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Chapter 8 

Chromatography-based devices for studying the 
Chemistry Of Light-induced Degradation (COLD) – 

A feasibility study 
 

Summary 

The present chapter describes a brief feasibility study aimed at the 
development of an on-line system to study light-induced 
degradation/polymerization of complex mixtures. Ultimately, the system is 
a combination of a first dimension separation system that separates a 
mixture into its individual components, connected to a flow-cell “light 
reactor” used to expose the separated species to light to effect light-induced 
degradation and polymerization reactions, and finally a second dimension 
separation system where the reaction products are characterized and 
quantified. The initial experiments described here focused on the 
development of the on-line coupling of the flow cell reactor with the second 
dimension separation system, here size-exclusion chromatography. The 
various design parameters of the system are studied and the system is 
optimized. In addition, recommendations for further development are also 
addressed. To evaluate the potential of the approach and the proposed 
instrumentation, the set-up was used to study the light-induced 
polymerization of linseed oil, a model system for curing of paints in art 
conservation. Methyl linoleate was used as a simpler model compound in 
studies focusing on the influence of the presence/absence of oxygen, model 
species concentration, exposure time and temperature. The proposed system 
showed great potential both as a reaction system and as an analytical 
approach for the characterization of the polymeric reaction products. 
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Additional applications of the system, e.g. study of products formed in 
light-based treatment of wastewater and food aging and preservation, are 
mentioned. 

 

8.1 Introduction 

Analytical techniques, in particular chromatography and mass spectrometry 
(MS), are very important tools for studying complex samples of whatever 
origin. They can provide information ranging from chemical composition to 
structural information. Recent investigations in this field have focused on 
hyphenation, automation and miniaturization (discussed in chapter 2). 
However, the study of very complex samples often requires the (off-line) 
combination of multiple separation methods to produce the information 
needed. In case of large numbers of samples, or if the analytes of interest 
are labile, it is often necessary to develop fully integrated in-line systems to 
tackle this issue.  

Therefore, in this chapter we describe a short feasibility study into an 
innovative idea that aims at the development of an on-line system that can 
be used to study the light-induced polymerization of complex mixtures. 
Ultimately, the proposed system is a combination of a separation dimension, 
e.g. liquid chromatography (LC), for separation of a complex mixture into 
its individual constituents, followed by light exposure in a flow cell for 
degradation/polymerization of selected fractions and finally either a second 
separation by e.g. size-exclusion chromatography (SEC) or direct MS 
characterization. The initial focus of this research is the on-line coupling of 
the flow cell with the second separation technique, here SEC, to separate the 
reaction products according to their size. In contrast to the use of SEC in 
chapter 5, SEC is now used as a characterization technique rather than as a 
clean-up method. The novelty of this approach is the incorporation of a light 
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exposure cell in a flow system in a way that the light-induced 
degradation/polymerization process is a representation, yet significantly 
accelerated, of several situations from e.g. wastewater treatment to art 
conversation and food aging and preservation. The demonstrator application 
used to show the validity of the approach proposed is from the area of art 
conservation, in particular the conservation of linseed oil-based paintings, 
where the simpler methyl linoleate (ML) network is used as a model. The 
characteristics and main features of methyl linoleate oxidation and 
polymerization were previously described in chapter 7. In short: lipid 
oxidation is a radical chain reaction that occurs in the presence of oxygen. 
In the reaction highly reactive hydroperoxides and radicals are produced 
which in turn can recombine to form cross-linked species with high 
molecular weight, i.e. a polymeric network [1–4]. Clearly the rate of the 
reaction depends on the conditions that the polyunsaturated fatty acids are 
exposed to, including temperature, the ratio between surface-to-volume of 
oil, the heating time and the fatty acid composition [1,5,6]. The detailed 
chemical analysis of this polymeric network was described in chapter 7. In 
the present chapter the emphasis is on the development of a system that 
allows studying the influence of light on the oxidation and hardening of 
paint layers consisting of polyunsaturated lipids.  

Initial experiments were performed in conventional cuvettes to gain more 
insight in the reaction kinetics and determine the important parameters to be 
optimized. Next, experiments were carried out in a flow cell, initially used 
off-line. The influence of several parameters was tested, such as the 
presence/absence of oxygen, concentration of the model compound in 
solution, temperature, and exposure time. Options for studying the effect of 
additives/driers in the light cell method described here were also addressed. 
Finally, some recommendations are discussed regarding possible future 
improvements for the set-up of the flow cell and its connection to the 
second separation dimension. 
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8.2 Materials and methods 

8.2.1 Standards and reagents 

Methyl linoleate, ML (Sigma-Aldrich, Zwijndrecht, The Netherlands) was 
used as the model compound. It was dissolved in n-heptane at different 
concentrations (5, 20 and 100 mg/mL). Organic solvents (n-heptane, 
tetrahydrofuran (THF) stabilized with butylated hydroxytoluene (BHT), 
toluene, dichloromethane and methanol) were purchased from Biosolve 
(Valkenswaard, The Netherlands). Acylglycerides standards as mono-, di- 
and triacylglycerides were obtained from Sigma-Aldrich. The standards 
were diluted with THF stabilized with BHT. In the flow cell experimental 
design, deionized water was colored with Murexide (Sigma-Aldrich) and 
used as carrier liquid. Lead white (lead II carbonate basic, 
((PbCO3)2.Pb(OH)2), zinc oxide (ZnO) and titanium dioxide (TiO2) as rutile 
titanium dioxide (Tronox CR-826) were used as additives/driers. These 
compounds were purchased from Sigma-Aldrich, while TiO2 as anatase 
titanium dioxide (Hombitan LW) was obtained from Sachtleben Chemie 
GmbH (Duisburg, Germany). A polystyrene sample of 13.2 MDa from 
Polymer Laboratories (Church Streton, United Kingdom) was used to 
determine the exclusion limit of the SEC columns. 

 

8.2.2 Materials 

Laboratory equipment for solvent refluxing, i.e. a boiling flask and a 
condenser, were used to generate solvents with different levels of oxygen. 
In addition, several quartz-cuvettes with different sizes (optical path lengths 
1 mm, 2 mm, 5 mm and 10 mm) were used to expose the samples to the 
light source. To avoid evaporation of the sample, Teflon tape (GAMMA, 
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Amsterdam, The Netherlands) was used to close the cuvettes during the 
exposure period. For the flow cell experiments, a standard stainless steel 
flow cell from a Shimadzu UV detector (SPD-10AVvp) with a volume of 
10 µL and a path length of 10 mm was used. Fluid flow was delivered by a 
single-syringe infusion pump (KDScientific 100 Legacy-220VAC, Houston, 
USA) equipped with either a 250 µL or a 1 mL syringe (Hamilton, Munich, 
Germany). Finally, a Mikropack HPX-2000 light source equipped with a 
high power continuous wave Xenon lamp (wavelength range from 185 to 
2000 nm) with a typical output of 64.3 mW was purchased from Ocean 
Optics (Ostfildern, Germany). A 1 m long optical 600 µm fiber was 
obtained from Avantes (Apeldoorn, The Netherlands) and connected to the 
flow cell with a connector developed by the Technology Centre of the 
University of Amsterdam (The Netherlands). When this fiber is attached, 
the light output is 17.4 mW. 

 

8.2.3 Instrumentation 

SEC analyses were performed on a Shimadzu LC-20AD (parallel-type 
double plunger) pump (Shimadzu, Den Bosch, The Netherlands), with a 
manual injection valve (VICI VALCO C1-2006 6 port 2-pos valve, Da 
Vinci Laboratory Solutions, Rotterdam, The Netherlands) and connected to 
a refractive index detector (RI) stable at 30°C (RID-10A, Shimadzu). Two 
organic polymer columns, a 300 mm × 7.5 mm column packed with 5 µm 
particles and 100 Å pore size, and a 300 mm × 7.5 mm column packed with 
5 µm particles and 50 Å pore size (both Spherisorb, Waters, Etten-Leur, 
The Netherlands) were used. The exclusion limit of the coupled column 
system was 8.5 min and the total permeation time was 18 min. The SEC 
system was operated at a flow rate of 1 mL/min of THF stabilized with 
BHT during 25 min under the control of LabSolutions software from 
Shimadzu. The injection volume in all experiments was 25 µL. 
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8.3 Results and discussion 

As mentioned before, the ultimate aim of this investigation is the 
development and evaluation of an on-line system to study the effect of light 
on compounds present in a complex mixture. The ultimate system will 
consist of several separation techniques, flow switching valves, a “light 
treatment” cell and characterization methods. Here we focus on the light 
exposure of individual compounds in a “light reactor”, under stop-flow or 
continuous flow conditions, followed by SEC analysis for monitoring the 
degradation and/or polymerization products. Clearly, preliminary 
experiments need to be performed to establish the initial conditions and to 
determine the most important parameters to consider. 

The proposed light exposure cell, i.e. “the light reactor”, should meet some 
criteria to enable successful use in the envisioned system. It (i) should be 
made from an endured material that does not break easily, is able to 
withstand high temperatures, high pressures and different solvent polarities; 
(ii) the light cell should be UV transparent in order to study all possible 
wavelengths and light intensities; (iii) the inside channel should be 
sufficiently narrow not to cause excessive band broadening; (iv) the cell 
volume should be sufficiently large to allow reliable measurements yet not 
too large to cause excessive zone broadening (considering the diffusion 
coefficients [7]); (v) it should have an outlet channel for later connection to 
the second separation dimension and finally (vi) it should have the 
possibility of adding external components to study their effect, as an 
opening or entrance into the inside channel. Additionally, the reactor could 
also be placed in between two or more analytical systems. 

In this chapter we describe a number of initial experimental designs (section 
8.3.1), the optimization process with some results (section 8.3.2) and we 
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provide the design guidelines for the cell that is to be implemented (section 
8.4). 

 

8.3.1 UV light experiments: cuvette and flow cell experimental designs 

Initial experiments were performed in conventional cuvettes positioned in 
front of the light source, as shown in Figure 8.1. To avoid evaporation of 
the sample, the top of the cuvette was covered with Teflon tape. 

 

Figure 8.1 – Position of the cuvette in front of the light source with Teflon tape placed on 
top. 

When the flow cell was used, the experiments were performed in a way that 
resembles the operational conditions of a typical LC system and simulates 
continuous or stop-flow use. The experimental design is shown in Figure 
8.2. It includes a syringe pump, syringes, flow cell and a “monitor detector”. 
This “monitor detector” consists of a white paper sheet in front of the flow 
cell and light source to monitor if either the colored mobile phase or the 
colorless sample is passing through the flow cell, Figure 8.3. 
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Figure 8.2  – Front view (left) and top view (right) of the experimental design for the flow 
cell experiments, featuring a syringe pump and connecting syringe (a), injection syringe 
(b), flow cell (c) and light source (d). 

 

Figure 8.3 – Representation of the monitor detector, illustrating the colored mobile phase 
(a) and the colorless sample (b) passing through the flow cell. 

In the continuous flow mode some polymerization was seen, but repeatable 
levels of the polymerization products could not be obtained. Most likely this 
was the result of the continuous pumping of fresh sample that resulted in a 
too short residence time of the sample in the cell combined with a relatively 
slow reaction rate. Therefore, we used the stop-flow mode by creating a 
sample plug, i.e. trapping the methyl linoleate (ML) sample between two 
layers of colored carrier fluid, in all the following experiments. 
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8.3.2 Degradation/polymerization factors 

The light-induced degradation/polymerization of vegetable oil-based paints 
was studied as an application to evaluate the feasibility of the prototype 
“light reactor” developed. As mentioned before, the curing of oil-based 
paintings takes time, typically years [5]. In order to be able to study this 
effect and in that way demonstrate the feasibility of the system proposed, 
several parameters can be modified to accelerate the process and obtain 
valuable insights regarding the size and molecular weight of the 
degradation/polymerization products. In this chapter the parameters studied 
include the concentration of the model compound in solution, the exposure 
time, the presence/absence of oxygen, the temperature and the presence of 
additives/driers. In these experiments methyl linoleate (ML) is used as the 
model compound.  

 

8.3.2.1 Concentration of the model compound in solution 

The goal of this chapter is the development of a prototype reaction cell for 
use in an on-line system where a light treatment is applied between two 
separation dimensions. As a consequence, the main requirement is that the 
samples should be dissolved in a solvent rather than be studied as a pure 
compound or thin compound film. Solutions of the model compound ML at 
concentrations of 5, 20 and 100 mg/mL were prepared using heptane as the 
solvent. 60 µL of the samples were exposed to light in a 10 mm × 1 mm size 
cuvette for 2 hours followed by a 20 µL injection into the SEC instrument to 
detect changes in the samples. Furthermore, all experiments were carried 
out off-line in order to efficiently monitor the effect of the individual 
parameters. According to literature, and from these experiments, we 
assumed that the differences between the lowest and the highest 
concentrations indicate that the polymerization reaction rate increases with 
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the concentration. This phenomenon is known as the rate law, which 
explains that at lower concentrations there are fewer particles present that 
can react with each other, whereas at higher concentrations there are more 
reactant particles, as described by Masterton and Hurley [8].  

For reasons of clarity and speed of analysis, and in order to avoid dubious 
results, the concentration of 100 mg/mL was selected for the flow cell and 
future experiments. Yet, working with high levels can lead to potential 
problems in terms of insoluble polymerized materials and so awareness and 
careful monitoring is required. This high concentration is obviously not 
realistic for LC, but for the feasibility study it is a pragmatic starting point. 

In the preliminary experiments with the flow cell at the concentration of 100 
mg/mL we noted that the exposure time of the sample to the light source, as 
expected, has a great impact on the polymerization rate. Hence, optimizing 
this parameter was the logical next step.  

 

8.3.2.2 Exposure time 

As explained previously, the polymerization of oil-based paintings takes 
several months up to years until a solid thin layer of the binding medium is 
formed, i.e. a polymeric network of insoluble polymeric species [5]. This 
effect can be accelerated by exposing the sample to light at a higher light 
intensity. Since an on-line system is the ultimate aim of this research, 
knowing how long it takes for the polymerization to occur can aid 
significantly in its development. Initial experiments were performed in a 
controlled environment by using a cuvette with a concentration of 100 
mg/mL of ML in heptane (60 µL) with different exposure times of 0, 2, 5 
and 20 hours (Figure 8.4). A fresh ML aliquot, analyzed with SEC to 
provide the reference state, was used for every test. The chromatograms 
shown in Figure 8.4 are not normalized as that allows seeing the decrease 
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of the starting triglycerides and the increase of the reaction products from 
one figure (e.g. peak 1 decreases and peak 2 increases). 

 

Figure 8.4 – SEC chromatograms obtained for the fresh (orange line) and aged samples of 
methyl linoleate at concentrations of 100 mg/mL for 2 hours (red line), 5 hours (green line) 
and 20 hours (blue line) (a) and zoomed window (b). Peak assignment is 1 – methyl 
linoleate (ML), 2 – hydroperoxide of ML, 3 – dimers and 4 – trimers. 

 

From Figure 8.4, it is clear that significant levels of oxidation products i.e. 
hydroperoxides (peak number 2 in the chromatograms), are already present 
in the fresh ML samples, most likely because of poor storage conditions and 
the fact that the bottle was already open for approximately 1 year before our 
analyses. Nevertheless, it is clear that 20 hours of light exposure produce a 
significantly increased level of polymeric compounds such as dimers and 
trimers (peaks number 3 and 4, respectively, in the blue chromatogram). 
Despite the fact that 20 hours of exposure time is very long, the sample was 
still viscous and diffusion coefficients were low. For the final on-line device 
long exposures times are impractical, but we believe that this process can be 
accelerated once applied to the flow cell by the use of (very) high light 
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intensities, the incorporation of light fibers and/or focusing lenses (see 
recommendations in section 8.4), all resulting in an strongly increased light 
exposure. For future developments, the inter-relationship between residence 
time and band broadening should be considered, together with the size, 
width and length of the channel inside the “light reactor”. Furthermore, the 
volume of the exposure cell should be considered to make sure that either 
the entire sample is exposed to light and analyzed or only the exposed 
fraction is eluted and analyzed.  

 

8.3.2.3 Presence/absence of oxygen 

Oxygen is the main initiator of lipid oxidation. Extensive studies have been 
performed focusing on the understanding of the auto/photo-oxidation 
reaction mechanisms, its products and the role of (singlet) oxygen 
[2,4,9,10].  

In this chapter, the practical study of the oxygen effect was performed by 
saturating the sample with oxygen prior to SEC analysis. This was done by 
bubbling compressed air through the ML sample for 5 min at a low gas flow 
in a reflux device at room temperature. To allow a comparison, an 
experiment with nitrogen was also performed in order to create an 
environment free of oxygen. Both samples were placed in a cuvette (60 µL) 
and exposed to light for 20 hours followed by SEC analysis. From the 
results it is clear that the presence of an excess of oxygen (Figure 8.5) 
accelerates the polymerization reaction and, at the same time, promotes the 
formation of degradation compounds (peak number 5 in the 
chromatograms). For the sample treated with nitrogen, on the other hand, no 
differences were seen (chromatogram not shown). Therefore, it is crucial to 
develop a design for the flow cell that allows the introduction of oxygen. 
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Figure 8.5 – SEC chromatograms obtained for the fresh and 20 hours aged samples of 
methyl linoleate at concentration of 100 mg/mL without saturation with oxygen (grey line) 
and with saturation with oxygen (blue line) (a) and zoomed window (b). Peak assignment 
is 1 – methyl linoleate (ML), 2 – hydroperoxide of ML, 3 – dimers, 4 – trimers and 5 –
degradation product. 

 

8.3.2.4 Temperature 

The effect of temperature on lipid oxidation has been extensively 
investigated since temperature has proven to accelerate the oxidation of 
fatty acids considerably [5,11–15]. However, there is some controversy 
among researchers regarding the true effect of temperature on light-induced 
oxidation of lipids. In some studies that compared the effects of temperature 
and dissolved oxygen concentration in lipid oxidation, it was reported that 
temperature has only a minor effect on photo-oxidation, since the reaction 
rate that is dependent on temperature was low. Additionally, even though 
significant compound degradation occurred at high temperatures in systems 
with little or no oxygen, the authors concluded that the oxidative 
degradation caused by the presence of oxygen was dominant [16]. Other 
studies, on the contrary, explain that the increase of temperature decreases 
the influence of light on the oxidation process because, at high 
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temperatures, the solubility of oxygen decreases dramatically [17]. 
Moreover, other authors noted that different radical products were 
preferably being formed at high temperatures, namely alkyl radicals, which 
leads to the formation of non-polar dimeric triacylglycerol compounds [18]. 
It should be kept in mind that at temperatures above approximately 80°C the 
oxidation mechanism is different from that occurring in the actual aging of 
oil-based paintings at room temperature, as polymerization and cyclisation 
side reactions can occur together with a rapid decomposition of 
hydroperoxides [19,20]. In our own experiments using a cuvette placed 
inside a conventional oven, we noticed that indeed temperatures of up to 
50°C did not accelerate the photo-polymerization of the model compound 
ML much. Therefore, we concluded that for this type of compounds 
temperature only plays a modest role. To obtain more insights in the 
importance of being able to operate the cell at elevated temperatures similar 
experiments could be performed with other types of model compounds. A 
prototype set-up with the flow cell optimized and connected to a fiber, 
focusing lenses and in the future a coiled heating wire on top of the flow 
cell are shown in Figure 8.6 as an illustration (see section 8.4 for further 
recommendations). 

 

 

Figure 8.6  – Illustration of the flow cell (a) set-up design for the study of the temperature 
effect using a conventional oven (b), a light source (c) and a fiber (d). 
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8.3.2.5 Paint additives/driers 

Typical oil-based paints consist of a mixture of several ingredients, such as 
binding oil, pigments, extenders and additives/driers. Each of these 
constituents has its own specific role. It produces the paint color, or 
extends/increases the bulk of a paint, accelerates the drying process etc. 
[2,11]. In this section we focus on the study of the accelerating effect of 
additives/driers in the drying process of paints. For a detailed discussion of 
how these inorganic compounds aid in the formation of an insoluble 
polymeric network see literature [3,21]. Compounds as lead white 
((PbCO3)2.Pb(OH)2), zinc oxide (ZnO) and titanium dioxide (TiO2) have 
been extensively studied in literature [2,22,23]. Lead white has been shown 
to protect the photo aging of linseed oil-based paintings [24], while zinc 
oxide behaves as UVA and UVB light absorbent [25]. Therefore none of 
these compounds are suitable for studying the light-induced polymerization 
presented here, but it could be interesting to study their effect as inhibitors.  

Titanium dioxide, a well-known photo-catalyzer is a powder compound that 
does not dissolve in the prepared ML heptane solution. This would mean 
that the sample would need to be filtered before entering into the on-line 
system under development. Thus, in order to simplify this step we 
concluded that an oil-soluble drier like cobalt resinate and/or zirconium 
naphthenates would initially be easier to study [26]. In the final on-line 
system these compounds could either be dissolved in the first dimension 
eluent or added via the second pump and a T-piece between the exit of the 
first dimension column and the light cell. 
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8.4 Conclusions and recommendations 

The present chapter describes a short feasibility study of a potential 
groundbreaking idea that combines a “light reactor” in between two 
chromatographic separation dimensions [*]. The aim of the system is to 
study the light-induced degradation and/or polymerization reaction in 
complex matrices involving three steps, (i) separation of complex samples 
into their components by LC, (ii) light-induced degradation/polymerization 
of specific fractions inside a flow cell and (iii) a second separation of the 
polymerized products either according to their size, e.g. by SEC, or 
characterization by MS. Here we focused on the on-line combination of the 
flow cell and the secondary separation method, here SEC, with particular 
focus on the design considerations of the flow cell. Parameters such as 
presence/absence oxygen, concentration, temperature and exposure time 
were tested on a simpler network in the field of art conservation, 
specifically on linseed oil-based paintings using methyl linoleate as the 
model compound. From our studies we concluded that the light intensity of 
the flow cell could be increased by, for example, the incorporation of fibers 
and focusing lenses connected to the entrance of the flow cell in that way 
decreasing the amount of light that is dispersed. Moreover, since the 
presence of oxygen is indispensable the flow cell design should allow the 
entrance of oxygen or have some sort of mechanism that enables the 
saturation of the samples with oxygen. As regards temperature, even though 
our preliminary results showed no significant effects, a small oven that 
provides uniform heating or a coiled heating wire could be placed on top of 
the flow cell in order to study the effect with other types of compounds. 
Additionally, for studies with the presence of additives/driers that severely 
polymerize additional care should be taken, since these compounds make 
the resulting network insoluble, which in turn results in trapping of the 
compounds inside the flow cell. For these cases, we recommend the use of 
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oil soluble paint additives/driers, namely cobalt resinate and/or zirconium 
naphthenate, for preventing this effect. Ultimately, we believe that this 
system has the potential to be applied in other degradation/polymerization 
studies such as those in the field of wastewater treatment, and food aging 
and preservation.  
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