatization
example studied in this thesis, the overestimation showed to be even (42—-50)%.

The GC-MS analysis together with the ACM derivatization (suitable for the
absolute quantification of fatty acids in insoluble samples) of the artificially aged
pigment and linseed oil mixtures with varying concentrations demonstrated that
the widely used values obtained from the relative quantification (P/S, A/P, and
>'D) were influenced both by the pigment type and in some cases also by the
pigment concentration. Therefore, these values can only be used highly judi-
ciously when characterizing the type of the used oil or concluding to which
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extent the oil paint has dried. The absolute quantification was needed to
demonstrate that even when the relative values did not imply that the pigment
concentration had an effect, all pigment and linseed oil mixtures studied in this
thesis (except for the zinc white paints) were influenced by the pigment con-
centration. Therefore, the pigment concentration is another important factor
needed to be considered when characterizing aged oil paints.

Finally, the developed GC-MS method, together with the ACM derivatiza-
tion, was applied for the relative quantification of fatty acids present in two case
study paint samples from Estonia (white paint sample from Karja crucifix and
red paint sample from Ruhnu cupboard). The combined GC-MS analysis
showed that both paint samples contained mainly oil as the binder and that the
values used to characterize the binder (A/P and Y D) were highly dependent on
the derivatization method. Essentially the same method but including absolute
quantification and derivatization efficiency was used to find the fatty acid con-
tent in lyophilized yeast (Rhodotorula toruloides) cells. These absolute quan-
tities of fatty acids were needed to study the metabolic pathways of the growing
yeast to move towards a more biobased economy.
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SUMMARY IN ESTONIAN

Olide derivatiseerimine ja kvantitatiivne
gaasikromatograafiline analiits

Kiesoleva doktoritdd eesmirgiks oli uurida gaasikromatograafia (GC) derivati-
seerimismetoodikate sobilikkust taimedlide kvantitatiivseks analiiiisiks, hinnata
derivatiseerimise modtemadramatust ning rakendada viljatootatud metoodikaid
rasvhapete kvantitatiivseks analiiiisiks erinevates proovides.

Derivatiseerimismetoodikate vordlus niitas, et kdik neli metoodikat (TMTFTH,
ACM, NaOEt-BSTFA ja KOH-BSTFA), mis on laialt levinud kultuurivairtus-
te ja/voi arheoloogiliste objektide analiiiisis, on sobilikud trigliitseriidide suhte-
liseks kvantiseerimiseks virsketes dlides. Metoodikad ei olnud aga vordvaarsed
absoluutses kvantiseerimises, mistottu soltuvalt analiilisi eesmérgist vdi piiran-
gutest tuleks vajadusel enne hinnata milline on sobiv derivatiseerimismetoodi-
ka. Nelja metoodika vordluses oli igal derivatiseerimisel omad eelised ja ka
puudused. ACM on kdige odavam, reagendid on tavalaborites olemas ja kalib-
reerimiseks on voimalik kasutada kommertsiaalselt kéttesaadavaid standardeid.
NaOEt-BSTFA derivatiseerimine voimaldab analiiiisida eraldi vabu ja seotuid
rasvhappeid. KOH-BSTFA meetod on kdorge derivatiseerimisefektiivsusega
ning reagendid on odavamad kui TMTFTH meetodi omad. Derivatiseerimis-
efektiivsuse, laborisisese korratavuse ja prooviettevalmistuse pohjal oli nelja
meetodi seas virsketele dlidele rakendatuna kdige edukam TMTFTH derivati-
seerimine. Absoluutne kvantiseerimine néitas, et sdltumata derivatiseerimis-
meetodist (kuid sdltuvalt analiiiisi eesmargist ja tulemusena esitatavast suuru-
sest) tuleks eelnevalt hinnata millised on derivatiseerimisefektiivsuse véartuseid
ja kas neid oleks vaja kaasata korrektse analiilisitulemuse esitamisel.

Derivatiseerimise modtemédramatuse hindamiseks kasutati ning vorreldi
kahte ldhenemist — traditsioonilist komponentidepdhist GUM ldhenemist ja
Monte Carlo simulatsiooni (MCM). Kahe-etapiline KOH-BSTFA derivatiseeri-
mine valiti esindama tiiiipilist derivatiseerimismetoodikat. Kuna sellele metoo-
dikale vastavate kalibreerimisgraafikute punktid olid kdige suuremate hajuvus-
tega leiti, et selle abil on parim hinnata sisendsuuruste korrelatsiooni arvesta-
mise vOi mittearvestamise moju 10ppvéadrtusele. Tulemused néitasid, et KOH-
BSTFA meetodi puhul oli 95% katteteguri juures derivatiseerimisest tulenev
suhteline modteméadramatus (7-8)%. Seega on derivatiseerimine iiks olulise-
maid modtemédramatuse allikaid GC analiilisis. Kahe ldhenemise vordlus nii-
tas, et vorreldes traditsioonilise GUM lédhenemisega on MCM ldhenemisega
saadud moodteméddramatuse hinnangud ainult vdhesel maédral realistlikumad.
Sisendsuuruste korrelatsiooni analiiiis aga néitas, et sOltumata kasutatavast
modteméadramatuse hindamise meetodist tuleb korrelatsiooni olemasolu korral
see arvesse votta. Vastasel juhul voib arvutatud modtemédramatus olla suuresti
iilehinnatud — kdesolevas t60s isegi kuni 50%.

Viljatootatud GC-MS metoodikat rakendati koos ACM derivatiseerimisega
(voimaldab viia 14bi rasvhapete absoluutset kvantiseerimist halvasti lahustu-
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vates proovides) erinevate proovide analiilisiks. Kunstlikult vanandatud pig-
mendi ja linaseemnedli varviproovidele viidi 14bi nii suhteline kui ka absoluutne
kvantiseerimine. Tulemused néitasid, et suhtelisel kvantiseerimisel saadud suu-
rused (P/S, A/P ja Y D), mis on laialt levinud o0lide karakteriseerimisel, sdltusid
nii pigmendi tiiiibist kuid monel juhul ka pigmendi kontsentratsioonist. Jéreli-
kult saab nende suuruste pohjal — vastupidiselt iildlevinud seisukohtadele —
ainult ddrmiselt kaalutletult karakteriseerida Olitlilipi vOi kuivamise mééra.
Absoluutne kvantiseerimine aga néitas, et isegi juhul kui suhtelised véértused ei
viidanud pigmendi kontsentratsiooni mojule, siis enamikul juhtudest (v.a. tsink-
valge + linaseemnedli proovid) oli kontsentratsiooni mdju 0li kuivamisele ole-
mas. Seega on pigmendi kontsentratsioon pealekantavas virvis jarjekordne olu-
line faktor millega tuleb arvestada dlivirvi karakteriseerimisel.

Viimaks rakendati GC-MS meetodit koos ACM derivatiseerimisega kahe
reaalse virviproovi koostises olevate rasvhapete suhteliseks kvantiseerimiseks
(valge véarviproov Karja kiriku krutsifiksilt ja punane vérviproov Ruhnu aida-
kapilt). GC-MS analiiiisid niitasid, et mGlemas vérviproovis oli peamiseks side-
aineks Oli. Lisaks demonstreeris kahe derivatiseerimismetoodika kasutamine, et
suhted mida kasutatakse sideaine karakteriseerimiseks (A/P ja YD) soltuvad
kasutatud derivatiseerimisest. Sama meetodit kuid koos absoluutse kvantisee-
rimisega rakendati rasvhapete sisalduse leidmiseks liiofiliseeritud parmirakku-
des (Rhodotorula toruloides), kus vdeti arvesse ka derivatiseerimise efektiiv-
sust. Rasvhapete sisalduse teadmine erinevalt kasvatatud parmirakkudes on
vajalik R. toruloides ainevahetusraja uurimiseks, et seda looduslikku ressurssi
oleks voimalik kasutada erinevate bioproduktide tootmisel.
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