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Analysis of drying oils used as binding media for objects of art by
capillary electrophoresis with indirect UV and conductivity detection
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Abstract

Capillary electrophoresis (CE) was applied to analyse the long-chain fatty acid composition of vegetable oils, and their degradation products
formed upon ageing when drying oils are used as binding media. The analytes were detected with contactless conductivity detection (CCD) and
indirect UV absorption, both detectors positioned on-line at the separation capillary. The long-chain fatty acids were resolved in a background
electrolyte (BGE) consisting of phosphate buffer (pH= 6.86, 15 mM) containing 4 mM sodium dodecylbenzensulfonate, 10 mM Brij® 35,
2% (v/v) 1-octanol and 45% (v/v) acetonitrile. As in this system dicarboxylic analytes, the products of oxidative degradation of unsaturated
fatty acids, cannot be determined, a suitable background electrolyte was developed by the aid of computer simulation program PeakMaster. It
makes use of a 10 mM salicylic acid, 20 mM histidine buffer, pH 5.85, which combines buffering ability with the optical properties obligatory
for indirect UV detection. This buffer avoids system eigenpeaks, which are often impairing the separation efficiency of the system. Separation
of the dicarboxylic analytes was further improved by a counter-directed electroosmotic flow (EOF), obtained by dynamically coating the
capillary wall with 0.2 mM cetyltrimethylammonium bromide. Long-chain fatty acids and their decomposition products could be determined
in recent and aged samples of drying oils, respectively, and in samples taken from two paintings of the 19th century.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Drying oils are used since centuries for coatings, espe-
cially in Western art they are applied as binding media for
pigments in oil paintings. In Italian painting walnut oil has
been introduced in the 15th century, but linseed oil became
more common from the 16th century on[1]. These oils have
in common a high content of unsaturated fatty acids, mainly
consisting of 18 carbon atoms. Presence of two or three dou-
ble bonds in the fatty acid chain seems to be essential for the
drying process. This process is a based on a radical-induced
abstraction of a hydrogen atom preferably from a CH group
in an allyl configuration. Such groups are present between
the double bonds of linolic (all-cis-9,12-octadecadienoic,
18:2) and linolenic (all-cis-9,12,15-octadecatrienoic, 18:3)

∗ Corresponding author. Tel.:+43-1427752305; fax:+43-142779523.
E-mail address: ernst.kenndler@univie.ac.at (E. Kenndler).
1 Permanent address: Laboratory for Flow Analysis and Chromato-

graphy, Department of Chemistry, Warsaw University, Poland.

acid, the main constituents of linseed, walnut and pop-
pyseed oil [2,3] (note that these unsaturated fatty acids
have isolated double bonds, not conjugated ones). Other
main fatty acids in these oils are the mono-unsaturated
oleic (9-cis-octadecenoic, 18:1), and the saturated palmitic
(hexadecanoic, 16:0) and stearic (octadecanoic, 18:0) acid.
In this notation of the acids the first figure indicates the
number of carbon atoms, the second the number of double
bonds in the chain.

The drying process itself results in a polymerisation upon
uptake of oxygen. It has a complex mechanism, which
consists besides other reactions by an oxidative degra-
dation of the fatty acid chain, which leads, e.g. to the
intermediate formation of an aldehyde at the position of
one C–C double bond, followed by autooxydation of the
aldehyde to the carboxy-group[2–5]. As a result, in aged
samples dicarboxylic acids are formed as decomposition
product, mainly pimelic (1,7-heptanedioic, 7di), suberic
(1,8-octanedioic, 8di), azelaic (1,9-nonanedioic, 9di) and se-
bacic (n-decanedioic, 10di) acid. Although these compounds
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are also found in recent oils, their concentration is low here.
Higher concentrations can be taken as indicator for ageing.

In objects of art, analysis of the triglycerides used as bind-
ing media is normally carried out by gas chromatography
[3,6–14]. In most cases it is not the native lipid, which is of
interest, it is its fatty acid composition. This is normally de-
termined after hydrolysis of the triglycerides to glycerol and
the free fatty acids, the latter usually being converted into
their less polar derivatives (e.g. into alkyl- or silylesters).
These GC methods are routinely used, they are highly effi-
cient, and deliver additional structure information in combi-
nation with mass spectrometry.

Recently, capillary electrophoresis (CE) has been shown
to bear an interesting analytic potential for the determina-
tion and characterisation of underivatised long-chain fatty
acids[15–33]. However, separation of mixtures of saturated
and unsaturated long-chain fatty acids by CE is not a trivial
task due to several reasons. One reason is the very similar
pKa values and ionic mobility of these analytes, because an
additional CH2 group in the long chain does not affect the
dissociation constant, on the one hand, and causes only a
marginal decrease in actual mobility. The same argument
holds for acids with the same length and various degree of
unsaturation, where the effect of the long chain on ionic
mobility superimposes possible contributions from double
bonds. It must be noted that most of these analytes are poorly
absorbing in a UV range above 210 nm, which makes the ap-
plication of indirect UV detection or conductivity detection
advantageous. Taking these restrictions into account, and in
order to overcome the low solubility of the analytes in pure
aqueous solution, the group of Tavares[33] worked out a
complex system for the determination of long-chaincis and
trans fatty acids of interest in nutrition industry. This system
implements separation selectivity and allows indirect detec-
tion by using a polymer (Brij®), acetonitrile, octanol, and
dodecylbenzensulfonate. It was taken in the present paper to
examine the content of long-chain fatty acids in drying oils
mostly used as binding media. This was the one goal of this
paper.

The second goal was to analyse the dicarboxylic acids
formed as degradation products during the drying process,
mainly 7di, 8di, 9di, 10di. For the analysis of such dicar-
boxylic acids, background electrolytes (BGEs) for CE with
indirect UV detection were described in the literature; they
consist of napthalene dicarboxylic acid[34,35], pyridinedi-
carboxylic acid[36] or phthalic acid[34], respectively. As
all these systems did not lead to satisfactory results, we de-
veloped an appropriate system for separation and indirect
UV and conductivity detection of these analytes. We based
the selection of the BGE constituents on computer simula-
tion with PeakMaster program[37].

It should be pointed out that it was not the aim of the
present work to deal with a full quantitative procedure for
the determination of the analytes, including derivation of
the different response factors, etc., our interest was rather
directed to the qualitative determination of the respective

acid patterns. However, the data allow a semi-quantitative
interpretation of the results.

2. Materials and methods

2.1. Chemicals

Stearic acid (95%), suberic acid (98%), pimelic acid
(98%), linolenic acid (99%) palmitic acid (90%), linoleic
acid (approximately 95%), oleic acid (>99%), Brij® 35, sal-
icylic acid (ACS reagent) and cetyltrimethylammonium bro-
mide were obtained from Sigma–Aldrich (Steinheim, Ger-
many). Dodecylbenzenesulfonic acid sodium salt (“techn.”),
l-histidine (“puriss.”), sebacic acid (purity≥ 95.0%) and
azelaic acid (“techn.”;∼85% ) were purchased from Fluka
(Buchs, Switzerland). Na2HPO4·12H2O, NaH2PO4·H2O
(both analytical grade), 1-octanol (extra pure), methanol
(gradient grade) and diethyl ether were obtained from E.
Merck (Darmstadt, Germany). Acetonitrile (HPLC reagent)
was provided by Mallinckrodt Baker (Deventer, The Nether-
lands) and 1.0 M sodium hydroxide solution for HPCE was
from Hewlett-Packard (Waldbronn, Germany).

Linseed oil and walnut oil samples were from Kremer
Pigmente (Aichstetten, Germany). Old dried samples of lin-
seed and walnut oil, and the samples from old paintings
were taken from the collection of the Academy of Fine Arts,
Department of Conservation and Restoration, Vienna.

Stock solutions of individual acids were prepared at
50 mM concentration by dissolving appropriate amounts of
the selected acids in methanol. Bidistilled water was used
for preparation of the BGEs.

2.2. Instrumentation

All experiments were carried out with a HP3DCE Instru-
ment (Agilent Technologies, Waldbronn, Germany) with
fused-silica capillaries (75�m i.d. × 375�m o.d., Com-
posite Metal Services, Hallow, UK), total length 48.5 cm,
33.4 cm length to the contactless conductivity detector
(CCD), 40.0 cm to the diode array detector (DAD). The
laboratory-made CCD is described in[38]. The separation
capillary and the CCD cells were thermostated at 25◦C. A
separation voltage of+20 kV and a hydrodynamic injection
of 75 mbar.s were used for long-chain fatty acid analysis; it
was−10 kV and 15 mbar s for the analysis of dicarboxylic
fatty acids. A lab pH mater (WTW pH 538, Weilheim,
Germany) was employed to measure the pH of the BGEs.

2.3. Procedure

2.3.1. Background electrolytes
BGEs for the analysis of long-chain fatty acids together

with the capillary cleaning procedure were as described by
Oliveira et al.[33]. The BGE consisted of phosphate buffer
(pH 6.86, 15 mM) containing 4 mM sodium dodecylbenzen-
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Fig. 1. Separation of long-chain fatty acid standards: (left) indirect detection at 224 nm wavelength; (right) contactless conductivity detection. BGE:
phosphate buffer, pH 6.86, 15 mM, 4 mM sodium dodecylbenzensulfonate, 10 mM Brij® 35, 2% (v/v) 1-octanol and 45% (v/v) acetonitrile. Capillary:
total length 48.5 cm, 33.4 cm length to the CCD, 40.0 cm to the DAD; 75�m i.d. Voltage+20 kV, temperature 25◦C, 75 mbar.s injection. Symbols:
stearic acid, 18:0; oleic acid, 18:1; palmitic acid, 16:0; linoleic acid, 18:2; linolenic acid, 18:3. Fatty acid concentration 2 mM each.

sulfonate, 10 mM Brij® 35, 2% (v/v) 1-octanol and 45%
(v/v) acetonitrile. Stock solutions of electrolyte components
were prepared at 100 mM concentration. Phosphate buffer
was prepared by weighing equimolar amounts of mono- and
di-hydrogenphosphate sodium salts. Before measurements
the capillary was conditioned by flushing with 1 M NaOH
solution (5 min), ethanol (3 min), 100 mM phosphate buffer
pH 2.5 (15 min), bidistilled water (5 min) and electrolyte so-
lution (10 min). In between runs the capillary was flushed
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Fig. 2. Separation of dicarboxylic acid standards: (left) indirect detection at 224 nm wavelength; (right) contactless conductivity detection. BGE: 10 mM
salicylic acid, 20 mMl-histidine, pH 5.85; 0.2 mM cetyltrimethylammonium bromide added to reverse the electroosmotic flow. Capillary: total length
48.5 cm, 33.4 cm length to the CCD, 40.0 cm to the DAD; 75�m i.d. Voltage−10 kV, temperature 25◦C, 15 mbar.s injection. Symbols: pimelic acid,
7di; suberic acid, 8di; azelaic acid, 9di; sebacic acid, 10di. Dicarboxylic acid concentration 1 mM each.

with 100 mM phosphate buffer pH 2.5 (2.5 min), bidistilled
water (1 min) and electrolyte solution (2.5 min).

The computer program PeakMaster was employed to cal-
culate the composition of the BGE for the analysis of the
dicarboxylic acids. The calculated composition of the BGE
at the finally measured pH 5.85 (according to a theoretical
pH 6.00) consisted of 10 mM salicylic acid and 20 mM
l-histidine, with 0.2 mM cetyltrimethylammonium bromide
added in order to reverse the electroosmotic flow (EOF).
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Before measurements the capillary was conditioned by
rinsing with 1 M NaOH solution (10 min), bidistilled water
(10 min) and electrolyte solution (5 min). In between runs
the capillary was washed by rinsing with 1 M NaOH solu-
tion, bidistilled water and electrolyte solution, 3 min each.

In both systems no EOF marker was needed to record the
clear signal from the EOF.

2.3.2. Sample preparation
Weighted amounts of oil sample or sample from old paint-

ing (between about 1 and 2 mg) were mixed in an Eppen-
dorf vial with 100�l of 3 M NaOH, the vial was closed and
heated to∼80◦C for 4 h in an oven. Then the supernatant
liquid sample was transferred to another vial, acidified by
addition of 200�l of 3 M HCl, 500�l of diethyl ether were
added and the mixture was vortexed for about 10 s. The ether
fraction was transferred to a third vial, the solvent was evap-
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Fig. 3. Electropherograms of the long-chain fatty acids (upper panel) and the dicarboxylic acids (lower panel) obtained for recent linseed oil: (left)
indirect detection at 224 nm wavelength; (right) contactless conductivity detection. Experimental conditions and symbols are as given inFigs. 1 and 2.
Amount of sample analysed: 2.0 mg.

orated to dryness and the residue re-dissolved in 100�l (oil
samples) or 20�l (old painting samples) of methanol. An
aliquot was then injected into the CE apparatus.

3. Results and discussion

3.1. Separation of standards mixtures

3.1.1. Long-chain fatty acids
The same BGE as developed by the group of Tavares

[33] for the analysis of the relevantcis andtrans fatty acids
in Brazil nuts was used in the present paper to determine
the main fatty acids constituting drying oils. Beside the sat-
urated palmitic (16:0) and stearic (18:0) acid analytes of
interest are the unsaturated oleic (18:1), linolic (18:2) and
linolenic (18:3) acids. The resulting electropherograms of a
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standard mixture of these acids measured with the UV ab-
sorbance and the contactless conductivity detector on-line
are presented inFig. 1. Although there is some fluctuation
of the baseline, the analytes can be clearly distinguished. It
should be pointed out that such fluctuations are often ob-
served when universal detectors are applied, because slight
changes in the BGE composition, which are common in
CE, are recorded here. These changes are often not seen
in non-UV absorbing BGEs, although present as well. It
should also be pointed out that the relatively broad peaks
observed are not untypical for systems with indirect UV ab-
sorbance detection and are due to the relatively high sam-
ple concentrations needed for detection. However, separa-
tion selectivity is high enough to overcome the relatively low
efficiency.
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Fig. 4. Electropherograms of the long-chain fatty acids (upper panel) and the dicarboxylic acids (lower panel) from a dried, rubber-like sample of linseed
oil: (left) indirect detection at 224 nm wavelength; (right) contactless conductivity detection. Experimental conditions and symbols are as givenin Figs.
1 and 2. Amount of sample analysed: 0.8 mg.

It was found that the system is not well suited for the
determination of the shorter chain dicarboxylic acids, the
degradation products of interest, because these analytes ex-
hibit a too large effective mobility in this BGE. As this mo-
bility is close to that of the counter-directed electroosmotic
flow under the present conditions, the analytes will not be
detected thus within a reasonable time, say within 60 min.
Instead of modifying the system capable for long-chain fatty
acid analysis it was decided to determine these dicarboxylic
acids separately in an appropriate BGE.

3.1.2. Dicarboxylic acids
BGEs for the separation of the dicarboxylic analytes

pimelic (7di), suberic (8di), azelaic (9di) and sebacic (10di)
acid have already been described in the literature; they
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contain naphthalene dicarboxylic acid[34,39], pyridinedi-
carboxylic acid[36] or phthalic acid[34] as constituent,
mainly rather as chromophor than as buffering compound.
In our work, the system with pyridinedicarboxylic acid
caused problems with sudden drop and decrease of the
current; moreover, the peaks were strongly triangulating;
this extreme peak asymmetry hindered resolution. Similar
effects were observed with the other BGEs. The reason for
the disturbing asymmetry effects is most probably the pres-
ence of the divalent aromatic acids as BGE constituents;
BGEs with more than two ions should not be applied when
system eigenpeaks are to be avoided[40–45]. This general
assumption was supported by simulations with PeakMaster
program[37], which indeed simulates the strongly trian-
gulation of the peaks. Therefore the divalent BGE ions
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Fig. 5. Electropherograms of the long-chain fatty acids (upper panels) and the dicarboxylic acids (lower panels) from a dried, rubber-like sample of
walnut oil: (left) indirect detection at 224 nm wavelength; (right) contactless conductivity detection. Experimental conditions and symbols are as given
in Figs. 1 and 2. Amount of sample analysed: 0.5 mg.

were replaced by monovalent salicylate, which was used as
chromophor, in conjunction with histidine as counter-ion,
which is buffering at the chosen pH. The resulting electro-
pherograms (under the appropriate pH and ionic strengths
conditions as calculated by the aid of PeakMaster) for the
standard mixture of the four dicarboxylic acids are shown
in Fig. 2 (a cationic additive reverses the EOF). Indeed rel-
atively sharp and symmetrical peaks are obtained, and all
analytes are baseline resolved.

3.2. Recent drying oils

We show here the results of the analysis of a typical drying
oil—recent linseed oil—which possesses a high content of
18:3, namely between 48 and 60%. The electropherograms
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of the long-chain fatty acid are shown inFig. 3. The most
prominent peak is indeed that of 18:3, but the other unsatu-
rated acids can be recognised as well. The according elec-
tropherogram for the oxidation products, on the other hand,
shows the occurrence of an only minute amount of dicar-
boxylic acids, at a concentration not high enough to be de-
tectable by the CCD. As proved by comparison with the
ionic mobilities, the dicarboxylic acids are most probably
8di and 9di.

3.3. Aged drying oils

From aged linseed and walnut oil, respectively, which
reached already a soft rubber-like consistency due to poly-
merisation samples were taken and analysed. It is known that
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Fig. 6. Electropherograms of the long-chain fatty acids (upper panels) and the dicarboxylic acids (lower panels) from a sample taken from a painting
from the 19th century (oil on canvas) “portrait of a woman” (anonymous): (left) indirect detection at 224 nm wavelength; (right) contactless conductivity
detection. Experimental conditions and symbols are as given inFigs. 1 and 2. Amount of sample analysed: 1.1 mg (for details see text).

the conversion of the unsaturated fatty acids is a long-term
process, strongly determined by the conditions of the sur-
rounding, also depending on the presence of UV light. Thus
in aged and dried samples unchanged unsaturated fatty acids
can still remain; they are indeed found in both samples
shown inFigs. 4 and 5. The lower content of 18:3 in the
walnut oil sample compared to the linseed oil is not neces-
sarily the result of the advanced degradation process; it can
simply reflect the higher initial 18:3 content of linseed oil.

In contrast to recent oil, dicarboxylic acids are present
at much higher concentration, as can be seen from these
Figures (lower panels) as well. The peak of 9di as the major
degradation product is clearly detected. It is formed from
the unsaturated acids, which have a double bond at position
9. This double bond is oxidatively cleaved and the carbon
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number 9 in the chain is oxidised to the carboxylic function.
Thus, together with the initial carboxylic group at position
1 nonanedioic acid is resulting.

The rough comparison between the content of the dicar-
boxylic acids in the aged sample and that in recent oil (com-
pareFigs. 4 and 5with Fig. 2) allows the conclusion of an
about 50-fold increase upon drying.

3.4. Samples from oil paintings

We have analysed samples taken from two paintings (oil
on canvas) from the 19th century, which are part of the his-
torical collection of the Institute for Restoration and Conser-
vation at the Academy of Fine Arts, Vienna. The artists of
both paintings are unknown. Sample A was taken from the
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Fig. 7. Electropherograms of the long-chain fatty acids (upper panels) and the dicarboxylic acids (lower panels) from a sample taken from a painting
from the 19th century (oil on canvas) “still life with flowers” (anonymous): (left) indirect detection at 224 nm wavelength; (right) contactless conductivity
detection. Experimental conditions and symbols are as given inFigs. 1 and 2. Amount of sample analysed: 1.7 mg (for details see text).

brown background of the painting “portrait of a woman”,
which consisted of ground, brown paint layer and varnish.
Sample B was from a bloom of the middle of the painting
“still life with flowers”, consisting of ground, green pig-
ment layer, violet pigment layer and varnish. The different
layers could be recognised upon visual inspection under a
stereo-microscope. The amount of sample taken from both
objects was few milligrams each. It should be mentioned in
this context that the major matter of such samples consists
of pigments, not of binders.

The samples were hydrolysed as described, extracted in
diethylether, the solvent evaporated, the residue dissolved in
methanol, and an aliquot injected into the CE instrument.
The resulting electropherogram of both samples (Figs. 6
and 7) allow detection of the fatty acids and the dicarboxylic
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degradation products. Interestingly, both samples show the
unsaturated C16 and C18 fatty acids as main lipid con-
stituents, but 18:3 can still be recognised. As described
above, oxidative reaction during the drying process led to a
significant amount of the dicarboxylic acids, mainly 9di, as
can be seen from the lower panels of the figures. The results
demonstrate the suitability of the method for the analysis
of real, aged samples, which contain also other constituents
like pigments, varnishes, etc. as well.

4. Conclusions

Capillary electrophoresis with indirect or conductivity de-
tection allows the determination of the long-chain fatty acids
of drying oils, and the dicarboxylic acids formed upon ox-
idative degradation which occurs simultaneously with the
polymerisation process, both in their underivatised forms.
Sample preparation is limited to the common hydrolysis fol-
lowed by extraction from acidic solution with diethylether.
Determination of the analytes is carried out in two different
BGEs. Although the CE methods are simple and give un-
equivocal results, some critical comments are justified, espe-
cially when compared to the well-established GC method of
the according acid derivatives (esters or silyl compounds). (i)
As often observed for indirect detection systems, the peaks
tend to be broad, and separation efficiency is relatively low.
Compared to the methodology commonly used for fatty acid
analysis—capillary GC—the present CE method has much
lower separation efficiency; however, due to the appropri-
ately adjusted separation selectivity it is high enough to re-
solve the analytes of interest. (ii) For the given experimental
conditions, indirect UV detection seems to be superior to
conductivity detection, but it must be mentioned that these
conditions were selected mainly for indirect UV. It should
be mentioned that, in fact, the combination these two de-
tectors does not increase the information attained by only
one of them; they are not complementary. (iii) Compared
to GC, both detection schemes are inferior concerning sen-
sitivity and detection limit. Detectibility is, however, high
enough to determine the analytes even in real samples, which
are normally available in the milligram amount, otherwise
handling and sample manipulation would be too cumber-
some. Considering an end volume of the sample solution
being in the few 10�l range, analyte concentration is high
enough to overcome the unfavourable sensitivity and detec-
tion limit of the CE method. (iv) Compared to GC (which
must be operated in the temperature gradient mode due to
the large volatility range of the analytes) CE has the ad-
vantage of shorter analysis times. This holds even when the
rinsing steps between the CE runs are taken into account
(and the according equilibration time of the temperature in
GC after the re-set of the column temperature). However,
we think that the shorter analysis time of the CE method
might be relevant only in few cases in practice, as the num-
ber of samples in laboratories dealing with museum ob-

jects is relatively low, e.g. compared with industrial routine
laboratories.
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