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ABSTRACT 

The analysis of complex mixtures is one of the most challenging areas of analytical 

chemistry. Within this thesis the composition of two complex mixtures of environmental and 

food origin, such as the light shredder waste fraction and caramel was studied, respectively. 

This thesis is thus subdivided into two main parts. 

In the last few decades, the light shredder waste fraction has attracted much interest 

due to the scarcity of space and the toxicological properties of some of its contaminants. Gas 

chromatograms of the light shredder waste fraction result in an unresolved complex mixture 

(UCM) containing thousands of compounds. In this work, gas chromatography with a flame 

ionization detector (FID) as well as coupled to mass spectrometry with electron impact (EI) 

and atmospheric pressure chemical ionization (APCI) has been applied to study the 

composition of the light shredder waste fraction focusing on non-volatile hydrocarbons. The 

new GC methods evaluated for the optimal separation and detection of n-alkanes that 

subsequently were applied for the analysis of the light shredder waste fraction after various 

optimized extraction procedures. Solid-phase extraction (SPE) was used as a clean up 

procedure, yielding less complex chromatograms. GC-FID has been successfully employed to 

monitor the bioremediation of such waste samples. GC-APCI with a time of flight mass 

analyzer was utilized for the first time in order to determine heavy hydrocarbons of n-alkanes 

standard and the light shredder waste fraction. Adducts, such as [(M-3H)+H2O]+ and [M-H]+ 

were found to be the most abundant ions up to n-nonadecane (C19H40) and for higher 

hydrocarbons established by APCI, respectively. Notwithstanding the small level of 

fragmentations, the presence of the base peaks enabled the identification of n-alkanes. In 

addition, polyaromatic hydrocarbons and polychlorinated biphenyls have thus been found in 

the light shredder waste fraction. 

In the second part of this thesis, the composition of caramel, one of the mankind’s 

well-known dietary materials, obtained by the heating of carbohydrates, have been studied. 

While the volatile fraction of caramel has been investigated in details, the composition of the 

non-volatile fraction remains unresolved or if not, mysterious. Caramel formed by heating of 

glucose, fructose, galactose, mannose as well as disaccharides, such as sucrose, lactose and 

maltose using a conceptually novel combination of mass spectrometric techniques have 

yielded for the first time an unprecedented account of its chemical composition. The 

analytical strategy employed uses high-resolution mass spectrometry to identify the most 
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abundant molecular formulas followed by a van Krevelen and Kendrick analysis. A resulting 

structural hypothesis was further substantiated using targeted LC-tandem MS experiments. It 

has been shown that caramel is composed of several thousand of compounds formed by a 

small number of unselective and chemoselective reactions. The caramelization products 

include oligomers with up to six carbohydrate units produced through an unselective 

glycosidic bond formation, dehydration products of oligomers losing up to eight water 

molecules, hydration products of sugar oligomers, disproportionation and aromatic products. 

In addition, the molecular formulas of compounds responsible for a brown color of caramel 

were also proposed. 

The investigation of thermal decomposition products of pure starch and cellulose as model 

systems followed by the investigation of bread obtained under comparable conditions has 

been performed. From both starch and cellulose, dehydrated oligomers of glucose were 

predominantly observed, with oligomers of more than four glucose moieties dominating. 

Commercial caramel products and caramel colors (E 150) were compared with studied 

carbohydrates. Furthermore, understanding of the composition of roasted coffee beans has 

been improved by the examination of their carbohydrates fraction. 
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1.1 INTRODUCTION 

 

1.1.1 COMPLEX MIXTURES 

 

A complex mixture is defined as a mixture that contains too many compounds to be 

resolved by chromatographic techniques (more than 1000 in gas chromatography and more 

than 300 in liquid chromatography). The analysis of complex mixtures is one of the most 

demanding tasks in modern analytical chemistry. Such complex mixtures can be found in 

many environmental samples.[1] Many food materials, such as black tea thearubigins,[2] 

coffee,[3] oils,[4] cocoa[5] or caramel[6] are considered as complex mixtures. Food processing for 

instance, roasting, cooking, frying, baking or fermentation dramatically increases the 

complexity of the new material. Moreover, organic matter in drinking water,[7] cigarette 

smoke[8] and many biologically occurring systems can also be classified as complex 

mixtures.[9] They consist of tens, hundreds or thousands of compounds and their composition 

is not fully known, neither qualitatively nor quantitatively.[10] 

The constant development of new analytical methods and tools improves the capabilities of 

analytical chemistry. The analysis of complex mixtures has benefited greatly from the 

development of the instrumentation.[11,12] In particular, modern mass spectrometry (MS) has 

become an important technique for the characterization of complex mixtures.[13] MS combines 

ultimate resolving power with high sensitivity. Additionally, coupling MS to chromatography 

and UV/VIS provides multidimensional information on the sample, with tandem MS 

techniques allowing insight into structural information. Recently, the analytical strategy based 

upon mass spectrometry has been applied to the analysis of complex mixtures, such as black 

tea thearubigin,[14] roasted coffee melanoidins[3] and to the investigation of caramel formed 

from glucose, fructose and sucrose.[6] High-resolution mass spectrometry (MS) provides the 

extensive lists of molecular formulas of compounds present in the sample. Novel graphical 

and chemometric tools, such as van Krevelen, Kendrick analysis or homologous series 

analysis are used to establish a structural and compositional hypothesis regarding all chemical 

processes in the sample. The LC-tandem MS can then verify these hypotheses and resolve 

isomeric compounds in the chromatographic dimension. Moreover, conventional 
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spectroscopic techniques such as NMR, IR, UV/VIS or CD offer a complete picture of 

compounds in the analyzed mixture. 

 

1.1.2 CHEMOMETRIC TECHNIQUES USED IN COMPLEX MIXTURE 

ANALYSIS 

 

Several mass spectrometry techniques are being applied to the analyses of complex 

mixtures. High-resolution MS spectra give very complex data that hinder the visual 

presentation and structural interpretation. Recently, several chemometric tools have been 

applied to visualize such complex high-resolution mass data.  

The first graphical technique is Kendrick analysis, introduced by petroleum researchers.[15-18] 

Homologous series of compounds can be easily identified in Kendrick plots because they 

possess the same Kendrick mass defect values and lie on the horizontal lines in the graph. 

To generate Kendrick plots, the measured masses are converted from the IUPAC mass scale 

to the Kendrick mass scale. The following equations are used to define the Kendrick mass 

defect for CH2, as an example. 

 

Kendrick mass (KM) = IUPAC mass × (14/14.01565) 

 

Kendrick mass defect (KMD) = Nominal Kendrick mass (NKM) - exact Kendrick mass (KM) 

 

The Kendrick mass is based on assigning the mass of CH2 to be 14.0000 Da instead of the 

IUPAC value of 14.01565 Da.[19] The same class and type of compounds, yet different in the 

number of CH2 units will fall on a single horizontal line with peaks separated by 14 Da in the 

nominal mass but with no difference in the Kendrick mass defect.[16] Molecules with a various 

number of rings plus double bonds, different heteroatom class will vary in the Kendrick mass 

defect and will appear below or above of the alkylation series. Figure 1 represents a two-

dimensional display of the Kendrick mass defect versus the nominal Kendrick mass for the 

mass increment CH2 for a crude oil sample. The same equations can be applied to other 

increment groups such as H2O, O2 or H2 with inclusion of their masses[20] depending on the 

purpose of the examination. 
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Figure 1. Two-dimensional Kendrick plot for mass increment CH2 for a heavy crude oil[16] 

 

Another graphical composition image is the van Krevelen diagram or the elemental ratio 

analysis, generally constructed using the molar ratio of hydrogen to carbon (H/C) as the 

ordinate and the molar oxygen to carbon ratio (O/C) as the abscissa. The major biochemical 

classes of compounds (e.g., lipids, carbohydrates) have their own characteristic H/C or O/C 

ratio boundaries.[21] As a result, each class of compounds projects in a specific location on the 

diagram. For instance, the O/C and H/C ratios, clustering between 0 and 0.4 and between 1.6 

and 2.0, respectively plot in the range expected for lipid-type structures. The peaks in the plot 

located in the area where the O/C ratios are between 0.7–1.0 and the H/C ratios between 1.6 

and 1.9 are characteristic for carbohydrates. The ratios of N/C or S/C have also been used to 

prepare graphs for nitrogen- or sulphur-containing compounds.[22,23] The fact that typical 

reactions (e.g., oxidation, hydration, condensation) involve loss or gain of integral amounts of 

C, H, O atoms leads to unique layouts on the plot. In the van Krevelen diagrams, trends along 

the lines can indicate structural relationships among families of compounds. The van 

Krevelen diagram with the O/C ratio versus the H/C ratio for black tea polyphenols and other 

classes of compounds is illustrated in Figure 2. 
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Figure 2. Two-dimensional van Krevelen plot showing the O/C ratio versus the H/C ratio for black tea 
polyphenols (points) with compositional space for other classes of compounds[24]  

 

1.1.3 CHARACTERIZATION OF THE UNRESOLVED COMPLEX 

MIXTURE (UCM)  

 

The term “unresolved complex mixture” (UCM) describes hump-shaped 

chromatograms that are often observed in gas chromatograms of samples, including crude oil 

and petroleum environmental contaminations.[25-27] The first reference to the UCM is 

uncertain, but in 1970 Blumer et al. examined petroleum hydrocarbons extracted from diesel 

fuel-contaminated shell-fish and described chromatograms containing a broad unresolved 

background.[28] The term UCM was first introduced by Rowland while investigating crudes, 

lubricating oils and oil-spill samples.[25] An example of a UCM contamination is shown in 

Figure 3 with a series of well resolved sharp peaks “floating” on the hump. The UCM may 

include thousands of compounds where usually only part of them can be successfully 

identified by target analysis. 
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Figure 3. Integrated gas chromatogram of petroleum hydrocarbons extracted from the waste 

 

A variety of analytical techniques have been applied to explore the chemical 

compositions of the UCMs,[29] including thin-layer chromatography,[30] silver-impregnated 

silica gel chromatography, open-column silica gel chromatography as well as spectroscopic 

methods, such as fluorescence,[31] nuclear magnetic resonance (NMR),[32] infrared (IR)[30] and 

high-resolution mass spectroscopy.[33] The most frequently used methods are gas 

chromatography (GC) and high-performance liquid chromatography (HPLC)[34] or 

hyphenated methods such as gas chromatography-mass spectrometry (GC-MS)[35,36] and more 

recently two dimensional chromatographic techniques.[37] The UCM of petroleum based 

samples might contain alkanes, alkenes, alkynes, cycloalkanes, monoaromatics, polycyclic 

aromatic hydrocarbons (PAHs), steranes and also polychlorinated biphenyls (PCBs).[26,27] 

The interest in environmental samples containing HCs is frequently motivated by the 

potentially toxic nature of some of its contaminants. The toxicology of UCM hydrocarbons 

has rarely been studied. Monitoring of the hydrocarbon contamination of sediments has 

routinely focused on polyaromatic hydrocarbons which are recognized as highly toxic with 

mutagenic and carcinogenic properties.[38-41] The limited number of toxicological studies of 

aliphatic hydrocarbons showed that they are not a poison.[41,42] It is well known that 

bioremediation is a cost-effective technique for the treatment of petroleum hydrocarbon-

contaminated soils or sediments with microorganisms to reduce the UCM. Aerobic soil 

microbes can use petroleum hydrocarbons as a carbon source, degrading them with the aid of 

mono- and dioxygenase enzymes to CO2, biomass or other metabolites.[43] Various 

intermediates can be generated during this process, including alcohols, aldehydes, ketones and 

carboxylic acids. The degradation efficiency and kinetics are strongly affected by various 

parameters, for instance type of microorganism involved, hydrocarbons and soil type, 
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moisture content, oxygen, nutrient availability, pH and temperature.[44,45] Bioremediation of 

petroleum hydrocarbons in soils and sediments has been mostly studied using conventional 

GC-FID and GC-MS.[46,47] Experimental data showed that linear alkanes and aromatic 

hydrocarbons are more biodegradable than i-alkanes; whereas cycloalkanes are the least 

biodegradable. Aromatic hydrocarbons containing up to three rings showed better 

degradability if compared to n-alkanes.[43] 

 

1.1.4 CHARACTERIZATION OF THE LIGHT SHREDDER WASTE 

FRACTION 

 

The light shredder waste fraction is a shredder residue derived from shredding of End-

of-Life-Vehicles (ELV), white goods, electrical household and industrial items.[48,49] It is 

produced by shredding of automobiles and major household appliances followed by 

separation and removal of metals. Figure 4 presents a schematic overview of the shredding 

process. The light shredder waste fraction is generally designed for landfill.[50]  

 

 

 

 

 

 

 

 

 

 

Figure 4. Schematic overview of the shredding process 

 

It is estimated that 30 million ELVs arise worldwide annually, with Europe accounting for 

about 14 million ELVs and the USA numbering approximately 9–11 million ELVs. In the 
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European countries the number of ELVs will most likely rise up to 17 million by 2015 thus 

increasing the proportion of the waste derived from this source.[51] The European legislation, 

through the ELV Directive and the Landfill Directive increases the pressure to reduce this 

waste. In particular, the light shredder waste fraction has become the subject of intense 

debates due to the increasing scarcity of the landfill space and potentially hazardous nature of 

some of their components. The enhanced chemical content of the waste is becoming a 

significant problem for the companies responsible for the waste management. The 

concentration of several components, such as aliphatic and aromatic hydrocarbons, 

polychlorinated biphenyls, volatile organic compounds and metals is very thoroughly 

monitored in the LSW fraction. Legal thresholds for these compounds are defined and the 

LSW must adhere to these legal limits prior to landfill. Different countries have their separate 

environmental legislation for those contaminants. In Germany the acceptable limit of 

hydrocarbons concentration in the light shredder waste fraction is 5 g/kg as determined by the 

KW/04 method.[52] Recently, the Bremer Entsorgungsbetriebe (BEB) has optimized a novel 

technology to lower the volume and weight of the light shredder waste fraction. The method 

involves the treatment of the waste with microorganisms, using water irrigation at 

temperatures around 70–90 °C for 8 weeks. As a consequence of this treatment the volume is 

reduced by an average of 50%. Subsequent analytical investigations of the waste fraction are 

performed to check the concentration of contaminants of the material prior to disposal to the 

landfill. 

In the past, the most critical parameter was the HC concentration, exceeding frequently the 

legal threshold of 5 g/kg. To perform the quantification, the UCM hump is typically 

uncritically integrated in order to determine the total hydrocarbon content. Whether the hump 

contains only hydrocarbons remains a matter of speculation rather than experimental proof 

and no detailed information currently exists on its actual composition. The challenge involves 

the determination of the nature of components present in the hump. If other non HC 

components are present, the KW/04 method must be modified and a new strategy for the 

analysis and quantification of other components must be optimized. The investigation of the 

HC containing fraction of the LSW forms part of this thesis with an aim to critically assess the 

connection of the KW/04 method. 
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1.1.5 ANALYTICAL METHODS FOR HYDROCARBONS 

DETERMINATION 

 

1.1.5.1 GC-FID 

 Gas chromatography with a flame ionization detector (GC-FID) is nowadays the most 

common analytical technique for hydrocarbons determination.[53,54] The analysis of 

hydrocarbons is certainly demanding and requires a good instrumentation system, mainly due 

to high-boiling components and numerous possible isomers with similar physico-chemical 

properties. There are a few aspects, which must be addressed before the analysis of a wide 

range of hydrocarbons. 

The GC analysis of heavy hydrocarbons requires high oven, injector and detection port 

temperatures and a stable stationary phase. A stabilized non-polar polymer such a 

methylpolysiloxane is a suitable stationary phase for these type of components. The injection 

conditions should be carefully selected in order to prevent mass discrimination and thermal 

degradation of the analyte.[55] A number of alternatives exist for inlet systems, including 

split/splitless, programmed temperature vaporizer (PTV) and cold-on-column (COC).[56-58] 

Split/splitless injection in the splitless mode, is the most frequently used inlet, including 

environmental analysis. This technique is used for small injection volumes, typically 1–2 µL. 

The injector operates at high temperatures (200–280 °C) and these can cause incomplete 

transfer of compounds to the column.  

In cold-on-column (COC) injection sample aliquots can be directly introduced onto the 

analytical column or a retention gap at lower temperatures (60–80 °C), in comparison with the 

hotter inlet of the split/splitless. Subsequently, cold-on-column produces less thermal stress on 

analytes.[59] COC injectors have been successfully used for thermally unstable compounds or 

mixtures, such as toxophene,[60] organophosphorous pesticides,[61] organochlorines,[62] 

chloroanilines,[63] PAHs[64] and alkanes.[65] This injector can be applied with small (1–2 µL) 

and large volume injections (> 10–250 µL).[61,66] The COC inlet has the lowest tolerance to 

co-injected matrix components followed by splitless and PTV injectors.[61] 

PTV has been successfully used to reduce the degradation of thermally labile pesticides[67,68] 

and for compounds that exhibit discrimination with boiling point.[69,70] It can be employed for 

small (< 5 µL) and large (> 10–400 µL) volume injections. Overall the PTV inlet is the most 
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powerful inlet currently available in the GC systems. 

Due to demands for lower detection limits in environmental analysis and the wide range of 

analytes, large volume inlets and specifically the PTV inlet designs are expected to become 

more common in the future, replacing the classical 1 µL injections. 

In some cases the selection of a proper liner type may affect the analysis. The investigation 

showed that the proper choice of a liner may minimize the mass discrimination, while an 

incorrect choice may even enhance discrimination problems. The most frequently used 

injection liners packed with glass wool are often more prone to thermal degradation or 

adsorption of analytes. Different splitless times are used for Total Petroleum Hydrocarbon 

(TPH) determination. Too short a splitless time results in mass discrimination, because the 

high-boiling point components do not have enough time to vaporize completely. Too long a 

splitless time can especially in the case of excessively large injection volumes lead to the loss 

of peak symmetry of early eluting compounds. An adjustment of the injection volume may 

also become important. Thus, a sufficiently high sample volume has to be injected in order to 

attain a high enough signal to noise ratio for trace analytics. If the volume of injection is too 

large, it may cause liner overload related flashback-effects.[59] 

Flame Ionization Detector (FID) is the most popular detection employed by routine 

laboratories; nevertheless, there is a great variation in the FID temperature applied (250–360 

°C) for hydrocarbons analysis. The FID temperature of around 250 °C can turn out to be 

exceptionally low due to a possible condensation of high-boiling point components taking 

place in the detector. Too high detector temperatures, on the other hand, strain the durability 

of the columns and cause the so called column-bleeding, which in turn reduces analytical 

precision.[59] 

The GC operating settings are freely modified by individual laboratories. In April 2004 great 

improvements were accomplished in the definition and analysis of TPHs by international 

organizations. The European Committee for Standardization (CEN) presented a draft 

European Standard defining determination of the total petroleum hydrocarbons in the waste in 

the boiling point range of C10–C40[71] by gas chromatography with flame ionization detector 

(GC-FID). Such a method involves a simple shaking extraction at room temperature, clean up 

of extract with a halogen free solvent and determination of hydrocarbons by gas 

chromatography-flame ionization detector and integration of the peaks between n-decane and 

n-tetracontane.[72,73] This is a potential method to be applied in the future for TPH 

determinations as it utilizes a simple shaking extraction, which is instrumentally not 
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demanding, hence easily accessible by laboratories. According to the recent draft standards 

proposed by CEN, the soil sample is extracted with an acetone/n-heptane mixture. Acetone is 

then removed from the extract with water. The resulting organic phase is solid phase extracted 

(Florisil) and the eluate analyzed by GC-FID. Additionally, each country establishes the 

acceptable limits for hydrocarbons concentration. 

1.1.5.2 GC×GC 

A relatively recent analytical tool that has been used for the separation of UCMs is a 

comprehensive two-dimensional gas chromatography (GC×GC).[74,75] It has been already 

exploited to characterize the UCM in sediment,[76] biota,[26] crude oil[77] and oil spills.[78] This 

technique was pioneered by Liu and Philips in the early 1990s.[79] The samples are injected 

into a first chromatographic column then a modulator periodically injects their contents into 

the second column. These fractions are quickly separated on the second column and elute into 

the detector, where they are measured. Most research into petrochemical hydrocarbons using 

GC×GC has utilized non-specific detectors (e.g., FID, ECD) and time of flight MS. Petroleum 

hydrocarbons in distillate range (i.e., C8–C40) can be quantitatively separated into groups: 

alkanes, alkenes, cycloalkanes, mono-aromatics, naphthenic mono-aromatics, di-aromatics, 

naphthenic di-aromatics, tri-aromatics, 3-ring polycyclic aromatics. Each group can be further 

divided by the boiling point or equivalent carbon (EC) number. Moreover, a system such as 

HPLC-GC×GC-FID has been also studied towards petroleum hydrocarbons in oil-

contaminated soil.[46,80] One of the main advantages of such a comprehensive system 

(GC×GC) is a very high separation power, making the technique useful for unraveling the 

composition of complex mixtures. Another important aspect of this technique is that it 

resolves and identifies the specific classes of compounds present in the UCM. 

 

1.1.5.3 Mass spectrometry in hydrocarbons analysis 

 The past decade has been a time of rapid growth and change in instrumentation for mass 

spectrometry.[81] The constant development of the analytical instrumentation improves the 

potential to characterize complex mixtures. Mass spectrometry, being one of the most 

informative techniques in complex mixtures analysis, is also an extremely challenging 

technique to be used especially, when the analyte contains saturated alkanes known to ionize 

reluctantly in mass spectrometry. Several ionization techniques, such as electron ionization 
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(EI),[82] chemical ionization (CI),[83] electrospray ionization (ESI),[84-86] matrix-assisted laser 

desorption ionization (MALDI),[87] laser-induced acoustic desorption (LIAD),[88] atmospheric 

pressure photoionization (APPI)[89] and atmospheric pressure chemical ionization (APCI)[90,91] 

have been applied to analyze petroleum samples. Furthermore, the development of mass 

analyzers provides the introduction of different systems like an ion trap, time of flight or 

Fourier cyclotron mass analyzers utilizing improved resolution.  

The next problem of HC analysis arises due to the ease of fragmentation of the HC ions, in 

particular if generated by EI or CI. The resulting radical cations fragment readily and mass 

spectra are dominated by target ions. Frequently, molecular ions are not observed resulting in 

difficulties of molecular formula assignment. The example spectrum of n-triacontane is 

present in Figure 5. 

 

 

Figure 5. EI-MS spectrum of n-triacontane (from Spectral Database for organic compounds SDBS) 

 

Coupling a separation technique with mass spectrometry greatly increases the efficiency of 

the analysis. A multi-dimensional technique, such as GC-MS provides an additional 

dimension and is useful in the complex mixtures analysis. The systems, such as GC-FI-MS,[92] 

GC-PI-MS,[93] GC-CI-MS,[94,95] GC-EI-MS,[96] GC-APCI-MS[97] have been already used in 
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numerous applications. Two-dimensional techniques, GC-EI-MS and GC-APCI-MS, applied 

in this work will be described in the following part. 

 

1.1.5.3.1 GC-EI-MS 

 GC with mass spectrometry was the first efficient tandem system developed and the first 

instrument assembled in the very early 1960s.[98] Traditional GC/MS applies electron impact 

(EI) ionization, where molecules are ionized by electrons at energy usually of 70eV. This 

ionization technique works well for many gas phase molecules but induces extensive 

fragmentation so that the molecular ions are not always observed.[81] The experiments with 

low energy were performed for petroleum analysis.[95,99,100] The fragmentation pattern of n-

alkanes is characterized by clusters of peaks and the corresponding peaks of each cluster are 

14 mass units (CH2) apart. The largest peak in every cluster represents the CnH2n+1 fragment 

occurring at m/z = 14n + 1, which is accompanied by CnH2n and CnH2n-1 fragments. The most 

abundant fragments are C2 and C4.[81] Acyclic alkanes similarly to saturated hydrocarbons are 

characterized by clusters of peaks at intervals of 14 units. In these clusters the CnH2n-1 and 

CnH2n peaks are more intense than the CnH2n+1 peaks. In the case of aromatic molecules, the 

aromatic ring in a molecule stabilizes the molecular ion peak and M + 1 and M + 2 species of 

sufficiently large intensity in EI are generated. 

Many reports on the characterization of environmental petroleum samples (UCM) are found 

in literature concerning hydrocarbons analyses with GC-EI-MS systems.[101,102] Aliphatic 

hydrocarbons fragment heavily upon EI ionization, resulting in many smaller fragments, 

although indistinguishable. Consequently, high volatile alkanes do not yield significantly 

different mass spectra from branched isomers. 

 

1.1.5.3.2 GC-APCI-MS 

The atmospheric pressure chemical ionization (APCI) was introduced by Horning in 

the mid-1970s as an interference between high-performance liquid chromatography and 

MS.[103] APCI is mainly applied to non-polar compounds and low molecular weights up to 

about 1500 Da. Such an ionization technique has been used in direct infusion experiments for 

petroleomic analyses[104-106] and only limited experimental data are available for detection of 
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n-alkanes.[90,107] The group of Karasek investigated n-alkyl halides[108] and n-alkanes (C5H12–

C15H32)
[109] using β-ionization. The obtained spectra of alkyl halides [RX] - were attributed to 

formed alkyl backbones. The most abundant ions were assigned to [R-1]+ ions formed by 

hydrogen abstraction. Using APCI-MS with 63Ni ionization, the most abundant ions turned 

out to be [M-3]+ and [(M-3)+H2O]+.[90] In the case of polyaromatic hydrocarbons, the 

protonated species were generated instead.[110,111] Recently, APCI coupled to liquid 

chromatography have been applied to study aromatic hydrocarbons,[103,112] linear and 

branched hydrocarbons.[113] The spectra of the last showed the presence of [M-H]+ ions 

without fragmentations. Highly branched alkanes produced [M-H]+·as the most abundant ions, 

while highly unsaturated hydrocarbons yielded mostly [M+H] +. APCI coupled to GC was 

used only a few times in the analysis of environmental samples, including tetrachlorodibenzo-

p-dioxin,[114] tetrachlorodibenzofuran,[115] nitro-polycyclic aromatic hydrocarbons (nitro-

PAH),[116] amino-PAH[117] and pesticides.[118] GC-APCI-TOF-MS has been employed only for 

metabolomic,[119] pharmaceutical research[120] and food material analysis.[121]  

Parallel to this work the investigation of the LSW fraction using APCI-methods was carried 

out by Kuhnert et al.[122] Initially, different n-alkanes standards were injected into the MS 

instrument as a direct infusion. Next, the light shredder waste fraction was measured as a 

direct infusion using an optimized APCI-TOF-MS method. It was noticed that a 

monohydrated [(M-3)+H2O]+ ion was the only intact ion corresponding to each individually 

injected n-alkanes (up to C20). In contrast, high mass n-alkanes (C20–C40) formed 

additionally [M]+ and [M-1]+ ions; in the range of C32–C40 some low intensity species 

formed of a composition of [M-3]+ were observed. Almost 1000 molecular formulas could be 

obtained from the APCI-TOF-MS data of the LSW fraction. The quantification of selected 

hydrocarbons in the waste samples was achieved.  
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1.2 EXPERIMENTAL SECTION 

 

1.2.1 CHEMICALS 

All chemicals (Analytical grade) were purchased from Sigma-Aldrich (Germany), except n-

octylbenzene, n-nonylbenzene, n-tetradecylbenzene, n-octadecylbenzene, n-

octadecylcyclohexane, n-tetradecylcyclohexane, 2,6-dimethyldecane, 2,6,10,14-tetramethyl 

nonadecane and 2,6,10,14,18-pentamethylheneicosane, which were received from Chiron 

(Norway). The light shredder waste fraction was supplied by the Bremer Entsorgungsbetriebe 

(BEB) company in Bremen (Germany).  

 

1.2.2 SAMPLE PREPARATION 

The light shredder waste fraction was air-dried for 24 hours at ambient temperature to 

constant weight and fractionated by sieving after crashing of agglomerates using Laboratory 

Mortar Grinder (Fritsch “pulverisette 2”). Particle size fractions of < 2mm were used for all 

experiments. Soil samples were stored at 4 °C. The Soxhlet extraction and shaking extraction 

were applied for the light shredder waste fraction. 

Shaking extraction. 20 g of the LSW fraction was weighed in 100 mL glass flask then 

a mixture of 20 mL of n-heptane and 40 mL of acetone added. The flask was shaken on 

platform shaker (Innovax 3000, Fisher Scientific) at 250 rpm for 1 h at 35 °C. Different 

shaking periods have been tested, ranging from 1 to 3.5 h along with the temperature and 

shaker speed. Different extraction solvents with varied proportions were tested. Extractions 

were carried out in n-heptane, n-pentane and mixture of acetone and n-heptane in ratios: 2:1, 

1:1, 5:1, 3:1. 

Soxhlet extraction (System B-811 Büchi). The mass of 20 g of the LSW fraction was 

extracted using a 140 mL mixture of n-heptane:acetone (1:2, v:v) for 9 hours. 

The extracts after both extractions were transferred to a separatory funnel. The acetone 

was removed by washing three times with 15 mL water. The n-heptane layer was collected in 

the tube. The extract was clean up using SPE system to remove polar compounds, such as 

lipids (Visiprep SPE Vacuum Manifolds). The SPE analysis was carried out on columns, 
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prepared from 10 mL plastic syringe with cotton, 2 g of an absorbent and 2 g of an anhydrous 

sodium sulfate. As the absorbent: silica gel 60 (0.04 mm–0.063 mm), alumina (150 mesh; 

pore size 58 Å), Florisil® (60–100 mesh) were used and then compared. All fractions collected 

were evaporated to dryness with a rotary evaporator. The residue was thus dissolved in 5 mL 

of n-heptane, before the GC and GC-MS analyses were performed. The resulting elutes 

directly after extraction procedures without clean up step were analyzed by gas 

chromatography, too.  

The same sample preparation protocol was applied for analytes from the project 

partner in Hochschule Bremerhaven, where the light shredder waste fraction was treated in 

small scale reactors. The conditions applied by a collaborator are shown in Table 1. 

 

Table 1. Conditions for analyzed samples from bioreactors in Bremerhaven 

 

 

 
Sample 

 

 
Date 

 

Conditions 
Operating time 

Temp. Air flow Input water 

1. 

I1 2010-12-14 
    

R1.1 2010-12-14 60 °C 1.5 L/h 120 mL/d 22 days 

R2.1 2010-12-14 60 °C 1.5 L/h 120 mL/d 22 days 

2. 

I2 2010-12-22 
    

R1.2 2010-12-22 60 °C 1.5 L/h 120 mL/d 20 days 

R2.2 2010-12-22 60 °C 3.0 L/h 120 mL/d 20 days 

R3.2 2010-12-22 60 °C 3.0 L/h 120 mL/d 20 days 

 
3. 
 

I3 2011-04-02 
    

R1.3 2011-03-16 60 °C 3.0 L/h 120 mL/d 31 days 

R2.3 2011-03-16 60 °C 3.0 L/h 120 mL/d 22 days 

R3.3 2011-03-16 60 °C 3.0 L/h 120 mL/d 14 days 

4. 

R1.4 2011-04-21 60 °C 3.0 L/h 120 mL/d 2 days 

R2.4 2011-04-21 60 °C 3.0 L/h 120 mL/d 7 days 

R3.4 2011-04-21 60 °C 3.0 L/h 120 mL/d 10 days 

R4.4 2011-04-21 60 °C 3.0 L/h 120 mL/d 14 days 

R5.4 2011-04-21 60 °C 3.0 L/h 120 mL/d 16 days 

5. 

I5 2011-06-14 
    

R1.5 2011-07-04 70 °C 3.0 L/h 120 mL/d 22 days 

R2.5 2011-07-04 70 °C 3.0 L/h 120 mL/d 22 days 

R3.5 2011-07-04 70 °C 3.0 L/h 120 mL/d 22 days 
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1.2.3 GC-FID 

The GC analyses were performed on a GC-2010 (Shimadzu, Kyoto, Japan) instrument with a 

flame ionization detector and a split/splitless injector. Injector temperature was set at 290 °C 

and samples were injected using the autosampler (1 µL) with a split ratio of 1:10. Two 

different capillary columns were used, such as Rxi-5 ms (15 m × 0.25 mm, with film 

thickness of 0.25 µm) and Rxi-5 Sil MS (30 m × 0.25 mm, with film thickness of 0.1 µm) 

Restek. The temperature program was raised from 60 °C (1 min) to 300 °C at the rate 15 

°C/min, and the final temperature was maintained for 23 min. A nitrogen gas was used as a 

carrier at a flow rate of 5 mL/min. The detector temperature was set at 310 °C. To form the 

flame, hydrogen gas flow, 40 mL/min, and air gas flow, 400 mL/min, were used. GC solution 

2.10 software was used for data collection, and calculation of all parameters.  

 

1.2.4 GC-EI-MS 

The GC-EI-MS analyses were carried out with a Varian CP-3800 gas chromatograph (Palo 

Alto, CA, USA) equipped with a split/splitless injector and coupled to a Saturn 2000 ion trap 

Varian mass spectrometer (MS) and an Agilent gas chromatograph-mass spectrometer with 

PTV injector. The parameters for the latter are shown in brackets, when needed. Data 

acquisition in Varian GC was performed using a Star Toolbar system (Varian). In both cases, 

samples were injected manually with a split ratio of 1:10 at 290 (310) °C. The compounds 

were analyzed on a 30 m, 0.25 mm i.d. fused-silica capillary column coated with a 0.1µm 

layer of poly (5% phenyl/95% dimethylpolisiloxane) (Rxi-5Sil MS, Restek) and 0.5 µm (FS-

Supreme-5), using helium as a carrier gas at a flow rate of 1.3 (1.2) mL/min, respectively. The 

oven was heated from 60 °C (1 min) to 300 °C (325 °C) at the rate 25 (18) °C/min and the 

final temperature was maintained for 20 (30) min. For MS, the electron multiplier was set to 

1350 V to accomplish ionization by electron impact (EI). The transfer line temperature was 

set at 300 °C (325 °C), while temperatures 244 °C (230 °C) and 120 °C (150 °C) were used 

for the trap and manifold, respectively. Mass spectra were recorded from m/z 40–600. The 

compounds were identified by matching their GC retention times with those obtained from 

authentic standards analyzed under the same experimental conditions and from the 

comparison of their recorded mass spectra with those of the US National Institute of 

Standards and Technology (NIST) library. 
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1.2.5 GC-APCI-MS 

The GC-APCI-MS analyses were carried out with an Agilent 450GC gas chromatograph 

equipped with a split/splitless injector and coupled to a microTOF-Q II Bruker mass 

spectrometer (MS). A data acquisition was performed using Bruker Daltonics software. An 

injector temperature was at 280 °C and 1 µL of the samples were injected using a CTC PAL 

autosampler with a split ratio of 1:10. Compounds were analyzed on a 30 m, 0.25 mm i.d., 

0.25 µm fused-silica capillary column (HP-5, Agilent), using helium as a carrier gas at a flow 

rate of 1.3 mL/min. The oven temperature was raised from 40 °C (1 min) to 320 °C and the 

final temperature was maintained for 20 min. The ionization was accomplished by 

atmospheric pressure chemical ionization (APCI). The transfer line temperature was set at 300 

°C. Mass spectra were recorded from m/z 50–750. The calibration was performed using an 

enhanced quadratic mode with a mixture of fatty acids. MS operating conditions were a 

nebulizer pressure of 2 bar, a corona discharge of 3000 nA, a dry gas of 3 L/min, a drying 

temperature of 250 °C and a vaporizer temperature of 300 °C. Molecular formulas were 

calculated by Bruker Data Analysis 4.0 software and subsequently exported to Excel to carry 

out mathematical operation, such as determination of H/C and O/C ratios or the Kendrick 

analysis. All graphs were created using Origin 7.5. The number of possible isomers was 

generated using MOLGEN (Molecular Structure Generation) program. 

1.2.6 TGA 

Thermogravimetric analyses were performed using a TA SDT Q600 instrument. The 

temperature was increased from 25 to 800 °C at the rate of 5 and 10 °C/min under a nitrogen 

atmosphere. 

1.2.7 INFRARED (IR) SPECTROSCOPY 

Infrared spectra were recorded using neat materials on a Bruker, Vector 33 spectrometer. IR 

absorptions are given in wavenumbers (cm-1). 

1.2.8 1H NMR 

1H NMR spectra were recorded on a JEOL ECX-400 spectrometer operating at 400 MHz, at 

room temperature in D2O, using a 5 mm probe. The chemical shifts (δ) are reported in parts 

per million (ppm). 



Light Shredder Waste Fraction 

The aim of the study 

 

18 
 

1.3 THE AIM OF THE STUDY (I) 

 

 

The main aim of this study is to unravel the chemical composition of two complex 

mixtures, including the unresolved complex mixture (UCM) of the light shredder waste 

fraction and dietary material, namely caramel. Both materials belong to the most challenging 

tasks in modern analytical chemistry due to their extreme complexities. 

The first part considers the characterization of environmental samples of the light 

shredder waste fraction possessing the UCM in gas chromatography. More importantly, the 

UCM is analyzed in order to find out if such a mixture is consisted of only hydrocarbons or 

more classes of compounds. Therefore, the new analytical GC (GC/MS) methods along with 

sample preparation and extraction procedure need to be developed. The study also involves 

the quantitative analysis of hydrocarbons to gain information on the concentration of 

contaminants, which are legally regulated. For the GC/MS method, both ionization 

techniques, namely electron impact (EI) and atmospheric pressure chemical ionization (APCI) 

are investigated. The efforts to develop more accurate method for hydrocarbons determination 

are taken to estimate the suitability of the KW/04 method. 
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1.4 RESULTS AND DISCUSSION 

 

1.4.1 THE LIGHT SHREDDER WASTE FRACTION SAMPLE 

PREPERATION AND EXTRACTION METHOD OPTIMAZATION 

 

The analysis of the light shredder waste fraction by gas chromatography requires 

firstly the preparation of the sample. The effect of drying and grinding of the light shredder 

waste fraction has been investigated. They showed an important impact on GC 

chromatographic profile and hydrocarbons concentrations. Subsampling variability is lower in 

dry than in wet soil, due to the greater homogenicity. The preparation of a homogenized 

material significantly influences on the recovery of hydrocarbons. Storage of the LSW 

fraction samples at proper temperatures has affected their stability. 

Secondly, the extraction procedures, such as shaking and Soxhlet have been investigated. Gas 

chromatography with a flame ionization detector (GC-FID) was used to analyze all extracts 

after both extraction procedures. The investigations of shaking extraction parameters started 

with the evaluation of shaking parameters for the LSW fraction samples, such as different 

speed and time. The GC analyses of the waste extracts showed that shaker parameters did not 

influence the GC results. The choice of solvent (n-pentane, n-heptane, acetone/n-heptane in 

different proportions) was essential in order to develop a proper extraction protocol. Shaking 

with n-heptane/acetone (1:2, v/v) turned out to be the most effective method; whereas the use 

of n-pentane met with failure. The subsequent clean up of the extracts was performed by a 

solid phase extraction (SPE) to minimalize the amount of polar compounds. In fact, the 

reduced amount of interferences was observed. Dark extracts, obtained after both Soxhlet and 

shaking extractions became colorless after the clean up procedure. Subsequently, well-known 

sorbents, such as silica, alumina and Florisil were tested. The type of an adsorbent was found 

to be a key factor. It must be noted here that Florisil and alumina tubes with Na2SO4 gave an 

acceptable reduction of the amount of interferences; whereas silica was insufficient. The 

shaking extraction of dried and grounded soil samples in a mixture of n-heptane:acetone (1:2, 

v:v) after shaking at 175 rpm for 1 h at 35 °C and solid phase extraction with Florisil provided 

the best separation of the peaks. This method was further applied for all experiments, 
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including the quantitative analysis in GC. Figure 6 illustrates the GC chromatogram of the 

light shredder waste fraction under the optimized shaking extraction conditions.  

 

 

Figure 6. Integrated GC-FID chromatogram of the light shredder waste fraction after the shaking 
extraction (175 rpm, 1 h, 35 °C, n-heptane:acetone (1:2, v:v) as the solvent, SPE with 
Florisil) 

 

In the case of Soxhlet extraction, n-heptane and n-hexane were tested as a solvent with 

different number of cycles: 5 and 10, respectively. Finally, the mixture of n-heptane:acetone 

(1:2, v:v) was used. The required volume of the corresponding solvent was calculated 

according to the shaking extraction. The heating parameters based on boiling points of 

exploited solvents were thus chosen. After nine hours of extraction, the extracts have been 

treated in the same way like after the shaking extraction*. The UCM profiles after shaking and 

Soxhlet extractions were the same. The most visible differences in the GC chromatograms 

were observed in the intensity of the hump and the height of well-resolved peaks. The 

chromatograms indicated that the peak heights achieved from the Soxhlet extraction were 

higher than those for shaking extraction (Figure 7).  

 

 

Figure 7. Integrated GC-FID chromatogram of the light shredder waste fraction after the Soxhlet 
extraction (9 h, n-heptane:acetone (1:2, v:v), SPE with Florisil) 

                                                 

* Washed three times with water and cleaned using solid phase extraction (SPE) 
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The Soxhlet and shaking extraction procedures have been compared, as shown in Table 2. 

The comparison is performed in terms of costs, time, recovery and efficiency. The peak areas 

after Soxhlet extraction procedure are two times larger than after shaking. Particularly, higher 

amount of solvent, and a specialized instrument is needed for the Soxhlet extraction. In term 

of time, around 6–9 h was used for the Soxhlet extraction, while for shaking 1 h. In the case 

of Soxhlet extraction, 4 samples can be extracted simultaneously. The recovery of the shaking 

extraction was calculated to be 60%, while for the Soxhlet extraction is 75%. As a result, the 

Soxhlet extraction proved to be the best choice. The calculation of the recovery of extraction 

procedures will be discussed later*. 

 

Table 2. Comparing of shaking and Soxhlet extractions 

Parameters Shaking extraction Soxhlet extraction 

Costs + - 

Time + - 

Recovery 60% 75% 

Efficiency - + 

 

                                                 
* See on page 24 
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1.4.2 GC-FID METHOD DEVELOPMENT AND OPTIMIZATION 

Gas chromatography with the flame ionization detection (GC-FID) is a routine analytical 

technique for hydrocarbons determination. The method development for the assay of 

hydrocarbons was based on their physico-chemical properties. As, hydrocarbons being non-

polar molecules, the capillary columns coated with a 5% diphenyl/95% dimethylpolysiloxane 

and a silarylene phase were therefore chosen for the separation. Due to the better efficiency 

and improved peak separations, capillary columns instead of packed columns were used. The 

fact that some aromatic components were expected in analyzed samples low polarity columns 

with phenyl groups in a stationary phase were employed instead of non-polar. Columns with 

0.25 µm and 0.1 µm film thicknesses were chosen. The 0.25 µm worked well for most 

samples and thin film 0.1 µm is available for components eluted at higher temperatures. The 

0.25 mm of inner diameter of the column is suitable for the analysis of hydrocarbons. The 

injection port and detector temperatures were set to 290 and 310 °C, respectively. For high-

boiling compounds is recommended to use an injector temperature of 275–300 °C. It was 

important to check if a septum can tolerate the high injector temperature. The split mode was 

chosen with a split ratio of 1:10. Linear velocity was set to 25 cm/sec to ensure a nitrogen 

flow of 11.6 mL/min. Hydrogen and helium could provide better resolution in the shorter 

period of time. Nevertheless, nitrogen gave good resolution of the peaks in longer, yet still 

acceptable analysis time. Different temperature programs were investigated for a GC oven. At 

the end of this examination, the isothermal temperature program with a run time of 40 min 

was as follows: initial temperature 60 °C held for 1.0 min, then increased to 300 °C at a rate 

of 15 °C/min and kept for 23 min. The initial temperature was found to be ideal to start the 

separation of the compound of interest. Different temperature ramp rates were considered 

from 15, 25 to 35 °C/min. As an optimum, 15 °C/min was chosen as a compromise between 

the time of analysis and the shape of peaks. It has been noticed that faster temperature rate 

caused shorter time of the analysis, although the bordering of the last eluting peaks was 

observed, which is undesirable. Final 23 min hold time was required to elute all compounds 

until n-tetracontane. An optimization of GC parameters was performed applying n-alkanes as 

a standard mixture. The objective of the method development has achieved the satisfactory 

separation, peaks width and fulfils the required value of the peak area ratio of n-tetracontane 

to n-eicosane. As defined in KW/04, the peak area ratio of n-tetracontane to n-eicosane should 

be higher than 0.8. The peak area ratio of C40/C20 was estimated to be about 0.86–1.1, which 
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is above the required value of 0.8. The retention time of n-tetracontane was approximately 38 

min with a good peak shape and subsequently no further optimization of such a method was 

required. The typical chromatogram obtained with n-alkanes standard mixture is shown in 

Figure 8.  

 

 

Figure 8. GC-FID chromatogram of C10H22, C20H42–C40H82 even n-alkanes standard mixture 

 

For most GC measurements, a comparison of retention times of an unknown sample with the 

standard usually performs the peak identification. After the optimization of the parameters for 

the standard mixture, the same method has been applied for the analysis of the light shredder 

waste fraction. The resulting chromatograms were integrated using a straight line, between 

retention times of C10H22 and C40H82, as defined in KW/04. Figure 9 illustrates the overlap of 

two chromatograms of the light shredder waste fraction sample with C7H16–C40H82 n-alkanes 

standard mixture. Peaks of the waste samples with the highest intensity correspond to n-

alkanes from interest range, which was also confirmed by GC-MS. 
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Figure 9. a) Overlap of GC-FID chromatograms of the light shredder waste fraction (black) and 
C7H16–C40H82 n-alkanes standard (blue), b) Fragment of two overlapping chromatograms of 
the light shredder waste fraction sample with C20H42–C28H48 n-alkanes standard 

 

1.4.3 QUANTIFICATION OF THE LIGHT SHREDDER WASTE 

FRACTION 

 

The quantitative analyses have been initiated by generation of the calibration curves for n-

alkanes from the range of C20H42–C40H82. The calibration curves were generated by plotting 

peaks areas of C7–C40 n-alkanes standard mixture as a function of concentration. In doing so, 

n-alkanes C7–C40 standard solution (1000 mg/L) was diluted with n-heptane to a series of 

standards with concentrations of 5, 50, 100, 333, 250, 750 and 500 mg/L. The calculated 

concentrations for n-alkanes from the range of C20H42–C40H82 are shown in Table 3. The total 
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Table 3. Calculated concentrations of n-alkanes in the range C20H42–C40H82 of the light shredder waste 
fraction 

Compound  Area 1 a  Conc 1 [mg/L] a  Area 2 b  Conc 2 [mg/L] b  
C20H42 110423.7 105.2202 112920.8 106.1434 
C21H44 129131.6 111.5375 73325.6 90.1016 

C22H46 122798.3 108.9402 124891.5 109.7520 

C23H48 135572.8 112.1602 90017.3 94.6772 

C24H50 182722.0 124.7595 173366.6 121.1885 

C25H52 156396.4 114.9369 255479.0 152.0243 

C26H54 267218.8 153.3557 245654.7 145.4942 

C27H56 250582.6 146.6271 297761.2 164.1130 

C28H58 185830.7 121.9665 280354.9 156.7769 

C29H60 187587.0 123.2538 179545.1 120.2175 

C30H62 193954.4 123.5371 211239.5 129.8309 

C31H64 126289.0 99.54783 161058.4 112.5089 

C32H66 144691.3 106.5795 148152.1 107.8574 

C33H68 86791.4 85.60983 89668.9 86.6766 

C34H70 145483.4 108.9484 145946.9 109.1230 

C35H72 128377.1 101.3943 164833.1 115.3429 

C36H74 93973.6 89.83625 96829.0 90.9053 

C37H76 78221.8 85.86892 66707.0 81.1931 

C38H78 80020.8 86.31431 66198.5 80.7558 

C39H80 58511.1 80.35061 47897.7 75.6997 

C40H82 53106.6 79.67197 51903.0 79.1430 

Total   2270.417  2329.525 
a Peak area and calculated concentration after one extraction; b Peak area and calculated concentration after 
second extraction  
  



Light Shredder Waste Fraction 

Results & Discussion  GC-FID 

 

27 
 

1.4.4 GC METHOD VALIDATION 

The GC method has been validated in terms of suitability, specificity, linearity, intra and 

interday precision, limits of detection and quantification.[123] 

1.4.4.1 Suitability 

Factors, such as the peak resolution, number of theoretical plates, peak tailing and capacity 

have been measured to determine the suitability of the used method. Generally, an acceptable 

limit for the peak resolution is ≥ 2.0. A peak resolution was detected ranging from 9.4–13 

according to the optimized method. The number of theoretical plates (N) should be ≥ 2000. 

The peak tailing factor (TF) can be in the range of 0.5–2.0. Commonly, the value of a capacity 

factor (k’) is > 2. The aforementioned parameters in the appropriate ranges are shown in 

Table 4.  

 

Table 4. Suitability of the GC method 

Compound Resolution N Tailing F. k’ 
C20H42 13.685 1101499.396 1.112 9.666 
C21H44 13.006 1233718.865 1.101 10.191 

C22H46 12.495 1348459.288 1.111 10.693 

C23H48 11.992 1453608.840 1.084 11.176 

C24H50 11.419 1532402.949 1.106 11.638 

C25H52 11.077 1727944.321 1.102 12.084 

C26H54 10.527 1656163.462 1.104 12.513 

C27H56 9.918 1790724.632 1.099 12.927 

C28H58 9.832 1623718.036 1.068 13.352 

C29H60 9.750 1311110.599 1.053 13.822 

C30H62 9.865 1170125.115 1.031 14.356 

C31H64 9.896 884337.087 1.010 14.972 

C32H66 9.958 733655.766 0.964 15.696 

C33H68 10.098 570948.713 0.907 16.557 

C34H70 10.268 476191.607 0.930 17.585 

C35H72 9.980 316212.032 0.925 18.818 

C36H74 9.914 271890.102 0.849 20.324 

C37H76 9.733 194213.476 0.837 22.137 

C38H78 9.448 154729.164 0.817 24.341 

C39H80 9.664 142890.988 0.795 27.011 

C40H82 9.560 106437.344 0.802 30.251 
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1.4.4.2 Specificity 

The specificity of the method has been evaluated by recording chromatograms of the 

analytical standard of n-alkanes C7–C40 in n-heptane on two different columns (Rxi-5 MS 

and Rxi-5Sil MS) at the same chromatographic conditions. The analysis on Rxi-5Sil MS 

column gave a minutely better resolution of the peaks. Different retention times of particular 

hydrocarbons on two tested columns confirmed the identity of such peaks.  

 

1.4.4.3 Linearity 

The linearity has been studied by plotting the standard peak area versus concentrations of n-

alkanes C7–C40 standard mixture. Eight standard concentration levels that cover the expected 

working range were prepared between concentrations 5–1000 mg/L. The constructed 

calibration curves were then evaluated by their correlation coefficients. The calibration 

equations for compounds C20H42–C40H82 demonstrate the linearity of the method. The 

correlation coefficients for n-alkanes (from n-eicosane to n-tetracontane) possessed the R2 

value higher than 0.98 or 0.99 for all compounds. The calibration equations and correlation 

coefficients are shown in Table 5. 

 

1.4.4.4 Limits of detection and quantification 

The limits of detection (LOD) and limits of quantitation (LOQ) have been evaluated by serial 

dilutions of n-alkanes standard mixtures in order to obtain signal to noise ratios of 3:1 for 

LOD and 10:1 for LOQ. LOD values for analytes were found to be 1 mg/L for C20–C35 and 

2.5 mg/L for C35–C40; whereas the LOQ values 3 mg/L for C20–C35 and 7.5 mg/L for C35–

C40 (Table 5). As a result, LOQ and LOD values proved that the method is well suited.  
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Table 5. Linearity, LODs, LOQs 

Compound Calibration equation R2 a LOD [mg/L] LOQ [mg/L] 
C20H42 y=2705x-174197 0.9841 1 3 
C21H44 y=2603.4x-161245 0.9844 1 3 

C22H46 y=2578.6x-158115 0.9857 1 3 

C23H48 y=2605.7x-156683 0.9872 1 3 

C24H50 y=2619.8x-144123 0.9869 1 3 

C25H52 y=2671.6x-150669 0.9880 1 3 

C26H54 y=2743x-153436 0.9893 1 3 

C27H56 y=2698.1x-145032 0.9899 1 3 

C28H58 y=2715.4x-145357 0.9899 1 3 

C29H60 y=2648.6x-138863 0.9906 1 3 

C30H62 y=2746.4x-145328 0.9905 1 3 

C31H64 y=2682.6x-140758 0.9908 1 3 

C32H66 y=2708.3x-143958 0.9912 1 3 

C33H68 y=2697.3x-144124 0.9913 1 3 

C34H70 y=2654.6x-143731 0.9915 1 3 

C35H72 y=2613.6x-136627 0.9927 2.5 7.5 

C36H74 y=2671.1x-145988 0.9919 2.5 7.5 

C37H76 y=2462.6x-133239 0.9922 2.5 7.5 

C38H78 y=2486.7x-134617 0.9922 2.5 7.5 

C39H80 y=2282x-124849 0.9916 2.5 7.5 

C40H82 y=2275.4x-128179 0.9908 2.5 7.5 
a Correlation coefficient 

 

1.4.4.5 Precision 

The precision, expressed as a relative standard deviation (RSD) has been estimated by 

performing intraday and interday precision studies for the standard and the waste samples. n-

Alkanes standard mixtures were analyzed daily for four days. The reproducibility of retention 

times were excellent, with standard deviation of < 0.18 %RSD, where peak areas were 

observed between 2.2–5.7%. Next, the extracted light shredder waste fraction sample was 

regularly analyzed for five days and five times a day. The reproducibilities of Rt and peak 

areas were certainly good with acceptable values, shown in Tables A1, A2 (Appendix)*. 

Moreover, the light shredder waste fraction after different extraction procedures, performed 

within five days were investigated and the data for the peak area reproducibility are listed in 

Table 6. The RSDs were calculated to be in the range of 5.7–28.7% for straight-chain alkanes 

(C20H42–C40H82), which are good for complex mixture samples. 

                                                 
* See on page 149 
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Table 6. Reproducibility of peak areas of the light shredder waste fraction (interday) 

Compound  P. area 1  P. area 2  P. area 3  P. area 4  P. area 5 Mean  SDa  RSD[%]b  
C20H42 52039.9  29036.5  23613.5  45981.7  33693.9  36873.1  10586.17  28.7  
C21H44 60458.0  59419.3  28715.0  45821.8  43096.9  47502.2  11705.21  24.6  

C22H46 81340.6  77830.2  50485.9  68726.4  79705.2  71617.66  11431.97  16.0  

C23H48 93397.1  86971.5  66893.7  77196.4  99266.3  84745.0  11544.13  13.6  

C24H50 119404.2  100412.0  60010.2  80086.6  108540.7  93690.7  21195.90  22.6  

C25H52 122198.6  104439.3  75152.0  89002.9  103808.0  98920.2  15871.45  16.1  

C26H54 159792.9  158416.0  100126.8  161766.9  157410.5  147502.6  23732.92  16.1  

C27H56 253493.8  195431.6  173812.7  179808.0  252036.3  210916.5  34893.77  16.5  

C28H58 136880.5  123548.8  100767.9  99514.7  129703.5  118083.1  15250.26  12.9  

C29H60 127723.7  152884.9  89127.5  104446.9  119107.6  118658.1  21577.19  18.2  

C30H62 150406.8  130491.5  107074.7  117456.8  125778.2  126241.6  14469.11  11.5  

C31H64 86430.9  88059.6  65016.3  69480.9  75944.6  76986.5  9083.12  11.8  

C32H66 90706.6  84008.4  82316.9  89895.3  104188.4  90223.1  7700.67  8.5  

C33H68 68251.2  73317.9  63503.8  64343.4  63437.8  66570.8  3808.69  5.7  

C34H70 96322.6  100700.7  76569.9  99119.5  99129.3  94368.4  9010.47  9.6  

C35H72 100159.2  102303.3  105496.0  171512.4  132386.7  122371.5  27188.36  22.2  

C36H74 91359.7  82955.5  68462.2  78485.6  104228.7  85098.34  12085.17  14.2  

C37H76 90886.1  77973.9  77080.6  89227.9  84730.5  83979.8  5647.53  6.7  

C38H78 76034.1  59960.8  70777.1  73146.4  68825.7  69748.8  5454.60  7.8  

C39H80 84636.5  68774.6  54527.9  70949.1  66715.9  69120.8  9622.22  13.9  

C40H82 73776.6  56939.2  71192.1  76784.9  84801.6  72698.9  9110.11  12.5  

Total  2215700.0  2013876.0  1610723.0  1952755.0  2136536.0     
a Standard deviation; b Relative standard deviation  

 

1.4.4.6 Stability of samples 

The stability of prepared samples has been evaluated during five days, which is actually 

enough for testing environmental samples in the routine analyses. A sample was injected at 5 

different days and the obtained results gave an acceptable criterion for RSD% for 

constituents. As a consequence, prepared samples, kept at 4 °C are stable at least for five days 

after a completion of the sample extraction. 



Light Shredder Waste Fraction 

Results & Discussion  GC-EI-MS 

 

31 
 

1.4.5 GC-EI-MS 

1.4.5.1 GC-EI-MS of n-alkanes standard and the light shredder waste fraction 

 

After the GC-FID study, gas chromatographs coupled to mass spectrometers were applied to 

investigate the composition of the UCM of the light shredder waste fraction. Firstly, the n-

alkanes standard was analyzed by GC-EI-MS, and when achieving a good separation, the 

same method was used for the light shredder waste fraction analysis. A 30 m column instead 

of 15 m was applied, which is preferable for a gas chromatograph coupled to a mass 

spectrometer. The injector temperature and column temperature program were applied from 

the GC instrument. Helium was used as a carrier gas with the flow rate of 1.3 mL/min, which 

is recommended for high-boiling hydrocarbons. Parameters for mass spectrometer, including 

temperature of a transfer line, manifold and trap were set at high values due to the nature of 

high-boiling compounds. The complete separation of all compounds from n-alkanes standard 

mixture ranging from C7H16–C40H82 was achieved within 21 min. Profiles of the analyzed 

waste samples were in similarity to the obtained by the GC-FID instrument. GC-EI-MS 

chromatograms of overlapped n-alkanes standard and the light shredder waste fraction are 

shown in Figure 11. 

 

Figure 11. GC-EI-MS chromatograms (TIC) of n-alkanes standard (green) and the light shredder 
waste fraction (red) 
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The mass spectra were recorded in the positive ion mode in the mass range of m/z 50–600. 

The most of the ionization methods of neutral saturated hydrocarbons, including electron 

impact (EI) ionization produce an extensive fragmentation, thereby making it hard to identify 

individual compounds. The MS spectra of n-eicosane and n-tetracontane from GC-EI-MS 

experiments as examples are shown in Figure 12. 

 

 

Figure 12. Mass spectra (GC-EI-MS) of: a) C20H42 and b) C40H82 of the light shredder waste fraction 
in the positive ion mode 

 

Typical fragments of n-alkanes were observed at m/z 57, 43, 83 and 97 resulted from the loss 

of alkyl radicals. The recognition of individual compounds from n-alkanes standard mixture 

and the waste sample was impossible, because of the fragmentation in an EI mode, which 

gave similar fragments for all hydrocarbons. Molecular ions were not detectable. We could, 

however, confirm the presence of straight-chain alkanes in the waste by comparing mass 

spectra of n-alkanes from the standard mixture with those from the real waste sample, but 

unfortunately they were undistinguishable. Their mass spectra are almost overlapping with 

each other. When more complex spectra with typical fragments at m/z 57, 43, 83 were 

recorded, it can be suggested that they belong to branched or unsaturated hydrocarbons.  

It is well known, that the unresolved complex mixture does not contain exclusively linear 

hydrocarbons. Polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons 

(PAHs) are of concern due to potentially carcinogenic properties. Initially, the GC-EI-MS 

analyses of PCBs and PAHs reference materials have been performed and their data have 

been compared with retention times and mass spectra of the light shredder waste fraction. In 

a) 

b) 
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fact, some of PCBs and PAHs were successfully found. The mixture of 16 PAHs: naphthalene 

(1), acenaphthylene (2), acenaphthene (3), fluorene (4), phenanthrene (5), anthracene (6), 

fluoranthene (7), pyrene (8), benzo[a]anthracene (9), chrysene (10), benzo[b]fluoroanthene 

(11), benzo[k]fluoroanthene (12), benzo[a]pyrene (13), indeno[1.2.3-cd]pyrene (14), 

dibenzo[a.h]anthracene (15) and benzo[ghi]perylene (16) has been analyzed and first eight of 

them were detected (Figure 13).  

 

 

Figure 13. Analyzed PAHs (polyaromatic hydrocarbons) 

 

PCBs standard containing tri-, tetra-, penta-, hexa-, hepta- and octa-biphenyls have been 

measured by GC-EI-MS and eleven out of twelve components were found in the waste 

samples. In particular, the standard mixture includes: 2,2′,3,4,4′,5,5′-heptachlorobiphenyl 

(17), 2,2′,3,4,4′,5′-hexachlorobiphenyl (18), 2,2′,3,4′,5′,6-hexachlorobiphenyl (19), 

2,2′,4,4′,5,5′-hexachlorobiphenyl (20), 2,2′,3,3′,4,4′,5,5′-octachlorobiphenyl (21), 2,2′,4,5,5′-

pentachlorobiphenyl (22), 2,3′,4,4′,5-pentachlorobiphenyl (23), 2,2′,3,5′-tetrachlorobiphenyl 

(24), 2,2′,5,5′-tetrachlorobiphenyl (25), 2,2′,5-trichlorobiphenyl (26), 2,4,4′-trichlorobiphenyl 

(27) and 2,4,5-trichlorobiphenyl (28). Analyzing three particular PCBs, namely 3,5-

dichlorobiphenyl (29), 4,4′-dichlorobiphenyl (30), 2,2′,3,3′,4,4′,5,5′,6,6′-decachlorobiphenyl 

(31), where the last two were found in the LSW fraction (Figure 14).  
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Figure 14. Analyzed PCBs (polychlorinated biphenyls) 

 

Moreover, based on studies of mass spectra of corresponding peaks in the waste samples 

monochlorobiphenyl also exists with m/z of 189. All analyzed chlorobiphenyls except nona-

derivatives, that should appear at m/z 464, were present in the light shredder waste fraction. 

Furthermore, the mass spectra of the light shredder waste fraction were studied in order to 

detect the presence of organochlorine pesticides, often analyzed in environmental samples, 

such as endrin, aldrin or dieldrin, but none of them were found. 

Some reference materials, including branched alkanes, alkenes, monosubstituted benzene and 

cyclohexane derivatives were analyzed. A comparison of the retention times and mass spectra 

of the reference materials with the LSW fraction samples, was thus provided. Analyzed 

monoalkylated benzene derivatives, namely n-octylbenzene, n-nonylbenzene, n-

tetradecylbenzene and n-octadecylbenzene were not detected in the waste samples. In the case 

of the branched alkanes, 2,6-dimethyldecane, 2,6,10,14-tetramethylnonadecane, 2,6,10,14,18-

pentamethylheneicosane and 2,6,10,14-tetramethylhexadecane (known as phytane) were 

analyzed and the last-mentioned was found in the light shredder waste fraction. Subsequently, 

alkenes, for instance 1-ctadecene, 1-nonadecene, squalene (2,6,10,15,19,23-

hexamethyltetracosane-2,6,10,14,18,22-hexene) were analyzed. The analyses of n-alkanes 
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standard mixture, PAHs, PCBs and the extracted light shredder waste fraction were performed 

on a second gas chromatograph with an EI ionization equipped with an enlarged library. It 

was possible to eventually identify 14 out of 20 n-alkanes in the range of C20H42–C40H82 of 

the standard using the mass spectra library. The rest six compounds turned out to be straight-

chain n-alkanes but the lack of molecular ions make it undistinguishable. These studies 

support the fact how difficult is to observe molecular ions of the analyzed compounds in an EI 

and discern even between particular n-alkanes. In the case of PAHs and PCBs, the identities 

of compounds have been confirmed with more than 98% spectra quality matches  

(Figure 15 - Figure 16). 

 

 

 

Figure 15. Mass spectrum (GC-EI-MS) of phenanthrene (5) from the light shredder waste fraction in 
the positive ion mode 

 

 

 

Figure 16. Mass spectrum (GC-EI-MS) of 2,2′,3,4,4′,5,5′-heptachlorobiphenyl (17) from the light 
shredder waste fraction in the positive ion mode  
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1.4.6 GC-APCI-MS 

1.4.6.1 GC-APCI-MS of n-alkanes standard 

Gas chromatography with atmospheric pressure chemical ionization coupled to time of flight 

mass spectrometry has been utilized to n-alkanes standard containing all even and odd 

straight-chain alkanes ranging from n-heptane to n-tetracontane. The mass spectra were 

recorded in the positive ion mode. n-Alkanes up to n-pentatriacontane were detected. The MS 

spectra of n-tetradecane (C14H30), n-eicosane (C20H42), and n-pentacosane (C25H52) are shown 

in Figure 17. 
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Figure 17. Mass spectra of: a) n-tetradecane (C14H30), b) n-eicosane (C20H42), and c) n-pentacosane 
(C25H52) from n-alkanes standard in the positive ion mode using GC-APCI-TOF-MS 
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The MS spectra showed the presence of monohydrated ions [(M-3)+H2O]+ as base peaks for 

n-alkanes up to n-nonadecane (C19H40). In contrast, mass spectra of higher n-alkanes 

exhibited [M-1]+ ions as base peaks. This observation is in agreement with the results reported 

previously by Kuhnert et al.[122] and Bell et al.[90] Some low intensity species, such as [(M-

3)+H2O]+ and [M-1]+ were observed for earlier and further eluted n-alkanes, respectively. 

Fragment ions characteristic for n-alkanes as at m/z 71.1, 85.1, 127.2 were also present in low 

intensities in the spectra of these particular compounds. The enormous improvement has been 

achieved in the identification of particular n-alkanes. The pseudo-molecular ion peaks of 

hydrocarbons, including high-volatile components were observed, which was not possible 

using GC-EI-MS and these enabled the identification of single n-alkanes. Table 7 illustrates 

the high-resolution mass data for n-alkanes standard with the mass/charge ratio (m/z) of the 

product ions, elemental composition, mass error and retention time.  

An enhanced quadratic calibration using a mixture of fatty acids as the calibrant showed to be 

suitable for n-alkanes determination. Moreover, the reference material of branched alkane, 

namely 2,6,10,14-tetramethylhexadecane (phytane) was analyzed. The base peak at m/z 

297.3158 (-2.0 ppm) corresponding to C20H41O [(M-3)+H2O]+ was observed in the MS 

spectrum, however, accompanied with ions at m/z 57.1, 71.1, 85.1, 97.1, 111.1, 125.1, 141.2, 

155.2, 171.2, 185.2, 197.2, 213.2, 227.2, 241.3, 255.3, 267.3 and 281.3. Furthermore, these 

ions appeared as a cluster with protonated [M+H]+ and deprotonated [M-H]+ species. The 

base peak that belongs to studied analyte is present in the MS spectrum, although 

accompanied with fragment ions. 
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Table 7. High-resolution mass (GC-APCI-TOF-MS) data for n-alkanes standard in the positive ion 
mode 

Peak 
numbering 

Rt [min] Ion formula Experimental 
m/z 

Theoretical 
m/z 

Error [ppm] 

1 5.94 C10H21O 157.1590 157.1587 -1.7 

2 6.95 C11H23O 171.1745 171.1743 -0.7 

3 7.94 C12H25O 185.1906 185.1900 -3.1 

4 8.88 C13H27O 199.2060 199.2056 -2.0 

5 9.77 C14H29O 213.2217 213.2213 -1.9 

6 10.61 C15H31O 227.2377 227.2369 -3.4 

7 11.40 C16H33O 241.2536 241.2526 -4.3 

8 12.16 C17H35O 255.2692 255.2682 -3.8 

9 12.88 C18H37O 269.2851 269.2839 -4.6 

10 13.60 C19H39O 283.3007 283.2995 -4.1 

11 14.22 C20H41 281.3216 281.3203 -1.3 

12 14.84 C21H43 295.3371 295.3359 -3.8 

13 15.50 C22H45 309.3527 309.3516 -3.8 

14 16.01 C23H47 323.3685 323.3672 -3.9 

15 16.68 C24H49 337.3844 337.3829 -4.6 

16 17.23 C25H51 351.3998 351.3985 -3.5 

17 17.70 C26H53 365.4148 365.4142 -1.8 

18 18.40 C27H55 379.4311 379.4298 -3.3 

19 18.90 C28H57 393.4464 393.4455 -2.4 

20 19.50 C29H59 407.4619 407.4611 -1.9 

21 20.40 C30H61 421.4778 421.4768 -2.5 

22 21.31 C31H63 435.4923 435.4924 0.2 

23 22.70 C32H65 449.5080 449.5081 0.2 

24 23.19 C33H67 463.5231 463.5237 1.3 

25 24.86 C34H69 477.5397 477.5394 -0.7 

26 28.23 C35H71 491.5566 491.5550 -3.1 

 

1.4.6.2 GC-APCI-MS of the light shredder waste fraction 

After the extraction, the light shredder waste fraction was analyzed by GC-APCI-MS using 

the same method as for the reference standard. Indeed, the GC chromatogram gave the 

expected hump, shown in Figure 18. The MS spectrum of the LSW fraction and its enlarged 

fragment are illustrated in Figure 19 and Figure 20, respectively.  
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Figure 18. GC chromatogram (TIC) of the light shredder waste fraction using GC-APCI-TOF-MS 

Figure 19. MS spectrum (integrated) of the light shredder waste fraction in the positive ion mode using 
GC-APCI-TOF-MS 
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The analyses of the high-resolution mass data of components from the hump provided the 

identification of all saturated n-alkanes ranging from C7H16–C35H72. A list of all saturated n-

alkanes identified in the light shredder waste fraction with their high-resolution mass data is 

present in Table 8. As observed for n-alkanes standard, water adducts [(M-3)+H2O]+ are being 

characteristic ions for earlier eluted compounds up to n-nonadecane, while [M-1]+ species for 

later n-alkanes. Except saturated hydrocarbons, unsaturated have been found in the waste 

samples.  
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Figure 20. MS spectrum (enlarged) of the light shredder waste fraction in the positive ion mode using 
GC-APCI-TOF-MS 
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Table 8. High-resolution mass (GC-APCI-TOF-MS) data for the light shredder waste fraction in the 
positive ion mode 

Peak 
numbering 

Rt [min] Ion Formula Experimental 
m/z 

Theoretical 
m/z 

Error 
[ppm] 

1 3.29 C7H15O 115.1120 115.1117 -2.0 

2 3.97 C8H17O 129.1264 129.1279 7.9 

3 4.60 C9H19O 143.1437 143.1430 -4.4 

4 5.39 C10H21O 157.1587 157.1587 -0.0 

5 6.0 C11H23O 171.1745 171.1743 -0.9 

6 6.67 C12H25O 185.1899 185.1900 0.3 

7 7.27 C13H27O 199.2028 199.2056 14.3 

8 7.73 C14H29O 213.2208 213.2213 2.1 

9 8.52 C15H31O 227.2340 227.2369 12.7 

10 9.32 C16H33O 241.2518 241.2526 3.4 

11 10.10 C17H35O 255.2662 255.2682 8.1 

12 10.66 C18H37O 269.2805 269.2839 12.5 

13 11.16 C19H39O 283.2947 283.2995 17.2 

14 11.39 C20H41 281.3185 281.3203 6.3 

15 12.08 C21H43 295.3325 295.3359 11.6 

16 12.73 C22H45 309.3503 309.3516 4.3 

17 13.35 C23H47 323.3660 323.3672 3.7 

18 13.97 C24H49 337.3816 337.3829 3.8 

19 14.67 C25H51 351.3984 351.3985 0.4 

20 15.43 C26H53 365.4130 365.4142 3.3 

21 16.48 C27H55 379.4283 379.4298 4.1 

22 17.80 C28H57 393.4439 393.4455 4.3 

23 19.25 C29H59 407.4598 407.4611 3.4 

24 20.20 C30H61 421.4736 421.4768 7.6 

25 21.18 C31H63 435.4962 435.4924 -8.7 

26 22.27 C32H65 449.5111 449.5081 -6.7 

27 23.24 C33H67 463.5287 463.5237 -10.7 

28 24.37 C34H69 477.5389 477.5394 1.0 

29 25.66 C35H71 491.5537 491.5550 2.8 

 

Interfering of chromatographic techniques to mass spectrometer provides an advantage of the 

extracted ion chromatograms (EICs) generation. Thus, the EICs of n-alkanes were created and 

the sequence of n-eicosane (C20H42) to n-pentacosane (C25H52) is shown in Figure 21. They 

exhibited broad peaks instead of single sharp peaks.  
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Figure 21. Extracted ion chromatograms (EICs) of pseudo-molecular ions at m/z: 281.0 (C20H41), 
295.0 (C21H43), 309.0 (C22H45), 323.0 (C23H47), 337.0 (C24H49), 351.0 (C25H51) for saturated 
alkanes in the positive ion mode from GC-APCI-TOF-MS 

 

The EICs of the particular n-alkanes incorporate small humps with three maxima. The first 

maxima correspond to branched derivatives, the second to the studied n-alkanes by comparing 

their retention times, whereas the latter maxima (with the latest retention time) to fragment 

ions. This suggestion is based on the fact that retention times of branched derivatives are 

lower than for their linear analogues. Additionally, the number of possible isomers of few n-

alkanes, for instance C20H42, C21H44 and C22H46 was calculated to be 366319, 910726, 

2278658, respectively. Subsequently, the EICs of saturated n-alkanes with their unsaturated 

homologous were created (Figure 22). The retention times of unsaturated to saturated 

hydrocarbons in EICs are shifted to the latest retention times. 
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Figure 22. EICs of pseudo-molecular ions at m/z: 281.0 (C20H41), 279.0 (C20H39), 277.0 (C20H37), 
275.0 (C20H35), 337.0 (C24H49) 335.0 (C24H47), 333.0 (C24H45) for saturated alkanes and 
their unsaturated derivatives in the positive ion mode from GC-APCI-TOF-MS 

 

1.4.6.3 Chemometric study of the light shredder waste fraction 

The Kendrick and van Krevelen plots were prepared for the waste sample from the high- 

resolution GC-APCI-MS data. Such chemometric techniques, used for the first time for 

petroleum researches, lead to informative visualization of complex data. The graphs were 

constructed from each of four minutes time range starting from 8 minutes, when the hump 

started to appear in the chromatogram, resulting in six Kendrick and six van Krevelen plots. 

The first graph so called the van Krevelen graph is formed from the high-resolution mass data 

by calculating H/C and O/C atomic ratios from a molecular list of the compounds.[124] 

Different classes of compounds have typical ratios, for instance carbohydrates H/C is ~2 and 

O/C is ~1, allowing fast interpretation of the complex data. Figure 23 represents the van 

Krevelen diagrams (consisting of a plot of H/C vs O/C atomic ratios) for six ranges of the 

hump. A significant number of points was found in the range of 0–0.3 for O/C ratio and 0–

1.75 for H/C, which refers to the good oil. Some points out of this range are present in the 

graphs and can correspond to the ions that exist as water adducts. 
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Figure 23. Two dimensional van Krevelen plots showing the O/C versus H/C ratio for the UCM hump 
in the range: a) 8–12 min, b) 12–16 min, c) 16–20 min, d) of 20–24 min and e) 24–26.3 
min for the light shredder waste fraction in the positive ion mode 

 

The Kendrick plots with the CH2 increment were produced from the high-resolution mass data 

derived from GC-APCI-TOF-MS experiments for the different regions of the hump. Figure 24 
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presents a two-dimensional display of Kendrick mass defect versus nominal Kendrick mass 

for the mentioned regions of the hump.  

 

Figure 24. Two dimensional Kendrick plots for mass increment CH2 showing the distribution of the 
KMD versus NKM of pseudo-molecular ions for the UCM hump in the range: a) 8–12 min, 
b) 12–16 min, c) 16–20 min, d) of 20–24 min and e) 24–26.30 min for the light shredder 
waste fraction in the positive ion mode 
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The compounds, which belong to the same homologous series have the same Kendrick mass 

defect values (KMD) and lay on the horizontal line in the graph.[125] The diagrams confirmed 

the presence of several homologous series of hydrocarbons. 

The points with higher KMD values indicate the compounds with increasing degree of 

unsaturation or number of heteroatoms. The diagrams from different time regions exhibit 

slight differences. The first graph exhibits points up to 400 in NKM (Nominal Kendrick 

Mass). In the rest plots the rise of the masses up to 600 in comparison with the first one is 

observed. The number of points with the value of KMD higher than 0.2 is bigger for all 

except the first one. It particularly shows higher degree of unsaturation. The points in all 

graphs form the shape of the triangle, which is typical for the natural organic matter. 

 

1.4.6.4 Tandem MS measurements 

Tandem MS data for the components from the hump have been recorded in the positive ion 

mode using a microTOF-Q II Bruker mass spectrometer with APCI ionization in Auto MSn. 

Tandem MS spectra for n-hexane (C7H16), n-octane (C8H18) and n-tetradecane (C14H30) as 

examples are present in Figure 25. Typical for n-alkanes fragments at m/z 43, 57, 71, 85 etc 

were observed in the MS2 spectra, although with varied intensities of components. These 

fragments are often accompanied with species, such as [M-H]+ or [M-2H]+, suggesting that 

they originated from different coeluting isomers. In some of the spectra of n-alkanes, 

characteristic fragment ions for both saturated and unsaturated derivatives were detected, 

where some of unsaturated compounds can be distinguished from the saturated. 
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Figure 25. MS2 spectra of: a) n-hexane (C7H16), b) n-octane (C8H18), and c) n-tetradecane (C14H30) 
(parent ions at m/z 115.1, 129.1, 213.2, corresponding to [(M-3)+H2O]+ from the light 
shredder waste fraction in the positive ion mode using GC-APCI-TOF-MS 

 

Tandem MS data confirmed the presence of several aromatic components. The spectra with 

m/z 91, that correspond to tropylium ion [C7H7]
+, suggest the existence of some linear 

alkylbenzene derivatives in the light shredder waste fraction. 

 

1.4.6.5 Identification of nonlinear hydrocarbons in the hump by GC-APCI-MS 

As reported in previous sections, the unresolved complex mixture of the light shredder waste 

fraction can contain several classes of components. An application of GC-APCI-TOF 

provided the high-resolution mass data of the analyte. The EICs of PAHs have been generated 
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and 13 out of 16 (previously studied) polyaromatic hydrocarbons of the standard were 

identified, excluding indeno[1.2.3-cd]pyrene (14), dibenzo[a.h]anthracene (15) and 

benzo[ghi]perylene (16)*. The EIC of fluorene (4) as an example is shown in Figure 26. The 

accurate mass values for these compounds were obtained (high-resolution data are present in 

Table A3 Appendix)†. The EICs of PAHs appeared as sharp peaks in contrast to broad peaks 

of n-alkanes. It can be explained by the fact that PAHs appear as single components, whereas 

in the case of n-alkanes more than single isomer. From the GC-APCI-MS data of the light 

shredder waste fraction, the EICs of PCBs have been generated, although with only the high-

resolution mass data of dichlorobiphenyl. Possibly, the rest of PCBs appeared in lower 

quantity or was not efficiently ionized in the positive ion mode. 

 

 

                                                 
* The list of compounds on page 33 

† See on page 150 
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Figure 26. GC chromatogram (enlarged) of the light shredder waste fraction (black) with extracted ion 
chromatogram (red) of pseudo-molecular ion at m/z 167.1 (C13H12) for fluorene (4) in the 
positive ion mode using GC-APCI-TOF-MS 
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The waste sample was screened in term to find additional components. The EICs of steranes 

used as oft-monitored biomarkers in crude oil, such as 5-α-stigmastane, 5-α-androstane, 5-α-

pregnane, 5-α-cholestane, 5-α-ergostane and 5-α-stigmastane were generated. All EICs at m/z 

259.2410, 287.2725, 371.3659, 385.3809 and 399.3963 were obtained along with molecular 

formulas and error values. More likely, all of them are present in the light shredder waste 

fraction, although the lack of tandem MS data for these compounds, does not exclude the 

identity of olefins. Afterwards, the EICs of diamandoids hydrocarbons have been generated. 

Adamantine at m/z 135.1169 with the formula C10H15 was found in the waste sample with 

additional diamondoids and their EICs were created along with high-resolution data. In fact, 

adamantine, diamantine, triamantane and isotetramentane can be present in the light shredder 

waste fraction, but these ions rather correspond to unsaturated hydrocarbons. 

The UCM has been analyzed mainly by gas chromatography and mass spectrometry. 

Although, alternative techniques, such as nuclear magnetic resonance (NMR) or infrared 

spectroscopy (IR) can also be beneficial in the characterization of the complex analyte. 

Information obtained here can be complementary and supports finding for the MS analysis. 

These data are discussed in the following sections. 
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1.4.7 1H NMR OF THE LIGHT SHREDDER WASTE FRACTION 

 

Nuclear magnetic resonance (NMR) spectroscopy has been applied to help establishing the 

identity of a compounds’ existence in the light shredder waste fraction. The 1H NMR 

spectrum exhibited signals corresponding to hydrocarbons (Figure 27). The multiple signals 

were observed at δ = 0.3–2.0 and δ = 6.8–7.8 that can be assigned to alkyl groups and 

aromatic protons, respectively. 

 

Figure 27. 1H NMR spectrum of the light shredder waste fraction 

 

1.4.8 INFRARED OF THE LIGHT SHREDDER WASTE FRACTION 

 

An infrared (IR) spectrum of the light shredder waste fraction reveals a few weak absorption 

bands (Figure 28). Signals typical for alkanes near 3000 cm-1 were detected along with the 

absorption near 1650–1450 cm-1. The latter absorption region most likely corresponds to 

double bonds.  



Results & Discussion 

 

 

Figure 28. IR spectrum of the light shredder waste fraction
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the first, second and third step, respectively. The TGA experiments have been applied to help 

in the optimization of the parameters of TPD. 

 

 

 

b) a) 

d) c) 

Figure 29. Thermogravimetric curves of: a) n-eicosane (C20H42), b) n-tricosane (C23H48), 
c) n-hexatriacontane (C36H64), d) n-tetracontane (C40H82) 
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Figure 30. Thermogravimetric curve of the light shredder waste fraction with derivatives curve 
obtained, when temperature raises from 25 to 800 °C at the rate 5 °C/min under a 
nitrogen atmosphere 

 

Temperature programmed desorption (TPD) is a method, where desorbed molecules from the 

surface are observed, when the surface temperature is rising. The waste sample and n-alkanes 

reference materials were adsorbed on charcoal and mesoporous silica (SBA-15) and analyzed, 

accordingly. Unfortunately, high-boiling hydrocarbons are too heavy and were not able to 

stripe from TDS tubes into the MS part of the instrument. The previously completed TGA 

analyses assumed that the majority of compounds of the light shredder waste fraction 

degradated between 400–500 °C and consequently do not appear in the MS spectra.  
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1.4.10 BIOREACTOR ANALYSES 

 

As mentioned in the previous sections, the Bremer Entsorgungsbetriebe (BEB) optimized 

biological methods to decrease the weight and volume of the light shredder waste fraction. 

The project partner in Hochshule Bremerhaven performed biological processes of the light 

shredder waste fraction in small scale reactors to find the optimum condition. To reach better 

understanding on the processes influencing HC production and degradation such samples 

were subsequently monitored using GC-FID*. The samples were extracted using the same 

method applied previously for the analytes from the Bremer Entsorgungsbetriebe (BEB) and 

then subsequently analyzed by GC-FID. Figure 31 compares GC chromatograms of three 

samples from bioreactors with one from the Bremer Entsorgungsbetriebe. The resolved peaks 

floating on the similarly profiled humps, belonged to n-alkanes in the range of C20–C40. The 

visible difference between the samples from bioreactors and the Bremer Entsorgungsbetriebe 

is the intensity of the humps, which is higher in the case of samples from Bremerhaven 

originating from different time period. The sample from Bremerhaven have been delivered 

and placed in the reactors just after shredding, while BEB samples were analyzed longer time 

after this process. The time of bioremediation seemed to be very important, where 

microorganisms consisted in the light shredder waste fraction significantly decrease the 

concentration of hydrocarbons.  

                                                 
* See Table 1 on page 15 
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Figure 31. Overlap of GC-FID chromatograms of the light shredder waste fraction from: R.1.2. (red), 
R.2.2. (black), R.3.2. (blue), Bremer Entsorgungsbetriebe (green) 

 

In particular, the chromatograms of the samples from the collaborator are really similar one to 

another. Changing the parameters of bioprocess, including temperature, airflow and operating 

time did not affect significantly the profiles of such GC chromatograms. The greatest 

difference can be found in the chromatograms of R1.2 or R2.2 and I3*, after reactions in 

bioreactors and sample before treatment with microorganisms, just after shredding (Figure 

32). In the case of I3, the high intensity of the hump suggested the higher concentration of 

compounds. The bioremediation process caused a dramatic reduction of intensities of the 

hump as well as the peaks of straight-chain alkanes, when keeping under biological 

conditions.  

                                                 
* See Table 1 on page 15 
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Figure 32. Overlap of GC-FID chromatograms of the light shredder waste fraction from: R.1.2. (red), 
R.2.2. (blue), I3 (black) 
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1.5 CONCLUSION 

 

The chemical composition of the unresolved complex mixture (UCM) of hydrocarbons 

of the light shredder waste fraction has been thoroughly studied using gas chromatography 

and gas chromatography-mass spectrometry. The gas chromatography (GC) method was 

optimized for a wide range of boiling points n-alkanes and successfully applied for the 

analysis of the light shredder waste fraction. Shaking and Soxhlet extraction procedures of 

such analyte were explored. A clean up process of extracts involved the solid phase extraction 

with Florisil cartridges providing suitable extracts for the GC analysis. This procedure gave 

good recovery and reproducibility. It has been shown that gas chromatography with a flame 

ionization detector (GC-FID) could thus be used for the quantification of linear n-alkanes. 

The work allows for a significant improvement of the KW/04 method. 

Gas chromatography-mass-spectrometry (GC/MS) with two ionization techniques, namely 

electron impact (EI) and atmospheric pressure chemical ionization (APCI) was explored in 

order to find the composition of the light shredder waste fraction. GC-APCI was applied for 

the first time to high non-volatile n-alkanes and environmental samples, such as the light 

shredder waste fraction. The APCI ionization resulted in ions [(M-3)+H2O]+ and [M-H]+ as 

base peaks in n-alkanes standard as well as in the environmental samples, up to C19H40 and for 

higher hydrocarbons, respectively. The improvement of n-alkanes identification has been 

achieved based on their molecular ion peaks. All n-alkanes in the range C7H16–C35H72 and 

some unsaturated derivatives were found in analyzed samples. Tandem MS studies have been 

used to confirm the identity some of heavy hydrocarbons. The van Krevelen and the Kendrick 

plot analyses have been successfully applied for the representation of the complex mass data. 

Due to the lack of molecular ions in an EI the identification of all heavy n-alkanes was not 

possible. Nevertheless, the presence of polynuclear aromatic hydrocarbons and some 

branched derivatives of n-alkanes has been confirmed. All analyzed chlorinated biphenyls 

except nonabiphenyls were found in the light shredder waste fraction. In the light of GC-MS 

studies supported by spectroscopic techniques, hydrocarbons are present, exclusively. It has 

been shown that GC-APCI-TOF-MS is efficient for the characterization of the wide boiling 

points range of compounds including heavy hydrocarbons and complex environmental matrix. 

Temperature program desorption for high-boiling hydrocarbons failed, most probably because 

of the pyrolysis process, which can be defined by the thermogravimetric analysis. GC-FID is 
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a sufficient technique to demonstrate the efficiency of bioremediation procedure of the light 

shredder waste fraction. 
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2.1 INTRODUCTION 

2.1.1 THE IMPORTANCE OF HEATING OF CARBOHYDRATES 

 

Caramel constitutes one of the mankind’s oldest and most important dietary materials 

produced by thermal treatment of sugars. Thermally treated sugars are consumed at a level of 

an estimated 50 Mt per annum.[127] It is a complex mixture of volatile and non-volatile 

fractions of low- and high-molecular-weight compounds.[128] Caramel is widely used for 

coloring and flavoring foods and beverages, for instance beer, soft drinks, soups and 

candies.[129] 

Most foods are consumed by humans after thermal treatments, which involve cooking, 

baking, frying or roasting to generate the brown color and the pleasurable aroma of 

caramel.[130,131]  In the process of such thermal treatments all carbohydrates in food undergo 

significant chemical changes frequently described as non-enzymatic browning reactions. 

Well-known examples in the carbohydrate chemistry are the thermal conversion of glucose 

and sucrose to caramel and the Maillard reaction between saccharides and amino acids at 

elevated temperatures towards materials referred to as melanoidins. Such molecules are 

present in all thermally treated carbohydrate-enriched foods with a human intake from all 

dietary sources estimated by Fogliano and Morales to be 10 g per day.[132] Melanoidins are 

composed from reaction products arising from the thermal treatment of carbohydrates alone 

and from reaction products of carbohydrates with nitrogen-containing species, including 

amino acids and proteins. Despite the progress in the field the molecular composition of 

melanoidins and the mechanism of formation of thermally treated carbohydrates must be 

considered as sketchy.[133] This is obviously related to the limitations of analytical chemistry, 

which has to date struggled to propose capable methods of analyzing extremely complex 

materials containing thousands of individual analytes. Despite its high profile, the chemical 

composition of the reaction products of heated sugar remains hitherto largely elusive if not 

mysterious. Several studies have been carried out on the thermodynamic properties of 

sugars[134,135] and have demonstrated an enhanced interest in the chemistry of heated 

carbohydrates. Beyond the area of food chemistry, the thermal treatment of carbohydrates is 

used in many other industries. It is worth mentioning that such carbohydrates have also found 

their significance in the production of materials as paper, adhesives, cosmetics, bioplastics 
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and most importantly, biofuel.[136] For instance, cellulose is the main cell wall polysaccharide 

and the most abundant biological material on Earth with a production of approximately 

1.5×1012 tons annually.[137] In particular, the production of biofuel from cellulose-enriched 

agricultural plants takes frequently advantage of thermal processing steps to achieve 

carbonization. 

 

2.1.2 THE VOLATILE FRACTION OF CARAMEL 

 

The volatile fraction of caramel has been thoroughly studied[131,138] and is represented 

by a broad spectrum of compounds. One of the best characterized aroma compounds is 

caramel diacetyl,[139] associated with a butterscotch type flavor and accompanied by hundreds 

of other flavor compounds identified (Figure 33).  

 

  

Figure 33. Typical volatile caramel compounds 
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The most frequently studied compounds are classified as oxygen-containing five- and six-

membered heterocyclic molecules. In particular, hydroxymethylfurfural (HMF), 

hydroxyacetylfuran (HAF), hydroxydimethylfuranone (HDF), dihydroxydimethylfuranone 

(DDF) and maltol from disaccharides and hydroxymaltol from monosaccharides are formed 

after dehydration of carbohydrates.[140] 

Among them, the well-characterized volatile components of caramel, for example 

methylglyoxal,[141] 2-hydroxypropanedial and other carbonyl compounds can be found.[142] 

They have been analyzed particularly by gas chromatography with or without mass 

spectrometry. It should be mentioned however that compound HMF has received significant 

attention since it can possess possible carcinogenic properties. Moreover, it has been found in 

a wide variety of heat processed foods such as milk, spirits, honey,[143] coffee,[144] bakery 

products,[145] etc. with the estimation that around 5–10 mg of HMF are consumed daily.[146] 

The formation of HMF[147] by an acid-catalyzed dehydration of fructose is shown in Figure 

34.  

 

 

Figure 34. Schematic representation of reaction pathways for acids-catalyzed dehydration of 
fructose[147] 
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Figure 35. The formation of possible products of heated glucose 

 

2.1.3 THE NON-VOLATILE FRACTION OF CARAMEL 

 

Since the volatile low-molecular weight fraction of caramel is well known, the non-

volatile components represent more than 95%. It must be pointed out that the non-volatile 
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have been divided by Kitaoka in the 1960s into three classes: Caramelans tetramers of 

hexoses (C24H36O18), Caramelens hexamers of glucose (C36H50O25) and Caramelins polymers 

of glucose (C125H188O80).
[151,152] Although this classification is reported frequently, these 

products have never been further studied, due to the complexity of created compounds during 

caramelization. Difructose dianhydrides (DFAs) are among the few well described reaction 

products of the non-volatile fraction of caramel. They are cyclic products derived from the 

condensation of two D-fructose molecules with the loss of two water molecules furnishing a 

1,4-dioxane intersaccharide ring as the main structural feature (Figure 36).[150] 
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Figure 36. Difructose dianhydrides found in sucrose caramels[153] 
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ability to form branched and linear oligosaccharides. Monosaccharides in their cyclic forms 

can have pyran/furan isomers.[164] The oligosaccharides structures can be solved by 

determining their monosaccharides sequence, their branching pattern and also the isomer 

position and the anomeric configuration of each of the glycosidic bonds. 

The use of GC/MS towards the identification of monosaccharides or very small 

oligosaccharides, has been hitherto described in literature.[165] The analysis of saccharides by 

gas chromatography requires a derivatization process, such as methylation, acetylation or 

trimethylsilylation to take place heretofore.[166] This technique is still widely used for the 

characterization of the monosaccharide composition of oligosaccharides after the hydrolysis 

and derivatization steps. The analysis of oligosaccharides without hydrolysis has been 

initiated with the fast atom bombardment ionization (FAB).[167] Nowadays, a number of 

powerful mass spectrometry techniques have been employed to investigate the structure of 

saccharide molecules, including electrospray ionization (ESI) mass spectrometry[168-170] and  

matrix-assisted laser desorption/ionization (MALDI).[171-173] Furthermore, tandem mass 

spectrometry (MS/MS) proved to be a valuable tool in the structural characterization of 

carbohydrates to achieve a comprehensive view of their structures.[174,175] Oligosaccharides 

are often analyzed by ESI after derivatization, either by acetylation or methylation since this 

ionization technique is not as efficient for native oligosaccharides as MALDI. The ionizations 

of saccharides by ESI, MALDI or FAB mainly result in deprotonated species [M-H]- in the 

negative ion mode and protonated species [M+H]+ and also species cationizated by alkali 

metals [M+alkali metal]+ in the positive ion mode. In ESI multiple charged ions can be 

generated. The nomenclature suggested by Domon and Costello is commonly used to describe 

the various fragments obtained by mass spectrometry (Figure 37).[176] 

 

Figure 37. The carbohydrates fragmentation[176] 
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The charge-retained fragments on the non-reducing side are referred to as Ai, Bi or Ci, where i 

represents the number of the glycosidic bond cleaved, counted from the non-reducing end of 

the carbohydrate. When the charge is retained on the reducing side, fragments are referred to 

as Xj, Yj and Zj, where j is the number of the interglycosidic bond counted from the reducing 

end. The determination of the sequence and the branching pattern of oligosaccharides and the 

isomer position of each of their glycosidic bonds can be accomplished by tandem MS. The 

anomeric configuration of the glycosidic bonds and the distinction of diastereoisomeric 

monosaccharides are seldom accessible by this technique.[164] There are several procedures for 

chemical and enzymatic degradations of oligosaccharides that have been applied in 

combination with mass spectrometry in order to determine their structures, for example 

enzymatic degradation of oligosaccharides by endoglucosidases.[177] 

 

2.1.5 CARAMEL COLOR AND OTHER FOOD COLORANTS 

 

Colorants enhance the properties of food, cosmetics and clothing. Until the 19th 

century, the colorants used were of natural origin like saffron providing color and flavor to 

food.[178] The rapid growth of the chemical synthesis has led to the industrial production of a 

large amount of organic synthetic colorants. They were the first food additives subjected to 

governmental regulation in the United States of America. After several toxicological 

evaluations the Food and Drug Administration (FDA) has established a list of permitted 

colorants. Notwithstanding the new orientation towards the utilization of natural compounds, 

synthetic colorants are easier to obtain, stable, less expensive and possess better coloring 

properties than the natural ones. 

 

Synthetic colorants used as food additives can be classified as follows: 

Azo dyes: Allura Red AC, Amaranth, Azorubine, Brilliant Black BN, Brown FK, Brown HT, 

Lithol Rubine BK, Ponceau 4R, Red 2G, Sunset Yellow, Tartrazine 

Triarylmethane (triphenylmethane) dyes: Brilliant Blue FCF, Fast green FCF, Green S, 

Patent Blue V 

Quinophthalon dyes: Quinoline yellow 

Xanthene dyes: Erythrosine  
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Indigo deys: Indigotine 

 

The natural sources of some natural food colorants are as follows: 

Anthocyanins (E 163), found in mature fruits (blueberries, grapes, cherries) and vegetables 

(onions, cabbages), seeds (purple sunflower) and flowers 

Betanin (E 162), found in red beets 

Caramel color (E 150), obtained by heating of carbohydrates 

Carotenoids (E 160), distributed in nature as β-carotene, lycopene, lutein 

Chlorophyll  and chlorophyllin (E 140 and E 141) 

Curcumin  (E 110), the major pigment of turmeric[179] 

 

The European Union introduced E numbers for all additives, both synthetic and natural.  

In particular, caramel colors numbered as E 150 are the most widely used food coloring 

agents found in foods and beverages. They represent a significant segment of the color market 

at about 11% of the total food color production.[178] Commercial caramel colors are classified 

into four classes, which differ in their chemical and functional properties as well as their 

application.[180] Caramel color E 150a (synonym: plain caramel) is prepared by the controlled 

heat treatment of carbohydrates and is commonly used in spirits, desserts and spice blends. 

Caramel color E 150b (synonym: caustic sulphite) is prepared by the controlled heat treatment 

of carbohydrates with sulphite-containing compounds and is frequently used in liqueurs. 

Caramel color E 150c (synonym: ammonia caramel) is prepared by the controlled heat 

treatment of carbohydrates with ammonia compounds and is found in many products for 

human consumption, including various bakery products, soya-bean souses, vinegars and beer. 

Caramel color E 150d (synonym: ammonia-sulphite caramel) is prepared by the controlled 

heat treatment of carbohydrates with ammonia-containing and sulphite-containing compounds 

and is usually found in soft drinks, pet foods or soups.[181] The use of the third class accounts 

for 20–25% of the total use caramel colors in the USA and for 60% in Europe.[182] Caramel 

colors were first commercially manufactured in the Unites States of America in 1863, 

whereas in the United Kingdom food colors were first evaluated in 1923 by the Minister of 

Health.[180] The color properties are characterized by the hue index and tinctorial power, 

calculated via the followings formulas: 
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Hue index = 10 log (A510/A610) 

 

Tinctorial power = K = K560 = A560/cb 

 

Where A = absorbance at 510, 610 and 560 nm; c = concentration (g/L); b = cell thickness 

 

According to the EU purity criteria, the color intensity is defined as the absorbance of 0.1% 

(w/v) solution of caramel color solids in water in a 1 cm cell at 610 nm.[178] 

Numerous studies have been conducted on the safety of caramel colors. In this 

paragraph the nomenclature of caramel colors has been changed to classes I, II, III and IV. 

Class I, II, IV caramel colors did not show any toxicologically significant effects in mammals. 

However, toxicity studies of caramel colors III revealed the possible reduction of white blood 

cells in rats.[182] This effect of caramel color III in rats only occurred when animals were fed a 

low vitamin B6 diet. 

The flavor of caramel produces the changes from mild, caramel-like and sweet to 

burning bitter. Users of caramel colors employ these materials primarily as colorants; 

however, they have other valuable functional properties. In particular, caramel colors slowly 

absorb oxygen and stabilize a colloidal system thus facilitating flavor retentions as well as 

preventing hazes in products such as beer. Some of the caramel colors are manufactured to 

have increasing foaming properties, which are desirable for a root beer production.[180] 
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2.2 EXPERIMENATAL SECTION 

2.2.1 SAMPLE PREPERATION 

All chemicals (Analytical grade) were purchased from Sigma-Aldrich (Germany). All sugar 

samples (1 g) were heated in an oven for 2 h at 140 °C (fructose), at 180 °C (glucose, 

galactose, mannose, sucrose, maltose), at 200 °C (lactose) and at 220 °C (starch and 

cellulose). The heated samples were stored at room temperature. Heated mono- and 

disaccharides (1 mg) were dissolved in methanol/water (1:1, v/v, 1 mL) and directly used for 

mass spectrometry analyses. Heated polysaccharides (1 mg) were dissolved in water, filtered 

and used for mass spectrometry measurements. Caramelic products were purchased from 

supermarket in Bremen, Germany. Toast was prepared from bread purchased from 

supermarket in Bremen, Germany. The slices of bread were heated in the toaster for 3 min. 

Afterwards the crust was removed and dissolved in water for analyses. Caramelic colors were 

obtained from FELIX KOCH OFFENBACH Couleur und Karamel GmbH. For the model 

roasting experiment coffee’s carbohydrates were stirred and heated for 1 h at 180 °C. All 

heating procedures were performed in the oven with the power of 1.2 kW.  

 

2.2.2 ESI-TOF-MS 

High-resolution mass spectra were recorded using a Bruker Daltonics micrOTOF instrument 

employing both negative and positive electrospray ionization modes. MicrOTOF Focus mass 

spectrometer (Bruker Daltonics) was fitted with an ESI source and internal calibration was 

achieved with 10 mL of 0.1 M sodium formate solution. Calibration was carried out using the 

enhanced quadratic calibration mode. All MS measurements were performed in both negative 

and positive ion modes. It should be noted that the intensities of the measured peaks in a TOF 

calibration, influenced the magnitude of the mass error with high-intensity peaks resulting in 

detector saturation displaying larger mass errors. Usually this problem can be overcome by 

using spectra averaging on the side flanks of a chromatographic peak or by taking more 

diluted samples. 
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2.2.3 MS DATA ANALYSIS 

Molecular formulas were calculated using Bruker Data Analysis 4.0 software. The data were 

subsequently exported to Excel to carry out a simple mathematical operation such as 

determination of H/C and O/C ratios or the Kendrick analysis. All graphs were created using 

Origin 7.5. 

 

2.2.4 ESI-FT-ICR  

ESI-FT-ICR experiments were performed on a high-resolution mass spectrometer FT-ICR 

(Fourier Transform Ion Cyclotron Resonance) Varian-920, provided with a 7.0 T actively 

shielded superconducting magnet and equipped with an ESI source in line with a Triple-

quadrupole Varian-320 MS. The solution was directly infused into the ESI source at 20 

µL/min of the flow rate. Quadrupole and hexapole ion guides, accumulation ion hexapole and 

the other key components were optimized in order to maximize the detection in the 200–1500 

m/z range. Commercial beer maltooligosaccharides were used as mass calibrants and tunning 

standards in both positive and negative ion modes. Tandem MS experiments were performed 

pulsing a 10.6 µm-CO2 laser (Synrad Model 48-2, Mukilteo-WA, USA) for Infrared 

multiphoton dissociation (IRMPD). Product ion formation was optimized by varying IRMPD 

laser pulse around of 400 ms at ~ 45% of total power (25 W). 

 

2.2.5 LC-MS n 

The LC equipment (Agilent 1100 series, Bremen, Germany) comprised a binary pump, an 

auto sampler with a 100 µL loop, and a DAD detector with a light-pipe flow cell (recording at 

320 and 254 nm and scanning from 200 to 600 nm). This was interfaced with an ion trap mass 

spectrometer fitted with an ESI source (Bruker Daltonics HCT Ultra, Bremen, Germany) 

operating in an Auto MSn mode to obtain fragment ion m/z. As necessary, MS2, MS3, and 

MS4 fragment-targeted experiments were performed to focus only on compounds producing a 

parent ion at m/z 143, 161, 179, 197, 287, 305, 323, 341, 359, 449, 431, 467, 485, 503, 521, 

611, 629, 647, 665, 683, 773, 791, 809, 827 and 845. Tandem mass spectra were acquired in 

an Auto-MSn mode (smart fragmentation) using a ramping of the collision energy. Maximum 

fragmentation amplitude was set to 1 V, starting at 30% and ending at 200%. MS operating 
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conditions (negative mode) have been optimized using glucose with a capillary temperature of 

365 °C, a dry gas flow rate of 10 L/min and a nebulizer pressure of 12 psi.  

 

2.2.6 HPLC 

Separation was achieved on a 250 × 4.6 mm i.d. column containing diphenyl 5 µm and 5 × 

4.6 mm i.d. guard column of the same material (Varian, Darmstadt, Germany). Solvent 

(water:formic acid 1000:0.05 v/v) was delivered at a total flow rate of 850 µL/min by 25 min 

isocratic. 

 

2.2.7 MALDI-TOF-MS  

All experiments were performed in the positive ion mode using an Ultraflex II MALDI 

TOF/TOF mass spectrometer (Bruker Daltonics) equipped with a pulsed 50 Hz N2 laser 

(wavelength 337 nm) and controlled by FlexControl 3.0. software (Bruker Daltonics). The 

laser intensity was varied in the range from 30 to 45%. Samples (0.5 µL) were deposed on top 

of a layer of crystals of 2,5-dihydroxybenzoic acid (DHB) formed by decomposition of 0.5 µL 

of DHB solution on the MALDI plate and allowing it dry at ambient temperature. A MALDI 

matrix was prepared by dissolving 5 mg of DHB in 1 mL mixture of 

acetonitrile/methanol/aqueous trifluoroacetic acid (1%, v/v) (1:1:1, v/v/v). The MS/MS 

experiments were carried out using the LIFT method. 

 

2.2.8 THERMOGRAVIMETRIC ANALYSIS (TGA) 

Thermogravimetric analyses (TGA) were performed using a TA SDT Q600 instrument. The 

temperature was ramped from 25 to 180 °C (glucose, galactose, mannose, sucrose, maltose), 

to 200 °C (lactose) and to 220 °C (starch and cellulose) at a rate of 5 °C/min and kept at final 

temperature for 2 h using a nitrogen atmosphere. 
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2.2.9 INFRARED (IR) ANALYSIS 

Infrared (ATR-IR) spectra were recorded using a neat material on a Bruker, Vector 33 

spectrometer and on KBr pellets using a Nicolet Avatar 370 spectrometer. IR absorptions are 

given in wavenumbers (cm–1). 

2.2.10 1H NMR AND 13C NMR 

1H and 13C NMR spectra were acquired on a JEOL ECX-400 spectrometer at room 

temperature in D2O, using a 5 mm probe, operating at 400 MHz and 100 MHz, respectively. 

The chemical shifts (δ) are reported in parts per million (ppm). 
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2.3 THE AIM OF THE STUDY (II) 

 

The second part involves unraveling the composition of caramel, a complex food 

material, which is being consumed at levels of several millions of tons annually. The goal is 

to give a comprehensive view on the chemical structures of such products, derived from 

heating of monosaccharides (glucose, fructose, galactose, mannose) and disaccharides 

(sucrose, maltose, lactose). The work is focused on the characterization of the non-volatile 

fraction of caramel, studied only on few occasions. The searching for the components that 

might be responsible for a brown color of caramel is of great interest. Besides, commercial 

caramel products and caramel colors should be explored to find similarities between mono- 

and disaccharides investigated in this thesis. 

The thermal decomposition products obtained from starch and cellulose model 

systems and then compared with the thermal degradation products in bread as a real food 

example are investigated. 

Finally, the model systems of roasted coffee’s carbohydrates are studied prior to simplify the 

composition of roasted coffee beans. The MS-based methodology must be evaluated for the 

analysis of the aforementioned food material. This involves combining the mass spectrometry 

with liquid chromatography techniques. Next, the complex MS data are analyzed with the 

exploration of several graphical interpretation techniques (van Krevelen and Kendrick). 
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2.4 RESULTS & DISCUSSION 

2.4.1  CARAMELIZATION OF MONOSACCHARIDES 

 

This section is focused on the chemical structures of the products derived from the 

heating of monosaccharides: glucose (32), fructose (33), galactose (34) and mannose (35). 

The first step involved the optimization of the heating conditions towards caramel formation. 

The thermogravimetric analysis (TGA) of monosaccharides along with mass spectrometry 

studies at various temperatures has thus been performed. In fact, 2 h of the reaction at 180 °C 

for glucose (32), galactose (34) and mannose (35), whereas for fructose (33) at 140 °C 

revealed to be the optimum parameters. Thermogravimetric curves of all studied 

monosaccharides showed similar profiles with 10–12% weight loss using the aforementioned 

conditions, which statistically correspond to a loss of one water molecule per monosaccharide 

and thus completion of the reaction (example in Figure 38). In the mass spectra the signal of 

the starting material was reduced to around 10% of the total intensity. 

 

 

Figure 38. Thermogravimetric curve of caramelized glucose (temperature was ramped from 25 to 180 
°C and kept at final temperature for 2 h) 

 

2.4.1.1 ESI-TOF mass spectrometry 

A time of flight mass analyzer (TOF-MS) with electrospray ionization (ESI) have been 

applied to study the composition of the obtained caramel samples. According to the study of 

Reemtsma and Hertkorn[124] the resolution corresponding to the time of flight analyzer is 
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obviously enough to provide data for complex mixture with the components of CHO 

composition. The mass spectra of caramelized monosaccharides were acquired in both 

positive and negative ion modes. Figure 39 - Figure 42 illustrate the mass spectra of all 

studied caramel samples in the negative ion mode.  
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Figure 39. Mass spectrum of caramelized glucose (32) in the negative ion mode using a direct 
infusion into an ESI-TOF-MS instrument 
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Figure 40. Mass spectrum of caramelized fructose (33) in the negative ion mode using a direct 
infusion into an ESI-TOF-MS instrument 

Figure 41. Mass spectrum of caramelized galactose (34) in the negative ion mode using a direct 
infusion into an ESI-TOF-MS instrument 
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The positive ion mass spectra were dominated by sodiated molecular ions. The spectra in a 

m/z range of 50–1200 contain up to several thousand signals. The number of compounds 

detected in a direct infusion of ESI-MS is the minimum number of compounds due to 

potential isomers corresponding to each ion. The molecular formula lists of compounds were 

generated and the assignment of the most intensive peaks for glucose is present in Table 9 (for 

33, 34 and 35, see Table A4, Appendix)*. 

  

                                                 
* See on page 151 
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Figure 42. Mass spectrum of caramelized mannose (35) in the negative ion mode using a direct 
infusion into an ESI-TOF-MS instrument  
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Table 9. High-resolution mass (MS-TOF) data for caramelized glucose in the negative ion mode 

Peak 
Numbering 

Assignment 
Molecular 
Formula 

Experimental  
m/z [M-H] - 

Theoretical 
m/z [M-H] - 

Relative Error 
[ppm] 

1  
C6H12O2 115.0762 115.0765 2.3 

2  
C4H8O4 119.0347 119.0350 2.6 

3  
C8H8O2 135.0452 135.0452 0.4 

4  
C8H16O2 143.1075 143.1078 2.0 

5  
C9H18O2 157.1232 157.1234 1.6 

6 Glu - H2O C6H10O5 161.0452 161.0455 2.2 
7 Glucose C6H12O6 179.0563 179.0561 0.9 
8  

C7H14O8 225.0610 225.0616 2.7 
9  

C16H32O2 255.2320 255.2330 3.7 
10  

C15H22O4 265.1442 265.1445 1.1 
11  

C9H18O9 269.0875 269.0878 1.2 
12  

C18H36O2 283.2646 283.2643 1.3 
13 (Glu)2 - 3×H2O C12H16O8 287.0776 287.0772 1.1 
14  

C17H26O4 293.1761 293.1758 1.0 
15 (Glu)2 - 2×H2O C12H18O9 305.0869 305.0878 2.8 
16 (Glu)2 - H2O C12H20O10 323.0998 323.0984 4.4 
17 (Glu)2 C12H22O11 341.1076 341.1089 3.8 
18 (Glu)2 + H2O C12H24O12 359.1194 359.1195 0.2 
19 (Glu)3 - 4×H2O C18H24O12 431.1187 431.1195 1.7 
20 (Glu)3 - 3×H2O C18H26O13 449.1308 449.1301 1.6 
21 (Glu)3 - 2×H2O C18H28O14 467.1412 467.1406 1.2 
22 (Glu)3 - H2O C18H30O15 485.1526 485.1512 1.2 
23 (Glu)3 C18H32O16 503.1607 503.1618 2.0 
24 (Glu)3

  + H2O C18H34O17 521.1718 521.1723 1.0 
25 (Glu)4 - 3×H2O C24H36O18 611.1853 611.1829 3.9 
26 (Glu)4 

 - 2×H2O C24H38O19 629.1961 629.1935 4.3 
27 (Glu)4 - H2O C24H40O20 647.2037 647.2040 0.5 
28 (Glu)4 C24H42O21 665.2115 665.2146 4.6 
29 (Glu)4 + H2O C24H44O22 683.2278 683.2251 4.0 
30 (Glu)5

 - 4×H2O C30H44O22 755.2242 755.2251 1.2 
31 (Glu)5 - 3×H2O C30H46O23 773.2391 773.2357 4.4 
32 (Glu)5 - 2×H2O C30H48O24 791.2494 791.2463 3.9 
33 (Glu)5

 - H2O C30H50O25 809.2565 809.2568 0.4 
34 (Glu)5 C30H52O26 827.2709 827.2674 4.2 
35 (Glu)5 + H2O C30H54O27 845.2821 845.2780 4.9 
36 (Glu)6

 - 3×H2O C36H56O28 935.2874 935.2885 1.2 
37 (Glu)6

 - 2×H2O C36H58O29 953.3027 953.2991 3.7 
38 (Glu)6- H2O C36H60O30 971.3109 971.3097 1.3 
39 (Glu)6 C36H62O31 989.3230 989.3202 2.8 

 

The lists of the high-resolution mass data of caramels were then subjected to further 

investigation. One of the areas of chemistry, which deals with complex mixtures is 

undoubtedly petroleum chemistry, in which some novel interpretation strategies of mass 

spectrometry data have been developed. The van Krevelen and Kendrick analyses were 

applied for the first time to caramel. These analyses have been hitherto used only two times 

for dietary materials, such as wine[183] and black tea thearubigins.[184] The van Krevelen 

diagrams generated from the high-resolution mass data indicating the elemental H/C and O/C 

ratios calculated from the molecular formulas of the experimental high-resolution MS data 
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and both of them were plotted in a two-dimensional graph against each other.[20] Figure 43 

represents the van Krevelen diagrams consisting of a plot of H/C vs O/C atomic ratios for 

caramelized 32, 33, 34 and 35.  

 

 

 

  

 

Figure 43. Two dimensional van Krevelen plots showing the O/C versus H/C ratio for caramelized: a) 
glucose, b) fructose, c) galactose and d) mannose in the negative ion mode in m/z range 
between 50–1200 

 

This type of plot leads to two main conclusions. Firstly, certain classes of compounds can be 

defined by their elemental ratio boundaries, e.g in carbohydrate H/C is ~2 and O/C is ~1. 

Secondly, with the elemental ratio of the starting material known, reaction types that alter this 

elemental composition can be identified. The following information can be extracted from 

these diagrams. A significant number of points are found in the characteristic for 

carbohydrates area (I) of the van Krevelen plot (see plot a, Figure 43). The group of points is 
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present on the top right corner. Compounds with high H/C and low O/C ratios, which 

apparently represents compounds after reduction (III) are found in the left top corner of the 

plot and can be classified as lipid-like heterocycles. The next group of points on the left 

bottom corner with low H/C and O/C ratios suggests the formation of aromatic compounds 

(IV). Many points appear in the middle range of the graph like on the line with the negative 

scope, which comes from successive dehydration process (II). The loss of water shifts the data 

points towards the origin of the plot. 

The second graphical representation of the MS data applied, is the Kendrick analysis. The 

graphs with the H2O mass increment were prepared from the theoretical and experimental 

high-resolution masses derived from TOF-MS experiments for heated monosacharides. Figure 

44 shows a two-dimensional display of Kendrick mass defect versus nominal Kendrick mass 

with all peaks higher than 20 of a baseline noise for 32, 33, 34 and 35. 

Figure 44. Two dimensional Kendrick plots for mass increment H2O showing the distribution of the 
Kendrick mass defect plotted against the nominal Kendrick mass of pseudo-molecular ions 
for caramelized: a) 32, b) 33, c) 34 and d) 35 in the negative ion mode 
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Obviously, these diagrams suggested that several homologous series of compounds exist, 

which beginning from starting materials of different masses lose several molecules of water 

(up to eight), identified as data points on lines parallel to the x-axis on the Kendrick plot.[6] 

The colored points represent starting materials of different masses losing several molecules of 

water (up to eight). The colors indicate the homologous series of monomers (green), dimers 

(gray), trimers (red), tetramers (violet), pentamers (blue) and hexamers (orange). The 

dehydration and hydration products of monosacharides and their oligomers are indeed created 

and easily visualized.  

The investigation of all the aforementioned MS spectra and graphs showed the formation of 

oligomeric structure of different monosacharides with up to hexamers. The most abundant 

peaks belonged to dehydration products, including dehydration of monomeric carbohydrates 

and their oligomers demonstrating successive loss of up to eight water molecules. The 

presence of hydration products was found in the samples with up to two water molecules 

added to an oligomeric saccharide and redox disproportionation reaction products. Minor 

aromatic compounds were probably formed by an excessive dehydration process.  

Moreover, MALDI-TOF mass spectrometry with DHB (2,5-dihydroxybenzoic acid) as a 

matrix showed additional oligomeric hexoses at m/z 1499.61, 1661.58 and 1805.62 

corresponding to nonamers, decamers and undecamers for glucose, respectively. Coimbra et 

al. have reported a similar pattern, when studying the degradation products of coffee 

carbohydrates.[185] In the following section, the chemical nature of these reaction products will 

be characterized by liquid chromatography coupled to tandem mass spectrometry. This 

approach allows an isomer separation by LC concomitant with selective ion monitoring of 

selected classes of compounds.  

 

2.4.1.2 Oligomers of hexoses 

Both the ESI-TOF-MS direct infusion measurements, ESI-TOF-LC-MS measurements 

revealed the presence of oligomers of hexoses (36) formed from glucose (32’) with a 

maximum number of six hexoses incorporated at m/z values of 179.1 (monosaccharide), 341.1 

(C12H22O11), 503.2 (C18H32O16), 665.2 (C24H42O21), 827.3 (C30H52O26) and 989.3 (C36H62O31) 

in the negative ion mode (Figure 45). The sodiated pseudo-molecular ions in the positive ion 

mode were detected at 203.1 (monosaccharide), 365.1 (C12H22O11), 527.2 (C18H32O16), 689.2 

(C24H42O21), 851.3 (C30H52O26) and 913.3 (C36H62O31). 
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Figure 45. Structures of carbohydrate monomers and potential caramelization products (please note 
that regiochemistry of glycosidic linkage in 36–42, the regiochemistry of dehydration 37–
38 and the regiochemistry of hydrate 40–42 is selected randomly) 

 

Targeted tandem-LC-MS measurements using the optimized chromatographic conditions at 

m/z values of 179.1, 341.1, 503.2, 665.2, 827.3 and 989.3 furnished extracted ion 

chromatograms (EICs) for the six m/z values that correspond to monosaccharides and 

oligomeric hexoses. Each EIC showed multiple chromatographic peaks; for example for the 

ion at m/z 341.1 corresponding to diglucose a total of eight resolved chromatographic peaks 

were observed, one of high, two of medium and five of low intensities, each displaying the 

MS2 spectrum consistent with a dimer of glucose (Figure 46).[186,187] Some of the MS2 spectra 

were found to be identical, while others displayed subtle differences. These finding are 

consistent with an unselective formation of a glycosidic bond to give eight out of twenty 

theoretically possible regio- and stereoisomers of diglucose. An alternative epimerization 

process rationalizing this finding could be ruled out by control experiments. Such experiments 

include a comparison of the LC-MS data for caramelized glucose with that of caramelized 

mannose and galactose complemented by a GC-MS analysis of a caramel sample hydrolyzed 

by acid treatment following by Me3SiCl derivatization. A full set of isomeric glucose 

derivatives with similar tandem MS data for all ten theoretically possible caffeoyl esters of 

glucose, has been recently reported.[188] Analogous multiple chromatographic peaks were 

observed also for trimers, tetramers, pentamers, heptamers and hexamers of monosaccharides. 

However with increasing molecular weight it must be assumed that the complete set of regio- 

and stereoisomers were not resolved chromatographically. 
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All of the monomeric and oligomeric ions of caramel samples were fragmented in the 

negative ion mode using a direct infusion into an ESI ion trap mass spectrometer. 

Fragmentations of an ion at m/z 179.0 gave the base peaks at m/z 161.0 (34 and 35) and 90.0 

(32 and 33), which correspond to an anion of monosaccharide after dehydration and an anion 

of monosaccharide without three formaldehyde molecules, coming from the cleavage of the 

glycoside ring, respectively. The base peaks at m/z 179.0 are observed from dimers of 32, 33, 

34, formed by the glycosidic bond cleavage between two hexoses and may occur at either the 

reducing or non-reducing end of the molecule. Furthermore, 35 showed the base peak at m/z 

323 that corresponds to a dimer without one water molecule. In particular, the dehydration 

process took place before the cleavage of the respective glycosidic bond. The fragment ions at 

m/z 221 [4×CH2O] were relatively intense and came from the cleavage of the glycoside ring. 

The MS2 spectra of the ion at m/z 503, a trimer of monosacharides for all caramel samples 

exhibited the base peak at m/z 341, belonging to a dimer of monosacharides formed after the 

glycosidic bond cleavage at the non-reducing end. Fragmentations of the ions at m/z 665, 

corresponding to a tetramer of monosaccharides gave in the case of 32, 34 and 35 the base 
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Figure 46. Extracted ion chromatogram (top) and MS2 spectra (bottom) of pseudo-melecular ion at 
m/z 341.0 (C12H22O11) for three selected chromatographic peaks of caramelized glucose in 
the negative ion mode 



Caramel 

Results & Discussion  Monosaccharides 

 

84 
 

peak at m/z 503, which indicate the glycosidic bond cleavage at the non-reducing end. In 

contrast to 32, 34 and 35, the base peak of 33 appeared at m/z 485 derived from the glycosidic 

bond cleavage at the reducing end.  

All the MS2 spectra of an ion at m/z 827 for 32, 34 and 35 correspond to a pentamer of 

monosacharides showed the base peak at m/z 665 (an anion of a tetramer). The cleavage of the 

glycosidic bond took place at the non-reducing end, as observed for the aforementioned 

tetramers. Due to the low abundance, the fragmentation process of an ion at m/z 827 for 33 

did not occur at all. However, fragmentations of the ion at m/z 989, a hexamer of 

monosaccharides gave common fragments for all analyzed monosacharides, while the base 

peak appeared at m/z 827 excluding 33 with the base peak at m/z 647. The aforementioned 

oligomers as well as the base peak at m/z 827 showed the particular cleavage of the external, 

whereas for 33 the cleavage of the internal glycosidic bond (m/z 647). The fragmentation data 

for oligomers of hexoses are consistent with exclusive cleavages of the glycosidic bonds on 

the external non-reducing part of the molecule. Only two exceptions in the case of a pentamer 

and a hexamer of 33 gave the main fragmentation with internal glycosidic bonds. 

2.4.1.3 Dehydration products 

The van Krevelen and Kendrick mass analyses suggested the presence of dehydration 

products including monomers of hexoses and their oligomers. Such dehydrated oligomers of 

caramelized 32, 33, 34 and 35 derived from a loss of a single water molecule are observed at 

m/z 323.1, 485.1, 647.2 and 809.2, respectively. In analogy to oligomers of hexoses, EICs 

were generated for dehydrated products and multiple peaks were found. For glucose seven 

dehydration products obtained from a loss of a single water molecule could be observed in 

extracted ion chromatograms (EICs) at m/z 161.1 in the negative ion mode. The number of 

signals can be interpreted as the formation of seven of the eleven theoretically possible 

isomers of anhydroglucose. After the water elimination from glucose at the position C1-C4 

initially an enol is being formed which subsequently tautomerizes to the keto form (Figure 

45)*. An evidence for the presence of such ketones is additionally determined by both IR and 

NMR spectroscopy analysis of the caramel products.  

The observed intense peaks indicate the loss of three water molecules at m/z 287.1, 449.2, 

611.2, 773.3 and 935.3 in the negative ion mode and their sodiated adducts at m/z 311.1, 

473.2, 635.2, 797.3 and 959.3 in the positive ion mode. The MS2 spectra for all compounds 
                                                 
* See on page 82 
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showed loss of all three waters at the same saccharide moiety with a characteristic neutral 

losses of 126 [C6H6O3]. These data point out the formation of a hydroxymethylene 

furfuraldehyde moiety at the reducing end of the reaction product 39, as suggested by Blank 

et al. in Maillard reaction of carbohydrates (Figure 45).[189] The presence could be further 

substantiated by characteristic 1H NMR (δH = 6.5, 7.5 and 9.8) and 13C NMR signals of this 

group (e.g. C=O at δC = 195) of the caramel samples. 

For oligomers of glucose, dehydration products originating from a loss of a single water 

molecule are observed at m/z 323.1, 485.1, 647.2 and 809.2. In EICs at m/z 323.1 or 485.1 

(four peaks each in EICs with one peak of high intensity) were detected. Assuming that the 

E1-type water elimination in polar liquid caramel took place and the presence of 

furfuraldehyde moieties at the reducing end, the main peak could be assigned to a loss of 

water at the position C1-C2 at the reducing end (1-OH terminal glucose moiety) resulting in 

compound 37 (Figure 45). Alternatively the formation of deoxyglucosones followed by 

unselective glycosidic bond formation must be considered.[190] This assignment of the 

compound 37 is convincingly supported by the MS2 and MS3 spectra. For example, the main 

peak at m/z 485.1 of compound 43 or 44 (Glu3-H2O, C18H29O15) shows a neutral loss of 102 

[C4H6O3] in the MS2 spectrum (Figure 47). Apparently it could originate from a loss of C4 

unit at either the reducing or non-reducing end of the molecule. Dehydration at the central 

carbohydrate moiety can be excluded from these data. A further weak peak at m/z 341.1 in the 

MS2 spectra corresponding to a neutral loss of 144 [C6H8O4] most likely derived from 

dehydration at the non-reducing end. Finally, in the MS3 spectra originating from the base 

peak at m/z 323.1 (45) in MS2, an intense fragment ion of 83% at m/z 221.1 corresponds to a 

neutral loss of 102 [C4H6O3] was observed, rationalized with alternative dehydration from 

either the reducing end in 43 or the non-reducing terminal carbohydrate moiety in 44 (Figure 

47). However, the MS3 spectra of the fragment ion obtained from a neutral loss of 102 at m/z 

383.1 (46) shows two characteristic fragment ions at m/z 340 with a neutral loss of 43 

[C2H3O] and m/z 265 with a neutral loss of 118 [C4H6O4], which can only be explained by 

dehydration at the reducing moiety in a tentative structure of 46 (Figure 47). 
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Figure 47. Suggested fragmentation mechanism at m/z 485.1 for the dehydrated ions (regiochemistry 
of C=O chosen randomly) 

 

The negative ion mode data were obtained for dehydration products of caramelized 

monosaccharides at m/z 161.1 and further ions of dehydrated oligomers using a direct infusion 

into ESI ion trap mass spectrometer. The mass spectra of the fragment ion at m/z 161.1 

showed the loss of 60 as the main peak in the case of 32 and 35, which corresponds to two 

formaldehyde molecules and the loss of 48 as the main peak of 33 and 34, which corresponds 

to one formaldehyde together with a water molecule and both derived from the cross-ring 

cleavage. The fragmentation of the ion at m/z 323, corresponding to its dehydrated dimer of 

hexoses exhibited the base peak at m/z 161 [C6H9O5] for all caramelized monosacharides after 

the glycosidic bond cleavage at the non-reducing end, whilst fragment ion at m/z 179 occurred 

with intensities ranging from 10–20%.  

The fragmentation of the dehydrated trimers of all caramel samples at m/z 485.1 showed the 

base peak at m/z 323, coming from dehydrated dimers. The MS spectra of the rest dehydrated 
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ions at m/z 647 and 809 contain always the base peak at m/z 485 and 647 with losses of 162 

[C6H10O5], respectively. The further fragmentation of ions at m/z 485 gave the base peak at 

m/z 323 for all caramel samples. Dehydrated oligomers of caramelized 32, 33, 34 and 35 

derived from a loss of two water molecules were observed at m/z 305.1, 467.1, 629.2 and 

three water molecules at m/z 287.1, 449.1, 611.2. The fragmentation of an ion at m/z 305, a 

dimer without two water molecule was possible only in the case of 35 with neutral losses of 

16 and 66 [CH2O + 2×H2O]. Furthermore, the ion at m/z 287 of a dimer after losing three 

water molecules gave in all caramel samples neutral losses of 48 [CH2O + H2O] and 126 

[C6H6O3]. The latter peak suggests the presence of hydroxymethylfurfural supporting the 

elimination of all three water molecules at one saccharide moiety. The mass spectra of a 

trimer without two water molecules (467) showed neutral losses of 18 [H2O], 180 [C6H12O6] 

and 162 [C6H10O5], predominantly. The base peak at m/z 287 with neutral losses of 162 for 

caramels except 32 (neutral loss is 18) was found for a trimer without three water molecules 

(m/z 449). The MS2 spectra of 34 and 35 gave peaks with neutral losses of 126. This is 

consistent with the behavior of the aforementioned dehydrated dimers without three water 

molecules showing the presence of a hydroxymethylfurfural molecule. It also proves the 

elimination of three water molecules from the same hexose.  

2.4.1.4 Hydration products 

Next to dehydration products a series of mass spectral signals with molecular formulas 

corresponding to the hydration products of oligosaccharides were detected at m/z 359.2, 

521.2, 683.2, 845.3 and 1007.3. The MS2 data obtained from targeted tandem MS 

experiments are fully consistent with initial hydration at any of the at least two anomeric 

centers with a neutral loss of 180.1 Da observed from the pseudo-molecular ions at m/z 359.2, 

521.2, 683.2, 845.3 and 1007.3. Hence, the hydration products were identified as open chain 

hemiacetal structure, such as 40 and 41 (Figure 45)*. Alternatively, a Lobry-de-Bruyn-van-

Alberda-van-Ekenstein isomerization could be envisaged in which the position of the 

carbonyl group changes along the carbon backbone followed by water addition to ketone 

functionality.[191] The tandem MS data do not allow at this stage a clear distinction between 

these two structural alternatives with a weak fragment ion at m/z 221 originating from a 359 

precursor ion comprising the only intact hydrated fragment ion. Recent work by Köpper et al. 

suggests the possible formation of hydrate 42 (Figure 45).[190] Interestingly, water formed in 
                                                 
* See on page 82 
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thermal dehydration does not only evaporate in caramelization but also acts as a reagent for 

the chemical modification of caramelization products.[192] This represents a phenomenon 

observed here for the first time.  

 

2.4.1.5 Redox disproportionation products 

The van Krevelen plots revealed the presence of a series of minor compounds presumably 

formed in a redox reaction as “cross peaks” with the respect to the dehydration diagonal. Ions 

with the molecular formulas consistent with a reduction include for example C8H16O2, 

C14H28O2, C15H30O2, C18H36O2, C15H22O4 or C17H24O4. Using LC-tandem MS no further 

structural information could be obtained on these minor compounds, however similar redox 

disproportionations products have been suggested by Blank et al., when studying the 

formation of furans in Maillard reactions.[189] 

 

2.4.1.6 Comparison of caramelized monosaccharides 

Nevertheless, the mass spectra of studied monosaccharides exhibited differences in intensities 

of main product ions (Figure 42)*. In the spectrum of glucose, a dehydrated monomer is 

present as a base peak followed by oligomers up to a hexamer. In the case of galactose, 

mainly dehydrated products such as a dimer, tetra- and pentamer are detected. Among them, a 

monomer and trimer are also observed with the relatively high intensities. The MS spectrum 

of mannose exhibits oligomers as the predominant ions followed by dehydrated ions. The 

most intensive ions in the fructose’s MS spectrum are its monomer along with the formic acid 

adducts of a dimer and trimer, accordingly. Such adducts are present in the spectra of the rest 

of monosaccharides, although with low intensities. Formic acid being a product of a 

degradation of monosaccharides, is most probably formed in higher quantities in the case of 

fructose that causes the formation of the formic acid adduct. 

Moreover, three radar plots were prepared for a better visualization of differences between the 

aforementioned samples. The main axes show individual ions. The relative intensities are 

located from the centre of the plot to its axes and four studied monosaccharides are illustrated 

as colored lines (Figure 48).  

                                                 
* See on page 77 
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Figure 48. Radar plots of classes of ions detected in a direct infusion negative mode mass spectra of 
heated monosaccharides 32-35: a) oligomeric hexoses, b) dehydrated oligomeric hexoses, 
c) ratio of oligomeric to dehydrated hexoses  
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The first chart shows differences in intensities of oligomers. The formation of oligomers 

occurs preferentially in the order glucose>galactose>mannose>fructose. The second plot 

describes dehydrated products, instead. Galactose forms dehydrated oligomers preferentially, 

after that glucose, mannose and fructose. On the other hand, monomeric glucose forms 

dehydrated ions at first. The third graph illustrates the ratios of differed intensities of 

oligomers to dehydrated oligomers. It is visible that fructose varies from the rest of 

monosaccharides in term of monomeric product with the highest ratio of 179/161, thus the 

lowest degree of dehydration. Galactose shows higher degree of dehydration of oligomers 

followed by fructose, mannose and glucose. In fact, mannose and glucose exhibit similar 

ratios of tetra-, penta- and hexamers to their dehydrated products. The fact that galactose 

preferentially formed dehydrated products might be explained by their stereochemistry. The 

axial C4-OH substituent of galactose triggers intramolecular SN2-type reaction producing 

most likely a oxygen-bridged molecule 47, anhydro-galactose (Figure 49).[193] 

 

 

Figure 49. Formation of anhydro-galactose (47) 
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2.4.2 AROMATICS AND THE COLORED COMPOUNDS IN CARAMEL 

 

Caramel is a material of a brown color and an identity of the coloring compounds is so far 

unknown prompting further investigations. Caramel color produced by a base-induced heating 

of sugar is as well sold as food coloring under the name of E 150. The van Krevelen diagrams 

indicated the formation of a series of minor aromatic compounds most likely polyaromatic 

heterocycles falling into elemental ratio boundaries of typical aromatic dye molecules. The 

brown color can originate from two distinct mechanisms, either from light scattering with 

a λ-4 dependency in the absorption spectrum, which is not observed here. Alternatively brown 

as a “tertiary color” requires absorption at three distinct wavelengths, of which two must be 

complementary as shown to be the case here. The optimized chromatographic conditions 

using a HPLC gradient with higher organic solvent percentage, required for identification of 

lipophilic aromatic chromophores, which were apparent as minor products in van Krevelen 

plots, revealed if monitored using UV/VIS detection at 400, 450 and 500 nm a single sharp 

chromatographic peak at identical retention times for all three wavelengths (Figure 50). 

 

 

 

 

Figure 50. UV chromatograms monitored at: a) 450, b) 500, c) 550 nm of caramelized glucose in the 
negative ion mode 
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This observation suggests that caramel color arises from three distinct chromophoric 

molecules co-eluting or from several close eluting compounds. The mass spectra associated 

with the chromatographic peak in question, showed signals for around 30 co-eluting 

compounds (Figure 51). In order to identify caramel dyes, the van Krevelen plot was 

produced from the high-resolution mass data of this chromatographic peak, which suggested 

in the typical aromatic region a total of five compounds that would fall within the elemental 

ratio boundaries expected for an aromatic dye obtained from sugars upon heating with 

molecular formulas of C24H20O15, C32H20O4, C15H12O6 and C20H10O4. Similar aromatic 

structures have been proposed in the carbonization of glucose under high pressure in aqueous 

solution in the production of biofuels by Li et al. and Antonietti et al.[194,195] Interestingly, for 

fructose up to four well-resolved chromatographic peaks monitored at 550 nm could be 

observed, indicating that the nature of the brown dyes varies significantly between different 

sugars (Figure 52 - Figure 53). 

 

 

Figure 51. Mass spectrum of a chromatographic peak at retention time 4.1 min from UV at 500 nm of 
caramelized glucose in the negative ion mode 

 

 

 

Figure 52. UV chromatogram monitored at 550 nm (top) and mass spectrum of chromatographic peak 
at retention time 3.2 min (bottom) of caramelized fructose in the negative ion mode 
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Figure 53. Two dimensional van Krevelen plots showing the O/C versus H/C ratio for caramelized: a) 
glucose from MS spectrum of a chromatographic peak from UV chromatogram monitored 
at 500 nm with Rt = 4.1 min, b) fructose from MS spectrum of a chromatographic peak 
from UV chromatogram monitored at 550 nm with Rt = 3.2 
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2.4.3 CARAMELIZATION OF DISACCHARIDES 

 

Disaccharides, as being main components of many daily food products, are very 

important class of carbohydrates. The heating sucrose produces classical caramel used in 

traditional cooking, baking and as food additive for coloring of beverages or baking goods. 

While the heating of lactose occurs frequently in traditional baking recipes with added dairy 

products or the production of the Hispanic “dulce de leche”. Maltose is heated prior to 

traditional beer brewing. In this part, the products obtained by thermal processing from 

sucrose (48), maltose (49) and lactose (50) will be characterized. In term to find the optimized 

heating conditions for further analysis, the mass spectra were recorded from samples obtained 

at different temperatures. The studied disaccharides were thus heated from room temperature 

to 180 °C for sucrose and maltose, to 200 °C for lactose and kept for 2 h at the final 

temperature. As for monosaccharides, thermogravimetric curves showed around 10–12% 

weight loss, which statistically correspond to one water molecule per monosaccharide. It is 

worth mentioning that the heating procedure caused melting of sucrose and maltose, while 

lactose remained a solid.  

2.4.3.1 ESI-TOF mass spectrometry 

A mass spectrometric data were obtained in both negative and positive ion modes from 

caramelized sucrose (48), maltose (49) and lactose (50). Figure 54 - Figure 56 illustrate the 

mass spectra of all three disaccharides in the negative ion mode.  
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Figure 55. Mass spectrum of caramelized maltose (49) in the negative ion mode using a direct infusion 
into an ESI-TOF-MS instrument 

Figure 54. Mass spectrum of caramelized sucrose (48) in the negative ion mode using a direct 
infusion into an ESI-TOF-MS instrument 
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 Figure 56. Mass spectrum of caramelized lactose (50) in the negative ion mode using a direct infusion 
into an ESI-TOF-MS instrument 
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Table 10 displays the mass/charge ratio (m/z) of the product ions, elemental composition, and 

average mass error for caramelized sucrose as the representative disaccharides (for the rest see 

Table A5, Appendix)*. The exploration of the mass spectra of caramelized disaccharides 

indicated mostly oligomerization, dehydration and hydration reactions of carbohydrates. 

Oligomers of disaccharides with up to hexamers, dehydration products of those oligomers, 

hydration and some redox disproportionation reaction products are observed. Furthermore, the 

decomposition of oligomers to monomers appeared with the formation of their dehydrated 

products. Subsequently, MALDI-MS technique was applied to observe a possible forming of 

further oligomers. The MALDI spectrum with DHB (2,5-dihydroxybenzoic acid) of 

caramelized sucrose was recorded yielding oligomers up to an octamer at m/z 1337.6. 

Hydrated and dehydrated ions have been also observed, which consequently confirm the 

results obtained with an electrospray ionization technique. 

  

                                                 
* See on page 154 
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Table 10. High-resolution mass (MS-TOF) data for caramelized sucrose in the negative ion mode 

Peak 
Numbering 

Assignment 
Molecular 
Formula 

Experimental 
m/z [M-H] - 

Theoretical 
m/z [M-H] - 

Relative Error 
[ppm] 

1  C6H12O2 115.0765 115.0765 0.1 
2  C4H8O4 119.0351 119.0350 1.4 
3  C8H16O2 143.1081 143.1078 2.2 
4  C9H18O2 157.1226 157.1234 4.9 
5 Glu or Fru - H2O C6H10O5 161.0461 161.0455 3.5 
6 Glu or Fru C6H12O6 179.0562 179.0561 0.3 
7  C14H28O2 227.2010 227.2017 3.0 
8  C15H30O2 241.2164 241.2173 3.6 
9  C16H32O2 255.2324 255.2330 2.2 
10  C15H22O4 265.1448 265.1445 1.1 
11  C18H36O2 283.2629 283.2643 4.8 
12  C12H16O8 287.0767 287.0772 2.0 
13  C17H26O4 293.1756 293.1758 0.8 
14 Glu-Fru - 2×H2O C12H18O9 305.0866 305.0878 3.9 
15 Glu-Fru - H2O C12H20O10 323.0977 323.0984 2.2 
16 Glu-Fru C12H22O11 341.1083 341.1089 1.7 
17 Glu-Fru + H2O C12H24O12 359.1159 359.1195 10.0 
18 3×M - 4×H2O C18H24O12 431.1155 431.1195 3.9 
19 3×M - 3×H2O C18H26O13 449.1280 449.1301 4.6 
20 3×M - 2×H2O C18H28O14 467.1391 467.1406 3.2 
21 3×M - H2O C18H30O15 485.1494 485.1512 3.7 
22 3×M C18H32O16 503.1597 503.1618 4.2 
23 3×M + H2O C18H34O17 521.1698 521.1723 4.8 
24 4×M - 5×H2O C24H32O16 575.1613 575.1618 0.7 
25 4×M - 3×H2O C24H36O18 611.1798 611.1829 5.0 
26 4×M - 2×H2O C24H38O19 629.1903 629.1935 4.9 
27 4×M - H2O C24H40O20 647.2013 647.2040 4.2 
28 4×M C24H42O21 665.2129 665.2146 2.6 
29 4×M + H2O C24H44O22 683.2243 683.2251 1.2 
30 5×M- 4 ×H2O C30H44O22 755.2228 755.2251 3.1 
31 5×M- 3 ×H2O C30H46O23 773.2323 773.2357 4.4 
32 5×M- 2 ×H2O C30H48O24 791.2478 791.2463 1.9 
33 5×M - H2O C30H50O25 809.2536 809.2568 4.0 
34 5×M C30H52O26 827.2645 827.2674 3.5 
35 5×M + H2O C30H54O27 845.2775 845.2780 0.5 
36 6×M - 4×H2O C36H54O27 917.2748 917.2780 3.4 
37 6×M - 3×H2O C36H56O28 935.2860 935.2885 2.7 
38 6×M - 2×H2O C36H58O29 953.2968 953.2991 2.4 
39 6×M - H2O C36H60O30 971.3095 971.3097 0.1 
40 6×M C36H62O31 989.3201 989.3202 0.1 

a M designates monosaccharide, Glu glucose and Fru fructose 
 

Similarly to monosaccharides, van Krevelen and Kendrick analyses as novel graphical mass 

spectrometric data interpretation strategies were applied to the complex MS data of 

caramelized disaccharides. These techniques visualized complex data and were used as the 

inspiration for further characterization of the particular groups of compounds. The van 

Krevelen diagrams were constructed with the atomic ratios of H/C and O/C, shown in Figure 

57. 
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Figure 57. Two dimensional van Krevelen plots showing the O/C ratio versus H/C ratio for 
caramelized: a) sucrose, b) maltose, c) lactose in the negative ion mode in m/z range 
between 50–1200 

 

The profiles of all graphs for 48, 49 and 50 are similar and the points were grouped as in the 

case of studied monosaccharides’ caramels. Shortly, the group (I) represents the points 

characteristic for carbohydrates. The points in the middle of the graphs belong to dehydrated 

products (II). The products of disproportionation redox reactions are present in the top left 

corner (III). The group of the points in the bottom left corner (IV) belongs to the products 

with condensed heterocyclic ring structures after successive dehydration. Both heterocyclic 

condensed ring structures and disproportionation products appear as minor products in the 

mass spectra at a concentration that does so far not allow further structural investigation by 

tandem MS. The second graphical technique used to study the composition of caramelized 

disaccharides was a Kendrick-type analysis. The Kendrick plots were created with the H2O 

increment, as illustrated in Figure 58. 

 

O
HO
HO

OH

OH

O
O
HO

OH
OH

OH O

HO
OH

OHOH

O
OH

O

OH

OH
HO

Sucrose
48 49 50

Maltose Lactose

O

HO
OH

O

OH

O

OH

OH
OH

HO

0,0 0,5 1,0 1,5 2,0

0,5

1,0

1,5

2,0

IV

II

III
I

- H
2
O

H
/C

O/C
0,0 0,5 1,0 1,5 2,0

0,5

1,0

1,5

2,0
H

/C

O/C

0,0 0,5 1,0 1,5 2,0

0,5

1,0

1,5

2,0

H
/C

O/C

a) b) c) 



Caramel 

Results & Discussion  Disaccharides 

 

100 
 

Figure 58. Two dimensional Kendrick plots for mass increment H2O showing the distribution of the 
Kendrick mass defect plotted against the nominal Kendrick mass of pseudo-molecular ions 
for caramelized: a) 48, b) 49, c) 50 in the negative ion mode 

 

The plots of caramelized disaccharides possess some homologous series of compounds. This 

type of graph showed the formation of oligomers with up to six monomeric hexoses of heated 

disaccharides. Hydrated and dehydrated ions were visualized, as well. In the following parts, 

the characterization of predominant products of caramelization of disaccharides will be 

disclosed.  
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Figure 59. The formation of monomeric hexoses from disaccharides 48–50’ during heating 

 

For example for the ion at m/z 179.1 a neutral loss of 18 as the base peak was observed for 

heated 48 and 50’, and a neutral loss of 90 as the base peak for 49’, which correspond to one 
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chlorogenic acid chemistry in food processing chemistry at identical temperatures.[188,196] 
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chromatographic conditions, revealed three resolved chromatographic peaks in extracted ion 

chromatograms (EICs) at m/z 341 for heated 48, one peak for heated 49 and two peaks for 

heated 50 (Figure 60).  

 

Figure 60. EIC (Extracted ion chromatogram) and MS2 spectra of fragment at m/z 341.0 (C12H22O11) 
for two chromatographic peaks of caramelized sucrose in the negative ion mode 
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for all studied caramel samples, arising from the glycosidic bond cleavage at the non-reducing 

end. Tandem LC-MS investigations revealed in the EICs at m/z of 503.2 twelve resolved 

chromatographic peaks for heated sucrose (48) (of which, only six were sufficiently strong to 

provide MSn data), and four resolved chromatographic peaks for maltose and lactose, 

respectively. Tentative reaction products are shown in Figure 61. 

 

 

Figure 61. The formation of oligomeric saccharides from 48–50’ during heating (the regio- and 
stereochemistry of oligosaccharides remains open) 
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stereochemistry aspects of the reaction products remain open. It must be noted that sucrose 

constitutes a special case among the disaccharides since the two anomeric centers are directly 

connected to each other, and therefore sucrose cannot act as a glycosyl acceptor directly. 

The MS2 spectra of the ion at m/z 665.2, a tetramer of hexoses gave the most abundant 

fragment at m/z 485 of (48, 49) and at m/z 503 (50), indicating the glycosidic bond cleavage at 

the reducing and non-reducing end of the product ion, respectively. A neutral loss of 162 

[C6H10O5] as the main peak for all studied caramel samples was present in the MS2 spectra of 

the ion at m/z 827.3, originating from the glycosidic bond cleavage at the non-reducing end of 

the product ion, as observed for the aforementioned trimers of hexoses. The MS2 spectrum of 

m/z 989.3, a hexamer of glucose gave the base peak at m/z 827 (48, 50), coming from the 

glycosidic bond cleavage at the reducing end, and at m/z 665.2 (49) from the internal 

glycosidic bond cleavage. Fragmentation studies of oligomeric ions of disaccharides in the 

negative ion mode for the studied caramel samples are consistent with glycosidic bonds 

cleavages at the non-reducing end rather than at reducing end. 

2.4.3.4 Dehydration products 

A direct infusion into ESI ion trap mass spectrometer measurements in the negative ion mode 

have been performed for dehydrated monomers and oligomers, which were the major 

products of caramelized disaccharides. Dehydrated monosaccharides were observed at m/z 

161.1 and tentative product structures 51 and 47 are shown in Figure 62.  
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Figure 62. The formation of dehydrated hexoses from heated disaccharides 48-50’ (the regiochemistry 
of water elimination was chosen randomly in 51) 

 

Dehydrated disaccharides (C12H20O10) were seen at m/z 323.1. The fragmentation of such 

precursor ions gave the fragments at m/z 160.9 (48, 49’) and at m/z 178.9 (50’). Both of them 

rose from the glycosidic bond cleavage at the reducing and non-reducing ends. The 

elimination of water molecule from glucose at C1-C4 positions leads to an enol that 

tautomerizes to its carbonyl form, which is in agreement with NMR and IR spectroscopy data 

(Figure 63).  

 

Figure 63. Dehydration products of heated maltose (49’) (the regiochemistry of water elimination was 
chosen randomly in 52, 53) 
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Moreover, monomeric hexoses undergo dehydration reactions and product ions appeared at 

m/z 161.1. The fragmentation data of this ion gave different main fragments for studied 

caramel samples, including the main fragments at m/z 113 (48, 50) and 101 (49), arising from 

the cross-ring cleavage.  

Dehydrated oligomers of caramel samples derived from a loss of a single water molecule 

were observed at m/z 485.1, 647.2, 809.2 and 971.3. The mass spectra of the fragment ion at 

m/z 485 showed a neutral loss of 162 [C6H10O5] as the main peak for all caramel samples thus 

derived from the glycosidic bond cleavage. The fragmentation of monodehydrated tetramers 

of hexoses at m/z 647.2 gave the main fragment at m/z 485 with a neutral loss of 162 

[C6H10O5] for 48 and 50 arising from dehydrated dimers and at m/z 467 with a neutral loss of 

180 [C6H10O5] for 49. The MS2 spectra of the ion at m/z 809.3, it dehydrated pentamer of 

hexoses showed the main peak at m/z 647 and is consistent for all analyzed samples with a 

neutral loss of 162 [C6H10O5]. The MS3 spectra of the ion at m/z 485 gave the base peak at m/z 

323 for all analyzed samples. The fragmentation of monodehydrated hexamers of hexoses at 

m/z 971.3 provided the main fragment at m/z 809.3 with a neutral loss of 162 [C6H10O5] for 

heated 48 and 50 arising from dehydrated dimers. The ion at m/z 647 with a neutral loss of 

324 [C6H10O5] is present as a main fragment of the MS2 spectrum of an ion at m/z 971 for 49 

coming from the cleavage of the internal glycosidic bond. ESI-MS experiments with applied 

graphical techniques showed the formation of dehydration products with one, two and three 

water molecules. Didehydrated disaccharide appeared at m/z 305.1 and followed by 

didehydrated oligomers of hexoses at m/z 467.1, 629.2, 791.2 and 953.3, respectively. When 

possible, fragmentation studies in the negative ion mode were performed for the mentioned 

ions. Didehydrated pentamer of hexoses at m/z 791.1 of maltose gave in the MS2 spectrum the 

main fragment at m/z 449 with a neutral loss of 342 [C12H22O11], corresponding to the 

cleavage of the glycosidic bond. Dehydration reactions products with three water molecules 

appeared at m/z 287.1 for disaccharides and at m/z 449.1, 611.2, 773.2, 935.3 for oligomers, 

respectively. The MS2 spectra of the ion at m/z 287 provided a neutral loss of 126 [C6H6O3] as 

the main fragment for 48. It could suggest the presence of hydroxymethylfurfural, supporting 

the elimination of all three water molecules at one saccharide moiety. The MS2 spectra of the 

ion at m/z 449.1 gave product ions at m/z 323.1 for all caramelized disaccharides with a 

neutral loss of 126 [C6H6O3]. This is consistent with the behavior of the aforementioned 

tridehydrated disaccharide showing the presence of hydroxymethylfurfural.  
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Targeted tandem LC-MS measurements producing EICs of the ion at m/z 323.1 revealed 

chromatographically resolved peaks: ten for heated sucrose (48), six for heated maltose (49) 

and ten for heated lactose (50). For maltose two compounds showed data resembling 

dehydration products 52 and 53, as well as previously observed for heated glucose (Figure 

63)*.[6] Similarly multiple peaks were detected in targeted LC-tandem MS experiments in 

EICs at m/z 485.2 and 647.2 (up to 16 resolved peaks). Hence, it can conclude the non-

selective loss of water from disaccharides generates a multitude of different carbonyl reaction 

products. At this point, it should be noted that such carbonyl reaction products produced 

during the heating of carbohydrates should be considered in Maillard-type reactions taking 

amino acids and peptides as electrophilic reagents. 

 

2.4.3.5 Hydration products 

Hydrated disaccharides appeared in the negative ion mode at m/z 359.2. Hydrated products of 

further oligomers were also formed and detected at m/z 521.2, 683.2, 845.3 and 1007.3 in the 

negative ion mode. The observation of such hydration products is highly unusual and could 

alternatively explain the formation of the non-covalent hydrated adducts. Therefore, the 

sample of beer containing various maltose derivatives was then investigated under identical 

mass spectrometrical conditions.[201] These data revealed that hydrated oligomers are absent 

and should thus be considered as the genuine reaction products in the caramel formation. 

Tandem MS data of these ions showed a similar fragmentation behavior of hydrated ions, 

which involves a loss of 36 [2×H2O], for example in the MS2 spectrum of 359 and 521 the 

base peaks at m/z 323 and m/z 485 were observed, respectively. When possible, the MS3 

spectra of precursor ions 323 and 521 were recorded to obtain the main peaks with neutral 

losses of 162 coming from the cleavage of the glycosidic bonds. Based on recent studies by 

Köpper et al. is possible that hydrates (42) are formed.[190] 

 

2.4.3.6 Comparison of caramelized disaccharides 

In the previous section, individual components formed in caramelization of disaccharides 

have been identified. In all three cases sucrose, lactose and maltose the same type of reaction 

                                                 
* See on page 105 
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products was observed and classified mainly as oligomers and dehydration products. 

However, the three different mass spectra, shown in Figure 54 - Figure 56,* clearly illustrate a 

large variation of intensities of the individual ions pointing towards significant differences in 

the reaction kinetics observed in these disaccharides. Therefore, in this section those 

differences will be discussed. 

The radar plots usually employed in a sensory analysis have been generated to graphically 

visualize differences in the product formation. Within the plots the individual ions are 

displayed on the vertices. The relative intensity presented on a scale from the center of the 

plot to its vertices and all three different disaccharides investigated are shown as colored lines 

within the plot. The first plot (Figure 64) provides the difference in intensities of various 

oligomeric structures. The plot clearly shows that maltose favors oligomers formation 

followed by sucrose, whereas lactose is most reluctant to form oligomers. The second plot 

demonstrates the relative intensities of various dehydrated ions. Here the opposite trend is 

apparent with lactose preferentially forming a monomeric dehydrated product at m/z 161. For 

higher molecular weight ions, sucrose is more prone to dehydration followed by maltose. The 

third plot shows the ratio of intensities of oligomers versus dehydrated parent compounds. 

Again for a monomeric hexose, lactose gave the highest degree of dehydration followed by 

sucrose and then maltose. For higher molecular weight derivatives the trend is reversed e.g., 

at 665/647 or 827/809 sucrose shows the highest degree of dehydration followed by maltose 

and lactose. The preferential formation of dehydrated monomers of lactose can be readily 

understood in terms of its stereochemistry. The axial 4-OH substituent in a galactose part of 

lactose allows an intramolecular SN2-like reaction towards most likely a bicylic structure 47 

(Figure 49)†. The substitution can be classified according to Baldwin‛s rules as a 5-exo-tet 

cyclization and is hence favored as demonstrated previously.[202] This fragmentation behavior 

has been previously proposed for galactose derivatives.[193,203] This means that lactose readily 

breaks into its monosaccharide units at elevated temperatures, whereas sucrose and maltose 

are thermally more stable. Dehydration at the disaccharide stage is favored for sucrose, which 

can be rationalized by assuming that the new olefinic double bond formed in a five-membered 

ring furanose is favored over a double bond formed in a pyranose. A consecutive elimination 

of water proceeds towards the more stable aromatic furan derivative. 

   

                                                 
* See on page 95 

† See on page 90 
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Figure 64. Radar plots of classes of ions detected in a direct infusion negative mode mass spectra of 
heated disaccharides 48–50: a) oligomeric hexoses, b) dehydrated oligomeric hexoses, c) 
ratio of oligomeric to dehydrated hexoses  
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2.4.4 THERMAL TREATMENTS OF POLYSACCHARIDES AND BREAD 

 

Carbohydrates play an important role as structural material and energy reserves.[204] In 

particular, they are the most abundant biomolecules in nature present in all living systems as 

monosaccharides or combined as polysaccharides.[205] Starch and cellulose are the two most 

common polysaccharides present in dietary plants, consisting of glucose connected via α-1,4- 

and β-1,4-glycosidic bonds, respectively.[206] Starch is observable in various dietary plant 

sources (e.g., corn, potato, wheat and rice)[207] and being the most important source of 

chemical energy in food as well as the predominant contributor to energy intake in a typical 

human diet.[208,209]  In this section the thermal decomposition of polysaccharides, namely 

starch and cellulose will be thus investigated.  

The obtained data have been compared with those of thermally treated glucose as a 

benchmark, which were discussed in section 2.4.1*.[6] The actual products of starch and 

cellulose thermal degradation have been investigated on two occasions by Zhang et al.[210] 

using a solid state 13C NMR spectroscopy to identify ether linkages and carbonyls formed 

after dehydration at 300 °C. Hakkarainen et al. applying a solid phase extraction followed by 

a GC-MS analysis[211] have identified 138 distinct products after heating to 230 °C and only 

40 after heating to 190 °C with aldehydes and ketones such as pentanal and pentanone, 

dicarboxylic acids and γ-butyrolactone as the main volatile products.  

As previously, thermogravimetric data (TGA) for starch and cellulose were acquired and 

compared with glucose’s. Polysaccharides were heated from ambient temperature to 220 °C 

and kept for 2 h at this temperature. During this time, thermogravimetric curves of glucose 

and polysaccharides exhibited a span of 10–12% weight loss, which statistically corresponds 

to one water molecule per monosaccharide moiety, yet with slightly different patterns. The 

gradual mass reduction was observed for polysaccharides, while for glucose the weight loss 

starts at higher temperature when compared to two polysaccharides†. An increase of 

temperature showed a comparable mass reduction for starch and cellulose, which gave almost 

identical TGA curves (Figure 65).  

                                                 
* See on page 74 

† See Figure 38 on page 74 indicating thermogravimetric curve of caramelized glucose 
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Figure 65. Thermogravimetric curve of starch 

 

Using this information, the optimized temperature condition were chosen, based on the 10% 

weight loss, color formation (a visible degree of browning was observed) and recorded mass 

spectra of samples heated at different temperatures showing an abundance of product signals. 

In fact, 2 h at 220 °C for starch and cellulose turned out to be the optimized heating 

parameters used in further studies. The thermal degradation products were hence dissolved in 

water and filtered off. The weight percentage of the water-soluble fraction was 62% for 

starch, 23% for cellulose and 100% for glucose. It is worth noting that both polymeric 

cellulose and starch in the granular form display poor water solubility. 

 

2.4.4.1 ESI-FT-ICR mass spectrometry 

In the first step ESI-FT-ICR (Electrospray Fourier Transform Ion Cyclotrone Resonance) 

mass spectra were acquired in both negative and positive ion modes for heated starch (54) and 

cellulose (55) (Figure 66 - Figure 68). 
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Figure 66. Mass spectrum of heated starch (54) in the negative ion mode using a direct infusion into 
an ESI-FT-ICR instrument 

 

 

Figure 67. Mass spectrum of heated cellulose (55) in the negative ion mode using a direct infusion 
into an ESI-FT-ICR instrument 



Caramel 

Results & Discussion  Polysaccharides 

 

113 
 

 

Figure 68. The chemical structures of starch, cellulose and fragmentation pattern observed for 
dehydrated tetramer of glucose (56) by IRMPD-FT-ICR-MS measurement 

 

The positive ion mass spectra were dominated by sodiated molecular ions. Table 11 illustrates 

the mass/charge ratio (m/z) of the product ions, elemental composition and average mass error 

for heated starch as the representative saccharide in the negative ion mode. An inspection of 

the mass spectra showed the presence of oligomeric structures of glucose tetramer (60), 

pentamer and hexamer (61) at m/z 665, 827 and 989, respectively (Figure 69). Oligomers of 

dehydrated glucose at m/z 647, 809, 971, 1133 and 1295 dominated in the spectra. Dehydrated 

tetrameric (56) and hexameric (58, 59) of glucose appeared at m/z 323 and 485 as doubly 

negative charged ions, respectively,. Further dehydration products arising from multiple water 

loss, including dehydration of monomeric carbohydrates and their oligomers demonstrated a 

successive loss of up to eight water molecules. Interestingly, the thermal breakdown of both 
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starch and cellulose leads to oligomers of glucose with a minimum number of six glucose 

moieties. 

Table 11. High-resolution mass (ESI-FT-ICR) data for heated starch in the negative ion mode 

Peak 
Numbering 

Assignment 
Molecular 
Formula 

Experimental 
m/z [M-H] - 

Theoretical 
m/z [M-H] - 

Relative Error  
 [ppm] 

1 (Glu)4 – H2O C24H40O20 323.0998b 323.0984 0.9 
2 (Glu) 6 – H2O C36H60O30 485.1518b 485.1512 6.3 
3 (Glu)3 C18H32O16 503.1597a 503.1618 4.1 
4 (Glu)4 – 3×H2O C24H36O18 611.1835a 611.1829 1.0 
5 (Glu)4 

 – 2×H2O C24H38O19 629.1967 629.1935 0.5 
6 (Glu)4 – H2O C24H40O20 647.2036a 647.2040 0.6 
7 (Glu)5 – 2×H2O C30H48O24 791.2491 791.2463 0.4 
8 (Glu)5

 – H2O C30H50O25 809.2557 809.2568 8.6 
9 (Glu)5 C30H52O26 827.2638a 827.2674 4.3 
10 (Glu)6 

 – 2×H2O C36H58O29 953.3027a 953.2991 3.8 
11 (Glu)6 – H2O C36H60O30 971.3097 971.3097 5.6 
12 (Glu)6 C36H62O31 989.3198a 989.3202 0.5 
13 (Glu)7 – H2O C42H70O35 1133.3631 1133.3631 0.1 
14 (Glu)8 – H2O C48H80O40 1295.4191 1295.4196 0.2 

a From TOF-MS because of mass accuracy; b Doubly charged ion 

 

The smaller oligomers were not observed. Signals displaying the nominal mass of hydration 

products were observed to be in similarity with those of caramelized glucose. However, a 

close inspection of the accurate mass values in the case of starch and cellulose showed signals 

originating from ions with a different molecular formula and were assigned as condensed 

heterocyclic compounds. The mass spectra of the thermal degradation products of starch and 

cellulose are remarkably comparable, yet with subtle differences. In particular, the ion at m/z 

683.1822 corresponding to C30H36O18 in the negative ion mode is observed only in the 

spectrum of starch; whereas the ion at m/z 941.2987 (C35H58O29; Glu6-C1-2H2O) for cellulose. 

Both ions can be used as analytical markers indicating the presence of thermally treated starch 

or cellulose. In order to compare the structure and fragmentation behavior of dehydrated 

oligomers of glucose, an Infrared Multiple Photon Dissociation (IRMPD) experiment was 

carried out on a selected precursor ion at m/z 647 of a dehydrated tetramer with the empirical 

molecular formula C24H40O20 (56) for both heated starch and cellulose.[133] 
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Figure 69. Structures of oligomeric and dehydrated oligomeric decomposition products 56–61 
obtained from starch 

 

The spectra are shown in Figure A1 (Appendix)*. Major fragment ions are shown as an 

example for starch in Figure 68. 

                                                 
* See on page 156 
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Again, the fragment ions originating from starch and cellulose are remarkably similar 

displaying the following subtle differences. The unique fragment ions for starch are present at 

m/z 467.1405, which correspond to its didehydrated trimer with molecular formula of 

C18H28O14 and ions at m/z 383.1170 (C14H24O12) and 221.0665 (C8H13O7), both originating 

from cross-ring cleavages. The unique peaks for cellulose, on the other hand, are present at 

m/z 394.7669 and 254.8556. The intensity of the fragment ion at m/z 179 varied for cellulose 

(30%) and starch (50%). Reinhold et al. have demonstrated that α-glycosidic linkages in 

fragmentation processes are more labile when comparing with β-glycosidic linkages observed 

in cellulose, which is in agreement with these observations.[212] 

Novel mass spectrometric data interpretation strategies, such as van Krevelen and Kendrick 

plot analyses have been applied to visualize the complex data of heated polysaccharides; to 

give a general overview on all products of heated carbohydrates and the use as an inspiration 

for the further characterization of groups of compounds. Herein such methods were explored 

for the first time to heated polysaccharides. A general chemical reaction like dehydration, 

reduction or oxidation involves changes in the atomic ratios of O/C and H/C and consequently 

some classes of compounds can be characterized by a defined location on the graph. For 

instance, carbohydrates have typical atomic ratios (H/C ~ 2 and O/C ~ 1).[124] The van 

Krevelen plots generated from the experimental high-resolution MS data for heated 54 and 

55, shown in Figure 70, have been annotated according to the class of products formed in the 

thermal decomposition reactions.  
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Figure 70. Two dimensional van Krevelen plots showing the O/C ratio versus H/C ratio for heated: a) 
starch and b) cellulose in the negative ion mode in m/z range between 50–1200 

 

a) b) 
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In general, the profile of all graphs is similar with the predominant visible trend of 

dehydration process for the group of points in the middle of the graph (II) and the group of 

points of carbohydrates in the top right corner (I) (Figure 70 a)). The group of points is 

present in the top left corner (III) with a significant deficiency in O among the molecules, 

probably due to the formation of disproportional redox reaction products. The next group of 

points in the bottom left corner (IV) with a significant deficiency in H indicates the 

presumably the presence of condensed heterocyclic ring structures. The second graphical 

technique applied to study the composition of heated polysaccharides is the Kendrick plot. It 

allows identification of homologous series of compounds, differing by a predefined mass 

increment. Here, the Kendrick plots are constructed using the values of Kendrick mass defect 

versus nominal Kendrick mass with a water mass increment (Figure 71). To afford Kendrick 

mass, IUPAC mass of a compound is multiplied by 0.999413399, originating from 

18/18.010565 for water molecule. Nominal Kendrick mass (NKM) is defined as the Kendrick 

mass rounded to the nearest integer, while Kendrick mass defect (KMD) is defined as the 

difference between the exact Kendrick mass and nominal Kendrick mass (NKM).[21] 
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Figure 71. Two dimensional Kendrick plots for mass increment H2O showing the distribution of the 
Kendrick mass defect plotted against the nominal Kendrick mass of pseudo-molecular ions 
for: a) starch and b) cellulose in the negative ion mode  

 

If compounds belong to the same homologous series they would have an identical Kendrick 

mass defect and lie on the horizontal lines in the graphs. The graphs for all heated samples 

showed the presence of homologous series of the compounds with an increment of water 

molecule indicating the presence of oligomers with up to six monomeric glucoses in the case 

a) b) 
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of heated glucose and up to five glucoses in the case of heated polysaccharides showing 

consecutive loss of up to eight water units. Different colors have been used to represent the 

groups of polymers and green color represents monomers, grey dimers, red trimers, violet 

tetramers and blue pentamers. Two novel high-resolution mass data interpretation techniques 

gave the whole range of products and reactions during the heating procedure of 

polysaccharides. The further investigation was focused on the characterization of predominant 

products of the thermal treatment of studied carbohydrates. Tandem mass spectrometry and 

tandem MS coupled to liquid chromatography data for heated polysaccharides were acquired, 

analyzed and compared to data of their monomeric glucose to allow further structure 

elucidation combined with separation of isomeric products in the chromatographic 

dimension.[14] 

 

2.4.4.2 Oligomers of glucose 

The MSn data of monomeric glucose and their oligomers under heating of 54, 55 and 32 has 

been acquired in the negative ion mode using a direct infusion into a ESI ion trap mass 

spectrometer. The mass spectra of the fragment ion at m/z 179.0, monomers of glucose in the 

negative ion mode showed a neutral loss of 18 as the main peak of 54 and 55, and a loss of 90 

as the main peak of 32, which correspond to a water molecule and three formaldehyde 

molecules derived from the cross-ring cleavage, respectively. Pentamers and hexamers (61) of 

glucose appeared at m/z 827 and 989, respectively. The fragmentation of a tetrameric ion at 

m/z 341 (note it is the dimeric ion for 32 gave different main peaks for all studied samples). 

The base fragment at m/z 179.0 detected for 32, is formed by the glycosidic bond cleavage 

between two monosacharides and may occur at either the reducing or non-reducing end. 

Whereas the main peak at m/z 323 present for 54 and 55 corresponds to a dimer without one 

water molecule. The MS2 spectra of the ion at m/z 503 showed the main fragment at m/z 341 

for glucose and 485 for starch and cellulose, derived from the glycosidic bond cleavage at the 

non-reducing end and dehydration of the precursor ion, respectively. The MS2 fragmentation 

of the ion at m/z 665, a tetramer of glucose gave predominant ions at m/z 503 for glucose and 

at m/z 647 for starch indicated the cleavage of the glycosidic bond at the non-reducing end 

and dehydration, respectively. The fragmentation of a tetrameric ion of cellulose was not 

possible due to the low intensity. The MS2 spectra of the ion at m/z 827 exhibited the main 

fragment at m/z 809 for starch and cellulose with a neutral loss of 18 [H2O]. While the base 
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peak at m/z 665, attributed to a pentamer of glucose, is present in the MS2 spectrum of heated 

glucose and came from the glycosidic bond cleavage at the non-reducing end, as observed for 

the aforementioned tetramers. The MS2 spectra of m/z 989, a hexamer of glucose provided a 

base peak at m/z 827 originated from the glycosidic bond cleavage at the non-reducing end for 

glucose and at m/z 971 for starch and cellulose. The predominant fragmentation pathway for 

glucose’s oligomers of heated glucose involves cleavages of glycosidic bonds at the non-

reducing end of molecules. The fragmentation data of oligomers of glucose for studied 

polysaccharides are consistent with dehydration in the product ions. ESI-LC-MS experiments 

were carried out using the optimized chromatographic conditions for all heated carbohydrates. 

The extracted ion chromatograms (EICs) were generated for all oligomers of glucose 

detecting different numbers of chromatographic peaks. As an example, the EIC of the ion at 

m/z 665 of tetrameric glucose gave one chromatographic peak for heated cellulose (Figure 

72).  

 

 

Figure 6  

 

The presence of one single chromatographic peak suggested that chemoselective single site 

cleavages of the glycosidic bonds occur in starch and cellulose as opposed to glycosidic bond 

breaking to form monomeric glucose followed by reassembling through de novo glycosidic 
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Figure 72. EICs from LC/MS experiments of pseudo-molecular ions at m/z: a) 665.0 (C24H42O21) and 
b) 647.0 (C24H40O20) of heated cellulose in negative ion mode 
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bond formation as observed for caramelized glucose. Multiple chromatographic peaks were 

seen for a tetramer of heated glucose indicating a non-selective formation of numerous 

isomers. 

 

2.4.4.3 Dehydration products 

Dehydrated oligomers of glucose with dehydrated glucose were the predominant products of 

thermal treatment of studied carbohydrates and all were visualized and assigned using the van 

Krevelen and Kendrick mass analyses. Dehydrated oligomers of heated samples derived from 

a loss of a single water molecule were observed at m/z 323.1, 485.1, 647.2 and 809.2 with a 

dehydrated monomer of glucose at m/z 161.1 for glucose and at m/z 647.2, 809.2 971.3, 

1133.4 and 1295.4 for heated starch and cellulose. When water molecule is eliminated from 

glucose at C1-C4 positions an enol is formed, which tautomerizes to its carbonyl form (63) 

(Figure 73). The NMR and IR data analyses of all heated samples support the presence of 

such a carbonyl group. 

 

 

Figure 73. Reaction mechanism illustrating thermal decomposition of cellulose 

 

The fragmentation of monodehydrated trimers at m/z 485 furnished the main fragment at m/z 

323 with a neutral loss of 162 [C6H10O5] for all analyzed samples. The MS2 spectra of the ion 

at m/z 647 monodehydrated tetramer of glucose showed the main peak at m/z 485 and is 

consistent for all analyzed samples with a neutral loss of 162 [C6H10O5]. In comparison to the 

previously discussed IRMPD data of this precursor ion, the collision-induced dissociation 

(CID) obtained herein reveals a smaller number of fragment ions, as expected. The 

-H2O

thermal
hydrolysisO

HO
HO

OH

OH

O
O
HO

OH

OH

O
O
HO

OH

OH

OH

n

O
HO

HO
OH

OH

O
O
HO

OH

OH

O
O
HO

OH

OH

OH

2-10

O
HO

HO
OH

OH

O
O
HO

OH

OH

O
O
HO

O

OH

2-10

O
HO

HO
OH

OH

O
O
HO

OH

OH

O

2-10

55
62

63 64

O

O- 2 H2O



Caramel 

Results & Discussion  Polysaccharides 

 

121 
 

fragmentation of a monodehydrated pentamer at m/z 809 gave the main peaks at m/z 647 for 

all studied saccharides excluding the cleavage of the glycosidic bond at the internal part of the 

molecule. Dehydration reaction products with two or more water molecules were observed for 

studied oligomers of glucose of heated polysaccharides and glucose itself. Didehydrated ions 

of a dimer, trimer and tetramer appeared at m/z 305.1, 467.1 629.2 and 791.2 in the negative 

ion mode. The MS2 spectra of an ion at m/z 467 exhibited for all studied samples the main 

fragment with a neutral loss of 18 [H2O], although the MS2 data are not discussed in detail. 

Tridehydrated oligomers of glucoses appeared at m/z 287.1, 449.1 and 611.2. The MS2 spectra 

of the ion at m/z 287, a dimer after losing three water molecules gave neutral losses of 126 

[C6H6O3] as the main fragments for 55 and 32, which support the elimination of all three 

water molecules from one saccharide moiety. The main fragment ion for 287 of heated 

glucose appeared at m/z 238.7, while the ion with a neutral loss of 126 was present with the 

20% intensity. The MS2 data of tridehydrated tetramer at m/z 611 was only recorded for 

heated glucose and gave the ion at m/z 449 as the base peak. The ion of its tridehydrated 

pentamer at m/z 773 gave the main ion at m/z 611 for glucose and at m/z 755 for starch and 

cellulose, which derived from the glycosidic bond cleavage at the non-reducing end and 

dehydration, respectively. 

The EIC of the ion at m/z 647 of its dehydrated tetramer of glucose gave one chromatographic 

peak in the case of heated cellulose (Figure 72)*. This confirmed the extensive cleavage of the 

glycosidic bonds. 

2.4.4.4 Comparison of heated polysaccharides 

In order to visualize differences in ions observed in heated starch, cellulose and glucose radar 

plots were then created to show the intensities of various ions on the apices of the plot with all 

three different samples given as lines of different colors (Figure 74). The first graph illustrates 

the differences in intensities of monomeric and oligomeric ions. The formation of oligomers 

in the case of glucose appeared with similar manner as the degradation of polysaccharides. 

Cellulose degradates preferentially, when comparing to starch. The second chart shows 

differences in intensities of dehydrated products. The formation of dehydrated oligomers 

occurs in order starch>cellulose>glucose. On the other hand, monomeric glucose forms 

dehydrated products at first, then starch and cellulose in the similar manner. 

                                                 
* See on page 119 
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Figure 74. Radar plots of classes of ions detected in a direct infusion negative mode mass spectra of 
heated polysaccharides 54, 55 and glucose 32: a) oligomeric hexoses, b) dehydrated 
oligomeric hexoses, c) ratio of oligomeric to dehydrated hexoses  
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Finally, the third plot describes the ratios of intensities of oligomers to dehydrated oligomers. 

Glucose differs from polysaccharides with lower degree of dehydration and is followed by 

cellulose and starch. 

 

2.4.4.5 MALDI-MS analysis of thermally treated glucose and polysaccharides 

MALDI-MS analysis with 2,5-dihydroxybenzoic acid (DHB) as a matrix was performed for 

heated polysaccharides and glucose (Figure 75).  

 

 

 

 

In addition to the mass spectra recorded with ESI technique, high molecular weight 

oligosaccharides were observed up to undecamers in the case of glucose and dodecamers for 

starch and cellulose (Figure 69 and Figure 73)*. Ions at m/z 527, 689, 851, 1013, 1175, 1337, 

1499, 1661 and 1823 were detected in the positive ion mode attributed to sodiated adducts of 

oligomeric glucoses up to undecamers. The MALDI-MS spectra of heated starch and 

cellulose showed the presence of the most intense ions at m/z 347, 509, 671, 833, 995, 1157, 

1319, 1481, 1643, 1805 and 1967, which correspond to dehydratated sodiated adducts of 

oligomers up to dodecamers. The observation of ions with increased m/z ratios indicates the 

utility of MALDI-MS to cover an extended mass range in carbohydrate analysis. Yost et al. 

have observed similar products in intact wood tissues.[213] The MALDI-MS data eventually 

                                                 
* See pages 115 and 120 
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Figure 75. Mass spectrum of heated starch in the positive ion mode using a MALDI-TOF-MS instrument 
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confirmed the polymerization process of glucose, depolymerization of polysaccharides and 

the formation of dehydrated derivatives of all saccharides achieved by ESI-MS. Moreover, the 

MS2 spectra of oligomers and dehydrated oligomeric ions of heated samples were recorded. 

The tandem MALDI-MS/MS data confirmed the identity of the ion structures observed in a 

MALDI-MS, when compared to those from ESI-MS. 

 

2.4.4.6 Analysis of polysaccharide thermal degradation products in bread 

Baked bread is one of the mankind’s oldest foods. Polysaccharides are the main components 

of bread, where the white bread contains 42.5% of starch and 1.5% of cellulose.[214] In order 

to provide insights into the chemistry involved in bread baking and relate the findings to the 

model systems studied above, the carbohydrate fraction of baked bread were investigated. 

Using a simple extraction procedure of wheat based bread heated in the toaster followed by an 

ESI-TOF-MS experiment resulted in extremely complex spectra not enable to further 

interpretation. The use of MALDI-TOF-MS, however, provided spectra dominated by signals 

corresponding to oligomeric carbohydrates. It is worth noting that such ions appeared as 

sodiated and sometimes sodiated and protonated ions in the positive ion mode (example in 

Figure 76). 

 

 

  

Table 12 illustrates the fragment ions of three oligomeric glucoses and dehydrated oligomeric 

glucoses.  
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Figure 76. Mass spectrum of baked bread in the positive ion mode using a MALDI-TOF-MS 
instrument 
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Table 12. MALDI-MS/MS data for the bread sample in the positive ion mode (presented ions are 
sodiated adducts) 

m/z Assignment 
MS2 

m/z (Intensity) 
527.0 (Glu)3 85.2 (1%); 103.2 (5%); 123.9 (1%); 182.7 (9%); 201.8 (1%); 345.4 (4%); 363.4 

(11%); 380.7 (1%); 465.4 (3%) 
689.0 (Glu)4 74.6 (2%); 331.8 (10%); 346.3 (2%); 354.2 (4%); 364.4 (3%); 508.4 (3%); 526.4 

(6%)  
1175.0 (Glu)7 74.5 (19%); 346.8 (13%); 508.8 (18%); 526.8 (8%); 670.9 (16%); 688.9 (11%); 

832.8 (7%); 850.9 (8%); 1013.2 (14%) 
1157.0 (Glu)7 – H2O 70.0 (2%); 347.0 (9%); 509.1 (21%); 671.3 (22%); 833.4 (15%); 851.4 (2%); 

995.7 (11%) 
1319.0 

 
1643.0 

(Glu)8 – H2O 
 

(Glu)10 – H2O 

104.0 (22%); 347.1 (40%); 509.2 (60%); 671.3 (60%); 833.4 (34%); 995.6 (22%); 
1157.6 (19%) 
74.1 (33%); 346.7 (26%); 508.6 (40%); 670.6 (41%); 832.7 (34%); 994.8 (22%); 
1156.8 (14%); 1318.7 (14%); 1480.7 (18%) 

 

Similar to the starch model system, ions corresponding to dehydrated oligomers were 

observed indicating that the identical thermal degradation processes in the model systems did 

take place, as well, in bread baking. The main fragmentation pattern involves cleavages of the 

glycosidic bonds, which additionally prove the identity of the compounds present in bread. 
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2.4.5 CARAMELIC PRODUCTS AND CARAMEL COLORS ANALYSIS 

 

The analyses of model caramels were followed by the study of commercial caramelic 

products and caramel colors. Commercial caramelic products such as the Werther’s Original® 

candies, fudge candies (Krowka®), bar (Caramac®, Nestle) and caramel syrup were analyzed 

by high-resolution mass spectrometry. The MS spectrum of one product is shown in Figure 

77. The data have been compared with the previously analyzed caramel samples. A number of 

peaks in the case of commercial products is lower than for model caramels. The mass 

formulas of most of the compounds have been assigned. Mainly monomeric carbohydrates 

with dehydrated ions and oligomeric products with their dehydrated and hydrated derivatives 

can be found. 

 

 

 

 

Furthermore, four types of caramel colors, such as E 150a (plane), E 150b (caustic sulphite), 

E 150c (ammonia) and E 150d (sulphite ammonia) have been analyzed by high-resolution 

mass spectrometry. The spectra recorded in the negative ion mode are shown in Figure 78 - 

Figure 81.  
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Figure 77. Mass spectrum of a candy fudge (Krowka®) in the negative ion mode using a direct 
infusion into an ESI-TOF-MS instrument 
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Figure 78. Mass spectrum of a caramelic color E 150a in the negative ion mode using a direct infusion 
into an ESI-TOF-MS instrument 

Figure 79. Mass spectrum of a caramelic color E 150b in the negative ion mode using a direct infusion 
into an ESI-TOF-MS instrument 



Caramel 

Results & Discussion  Caramel colors 

 

128 
 

 

 

 

 

 

 

The data were compared with previously investigated monosaccharides. All the components 

from the caramelized glucose have been found in the mass spectra of plane and sulphite 

caramel and only few of them in the last two. The MS spectra of caramel color E 150a and E 

150b are certainly similar to the MS spectrum of caramelized glucose with oligomeric 

hexamers and their dehydrated products as main ions (Table 13). The MS spectra of caramel 

color E 150c and E 150d significantly varied from others. They exhibit less complexity with 

few high intensities ions. An introduction of nitrogen atom into the molecules causes the 
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Figure 81. Mass spectrum of a caramelic color E 150d in the negative ion mode using a direct infusion 
into an ESI-TOF-MS instrument 

Figure 80. Mass spectrum of a caramelic color E 150c in the negative ion mode using a direct infusion 
into an ESI-TOF-MS instrument 
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increased number of possible formula’s suggestions. The identity of compounds could be 

resolved by the FT-ICR MS study in the future work. The presence of 4-methylimidazole  

(4-MEI) in caramel has received worldwide attention, because of its possible toxicity. The 

acceptable limit of 4-MEI is 200 ppm based on a caramel color with an intensity of 20 000 

EBC units 111 according to the World Health Organization.[215] The next nitrogen-containing 

compound, such as acrylamide is being considered as a probable human carcinogen.[216] The 

MS spectra of analyzed caramel colors were screened for the presence of such compounds but 

none of them were detected. 

Table 13. High-resolution mass (MS-TOF) data for a caramelic color E 150a in the negative ion mode 

Peak 
Numbering 

Assignment Molecular 
Formula 

Experimental 
m/z [M-H] - 

Theoretical 
m/z [M-H] - 

Relative Error  
 [ppm] 

1  C4H8O4 119.0353 119.0350 2.8 
2 Glu - 2×H2O C6H8O4 143.0352 143.0352 1.6 
3 Glu - H2O C6H10O5 161.0460 161.0455 3.0 
4 Glucose C6H12O6 179.0568 179.0561 3.7 
5  C6H12O7 195.0508 195.0510 1.1 
6  C7H14O8 225.0624 225.0616 3.6 
7  C16H32O2 255.2326 255.2330 1.5 
8  C18H36O2 283.2646 283.2643 1.1 
9 (Glu)2 - 3×H2O C12H16O8 287.0773 287.0772 0.1 
10 (Glu)2 - 2×H2O C12H18O9 305.0873 305.0878 1.7 
11 (Glu)2 - H2O C12H20O10 323.0982 323.0984 0.5 
12 (Glu)2 C12H22O11 341.1091 341.1089 0.6 
13 (Glu)3 - 3×H2O C18H26O13 449.1280 449.1301 4.7 
14 (Glu)3 - H2O C18H30O15 485.1490 485.1512 4.5 
15 (Glu)3 C18H32O16 503.1605 503.1618 2.5 
16 (Glu)4

 - 3×H2O C24H36O18 611.1800 611.1829 4.7 
17 (Glu)4

 - 2×H2O C24H38O19 629.1926 629.1935 1.4 
18 (Glu)4 - H2O C24H40O20 647.2009 647.2040 4.7 
19 (Glu)4 C24H42O21 665.2127 665.2146 2.8 
20 (Glu)4 + H2O C24H44O22 683.2227 683.2251 3.6 
21 (Glu)5 - 3×H2O C30H46O23 773.2325 773.2357 4.2 
22 (Glu)5 - 2×H2O C30H48O24 791.2491 791.2463 3.6 
23 (Glu)5

 - H2O C30H50O25 809.2565 809.2568 0.2 
24 (Glu)5 C30H52O26 827.2662 827.2674 1.5 
25 (Glu)6

 - 3×H2O C36H56O28 935.2854 935.2885 3.4 
26 (Glu)6 - H2O C36H60O30 971.3063 971.3097 3.4 
27 (Glu)6 C36H62O31 989.3229 989.3202 2.7 
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2.4.6 ROASTING PROCEDURE OF COFFEE CARBOHYDRATES 

 

Coffee is being the third most consumed beverage followed by water and black tea with an 

annual production of around 8 Mt and average daily consumption of 2.3 billion cups a day.[217] 

Coffee is produced from the seeds of cheeries of caffea Arabica or caffea contifera (known as 

Robusta coffee) and referred to as green coffee beans.[218] To obtain beverage green coffee 

beans are roasted at temperatures ranging from 180 to 250 °C within 5–30 minutes. The 

roasting process of green coffee beans leads to formation of characteristic aroma and dark 

color. A composition of roasted coffee beans it is not well understood. Carbohydrates being of 

50% composition of coffee beans play an important role during the roasting procedure and 

melanoidins formation. The fraction of coffee beans’ carbohydrates includes 

monosaccharides, disaccharides and polysaccharides among them galactomannan, 

arabinogalactan and cellulose.[219-221] Hydrolysis of coffee carbohydrates gives following 

percentage from a total dry weight base: 22% mannose, 4% arabinose, 7% glucose, 11% 

galactose and 7% fructose.[3] Carbohydrates profile remains similar for both coffee species, 

except sucrose, which concentration is almost doubled in Arabica coffee. Due to the fact that 

50% of a dry mass of coffee beans belongs to carbohydrates, they play an important part in 

the composition of roasted coffee.  

The model system of carbohydrates of Robusta and Arabica coffee has been prepared, heated 

for 1 h at 180 °C and subsequently analyzed by high-resolution mass spectrometry (ESI-TOF-

MS). The mass spectra of heated carbohydrates of Arabica and Robusta coffee are shown in 

Figure 82 - Figure 83. The molecular formulas of 10 the most intensive ions of Arabica coffee 

carbohydrates composition as an example are listed in Table 14. 
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Figure 82. Mass spectrum of Arabica coffee’ carbohydrates in the negative ion mode using a direct 
infusion into an ESI-TOF-MS 
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Table 14. High-resolution mass (MS-TOF) data for Arabica coffee’ carbohydrates in the negative ion 
mode 

Peak 
Numbering Assignment 

Molecular 
Formula 

Experimental 
m/z [M-H] - 

Theoretical 
m/z [M-H] - 

Relative Error  
 [ppm] 

1  C18H17O9 377.0876 377.0878 1.8 
2 (Hex)3 - H2O C18H30O15 341.1085 341.1089 1.4 
3 (Hex)3 C18H32O16 503.1620 503.1618 0.8 
7 (Hex)2 - H2O C12H20O10 323.0945 323.0984 11.9 
5  C11H20O13 359.0807 359.0831 6.6 
6  C24H28O14 539.1402 539.1406 0.7 
7  C26H16O7 439.0795 439.0823 6.4 
8  C32H22O5 485.1425 485.1359 6.3 
9 (Hex)2 C24H42O21 665.2160 665.2146 2.2 
10  C17H16O8 347.0769 347.0772 1.0 

 

Moreover, the high-resolution mass data have been obtained previously for roasted coffee 

beans samples and compared here with the model mixtures of coffee carbohydrates. The 

investigation of the mass spectra revealed the presence of some of the components found 
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Figure 83. Mass spectrum of Robusta coffee’ carbohydrates in the negative ion mode using a direct 
infusion into an ESI-TOF-MS 
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previously in roasted coffee bean and caramel samples. Additionally, chemometric 

techniques, such as the Kendrick and van Krevelen diagrams have been generated from the 

high-resolution mass data of heated coffee carbohydrates and a whole composition of roasted 

coffee beans and then compared. The van Krevelen and Kendrick diagrams for Arabica and 

Robusta coffee’ carbohydrates are present in Figure 84 and Figure 85, respectively.  

Figure 84. Two dimensional van Krevelen plots showing the O/C ratio versus H/C ratio for: a) 
Arabica and b) Robusta coffee’s carbohydrates in the negative ion mode in m/z range 
between 50–1200 

 

  

Figure 85. Two dimensional Kendrick plots for mass increment H2O showing the distribution of the 
Kendrick mass defect plotted against the nominal Kendrick mass of pseudo-molecular ions 
for: a) Arabica and b) Robusta coffee’s carbohydrates in the negative ion mode 

 

The overlapping of these graphs with Kendrick and van Krevelen diagrams of roasted coffee 

beans showed the presence of similar points. The composition of roasted coffee could be 

simplified by a comparison with the fraction of carbohydrates consisted in roasted coffee. 
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2.5 CONCLUSION 

 

The components formed in caramelization have been characterized using a conceptually 

novel mass spectrometry approach applied for the first time to thermally processed food. 

High-resolution and tandem mass spectrometry together with recently novel data 

interpretation strategies have been employed. High-resolution mass spectrometry provided the 

molecular formula lists of all components formed in the reactions. The process of examination 

have been continued using graphical interpretation tools, such as van Krevelen and Kendrick 

analyses to give a rough picture about structural trends. Targeted tandem LC-MS and direct 

infusion tandem MS experiments have confirmed the structures and gave a comprehensive 

illustration on the chemical composition of caramel. It has been shown that caramel, a 

challenging and enigmatic material formed from a single pure chemical substance, is 

thermally transformed into several thousand reaction products, displaying an astonishing level 

of the chemical diversity. The study showed that these compounds are formed by a small 

number of unselective and chemoselective reactions. The caramelization products of 

monosaccharides and disaccharides including oligomers with up to six carbohydrate units 

were formed via unselective glycosidic bond formation, dehydration products of oligomers 

losing up to eight water molecules, containing products of initial dehydration at the reducing 

end sugar leading to hydroxyfurfural derivatives, hydration products of sugar oligomers and 

disproportionation products. In the case of disaccharides, next to oligomers of hexoses created 

with up to eight carbohydrate units, monomeric hexoses have been generated with their 

dehydrated products, as well. The regio- and stereochemistry aspects of the caramelization 

products remain unresolved. Progress in understanding of tandem MS data might resolve 

many issues in regio- and stereochemical assignements in the future. In general, such aspects 

can be addressed using tandem mass spectrometry, however, it has not yet been established in 

the field of carbohydrate chemistry. The molecular formulas for some colored aromatic 

products that might be responsible for a brown color of caramel have been suggested. In 

addition, an advanced mass spectrometric study has illustrated the composition of heated 

polysaccharides. The obtained data for common polysaccharides, such as starch and cellulose 

have been compared with their monomeric glucose. During thermal treatments of 

polysaccharides the degraded oligomers of glucoses were found with up to five carbohydrate 
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units. In the case of starch and cellulose, dehydration products of oligomers were formed 

predominantly. 

The analyses of polysaccharides were followed by the characterization of toast bread 

confirming the majority of their components. The composition of caramel colors E 150a and 

E 150b are similar to the previously studied mono- and disaccharides. Whereas, E 150c and E 

150d due to the ammonium compounds present during their formation revealed to have 

different mass spectrometric data. 

This work shows a comprehensive view of the chemical composition of one of the mankind’s 

oldest and most popular dietary materials by using innovative analytical strategies for 

complex mixture analysis. Therefore, the work provided better understanding of the heating 

procedure of carbohydrates as the renewable sources that could efficiently contribute to a 

renewable energy production. 

Besides, the study of model roasted coffee carbohydrates’ fraction contributes to understand 

the composition of coffee, one of the main consumable beverages. 
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4 APPENDIX 

Table A1. Repeatability of a retention time for the light shredder waste fraction (intraday) 

Compound  Rt 1[min]  Rt 2[min]  Rt [min] 
3[min]  

Rt[min] 
4[min]  

Rt 5[min]  Mean  SDa  RSD[%]b  
C20H42 12.96  12.97  12.97  12.97  12.97  12.9658  0.001166  0.00899  
C21H44 13.61  13.61  13.61  13.61  13.61  13.6076  0.000800  0.00588  
C22H46 14.22  14.22  14.22  14.22  14.22  14.2196  0.001020  0.00717  
C23H48 14.81  14.81  14.81  14.81  14.81  14.8068  0.000748  0.00505  
C24H50 15.37  15.37  15.37  15.37  15.37  15.3710  0.001095  0.00713  
C25H52 15.91  15.91  15.91  15.92  15.91  15.9140  0.000632  0.00397  
C26H54 16.44  16.44  16.44  16.44  16.44  16.4372  0.000748  0.00455  
C27H56 16.94  16.94  16.94  16.94  16.94  16.9418  0.000400  0.00236  
C28H58 17.45  17.45  17.45  17.45  17.46  17.4538  0.000748  0.00429  
C29H60 18.02  18.02  18.02  18.02  18.02  18.0220  0.001265  0.00702  
C30H62 18.67  18.67  18.67  18.67  18.67  18.6682  0.000748  0.00401  
C31H64 19.41  19.41  19.41  19.42  19.42  19.4148  0.001470  0.00757  
C32H66 20.29  20.29  20.29  20.29  20.29  20.2916  0.001356  0.00669  
C33H68 21.33  21.34  21.34  21.34  21.34  21.3362  0.003816  0.01788  
C34H70 22.59  22.58  22.59  22.59  22.59  22.5878  0.004792  0.02121  
C35H72 24.09  24.09  24.08  24.09  24.10  24.0886  0.007255  0.03012  
C36H74 25.90  25.90  25.91  25.90  25.91  25.9024  0.004271  0.01649  
C37H76 28.11  28.11  28.11  28.09  28.12  28.1066  0.010171  0.03619  
C38H78 30.78  30.78  30.79  30.78  30.78  30.7816  0.004317  0.01403  
C39H80 34.03  34.01  34.03  34.06  34.02  34.0286  0.015628  0.04593  
C40H82 37.99  37.98  37.99  37.99  38.00  37.9910  0.006663  0.01754  

a Standard deviation; b Relative standard deviation  
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Table A2. Repeatability of a peak area for the light shredder waste fraction (intraday) 

Compound  P. area 1  P. area 2  P. area 3  P. area 4  P. area 5  Mean  SDa  RSD[%]b  
C20H42 114998.2  110423.7  120212.0  109298.3  102603.4  111507.1  5887.130  5.3  
C21H44 120397.8  129131.6  114440.5  107900.1  108576.9  116089.4  7935.773  6.8  
C22H46 87666.4  122798.3  122454.2  109836.0  107175.0  109986.0  12850.680  11.7  
C23H48 134293.3  135572.8  132808.3  136247.0  127102.0  133204.7  3269.514  2.5  
C24H50 164901.5  182722.0  199137.3  163984.5  171916.6  176532.4  13140.210  7.4  
C25H52 131472.1  156396.4  168354.1  147690.2  157691.6  152320.9  12317.740  8.1  
C26H54 274324.3  267218.8  265266.2  184329.4  236085.9  245444.9  33237.630  13.6  
C27H56 257219.9  250582.6  381709.7  329257.8  341059.0  311965.8  50546.320  16.2  
C28H58 186817.3  185830.7  212441.1  188674.4  193246.0  193401.9  9854.387  5.1  
C29H60 176805.6  187587.0  134266.0  158311.3  168534.2  165100.8  18173.070  11.0  
C30H62 203100.7  193954.4  205420.9  177626.2  200055.4  196031.5  9973.922  5.1  
C31H64 121514.0  126289.0  102386.8  117492.7  115343.8  116605.3  8030.118  6.9  
C32H66 133329.4  144691.3  124914.3  136556.7  111994.2  130297.2  11131.410  8.5  
C33H68 83498.9  86791.4  84838.0  119267.3  79197.0  90718.52  14490.710  16.0  
C34H70 144540.7  145483.4  153532.6  124829.6  128473.6  139372.0  10907.280  7.8  
C35H72 128229.4  128377.1  114871.4  115780.4  126777.0  122807.1  6140.622  5.0  
C36H74 89548.4  93973.6  83176.3  66723.0  104755.2  87635.3  12602.630  14.4  
C37H76 77720.4  78221.8  68232.6  78470.8  88518.3  78232.8  6420.511  8.2  
C38H78 69643.0  80020.8  68232.6  57515.8  72214.1  69525.3  7256.696  10.4  
C39H80 69297.9  58511.1  56483.9  49239.0  85980.6  63902.5  12772.420  20.0  
C40H82 68527.2  53106.6  58075.9  40593.7  71510.0  58362.7  11132.070  19.1  

Total  2837846.0  2917684.0  2971255.0  2719624.0  2898810.0 
   a Standard deviation; b Relative standard deviation  

 

Table A3 High-resolution mass (GC-APCI-TOF-MS) data for PAHs (polyaromatic hydrocarbons) in 
the light shredder waste fraction in the positive ion mode 

Peak 
Numbering 

Assignment 
Molecular 
Formula 

Experimental 
m/z [M-H] - 

Theoretical 
m/z [M-H] - 

Error [ppm] 

1 Naphthalene C10H10 129.0700 129.0699 -0.9 
2 Acenaphthylene C12H10 153.0701 153.0699 -1.6 
3 Acenaphthene C12H12 155.0855 155.0855 -0.3 
4 Fluorene C13H12 167.0856 167.0855 -0.7 
5 Phenanthrene C14H12 179.0858 179.0855 -1.6 
6 Anthracene C14H12 179.0858 179.0855 -1.6 
7 Fluoroanthene C16H12 203.0857 203.0855 -0.6 
8 Pyrene C16H12 203.0855 203.0855 0.3 
9 benzo[a]anthracene C18H14 229.1010 229.1012 0.9 
10 chrysene C18H14 229.1010 229.1012 0.9 
11 benzo[b]fluoroanthene C20H14 253.1037 253.1012 -10.1 
12 benzo[k]fluoroanthene C20H14 253.1006 253.1012 2.5 
13 benzo[a]pyrene C20H14 253.1033 253.1012 -8.6 
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Table A4 High-resolution mass (MS-TOF) data for caramelized: a) fructose, b) galactose and c) 
mannose in the negative ion mode 

a) 

Peak 
Numbering Assignment 

Molecular 
Formula 

Experimental 
m/z [M-H] - 

Theoretical 
m/z [M-H] - 

Relative Error  
[ppm] 

1  C9H18O2 157.1236 157.1234 1.5 
2 Fru - H2O C6H10O5 161.0457 161.0455 0.7 
3 Fru C6H12O6 179.0561 179.0561 0.0 
4  C7H14O8 225.0608 225.0616 3.7 
5  C14H28O2 227.2018 227.2017 0.7 
6  C15H30O2 241.2181 241.2173 3.3 
7  C16H32O2 255.2341 255.2330 4.6 
8  C18H36O2 283.2653 283.2643 3.8 
9  C12H16O8 287.0765 287.0772 2.8 
10  C17H26O4 293.1760 293.1758 0.7 
11 (Fru)2 - 2×H2O C12H18O9 305.0891 305.0878 4.3 
12 (Fru)2 - H2O C12H20O10 323.0977 323.0984 2.0 
13 (Fru)2 C12H22O11 341.1083 341.1089 1.9 
14 (Fru)2 + H2O C12H24O12 359.1189 359.1195 1.7 
15  C13H24O13 387.1150 387.1144 1.5 
16  C22H44O8 435.2970 435.2963 1.5 
17 (Fru)3 

 - 3×H2O C18H26O13 449.1305 449.1301 0.9 
18 (Fru)3 

 - 2×H2O C18H28O14 467.1408 467.1406 0.4 
19 (Fru)3 - H2O C18H30O15 485.1518 485.1512 1.3 
20 (Fru)3 C18H32O16 503.1628 503.1618 2.0 
21 (Fru)3 + H2O C18H34O17 521.1710 521.1723 2.5 
22 (Fru)4

 - 3×H2O C24H36O18 611.1846 611.1829 2.9 
23 (Fru)4

 - 2×H2O C24H38O19 629.1920 629.1935 1.4 
24 (Fru)4

 - H2O C24H40O20 647.2027 647.2040 2.0 
25 (Fru)4 C24H42O21 665.2134 665.2146 1.8 
26 (Fru)4 + H2O C24H44O22 683.2268 683.2251 2.4 
27 (Fru)5

 - 3×H2O C30H46O23 773.2334 773.2357 2.9 
28 (Fru)5

 - 2×H2O C30H48O24 791.2431 791.2463 4.0 
29 (Fru)5 - H2O C30H50O25 809.2545 809.2568 2.9 
30 (Fru)5 C30H52O26 827.2701 827.2674 3.2 
31 (Fru)5 + H2O C30H54O27 845.2815 845.2780 4.2 
32 (Fru)6

 - H2O C36H60O30 971.3119 971.3097 2.3 
33 (Fru)6 C36H62O31 989.3173 989.3202 2.9 
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b) 

Peak 
Numbering 

Assignment 
Molecular 
Formula 

Experimental 
m/z [M-H] - 

Theoretical 
m/z [M-H] - 

Relative Error  
[ppm] 

1  C6H12O2 115.0767 115.0765 2.1 
2  C7H6O2 121.0294 121.0295 0.7 
3  C4H8O4 119.0349 119.0350 0.7 
4  C7H14O2 129.0925 129.0921 3.0 
5  C8H16O2 143.1084 143.1078 4.9 
6  C9H18O2 157.1236 157.1234 1.0 
7 Gal - H2O C6H10O5 161.0461 161.0455 3.7 
8 Galactose C6H12O6 179.0564 179.0561 1.4 
9  C7H14O8 225.0608 225.0616 3.6 
10  C16H32O2 255.2324 255.2330 2.0 
11  C15H22O4 265.1452 265.1445 2.5 
12  C9H18O9 269.0869 269.0878 3.5 
13  C18H36O2 283.2629 283.2643 4.6 
14 (Gal)2 - 3×H2O C12H16O8 287.0769 287.0772 1.2 
15  C17H26O4 293.1758 293.1758 0.1 
16 (Gal)2 - 2×H2O C12H18O9 305.0863 305.0878 4.9 
17 (Gal)2 - H2O C12H20O10 323.0985 323.0984 0.3 
18 (Gal)2 C12H22O11 341.1094 341.1089 1.3 
19 (Gal)2 + H2O C12H24O12 359.1183 359.1195 3.2 
20 (Gal)3 - 4×H2O C18H24O12 431.1211 431.1195 3.8 
21 (Gal)3 - 3×H2O C18H26O13 449.1281 449.1301 4.4 
22 (Gal)3 - 2×H2O C18H28O14 467.1401 467.1406 1.2 
23 (Gal)3 - H2O C18H30O15 485.1500 485.1512 2.4 
24 (Gal)3 C18H32O16 503.1606 503.1618 2.3 
25 (Gal)3 + H2O C18H34O17 521.1729 521.1723 1.1 
26 (Gal)4

 - 3×H2O C24H36O18 611.1805 611.1829 3.9 
27 (Gal)4

 - 2×H2O C24H38O19 629.1907 629.1935 4.4 
28 (Gal)4 - H2O C24H40O20 647.2021 647.2040 3.0 
29 (Gal)4 C24H42O21 665.2135 665.2146 1.6 
30 (Gal)4 + H2O C24H44O22 683.2222 683.2251 4.3 
31 (Gal)5

 - 5×H2O C30H42O21 737.2156 737.2146 1.4 
32 (Gal)5

 - 4×H2O C30H44O22 755.2227 755.2251 3.2 
33 (Gal)5 - 3×H2O C30H46O23 773.2324 773.2357 4.2 
34 (Gal)5 - 2×H2O C30H48O24 791.2425 791.2463 4.7 
35 (Gal)5

 - H2O C30H50O25 809.2538 809.2568 3.4 
36 (Gal)5 C30H52O26 827.2671 827.2674 0.3 
37 (Gal)5 + H2O C30H54O27 845.2752 845.2780 3.0 
38 (Gal)6

 - 3×H2O C36H56O28 935.2877 935.2885 0.9 
39 (Gal)6

 - 2×H2O C36H58O29 953.3013 953.2991 2.3 
40 (Gal)6 - H2O C36H60O30 971.3096 971.3097 0.0 
41 (Gal)6 C36H62O31 989.3187 989.3202 1.5 
42 (Gal)6 + H2O C36H64O32 1007.3352 1007.3308 4.3 
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c) 

Peak 
Numbering 

Assignment 
Molecular 
Formula 

Experimental 
m/z [M-H] - 

Theoretical 
m/z [M-H] - 

Relative Error  
[ppm] 

1  C3H6O3 89.0241 89.0244 3.9 
2  C6H12O2 115.0764 115.0765 0.1 
3  C7H6O2 121.0298 121.0295 2.3 
4  C4H8O4 119.0344 119.0350 5.0 
5  C7H14O2 129.0917 129.0921 2.8 
6  C8H16O2 143.1079 143.1078 0.7 
7  C9H18O2 157.1228 157.1234 3.6 
8 Man - H2O C6H10O5 161.0463 161.0455 4.7 
9 Mannose C6H12O6 179.0565 179.0561 1.9 
10  C7H14O8 225.0610 225.0616 2.5 
11  C16H32O2 255.2320 255.2330 3.6 
12  C15H22O4 265.1448 265.1445 0.9 
13  C9H18O9 269.0879 269.0878 0.4 
14  C18H36O2 283.2634 283.2643 3.1 
15 (Man)2 - 3×H2O C12H16O8 287.0759 287.0772 4.8 
16  C17H26O4 293.1764 293.1758 1.9 
17 (Man)2 - 2×H2O C12H18O9 305.0873 305.0878 1.7 
18 (Man)2 - H2O C12H20O10 323.0971 323.0984 3.9 
19 (Man)2 C12H22O11 341.1094 341.1089 1.5 
20 (Man)2 + H2O C12H24O12 359.1180 359.1195 4.1 
21 (Man)3 - 4×H2O C18H24O12 431.1217 431.1195 5.0 
22 (Man)3 - 3×H2O C18H26O13 449.1286 449.1301 3.2 
23 (Man)3 - 2×H2O C18H28O14 467.1411 467.1406 0.9 
24 (Man)3 - H2O C18H30O15 485.1494 485.1512 3.6 
25 (Man)3 C18H32O16 503.1617 503.1618 0.0 
26 (Man)3 + H2O C18H34O17 521.1699 521.1723 4.7 
27 (Man)4

 - 3×H2O C24H36O18 611.1818 611.1829 1.7 
28 (Man)4

 - 2×H2O C24H38O19 629.1909 629.1935 4.0 
29 (Man)4 - H2O C24H40O20 647.2033 647.2040 1.1 
30 (Man)4 C24H42O21 665.2172 665.2146 4.0 
31 (Man)4 + H2O C24H44O22 683.2238 683.2251 2.0 
32 (Man)5

 - 5×H2O C30H42O21 737.2122 737.2146 3.2 
33 (Man)5

 - 4×H2O C30H44O22 755.2225 755.2251 3.5 
34 (Man)5 - 3×H2O C30H46O23 773.2340 773.2357 2.1 
35 (Man)5 - 2×H2O C30H48O24 791.2436 791.2463 3.4 
36 (Man)5

 - H2O C30H50O25 809.2580 809.2568 1.5 
37 (Man)5 C30H52O26 827.2653 827.2674 2.5 
38 (Man)5 + H2O C30H54O27 845.2753 845.2780 3.1 
39 (Man)6

 - 3×H2O C36H56O28 935.2862 935.2885 2.5 
40 (Man)6

 - 2×H2O C36H58O29 953.2975 953.2991 1.7 
41 (Man)6 - H2O C36H60O30 971.3061 971.3097 3.6 
42 
43 

(Man)6 
(Man)6 + H2O 

C36H62O31 
C36H64O32 

989.3177 
1007.3277 

989.3202 
1007.3308 

2.5 
3.0 
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Table A5 High-resolution mass (MS-TOF) data for caramelized: a) maltose, b) lactose in the negative 
ion mode 

a) 

Peak 
Numbering 

Assignment 
Molecular 
Formula 

Experimental 
m/z [M-H] - 

Theoretical 
m/z [M-H] - 

Relative Error  
 [ppm] 

1  C4H8O4 119.0350 119.0350 0.3 
2 Glu - H2O C6H10O5 161.0462 161.0455 3.9 
3 Glu  C6H12O6 179.0567 179.0561 3.4 
4  C14H28O2 227.2011 227.2017 2.5 
5  C16H32O2 255.2319 255.2330 4.3 
6  C15H22O4 265.1440 265.1445 2.0 
7  C18H36O2 283.2634 283.2643 3.1 
8  C12H16O8 287.0796 287.0772 8.1 
9  C17H26O4 293.1763 293.1758 1.6 
10 Glu-Glu - 2×H2O C12H18O9 305.0874 305.0878 1.2 
11 Glu-Glu - H2O C12H20O10 323.0992 323.0984 2.5 
12 Glu-Glu C12H22O11 341.1105 341.1089 4.7 
13 Glu-Glu + H2O C12H24O12 359.1159 359.1195 10.0 
14 3×M - 3×H2O C18H26O13 449.1290 449.1301 2.4 
15 3×M - 2×H2O C18H28O14 467.1401 467.1406 1.2 
16 3×M - H2O C18H30O15 485.1504 485.1512 1.7 
17 3×M C18H32O16 503.1625 503.1618 1.4 
18 3×M + H2O C18H34O17 521.1721 521.1723 0.4 
19 4×M - 5×H2O C24H32O16 575.1619 575.1618 0.2 
20 4×M - 3×H2O C24H36O18 611.1827 611.1829 0.3 
21 4×M - 2×H2O C24H38O19 629.1919 629.1935 2.5 
22 4×M - H2O C24H40O20 647.2038 647.2040 0.8 
23 4×M C24H42O21 665.2169 665.2146 3.5 
24 4×M + H2O C24H44O22 683.2274 683.2251 3.4 
25 5×M - 4×H2O C30H44O22 755.2253 755.2251 0.2 
26 5×M - 3×H2O C30H46O23 773.2370 773.2357 1.7 
27 5×M - 2×H2O C30H48O24 791.2451 791.2463 1.4 
28 5×M - H2O C30H50O25 809.2603 809.2568 4.3 
29 5×M C30H52O26 827.2664 827.2674 1.2 
30 5×M + H2O C30H54O27 845.2774 845.2780 0.6 
31 6×M - 3×H2O C36H56O28 935.2894 935.2885 0.9 
32 6×M - 2×H2O C36H58O29 953.3013 953.2991 2.3 
33 6×M - H2O C36H60O30 971.3077 971.3097 2.0 
34 6×M C36H62O31 989.3228 989.3202 2.6 
35 6×M + H2O C36H64O32 1007.3343 1007.3308 3.5 

a M designates monosaccharide, Glu glucose  
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b) 

Peak 
Numbering 

Assignment 
Molecular 
Formula 

Experimental 
m/z [M-H] - 

Theoretical 
m/z [M-H] - 

Relative Error  
[ppm] 

1  C5H6O3 113.0243 113.0244 1.0 
2  C6H12O2 115.0765 115.0765 0.4 
3  C4H8O4 119.0349 119.0350 0.7 
4  C6H8O4 143.0348 143.0350 1.2 
5  C9H18O2 157.1235 157.1234 0.6 
6 Glu or Gal - H2O C6H10O5 161.0459 161.0455 2.1 
7 Glu or Gal C6H12O6 179.0568 179.0561 3.9 
8  C14H28O2 227.2010 227.2017 2.8 
9  C15H30O2 241.2169 241.2173 1.8 
10  C16H32O2 255.2328 255.2330 0.6 
11  C18H36O2 283.2640 283.2643 0.9 
12  C12H16O8 287.0766 287.0772 2.2 
13  C17H26O4 293.1752 293.1758 2.1 
14    Glu-Gal - 2×H2O C12H18O9 305.0891 305.0878 4.4 
15 Glu-Gal - H2O C12H20O10 323.0974 323.0984 3.1 
16 Glu-Gal C12H22O11 341.1082 341.1089 2.3 
17 Glu-Gal + H2O C12H24O12 359.1159 359.1195 10.0 
18 3×M - 3×H2O C18H26O13 449.1303 449.1301 0.6 
19 3×M - 2×H2O C18H28O14 467.1396 467.1406 2.1 
20 3×M - H2O C18H30O15 485.1505 485.1512 1.4 
21 3×M C18H32O16 503.1612 503.1618 1.2 
22 3×M + H2O C18H34O17 521.1697 521.1723 5.0 
23 4×M - 3×H2O C24H36O18 611.1849 611.1829 3.3 
24 4×M - 2×H2O C24H38O19 629.1937 629.1935 0.3 
25 4×M - H2O C24H40O20 647.2034 647.2040 0.9 
26 4×M C24H42O21 665.2142 665.2146 0.9 
27 4×M + H2O C24H44O22 683.2233 683.2251 2.7 
28 5×M - 4×H2O C30H44O22 755.2282 755.2251 4.1 
29 5×M - 3×H2O C30H46O23 773.2347 773.2357 1.3 
30 5×M - 2×H2O C30H48O24 791.2481 791.2463 2.3 
31 5×M - H2O C30H50O25 809.2564 809.2568 0.5 
32 5×M C30H52O26 827.2675 827.2674 0.2 
33 5×M + H2O C30H54O27 845.2799 845.2780 1.9 
34 6×M - 4×H2O C36H54O27 917.2751 917.2780 3.1 
35 6×M - 3×H2O C36H56O28 935.2918 935.2885 3.5 
36 6×M - 2×H2O C36H58O29 953.2984 953.2991 0.7 
37 6×M - H2O C36H60O30 971.3118 971.3097 2.2 
38 6×M C36H62O31 989.3216 989.3202 1.4 

a M designates monosaccharide, Glu glucose and Gal galactose 
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a) 

 

b)  

Figure A1 MS2 spectra of the dehydrated oligomers of glucose in an Infrared multiple photon 
dissociation (IRMPD) experiment on a selected ion at m/z 647 of: a) starch and b) 
cellulose 
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2006, 2007, 2009 

Scientific scholarship, Adam Mickiewicz University in Poznań 

 

Publications: 

1. Golon, A.; Kuhnert, N. Unraveling the chemical composition of caramel. J. Agric. Food Chem. 2012, 

60 (12), 3266-3274. 

2. Golon, A.; Kuhnert, N. Mass spectrometric investigation of the chemical composition of caramel 

formed upon heating of disaccharides. J. Food Sci. Eng. Accepted. 

3. Golon, A.; Gonzalez, F. J.; Davalos, J. Z.; Kuhnert, N. Investigating the thermal decomposition of 

starch and cellulose in model systems and bread baking using domino tandem mass spectrometry.  

J. Agric. Food Chem. 2013, 61, 674-684. 

4. Kuhnert, N.; Golon, A. Untersuchung von Karamel durch Domino Tandem Massen spektrometrie. 

Deut. Lebensm-Rundsch. 2012, 23, 345-349. 

5. Jaiswal, R.; Matei, M. F.; Golon, A.; Witt, M.; Kuhnert, N. Understanding the fate of chlorogenic 

acids in coffee roasting using mass spectrometry based targeted and non-targeted analytical 

strategies. Food Funct. 2012, 3, 976-984. 

6. Kuhnert, N.; Dairpoosh, F.; Jaiswal, R.; Matei, M. F.; Desphande, S.; Golon, A.; Nour, H. F.; 

Karaköse, H.; Hourani, N. Hill coefficients of dietary polyphenolic enzyme inhibitors can beneficial 

health effects of dietary polyphenols be explained by allosteric enzyme denaturing? J. Chem. Biol. 

2011, 4, 109-116. 

7. Golon, A.; Kuhnert, N. Characterization of “caramel-type” thermal decomposition products of 

selected monosaccharides including fructose, mannose, galactose, arabinose and ribose by advanced 

electrospray ionization mass spectrometry. Food Funct. Accepted. 

8. Golon, A.; Tellström, V., Kuhnert, N. Characterization of heavy hydrocarbons in the light shredder 

waste fraction by gas chromatography/mass spectrometry. In preparation 

9. Nour, H.; Golon, A.; Islam, T.; Fernández-Lahore, M.; Kuhnert N. Synthesis, self-assembly and ESI-

MS complexation studies of novel chiral bis-N-substituted-hydrazinecarboxamide receptors. 

Tetrahedron. In preparation 

10. Nour, H.; Golon, A.; Kuhnert, N. Synthesis of novel chiral tetra-(hydrazinecarboxamide) 

cyclophane macrocycles. Eur. J. Org. Chem. In Preparation 

11. Nour, H.; Golon, A.; Le Gresley, A.; Kuhnert, N. Novel synthesis of enantiomerically pure 

dioxaspiro[4.5]decane tetra-carbohydrazide cyclophane macrocycles. Chem. Eur. J. Submitted. 

 

Paper 1 was marked as the most read article of Journal of Agricultural and Food Chemistry in April, 

paper highlighted by ACS association and was featured in several press releases. 
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Poster presentations: 

 

Polish-American Symposium on Chemical Biology 

Lodz, Poland, September 13-14, 2009 

Donata Pluskota-Karwatka, Agnieszka Golon 

“Studies on the reactivity of malonaldehyde and methylglyoxal towards 2’-deoxyadenosine and Nα -

acetyllysine” 

 

GDCh Wissenschaftsforum Chemie 2011 

Bremen, Germany, September 4-7, 2011, 

A.Golon, N. Kuhnert 

“Unraveling the chemical composition of caramel”  

 

5th International Symposium on Recent Advances in Food Analysis 

Prague, Czech Republic, November 1-4, 2011, 

A.Golon, N. Kuhnert 

“Unraveling the chemical composition of caramel” 

 

Joint Conference of Polish Mass Spectrometry Society and German Mass Spectrometry 

Society 

Poznań, Poland, March 4-7, 2012, 

A.Golon, N. Kuhnert 

“Mass spectrometric analysis of caramelization products derived from disaccharides” 

 

Oral presentations: 

Molife Retreat 

Seefeld, Germany, Mai 19-21, 2011, 

A.Golon, N. Kuhnert 

“Chemical characterization of caramel” 
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ADDITIONAL INFORMATION 

 

Languages Polish (mother tounge), English fluent in speaking and writing, German upper 

intermediate 

Computer iteracy MS Word, MS Excel, MS Power Point, Chem Draw, SciFinder, Origin, Bruker 

software, Mac OS X 

Skills  Driving Licence category B, since 2002 

 

Hobbies: 

� swimming 

� traveling 
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